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CENTER FOR NUCLEAR WASTE REGULATORY ANALYSES
TRIP REPORT
Subject
This report summarized Dr. John A. Stamatakos's participation at the recent-Organization for
Economic Cooperation and Development (OECD)/Nuclear Energy Agency (NEA) workshop on the
relations between seismological data and seismic engineering analyses.
Dates of Travel and Countries/Organizations Visited
Dr. Stamatakos traveled to Istanbul, Turkey on October 15,2002. He participated in a one-day field
trip to visit some of the sites around lzmit Bay that were damaged by the two large earthquakes that
struck Turkey in 1999. On October 16 and 17, Dr. Stamatakos attended the two-day workshop on
seismological data and seismic engineering. The workshop was sponsored by Turkish Atonim
Energy Authority and was held at Best Wester President Hotel in Istanbul. The workshop was
organized by the working group on Integrity of Components and Structures, which is part of the
Committee on the Safety of Nuclear Installations (CSNI). The CSNI Is one of many committees
within the Nuclear Energy Agency (NEA) of the Organization of Economic Cooperation and
Development (OECD). Participants at the workshop were from OECD member countries, including
Japan, China, Taiwan, Canada, Germany, England, France, Italy, Spain, Czechoslovakia, Austria,
Finland, Turkey, and the United States. Dr. Stamatakos retumed to the United States on
October 21.
Author, Title, and Agency Affiliation
The author of this report is Dr. John A. Stamatakos from the Center for Nuclear Waste Regulatory
Analyses in San Antonio, Texas.
Sensitivity
N/A
Background/Purpose
The OECD/NEA workshop on the relations between seismological data and seismic engineering
was a direct outgrowth of a similar workshop held several years ago at the Brookhaven National
Laboratory on Long Island, New York. At the Brookhaven meeting, the OECD/NEA recommended
that the seismologists and seismic engineers work together to better integrate earthquake
information used to characterize seismicity and information needed for design. The meeting at
Brookhaven was organized by NRC.
NRC has traditionally played an important role in these meetings, which foster critical dialogues
between scientists, engineers, and regulators. Information from these workshops provides
regulators with information that they need to continually improve regulations, improvements that
simultaneously maintain public health and safety while reducing unnecessary regulatory burden.
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Abstract: Summary of Pertinent Points/Issues
The first day of the workshop (October 16, 2002) was devoted to an all-day field trip to visit regions
east of Istanbul that were affected by two large-magnitude earthquakes that struck Turkey in 1999.
These two earthquakes destroyed more than 25,000 housing units (mostly multi-story apartment
buildings) and killed more than 19,000 people. Large facilities were also extensively damaged by
the earthquakes, including a petro-chemical plant, Ford motor factory, and a Turkish naval base.
The field trip was very Informative because it highlighted the role local site conditions play in
earthquake damage. We saw many examples where a building was largely destroyed while nearby
and similar structures remained intact simply because of the variable site conditions.
Many of the presentations were of NRC interest. Of note were the series of talks that examined
those ground motion parameters that are the most reliable indicators of potential earthquake
damage. Most presenters agreed that ground motion acceleration Is appropriate for relatively high
spectral frequencies of ground motion (5 to 30 Hz), but for lower spectral frequencies, velocity or
a combination of velocity and displacement appear to be better Indicator of earthquake damage.
Also of note were a series of talks that examined the role of probabilistic and deterministic
methodologies and related developments In the regulatory procedures in Europe and Japan.
Discussion
The field trip departed Istanbul by bus early in the morning. We drove east along the northern
coastline of lzmit Bay, stopping to see damage to many buildings In Gebze and Kocaeli. We also
saw the remnants of the fault trace at lzmit, which seismologists refer to as the mole tracks. It was
interesting to note how rapidly the mole track has been degraded by erosion during the last 3 years,
compared to photographs of the track taken just after the earthquakes in 1999.
From lzmit we then drove west along the southern coast of Izmit Bay. This coast line was much
closer to the fault and epicenter and thus suffered extensive damage. We stopped at G6lcak, near
a Turkey naval base, where we saw a stone fence line offset horizontally by more than 3 m. The
naval base apparently suffered considerable damage from the earthquake, including the loss of
many sailors who were killed when the Commissary collapsed.
From there we went to the small town of Derirmendere, where the town's mayor told us of the
earthquake damage in his community. This damage included a submarine landslide that destroyed
a two-story shopping mall and hotel complex, both now under 17 m of water. Finally, we drove west
to Yalova, viewing more earthquake damage along the way.
The most interesting observation on the trip was the significance of local site conditions to damage.
Structures built on soft soil were completely destroyed whereas Identical structures, built nearby
but on bedrock, remained intact. The observation points to the need for reliable site response and
soil-structure interaction analyses in order to adequately evaluate damage potential of systems,
structures, and components to earthquake damage.
The next two days of the meeting were devoted to presentations on seismology and seismic
engineering. The presentations were focused around three main sessions: (i) Damage Capacity of
Seismic Motions; (ii)Seismic Input Motions for Design Purposes; and (Iii) Regulatory Aspects. The
meeting agenda also included a final session for discussion of conclusions and recommendations
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for future study and follow-up workshops. The organizers tentatively proposed that the next
workshop will be held in two years in Japan.
The meeting focused on a number of issues related to seismological data and seismic engineering,
but there appears to be three topics most pertinent to NRC.
(1)

Several of the papers (e.g., Ghobarah and Elgohary) focused on what types of ground
motion data are most appropriate to assessing potential earthquake response of critical
.... systemsstructures,
-...
and-oomponents. The theme of these papers-was to assess the
appropriate earthquake parameters for sites that could experience near-field earthquakes
with a long-duration and large-amplitude velocity pulses (i.e., forward directivity). The
traditional measure in earthquake design and regulatory practice has been to use peak
ground acceleration (PGA) or spectral acceleration. Many response spectral shapes such
as those in NUREG 1.60 are based on acceleration. Several of the papers at the meeting
showed how velocity or a combination of velocity and displacement information are better
parameters for developing design requirements and regulatory guidance for sites that
might experience near-field earthquakes.

(2)

A second set of papers addressed problems of the variability of local site response.
Presentations by Professor Gulkan and Dr. Ielbi reinforced what we had seen on the field
trip-that damage to buildings varies significantly at the local scale simply because of
small differences in site conditions. This observation makes application of the few strong
motion records (e.g., time histories) from large earthquakes problematic, because these
records have to be properly scaled to account for the local site response. Dr. Anderson
presented a paper in which he showed how theoretical considerations (i.e., source models
and vibration theory) are being used to develop synthetic strong motion records that take
into account site specific conditions.

(3)

A third set of papers examined the role of probabilistic methods and risk information in
Regulatory practice and design. Based on many of the papers presented on this topic, it
appears that regulations and regulatory guidance in the United States is well ahead of
other nuclear safety agencies in implementing a risk-informed and performance based
approach. Of note is the application of these methods in the revised IAEA safety guide,
which was summarized in a presentation by Dr. GOrpinar.

Pending Actions/Planned Next Steps for NRC
(1)

A final meeting report and proceedings will be published by the OECD/NEA sometime next
summer (2003). NRC and CNWRA staff should obtain a copy of the final report.

(2)

The OECD/NEA has proposed a follow up meeting to discuss further developments in the
relationship between seismological data and seismic engineering. In particular, preliminary
recommendations for the next meeting include (i) how to establish the scenario
earthquake for design analysis; (ii)methods to simulate strong earthquake ground motions
at a site taking into account near-source faults; (iii) validity of probabilistic seismic hazard
assessments of ground motions at small exceedence probabilities (less than 10-4 /yr);
(iv) appropriate strong ground motion instrumentation; and (v) appropriate ways to relate
vibratory ground motion to damage potential of important systems, structures, and
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components. This follow-on meeting is tentatively planned to be held In Japan in 2004.
NRC and CNWRA should be prepared to attend and contribute to the meeting.
Points for Commission Considerationrltems of Interest
No Commission action is requested, the information is considered of Interest to the Commission.
Many of the presentations indicated that performance-based and risk Informed concepts are being
.-considered by nuclear safety agencies around the world. Performance-based engineering analyses
integrates information about the demand earthquakes place on critical systems, structures, and
components (the vibratory ground motion) and the capacity of those systems, structures, and
components to maintain their intended safety functions. In the areas of earthquake safety and
earthquake engineering, performance-based and risk-informed regulations often incorporate
probabilistic information about earthquakes and SSC fragility.
To keep abreast of newest developments In earthquake predictions and earthquake engineering,
NRC and CNWRA staffs should continue to participate in meetings and discussions with other
nuclear safety agencies around the world. In particular NRC and CNWRA staffs should monitor
technological and scientific developments in (i) the application of probabilistic seismic hazard
results, especially as results from probabilistic seismic hazard assessments are extrapolated to
small annual exceedence probabilities (less than 10-4/yr); (ii)appropriate ways that seismologists
and seismic engineers can most effectively express earthquake Information In terms of damage
potential to critical systems, structures, and components; (iII) site-specific effects that can greatly
influence the type of damage sustained by critical systems, structures, and components during an
earthquake; and (iv) near-source effects such as directivity which can lead to short-duration but
large amplitude pulses of seismic energy. Scientific and technological advances in these areas
could influence the future course of seismic-related regulations and regulatory guidance.
Attachments
Attachment 1: Meeting Agenda
Attachment 2: Copy of Papers Submitted to the Workshop
"On the Margins"
N/A
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OECD/NEA WORKSHOP ON THE RELATIONS BETWEEN
SEISMOLOGICAL DATA AND SEISMIC ENGINEERING
ISTANBUI, 16-18 OCTOBER 2002
TENTATIVE AGENDA
Wednesday, October 16, 2002
8H30 - 17H30 Site Visit to Kocaeli Earthquake Region - Lunch will be served as sandwiches and soft drinks
19H00
Welcoming Cocktail at Pool Bar
Thursday, October 17,2002
Opening session
TAEK officlal
9H00
Opening
9H10
OECD
9H20
IAGE WG Presentation
9H40
Introductory paper
10HI0 Quantification of the effect of low magnitude near
field earthquakes
10H30 Coffee Break
Session
11H
11H15
11H30

1 topic I
Sucuoglu
Elgohary
Brun

11H45

Mollaioli

12H00
12H30

Discussion
Lunch break

Session 2 topic 2
14H
Kudo
14H20

4elebi

14H40

Kikuchi

15H00
15HI15

Discussion
Coffee break

Session 3 topic 3
15H45 Glrpinar
16H00
16H15

Prochizkovh
Konno

16H30
16H45

Jim~nez Juan
Takashima

17H00
17H15

Discussion
Adjourn

19H30

TAEK official
Mr. Mathet
Prof. Labbe
Prof. Gulkan (Chairman)
Mr. Sollogoub (Chairman of the IAGE
Seismic WG)

Prof. Shibata
The effect of near-field ground motions on degrading systems.
Seismic response of structures to near fault ground motion
Damaging effects of near-field and far-field earthquake on reinforced concrete shear
walls evaluated by a simplified model taking into account stiffness degradation
Analysis of the response behaviour of structures subjected to damaging pulse-type
ground motions

Dr Murphy
Estimation of the near-source strong ground motion during the Kocaeli, Turkey
earthquakes of August 17, 1999 at damaged areas with regards of site effects •
Absence of actual main-shock records, recorded aftershocks & estimated main
shock motions at south izmit bay during the august 17, 1999 izmit (turkey)
earthquake
The study for the evaluation methods for the design basis earthquake ground
motions

To Be Determined
The new IAEA safety guide on seismic hazard analysis (with emphasis on
considerations for zones of diffuse seismicity)
Seismic hazard determination of nuclear facilities in the czech republic
A developing risk-informed design basis earthquake ground motion methodology
for nuclear power facilities in Japan
Nuclear power plants seismic instrumentation: Spanish practice.
Discussions on Improving Japanese "Examination Guide for Seismic Design of
Nuclear Power Reactor Facilities"

Dinner at Orient House

Friday, October 18, 2002
Session 4 topic 2
91100
Panza
91115

Anderson

9H30

Lee J-R

9H45
10HO0

Ohtani
Kitada

10H15

Discussi on
Coffee break

..j.10

Dr Glirpinar
Seismic ground motion modelling and damage earthquake scenarios - a bridge
between seismologists and seismic engineers
Generation of synthetic strong earthquake ground motions using a composite source
model and synthetic green's functions
Inversion of Stochastic Earthquake Model Parameters in Korea using the Modified
Levenberg-Marquardt's method
Characteristics of three-dimensional Strong Ground Motions along Principal Axes
On A Test To Resolve Issues Related To Earthquake Response of Nuclear
Structures And The Ground Motions Used for The Test

Session 5 topics 1 and 3
Dr Anderson
111H00 Sollogoub
Seismic behaviour of masonry in-filled frames - Local and global modelling for the
11H15

Mollaioli

I1IH30
I IH45

Sano
Shibata

12H00
12H30

Discussion
Lunch break

seismic assessment of existing structures
The use of simplified multi-story models in characterising damage potential of
earthquake ground motions
Notes on ground motions defined by EUROCODES
Proof of Seismic Design Code and its Probabilistic Evaluation - Role of Damage
Reports Including Shaking Table Tests

Session 6 topic 2
14H00

Wenzel

141115
141130
14H45

Mills
Noda
Leydecker

15H00

Costantino

15H15
15H30

Discussion
Coffee break

Final Session
16h00 Final Session
17h30 Closure

Design Input based on Ground Motion Analysis for the Taiwan High Speed Rail
Project
Seismic Input Motions for Structure, Plant and Equipment Design
Response Spectra for Design Purpose of Stiff Structures on Rock Sites
Long term seismological hazard assessment: Deterministic and probabilistic
approach
Methodology to produce hazard consistent free-field And in-structure design
response spectra

Mr. Sologoub

I AEK

OECD

OECD/NEA WORKSHOP
ON THE RELATIONS BETWEEN
SEISMOLOGICAL DATA AND SEISMIC ENGINEERING ANALYSES

PAPERS SUBMITTED
16-18 October 2002, The President Hotel
Istanbul, TURKEY
Turkish Atomic Energy Authority

THE EFFECT OF NEAR-FIELD GROUND MOTIONS ON
DEGRADING SYSTEMS
Haluk Sucuoilu and Altut Erberik
Middle East Technical University, Tukey

constant-mplitude inelastic displacement cycles, the first group displays stable hysteresis loops
with comtunct energy dissipation at each cycle. However the second group can not maintain
able cyclic energy dissipation wder the same type of loading (Figl.a). Although they may
attain their Initial strength at Wargerdisplacements, they exhibit reduced cyclic energy
dissipation capacity under constant-amplitude cycles (Figl.b). Therefore cyclic energy
dissipation capacity can be employed as a convenient measure in differentmiting between SD
and SSD systems. In this study, SD and SSD systems are described as non-deteariorating and

Abstract

deteriorating inelastic system respectively, regarding their energy dissipation characteristics.

The damage which occurs in degrading systems under-near field ground motions is evaluated by
employing energy based hysteresis and damage models. Low-cycle fatigue principle forms the
basis of both models where damage is expressed as the reduction in the effetdive stiffness. The
results Indicate that both displacement demands and damage in degrading systems increase
significantly due to the degradation of stiffness and strength under near-field ground motions of
large magnitude earthquakes which cause a significant number ofinelaic displacement cycles.
Introduction
Near-field ground motions have two important characteristics regarding thd" effects on
engineering structums. The first one is well identified in the past, which is the presence of a
long acceleration pulse leading to a large peak ground velocity, usually exceeding 50 cmrs,
sometimes approaching I mis or larger. Such a dominant pulse produces excessive displacement
and inter-stoey drift demands from structures subjected to the near field ground motions. These
demands usually dominate damage in structures.
Another Important aspect of near-field ground motions is the pr
of a significant
number of large amplitude acceleration cycles during their effective duration. This is a result of
the fault rupture process during a large magnitude event, where the fault rupture characteristics
are directly reflected into the near-field ground motions. Although die amplitudes of these
cycles may be less than the dominant pulse, their compound effect is detrimental, especially on
systems which degrade under repeated significant excitation cycles.
An energy-based low-cycle fatigue model is proposed for degrading systems in this study,
and energy-based hysteresis and damage models ae developed for SDOF systems. These
models are employed for evaluating the damageability of near field ground motions for
assessing their effects on existing structures whose structural properties deteriorate under severe
repeated excitation cycles. Damage is expressed in two parts. The first part Is related to the
maximum response displacement whereas the second part is related to low-cycle fatigue. The
objective of the paper is to evaluate the comparative damage in degrading and nondegrading
systems, both subjected to. samples of near field ground motions hm
large magnitude

earhquakes.
Degrading Systems
Deterioration in the mechanical properties of concrete, masonry and stel structures and
soils are usually observed under repeated cyclic loading in the inelastic response range. It is
possible to classify deteriorating systems into two groups: a) Only stiffness deteriorating
systems (SD)I and b) Both stiffness and strength deteriorating systems (SSD). Under imposed

I

The reduction in the energy dissipation capacity with the number of constant amplitude cycles,
normalized with respect to the first cycle dissipation, is expressed by the low-cycle fatigue
model shown in Figure 2 for non-degrading and several degrading sysems.
EnergBasied Hysteresis Model
A simple piece-wise linear hysteresis model is developed in this study fr representing the
force-defomation respone of single degree of freedom deteriorating systnems. It is based
primarily on the stiffness degrading model (Clough and Johnston, 1966). extended with an
energy-based memory for simulating strength deterioration. An energy-based low cycle fatigue
model is developed for calculating the reduction in the energy dissipation capacity under
repeated inelastic disphcemet cycles (Figure 2). The fatigue model in Figure 2 Is expressed by

EllA

- CL+(I-rz)CO")

(1)

where El•, Is the normalized energy dissipation at the n'th cycle, a andp are two charectristic
fatigue parameters. Once the reduced energy dissipation capacity at an equivalent cycle number
is predicted by this model, the ftoe-displacement path in the hysteresis model is determined by
reducing the strength capacity of the degrading syste accordingly (reik and SucuoN
2001).
Figure I demonstrates that the hysteresis model simulates the observed energy disipation
reasonably well in s test specimen under low-cycle fatigue loading. The same model can also
predict the energy dissipation characteristics under variable-iplitude loading as shown In
Figure 3.
Energy-Based Dasmage Model
Dissipated energy represnts the complete response of a system throughout its entire
response duration. Therefore deterioration of structuralcharacteistics can be expressed in terms
ofthe loss in energy dissipation capacity if approppriate physical links can be established.
A hybrid damage model is developed here for degrading systems which takes into account
the combined effects of maximum displacement response and suength deterioration due to low
cycle fatigue. Displacement response and strength deterioation under seismic excitations are
both expressed in term ofdissipated energy as explained in the previous section
The damage model is adopted to a system which exhibit both stiffhiess and strength
degradation, subjected to low-cycle fatigue cycles as illustrated in Figure 4 where the first and

n'th cycles are shown. The pmjection of the intercept of the equivalent stiffness k. with thw
initial yield level F, on the displacement axis indicates that the same amount of dama would
be experienced if the system was pushed to the displacement u. Accordingly, damag is
expressed in two paus constituting u One is due to the observed maximum displacement u..
and the other is due to the additional displacement u. assing firom strength loss. Both
displacement componen•s ar transfonned into damage thog normalizing them with the
plastic displacement capacity of the system.
Au.

D. =u.-UI
U, -Uy

U

(2)

--Uy

Damage Estimation Under Ner-F•eld Growid Me"l
The e-gy-based hysteresis and damage models developed in this study ae employed for
estimating the seimi performance of inelastic SDOF systems under diffrn strong ground
excitations. This may provide an insight on the perfoance assessment of degrading sysems

dui f

e

-thquae.

Two different ground motions amreused for response amlysia. These am the El Centro 1940
NS component (ELC), which is a benclmark record in earthquake engineering and Yanmca NS
component from the 17 August Kocaci ethquak (YPI1)Their acceleration racea am shown
in Figure S. Peak ground mcelrations wer 340, 314 cm/s., and peak ground velocities were
35. 73 and 70 cm/s for ELC and YPT, spectively. Both ground motidns were recorded in the
near fields oftheir respective sources, during strung eartiquake with magnitudes above 7.
Dynamic responses of degrading systems re calculated under the selected ground
xciations. Three different sets of low-cyc fatigue parameters ar assigned to the energy
based hysteresis model for comparative assesme. There is no strength deterioration in the
faist set, accordingly a-I and 0-0. This is identical to the Clough-Johnszto model, and
identified as the non-deteriorating system (ND) The second set represents a moderately
detenorating system (MD) with o-0.S and P-1, and the third set is a severely deterioraj;
system (SD) with a-0
and p-0.81 Thi thir set of value represent the Cal family of
specimens tested within the scope ofthis study, and presented in the companion pe. The low
cycle fatigue models of the

e systems are presented in Figure 2 in the nonnalized cyclic

enrgy dissipation capacity format.

The displacement responses of degrading SWOF systems with 5% citical damping and a
yield strength to weight ratio (11)of 0.2 are calculated under the two ground excitations, for
vibration periods T between 0 and 2 seconds. A sample of displacement response histories for
T-0.5 second under the YPT record is shown in Figure 6. It is evident fimn this figure that both
the maximum displacement response amplitude and the number of large-amplitude
displacement cycles increase significantly with the lev of deterioration under a strong ground
excitation.
The spectral displacement responses of the elasic, stiffness deteriorating (ND), aid both
stiffness and mngth deteriorating (MD and SD) systems under .L aadYPT e presented in
Figure 7 in the form of inelastic to elastic spectral displacement ratos. Although the number of
large- amplitude displacement cycles cannot be compared Onom
this figur, it is clearly observed

that spectral displacements of deteriorating system increase notably in the short and medium
period rang. Further, the wll-accepted equal displacement rule, which is based on
equal elastic and inelastic spectral displacemenm in d8 moderate and long period ranges, does
not hold for deteioring systems in the moderate period range between 0.5 and 1.5 seconds.
This range widen with the intensity of ground moton. Similar observations were also reported
by Song and Plncheim (2000).
Seismic damag accumulation with time for derading systems introduced above is
calculated under the selected around motions by using Eq(2) fL SDOF systems in the 0.2
second Perio range. Then the maximum dama obtained at the eand of each seismic excitation
is expressed in spectral form, presented in Figures 8 and 9 far ELC and YPT records
respectively. In these figures, two components of the damage fmction D. in Eq.(2) ae also
shown seprately. Thbefirst component is the damage resulting from the maximum response
displacement or ducilty, and the second component is th accumulated dama due to low.
cycle fatigue. The second component only exists for the system that exhibit strength
deterioration (MD and SD)I ience it is zro far th system with no stranh deterioration (ND).
Both figures reveal dtha level of deterioration influences wtflauiue-based component
of damage finction much mor than it influences the displacementbased component. Although
8he displacemert-bued compomnt is efficed from the level of deterioration only in the short
Period range, total damage is sensitive to deterioration over a wider range Including both short
and medium periods.
The SC record may be considered weaker in intensity compared to the YPT record in
view of w pealk ground velocides. However its long duration has a significant influence on th
faidgue-based component of damag for degrading systems. Hence, spectral distribution of
damage for dori sy m under WCis comparable to t8 damag distribuon under On
other ground motion with higher peak gound velocity. Damage spectrum offers a broader
definition for ih intemity, or damag potleti of gsond nmtkion since it contain the effect of
hnunber of largeamplitude reaonse cycles, or do effective response diation, which
ines damag in degradng sysm consdea y.
Dam-g spectrafor incuelsc systems with constan strength ratio inare obtained as smooth
curvs decying invesy with th8 vibration paiod under th8 selected gound motion
components as shown in Figures -9. In order to obtain a uniform spectral dama diibuon
ov ter
8 etire period rnge, larger design strength ratios ar assigned to shorte period systems
in seismic design codes Accordingly, damage spectra sauh as these shown in •Wgs 8-9 reflect
th expected shape of th strength spectra for obtainis a uniform damage distribution,.
Thwrefotre, if strength deterioration under repeated displacement cycles is inherent under long
duration seismic excitations, its effect on damae can only be compensate by a larger yield
strength

An energybased hysteresis model is developed In this study for predicting th seismic
response of degrading SDOF systems deteorating in strength and ermg dissipationcapacity.
Further, a dama model is proposed for meaui the seismic performance of degrading
systems. Both modela are verified by the t results. Finally, thes models are employed f6r
calculating the dynamic perfon
of degra4i•g systems under strong ground motions. The
following conclusions ae obtained rom the results of the presented stdy:
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I. A hysteresis model which captures the variation of cyclic energy dissipation capacity
predicts the response of degrading systems reasonably well.
2. Spectral displacements of deteriorating systems increase signiflcantly with the level of
deterioration in the short and mediumn period ranges, exceeding the elastic displacements by
far.
3. Seismic performance of degrading systems reduce remarkably in the short and medium
period ranges under long duration strong excitations which produce anunber of significant
response cycles. This reduction manifested by the fatigue component of damage ftinction
has to be considered realistically in seismic performance evaluation ofexisting structures.
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Figure S. The ound moions used in response analysis.
a) El Centr 1940 NS, b) Yanmca1999 NS
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Figure 8. Spectral variation of total damage and its components under El Centro for
degrading systems
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Introduction
Although the special characteristics of near-fault ground mtoion wan keown for some tine, their
importance in earthquake design of civil engineerns structures was not filly reaized until severel
failures occurred during the 1994 Northridge and 1995 Kobe eartduke emvts Near-fault
SEISMIC RESPONSE OF STRUCTURES TO NEAR FAULT GROUND MOTION

Ame Ghobarah' and Medhat Elgohar?
'Deqarement of Civil Engineering. McMaster University, Hamiltmo. Onario, Canada
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Abstrc
Near fault ground motion in the forward directivity zone is cbharcrized by large-amplitude velocity
pulses of long duration with superimposed high frequency component. The response of structures to
near field records Is expected to be different from the response to far field records, which were the
bais for current design codes. The objective ofthis study iate evaluate the response of structures to
spoe to the standard spectra used in nuclear derig.
near fault earthquakes (NFL) and compare
The response spectra of a set of NFE records horm recet events were compared to the standard
specti used in the design of nuclear struchure. It is concluded that nea• fault earthquake reords
affect the response of long period stuctures. Although the response spectre used in nuclear design
codes can be modified to account for the special characteristics of near fult motion. This approach
may not be adequate to represent the different sae of damag end failure modes of the structure
subjected to NFE.

earthquake(NFE) records in the forwad directivity son m characterized by large amplitude
velocity pubes of long duration.
Available research on the response of strouctures to near-tult records is fairly limited. Anderson
and Beretero (1987) studied the nonlinear dynamic response of te-atory, thý y steel frate to
near-farult records fioms the October 1979 impera Valley esrthquakna. They ranetted tha the peak
gound acceleration (PGA) might not he the appropriate parameter fbr classifying the severity of
strong ground modon with regard to stuctund damage potential. Iwan t aL (2000) studied the
response of inelastic structur to near-fulth ground motion using simplified SDOF and MDOF
structand models. A shar-building model was used to analyzs building rasIrg to NFE ground
motios. It was concluded tha the single-mode analysis provides misloading rsults for long period
structures subjected to pulete ground motions.
Alavi and Krawinkler (2001) studied the elastic and inelastic rponse of SDOF systems and
MDOF flume structures subjected to NFL, They showed that for structures with long peiod T m
shar forces over the
comparison to the pulse period Tp ('• T,). the distribution of elstc sthtow
heightI sensitive to the ratio of nasturd period of the structure to the pube duration. It was observed
that the shear forces in uppor storeys might exceed the bae shear. It w-s shown that the traveling
wave effect causes highly non-uniform distribution of ductility demtand over ite eight.
Liao or al. (2001) studied the nonlinear response chraucteristics of reinforced concrete frumes
subjected to NFE. Five and twelvetormy momen resisting fames were designed according to the
Taiwan building code. Four nw-fault records during the 1999 Chl-Chl (Tiakwn) rthquake wen
used as well a another sd of arhqdake records at the same sites recorded front past events
representing fr-field ground modona. All sreord were scaled to the sine PGA of 3 nVs. It was
concluded that storey drift induced by the near-fault ground moion 1r both 5 and 124story frmes
was much higher than that due to far-field ground motion.
The limated number of the structres and near-fault rvu used in the published rulh
emphasize the need for a comprehensive study of near-fladt ground motions and their effect on a wide
poed according to current codes. As a first step, it is important to
rnme of actual structures
specw of Idetified ner fuml ruecrde with the desipgspectra recommended by
compare the es;
codes. This analysis will give an indication as to whether the code desig spectre ra sepresentative of
the near fault earthquake effect. The objective of this study is to evaluate the response of•tuctes to
near fault ground motion and compare the response to the standard spectra used in msclhr design.
Choarst

les of N!E records

Strong pound motion recorded near fault during major earthquakes showed significant variation
between ecod eve beweenthose tions located inthe sm gene ae Seine of thee reords
contain high POA with she-duration pulses tht re keown as acceleration spikes. In other cass the
Moat of the variability of
pubes an of longer duration but lower POA (Anderson mud Bermta. 198"7.
the pound motion in the far field region is attrbud to distasce to fmaut the pat and the local site
effects. While in the near-fault zone the variability in time histories I mainly due to rupture
directivity effect, type of fulting and hanging wall effect for dtust faults.

In the ner fault zo2e, the propagation of nupt•ur towards a site ste velocity very clos to the
shear wave velocity causes mot of the seimic energy firm the npeaing pruceas to arrive in a inle
large pulse of motion. These pulms occur at the beginning of the record and represent the cumulative
effect of almost all of the seismic rcdiatin from the fault. The radiation patrem of the hear
dislocation on the fuit aue-s this large pubi of motion to be oriented in the direction perpendicular
to the fault (Somerville et al.• !997) The gromd motion in the forward rupture site; am characterized
by the large pulses In the directim perpendicular to the fault while the backwwd sites have low
amplitude long duration moto
The fault type affects the tectonic deformation and produces the fling effects. For blind thmst
fault type, permanent deformation effects occur overa large regi above or ne the rupeu and does
not change significandy between two Coe points. However, for strik-slip and dip-.ip faults
permanent displacement differs drasucally across the al which affects structures located directly
on the surface of the fault This permanent displacement is combined with a velocity pulse in the
direction of the fault for strike-slip fauts andMnthe direction normal to the fut ofthe dipslip hfts
Records from the 1994 Northridge erthqua show tharound accalerations on the hanging
wall of thrust faults i the range of 10 to 20 kin from the fault are u auch a 50% higher than the
average value for all site locations (Bardet et SL, 1997). The hanging wall effect is most dominant for
short periods while at long periods ground motions are more aongly influenced by rupture directivity
effects.

Table I Propertie ofseleced NFE record.
Earthquake

Supertitio

A set of 30 nearfault records frem tan major ethquake events was selected for ue in this study
(PEER. 2002). Table I summauizes the properties of the selected grunmd motion records. All the
records wen selected from free field or in build bamnt in order to naliminh the effect of the
motnm
atm selectio, of the eathquakes ws baend on
strture respone on th recorded
maior eove with moment magnitude lare than 6. rimerecords we from stations at horizental
distance to the surface projection of the rupture not am than 15 kmr.The peak round acceleration
(N
pea ground velocity (•GV) and peak ground dispicemet (POD) ofthe records ar listed in
p,
Table I.
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Effect ef NFE ground moton ea the respesse easructurm

motion records that wor available at the time ofcod developmen Recently, nar fault hazards have
been recognized and NFE records ae becomian available An atmpt was mde to ccout for neau
a"nae demands.
fault hazards by introducing scale up coeflicients to design spectra to represent
However, this approach may not be appropriate given that the responae ofatrunes to ar falt and
far field ground motions may be significantly different

I,

315

-

In the far field, damage to structures is caused by several cycles of inelastic defiolmtion where
hysteretic mechanisms contribute to the dicaipatim of input energy. On the other hand, damage to
structures in the near field is due to one or two cycles of largp deormation that correspond to large
amplitude velocity pulse. In this cse, the energy dissipation mechanism in the smucture may not
a•n•y.
have time to be mobilized and the structure nmy fanil
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In order to investigate the effect of near fault ground motion on the respos of various structur•s,
a frequency digital filtering procedure was applied. The procedure separates low frequency pulses by
filtering out the superimposed high frequencies in the recod. The cut off filter frequency is
determined a the end fequeAncy of the constant amplitude segment ofthe Fourier amplitude velocity
spectrum Figures I and 2 show the velocity power spectrum, ground accelcratio, velocity and
displacement time histories of earthquake records SH3 and TB2. respectively. The two figures also
show a comparison between recorded and filtered time histimes fr the two earftiuke•.
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The Fourier anplitude is a measure of the input energy of the ground motion at various
frequencies. The broad velocity spectrum shown in Figure ! indicates motion with large rangeof
frequencies, which represent a random record in the time domain. The narrow sectnrrn shown in
Figure 2 implies tha the motion has a dominant fireuency, which can be interpreted as a smooth
pulse in the time domain. Figures I and 2 show that a a result of filtering the velocity record, the
acceleration time history Is changed especially if it cotaim high frequency spfiks
Record SH3 shown in Figure 1, contains several peaks in the velocity power spectmi but they all

corrmspond to low frequency pulses. In general, tis recor has low frequency pulses in both the

acceleration and velocity time histories. As the filter is applied to the record, no significant change in
the PGV and minor changes to the PGA result. These changes correspond to high frequency spikes.
Erthquake record TB2 shown in Figure 2, has completely difftent characteristics than SID recor
High frequencies ar superimposed on the nea-fault velocity pl-se but with low input energy as
shown in the power spectnrn plot The comparison between recorded and filtered time historiea from
T82 mord shows small variations in the PGV before and atser applying the filter but the PGA of
filtered time history is significantly saraller than the recorded one. It is believed tha the near-fault
low frequency pulse is responsible for most of the dmage in flerrible structures evea when it may
have relatively low PGA.

Figure I

~

3e1a

If.Z Is Is

Velocity power spectrum, ground accelerstioa, velocity and
displacement time histories for SI earthquaB record
to

The peak acceleration, the peak velocity or the peak displacement of the pulse can be used to
describe ground records in the nesr-futh. Usually the PGA is the parameter mot associated with
severity of gromund motion. Unfomunately, this parameter canmot be related to the damage potential of
the earthquake. Near-fault records may contain acceleration spikes or long duration pulses of low
frequency. la ce of recor SH3, the mcoded high pek acceleration is of short duration. which may
be out ofthe range of the natural frequencies ofmost structures. Therefore, large values of PGA ail
can seldom initia either resonance or be responsible for damage in the inelastic rsnge. However, in
case of record TM2, significant deformation of the structure even with lower PGA can occur. For this
reason, modifying the code design procedure by Increasing the acceleration for design is not a good
indicator of dam e and is not repesemntative of NFE effects. Anderson and Betero (1987) suggested
the use of maxirmum incremental velocity and madnmum incremental displacement for charcterzing
the damage poteatial of earthquake motion instead of PGA. acmemntal velocity rpresen the ma
under an acceleration pulse and the area under the velocity pube equals the inuememtl displacement
Since the PGA is inadequate for quantifying the near-fault ef•ikts, the focus is on the velocity an
displacement pulses. The velocity pulses correspond to the integration ofrelatively Wr pulses; in the
acceleration time history. The displacement time history may also contains large pulse, which can be
used to quantify near-fault records. However, most recording systems do not adequafely record the
complete prmanemnt displacements, which are filtered out of the records during poesin& This
leaves the velocity pulses as the most representative parameteir for quantifying the churacturistic of
near-fault records based on the damage potential ofthese records.
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The response spectrum iaused cansiely uneuthquake -peer

pcin

the design and

evaluataoe proceses. The response specmam dscribes the maximum elasuc response of SDOF to a
particular input ground motion a a fiacton of die natural period and dampinl ratio of th system.
The acceleration respone specua for 5% damping m plotted in Figure 3 for the unfilterad NFE time
histories listed ia Table 1.
The PGA. POV, PGD, the Canadian (CSA N289.3. 1992) and the US (REG 1.60,1978) nuce
deign spectra calculatd for S%damping ratio an plotted in Figure 4. The Canadian nmclear design
spectrum is based on pound motion of 0.1 g pea acceleration, 71 mmIs peak velocity snd 30.5 man
peak displacement The US nuclear design speVumn plotted in Figure 4 is scaled to 0.1 g. To
compare the response spectra of NFE records with the nuclear design spectra scaling of the WE to
PGA of 0.1 g or PGV of 71 nun/s s necessa•y. The mean and the -om plus one standard deviation of
all the Nl• raeda listed in Table I sced to PGA of'0.1 L Amplotted in Figure 5.The 5% damping
spectra of the nuclear design guides scaled to 0.1 g umalso plotted in Figure . The dein spectra
envelope the mean and mean plus ce standard deviaion curves m the high fipquncy ng&.
However, the specua am below the other curves in the long period rangu. The iandsaental
em
normally in dhe range of2 to 10 Hlz.
firequecies ofanor nuclear stacturh

Figure 4

The m•es and the mean plus om standard deviation of all the NFE recoads litd Ia Table I
scaled to P!Y of 71 mm/s am plotted in Figme& The 5% damping mncler, design spectra am
that on the basis of PG- scaling, th design
plotted on the ame graph for comparison. It is aound
spe= ar higher than the mean and the mean plus one standard deviation curves in the high
d strucures amhigbhrthan the nuclear
frequeracyirsnge. However, the sismc demands for long p
lpesentedon triparite plots
io Figures 7 and 8.
dedigm spects. The spctr ofall the NFl recoardas
In Figure 7 the NFEwen scaled to PGA ofO.I g.

Calda-,,a U(scaled to 0.1g) design spectra Calculated for 5% damping ratio

0.35

o.I...........
k
.....t

10.0:-

oduced in sesm den, conce was exp•essed by
Wh h unifou hazrd specam wa
practicn
•• designers h it appearsto underestimate the sesmic demand In the long period range.

4 t

0
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Damaging effects of near-field and far-field earthquake on reinforced concrete shear
walls evaluated by a simplified model taking Into account stiffness degradation
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The study intends to compare the damaging effects of a great variety of seismic ground
motions included in a large data base. In particular, the pupose is to qucstion the grade of
conservatism of engineering rules in cue of low-magnitude near-field earthquake, coming
partly from the fact that the design of a civil engineering structure at its initial fundamental
frequency does not take into account the degradation of the fundamental frequey for an
increa.sing damage. For this purpose, an important step is to set up a simplified model of a
reinforced structure, capable of reproducing at a global level the damage incurred. First of all,
a low-rise shear wall, which has been previously pseudodynamically, is modelled by means of
local models of concrete and steel materials. After verifyg their relevance for predicting
global response values such as top displacements and stiffness degradation, a simplified
model, based on the fundamental frequency decreae as a function of a simple non-cumulative
damage variable, is derived. The simplified model is validated by comparing the time-history
damage prediction with the experimental one.
Owing to drastic reduction of computation ties, the simplified model allows to assess the
damage undergone by the reifrced concrete shear wall submitted to a large data base,
composed of 2125 horizontal accelerograms. The simplified model constructed for a
particular shear wall with a given initial fundamental fnequency, is adapted to others shear
walls, with initial fumdamental fieueocies covering an appropriate range for the civil
egineering structures. Then, the interdependency between the seismic acceleration
parameters proposed in the literature (PGA, PGV, Arias Intensity, CAV, ... ) and the damage
is explored. A spectral intensity, taking into account the degradation of the fundamental
frequency, is proposed. Its correlation with the damage is significantly improved. Finally, the
damage is connected to seismological parametle Le. the magnitude and the focal distance.
For a deterministic structure, the grade ofconservatism foinm egineering rules related to low
magnitude near-field earthquakes in comparison to the one related to further distiamc and

greater magnitade earthquakes, is underlined. The spectral iensity proposed in this study,
provides a homogeneous and relevant tool for estimating the damage potential of low
magnitude near-field earthquakes as well as greater and fiurter ones.
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1L Introduction
The aim of this study is to investigate the grade of conservatism issued from the engineering
practice by taking into account the seismic input a a spectral value at the initial frequency of
the structure in particular ca of low-magnitude near-field earthquake. Indeed, owing to the
decrease of the dynamic characteristics of the damaged structure, the psendo-acceleration
value corresponding to the initial frequency can ýbe a misleading parameter for the
characterisation of the sismic damage potential. It is well recognised that as the damage
inonases within the reinforced concrete structure,' the alteration of the mechanical

characteristics yields modal characteristics changes. In this way, Chan and al. ([I])
investigatel the stuctual damage by means of the identification method of modal changes.
At a critical damage level, they indicated that a decrease of the fundamental frequency up to
106A can be expected for steel beam For reinforcred concrete structures, the fiundmental
frequency reduction, Mad to the structural damage can be significanldy greater. Actually,
pseudodynamic tests on a low-rise shear wall, carried out at the Euompean Laboratoy for
Structural Assessment (JRC-spra), showed fundamental frequency reductions of more than
60% (Peg•o and al. (2D. In this study, th" simple structure, which will be briefly Wesented
in the folowing, is adopted. Such a fundamental frequency decrease strongly influences the
dynamic response of the structure subjected to a seismic excitation. A reliable global model
should reproduce in the best way this featumre
The first step concerns with the construction of a simiplified based on the decrease of the
fit"dame
frequency as a fuction of a damage variable. The used concept lies in coupling
dumig time the dynamic characterist of th structure with a non cumulative damage
variable relevant for the structure under consideration. The decreae of the fundamental
freluency ata fuiction of damage, identified by the help ofpredictive local behaviour models
of concrete and steel- materials, represents the only parameter curve of the non linear
simplified model. The first validation of the simplified model is undetaken by comparing
numerical results with experimental results. Then, for a set of 501 stron motions belonging
to a large strong motions data base, the damages issued froma the simplified analysis and fiom
a inr refined analysis using local models, ae compared.
As the computation times are drastically reduced, the second step of this pe aims to
dctmine the characteristics of the accelostaams that exhibit the strgest influence on
damage. Ihe purpose is to explore the hinedependency between several seismic acceleration
parametersad the damage variable predicted by the prv- y set up simplified model. The
grade ofinktrependency is deemed by means of a linmer correlation coefcint. By changing
the effective mans of the uniaxial simplified model, the ability of the explored parameters to
reproduce the seismic damage potential is investigated for a set of shear wall stictures, each
on being defined by a given initial fundamental frequency. A spctral parameter, which is
based on spectral displacements and takes into account the degradation of the fumndamental
fiequency, is put forward. The new parameter exhibit a good coatelation with the damage
variable for the whole range of initial fundamental frequencies. Then, the grade of
conservatism issued form th use of the psauo-acccion value at the initial frequency of
the considered structure as input seismic characterisst
is highlighted in particular case of
low-magnitude e•ar-field earthquake. The proposed spectral parameter turns out to be very
efficient for reducing the grade of the previously exhibited conservatism concerning the low
mngitude near-field esrthquakes

2. Experimental programme
3. Simplified model
2.1 Presentation of the sucnie
In this work, the chosen structure is a heavily reinforced concrete shear wall which has been
tested during the SAFE research programme at the European Laboratory for Structural
Assessment (JRC-Ispra) in Italy. The SAFE programme included 13 pseudodynanic tests on
low-rise reinforced concrete shear walls with different reinforcement ratios. The geometry of
the selected wall T5 is depicted in Fig. 1. The wall is surrounded by a top and a base slab.
The two heavily reinforced flanges are 20 cm thick. The web wall is 20 cm thick. The aspect
ratio of the shear wall is equal to 0.4 indicating that the response is essentially controlled by
shearing action. The horizontal and vertical reinforcement ratios of specimen T5 are equal to
0.8%.
The design frequency of the shear wall T5 is equal to 8 Hz. No vertical loading is applied to
the specimen. In order to submit the structure to a pure shear loading, the rotation of the top
slab is prevented by means of hydraulic pistons.

I
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Fig. I. GeometryofthewallTSinm
2.2 Pseudodyammic tests
The input excitation used during the SAFE tests is a synthetic accelerogram having as target
elastic spectrum a standard spectrum employed in the nuclear construction field. The spectral
peak value of this standard spectrum is at about 4 Hz. The specimen is subjected to a series of
pseudodynamic tests with increasing level up to the failure.
The measured initial fundamental frequency is equal to 6.7 Hz. in the first RUN, a relatively
important cracking is observed, which is confirmed by a large drop of the findamental
frequency. The damage increases progressively during the two following RUNs to become
very important in the fourth RUN. The failure of the specimen occurred at the beginning of
the fifth RUN, by concrete crushing in the compressive zones of the wall, without fracture of
reinforcement steels.

3.1 Coupling damage variable and degradation of the fiodamental frequency
The purpose of the simplified model is to provide a reliable and efficient tool for the
evaluation of the damage on the wall generated by strong motions contained in a large data
base. First of all, the attention is focussed on the appropriate way to quantify the structural
damage sustained by the low-rise shear wall. The maximum displacement at the top of the
wall seems to be a good parameter to evaluate the damage. Park and Ang [3] proposed to
complete this damage variable with a second term taking into account the dissipation under
loading cycles. Among several authors, Fardis [4] concluded the relevance of this variable to
reproduce the failure of the structure subjected to fiexural forces. However, one can notice
that the weighting coefficient associated with the energetic term appeared very low.
Therefore, the contribution of the energetic tem in the Padk&Ang's indicator becomes
negligible in comparison to the displacement term. This consideration leads to the idea of
adopting the simple maximum top displacement (denoted X) as the damage variable.
The kinematics of the low-rise shear wall is essentially the one of a one degree of fieedom
system. It is crucial to reproduce in the beat way the strong decrease of the structural
frequency observed in the experimental programme. The concept of the simplified model is to
couple the fundamental frequency decrease with the damage variable X, by updating during
time the fiequency according to the damage variable X. The changes of the findamental
fiequency during time is controlled explicitly by. te damage variable X, which keep in
memory the maximum of the prior response.
It is interesting to compare this simplified model with global hysteretic models commonly
used in earthquake engineering. h accordance with the design philosophy of plastic hinges,
hysteretic models are concerned with predicting in the most realistic way the energy
dissipation corresponding to hysteeti lop area. The fuindamental frequency decrease is
implicitly taken into account through the stiffness ls The model proposed in this work takes
into account explicitly the changes in the fundamental fiequency due to damage. Due to the
relative stability of the viscous damping ratio computed from experimental results, the
damping is modelled in a rough mamner through an equivalent constant viscous damping
ratio.
Owing to the fact that the shear wall can be considered to a one degree of freedom system, the
top-displacement response x(t) during time follows the equation of motion given as:

(I)

iQt)+2¢wt).iQ )+fai t)J'zQ)m.-a(t)

with ea(A-=2,AAM and Xt)ma

tl

where .4t), 4,), (t) we the relative displacement, r•estive velocity and relative acceleration,
respectively;
a(t) is the imposed acceleration at the base of the wall;
1) is the findamental frequency depending on the damage variable X.
Since the damping ratio computed fior experimentI data was in the vicinity of 5 V., this
mean value is adopted.
The decrease of the findamental frequency fMX)is identified by using a local approach.

3.2 Identification of the coupling relation
The identification of the fundamental frequency is carried out by means of local behaviour
models of concrete and steel materials. The concrete model which makes use of the smeared
fixed crack concept, has been already validated during pevious rsch
programmes (Be,
[5], [6]). The ability of the model to reproduce the main phenomem which take place within
the wall. is evaluated by comparing numerical results issued fiom a refined finite element
modelling with local models and exprimental results for the pseudodynamic tests on the wail
TS. Then, the finite element modefling is kept and submitted to a variety of ideal sinusoidal
excitations with different frequency and amplitude in order to derive the relationship between
damage variable and fundamental frequency degradation. Aftl applying one given ideal
excitation, the final damage variable X is computed as the maximum of the top displacement
of the wall during excitation. The final fimdamental frequecy is direcdy derived florm the
secant stiffness by the relation.

tuaction proposed in the literature. whidh p-ressed the dW adaion of the Young modulus E
as a negative exponential law depending on the plastic &train(Nechech [M Laborderie [8]),
the strong decrease of the fundamental frequency is modelled by an expon ,ntiallaw with a
negative coefficicat c,, charged to reflect the high kintic of the cricdng pheomenon. The
second stage of the fundamental frequency decreas is essentially controlled by compressive

non lin concret behaviour, ateel yeldn and softening co ete. Due to the scarcty ofthe
numerical results, this stage is modelled in a approximate way by an hyperbolic law with a
lower kinetic constant c2 than the one associated with the first stage dcareas. Finally, the
function EM identified from numerical results is given As :

for X X.

f=f=
.-u[-&(X-X

2f-A~P)-k(-a(-06)]

for X, sX X,

(3)

for XPSX"X

f,-f.

(2)

f 2,F

where K is the final secant stiffidess and M is the effective mass.
Fig. 2 shows the numerical values of the fundamental frequency related to the damage
variable X.

aC

SJ

Th parameters fo, f4. Xf, X, and X. involved are ide•nfied from numerical results, so that
the fundamental frequency curve fits them in the beat possible way. In Fig. 2, the modelling of
the flmdamental frequency is comparedwith the numerical results.

3.3 Discussion
The famulation of the simplified model of a shear wall is based on the explicit decrease of
the fimdamental frequency as a fincmtion of the non cumulative damage variable X. We
assume that the degradation of the fundamental frequency is dependent on the only damage
variable X,, without considering cumulative effects. The good results obtain under this
assumption lead to the idea that the damage cumulative effect is not significant for the
selected low-rise shear wall. Obviously, this assumption is more questionable for a slender

wall.
A limitation of the simplified model lies in the fact that it is valid for one degree of freedom

system. Futharumore, the dissipation under cyclic•seismic loading has bee taken into
account through a constant viscous dampig rato, what is a rough manner to describe the

complex phenomena under cycic loading.
4. Validations
4.1 Experimental results

Fig. 2. Fundamental frequcncy against global damage X: numerical results and modelling

The first validation of the simplified model concerns with the pseudodyuamic tests. The
simplified model of the shear wall is employed.to predict the top-displacemen response. The
top dispcement history is computed by resolving the previous equations (1) and (3). The

As a general trend, it can be seen that, from a certain threshold of the maximum top
displacement X, the decrease of the fundamental frequency is very abrupt, to become softer in
a second stage. The first stage of the fundamental frequency decrease from a threshold value
X. is essentially due to the sudden concrete cracking. By inspiring to local formulations in

dmage variable time-l.iosy, corresponding to the maximum top-displacement is deduced.
The numerical prediction is compWaed, n the one hAnd, with exprimental results, and on the
other hand, with numerical results obtained with local models. The prediction shown in Fig. 3
seema quite good in comparison to the excprimental results and the numerical results issued
from a refined approach. We can notice a slight underestimation of the simplified model

during the RUN2. This can be attributed to a slight eror of the modelled decrease of the
fundamental frequency in comparison to the real one. It can also results from a higher value
of the modelled viscous damping ratio than the experimental one, which has been
cxpermentally estimated at about 4 % during the RUN2.
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Fig. 3. Time-history maximum top displacement X for the first four RUNs

Fig. 4. Strong motion data base (2125 accelerograms)
Given the computation time required by the finite element approach, only 501 strong motions
are applied to the finite element modelling of the shear wall in order to verify the ability of the
simplified model to reproduce the damage. Te two numerical predictions are compared in
the Fig. 5. As we can aee, the results issued from the simplified analysis are close to the finite
element modelling predictions. For a few strng motions, the simplified model underestimate
the damage in comparison to local models. This can be attributed to the sensitivity of the
threshold value X. involved in the definition of the puameter curve fMX) of the simplified
model. For these strong motioms, the damage X remain lower than thi threshold value and
the structure does not suffer any degradations under cyclic loading, while local models predict
a progressive damage.

4.2 Data base
A large data base containing 2125 horizontal strong motions is employed to verify the
relevance of the damage prediction from the simplified analysis, by comparing those fior a
finite element approach. This data base is the input data of our study concerning the
characterisation of the seismic damage potential. Therefore, it is of great importance, because
all results remain closely associated with it. It comes from the work of European Council,
Environment and Climate Research Programme, which has been collected european strong
motions, and gathered together in an available CD-ROM (Ambraseys, [9D. The magnitude,
the epicentral distance and the focal depth are provided for each accelerogram. In this study,
the focal distance is employed, directly deduced form the epicentral distance and the focal
depth. The strong motions are shown in terms of focal distance-magnitude in the Fig. 4.
Fig. 5. Damage predicted by simplified model and local models for 501 strong motions

5. Conclusion
The coupling concept of the fulndamcntal frequency decrease with the non cumulative damage
variable X, appears to be capable of reproducing the global damage sustained by the studied
low-rise shear wall under scismic exciations. Thanks to the drastic reduction of the required
computation times in comparison to a refined finite element apprach, a statistical study based
on the large data base is canied out in the following. The ability for reflecting the seismic
damage potential of the investigated acceleration parameters will be scrutinised by the help of
the simplified model, reproducing the decrease of the dynamic properties of the structure
during seismic excitation.
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Abstract
The irsence of long perod pulses in neaw-ult records can be considered as imnprant factor in
causing dmgae due to the transmission of Ipe energy amounts to the structures in a very short time,
Under such circurnstances high enerw dissipation demands umsuly occur, which ae likely to coneate
in the weakest purts of the structure. From the study of the reponse oftnonlinear oscillstom, the effects of
earthakes, have bern
these distinctive long period pulses, derived from records obtained dming e
moto rord
g
=eased by mcs of Q synthetic panrmeter directly derived from dhe stir pud
such a peek ground accelration, peak ground velocity, incmanstal velocity, aud IQelsic ad inelatic
spectra of input energy, hysteretic energy, displacenest, stenh. The result indicate that long duration
pules strongly affects the inelastic respse, with very high entauy and drift denunds which may be
omjority of oode.
several dimes largW thsn the limit values specified bythe
latreduetlon
The recently incmead availability of recorded near-fault ground modons su, et tht the dynamic
characteristics of ground shaking can vary significantly a a favction of the location of the recoring
station with respect to the fault and the evolution ofthe napture process. It hbeens knowni•ra lo time
that under certain conditions eu'thquake ground motions can consist of a limited number of distinct
velocity and displacement long duration pulses. Typically, these pulses = the result of a partlcular
phenomenon, known a forward directivity effect, attributable to the eathquake rupture moving toward
the site. In the cae ofbackward directivity, occurring when the rupture p atS away from the site, the
corresponding motion Is generally characterized by lower anplitudes end longar daratio. The dfirectivity
itself is a well-known phenomenon in seismology [I-5), however only recently the Impect of the
directivity pulse has been considered Ina limited ranitr of seismic codes Ina documart included in the
19g3 Argentinian seismic code (6] it was suggested to utilize in the nest-field m acceleruams
including long duration pulses. However, the first seismic code Including fcto to account for near-field
directivity effects on spectral ordinates is the 1997 vemion ofthe Unifrnm Building Code (7M.
The presence of long duration pulses in near-field ground motions implies the transmnisson of large
amounts of energy into the strcture which should be dissidpted in a shoetime. This behavior is
characterized by one or two large inelastic excursions with few reversals, usually concentrated in the
-and any other ann where sharp changes in strength or
weakest paut of the structure, such a soft toIs
stiffness occur. On the other hand high frequency, harmonic motions, typical of fir-field records,

generally require a conmni dissipation of energy over a relatively long tmk with numerous yield
reverals. Therefor while di total input energy cresponding to Iong duration pound motion pulses
(i., of low to medium frequency) can reach considerable values, even toh te sismic intensity is not
particularly significant, high frequency motions do not produce sever damage, since their high spectral
acceleration ae not consiten with the corresponding moderate energy effectively imparted to structus.
Recent crncerm about the damage potential of ner-field gound motion has led to considrable
nture of tdre motions and their impact on structural performnnce. As long alo as the end
interst l ithe
of the fiftics it nwssuggested [8] that the presence of a single pulse of energy was responsible of the
exceptional damag inflicted on structues by the Port Hueneme Esrthquake of March It, 1957, in spite of
its small magnitude (ML- 4.7) and low peak ground acceleration (0.0Sg). However, the recognition of the
effec of ground motior new the omative fault Is significantly connected with the study of two other
and
strong motion recods, nmely thoe known as Staion 2 in the 1966 Parleld, Californila Earthq
Pacoinm Don Station in the 1971 San Feorando, Californ Earthquake. Though blot recos wae
obtained a few lkilometer from the source, relatively little damage was casred by the former,
characterized by pulses of very short duration, whereas the latter almost immedintely awakemed the
interest of dte aitifie conmmulty, being the first destructive seismic event in the USA with a recorded
accelerogru containing sevete long duration acceleration pulses which resulted in lr ground velocity
Increments. In peticular in [9], in the analysis of the damage suffered by the Olive View Hospital, a few
kilometers down the rupture surface of te 1971 Safi Fernando Earthquake, it was suggested that the
significant nonlinear structural behavior would probably'have occurred during the response to the
lativly long durtio pube highlghted by the Pdcoims Dam re d. Thls dynamic demand would have
fored the structur beyond its elltie cepacity, with consequeI destructive damage to te ;IppmrA
colum of the lower Booos. Subsequiut to the pulse, the strong ground motion was dominated by hlgher
ftreuncias than that of the pulse. However such later motion, though containing the overall peak
I to have sbelmkthe damaged buldong about Its newly defemed configuration. The
acceleration, se
grund acceleration val,.
gok
misleading n n ofseing the earthque intensity nwrto a faut by a
since it is anomally aesocihad to waves of relatively high frequency, had been previously demonstrated in
P(], a.stealld in (5]. Actnaly, in ne-fsmt records te most ene•retic velocity and displacement pulses
ae not even in phase with the pe acceleration; yet dynamic considerations suggest that the former might
mof
response consequences thn the latter.
stmuctual
pro e m p
After the 1979 Imperial Valley, Califoarnia Earthqrulr the Incremental velocity was indicated - one
of the mast impoumnt ipn unetesinfluencing the maxflamm inclstic response of stctumes sube to
nerfal ground motions morover., it was pointed out that long duration acceleration pulses ar
especially damafgig If the width of the Pule is large compared with the natural period of the sirctum
(10]. Thes concepts were raeaserted in (I1, 12]. Moe recently several studies have forsed on the
l ject to publeike ground motions. Simplified modelling
dynamic respone of MDOF systm
teclhiques weri ueadto hilhlight the efibot of arch pubes oq multietsoray fraes [13-16].
The Impoe of wasing newr-falt effec; has led several stheor (17-20] to demnonstrate t
te by equivalent pulses defined on the basi of
directivity can be epre
with rhowad
near-fult r
a limited number of groand motion parameters. On rcognizing tiht the intensity ad distribution of tie
seismi energy demand depend upon the duration of the pulses, in [21] the significance of energy-bsed
s subject to ner-fult pulses was
pareas in the clrasidatlon of the sebimic demnnd of strm
amnd some relatimlships between energy ad displacement demands were suggested. Finally,
emphsized,
ofthe damae potentdl, a udes of pram.ete namely the
stuing from n enerw-baed chor
the pulsdistion, wa Identified
mbeelod byti iut emn y •sp•
incm•n Wveloi, tbe
puoss (201.
in orderto se the equivalemce between idealized end grooundtmotimo
"
te study of the spmne of osdcilars having nonlinmebehavior, the effect of
In this -sach,
earthquakes ha been
derved from recrds obtainedduring r
period -l
w
such distino velong
analyzed by mans of I) synthetic parmeters directly derived from the wrng ground motion -onI

spectra of input energy, hysteretic energy. displacement and seismnic strength. The results indicate that

oscillato approaches the dumtion ofthe shin pulse (Fig"e I and lb. botm). In the case ofelMo
plastic systers. dthp--sof parlodie. high frequency acceleration pulses in the round mution only
contributes to building the response of the system up to its yielding thmeshold. Once tdo rytam begins to

Sovitr r

yited. thephe
n ofrespon ampfi o doeto resonan is mitigated itc the energy dissipated
through evn mall Inaec dafmtions is associated to lag values oft (22). Tlirefixir. hlar inelastic
defoirmations do not occur dringyild reversal induced by periodic short pulse•. Actually, the number
andamplitude of thes reversals amesot sulficsant to give fin to low cycle hitipue phenomna. since the
amout" of inelastic strain developed in each excaursio during an earthquake. asusually so nunal
that the

iaaic
Mi elastiAc
"
such as peak wound acceleration. peak round velocity incromenmtl velocity, Ad
long duration pulses strongly affect the Inelastic response. with very high energy and drif demads
which may be several times largerthan the limit values spocified by the majority of odes.
implicatios

of klag duration palm

As ageneral rule. the cuewet linear elastic response apensam
do not provide sutficicas lnformaon 10
account for then
energy tranmiussion, mechanisms attrbutsbl to the presence of long duration pulse in
near-field. pound motion. In this eontex even the opportunity of adopting inelashc response spectra
derived hoam the elastic response spectra Is questionable, since the xcitatioms that induce the m
response in elastic and inelastic systems am diffeent in kind. It Is therefore necesary that such
information should be complemented with data on the duration of strong pound motion and the number.
and characteristics of In se relatively long accelortio pulses associated with large velocity
sequ
incrme~nts.
A coeparison of the differmet effbota produced by ihpulsive and harmonic excitations haIsbeean
illustrated in M22,
23] by a series of salyses on SDOF elastic and inelastic systems suljct to simple
idealizd ground motion. Again in the prenent research the study of the mechanical behavior of SDOF
elastic and inmlasic systmms has beencarried out in order to highlight the importance of considering. in
the assessment of the offective dama potential of earthquakes, the mutual relations between dillbrert
types of gound moton and the structural perfomascee . The effecta of both high fluqsency and long

number of cyclas ocesiy to cam collpse would exceed the number which can possibly occur ev•i

the longest strong motiare. 7h Wh displacement demands. imposed by the lon duration pulse

get

that the effective acceleration values of lng duration, pulseos generally coincident with the peak round
acceleration. P"A are pgeatar than these relevant to high frequency excitations, even when the former ar
rt
by lower values oIPM than the lamer.
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investigated by computing stregth energy and displacement demand quntifties.
peio pulsts have been
underlining the significances of eneargybascad pramtacr in the characterization of the sei micdmandof
sucr systems subjetoto such pulses.
Two simple idealized gound moions have ben considered, both made up of snusida
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modiow of

and eoosising;
different fexquecy and domtio,% with -ll iitial ac""lertimoe. vlecity, and displacemsas,
in a single pls ofduratims eual to 1.0 s followed by a harmonic moion with daation equal to 2.0 s and
Type 1. ls characterized by the fadt that both the single pulse
period equal to 0.2 L.The first, denoted ase
equal to 0.35g. whils In the
Mreive acceeratn MAnmod
and the harmoni MOtion hAVevalues Of *Athe
second. denoted as Type 2. the relative &cceratioa manioumr of the inle puls is two thrds of that of
the harmonic motion.
The response of SDOF systems in tem of displacement () tins histories, has bee analyzed with
reference to a linea elastic and an ast-plastic model. The results presented herin re to oscillate
with damping coefficient 1ýequal to 5 pecet yield strength. C,. equal to 0.1Sg and 02g. 7he no"ra
period. T, is equal to 0.2 s. i.e coincides with the period of die harmonic excitation, and to 0.4 a. Le,
greatar than that of the harmonic excitation but still far from the duration of the single pulse. From the
inspection of the arvas reported in Figure 1, th effcts of long duration pols oanthe rponse of
oscillators beyond the elastic threshold ae clearly visible and it appears that, for a given system. the
definition of a critical ground motion struo y depends on the co•stitutive law adopted for that system
As expecstd, for linewselstic systems, the critical dynamic exuitatio is that of periodic type with
frequency equal to that ofthe system (i.e.. the harmonic ptn of both typas I and 2 idealized motioms, with
period equal to 2.0 a). since it inducts a resonance phenomenon in theoscillators with natural period T
equal to 2O s (Figurs la and lb. top). On the contrary, long duration pulses may become Critical for
equal or le then Ud
ingelatic system, especially in the case of oscillators with yielding respulancei
inertial force corresponding to the effetive ground acceleration of the poise. iAe,R, 9 eals, where as ls the
umas
of the systema, or C, S WS. Moreovitr, the displacement dernsnd Inceases asthe natural period of the

.
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b) Type 2
a).1~el
DI&I Displecemeat deemed far SD01 symm sultet to ldseliasd pound matiss
The results presated above eofnra thee, while the
,i, liUnasr.elastic response of a structural
systse Is usually controlled by th resonance Phenoenon. oo dt y larger deformaons cn he
pulse wth an effadive accelration v lhdiy gricaer then
induced by thepreseoce of ust oel

that corresponding tothe yielding Ustarnt ofthe aucture. Itis o evident fires Figure I tht, thel6arger
the intensity of the eictive accalrtion ofa pul with respect to the yielding streogth of the system, the
large the amount of inelastic defmtisos that will develop foethesmnore. while high frequency motions
are critical essentially for elastic systems with fundamental period close to the resonanuce period, long
duatio pulsem
appear to becritical for structures with findamental paeiods laing within a significantly
can
wider Interval. Actually. accerding to [22], the presence of repeated severe long acceleration pulses
produce a s•ff

macit
amoumt of cumlative damage to give r*ise to one or a combination of t

aypes of

failure. respectively known as low cycle fiatig and incremental coll-pe or crawling. In 1221 it is
amphassind fth advise to desgna structures against: that tyeof Immnuemetl collapse, between the two
listd above which apesto constiftst the etsical failure Simila conclusions may be drawn froms
16and q equal to 0.lS and 02S. the
Figure 2. tht shows, for SOWF system with - S.,, Tr- A.
demand in tem of nput energy, E&and hys.•rtic.enery. Ea according to the definition gim in [24]

The totality of the enry demand isconcentrated in the time interval corresponding to the long duration
pulse. This time interval is not long enough for the structure to efficiently utilize the structural d€rping;
of
consequently, most of the energy is dissipated through hysteresis, which implies the development
structural damage.
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Ana"lyis of the r'espeue to near-hilt tend
Nefault records obtained during the 19 imperial Valley Earthquake contain sever velocity and
displacemoen pulses. In Figure 3a the location of the recording stiles, considered In the preset study
with respect to the cusustive fult i shown. Since the strike-ip fhalt rupture progressed toward the E
Cnr"o Ary, #7 Imperial Valley College Station (IVC) and06 Houston Road Station (OU) am be
considered in forward directivity conditions, while Agrarias Station (AUR) reast in backward directivity
conditions. Due to the proximity to the epicenter. Bonds Corner Station (BCR) can be regarded a in
eutal position. Records from Calexico Station (CXO) which ae not affect by direcivity effee werm
also considered for mere comparison purpoes.
The velocity, a, time histories shown in Figures 3b, e, d, e fbr the fiaut-noemal (FN) componeint of
the four stations affected by directivity indicate the presence of long duration pulses, particularly in
forward directivity conditions. In fact, st the beginning of the velocity time histories of Imperial Valley
College Station and Houston Read Station, pulses of durat•io T equal to approximately 3.7 aare
detected. The elastic spectra of input energy. Er, andseismic coefficient, C,, re Illustrated in Figure 4.
Th spectral E, ordinates are treind m for pelods T elem to tie value of T. Sinc the emov demand
4.0 s approxin•uely, on reckoning
attains largest values in the in the longi-perod region, i.e., for 1.0 T &st
region,
that the seismic coefficiont spectral ordintes keep equal to approximely U.Sgin the am period
dsgd to
it can be affirned that critical conditions may develop fbr awide clas of strucntres, actually
in
signals
near-fault
making
ensure lower values of the seismic coefficient, In fat, a general feature
energy
forward directivity conditions patticularly critcal for structures is tat the periods range when the
at
demand is maximum is wider than that encountered for other type of signals, such as those -rorded
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ESTIMATION OF THE NEAR-SOURCE STRONG GROUND MOTION DURING THE
KOCAELI, TURKEY EARTHQUAKES OF AUGUST 17,1999 AT DAMAGED AREAS WITH
REGARDS FOR SITE EFFECTS

However, there still exist uncertainties, which are the NS motion, near source radiation effects,
nonlinear effects of surface soils, and so on. The case of Golcuk is much difficult task, because we
have no record near by the sites and the damaged areas in Golcuk, where surface soils are very soft,
was very close to the surface earthquake fault.
Nevertheless very limited data and these difficulties, this paper is an attempt to estimate strong ground
motions at damaged areas using the empirical Green's function method with regards for source
complexities (asperities) and nonlinear amplification of seismic waves in sedimentary basins.
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Abstract
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The estimation of strong ground motions at downtown Adapazari and Golcuk, where heavy damage
was observed, is inevitable to understand the relation between ground motion severity and damage to
buildings. For this purpose, we adopted an empirical Green's function method for ground motion
synthesis using observed aftershock recordings. First, we estimated the bedrock motion and then
convolved the effects of surface sediments taking into account of nonlinear behaviors of soil by an
equivalent linear method. We selected five large asperities from the heterogeneous source model
determined by Sekiguchi and Iwata (2002) for synthesizing the ground motion from the mainshock
The validity of this simulation was confirmed by the comparison of the strong motion records and the
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Figure 1. Studied area that showing locations of epicenters of the mainshock, the aftershocks,
and observation sites.

