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Preface and Acknowledgements

Researchers and practitioners who make use of processed strong motion data have
access to a multitude of Internet resources. This is far removed from times when
such data was exchanged among users on magnetic tapes, and later, on CDs. Today,
researchers need instant access to waveforms that must have been processed in uni-
formly verifiable ways for a wide variety of objectives. The products of this branch
of earthquake science must be searchable according to a multitude of different cri-
teria defined by user needs. The increased utilization of strong motion data has
made dialogue among network operators, data providers and the user community
to become more important than ever. It is clear that uniformly processed wave-
form recordings that have been archived consistently would increase the confidence
of users and encourage a broader exchange of strong-motion data for purposes of
seismic safety in countries that live under the earthquake peril.

A strong motion sensor that is triggered into recording during an earthquake
provides a waveform that contains the complex interaction among its source, prop-
agation path and local site geology of the station. Each record is unique, but the
collective processing of records obtained under different environmental circum-
stances provides the only reliable means of obtaining parameterized statistics of
future earthquakes for engineering design. They also enable a better understanding
of the fundamental physics of strong ground motion. Repositories of this type of
data thus provide researchers the information to mine for deriving improved ground
motion prediction equations. The GMPE development area has been actively devel-
oped during about the last decade and a half thanks to improvements in standards
and procedures for archived ground motion data.

The Workshop on Accelerometric Data Exchange and Archiving (ADEA) where
the contributions in this book have been presented has been made possible by collab-
oration among several institutions. On the Turkish side it has been the culmination
of a 4-year project (award no. 105G016) that had been supported during 2005–
2009 by the Scientific and Technological Research Council of Turkey (TUBITAK).
The program was executed jointly by Middle East Technical University (METU)
and the Ministry of Public Works and Reconstruction (MPWR). On the part
of the University, the Earthquake Engineering Research Center (EERC) and for
the Ministry the General Directorate for Disaster Affairs (GDDA) served as the
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designated focal points where the work was performed. The Turkish Atomic
Energy Authority (TAEK) was an early supporter of the Workshop. The Network
of Research Infrastructures for European Seismology (NERIES), an EU FP6 I3
project (contract RII3-CT-2006-026130), supported the meeting as its co-sponsor.
Kinemetrics, Inc. provided funding for some participants. We record our thanks to
all meeting sponsors. Articles were peer-reviewed, often at short notice, by many
individuals in addition to the Editors. Among these individuals we are particularly
indebted to Reşat Ulusay and M. Tolga Yılmaz for their meticulous comments for
manuscripts we directed to them.

No workshop or its book is possible without certain individuals surpassing their
fair share of the work. ADEA was no different. John Douglas and Zehra Çağnan
helped in many ways, not only before and during the Workshop but also during the
phase when we brought the book to its final form, so we feel obliged to cite them
by name. Our students at METU, Tuba Eroğlu and Emrah Yenier, went beyond
the call of duty in handling correspondence, attention to participants and shaping
the manuscript for the book. Finally we express gratitude to Petra Steenbergen of
Springer whose guidance in editorial matters was of much benefit for us.

Ankara, Turkey Sinan Akkar
Ankara, Turkey Polat Gülkan
De Bilt, The Netherlands Torild van Eck
June, 2010
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E. Şafak

Addresses of Principal Contributors . . . . . . . . . . . . . . . . . . . . 271

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273



Contributors

Sinan Akkar Department of Civil Engineering, Earthquake Engineering Research
Center, Middle East Technical University, 06531 Ankara, Turkey,
sakkar@metu.edu.tr

G. Ameri Istituto Nazionale di Geofisica e Vulcanologia, Milano, Italy,
ameri@mi.ingv.it

S. Aoi National Research Institute for Earth Science and Disaster Prevention, 3-1
Tennodai, Tsukuba, Ibaraki 305-0006, Japan, aoi@bosai.go.jp

D. Bindi Deutsches GeoForschungsZentrum GFZ, Potsdam, Germany,
bindi@gfz-potsdam.de

J.J. Bommer Civil and Environmental Engineering Department, Imperial College
London, London SW7 2AZ, UK, j.bommer@imperial.ac.uk

D.M. Boore U.S. Geological Survey (MS977), Menlo Park, CA 94025, USA,
boore@usgs.gov

I.S. Borcia National Institute for Building Research (INCERC), Bucharest,
Romania, isborcia@yahoo.com
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E. Şafak (Istanbul)

T. van Eck (De Bilt)

xiii



Co-Contributors

S. Akkar (Ankara)

G. Ameri (Milan)

D. Bindi (Potsdam)

I.S. Borcia (Bucharest)