Site characteristics of studied area

synthetics at several stations near the fault.
Studied areas that we made temporal aftershock observations and array observations of

Introduction
Major damage to buildings and loss of life during the Kocaeli (Izmit), Turkey earthquake, were
concentrated near the surface earthquake fault, therefore, the primary reasons for the damage are
attributed to near earthquake source effects, leaving aside the quality of buildings. The strong motion
records from the Kocaeli earthquake near the fault were successfully recovered by the Earthquake
Research Department (ERD, 1999), and the Kandilli Observatory (KOERI, 1999). However, because
of a sparse network in Turkey (Celebi et al., 2000), no strong motion record was obtained at severely
damaged areas, except Duzce (DZC). The strong contrast of damage ratios between the strong motion
observation site, Sakarya (SKR) and downtown Adapazari, and the wide variation ofthe damage ratios
even in the relatively small area of Golcuk (Architectural Institute of Japan Reconnaissance Team et
al., 2000) are also similar issues. It is our concerns to estimate the severity of the ground motions at
damaged areas.
The shallow and intermediate-depth S-wave velocity structures in Adapazari and Golcuk areas
were determined by the array observation of microtremors (Kudo et al., 2002). In addition, we also
conducted temporal array observations of aftershocks to understand the relative differences of site
effects on strong motion or damage in and around Golcuk, near the surface fault. It is our concerns to
estimate the strong ground motions at the severely damaged areas, especially at downtown Adapazari
and Golcuk. In case of Adapazari, the ground motion at SKR is able to use as an input motion to
sediment sites, or bedrock motion, for roughly estimating the ground motions in downtown Adapazari
(e.g. Kudo et al, 2002; Bakir, et al., 2002), since the S-wave velocity near the surface at SKR is
approximately 1,000 rn/sec or higher and the distance between SKR and downtown sites is not large.

microtremors are shown in Figure 1,with permanent strong motion observation sites SKR, YPT, and
IZT and the surface earthquake fault (e.g. Barka et al., 2002). A temporary aftershock observation,
which was very short period (three days), was conducted at GLS, GLA, GLF, GLJ, and GLN in the
Izmit bay area including YPT (Figure.l). The array observations of microtremors were carried out at
SKR, ADC, ADU, YPT, GLF, and GLN and the S-wave velocity structures of sedimentary layers are
estimated. The estimated S-wave velocity structures are shown in Table I, which are mostly
reproduced from Table 3 in Kudo it al. (2002) with slight modifications. Underground structures at
GLA and GLJ, where only aftershock observations were carried out, were estimated using the
following procedures. At first, we computed spectral rati6s of the aftershock motions at GLA and GUI
to those at GLF. Next we estimated the S-wave velocity structures so as that the ID theoretical spectral
ratios match with the observed spectral ratios using the genetic algorithm (GA) (e.g., Yamanaka and
Ishida, 1996). Figure 2 shows the comparison of the theoretical spectral ratios with the observed ones.
We assume further that common seismic basements (bedrock) among sites in Golcuk and Adapazari
are the layers of which S-wave velocities are 950 m/sec and 1,500 m/sec, respectively. It is also

assumed that the seismic basement of similar S-wave velocity outcrops at GLS and IZT.
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Estimation of strong ground motion during the mahnshock at downtown Adapmzar
I1)Preliminary estimation (Linenr soil response)

In a previous paper (Kudo, at =1.,2002), we estimated the ground motions at ADC and ADU

by the respoe of
during the mainshock. The EW compounent of the ground motion at SKI deconvolved
input motion
the sunface layer, although the surface effects ar only for very high fiequeney, is used for the
the response of
at ADC and ADU. The synthetic motions at ADC and ADU we estimated by convolving
are shown in
sedimentary layers determined by m-ctotremora. The velocity models used in the computation
from 15 to 80 in
Table 1, and constant Q factors ar assumed associated with the S-wave velocity, ranging
at ADC and ADU were
the sedimentary layers. The synthetic groumd aeeeleations and the velocities
non-linesrity
estimated, assuming ID propagation of S-wave without any comrctions to distance and
at the sites. The
(Figure 8). The synthetic motions ao only valuable as an upper band of estimations
6.4. and 9.6 knn.
distances at SKR. ADC, and ADU from the2 naemat srface faut-line were 3.4
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Figure 3. A dynamic soil property model by Osakd atat [1978] for equivalent linear method.
dynamic
As we have not enough data on soil properties at those sites, we used the representative
as shown in
model of soil property proposed by Osaki et at (1975) for equivale linear analyses,
into account
Figure S. While, we used the effective strain proposed by Sugito et a. (119)A, for taking
damping factors, inwhichthestanofeachb layerdependi on fequecy as equation I.
y.C(o) - a y.

(1)

F (W)/ F.6

spectra of ground
where w is angular fiequency, y, (W) and F (W) effective strain and Fourier
value of
maximum
the
and
strain
maximum
e
the
F_,
motion strain at w, respectively. Y. and
we
addition,
In
method.
linear
equivalent
the
their spectra, respectively, a is the coefficient (0.65) for
taken as sand,
assumed that the soft layers of which S-wave velocity is lower thn 400 m/see were
because of
because of less information of soil prope es. Analysis wus made for only EW comnponent
between 0.1 Hz to
lack ofrecord of NS motion at SKi during the mainshock and the fiequeney ranges
0-Hz was used following processing.

to 488
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NS motion at
Next our concrans sre to estimate the effects of nonlinear behavionr of surface soils,
those sites, and geometrical effects of source radiation for these sites.
2) Estimation by the equivalent linear method for soil rep e
sites similarly to
We estimated the strong ground motions during the mainshock in the Adapazari
the incident wave at ADC
the previous case, but taking into nonlinearity of soils. First, we estimated
microtremors at SKR from
and ADU by deconvolving the responses ofthe surface layers estimated by
at ai, 1975), while the
the mainshock record based on the equivaent linear method (Scimabel
Next, the estimated input motion
computer code developed by Yoshida and Suctornl (1995) was used.
ADC and ADU, assuming a
is convolved with the response due to the velocity structure models at
Distances form the surface
common seismic bedrock of which S-wave velocity is 1,500 in/sec.
respectively, therefore, a
earthquake fault to SKR, ADC, and ADU are 3.4 km, 6.41k, and 9.6 km.
at SKR for input motions to
distance correction would be necessary, when we use the ground motion
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Figure 4 shows thus estimated ground motions in terms of acceleration and velocity. The
equivalent hypocentral distances of SKR, ADC, and ADU are 10.1 kin, 11.4 kin, and 14.1 Ian, then
correction factors become 0.89 and 0.72 at ADC and ADU, respectively. The estimated peak
acceleration at ADC is not so high relative to SKR (factor of 1.1), may due to large damping at high
frequency range, while the peak velocity is a factor of approximately 2 that would be significant to
damage of building. This is the case that we assumed the surface layers of both sites to be sand.
However, we have not enough information on soil properties of the individual sites. We also computed
the ground motion in case of clay at ADC and compared the case of sand. The difference of
acceleration is considerable, but the ground velocity is almost identical, as shown in Figure 5.
Hereafter we will discuss mostly in terms of ground velocity, therefore, we assumed the surface layers
for all the sites to be sand and the ground velocities have no significant difference of soil property.
600

is rise time of the target event, n' is an ippnpriate integer number to shift the fictitious periodicity T/(N-I)
into a high frequency beyond the interest (here n' - 100 is used). Vs is the S-wave velocity and Vr is the
rapture velocity of the fault. tj is random number to prevent artificial periodicity generated by the relation
between a interval of subfaults and rapture velocity. In this study, we used the empirical relation of T
proposed by oellar(1976); T-16S0.5 /7Trl.5 Vs. where S is the fault area of the target event.
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Figure 6. Complex fault model, which have five asperities referring to Sekiguchi and Iwata (2002)
and Kamae and Inikura (2000). Locations of earthquakes and observation sites are also plotted.
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1)Empirical Green' function
We used the records from the largest aftershock (M5.8) of September 13, 1999, at SKI, IZT, and
YPT as EGF. At first, we deconvolved the responses of the surface layers from strong motion records
based on the above-mentioned equivalent linear method. The effects of nonlinear behavior of soils at
SKR and IZT are negligibly small but we processed to keep uniformity of the analyses. We used the
deconvolved baserock motions from the largest aftershock, thus obtained, as Green's functions for
those sites. The synthetic motion was first constructed as i bedrock motion at each site and then it was
convolved the response of surface layers by the equivalent linear method as mentioned above.
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Figure 5 Comparisons of ground accelerations and velocities for the cases of surface
layers to be sand and clay.
Source model and synthetic motions by the empirical Green's function method
Near source effects on ground motion are not only distance but also source geometry and fault
rupture processes. In order to consider the effects, we employed the empirical Green's function (EGF)
method developed by Irikura (1986), Irikura et al (1997), and Kamae et al. (1990). The method
postulate the omega square model (Aki, 1967; Brune, 1970), synthetics are constructed as followings;
U(t)

X(rlr,) .F(s) (C-u(1))

F(t) -6(t- t,) + (lIn'(l-exp(-l))}

(2)

-(k-I)TI(N-I)n' 1]

(2t~f[esp{-(k-l)/(N-I)n')S~t-t,
k..

t, = (Q,- rOW.V +4,IV, - ,
where, U(t) is the synthetic motion, u(t) is the small event, Nis ratio of fault length between the large and
the small events, and r and r, are hypocentral distance of the small earthquake that is used as a Green's
function, and from the i-th element to the site, respectively. C is the ratio of stress parameter between the
large and the small event, F(t) is function for correcting source time function, and * means convolution. T

2) Asperity model
Investigations on the complex fault process for the Kocaeli earthquake have been conducted
using strong motion records by Sekiguchi and Iwata (2002) and Bouchon (2002), as well jointly with
the other data by Yagi and Kikuchi (2000), Li et al. (2002), and Delouis (2002). We only intend to
estimate strong ground motion of relatively high frequency, say from 0.3 to 10 Hz, therefore, the
constraint by static or long-period motion are not necessary required. We selected five asperities, as
shown in Figure 6, referring mostly to the source inversion results by Sekiguchi and lwata (2002). We,
in addition, assumed that the strong motion was generated by only these asperities. In order to confirm
the validity of our procedures, we obtained the synthetic motions for the mainshock at SKI, IZT, and
YPT. Figure 6 compares the synthetic strong motion with the observations with velocity waveforms
and Fourier spectra. Minor modifications, like forward modeling, from the model by Sekiguchi and
Iwata (2002) were made, so as to obtain good match between synthetics and observations. The final
characterized asperity model is shown Table 2. The frequency ranges in the analyses were restricted to
0.1-10 Hz for SKR and YPT, and to 0.4-10 1kz for IZT, due to the S/N ratios of the aftershock records.
A somewhat disagreement in the synthesized strong motion for IZT at high frequency, however,
generally the synthetics are in good agreement with the observations. Therefore, we inferred that these
procedures and the fault model represented by five asperities would be valid. The numbers of subfaults

Figure 4 shows thus estimated ground motions in terms of acceleration and velocity. The
equivalent hypocentral distances of SKR, ADC, and ADU are 10.1 kin, 11.4 lan, and 14.1 kin, then
correction factors become 0.89 and 0.72 at ADC and ADU, respectively. The estimated peak
acceleration at ADC is not so high relative to SKR (factor of 1.1), may due to large damping at high
frequency range, while the peak velocity is a factor of approximately 2 that would be significant to
damage of building. This is the case that we assumed the surface layers of both sites to be sand.
However, we have not enough information on soil properties of the individual sites. We also computed
the ground motion in case of clay at ADC and compared the case of sand. The difference of
acceleration is considerable, but the ground velocity is almost identical, as shown in Figure 5.
Hereafter we will discuss mostly in terms of ground velocity, therefore, we assumed the surface layers
for all the sites to be sand and the ground velocities have no significant difference of soil property.

is rise time of the target event, nv'is an appropriate integer number to shift the fictitious periodicity T/(N.I)
into a high frequency beyond the interest (here n' = 100 is used), Vs is the S-wave velocity and 14"is the
rapture velocity of the fault. ci is random number to prevent artificial periodicity generated by the relation
between a interval of subfaults and rapture velocity. In this study, we used the empirical relation of T
proposed by Gellar (1976); T-16S 0.5 1 7u11.5Vs, where S is the fault area of the target event.
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Figure 6. Complex fault model, which have five asperities referring to Sekiguchi and Iwata (2002)
and Kamae and Irilcura (2000). Locations of earthquakes and observation sites are also plotted.
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1) Empirical Green' function
We used the records from the largest aftershock (M5.8) of September 13, 1999, at SKR, IZT, and
YPT as EGF. At first, we deconvolved the responses of the surface layers from strong motion records
based on the above-mentioned equivalent linear method. The effects of nonlinear behavior of soils at
SKR and IZT are negligibly small but we processed to keep uniformity of the analyses. We used the
deconvolved baserock motions from the largest aftershock, thus obtained, as Green's functions for
those sites. The synthetic motion was first constructed as a bedrock motion at each site and then it was
convolved the response of surface layers by the equivalent linear method as mentioned above.
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Figure 5 Comparisons of ground accelerations and velocities for the cases of surface
layers to be sand and clay.

Source model and synthetic motions by the empirical Green's function method
Near source effects on ground motion are not only distance but also source geometry and fault
rupture processes. In order to consider the effects, we employed the empirical Green's function (EGF)
method developed by Irikura (1986), Irikura et al (1997), and Kamae et al. (1990). The method
postulate the omega square model (Aki, 1967; Brune, 1970), synthetics are constructed as followings;
U(t) = Z(rlr,) F(t) *(Cu(t))
F(t) =8(t-t,)+{l1n'(1-exp(-I))}
l)n')- s-, -(k -l)TI(N-l)n')]
- )

(2)

"f[expl-(k

t, =(r, -t.)IV, +4,IV +e,

where, U(t) is the synthetic motion, u(t) is the small event, N is ratio of fault length between the large and
the small events, and r and r, are hypocentral distance of the small earthquake that is used as a Green's
function, and from the i-ti element to the site, respectively. C is the ratio of stress parameter between the
large and the small event, F(1) is function for correcting source time function, and * means convolution. T

2) Asperity model
Investigations on the complex fault process for the Kocaeli earthquake have been conducted
using strong motion records by Sekiguchi and Iwata (2002) and Bouchon (2002), as well jointly with
the other data by Yagi and Kikuchi (2000), Li et al. (2002), and Delouis (2002). We only intend to
estimate strong ground motion of relatively high frequency, say from 0.3 to 10 Hz, therefore, the
constraint by static or long-period motion are not necessary required. We selected five asperities, as
shown in Figure 6, referring mostly to the source inversion results by Seldguchi and Iwata (2002). We,
in addition, assumed that the strong motion was generated by only these asperities. In order to confirm
the validity of our procedures, we obtained the synthetic motions for the mainshock at SKR, IZT, and
YPT. Figure 6 compares the synthetic strong motion with the observations with velocity waveforms
and Fourier spectra. Minor modifications, like forward modeling, from the model by Sekiguchi and
Iwata (2002) were made, so as to obtain good match between synthetics and observations. The final
characterized asperity model is shown Table 2. The frequency ranges in the analyses were restricted to
0.1-10 Hz for SKR and YP", and to 0.4-10 liz for IZT, due to the SIN ratios of the aftershock records.
A somewhat disagreement in the synthesized strong motion for IZT at high frequency, however,
generally the synthetics are in good agreement with the observations. Therefore, we inferred that these
procedures and the fault model represented by five asperities would be valid. The numbers of subfaults

The studied areas am very close to the surface earthquake fult, especially the observalton Etait
GLN, GL, and GLF are located within a distance of a few hundreds muete do. the faull. While the
distance of ADC and ADU in Adapzaid area frian the fault am 6 kIn and 10 kmn.respectively.

ADC and ADU. As mentioned befoe we assumed t

the contribution of somce to strong ground

motion wreonly five large asperities as shown in Figurel6 (discuss later). We evaluated the distances
of those site using the method ofequivalent hypocentral distance (Olno at aL, 1990) by only taking
into account the number 3 asperity (ace Figure 6), which was cl1osest to the Adaparas area..

Table 1. The S-wave velocity structure model etimated by the array obemations of microtremnors (Kudo
et al., 2002) and the inveasion analysis of spectral ratios ofthe afershock records using the GA.
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Figure 3. A dynamic soil propert model by Osai otaL. (1978] for equivalent linea method.
As we have not enough data on soil propeties at those sites, we used the rersnttv dynmi
Figure S. While we used th eBft'ive strain proposed by Suajto t aL. (199), fo tan int acon

Estimation of strong 8iround motion darn the anainahock at downtown Adapazad
1) Preliminary estmation (Linear soil response)
In a previous papM(Kudo. ct a.. 2002), we estimated the pound motions at ADC and ADU
during the mainshock. The EW component of die pound motion at SKR doecovolved by the response of
the surface layer, although the surface effects are only for very high fquency, is used for die input motin
at ADC and ADU. The synthetic moions at ADC and ADU ar estimated by convolving the response of
sediment•ry layers determined by miozotremors. The velocity models used imn e computation anshown im
Table I. and constant Q factors an assumed asmoad with the S-wave velocity, ranging from I1 to 80 in
the sedimentary layes. The synthetic pround acceleations and the velocities at ADC &d ADU ente
estimated, assuming ID propagatpi of S-wave without any corectons to distance and sonlinesaity
(Figure 8). The synthetic motions ae only valuable as as upper band of estimatis at the sites. The
distances at SKR, ADC, and ADU from the nearest surfce fausltine were 34, 6.4. and 9.6 ksm
5
The peak acceleration (582 cmn/sec ) and the velocity (108 cm/sec) at ADC are reduced to 488
respectively.
2
cm/sec and 74 cm/lsec, respectively, using the relative distance relation with the help of the emopirical
formula (Joyna and Boom, 1982). In.t cas of ADU, they become to 368 cm/se and 61 cm/se,
respectively.

dampingfa0cts, in which thestrinofeach layerdepenel onfrquenyasequsio
Y,,(w)- a y..,F(wO)/F,,.

I..

(1)

where to is angular frequency, ydr (wo)and F (to) effective stran and Fourier spcr of ground
motionstrain-atto respectively. Y,.. andF.. are the maximumstran statthe maxinmum value of
their spectre, respectively, a is the coefficiant (0.65) for'the equlvales linear method. In addition, we
assmed that the sofi layer of which.S-wave velocity is lower than 400 i/se wer tae as sad
because of les information of soil prpetis A balyis was madetfor" only SW compnenat because of
lack of rcord of NS motion at SKI.during the mainehoc sal the frequency ranges bewe 0.1 tz to

101hz wasused follown processing.
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Next ow concerns ae to estimate the effecta of nonline behaviots of surface soils, NS motion at
those siteas and geometrical effects of source radiation for thae sites.
2) Estimsan by the equivalent linear method for soil resoens
We estimated the strong ground motions during the mainelock in the Adspazat sites similualy to
the previous case, but taking into nolinearty of soi& Firks we estimated the incident wave at ADC
and ADU by deconvolving the responses of the surface layers estimated by microtremoes at SKR fron
the mainshock record based on the equivalent linear method (Schnabel at al, 1975). while the
motion
computer code developed by Yoshida and Suetomi (1995) was used. Next, the estimated i
is convolved with the response due to the velocity structure models at ADC and ADU, assuming a
common seismic bedrock of which S-wave velocity is I,500 m/sec. Distances form the surface
earthquake fault to SKR. ADC, ad ADU are 3A4kn, 6.4 km. and 9.6 km. respectively, therefore, a
distance correction would be necessary, when we use the ground motion at SKI for input motions to

e.ivi40

(see.)
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and repnses of surface layer.

tew

emta.

-,ba
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o

and the ratios of
are 6x4, 2x1, 4x3, 3x2, and 2x2 for the asperities from No.] to No. 5, respectively,
as
stress parameters are 1.5, 1.0, 1.5, 3.0, and 1.0 for the asperities from No.1 to No.5, respectively,
shown in Table 3.

Table 2. The source parameters of each asperity.
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3) Effects of radiation pattern
et al (1990)
Radiation pattern effects are sometimes ambiguous or frequency dependent. Kamae
the observed
suggested a method to consider the frequency dependency of source radiation pattern that
however, it
radiation pattern in a longer period range has a tendency to follow the theoretical one,
be 0.2 Hz
tends to uniform for all directions in short period range. We assumed the low frequency to
and the high frequency to be 2 Hz, and the weights between two frequency were given following
differences
Kamae et al. (1990). In order to include the source radiation pattern effects, because of the
of the
of strike and dip of a fault between the main- and the aftershock (EGF) and the geometry
(NS
extended fault (asperities) of the mainshock, we first rotated the axis of the bedrock horizontal
small event
and EW) motions into radial and transverse motions. Next, the rotated waveforms of the
for including
are corrected concerning to the radiation pattern, source time function, and time shift
motions were
rapture propagation and then they are summed. Thus obtained synthetic baserock
they
convolved the response of surface layers by the equivalent linear method as described before and
rotated again to NS and EW directions, and they compared in Figure 7.
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Figure 6. Comparison of the synthetic waveforms during the mainshock from strong
during the largest aftershock with the observed earthquake motions during the mainshock.
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the mainshock using the empirical Green's function method.

Estimation of ground motion In downtown Adapazart based on EGI

30 ADC BW

A lack of the NS component of mong ground motion at SKR during the mainshock brought large
ambiguity on estimating the aseveity of gound motion in downtown Adapazar A forward directivity
effect (e. g. Somerville ot al, 1997) on NS motion is the one plausible suggestion. BOF method
enables us to estimate the NS motion at. SKR and at downtown Adapaza using both hoizontal
motions from the largest aftershock Figure 7 shows the estimated ground motions at SKIR, ADC, and
ADU. The EW motion at SICR is only compared with tie observation. The NS component of stron$
motion at SKR is estimated to be 126 percent in the peak ground accelerati
howevem, the peak
ground velocity is 87 percent of the EW motion, which is rather small than we expected. Estimated
strong motions are prominent in long period, 3 to 4 seconds. The peak ground velocities at ADC and
ADU are facto of2.8 and 1.2 to that atSKR.
We estimated the ground motion at ADC downtown Adapazad using three different methods.
Their acceleration response spectra of 5 percents damping ae compared in Figmu g. An eatimation
with linear method will be understand as an upper bound in short period range. There exit a
colsiderable difference of factor 2 between 'OBS.+non-lincar' and IEGF+non-linear' at longerperiod
than 1sec., however, no significant difference is found in the peak velocity.
In this study, we used two methods for estimating of the incident wave at damaged area. We
compare results by two methods u shown in Figure 8. The wavefonrm in Figure 8 are not the surface
motions but the incident waves on the bedrock. They are in agreement in time domain comparably,
however, the Fourier amplitude of bedrock motion at damaged area estimated by the observed motion
at SKR is smaller than that by the empirical Green's function method in longer period range then I
second. This reason is attributed to diflerence of the radiation pattern and the dynamic source process
of the fault even though distance bctween two observation sites is close because objective area is
located near the fault. Therefom though strong motion data are obtained at rock site near sedimentary
site, in case that their sites arc located near the fault, it is necessary to pay attention for use ofrock site
data as incident wave at sedimentary site.
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Figure 8 Comparison of acceleration response spectr for the
synthetics by three different methods
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Figure 9. Comparison of the synthetic strong motons at ADMad ADU using between the
observed strong motion at SCR during the mainshock and the empirical Gren's function method.
nAtlUon of strong ground motio. a Goelek areaz
We examined that we wer possible to synhesize the strong ground motion during the mainshock near
toniC Bay are and Adaposari. using the largest aftsrshoc nrotion. This Would be appicable for Golcuk
ares, howevO4 ufosatuately no strong motom records fin, the largest aftershock was available in Goleuk
area. Therefore, we have to enmate the largest aftershock motion in onler to synheize stM gound
moton duing the nasinshoc. We will apply a twostep estimation, that is, we it aimnlate the gound
moton in Golcuk am during the largest aftershock using two small afterslock data, and ne1t we esteisat
the ground motion during t&hnushoct uing the Ksinotdaled aftershock motion as EF.
1)Synthesis of the largest aftershock moion using smal (WS)afrshcks.
Quite tempora aftershock observations were carried out in Golcuk area (Kudo at L, 2002),
however, a spame of instruments, we wer obliged to separate observations into 2 groups. The
aftershock data of September 13, 1999, (event A) were obtained at GLS, GLA, GLF, and YPT (Group
A). Those of September 15, 1999, (eveat B) were acquired at GLY, GLJ, and GLlN IGroup B). We
estimate earthquake motion during the largest after•hock in Golcuk area using these small events as
EOF, similar to the study in Adapsazi ares.
At first, we use the site YPT &&a constaint for determining the sorce parameM because both
records form the largest and small (event A) aftershocks were obtained. We Usumed the Small event
had the isotp radiation paten of 0.63 (Bo_ and, Botwrigh
1984), and used the bedrock
motions, which the reponse of surface soil were deconvolved, as the anpirical Green's fiucto at
thos sites. As a result of forward modelin& we obtained the synthetic parameters that a number of
subfasuts and ratio ofstres parameter were 99 and 20, respectivel3 as shown in Table 4.
Figure lO(a) shows a comparison of the syntatic waveftian for the largls aftershock with the
observed one at YPT The synthetic waveom matches well with the olservatons, and then we
synthesied the lre aftershock motidos at the Gmup-A sites (Figure 10(b)). Next, we determine
necessary parameters for synthesizing the largest aftershock MOMin at other sites uXsinthe small
event B. Both A and B events were recovered at GLF, theefore, the parameters were determined so as
to match the synthetic motions of the lares afteIrso atGLF by comparing their wavefoms. Figure
I[(a) shows comparison ofsythetics for the largest aft•e•sok at GLF using the small event A and B.
They ae in good ageement therefore, It Is possbl to syanthsie earthquake moties for GLE and
GLN during the largest afteshnk using mods fiom the small event E The determined parameters
for the synthetics are subfaults of 9x7 and the gress parameter ratio of 12 and the others am shown in
Table 4b)) Figure II(b) shows the snteic wavefoenm during the largest aftershock at Group B

stations.
Table 4. The source parameters of the aftershock A and B and parameters for synthesis from earthquake
motions during the aftershock A and B to strong motion during the largest aftershock.

ltypocenter

Lat.
Long.

Depth (-n)
L (kon)
W (km)
number oftdiv.
StruesDrop (bar)

Size

B
Aftershock A Aftehrshock
40,74
40.71
29.95
29.98
11.5
15.9
0.56
0.56
0.71
0.56
9X7
9X9
7
4

The estimated bedrock motions at individual sites during the largest aftershock synthesized from
small events have differences of a factor 2 in amplitude, however, the phase characteristics are similar
among the sites in Golcuk area. Therefore, we postulated that the incident waves or the bedrock
motions during the largest aftershock in Golcuk area is identical, because the Golcuk area is relatively
narrow and comparatively far from the largest aftershock, therefore, bedrock motions should be almost
identical in the area. We computed the average among four sites except for GLS in time domain. At
first, we obtain shift time of earthquake motion at each site, which has the best correlation, referring to
GLF synthesized from the event A. Next, we estimated the common input motion by stacking with
high correlation time shift. The reason why we exclude only GLS is that Vs near the surface at GLS is
higher than that of the common bedrock at the other sites. Figure 12 shows the averaged bedrock
motion during the largest aftershock in sedimentary area of Golcuk.

range of the analysis in case of Golcuk was restricted in shorter period than 2.5 sec., due to the
limitation of reliable period range of small events.
Comparison of estimated strong ground motion with the significant earthquake records
We verify strong motion level at damaged area compared with the significant earthquake using
acceleration response spectra of 5 percent damping computed from vectorial summation for two
horizontal components of the time history of response.
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2) Synthesis of strong ground motion during the mainshock using the estimated largest aftershock
motion

We apply the parameters for synthesizing the mainshock motion in Golcuk area used in the

previous section. The common synthetic motion is used as EGF at bedrock for the individual sites.
Figure 13 shows the NS component of synthesized strong ground motion during the mainshock. The

strong ground motion at GLS is wealthy with short period motions. The PGA is larger than the other
sites (649 cm/sec'), while the PGV is2 the smallest (47 cnm/sec) among others. The PGA and PGV at
GLA are estimated to be 197 cmr/sec and 68 cm/sec, respectively, however, their precision will be
would not be2
very low, because the strain of soil sometimes exceeds 10 percent, which strain level
The PGA and PGV at GLF are estimated to be 363 cm/sec
applicable of the equivalent linear method.
2
and 68 cm/sec, at GUL385 cm/sec and 76 cm/see, and at GILN 622 cm/sec' and 101 cm/see,
respectively. The underground structure at GLN estimated by the array observations of microtremors
is rather stiff than that at GLF; therefore, the site amplification factor computed using the structure at
GLN based on ID propagation theory is predominated with short period motion. Nevertheless, the
amplification factor at GLN is smaller than that of GLF, the ground motion at GLN is much larger
than GLF. By comparison of bedrock motions at GLF and GLN, a directivity effect is suggested. As
noted before, although we have to carefully survey the significant level of strain applicable to the

equivalent linear method for soil behavior during strong shaking, the reason of the difference between
GLN and GLF will be attributed to that GLF was affected larger damping by nonlinear effects of soil
behavior.
The severity of ground motion cannot be evaluated by only peak acceleration or velocity,

however, ground motion level in Golcuk, nevertheless the distance to the fault is much closer than that
of Adapazari, seems to be low compared with that of Adapazari. One possible reason is that the period
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Figure 10. (a): Comparison of stmong motions at YPT during the largest aftershock synthsesized from
the earthquake records of the aftershock A with the observed earthquake motions. (is): The
earthquake motions during the largest aftershock at GiS, GLA, and GLF synthesized by using the
aftershock A.
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13. Estimated strong ground motions in Golcuk area during the mainshock.
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IN ABSENCE OF ACTUAL MAINSHOCK RECORDS, RECORDED AFTERSIIOCKS &
ESTIMATED MAINSHOCK MOTIONS AT SOUTH IZMIT BAY DURING THE AUGUST
17, 1999 IZIUT (TURKEY) EARTHQUAKE
Mehmet qelebi
USGS, MS977, 345 Middlefield Rd., Menlo Park, Ca. 94025, celebi@usgs.gov
and
Ilaruko Sekiguchi

deploy one strong-motion instrument in every major town within the earthquake zones of Turkey. This
systematic effort on part of NSMN-ERD, supplemented by strong motion stations deployed by
Kandilli Observatory and Earthquake Research Institute (KOERI) and Istanbul Technical University
(ITU) in Istanbul and Marmara Region, produced very significant and important records that will be
useful for studying the earthquake and establishing important and necessary criteria in rebuilding
efforts. These organizations recorded the main shock at 38 stations within the epicentral region. Peak
accelerations of the records from some of the stations are plotted on the map in Figure 1. To date,
detailed site characterizations of these stations have not been documented.

Geological Survay of Japan, Tsukuba, Japan

Abstract

The August 17, 1999 Izmit (Turkey) earthquake (M,.7.4) will be remembered as one of the largest
earthquakes of recent times that affected a large urban environment (U.S. Geological Survey, 1999).
The shaking that caused the widespread damage and destruction was recorded by a handful of
accelerographs in the earthquake area operated by different networks. Within the epicentral area and
particularly in South Izmit Bay there were no strong-motion stations. However, following the main
shock, temporary dense arrays were deployed at two main regions of South Izmit Bay: in Golcalk and
in and around Yalova, 50km to the west of Glcak. Recorded aftershocks are analyzed using spectral
ratio techniques. Aftershocks are also used to estimate the motions at the time of the main event of 17
August 1999. These estimates provide insight as to the extent of damage as well as what might be
expected during future earthquakes.
Introduction

It is now well known that improper design and construction practices played an important role in
detrimental performance of more than 20,000 structures during the August 17, 1999 (M,.7.4) Izmnit
earthquake. This being a given, the main goal must be to improve design and construction practices.
During this process, it is important to assess the recorded ground motions, site effects and other
earthquake related hazard issues, which need to be considered during rebuilding efforts.
On-scale recordings of ground shaking during earthquakes are important for understanding causes
of earthquake damage and the physics of fault rupture, and for advancing design codes. Approximately
38 strong-motion mainshock ground records were retrieved by different institutions in Turkey that
operate strong motion networks.
The purposes of this paper are to (a) discuss the characteristics and engineering implications of
the strong-motion records of the Izmit, Turkey earthquake, and (b) deduce from aftershock recordings,
the site response characteristics and estimated mainshock motions at select locations where there were
no stations to record the mainshock.

Figure 1. Map showing significant peak accelerations (g) in the earthquake
affected area, plotted at
relative locations of significant strong-motion stations within and in close proximity to the epicentral
area (Base map courtesy of BKS Surveys Ltd., N. Ireland). Approximate fault rupture trace is also
shown. Stations YPT and SKR are two significant stations referenced in the paper.
At the time of the earthquake, the strong-motion network in the epicentral area, as well as in other
segments of the North Anatolian Fault and elsewhere in Turkey, was quite sparse'. Therefore. it is
important to consider that recording of larger peak accelerations was possibly missed. For example, no
record of the mainshock was obtained in Glelk and vicinity in the immediate epicentral area where
there was extensive damage. Hence, absence of strong-shaking records inhibits reliable evaluation of
the effect of the shaking and consequential damage on the typical structures in the area. In addition,
only one record (minus a component due to malfunction) was retrieved from Adapazari, at station
SKR, which was on stiff soil in the undamaged part of Adapazari. There were no permanent stations in
the fast-growing urban/industrial areas of the Adapazari basin. The peak accelerations in the basin
almost certainly were amplified compared to that recorded at the stiff soil site. Records of the shaking
in the basin would have likely revealed different characteristics such as amplification due to softer
layered media, basin effects, and in certain areas, the effect of liquefaction that occurred.

The Networks and RecordedAccelerations

Therefore, during the main shock of the August 17, 1999 earthquake, the largest recorded peak
accelerations (SKR, 0.41 g horizontal and Dlzce, 0.48 g vertical) were most likely not the largest that
actually occurred. This possibility is strengthened by the fact that accelerations with larger peaks were
recorded during events of smaller magnitude. This is illustrated in Figure 2 which shows three

The National Strong-Motion Network of the Earthquake Research Department of the Ministry of
Public works (NSMN-ERD), the largest strong-motion network operator in Turkey, has aimed to

facilitate better and more widespread recording of strong shaking during future events.

Strong-Motion Records

Since 1999, new strong-motion networks have been deployed in the epicentral areas of 1999 earthquakes to

2

acceleration time-histories recorded during: (a) the SKRt record cited above, (b) the M,-5.7 aftershock
on 13 September 1999 at Tepetarla (a temporary station near lzmit) with peak- 0.6 g, and (c) the
November 12, 1999 (Ms-7.2) Duzce event, station (Bolu) with peak - 0.8 g (EW).
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Figure 3(c) Definition of duration of strong shaking (time between 5-95% of the relative cumulative
squarnd acceleation) [lifaerece: Novikava and Trifimac, 1994].
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Figure 2. Comparison of peak accelerations for the August 17, 1999 main shock (station SKR) and
two aftershocks, each recorded at a different location.
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Two samples of recorded main shock motions presented in Figure 3a shows the acceleration time
histoies recorded at SKIt (Adapazari in Sakarya Province) on stiff soil. The records exhibit more than
three diffecrnt shocks. Figure 3b shows re-plotted SKR record for 40 seconds and time variant sum of
square of acceleration to depict relative cumulative significant shaking (representative of enmgy). As
depicted in Figure 3c, the duration of strong shaking is determined as approximately 5 seconds, using
the time span between 5/-95% of the normalized sums (Novikava and Trifimac, 1994). The main
shock contributes to approximately 70% of the total significant shaking of the two shocks within the
40 seconds of the record.
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Figure 3 (a): Time-histosy of SKR record (Longitudinal component malnunctioned). The plot shows
several events, including two significant aftershocks about 20 and 100 a following the mainshock.
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Figure 3d. Time-history of YPT. The plots show the second event approximately 30-econds after the
first (top) and that the significant strong shaking of the mainshock contributes approximately 70 % of
the total and the ston shAk
stio is 5-6 s (bottm).
In Figure 3d. the acceleration tibm-histmy of YPT (an alluvial site at PetroChmical Plant in
Kirfez) is showr. The figure exhibits two distinctive earthquaku. The figure also shows the relative
cumulai significant shaking as calculated by summing the square of the acceleration over time. This
figure exhibits that the strong shaking of the earthquake lasted approximately 6 second
Near-Parkt lsus a"d Pulses
One of the main reasons why near-fault motions ar important is the presece of ing-dwation
that result in large displacements, which re detrimental to the perfomanem of long-period
Pu
SSmevile (1995) explains the long-period pules characteristics of nasr-fault motions as
sur
follows:
"the propaPtio of fault rupture toward a site at a velocity close the shear wave velocity
auses most of the seismic energy from the rupture to arrive in a single large long-period
lof motin
"the pulse of motion revreents the cumulative effect of almost all of the seismic radiation
from the fault," and
"the radlition pane of the shear dislocation on the fault causes this luag pof motion to
be oriented in the direction pespendicular to the ault, causing the faultnormal pk velocity
to be lager than strike-alle peak velocity."
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Figure 3(b) Initial 40-second window of the SKR acceleration record (top) and cumulative sum of
squared amplitude (bottom) to show the significant strong shaking, almost all by the first shock, and
indicating the duration of strong shaking as 5-6 . (bottom).
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Ahrah
n recently (2000) noted that, worldwide, far 147 earthquakes betweme1940 and
1999, there wese only 8 records within c2O km of a fault nsptum The Turky earthquake of 1999 and
the Chi-Chd, Tawa earthquake of September 21, 1999, repectively added 5 and 60 more records far
a total of73.

using
Since long-duration pulses translate into large displacements, a simple explanation
vibrational physics of pulse action is useful for quick assessment of such actions. Consider four
undamped, single-cyle sinusoidal accelerations with equal amplitudes, ?, but having different pulse
durations. Figure 4 shows that corresponding displacements, y, are increased with increase in pulse
duration, T•, by virtue of the relationship : y= -?'/(27t/ Tv)'. It should be remembered that the amplitude
to be considered in this simplified estimation process is the amplitude of the pulse with the longest
cyclic period and not necessarily the peak amplitude of the time-history of a record which possibly
may occur at higher frequency. Also, in using the simple process for integration, it is assumed that the
accelerogram is a continuous sinusoid and not a truncated sinusoid.
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Consequently, to compensate for the additional demand in design strength caused by such large
displacements, recent codes in the United States adopted the Near Fault Factors (UBC, 1997). Thus,
the seismic zoning factors are effectively increased by a factor, I<N<2 for seismic zone 4 (the highest
seismic risk zones in the United States) within 10 kim of those fault zones that are capable of
generating (a) M27 earthquakes with slip rates exceeding 5 nsm/year or (b) M>6.5 earthquakes with
slip rates smaller than 5 mr/year. The North Anatolian Fault (NAF) is tectonically similar to the San
Andreas Fault in California; therefore, such factors should also be considered in selective zones along
the NAF. The recorded responses clearly show long period pulses (e.g. -5 seo in case of YPT record
Figure 5b).
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Figure 4. Single-cycle sinusoidal accelerations with constant amplitude but varying periods and
corresponding displacements.
This grossly simplified visualization of the effect of long-period pulses in generating large pulse
displacements are quantified and verified for two different earthquake records. The YPT record seen in
Figure 3d is re-plotted in Figure 5a to better exhibit the long-period pulses and the amplitude spectra
with a pulse period (Tp) of about 5 seconds (0.2 Hz) for the horizontal components. With peak
acceleration of 0.22g for the EW component, the calculated pulse displacement, y
0.22(981)/(2x/5)'-137cm compares reasonably well with the displacement obtained by double
integration (Figure 5b). Figure 6a shows three components of accelerations recorded at Station
TCU068 during the (M-7.3) September 21, 1999 Chi-chi (Taiwan) earthquake and their amplitude
spectra that exhibit the lowest dominant frequency of approximately 0.11 Hz (Tr = 9.09 a). With peak
acceleration of 0.37g for the east-west component, the peak pulse displacement of 757 cm is
calculated. This compares well with the displacement of 707 cm (Figure 6b) obtained by double
integration of the acceleration record (Tsai, 2000). These results are summarized in Table I. Thus,
the
since long-period pulses result in larger velocities and displacements, it is important to assess how
as tall
large displacements affect the response and performance of long-period structures such
overpasses, and base-isolated structures.
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Figure 5b. Recorded E-W component of acceleration and integrated velocity and double-integrated
displacements at YPT.
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Figure 6a. Accelerations recorded at the TCU068 Station during the Chi-Chi (Taiwan) earthquake and
the amplitude spectra [data from Lee, W, Shin, T., Kuo, K. and Chen, K., 1999).
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Figure 6b. Recorded accelerations, integrated velocity and displacements of TCU068 Station EW
Component (from Boore, 2000).
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Figure 5a. The three components of the mainshock motions at YPT (Yarimca) recorded
for the
the 19 August lzmit earthquake, along with the amplitude spectra of the motions, are shown
entire record (upper) and for a 20-second window ending prior the first large aftershock.

2 In the Uniform Building Code, the totaldesignbaseshear ina given direction is determined from the following formula: V
0 for
coefficient (for none4, is given by 0.32N.. 0,40N,.0 56N,.0.64N,0.96N,
= CCjIR T" W, where Ci is the seismic
soil prattle types SA[thesewavet velocity, V?>150 nS'sl, S, (760<V, <1500 m/s se [360< V, <1500 mrsI,Sn[18 < V,
fundamental
the
Tin
factor.
ductility
is
the
R
factar,
<360 s/I] and Se [V, <180 n/ ] .respectively),I is the iopo'tance
The totaldesign base shearis not to exceed V-(2.SC. I/
period of the design sticture andW is the weigh of the structre.
an0.32N..
andsimilarlyranges
coefficient
R]W bid isnottohe lessthanWV40IICQ WI whetsC, is theseismnie
Zone4.
Sg r-spectivly. Furthermore, torSeismic
Sotand
0.40N.0.4O14.0.44N. and 036N. for the soil profiles S., SaSc,
zone tfadsaandis 0.4 for
than thefollowing: V-s0.$ZN.v,]W. Z is theseismie
the total base shear then also not be tens
and
profiles
soil
of
type
from tables according to different
zone4. In the above, I<N, <2 andI<N,<d.5]ard wetintes"poated
(UniformBuilding Code, 1997).
distance from fault. The highest factors arefomsites lessthan 2 hanfieesthe taults

Table I. Evaluation of Peak Displacements Using Sinumidal Pulse Analogy versus Double Integration
of Reconrdd Acceleration.

Respons Spectra
Figures 7ab and c show the response spectra and the normalized response spectra (all calculated
for 5 % damping), for north-south and east-west directions, respectively, for five stations, including
SKR and YPT for which the time-histroy plots have been presented (Figures 2-3). These five stations
cover the epicentral arem(stations IZT and YPT) and locations that are heavily damaged east of the
epicentral area (SKR and DZC) and a location in Istanbul (MCK). IZT, YPT and DZC are on alluvial
sites whereas SKR and MCK are on stiff soil and rock, respectively. The response spectra show that at
different stations, the resonant periods change drastically. Furthermore, the normalized response
spectra indicate that both YPT and DZC have long periods (low frequencies). For comparison of
response spectra shapes, Figure 7c also shows the current Turkish Code response spectra for stiff soil
and alluvial site conditions (Specifications for structures to be built in disaster areas, English
translation by Aydinoglu, 1998). The figure indicates that for periods between 0.1-1, the design
response spectra, similar to those used in the United States, are exceeded for this earthquake.
Taller buildings on rocky hills of Istanbul, and the two suspension bridges in lstanbul were not
adversely affected by the long-period motions of this earthquake - most likely due to attenuated
ground motions. However, the important lifeline stsctures need to be reviewed for an earthquake that
might occur closer to Istanbul.
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Aftershock Deployments & Site Response Issltes
Since, at the time of 1999 earthquakes, the strong-miotion network in the epicentral area of the
lzrit esathquake was not deme enough to defie ground shaking at all damaged areas a limited
number of tempotrry anays ware deployed to obtain aftershock records to explain site effects at
various locations. USGS deployed a number of acceleration and velocity transducers at the South
Izmit Bay including GOlcOk Data from these and other deployments are compiled and made public
(Celebi and others, 2001). Figure 8a shows the deployment of the temporary array in GOlcak and a set
of s•ismograms of an aftershock obtained from both sides of the observed normal fault scarp that
developed during the main event. Stations FOC and GEM are on the hanging wall and LOJ and GYM
are on the footwall of the normal fault. The figure exhibits the variation of ground motion at locations
that are short disatnces apart (<I km) ((elebi and Sekiguichi, 2000, 2002) as well as the motions on
both sides of the normal fault scarp. The dferences of motions on either side of the normal fault are
also observed in Figure 8b. The amplitude spectra and the relative cumulative energy plots further
reinforce the larger energy at FOC and GEM, on the hanging wall as compared to LOJ and GYK on
the footwall.

Figure &a.Aftershock deployment map in South Izmit Bay Qeft) and specifically in GOlc~k (right).
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Figure 7. (a and b) Response spectra (5 % damped) for 5 stations and (c) Normalized response spectra
of 5 stations compared with design response spectra of Turkish Code (1998).

Figure 8b. Seismograms from an aftershock recorded at Golcik temporary array (left). The
seismograms show relative amplitudes of velocity records at close distances (<1km). The stations
FOM GEM and LOJ are within the Ford Plant Grounds near 061Oak. Station GYM is within <1 km of
thesestations. Amplitude specra (center) and relative eumulative energy plots (right) of one event
exhibiting significant differences of esegy on either "ideotthe vertical faulting.
Figure 9 shows the mean trnmsfer functions of II events for FOC and LOJ, calculated using
Nakamura's Method (1989, 2000) which, in absence of reference rock sites, facilitates calculation of
the transfer function asthe ratio of amplitude spectra of horizontal to vertical components of motion at
a station [R-A(horizontslYA(vertical)]. For frequencies less than 2 Hz, the north-somth components

exhibit almost twice the amplification at FOC when compared to LOJ. This implies that in the hanging
wall, alluvial deposits are deeper. This is consistent with the fact that, historically, there have been
similar earthquakes in the area approximately every 250 years (e.g. two prior earthquakes, now
confirmed by geological trenching and carbon dating, have occurred in 1719 and 1509 AD,
respectively [Barka, pers. comm., 2000, Sieh, pers. comm., 2000]. Thus, over centuries, repetitive
hanging walls have been filled over with alluvial material. Identification and recognition of such fault
locations with associated historical events is necessary for siting purposes of facilities and important
infrastructures in such areas.
The aftershock data is also used to estimate the strong-motions during the main event. Figure 10
shows the estimated motions for FOC and LOJ using aftershock data at both FOC, LOJ and YPI
(same as YPT) and the recorded mainshock data at YPT (qelebi and Sekiguchi, 2002). The particular
hybrid process uses (a) simulated ground motion in lower frequency range (0.1-1.5Hz) by theoretical
Green's functions for laterally homogeneous structure model and a source process model obtained by
Sekiguchi and Iwata (2002), (b) stochastic Green's function (Boore, 1983) for higher frequency range
(1.5-10Hz). Details of the hybrid model are provided in Appendix A. The NS components, the fault
normal direction, of the estimated motions are highly polarized. These characteristics have been
observed at stations in source regions of the past earthquakes. Therefore, it is important to consider
directivity effects of near-fault ground motions, as also stated by Somerville (1998).
In the case of Yalova, approximately 50 km from the epicenter, the estimated motions (Figure 11)
are again larger and polarized in the fault normal direction. This is also attributable to the fault rupture
forward directivity, remarkably as it is at that distance from the epicenter but along the extension of
the fault.
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Figure 10. Estimated (mainshock) ground motions at FOC, LOJ and YPT using inversion technique
with aftershock recordings at FOC, LOJ and YPI (from (elebi and Sekiguchi, 2002). Note differences
in scales for different components, and that the fault-normal (NS) motions are larger for both FOC,
LOJ and YP 1.
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Finally, an issue that needs to be addressed is the forecasting of the future earthquakes following the
17 August 1999 earthquake. Parsons and others (2000) calculated that the August 1999 event
increased the stress in the Marmara Sea close to Istanbul, the largest city of Turkcy (Figure 12). They
forecast that the stress increase results in a probability of 62 * 15 % for a M>7 earthquake to occur in
the next 30 years. Thus, there is an urgent need to be ready.
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Figure 9. Mean transfer function of I I events showing the amplification differences on both sides of
vertical faulting.

Implicationsfor the future
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Figure I1. Estimated (mainshock) ground motions at Y06, Y07, Y08, AKS, and YPI using inversion
technique with aftershock recordings at Y06, Y07, Y08 and YPI (from qelebi and Sekiguchi, 2002).
Note the fault-normal motions are somewhat larger.
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Figure 12. [courtesy of R. Stein] Change in Stress pattern triggered by the limit earthquake on 17
August 1999. Yellow to red colors indicate the area where stress increased whereas green to purple
colors show the area where the stress decreased in the wake of the Imit event (Parsons and others,
2000).
Conclusions
I,

2.
3.

4.
5.
6.

At the time of 1999 earthquakes, the strong-motion network on the Norh Anatolian Fault was
very sparse. Denser arrays have now been added. The arrays should be supplemented with
downhole accelerographs and piezometer arrays in liquefaction susceptible areas. It is important to
increase the number of accelerographs in urban environments to cover different geological settings
so that the actual motions in the basins and heavily damaged areas can be recorded.
Detailed site-characterization of the stations are not known. A systematic effort should be
embarked upon to characterize the sites.
In absence of strong-motion records, aftershock motions have been used to estimate the strong
shaking during the main event. The estimated motions are very strong in the epicentral area, and in
particular show stronger shaking in the fault-normal direction. The differences caused by site
effects among sites closely located to each other are particularly noted. The motions are somewhat
strong at distances of approximately 50 km from the epicenter due to a combination of distance
and site effects.
Furthermore, on either side of a vertical fault, the amplification is observed to be larger on the
hanging wall and is likely due to greater thickness of softer sediments. Therefore, it is essential to
better identify existing normal faults for siting of important infrastucture and facilities.
The long-period pulses from near-fault motions must be accounted for in assessing the
performance of structures. One possible way is to establish, in selected zones of the NAP, near
fault factors that increase the seismic coefficients in the codes.
Whenever applicable (e.g. in Adapazari basin), special site-specific design response spectra should
be developed.
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Appendix A: Estimation of ground motion during the malnshock at sites without
observation
In order to estimate ground motions in a wide frequency range at sites without mainshock recordings
but with aftershock observations, we adopted a hybrid method. Ground motions in the lower frequency
range (0.1-1.5Hz) were simulated using theoretical Green's functions and a source process model
obtained by waveform inversion (Sekiguchi and lwata, 2000, hereafter, SI model). The higher
frequency (1.5-10Hz) ground motions were simulated using the stochastic Green's function method
(Boors, 1983) from asperities extracted from the SI model. The bounding frequency of the two ranges
nearly corresponds to the frequency at which the radiation pattern in observed seismic motions is
submerged (Somerville et al., 1997).
Lowerfrequency range (0.1-1.5HZ):
Theoretical Green's functions were calculated for a laterally homogeneous velocity structure model
using the discrete wave-number method (Bouchon, 1981) together with the reflection transmission
method (Kennett and Kerry, 1979) [in laterally homogeneous (I-D) velocity structure models].
Assumed velocity structure models are based on Mindevalli and Mitchel (1989) for the deeper part and
Kudo et al. (2000) for the subsurface part. The slip time functions and the rupture propagation
correction functions inside each subfault from the SI model were convolved with the Green's
functions. Then they are summed up taking into account the rupture propagation over the fault plane.
Higherfrequency range (1.5-10Hz):
Based on Boors (1983), we generated ground motions from small earthquakes with the subfault size.
Thus, the acceleration spectra of a small earthquake is given by:
A(f) = C S(f)R' exp[-

(A.1)

)-l g(f),

where S(f) = Mo (2.,)'/[I + (f/fC)'] is an o' type source acceleration spectra (Aki, 1967), R is
a ray path length between a subfault and a observation station, R"' exi -,,R

Q(f)/j6

is the propagation

path effect (geometrical spreading and attenuation), g(f) is a site amplification factor, and C is a
constant including free surface effects and radiation patterns etc. M. and f, are seismic moment and
comer frequency. Corner frequency was assumed to be 0.35 Hz by Madariaga's (1976) equation for a
circular crack. Frequency dependent Q was based on Akinci et al. (1995). The site amplification factor
was obtained through modeling aftershock ground motion spectra using equation (A.1).

0.5Hz) for the same earthquake determined by Miyakoshi et al. (2000) and the contribution of the off
asperity area in the lower frequency source model is necessary for lower frequency ground motions
but negligible for higher frequency ground motions.
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To generate ground motion from a large earthquake from those of small earthquakes, we used the
method of Irikura (1986), who proposed a filtering function which consists of a delta function and a
boxcar function with duration of large earthquake's rise time to adjust the difference in slip time
function between a large earthquake and a small one. For high frequency, the correction function is
approximated by a delta function.
The source for the higher frequency motions were confined to asperities extracted by Miyakoshi
(personal communication) from the SI model following the criterion by Somerville et al. (1999). This
assumption is based on the results by Miyakoshi et al. (2000) and Miyake et al. (2000). The strong
motion generation area found by Miyake et al. (2000) for a M,-6.3 earthquake in 2.0-10Hz range is
consistent with the asperity region extracted from the source model in lower frequency range (0.1
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THE STUDY FOR THE EVALUATION METHODS FOR THE DESIGN
BASIS EARTHQUAKE GROUND MOTIONS

Rildro Kikuchl
Seismic Engineering Center, Nuclear Power Engineering Corporation, Japan

Abstract
NUPEC (Nuclear Power Engineering Corporation, Japan) has been carrying out a series of Sitting
Reliability Studies relating to seismic design for nuclear power plants. We are currently conducting
two studies under commission by METI (Ministry of Economy, Trade and Industry, Japan).
One of these studies, entitled "Evaluation Methods for Seismic Wave Propagation
Characteristics",has been in progress since the 1994 FY. In this study, NUPEC carried out earthquake
observations using a down-hole array of 1670m depth in the Kobe area. This vertical array observation
system is equipped with eight seismometers from deep seismic bedrock to the surface stratum. We
have observed 144 earthquake events in the period of 1999.2002. The major objective of the study is
to verify current methods for evaluating design earthquake ground motions based on detailed
investigations of observed seismic wave propagation data. In order to enhance the study, NUPEC is
installing an additional earthquake observation system comprising a 1300m-depth down-hole army in
the Narita aria.
The other study, entitled "Evaluation Methods for Strong Ground Motion in the Neu-field
Region", has been in progress since the 1998 FY. In this study, NUPEC collected and studied near
field strong earthquake ground motion data mainly from California. We also carried out a peer review
on current seismological views relating to near-field strong motion characteristics. Up to the 2002 FY,
we will verify the current methodologies for evaluating design earthquake ground motion especially in
the near-field region.

Because each seismometer was oniy installed on the surface, we have calculated seismic ground
motions on the rock outcrop. We researched detailed geological conditions for the selected
observatory stations in California using a drilling survey and a micro-tremor array survey.
Evaluation Methods for Seismic Wave Propagation Characteristics
This study was undertaken to investigate seismic wave propagation characteristics from the
seismic bedrock to the the rock outcrop defined as the design basis earthquake ground motion. It is
outlined as follows.
(i) Investigation of the soil/rock profiles and properties from the surface to the seismic bedrock

by drilling, sampling and laboratory tests

(2) Installation of accelerometers at the various depths in the borcholes to carry out the vertical
array observation
(3) Observation of the seismic ground motions and data acquisition
(4) Study of the evaluation methods considering the seismic wave propagation characteristics
from the seismic bedrock to the rock outcrop
The Kobe vertical armay station (KHG) is located in the land reclaimed for the Higashinada Gas
Turbine Power Plant of the Kansai Electric Power Company, as shown in Figure 1. Eight vertical array
accelerometers were installed in December 1998. The depths at which the accelerometers are installed
are GL-2m, GL-IOm, GL-25m, GL-5Om, GL-l lOm, GL-200m, GL-750m and GL-I,670m from the
surface. The shear wave velocity of this seismic bedrock (GL-l.670m) is about Vs-3,200m/s.
The Narita vertical array station (NTY) is located on the Kanto Plain, in the Toyozumi industrial
development complex of Narita City, as shown in Figure 2. NIED (National Research Institute for
Earth Science and Disaster Prevention, Japan) had primarily installed two vertical army
accelerometers in this area, and NUPEC installed four vertical array accelerometers adjoining them.
When both accelerometers are put together, this vertical army observation system is composed of six
accelerometers. The depths at which the accelerometers are installed are GL-2m, GL-10m, GL-25m,
GL-65m, GL-300m and GL-I,300m from the surface. The shear wave velocity ofthis seismic bedrock
(-1,300m) is not clear. The primary wave velocity is about Vp-6,0OOm/s. This observation system was

jus installed completely in this September.
Introduction
In Japan , all new nuclear power plants have been designed in accordance the Regulatory Guide
for Aseismic Design of Nuclear Reactor Facilities in Power Plants (latest version July 20, 1981, by
the Nuclear Safety Commission), the design basis earthquake ground motion have been defined on the
rock outcrop*' ( free surface of the base stratum ).
This Regulatory Guide was established about twenty years ago, but it currently considered
desirable the design basis earthquake ground motion to be defined on seismic bedrock obtained from
analysis using observation records. Thus, NUPEC has been carrying out observations of seismic
ground motions at vertical array stations equipped with seismometers from the seismic bedrock to the
surface. We are also carrying out detailed geological investigations. We have been carrying out
observations in the Kobe area from 1999 to March 2002, and in the Narita area since September 2002.
NUPEC has also been can'ying out investigations to more precisely evaluate the seismic ground
motion in the near-field region. This study has used observation records obtained mainly in California.

This study is outlined in Figure 3. In Kobe, the bedrock forms a basin-edge structure and has a
slope beneath KHBDsite, although it is almost horizontal in Narita. We will estimate the effect on the
differences of seismic bedrock slopes. Records at only two stations arc considered insufficient to
evaluate the seismic ground motions. Thus, it precedes to the examination with other observation
records (KiK-net data) that NIED open to the public via Internet in seismic bedrock as well recently in
Japan.
The observation record, which it could get more for this study, and a part of that result of an
examination, are introduced. Though the space from 1999 until 2002 could get 144 records, the
biggest record was the Western Tottori Earthquake (October 6, 2000, JMA magnitude Mj -7.3,
Epicentral distance A-187km). This acceleration records in the NS direction at Kobe vertical array
station is shown In Figure 4. Moreover, the result that velocity response spectra were calculated by
using these observation records with two-dimensional FEM on each position of the rock outcrop and
seismic bedrock is shown in Figure 5.

Evaluation Methods for Strong Ground Motion In the Near-field Region
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This study was undertaken to evaluate the characteristics of strong ground motion in the near
field region by using observation records from California earthquakes. Figure 6 shows the distribution
of epicenters of seven earthquakes in California. For the investigation, we selected observatory
stations within 20 km of the fault rupture for those earthquakes. There are not so many observatory
stations, except for the Imperial Valley Earthquake in 1979 and the Northridge Earthquake in 1994.

- -- - -- --- - - -

Because each seismometer was only installed on the surface, we predicted the seismic ground
motion on the rock outcrop. We investigated the detailed geological conditions for the selected
observatory stations in California using a drilling survey, a micro-tremor array survey, and laboratory
tests. The seismic ground motion on the rock outcrop was estimated by a non-linear analysis method
based on those data. In the analysis, the horizontal components of the observation records were
transformed to a fault-normal component and a fault-parallel component.
In the earthquakes in California and in the Hyogo-ken Nanbu Earthquake in 1995, Japan, the
dominance of the fault-normal component with periods from one to a few seconds was seen in the
near-field region. It is said to have an NFRD (Near Fault Rupture Directivity) effect in the near-field
region. Figure 7 shows the ratio of response spectral amplitude of the fault-normal component to that
of the fault-parallel component based on the predicted seismic motion on the rock outcrop. This shows
that the fault-normal component tends to be greater than the fault-parallel component for periods
greater than 1.0 second, while dispersion is recognized in those results.
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Period of the Study
I. Study of Evaluation Methods for Seismic Wave Propagation Characteristics
This study was planned for the 1994 FY to the 2004 FY.
2. Study of Evaluation Methods for Strong Ground Motion in the Near-field Region
This study was planned for the 1998 FY to the 2002 FY.

Acknowledgement
These two studies have just been started under the sponsorship of the Ministry of Economy,
Trade and Industry (METI). NUPEC has established an executive committee for both studies. The
Study of Evaluation Methods for Seismic Wave Propagation Characteristics is chaired by Professor
Emeritus H.Kobayashi, and the Study of Evaluation Methods for Strong Ground Motion in the Near
field Region is chaired by Professor K.Kudo. The author wishes to express his deep appreciation to the
responsible officials of METI and the members of both committees.

Note
*I : "the rock outcrop"
The rock outcrop is a nearly flat surface of the base stratum extending over a considerable area,
and above which neither surface layers nor structures are assumed to be present. The base stratum is
firm bedrock which was formed in general in the Tertiary or earlier era and which is not significantly
weathered.
Figure-I

Outline explanation of Kobe vertical array station
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Figure.7 Fault-nomal to fault-parallel response spectral ratios of predicted horizontal
seismic ground motion on the rock outqmop

Seismic Hazard Determination of Nuclear Facilities in the Czech Republic
Dana Prochazkova
Emergency Planning Department, Fire and rescue Service
Praha, Czech Republic
Seismic safety management and seismic risk management strategies
Seismic safety management strategy and seismic risk management strategy [22]
are in the Czech Republic based on the real seismic hazard knowledge and on the use of
preventive measures (technological and organisational) that at a strong earthquake
occurrence mitigate or even avert severe earthquake Impacts. To be able to reduce a
seismic risk we must know site seismic hazard, site, facility and technology seismic
vulnerabilities.
-

-

-

-

By legal rules and seismic design code in force we require:
determining the real site seismic hazard corresponding to time periods 100 and 10 000
years,
determining the NPP seismic risk in dependence on NPP type and local conditions,
adhering the defined professional principles and procedures at site evaluation,
designing, construction and operation,
using the construction procedures, technical measures (materials, structural elements,
equipment etc.) and operation procedures that reduce seismic vulnerability during
construction and operation,
preparing the set of organisational measures for the case of strong earthquake
occurrence.

Legal rules In force
To guarantee the NPPs seismic protection against earthquakes the legal rules (1
5] in force are used, i.e. Civil Construction Act, Nuclear Safety State Supervision Act,
Special decrees and technical standards. These regulations are in keeping with the current
used intemational rules and the IAEA recommendations [6,7].
By legal rules in force we require:
to determine the real site seismic hazard corresponding to time periods 100 and 10 000
years,
to adhere the defined professional principles and procedures at site evaluation,
designing, construction and operation,
to use the construction procedures, technical measures (materials, structural elements,
equipment etc.) and operation procedures that reduce seismic vulnerability during
construction and operation,
to prepare set of organisational measures for the case of strong earthquake
occurrence.

Data sets used
The seismic database contains the earthquake catalogues (macroseismic and
instrumental) for Central Europe anrd for its individual parts, atlas of isoseismal maps of
earthquakes macroseismically felt on the territory of Central Europe, maps of maximum
observed intensities, investigations of individual earthquakes or earthquake sequences
(e.g. swarms), description and characteristics of seismic regime of Central Europe and of
individual focal zones being found there and analysis of seismotectonic relations. Data on
earthquakes considered are for the last 1000 years.
The geological database contains the geological maps, hydro-geological maps,
tectonic maps, maps of vertical crustal movements, gravimetrical, geomagnetic and
geothermal maps for Central Europe and for indMdual regions in several different scales,
tables and professional analysis and synthesis of data. Data for geological structure and
tectonic movements considered are for the last 200 Ma.
To obtain realistic seismic hazard assessment the following ground-works were
compiled for Central Europe:
.
-

-

neotectonic movements chronological model for the last 40 Ma [9],
neotectonic regional units and their present movements [9],
:earthquake occurrence scenarios [8,10],
seismogenic movements determination [9, 20].

Methodology of Investigation and evaluation of earthquakes
For the seismic hazard determination we use the methodology specified in the IAEA
safety guide [6]. Seismic, geological and tectonic histories of Central Europe and its parts
were evaluated by several independent methods. Revealed basic trends are generally
coincident, only in evaluation of some partial events some differences from time to time
occur.
A seismic hazard of any site depends on:
-

a model of earthquake occurrence used,
Input data that calibrate the model used as:

the boundaries of focal regions or the boundaries of selsmoactive parts of faults
(i.e. fault parts that can produce an earthquake),
the values of maximum earthquakes that can be generated.
The assumptions and demands for the seismic hazard determination are given in
the papers [11,18]. The assumptions are:
earthquake may origin at any place of a focal zone'or a seismoactive part of a fault,
-

-

-

attenuation in the direction jocal zone - given locality" is the least favourable (from the
safety reasons) of all empirical relations known,
M m.• value must be determined by the following Way,.
-

in a focal zone as a magnitude equal to the magnitude of maximum observed
earthquakes in the history (ca last 1000 years) plus 0.5 - 10 MSK-64,

as a result of expert assessment of symptoms of fault ability to generate
earthquakes.
Taking into account the results of seismotectonic and statistical studies there are for
given site determined: the safe shutdown earthquake (corresponding to SL-2 according to
the IAEA recommendation), the design basis earthquake (corresponding to SL-1 according
to the IAEA recommendation), the hazard curves for different return periods, the ground
motion parameters of the site (site accelerograms or site specific spectral shape scaling to
the ground motion level). If accelerograms are calculated from the response spectra the
maximum probable estimation of duration of maximum phase of acceleration for real site is
considered. The design response spectra, the zero period peak ground acceleration, the
accelerograms and the duration of the maximum phase of acceleration are passed to the
NPP designers and operators.
The used determination of site accelerograms, site response spectra, duration of
maximum phase of acceleration in given site and the used evaluation of influence of local
soil conditions on seismic waves are in the agreement with the IAEA recommendations
[6,7]. Because the response spectra predicted from the ground acceleration time histories,
the amplitudes and the amplification effects vary over the period range and are strongly
affected by the subsoil, the magnitude of earthquake and the distance of NPP structure to
the source rupture, their determination is very careful. They are determined in agreement
with the IAEA materials [6.7,12,15].
Taking into account the real data [8-10.20] the seismic hazards of NPPs sites are
less than 0.1 g for Dukovany NPP and Temelln NPP, 0.1 g for Mochovoe NPP and 0.25 g
for Jaslovsk6 Bohunice NPP [21].
Taking into account the models of constructions of individual plant buildings of the
category I of seismic resistance (the finite element method is used), the site dependent
ground accelerograms and the site dependent design ground response spectra the set of
floor design response spectra for individual constructions and floors are calculated
considering the site specific soil conditions. The floor response spectra are generated by
help of ground accelerograms and of the individual buildings models for several places on
the floor and the results are obtained by the technique ,median plus a (standard
deviation). The combination of seismic stresses with other stresses resulted from dead
load, live load, thermal load, pressure load, etc. in the total stress determination is
considered for generation of floor response spectra for design and qualification of
mechanical and electrical equipment and piping systems [17,19].
For the important equipment that are ranked in the category I of seismic resistance,
the bounding spectra are determined taking into account the corresponding floor
accelerograms, floor response spectra, floor model and the load combinations
corresponding to the normal operating conditions [13] using the expert system [14].
Seismic terms of references
On the basis of real data we determine:
Maximum Calculated (safe shutdown) Earthquake - the greatest earthquake,
defined as an extreme natural event of this type, which may potentially occur at the
location of the given nuclear power plant In conformity to the IAEA recommendation (SL
2) [6] it is required that its minimum value be chosen as 0.1 g.

Desian (basis) earthauake -the greatest earthquake, defined as a standard external
event, whose occurrence may reasonably be expected at the locality of the given nuclear
power plant in the course of its technFcal service life. In the IAEA recommendation [6] the
denotation (SL-1) Is used. It is the earthquake, which produces the vibratory ground
motion for which those features of the NPP necessary for continued operation without

undue risk to the health and safety of the public are designed to remain functional.

Control Earthouake - an earthquake that the nuclear power plant will withstand
without problems as far as of nuclear safety and functionality are concerned. It Is usually
considered to be equal to design basis earthquake and It is Important for the correct
setting of the nuclear power plant seismometric Instrumentation.
Ground Motion Acceleroaram - accelerogram representing the time dependent
acceleration at the building's foundation or at ground level.
Floor accelerooram - accelerogram representing the time dependent acceleration of
a selected point on the floor.
Ground Resoonse Soectrum - response spectrum designed for the given free field
accelerogram, or for the accelerogram at ground level.
Floor Resoonse Spectrum - response spectrum designed for the given floor
accelerogram.
Real seismic terms of references depend on site seismic parameters and on a NPP
model and type [11,17,19]. They consist of safe shutdown earthquake, design basis
earthquake, control earthquake, set of ground motion accelerograms, set of floor
accelerograms, ground response spectra, floor response spectra, bounding spectra for
important equipment, ranking the constructions, systems and components of the NPP into
seismic categories.
The seismic categories 117,18] are defined in agreement with the IAEA guide [7] as
follows:
Cateaorv I of Seismic Resistance - contains those safety systems and selected
systems linked to nuclear safety including all works of civil engineering connected
therewith and Individual facilities components that are necessary for the fulfilment of the
main safety functions of the unit In case of earthquake and must be seismically resistant
up to the safe shutdown earthquake level and also in case of aircraft impact or external
pressure wave on the reactor building and on other selected civil structures of the Nuclear
Power Plant, as well as systems, structures and components, whose disturbance or failure
during earthquakes up to the safe shutdown earthquake level Inclusive, or in the case of
aircraft impact or external pressure wave, could as a secondary consequence threaten
other systems, structures or components in their vicinity that are important for nuclear
safety In the case of an earthquake, or in the case of an airplane crash or impact of an
external pressure wave. Included in the mentioned category are:
civil structures, systems and individual components, whose failure could directly or
indirectly cause the occurrence of emergency conditions,
civil structures, systems and components that are necessary for safety shutdown of
the reactor, monitoring critical parameters, for maintaining the reactor under safe
shutdown conditions, and the remove of the reactor's residual heat for a sufficiently
long period of time,

-

civil structures, systems and individual components that are essential of preventing
the spread of radioactive substances and ionising radiation into the vicinity, or for the
maintenance of the respective leakage under the limits that apply to emergency
conditions.
Conservatively, the category I of seismic resistance also includes selected civil
structures, systems and components that are designed for the mitigation of the
consequences of design accidents, postulated for the primary circuit, regardless of the fact
that the primary circuit Is in and of itself designed as being seismically resistant up to the
safe shutdown level inclusively. Note: The category I of seismic resistance is further
operatively divided to three sub-categories:
sub-category la - seismic resistance is required in the sense of preserving full
functionality,
sub-category lb - seismic resistance is required in the sense of preserving mechanical
rigidity and hermetic sealing in accordance with the respective rigidity standards and
regulations; partial violations of functionality are possible,
sub-category Ic - seismic resistance is required only in the sense of possible seismic
interactions with other civil structures, systems or components, most often in the
sense of preserving the stability of the position, partial disturbance of functionality,
mechanical rigidity or hermetic sealing being possible. This concerns such civil
structures, systems and components that could, due to their location, forced motion
and In particular their eventual loss of stability, impact civil structures, systems and
components included in the seismic sub-categories la and lb.
Category II of Seismic Resistance - means that there is not requirement to do
seismic assessment of structures, components and systems.

conditions stipulated for their delivery must be met, including the requirement for an
attestation of these dampers for use at a'huclear power plant.
To proof the resistance against ezrthquakes only verified, generally accessible and
reliable methods, models, codes and standards are acceptable [3].
The NPP protection against to earthquakes is provided by:
aseismic design of civil structures, systems and components that belong to the
category I of seismic resistance (they must be resistant to predicted impacts of design
basis earthquake and of safe shutdown earthquake, respectively),

-

-

-

selection of systems and technological components that belong to the category I of
seismic resistance (they must be resistant to predicted impacts of design basis
earthquake and of safe shutdown earthquake, respectively),
the use of different types of supports, dampers, anchoring, etc.

[2,3,7,15,16].
Aselsmic design
Facilities that are important for nuclear safety must be designed in such a way that
in the case of natural events that may realistically be expected to occur (earthquakes,
hurricanes, flooding, etc.) or events caused by human activity outside of the nuclear
energy facility (airplane crashes, explosion in the nuclear power planrs vicinity, etc.) it
should be possible:
.

to safety shutdown the reactor and maintain it in a sub-critical condition,
to remove the residual output of the reactor for a sufficiently extensive period of time,

to maintain any radioactive leakage under the limiting values stipulated for the given
locality of the nuclear energy facility
[3,15] in agreement with the IAEA recommendations [6,7,16].
-

Mitigation of earthquake Impacts on NPP
The nuclear power plant seismic resistance is defined as the ability of the nuclear
power plant civil structures, systems and components to maintain their functionality,
mechanical rigidity and hermetic sealing, or only to prevent their being disturbed as a
result of seismic interactions. Seismic interactions denote events occurring in the course of
an earthquake and similar phenomena that may cause damage to systems, structures,
technical systems or individual components as the result of a mechanical interaction with
civil structures, system or components in their vicinity [17,19].
The evaluation of the seismic resistance of civil structures, systems and
components of the nuclear power plant's facilities of the category I of seismic resistance
must be carried out by calculations and tests, the details are In report [17].
In conjunction with the impact of a seismic alarm on the functionality of the
regulating devices of the concrete reactor, it must be demonstrated by calculations or by
experiment that the duration of their emergency outage from the full level of operational
functioning, with the electromagnets switched off, even in the case of safe shutdown
earthquake will be within allowable limits given by the manufacturer, i.e., less than 4
seconds [17].
In conjunction with the installation of viscous pipe dampers on the primary circuit,
condenser circuit and other piping systems, the requirements of the respective technical

Selsmometric Instrumentation
The seismometric instrumentation (SMS) must be designed in conformity with the
IAEA requirements [7, 17, 19]. It is considered acceptable if control earthquake is equal to
design earthquake for the nuclear power plant [17, 19]. In conformity with the IAEA
Instructions [7Mthe following is applied:
the

-

SMS is seismically resistant up to the safe shutdown earthquake level, including
respective electrical supply,

-

SMS is dependent on the primary circuit diagnostic systems and the probability of its
failure is smaller than once in 105 years,

-

SMS is automatically activated if the measured absolute acceleration in any direction
and at any arbitrary location of the sensors exceeds the value of 0.01 g,
SMS meets the minimum requirements on the number and location of the
accelerometers based on IAEA 50-SG-D15 instruction [7] and the signalling equipment
is connected to the unit control room, with a link to the NPP computer information
system.

-

Inspections and walkdowns

[15] IAEA, 50-C-D (1988). Code on the safety of nuclear power plants: Design. Vienna:
IAEA.

Systematic investigation of NPP seismic resistance is provided by regular
inspections of the State Office for Nuclear Safety [2] and by professional walkdowns
either after stronger earthquakes (greater or equal to design basis earthquake) or after
important inspector's findings (e.g. effects caused by ageing) [18].

[16] IAEA. 50-SG-DI 1 (1986). General design safety principles for nuclear power plants.
Vienna: IAEA.
[17] Masopust, R. (1996). Directions for evaluating the ETE safety documentation. 3'd
volume. Civil engineering, assembly of technical systems and facility components (in
Czech). 131p. Praha: 3E Praha Engineering, a.s.
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A developing risk-informed design basis earthquake ground motion
methodology for nuclear power facilities in Japan
Takaakl Konno,
Secretariat of Nuclear Safety Commission, Japan
ABSTRACT
Design basis earthquake ground motions for nuclear installations in Japan should be determined to assure
the design purpose of reactor safety: that reactors should be built and operated to pose no undue risk to
public health and safety from earthquake and other hazards. Regarding the influence of seismic hazard to a
site, large numbers of earthquake ground motions can be predicted considering possible variability among
the source, path, and site parameters. However, seismic safety design using all predicted ground motions is
practically impossible. In the determination of design basis earthquake ground motions it is therefore
important to represent the influences of the large numbers of earthquake ground motions derived from the
seismic ground motion prediction methods for the surrounding seismic sources. Viewing the relations
between current design basis earthquake ground motion determination and modem earthquake ground
motion estimation, a development of risk-informed design basis earthquake ground motion methodology is
discussed for insight into the on going modernization of the Examination Guide for Seismic Design on
NPP's in the Nuclear Safety Commission (NSC) of Japan.
INTRODUCTION
The seismic safety of reactor facilities is required to assure the reactor safety and radiation protection to the
public health and safety by defense-in-depth philosophy for any supposed seismic load occurrences during
the reactor operation. The Examination Guide for Seismic Design by the NSC requires that the
safety-related structures, systems and components (SSCs) shall be designed to withstand the effects of
earthquakes without loss of capability to perform their safety functions in accordance with the
classification of seismic importance.
Two types of design basis earthquake ground motions for seismic design are defined. One is derived as the
design basis maximum earthquake SI specified from the past earthquake records and active faults. The
other one is derived as the design basis extreme earthquake S2 that exceeds the SI and would have the
greatest effect at a proposed site. However, the sufficiency of the intensity of the current S2 earthquake
determination became a controversial problem after the recent inland earthquake experiences such as 1995
ttyogo-ken Nanbu Earthquake Mj=7.2 or 2000 Tottori-ken Seibu Earthquake Mj=7.3. The disasters in the
damage belt of the 1995 Hyogo-ken Nanbu earthquake Mj-7.2 that struck the densely populated city of
Kobe demonstrated to the public the dangerous power of the near-fault inland earthquakes. The 2000
Tottori-ken Seibu earthquake Mj-7.3 occurred at a previously unknown active fault for which the epicenter
was located approximately 45 km southeast from an existing NPP. This caused discussion about the
sufficiency of the blind fault earthquake magnitude that is required in the S2 earthquake; commonly a
magnitude 6.5 earthquake at the hypocenter distance of 10 km is currently used for seismic design of every
exiting NPP. These recent earthquake experiences awoke public concern about the seismic safety of NPPs
that the current examination guide considers necessary for review based on the state of the at knowledge
of seismology, geology, and earthquake engineering to ensure the seismic safety performance of NPPs
from the point of risk managements.
The method to numerically handle the total earthquake effects to the site as probabilistic events is recently
evolving in seismic probabilistic safety assessments (seismic PSAs). These systematic examinations are
beneficial in identifying plant-specific vulnerabilities to severe accidents to evaluate the risk involved in
the seismic safety design of the reactor facilities. Previous results of seismic PSAs for Japanese NPP's by
JAERI [I] or NUPEC [2] showed that the reactor core damage occurrence frequency curve has the peak
close to the design earthquake levels rather than excessively extreme earthquake level. This suggests the
importance of not only the seismic safety assessment for the total earthquake hazard in identifying
plant-specific vulnerabilities but also the importance of seismic design for design basis earthquakes
including the risk-dominant earthquake level informed by seismic PSAs. The seismic design based on the
risk-informed should confirm the integrity of structures and safety functions of the safety-related SSCs by
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the dynamic response analyses using design basis earthquake ground motions defined including the risk
dominant level earthquake that is important to ensure the seismic safety reliability on the seismic design in
the face of significant uncertainties.
The seismic safety performances should be confirmed in accordance with the multiple levels of safety
conditions complying with the risk information from seismic PSAs to meet the defense-in-depth
philosophy. The safety levels that should be assured are: normal operation during high frequency
occurrence earthquakes; transient incident of moderate frequency occurrence earthquakes; accidental
incident of low frequency occurrence earthquakes. Based on these considerations, severe accident
management should be planned for the probabilistic seismic risk. However current deterministic design
practice to meet this seismic design requirement is not suitable for thoroughly explaining the relationship
between the reactor safety performance and the integrities of structures, systems and components (SSCs).
This is because uncertainties both of the seismic hazard among earthquake magnitude, occurrence, ground
motion attenuation and of the seismic safety performance within the complex functional structures of
reactor facilities.
A probabilistic approach to seismic safety assessment is important from the point of view of "How safe is
safe enough." Such an approach takes into account the ground motion from the full range of earthquake
magnitudes, allowing explanation of the relationship between the reactor safety performance and the
strengths of safety-related SSCs considering the uncertainties within the seismic hazard and the safety
performance system. The probabilistic approach to seismic hazard characterization is very compatible with
current trends in earthquake engineering and the development of building codes, which have embraced the
concept of performance-based design. The objective of the performance-based design is to clarify how
reactor safety performance is degrading with the increasing magnitude of earthquakes. Earthquake
occurrences are probabilistic events. Design basis earthquakes (DBEs) should consider the effects of every
seismic event by occurrence probability to confirm the seismic safety of reactor facilities. Earthquake
ground motions are made complex by the effects of the source, path, and site conditions, that is, it can be
said the same ground motion will not again.
As experienced the disasters by the near-fault earthquake ground motions of the 1995 Ityogo-ken Nanbu
Earthquake, the estimation of the effects of earthquakes to structures is difficult only from the response
spectra of earthquake ground motions. The seismic impacts to structures should be evaluated by time
domain dynamic response analyses. The adequacy of design basis earthquake ground motions to assure the
seismic safety of the complex facilities of NPPs does not suitably explained only by the envelopment
response spectrum or a uniform hazard spectrum of seismic sources. The current Examination Guide is
under reviewed reflecting the risk insights informed by recent study results of seismic PSAs. The task
group on seismic design guide was organized on July 10, 2001 under the Special Committee on Safety
Standard in the NSC.
In this paper, a methodology of development the risk-informed design basis earthquake ground motions of
NPPs is discussed based on the risk information by seismic PSAs compared with the risk insights by the
current deterministic design basis earthquake ground motions.
SEISMIC SAFETY BY DEFENSE -IN-DEPTH PHILOSOPHY
Seismic classificationcomply the defense-in-depthphilosophy

The seismic safety of NPPs by defense-in-depth philosophy is usually explained in Japan that I) prevention
of abnormal event occurrence, 2) early detection of abnormal event occurrence and mitigation to reduce
the influence of the event before it become the accident, and 3) at the accident occurrence, prevent the
accident progress and mitigate the accident to reduce the influence by the multiple preparation with
diversity and redundancy of the various safety functions of prevention and mitigation systems. If any
accident is induced it will be detected .uickly and managed to the safety conditions by the safety functions,
which hold high reliability due to diversity and redundancy the integrity of safety functions of safe
shutdown, safe cooling and containment should be maintained assuming the combination with a random
failure of prevention functions and a unit failire of mitigation functions. The seismic design basis
requirements defined the performance criterion for the protection against earthquakes that safety related
SSCs that are important to assure reactor safety and radiation protection shall be designed to withstand the
effects of any supposed earthquakes without loss of capability to perform their safety functions in the
seismic design examination guide by the NSC.
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The examination guide classified the seismic grades of reactor facilities in accordance with the importace
of the safety functions into four classes from high important to low important facilities as called seismic
grades As, A, B, and C from the point of the magnitudes of radiation release impacts to environments and
public health. The corresponding design basis earthquake ground motions are categorized into four classes
from extreme to small earthquake magnitudes considering probability of occurrence frequencies, that are,
extreme design e uake (S2), maximum design earthquake (51), 1.5 times a non-nuclear facilities
design earthquakeasthe Sn, and non-nuclear facilities desiatgn eatquak as the Sc so that the integrity of
safety-related SSCs required should be mantaned, respectively. Each seismic grade facilities are designed
to maintain the s7rctural and functional integrties or corresponding erhquakes. Each seismic grade
facilities should not be damsged to loss the safety functions by the failure of lower class facilities. The
maximum design earthquake I is determined based on past earthquakes, earthquakes due to active faults
with high activity whose recurrence interval is shorter than 10,000 years. The extreme design earthquake
S2 is determined based on the both of seismo4ectonic structures and active faults of high to less activity
faults whose recurrence interval is shorter than 50,000 years considering the seismological possibilities of
excess the SI event occurrence based on the characteristics of past earthquakes, active faults and possible
blind faults. Current seismic design employed deterministically the seismic source of magnitude M6.5,
hypocenter distance X-10 ki. to represent the unknown blind faults assuming that could take place at any
inland location in Japan. This seismic design requirement is intended to consider sufficient range of
earthquakes to assure reactor safety for any potential earthquake shaking.

UNCERTAI

Plantsafety levels relatedwith seismic events
In general, earthquake occurrence frequency is higher in the small seismic. As shown in the Fiure 1,
generally speaking, plant safety conditions might be induced into from slightly abnormal conditions to
highly abnormal conditions along with the intensity of earthquake events increased. These abnormal
conditions induced by earthquake events should be detected quickly and settled to safety conditions by
various safety functions of mitigation. Assuming the combination with a low occurrence frequency/large
accident event by random failure, the safety conditions can be induced to severe condition even in a small
earthquake. How much the severe earthquake events should be considered and also how much severe event
combinations should be considered is therefore become important point in the deterministic seismic design
relied on the risk insights. To obtain the quantitative answer to this problem, seismic PSAs might be a
useful method to provide adequate solution based on the risk information. The design basis earthquakes
also should be defined explicitly the relations with the probability of annual exceedance occurrence
frequencies so that the event combinations considering random failures and human factors can be
rationally employed for the safety managements in reactor operations.
Probability occurrence of plant states
Containment

map
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Considering the uncertainty of variables, the scismic load and the seismic capacity of a plant can generally
be represented by, lognormal density functions. The design basis seismic loads and seismic capacity are
determined considering the standard deviations, respectively, so that the loads exceedance capacity rates
become negligibly smalL The seismic loads of structures art derived from the collaborations both of the
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cn sepredcted many numbers of diferent ground motions. In the current seismic design plant-specific
saetcTy margin is secured detesmnistically between the design bas seismic load and seismic capacity
based on the engineering judge in the face of risk insights that the safety might not be compromised by
uncertainties as shown in the Figure 2. In the deterministic approach, the earthquake ground motion is
generally determined as the mo likely
at ground motion of occvr
at as s
uch as the mean value
derived from the moat significant seismic source to a site. On the other hand, the earthquake ground
motions might be. considered all
ivariatons
relatd with the occurrence fequency in the probabiliUs
approach The varible range of sepmlic loads will become larger than deterministic one corresponding the
earthquake grund motion variations. The risk of the probabi of the seismic loads excess the seismic
capacity becomes larger in the case of considering the variation of earthquake gronnd motions. The design
basis seismic loads derived from the earthquake ground motion variations should not exceed the design
basiseismic cpacity at least in the reliable range of the ground motion variation from the seismological
point dlue to the saetey margin included in the seismic design. Current seismic design addresses this
qualitatively but does not explicitly perform the quantitative confirmations. The determination of the
reliable variation range of the extreme design earthquake ground motion S2 is necessary to explain
rationally based on the risk information considering the influences of the uncertainty concerning the
seismic safety assured by current seismic design. The accumulation of many strong earthuake ground
motion records by the recent densely installed earthquake observations and disastrous earthquake
experiences are developing the knowledge on the effects of source rapture process, source and site location
relations, and deep soil structures to the earthquake ground motions.
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Active faults

EARTHQUAKE GROUND MOTION DERIVED FROM SOURCE

(fdettified source)

Seismic hazardand source characterization

As shown in Figure 3. a seismic hazard curve is obtained by the contribution of many sources and the
contribution rate of the sources to the annual exceedance of earthquake occurrence frequency is different
by each source. The seismic safety assurance into the non-linear range of nuclear power plants consisted
with the multiple dimensions and complex systems is essentially required that should be performed based
on the dynamic response analyses using time domain earthquake ground motions. However, the
determination of the earthquake ground motions from the seismic design spectra such as an envelope
spectrum or a uniform hazard spectrum of seismic sources brings up another problem regarding the
disconnection with the individual source characteristics. These should also accommodate uncertainty in the
site-specific dynamic material properties as well as local and regional seismicity and attenuation
characteristics.
The determination of an earthquake ground motion to envelop all the prediction is almost impossible. But,
development of design basis earthquake ground motions to represent the effective earthquake ground
motions could be possible. In order to include the influences of surrounding source effects in to the design
basis earthquake ground motions, determination methods using envelope response spectra or uniform
hazard spectra of multiple sources are usually employed. In current seismic design it is generally assumed
that the DBEs represent the effects of earthquake ground motions by surroundtng earthquake sources at
proposed site using envelope response spectrum of influential earthquake ground motions with certain
margin instead of using all earthquake ground motions predicted. However, the potential variations of
ground motion deriver from the envelope response spectrum of the design basis ground motion are not
explicitly explained.
The relationship between individual sources and the ground motions is not clear in this method. It is not
sufficient to represent the earthquake influences only by the spectrum and maximum amplitude of ground
motions. The earthquake influences to structures represented by the frequency contents of the amplitudes
and phase of acceleration, velocity, displacement, impact force, etc., can be changed by the dynamic
characteristics of structures. The seismic capacities of structures are also influenced by the accumulation of
fatigue depending on the cycles and intensities of earthquake ground motions. Therefore, earthquake
ground motions should be determined to represent the varied amplitude, frequency, and phase
characteristics. This can only be done by sufficient numbers of time domain earthquake ground motions.

I

Site

Past

The earthquake ground motions derived from a seismic source can be predicted many variety of different
ground motions. The investigation to identify the characteristics of the sources existing around a site region
is important to provide a systematic and comprehensive evaluation of the seismic hazard and its effects on
the safe operation of nuclear power plants. Many seismic sources might exist, from the small to large
magnitudes and from known active faults to unknown blind faults around a site region. These seismic
sources should be characterized based on the past earthquake records, geological and geophysical surveys,
and micro earthquake observations. Some of the blind seismic sources might be still remained unknown
even after the investigations. As one of the way to represent the effects of seismic sources to a site, a
seismic hazard curve is made by defining the annual frequency of exceedance in terms of levels of a
ground motion intensity, such as peak ground accelerations, which can be correlated with the damage of
critical structures, systems, and components (SSCs) into beyond the current design basis earthquake by the
probabilistic seismic hazard analysis. From the site-specific hazard curves, a set of Uniform Hazard
Spectrum as recommended in US NRC, may be obtained as the seismic design spectra. One of the
objectives in developing seismic design spectra is to achieve approximate uniformity of seismic risk for the
safety-related SSCs designed to those spectra, across a range of seismic environments, annual probabilities,
and structural frequencies.
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DBEfor evaluation seismic impact on safety requirements

Nuclear power stations generally have several reactor units in a site. The earthquake ground motions in a
site could vary at the each unit depend on the deep soil structures even though the up coming incident
waves are same at the seismic base-rock at a site. The seismic impacts to multiple units in a site regarding
the reactor safety and the radiation protection should be assured by the estimation based on the all units in
a site. The design basis earthquake ground motions of the each unit are usually determined on the free field
rock surface supposed depend on the location of the unit layout basically considering the incident
upcoming waves could be defined on the seismic base-rock surface at a site. The reactor safety can be
confirmed by the response analyses of each unit. The safety for the radiation protection should be
confirmed based on the radiation dose rate by the total release of radiations from the all units in the site.
As shown in the Figure 4, the evaluation of the seismic safety on multiple units is preferable to be
performed in detail by response analyses using the earthquake ground motions on the seismic base-rock at
a site considering the deep soil structures and the unit layout. The seismic response evaluation of a unit
using earthquake ground motions defined on the rock surface at a site can be acceptable when the design
basis earthquake ground motions at the rock surface is determined conservatively as the representative
earthquake by selecting most severe condition for the unit in a site. The evaluation of the seismic safety for
radiation protection regarding multiple units is also possible to estimate conservatively based on the
summation of the each unit evaluations by the design basis earthquake ground motions defined on the rock
surface. However, the estimation method might be too conservative and could be resulted to have
excessive dose rate estimation to the public. In order to assure the reasonable radiation protection to the
public by the evaluation more detailed, it is preferable to perform the seismic response analyses of the
multiple units considering the plant layout using the earthquake ground motions defined on the seismic
base-rock surface at a site. The wave reflection and refraction survey to investigate the seismic-base rock
in the site can be presents useful information to the determination of the magnitude and location of blind
faults.
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Figure 4 Earthquake ground motions to estimate seismic impacts at a site. In the
estimation of seismic impacts, site responses due to deep structure have a major role.

(b) Fragility curves of plant capacity
Figure 5

(d) Contribution rates of initiating events to
seismic induced core damage frequency
Risk information by seismic PSA

RISK-INFORMED DESIGN BASIS EARTHQUAKE GROUND MOTIONS

Development risk-bformed DBE groundmotions

Risk dominant earthquake informed by seismic PSA

When the risk-dominant earthquake ground motion intensity is obtained from the peak of the core damage
frequency cure• estimate, the probability of annual exceedance earthquake occurrence freuency of the
dominant level eartuake is decided by the seismic hazard curve estimate. Then the seismic sources
contributing the risk-domiant earthquake ground motion intensity are identified as shown in the Figure 6.
The methotd to identify the aeismic sources consistent with the occurrence frequency of the risk-dominant
earthquake level is available by the studies of Ishikawa and Kameda (1995) (3] or JAERI [4]. The
p hrobabiityoccurrence of the earthquake pround motions pne. ted by the sources is distributed as a
lognonnal density function an the exceedance probability of the risk dominant earthquake level
conempond at some deviations apart from the median to low occurrence rate depend on the each source
contributions. The design basis round motions by the risk-dominant seismic source should be derived the
two types of ground motions, that are, the most likely earthquake ground motion for the extreme design
earthquake S2 by the median exceedance probability and the ground motion by the low exceedance
probability to be the risk-dominant earthquake.

The design basis earthquake ground motions should be risk-informed by the seismic PSA on the proposed
site. This is so that the necessity of assuming the extremely large earthquake beyond the design basis
earthquakes that could cause the damage of reactor core by the failure of the seismic capacity of almost all
safety-related SSCs, is negligible from the point of the risk. The earthquake ground motions should be
derived on the source of most significant contribution rate for the risk-dominant earthquake.
Identification of dominant seismic risk contributors considering the uncertainties involved are an important
process in a seismic design to enhance the reliability of the seismic safety assurance. The current results of
seismic PSAs for existing nuclear power plants shows a tendency that the risk of core damage frequency
caused by earthquakes are largely contributed by less severe initiating events. The large contribution rate of
initiating events are, in the order from larger rate: loan of the offsite power accident (LOSP); small break
loss of coolant accident (S.LOCA); medium break loss of coolant accident (M.LOCA); large break loss of
coolant accident (L.LOCA); and reactor pressure vessel failure as shown in the Figue 5. The result shows
the seismic risk is rather dominated by the failures of less important SSCs than high important SSCs
according with the relations of the seismic hazard and fragility curves. The conditional core damage
fre.uency by the each initiating event is shown to become larger along with the seismic load increasing
until to show maximum peak at the certain earthquake level and then decreasing the risk curve. It indicates
the risk-dominant earthquake is derived in the range of the initiating event of oss of offsite power accident
(LOSP).
Current seismic PSA can confirm the necessary conditions of reactor safety by secure the success path of
safety-related SSCs, but are not yet sufficient to confirm the design basis criteria of reactor safety
performances that can be confirmed based on the time domain analyses of reactor behaviors on abnonnal
operation in seismic events. In order to assure the seismic safety of reactor facilities to the dominant
earthquake events, integrities of structures and safety functions of the safety-related SSCs that are
necessary to maintain reactor safety conditions in the seismic events should be evaluated by the dynamic
response analyses using time domain earthquake ground motions. This is essential to confirm the reactor
safety and also the safety for radiation to the public based on the estimation of radiation release derived
from the failures of the SSCs.

Te risk-dominant earthquake ground motion could be defined newly as the site evaluation earthquake Ss
that could be used for the evaluation of the reactor safety by the plant seismic capacity with the criterion of
high confidence low probability of failure (HCLPF), and also, for the evaluation of radiation safety to the
public based on the radiation release by the failure of safety related SSCs on the multiple units in a site.
The studies to obtain the dim history of such low occurrence rate earthquake ground motions that is likely
large deviated from the median were not much performed and the evaluation method to be acceptable is
not yet established. The evaluation methods of such earthquake ground motions should be developed based
on the numerical method considering the variation of the source rapture procesa parameters using seismic
fault model. The now, high-quality data recorded in the near-fault region of recent large earthquakes are
useful to source characterization such as spatial variations of slip, slip velocity, or rupture velocity for
accomplish precise strong motion prediction by modem earthquake ground motion evaluation technology.
In the numerical simulation methods to estimate the ground ,motions, a recipe for prediction of scenario

earhuake strong ground motion caused by active fault by means of numerical amlysis considering the

spatial distribution of fault slip and the time function of slip on the fault has been proposed (Irikura,
2000)(5. The influences by the factor of the earthquake such as acceleration, velocity, displacement,
impact force etc. to the structures are different the significance depend on the dynamic response
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characteristics of the objectives. The earthquake ground motions to be used in the evaluation of the seismic
safety of the reactor facilities are necessary to be derived enough numbers of ground motions to represent
the seismic impacts considering the many aspects required for the ground motions depend on the
characteristics of objectives.
(M3.X 3)
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The extreme design earthquake S2 is not enough to explain the safety beyond DBEs. The DBE ground
motions by the risk-dominant seismic source should be used to derive the two types of ground motions that
are the most likely earthquake ground motion for the extreme design earthquake S2 by the median
exceedance probability and the ground motion by the low exceedance probability to be the risk-dominant
earthquake in order to assure the safety beyond DBEs.

PGA

kExtreine design EQ S2
I . valuation EQ Ss

(MI' X,
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s
(b) Contribution rates of seismic source
to risk-dominant earthquake

The risk-dominant earthquake ground motion could be defined newly as the site evaluation earthquake St
that could be used for the evaluation of the reactor safety by the plant seismic capacity with the criterion of
high confidence low probability of failure (HCLPF), and also, for the evaluation of radiation safety to the
public based on the radiation release by the failure of safety-related SSCs on the multiple units in a site.
The numerical evaluation methods are useful for determination the time domain ground motions of the site
evaluation earthquake Ss consistent with the probability of exceedance occurrence rate of risk-dominant
earthquake by the seismic source of most significant contribution. The time domain earthquake ground
motions should be employed, with several different time histories needed to represent sufficiently the
seismic impact to the safety-related SSCs.

(c) Risk-dominant earthquake ground motion
prediction by numerical methods
Figure 6

The seismic design of nuclear power plants should evolve by considering quantitatively the risk induced by
earthquakes to be more consistent with the nuclear safety philosophy. Concerning the risk information in a
seismic PSA, seismic design should be performed including the risk dominant level earthquake. A
development of the risk-informed design basis earthquake ground motions methodology was discussed and
summarized here.
First of all, the risk-dominant earthquake level should be identified by the preliminary seismic PSA at the
proposed site in the site-licensing phase. If the dominant earthquake level is smaller than the extreme
design earthquake the seismic vulnerability should be improved to be beyond the S2.

(M21X2)

(a) Probability o f Tiak-dominant earrthquake
an seismic hazard curve

CONCLUSION

The seismic performance confirmations by the other design basis earthquakes such as Sc, Sn, and SI
defined by the current examination guide are also important for the safety management. The DBEs should
be defined explicitly the relations with the probability of annual exceedance occurrence frequencies so that
the event combinations considering random failures and human factors can be rationally employed for the
safety managements in reactor operations.

Risk-dominant earthquake ground motion methodology.

improvement comply with risk Information
The other aspects to utilize the risk information by the seismic PSA are the improvements of the risk
contribution rate distributions to be uniformed if it is inclined too much to the less important event, and
also, if the risk-dominant earthquake level is smaller than the extreme design earthquake S2 it should be
improved the seismic vulnerability to be beyond the S2. The contribution rate of the initiating events for
the core damage frequency is generally inclined to the events induced by the failures of not much
important facilities for reactor safety such as the LOSE.This tendency of the risk contribution rate could be
improved to be uniformed the distribution by grade up of the seismic integrity of the mitigation systems of
safety-related SSCs to mitigate the influences of the LOSP accident that are usually considered
un-important as shown in Figure 7.
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DISCUSSIONS ON IMPROVING JAPANESE "EXAMINATION GUIDE FOR ASEISMIC
DESIGN OF NUCLEAR POWER REACTOR FACILITIES"
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Nuclear and Industrial Safety Agency,
Ministry of Economy, Trade and Industry (METI), Japan

Abstract
Various technologies related to seismic design have been advanced, since "Examination Guide for
Seismic Design of Nuclear Power Reactor Facilities" was established 20 years ago. Through the
experiences of big earthquakes including the Hyogo-ken Nanbu Earthquake (Kobe Earthquake), the
latest knowledge related to earthquakes and earthquake ground motions has been accumulated. By
taking into account these circumstances, it is commonly recognized by Japanese experts on
seismology and seismic engineering that some improvement in the Examination Guide for Nuclear
Power Plants is necessary to enhance the reliability of seismic safety of nuclear facilities based on the
latest knowledge. In this paper we introduce the state-of-the-arts of the study on improving
Japanese "Examination Guide" and some key points of the discussions on the improvement.

Introduction
The current Japanese "Examination Guide for Seismic Design of Nuclear Power Reactor
Facilities" (Examination Guide) was established 20 years ago [I]. Since then various knowledge and
technologies related to seismic engineering have been advanced through the experiences of big
earthquakes including the Hyogo-ken Nanbu Earthquake (Kobe Earthquake) (2]. During this period,
METI has also contributed the advancement of the knowledge and technologies as a regulating
agency by undertaking numerous projects to enhance seismic reliability and to improve seismic
design methodology of Nuclear Power Plants (NPPs). These projects have also contributed to
upgrading the rationalization of seismic design of NPPs. In addition, knowledge concerning
earthquakes has progressed greatly and a large number of earthquake ground motion records have
been accumulated. By taking these facts into account, it is commonly recognized by Japanese experts
on seismology and seismic engineering that some improvement in the Examination Guide for
Nuclear Power Plants is necessary to enhance the reliability of seismic safety of nuclear facilities
based on the latest knowledge.
The basic items to be discussed among the experts in regards to improving the Examination
guide are roughly grouped into the following three categories:
Items related to the logical structure of seismic design evaluation criteria:
'Definition and framework of seismic safety,
- Relationship between deterministic and probabilistic approaches,
- Review of SSC (System, Structures, and Components) classification on the basis of their
seismic safety importance,
- Performance regulation for advanced technologies including new siting methodologies.

Items related to the criteria foi determining the design basis ground motion:
- Identification and characterizution of scismic sources to be considered,
- Methodology to estimate design basis earthquake including fault model,
- Introduction of probabilistic approach,
- Requirements for geological, seismological, and geophysical investigation of plant region,
- Evaluation of seismically induced hazard sources including tsunami and eruption.
Items related to the criteria for assuring Integrity of systems, structure, and components:
- Determination of design basis earthquake motion (method, single or multiple, horizontal
and vertical components),
- Methodologies for earthquake response analysis of SSC,
- Method for stress analysis of SSC,
• Load combination,
- Allowable limit for assurance of functionality of SSC,
- Allocation of safety margin, consideration of reliability based structural design approach.
To date, the discussion is being focused on the following items as:
1. Evaluation of near field earthquakes (how to determine design earthquake ground motion),
2. Clarification of the concept for securing seismic safety:
How to introduce Seismic Safety Goals,
How to evaluate seismic safety quantitatively (e.g., application of seismic PSA).
In this paper, we firstly introduce the activities of METI as a regulating agency relating to the
examination guide mostly aiming at proving and confirming the procedure of the current design
practice as well as upgrading the desig nmethodologies.
Then we describe our recent activities to study how to introduce probabilistic approaches to
seismic design examination processes.

Activities of MET! In The Seismic Engineering Field
METI has been carrying out many projects covering the whole area of seismic engineering to
comprehend and resolve the various issues from the viewpoint of a regulation agency as follows;
- earthquake ground motion (near field earthquake and the ground motion
propagation)
- earthquake response of structures and equipment (shaking table test and field
test)
- upgrading of seismic design engineering (new siting issue
Mt. RoSio
and study of vertical motion).

Besides the above, we are studying
probabilistic methodologies to handle the
as #KantoSite
Gmoud
Dfac Observation
uncertainties relating to seismic design of
NPPs. However handling of the
uncertainty becomes big argument in the
discussion of revising the guidelines.
Therefore we introduce the studies in the
next chapter together with the discussion.
And here we introduce the projects
-1.670m I
described above carried out to briefly
elucidate the phenomenon relating to
seismic issues [3].
Fig.I The Earthquake Observation Well at Kobe Site.

Also in the RC shear wall test, we have accumulated various data to predict dynamic nonlinear

Earthquakeground motion

Seismic Wave Propagation In The
Vertical Direction (FY1994-2004)
The major objective of the project is to study the characteristics of seismic wave propagation
from seismic bedrock to the current seismic design ground motion definition outcrop level. The
study is being carried out using earthquake observation data collected by seismometers set at depth
of from the surface to seismic bedrock since 1998 and will be terminated by 2002.

Figure 1 shows a cross sectional outline of the earthquake observation well at the Kobe site. The
depths ofearthquake observation wells are 1,'00m at the Kobe site and 1,200m at Kanto Plane site.

The earthquake response of structures and
equipment of NPP has been a big concern of
METI. Thus, we have carried out many test
projects. In the following section we briefly
introduce the outlines of the projects.
Structural Response Study
Our efforts have been mainly toward
structures, more specifically, the soil-structure
interaction (SSI) and the nonlinear characteristics
of reinforced concrete (RC) shear walls. Figure 3
shows a snap-shot of an SSI test project
In the SSI test, we have accumulated a large
volume of earthquake observation data. The test
data have been used to check the applicability
and to confirm the appropriateness of analytical
methodologies of SSI.

Equipment Response Study
We have been carrying out equipment

response studies as the seismic proving tests of
NPP installations for over 20 years. Up to the
present, fourteen projects have been completed

and three projects are on going. The seismic
proving tests have been conducted in the four
stages, i.e., (I) demonstration of structural
integrity of massive and heavy components, (2)

Strong Ground Motion Study In the Near "
Field (FY1998-2002)
The major objectives of the project are to
study strong ground motions by near field
earthquakes and to advance evaluating
methodology of near field earthquake ground
motion. Figure 2 shows earthquake ground
motion data caused by near field active faults
being used in this project. The data are used to
study the relationship between fault parameters
and strong ground motion characteristics. The
study is being carried out using recent fault
models. We have performed simulation analyses
to check, and modified the fault model. Then
the results are reflected to advancing the fault
models and evaluation methodologies for the
near field strong ground motion.

EarthquakeResponse ofStructures andEquipment

behavior of RC buildings during earthquakes up to their failure, including under the multi-axis
loading condition. The test data have been used to evaluate seismic design margins of RC building to
.
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the design earthquake ground motions.

proving of functional integrity of safety systems,
(3) demonstration of newly developed
equipment, and (4) confirming seismic margins
of equipments.
Figure 4 shows an example of item (2), the
proving test of the reactor shutdown cooling
system.

sig. 4 Shutdown
soe ;elsnuc
roving
esesouteactor
System
Cooling

The mission of the seismic proving test has
been changed gradually over these 20 years
from item (1), demonstration of seismic
integrity of major components, to item (4),
check of functional *integrity and/or seismic
margins of equipment.

Fig.2 Near Field Earthquake Ground Motion Data
Being used in this project

Figure 5 shows conceptual drawing of a
new test project started this year (2002-2004).
The test applying sub shaking table on the
Tadotsu Shaking Table that amplifies input
Conceptual Drawing of Functional Integrity
motion to the specimen up to 6g of maximum Fig.5Test
(Using Vibration Amplification Device)
acceleration to confirm functional integrity of
electric panels and horizontal pumps.
Upgradingof Seismic Design Engineering
The purpose of the study is to upgrade
seismic design engineering from the viewpoint of
a regulatory agency. Belonging to these technical
issues are new siting technologies and handling
of vertical motion in seismic design.

Fig.3 SSI Field Test Example
(Reactor and Turbine Building Modes)

The study of new siting technologies has
been carried out with the aim of expanding the
possibility of future NPP construction sites
because current standards for NPP siting require
that NPP should be constructed on bedrock.

rig.o
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Siting of NPP
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The new siting technologies we have investigated are quaternary deposit siting, underground siting
and artificial island siting. Figure 6 shows a conceptual drawing of an NPP sited underground.
Our major mission in this new siting study is to develop a preliminary version of evaluated
guidelines for future NPP site applications.
Beside this, the study of upgrading seismic design engineering has been undertaken to improve
the methodologies of handling vertical earthquake ground motion, to create analytical building
models and components for evaluating the earthquake response to vertical motion, and to handle
nonlinear analysis of piping systems.

Study on Scismic ProbabilisticSafety Assessment
METI has carried out a study on Seismic Probabilistic Safety Assessment (SPSA) as a part of
the probabilistic safety assessment study to understand its scheme and applicability to Japanese NPPs.
Figure 7 shows an outline of the SPSA used in the study. The SPSA methodology used is based on
the precedent studies in US (4].

In order to do the
SPSA, realistic responses
of
buildings
and
components to earthquake
ground
motion
are
calculated using the Monte
Carlo response analysis
method
considering
modeling
uncertainties
directly or using the
response factor method
that deals the uncertainties
indirectly. In the latter
method, the response
factor is defined as the
ratio of design response to
realistic
response
excluding all conservatism
introduced in the seismic
design.

Disctuslon on Improving Examinanton Cuide

As described in the previous section, current deliberation to revise the Examination Guide in the
Nuclear Safety Commission (NSC) of Japan is focused on the issues of clarification of the concept
for seeming seismic safety and of the evaluation methodologies of design earthquake ground
motions.
Concerning the clarification of the concept for securing NPP seismic safety, there are some
expectations for introducing probabilistic approaches to the Examination Guide to resolve seismic
issues relating to uncertainties in detemining design earthquake ground motion and in evaluating

earthquake response of structures and components. However at the same time, there are also experts
of the opinion that the committee should not have too many expectations for the probabilistic
approaches for seismic design evaluation.
For the other issue, the discussion is being carried out as to how to consider the design

earthquakes. Current design earthquake ground motions for an NPP in Japan are typically defined by
the so-called Ohsald Spectra.

An earthquake ground motion defined at an NPP site based on the

Ohsaki Spectra by taking into account the earthquake magnitude and focal distance of probable big
earthquakes, that would affect the NPP site, has been considered as the biggest ground motion on the
bedrock in that condition.
In this chapter, we firstly describe the issues related to the discussions on design earthquake
ground motion then we describe the probabilistic approaches that are expected to be introduced in the
framework of the revised examination guide.
DeflIienon of Dais. Earthquake Ground Motion

In the preliminary discussion we are talking on both deterministic and probabilistic methodologies as
to how to apply them to the revised design guide.

Fig.7 An Outline ofThe SPSA Used in The Study

The response factors obtained for each component group in advance are applied to obtain the
realistic responses. Then probabilistic distribution of capacity of components, which is the intensity
of earthquake motion leading to its malfimction or failure, is evaluated realistically based on design
information, literature surveys for an existing evaluation or test data. The probability distributions of
the capacity and realistic response are used to calculate the component failure probability for each
level of earthquake motion.
System vulnerability is evaluated by applying the component failure probability to a fault tree
model to obtain the conditional core damage probability as a function of, for example, the maximum
acceleration at the bedrock. The core damage frequency due to earthquakes is calculated by
integrating the conditional core damage probability over the whole range of the ground motion with
the seismic hazard curve.

Deterministic Approach
In these past 20 years
we have accumulated
many
records
of
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The Outline of The Proposed Empirical Method for Evaluating
Design Response Spectra for an NPP Site (5]

establishment

Based on the results of these studies, an empirical method for evaluating response spectra for
an NPP design earthquake ground motion has been proposed. Figure 8 shows the outline of the
proposed method. In this method, averaged response spectra of horizontal and vertical ground
motions between the periods of 0.02 and 5 seconds at a site on rock surfaces are evaluated by the
product of those earthquake ground motion spectra on seismic bedrock and the correction terms
which take in the amplifications effect of horizontal and vertical motion due to surface layers.

In order to cope with this issue, we can propose a measure that introduces a seismic margin
earthquake, having a maximum acceleration level exceeding that of the design earthquake, e.g., by
one standard deviation on the averaged level. However, this methodology might lead to an overly
pessimistic result for existing NPPs and result in excessively conservative designs for new NPPs.
Therefore cautious consideration based on statistics of earthquake records is required in introducing
the seismic margin earthquake.
Other concerns of the NPP design earthquake ground motions are the issues on near-field
earthquake ground motions. Damaging ground motions due to earthquakes in far and intermediate
fields were caused by strong magnitude earthquakes (typically larger than Mw6.5). These earthquakes
had generated some traces (faults) on the ground surface, thus we can evaluate the potential
earthquake occurrence in the near future with considerable high reliability by taking into account the
results of detailed field surveys of faults around an NPP site. On the other hand, a near field
earthquake has a severely damaging potential even for weak magnitude earthquakes. This kind of
earthquake in the past might have left no traces on the ground surface. In such a case, we cannot
identify any evidence of the earthquakes having happened whereas there might be a possibility that
some weak magnitude potentially destructive earthquakes had occurred near the site in concern.
Therefore the seismic design system should be formulated to take into account the risk e.g.,
introduction of seismic margins in the design ground motion, structures and equipment
OEarthquake data
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Fig.9 Outline of Seismic Hazari dEvaluation Method

the design review guide, including that of USNRC [6] and [7].

The seismic hazard curve defined as a relation between intensity of ground motion at a specific
site expressed interms of the maximum or spectral
acceleration of the bedrock of the site, a, versus annual frequency that the intensity of ground motion
exceeds a is estimated based on the data of seismic activity around the site and attenuation model for
seismic ground motion as shown in Fig.9.
In the seismic hazard analysis we propose to use both historical records of earthquakes
and active fault data for the evaluation of the seismic hazard at the site as follows:

The introduction of the vertical motion can makes the vertical seismic load rationalize, because
the vertical load is taken as a static load (based on the half the level of the horizontal peak
acceleration) in the current seismic design practice. The features of the proposed design earthquake
ground motions point out that it takes diverse tectonics into account and is defined based on
averaged levels of observed earthquake ground motions. Therefore in applying the ground motion to
an NPP design, we have to consider the effect ofthe variations from the average levels [5].

Probabilistic Approach

of seismic

1) Grids having historical records of sources of earthquakes in Fig.9 are set as earthquake regions
around a site. The occurrence frequency of a ground motions at each ground motion level at the
site is calculated for each grid, considering the statistical distributions of the magnitude and
frequency of earthquakes expected to occur at the grid and the attenuation of the ground motion
propagating to the site. The relationship between the frequency and the magnitude of earthquakes
in a grid is expressed as a simple correlation between the magnitude and the number of
occurrences obtained from the historical earthquake records.
2) The occurrence frequency of ground motions at each ground motion level at the site is calculated
for each active fault around the site. The earthquake magnitude is determined with an empirical
equation, which relates it with the length of the active fault and the occurrence frequency
estimated from the observation of fault dislocation and the displacement velocity at the active
fault.
3) The seismic hazard for the site is obtained by summing up the above two occurrence frequencies.
One of the issues in this process of seismic hazard evaluation is the existence of a large
uncertainty in the attenuation models, resulting in a large uncertain range of seismic hazard level at a
given frequency of exceedance. To reduce this uncertainty, JAERI developed a procedure for
mechanistic prediction of seismic ground motion under the guidance [8] based on the "fault model".
The model is defined by parameters that describe the characteristics of hypocenter, propagation pass
and site, as illustrated in Fig.10. We (NUPEC/METI) have developed a methodology to evaluate
ground motion due to diffusive earthquakes from unidentified faults near and/or/ around the site more
precisely than ever, by treating the timing, location and magnitude of earthquakes statistically,
together with the revised b-value model [9].
Seismic ground
Fault surfSite
Motion at the site
We also propose to utilize the
rl
ulO
the
in
solicitation of expert judgments
processes to characterize both seismic
sources and ground motion propagation and
quantify the uncertainty in the hazard curve
at the site. The task is to determine a
design basis ground motion based on the
analysis of seismic hazard at the site in
concern. An issue of the deliberation was Dislocation
how to deal with uncertainties in the
Fig. 10 Concept of The Fault Model
identification of seismic sources around an
NPP site and in
the prediction of the frequency of earthquakes expected to occur at the sources [10].

Application ofSPS4
It is widely recognized in Japan that a lot of proof tests and tests-to-failure have been conducted
to ensure that there is substantial margin in the capacity of the SSC in the framework of the current
seismic design evaluation criteria. Nevertheless, many opinions have arisen that require quantitative
seismic margins of the SSC.
Furthermore, a quick review of the basic items being deliberated among the experts for improving
the Examination Guide described in the introduction of this paper suggested to us that important
common issues of the deliberation are closely related to the uncertainty in the identification of
seismic sources, earthquake response of the SSC of NPPs and seismic margins of the SSC. These
uncertainties are already taken into consideration in the current seismic design evaluation criteria
independently in the determination of both design base seismic loads and the acceptance criteria for
responses of the SSC. However, some experts insist that it is important to evaluate the seismic
safety of a plant under the existence of these uncertainties as transparently as possible. From this
viewpoint, the experts require the evaluation of the seismic risk of NPPs by taking those uncertainties
into account as rationally as possible [10].
For that reason, application of the
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SPSA methodology is now under
discussion as for a tool for evaluating
the seismic safety of the NPPs that
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safety evaluation is shown in Fig.l I, _
which is composed of design basis
earthquake (DBE) determination Fig. 11:Schematic Diagram of The Proposed Framework of
based on the seismic hazard
Seismic Design Safety Evaluation
evaluation, acceptance criteria for
the responses of safety-related SSC to the DBE at the basic design review, and acceptance criteria
of seismic risk of the NPP obtained by SPSA at the detailed design review.

Discussion on Application of te Prohabllstic Approach to T7e Eammiation Guide
As described in the previous sections, the trend of the discussions on the revision of the
examination guide is toward the introduction and/or application of a probabilistic approach.
Therefore discussions among the experts are naturally focused on the application of probabilistic
approaches. In this section, we will introduce some of the discussion points.

Application of the probabilistic method on the determination of DBE
One point for discussion on determining the DBE is whether the DBE based on seismic hazard
analysis is sufficiently reliable as compared with the conventional determining of the DBE. Some
experts in seismology point out that even though the phenomena related to the occurrence of
earthquakes are gradually being unveiled, understanding is still very limited. Therefore the evaluation
of parameters related to the probability of the failure of the future occrTence is still difficult.
Acceptance criteria for the responses of buildings and components
Many experts support the opinion that the SPSA will play an important role in evaluating
existing plants under the revised examination criteria. Furthernore the SPSA should have a proper
position in the revised criteria, as for the measurement of an integral check of the validity of seismic
design.
Issues Related to Uncertainties In SPSA
It is recognized that there are uncertainties in the risk estimation by SPSAs not only that due to
the uncertainty of input data such as common cause failure rates but also due to variations in the
success criteria of safety systems functions. However, as PSAs include efforts to quantify these
uncertainties as transparently as possible, even by explicitly and systematically requiring expert
judgments, the results can be used to rank safety systems and to make decisions that have an impact
on plant safety that take risk and uncertainty into account.
Issues In Application of Safety Goals
The opinion, of introducing SPSA into the examination guide, simultaneously aims at introducing
seismic safety goals, such as that the core damage frequency for any given year should be below the
valuc of, for example, 104. In this framework of the seismic design, the result of the SPSA can be
used in the detailed examination of the seismic safety evaluation, including a check as to whether the
plant design is consistent with the safety goals. If the safety goals were not being met,
modifications in plant design would be required.
However, as for the discussion on the safety goals, some experts are wornying about the evaluation
results. This is because as it has been described in relation to uncertainty issues, the results of SPSA
contain a large degree of uncertainty, thus the determination of the safety goals without deep
consideration might be a cause of confusion in the design and/or operation of NPPs.

CONCLUDING REMARKS
Modification of the Japanese NPP design evaluation criteria has been under investigation since
2001 by the Nuclear Safety Commission (NSC) of Japan, As for the background of this revision,
there is a common recognition that the knowledge and technology related to seismic design for NPPs
has advanced significantly in the past 20 year.
In this paper, at first we introduced the activities the
Ministry of Economy, Trade and Industry of Japan (METI) toward improving NPP seismic design
technology, and then we introduced the major discussion issues in the deliberations by the committee
organized by NSC, i.e., the definition of design basis earthquake ground motion and the application
of probabilistic approaches to the examination guide. Although the discussions are now underway
and no concrete conclusion has yet been reached, there arq apparent trends toward introducing some
probabilistic appioaches into the framework of the revised examination guide. However, ast the
same time, there are wide discrepancies among the opinions of experts regarding their expectations
from these probabilistic approaches. From now on, from our perspective as a regulatory agency, we
will watch and listen to the opinions cautiously, and these opinions will play an important role in
developing the new examination Guide.
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1. Introduction
SEISMIC GROUND MOTION MODELLING AND DAMAGE EARTHQUAKE SCENARIOS
A BRIDGE BETWEEN SEISMOLOGISTS AND SEISMIC ENGINEERS
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Earthquakes, as many other natoual disasters, have both immediate and long-term economic
effects. Within a fraction of a minute, single earthquakes can inflict damage to houses, business,
government buildings, and infrastructures. A single earthquake may trigger a global ecological
catastrophe, cause up to thousands of casualties and global economic depression: the disruption of
commerce will affect the rate of economic growth, inflation, productivity and trade balance.
Case studies of seismic hazard assessment techniques indicate the limits of the currently used
methodologies, deeply rooted in engineering practice, based on a probabilistic approach. The
probabilistic analysis supplies indications that can be useful but-not sufficiently reliable to characterize
the seismic hazard.
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The mathematical modelling, with different degrees of complexity, based on probabilistic
concepts cannot fill in the gap due to the lack of knowledge about the physical process behind an
earthquake, at the most it can supply some guidelines. Moreover, it may loose validity in dealing with
uncertainties that are so large that may not be quantifiable in a meaningful sense (Chandler et al.,
2001) as it happens in low to moderate seismicity regions, or regions lacking historical and
instrumental earthquake data.

Abstract

For a given zone, the mathematical modelling of the occurrence of seismic events and of the
related values of probability are derived from empirical data that may fail to describe adequately the
reality.

The input for the seismic risk analysis can be expressed with a description of "groundshaking
scenarios", or with probabilistic maps of perhaps relevant parameter
The probabilistic approach, unavoidably based upon rough assumptions and models (e.g.
recurrence and attenuation laws), can be misleading, as it cannot take into account, with satisfactory
accuracy, some of the most important aspects like rupture process, directivity and site effects. This is
evidenced by the comparison of recent recordings with the values predicted by the probabilistic
methods.
We prefer a scenario-based, deterministic approach in view of the limited seismological data, of
the local irregularity of the occurrence of strong earthquakes, and of the multiscale seismicity model,
that is capable to reconcile two apparently conflicting ideas: the Characteristic Earthquake concept and
the Self Organized Criticality paradigm.
Where the numerical modeling is successfully compared with records, the synthetic seismograms
permit the microzoning, based upon a set of possible scenario earthquakes. Where no recordings are
available the synthetic signals can be used to estimate the ground motion without having to wait for a
strong earthquake to occur (pre-disaster microzonation). In both cases the use of modeling is necessary
since the so.called local site effects can be strongly dependent upon the properties of the seismic
source and can be properly defined only by means ofenvelopes.
The joint use of reliable synthetic signals and observations permits the computation of advanced
hazard indicators (e.g. damaging potential) that take into account local soil properties. The envelope of
synthetic elastic energy spectra reproduces the distribution of the energy demand in the most relevant
frequency range for seismic engineering. The synthetic accelerograms can be fruitfully used for design
and strengthening of structures, also when innovative techniques, like seismic isolation, are employed.
For these reasons the skill of seismology to estimate realistic ground motions at a particular site
should be fully exploited by seismic engineers. In fact, even if recently sarong motion records in near
fault, soft soil, or basin conditions have been obtained, their number is still very limited to be
statistically significant for seismic engineering applications.
I

When constructing appropriate earthquake-resistant structures, design and construction should not
be such that in extreme event no damage occurs but rather that an acceptable level of damage takes
place as a function of the corresponding performance expectations (operational, safe-life, etc.).
Therefore the realistic definition of hazard in scenario-like fornat should be accompanied by the
determination of advanced hazard indicators as, for instance, damaging potential. Such a
determination, due to the limitation of the available strong ground motion records, requires resorting to
broad band synthetic seismograms that allow us to perform realistic waveform modelling for different
seismotectonic environments. The modelling takes into account source properties, like dimensions,
directivity, duration, lateral heterogeneity's along the path and local site features. Such a procedure is
a must since it has been proven both experimentally (e.g. Wang and Nisimura, 1999) and theoretically
(Romanelli and Vaccari 1999; Field at aL, 2000; Panza at al, 2001) that the so-called local site effects
can be strongly dependent upon the characteristics of the seismic source generating the seismic inpuL
At present, only from a careful performance of modelling experiments it is possible to realistically
account for effects such as long duration pulses, shaking duration, temporal distribution of pulses,
amplitude and, connected to them, the linear and nonlinear strctural response in terms of strength,
energy and displacement.