C. Cauzzi (Zurich)

F.J. Chávez-García (México)

G. Cua (Zurich)

B. Dost (De Bilt)

D. Fäh (Zurich)

L. Frobert (Bruyères-le Châtel)

H. Fujiwara (Tsukuba)

D. Giardini (Zurich)

S. Godey (Bruyères-le Châtel)

X. Goula (Barcelona)

P. Guéguen (Grenoble)

F. Haslinger (Zurich)

R. Jacquot (Grenoble)

I. Kalogeras (Athens)

S. Koutrakis (Athens)

T. Kunugi (Tsukuba)

K. Makra (Thessaloniki)

M. Manakou (Thessaloniki)

xv



xvi Co-Contributors

M. Massa (Milan)

C. Michel (Zurich)

H. Nakamura (Tsukuba)

C.S. Oliveira (Lisbon)

M. Olivieri (Zurich)

F. Pacor (Milan)

C. Pappaioanou (Thessaloniki)

I.C. Praun (Bucharest)

R. Puglia (Milan)

D. Raptakis (Thessaloniki)

A. Savvaidis (Thessaloniki)

A. Skarlatoudis (Thessaloniki)

R. Sleeman (De Bilt)

T. Susagna (Barcelona)

N. Theodulidis (Thessaloniki)

C. Zülfikar (Istanbul)

P. Zweifel (Zurich)



Part I
Ground-Motion Predictive Models



Chapter 1
Ground-Motion Prediction Equations
(GMPEs) from a Global Dataset:
The PEER NGA Equations

D.M. Boore

Abstract The PEER NGA ground-motion prediction equations (GMPEs) were
derived by five developer teams over several years, resulting in five sets of GMPEs.
The teams used various subsets of a global database of ground motions and meta-
data from shallow earthquakes in tectonically active regions in the development of
the equations. Since their publication, the predicted motions from these GMPEs
have been compared with data from various parts of the world – data that largely
were not used in the development of the GMPEs. The comparisons suggest that the
NGA GMPEs are applicable globally for shallow earthquakes in tectonically active
regions.

1.1 Introduction

The Pacific Earthquake Engineering Research (PEER) Center conducted a multi-
year project (the “Next Generation Attenuation (NGA)” project) to derive ground-
motion prediction equations (GMPEs, to use a term coined in Appendix A of [4])
from data collected globally for shallow earthquakes in active tectonic regions.
Detailed descriptions of the project and the GMPEs are readily available in a spe-
cial issue of Earthquake Spectra (Vol. 24, No. 1), as well as other papers, such as
Campbell et al. [6], and for that reason this article only gives a capsule descrip-
tion of the essential details of the NGA project. New to this article will be a
number of figures not contained in the Earthquake Spectra special issue. Because
of length limitations, this article will primarily be composed of extended figure
captions.

D.M. Boore (B)
U.S. Geological Survey (MS977), Menlo Park, CA 94025, USA
e-mail: boore@usgs.gov

3S. Akkar et al. (eds.), Earthquake Data in Engineering Seismology, Geotechnical,
Geological, and Earthquake Engineering 14, DOI 10.1007/978-94-007-0152-6_1,
C© Springer Science+Business Media B.V. 2011



4 D.M. Boore

1.2 The NGA-Empirical Project

1.2.1 Personnel

The new GMPEs were derived by five developer teams: Abrahamson and Silva
(AS), Boore and Atkinson (BA), Campbell and Bozorgnia (CB), Chiou and Youngs
(CY), and Idriss (I). Because the Idriss GMPEs are of limited use (they are only for
rock sites), they will not be discussed in this article. A number of working groups
performed studies in support of the derivation of the GMPEs (see [10], for details).

1.2.2 Scope

The developer teams were given the task of developing GMPEs for a median mea-
sure of ground motion (“GMRotI50”, as defined in [5]; in addition [2, 7, 14, 9] also
provide equations to convert GMRotI50 to maximum spectral amplitude), includ-
ing peak acceleration, velocity, and displacement, as well as 5%-damped pseudo
spectral acceleration (PSA) for periods from 0.01 to 10s. The equations were to be
valid for magnitudes ranging from 5.0 to 8.5 (for strike slip faulting) and 5.0 to 8.0
(for reverse slip faulting) and distances from 0 to 200 km. Models for the aleatory
variability were to be included.

1.2.3 Database

A major effort was put into developing the database to be used by the develop-
ers (see [8], for details). Generally, the data are from shallow earthquakes located
in tectonically active, shallow lithosphere, with reliable earthquake metadata being
available.