2. General problems In sensmic hazard assessment
The typical seismic hazard problem lies in the determination of the ground motion characteristics
associated to future earthquakes, both on regional and on local scale. The input for the subsequent
seismic risk analysis can be expressed in various ways, e.g. with a description of the groundshaking
severity due to an earthquake of a given distance and magnitude ("groundshaking scenario"), or with
probabilistic maps of relevant parameters describing the ground motion. For example, the historically

most used parameter in the engineering analysis for the characterization of the seismic hazard is the
PGA (Peak Ground Acceleration), which is a single-value indicator commonly used in seismic hazard
assessment. Actually, it is recognized that the PGA alone can not describe adequately all the effects
associated to the ground shaking, since the frequency content and the duration of a seismic wavetrain
can play a decisive role. Although it has been understood that the characteristics of the ground motion
such as its amplitude, frequency content and duration are relevant to estimate its damaging potential,
some of these characteristics have been often ignored.
A more adequate definition of the seismic ground motion due to an earthquake with a given
magnitude and source-to-site distance, can be done following two main approaches. The first one
(denoted as engineering approach) is based on the analysis of the available strong motion databases,
collected by existing seismic networks, and on the grouping of those accelerograms that contain
similar source, path, and site effects (e.g. Decanini and Mollaioli, 1998). A fundamental step in this
approach involves the estimation of realistic source-to-site transfer functions.
The second approach (seismological approach) is based on modeling techniques, developed from
the knowledge of the seismic source process and of the propagation of seismic waves, that can
realistically simulate the ground motion associated with the given earthquake scenario (Panza et al.,
1996; Field et al., 2000). The ideal procedure is to follow the two complementary ways, in order to
validate, for the different areas to be investigated, the numerical modeling with the available
recordings (e.g. Decanini et al., 1999; Panza et al., 2000ab). In the last decades the number of the
recorded strong motions has considerably increased, especially for North America, Japan and Taiwan,
but the installation and maintenance costs make the deployment of a dense seismic network in each
earthquake prone area a too expensive operation. For most of the European seismic zones strong
motion data are very scarce and most of the available data for destructive events are only the
macroseismic intensities. In these cases synthetic signals, to be used as seismic input in a subsequent
engineering analysis, must be produced (immediately and at a very low cost/benefit ratio) taking into
account the source characteristics, the path and the local geological and geotechnical conditions and
must be validated against observed intensities.
As a result, we suggests a scenario-based, deterministic approach in view of the limited
seismological data and of the multiscale seismicity model formulated by Molchan et al. (1997).
Accordingly to this model only the ensemble of events that are geometrically small, compared with the
elements of the seismotectonic regionalization, can be described by a log-linear FM relation. This
condition, largely fulfilled by the early global investigation by Gutenberg and Richter (e.g. see Fig. 49
of Bith, 1973), it has been subsequently violated in many investigations. This violation has given rise
to the Characteristic Earthquake (CE) concept (Schwartz and Coppersmith, 1984) in opposition to the
Self-Organized Criticality (SOC) paradigm (Bak and Tang, 1989). The multiscale model implies that,
in order to apply the probabilistic approach the seismic zonation must be made at several scales,
depending upon the self-similarity conditions of the seismic events and the linearity of the log FM
relation, in the magnitude range ofinterest.
Moreover, the macroseismic observations made in correspondence of the destructive events of the
last century have clearly evidenced the influence of other two fundamental aspects in the
characterization of the damage distribution: the near-surface geological and topographical conditions.
This observation highlights the large spatial variability of the destructive potential of earthquake
ground motion. Since most of the anthropised areas are settled in correspondence of sedimentary
basins (e.g. river valleys), a realistic definition of the seismic input that takes into account the site
response has become one of the most relevant tasks in the seismic engineering analysis. The soft
surface layering often controls local amplification of the ground motion. The impedance contrast
between the soft surface soils and the underlying bedrock leads to the trapping of the seismic energy,

and the relatively simple onset of venticpi resonance can be transformed into a complex resonance's
pattern, strongly dependent on the characteristics of the sub-surface layers and the bedrock
configuration.
The most traditional empirical techniques for the estimation of site effects are based on the
computation of the spectral ratio between the signal (or a portion of it, e.g. a single phase) recorded at
the sedimentary site and a reference one, preferably recorded at a nearby bedrock site (Borcherdt,
1970). Quite often a signal recorded on bedrock is not available close to the investigated sites, so that
directional effects due to the source could become relevant. Even in the favorable condition that such a
reference site exists, unless well isolated single phases are used, the spectral ratios are not completely
free from source influences (e.g. Romanelli and Vaccari, 1999). Some techniques have been proposed
that are non-reference-site dependent (e.g. Boatwright et al., 1991).
An alternative approach, originally applied by Langston (1979) for crustal and upper mantle
studies, is based on the measurement of the spectral, ratio between the horizontal and vertical
components of motion. The method is based on the assumption, not always fulfilled, that the
propagation of the vertical component of motion (in general only S-waves are considered) is not
perturbed by the uppermost surface layers, and can therefore be used to remove source and path
effects from the horizontal components. Anyway, this method produced unsatisfactory results, as
verified in recent severe earthquakes.
As a matter of fact, local site effects can be strongly dependent upon the characteristics of the
seismic source (e.g. Romanelli and Vaccari, 1999). Therefore, the use of synthetic seismograms is
fundamental even when relevant observational data are available, in order to explore the local
responses that may correspond to sources that are different from the known ones.
The wide use of synthetic signals allows us to easily construct scenarios based on ground motion
descriptors, strictly linked with energy and displacement demands (Decanini and Mollaioli, 2001).
3. Shortcomings of the probabilistic approach
The probabilistic analysis ofthe seismic hazard determines the probability rate of exceeding, over
a specified period of time, various levels of ground motion. It is basically conditioned by the definition
of the seismogenic zones, which is affected by serious uncertainties. Within each of them the
seismogenic process is frequently assumed to be rather uniform, however the uncritical assumption of
homogeneity can introduce significant errors in the estimate of the seismic hazard in a given site. For a
recent extreme example concerning the Italian territory reference can be made to the 17 July 2001
(Mb=4.9; M,-4.0, NEIC), event occurred in NorthEast Italy outside the defined seismogenic zones
(Meletti etal., 2000), thus in a region not considered for hazard analysis.
The multiscale seismicity model supplies a formal framework that describes the intrinsic
difficulty of the probabilistic evaluation of the occurrence of earthquakes (Molchan et al., 1997). The
problem is chiefly due to the difficulty to properly choose the size of the region to analyze, so that it is
large enough to guarantee the applicability of the Gutenbcrg-Richter law and related concepts. In order
to apply the probabilistic approach, the seismic zonation must be made at several scales, depending
upon the self-similarity conditions of the seismic events and the linearity of the log frequency
magnitude (FM) relation, in the magnitude range of interest.
The difficulty to evaluate the occurrence of the earthquakes (log FM relations) and the
propagation of their effects (attenuation laws), as well as the parameters characterizing the destructive
4

potential of the ground motion leads to a probabilistic estimate of the seismic hazard that could
represent a gross approximation of the reality. When the multiscale seismicity model is applied to
analyze the seismicity, the time dependence of seismicity becomes unimportant. In fact, the classical
Poisson hypothesis (seismic events are time independent) can hardly be accepted if the considered
seismic events are those associated to a specific source (where there are processes of storage and
release of energy). The Poisson hypothesis can be physically acceptable when the considered area is
large enough to contain a great number of sources.
To deal with the time dependence of seismicity, that is relevant only if we consider a very small
number of seismic sources, the concept of renewal process has been introduced (Esteva, 1970; Araya
and Der Kiureghian, 1988; Hagiwara, 1974; Savy et al., 1980). Accordingly with the renewal process
models a memory is introduced so that each event, with some probability, depends from the previous
one. In these models the intercurrence time between two events does not follow an exponential
distribution, thus the probability of occurrence of an earthquske is not constant with time. Assuming
that the seismic crisis is over or during a seismic sequence, the occurrence of the events is interpreted
using mixed functions of the density of probability, obtained with the combination of two different
functions. These functions depend upon the seismogenetic properties of the sources and upon the time
evolution of the sequences; therefore they differ from place to place. Such models rely upon several
assumptions that to be verified require the availability of observations that often are not available or
insufficient, and this makes it difficult, if not impossible, the calibration of the distribution functions.
The application of the renewal process model requires the evaluation of the time elapsed from the last
event. Such an evaluation can be impossible if the length of the catalogue is smaller than the storage
and release time interval and palaeoseismological data are not available, or when a linear source does
not correspond to a single fault but to a system of several faults almost parallel. In the latter a case the
occurrence of severe seismic events, within close epicentral zones and during short time intervals,
could not be analyzed resorting to criteria based on the existence of seismic gaps.
Further shortcomings of the probabilistic approach are connected with (I) the choice of the
parameters characterizing the destructiveness potential of earthquake ground motion, and (2) the
attenuation relationships for the estimation of the ground motion at a site for a given earthquake.

1995). The long-period parts of the signals in forward directivity locations can be energetic due to the
development of one or more, unidirectional, long-period pulses. The dynamic response of a structure
depends simultaneously on its mechanical properties and on the characteristics of the induced
excitation. Therefore it is necessary to investigate if certain properties which are efficient to mitigate
the structure response when subjected to certain inputs might have an undesirable effect during other
seismic inputs. Moreover, the presence of long duration accelerotnetuic pulses in the ground motion
constitutes an important factor in causing damage, as it involves the transmission of large energy
amounts to the sructures in a very short time, with high energy dissipation and displacement demands.
The quantification of the ground motion expected at a particular site, that would drive the
structure to its critical response, resulting in the highest damage potential, requires: (a) the
identification of the ground motion parameters that characterize the severity and the damage potential
of the earthquake ground motion (for a more complete discussion on this topic see Appendix), and (b)
the seismological, geological, and topographic factors that affect them. In this context, energy-based
and displacement demand parameters constitute an adequate approach to highlight the damaging
potential of these kind of signals (Decanini and Mollaioli, 1998; Decanini at al., 2000). This necessity
is confirmed by the analysis performed by Panza et al. (1999) when seeking for a correlation between
maximum observed macroseismic intensity, I, (MCS) and computed peak values of ground motion,
like Design Ground Acceleration (DGA), Peak Ground Velocities (PGV) and Peak Ground
Displacements (PGD). They do not show any significant improvement in the regression scatter when
going from DGA to PGV and POD. The slope value is always close to 0.3, a value that corresponds to
the relation DGA(I-I)/DGA(I)-PGV(I-I/PGV(1)-PGD(-I-)/PGD(1)-2. Such a value is not
contradicted by the numerous empirical relations (see Shteinberg et al., 1993 and references therein)
found when considering peak values of ground acceleration.
The large energy demand in the near-field region (Dr : 5 ian), with respect to larger distance
ranges, is clearly evidenced in Tab. I. In the table, a comparison between maximum input energy Ew,
and a Seismic Hazard Energy Factor AE, (Decanini and Mollaioli, 1998) is given for sites located on a
soil of intermediate mechanical properties, S2; for different values of interval of magnitude (M) and
source-to-site distance (Da classes. Dt is defined as the closest distance from the intersection with the
free surface of the fault plane, or of its extension to the surface for blind faults.

3.1 Caracderizationof eanhquake des&ucdvenwsspotnhia
D, (kin)
The characterization of seismic motion in earthquake prone areas requires the identification of
adequate parameters that characterize accurately the earthquake destructiveness potential. The
specification of these parameters in general requires the selection of significant signals for the design

of new structures or the seismic safety assessment of existing ones. To define, in general, a design

earthquake represents a fundamental step in a seismic hazard analysis. The adoption of inadequate
parameters can lead to the definition of a non-realistic design earthquake and, consequently, to the
unreliable evaluation of the seismic risk. Recent earthquakes (e.g. Imperial Valley 1979, Loma Priets
1989, Landers 1992, Northridge 1994, Kobe 1995, Turkey 1999, Taiwan 1999, Greece 1999, Gujarat.
2001) have demonstrated that the seismic hazard evaluation, based prevalently on a probabilistic
approach, has underestimated considerably these demands, particularly in near-fault regions.
The quite large number of near-fault records from recent earthquakes indicate that, for a given
soil condition, the characteristics of strong ground motion and consequently of the damage potential
can vary significantly as a function of the location of the site with respect to the propagation of the
rupture. Particularly, in the case offorward rupiwre direcwuy most of the energy arrives in a single
large pulse of motion which may give rise to an amplification of the ground motion at sites toward
which fracture propagation progresses (e.g. Bolt, 1983; Panza and Suhadolc, 1987; Heaton et al.,
5

Dr :s 5
5 < Dt:<12
12 < Dr < 30
Dr > 30
Df (Ian)
, 5 5
5 < D1 < 12
12<Dr:5 30
Df > 30

SOIL S2
,A,],,W. cm/s

5A:5 M 6.2
&,,.w cmn/s

45000
39000
18000
13000
7600
10000
3000
480
SOIL S2 6.5:5 M5
<7.1
AF4
cm /s I -E,• cm/s'
1 ,,.1
90000
110000
41000
75000
50000
31000
15000
9400

AE•,..-., cm/s
34568
8960
5828
420
AEuI,1 cmi/s
98446
31320
42683
9836

Table I. Comparison between AE, (design and naximum observed) and Ei (maximum observed). Soil
S2 (intermediate).
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The input energy per unit of mass, E-m=Jtgdu. _J1tJ

dt, has been extensively used for the

evaluation of the damage potential of earthquake ground motion (Akiyama, 1985; Uang and Bertero,
1988; Faj far and Fishinger, 1990; Uang and Bertero, 1990; Bertero and Uang, 1992; Krawinkler 1997;
and Mollaioli, 2001). The parameter
Decanini
1998;
Mollaioli,
Decanini and
AEI = IEI (x

logy- a+ bM +c log rt+ d Dr+ e S

5%,T)dT, which represents the area enclosed by the elastic input energy spectrum in

-

the interval of periods between 0.05 and 4.0 seconds, may be considered a global hazard index in
energy terms (Decanini and Mollaioli, 1998). In fact it considers the influence of the energy demand in
the whole period range. The proposed values of E, and AE1 were determined from a database of 300
acceleration time histories taken from 37 different seismic events with magnitude ranging from 4 to
8.1 and distance, from the horizontal projection of the causative fault, from 0 to 390 1m.
The large difference among the energy parameters in the near-fault (Dr<• 5 km) and at other
locations (5 < Dr< 12 Ian; 12 < D[< 30 kin; Dr> 30 km) has been found for the displacement demand
too, as shown in Fig. 1. The largest displacements can be observed on soft soil sites (S3), in the same
distance and magnitude range (Fig. 2), as the amplification of ground motions may be significantly
affected by the combined effect ofthe source and ofthe soil stiffness and thickness.
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Fig. 1. Mean Displacement Spectra for
different source-to-site distance ranges.
Intermediate soil class (S2). 6.5 < M < 7.1.
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most frequently used attenuation models of ground motion parameters, like PGA, PGV, etc., have the
form:

".
T

Fig. 2. Mean Displacement Spectra for
different source-to-site distance ranges; soft
soil (S3); 6.5 < M <•7.1.

Each recorded strong ground motion history is a useful addition to the time record database,
which increases our choices in selecting acceleration histories for various analyses. The growing
database for near-field and soft soil strong motion records, gives the opportunity to enhance the state
of knowledge in damage potential evaluation. Anyway, it has been noted that other seismological
characteristics, such as the different styles of faulting, the radiation pattern, the orientation of the
seismic source, etc., should inevitably be taken into account. These issues may be clearly understood
resorting to seismological modeling techniques. For example, due to the lack of data, the nature of
near-fault ground motions from larger magnitude earthquakes should be examined using
seismologically based ground motion simulation methods.
3.2 Attenuation relationships

(1)

where y is the ground motion parameter, a, b, c, d, and e are coefficients empirically determined, rf is
, and S is a binary variable
derived from Df by considering a conventional depth Ne,with rC= ýD~
(0, 1) which depends on the soil type. Generally, the coefficients are determined empirically by means
of regression analyses and they turn out to be quite sensitive to the data set utilized. Usually regional
data sets are statistically not significant, while the national or global data sets, even if statistically
significant, they can represent very different seismotectonic styles that therefore are not mixable.
Quite often the coefficients are obtained in such a way that they turn out to be (almost) independent
from magnitude, distance and soil type. A nice example of the strong dependence of attenuation laws
on the procedure followed in the data processing is given by Parvez et al. (2001) for the Himalayas.
Moreover, typically the standard deviation associated with the predictions of the attenuation
relationships ranges between 5011. and 100% of the mean value.
Introducing the relative decay
(2)
IIyyYy .
where the suffix "source" indicates the values at the closest instrument to the source (typically D_
may be about 2 Ian), we obtain
(3)
log R,-c(log rrlog r_,,)+d(Dr-D.,,)
the
type of
event)
and
of
the
(size
the
magnitude
upon
not
depend
does
decay
Thus the relative
soils (local soil conditions). In general, rr is different for PGA and PGV because a different
conventional depth he is assumed. usually 3< hW0 km for PGA and PGV. The parameter ho has a
strong influence on the relative decay, conditioning the reliability of the results.
In the particular case of Sabetta and Pugliese (1987) relations (SP87) c-I, d-0 thus
log RI-log r,,T,.-log rr
and he is 5.8 lan for PGA and 3.6 Ian for PGV.

(4)

The attenuation relationships utilized by Ambraseys ct al. (1996) for the evaluation of peak
ground acceleration (PGA), with he equal to 3.5 kin, results (AMB96):
(5)
ri)
log Ry- 0.922 (og r m.-log
the
Authors
(ASI)
by
Finally, the attenuation law for PGA suggested for the South East Sicily
(Decanini et al., 2001), for h5-I 0 kin, is:
(6)
log Ry- 0.92 (og r,,.4-log rr) + 0.0005 (D,-,,, -Dr)
These results seem to be in contrast with the physical phenomenon, often observed. For example,
it has been found that the PGV and PGD (and consequently energy) attenuate differently with distance
than accelerations, depending on the magnitude range and.soil type.

The other factor which influences a seismic-hazard estimate is represented by the assessment of
the attenuation relationships of the ground motion parameters. These relationships can differ in the
assumed functional form, the number and definition of independent variables, the data selection
criteria, and the statistical treatment ofthe data. Anyway, in general, attenuation laws assume the same
propagation model for all the size and type of events, but such a hypothesis is not very realistic. The

The analysis of selected events and of a set of strong motion records, classified accordingly to
magnitude intervals and soil conditions, indicates that the trend of the relative decay of AE, energy
hazard parameter (Decanini and Mollaioli, 1998) is not constant. It depends on magnitude and soil
type (see Tab. 2 to 6).
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If we consider that the energetic parameter AE, is a good and relatively stable indicator of the
global damaging potential of ground motion, it is natural to assume that PGA and PGV cannot follow
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Table 2. Relative attenuation of AEi as determined from the regression analysis of about 300
recordings worldwide, classified by magnitude (M) and soil type (SI, S2, S3)
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Table 6. Imperial Valley (1979 event), soil S2, relative attenuation, R, of PGA, PGV and Ae 1.
Comparison between observed and predicted values.

the same law of relative attenuation. This is a clear example of the difficulty, which is intrinsic when
using attenuation laws. The introduction of the parameter (AEdfs allows a beter comparison of
therelative decay of destructive potential of earthquake ground motion than peak ground values (PGA
and PGV).For the events herein illustrated, and considering the relative decay of PGA, the average
values of the ratio Observed/Predicted are: 1.4 for S
e87,
1.7 for AMB96, and about I for ASI. The

ratio corresponding to PGV is about 1.3 for the SP87 relationship.
By considering the specific cases illustrated in Tables 3 to 6.at can be seen that the predictions of

Table 3. Kobe (1995 event), soft soil (03), relative attenuation, R, of PGA, PGV and AE1 . Comparison
between observed and predicted values.
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R(PGA)
Observ.
1.00
0.58

SP87
1.00
0.93

AMB96
1.00
0.93

ASI
1.00
0.94

R(PGV)
_
Observ. ISP87
1.00
1.00
0.45
0.93

R(AE•)
Observ.
1.00
0.44

R(AE•)°'s
Observ.
1.00
0.66

33
36

0.46
0.32

0.59
0.55

0.61
0.56

0.64
0.59

0.17
0.18

0.34
0.17

0.58
0.41

0.58
0.53

between the predicted themselves. This aspect evidences the great uncertainties deriving from the
existing attenuation functional forms relative to the adopted hazard parameter.
4. Deteruminstneseiasmi zoning, hazaird assessment and dagisong seismieenergy

Table 4. Kobe (1995 event), soil S2, relative attenuation, R, of PGA, PGV and AE,. Comparison
between observed and predicted values.

DA'm)
19.0F*J
20.5

the relative attenuation of PGA and PGV are generally in disagreement with the observed values and

While waiting for the accumulation of new strong motion data, a very useful approach to perform
immediate microzonation is the development and use of modeling toos Thes tools are based, on one
hand, on the theoretical knowledge of the physics of the seismic source and of wave propagation and,
on the other hand, exploit the rich database, already available, that can be used for the definition of the
source and structural properties. Actually, the realistic modeling of gmrund motion requires the
simultaneous knowledge of the geotechnical, lithological, geophysical parameters and topography of
the medium, on one side, and tectonic, historical, paweoseismologieaL seiamotectonic models, on the
other, for the beat possible definition of the probable seismic source. The initial stage for the realistic

ground motion modeling is thus devoted to the collection of all available data concerning the shallow
geology, and the construction of a three-dimensional struc~tural model to be used in the numerical
simulation of ground motion.

(OThe closest station is as far as 19 kmi, therefore these data are only indicative (far fault reference)
Table 5. Irpinia (1980 event), soil S2, relative attenuation, R, of PGA, PGV and AMi. Comparison
between observed and predicted values.

9

With these input data, we model the ground motion using two approaches based on the modal
summation technique (Fariza, 1985; Panza and Suhadolc, 1987; Florach et al., 1991; Pamz et all.,
2001). The hybrid technique (e.g. Flit et aI., 199), which combines the modal-summation and the
fintite-difference scheme, and the mode-coupling analytical technique for laterally heterogeneous
models (e.g. Vaccari et al.. 1989; Romanelli et al, 1996, 1997; Panza et al., 2001).
To minimize the number of free parameters we account for source finiteness by properly
weighting the double-couple point source spectrum using the scaling laws of Gusev (1983), as
10

reported in Aki (1987). Even if this is a rough approximation of the physical source process, when a
large earthquake is considered in the calculation of synthetic seismograms at distances of the same
order of the fault dimensions, the adoption of a spectral scaling law ensures to obtain reliable spectral
scenarios. The adoption of a spectral scaling law corresponds to averaging on the directivity function
and on the regional variations due to different tectonic regimes. This limitation is therefore much less
severe if spectral or PGA amplification is the main topic of interest instead of actual time-histories,
and small- to medium-magnitude events are considered.

Thus, where recordings are absent or very limited, the synthetic time series can be reasonably
used to estimate the expected ground motion, including ground velocity and displacement time series,
before the next strong earthquake will occur. These time series can be readily used for the estimation
of the damaging potential in energetic terms (Fig. 3).

However, also kinematics models for a spatially extended source (e.g. Panza and Suhadolc, 1987)
can be tackled by our approach. In such a case the generation of seismic waves due to an extended
source is obtained by approximating the source with a rectangular plane surface corresponding to the
fault plane on which the main rupture process is assumed to occur. Effects of directivity and of the
energy release on the fault can be easily modeled, simulating the wide-band radiation process from a
finite earthquake source/fault. The source is represented as a grid of point subsources, and their
seismic moment rate time functions are generated considering each of them as realizations (sample
functions) of a non-stationary random process. Specifying in a realistic way the source length and
width, as well as the rupture velocity, one can obtain realistic far-field source time functions.
Furthermore, assuming a realistic kinematic description of the rupture process, the stochastic structure
of the accelerograms can be reproduced, including the general envelope shape and peak factors.

The Umbria-Marche earthquake sequence started on September 26, 1997 and took place in a
complex deforming zone, along a normal fault system in the Central Apennines. The seismic sequence
left significant ground effects, which were mainly concentrated in the Colfiorito intermountain basin.

The methods have been applied, for the purpose of seismic microzoning, to several urban areas
like Augusta (e.g. Panza et al., 2000b), Beijing (Sun et al., 1998), Benevento (e.g. Man-ran and
Suhadolc, 1998a), Bucharest (e.g. Moldoveanu et al., 2000), Catania (e.g. Romanelli and Vaccari,
1999), Mexico City (e.g. FIh et al., 1994), Naples (e.g. Nunziata et al., 2000ab), Rome (e.g. Flh et al.,
1993) and Thessaloniki (e.g. Marrara and Suhadolc. 1998b) in the framework of the
UNESCO/IUGS/IGCP project "Realistic Modelling of Seismic Input for Megacities and Large Urban
Areas" (Panza et al., 1999a). For urban areas where the realistic numerical modeling has been
compared with recorded data (like Beijng, Benevento, Bucharest, Mexico City, Naples, Thessaloniki),
the results of such comparison is fully satisfactory for engineering purposes and no data fitting is
required. For events with magnitude in the range 6.5-7.1 and distances in the range 10-30 kin, these
pilot studies show that, distances from the causative fault, Di, being equal, the elastic energy spectra
computed from synthetic signals are comparable with those computed from real records (e.g. see
Fig. 3)

These objectives all belong to the overall objective of understanding and predicting the ground
motion, therefore reducing the seismic risk.

4.1 Umbria-Marche(CentralItaly) sequence

The crustal events generated extensive ground motion and caused great damage in several urban
areas. The extent of macroseismic data and the abundance of recorded ground motions permits a good
knowledge of the source and structural parameters to better understand the nature of the ground
shaking and the resulting damage patterns.
Predicting the intensity of shaking due to an earthquake before it occurs can prevent damage.
Doing this rapidly after an earthquake can be useful for emergency rescue.

Before the seismic sequence, started on September 1997, probabilistic (Fig 4) and deterministic
maps were available for the Italian territory. The probabilistic map (Fig 4) indicates, for the Umbria
Marche region, peak ground accelerations (PGA) not exceeding 0.4g, for 475 years return period, and
0.24g, for 100 years return period (Corsanego et al. 1997). A first-order deterministic seismic zoning
of Italy (Fig. 5), obtained by the application of the method developed by Costa et al. (1993) and its
extensions (Panza et al., 1996) lead to theoretical peak values (Panza et al., 1996; 1997; 1999b) well in
agreement with the representative EPA (effective peak acceleration) values observed - 0.3g. The EPA
is defined as the average spectral acceleration in the period interval from 0.1 a to 0.5 s divided by 2.5,
therefore it is equivalent to the DGA calculated by Panza et al. (1996) using design response spectra.
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Fig. 3. Elastic energy E, (cm`/s ) spectra. Comparison between Augusta synthetic signals and strong
motion records of Irpinia 1980 (Calitri station) and Loma Prieta 1989 (Gay. Tower, Ucsc and Ysidro
stations) earthquakes (from Decanini et al., 2001).
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Fig. 5. Deterministic design
ground acceleration focussed
on the Umbria-Marcle region
(modified from Panza et al.,
1996).

Fig. 6. Computed peak ground
displacements, consistent with
the acceleration values given
in Fig. 5.

The information about ground displacement can be of great importance, but such information is
difficult to be extracted from analog recordings, thus the available experimental database is very
scarce. The realistic ground motion modelling we have developed represents an efficient way to
12

minimize the problem arising from the lack of statistically significant observations about ground
displacement In fact, the good agreement obtained between modeled and observed acceleration and
velocities makes it reasonable to use the modeled displacements (Fig. 6), as boundary conditions in the
design.
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Fig. 9. Deterministic peak ground displacement, velocity and EPA=DGA, computed by Panza ct al.
(1996; 1997; 1999b).
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Fig.7. Displacement spectra of Nocera
Umbra strong motion records (rock site).
5% damping. Event of September26,
1997, 09:40 GMT, ML- 5.8, Mw- 6.0.

Fig. 8. a) Displacement response spectra (5%
damping) computed at the grid point close to Nocera
Umbra for 23 sources located in the surroundings at
distances between 13 and 90 km. Thick black line
corresponds to the spectrum of the signal, NS
component of motion, recorded at Nocera Umbra
(RI168), filtered at I H4z.b) Same as a) but for the
EW component of motion.

The displacement response spectra (5% damping) of the observed signals are shown in Fig. 7 for
the NS and EW components of motion recorded at Nocera Umbra during the main shock of the
sequence. The same kind of response spectra, but obtained with the observed signals filtered with the
cut off frequency used in our modeling (I Hz), are compared (Fig. 8) with the displacement response
spectra obtained from all the synthetic signals computed in the grid point (43.2*N, 12.8"E), i.e. the grid
point closer to Nocera Umbra. The predictive capabilities of our modeling, made in 1996, are quite
evident and indicate that future events may generate even larger seismic input.

4.2 Bovec event of Easuer 1998
For Bovec, Slovenia, event (12 April 1998) the only available strong motion records belong to the
Rete Accelerometrica of Friuli Venezia Giulia (RAF) (minimum epicentral distance >30 kin),
therefore the only relevant comparison is with the epicentral macroseismic intensity, which has been
observed equal to IX (MCS).
From the deterministic maps shown in Fig. 9 and considering the conversion tables between peak
values of ground motion and macmseismic intensity (MCS), proposed by Panza et a&.(1999), the
epicentral macroseismic values observed, IX (MSC), are in perfect agreement with the values
predicted by our modelling.

5. Conclusions

and show that the related analyses are not sufficiently reliable to characterize seismic hazard. The
probabilistic analysis of the seismic hazard is basically conditioned by the definition of the
seismogenic zones. Within each of them the seistiogenic process is assumed to be rather uniform,
however the uncritical assumption of homogeneity can introduce severe errors in the estimate of the
seismic hazard in a given site. Further shortcomings are connected with the choice of the other
components needed for the calculation of the rate of probability of exceeding various levels of ground
motion, over a specified period of time, i.e. the parameters characteristic of the damage potential of
earthquake ground motion, and the attenuation relationships for the estimation of the ground motion at
a site for a given earthquake.
The quantification of the critical ground motion expected at a particular site, requires the
identification of the parameters that characterize the severity and the damage potential. Such critical
ground motion can be identified in terms of energy and displacement demands which should be
evaluated by considering the seismological, geological, and topographic factors that affect them.
In view of the limited seismological data, it seems more appropriate to resort to a scenario-based
deterministic approach, as it allows us the realistic definition of hazard in scenario-like format to be
accompanied by the determination of advanced hazard indicators as, for instance, damaging potential
in terms of energy. Such a determination, due to the limitation of the number of strong motion records,
requires to resort to broad band synthetic seismograms, that allow us to perform realistic waveform
modeling for different seismotectonic environments, taking into account source properties (e.g.
dimensions, directivity, duration, etc.), lateral heterogeneities, and path effects.
Each synthetic strong ground motion history, characterized as s function of its damage potential,
constitutes a useful addition to the records database which increases our choices in selecting
acceleration histories for various analyses. The growing database for near-field and soft soil strong
motion signals (recorded and modeled), which can be considered as limit conditions, gives the
opportunity to enhance the state of knowledge in damage potential evaluation.
The results we have reported are the outcome of a rather unusual but very f'uitful close
collaboration between seismologists and seismic engineers, that we consider a prerequisite for the
achievement ofasignificant step forward in the future.

Case studies of seismic hazard assessment techniques indicate the limits of the currently used
methodologies, deeply rooted in engineering practice, based prevalently on a probabilistic approach,
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Appendix: Parameters used to describe the severity of an earthquake
A fundamental need for the definition of the seismic hazard of a given site or, in general, a region,
is to select a parameter descriptive of the earthquake severity. A large number of parameters has been
proposed for measuring the capacity of earthquakes to damage structures. However, recently observed
damage distribution and strong motion acceleration records indicate the need for a more
comprehensive definition of the existing parameters and for the introduction of new ones to account
for the complex characteristics of earthquake induced strong ground motions in the engineering
analysis and design. The adoption of inadequate parameters can lead to the definition of unrealistic
design earthquakes and consequently to the unreliable evaluation of the seismic risk for the existing
built environment, or to the insufficient protection ofnew one.
The parameters fundamentally involved in the evaluation of the level of severity associated with
strong motion are, for engineering purposes, the frequency content, the amplitude and the effective
duration. Because of the complexity of the earthquake ground motions, generally more than one
parameter is required to describe the most important ground motion characteristics.
In general, these parameters can be obtained either directly or with some simple calculation from
the digitized and corrected records, from the parametric integration of the equation of motion of elastic
and inelastic single-degree-of-freedom (SDOF) systems, and considering the energy balance equation
for elastic and inelastic systems. Application of the Duhamel (convolution) integral to a linear elastic
SDOF system gives the expressions for the displacement response time history u(s) and allows to
2
define a pseudo-velocity, v(t)-. co u(t), and a pseudo-acceleration, a(t)= co u(t) (Clough & Penzien
1993, Chopra, 1995). They get their names from the fact that they have units of velocity and
acceleration, respectively, but they are not equal to instantaneous velocity, and acceleration,
respectively, of the system, since earthquake time histories are far from being purely harmonic
motions. In terms of peak values, one can define the displacement, pseudo-velocity and pseudo
acceleration response spectra:

Sd(x,O))- Iul

S,(xCD)=Is..(x,co);

could be very different in frequency cog:tent, strong motion duration, and energy level, thus causing
varying amounts of damage. In fact, PGA may be associated with high frequency pulses which do not
produce significant damage to the buildings as most of the impulse is absorbed by the inertia of the
structure with little deformation. On the other hand, a more moderate acceleration may be associated
with a long-duration pulse of low-frequency (acceleration pulse) which gives rise to a significant
deformation of the structure.
2

For example, after the 1971 Ancona earthquake (ML - 4.7) a large PGA value (716 cm/s ) was
recorded at the Rocca station, located at a distance of about 7 km from the surface projection of the
fault rupture. This high PGA value is associated with a short duration pulse of high frequency, as
indicated in Fig. Al where the acceleration time histories is shown, and generated a limited damage. A
2
peak ground acceleration quite close (827 cm/s ) to the above mentioned one, was recorded at the
Sylmar station (Fig. A2), sited at about 2 km from the surface projection of the fault rupture, after the
destructive 1994 Northridge earthquake (M.-6.7). In this case, the peak ground acceleration is
associated with a long duration pulse of low frequency. The moderate difference between these two
PGA values seems to disagree with the large difference between the magnitude of the two seismic
events. In other words, analyses of strong motion data have shown clearly that even small earthquakes
can produce high accelerations and that these accelerations are not necessarily damaging.
The peak ground velocity PGV (shown in Fig. A3) is another useful parameter for the
characterization of ground motion amplitude. Since the velocity is less sensitive to the higher
frequency components of the ground motion, the PGV, more likely than the PGA, should characterize
the damaging potential of ground motion.
Peak ground displacement PGD is generally associated with the lower-frequency components of
an earthquake ground motion. It is, however, difficult to determine accurately PGD, due to signal
processing errors in the filtering and integration of accelerograms and due to long-period noise. The
situation will certainly improve with the dissemination of good quality digital instruments.

Sp. (X,M)=- sp•(kM)

where cois the natural frequency (spectral variable) of the SDOF, u is the displacement, SA(Mcn)is the
spectral displacement S,(,co) is the pseudo-spectral velocity, and Sp(Lw) is the pseudo-spectral
acceleration. Accordingly with the following equation, the pseudo-velocity Sg(,co) can be related to
the maximum energy stored in the SDOF during the earthquake ground motions:
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where k and m are the stiffness and the mass of the SDOF systems. Note that a SDOF system of zero
natural period (infinite natural frequency) would be rigid, and its spectral acceleration would be equal
to the peak ground acceleration.

Fig. Al. 1971 Ancona earthquake (ML-4.7); acceleration time history: Rocca NS record.
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PGA, PGV, PGD, EPA andEP V
The most commonly used measure of amplitude of a particular ground motion is the peak ground
acceleration, PGA, which corresponds to the largest value of acceleration obtained from the recorded
accelerogram. As the inertia forces depend directly on acceleration, PGA is one of the parameters
widely used to describe the intensity and damage potential of an earthquake at a given site. However,
PGA is a poor indicator of damage, since it has been observed that time histories with the same PGA
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Fig. A2. 1994 Northridge earthquake (M.=6.7); acceleration time history: Sylmar N360 record.
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From the point of view of damage potential, the area under the largest acceleration pulse, which
represents the incremental velocity (IV), makes many earthquake strong motion records particularly
damaging. As indicated in Fig.A3, the maximum incremental velocity represents the distance between
two consecutive peaks. The larger is the change in velocity, the larger is the acceleration pulse. In the
case of the Takatori record obtained after the 1995 Kobe earthquake (Fig.3), the PGV is equal to 127
cm/s, while the IV is equal to 227 cm/s).
150"

100500-50
-100.

well known that the major drawback in the use of elastic response spectra, S,. is the neglecting of the
duration. Different approaches have been taken to the problem of evaluating the duration of strong
motion in an accelerogram. The bracketed duration (Bolt, 1973) is defined as the time between the
first and the last exceedances of a threshold acceleration (usually 0.05g). Among the different duration
definitions that can be found in the literature, one commonly used is that proposed by Trifunac and
Brady (1975), to = to., -tom, where t.m and tk" are the time at which respectively the 5% and 95%,
of the time integral of the history of squared accelerations am reached, which corresponds to the time
interval between the points at which 5% and 95% of the total energy has been recorded.
The Arias Intensity (Adas, 1969), IA,is defined as:
IA . "2 (t)dt
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Fig. A3 - Velocity time history. Takatori 000 record. 1995 Kobe earthquake (Mw-6.9)
Realizing the limitation of using peak instrumental values, since damage can not be related only
to the peak values, but it may require the occurrence of several repeated cycles, Applied Technology
Council (1978) ATC introduced the concept of effective peak acceleration, EPA. The effective peak
acceleration EPA is defined as the average spectral acceleration over the period range 0.1 to 0.5 s
divided by 2.5 (the standard amplification factor for a 5% damping spectrum), as follows:
EPA=ff
where -p is2.5the mean pseudo-acceleration value. The empirical constant 2.5 is essentially an
amplification factor of the response spectrum obtained from real peak value records. Thus EPA is
correlated with the real peak value, but not equal to nor even proportional to it. If the ground motion
consists of high frequency components, EPA will be obviously smaller than the real peak value. It
represents the acceleration which is most closely related to the structural response and to the damage
potential of an earth•q
e. The EPA values for the two records of Ancona and Sylmar stations are 205
2
cm/s and 774 cm/s respectively, and describe in a more appropriate way, than PGA values, the
damage caused by the two earthquakes.
The effective peak velocity EPV is defined as the average spectral velocity at a period of 1 s
divided by 2.5. The process of averaging the spectral accelerations and velocities over a range of
periods minimizes the influence on the EPA and EPV of local spikes in the response spectrum. EPA
and EPV can be thought of as normalizing factors for the development of smooth response spectra.
Although effective peak acceleration is a conceptually sound parameter for the damage potential
characterization of earthquake ground motion, at present there is no clear and standardized definition
of this parameter.

Othergroundmotdon paramaeers
Several observations derived from analyses of strong motion records of recent earthquakes
indicate the considerable influence of the duration on the cumulative damage of the structures. For
example, time histories with high amplitudes but short duration can be associated to moderate
damages compared to ground motion with lowest amplitude but with longest duration. Moreover, it is
17

where t, and ah ar the total duration and ground acceleration of a ground motion record, respectively.
The Arias intensity has units of velocity. IA represents the sum of the total energies, per unit mass,
stored, at the end of the earthquake ground motion, in a population of undamped linear oscillators,
Arias Intensity, which is a measure of the global energy transmitted to an elastic system, tends to
overestimate the intensity of an earthquake with long duration, high acceleration and broad band
frequency content Since it is obtained by integration over the entire duration rather than over the
duration of strong motion, its value is independent of the method used to define the duration of strong
motion.
Housner (1952) defined a measure expressing the relative severity of earthquakes in terms of the
area under the pseudo-velocity spectrum between 0.1 and 2.5 seconds. Housner's spectral intensity 'I
is defined as:
Sis.
i 2s
H.

fs= (r,4)dr- -

IS(T, OT,

where S. is the pseudo-velocity at the undamped natural period T and damping ratio 1, and Sp, is the
pseudo-acceleration at the undamped natural period T and damping ratio 4. Thus, Housner's spectral
intensity is the first moment of the area of Sp. (0.1<l1T<2.5) about the S,. axis, implying that the
Housner spectral intensity is larger for ground motions with a significant amount of low frequency
content. The [H parameter captaurs important aspects of the amplitude and frequency content in a
single parameter, however, it does not provide information on the strong motion duration which is
important for a structural system experiencing inelastic behaviour and yielding reversals. Housner
(1956) gave also a definition of the maximum input energy of an elastic SDOF system on the basis of
the pseudo-velocity spectrumn S,. In fact, the pseudo-velocity spectrum S. reflects the energy demand
ofan elastic SDOF system as follows:

E,=I-k
2 ---e-r,
This parameter can be utilized for the estimation of earthquake damage potential from an energy
perspective. The pseudo-velocity spectrum constitutes approximately the lower bound of the hysteretic
energy spectrum adjusted in terms of equivalent velocity (Decanini & Mollaioli 1998, Uang &
Bertero, 1988).

SAmya & Saragoni (1984) proposed the destructiveness potential factor, PD, that considers both
the Arias Intensity and the rate of zero crossings, ve and agrees with the observed damage better than
othe parameters. The destructiveess potential factor, which simultaneously considers the effect of
the ground motion amplitude, strong motion duration, and frequency content on the relative
destructiveness of different ground motion records, is defined as:
Is

Energy based parameters
D

a 2

V,

to

v2
v0
2g
where t is the time, a. is the ground acceleration, vo - No/to is the number of zero crossings of the
acceleration time history per unit of time (Fig. A4), Na is the number of the crossings with the time
axis, to is the total duration of the examined record (sometimes it could be a particular time-window),
and IA is the Arias intensity.

Linear elastic response spectra or linear elastic design response spectra recommended by seismic
codes have been proved to be inadequate by recent seismic events, as they are not directly related to
structural damage. Extremely important factors such as the duration of the strong ground motion and
the sequence of acceleration pulses are not taken into account adequately. Therefore response
parameters based on the inelastic behaviour of a structure should be considered with the ground
motion characteristics.

Number of zero crossings No

A

In current seismic regulations, the displacement ductility ratio Psis generally used to reduce the
elastic design forces to a level which implicitly considers the possibility that a certain degree of
inelastic deformations could occur. To this purpose, employing numerical methods, constant ductility
response spectra were derived through non-linear dynamic analyses of viscously damped SDOF
systems by defining the following two parameters:
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Fig. A4. Evaluation of the parameter v0.
The amplitudes of ground motion acceleration and strong motion duration are incorporated in the
Arias intensity, while vo [sec-I] results an average index of the frequency content of the time history.
Araya and Saragoni (1984) and Saragoni et al. (1989) have shown that the horizontal earthquake
destructiveness potential factor PDH (sum of the PD values corresponding to the two horizontal
t
components, PDH=PDx+PDy) correlates well with the Modified Mercalli macroseismic Intensity I {
values. However, it is possible that two different time histories have similar destructiveness potential
factors but very different values of the zero crossings rate and Arias intensity. A time history with a
small zero-crossing rate would cause less damage to short period structures than a time history with a
larger zero-crossing rate close to the fundamental period of the structures, although both time histories
have the same destructiveness potential factor.
In designing structures to perform satisfactorily under earthquake excitations the concept of
response spectrum was introduced as a practical mean of characterizing ground motions and their
effects on structures. The response spectrum, a concept that has been recognized for many years in the
literature (e.g., Newmark & Hall 1982), describes the maximum response of a SDOF system to a
particular input motion as a function of its natural frequency (or period) and damping ratio. The
response may be expressed in terms of acceleration, velocity, or displacement. The importance of the
response spectra in earthquake engineering has led to the development of methods for predicting them
directly as a function of soil conditions, magnitude and source-to-site conditions. Response spectra are
often used to represent seismic loading in terms of design spectra, which are the result of the
smoothing, averaging or enveloping of the response spectra of multiple motions.

C

where Ity is the yielding resistance, m is the mass of the system, and 8,(_,) is the maximum
ground acceleration. The parameter C. represents the strocture's yielding seismic resistance coefficient
and T' expresses a system's yield strength relative to the maximum inertia force of an infinitely rigid
system and reveals the strength of the system as a fraction of its weight relative to the peak ground
acceleration expressed as a fraction of gravity. Traditionally, displacement ductility was used as the
main parameter to measure the degree of damage sustained by a structure.
One significant disadvantage of seismic resistance (Cy) spectra is that the effect of strong motion
duration is not considered. An example of constant ductility Cy spectra, corresponding to the 1986 San
Salvador earthquake (CIG record) and 1985 Chile earthquake (Llolleo record) is reported in
Fig. A5 ab, respectively. By comparing these spectra it seems that the damage potential of these
ground motions is quite similar, even though the CIG and Llolleo are records of two earthquakes with
very different magnitude, 5.4 and 7.8, respectively.
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Although the response spectrum provides the basis for the specification of design ground motions
in all current design guidelines and code provisions, there is a growing recognition that the response
spectrum alone does not provide an adequate characterization of the earthquake ground motion. In
order to give a major conceptual improvement, methods using ground motion spectra based on EPA
and EPV have been suggested.

Fig. A5. Comparison between constant ductility C, spectra. (a) 1986 San Salvador earthquake (CIG
record); 1985 Chile earthquake (Llolleo record)
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In other words, the elastic and inelastic (in terms of displacement ductility) response spectra are
not sufficient for the estimation of the damage potential of the earthquake ground motion because they
do not give a precise description of the quantity of the energy that will be dissipated through hysteretic
behaviour, in the inelastic case they give only the value of the maximum ductility requirement. To
overcome this problem other ductility definitions, e.g. hysteretic or cyclic ductility, were introduced.
However, in this context, the introduction of approptiate parameters defined in terms of energy
can lead to more reliable estimates, since, more than others, the concept of energy provides tools
which allow to account rationally for the mechanisms of generation, transmission and destructiveness
of seismic actions. Moreover, energy-based parameters could provide more insight into the ultimate
cyclic seismic performance than traditional design methods do, and could be considered as effective
tools for a comprehensive interpretation of the behaviour observed during recent destructive events. In
fact, energy-based parameters, allowing us to characterize properly the different types of time histories
(impulsive, periodic with long durations pulses, etc.) which may correspond to an earthquake, could
provide more insight into the seismic performance.
Among all the different parameters proposed for defining the damage potential, perhaps the most
promising is the Earthquake Input Energy (Er) and associate parameters (the damping energy Et and
the plastic hysteretic energy EN)introduced by Uang & Bertero (1990). This parameter considers the
inelastic behavior of a structural system and depends on the dynamic features of both the strong
motion and the structure. The formulation of the energy parameters derives from the following balance
energy equation (Uang & Bertero, 1990), El = Ek + E4 + E6+EH, where (Ei) is the input energy, (E.,)
is the kinetic energy, (F.) is the damping energy, (Ej) is the elastic strain energy, and (EH) is the
hysteretic energy.

R.c-examining the comparison of the damage potential of the CIG and Llollco records in terms of
input energy (Fig. A6), a completely different picture is obtained. In fact, the Et of the Llolleo record
is considerably higher than that of the CIG record, both in the elastic and inelastic cases.
A similar picture is obtained using another energy-based parameter, recently introduced
(Decanini et &l.1994, Decanini & Mollaloli 1998) and denoted as seismic hazardeergyfactor, AE ,
1
which represents the area enclosed by the elastic input energy spectrun according to different intervals
ofperiods:
AE, fSEA,= 5%,T)dT
In their procedure for the evaluation of the design earthquake Decanii and Mollaioli (1998)
consider the interval of periods between T1-0.05 and T2-4.0 seconds.
The advantage of using AE, derives from the fact that, unlike the peak energy spectral value,
which generally corresponds to a narrow band of frequencies, it takes into account the global energy
structural response amount, and therefore it is the most stable parameter in energetic analysis. AE, can
be seen as the energy version of the Housner Intensity IH,with the difference that the pseudo-velocity
spectrum constitutes the lower bound of the input energy spectun (Uang & Bertero, 1988), as
illustrated in Fig. A7.
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Fig. A6 - Comparison between constant ductility input energy E, spectra. (a) 1986 San Salvador
earthquake (CIG record); 1985 Chile earthquake (Llolleo record)
The absolute input energy, according to the definition of Uang & Bertero (1990), which seems
suitable for the estimation of the energy terms in the range of periods of interest for the majority of
structures, has the advantage to point to the physical input energy. In fact, E, represents the work done
by the total base shear at the foundation displacement. The input energy can be expressed by:

Fig. A7 - Comparison between input energy El and pseudo-velocity Sy spectra. 1977 Bucarest

earthquake
In conclusion, for a reliable estimation of the destructiveness potential of earthquake ground
motions it seem appropriate to perform a comparison of their input and hysteretic energy spectra and
associated seismic hazard energy factors, taking also into account the influence of the factors that may
be considered external to the structural systems (magnitude, local soil conditions, sourceto-site
distance, etc.).
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GENERATION OF SYNTHETIC STRONG EARTHQUAKE GROUND MOTIONS USING A
COMPOSITE SOURCE MODEL AND SYNTHETIC GREEN'S FUNCTIONS'

John G. Anderson', Haluk Sucuogin3, Yuehua Zeng, Feng Sul

Abstract
We describe a model that generates realistic synthetic records of plausible strong ground
motions, specific to the fault - station geometry. We model the slip as a superposition of randomly
located subevents. Since this source includes random parameters, we generate multiple realizations to
investigate the uncertainties. In the context of the Representation Theorem, the motion is transferred
to the site using synthetic Green's functions generated for a flat-layered Earth model. The Green's
functions are generated using the regional velocity model, and can be modified with shallow layers to
match the local site conditions. Source parameters are related energy and effective stress. Thus the
parameters in the model are mostly constrained by either geological or geophysical observations.
This paper also reviews several applications.
Introduction
Over the past years, we have focused efforts to develop and improve a numerical simulation
procedure to compute synthetic strong motion seismogram using a composite source model described
by Zeng et al. (1994), and first tested by Yu (1994). The method has been successful in generating
realistic strong motion seismograms. The realism is demonstrated by comparing synthetic strong
motions with observations from the recent California earthquakes at Landers, Loma Prieta (Suet at.,
1994a,b) and Northridge (Zeng and Anderson, 1996; Anderson and Yu, 1996; Suet al., 1998),
earthquakes in the eastern US (Ni et al., 1999) and earthquakes in Guerrero, Mexico (Zeng et al.,
1994; Johnson, 1999). Turkey (Anderson et al., 1997, 2001; Sucuoglu et al, 2002) and India (Khattri
et al, 1994; Zeng et al, 1995; Yu et al, 1995). Anderson and Chen (1995) suggested that the
composite source model correctly models the rate of buildup of the seismogram energy for a range of
earthquake sizes. We have also applied the method for earthquake engineering applications to
compute the ground motion of scenario earthquakes. During the process of continuing development,
we have included scattering waves from small scale heterogeneity structure of the earth, site specific
ground motion prediction using weak motion site amplification, and nonlinear soil response using the
geotechnical engineering model. We have evaluated the numerical procedure for simulating near.
fault long-period ground motions and rupture directivity, revisiting some of the Loma Prieta, Landers
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Our motivation is to understand the physics of wave propagation and the earthquake source.
Successful predictive models demonstrate understanding. The composite source model procedure
provides a framework for improving and testing physical models for the two main problems that must
be solved to predict strong earthquake ground motion: source description and wave propagation. Of
course, a goal of strong-motion seismology is to generate generating synthetic strong ground motion
seismograms that are sufficiently realistic that they can be used in engineering applications. Our
intent is to achieve this, but only in the context of continuous improvements of the physical models of
the processed that are involved, combined in a rigorous mathematical framework. We measure how
closely we can model historical accelerograms so that when we change the model we can measure the
consequent improvement,
In our view, adequate synthetic seismograms must satisfy several criteria:
1. They must be broadband seismograms, i.e. including energy in the entire seismic frequency
range, from DC to about 30Hz.
2. They should explicitly incorporate the fault geometry and focal mechanism.
3. They should be able to model earthquakes from magnitude 0 to 8+.
4. They should contain P-waves, S-waves, Love waves and Rayleigh waves.
5. They should satisfy the wave equation. This implies, among other criteria, that amplitudes
on horizontal and vertical components should be realistic, that surface waves will show
appropriate dispersion, and that adjacent sites will show motions with physically realistic
amounts of correlation and phase lags.
6. They should have realistic envelopes in the time domain. This implies that seismic
scattering must be incorporated.
7. They should have realistic amplitudes in the time domain.
8. They should have realistic spectral amplitudes in the frequency domain. Thus the source
must radiate energy at appropriate levels across the entire frequency band of interest.
9. They should have a random component, and a way to obtain multiple realizations that will
have a realistic amount ofaleatory variability.
The purpose of this paper is to review the method that we have been using to generate the
synthetic seismograms, illustrate some applications, and discuss future directions for these studies.
Method
MathemadcalFranework
The mathematical framework for this, as for most ground motion simulations, is the
representation theorem. After Aki and Richards (1980), one form for the representation theorem is:
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In this equation, u.(.if) gives then' component of the displacement ofthe ground at location .I and
at time t. The vector V7is normal to the fault The 14component of the discontinuity in the slip
acrossthe fault is given by
where I represents alocation on the fault
surface E and r is the time that this displacement occurs. Since the fault is represented by the
surface E, dA represents two spatial dimensions. The Green's function is given by G, (•, t;ý,T).
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This gives the motion in the a direction at location X and time I caused by a point force acting in the
p direction at location 4 and time r. Finally, ce, gives the elastic constants of the medium. For an
isotropic medium, c. =,5mA
+ jt (6,8i + ,4., ), where A and u atr the Lame constants.
The constant U is the shear modulus. In Equation (1) summation takes place over repeated indices.
Equation (1) represents the ground motion at the site as the linear combination, through the
integral over space, of the contributions from each point on the fault surface. The convolution over
time incorporates the effect ofthe rupture at each point taking a finite amount of time. Through the
representation theorem, the problem of predicting gpound motions requires specification of the offset
on the fault as a function of location and time, which incorporates earthquake source physics, and a
specification of the Green's function, which incorporates wave propagation. Next we discuss how the
composite source model handles each of these two components.
CompositeSource
The composite source that we use is a kinematic model for the slip on the fault Our models, at
this time, are not consistent with dynamic models in which initial stress, rock properties, and friction
laws are specified and the rupture is allowed to proceed based on only the laws of physics. While
such models improving, they are limited to low frequencies and are based on highly uncertain
assumptions about the input. On the other hand, the various versions of the composite source that we
have developed so far are able to generate seismograms that satisfy, with measurable misfit and
uncertainty, all of the criteria set forth in the introduction.
The source is a superposition ofcircular subevents with constant stress drop. They are taken to
be a realization of a random process, controlled by a density function with a power law dependence:
,V(RLR-;:)(2)
D
where N is the number of subevents of radius R or greater, and p is a constant of proportionality. D is
the fractal dimension that, according to Frankel (1991), equals twice the b-valus, so is typically set at
D-2. It is mandatory that De3, for otherwise the majority of the seismic moment is released in small
subevents. The maximum subevent size, R_,, can be taken by default to have a radius of half the
narrower fault dimension, although it may be smaller. The model is motivated by a model of the
source proposed by Frankel (1991). The random nature of the heterogeneities on a complex fault is
simulated by distributing the subevents randomly. Figure I shows a realization of the spatial
distribution of subevents. Normally, the locations ofsubevents are constrained such that the outer
limit of the subevent does not overlap the boundary of the fault.
Final slip on each subevent is given by Eschelby's (1957) static solution for the shear offset of a
circular crack in the presence of a shear stress:
24 &a)R,_
(3)
Equation (3) introduces a stress drop parameter, Ae, which is the static stress drop of the individual
subevents. The seismic moment of each subevent is given by:

M. (R)= L6 RAa(4
7

After selecting a subevent stress drop, integrating the number of subevents (Equation 2) and their
moments determins the parameterp:
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where M. is the seismic moment ofthe earthquake. In the numerical realizations
of the model,
Ri can be taken to be small enough that it has no significance The heterogeneous nature of the
composite earthquake faulting is thus characterized by the maximum subevent size and the subevent
stress drop. It is uncommon for a particular realization to have a subevent with radius more than
about 0.75 R.,. Figure 2 givesa perspective view of a some realizations of the slip fora magnitude 6
earthquake on a 6 km x 10 km fault, where each subevent is represented with the slip of an Eschelby
(1957) crack. Tbe top shows two realizations with asubevent stress dmp of100hears. The bottom
shows the eald of changing the subevent stress drop. A smaller subevent stress drop results in more
subevents which, in their accumnlated effect, tend to cause the slip function to be smoother, and the
associated high-frequency radiation to be reduced in amplitude. The subevent sutes drop can also he
constrained by other independent geophysical data. Anderson (1997) concludes that the suhevent
stress drop is proportional to the radiated energy, the effective dynamic stress, and the apparent stress.
To repesent the kinematic behavior (the time history of the slip) a hypocenter is chosen at some
location on the fault, typically near the bottom. Rupture propagates from the hypocenter at a constant
rupture velocity, v, typically taken to be between 2.5 km/s and 3.0 kIn/a, as given by inverse studies of
pat earthquakes. Each subevent initiates its radiation when the rupture front reaches it's center.
As part of our continuing efforts to increase the realism, we have used four different models for
the displacement pulse radiated from each subevent At first, we modeled it as a Brune (1970) pulse
(Zeng et al., 1994; Yu, 1994). The time function for this case for a subevent with moment MO, is:
Q )(2ur. fjMetexp(- 2 ft)H(t)
(6)
The comer frequency was taken after Bnme to be fc = 2.34P/2x R in which fPi ine shear
velocity. While this time function is sufficient to geneate realistic seismagrams in most cases, it fails
some characteristics that are believed to be true of dynamic ruptures, such as the initial motion
beginning proportional to t. To make the results somewhat more physical, Zeng and Anderson
(1996) modified the source time function to be the radiation, given by Sato and Hinisawa
(1973),
from a growing circular crack, where the crack at all times has the shape of the Esehelby's (1957)
solution. This time function introduces another parameter, v,,which is dte expansion rate of the
subevent. A higher subevent rupture expansion rate results in a shorter subevent ruptu time and thus
a higher comer frequency. This replaces the fixed relationship between the corner frequency and the
subevent radius (Eqn. 6). We normally set v,-v, but for some earthquakes, that does not work.

While the BDrne (1970) and Sato and Hintsawa (1973) models were mostly satisfactory for
stations relatively far from the fault,additional modification is necessary to match accelerogranam
fiom very new to the fault. Thus, Zeng (2002) introduced two asymmetric circular rupture models to
unprove the subevent source radiation. The first is n a&symmetric circular ruptime that &Sanmatches
the Eshelby's (1957) static solution at every successive instant of rupture, where the center moves at
a
given velocity v, that must be les than v,, the velocity at which the crack expands. As a result, the
ruptur velocity at any point on the crack depends on the azimuth angle from the rupture nucleation to
the point When vc-0, we have Sato and Hirasawas' model. When the velocity is equal to the
growing crack velocity, we have Dong and Papageorgiou's (2002) model. The second modification
has the crack rupture velocity accelerating during the rupture. This procedure gives about the right
amount of rupture directivity on both the fault normal and fault parallel componmts, at least in the
sense that it approximately agrees with the near-fault directivity model of Somerville et al. (1997).

Green's Functions

This method uses synthetic Green's functions, which characterize wave propagation in a flat
layered medium, in the representation theorem (Equation I). They are calculated as described by
Luco and Apsel (1982). The effect of attenuation (Q) is efficiently incorporated into this model. The
synthetic Greenrs function has been modified to consider the effect of the random lateral heterogeneity
of the earth by adding scattered waves into the Green's function (Zeng, 1995; Zeng et al, 1995). The
solution is also convolved with a plane wave propagation function through a near surface 1-D velocity
layering as complex as that suggested by sonic well logs. Recognizing that the radiation pattern at
high frequencies does not represent a double-couple mechanism, presumably due to scattering near
the source, we introduce a correction for that effect. Thus the complex high-frequency waveform is
generated from a combination of a heterogeneous source, wave reverberation in a stratified crustal
structure and scattering from lateral inhomogeneity. Figure 3 is designed to represent major elements
of the composite source model. Frames show the effects ofthe source complexity (upper left), the
layered medium (upper right), random scattering (lower left), scattering destroying the radiation
pattern (lower middle), and directivity in the pulses radiated from the subevents (lower right).
Representative Results
This section selects figures from some of our papers showing applications ofthe composite
source model. Figure 4, from Zeng et al (1994), shows a comparison of synthetic and actual
seismograms for the 19 September, 1985 Michoacan, Mexico earthquake. This result shows that the
synthetics are capable of matching the statistical characteristics of actual seismograms over the entire
frequency band of interest to strong motion seismology.
Figures 5-7 are from the Anderson and Yu (1996) modeling of the 1994 Northridge, California,
earthquake. This was a "semi-blind" experiment, as we generated the synthetic seismograms at 14
sites after the earthquake had occurred, with knowledge of the fault location, focal mechanism, and
velocity model, but nothing was modified to improve the fit to the seismograms after we established
the parameters that we would use. Figure 5 shows seismograms and Fourier spectra for the station
nearest the epicenter. Figure 6 shows the misfit as a function of diatance for peak acceleration,
velocity and displacement. Figure 7 shows the misfit as a function ofdlistance for the Fourier
amplitude spectrum. The misfit was obtained by finding, for instance, the peak acceleration at a
station based on 50 synthetic realizations of the source model. Anderson and Yu (1996) concluded
that in this form, the model is capable of performing nearly as well as regression models. Subsequent
tests, extending to statiosn nearer the fault and farther from the fault, and computing the seismograms
to higher frequencies, demonstrated the need to continue to improve the model.
Zeng and Anderson (1996) found a specific composite source model that fits the accelerograms
at low frequencies for the Northridge earthquake (Figs. 8, 9). They used a genetic algorithm inversion
to obtain the specific composite source model. Figure 8 shows the slip function, and Figure 9 shows
the match to the seismograms. We consider this an important conclusion, since it shows that the low
frequency ground motion from actual earthquake slip functions is within the space spanned by the
composite source models. This supports the idea that the composite source model has enough realism
to be used to develop scenario accelerograma for future earthquakes.
Anderson et al (2001) and Sucuoglu et al (2002) studied the M=6.2 Dinar, Turkey, earthquake of
October I, 1995. This earthquake had a normal-faulting focal mechanism. Figure 10 shows the
location of Dinar, and Figure I I shows the locations of the nearby strong motions stations. Figure 12
shows the slip function, determined using the genetic algorithm of Zeng and Anderson (1996), and
Figure 13 shows the low-frequency match between synthetic and observed seismograms. The
composite source model was used to extrapolate the ground motions to additional sites within Dinar.

Figure 14 (left) shows Dinar relative to the fault rupture. Figure 15 from Sucuoglu et al (2002) shows
the broadband fit between the composite source model seismograms and the data from the Dinar
accelerograph. Figure 14 (right) shows the locations of the stations used by Sucuoglu et al to generate
synthetic broadband seismograms utilizing near surface geological information. Figure 16 shows a
selection of the seismograms. Sucuoglu et al compiled damage data from Dinar according to the city
boroughs shown in Figure 14. Figure 17 shows profiles of the damage parameter and various
measures of the strength of the ground motions from the synthetics, showing that they have a common
form. Figure 18 is one of several figures from Sucuoglu et a! (2002) correlating damage parameters
with a ground motion parameter (in this case, the spectral energy between 0 and I liz) within a zone
of common surficial geology. The positive correlation, which is as good as could be hoped for
considering uncertainties, indicates that the composite source model has added information on the
nature of ground motions even within the small lateral dimensions of the city of Dinar.
Conclusions and Future Directions
The composite source model seems to be an adequate model for engineering applications.
However, our overall goal is to make it more cbnsistent with the physics of earthquake rupture and
wave propagation. At low frequencies, future steps could involve merging the computations based on
the layered models with finite difference computations of the response of a basin.
Since the model uses exact Green's functions for a layered half space, the seismograms for
nearby locations reflect strain in the Earth model, when the random scattering is not used. The
correlation of adjacent points is something that can be adjusted to match observations through
calibration of the random scattering component of the Green's functions. Thus a future application is
to study strains or input motions at separated bridge piers, for instance.
At high frequencies, the physics that generate the high frequency radiation are not well
understood (Anderson et al, 2002). More study is needed, for instance, to explain why peak
accelerations were unexpectedly low in the 1999 Turkey and Taiwan earthquakes, and then to
incorporate these results into the calibration of the model.
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INVERSION OF STOCHASTIC EARTHQUAKE MODEL PARAMETERS IN KOREA
USING THE MODIFIED LEVENBERG-MARQUARIDTS METHOD

Kwan-Hee Yun.,
Walter Silvan, Jong-Rim Lee.)
I) Korea Electric Power Research Institute, Korea 2) Pacific Engineering and Analysis, USA

Abstract
Parameters of stochastic point-source ground motion model were inverted based on extensive digital
records from dense seismic networks for small-to-moderate earthquakes in and around the Korea.
Modified Levenberg-Marquardt's nonlinear inversion method was employed for stable inversion
which considers the second derivatives ofthe Hessian matrix. After trying various cases with regard to
seismic source types, frequency dependency of crustal attenuation, and crustal amplification, the best
estimates for earthquake simulation are determined to be 340-53for crustal attenuation, 20-30 bars for
stress drop, 0.02 for site anelastic attenuation (kappa), and 50 km for crossover distance. In addition,
detailed features of crustal attenuation such as anisotropy and localized Q were evaluated, which
contributes to providing scientific bases for developing site-specific ground motion attenuation
relations and interpreting the geological and geophysical characteristics of the Korean Peninsula.
Introduction

source characteristics. Also the study on crustal attenuation provides the scientific data to help

interpret the earth interior beneath the Korean Peninsula, since the Q is known to be well correlated
with interfaces and discontinuities within the cnrst, material composition, thickness and heat flow ([8]).
Regional differences of Q have been suggested by previous researches but without quantification and
systematic approach and mainly focused on the southeastern pant of Korea. Recently a study
concluded that the Lg Q values do not have same distribution throughout the region based on the Q
study by using Reversed Two Station Method ([3D. There were other studies abroad on mapping of
lateral variation of Lg wave ((8,9]).
So at the second step, unlike the previous study solely focused on mapping of lateral Q structure,
characteristics of quality factor such as anisotropy and lateral variation are comprehensively studied in
the aspect of simulating strong ground motion using earthquake data from the Korean seismic
networks which are unique in the world and in perfect condition for Q tomographic inversion in that
high dynamic range seismic stations are densely populated over the nation.
Theory
The stochastic point-source ground motion model has proven remarkably effective in correlating
with a wide range of ground motion observations. The model employed in this study uses an o)
square source model with a single comer frequency and a constant stress parameter ([10]). Random
vibration theory is used to relate RMS (root-mean-square) values to peak values of acceleration, and
oscillator response computed from the power spectra to expected peak time domain values.
The shape of the acceleration spectral density, s(), is given by

In the region where strong ground motion data are scarce such as in Korea, it becomes
engineering practice to employ well-founded, validated, and simple stochastic point-source ground
motion earthquake model to predict strong ground motion. The parameters for stochastic point-source
ground motion model are stress drop for sources, frequency dependent quality factor (Q) for crustal
attenuation, and kappa (K) for site effects.
In this study, these model parameters were inverted based on extensive earthquake dataset at the
first step and more detailed features of crustal attenuation were investigated at the second step. For
stable inversion of these parameters under various cases, conventional Levenberg-Marquardts
nonlinear inversion method is simply modified by taking into account the second derivatives of the
Hessian matrix.
As a result of the first step, it tsmed out that crustal attenuation with frequency dependent model,
348- f'- (f means frequency) is calculated to be the best estimate for simulating almost all of the
earthquake records in and around the South Korea with amplification ratio of 1.67 at high frequencies
(> 5Hz) for crustal amplification and stress drop ranging from 20 to 30 bars. However by analyzing
the fitting results from the inversion, it seems that some misfit can not be fully accounted for by site
characteristics only, which suggests that the crustal attenuation is different over the region. Also
unsatisfactorily the inverted Q is significantly higher than the previous crustal attenuation values
determined by using the S coda wave for a specific region ((2,3,4,5,6,7]). This would have serious
implication in developing site-specific ground motion attenuation relations. In addition if the lateral
variation of crustal attenuation is fully identified, this would contribute to reducing the uncertainties
inherent in developing ground motion attenuation relations. Especially considering the fact that
earthquakes with moderate size and above could occur far from the seismic observation networks, it is
necessary to take into account the lateral variation of crustal attenuation to accurately estimate the
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MG(R)P(f)A(f•e

(1)

where
R - hypocentral distance,
Q(t) - frequency dependent quality factor (QofF),
P(f) - high-frequency truncation filter,

Me - seismic moment,
- shear wave velocity at the source,
A(f)= near-surface amplification factors,
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corner frequency,
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for

C is a constant which contains source region density (p6) and shear-wave velocity tenms and
accounts for the free-surface effect (factor of 2), the source radiation pattern averaged over a sphere
(0.63), and the partition of energy into two horizontal components (1/.4). Source scaling is provided
by specifying two indpendnt parameters, the seismic moment (14) and the high-firequency stress
parameter or sutess drop (Aa). The seismic moment is related to magnitude through the definition of
moment magnitude M by the relation
Log Mo- 1.5 M+ 16.1 (111))

(2)

The stress parameter (Aa) is taken to be independent of magnitude throughout the world and
relates the comer frequency fAto MO through the relation

'rJR
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oQ(f)

The spectral shape of the single-coiner-frequency Wo-square source model is then described by
the two free parameters M. and Ao. The P(f) filter is an attempt to model the observation that
acceleration spectral density appears to fall off rapidly beyond some region-dependent maximum
frequency. The ic adopted here for P(f) is attributed to attenuation in the very shallow crust directly
below the site ([12]). The intrinsic attenuation along this part of the path is not considered to be
frequency dependent and isrmodelled as a frequency independent, but site dependent, constant value of
kappa. Geometrical attenuation (G(R)) is divided into two types depending on whether hypocentral
distance exceeds the crossover distance, RI or not,

Q1 o :reference Strike

N
l"

If we denote the natural log of s(f) in equation (1) as y(x;8) where d is a vector of
parameters and x is a variable for frequency values, best estimates of model parameters 3 can be
found by minimizing the following merit function ([13]).
N
z2(a) [y,
'-I

2

-y(x,;a))

=

QO
Ray Path
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-- R cos O for
+ R silnZO for
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a

Characteristics of Q anisotropy is modeled in terms of anisotropy ratio, c with respect to
reference strikes by constructing physical model that anelastic crustal attenuation along a ray path can
be constructed by linear combination of directional attenuations along two mutually orthogonal paths
with weights determined by a function of angle, which leads to following formula (Figure 1).

.

+ R, = R.cos2 '0 . R-sin 2 0

Q,

Q.

CQ
1

~l)..

-(Q6, I/, Re, M 1,..., MN..k, ln(f
n(fd,), K,,..., le.)
N,,- total number of earthquake events, N,. - total number of seismic stations.

Figure 1.Schematic diagram to illustrate the physical model for Q anisotropy

0

(6)

where y, is observed value at x, and components of model parameters of i depends on the
problems to be solved, i.e. in case of inversion for regional parameters

Q11

QL

R. =

(5)

where N is the total number of discretized blocks crossing the ray path from hypocenter to the
sites and P&is the length of ray path intersecting i-th block. In this study, depth of ray path
intersecting blocks and width of a ray were not explicitly considered. Since the shear wave velocity
and q7 are not so sensitive to local geological features, these values are rightly assumed to be the
same for whole region. Even though the localized Q can be modeled using non-parametric form for
multiple frequencies, we use a functional form of power-law frequency dependence for quality factor
to minimize the site effect expected in high frequencies when using non-parametric forms.
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For inversion of anisotropy in equation (4), additional parameters Q5, Y7,and e for local
regions will be included in model parameters. For Q tomographic inversion, ln(QO
1) in equation (5)
will be added. The first and second derivatives of equation (6) with respect to ;, a component of
Scan be written as equation (8) and (9).
8a5 (a)=-2

[,i - y(

,

(

8)5

(8)

(4)

(9)
Onina,

where R. is the length of path intersecting a block deviating a reference strike with angle 0. J%
and R, is the projection of R. into the parallel and orthogonal direction relative to the given strike
with the constraint that R, equals to the sum of RP and R, for all deviation angles. Qa and Qt
represent the Qo values for the paths parallel and orthogonal to the given strike. Q anisotropy ratio e
is defined here as Q, / Q0.
In addition, if localized Qo, for i-th block is used for Q tomographic inversion instead of regional
Qo, the exponent term of equation (1) can be replaced as follows.

.Oa,
L

aa•
oa,

Oaaa

r in equation (9)is an inserted variable to assign the weight of second derivative terms which has
the value between 0 and I. If we redefine left side of '.quation (8) and (9) as in equation (10), the
increment values of model parameters 8a, for each step of any nonlinear iterative inversion methods
can be calculated by matrix inversion of equation (II).

I 8Z2 (a) ,
2 a-2 a,

6

I z= a)

2 8d,

(10)

N

(11)

YgaSa, = 8
1.1

In conventional Levenberg-Marquardt's (LM) method, the components of Hessian matrix of
equation (9) is approximated only in terms of first derivatives (r-0 in equation (9)). There is another
point in LM method, in which instead of solving equation (11), a fudge factor A is involved to
stabilize the matrix inversion (see equation (12)). A,,the initial value of which is usually 0.001, is
multiplied or divided by 10 according to whether the error in equation (6) increase or decrease,
respectively.

.a'l =

a'..a' .aj(l+A), a'x .a, (jok)

(12)

Intrigued by the property of A, we propose here modified LM method that takes into account the
second derivatives of the Hessian matrix so as to give robust inversion results. The weight of the
second derivative term r in equation (9) is determined by the value of I in Levenberg-Marquardt's
method (13).

r(A) = A+ Bxlog1o(A)

(13)

In equation (13), constant A and B are determined by putting r=O at 4 and r-l at
where A and A are the maximum and minimum values of proper range of A. r is set to 0 for
A greater than 4 and r is set to I for A lower than A. As a proper range of A, A and ,ý
are given in this study 10" and 10"', respectively, The essence ofthe modified LM is to give more
weight to the second derivatives of Hessian matrix when the iterative step gets closer to the solution of
equation (6).
The modified LM method is applied to the extensive dataset to estimate model parameters which
include the moment magnitudes and corner frequencies for the sources, Qo, Ro, and Y1 for regional
crustal attenuation, " 'S for each site, and Q anisotropy ratio for major tectonic regions. Especially the
southem part of the Korean Peninsula is discretized into many sub blocks and Q01a for each block
introduced in equation (5) are inverted with ?I and Rk assumed to be the same for the entire region.
Also some basic model parameters such as 8)o, and po are fixed to 3.4kmi/sec and 2.74g/cm3
respectively and assumed to be the same for the whole region. At the same time, hypocentral distances
for all the seismic records are calculated in preparation stage and fixed through the inversion process.
Seismic Data and Processing
There are several seismic networks available for digital earthquake data within and outskirts of
the Korean Peninsula. Major seismic networks are operated by Korea Meteorological Agency, Korea
Institute of Geology and Mining, Korea Electric Power Research Institute, and Korea Institute of
Nuclear Safety. U.S. Air Force also operates array network (KSRS) near the city of Worju and local
universities the others. One IRIS station is located in Incheon and one station in Daejon (moved from
Pohang) has been operated by Tokyo University. There are two useful seismic stations in Tsushima of
Japan, an island near the southeastern coast of the Korean Peninsula. Some seismic stations in North
Korea and northeastern China are temporally deployed. Most of these seismic stations are equipped

with high dynamic range recording systcns capable of recording high quality ground motion at the
distant station even for microearthiquakes.
The earthquake dataset used until now comprises 190 earthquakes with 3,400 seismograms
mostly since 1996 starting from 1992 and is being updated for renewal of inversion each time
earthquake occur. Most of the data come from the easrhquakes of magnitude less than 4.0. The my
paths of the dataset cover entire region of the southern part of the Korean Peninsula. Because the
amplitude of Fourier spectuni was concerned the most, quality control of the seismic data was given
foremost prionity and took most of the time and effort in this study. Since the hypocentral distance is
required to be fixed as inputs and critical for the inversion, all of the local public reports of earthquake
source parameters are carefully examined. Among these, epicenters and focal depths announced by
KIGAM are given the most preference followed by KMA and ISC information resources in the
following order. Calibration status of all the seismic stations was checked by all the possible means
([14]). Instrumental correction was rigorously performed in the time domain to enlarge the available
frequency band. Mainly acceleration data are used for spectrum calculation, low frequency spectrum
supplemented by using velocity data.
The data segment for spectrum evaluation was selected by a time window of varying span
depending on the epicenter with the onset time manually picked to include main wave energy packets.
The length of the window is designed based upon the crustal velocity structure by S.K. Kim ([14]) to
exclude Rayleigh wave components. Fourier spectra for two horizontal components were calculated
after cosine tapering with 5% at each end, vector summed and smoothed by averaging the spectrum of
0.4 octave frequency band. Spectrum values are used of frequency range with more than three to four
S/N ratio. Since most of the seismic data are recorded with 100 sampling per second after
downsampling sharply by a FIR filter, the highest frequency used goes up to 40 Hz which is favorable
for detailed Q tomography if site effects are efficiently removed.
Inversions of regional parameters for stochastic point-source ground model are implemented and
evaluated under a few case of conditions such as types of source model, frequency dependence of
crustal attenuation, and consideration of crustal amplification. Crustal amplification for Korean
Peninsula is evaluated based on the crustal model suggested by S.K. Kim ([15]) and by using the
program RASCAL ([16]). The crnstal amplification is obtained by smoothing the transfer function
calculated from the seismic source located at 10okm depth to the ground surface with a layer on top of
20m in thickness having shear wave velocity of 1,500m/sec. The resultant crustal amplification gives
1.67 at high frequencies above 5 Hz which is a little higher than the one in central and eastern U.S.A.
(Q17)). The types of source model considered are w-square and wi models. ii model is tried
according to a study ([18]) that supported wi model for small earthquakes.
For Q anisotropy evaluation, two-step approach was adopted to save time for inversion runs. First,
all the my paths are divided into the ray paths, one passing the region of interest and the rest of the
path. By fixing the regional model parameter for the outside region using the estimates obtained for
regional area, the model parameters for the region of interest are inverted by floating the anisotropy
ratio introduced in equation (4) for strike angles varying from 0 to 90 degree. The strike direction with
the lowest fitting error, most of the time corresponding to the largest or lowest anisotropy ratio c, is
determined to be the principal strike. Once the principal strike is found out for every single block,
anisotropy ratios for all the blocks are simultaneously inverted for the predetermined principal smikes.
To perform Q tomographic inversion, three phases of inversion were performed (see Figure 2).
First, except the ocean, the inland is diseretized into evenly spaced grids and inversion is performed to
obtain Q tomographic structure. Second, besides the region around the southern part of the Korean

Peninsula is divided into six large blocks, the region in the inland is treated as one major block. This
time, the delineation of blocks off the coast are chosen roughly by extrapolating the boundaries
identified in the inland based on the preliminary results of the first phase. Inversion is performed for
seven major blocks (Figure 2(b)). Lastly while the blocks off the coast remains unchanged, the inland
area is divided again into grids and properties for all the grids are simultaneously inverted. But as the
final phase of inversion is expected to be unstable, one physical contraint is assigned to Qsi values that
the summation of crustal attenuations by many discretized blocks should be the same as the one
calculated for the whole area covering the same discretized region in phase two as in equation (14). No
other constraints such as spatial smoothness on Qoi values are supposed.

Q.o ,.iQo

following reasons.
I) Past studies on crustal attenuation (Q) by using coda waves show strong frequency
dependence of Q
2) Similar results ofQ(f) andR. as case I is obtained in another study ([19])
3) Inversion results using a, source model show large standard deviation of Arr and

undesirable strong correlation (correlation coefficient > 0.9) between Q0 and t7

(14)

In equation (14) R- and RA-, represent the total length of ray path intersecting the whole
block and i-th discretized block respectively, both of which are cumulatively summed for all the
seismic records. N,,, is the total number of floated Q9,s.
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Regardless of the type of inversion, ray crossing block number, deviation angle relative to a
reference angle, and fractional lengths of ray paths crossing the blocks were calculated beforehand for
all the seismic records.

(c)phase 3
(b) phase 2
(a) phase I
Figure 2.Three phases to stably perform Q tomographic inversion

Among the model parameters, q is very difficult to determine because it is the value of double
exponent in equation (1). Also it has very strong correlation with Q%.So to determine the best estimate
of Y1,various initial values of 17 are assumed and by finding the lowest error, the 77 is selected.
Figure 3 shows error distribution in frequency and epicentral distance. From the figure, observed and
calculated Fourier spectra have good agreement (about 0.3 lognormal standard deviation) in broad
range of frequencies with no bias. Comparison of median levels of observed and simulated data shows
no bias, too and good fitting result over the whole epicentral distance range. The distribution of stress
drops is shown in Figure 4. The mean level of stress drop is about 20-30bars with about 1.0 lognormal
standard deviation. The variation of stress drop is high compared to the values of 0.7 reported in
central and eastern North America ([20]). The estimated values of stress drop are based on small-to
moderate earthquakes but have similar level of calculated stress drop (in Figure 4) based on
teleseismic seismic records from large earthquakes around the Korean Peninsula ([21]).

":!6

Results
Regionalparameters
Inversion results of regional parameters for stochastic point-source ground motion model are
obtained for various cases of conditions by using modified Levenberg-Marquardts as listed in Table I.
It is to be noted in the Table that different results were obtained for various cases with small
differences in the fitting error. However case I is determined to be the best results based on the

(b) in epicentral distance
(a) in frequency domain(observed/calculated)
Figure 3. Error distribution in frequency and epicentral distance resulting from inversion of regional

Q A~d"nier

stochastic point-source ground motion model
Model parameters Re and rt, which are assumed to be the same for the whole region, were
inverted to give the stable values between 50 to 60 kIn and 0.53 respectively regardless of the
inversion runs. The value of Re known to be at least twice the crustal thickness ([22]) seems to be
reasonable considering the reported Moho depth of about 30-40 kIn. Since the iterative non-linear
inversion method is used, the initial solution should be close enough to the global solution so as not to
get diverged or trapped in local minimum. In this sense, the regional values of model parameters were
used as initial values throughout the following inversions.
The inversion adopted here involves a simultaneous inversion of Me and f4 for source terms which
are known to be correlated each other and converting these to moment magnitude and Ao' by using
equation (2) and (3). So as a way of indirectly checking the accuracy of the inversion, the relationship
between moment magnitudes obtained by the inversion and the local magnitudes reported by KIGAM
was compared with the one in eastern North America ([23]) which has similar crustal attenuation
characteristic as Korea. Figure 5 shows a comparison result revealing close match between the two
relations even though the range of earthquake magnitude is limited to less than 5.0. This fact implies
that the moment magnitude obtained by the inversion is valid. This result also supports the
applicability of moment-to-local magnitude converting relation of the eastern North America to the
Korean Peninsula for the Probabilistic Seismic Hazard Analysis which requires ground motion
attenuation relation with local magnitudes.
Since the localized Qo is assumed to be present, it directly interacts with the definition of kappa.
The calculated kappa values in Q tomographic inversion were comparable with the one in case where
single regional Q value is inverted. But the standard deviation of log of kappa values tends to be lower
by about 10%. The localized Qo is more of attenuation characteristic below a depth, above which the
effect of kappa dominates. The values of kappa are reported to have large differences even for the
localized area. However the localized Q0 defined here has the same value within a designated block.
The fitting results for some sites are still poor with the observed spectrum lower than the estimated,
which is attributed to low crustal amplification factor for this site or bad calibration of the respective
seismic stations.
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Q anisotropy is evaluated for four major
tectonic provinces in the southern part of the

36s

Korean Peninsula that are named Oyeonag
Massif, Ogeheon Folded Belt, Sobaegsan
Massif, and Gyeongsang Basin (Figure 6).
Table 2 shows how Q anisotropy ratio and
error decreasing rate are changing according

to the reference strike. From the Table 2,7
there is a reference stuike called principal
strike (50°) at which Q anisotropy ratio is
maximum (or minimum) and the error is
minimum. Following the same procedure
exemplified in Table 2, the principal strike
and the corresponding Q anisotorpy values
are sought for giving the result of Table 3 for
four tectonic provinces. The result shows

that Sobaegsan Massif has very high
anisotropy with Q along ENE-WSW

3a

4

126

127

124

129

130

Wwe,•)

direction having almost two times larger than Figure 6. Result of Qo anisotropy inversion for
the other orthogonal direction. The other
major tectonic regions. Direction and
tectonic provinces have no distinct Q
width of lines correspond to principal Qo
anisotropy except Geongsang Basin. It is to
anisotropy direction and proportional Qo
be noticed that the principal orientation of Q
value
anistropy of Geongsan basin (NW-SE) is
quite different to the others and also contradict the previous results ([2,6D that revealed that the quality
factor of P wave measured along the ray paths perpendicular to the strike direction NNE-SSW of the
major faults appeared to be lower than the one parallel to the fault direction. Even though yet to be
fully identified, plausible causes of the strong Q anisotropy are attributed to the heterogeneous Q
structure described below, the directional property of the stratified dipping layer in Geongsan basin,
the folded belt or the tectonic stress regime. Even though the possibility that the Q anisotropy is a
result of assuning the same f0 is ruled out due to no report of velocity anisotropy as high as 1.4
along different direction, this can be a candidate reason in part However, overall NE-SW directional
property of strong wave propagation is well explained by phenomenal fact observed when modest
earthquake at Yeongwol shook the nationwide in 1996. ,
Table 2. Example results of inversion of anisoropy ratio for Gyeongsang Basin
Reference Strike (in degree) Anistropy Ratio
Error Decreasing Ratio
0
0.9668
0.26%
10
1.0372
0.26%
20
1.1299
0.29%
30
1.2412
0.35%
40
1.3321 ,
0.40%
50
13343
0,41%
60
1 .2639
0.38%
70
1.1787
0.33%
80
1.1046 •
0.29%

Table 3. Q anisotropy ratio and principal strike for major tectonic regions

i Q
Tectonic Province
Gyeonggi Massif
Ogcheon Folded Belt
SobaegsanMassif
Gy eongsang Basin
South Korea as a wholes

(o = 0.53)
350
415
659
254
348

Principal Strike
(in degree)
0
50
70
50
30

Anisotropy ratio
(Q. lQU)
0.91
0.76
0.57
1.33
0.84

Q, Tomogrphy
Cumulative length of ray path per a block for tomographic inversion is found to be at least 1,200
kin, showing spatially inhomogeneous and nonuniform distribution around the Korea almost
proportional to the concentration of seismic stations (Figure 7(b)). The site effect is believed to be
insignificant because the direction of ray path is uniform for all angles in the effect of on average
canceling site effect on the paths of two opposite direction. But for regions lying just beside the
coastline Q0 values are suspicious of being contaminated by site effects or bad calibration status of
seismic stations because the direction is limited toward the inland. Setting the grid, the distribution of
the stations is considered. Also the grid size is selected to be as small as possible as long as the
inversion is stable. If the grid size decrease, the site effect might more severely interact with the crustal
attenuation. The final grid size capable of producing stable inversion result is 0.4 x 0.4 degree.
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Figure 7. Q0 tomographic inversion result
The resultant fitting error produced by Q tomography is significantly lower than the one from
assuming the single regional Q parameters. Even though the ray path coverage off the coast are not
concentrated enough to give detailed Q structure, the concentration and quality of seismic networks in
the inland of Korean Peninsula were good enough to provide detailed lateral variation of Q structure as
a result of inversion (Figure 7(a)). It is found that Q values varies over the regions off the coast as well

as in inland, suggesting that seismic source parameters cannot be precisely determined by using single
set of model parameters. Since the image in Figure 7(a) is hard to interpret, another image of Q
structure was obtained by interpolating the grid values of Q, by Kriging method, which is thought to
over the space. The interpolated image of
be reasonable considering the smooth variation of Q%
localized Q structure revealed very complicated shape of Q distribution in the southern part of the
Korean Peninsula. Belt of high Q value encompassing the Gyungsang Basin is found. The Q0 value for
the Gyungsang Basin is consistent with the coda Q value determined by other authors. The results of
image also agree well with the Lg Q value ([3]). The inverted Q values can be said to be representative
value of Q structure above the earthquake prone depth. Also considering most of the epicenters are
distributed above Rk, the resultant Q tomographic image is likely to much resemble Lg Q structure.
The interpretation of heterogeneous Q value can be linked to the Q anisotropy. Q tomographic image
seems to be strongly correlated with the geological map as well as geophysical maps such as
geomagnetic anomaly map and geothermal gradient map with less degree. The most remarkable fact is
that the location of earthquake is largely limited to the transitional zone of Qo value. Uncertainty of Q,
which is important in capturing uncertainties in strong ground motion simulation, is found to be about
0.4 lognormal standard deviation, which is very close to the EPRI result ([20]).
Discussion
Conventional Levenberg-Marquardt's nonlinear inversion method is simply modified by taking
into account the second derivatives of the Hessian matrix so as to give robust inversion results. The
weight of the second derivative terms is determined by the value of so-called A in Levenberg
Marquardtfs method. The proposed inversion method is applied to observed data from small-to
moderate earthquakes to simultaneously evaluate the regional model parameters of the stochastic
point-source ground motion model in and around the Korean Peninsula. Best estimates of the regional
stochastic model parameters are obtained along with their statistics. However after reviewing the result
of crustal attenuation (Q), there is a need for more detailed study on the characteristics of Q.
Therefore, two features of crustal attenuation which are anisotropy and lateral variation were
additionally evaluated based on earthquake data recorded in and around the Korean Peninsula. Strong
Q anisotropy characteristics, defined here as the ratio of QOs between two mutually orthogonal
direction, for Sobaegsan Massif and Gyeongsang Basin were revealed. Different Q%values were
obtained for several blocks off the coast area around the Korean Peninsula and localized Qo values for
the inland were obtained for evenly spaced grids the size of which is unprecedentedly as small as 0.5
degree by exploiting the high quality and densely deployed seismic recording system. Previously
reported Q value matched well the inverted values. The other parameters related to regional, source,
and site effect were found to have little change compared to the previous studies regardless of the
inversion types. The use of'0.4 lognormal standard deviation for Q0 is justified for the whole region of
the South Korea in simulating strong ground motion and smaller value of lognormal standard
deviation of Qo is recommended for site-specific strong ground motion prediction.
As a result of this study, the characteristics of crustal attenuation are identified providing
scientific bases for developing site specific ground motibn. It is believed that more reasonable ground
motion attenuation relation can be developed for probabilistic seismic hazards with less variability.
Furthermore, it looks promising that as the large amount of earthquake data are accumulating rapidly,
we will be able to identify more detailed Q structure of the Korean Peninsula in the near future for the
region particularly where seismic networks are densely deployed and crustal attenuation is severe.
However for these purposes, several issues should be -resolved in advance, some of which are full
separation of site effects and crustal attenuation and more precise calibration of seismic sensors. Also

it still remains to validate the inversion results by using numerical modeling, review the limitation of
the inversion and its conditions, and perform systematic error and resolution analysis. More in-depth
study of geological and geophysical implication of the result may contribute to validating the result
Separation of intrinsic and scattering parts of Q may help to more delicately interpret the geological
setting of Korean Peninsula. Comparison with the distribution of felt area of historical earthquakes is
another way, helping properly interpret the historical records. Other method capable of imaging lateral
variation of Q value can also be conducted and compared, too. Some model parameters assumed to be
the same for the entire region such as R., ?p,and AI0
can be floated to improve the inversion result
Finally, particular attenuation should be paid to more qualified use of the earthquake data more than
anything else. This might include discarding the data from poorly determined hypocenters and
calibrated recording systems.
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STUDY ON THREE-DIMENSIONAL STRONG GROUND MOTIONS
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Abstract
Analysis of three-dimensional strong ground motions along principal axes was
carried out based on K-NET records. By applying moving window technique to
ground motion records, the time-dependent characteristics of ground motions along
principal axes were examined. It is observed that the three rotation angles between
conventional coordinates and principal axes are the function of time and the angles
keep stable for a short time period after the arrivals of P and S waves, respectively,
based on theory and that based on observation data were compared.
We initiated the new research project, which objects are to arrange the database of
strong ground motions for using the input waves of E-Defense experiment. The
research program is included 3 themes; (1) Prediction of strong ground motions by
the statistic method, (2) Prediction of strong ground motions by semi-empirical
method and (3) Construction of 3-D strong ground motion database.

Introduction
Shaking table test provides a powerful means to investigate the complicated mechanism of
the failure of structures under three-dimensional earthquake loads. However, the ground motion
records with large magnitude and short focal distance, which are often required as the input of
shaking table, are very limited. As the first step to estimate the three-dimensional ground motion
input for shaking table test, the characteristics of the three-dimensional ground motions along
principal axes and their relationships with the source mechanism, direction from site to source
were examined in this paper.
Table I The list of selected earthg uakes
Lat., Long.
Depth
M(JMA)
Original time
No.
38.7 142.3
39 km
5.0
1996/05/23 18:36
1
38.9, 140.6
10km
5.9
1996/08/11 03:12
2
30.5 130.9
20 km
5.7
1996/09/09 13:34
3
31.8 * 132.0
39kmn
6.6
1996/10/19 23:44
4
36.1 , 139.9
53 km
5.4
1996/12/21 10:29
5
37.4, 141.2
90kIn
5.4
1997/02/20 05:22
6
41.8, 142.9
50 km
5.6
1997/02/20 16:55
7
35.0 , 139.2
3 km
5.0
1997/03/03 23:09
8
35.0, 139.2
2kmn
5.7
1997/03/04 12:51
9
34.9, 137.5
39km
5.8
1997/03/16 14:51
10
32.0, 130.4
8kma
6.3
1997/03/26 17:31
11
32.0, 130.3
9kIn
5.5
1997/04/03 04:33
12
37.0, 141.3
54kkm
5.5
1997/05/12 07:59
13
32.0 130.3
8 km
6.2
1997/05/13 14:38
14
32.4, 130.6
10kma
5.0
1997/05/18 06:25
15
43.0, 144.2
100 kn
5.1
1997/06/15 13:54
16
34.5, 131.7
12nkm
6.1
1997/06/25 18:50
17
35.3 , 133.4
6km
5.2
1997/09/04 05:16
18
34.4 , 138.2
30km
5.0
1997/10/11 14:44
19
43.7 , 145.1
153 km
6.1
1997/11/15 16:05
20
37.7 , 141.8
83 km
5.3
1997/12/07 12:50
21
42.9 , 145.5
50 km
5.3
1998/01/03 03:20
22
37.3 , 138.8
21 km
5.0
1998/02/21 09:55
23
36.9 , 141.0
93 km
5.4
1998/04/09 17:45
24
35.2 , 136.6
10
km
5.4
1998/04/22 20:32
25
35.0 , 139.2
'3km
5.7
1998/05/03 11:09
26
38.6 , 142.1
84man
5.0
1998/05/21 06:54
27
33.7 , 131.9
85 km
5.3
1998/05/23 04:49
28
36.3 , 137.6
5 km
5.4
1998/08/16 03:31
29
35.6 , 140.1
67kIn
5.1
1998/08/29 08:46
30
39.8 , 140.9
10rkm
6.1
1998/09/03 16:58
31
38.3 , 140.8
13 kmn
5.0
1998/09/15 16:24
32
38.0 , 141.6
82km
5.1
1998/11/24 04:48
33
30.6 , 131.3
$0km
5.9
1999/01/24 09:37
34
39.2 , 139.9
19kIn
5.1
1999/02/26 14:18
35
39.6, 141.9
40kmn
5.0
1999/03/11 20:06
36
35.3 , 135.9
10kIn
5.1
1999/03/16 16:43
37
36.5 , 140.6
50kIn
5.1
1999/03/26 08:31
38
36.5 , 140.5
50kmn
5.2
1999/04/25 21:27
39
43.0 , 143.9
100km
6.1
1999/05/13 02:59
40

According to the recent studies from the strong ground motions of large earthquakes such as
1994 Northridge earthquake and 1995 Kobe earthquake, it becomes clear that the correlation of
three-dimensional ground motions have a considerable influence on the failure ofstructures. The
purpose of this paper is to elucidate the correlation between the three-dimensional ground
motions through an analysis of strong motion records. The strong ground motions recorded by
K-NET (a strong ground motion observation network in Japan with an distance of about 25 km
between stations), which can be accessed over Internet, were used here. Forty earthquakes
whose magnitude is larger than 5.0 and the maximum acceleration exceeds 100 gal were selected
from the K-NET database. The parameters of selected earthquakes are shown in Table 1. For
each selected earthquake, at least several tens of observation records are available.

This minsformation of tlee-dimentional ground motion is identical to that of three.
dimensional state of srens. Therefore. A set ofprincipal axes exists along which the comlonents
of ground motion have maximum, minimum and intermediate values of variance and have zero
values of covariance. It can be easily shown that the directions of the principal axe ar the
eigenvectors derived through the use of the covariance matrix defined be Equation (1) and the
principal variances are the corresponding eigen-values, i.e.
c,(')= Prc(t)P
or

[c,,(:)
0
0

Analysis Method
The three components of ground motion records represent, in general, the accelerations
measured along the instrument axes. If ground motions are assumed to be Gaussian stochastic
process with zero mean values, the three-dimensional ground motion process can be completely
characterized in a probabilistic sense through the covayiance matrix

Ct,.

(i)

C,
. ,

where
, c"(rr)
5

'.j=x,yz

Ela,,(rs,(r.,:l

(2)

and E denotes the ensemble average. In this case, the influence of coordinate directions in the
covariance functions in Equation (i) can be investigated through the approximate relations [Kubo
and Penzien, 1979)

clQ,00)- El,(),(tfl

iJ

(3)

=.,y,.

The components of motion along orthogonal axes x, y z can be simply transformed to
components along another orthogonal axes x, y. z by

(4)

a.(r)I

a.,(1)

where A is a transformation matrix satisfying the condition
Ar A - I (identity matrnix)

(5)

Then the covariance matuix for axes x, y, z is

c.(t)- A'c(IXA'r
- Arc (t)A

(6)

0(t)c
0

00

]

(7)

C.(

where P is an orthogonal matrix which designates the principal transformation matrix.
Since the off-diagonal tenm in a covariance matrix indicate quantitatively the correlation
between the corresponding components, the components along the principal axes are fully
uncorelated with respect to each other. For Gaussian stochastic processes, they are statistically
independent of each other if they are uncorrelatd with each other. Therefore, the components
directed along principal axes am independent ofeech other in a statistical sense.
In practical application, the desred properties of stochastic processes can often be estimated
by examining individual members from the processes if assuming the process is an ergodic
process.
Charactertisd

of Ground MoUoes along Princpal Aixs

Because ground motions are non-stationary. a moving window technique was applied in order to
see the time-varying characteristics. The principal axes of ground motion are defined by the

three rotation angles of r, r. and r, to satisfy equation (7). r., ry and r. are the rotation angles
with respect to x, y and z axes, respectively.
From principal axis analysis, some of which are shown in Figures I and 2, the findings are
summarized as follows:
l.The three rotation angles of r. r, and r, are time dependent, but they are stable for a short time
period after the arrival time (Tp and Ts) ofFP and S waves, respectively. This indicates that the
direct P and S waves have their respective specific input directions.
2.The rotation angles r, and r. am nearly zero after S wave arrives. This means the principal
axes vary only in horizontal plane after S wave arrives. This can also be shown by comparing
it with the rotation angle r2, which is the transformation function from X and Y coordinates to
principal axes in horizontal plane.
3.The directions of the two principal axes in horizontal plane were examined by the mean
rotation angles of the stable time period after the arrival of S wave for all of the observation
stations. - A close relationship between the directions of principal axes and the direction of
source was not found.
4.From the spatial distribution of the maximum and intermediate principal axes, their correlation
with radiation pattern of SH and SV waves was not found, either.

(b) Square root of principal variances

(a) Rotation angles of principal axes

"STC0014

40

TAM

0415017:5

o9

a. r
0

10

180

0

d0o.W

10

P

0

Tp

20

0

T

40 Odd

40

S.227
"A"7:6:023

0

CsO

30

10

8

1o

' 2

4

0

so

0

10

ISO194003

04

T

00

400.6

0

S

40se.

40 [

14094M
.VO
17:4055 3.083

950
50

N.150
ISO

0

SN

.90

m

""010

04

40

ýMsT"10S-L

20

30

40 ...

1

0

50

to

0

P

06

4

3

40 w

30

Figure 1: Rotation angles of principal axes and the square root of principal variances.
(M5.4, Depth93km, 1998/04/09 17:45)

Figure 2: Distribution of principal axes of direct S wave and radiation pattern of SH and
SV waves. (M5.4, Depth93km, 1998/04/09 17:45)

Influence of Source Mechnism
When the source mechanism of an earthquake is known, the SH wave and SV wave can be
theoretically calculated. The SH and SV waves have the same source specrumn and the same
path from source to site. The only difference between them is their radiation pattern. In this
regard, SH wave and SV wave should be resemblance to each other and there exists a
predominant axis for SH and SV waves.
S wave vibrates in the shaft direction of the
predominant axis only.
The vibration amplitude is zero in the plumb direction.
The
predominant direction can be determined by the equation

C... ''j.G F(.,

l -

(8)

with coordinates transformation.
m, =
m3=

SV.cosBO. +SY.sin9.
-SV •sin9 .S H•cos

(9)
(.

and

F,(o,)= R,,.s (o,).P.,(•,)
F.(o,-)- R., s_ (',)'. .,0,)

0

where S_ (w) is source spectrum of S wave, P. (w) is path effects and R. and R. are
radiation patterns of SV and SH waves, respectively. Substitute Equations (9) and (10) into
Equation (5), the rotation angle 0., from which the predominant axis is determined, can be
derived.
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The principal axes and amplitudes of S wave from the observed ground motions, the
amplitudes of SH and SV waves of the theoretical solution from the source mechanism, and the
predominant axis of SH and SV waves are compared in Figure 3. When the difference of the
directions of principal axes and predominant axis fbr a site is less than 10 degrees, it is marked
with a red circle. The red-marked sites am about 20% of the total observation sites.
From the theoretical solution of sotrce mechanism, SH wave and SV wave are completely
correlated and they can be composed to a vector in the predominant axis. On the other hand, it is
found that the vibration along the maximum principal axis is not so larger than that along the
mnimum principal axis from ground motion records. The principal axis analysis of ground
motions in short period range cannot explain the theoretical solutions of SH and SV waves.

Figure 3: Comparison of the direction and amplitude of principal axes, SH and SV
waves, and the predomimit ask of SH and SV wave. (MA4, Depth93km, 1998/O4/O9
17:45)

Results of Calculation
The principal axes of ground motions were calculated by zeroing the all covariance values
of the covariance matrix of the three components of ground motion records. The principal axes
are time varying in general, but after arrivals of P and S waves, a respective stable time period of
several seconds is observed. This means that the direct P wave and the direct S wave have their
respective specific input directions. The principal axes for direct S wave was compared with the
theoretical solution of SB and SV waves from source mechanism, the correlation between them is
not found.
For theoretical solution, because SH and SV waves share a common source spectrum and
have the same path, the different radiation pattern between them results in that SH and SV waves
are completely correlated and they can be composed to a vector in ground surface. The S wave
of ground motion cannot be composed to a vector in horizontal plane. There are about 20% sites
where the difference between the directions of the vector and the principal axes is within 10
degrees. The theoretical solution of SII and SV waves, which is obtained by the horizontal layer
assumption, cannot explain the principal axes analysis results of the short period ground motions.
Research Program
Ministry of Education, Culture, Sports, Science and Technology (MEXI), Government of
Japan was established the 5 year special project on Seismic Hazard Mitigation in Mega-Cities in
the fall of 2002. This project covers wide areas of seismology and earthquake engineering, which
are including (1) Survey of crustal structures in the mega-cities, (2) Upgrading the seismic
performance of structures based on the shaking table tests, (3) Strategic study of hazard responses
and (4) Unification study of seismic hazard mitigation countermeasures. The second theme is
directly related to Project "E-Defense (3-D Full-Scale Earthquake testing Facility)".
Within the above mentioned project, we initiated the research programs related the three
dimensional strong ground motions. This research program is covered following three items;
I) Prediction of strong ground motion by the statistic approach (PI: Dr. Masayoshi Sato and
Bunho Kojika, National Research Institute of Earth Science and Disaster Prevention)
Based on the records of strong ground motion, characteristics of grond motions, such as
maximum acceleration value, amplitude and phase spectrum and so on, are obtained by the
statistical approach. The calculation method of the 3-D artificial earthquakes will be
developed by the statistic results. And, we will also develop the prediction method of future
strong ground motions.
2) Prediction of strong ground motions by the semi-empirical method (PI: Prof. Kojiro Irikura,
Disaster Prevention Research Institute, Kyoto University)
We will develop the prediction method of the 3-D artificial earthquakes by the semi-empirical
method, which is the wave composition by using Green function.
3) Construction of 3 dimensional strong ground motion databases (Ph: Prof. Kazuyoshi Kudo,
Earthquake Research Institute, University of Tokyo)
Based on the consideration of the database framework on strong ground motions, which is
included the characteristics of strong motion observation site and strong motion records from
world-wide, we will collect and arrange the installed strong motion records.
Conclusion
In nowadays, the necessity of information on three-dimensional strong ground motions is
increasing, because of increasing of 3-dimensional shaking tables and utilization of 3-component
analytical calculation mode of structures. Analysis of 3-dimensional strong ground motions was
carried out based on K-NET records.

By applying moving window technique to ground motion records, the time-dependent
characteristics of ground motions along principal axes were examined. It is observed that the
three rotation angles between conventional coordinates and principal axes are the function of time
and the angles keep stable for a short time period after the arrivals of P and S waves, respectively.
This indicates that t the directly arrived P and S waves have their respective specific input
directions. The rotation angle around vertical axis is almost zero after S wave arrives, which
means that the principal axes vary only in horizontal plane after S wave arrives. Making use of
the mean rotation angle and the maximum variance along principal axes of all observation
stations, the spatial distribution characteristics of principal axes was investigated. A clear
relationship between the two horizontal principal directions and the direction of source was not
found.
On the other hand, although the radiation patterns of SH and SV waves have a simple form
of sin(2 0 ) and cos(2 0 ), respectively, in the moment release plane, they become very
complicated in horizontal plane for general source mechanism. With the source mechanism of
earthquakes, the theoretical solutions of SH and SV waves were obtained. Under the assumption
of horizontal layer structure, the vibration directions of SH and SV waves are transverse and
radial with respect to source direction, respectively. Because SH and SV waves exists and the
principal axes of SH and SV waves can be obtained theoretically.
We initiated the new research programs related to the three dimensional strong ground
motions in this fall. We hope that this research programs will be obtained further results and
reported in the near future occasion.
References
1. Kubo, T. and J. Penzien (1979), "Analysis of three-disnensional strong ground motions along
principal axes,2San Femando earthquake", Earthquake Engineeringand Structure Dynamics,
Vol.7, pp.265- 78.
2. Kojika, B, Ohtani, K and Kataysma, T. (2000), "Characteristics of Three-Dimensional Strong
Ground Motions along Principal Axes", 12WCEE, paper no. 1348.

ON A TEST TO RESOLVE ISSUES RELATED TO EARTHQUAKE RESPONSE OF
NUCLEAR STRUCTURES AND THE GROUND MOTIONS USED FOR THE TEST

KITADA Yoahio
NUPEC (Nuclear Power Engineering Corporation), Japan
Abstract
This paper describes new test methodology to obtain the data available to evaluate ultimate seismic
behavior of Nuclear Power Plant (NPP) structures. The paper firstly reviews the existing test data of
Soil Structure Interaction (SSI). Secondary, the paper points out the issues in the existing data
regarding their applicability to the evaluation of behavior of NPP structures when a big earthquake
ground motion strikes them. Then the paper proposes new test methodology to evaluate ultimate
behavior of NPP structures against a strong earthquake ground motion. The proposed methodology
employs ground motions generated in a surface coalmine that has a large acceleration up to 2g. The
simulation analysis is carried out by applying an observed large ground motion at the coalmine to a
scaled NPP building model. The results are promising and encourage the application of the
methodologies to evaluate ultimate earthquake response behavior of the NPP structures.

Introduction
Major Nuclear Power Plant (NPP) structures in Japan have been designed and constructed
carefully because Japan is an earthquake prone country and some damage of NPP structures due to an
earthquake might a cause an accident involving release ofradioactive materials. Nevertheless, after the
1995 Hyogoken Nanbu earthquake (Kobe Earthquake), there arouse many opinions requiring the
evaluation of seismic design margins of NPPs in the case that an unexpectedly big earthquake ground
motion, exceeding the design levels, strikes an NPP site [1].
The items which governing the earthquake response of an NPP structures during a big earthquake
are generally recognized, firstly the magnitude and characteristics of earthquake ground motions at a
site, secondly soil-structure interaction (SSI) of the structures at the site, and thirdly nonlinear
response of the reinforced concrete (RC) structures during earthquakes. The present status of seismic
technologies indicates that the difficulties in handling the items are in the reverse of the above order.
From structural engineering point of view, the most difficult issue ofthe above, the input motion,
is considered as a given design condition, thus the SSI becomes the most difficult issue for predicting
structural behavior. In order to accomplish such a difficult evaluation, some extrapolations from the
existing data are indispensable. However, the extrapolation itself is a hypothesis, and its adequacy
should be confirmed by some test data obtained by applying a large as possible earthquake-like load.
In the following, we describe new test methodologies, which may supply some test data to
supplement the extrapolation. The seismic performance of the buildings of an NPP had been proven by
various tests. However, these test data are not necessarily directly applicable to evaluating ultimate
structural strength as well as seismic margins of structures against earthquakes. The reason is
explained that although the ultimate strength of reinforced concrete (RC) structures are gradually
unveiled, Soil-Structure Interaction (SSI) under a strong earthquake ground motion remains a difficult
issue to evaluate properly.
Nuclear Power Engineering Corporation (NUPEC) planned and performed a feasibility study to
improve seismic test methodologies for NPP structures. As the result of the study, the concept of new
test methodology has been extracted. The test methodology applies a blasting power in a field of a
coalmine. In this test, the ground shaking generated by blasting for mining coal is regarded as artificial

earthquake motion. If an NPP building model is constructed closely to the blasting area, huge artificial
earthquake ground motion will be applied to the model. This test will supply us an important field test
data of the SSI under severe earthquake ground motion. In the paper, prototypical test for structures by
applying newly proposed methodology is pr-ented.
Existing Experimental SSI Data
Here existing experimental SS data of NPP
structures are briefly reviewed, paying attention to
evaluating their ultimate strength against earthquake
ground motions equivalent and/or exceeding design
levels. Seismic tests performed for NPP structures
are categorized roughly into the RC structure test
and the SSI tests.
The RC structure test has been carried out to
study non-linear behavior of an RC structure during Flg.l: A Example of Shakiag Table Test of
NPP Reactor Baildiag. ( A 1/12 Scale Model on
large earthquake ground motion.
The Tadotsa Shaldia Table)
The test includes static and dynamic tests. The static tests had been carried out by applying static
load to an RC structure specimen, using oil-acks etc., to establish the evaluation methodology of
nonlinear characteristics of the RC shear walls up to failure. The dynamic tests had been carried out in
general using a shaking table apparatus to confirm whether or not the evaluation methodology of
nonlinear characteristics of RC columns and/or RC shear walls obtained by the static test is applicable
to that under the dynamic loading condition. Figure 1 shows a typical test example of the dynamic test,
the shaking table test of BWR reactor building model. However, the loading capacity and the size of
the shaking table are limited, a 1/12 scale is the maximum scale for the whole building model even if
the worlds largest Tadotsu Shaking Table is used [2].
In this test, a simulated earthquake ground motion having maximum acceleration of 2.36g was
applied to the model. The test brought many fruitful results, however, the phenomena ofbasemat uplift
and rocking motion of the building model were excluded because the test model was fixed to the
shaking table.

The SSltest has been carried out to confirm a(
composite soil-structure system response behavior
to earthquake motion as it is described in the
theoretical solutions. The rest includes field and
laboratory tests. The laboratory test applying
artificial soil model made of rubber and a building
model made of metal i.e., aluminum etc. The test is
carried out placing the soil-stMrctre model on a
shaking table and applying simulated earthquake
ground motions.

A

The test is handy because the whole scale of Fig :'A Typical Tat example of $SI (Soil-Slructre
the model is small, i.e., less than 1/250 so that the Inttsactlio) model test. "Model Test on Dynamic
Crom tIteraction Effects of AdJlace Structures"
test is suitable for detailed investigation.
However, the limited scale of the soil model generates some unexpected vibration mode caused by the
finite boundary of the soil model, which is not observed in an actual building at actual field where the
soil stretches infinitely. Furthermore, in general, the soil model tends to response linearly even to a
large acceleration input motion. Therefore the laboratory test is limited for its application to nonlinear
SSI test. The field test categorized into two types. One is vibration test of an actual NPP reactor

Thus some SSI-related field test data"are needed for big earthquake ground motion equivalent
and/or exceeding the acceleration level of typical design earthquake ground motion to confirm
adequacy of the current seismic design methodology and to evaluate ultimate seismic strength of NPP
structures.

pre-operation tests
building using unbalanced-mass rotating shaker, which is performed as an item of
ofNPPs [3].
Also, in some of actual NPPs, earthquake observation is carrying out in their safety related
important structures. The other is a model test, which is carried out using scaled structure models
of this
constructed on a field representing a typical NPP site. Figure 2 shows a SSI field test example
kind, "Model Test on Dynamic Cross Interaction Effects of Adjacent Structures". The test was carried
out by NUPEC to investigate the effect of buildings adjacent to a reactor building on the earthquake
response of the reactor building [4]. In the test, vibration tests using a shaker and earthquake
observation in the building models were conducted. However, applicable vibration energy is limited in
the vibration test, furthermore, observed earthquake motions are also limited in their maximum
acceleration, i.e., in general 10-20Gal. and 170Gal. at most. Under those limitations, the SSI
phenomena are considered to be within a linear response category.
Figure 3 summarizes seismic test, earthquake experiences and seismic design analyses of NPP
structures in Japan. The figure shows the state of arts of the relationship between seismic design
analyses and test data as well as the applicability of the data of the seismic tests and earthquake
experiences to the evaluation of nonlinear earthquake response and seismic margins ofNPP structures.
As shown in Fig.3. seismic design analyses have been performed for design earthquakes ranging from
180 to 600Gal. Linear Seismic design analyses have been carried out for the maximum design
earthquake. However, nonlinear design response analyses have been introduced for the ultimate design
earthquakes. In these nonlinear analyses, nonlinear stress-strain characteristics of RC shear wall and
basemat uplift phenomenon have been introduced. Although, a rich data-base of nonlinear behavior of
RC shear wall supports the nonlinear analyses, almost no test data supports the basemat uplift

Proposal of New Type Tests
Test Method
Two types of issues are pointed out relating to evaluating the ultimate strength of NPP structures.
These are; i) nonlinear characteristics of SSI phenomenon [6], and, ii) nonlinear behavior of an RC
structure under three-dimensional loading condition [7]. Naturally, the later issue can be resolved by a
shaking table test of structure.
It is pointed out that handling of the scale effect of the specimen on the ultimate strength evaluation
of the actual structure is another essential issue for the scaled model test [8]. Thus, for the test, the
largest specimen possible and the biggest input motion possible are necessary. Taking into account the
above issues, new test methodology, which utilizes artificial earthquake ground motion, is considered
desirable if it can be performed at a realistic cost.
With this motivation, the test methodology which applying blasting power as for a big earthquake
ground motion has been investigated. The information from a coalmine company in the U.S. indicates
that the works performed in the surface coalmine to blast a rock layer covering a coal layer generates a
big artificial ground motion, which is similar to earthquake ground motion.
Application of this artificial earthquake ground motion for the SSI test is considered very promising
because the blasting work is carried out periodically for mining coal so that we can applied artificial
motions generated by the work if we construct a building model at a closed point to the blasting work
area.

analyses.
GROUND MOTION

.

I

G

O-200Gat

200-4000a1

400-600dal

I

Vibration Source

:UIJ'DE1GN EQ.• ',,iS-E181DSMI N 1I *Z
[ANLYSE OPI

•S<.O,.
"

M
-

urL.Pr

Jrp 9' 9

Ni~sitsi~rslP-tJ•r.9,-,

Figure 4 shows a picture of the coal mining site. As it can be seen in the figure, sand-rock, coal
mud-rock form strata, and a sand-rock stratum 25-30meters thick covers the coal stratum, so that
sand-rock stratum is removed to mine the coal. The blasting power has been applied to remove the
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as well as to loosen the coal stratum before mining coal.
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Fig. 4: A Picture of A Surface Coal Mine (Coal Is Mined by Blasting).
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Figure 5 shows an
outline of the observation
arrays
of
ground
motions.
Figure
6
shows
acceleration
ground
motion examples (radial
and vertical directional
motions) observed at a
point 100meters away
from
the
area
of
explosive array, and their
acceleration
response
spectra of 5% damping.
The ground
motion
induced by the blast has a
maximum acceleration of
2.Og and an effective
duration of 6.0seconds.
Although
the
dominant frequency band
of the
motion ar
somewhat higher than
those of typical design
ground
earthquake
motion, the potential of
the motion for future
application is promising.
If we constructed a
building model near the
explosive array area, a
big ground motion could
be applied to the model.
In that case, the model
should compensate by
being scale down for the
high frequency dominant
characteristics of the
ground motion.
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Figure 7 shows acceleration attenuation characteristics of radial and vertical ground motions.
From the figures (Fig.6 and Fig.7), the motion equivalent to design earthquake motion in acceleration
magnitude can be observed even foin a distance of 300 meters from the explosive array area except
that the motion has a lager maximum acceleration in the vertical component than the horizontal
component.
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A simulation analysis of the test was caried out to investigate the applicability of the motion to a
seismic test of an NPP stricture, which evaluates the ultimate response behavior of the structure, were
a big earthquake that exceeds design level to strike an NPP site. The input motion used for the analysis
was the ground motion observed at the point of 100 meters distant from the explosive army area. In
the analysis, the building model was scaled down to 115 to compensation for the difference between
the motion generated by blasting and a typical design earthquake ground motion. Figure 8 shows an
outline of the simulation model used.
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am lu
Fil.6 : Observed Acceleration of The Artificial Earthquake Ground Motion and
Their Acceleration Response Spectra of 5% Damping.

The model represents a typical reactor building of an Advanced Boiling Water Reactor (ABWR) (3].
The model is scaled down by i/5 in length, I/25 in shear wall thickness, and 1/4 5 in time scale.
Meanwhile, the natural frequency of the model becomes 4 5 time larger as compared with the actual
building. The other important parameters, i.e., gravity, response acceleration, and generated stress, are
kept actual scale.

Figure 9 shows a typical soil profile
of the test site. Table I shows soil
properties used for the simulation
analysis. The analytical model includes
nonlinear characteristics of base-mat
uplift and hysteresis loop of RC shear
wall.
The results of the simulation analysis
are shown in Fig. 10. Figure 10 (a) shows
maximum response acceleration and (b)
shows maximum response shear strain. It
is said from the figure that we can obtain
large structural response data by the field
test up to ultimatum degree together with
SSI data under strong earthquake-like
ground motion.
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Table 1: Soil Properties

Item

Pyisical Properties

S-Wave Velocity: Vs

400 m/sec

P-Wave Velocity: Vp

2000 m/sec

to artificial earthquake ground motions by mining blasts at least four times, each of which has
Fig.9:
Typlcal Soil Profile of The Test Site Used for
Simulation of The Field Test using Blasting Power.

maximum acceleration ranging from one to five times of that of a typical design earthquake ground
motion.

0.47

Poisson's Ratio: v
Density :p

Tsbae
2: Dai of the Model
Di.e-nis
Ite

(to/se)

Velocity

t

2.05ton/m

Damping Ratio:h

2 %

Design of ProposalTest Model
The building model is designed based on the
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simulation results for the field test as shown in Fig.ll.
Some details of the model are shown in Table2. The
model is 12.7m in height and 12m square in cross section.
Total weight of the model is about 1,600tons including

the added mass weight of 653tons, which is used to adjust
the natural frequencies of the model to the design values.
Thickness of shear walls of the building model Is

determined as 6.0crm for the lower pan and 4.0cm for the
upper part and that of the RCCV is determined to be 8cm.
The thickness of base-mat is determined to be 1locm and
that of each floor slab was designed to be 30cm to

tF
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2
(OW
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(a)maxlm rpeopsswosmoidon
R/B

5F

support the added mass. The added masses are
manufactured of steel or lead. The model is embedded by 2F
2.6 meters (two stories) with regard to actual Japanese IF
NPP building construction condition. Figure 12 shows a ""
schematic of the field test. We construct the model beside
an explosive array area taking into account the actual
coal-mining plan and waited for the major blasting
conducted for mining. We are planning to expose the
model to artificial earthquake ground motions by mining
blasts at least four times, each of which has maximum
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Analysis of
acceleration ranging from one to five times of that of a Fig. 10: Results of ASimulation
the Field Test using Blasting Power.
typical design earthquake ground motion,

Purposes of ProposalTest

The major purposes of the field test are to understand (a) basic earthquake response
characteristics of an NPP reactor building when a large earthquake strikes the NPP site and (b)
nonlinear characteristics of SSI phenomenon during a big earthquake. In order to achieve these
purposes, the following items should be studied;

2

* to study whether or not the natural frequencies related to SSI change with the increment of the
magnitude of input motions (and if it changes, to evaluate the degree),
to evaluate the relationship between soil shear stiffness reduction and the soil strain increase due to

increase of the magnitude of input motions, (to compare the field test results with the
conventional soil sampling test results)
to evaluate rocking motion of the building model with regard to increase of input motion
magnitude,
to study how decrease the foundation-ground contact ratio of the building model with increment of
input motion magnitude (to comprehend the change of the vertical motion induced by the rocking
motions),
to study vibration amplification characteristics of the building model and its nonlinear behavior,
to study three dimensional earthquake response behavior of the building model together with its
nonlinear characteristics under severe earthquake ground motion exceeding the design earthquake
ground motion level.

Raleigh, N.C., U.S.A, Dec.1998.
(6). Borja, ILl. et 4l. : "Nonlinear SSI AnalysisW, Proc., UJNR Workshop on Soil-Structure Interaction,
pp.9-1-12, Menlo Park, C.A., U.S.A..
[7]. Bazant Z. P. : "Modeling of Concrewe Behavior : State of the Art", Proc. of 14th SMiRT
Conference, vol.0, pp.49-75, Lyon, France, Aug., 1997.
[8]. Mihashi IL : "Influence of Material Structure on Size Effect Law of Concrete Structures", Proc. of
14th SMiRT Conference, vol. H, pp.49-56, Lyon, France, Aug., 1997.

Concluding Remarks
The test methodology to comprehend ultimate seismic performance of NPP structures against
earthquakes was studied to evaluate their seismic safety margin, fragility, and other factors. In the
study, we first reviewed the seismic tests of NPP structures and extracted the issues related to our
purpose. Then, the need to test large-scale specimens was discovered. In the test, we actuated the
specimen together with the surrounding ground with big acceleration motions from deep stratum to
confirm the SSI phenomenon under big earthquake conditions. Artificial ground motion generated by
the large-scale blasting in a surface coalmine in the U.S. was a promising input motion for the test.
Such artificial motion tends to have high frequency band characteristics so that test specimen has to be
scaled down to be 1/5 at the maximum. Thus the field test methodology was investigated, which
applies the artificial ground motion to a 1/5-scale ABWR reactor building model.
As the results of the study, promising test methodology was proposed for NPP structures, which
enables evaluation of their ultimate seismic strength.
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ABSTRACT
The present paper aims at presenting an overview about the effects of the unreinforced masonry infills
on the in-plane seismic behaviour of reinforced concrete frames and the global and local non linear
models available for the seismic assessment of such type of strctures.
INTRODUCTION
In several European countries, the building structures are commonly made by reinforced-concrete
frames infilled with unreinforced masonry panels. The infill panels, usually considered as non
structural elements, have a significant effect on the global seismic linear and non-linear responses of
R/C frame structure. On one side, they can increase the stiffness and the strength of the frame in a very
significant way, for example, by changing the torsional behaviour of the sticture or creating a soft
storey mechanism. On the other side, they induce supplementary shear or normal forces in the
surrounding frame which may conduct to a brittle failure of the reinforced concrete members. This is
particularly true for the existing reinforced concrete structures poorly or not designed for a modern
seismic action. Furthermore, the design codes penalize such type of structure because of their random
behaviour.
The present paper aims at presenting an overview about the effects of the unreinforced masonry infills
on the in-plane seismic behaviour if reinforced concrete frames and the non linear models available
for the seismic assessment of such type of structures.
Two levels of non linear modelling are used for the analysis of the infilled structures under in-plane
loading. At the local level, each constituent has its own constitutive law and geometric finite element
support The main phenomena such as cracking and crushing of concrete and masonry could be
reproduced by using the continuous damage and plasticity theories or semi-global models: 2D
plasticity model for masonry, joint elements for the interface between masonry and RC frame, non
linear fibre type model for the RC frames... Once the constitutive laws validated on elementary tests,
this level of modelling allows one to perform predictive cairulations on strictures with various
geometries and material characteristics. The effect of the openings can also be estimated. However the
cost of the computations does not allow extensive or dynamic studies and thus the global level -where
equivalent diagonal struts and global beam elements with constitutive laws based on empirical rules
reproduce respectively the behaviour of the masonry infills and the RC frames- represents the unique
strategy for the analysis of complete civil engineering structures under extreme seismic loading. Such
a modelling approach has already been validated on experimental results on one bay one storey infilled
frames tested under static cyclic loading at LNEC in Lisbon and multistorey structures tested in JRC
Ispra [Combescure, 1996 and 2000a]. The paper presents also the results of an extensive parametrical
study performed with the refined non linear finite element models in order to identify the main
properties of the equivalent diagonal strts -stiffness and strength- and to assess the shear forces
induced by the masonry infill in the RC frame. The results of these parametrical studies have been
summarized in simple analytical formulae and compared to several classical formulae available in the
litterature.