1.3 Model Development

1.3.1 Dataset Selection

The developers used subsets of the full database, with justifications for the data not
used. For example, BA excluded data from aftershocks, records for which metadata
were missing or for which only one horizontal component was available, non “free-
field” installations, etc. Figure 1.1 shows the magnitude-distance distribution of data
for pga and for PSA at T=10.0s period. Note that there are many fewer data at longer
periods than at shorter periods, a natural consequence of the low-cut filtering used
in processing the data. Also note that there are no normal-fault data for T=10.0s.
For these reasons, the GMPEs at longer periods (and for normal faults) will be less
certain than at shorter periods.
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Fig. 1.1 Magnitude and distance distribution of data used by BA. Each symbol represents a
recording

1.3.2 Functional Forms

Each developer team chose different functional forms for the GMPEs, in order to
capture effects that they thought should be modeled. The functional forms are a
tradeoff between simplicity of use and being able to represent the complexity in
ground motions, due to many physical effects. Some of the effects captured in the
functional forms are given below, as divided into source, path, and site contributions:

Source

• Fault mechanism (all developers)
• Aftershock vs. mainshock (AS, CY; aftershocks not used by BA, CB)
• Depth to top of rupture (ZTOR) (all but BA)
• Magnitude scaling (all, different functions)
• Radiation pattern (not included)
• Directivity (not included)

Path

• Near-source (effect of fault size – CY)
• Far-source

– Geometric spreading (single or multi-segment (CY), M (moment magnitude)
dependent (all but CY))

– Anelastic attenuation (included by all but CB, M dependent in CY)
– Source-site geometry (“hanging wall effect”) (all but BA)
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Site
• Near-surface geology (all)

– Linear
– Nonlinear

• Sediment thickness (“basin depth”; all but BA)

Aleatory Variability

• Inter (between) event (τ)
• Intra (within) event (σ): usually larger
• Dependence on M and/or rock reference-level motion? All but BA, but with dif-

ferent functions. Reduction of variance on soil sites for larger rock input motions
makes physical sense.

The effects to be captured by the GMPEs were usually determined by a combi-
nation of exploratory data analysis and, for effects for which the recorded data are
not sufficient to determine the effects, theoretical considerations. An example of
the need for saturation in motions at short periods as magnitude increases is given
in Fig. 1.2.

0.1 1 10 100

10

100

1000

P
S

A
 (

cm
/s

2 )

Chi-Chi (M 7.6)
Loma Prieta (M 6.9)
Northridge (M 6.7)

T= 0.1 s

0.1 1 10 100
RCD (km)RCD (km)

Chi-Chi (M 7.6)
Loma Prieta (M 6.9)
Northridge (M 6.7)

T = 2.0 s

Fig. 1.2 Ground motions for three earthquakes for two oscillator periods. Note that the motions
from the M 7.6 Chi–Chi earthquake are smaller and larger than for the smaller earthquakes at short
and long period, respectively

In all but the Idriss GMPEs, the site response is considered to be nonlinear.
Because the amount of nonlinearity and the amplitude of the site response are
functions of both period and the VS30 (the variable chosen to characterize the
site), the functional forms required to account for these effects are generally com-
plex. Figure 1.3 shows the site response for the BA equations, clearly showing the
nonlinear site response.
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Fig. 1.3 Site response for the BA GMPEs. Note the larger amplifications for long periods and the
nonlinear response at both periods, particularly for softer sites

Table 1.1 Effects included in the GMPEs of the NGA developer teams. (“emp”=based on analysis
of empirical data; “RV”= reverse-slip fault)

Effect AS08 BA08 CB08 CY08 I08

Saturation at short distances X X X X X
Style-of-faulting X X X X X
Rupture depth factor X X (RV

only)
X

Hanging wall factor X X X
Nonlinear site amp X X X X (emp)
Sed. depth factor X X X (emp)
M-dependent σ X X X
Nonlinear effects on σ σ, τ σ σ, τ

As with site amplification, capturing a number of the physical effects requires
complex GMPEs. This is a necessary consequence of going beyond simple magni-
tude, distance, and scalar site effects as predictor variables. Table 1.1 summarizes
the effects included in the GMPEs for the various developer teams.