OECD-NEA Workshop on the relations between seismological data and seismic engineering analysis,
Istanbul, 17th and 10th October 2002

GENERAL OVERVIEW
Influence of the masonry Infills on the seismic behaviour of buildings
The observations of the damage in the building structures after the past earthquakes have contributed
significantly to clarify the impact of the masonry infills on the seismic behaviour of the buildings and
the characterization of the damages of the structures. Although they are usually classified as non
structural elements, infills - which can be made of masonry bricks, concrete blocks or prefabricated
panels - may, on one hand, increase significantly the global stiffness, the global strength and the
capacity of energy dissipation of the structures and, on the other hand, create local or global brittle
failure mechanisms. The interactions between the RC bearing structure and the infills can also be at
the origin of supplementary damage.
The following examples give an idea about the negative impact of the infills on the seismic
behaviour of the buildings:
Soft storey in the lowest storeys of the building due to an irregular vertical arrangement of
masonry infills and tendency to concentrate deformation;
* Torsion due to an irregular horizontal arrangement of the infills (Figure 1);
* Localized and brittle failure of the bearing elements (columns) due to irregular openings in the
infills and lack of anchorage of the panel to the frame ;
a Yielding of the column in tension or shear failure due to the forces induced by the masonry
inkfIs ;
a Loss of serviceability of strategic buildings such as bospitals because of the damage in the infills;
a Out-of-plane failure of the prefabricated panels or the masonry infills due to the insufficient
connections with the ssructure.
Infills can also contribute in a positive way to the seismic behaviour of buildings. Figure 2 shows an
example in the area of Sant Angelo dei Lombardi in Italy (rpinia event) where the good quality of the
materials and the homogeneous configuration of the building make this building which was not
designed for earthquake loading exhibit no cracking after the Irpinia event.
The modelling of the masonry infill represents then a major interest for the assessment of existing
buildings under dynamic loading.
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Figure 1: Torsional failure to Irregular plan arrangement of infill
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Fortuction, F.=f..J.f
0.6$

where f,
is the characteristic shear strengh of the masonry without vertical load, f.* the
charactcruisic compressive streng
E. the masonry Young modisuh, t. the intl thwkness, hw the
intl hight, S-. the concret Young moduhus and I the cohumn inrtia. The factor* is a factor equal
to I or2
The structural members of the surrounding fnine have to be checked:
a) the axial ftree in tho cohnmn is computed with the diagonpl sts model;
b) the colnumn minforcemunt is designed in order to avoid a premurm shear filure
c) the supplementary shear force Y. and bending moment M1, in toe column (induced by toe
masnay infill) are finction of te horizontal component of toe force a
by the
marjinf
Vait: and Mcd*0.10L*.,.
Figure 2: Buildings without seismic design and detailing showing no alga of damage after the
Irphtla earthquake
Effects on the Code provisions
The recent code takes into account the effect of the masonry infilis on the seismic response of the
buildings. Let take ton example of the Italian code provisions for masonry hfills (D.Mi 16/1/1996
[Ministero dei lavori pubblici, 1997]). In Part 2 of this document which deals with toe interactions
between frames and masonry infills, the provisions suggest toe use of numerical models of infills
made of 2 diagonal anits resisting only in compression. The domain of validity of the model

I.

isdefined by.
a)

The frame is made by reinforced concrete or steel elements well connected between them and
in conact with the masonry infills ;
b) The ratio of the length to the height of the paid has to vary between 0.5 aid 2;
c) The out-cf-plane aspect ratio (height divided by thickness) must be lower by 20 in otder to
have sufficient out-of-plane strength;
d) The infill panel must be without large opening except some openings with mutanding RC.
e) The mechanical characteristics have to be sufficient to sustain the in-plane forces; for
example, masonry with brick with a void ratio higher thsn 45% can not be considered in toe
analysis.
The equivalent atut must have the physical thickness oftoe wall and ha width is taken equal to 10%
of its lengt The st=t is connected to the nodes common to the beam and tho column. The stille of
tbe infill is estimated with this section which means the axial stiff•iess oftho at is e
to:
E.tb./ d. = 0.10Ej.
The values of Young modulus and masonry strength are determined according to Italian code for
structural masonry DJM. 20/1 1/1987 or by doing experimental material tests performed on masonry
wallettes.
Part 2 of the code provisions gives also the failure mechanisms oftoe infilled frames (Fig. 3):
SShear sliding along an horizontal bed joint
Diagonal tenile failure
- Crshing at the diagonal sruts
The verifications have to be performed for the 3 failure mechanisms. The horizontal component of the
axial force in the strut is compared to the following formulae:
For shear sliding, F.--r•n

with

T,=ff-l'

-

2fr

Figure 3: Inflil failure mechaeisms considered by the Italian design code
THE LOCAL TO GLOBAL MODELLING APPROACH
Definition of the local and global modelling levels
Two modeling approaches, global and local, ar classically used to analyse the infilled frame
sructures under horizontal sessmic loading, In the global approach, ach masonry
is often
replaced by two trsses with an unaxial behaviour law [Klingner et a, 1976]. The complexity of te
behaviour depends on to various phenomena takm into account by th model (piching due to crack
closure, crushing of masonry at the comnes, decrease of stifhnes due to crwaking, etc4. The ftame is
modelled by beam and column elements with mament-otavature relationships or fibre type model.
This approach allows to perfis a large number of computatio with dynamic or cyclic loading but
toe identification of the mas parameters is often based on empirical rules. In cn of a modification in
toe panel characteristics, te limit of validity of the formulne may be reached.
In order to cope with this diffulty, it is proponed to use the refined material models not only to
identify toe prametrs ofthe penl element but also to highlight the limitation of such a global model
by studying, for example, the inteaction between diftent infills in a multi-arorey structure
[Combeacure 1996]. In toe local approslh, each pan (the frame and to inefl panlis) is d6cremtzed.
Both materiala -masonry and RC concrete- am considered as homogeneous media with an elastic or a
non-bear, iotropic or anasoepic behaviour law. In dhs local modelling, to hypothesis made for the
contact between the frame and the infill panels becomes important since toe global stiffiness is highly
dependent on the presence of cracks at this interface. All the computations presented here have been
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performed with the Finite Element code CASTEM 2000 developed by CEA-France. Within such an
environment, the user can easily compare the two levels of modelling and use them in a
complementry way and it becomes easy to identify the parameters ofthe global models using refined

modelling,
Local modelling
RJC frame

2D Timoshenko beam elements supporting a fibre type model have been used for the frame [Guedes,
1997]. Each column has been discretized by 10 elements with 6 concrete fiber and 2 or 3 steel fibers,
each fibre having 2 Gauss points. Simplified uniaxial laws have been considered for both concrete and
steel: parabolic curve with a perfectly plastic plateau in compression and no strength in tenion for
concrete (similar to the concrete law of the French BAEL concrete code) and a plastic model with
kinematic hardening for steel. Shear behaviour is assumed elastic. Note that such a modelling allows
to know the shear forces and the axial forces in the frame and thus to quantify the effect of the
presence of the masonry infill onto the surrounding frame.
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mainly at the interface between the frame and the panel-, the development of plastic strain and the
softening due to crushing, the strength d,:gradation under cyclic loading and the pinching associated
with sliding. The stou has no tensile strqngth and the stress-strain curve under monotonic compressive
loading is mulilinear and may be identified by using the results given by refined modelling.
Special attention must be brought to the phenomena of compressive strength degradation under cyclic
loading which characterizes the masonry components. This effect is not easy to quantify but is taken
into'account by multiplying the force F.,- associated with the plastic smain d,,.,, by a factor which is
a function of the cumulated cyclic plastic displacement (this cumulated cyclic plastic satain is defined
as the sum of the increments of plastic strain). A decreasing exponential function is considered. For a
constant plastic strain, the force can decrease down to the residual stress F,,._=O.F.,.

A masonry plasticity based model
The experimental results and some previous studies have shown that the specimen failure is reached
when masonry crushes [Pires, 1993], [Combescure, 1996]. Furthermore, the ultimate strength depends
on the number of cycles applied to the specimen. In order to cope with the former property, a
plasticity-based model with two yield surfaces and softening behaviour in compression and traction
has been developed. Details about this model and its numerical implementation are available in
[Combescure, 1996 and 2000a]. As for the classical plasticity-based models, unilateral phenomena due
to cracking is not considered. This fact has a minor importance also under cyclic loading since the
main cracking is assumed localized at the interface between frame and infill and is modelled by a
jointlinterface element.
The Young modulus is identified with the. results of diagonal test (E-4.G for v=0.2 if G is calculated
with the RILEM roles) whereas the compressive strength of the isotropic model of masonry is directly
given by the compression tests on wallertes perpendicular to the holes. Note that the identification of
the masonry parameters must be realized with tests performed on complete masonry wallettes since
masonry has a very complex behaviour due to the difference of Poisson ratio between bricks and

FIgure 4: Local and global models of a one bay one storey Infilled frame

mortar.
Contact modelling

The modelling of the interface has a major influence on the failure pattern, the initial stiffness and the
global strength. A plasticity-type joint model with a Coulomb yield surface is used [Snyman et aL
1991]. While the sliding behaviour is governed by plasticity rules, the unilateral phenomenon is
reproduced in tension: the joint opens without creating plastic strain. Associated or non associated
plastic flow and dilatancy phenomenon can be considered. In our case, the dilatancy angle is assumed
equal to zero. The considered tensile strength of the joint is equal to 10 percent of the masonry
compressive strength. A classical value of 40 degrees taken from the results of the tests described by
[Mehrabi et al, 1995] on mortar-brick interfaces is used for defining the Coulomb failure surface.
Global modelling
Simplified modelling of the RC frames
The mesh of the surrounding frame is reduced for the global computation: each column is discretized
with one linear Bernoulli beam element with a reduced elastic stifflness (2/3" of the elastic stiffiness)
placed between tvo Timoshenko elements supporting the non linear fibre model. A constant length
equal to the column width has been considered for the plastic hinges.
A global model for Infill panels
Since the work performed by [Klingner et al, 19761, the non-linear analysis of infilled frames have
been usually performed by replacing each individual panel by two -or more- diagonal soris with a
uniaxial compressive law. The model introduced in CASTEM 2000 is also supported by a sruss
element and the behaviour law (Fig. 4) is able to reproduce the classical models by choosing the
appropriate parameters. The phenomena reproduced are the stiffness degradation due to cracking -

Figure 5: Global axial force-axial strain used for the global model of Inflll
DESCRIPTION OF THE REFERENCE EXPERIMENTAL RESULTS
A series of 9 one-bay RC frames has been tested under cyclic loading in the framework of the
SEISMIR research program supported by the European Commission. The geometric characteristics
and the reinforcement details of the models, as well as the applied loads, tried to simulate the real
conditions of a reinforced concrete frame located in the ground floor of an ordinary building (Fig. 6).
The models had an height of 1.80 m and a length of 2.40 m. The columns and the beams cross sections
have, respectively, 0.15 m x 0.15 m and 0.15 m x 0.20 m. The columns were reinforced with 8g10
longitudinal bars and
1/0.04 hooks. The beams were reinforced with 6e8 longitudinal bars and
e6//0.05 stirps. The infill walls were built with 030 m x 0.20 m x 0.15 m horizontally hollow bricks,
usual in Portugal, bedded using mortars with the proportions 1:4 in volume (cement: river sand). The
materials used in the construction of the frames were a C20/25 concrete and a S400 steel. The models
were built on reinforced concrete blocks with a 3.24 m x 0.74 mnx 0.35 m volume. These concete
blocks were used to fasten the model to the shaking table.
The models were tested in the platform of a shaking table. The tests consisted basically in the
application of a relative horizontal displacement history between the base and the top of the models. A
vertical force of 100 kN was applied at the top of the columns. This force was kept approximately
constant during the entire tests. Each stage of the tests consisted in the application of 2 complete sine
waves of relative horizontal displacement between the base and the top of the models. The maximum
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Parametrtical studies
One of the main interests of the non linear model is to allow extensive parametrical studies in order to
draw general conclusions and formulae for the identification of the mechanical characteristics of
masonry infUllwith different mechanical and geometrical characteristics.
Due to the large number of parameters of each non linear constitutive law, the present analysis focus
only on a couple of parameters which ace the compressive strength f, and the Young modulus E.. The
ratio C between the Young modulus E. and strength f, has been taken, in a first stage, equal to the
value of the reference model (C-1818) and, in a second stage, equal to 1000 which is a value widely
used for masonry. The parameters are both proportional to the same coefficient n:
E,-n.4000 MPa
f,=n.2.2 MPa or n.4 MPa
n is equal to n =1/3; 2/3; 1; 1.5; 2; 2.5 or 3.
A variation of the parameter n can also be representative of a variation of other parameters. For
example, the variation of Young modulus E. and of the compression strength f, maintaining constant
the ratio between them is equivalent to the variation of the infill thickness t, Other parameters such as
the relative stiffness between the masonry infill and the frame (E,.E) depend also directly on n.
The parametrical analysis have two objectives:
- Predict the characteristics of the equivalent strut whose values can be compared bosome
reference formulae. The uncracked stiffness and the maximum strength are the 2
characteristics investigated in the present study.
SAssess the shear force induced by the masonry infill in the columns which can be expressed in
percentage of the horizontal component of the diagonal compression in the strut (called
additional shear force rate).
The force-displacement curve converted to an axial force-axial strain curve is used for the
determination of the elastic stiffness, the cracked stiffness and the ultimate strength of the infill (Fig
12). These characteristics am defined in accordance with the multilinear envelop curve of the global
model. The elastic stiffness is the result of the difference of the results of the elastic calculations on the
infilled and the bare frames. The ultimate strength of the global model is defined as 95% of the
maximum strength given by the refined model and is reached for an axial strain for which the axial
force given by the refined model is equal to 901%of the maximum strength. This point defines also the
cracked stiffsess. The elastic stiff-nss and the ultimate stsength can be expressed in term of diagonal
width if the infill thickness, the Young modulus and compressive strength of masonry are considered.
The diagonal width is given in percentage of the diagonal length D and is noted %D. One may notice
the diagonal widths for cracked stiffness and ultimate strength are identical. Table 3 gives an example
of determination of the strut characteristics in the case of a linear frame model.
The parametrical study has been conducted with 2 different models for the RC frame which are the
non linear model of the frames tested in Lisbon and a linear elastic frame with a reduced Young
modulus in order to take into account cracking (2/3 of the elastic Young modulus of the non linear
model). Note that the stiffness and the strength of the masonry infill can strongly depend on the
characteristics of the frame as illustrated within the following section.
Base shear Axialstrain in Axial force in Strut width
Relative
displacement
force
the strut
the strt
%D [%]
d [nin]
F.["
E [%I
N 1kN1
Cracking
0.09
18.9
0.003%
23.8
52.6%

Horizontal loading - displacemet
IN

'5

'I-

Figure 9: Force-displacement curve for the infmlled frame

Figure 10: Resulting forces on the masonry
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Figure 11: Shear forces distribution in the columns corresponding to the maximum value of
shear

1efi column
Rightcolumn

Uniform infill
Shear force
112 kN (4.98 MPa)
123 kN (5.47 MPa)

Uniform inill
Axial force
39 kN
192 kN

Infill with window
Shear force
78.2 kN (3.47 MPa)
28.2
.25 MPa)
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Infill with window
Axial force
41.3 kN
134.9 kN

Crushing

7.17

179.2

0.20%,

225.8

24.1%

Softening
Ultimate stage

28.25
53.59

179.2
0.0

0.79%
L.50%
/

225.8
0.0

24.1%
24.1%

Table 3: Identification of the parameters of the global model using the model with linear frame

Table 2: Maximum values of shear force and axial force in the columns
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The maximuan axial force found with the unolinear model for the RC frame haa 2 properties:
a) for the high values of masomy strength. the axial mtngth tanda to an horizontal asymptote: the
maximm strength of the masonury
infihled fme as limited by the atrength of the frame and dte
yielding of the colurm in tension. The coaresponding value of axial force is equal to:

\sm

\

OE

N-... e-

4

-with

f the steel yield stress and A the total section of seel baa in the column
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b) for the low value of masonry strength, the width of the diagonal srut teals to 30% of its lngth.
T1efollowing fonnuha folfl them 2 mnditions
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Figure 12: Computation of the axial force-axil stratn of the global model with the results of the
refined model
Uncracked stiffness
Fig 13 shows the width of the uncracked diagonal strnversus the masonry Young modulus for the 2
models of flame. These numerical results show a very good agreement with the values given by the
formulae of Smith [Smith, 1966] and Dawe and Seah [Dawe et al., 1989]. These 2 analytical formulae
underestimate only slightly the value of width found by the present parametrical study specially for the
lower values of Young modulus Em. In these formulae, the diagonal width w is function of the contact
length between the masonry panel and the surrounding frame and so is directly function of the
stiffness of the frame.
The classical formulae of Smith is:
i--2'cosOG-sinG [Smith, 1966]
with A"-

and A,4
4EH-h-H
V4EL-IL*L

with E. 4. the Young modulus and the thickness of the masonry infill, ER, INthe Young modulus and
the inertia of the beam, EL IL the Young modulus and the inertia of the cohumn, H and L the height
and length of the masonry infill and 8 the inclination ofthe diagonal strur
Dawe and Seah give a very similar expression:

6ý awe eta"., 1989]
wterj-,VcosG&m-jsi 19
Ultimate strength
Fig 13, 14 and I5 show the width of the cracked diagonal sr versus the masonry compressive
strengthf or the Young modulus E. forthe 2 models offiame. At the opposite of the elastic stiffliess,
the diagonal width depends strongly on the model of frame (linear or non linear).The nunerical results
have been compared to the values given by the formulae of Mainstone [Mainstone, 1971] and Dumni
and Luo (Dunrani o al., 1994] which are respectively:
%-0.17g.AH)y"A T2+D I
,ainaim,
1971]
st=y-sinfH'+B(Durranietal.,1994]

The value of a has been detrmined to minimize the difference between the analytical and the
uncrical reuts.
For a linear model for the frame, the infill strength is not anymore limited by the caprity of the
surronding frame. On Fig. IS, the section of the cracked diagonal sut Sf(E.) seems independent on
the coefficient C. The sour compression strength N-m becomes:
In a first approximation, the diagonal width can be taken equal to a value between 20% and 30% of the
diagonal length. For the present case, it has been chosen the following analytical formula:
(b.EL+ltl) wih-.3sn20Dt
Nan(()+
The enor minimization gives a-0.7 and d-355 MN.
The application of the 2 analytical formulae to the infilled frames considered in the present study
shows a very good agreement with the results of the parametrical analysis (Fig 14 and 15).
Shear forces Induced In the RC frames
The global model based on 2 digonal emias not able to catch the additiomnai shear forces induced in
the infill by the masonry iafill since the sms am fixed directly to the nodeacommno to the beam and
the columns. The refined calculations give thetW sheaforc in the cohtnne for both the ifilled
frame and the bare frame. The additional thar force has been computed by doing the difference with
the values found on the bare fame. The additional thear force h been compared to the horizontal
projection ofte axi force in the st N.cofO. In order to genealize the results of the preseut study, a
dimeionless ratio named additional shear rate has bewentroduced:

So onemay find the shear
induced by the masonry infll in the column to beadded to the shear
dirctl
given inthecolumne by the calculation performed with theglobal modeit
Tan-T.han+TMse
A remarkable result has been evidenced by the parametrical studies: for this particular geometry of
infill panel. the additional shear rate does not depend on the masonry dchar stcs and is equal to
64% (Fig 16) This rate isalm alost independent of the modelling of the flame (linear or non linear).
CONCLUSIONS

with -f032-
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These 2 formulae give very different estimation of width. The Durrani and Luo fonnulae which has
been calibrated on finite element models gives results similar to the results of the parametrrcal analysis
but the Mainstone formulae seems to underestimate strongly the width and so the strength of the
diagonal strut.
Analytical formulae for the non linear and the linear frames
The results of the parametrica& studies have been reassumed in simple analytical formulae which can
be used directly for the identification ofthe diagonal smt of the non linear global model.

The present paper has presented some generalities about the influence of the masonay infills on the
seismic behaviour of RC flames. They can have a major impact -positive or negative. on the seisric
response specially in the case of existing bumkling with few or o seismic detailing and desiga.An
extensive parametrical analysis bas been perfimned on one-bay oe-storey infilled frames with two
levels of modelling: the non linear FEM model allows to understand the failure patte under
monotonic loading, to estimate the fortc created by the infill p-nl in the sumrounding frame and to
ideWnt the properties of the global model of infill while the global model is used for the analysis of
complete stuturama under simplified staic loading or dynamic loading. Simple ul ar alsogiven for
the identification of the diagonal poperties and the sher forces imo de surrounding RC flame. The
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dispersion of the results given by the formulae available in the literature which can be used to
characterize both the uncracked and the cracked diagonal struts must be highlighted. The values of
diagonal width depend also strongly on the characteristics available for masonry (bricks, mortar or
masonry).
These results can be directly used for the assessment of existing structures which requires efficient
procedure of calibration of the model parameters. The present paper is limited to the behaviour of
infills under in-plane loading which means the out-of-plane behaviour has been checked.
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Figure 13: Widths of the uncracked and cracked sections versus the masonry Young modulus
and compressive strength
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Figure 14: Strut compression strength and width of the cracked diagonal strut versus masonry
compression strength (non linear frame)
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Figure 15: Strut compression strength and width of the cracked diagonal strut versus masonry
Young modulus (linear frame)
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Figure 16: Additional shear force rate versus compressive strength f,
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Abstract
The characterization of effective damage potential of the earthquakes implies the identification of
structural response parameters which reliably represent the most significant features in development of
damage in the real structures. For this purpose, models that adequately describe the seismic response of
structures must be adopted. As widely recognized, some significant parameters characterizing the cyclic
histories of the seismic response can be selected to represent the damaging process of the structures.
Obviously, the effects of structural damage reflect also on damaging non-structural elements and technical
devices.
The seismic response of multi-story structural systems subjected to severe ground motions should be
studied at both global and local levels, as it could be characterized by high demands for inelastic
displacement and energy dissipation, often causing concentration of damage in limited zones of the
structure. These local effects depend on the type of signal and on the structural characteristics and cannot
be predicted by means of SDOF systems. In this research simplified procedures have been adopted for the
investigation on the seismic response of multi-story frame structures: inelastic equivalent SDOF systems
for the global response of the frame and inelastic equivalent shear-type model for the prediction of local
seismic demand in terms of displacements and energy. The results have been also used in estimating the
damage imparted to the structures by means of available damage models.
Introduction
The analysis of the seismic behavior of multi-story structural systems subjected to severe ground
motions requires the study of the response at global and local levels, as it can be characterized by high
demands for inelastic displacement and energy dissipation, often causing concentration of damage in
limited zones of the structure, as weak or soft stories. The way these local effects occur depends on the
type of ground motions and on the structural characteristics and cannot be completely described by means
of SDOF systems, in which the structural response is globally defined, and deformation shape is a simple
work hypothesis formulated to obtain response results. Such means of analysis cannot provide any
information on the real distribution of drift demand, especially if strong local demand is expected.
In this research two simplified procedures have been adopted for the investigation on the seismic
response of multi-story frame structures. The first one consists on the assumption of assigned time
independent global deflection shapes for the lateral displacements of the frame. This simplification allows
both the reduction of the response of MDOF systems to the response of equivalent single-degree-of
freedom systems (ESDOF) and an approximate extension of the calculation of parameters characterizing
the seismic response, easily obtainable for SDOF systems, to multi-story flame systems. If the significant
modes of vibration of the structure are adopted and an approximate modal superposition is executed, this
procedure can provide also reliable results for local damage information. The second procedure is based

on an equivalent shear-type system, whose lateral stiffness, inertial and strength characteristics
approximate those of the frame structure and can vary along the height With this model, the contribution
of all the vibration modes of the structure can be implicitly considered for the evaluation of the inelastic
response, and the distribution of displacement and energy dissipation on the height of the structure can be
adequately described. Hysteretic models typical of frame force/displacement behavior have been assumed
for the local inelastic cyclic response ofthe system. In order to understand how the response is affected by
the characteristics of ground motion, several signals that differ for duration, amplitude and frequency
content have been used.
The above mentioned simplified models have been applied in order to quantify the deformation and
energy demand parameters that characterize the seismic response of a multi-story frame structure, as
dissipated energy and inter-story drift demands. The results have been also used in estimating the damage
imparted to the structures by means of available damage functions.
The proposed damage indices can be classified in two different models: in the first one, the level of
damage is quantified as a function of maximum deformation and energy dissipation demands, while in the
second the number and the amplitude of inelastic cycles are considered, according to low-cycle fatigue
hypothesis. Both methods have been adapted to the simplified models analyzed in this research. Damage
indices calculated for local level has been used also in the evaluation of global damage and in comparison
of results obtained for different hypotheses ofbehavior.
Equivalent SDOF system
As mentioned in the introduction, the conceptual link between the analysis results obtained or
available on SDOF systems, usually resumed in the form of response spectra, and expected response
parameters values for MDOF systems, can be identified with the formulation ofa calculation procedure in
which the MDOF structure is reduced to an equivalent SDOF system (ESDOF). It is useful recalling
briefly this concept, because it gives an important means for interpretation of results of MDOF models.
The formulation of this simplification is very similar to the first step of a modal analysis for frame
structures. In fact a time-independent global deflection shape is assumed for the lateral displacements of
the building stories:
u(=t) z()
(I)
where 0 is the vector that defines the deflection shape and x(l) expresses the time-dependent amplitude of
motion. This assumption allows to reduce the classic MDOF equations of motion for a frame subjected to
a ground acceleration history i, (t) •
Mi(t) +Cf(t) +IR(n(t)) -- M I i5 (t)
(2)
to the ESDOF equation
(3)
where
M.-erMO, Cýq=,CO; Rq-eR(t); L,-=O4rM1.

(4)

The quantity

r - L, / m,

(5)

can be interpreted as a "modal" participation factor, and the assumed displacement shape D is seen as a
dominant first mode of vibration. The solution x(t) of equations (3) can be derived from the solution xs(t) of
a SDOF motion by means of the relationship

x(t)= r.xt).

(6)

If a target ductility response analysis is required, one can determine the seismic strength coefficient
the SDOF system and the demanded yielding base shear for the frame structure:
V., = -• C, = U,,C19

4 for
(7)

where Mr is the effective mass associated with the assigned "modal" shape and g is gravity acceleration.
The energy balance equation for the MDOF system can be written in the usual form
E (t) = E(t) +E(t) +EN(t)
+E )
(8)
where the energy quantities (associated with unit mass) are respectively absolute input energy, absolute
kinetic energy, elastic strain energy, hysteretic energy and damping energy. By means of the ESDOF
procedure above resumed, the energy quantities for the MDOF systems can be evaluated multiplying the
corresponding SDOF quantities by a factor equal to r",as can be easily shown introducing the relations
(1) and (6) into the MDOF energy expressions, in particular for input energy, hysteretic plus elastic strain
energy and damping energy (1]:
JsuEQ).-.EQ)-fRQ)di;

E0 Q)SJOTC du

(9)

where ii,(t) is the total (absolute) acceleration of the mass m,,and the time integration is extended to the
duration of ground motion. For the input energy the maximum value during the ground motion is
considered in this research. In terms of global energy quantities correlated with the seismic response of a
multi-story frame, the above mentioned proportionality relationship means that each of the energy
amounts per unit mass of the associated SDOF system must be multiplied by the effective mass (Eq. 7).
In the interpretation of the real response of the MDOF system, if it is admitted to speak in terms of
modal contributions also for inelastic behavior, each modal inergy per unit mass should be multiplied by a
modal effective mass before the ideal operation of modal superposition. The direct relation between the
energy parameters of a MDOF structure and the corresponding quantities per unit mas- of the SDOF
system associated to the findamental period of vibration ofthe structure can be empirically maintained by
assuming the total mass as an approximate effective mass that includes the contributions of all the modes
of vibration.
An analysis based on the equivalent SDOF system can be assumed as a step of seismic design
procedure, combined with a pushover analysis that provides local quantities of seismic displacement
demand, as story drifts and rotations [2, 3]. The ESDOF method can be use also in the calculation of
damage indices for multi-story structures subjected to strong ground motions [4].
Simplified nonlinear dynamic analysis for multld-tory frames by means of discrete shear-type model
The choice of using an equivalent shear-type model (ESTM) allows a relatively simple procedure in
the integration of the equations of motion: if a shear deformation is assumed to describe the lateral
deflection of the frame structure, only translational degrees of freedom are included in the calculation.
This simplification can provide a good approximation of the suserical solution if an equivalent lateral
shear stiffness is given to the model. In other words, the shear drifts of the stories of the equivalent system
may take into account the influence of the flexural deformations of members although the rotational
degrees of freedom do not explicitly appear in the dynamic analysis of the structure. The great advantage
of this kind of approach is the evaluation of damaging scenarios that is not possible by means of more
refined structural modelling. The simplified description of the structural model is ideal in estimation of
damage potential of ground motions records on wide classes of multi-story structures.

Bertero, R. and Bereo V.V. [5, 61 have used two uniform models, one defined as an elastic shear
beam and the other as an elastic flexural beam, in order to evaluate the maximum drift demand for
preliminary design of frame structures of tall buildings. The inelastic behavior has been considered by
means of corrective coefficients, estimated in order to predict also inelastic concentration of displacement
demand,
Miranda [7] has considered both shear and flexural deformation in an analytical elastic model, used
also to find statistical relations between top displacements and in-stoer
drifts. The same statistical
app•ach hasmade possible the correlation between inelastic and elastic displacement parameters, by
men ofempirical coefficients.
Iwnn [9] has studied the inter-story drift demand in multi-story buildings by meana of an analytical
uniform elastic shear-beam model. The approximate code relation between fundamental periods and
height of the structure, for steel frame buildings, has allowed the construction of bas-level drift spectra,
that have shown a strong divergence from SDOF prediction in the long periods range.
Decanini, Mollaloli and Saragoni [9] have studied a continuous shear beam to investigate the
response of multi-story frame systems. The inelastic behavior ofthe structure has beermodelled by means
of elastic-perfcctly plastic model. The global results of the analysis have been compared with the
corresponding parameters obtained by means of an equivalent SDOF system. The analysis has shown an
approximately parabolic relation between energy and displacements. The shape of the parabola, given by
the constant of square proportionality, has shown to be strongly influenced by the type ofthe signals.
Decanini, Mollaloli and Mum [10] have used the sam discm shear-type model presented in the
present paper for a comparison with the results of a push-over analysis. The results have revealed the
limitation of the classic pushover analysis, especially in the prediction of inter-story drift and story
hysteretic energy demands, when the influence of higher modes is significant Also in this comparison of
results, the tendency to neglect the inelastic concentation efficts is shown in the general overestimation
of top displacement given by the push-over analysis for high ductititim.
Iwan, Huang and Ouysder C11]have related the response of the SDOF system corresponding to the
framestructsre to capacity spectra affected by equivalent viscous damping; this technique has proved to
be not conservative, especially when the maximum response is not caused by structural resonance, but
induced by long duration acceleration pulses, as in near-fauit ground motions. In order to assess the local
deformation parameters values, a push-over analysis with load pattem resembling the first mode shape of
the structure has been done, and the results have been compared with thome obtained by muesn of
nonlinear analysis of shear-building models characterized by a bilinear story hysteretic model. The
Authora have found that local response in terms of story drifts can be much larger than the displacement
response obtained by an equivalent static pushove analysis.
The ESTM model considered in this paper first requires a static condensation of the degrees of
freedom of an elastic multi-story frame system, made possible by the irrelevance of rotational inertial
contributions of the masses to the seismic response of this kind of structure. Once executed the
condensation, the equations of motion for the elastic MDOF system subjected to a ground acceleration
history U.(1)assume the form:
Mi(t) + Ci(t)+Ku(t) - -M I

,(t)

(10)

where M, C and K are the translational m-s matrix, the damping matrix and the elastic condensed
stiffness matrix respectively, I is a unity vector and m(Ois the vector of the lateral displacements of the
stories. It is useful to choose the damping matrix C according to Rayleigh's fornmulation, i.e. through a
linear combination of the matrices 1j and , This choice allows to obtain reasonable damping effects in
all the significant modes of vibration with a relatively Simple computational work, e.. giving the required

nominal damping values to the first two modes. The tri-diagonal form assumed by the matrix
contributes to the computational simplification.
The following step is the individuation of an equivalent shear stiffiness matrix, Ks, defined as the tri
diagonal stiffness matrix that produces the same lateral displacements allowed by the stiffness properties
of the structure under the action of a prefixed lateral distribution of static forces. Although this definition
is conditioned by the choice of the lateral force pattern, slight differences in the terms of the matrix Ks can
be found if different reasonable distributions are assumed. In this study an inverted-triangular static force
pattern has been used. Adopting this procedure the structural system is completely described by the
stiffness and mass properties of the stories.
For the prediction of the inelastic response of a frame structure subjected to a ground motion, a
further approximation can be introduced in order to describe the hysteretic behavior of the system by
means of simple rules. For inelastic response, the same above described approximate formulation is
adopted for initial stiffness. As for the story stiffness, also a story yielding resistance can be roughly
defined. This implies to neglect some information on local inelastic deformations and hysteretic
dissipations, as plastic curvature and dissipated energy in portions of members, i.e. it means to have
limited data for the frame elements damage. The main local displacement response that can be directly
obtained by the above described method is the inter-story drift, that can provide some information on the
damage of top and bottom ends of the columns of each story but could give only indirect and rough
information on damage of joints and beams. This loss of local information is the main limit of the
suggested procedure. On the other hand, this great simplification allows to conduct a wide investigation
into the inelastic seismic response of multi-story buildings, because the resistance properties of the frames
can be described by means of few data and all the constructive details are not directly required. It is useful
to remember that also for the strength evaluation a shear-beam model cannot take into account the effects
of variations of axial forces in columns, like tensile yielding or compression failure.

the seismic response of a wide range of current buildings. For each selected number of stories various
different stiffness pattern can been assumed. In this research two different stiffness patterns have been
considered: a realistic approximately parabolic distribution (indicated by "a" letter) and a reference
uniform pattern (named "u"). The same fundamental period has been selected for the two patterns for each
number of stories. The case of stiff foundation structures has been considered by assigning full restraints
to the joints at the base of the colurmns. By means ofthe ESDOF reduction in terms of yield base strength,
global target ductility values have been assigned to the frames when varying the signal. In Figure I a
comparison between SDOF and MDOF input energy values is shown.
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The proposed model is useful in the evaluation of both displacements and energy dissipation demand
for generic multi-story frames. Some results of the analysis often different R/C two bay-frames is shown
in Figures I and 2. Ten different numbers of stories have been chosen, in order to assume information on

."I I..
0.04 -"
0.040
0.03s
0.030
00.0250,0200.015
0.010
0 OS
0.000

no

o 0

200

400

I.,... t)m)
,
600
Soo

b)

Correlations between inter-story drift demand and a) Incremental Velocity; b) Itousner Intensity.

0.050

IDI.,.

0.050

0.045

0.04

0.040

0.040

0.035

0.035

dissipation tenrs can be associated to both global and local effects.
The two indices DIgand D16recently introduced by Bozorgnia and Bertemr[14],

lDI
3

0 E.a,

. -

D1

(i1)

0.030
0.023

0.025

00 0

0.020
0.015

a
000

0.010

0.020
0.015

0
0

0.000

0

itO

ISO

Al.

0.005

PGv (...)

50

D1
2 = V-XC.--

0%

0.010

08

0.005

o00
o00

s

200

0.000

0

50000

4

,

t(0iS%)

100000150000200000250000300000

a)
b)
Fig. 4 Correlations between inter-story drift demand and a) Peak Ground Velocity;, b) AE,,..4

By means of the analysis of the twenty frames modeled by the ESTM, it has been possible to obtain
demand spectra of inter-story drift, that has proved to be a very significant measure of failure likelihood
for frame atruetur. In Figure 2 two examples such spectra are presented. The maximum inter-story drift
index (IDI., is the maximum drift demand normalized by story height. The shapes of drift spectra are
strongly correlated to the energy demand. This general trend is evident in Figure I and 2 for Kobe JMA
and Sylmar 360 spectra. The correlation of the spectral shapes is better than the analogue one between
energy and SDOF spectral displacement.
In Figures 3 and 4 the good direct correlations between inter-story drift and some meaningful ground
motion velocity-based parameters are shown. The AE,,., is the area under input energy spectra in the
period range between 0 and 4 a, and represents significant global information on the energy demand
potential of the signal.

F1)SE

(12)

belong to the -ine type of dae modeL For relatively high ductility levels, the authors have found a
good correlation with Park and Ang index for a, ranging between 0.25 and 0.3 and a close to 0.3.
2
For all the formulations above mentioned, the right calibration of weighting coefficients is the
fundamental choice, that usually appears strongly influenced by the characteristice of the acceleromctrie
records. The main limitation of this damage indices is in neglecting the effective distribution of energy
dissipation in cycles oftdifferiet amplitude, and so also cycles with small damaging effects are included in
the calculation of the damage cumulative process.
The damage indices linked to the concept of low-cycle fatigue are based on Miner's hypothesis rules,
Diem - N•. .8- -.
I,

(13)

N,

N,represents the number of cycles that for every cyclic amplitude value would cause failure. It has been
correlated to displacement or cyclic ductility of the cycles (IS, 16]. The advantage of this model is the
simplicity. The effectiveness of cycles in damaging the structure is weighted by mean of the
normalization of the actual number irkby the number N, causing failure for each cyclic ductility demand
p. However, it neglects evey efflit of the actual time disrinbuton in the sequence of the different cyclic
amplitudes reached during the structural response.
1.21 DI

1.0

Damage Indices for the characterizanton of the seismic response
0.1

Generally, available damage indices can be mainly classified in two different cluaes: in the first one,
the level of damage is quantified - a combination of maximum deformation and energy dissipation
demands, while in the second the number and the amplitude of inelastic cycles we considered, according
to low-cycle fatigue hypothesis.
One of the most widely used damage indices belonging to the first class is the Park and Ang index,
also modified according to different criteria. The original version ofthe index, as well known, is
DiPA
__,
(10)
4 ...... E.se
8,.0

.0.
0.4

r0

-0- D--- I

T (a)

F,&k,_

The mean value of parameter 0, that gives the weight of energy dissipation in damage evaluation, has
usually proved to be close to 0.15. In the expression of the index modified by Kumoath et al. (12], in the
first term the only plastic component of the deformation is considered, in order to not computing damage
value greater than zero for elastic deformation, while Chailand Romstad (13] have modified the energy
term, in order to assign the condition of unity value for the index for failure caused by a monotonic
loading history. In this case a modified value
should be considered. The deformation and energy
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Gilmore & Avila (16] show that, in comparison with the low-cycle damage model, the Park & Ang

criterion tends to underestimate the strength demand of SDOF systems with T approaching the
predominant period of the excitation in soft soil conditions. However, it was found that the use of DIPA
may lead to a realistic assessment of the damage level also in structures located on soft soil, with the
exception of very peculiar cases. For this reason, the discussion of the results will be herein after limited
to the case of Park & Ang-based damage functional. In Figure 5 the maximum story damage indices
spectra are shown for the E-W component ofthe sequence of Kocaeli August 17, 1999 (site of Duzce) and
Duzce November 12, 1999 records (DIPAIand Dl1 ^I are the variant indices introduced by Kunnath et al.
and Chat and Romstad, respectively). In Figure 6 the hysteretic energy-weighted average Draj spectrum,
calculated for an estimation of global damage, is shown for the two records separately and for the
sequence.
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displacement response, reveal for inter-story drift a strong dependence on the stiffness pattern when
inelastic behavior is considered.
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Conclusions
The seismic response of multi-story frame buildings can be usefully studied by means of approximate
models, as the discrete shear-type model presented in this study, which provides a simplified approach to
prediction of the seismic demand for multi-story frame structures, both for the global response parameters,
expressed by energy and displacement quantities, and for the story local response. The model can be used
in non-linear time-history analysis or in static pushover procedure, in order to determine global and local
energy and inter-story drift demand spectra. While for the global seismic demand, including maximum
drift, both analyses lead to reliable results, the study of local effects of the ground shaking on multi-story
buildings should be preferably conducted by means of nonlinear dynamic analysis, which can be usefully
performed on a simplified equivalent shear-type model. The adoption of this methodology seems
necessary when different ground motions are considered due to the large variability oftheir characteristics
(presence of long duration pulses due to directivity effects or basin effects, sequence of the pulses,
frequency content, etc.). The simplified method used in this research highlights a great influence of the
seismic input energy on the maximum local deformation demand, expressed for the simplified model
presented in this paper by means of the inter-story drift. This relationship appears stronger than the
analogous one between energy and top displacement A significant role is assumed by the higher vibration
modes of the structure, especially for high ductility levels. The multi-story frame structures, almost
insensible to the internal stiffness distribution, but influenced only by the fundamental periods for top
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NOTES ON GROUND MOTIONS DEFINED BY EUROCODES

Tito Sand
ANPA, Via Brancati 48, 00144 Roma
sanora'noa.it

ABSTRACT
In this paper the seismic input of the last version of Eurocode 8 (ECS) is briefly described and is
compared with the previous version. The paper outlines the strong difference between the ground
motion in the last version with literature data valid for high seismic zones. Then it highlights some
important features related to soil stability. Numerical analyses, with usual methodologies, show that
soft soils type D and some of C and E soils are unstable in an Italian first seismic category under the
defined seismic actions. This is consequence of the inelastic shear deformation induced by a strong
earthquake. Moreover results show that the ground motions given by the EC8 on soft soils are
compatible with that on rigid soil, type A, only in low seismic zones.
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2. Comparison between new and originAl versions of ECS.
The proposed main changes to ECS are the following:
I. Seven subsoil classes ae described instead of three. The new subsoil classification scheme is
introduced as a table (see below) thai includes both the stratigraphic descriptions and the ranges of
geothecnical parameters. This has been done in order to make the classification as easy as possible
and to avoid placing some of this infonnation in an Informative Annex.
The soil classes are characterized not only by shear wave velocity V,.jo, average value within a
dept of 30 m, but also by the blowcount NSPT and the undrained shear strength, cu.
The subclasses SI and S2 refer to special soft soil, which requires special studies for definition of
seismic actions.
TABLE I
Subsoil
Description ofstratigraphic profile
Parameters
class
V&30
N.ir
Or/s)
(bl/30cm)
(kPa)
A
Rock or other rock-like geological formation, > 800
including at most 5 m of weaker material at the
surface

B

1. Introduction
C
In 1997 four Project Teams have been setting up by CEN/TC250 for conversion of ENV 1998 to a
final version. The Project Team N. I (PTI), charged for modification of seismic actions contained in
Part I of the code, is supposed to finish his work on June 2002. Modifications on the last version
(Draft No 4, 2001) are substantial and refer essentially on a new categorization of soils and on a
greater number and new shapes of spectra, specific for each soil type and for two level of seismicity.
This report summarizes the main modifications and outlines a few aspects related to the seismic
stability of soft soils. As matter of fact, last draft of part 4 of EC8, which regards the foundations,
retaining structures and geothecnical aspects, requires that all the analyses should refer to the seismic
actions described in Part I of the same code. As a consequence the ground motion used as action on
the upper structure should be compatible with that in the lower soil. This seams not to be the case of
the defined spectra on soft soil in high seismic zones. Spectral shapes, specially those defined on very
soft soil, show a great amplification also at high frequencies and are different from both those of the
old version of ECS and those shown in literature (Seed et al., 1946). In order to highlight the evident
discrepancy between the new and old shapes and to check the validity of the proposed spectral shapes,
a few analyses has been performed with simple computer codes. The case of a first seismic zone in
Italy has been taken into consideration also if results can be valid in all seismic countries in the
Mediterranean area. Numerical analyses show that the assigned seismic motion on the surface
produces high shear deformation in soft soils in a high seismic zone. This means that in many cases
the soil itself cannot transmit the assigned motion and the corresponding computed motion on the
outcropping rock is not compatible with the spectrum on stiff soil, type A. On the contrary a good
compatibility exists in case of low seismicity. This suggests that, in spite of the large number of soil
condition and spectra considered by the code, the use of site-specific spectra on soft soil, compatible
with that one on rigid soil (subsoil type A), could be explicitly allowed in high seismic zones.

y

D

E

S,

S2

Deposits of very dense sand, gravelor very stiff
clay, at least several tens of m in thickness,
characterised by a gradual increase of mechanical
properties with depth
Deep deposits of dense or medium-dense sand,
gravel or stiff clay with thickness from several
tens to many hundreds ofm
Deposits of loose-to-medium cohesionless soil
(with or without some soft cohesive layers), or of
predominantly soft-to-firm cohesive soil
A soil profile consisting of a surface alluvium
layer with Vm values of class C or D and
thickness varying between about 5 m and-20 m,
underlain by stiffer mateuial with V'> 800 nis
Deposits consisting - or containing a layer at
least 10 m thick - of soft clays/silts with high
plasticity index (PI > 40) and high water content
Deposits of liquefiable soils, of sensitive clays, or
any other soil profile not included in classes A -E
or S,

360-800

>50

>250

180- 360

15-50

70
250

< 180

<15

<70

< 100
indicatively

10
20

2. Five response spectra are defined instead of three, one for each classes A to E.
In Fig I the spectra of the previous version, while in fig. 2 the new proposal are shown. The
curves, shown in fig.l am also similar to the spectra of the Italian code for isolated structures,
issued by the Ministry of Public Works (LLPP.,1998). Spectra are normalized in respect to the
peak ground acceleration in a soil type A, at The definition of the design ground acceleration as as
the effective peak ground acceleration has been changed to be simply the peak ground acceleration
(PGA) and the adjective "effective" has been removed. This change is proposed for two reasons.
the first being that there is not universally accepted definition for effective peak acceleration
(EPA). The second reason for this change is that by definition the acceleration response spectrum
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anchors at the value of PGA for zero period. The shape of spectra is characterized by four
parameters.

An importance factor y, is introduced which refers to important structures for civil protection or
for their social roles, like hospitals. It is related, as in the Italian Guidelines for isolated structures,
to the return period, that is the exceedence probability of the seismic event during the structure
time life.
3. Type 2 spectra are also defined for low seismic zones.
A second spectral shape (Type 2 Spectrum) is introduced, which has a narrower and higher
constant acceleration plateau, for regions only affected by smaller magnitude earthquakes. That
will reduce the conservatism that results from using a constant spectral shape. The National
Authority must decide which elastic response spectrum, Type I or Type 2. to adopt for their
national territory or part thereof. The criterion for selecting the Type I or Type 2 spectrum is only
based on the expected earthquake magnitude, since the spectral shape is comparatively insensitive
to distance.
In selecting the appropriate spectrum, consideration should be given to the magnitude of
earthquakes that affect the national territory or part thereof. If the largest earthquake that is
expected within the national territory has a surface.wave magnitude M. not greater than 5V1,then it
is recommended that the Type 2 spectrum should be adopted.
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U

Fig. I EC8 spectra in the old version
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Fig. 2 Proposed spectra
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The first is the soil parameter S, which has to be multiplied by a, to define the zero period
acceleration (ZPA). The shapes of spectra change because the width and level of the constant
acceleration part (plateau), which always is 2.5 time larger than the ZPA. The plateau is defined
by two parameters, the period values Tb and Tc. A forth parameter is the Td period, that defines
the period in the spectrum over which the response corresponds to a constant displacement
response and it is identified in the figure where the shape changes at high periods. In Table l1 the
over mentioned parameters for high seismic areas are shown.
TABLE II
Spectrum parameters for high
Soil classes
S
A
1.0
B
1.2
C
1.15
D
1.35
E
1.4

seismic areas
TB
T
0.15
0.4
0.15
0.5
0.20
0.6
0.20
0.8
0.15
0.5

I To
2.0
2.0
2.0
2.0
2.0

Fig. 3 Type 2 spectra
4. Elastic displacement response spectra are introduced in order to allow the analysis of long
period structures.
The elastic displacement response spectrum, SD.(T), can be obtained by direct transformation of
the elastic acceleration spectrum, S,(T), using the following expression:
SD,(T) = S,(T{2];
This equation shall normally be applied for vibration periods not exceeding 3.0 seconds. For
structures with vibration periods greater than 3.0 seconds, a more complete definition of the Type
I elastic spectrum is presented in an Annex A, derived by the displacement response spectrum.
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which corresponds to the old C. In the oli version the plateaus were less or equal to that ofrigid soil,
A, but larger. In the new version, also if widths are larger in about the same way, the plateaus are
higher than that of the rigid soil, type A. This is very different from what it is supposed to be and from
what we found in literature on statistics on recorded accelerograms. Seed et al. (1946), who has been
referenced in many books, produced results of a statistics on recorded earthquakes and they are shown
in diagramn, fig.5.
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A new damping correction factor il has been determined:

insteadof r7 47/(2+4 a 0,7
that is a more conservative formulation, but a greater damping is accepted. The use of elastic
displacement spectra in conjunction with a substitute structure to represent the inelastically
deformed structure requires equivalent damping values much higher than the 12% of critical
permitted in the original ECS. The new, lower limit on q allows response spectra for damping
values up to 30%,/of critical to be constructed
7. The duration of the stationary part of artificial accelerograms is not more depending on the
maximum ground acceleration, but it should be not less thanlO sec.
8. The kdl and kd2 coefficient of the exponential decay for long periods of design response
spectra are taken equal to those of elastic response spectra. In the previous version they where
equal respectively to 2/3 and 5/3, while in the proposed version they are equal to I and 2.
It is important to remark that the code is based on a prescriptive approach, with very detailed rules,
with no description and explanation of the their rationale. It doesn't accept any alternative definition of
the input motion by the designer. It is generally written that a possible variation to the input motion is
possible if it is supported by special site classification studies foreseen in the National Annexes.
3. A few notes on ground motion on soft soIls In high seismic zones.
The aim is to highlight the difference between spectra on soft soil in the previous and the new version
of EC8, particularly on soil type C, which approximately corresponds to the old B, and soil type D,
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5. New vertical response spectra, one for each response type, are described instead of using
modification factors.
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Fig. 5 Mean response spectra on different soil types
The spectra, on fig. 5, are the result of a statistics on Earthquakes magnitude 7.5 at distance of 35
miles or 6.5 at distance of 20 miles. The last cas just regards the high seismic zones in Italy. We
notice that on soft soils the spectrum become flatter and wider with respect to the rigid one. This
corresponds to a physical phenomenon because, in high seismic areas, soil can behave in non-elastic
way. High shear deformation causes an increase of the damping. which reduces the response, and a
reduction of the stiffness, which can be such that the period range of maximum amplification can
drastically change.
4. Stability of soft soils in a first seismic zone of Italy.
In a first seismic zone in Italy, is reasonable to assume a peak ground acceleration equal to 0.35 g.
That value has been recorded in the last great earthquakes ( Friuli, 1976 and Irpinia, 1980) and has
been quoted in the Italian Guidelines for isolated structures (1998). Taking into account the soil
parameter S in the new ECS, the zero period acceleration (ZPA) for soft soil is:
Table III
Soil
C
D
E

ZPA (g)
0.40
0.47
0.49

These values should be multiplied by the importance factor, which in Italy can range between I and
1.4, so in the last case, the ZPA's am respectively 0.56, 0.66 and 0.69 g. Taking into account such
values, analyses were performed with the scope to demonstrate that the ground motions compatible
with spectra defined in ECS Pan I on soft and very soft soils could cause a soil instability in many
high seismic areas in Italy.
At first simple liquefaction analyses then investigations on the level of shear deformation of soft soils

were performed.
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4.1 Liquefaction analysis.

The procedure of ANNEX B of EC8 part 4 (Nov. 2001) was applied, but results are general and do not
depend on a particular used analysis methodology. The main parameters governing the phenomenon,
given the appropriate physical characteristics of the soil, like grain size, fine content, saturation, etc,
are the maximum acceleration (or ZPA), the magnitude M and the soil characteristic NSPT. The
author assumed a Magnitude equal to 6.5, which is similar to that experimented in Italy during the last
strong earthquakes of Friuli (1976) and Irpinia (1980), while the other two parameter are given in table
I. In fact Eurocode characterizes the soil type D by a NSPT less or equal to 15 for soil D and in the
range of 15-50 for soil type C. The simplified method determines the safety factor as the ratio
between the resistant cyclic shear stress and that induced by the earthquake. The first depends on
physical soil properties and is computed through experimental diagrams, which correlates the cyclic
shear stress, known to have caused liquefaction during past earthquakes, to the measured value of
NSPT. The second depends on the peak acceleration at the investigated soil depth and on the
Magnitude of the event.
The resulting safety factors are less than one in any case for soils type D (ZPA=0.47g) and in many
cases for soil type C and E when the NSPT values are near the lower limit of their range or for
important structures, 71= 1.4.
In conclusion, from a simplified liquefaction analysis, results that soil type D and large part of soil E
and C, in a first Italian seismic category, could be considered exclusion areas for important structures,
like hospitals, schools etc and in many cases also for normal buildings. This is important because a lot
of villages are built on little alluvial valley, with soft soil type C, D and E, along Apennines
Mountains.

the used computer code. A check has been done with other codes, like PHAKE (San6 and Pugliese,
1991) and SUMDES Li et al.. 1992), and results substantially do not change.

Fig. 6 Scheme of the soil for SHAKE analysis
(Schnabel et al. 1972)
In figures 7a and 7b the computed spectra on outcropping rock are shown in two cases: respectively in
case of an artificial and a natural accelerogram compatible with the assigned spectrum for a soil type
D. The natural accelerogram is that recorded in NS direction at Stumo during the 1980 Irpinia
earthquake in Italy. In both cases the levels of the peak acceleration and the spectrum shape on the

4.2 Investigationon soil deformation.

Considering soft soils in an Italian seismic category I, the shear deformation in the soil, compatible
with the ground motion defined by the spectrum shape described in EC8 Part I (maximum
acceleration- 0.47 g) were computed. The computer code SHAKE (Schnabel et al, 1972), valid for a
stratified soil and vertically impinging shear waves on the surface, have been used. The scheme is
shown in fig. 6, where the stratified soft soil is shown on the right and the uniform outcropping rock
on the left side. The soil non-linearity is accounted for by the use of an equivalent linear analysis using
an iterative procedure to obtain, in each iteration, the characteristics of the soil compatible with the
effective strain in each layer. The iterations stop when a convergence is obtained on the shear
deformation in each layer. The author solved an inverse problem, that is the motion is assigned on the
surface of the soft soil, point B in the fig. 6, and results are searched in the lower layers and on the
outcropping rock (point A). In order to have generally valid results, I used:
"* different shear velocity distributions within 30m depth, with a mean value compatible with the
V,.je assigned. I used the upper bound, Vs= 180 m/s, for soil type D and the mean value of the
assigned V,3jo range for soil C and E,
"* different artificial and natural accelerograms compatible with the assigned spectrum,
"* different realistic soil material laws (G/Go and damping vs shear deformation). They are taken
from literature in different sites.(Pergalani et al., 1999; Seed & Idriss, 1970; Seed et al., 1986)
Results are strongly dependent on the shear stiffness distribution on the depth and on the material
characteristics: shear modulus and damping versus shear deformation. In case of soil type D, generally
the analyses do not converge to a solution because the high level of shear deformation reached in the
lower layers. The soil is so deformed that it is not able to transmit the assigned motion on the surface.
In few cases the analyses converge to high shear deformations in the lower soil layers and high
acceleration on the outcropping rock, point A of fig.6, (greater than 1.0 g ). The maximum shear
deformation is reached at depth near to 10 m and is greater than 0.2%. Such results do not depend on
7
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Similar conclusions hold also for soil type E and C, mainly when their material characteristics, i.e Vjo
, are at the lower bound of their range of definition (Table I) or in case of important structures, yj- l.4
or unfavourable topographic conditions. Results are shown in figures 7c and 7d in case of an input on
soil type C (dotted lines) respectively for an artificial and a natural (Stuno-NS) accelerogrem and
yt-I.O.
Checks were made through further analyses. A spectrum on rigid soil type A was assumed as
characteristic ground motion of the seismic event, which code want to design for. Then a local
amplification analysis was performed facing a direct problem. The ground motion on point A of fig.6
was assigned and the motion on point B on soft soil, type D, was computed, considering a first seismic
category in Italy. Finally a comparison of the computed spectrum and that of EC8 on the same soil
was made. A few results are shown in fig. 8. The code spectra, for soils type A (a 1-0.35g) and D
(a,-0.35*1.35- 0.472g) are shown as continuous lines while the computed motions on the surface of
soil type D, respectively for natural and artificial accelerograms, are shown as dotted lines. The natural
Brienza-NS acceleroirram refers to that recorded durins Ilinia (1980• esrthouake.
Brienza-NS
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seismic zones. Then some important features have been highlighted in relation to soil stability.
Numerical analyses, with usual methodologies, shown thatt
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Simplified analyses of soils class D and E, if potentially liquefiable, show that they are likely
to liquefy in a first seismic zone in Italy. This is important because a lot of villages are built on
little alluvial valley, with soil type CD and E, along Apennines Mountains.
The shear deformations of soils type D, E and part of soil C (in case of important structures
and/or unfavourable topographic conditions), under input ground motion described by EC8
Part 1, are such that the soil stability cannot be guaranteed in a first seismic zone in Italy.
Numerical analyses shown that the soil class D cannot transmit waves contained in the ground
motion defined by the ECS in a high seismic area. As a proof, performing a local amplification
analysis using as input the ground motion on outcropping rock, compatible with the rigid
spectrum (subsoil type A) and peak ground acceleration - 0.35 g, in no case you can find a
ground motion, at the surface of the soft soil, compatible with the spectrum of subsoil D and
ZPA-0.47g. A compatible motion can be found only in lower seismic areas, in which the soil
material behaves in elastic or quasi elastic way. So the spectra described in EC8 Part I, for
subsoil type C, E and D are compatible with low seismic countries like those on the North of
Europe, but not in Italy especially in a first seismic zone.
The use of site-specific spectra on soft soil, compatible with that one on rigid soil (subsoil
type A), could be explicitly allowed in high seismic zones.

6. Bibliography

Fig.8 Computed spectrun on soil type D Fig.9 Computed spectrum on soil type D
compared with that assigned on soil D and A. compared with that assigned on soil D and A.
Case of a first category seismic zone
Case of a 3rd category seismic zone.
It is important to note that:
The motion on the surface of soil type D, compared with the A type one, is richer of low
frequencies because of the effect of the non-inearity induced by the high intensity of the
seismic input. As mater of fact the output spectra are wider in the long period range, but they
became not higher than the input one, contrarily to what proposed by the new EC8 code
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(spectrum D on the figure).

High frequencies are drastically filtered because the soft soil. It become softer because the
reduction of the G modulus caused by the high shear deformation induced by the earthquake.
Such filtering explains why in the inverse problem (figures 7) we get high peaks in the high
frequency range in the motion on rigid soil A.
The same amplification analysis was performed in a lesser seismic zone, considering an Italian third
category and peak ground acceleration equal to 0.15g. Results, shown in fig. 9, are completely

different from previous ones. The computed spectra on point B of fig 6, soil type D, are sufficiently
comparable to those proposed by the ECS code. That is because the ECS spectra on soft soil are
suitable for less seismic country than Italy. For it and other high seismic country in the South Europe,
the use of site-specific spectra on soft soil, compatible with that one on rigid soil (subsoil type A),
could be explicitly allowed.
S. Conclusions:

The seismic ground motions of the last version of Eurocode 8 have been briefly described and their
main features have been compared with the previous version. It has been outlined the strong difference
between the ground motion on soft soils, defined in the last version, with literature data valid for high
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To fix a plan of usual one specimen test, we need to assume a kind of the scenario obtained through
the results of field survey, and it is subjective. Therefore, in this process, there is a possibility to be
biased as well as in the process of data analysis. The paper, which I have been preparing, is discussing
the role of scenario, and now we are facing on a certain possibility of such "bias". Newly rewritten
papers titled "Proof of Seismic Design Code", and it may be handed at the Workshop.
PROOF OF SEISMIC DESIGN CODE
-ROLE OF DAMAGE REPORTS INCLUDING SHAKING TABLE TESTS

Hekd Shibata
National Research Institute for Earth Science and Disaster Prevention
1-5-203 Sakurajosui 4 Setagaya, Tokyo 156-0045, JAPAN
Tel. & Fax. +81/3-3303-2591

Memo for Presentation
I have prepared two third of the draft of the manuscript for the proceedings under the title above.
However, as the newspapers have been reporting, the degrading of nuclear power plants is the great
issue to the related structural engineers in Japan last several weeks. Even recent mornings, September
24 and 26, the newspapers report new facts. Under such a situation, I should rewrite my draft, because
the new maintenance criteria has been discussed, and the concept, which I try to discuss, is deeply
related to this, that is, the design guideline should be prepared in relation to the maintenance criteria.
The seismic design of mechanical and electrical components should be made as a safety system as
well as piping systems. The development of disasters is usually discussed along its scenario. Role of
field surveys on damage status and shaking table tests is one of the significant, key subjects in the
Workshop, and I try to discuss how to prepare the scenario and what issues are existing in my
presentation.
For the meaning of"Scenario", I presented on the paper "Assumption and Analysis on Catastrophic
Event by Setting Scenario under Various Uncertainties" in a seminar in the mid-September. The point,
which I have been considering for this workshop, was included in the papers of the Seminar in last
September. Therefore, temporary, I attach them in the following part of this article.
The figure attached is the key relation of the role ofimechanical shaking table, for example, 1,200
ton 3-D shaking table, E-Defense 4J in NIED, as well as other large tables like Tadotsu 1,000 ton 2-D
shaking table, NUPEC, to establish the seismic safety of nuclear and other critical facilities.
In the papers above, I concluded as follows: Scenario is necessary to make the judgment under
existing "uncertainty", and as a result it is "subjective". For planning of tests on the table, we start it
based on knowledge of failures which obtained through field surveys. In 1940 - 50's, the theory and
technique on "Planning of Experiments" had been developed, and it was based on Stochastics, like
Monte Carlo Method in the papers above. The menu for testing based on stochastic approach has the
same difficulty as Monte Carlo approach. Therefore, a test on a shaking table is usually one specimen
test, and how to cover the fluction of test results, I talked at one of the previous workshoptl. Even
though, the one specimen test is taken in usual shaking tests for NPP, and the project which started in this
year in NUPEC is the initial project in this field.

Reference
(1] SHIBATA, H. and ASADA, H. [1999], Generation of Fragility Curve of Components by Using
Shaking Table, Proc of OECD/NEA Workshop, NEA/CSNI/R(99)28, P.299 - 326

ASSUMPTION AND ANALYSIS ON CATASTROPHIC EVENT
BY SETTING SCENARIO UNDER VARIOUS UNCERTAINTIES

Held Shibata
National Research Institute for Earth Science and Disaster Prevention
1-5-203 Sakurajosui 4 Setagaya, Tokyo 156-0045, JAPAN
Tel. & Fax. +81/3-3303-2591
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This paper deals with a concept of the worst scenario as an initial condition and boundary
conditions to simulate how an event is going to develop mainly related to the safety problem. Some
twenty years ago, the worst scenario was decided very subjectively under the limited CPU time of an
available computer. The author wants to discuss how to get the worst scenario under uncertainties
logically and related matters. Comparison of Fault Tree and Event Tree methods as well as Monte Carlo
method has been discussed. And the concept of craziness, that is, ftizziness with fluctuation, is
discussed also.
Keywords
scenario, simulation, event, safety, Monte Carlo method, subjective approach, fuzzy
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Introduction
It is rather difficult how to assume a scenario of accidental events for the safety analysis. The
author has been working for the safety on critical facilities under destructive seismic conditions mainly.
And this job has been expanded into disaster preventions of.various kind ofaccidental events induced by
a natural phenomenon as well as a man-induced one. Those events are under various degrees of
uncertainties. One extrme case is followed surely a certain stochastic distribution, and the other
extreme case is, of course, definite one, if we assume that "uncertainty" would be a random process.
However, we can obtain a certain scenario from the
,,w
Ir
experienced case of an accidental event in the real
,
world, such as a man-minduced air crash to wide
z.,,
.4
urban failures induced by particular ground motions
Ma
Or*
of a strong earthquake like Hyogoken-Nanbu
earthquake-I 995, so-called Kobe earthquake and so
OIL

It is easy to explain on the scenario of an air
traffic accident, but it is rather difficult to explain
the scenario of a suong earthquake. If we discuss
on a particularity of ground motions in this sense, it
comes from the mechanism of an earthquake, that is,
a fiacture of fault surface, whose size is 20 km
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Fig. I Faults Layout of
Hyogoken Nanbu Earthquake-1995
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depth x 100 km long or more. How to brake or slip, approximately 1
m to 10 m length, on a fault surface is a scenario in this case. In Fig.
1, Faults for Hyogoken Nanbu, Kobe earthquake - 1995, and also in
Fig. 2, its process of failure are shown, and the scenario means this
process. The wave form of ground motions is completely depending
on this scenario, which is also described by a pattern of sticked areas,
so-called "asperity", on a fault surface and its slipping process. Now,
we can analyze the pattern of the asperity of the event, which has
been occurred. If the fault will move again in a future, will the
asperity, that is, the scenario, be the same as before? This question
has not been solved yet. But seismologists estimate that it would be
almost similar to previous ones, even it might be fluctuated. The
author doesn't discuss this subject in detail, but this problem brought
the subject in this paper to his mind with it.
Another type of a simulation on an earthquake disaster may be
mentioned. We, in Japan, have worked for the simulation how the
big fire, induced by a destructive earthquake, will be spread in the
urban area like Tokyo. We started this type of the study in late
1960's(). For this simulation, the scenario, such as, season of the
year, time of the day, wind direction and velocity, is very significant
to the result, usually we express it as loss-of-lives. In 1923
earthquakes in Tokyo area, 140,000 lives were lost by such spread
fires.
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Fig. 2 Asperity Rupture
Transmission by Time

On the other hand, in nuclear engineering we assess the probabilistic risk or safety with fault-tree
and event-tree by starting from all probable internal events including man induced ones. In this case,
scenarios of all probable events are covered for the assessment, and concluded as one valve, the
probability of occurrence of the core damage, CDF. And the expected risk of deaths induced by the
leakage of radioactive materials by this core damage is calculated with a scenario of a weather condition
and others as described in the latter part of this paper.
The author will try to discuss such various procedures for setting up the "scenario" for the
simulation on disasters, both a man-induced event or a natural event more logically than the subjective
approach.
Single Scenario for Simulation
Recently, we have more chances to simulate how to develop catastrophic events with various
assumptions for estimating and suppressing development of such events. In the assumption, there are
many variables as the initial condition and boundary conditions. Some years ago, the CPU time for such
a simulation was very limited. Therefore, these initial condition and boundary conditions for the
simulation were selected only one set of conditions as already mentioned. We often said that we assume
"the worst case". What is the worst case? These variables usually have a stochastic nature, then it is
difficult to say that this particular set of'variables is the worst for this simulation. If we have some
examples in the history, we can find the worst one in the historical document But, it would be doubtful
whether or not this set of variables is the worst one in the stochastic sense. The author has been talking
it without actual examples in this article. However, in his mind, the development ofspreaded big fires in
urban area induced by a destructive earthquake came out at first. Then, the development of crack failure
of active earthquake fault came out. The first one might be in the area ofdisaster prevention engineering,

and the second one is in the seismolog-', for deciding input ground motions for the design of critical
facilities. As far as spreading the fire, the wind velocity and the humidity are the key parameters. For
predicting the ground motions, the length and the amount of its slip or stress drop seem to be key items,
but they usually give the total energy of the ground motions, and the detailed time histories are rather
depending on its asperity and the initiating point of slipping of the fault, and it is clear that such
parameters are very complicated and specialized in each subject.

For simulating a series of time history of
W.
V
A
events, we need to fix key parameters or variables
as initial and boundary conditions. To explain
this, we assume that the number of variables is
two for the simplicity, and the mapping of key
variables is shown in Fig. 3(a). As the result of
the simulation, the key variables, for the input to
simulate a certain model, transform to the
0ar
0 b)
consequent map as shown in Fig. 3(b). The
Fwf,,
Reation
simulation in early period was started from only
one point, which was considered as "the worst
Fig. 3 Fundamental Relation of
case", the point "u". We didn't know the figure
Parameters and Results
of over-all results like Fig. 3(b), and only we got
one point as "W" in Fig. 3(b), therefore we
couldn'tjudged whether or not that this was actually the worst point. If we can figure out the total scope,
"W9 5"might be said the worst under the condition as discussed later, but the one-point simulation
couldn't find such a map. This is the simulation for disaster prevention or other works in early 1980's.
It was very subjective to select the condition "u", and actually this "u" was selected with subjective
ambiguity rather than uncertainty.
W. (- fite 5)

More Chance for Simulations
If the computer runs rapidly, we repeat
such simulations for the set of parameters.
The large circle in Fig. 3(a) is defined as
95% confidence of range of parameters in a
certain distribution for a simulation, and the
result transformed from these parameters is
the egg-like curve in Fig. 3(b). A vector
from the origin to the curve is considered to
be the result, and the vector W9s is the worst
one under the restriction of parameters in
95% confidence. As an application of
Monte Carlo method, we can consider
several ways. The first one is to select a set
of parameters according to some distribution
within a circle of 95% confidence, as point
such x, * +,A ,V and so onin Fig. 4.
Another one is to select a set of parameters
as uniform distribution like the box-shape
distribution between vertical tangents to
95% confidence circle, A and B, and also
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Fig. 4 Monte Carlo Approach for Simulation
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Fig. 5 The Worst Scenario by Extreme Parameter Set

horizontal tangents, C and D in Fig. 5.
More sophisticated example will be discussed on a typical example ofstochastic problem. One of
the results done by Honma, JAERI was presented in a recent workshop . This simulation was done for
"individual risk of radiation fatality at a distance" induced by CDF of a nuclear power plant. And this
computation was done for 128 sets of 23 parameters as mostly uniform box-shape distribution by
uncertainty which they have. However another group of a boundary condition "weather sequence" is
significant for such an analysis. He divided into two sections for his analysis. The author tries to figure
out it based on his presentation as Fig. 6. A key issue here, even ifthe distribution ofthe sampled set for
a scenario meet with the over-all distribution of "weather sequence", the result "individual risk of
radiation fatality at a distance" seems not to follow to a certain distribution as shown in Fig. 7.
Especially a result of 991o of confidence case extremely deviates, and not smooth as a cumulative curve
as we can observe figure on the left hand in Fig. 7. If we would make those distributions much clear,
and employ to select sets of parameters, the result might be different The author will discuss iL
It is possible that such a phenomena comes from the distortion of a "transformation" in Fig. 3. The
most of simulation in social science or disaster prevention has this distortion. However, some other
reasons might be considered. One is as follows; even the distortion of transforming would give the
distortion of the distribution, lack of number of simulation brought such an irregular distribution in
Monte Carlo process as observed in Fig. 7. Also, the classifying "weather sequences", and random
sampling from each type may curve this distortion on the distribution, because this process of setting
parameters works similar to subjective judgment, even all steps were done logically, except the
definition of crasters, Type I to Type (m) in Fig. 6. It is really an interesting subject how the real
distribution is.
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Fig, 7(a) Fatal Risk vs Probability [Ref. (2)]
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Fig. 7(b) Fatal Risk
Cumulative Distribution [Ref. (2)]

As an initial condition and boundary conditions the extreme values of parameters, that is, the corner
points A, B, C and D are employed for the simulation. For these results, there is no guarantee to be the
worst. Sets should be selected under rules of distribution of each parameter. In this case, required
number of "scenario" is numerous based on the concept of Monte Carlo method. If we decide the
notations on the nature of "uncertainty" as follows:
R.:theoretical randomness.
A: ambiguity origin uncertainty.
U: uncertainty originated from lack ofiknowledge.

F: fuzzyjudgment.

C: crazziness' which will be discussed in the following chapter.
Then, in the transform from Fig. 3(a) to Fig. 3(b), it is theoretically only based on a defined fimction,
therefore deterministic or theoretically random: R. In principle, other uncertainties are in the process of
defining initial conditions in Fig. 3(a), however, F and C may be included in the process oftransfonning
to Fig. 3(b).

FT-type analysis
In this Chapter, the author discusses on
Fault Tree-type approach. Such a scenario as
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the initial and boundary conditions mentioned

above is only one point which would be
possible, and selected as the worst, or a group
based on randomly to meet the rule of Monte
Carlo approach. The case quoted above, 23
key parameters are contributing to the result,
and the simulation was done only in 128 cases.
If we select the values of those parametrs in
two extreme cawe as A & 8 or C & D in Fig. 4,

Fig. 6 Schematic Flow ofFatalRisk Analysis. [Ref (2)]
Prepared by Shibais, based oanHonmn's Presentatio, andPrHute Communication (Ref. (2A)]

the total number of combinations
2?, that is
approximately 8 x 10 cases. Theis number
of
128 cases is only 106 of dtha in all
combinations of only extreme cases.
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Fig.8 FaultTree-typeAssessment

Some Examples of FT and ET
To make clear the total scope of the structure of results, we need much number of simulations. To
overcome such a difficulty, we can introduce Fault Tree type method as shown in Fig. 8. We assume
one top event such as a catastrophic result initiated from initial events at the bottom. If we can find the
most probable event with associated other initial (bottom) events, this is the most significant event.
Therefore, it is rather easy to find the scenario by a modification of an ordinary Fault Tree analysis
method, however, to find the worst one, we need calculate valuesm such as loss, probability or others of
each tree, and it is not made in general. Also, it should be recognized, the number of sheets to express a
CDF: core damage frequency of a nuclear reactor, may be 5000 sheets, which was drawn in SSMRP, by
Lawrence Livermore National Laboratory, in 1980's, it was shown in one sheet drawings, even for the
explanation.
The author believes that it is a simple way to establish the complete scenario. Uncertainties, which
belong to all roots, may be included the coefficients on each tree. However, he has never implemented
this.

Some Examples of FIT and ET
Event Tree analysis was used in SSMRP
>
with the result of FT analysis to complete to
estimate CDF of a nuclear reactor. Starting
from one particular event, such as a loss of
'
external power supply induced by a destructive
Initial
earthquake, and each branch of a tree will
Event
reach to the core melt down or not, that is, fail
,0
or success of cooling core. In this example in
/
Fig. 9, the final state is a two value like
Tle Wont
or "fail" as mentioned above. We
Scenario
can define the probability on each branch, and
in final states the most fatal one is only one
"C
case with a certain probability of occurrence.
And this tree is the scenario for the story.
Fig. 9 Event Tree-type Assessment
However, during the route to the other end
states, some damage would be expected. For
example, as an initial event we assume a destructive earthquake, and the second event failure of houses
against controlling a quality of residential building by a code, if success, 90% of houses remain to be
without collapse, and if fail, 10% of houses remain without collapses. Next step is to start fire, and even
a healthy house may start fire in 0.5%, and a collapsed house may start fire in 3 %. Then 0.45% of
healthy houses start fire, and 2.7% of collapsed houses start fire. Thus story develops into a big urban
fire. In this case, the final result can be expressed by an expected value, or the vector of estimated
damage value and the probability of occurrence. In this case, we can define the worst scenario as the
maximum expected damage rate as a "value", or the subjected judgment of the vector. probability of
occurrence and estimated damage rate as a "value". In general as noted in Fig. 9, the route to the
maximum damage value, loss rate is the worst scenario.

"success"

In previous two chapters, the author referred to some examples. Here, he tries to discuss on daily
events on each approach.

A story on cuttle mail trouble
The
i)
ii)
iii)
iv)
.
v)

following affair was happened in my, the author's, office:
CD-Rom of an annual report to reach to my former office.
My young friend in the office sends the fax to me where shall be remailed it as reaching to me.
I sent the reply to ask to send it to my new office by curtie, DHL-type mail by fax on Sunday.
He sent a bottle of whisky as his gift to my home for his appreciation to my gift to congratulate
of his marriage almost same time.
A package was delivered to my home from my previous office, but all of us were absent in my
house at that time.
vi) I asked to resent it to my new office to a currie business office, and they promised to send it
tomorrow to my office.
vii) Two days after, it hadn't reached to my office yet.
viii) I phoned to the office ofcurrie near by my office to ask it, and they phoned to the office near by
my home, and they found that it was broken. I asked them why CD-Rom was broken, and they
said that it was a bottle of whisky and they wanted to replace a new bottle as soon as possible.
ix) The author thought that it was CD-Rom, but it was a bottle of whisky.
The reasons were in the following two points.
In my previous office, the fax machine was switched off during a weekend, but its responder
worked as normally without any message like "Not Received" to the sender. The author. 1.
forgtit. and believed that my message was reached to the young friend.
And, when he sent whisky to me, he has not noticed it to me.

"*
"*

Such a type ofseries oferrors can be expressed by FT as certain initial events, and can be evaluated
on the probability of occurrence. If we evaluate it by the product of probabilities of each step as
mentioned in i) - ix) without fault tree approach, the value might be very small like 10.10or so under the
assumption that the probability of an error would be 10". The typical case of this can be found in TMI
Nuclear Power Plant Accident. There were human errors in the process to reach to the final state, core
melt down, but some of them were induced by previous steps, therefore, if we would take the number of
erroneous steps through the process, the probability of occurrence of this accident might be very, very
low. But actually, effective independent essential errors are estimated only 2 steps by the detailed
analysis compared to II errors which were reported, as that of the former example consist of only two
steps based on the author's consideration(), as the young friend didn't notify on his gi ft and my beliefon
his receiving my fax. If we assess such an event, FT assessment is effective to do so, starting from initial
events to find the scenario, which are experienced. Of course, after we experience the affair, we can
build the ET by knowing the scenario, but FT is more effective to analyses such an event in advance.

Recent accidents of young ladles In Japan
By the Event Tree analysis, we can find the scenario as an expected value or the maximum loss
value as you like, but it will be done with low uncertainty, because uncertainty exists only in probability
of branching and estimated value or cost of loss of each success or fail.

Let's move to another subject. This summer, many young ladies love a mule with high-heels. As a
result, they had many chances to injure her ankles. We can analyze this process by simple fore balance
problem as Fig. 1I. In the case of ordinary shoes with high-heels, they have shells or straps, to fix the
shoes and here heels. In the case of mules, no fixing device to fix both legs and mules relation.

Therefore, the safety contact point of a
mules in narrower than ordinary shoes.
Also more unstable on irregularity of
floor flatness, or side force from her
legs. For such disturbances, mules are
easier to overturn and to have a trouble
on her ankles. This process may be
analyzed by ET.
Starting from the event to wear
shoes with high-heels or mules with
high-heels, ETs to reach to have
broken ankles both for shoes or mule
are almost same, but their critical limit
may be different because of the
difference of stable zone of loading.
This might bring the difference of the
worst scenario for each case, even ETs
for both cases are not much difference
except that of the values of transit
probability. Therefore, easy to find the
worst scenario by calculating the
over-all transit probability.

The author suggests how to evaluate events by simulation, and the most simple access is the
application of Monte Carlo methot, however, it is necessary to evaluate onnunerous sets ofparameters,
if the number of parameters, or conditions is not small because of their uncertainty.

mule
shoe with strap
shoe with shell
Fig. 10 Mules and Shoes for Young Ladies

Except using Monte Carlo method the author suggests that it is possible to use FT method to
evaluate the over-all probability and may be its distribution starting from various initial, bottom, events
to its final, top, event without a particular story as the worst scenario. However, if we need the worst
scenario for our analysis, we may get it by ET method easier than FT one, because we can obtain of the
probabilistic distribution of the final events and its limited confidence.
Each transition of events has a transient probability, but also some parameters coming from its
fuzziness, and sometimes the fluctuation of fuzzy judgment or selection, which the author call it as
in this paper.

"craziness"
mule

shoe
<more stable>

Fig. I I Dynamics to Injtre her Ankle

Fuzziness and Craziness
As far as ajudging process, we make ourjudgment in fuzzy sense sometimes. These fuzzy criteria
may be fluctuated time by time. To warm up the room, our feeling would change day by day, and this
range of fluctuation also depend on his condition. The author described this in one of his papers ()
approximately 5 years ago. In some sense, we may call this fluctuation as "craziness". In the previous
chapter, the author mentioned the final result could be evaluated by a vector like (value, probability).
Elements of the vector may be expanded to more such as (value, probability, fuzziness, craziness). Even
an example of the previous chapter, the behavior of a lady, way of stepping in her walk is fuzzy and it's
fluctuated. Therefore, the occurrence of an accident would be depended to her such a variable behavior
associated with conditions of floor, which are randomly distributed. However, in average, an ordinary
shoe is safer than mule.
As discussed above, "fuzzy judgment" or "fuzzy selection" may bring uncertainty, but more
uncertainty would come from their "craziness", that is, daily fluctuation of them much more. The author
tried to measure the individual craziness for the watching and recovery operation in his paper mentioned
above, and he found that is quite depended on operator's characteristics person by person. Thus, it is
rather difficult to establish the worst scenario definitely, and its uncertainty shall be functions of

"fuzziness" and/or "craziness", that means that the worst scenario of even an individuals may not be
established, if his craziness is large.
Concluding Remarks
It is very difficult to establish the worst scenario of a particular event However, in early 1980's,
only one scenario was chosen by the subjective way to estimate a future disaster.
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DESIGN INPUT BASED ON GROUND MOTION ANALYSIS FOR THE TAIWAN HIGH
SPEED RAIL PROJECT.

Helmut Wenzel
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• Abstract
The design of structures in seismic regions requires careful consideration of near fault effects. This
contribution highlights the facts and figures used to make decisions about the design approach to be
used for railway bridges crossing and active fault.
The Tuntzuchiao Fault has been classified as a minor active, secondary, eight - oblige, strike slip fault.
The location of the fault at bedrock is not known sufficiently and its orientation is close to 450 to the
longitudinal axis of the bridge. The expression of the fault at the surface is likely to be well defined
due to existing site conditions. The fault movement should be expressed over a relatively narrow
width. The fault is expected to be able to generate earthquakes with a magnitude of M - 6,5. The
expected horizontal fault displacement is a right lateral slip of 150cm. This can be resolved into
106cm along the bridge and 106cm transverse to the bridge axis. The expected vertical fault
displacement is a vertical dip of50cm.

repairable. When subject to a type 2 earthquake no yielding of reinforcement or structural steel is
permitted and the displacement of the deck shall be such that trains can break safely to a stop from
their full design speed of 350 kln/h.
The earthquake characteristics are as follows:
Type I earthquake with a 950 year return period, vertical shaking 2/3 of the horizontal shaking.
Type 2 earthquake where the ground acceleration is 1/3 of the type I earthquake.
The ground type are layers of conglomerates over 30m thick on mudstone. The site is classified as an
ordinary site. The base spectra are provided in the following figures.
1. Introduction
About I5kin north of Taichung, the THSR track is crossing the Tuntzuchiao fault. Therefore, a
special bridge design has to be developed for the 4 times 30m concrete box girder spans and the steel
bridge with 55m span, taking the specific site conditions into consideration. This report is made to
enable the development of a specific bridge design for this area. It addresses the relevant items,
provides alternative solutions and issues recommendation for the implementation. It is based on the
authors experience with seismogene phenomena registered at the Earthquakes of:
"* Chi-Chi Earthquake, Taiwan of September 1999
"* Kocaeli and D(lzge Earthquake, Turkey of August and November 1999
* Kobe Earthquake, Japan of January 1995
* Northridge Earthquake, California of 1994
2.

Relevant Fault Characteristic

From the 1999 Earthquakes in Taiwan and Turkey the actual performance of faults at the surface
can be studied. For the HSR infrastructure this performance is relevant. Particular the example of the
Bolu Viaduct in Turkey, where one of the piers was exactly located on the fault, shows which action
has to be expected. In this case the foundation was distorted approximately 15 degrees together with a
horizontal and vertical displacement. Never the less no breaking of the pile cap nor a shear failure of
any of the piles has been recorded.
The following photos provide information on fault ruptures as experienced in Taiwan and Turkey
in 1999. It is clearly visible that the fault rupture is:
"* Two dimensional (vertical and horizontal movement)
"* Comparatively straight forward
"* Effecting only a small strip along the fault
1.

The expected performance objectives are as follows:
* Safeguard against major failures and loss of life under type I (severe) earthquakes
* Ensure adequate service performance under type 2 (moderate) earthquakes
When subjected to a type I earthquake it is acceptable for the structure to response in the inelastic
range, provided the activity demand does not exceed the available ductility. All damage is to be

*

Figure 3: Fault Rupture. Chi Chi Eart

Taiwan 1999

b) To accommodate the potential rupture offset, which has been estimated to 50 cm vertically and up
to 150 cm horizontally, a much as possible
c) To allow realinment after a potential rupture offset with a minimum of structural changes
With regard to safely
d) To guide a derailed ain
The discussion of above mentioned criteria provide the following assessment:
a) Can be achieved
b) Can be achieved for the structure, but cannot be achieved for the rail position
c) Can be achieved
d) Can only partly be achieved under the given circumstances. The case of a train being exactly in the
position of the rupure or approaching the location rapidly can not be covered by this approach. It
is considered that any activity in the fault immediately triggers an emergency breaking of all trains

along the line.
4.
.

.
.
Figure 4: Fault Crossing Freeway Turke
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ical Fault Appearance, Turkey

Specification
The Specification specifies:
The Tuntzuchiao fault is a fault which would not be able to generate strong motion earthquakes
with magnitudes exceeding 6.5
A maximum magnitude of M - 6.5 shall be taken, which is covered by the zoning factor (Z=0,34)
As the Tunazuchiao fault is a secondary slip fault being initiated and probably created in the 1935
earthquake future seisnmic. ovement have to be considered.
The maximum movements to be considered in the HSR infrastructure design shall be takes as
natural strike slip - 150 cm and vertical dip slip - 50 cm

5.

Items of Consideration
The following items shall be considered in the search for an optimum solution for this case. The
ftint category are the Aton driven items:

Figure 6: Fault Rupture at Surface, Turkey

Figure 7: Typical Fault Rupture

This means for the Tuntzuchiao fault that the following has to be accommodated:

"*
"*
"*
"*
"*
"*

Horizontal and vertical displacement will appear together
In addition adistortion of the pier in the horizontal plane shall be considered
A considerable distortion in the vertical plane shall not be expected
A direct hit will only effect I pier in a chain of 35m spans
The static action by the Earthquake (displacement) will be combined with the dynamic action.
Near source effects have to be considered to NCREE recommendations.
A catastrophic failure of a longer section along the HSR alignment (wedge slip), as experienced
in the dam failure in Taiwan, is not to be expected in this case

3.

Performance criteria
The following criteria are developed from operational point of view:
To prevent loss of span failure

a)

5.1 Vertdei Drop
As indicated earlier a vertical drop of 50cm shall be accommodated. It is assumed that this drop
occurs in case of a pier located directly on the fault. It is seen as a differential displacement between
the 2 shores of the fault. Anyhow a sharp drop in one location only can not be expected. For the
geometic solution (loss of support) the full range shall be considered, whereas for the sutmss
calculations in the structure only 50% as a differential settlement shall be used.

Figure 8 : Effect of Vertical Drop on Tender Design

5.4 FoundationFailure
5.2 Loss of Support

In case that a pier is directly located on the fault in a very unfortunate way the complete loss of
the support is feasible. Despite the fact that this is most unlikely it should be considered here.
Considering the size of the foundation pile cap and the typical characteristic of fault rupture this case
is most unlikely.

All piers are founded on piles (8 piles diameter 150 cm) which are covered by a huge pile cap of
12 by 12m. This huge structure is mainly designed to allow for the very small displacement
requirements of the train in operation and Therefore shows considerable strength against extraordinary
loads such as a fault rupture would bring. It is expected that a fault rupture would rather result in the
loss of a couple of piles with a mostly undamaged foundation ready to support the infrastructure loads.
Therefore this case shall not be treated as an actual issue of consideration.
plan view

Figure

5.3 Pier Torsion

In case that a pile cap is located directly on the fault it is more likely that a distortion will happen
with the pier rather than a shear failure. The horizontal displacement of 150 cm at the fault could result
at a pile cap of 12 by 12m in a distortion of 15 degrees approximately. The relevant space shall be
allowed at the supporting length. In this case the Bolu Viaduct inTurkey shall be quoted again, where
this distortion is clearly visible in the photo.

Figure 14 : Faih

•re,Taiwan 1999

£S5 Pdl Shear Off
The failure of an individual pile or even a number of piles will not result in a significant problem
for structural survival. Anyhow it would effect the operational performance of this structure but could
be treated as a midterm repair item.

£6 LongitudinalSlip
The topographic map shows that the fault crosses the HSR alignment under 45 to 60 degrees. This
means that a lateral component of the displacement shall be expected. Rail extension joints shall be
provided to accommodate this slip in the rail itself. For the structure the fall value ofdisplacement
shall be considered in lateral direction for the dimensioning of the support length.

Figure 16 : Typical

;Bearings, Turkey

5.8 Accaleratuon
All recent earthquakes from Northridge 94 via the 1995 Kobe earthquake to the 1999 Kocacli and
Dilage in Turkey and Chi-Chi in Taiwan earthquakes a trend has been observed in near field action.
The recorded acceleration close to faults are in the range of approximately 200% of the given code
values. Anyhow the magnitude was always greater than 7, which is not the case here. According to the
geological report magnification effects are not to be expected in this case. It might be considered to
apply the NCREE recommendations for the directly affected structures, which means only the bridge
across the fault. Suitable counter measures to accommodate the increased horizontal forces are
proposed in a later chapter.

Figure 17;: Acceleration, Velocity and Displacement at Nantou, Taiwan 1999
£7 Transversa Slip
The same facts apply as described under 5.6. The displacement might be fully trnisversal due to
local reasons. No reduction of the displacement value shall be done. In any case vertical and horizontal
displacement shall be combined.

Figure 18 : Collapsed Bridge Section at Hanshin Expressway, Kobe, Japan 1995
5.9 EarthquakeSpectra

Considering the spectra of the latest earthquakes it was observed that in Turkey the frequencies
between 2 and 4 hlertz particularly exceeded the code values, whereas in Taiwan this region was
located between 0,8 and 3 Hz. For this purpose a rather stiff structure could improve the situation
considerably. Structures with frequencies above 4 Hz are desirable. This leads to the case "the stiffer
the better".
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Figure 20: Track Condition, Taiwan 1999

Figure 21: Track, Turkey 99

5.12 Track Displacement
The track displacement to be expected is directly related to the interaction between ground
foundation - structure - track. The stiffer the connections between the single elements are the more
displacement has to be expected. Anyhow it has to be clearly distinguished between a track
performance under usual operational loads and these extraordinary cases. It can not be expected that
the tolerances required for operation can be satisfied.

,j

V
I.

Figure 19: Design Spectrum Vs Monitored Spectrum, Kocaeli EQ, Turkey 1999
5.10 Multi Support Excitation

The rather short spans of 30 in and 55m suggest that an equal excitation of all piers will occur.
Anyhow it is considered that in case of multiple support excitation the structure would rather benefit
from this action by unsynchronized out of phase movement which would eliminate part of the action.
Therefore this item shall only be considered in case that a large span is chosen finally.

5.13 Force Majeur

Any earthquake has the potential of a Force Majeur situation. Anyhow from the geological report
the expected magnitude from an earthquake in this fault is 6.4, where the potential for a force majeur
situation is small. It shall not be considered in this case.

5.11 Train Derailment

In case that a train is located on the fault or directly approaching a fault during an earthquake it
will derail. In case ofdaim the containment earthworks shall make sure that the train is more or less
guided in longitudinal direction without crashing completely. In case of a bridge this scenario is much
more difficult to achieve. Anyhow a proper guiding system is thinkable, but it would also have effects
on the structure itself.

Figure 24 : CatastroI

Fnvertical Drop, Taiwan 1999

1*.

From osuinal point of view there are the following circumstances to be taken into
consideration:
5.14 Rail Displacement
The limits for rail displacement under normal operation condition are not valid for the earthquake
case. The specification does not know any limits for bridges in a near fault situation. Therefore
assumptions have to be taken. The rail displacement is a function of the support conditions. In case of
a standard bridge the rail displacement would suffer almost the full range ofthe fault displacement. In
case of a base isolation of the bridge structure the rail displacement can be reduced. Anyhow part of
the displacement will be retained. This could be seen as a first level of protection. Considering a 2"d
isolation, consisting of a slab track on elastic material and a continuos structure below it, this
displacement can be further limited. Anyhow it always becomes a function of the effort to be taken by
the structure. A comparison will be made in further chapters.
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Figure 27 : Size Reqirrm t ofth Pier Head nea the Fault
Figure 25
6.

Turkey 1999

Structural Options
The considerations are primarily based on the available single span design.

Figure 26: Concept of Tender Design
The following options are available in the design to accommodate the described phenomena:
6.1 SufficLent SupportLength
As indicated earlier a vertical drop of 50cm and a horizontal slip of 1I50cm shall be
accommodated in combination. This results in a minimum pier cap size as shown in the following
sketch under the consideration that a minimum of 50% ofthe bearing size shall be supported.
A reasonable pear head size for this case would be 6,80 x 7,80m which considers that in longitudinal
direction the slip consists of 150cm of horizontal displacement by the fault, 47cm displacement by
pear torsion and 7cm displacement from the vertical drop. This results in a total margin of 202cm of
which the existing margin has been subtracted. In cross direction only the horizontal displacement
shall be considered reduced by the existing margin.

Figure 28

1995

6.2 Wider Dock
In principal it should be considered to provide a wider deck structure for this case to allow:
Movement of the track without falling from the structure
Realignment of the track after medium earthquakes within very short time
Space for additional safety measures

"*
"*
"*

Anyhow all this items will require a different design fiom the single beam standard design. The
additional width should be limited to 2/3 of the given 150cm horizontal displacement to both sides,
which is in total 2m.

!Jq

Figure 29: Required Width of Deck
6.3 Continuous Beam
A continuos beam solution under the given conditions, a chain of 35m spans with a structural
height of 3.35m could be designed such that the loss of a complete support could be covered. It has
been proven at a case in Austria (Refer to the Annex) that a continuos pre-stressed bridge can survive
a settlement of 128cm without major damage and can be repaired to full function. The disadvantage of
the continuos beam solution is that single spans can not be exchanged. Anyhow there are cases known,
where the complete continuos bridges has been exchanged by parallel movement. From structural
point of view the performance of a continuos beam will be much better compared to single spans.
Anyhow the decision has to be made also based on the emergency concept,

Figure 32: Settlement of the Kufstein Bridge

Figure 33:

6.4 And DerailingDevices
The distortion of the wheels shall be avoided to keep the direction of the train. This has become
standard equipment on tracks of DB (Deutsche Bahn) on all their lines, where derailment is thinkable.
It was introduced after the accident of Enschede (Germany). Their function under a huge displacement
at a limited distance has to be discussed.
It has to be emphasized that this measure will not be able to avoid a disaster. Anyhow it
represents the present state of the art.
P11"
0~vr

Figure 30: Performance of the continuous Beam at a typical vertical Drop

6.5 Rail Expansion Joint
The use of rail expansion joints has to be carefully considered in connection with the safety
concept. A whole system approach has to be chosen to decide about location and even application or
not of the devices.
Figure 31

Performance of the continuous Beam at a typical Loss of Support

Under earthquake loads an elongation of the rail might occur. A rail expansion joints allows an
elongation without major resistance. Thus the rails in the adjacent stretches of the line will not be
damaged. Anyhow the resistance of the rails might help to keep the alignment of the track in certain
cases. But there is the chance of a rail break.

66 GkiFdWk&/D

The earthwork pnvided by the dam solution could be replaced by guiding walls on the smnictum
Anyhow a similar soft impact than at a dam solution can not be gurantdiad Regular guiding measu
a guardrails and restrainers as used in road bridgme will not be good enough to AM the requiement.
A special wall solution could be adapted Nevertheless the function of such a measure is questionable.

"taken

(68 Base lawad"a

The concep of base isolation is to take provisions for normal operation, which fulfills all the
conditim of the specification and to take a system into operation when excessive acceleation or
displacement happent. BY this measure tdfames on substructums and supasmiccura can be reduced
to the ordinary values of operation, which will not create additional osts firom this items. Anyhow the
base isolaton ssystem itself wil eat up moat of this beneft Such system have bee used very
successfully on road bridges and is under mror consideration for railways iht
& ow. Teb hv been
"camd out aeady aaessflN.

The final concept for such a guide wall has to be developed after principal deaision have bee
For that rason the given solution is a standard used on road bridges which has to be adapted for

the case
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67 SsmicD*vic
Seismic devices are of gpeat help in case that displacement and aceekraion shall be limited In
caeof the Bobs viaduct in Turkey they helped to keep the superstucture in place even an active fault
psased directly below the bridge and displaced and distorted a pler. The main fiction is to reduce the
fors coming fom ground acceleration to a limit des•ed by the desiger. The dimensioning of such
devices is mainly depending on the chosen specification of the fault behavior.
To absorb energy from any earthquake it is highly advisable to install such devices av= so they
can not provide the perfect solution for the project. it solves pas of the r fault amplification effcM
and problem Arriving from large displacement under unfvorable conditiom. The cosn of such
devices might be balanced by the savings in the piers and the substctu frei la
jolw.

uar•)

Figure 40: Bate

Udect (HARK 1998)

In case where a dominant horizontal displacement is expected and vericw displacemen is
limited (for exanple by a coniu• beam) an isolated slab rack makes sense. In dim cue it would be
desrable to combine both tacks with I slab to achieve a huge hodriztal igidity.his slab can be
placed on an isolation malerlal with a cetain resistance. In case ofa m•jor movement of the bridg th
track can keep its position as mnch as possible. This bridge on a bride concept has ben used in.
minor cas but for 4ifferent conditions. Anyhow such sqluions could be to the benaeit of the track
Safety.
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6.13 Connection of Spans
Considerable unequal behavior of single spans resting on a common pier have been recorded in
the Kobe earthquake 1995.

Figure 41 : Principle of the isolated Slab Track
6-10StructuralControl
Today's structural control abilities are good enough to deal with this case. Structural control
normally goes hand in hand with base isolation and monitoring. Anyhow there is still resistance
against such solutions for railways due to the non existent long time behavior record. Probably
structural control systems in connection with a wider deck and an isolated slab track could make sense
for this special case. This is discussed in the next chapter.

Fig. 44: Unequally displaced girders in Kobe 1995

Figure 42: Principle of the Structural Control
6.11 Track Control
A controlled slab track which is continuos over the length of the bridge might be one of the most
attractive solutions for this case. The principle is that the continuos slab with huge horizontal
resistance is controlled by hydraulic cylinders which keep its position in case of a movement of the
structure. Such a system would not be too difficult and bears a small risk only. In case that it is not in
operation during an earthquake the bridge will behave as a normal bridge and not experience
disadvantages. The advantage gained by such a system can be huge.
S'!'
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Figure 43 : Principle of the Track Control
6.12 Realignment ofHSR Layout
Another option to avoid major problems is a complete realignment of the layout in such way that
the fault is crossed with a dam solution as initially intended. Anyhow from the present layout it can be
seen that such realignment would bring considerable changes with a variation of consequences.

Fig. 45 : Connection principle
7.

Assessment
The major items of consideration have been listed in chapter 5 and the structural options are
described in chapter 6. In this chapter it shall be tried to assess the cross influence of items of
consideration against the options. This has to be repeated in different scenarios which are:
Survival of a displaced superstructure with unusable tracks
Survival of the superstructure with track for emergency use
Survival of the superstructure with limited displacement and provisional use
Complete survival of the system with minor realignment and repair
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Figure 48 : Assessment Scenario 3
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Coadaisien
From the figures a trend can be derived and the interpretation of the figures can be developed into
an assessment of the oitions. The following conclusions might be drawn:
"* A sufficient support length generally contributes to a solution of the problem and has no
technical disadvantages.
"* Conmection cables are a well established m to emnsure equal performance of ad4acent single
span girders and shall be used hem.
"* A wider deck bas advantages in operational ternm only in conbinaon with other measures,
but does not creale technical disadvantages
"* The continuos beam solution appears to be lide attractie for the sistuaon because ofdie sa
anangement (4x30m concrete and 55m steel bridge) in the tender design. Reparability is a
main focus here.
"* Anti derailing devices me essential and state of the art.
"* The question of rail expansion joints shall be decided when the final emergency concept is
available.
"* Guide walls as a substitution of the containment eathwarks in cas of dhe dam are very little
effective and questionable.
"* Seismic devices will provide additional safety in cae that s higher level of emergency use is
desired and near fault effects shall be considered, but pier sizes shall not increased.
"* Base isolation actually could be of help in case that the concept is changedbe completely.
"* An isolated slab tack could be a very attractive solution in case that a high level of safety and
emergency use shall be achieved.
"* Stnactinal control might be the concept of the fiture but its readiness for application has yet to
be proved.
"* Track control might be the simpler version of a stuchual control and could be take into
consideration.
"* A complete realignment of the layout could be a good technical solution but seem to be
impossible from organizational point of view coasideing the progress of tde projec
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This workshop is a timely opportunity to revisit the way in which the seismic hazard is treated
in
the design of nuclear facilities, to personally review interaction with ground
motion specialists and to
gauge the responsiveness of regulators to changes which may be anticipated in the next
5 to 10 years.
SEISMIC INPUT MOTIONS FOR STRUCTURE, PLANT AND EQUIPMENT DESIGN

John H Mills

Babtie Group Ltd.
Abstract
The seismic input motions used in the design of nuclear safety related facilities
in the UK were
developed in the early 1980's. Although there have been improvements
to the methodology used
since then, the basic definition remains a peak free field acceleration and piece-wise
linear response
spectra. The increased computing power available to engineers means that
the
now accommodate a more fundamental definition of the seismic hazard, design process can
availability of strong motion records means that ground motion specialists whilst the increased
are perhaps now in a
position to meet such requirements. The aim of this paper is to stimulate discussion
engineers and seismologists about how best to harness these advances in technology between design
to overcome any
current problems and to identify the co-operation needed to achieve this.
Introduction

The design engineer's requirement is for a simple deterministic definition
motion hazard suitable for use in an already complex design process. of the seismic ground
The seismologist's
responsibility is to provide ground motion data which properly represent the
seismic hazard at the site
and which recognise the uncertainty inherent in virtually every input parameter
to such data. The
regulator's concern is to ensure that the level of conservatism in the totality
of the seismic design is
sufficient to allow for both the simplifications and uncertainties in the whole
process. It is little
wonder that the interface between design engineers and ground motion specialists
has traditionally
been seen as a source of significant, potentially unnecessary, conservatism in
the definition of seismic
ground motion parameters for the design of safety related nuclear facilities.
This paper is based upon experience in the design of safety related
components for nuclear power and nuclear fuel reprocessing facilities in the structures, systems and
United Kingdom. In this
context, the term design includes the engineering verification of new facilities
and the evaluation and
re-evaluation of existing facilities. The author is a civil engineer whose principal
responsibility is the
design of building structures. However, the comments made are also informed
by experience as a
design manager for nuclear projects. Whilst the author has assisted the UK regulator
in the assessment
of seismic designs for nuclear facilities, and has in this capacity visited every
UK, and has close contacts with UK earthquake research facilities, principally nuclear facility in the
comments and observations in this paper are made essentially from an industrial Imperial College, the
perspective.

Which Parameters to Use?
The UK nuclear industry is regulated by H. M. Nuclear Installations Inspectorate.
The industry is
regulated through a non-prescriptive, goal-setting regime with
the emphasis on the licensee
demonstrating to his own satisfaction, and that of the regulator,
that the design meets well established
principles. In contrast to the US Nuclear Regulatory Commission
nothing is prescribed. In the
context of external hazards, the principles by which the regulators
assess the suitability of the design
criteria are shown in Table I.
The principles do not prescribe how to describe the hazard
(peak ground acceleration or other)
and do not define in absolute terms the size of the hazard. They
do, however, indicate that a degree of
caution is required with respect to natural hazards due to the
uncertainties inherent in the data and
procedures used in the deviation of the design criteria. However,
again, the degree of caution or
conservatism required is not specified but is left to the licensee
depending upon the radiological
consequences of the facility.
The UK seismic environment is, by most standards, benign;
earthquake loading is not considered
in the design of conventional buildings and facilities. Nevertheless,
earthquakes do occur and the
headline in Figure 1 occurred only last month. Indeed, it was an
earthquake of similar magnitude in
1979 which occurred close to Chapelcross nuclear power station
in Cunmbria that awakened the UK
nuclear industry to the need to consider external hazards in general,
and seismic hazards in particular,
in the design of such facilities
The UK has developed criteria for earthquake resistant design of nuclear
safety related facilities
based upon.

"*
"*
"*

peak free field horizontal ground acceleration (pffhga)
piecewise linear response spectra
vertical motion = 2/3 horizontal motion

The somewhat tenuous relationship between damage and pffhga has been
recognised, particularly
for building structures, as has the importance of site specific effects
including soil-structure
interaction. The aim has been to produce a description of the seismic
hazard in a form which can be
used in design, remembering that for nuclear facilities the performance of plant
and equipment can be
critically important to the safety of the facility. Such plant and equipment
is subjected to motions
which are filtered by the soil at the site, the building structure and intermediate
support systems.
These interactions are complex and in many cases may be non-linear.
Peak Free Field Horizontal Ground Acceleration
Work in the early 1980's established the geological context of UK seismicity
and thoroughly
researched the historical archive, which proved to be amazingly rich. Through
relationships between
magnitude and felt area, established from instrumental data, a magnitudelfrequency
relationship was
developed for the UK as a whole. However, no strong motion data
exists for the UK, and the

conversion of tdi magnitude/fiequency relationship into an accel/rationfirequency relationship was
based upon European and US data and attenuation meamilas. The resling relationship is shown In
Figure 2. Thes analyses also showed that, In tenm of risk, the main conuribution to the seismic
hazard at a UK nuclear facility is from a direct hit by a small earthquake.
The seisnologists recognise and understand th uncertainties associated with dhi derivation ofdi
seismic hazard. No doubt, ty believe that d haznar curves eloquently describe tese uncertainties
so that evn an enginuer can use di criteria appropriate to his design. The engineer on di othr hand
is working in an essentially deterministic process. This process is multi-disciplinay, with many
interface between differet disciplines and, usually, diffent companis. Specialist activities, sah as
dynamic analysis, may be subcontracted. To minmi intractions at thse interfaces a inr process
is imposed, which tosether with the inevitable time constraints lead to a requirement for simple,
comesrvative criteris. The uncertainties in the seismic design criteria defined by die seismologist
cannot be easily incorporated in this process and fur new facilities dimhs been a tendency to rece
the definition of td hazard to a single value of th peak ground acceleration of 0.2g associated with
one set of the piecewise linear response spectra. T7is has beme th de-facto design standard for new
UK nuclear facilities, to the extent that di uncertainties inherent in the whole process ten to have
been foroten Ther has also been reductance on di par of the re•glator to move away fom this
definition
Fleackewa Lines Maspons Spectra
In-parallel with the development of the accleration/ftequency relationship sets of piccewise
linear response spectra were developed, again based upon European and US data. Three sets of
spectra were developed for tiree differant site types, clatracterised u Hard, Intermediate and SofL

"Thedevelopment of th

UK piecewise line

response spectra followed procedures current in td

early 19W&s.
For each grurnd type, strong gpound motion records were sectod using macro-smic
daut. These wam
0
S
0
S
0
S
0
S

Complete triaxial set
Recorded in hie free field
Richter Magnitude between 4.0 and 6.0
Focal depth between leu than 30 kIn
Epicentral distance leus tan 50krm
Duration ofstrong motion less than 10 seconds
MfI site intensity 2 IV
Peak horiontal acceeration > 0.04S

As noted priously, no strong ground motion records exist fir UK urthquakes and die records
used were taken from di then relatively small database of US and Europea records, It is interesting
to note that di criteria for duration did not operate in this process. Statistical anabsis was carried out
of the ratios of v/a and ad/v and mdian values were obtained. Mean plus one studard deviation
amplification factors for acceleration, velocity and displacement wer obtained and comer fequancies
were chosen. Spectra were plotted for diffmrat levels ofdamping, th Hard Ground spectrum for 5%
damping being shown in Figure 3 (note that tdi spectmm applies to both hbrizontal and vertical
motions).
This figure also shows the spectrum of one of di strong moion records used in the
analysis, in this case a German record. The actual earthquake spectrum Approaches the piecewise

3

linear spectnum onl over a small range-of fieqiacies ecub particuiarearthquake in the datuast
ch"aging th spectrum ata diffeent frequency
rage. ,
Figure 4 shows tih Acceleraon time history of the German rcol. This was a relatively short
event with a high peak acceleration but with a United requpncy conent Figure 5 shows a time
histoy geneed to match the piccewise linearspectim using USN.C guidelies. Thu.is much
longer and lasa nmuch fler fquency content altogether a mwe ergtic evean. These comparisons
show tdi di input motios defined, whedherit pi•c• l•sr apectrnu or di spectrum matched
time hist. orywnu significantly mere energy Into the Structural system than aNyone particular event.
TUBisIsprticularly important indi analysis oftnon-linear systanis,
The spectra generated in die way decibed are recognised as having a variable probahiity
of
exceedence Mora r
ty, Uniform Risk Speta (URS) have been generated which have i same
probability of
ed e at al frueThese a generated using fiequency depndent
attenato relationships and dee horizontal and vrtical motions separately. To dat URS have not
been accepted for tih design of new 6aclities, hn di evahation of eitig structures URS and
piecese linear spectra are us although there are cocM s about dhe URS below I fz

ianY of MY engineers aCcy out th mot compleX dynamic analyses. ihcldin non-line
time history analysis. Only the older enguicnes can ca" oat a simple analysis by Equivalent La-teal
Fome (ELF) methods. I say this to ramind myself how far we have moved since th seismic hazard
ctertia were developed, nteilate 1970's and early 19Ws ELF methods wreused for inita design
and reltively simple 'ti
models. were used with repon spectrum methods for final design
verification Exceptionally, linesr time history analysis wouald be casried out on even simpler models
to generate a few in-atructure response spectra for design,
Increaing computer power and improved asnalytcal pncedures eawn
that detailed firite element
analysis is now the nom. Respon spectrum analysis is used prinarl in tih validation of di model
"An
d main design is based upon time histry analyis. Forth evaluation of aisti facilies non.
Inear aaly is comamoly used. The incmce couplex&W of the ainlysis ise inroducas furth
uta es For example, in se frames a-rigid connections ae generally modelled as either
fully igd orpihaed. The effect n dovemrau analysis is snmal, be locally the stes calculated am
meaningless. The code allOWabl stresses, against which di raesut of di Analysis are chcked are
based on simple ruls and genmrally refer to gro" strsses on the section. Also most codes were
developed before detailed finihe elemen analysis became available. Thus we have a situation whore
die sophistication of die analysis his out stipped die definition of the Input and die treatment of the
outputL in die Context of thias workshop the treatmrent ofdih output Of the Analysis is not die issue. But
td definition ofdt input is.

Taking account of di requirements for plant and equipment design can have a fudamental
impact on the design of die building structures. Firstly,'Sodiftuourectk...io' (SSI) is Often
beneficial to heavy nuclear structures and fir simplicity and conservatism this can often be ignored.
For plant and equmpment SSI dictates enirely the seismic motons they will be sohected to. Thus SSI
must be carried out
a
is also often beneficial both to the plant and the
structure. Howev, at di time that di Structural analys is required for budling design and tin
generation of secondary (or floor) response spectra many plan details are not available. Plant
structureIntaction is threfore ignored Fignu 6 shows a typical plant item suppOe within a
structure. Structural analysis will geerat floor response spectra at te master nodes marked ,.
4

These will then be used on further detailed models of the plant components. In order to ensure
predictable, and easily demonstrated secondary spectra, it is often required to ensure that
response is essentially elastic. This seemingly reasonable requirement can completelythe building's
dictate the
building design.

P120

Discussion

For natural hazards, the uncertainty of data may prevent reasonable prediction of events
for
than once in 10 000 years. In these cases, plants should meet the
frequencies
requirements less
of P25 for a design basis event that conservatively has a predicted frequency of
being exceeded no more than once in 10 000 years. Plants which cannot give rise
high as those specified in P25 may be designed against more frequent, i.e. lessto doses as
onerous,
events.

The broad band piecewise linear response spectrum was a convenient and concise
way of
capturing and enveloping the frequency content of the design ground motion, taking
of the uncertainties discussed earlier. Coupled with a defined pffhga this simple account of many
definition of the
seismic hazard allows analysis and design to proceed to acceptable project programmes,
albeit at a
cost, and has become the 'design standard' for nuclear facilities in the UK.
The recent European Conference on Earthquake Engineering was held in London,
and the
conference dinner was held in the main hall of the National History Museum. Surrounded
by dinosaur
bones, such as those shown in Figure 7, seemed to be an appropriate reminder that
earthquakes have
their genesis in geological ages long gone. And like the palaeontologist who extrapolates
an entire
skeleton from a single bone, seismologists extrapolate a no less impressive structure
of seismic hazard from relatively little data. The engineer is the cave man who hasfor the prediction
to overcome the
monster the palaeontologist/seismologist has created!l
Figures 8 and 9 show in a diagrammatical way the change in the seismic criteria and
the cost of
seismic design in the UK since 1980. The definition of the hazard stepped up sharply
in the early
1980's through the work outlined above. Since then, some further data has been recovered,
and the
science has been refined. The net effect is a small reduction in the 'design standard'.
The cost of
seismic design has, against this trend, steadily increased, with at times significant step
changes. These
increases are due to an increased requirement for demonstration of numerical
compliance with
acceptance criteria, in turn leading to increasing complexity in analysis and design.
For new facilities,
earthquake resistant design represents a significant design challenge, even at the levels
used in the UK. For the evaluation of existing facilities, whose continued operation of design event
depends upon
demonstrating an acceptable level of earthquake resistance, these methods can become
life limiting.

P121

It should be shown that there will not be a disproportionate increase
appropriate range of events which are more severe than the design basis event.in risk from an

P125

In all cases either site specific or, if this is not appropriate, best available relevant
data should
be used to determine the magnitude of the hazard.

P128

The seismology and geology of the area around the proposed site and the
geology of the site
should be evaluated. Information on historical and instrumentally recorded
earthquakes which
have occurred in the region should be established. The extent of the studies
licensee should cover all those aspects which could affect the estimation of carried out by the
the seismic hazard
at the site.

P129

A design basis earthquake (DBE) should be determined in accordance with Principle
P120.
This DBE should be defined in terms which will enable buildings, structures and
plant in the
nuclear installation to be designed to withstand safely the ground motions
involved.
Table 1 Safety Principles

Given the level of analysis now available, is the use of piecewise linear spectrum matched
time
histories appropriate, particularly for non-linear analysis? If not, what alternatives
can the
seismologists offer for the definition of the seismic hazard?
Alternative parameters such as Effective Peak Acceleration (EPA) or Arias Intensity
correlate with earthquake damage for some types of buildings. However, correlation may better
of plant and
equipment performance with any seismological parameters is much more complex.
use of Experience Data have been made, but the possible combinations of plantAdvances in the
type, support
conditions, performance requirements and possible input motion are so numerous
that it is unlikely
that anything less than full seismic qualification by analysis will prove satisfactory.
Therefore, given
that it is now possible to carry out multiple time history analysis on desk top computers
relatively
quickly, is it possible to replace the piecewise linear response spectra and its matched
time histories by
a suite of real time histories scaled to an appropriate pfThga? If so, what are the criteria
for selecting
appropriate the time histories for use in the design of structures, plant and equipment?
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RESPONSE SPECTRA FOR DESIGN PURPOSE OF STIFF STRUCTURES
ON ROCK SITES

Shlzuo Noda, Kazuhlko Yashlro
Tokyo Electric Power Company, Japan
Katsuya Takahashl, Masayuki Takemura, Susumu Ohno
Kajima Corporation, Japan
Massnobu Tobdo
Toda Corporation, Japan

Earthquake ground motion evaluation methods used for seismic design of structures are roughly
classified into empirical, semi-empirical, and theoretical methods [I]. Empirical methods have been
widely used as a standard for calculating the response spectrum to be used for seismic design of
nuclear power facilities (e.g., Reference 2). This paper discusses and proposes an empirical method for
evaluating the response spectra of horizontal and vertical earthquake ground motions on the surfaces
of rock mostly composed of Tertiary or older strata, as a reasonable method for establishing a
design-basis earthquake ground motion for seismic design of nuclear power facilities.
The earthquake ground motion evaluation method proposed here uses the earthquake magnitude,
equivalent hypocentral distance, and elastic wave velocity on the ground at the evaluation point as
evaluation parameters. The method is organized so as to reflect, as accurately as possible, actual
earthquake ground motion observations. The major features of the method are that (1) it empirically
evaluates earthquake ground motion amplification by the surface layers overlaying seismic bedrock
using the elastic wave velocity on the ground at an evaluation point, (2) it includes the effect of the
extension ofthe fault on earthquake ground motion so that it can be applied to near-source regions, (3)
it can evaluate earthquake ground motion with periods from 0.02 to 5 seconds, which are longer than
those in Ref. 2, and (4) it can evaluate both horizontal and vertical motions.

Takahlde Watanabe
Ohsaki Research Institute, Japan
Response Spectra of Earthquake Ground Motion on Free Rock Surface
ABSTRACT
For seismic design of nuclear power facilities, we propose an empirical method for evaluating
response spectra and time-dependent features of horizontal and vertical earthquake ground motions on
free rock surfaces. A response spectrum of horizontal motion on seismic bedrock is given by a control
point in the matrix by four magnitudes M and four equivalent hypocentral distances X,. The response
spectra for other Mand.A',, are determined by interpolation between values in the matrix. The response
spectra of the horizontal and vertical motions on the free rock surface are determined by multiplying
the horizontal motion on the seismic bedrock by the amplifications of horizontal and vertical motions
due to surface layers, which are given as fusnctions of S- and P-wave velocities on the free rock surface,
respectively. The proposed evaluation method adequately explains near-source observation records.

The response spectra of horizontal and vertical ground motions with periods from 0.02 to 5
seconds on free rock surfaces are evaluated by multiplying the horizontal earthquake ground motion
on seismic bedrock by the amplifications of horizontal and vertical motion due to surface layers.
Figure I shows a schematic flowchart for evaluating the horizontal ground motion.
Horizontal GroundMotion on Selsmic Bedrock
The response spectrum Sb(1) of a horizontal earthquake ground motion on seismic bedrock,
which is the acceleration response spectrum (cm's) with a damping factor of 5%, is obtained from the
pseudo-velocity response spectrum pSv (1) (ca/s) of the period T (s) represented by the control point
in Table I. To determine a control point pSv from an arbitrary magnitude M(the Japan Meteorological
Agency Magnitude (JMA) or its equivalent) and an equivalent hypocentral distance X,, that are not
directly found in Table I, log pSv Is interpolated by M first and then by log X,.,
Here, the equivalent hypocentral distance X,1 (km) is the distance between an evaluation point
and a point source that would produce the same seismic wave energy as the total seismic wave energy
that arrives at the evaluation point radiated from the extended fault plane. This is given by [3]
X = ierdritef,.ds

(i)

where .", is the distance (kan) from the evaluation point to each small segment m in the fault plane, e.
is the relative distribution of seismic wave energy released from each segment in, and ds is the
segment area (kmn).
e,, is the distribution of seismic wave intensity released from the fault plane in a period range
for response spectrum evaluation. Although it has energy dimensions here, a relative distribution can
be used instead. Therefore, the distribution of the square of the slip D. can substitute for the e.
distribution. Because such a distribution is rarely predicted before an earthquake, calculations can
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assume that .., is uniformly distributed (Le., constant) over the &Autplane. Figure 2 illustrae the

pseudo-velocity response spectrnm for each contol point in Table 1.
il.*ewA GreadMades on Fme Redk Swfeao

The response spectrums of the hormznal~ ground motio on the free rock surface at the control

point with a specified period i calculated as follows. We multiply the horizontal ground mnion
spectruim on the seismic bedrock for the control point by the amplification ofhorizontal motion due to
the surface layus. Tim amplificaton in a function of both de S-wave velocity at tde free rock surface
and the dominant 'od othe mrface lays between th seismic bedrock .d the fee rock suriacs.

-

SA,(T,)- s,(T,)a.s(T,). A(T,)

(2)

where Sh (T,) is the response spectru (cmhs) of horizotal earthquake ground matson on the free reck
surface, Tt is the period of control points from A to H in Table 1, $b(n• is the response spcctru
(cm/a') of horizontal earthquake gouod motion on seats= bedrock frm Table I, and C4(T,) and A
(n are amplifications ofhorizontal motion by th surface layers exprsese
a by Eq. (3) below.
The amplifications of scainuc wavns duo to the surface layers overlaying the s mnic bedrock
depeadig on the S-wave velocity of the ground and the domin• period ar given by the equations
below.

{

T

ad,,. '••v/vy"

i

)(T,>T.) , A(T,)-((,
t 1/Tr,/v
q-h&'r.•

(IMS )
0O1Th:
T,. )
(To
2: IOT)

(3)

where V, is the S-wave velocity (ka/s) of the free rock surfce V. is the S-wave velocity (ra/s) of

the seismic bedrock. T,, is the dominant period of horizontal ground motion caused by the aurface
layers overlaying the seimmic bedrock, and 4 (Tjis the coelicent given in Table 2.
Va

with a specified period ascalculated as fallows. We nmltiply the horin tal g•omnd motion spaecarn at
the seismic bedrock for the control point by the amplification of vertical moton due to the surfacc
layers. The amplification is a tanction of both the P-wave vocity
v
at the frie rock surface and do
domisnat period ofthe surfkae layer between the seismic bedrock and the free rock surface

(4)

where S () is the respouse spectrum (cma' of vertical eutbquik ground motion on the free rock
surface, and M. and AM( a a0mcatios of vrtical motion by tie surf layers e essed by
Eq. (5)below.
The amplifications of seismic waves due to the sure layers overlaying the scismic bedrock
depending on On P-wave velocity of the ground and the dominant period we given by the equations
below.
(T,ST")

"r"

(r, , OT,)

""l(v./v,~.")
(47T)'.
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(r 0O)

34

V, is the P-wave velocity WkS/)
of the free rock surface, Vj.ais the P-wave velocity (ha/) of
the seisic bedrock. T,.ris the dominant period ot t6; vertical ground motcio caused by the sutfimc
layers on the aessnac bedrock. 4 (Ta) is a coeffiiet gives Is Table 2, and ft. (ID is *Ae
vartical-to-hnosisnal response spectral ratio on the seusmic bedrock &ranas Table 2.
Tdale2 asume& V.6 - 2.2 lm aand V,6 - 42rds. When V.," Vof the fe. rocksurface
exceeds thene vamlw wo ue indstl V. - 2.2 kn/s or V, - 4.2 Wm/.rspectively. Figure 3 shows

clulatio examples of amplification by surfiac layers ofthe hod-tl anl vortical motions. Who
Td or 7,1 does nor equal the periods of the contrl points ohoms in Table 1, new control points fot

tharn = added. Promn the spectronm obtained above, the response speckrm for a period nMequal to
the period of the control powins detanined by interpolation along astraigh line insa diagram where
the abscissa is telogarithm of the period ind the ordinate is the logarithmt of the pseudo-velocity

Time Deasadwlnt FPastarme o Fathquake Graemd Pm

on Fmr Rock S

The amplitude envelope in the time domia E/) fhomectal and vertical gound mnoions on the

free rock surfae incalculate asean envelope with a build-up section fiorn 0 to to a atrong-ehaking
section from 6 to to.and acoda section froms le so tv as shown in Fig. 4. The envelope function is
E(t)- (#tt (0<19 $),I (1-I=%elt)F.lm

•

•(<,tSI)

(6)

The duration i (s) of the build-up section and the duration c- ti(s) of the strong-shaking section
ae calculated as fiarcios of the magnitude ALThe drton ID- 1c(s) oft• cods
aection is a fantio

ofheth &amagnitude Maud the equivalent hypocentral distaneoel.1, These durations wre"jpraisedby
Eq. (7). Figure 4 shown examples of the envelopes.
1. =0-,
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"Theresponse spectrum of the vertical groiud modon on the free rock surface at the control
•ont

S,(T,)- Ss(T,)- .(T,)- A()

where

l - to = 0'a,.

it,- 1C=10•7M*LUW,~r-4•

(7)

Whoec the damping fiacor is se 5Y%the respons spectra of the horizontal and vuutcal ground
motions on the fimreedoc
surface for the peio of the control point ace esleulaied by nmultiplying the
conto poafts respones spectra for the hornanial and Vertical
motions on the free rock swumfc
by acoirrection coneliciont assa functinofthe damping faclor

-on

S )S(T,).(T,,
k(
hIS.(T.k).

(T,).(To )

(2)

where Sb (Ta h) and S&(Tb A) -are
t -epons spectra of the heriaontal And vertical ground motions
r~espcively, on the free rock surface, for the damping fiktor JLrAT. A)is the correction coeffkicw Of
the response spectrom for the damping factor k. which is expressed by Eq4 (9). Figure 5 shows

V(j•)1/+o
(A-o.o0) •-c4

rbIr.)p (F,.-r,).r, F)

sqA~).. l/laa(h-0.05)eexp-be'Tc/1)Fj

I

(T, - T,)

(T, - TO

4

(9)

where T, which is given by Eq. (10) below, is the duration for which an acceleration wave is
assumed to have a constant intensity of the strong-shaking section and its total power equals that of the
envelope's acceleration wave. Constants a and b are given by Eq. (1I) below.
( -h
b ý 45.0
0°13•,
a
. .44, +0.20
T., = 10=
a =15, b =2.0 (h < 0.051 a =13, b = 5.0 (h>O0.05)

(10)
(11)

On Application of the Proposed Method
Database
The evaluation method proposed in the above sections is based on an average response spectrum
from references 4 and 5 obtained from regression analyses of 107 records (321 components) of 44
earthquakes observed in Tertiary or older strata. The standard error in the regression analysis was
nearly independent of period and about 0.23 in common log scale (base 10).
At the above observation points, the S-wave velocity V, ranged from 0.5 to 2.7 km/s and the
P-wave velocity Vpranged from 1.7 to 5.5 km/s. These values closely correspond to those of the free
rock surface (V,of approximately 0.7 km/s or larger [2]) and the seismic bedrock (with V ofabout 3.0
km's (6]). This evaluation method is applicable to rock sites with elastic wave velocities within the
above range. Its application to rock sites with other elastic wave velocities requires special attention,
such as reinvestigation of the amplification by the surface layers. In addition, when many observation
records are collected at an evaluation point, the amplification by the surface layers peculiar to the site
can be evaluated by comparing the observation records with the estimates on the seismic bedrock by
the present evaluation method. However, as a rule, recorded data to be used in this case should be
within the range of data used by this evaluation method.
The range of data used in the regression analysis is shown in Table 3. The range of magnitudes
for the control points was up to M - 8.5, as shown in Table I, and the control points corresponding to
M> 7.0 were determined by extrapolation. Nevertheless, it was shown that results obtained from the
regression equation agreed closely with records of large earthquakes inside and outside Japan (4,5].
Therefore, the control points at M - 8.0 were determined from this regression equation [7]. However,
because there were no observation records for comparison, the control points for M - 8.5 were
extrapolated from those for M - 8.0 by a theoretical examination based on a fault model. The
time-dependent characteristics and the response spectrum correction coefficient due to damping factor
are also based on analysis of earthquake records in the above database.
As all hypocentral depths of the earthquake in the regression data were less than 60 kIn, and
about 80 % of the earthquakes occurred at subduction zones, the proposed method is basically aimed
at evaluation of a subduction-zone earthquake. Accordingly, for shallow earthquakes at inland active
faults or deep earthquakes within a subducting slab, or for near-source regions at which the
long-period pulse become predominant, the following corrections or considerations become necessary.
Evaluation of shallow Inlandearthquakes
Using the regression data and K-NET data (the K-NET has been widely installed in Japan since
the Kobe earthquake of 1995 [8]), we divided these data into two categories: data of
subduciotion-zone earthquakes and data of shallow inland earthquakes. We took the spectral ratios
between the observations and the estimates by the present method for all categorized data.
The data ranges used for analysis are summarized in Table 3. M-Xeq distributions and the
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epicentral map of the data are shown in Fig. 6 and Fig. 7. The stations at which shear-wave velocity
within 20m-depth exceeds 0.7 km's were used. To avoid the effect of soil response by the soft layers
shallower than the layer of Vsý0.7 km/s, the period range longer than twice the soft layer's
predominant period were analyzed.
Figure 8 shows the average and the average plus/minus the standard deviation of the spectral
ratios. The estimates agree with the observations for the subduction-zone data as the average is close
to one, while the estimates for the shallow inland earthquake overestimate the observations.
Accordingly, the present method explains the subduction-zone data well, as expected, and corrections
become necessary in application to shallow inland earthquakes. As the spectral ratios shown in Fig. 8
are nearly independent of M and X,, we establish the correction coefficient ; for the shallow inland
earthquakes based on this spectral ratio as

f'(r,)= 0.6 (r,: 7e
r• (r,) = loW0°"#(-/TXýr,/r.d (Je <T,).

(12)

This result means that the amplitudes of the shallow inland earthquake data are smaller than
those of the subduction-zone earthquake data. This is probably because (I) the JMA magnitude scale,
which is used in this study, tends to be overestimated for shallow inland earthquakes compared with
its proper earthquake scale [9], and (2) the radiation strength of the short-period amplitude of shallow
earthquakes is smaller than that of deep earthquakes because of the different rigidities of the source
media.
Evaluation ofInternedlate Depth Earthquakes
Reference 10 reports that the short-period amplitude for an earthquake with a focal depth deeper
than 60 kan is greater than that for shallower earthquakes, even for the same magnitude and
source-to-site distance. It also reports that short-period amplitudes for such intersnediate-depth
earthquakes have regional variations. Therefore, the evaluation of the response spectrum for an
intermediate depth earthquake needs a site-dependent investigation based on the records observed
around the evaluation site.
Evaluationof Near-FaultRuptureDlrectlvlty (NFRD) Effect
The dominance of the fault-normal component with periods from one to a few seconds has been
reported in the near-source records of shallow inland earthquakes such as the 1995 Hyogo-ken Nanhu
(Kobe) earthquake, Japan. The reason for this phenomenon is that the horizontal component
perpendicular to the fault strike grows larger in the direction of rupture propagation due to the
combined effects ofrupture propagation and the fault mechanism. Therefore, attention must be paid to
such effects in the evaluation of near-fault ground motion. Reference 11 describes the range in which
the NFRD effect is dominant and also describes a method for correcting the response spectrum for this
effect. For correction of the NFRD effect based on Reference II, the corrected spectrum can be
obtained by multiplying the correction factor ., where

A(F,)
=I(T,5To•I (r,)= 1O r• ,•• .. (T.<r,),

(13)

by the response spectrum obtained by the evaluation method proposed in this paper.
Figure 9 compares the response spectra of the observation record at Kobe University during the
Hyogo-ken Nanbs earthquake of 1995 and the record at Sakarya during the Kocaeli earthquake of
1999 with the estimates by this evaluation method. At Sakarya, the NS (Fault-normal) component was
not observed. As both were shallow inland earthquakes, the correction by Eq.(12) was applied in the
estimation. In spite of the fact that the stations are locited very close to the faults, the proposed
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method can explain the observation reords well. Still, by the c-recon of Eq. (13), the
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We. prposed a method for empircally evaluating repons spectra and fti-dependen (atuciWnOf

orir•otl and vrtical euthquak pound motions on a free rock surface, based on analysis of
ohascvaton records on •r•. This method should be useful for calcu'ating dagnbinis euathquake
round motion used for sesc desi ofnuclearpowr facilites. We ao showed slat th evaluation
method could adequately epli observation of nw-eirce rens.

This study was jointy funded by ten electric power companies us Japan 8ecus of thew helpfu
udance, we also thak the lda Emeritus Pro SyLu'itiru Om14 of Kyul ndustial Univsty,

forne, Pro Makoto Watse of Keio Univerity, Prof Motchiko Hako of Koykusha Cole
Technology, and Emertus PmroIlirewe Kobsyaehi ofTokyo lnasue ofT-hnolo.

References
1. MT Archit•turl hIns

of Japan, "Eartitqake Motion and Gmund Conditions

2. Hisada, T., Ohasli, Y., Watahe. M. and Outs T., "Design Spectra for Stiff11Sniactur
37 1

an ROckW

- 198,1971.
Proc. ofthe 2ndlIntonational Cogngerce on Mie annes for, Vol. il, pp.
3. Ohno, S., Obta, T, kesura, T. and Takemnsr, M, "Revision of Attenuation Formula Calideig
the Effct of Fault Size to Evaluate Stong Mottom Spectr in Near Fid," Teowophysics, VoL
218, pp.69681,1993.

4. TakahashL K., Takemam W., Tdo, K, Waanbs,

Tad, 1. Ce. el Palate at Muletda,

Part IL

PrEdicon of Strong Gound Motin and Its Applicaton to Ewathquake EAinestg Chop~ 1,
Simulaton and Ptediction ofStmng Girond Motxm, The Architectural Institute ofJopan, 1993.

Ner-Field Ground Motions with gard to Fauk Rupur" Poc. of the 7th European Confaeence
on Earthquake Engineering pp-161-168, 1982.
7. Nishimra, L, Nods. S, Takahas" K., Taenara, M., Ohm, S, Tohdo, M. and Watnbe, T.,
"Response Speta for Desin Pwpoe of Stff Structures on Rock Sits," Tmrsactiom. SMiT 16,

Pae # 1133,2001.

Re•. 1• 4 69, pp.309-332,1998
8. Kinoshits, S, Kyoshin Not (K-N]T),'Si
for the Shallow Emsalau in and amund
9. Takentu• ., "Magnitude - Seismic Moment Relations
0
with EnglishAb• sct).
199
(in Jap
43,
pp257-26M
Japan,"*Main, 2ad Sewss,
10. Kato, V., Takama, M, Ikenc, T. and Yashiro, K, "Excitation Strength of Hija)-ftey
Depth Eamtqmue" Pr of the l0th Japan Eartiquake
Seismic Moton due to hntermed7
with Engsiih Abstract.
Engineering Symposium, pp673-67 , 1998 (in Japa
11. Ohno, S. Takrams, M. and Kobaysshi, Y "5Effcts of Rupture Directivity on NearSourc
Srung Moton," Pmrc. of the 2nd Intematonal Symposum oa the Effects of Surfac Ge
lolo On
Seismic Motion, pp. 1163-1170,1998.

7

1.89 2om
tM•

J J07

-

8
7

Ini
medi

6 160
10
0

0Q26
0.32
023

{I

021

0.1A
5.5 280
010
7a200
"125 0.05
41
7a
S
c
-1h -

L

IN6 11.48
7.6
11.17
9,44
7A5 13.04

6I
I

M1e

32

40.06

07.0 65.25 52.51

3MW3

040

43 2

38.42

25.15

•L17

17A41

9054

2A0

•

0 012 26
I, 2AT)

"m.95
9.9

0.3

O
OZ 2

0588

10.57
5.9S
1.26
0I49
aS1S

10.04
5.5U
1.0

(La.d-(
Tl(s)

0.6

0.67
0.5U

TFUIA TGU11wT&I

13

1.
0.60

kcaimm
l so~inations aM m4 Xm

8

1206
10.37
3&4

20

35

48•4

4.54

38

0.• 0.09 13

3

1.96
17.19
10.37

14W83 13.64
14.06 12.73
4.7
L6.

6.37 11.17 11.17
3
344
1
6.21 - 6L21
I .6
1.35
0.
0.43 .0.70 .1.84
1.01
1.50
05.CA 1 AL22
ft q
0..45
'qvl•-vl
•r -s a s um .i*wadsplafh fnas

"s0.98

17.W

_78 .W__

1272

1718R

B4' 18.17
2m22 3a87
4.33 10.27. 16.04
3.00
7M4
4A0 6L
2.65

Tabl 2. CQoefldeAb.Mr),
TAsl

H
THf2)

7.602
879332
.
7&06
27 14,40
882 206
19.10,
M0M8-24.33

.0" 8

1

0A

a
TGWs

6H

21M4

1R•1

1•R2

0.73
0.787

80
28
60

47.L7
4L22
.86

286

,AO 17.23

12

7
0.S
78e

an Earthquske

World Confegeacean Earthqapke Engi'eeting Referene No. 953,2000.
6. Kobsyahi IL.and Midotikaw. S. "ASemi-mpria Method fat Estimating Response Spectra Of

I7&
1*10.44

2s

-

Enginerig Synmpoiiu pp.57-552.1998 (in Japanese with Engish Abdstrat)
5. Kawao, K., Takahashi., F Takmuca, •., Toado, M., Watanae, T. and Nod, S., -"mpiric
o the 121h
Response Spectra Attenuations on do Rocks with VS0- to 3.0 kn~s in Japan," Procf

40

a

No

T. and Nod1,S., "Empica Response Spead

Atuation on the Rocks with Vs - 0. to 3.0 Imds in Japa,*Prc- of th 10th

8.5

vosy

iet.k q,,ake Mai.. sa Selemie Dadekrek

F
E
C 0 0
TC(s) TWO~ TEl's) TF(s)

a
S A
M Xeq TAIS) TB(s)

PA

PWW'f

PwIldrW

PWWTw

@"MTa'N

of

•,ut~

ue

xrI

uxu•

(am

1.10
0.70

."

lmj
0.75

100

10

100

r

Neos

Iterlm~edliae

Xeqr)

20

M8.0

oM.S

-

100

7.0 - Me.

200

Fig. 6 M-Xeq dldtrlbutsl
of the data rsed
for analysts In Fig. I.
0.02

0.1

Period(s) 1

5

0.02

0.1

Period(a)

saalyeis dwek

Coe

[- -ITSlP-.TplO

0.02
0.02

0
0.1

v13.01n-*I
.1
Period (s)

1
1

(VL.2a

5-

Fig. 3 Calculation Examples ofa (T) and

0.0
0.02

(1) for H

--- M80--

tB

01
0.1

J
1

eý"a

ieflw

I- Rde.4.3

tRd.7
in

Magnitad.

5.5-7.0

5.4.11.1

57.0
-.

Xeq fun)

22-202

14-211

46.199

17-195

VI (nMs)

e0o

>550

k700

Z500

e.

hat-dela.

. -

ubductn-ZO
io
-o

salalow ivtrd eq.

. for shallow

e

i

5.5-7.3

0.02

0.1
98 (
R

P
e

ation-to-]stim
S-

I

5
100

M8.5

5

C(M.-)

10

Diet.

0

00.1

0time(s)

DInteraedat.

Dist,
Period (s)

Fig. 4 Time Envelopes at the intenredjate
Fi1. $ Correction Coeffidents eo Respoase Spectra
distanca of the Control Points In Table 1.
for Different Damping Faetor at the Intermediate
distances of the Control Poants In Table I.

9

0.02

d n.
lnte

A m and Ave. a Standard D emadlon.

ofRcond.
107
37
124
170
AU dat. seesfy 1) Focal deptha<60kia 2) Onervatdson sPouergot)
to stn of Wdry or older.
bc iOglon

•rzontalandVeral Ground Matilos
Mo.0 ..... M7.0 -M8.0

t

2.00

s~)

.I
Period (s)

.....

•
fc
.a
Table 3 ,Da t Range0ed
D tfe r
Dau for
Da used In his paper
repgnsis Applicaiitky

Fig. 2 Response Spectra of Horizontal Esrthquake Motions amSelsmle Wedreck
at the Contrel Pointa ImTable 1.

~(rs1.Tpl,5s)

FIg. 7 Ej.dceo*
a ditributlion of the earthquakes
rued for analysis In PI&g.
&

0.1 Period (a) 1

0.02

(I) 1995 Hyogo-ken Naebu (Kobe) Eq..
Koe Univ. station Japan

.

0.1 Ino (011
(2) 1999 Koca*, Eq.,
Saklarya staton, Turkey

Flg.9 Applkition Ecamplesam
ftte EvleatEIutMethod to Nosr-Seorce Records.

10

a
08

.3D

LONG TERM SEISMOLA)GICAL IIAZARD ASSESSMENT FOIL MORSLEBEN UMT

2.SeWsmi
acivity Is Getsmany

DEFEMINISTIC AND rOBASISM ACPROACaI

The distrAtio of epicenters inGermmny is aown in4l 1.The mnacontains all registered and
felt

tquskajs for the time Wind 6m 800 to 2001 (Lydeeker, 198k 200) and it gives an hupes

area. The epicentes are plottd together wish the "seissnogeographic
sion of the asisesicky of the ashe
I Kepora
Ginter leydackr'& McJ~gent

t

'Federal Intituktafor Geodcimce and Natural Resources. Grmay
2

Conwhsutat for Enginering Seismology Germay

regone. the resulft of the roeen regicealisation of Geunmmy (Layduoter & Alchele, 1998). The sub
the distribution of epicenters.
aeiemeographic regions isnot only baeed non
division of Gernany manto
re
also on the tectonic structures and the geological developmnet of the area. Therfore these
"bu
gwoss
aneused in the following investigation w"tectnao units" with epetto the regulation guide
KTA 2201.1 (1990 ad as"aei tactonic provinces with resped to th
l ntnaiom l AslosmEnergyAgency, 1991)
Guide

Germany is obsesved in the AIpe die lake of Constace,
Relativel bigh seisnilcity in souterna
and the Swablant Jura, south of Stuttgart. The activity follows the rivr Rhin through the Upper
mare

AbsItfct
Existing and planned nucl

AElA Earthquake Safy

waste repositories in the Federal Rpublic oftGermay am siudtd

for savey
assessment has to be perfoermed
in areas of low smeisncity. Nevertheleus, seimic hassard
long tiea period inorder to prove the facilities of the repositories to withatand seismic Induced loads.
nclea waste repositosy, is
As an example, the site of the foame salt mine Mloraeben which now is a
investigated. A combination of deterministic and probabilistic methods Isused to assess the seismic
hazard for this sit m Norlher Gaermy. Tbe prebabilistic evaluation hastheadvantage ofquanify
and
ing the seismic h-anad. Both methiods together area practical tool fornuatual contro ofth remults
to overcome the deficiencies of each approach aloes. The combination of both. seisnicity andstarac
tural gology, provides the basis for a long tem seismic hazrd wassement with probabilities of ex

fc
ceedance inthe order of 104 per year. 11w folowing parameters are derived. site Intenity ass Sa
tionofexceeding rbblt leaolrtoisrn oindsto;st eedn epne

RhnGrabs. fives Bude to Frauifixt and noslh-westward into the Lowe Rhine Ares. In castern

Gummy. Cenwr

Sewy and the swusnma

arm

Vogtlend aear the 00

border ar zons of

relatively lhighn)cvity. Isolate events up to the macroseisnic apicanttal intensity VI UNK (nacro
1965) have occurrsd in the northam parts of G mmy, the ara of inter
scl a SPOuaheteer
SeisAmlo
set. it is covered by thlick sedimenstary depoeite of about 3000 to 4000a and inohlues big salt domes

3. Deleirulaetle apaproach

of the technical safety guide
For maclee power plants and nuclear installaons, the regualationsm
(KTA 2201.1990) am obligatory for Gummy. From this we he to ethmat the so cied "desigs

with the higimast intensity at the site which can take place fiam a
earthquake'. This lathes earthquaske
L Introduction
sae
An important asped frthe selection of a suitable se for a mcla waste repoitory is tbhe

mic actiity of the aum.The existing repository and potential sites under investigation am sitate in
Northern Gemny, an ares of wy low seimicty. Timae is aconsiderable debate whelter cadI ise

possible to quantif the Wseisi risk in such an area. An at~p to do this will be presened in this
anuclear waste repository, 60wfoemer "s mine Mmoese
we will uwe the sit of&
papeir. As an exammple
100kmo
hen. This site is situatd new arhsouthern border of the Noetham Gerumn Lowlands. &abou

scientific point ofvi

bew
an ar

ofasout 200 km arund theit

Following the instructions of the deterministic approach in the regulation guide KTA 2201.1
is situated hasto hedemisatad The site Morelehen is Io
(1990) the tectonic unit in whic the shte
hitoe
arm ame
Altanark. The throb stronget events in thise
need Inside the seiateogegraphic regmo
L Taking into
dosieathqualma in the yean 997,1202 sad 1409. They reached intesiie upt VIn SM
aecound that the smasiras possible esudiquake hasnot occined in out observation time of spproxl.
epicentral Intensity in the Altnaak is assmaed to be half a wilt
snauly 1200 years. the maxeimaun

.eat •f H•novr.

hig , that is VI-VE MS We thus same that a earthquae ofintensly VI %NSK will occur at
thenearest potenia seisaogmKl Wtrctra This structure has to be identified.

A deterministic sand a probabilistic appruoawill be applied for the seismic hazard amessnen of
t The determiuiic approach lows t Germn regulations for ma-ler powe
the Moslbn si•
Standard Comm-1in) The Prob
plants. the "Technical Safety Guide of the KTA (Nuclear SAWet

The site Moruleben is situated near the borier of the N~orihern Gsame Basn a region where
ased thickness
am iend
Tberfor sediments of som thus;
subasidence prevaWiedace Petinian times.
were saccunlated over the folded bussemet (Ceeboniferous and doldr) Salt layers (Pemnne) ofmr

Of 1the
ahilitc metd is based onthe works of Cavell (1968) and McGuire (1916). The comIPar
results of both methods finally should lead to more realisi seismc load aumptions forth. Wadsec

than 1000 to which later fre

salt domes and pillows wIM inpoet

fo the structural develop

site.

'guenteriydeckratiftbr~e TeL: #49-511-643-2967, Sfitlewas 2.30655 Ham~ove/ Genomy
uuuy
'bisjwparatgimotsc~ms TeL:449.5ll-6l0l 442 ;Seuroseesussse 1091og6lsesshage,

t ai,laborlen issituate (fig. 2)at thel moetheasm border of the NW-SE strikcing MWrla
IndsA
of HIdawldasbee. which asparallel to the Al
ins. The mat Important fault nawby is the failt wone
of*th fault waseof Haidensishee to the Sit Is 17 km., hut it
shahett dimmsas
lartezone to its HL.Thes
pin"ge southekstwards deep Into the cruast and als under *~as"s The ledtmain activity phase of the
bialed awe was in middle Upper Cretaeous Smaller creeping movesment occurred
Haldaslelmeeo

0.5 or 2 Ma years ago. The main stress field in Central Europe shows a NW-SE orientation of the
principal compressional axis (Ahomer, 1975, 1982; Molller et al. 1992). As the fault is parallel to this
direction, a reactivation is very unlikely. Only on parts of the fault with a favorable strike direction,
earthquakes with small rupture areas and therefore with moderate magnitude seem possible.
As a consequence the Haldensleben fault has to be assumed as the potential seismogenic struc
ture for the design earthquake. As the Haldensleben fault plunges beneath the Allertal zone, an earth
quake at this fault with the epicentral intensity VI-VII MSK will lead to the same intensity at Morsle
ben.
4. Probabilistic approach
The widely accepted probabilistic approach used in our investigation was developed by Cornell
(1968) and was transferred into a numerical algorithm by McGuire (1976). The method is based on a
specific probabilistic mathematical model. It assumes that the distribution of the parameter epicentral
intensity follows a Poisson process. The Poisson probability distribution can be expressed in the fort:

P()
W -i.

AT),[exp(-, AT)]
k!

In terms of earthquakes: P,(x: I. > 1.r)is the probability of having k earthquakes with epicentral
intensities 3 i. > Ioduring a time interval AT. X is defined as the average rate that an intensity lo will
be exceeded in a given spatial area and a time interval of normally one year. The Poisson distribution
is valid for rare and independent events, therefore pre- and aftershocks as well as nontectonic earth
quakes have to be excluded from the data catalogue. From eq. (I). the probability that no event (k-0)
will occur during the time interval AT is simply
P.(x) = [exp(-A-.AT)]
(2)
Seismic risk (better called "seismic hazard", if we do not consider the consequences of earth
quakes for people or structures) is defined as the probability that at least one earthquake (i.e. k 2t 1)
with epicentral intensity io equal or greater I0will take place within the time interval AT. As the se
cure event has the probability P - I the seismic hazard can be expressed as

(3)

One of the principles of Comell's method is that epicenters are not uniformly distributed over the
entire area of investigation. The earthquakes are bounded to seismic source regions, the seismotec
tonic units. The epicenters inside these source areas are assumed to be statistical uniformly distrib
uted. The seismic source areas can then be characterized by the statistic distribution of epicentral
intensities. The cumulative number N, of events with epicentral intensities I within a source area is
assumed to obey the following Gutenberg-Richter relation:
log,(N,) = a- b.!.
(4)
The cumulative number N,(I.) - N. I T•. of events x: in 2 le in a region per unit of time, with
the observation period T,., is called the seismic activity rate v(lo) of that region.

SSmalsleers define the stochastic variable of the parneetens in capitals.

J PQ)
I

R)'f, Q.)'.f,(r)dio dr
(5)

where the distribution function P(7, > IsIlo,R) represents the conditional probability of the random
variable is reaching or exceeding the value Is at the site, under the condition that an epicentral inten.
sity Is has occurred at an epicentral distance R. Assuming stationary conditions, the seismicity ofthe
source area is characterized by the probability density functions fl. and fa. They specify the frequency
distribution of epicentral intensities le and the distribution of epicenters with distance R to the site.
The average rate per year that an intensity L will be exceeded, is obtained by summing up the ex
pected values of all source areas:

(i)

which is the probability of k successes of an arbitrary event x in a given unit of time AT. X is de
fined as the expected number of occurrences of this event and k! means the factorial of L

PQI. >t1.) = I -[exp(-A -.AT)]

Taking into account the parameters focal depth 11,attenuation coefficient a. lower and upper in
tensity limits I_ I.. an appropriate anttenuation law like K6evesligethy's and further relations (for
details see Leydecker & Kopera, 1999), the contributions of all seismic source regions to the site in
tensity ls are calculated and their expected values are summed up. The probability of exceedance for a
site intensity I., caused by the m-th source region, can be represented in the most basic form by the
theorem of total probability

w(o) where v. =

Tall

.Axo)

>:4u.

(6)

defines the activity rate of the m-th source region (s. tab. 1).

Finally, to calculate the seismic hazard at the investigated site, X0(ls)
is used in the Poisson distri
bution ofeq. (3)

P(I,

I,)I-e"(7)

where P(is 11.) gives the annual (AT - 1)probability, that the intensity I. will be reached or exceeded
at the investigated site.
5. Seismotectonle models
The three seismogeographic regions, Southern Altmark, Central Saxony and Vogtland, are used to
establish seismotectonic models for the investigated site (fig. 1). From all possible models that were
tested, only two seem reasonable. In model 1 only Central Saxony and Vogtland and in model 2 all three
regions are taken as seismic sources, applying the approach of McGuire (1976). The tectonic earth.
quakes outside these source areas but inside the 200 Inn radius around the site are considered as seismic
background activity. The events of the seismic background are assumed as uniformly distributed over the
remaining area. The parameters of the seismotectonic models are summarized in tab. I.
The low seismicity in the wider vicinity around the site is shown in fig. I. Only the north-western
parts of the active regions Central Saxony and Vogtland, south-east of the site, are within 200 km
distance. The different seismicity of the seismotectonic regions and of the seismic background is re
flected in the activity rate of intensity (tab. I). The number ofevents N. of Southern Altmark is barely
sufficient for a statistical analysis. Therefore model I is preferred in which the effects of the active
but distant regions Central Saxony and Vogiland are considered, using the remaining earthquakes as
background activity.
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site intensity 6 V/MSK with a probability of exceedance less than 10" per year. The local geological
conditions of the shallow subsoil, known from several borehole logs, are laterally rapidly changing.
Therefore the site had to be classified as a mixture of soft and medium stiff subsoil. Inside the mine,
rock conditions must be assumed.
8. Conclusions
The Morsleben mine is situated in an area with very low seismic activity. It is obvious that in
such a region seismic hazard assessment is difficult to realize. We have tried to do this by a combina
tion of deterministic and probabilistic methods. In both cases, assumptions had to be made which are
not free of subjective weighting. Seismic source areas had to be defined, and in each of them parame
ters like maximum earthquake, focal depth and absorption coefficient had to be fixed. A transparent
presentation of all these parameters is vital for an assessment of the quality of the results.
Because of the required long term stability of a nuclear waste repository, a probability of exceed
ance of at least 10"sper year for the design earthquake is demanded. The limited German earthquake
history covers 1200 years with various completeness over the time. An extrapolation up to a mean
recurrence period of 10 000 years appears tenable. This limit of 10 000 years can only be overcome
by incorporating detailed information on the tectonic history of the last million years. For Morsleben
the last activity of the nearest and most important fault was more than 0.5 Ma ago. This justifies to
assign a probability of exceedance of 10-3 per year to the design earthquake.
The deterministic approach in an area of low seismicity can be dominated by a single strong
shock. This may result in an overestimation of the design earthquake. The probabilistic evaluation has
the advantage to quantify the seismic hazard and allows ajudgement of the reliability of the determi
nistically estimated design earthquake. Both methods together form a practical tool for mutual control
of the results and to overcome the weakness of each approach alone.
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Annual probability of exceedance for earthquake intensities at Morsieben site. Curve Al and
A2 are the results of model I with two sources: Central Saxony and Vogdand and the seis
mic background BG,. Curves I to 4 are calculated for model 2 with the two sources of
model I plus Southern Altmark (Hl~ - focal depth) and the background activity BG 2.
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event of magnitude about 6.75 occurring at a distance about 20-30 km from a deep soil site.
Recommendations for corresponding vertical spectra were reasonable for distances in the 20-40 km
range for soil sites and about the 10-20 km range for rock sites. Based on recent empirical data, the
appropriateness of these factors at other distances is considered questionable.
More Recent Observations
Recent studies show that the dependence of spectral shapes on source, path, and site conditions is
well constrained by both recorded motions and the results of well-validated modeling [17). In general,
shapes broaden and show a shifting of the peak spectral amplification to lower frequencies with
increasing magnitude due to a decrease in the earthquake source comer frequency [18, 19]. Site
dependencies are reflected in an increase in spectral levels at low frequencies and a decrease in levels
at high frequencies as site stiffness decreases due to a combination of site amplification and material
damping.
To capture some of these known effects in the development of design ground motions, it was
considered necessary in this study to use the theoretical-empirical modeling method to realistically
estimate ground motions, particularly for sites in the CEUS. The method [17] uses the empirical data
from the relatively large database currently available to constrain results generated from the theoretical
model. The approach develops a theoretical estimate of the ground motion spectrum based on
parameters of the fault rupture (magnitude, stress drop) and travel path (distance, crustal and surficial
rock properties). In regions where only few recordings of strong shaking, are available the parameters
areestimated with empirical data from seismograph records. In addition, site-specific geologic and site
soil information can be quantitatively incorporated directly into the ground motion estimation at any
particular site.
Characteristics of Strong Ground Motions at CEUS AND WUS Rock Sites
Observations of strong ground motion due to small magnitude earthquakes occurring in CEUS,
although not causing damage to engineered structures, have shown considerably higher peak
accelerations than would have been expected based upon WUS experience. In addition to the
relatively higher peak accelerations associated with these CEUS events, response spectral ordinates
appear richer in high frequency energy, particularly for frequencies exceeding about 20 Hz. It has been
known for some time that ground motion for CEUS attenuate less rapidly with distance than ground
motion in WUS for events of similar moment magnitudes and source depths [2, 6]. The difference in
attenuation rate has been attributed to the higher absorptive characteristics generally present in the
crust and upper mantle beneath WUS as compared to CEUS.
The trends shown in available CEUS data indicate significantly higher spectral content at high
frequencies as compared to WUS rock motion of comparable magnitudes and distances [7, 18]. The
difference in spectral content can perhaps be most easily seen in spectral amplification (SA/A)
computed from recordings from WUS and CEUS rock sites. Figure I shows average spectral shapes
(SA/A) computed from recordings made on rock at close distances (r 25 km) for magnitudes of
approximately 6.75 and 5.75 earthquakes in CEUS and WUS tectonic environments. The differences

are significant and indicate that the magnitude of spectral content is higher in CEUS events than that
in WUS for frequencies greater than approximately 10 Hz.
The controlling mechanism for the differences in high frequency spectral content (at close
distances) between WUS and CEUS ground motions is thought to be due to differences in damping in
the shallow (I to 2 Ian) part of the crust. The parameter which controls the shallow damping is termed
kappa and is defined as the thickness of the zone over which the damping is taking place times the
damping and divided by the average velocity over zone of damping or
xc-I/(VQ,) andQ.=-I(2Tj,)

(I)

where H is the thickness of the shallow crustal damping zone (I to 2 km), V, is the average shear
wave velocity over the depth H. Q, is the average quality factor over depth H, and TI, is the
corresponding average hysteretic damping ratio (in decimal terms)
An example of generic crustal models reflecting typical WUS soft rock and CEUS hard rock
crustal conditions is shown in Figure 2 for both compression and shear wave velocities. The CEUS
model is the midcontinent crustal model [6] and is considered appropriate for strong ground motion
propagation in CEUS except for the Gulf Coast region. The Gulf Coast region is typified by a crustal
structure somewhat intermediate between those of the CEUS and WUS and is predicted to have
correspondingly different wove propagation characteristics. The shallow portion of the WUS crustal
model, with Vs ! I km/sec, is based on velocities measured at strong motion rock sites. Such sites
generally show very low near surface (0 to 30m depth) shear and compression wave velocities.
The differences in the shallow crustal velocities between the WUS and CEUS models is strnidng,
particularly over the top 2 to 3 kIn, and its effect on strong ground motions is profound. In terms of
amplification from source regions below about 5 km to the surface, the differences between hard
(CEUS) and soft (WUS) corstal conditions results in a difference of a factor of near 3 in amplification
for frequencies exceeding about 5 Hz. All else being equal, WUS high frequency (f > 5 Hz) ground
motions would then be expected to be nearly three times larger than corresponding CEUS motions.
However, damping in the shallow crust, parameterized through kappa, is much greater in soft crustal
rocks, resulting in a dramatic loss in high frequency energy content as compared to hard rock
conditions, counteracting the effects of the lower velocities.
Effects of Source Processes on Model Predictions
Another issue of consideration regarding the differences in spectral composition between WUS and
CEUS strong ground motions at rock sites is the probable differences in earthquake source processes.
Prior to the occurrence of the 1998 magnitude 5.8 Saguenay esrthquake, there was thought to be a
difference of about two in stress drop (the difference in stress across the rupture surface before and
after an earthquake) between WUS and CEUS sotures. Typically, the CEUS was assumed to exhibit
larger values of about 100 ban as compared to about 50 bars for WUS sources. These measures of
stress drop, termed Brune stress drops, are primarily based on high frequency ground motion levels
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recordings at close distances (5 50 kmi) for earthquakes of engineering significance are currently not

available to unequivocally distinguish between plausible ground motion models.
Based upon the empirical data base and associated attenuation models available for WUS rock
sites, a functional form was developed which allows prediction of response spectral shapes given
magnitude and distance of any event. For the WUS events, the form ofthe relationship is not based on
a physical model of the ground motion process but is designed to fit the general characteristics of the
empirical spectral shapes. For WUS sites, the functional form is given by:

In (SA/A) - I CI/cosh(C2*f C3 + C4 [exp (C5"f)/fC6 ]

(2)

The coefficients CI through C6 am functions of magnitude and distance and am provided in Table 1.
The first term in equation 2 is designed to fit the high frequency portion of the response spectral shape
while the second term models the low frequency portion of the curves.
The approach used to develop spectral shapes for CEUS rock site conditions were based on the
results from numerical modeling. Scaling relationships were first developed to convert WUS to CEUS
spectral shapes. These scaling fimctions were then applied to the weighted empirical functional forms
available for the WUS statistical shapes to develop comparable CEUS spectral shapes. The resulting
functional form for response spectral shapes appropriate for CEUS sites is given by.
In (SA/A) = [ Cl/cosh(C2*fC3] +
C4 [I{exp (C5*f)yf

} + ( C7 exp (C8" fy}fC9 }0.5

(3)

The parameters Cl through C9 are again finctions of magnitude and distance and are listed in Table I.
For comparison purposes, the results obtained for the developed spectral shapes are compared
with the standard spectral shapes defined by RGI.60 [15] or Newmark-Hall (N-H) 0098 spectra [I1].
For the N-H comparisons, average bin values for A, V and D for WUS sites were used to develop
median and I-sigma design spectral shapes. For WUS rock sites, Figure 9 indicates a reasonably good
comparison of the predicted bin shapes with the N-H shapes, provided the recommended bin peak
velocity is used in the N-H development. If the higher recommended values am used, the comparison
of shapes is not as good and the N-H model is not supported by the empirical data. Comparisons with
the RGI.60 shape indicate that it is generally conservative, particularly for the smaller magnitude
events.
Comparison with similar data for CEUS rock sites is shown in Figure 10, including predictions
for both I- and 2-comer source models. The N-H shapes were generated using the WUS mean bin
values since they are not available for CEUS sites. The CEUS shapes are lower at low frequencies
than either set of standard spectra. Since CEUS peak accelerations am higher than the corresponding

WUS values, the WUS and CEUS absolute spectra are comparable at low frequency while the CEUS
absolute spectra is higher than the WUS data and peaks at much higher frequencies.
Development of Hazard-Consistent Motions at Soil Sites
The approach to developing site-specific soil motions involves convolution analysis, using either
equivalent-linear or fully nonlinear characterization of soil properties, and using rock outcrop control
motions at the soil/rock transition zone. For "bottomless" profiles the rock control motions may be
input at a sufficiently deep location such that soil amplification extends to the lowest frequency of
interest. This depth has generally been about 500 It for motions adequate to a low-frequency limit of
about 0.5 Hz [16].
To develop procedures and results appropriate for soil sites at either WUS and CEUS locations,
the point source model was first exercised to develop PSHA results for two sites, one in the WUS (site
in Southern California) and one in the CEUS (site in South Carolina). Relatively complete hazard
information for these sites was available in terms of the suite of magnitudes and distances that
contribute to the seismic hazard. Model parameters appropriate for these two locations (source
characteristics, rock properties, stress drops, etc.) were used to generate appropriate PSHA data. The
rock outcrop UHS for both the WUS and CEUS sites am shown in Figure II at the 10 -4 annual
probability of exceedance level. As can be seen, the WUS motions generally exceed the CEUS
motions by a factor of five or more for frequencies below about 10 Hz. The deaggregated earthquake
spectra at I and 10 Hz, scaled bock to the UHS, are shown in Figures 12 and 13respectively. The
difference in the hazard environment between WUS and CEUS sites is evident by noting the
difference in deaggregated magnitudes dominating the I and 10 hz frequencies (1.3 units for the
CEUS site and 0.6 units for the WUS site).
The WUS site profile was developed using the Imperial Valley soil configuration extended to a
depth of 1,000 feet while the CEUS soil site was developed from the Savannah River site data. The
base case shear wave velocity profiles am shown in Figure 14. Strain degradation data for the two sites
used in the convolution studies were based on either generic models or site-specific data considered
appropriate for the site [9]. In the convolution analyses, uncertainty in dynamic material properties
was accommodated through inclusion of parametric variations, using a Monte Carlo approach with the
equivalent-linear site response calculation. Uncertainty in shear wave velocities and damping were
based on statistical distributions available for the sites. For each input control motion, a number of
convolution calculations were performed, with soil properties randomly selected from available site
data, to obtain mean estimates of surface response and associated transfer functions.
The various approaches used to develop site-specific soil turface spectra following this procedure
are listed below in the order of increasing difficulty: In each approach, the UHS rock outcrop spectra
described previously and its deaggregated information at low and high frequency am used as input to
the site response problem to varying degrees of completeness.
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design spectra (e.g. at I Hz and 10 Hz) or envelop the I Hz and 10Hz (or PGA) V/H ratios to develop
a conservative vertical rock outcrop spectrnm.
The approach recommended here makes use of generic soil V/H ratios to scale the site specific
horizontal soil motions. It is intended to maintain as many site specific attributes as possible through
the use of the horizontal soil motions (soil column) and generic soil V/H ratios (controlling
magnitudes and distances) while avoiding the currently inherent ambiguity inherent in vertical site
response analyses. This is the case for WUS sites where vertical and horizontal component empirical
attenuation relations for soil sites are available. For the CEUS, this approach again relies on generic
soil V/H ratios based on a validated site response methodology [17]. In this approach, WUS-to-CEUS
scale factors are developed and used to scale an empirical WUS deep soil V/H ratio. The scale factors
areratios of WUS and CEUS V/H ratios computed for generic deep soil, representative of deep soils
beneath the WUS strong motion recording sites and assumed to occur both in the WUS and CEUS.
To compute the V/H ratios, a generic deep soil column is placed on the generic WUS and CEUS
crustal models and the stochastic point-source model used to generate motions. Inclined P-SV waves
are used as input to model the vertical motions [6, 17].
Impact on SSI Analyses
The effect of these new recommendations for site response evaluation on the computations for
soil-structure interaction analyses is significant. The deterministic SSI analysis procedures currently
used to develop in-structure design spectra and member design loads am not consistent with these
newly recommended probabilistic approaches for developing free-field surface design ground
motions. The current procedures typically used in SSI analyses make use ofa time history generated to
envelope a relatively broad-banded design surface response spectrum. Often the surface spectrum is
defined by either a RG 1.60 or N-H shaped spectrum controlled by only one or several ground motion
parameters as previously described. The structural model and site geometry is specified as indicated
schematically in Figure 17.
The site properties are specified in terms of their low strain values of shear wave velocity and
hysteretic damping for each soil layer in the soil profile. These parameters are typically defined in
terms of their best estimate, lower bound and upper bound values in an effort to capture variability of
these properties over the building footprint as well as uncertainty in their specification as well as the
SSI process. The broad-banded surface ground motion is then deconvolved to obtain "strain
compatible" parameters. However, since the broad-banded spectrum does not correspond to a single
event, the deconvolution process leads to unrealistically high strains in the near-field soil profile and
implied ground motions at depth. This problem led to the so-called "60% rule" contained in the SRP
to try to prevent placing structures at depth to minimize ground motion input to the foundation.
In the new recommended procedures, surface ground motion design spectra am developed
consistently; that is, the surface spectra are already associated with a compatible strain-iterated soil
profile. Therefore, deconvolution of the surface ground motion is certainly no longer valid. However.
procedures for development of upper and lower bound soil profiles to be used in the SSI analyses still
II

need to be developed. It is known, for example, that simple scaling of the site properties above and
below the best estimate site profile does not necessarily bound response spectra, particularly at
frequencies higher than the fundamental frequency of the soil column.
Currently, a process used to specify these bounding profiles involves selecting the . one-sigma
values of strain-iterated velocities and hysteretic damping. The lower bound damping is typically
associated with the upper bound velocities and vice versa, although this selection is subjective. It is
not clear as yet whether these bounding selections lead to consistent estimates of*: one-sigma values
of in-structure spectra or member loads. Studies to confirm these selections are being undertaken and
recommruendations still need to be developed to ensure conservative estimates of mean structural
demand.
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Figure 6. Comparison of 5% Damped Bin Statistical Spectral Shapes with Model
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Abstract

•

We present an overview of our probabilistic seismic hazard assessment (PSHA)
of the Lucas
Heights site in south Sydney, New South Wales, Australia. The study represents
the first modern
PSHA of its kind ever carried out in Australia, including the full treatment
of
input parameters. The study had the considerable challenge of being located uncertainty in the
in a low seismicity
intraplate setting, and was also undertaken without access to any well
established attenuation
relations for eastern Australia. The peak ground accelerations calculated were
in the range of 0.3
to 0.4g for the mean 10,000 year return time, somewhat higher than the estimates
from previous
studies which did not incorporate the modern methods of PSHA for the siting
of nuclear reactors.
Introduction
In this paper we present a brief overview of our probabilistic seismic hazard
assessment
(PSHA) of the Lucas Hleights site in south Sydney, New South Wales, Australia.
The study was
undertaken for the Department of Industry, Science and Resources in accordance
with
international best practice in seismic hazard analysis for the siting of nuclear
reactors by a
multinational team of seismologists, geologists and earthquake engineers (Alliance, 1999;
Stirling
& Berryman, 2001). The study had the considerable challenge of being located in the
intraplate
setting of eastern Australia (Fig. I) where seismicity rates are low and difficult to
constrain from
the short (approximately 100 year) historical record of earthquakes. An additional difficulty
was
the lack of a well established attenuation relation for eastern Australia. Furthermore, only limited
work had been done to determine the recency of activity on faults in eastern Australia prior
to our
study.

Methodology

An early step in construction of the PSHA was to define am sources thdt enclose areasof
roughly homognsous scismicity and geology (ig. 2). Magnitude - firequency distributions and
the associated seismicity parameters were then construced from the historical sesmicity for each
area soure, and parameters were also defined for the Lapatoe Structural C Wplx (the em fault
in the region thought to be active Fig. 2). To address .the epistemic (knowledge or model)
unsctabinty in the earthquake parameters and likely acceleutionu produced at the sit fcae the
resulting earthquakes vwconstructed logic trees for each area source and also for the Lapsaton
Strucual Complx (Fig. 3). Particular emphasis was placed on incorporating a ran of
attenuation relationships for inrapat and ineplate tectonic seutings to the logic stes,
acnowliedging that the Sydney Basin isnot a -classic" intraplate environment (Le. not within an
area of stable continental shield or craton like central Australia or eastern North America). The
weightinap used in the logic uees were determined by consultation among the Alliance team and
by consultatlin with Australian experts. We ran the PSHA by way of a Monte Carlo method,
which involved repeatedly sampling the logic tree and constr•cting "hazard curve" for each
sample (annual frequency of exceedance for a suite of accelration levcls eg. the peak ground
acceleration example shown in Fig.4). The uniform hazard (probabilistic) spectra for a series of
Percentile levels and return times wue calculated by this method fran 1000 samples ofthe logic
trees.
Hazard Eatmnates
The peak round accelerations and spectral accelerations (0.1. 0.2, 0.4, and I second
periods) calculated foma the 1000 samples of the logic te are given in Table I. The peak ground
accelerations am in the rango of 03 to 0.4g for the mean 10,000 year return time, somewhat
higher than the estimates firatn previous studies which did not incorposate the modem method, of
PSHA (.e. treatmeat of uncertainty, and other aspects). Throughout the analysis considerable
effort went into conducting sensitivity analyses to detmine the "robusmess" of our result and
in doing so we found no en paramete• to strongly influence the hazard above all of the others.
Dearegad
To aid in providing appropriate information for eventual definition ofdesign earthquakes for
the site we conducted deaggrpgation of a number of samples from the logic tree to determine
the dominant (modal) magnitudes and distances that dominate the hazard The results of thc
deaggreptions were then used to selec representative historical earthquakes from global tron
motion dausets (for eventual ue in tathquake loading anslyass at the site) by finding the bea
match of the individual spectra for these vents to the unifora hazard spectra of the site. The
analysis showed that the mean 10,000 yearreturn period accelerations given in Table I aemoat
likely to come from moderate esithiquskes occurring lea than 201an from the site.

Our study has utilised th moder methods of PSHA applicable to the satin of nuclear
reacters to calculate the levels of peak and spectral acceleration expected at the LaacaHeights
site.The peak ground accelerations calculated amrin the range of 0.3 to OAS for the mean 10,000
year return time, somewhat higher than the estimates fronm previous studies which did not
incorporate the modem methods of PSHA. A deaggregaion analysis shows that these

accelcratios mremost likely to came from moderate erthquakes occuring less than 20km from
db. site.
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Table 1
Estimates of PGA and 0.1, 02,0.4. and 1 socond spectral acceleration (SA) for Luca Heights,
for the 56 percentile, mean and 14 percentile klvels. fir four retun periods (lRP
IP3A
ItP
10'
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10'
10'
50*
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0.75
0.12
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Wa 0.05
0.1 Second SA
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Mean 0.05
0.2 Second SA
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10'
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0.05
Mean 0.05
U6 0.06
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0.06
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Figure 1
The plate tectonic setting of the Lucas Heights site in the low-seismicity
intraplate environment
of eastern Australia.

Figure 2. Area sources defined for the study.
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Figure 4.
Hazard curves for peak ground acceleration calculated by way of a Monte
Carlo analysis.

earthquake, and 1999 Chi-Chi, Taiwn arthquake. Many studies shown that the top alluvium layer
will play an importan role for site amplification effects [2.4]. Thmefore site effects study is very
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important for mitigating damage duning an earthquake. Many methods have been used to characterize
the site amplification. The best approach is through direct observation of seismic ground motion,
although such observations ae limited to high aelmicity mu and by high cost. A demn strong

motion observation network provides an opportunity to realise the basin effects in the Taipei basin.
The preliminary results of the site responses in the Taipei basin bad been done before [5-7]. In this
study, we used the spectral ratio to analyze the site effect by adopting the data of Chi-Chi earthquake
and it's aftershocks for realizing the basin responses during the Chi-Chi earthquake. The spectral ratio
contours at some specific felquencies are selected to compare with the geological and velocity
stuctures under the Taipei bas In the other h"nd, For the engineering concern, the relationship
between te spectral ratio contour and tie distribution of damaging building mum also discussed
in this study.

Geological stlture of the Taipei basin
Abstract
On September 20, 1999 a magnitude ML 7.3 earthquake struck Taichung and Nantou in central
Taiwan. Taipei basin located more than 100 kIn from the epicenter but also had many buildings
damaged during the earthquake. In this stUdy we use the mainshock and aftershocks data of Chi.Chi
earthquake to analyze the site effect of Taipei basin. The results show that the dominant low
frequency band response is located in the western part of Taipei basin and Sonhan amre the main
high frequency band response mau am n
the edg ofbasin. Another hand, comparing the results of
amplification pattern with the location ofdamagod buildings found that the tall damaged buildings me
located at the high response areas of low frequency band and the low-rise damaged structures are
located at the high response ars of higher frequency band. From these results we can find the
relationship between the site amplification and damaged structure distribution in the Taipei basin mrea
during earthoquakes.

Introduction
Taiwan is located on the Circum-Pacific seismic belL The seismicity in Taiwan area is very high
[I]. Therefore, defense lives and possessions from disaster earthquakes are a major concern of the
people in this region. Strong round shakinag priumaly causes the danaging effects ofearthquakes. To
reduce the loss of life and property from strong ground shking it requires conscientious application

of construction codes and earthquake resistant design, enforcement of adequate land-use policies as
well as implementation of appropriate retrofit measures. The implementation of them mitigation
measurements must be based in large per on the recordings fiom large earthquakes at distances from
0 to 100 kin. Such data me crucial for designing earthquake resistant structures and understanding die
source mechanism of earthquakes and the propagation of seismic waves from source to site, irncluing
the local site effects.
Amplification of strong ground motion by alluvial deposits during an earthquake has been
documented on a lot of occasions and caused damage in recent Ime earthquakes, for esmple. 1985
Michoacan earthquake, 1989 Loam Priet earthquake, 1994 Nochridge earthquake, 1995 Kobe

The Taipei basin is a triangle4haped alluvium structure (Figure 1). The ground surface of the
Taipei basin is almost flat and tilbin gently to the northwest. The total area of the Taipei basin is
about 240 square kilometers with an athitude below 20 meters. The Keelung River flows through it in
an east-west direction, the Dahang Creek from the south through the bhi center and then northwest
to the ocea, and the Chingmai Crack from the southeast merge in the Dahang Creek at around the
basin center. Because tde basin is filled with the unconsolidated sedimnts, the subsurface geology of
the Taipei basin can only be established by the information obtained from boring, electrical, and

smismic proepecting [8,9]. Recently, the basement structure in the Taipei basin am had been modified
through the work of deep boing by the Central Geological Survey (10] and dense reflection seismic
survey by the National Central University [11-13]. The dotted contour lines in Figure I indicate the
depth to the basemAnt rock in the Taipei Basin fiomn inner to out euach line shows the depth from
400 to 100 in, respectively.
The geological structure inside the basin is dth Qualernary layers above the Teiabry bas

ck.

The srmidtaphic formations of the Quaternasy layers me, in descending order, surface soil the
Sungshan Formation. the Chingm•l Formation. and thel sinchuang Formation. The Sungshan
Formation is composed mainly of -a atin beds of silly clay and silty sand,. a covers almost the
whole Taipei basin. The Chmgmei Foemation is a fan-ehaped body of con•gomerate deposits. The
Hsinchuang Formation consists of bluish grey, clayey sand with some conglomerate beds [9]. Weet
aL [14] calculated thdeV, and V, from surface to the depth of 35Q mtes through the travel time
analysis of seismic waves by using the Wuku downhole records in the westemn pert of Taipei basin.
The average P- and S-wave velocity at ue of the Taipei basin are shown in Table I which were
the results from the reflection seimic survey in the whole Taipei basin are I1S].

TSMIP metwork and earthquake data

The Taiwan Strong Motion Instrumentation Program (TSMIP) is executed by the Seismological
Observation Center of the Cntra Weather Bureau, Taiwan, ROC [5,16]. The main purpose of this
progm is to study the characteristics'of the ound motiot in different geological conditions and tde
response of differ
types of man-made structures. All results can be used to improve the design
spectrum and building codes ofcunent use. The program installed up to 600 digital free field strons

motion instruments and 400*3 digital channels of strong motion monitoring systems in nine
metropolitan areas. About 100 free field stations are already in operation in Taipei area, and 43
stations are within the Taipei basin. The station interval is about 2 kl in average. The distribution of
stations is shown in Figure I in triangle symbol and the number near each station is the station code.
Each station includes one strong motion instrument and a recording room. Strong motion instrument
is a force-balance accelerometer. The recorder which has 16 bits' resolution can record the ground
motion within ±2g and has pre-event and post-event memory. Each strong ground motion station has
the same design. A small fiberglass house covered on a concrete plate. All stations have AC power.
When the power system is shutdown by earthquake or other problem, the DC powers of the recording
system can still operate about 4 days.
The Chi-Chi earthquake and its 8 aftershocks which magnitude is over 6.0 were recorded by the
TSMIP network which is located in the Taipei basin since September 20 to 22 1999. Table 2 shows
the source parameters of Chi-Chi earthquake and its aftershocks. All the source parameters in the
Table 2 are determined by the local seismic network of the Central Weather Bureau, Taiwan. Figure 2
shows the events location which is listed in the Table 2. In the Figure 2 we can find that, Chi-Chi
earthquake and its aftershocks are all located at the south-western direction of Taipei basin and the
Taipei basin is located more than 100 Io away from the epicenters of these earthquake. In this study,
earthquakes list in the Table 2 will be used to make spectral ratio to understand the site response in
the Taipei basin during the Chi-Chi earthquake and its aftershocks. Figure 3 shows a typical
waveform of Chi-Chi earthquake recorded at station TAP003 which is located at the western part of
Taipei basin, and Figure 4 shows the waveform of No. 8 aftershock in Table 2 recorded at the same
station of Figure 3.

Site effect analysis
Taipei basin is located in the north of the epicenter and the closed distance to the fault rupture is
more than 100 k/n away. Figure 5 plots the waveforms from south to north in the western part of the
basin. They indicate that the seismic waves from the south to the north edge of the basin show the
amplification effects. If we consider the frequency response (Figure 6), the ground motions change
from high frequency to low frequency, as the basin becomes deeper. Toward the north edge, the
response turns to higher frequency again. The edge effects [17] seem also play an important role for
this event.
In order to understand the soil amplification effects in the frequency domain, the spectral ratios
of the soft soil stations were calculated with respect to the TAP043 site that is near the south-western
edge of the basin. All the recorded earthquakes are more than 100 km away from Taipei basin in the
south directions. The variation ofazimuth and incident angle will not be so large. Therefore, selection
of TAP043 as reference site will not change the pattern of average spectral ratio very much. The
spectral ratios are calculated as follows [18]: (I) a window containing the shear wave is identified; (2)
the window is tapered at both ends (at 5% of the length) using a cosine function; (3) the Fourier
amplitude spectrum is calculated; (4) the spectrum is smoothed I times using a 3-point running
Hanning average; (5) two smoothed spectra are divided; (6) the root-mean-square (RMS) spectral
ratio is then calculated from the two horizontal ratios of EW and NS components. Figure 7 shows an
example of the mean spectral ratio of the TAP003 and TAP043 station pair in Chi-Chin earthquake's
aftershocks. The shaded bands represent ±1 standard deviation areas.
For the purpose of the earthquake resistant design, earthquake engineers must consider the site

response at a specific period. For exanydle; the structure period of a ten-flour building is at about I
second. If the input ground motion is dominate at I Hz, then the building will has a resonant effect.
Which may easily cause big damage to this building. Therefore, in this study, we select 7 periods (4, 3,
2. 1.5, I, 0.5, and 0.3 sec) to plot out the contour map for understanding the frequency responses in
the Taipei basin. Figure 8 shows an example of the mean spectral ratio contour for the period of 2 sec.
From these contours, it is obvious that the waves at different frequencies have different amplification
patterns in the Taipei basin. For the low frequency responses (period from 4 to 1.5 seconds) in the
Taipei basin, the contours show that main amplification effects occurred at the western part of the
Taipei basin and the Sungshan area. Nevertheless, the response at the higher frequency band of larger
than I Hz shows different amplification effects. The high contour areas occur near the basin edges at
the north, east, and south basin boundaries. The responses in western part of the Taipei basin and the
Sungshan area do not show strong amplification effect anymore. The basement structure (The dotted
contours in Figure i) may explain the high spectral ratio area occurred at the western part of the
Taipei basin, which is the deepest area of the Taipei area. But it can not explain the contour high area
at the Sungshan area of the low frequency responses. The top alluvium layer in the Taipei basin seems
play an important role for site amplifications as mentioned by Anderson et al. (1996). The two deepest
areas of the soft Sungshan Formation (Figure 9) can correlate with the two high spectral ratio areas at
the lower frequency bands. More research works are needed to clarify the role of this top alluvium
layer of the Sungshan Formation.

The damage distribution of the Chi-Chi Earthquake In Taipei basin
Although Taipei basin is located more than 100 km away from the epicenter of Chi-Chi
earthquake, there are also three tall buildings collapsing and some low-rise structures damaging
during the earthquake. As the spectral ratio method we used above, we chose the Chi-Chi earthquake
and it's aftershocks records to analyze the site effect of Taipei basin. The reference site we chose is
TAP043. Figure 10 and Figure II show the examples of spectral ratio contour of Chi-Chi earthquake
for period of 0.5 sec and 2 sec. Figure 12 and Figure 13 show the examples of mean spectral ratio
contour of the Chi-Chi aftershocks for period of 0.5sec and 2 sec. These patterns of spectral ratio
contour are very consisting with above results. The damages distribution of the Chi-Chi earthquake
can compared with the site response in the Taipei basin. The three tall buildings are located in the
high response areas of the lower frequency. The low-rise buildings are located near the basin edges
where has the higher response in the higher frequency band. This phenomenon also shown in the
earthquake of November 15, 1986.

Summary
The dense TSMIP network provides an opportunity for us to realize the site effects in the Taipei
basin. In this study, we use the spectral ratio method to calculate the frequency response at each
station with respect to a referent site TAP043 that is located at the southern edge of the basin. The
spectral ratio contours at some specific periods are selected to compare with the geological structure
under the Taipei basin.
From the analysis of Chi-Chi earthquake and its aftershock records of the dense TSMIP network,
it is noted that different areas have different local site effects in the Taipei basin. By comparison of
the results with the geological structure, we can understand that the low frequency responses on the
western part of the Taipei basin and Sungshan area are correlated with the basin structure and the top
soft soil layer (Sungshan formation). The high frequency responses are mainly occurred near the edge

of die Taipei basin except the western boundary of a stiep structure. The soft soil layer of die
Sungshan formation may dominate die site response at the Taipei basin During die 1986. Hwalies

earthquae and 1999, Cli-Chi earthquake. die are some buildings damaged. By comparing between
the distribution area of damaging buildings and spectral ratio contours of the Chi.Ch earthquake
sequence. we found that the patterns can be correlated. The more accurate relationship between
distribution of damaging buildings and eahquake response'in Taipei basin needs to do more research
works
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Table 1.Velocity structure of Taipei basin [15].
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Table 2. Events source Parameters used in this Study.
Event No

Origin Time

1
2
3
4
5
6
7
8
9

1999 9 20 17:47:16
1999 9 20 17:57:15
1999 9 20 18:03:41
1999 9 20 18:05:53
1999 9 20 18:11:53
1999 9 20 18:16:16
1999 9 20 21:46:37
1999 9 22 00:14:41
1999 9 22 00:49:43

Epicenter
23.85N
23.91N
23.79N
23.95N
23.85N
23.84N
23.60N
23.83N
23.76N

120.82E
121.02E
120.88E
120.84E
121.06E
121.04E
120.82E
121.05E
121.02E

Depth ()
8.00
2.23
3.53
19.58
5.21
3.54
5.32
7.5
8.95

.

M
7.30
6.47
6.57
6.01
6.70
6.66
6.59
6.80
6.29

Fig. I Locations of the strong motion stations in
Taipei area. Numbers indicate the station
codes of TSMIP network. The dotted
contours indicate the depth in meters to
the base rock surface in the Taipei basin,
from inner to outer each line shows the
depth from 400 to 100 m, respectively.
The black triangles indicate the downhole
array sites,
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Fig. 2 Locations of the epicenters that used in
this study.
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NUCLEAR POWER PLANTS SEISMIC INSTRUMENTATION:
SPANISH PRACTICE.
Jim6nez Juan, A., and Sinchez-Cabafiero, J.G.

Abstract
Seismic instrumentation system of Spanish plants are required to reach the following
main goals: first at all to determine the OBE exceedance, and second to obtain site
specific data in order to capture or reduce both uncertainties from the site and the
structural design (e.g. near field attenuation and site effects models, or structural
ageing effects and design models), and to improve the safety re-evaluation analysis.
From licensing, the main Spanish NPP's (5 sites) were equipped with the best
analogical instrumentation at that time, adequate to record strong earthquakes, but
with limited resolution to register on free field low accelerations with reasonably
confidence.
In a general way, seismic PRA results addressed new and higher perception on the
earthquake occurrence probability in Spain, and a cost/benefit program to improve
seismic instrumentation of all plants was planned. Implementing this action requires to
get new digital free field instrumentation, and to develop procedures to quickly decide
an OBE exceedance, like it is recommended in USNRC regulatory guides 1.12, rev.
2, and 1.166. Plant owners endorsed these guides and proposed a full change of their
seismic monitoring system instrumentation, what includes a review of the plant
Technical Specifications. Some instrumental improvements like universal time
reference or higher resolution than 12 bits are recommended.
Introduction
New earthquake occurrence and developed knowledge on seismic sources,
transmission path, and site effects, show a necessity of capture the current
uncertainties in order to perform in a more consistent way new seismic designs, or to
know plants seismic margin and vulnerabilities through safety re-evaluations analysis.
Far from the seismic margin concept (Ref. 2), Spanish NPP's seismic design is
enveloped by two levels: the SSE (Safe Shutdown Earthquake) and the OBE
(Operating Basis Earthquake). Both quakes are characterized to design on free field,
and OBE input was selected as SSE/2. OBE is assumed that can occur at least one
time in the plant life.
If OBE is exceeding, the affected plant is beyond of the established design basis to
have a safety operation and does not fulfill the limits and conditions of its Operation
Permit. If an OBE or minor earthquake occurs, plant seismic design guarantee an
elastic behavior of its structures, systems and components (SSC's); but if the
earthquake is larger it's not possible to reject plastic behavior with permanent
Consejo de Seguridad Nuclear. Spain. C/ Justo Dorado, 11, Madrid, 28040, aii~csn.es, iscacsn.es
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displacements for non seismic class SSC's and, relate to plant safety operation, it will
not be consistent to assure SSC's availability.
To detect an OBE instrumental exceedance and to reach aims like reducing
uncertainties, its necessary to compare plant OBE master values in front off in situ
measuredvalues, through a plant seismic monitoring system capable to record
different earthquakes sizes with good quality.
Original-status

-

According with the following licensing process, the Spanish NPP's were obtained an
new Operation Permit for ten years (the process is not yet finished for Trillo, and Jos6
i,,'
Cabrera -the oldest one- will must be shutdown on April 2006 before beginning its
decommission). Those permits was awarded as result of a Safety Periodic Review
process started five years ago, in which some detected items were capable to be
improved under low cost and Nuclear Safety benefits criteria. These ones are
following:
The oldest Spanish plants (Jos6 Cabrera, Sta Ma de Garofla) have been from the
beginning non seismic instrumented plants. But the rest of them (Almaraz I-Il, Asc6 I
II, Cofrentes, Vandell6s II, and Trillo) were full equipped according the USNRC R.G.
1.12, Revs. 0 and 1, and had associated procedures to use if an earthquake occurs.
Table I collects the name of the seven Spanish sites and operating units, beside to
reactor type, electric power installed, year of operation starting, and SSE and OBE
inputs to each one. Table 1 also includes the Spanish low/medium •level radioactive
waste repository named El Cabril. Figure I shows those eight Spanish nuclear sites
overlapped on known seismicity of the Iberian Peninsula till 1999 year.
Site

Reactor type

Power
(MWe)

Operation
since

160

1968

0.07g

466
974-983

1971
1981 - 1983

0.109
0.10g

1028- 1027

1983-1985

0.13g

Gen. Electric-BWR

1025

1984

Vandell6s II

Westinghouse-PWR

1087

Tnllo

SIemens/KWU-PWR

1066

[El Cabdl

L.R. Waste Disposal 1

Jos6 Cabrera

Westinghouse-PWR
S.M. Garofia
Gen. Electrlc-BWR
Almaraz I - 11 Westinghouse PWR
Asc6 I - II
Westinghouse PWR
Cofrentes

SSE
OBE Characterization
(PGA
H) PGA H - PGA v
Spectra H.v
0.035g - 0.023g
0.05g
0.05g - 0.033g

Nureg/Cr-0098

Newmark

0.17g

0.07g - 0.0467g
0.085g

1988

0.20g

0.109

RG-1.60

1988

0.12g

0.06g*"

RG-1.60

1992

0,24g

0.12g7

RG-1.60

RG-1.60
Newmark
RG-1.60

Table 1. Characteristicsof the Spanish nuclearpowerplants.

The original seismic monitoring system instrumentation of the plants was, in general,
analogical and did not let to quickly analyze seismic records in an automatically way
(by the moment any earthquake has been recorded on a nuclear site in Spain).
However, one plant (Vandell6s II) had tape register adapted to analyze automatically
possible records. Available analogical instrumentation was varied and heterogeneous
in record performance (a few accelerometers and more seismometers and pick
"Formallyit's a level of inspection. This plant must apply a technical procedure addressed to find
plant damages if a 0.04g PGA (Peak Ground Acceleration) value is reached in free field conditions.
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registers). In the same way, global resolution of the systems measures was limited (it
could reach till 0,05g in some plants) if comparing to PGA of Spanish plant OBE
(between 0,033g - 0,1g). Also the system had not adequate resolution to compare in
situ measured values in front of design response spectra values with two decimals.
Free field sensors were sitting outside plant buildings but, in general, were not in free
field outside of structures influence, because sensors were anchored to metallic tanks
or into 400Kv electric park (relays building non seismic qualified). In the same way
plants did not have technical procedures about OBE exceedance, and seismic
monitoring systems only can apply criteria to determine spectral values exceedance.
These criteria may be too conservative for near field earthquakes with high PGA, but
low energy to transfer significant damage.
On the other hand, maintenance, verification and calibration test of seismic monitoring
systems required by Technical Specifications (TS), did not have well comparing with
new digital instruments, including type and instrument number needed to be tested.
After twenty years of operation, availability of elements and components was limited.
Current status
Highlighting from above mentioned RPS results and seismic IPEEE analysis
performed in ninety years (Refs 1 and 2), seismic monitoring systems have been full
renewed in all Spanish NPP's, and OBE border conditions have been formally
established in a clear way in the licensing documents and technical procedures. This
updating process has tried to know potential plant vulnerabilities if an earthquake
higher than SSE occurs, and also try to implement some improvements with
reasonable cost (economical and radiological) and Nuclear Safety benefits to Spanish
NPP's. These improvements are following:
o Original seismic monitoring system has been full replaced by accelerometers
according with USNRC R.G.-1.12, rev. 2.
o OBE exceedance criteria as USNRC R.G.-1.166 have been adopted.
o Seismic monitoring of structures was adapted to sensors number and locations
recommended by R.G.-I.12, Rev. 2. Plants with two units -Almaraz, Asc6- only
monitor one unit.
o As possible, changing process identified new sites close to free field conditions
in order to observe the importance assigned to this sensors by R.G.-1.166.
o All seismic monitoring systems have been synchronized by the universal time.
o In general, seismic monitoring systems with higher resolution than 12 bits were
considered.
Seismic monitoring synchronization by universal time makes possible to use free field
records in a larger way through future seismic re-evaluations, or future new designs in
the same site: That improvement can reduce uncertainties on source location and
distance of the recorded earthquake. Constraint these uncertainties is important if
near field earthquake occur (in areas with low seismicity like most parts of Spain it's
usual to have low seismic monitoring coverage by national network agencies, and the
resulting resolution in location can be an order of tens of kilometers.
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An improvement in the same way consists of placing seismic monitoring with a global
resolution larger than 12 bits. This resolution is good enough to analyze strong
earthquakes records, but it's limited if small quakes occur, just those of in the same
level than OBE in areas with low/moderate seismicity like Spain. Resolution of 12 bits
can be also limited to analyze low fore and aftershocks of the main shock. Some
plants in Spain (Asc6 I-Il, Cofrentes, and Vandell6s II) have systems with 12 bits, and
they are-complemented by s eismograph (in the same way El Cabril will-install an
broad band seismograph). Table 2 inserts decommissed instrumentation and current
seismic systems status in Spain.
Original System

Current System - updated to RG-1.12, rev. 2

Status

Supplier

Resolution

Accuracy

Jos6 Cabrera

None

Geosis

19 bits

4 x 10"6g

Sta. MO de Garofla

None

Kinemetrics

18 bits

8 x 10eg

Almaraz I - Il

Full RG-1.12, rev.0

Kinemetrlcs

18 bits

8 x 10"eg

Asc6 I - I1

Full RG-1.12, rev.1

Syscom

12 bits

5 x 10"4g

Cofrentes

Full RG-1.12, rev.1

Syscom

12 bits

5 X 10-4g

Vandell6s II

Full RG-1.12, rev.1

Syscom

12 bits

5 x 10 4g

Trillo

Full RG-1.12, rev.1

Klnemetrics

18 bits

8 x 1"eg

Free field

Geosls

24 bits

x 10"7 g

Site

El Cabril (LRWD)

Table 2. Spanish nuclearpower plants seismic instrumentationsystems.

Like in the origin, current monitoring systems have seismic qualification adequate to
register seismic input of design basis, but in some plants it was not possible to have
qualification of routing between new free field sensors and register center. To prevent
appropriate actions if an earthquake cut that communication router, it has been
developed a procedure to handling extract and analyzes free field records.
Technical Specifications of Spanish NPP's collect a specific Operating Limit Condition
if OBE is exceeding, requiring plant shutdown in a safe manner, with the purpose of
including accomplish of limits and conditions in a licensing document Also has been
developed technical procedures linked to Emergency Plan of the plants, to enclose
OBE exceedance criteria and actions to adopt if an earthquake occurs.
On the other hand, some applicants showed that periodical test of old analogical
systems (system and sensors calibrations, and function verification) are obsolete, and
they are too hard if comparing with supplier user's guide of new digital
instrumentation. The applicants propose to review those periodical test after analyzing
during several refuel cycles system behavior.
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Figure I.- Ibero-Magrhebian seisoicitv.froin 1320 to 1999. The green clots are earthquakeshappened before XX Century, the red ones are shocks instrumnentally well located,
and the brown ones only are roughly located. The biggest size representsearthquakes with MSK Intensity 2 VIII
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