The predictor variables in the GMPEs include the following:

M Moment magnitude
RRUP Closest distance to coseismic rupture (km)
RJB Closest distance to surface projection of coseismic rupture (km)
RX Horizontal distance from top edge of fault perpendicular to strike (km)
ZTOR Depth to top of coseismic rupture (km)

Fault type (depends on rake or P, T plunges)
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FAS 1 for aftershocks, 0 for mainshocks
Dip Average dip of rupture plane (degrees)
W Downdip rupture width (km)
VS30 Average shear-wave velocity in top 30 m of site profile (m/s)
Z1.0 Depth to 1.0 km/s shear-wave velocity horizon (m)
Z2.5 Basin (Sediment) depth; depth to 2.5 km/s shear-wave velocity horizon

(km)
Period Spectral period for PSA (s); 0 for PGA, –1 for PGV

Table 1.2 gives the predictor variables used by each developer team:

Table 1.2 Predictor variables in the GMPEs for each developer team

Predictor variable AS BA CB CY

M X X X X
RRUP X X X
RJB X X X X
RX X X
ZTOR X X X
Fault type X X X X
FAS X X
Dip X X X
W X
VS30 X X X X
Z1.0 X X
Z2.5 X
Period X X X X

One thing to keep in mind is that the predictor variables can be correlated, and
the effect of a variable not included in GMPEs can be captured by a variable in
the equations with which it is correlated. A good example is VS30 and basin depth.
Figure 1.4 shows that the two are correlated:
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Fig. 1.4 Correlation of depth
of basin and VS30
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Fig. 1.5 Correlation of fault type and magnitude with depth-to-top of rupture (SS, strike slip; N,
normal; NO, normal oblique; R, reverse; RO, reverse oblique)

Another example of correlations is given in Fig. 1.5, which shows that fault type,
magnitude, and depth-to-top of the rupture surface are correlated. In particular, note
that few reverse-slip faults reach the surface, and that almost all earthquakes with
magnitudes larger than 7.0 do reach the surface. Thus it might be difficult to unravel
the physical effects associated with fault type, magnitude, or depth-to-top of rupture
based on empirical analysis alone.

1.4 Results

Figure 1.6 shows PSA at two periods from the BA GMPEs (the other GMPEs give
similar results) as a function of distance for four magnitudes and a rock-like site.
This figure shows the saturation with magnitude (which is more pronounced for
short periods than for long periods), as well as the stronger magnitude dependence
at long periods than short periods.

The saturation with magnitude is also shown in Fig. 1.7, which plots the aver-
age motions for each event, reduced to a common distance using the BA
GMPEs, versus magnitude. This figure also shows the fault-type dependence of the
motions.

The effect of site characterization is shown in Fig. 1.8, again using the BA
GMPEs. Note the effect of the nonlinear response, which results in a decrease in
short-period motions on softer sites.

A detailed comparison of the GMPEs for all NGA developer teams is given in
Abrahamson et al. [1]. Here I show a few sample comparisons. Figure 1.9 compares
the spectra as a function of period for strikeslip and reverse slip faults, for M 7
and RJB = 10 km. In spite of the differences in datasets and functional forms, the
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Fig. 1.7 The symbols are average PSA for each event reduced to 1 km, using BA GMPEs, as a
function of magnitude (one symbol per event). The curves show the magnitude dependence in the
BA GMPEs

different GMPEs give generally similar values of PSA, at least for the magnitude,
distance, and site condition used for this figure (there can be larger differences for
other distances, magnitudes, and site conditions).

One of the physical effects included in most of the GMPEs is the effect of being
over the hanging wall of a fault (where observations and laboratory models suggest
that the motions should be larger than for sites not over the hanging wall).

Figure 1.10 shows the PSA for a 1 s oscillator for a scenario case, in which the
fault extends at a 45◦ dip to the right, from the surface to a depth of 15 km (the fault
crops out at 0 km distance).
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Another comparison of the NGA GMPEs is shown in Fig. 1.11, which plots the
event residuals as a function of magnitude (the residuals for the AS GMPEs were not
available). Each symbol represents the average of the difference between observed
and predicted motions for each event; the residuals for the 1999 Chi–Chi mainshock
have been identified. These graphs show that the residuals have a similar scatter for
the three GMPEs, but the values are not identical.
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1.5 Comparisons with Other Studies

A number of studies have compared motion from the NGA GMPEs with data gen-
erally different than used in the derivation of the NGA GMPEs. The first such
comparison was by Stafford et al. [13], who concluded “The analyses indicate
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Fig. 1.12 a Bias in median ground motions between Italian strong-motion data and predictions
from NGA GMPEs and b aleatory uncertainty for Italian data (relative to NGA GMPEs) and for
the BA and CY GMPEs (the latter is magnitude dependent; shown are the values for magnitudes
ranging from 5 to 7)

that for most engineering applications, and particularly for displacement-based
approaches to seismic design, the NGA models may confidently be applied within
Europe.” Another study is that of Shoja-Taheri et al. [12], who compare the ground
motions from the NGA GMPEs with data from Iran; they find that the mean resid-
uals (log observed – log predicted) are close to unity, indicating that the Iranian
strong-motion data are consistent with the NGA GMPEs. In a third comparison,
Bindi et al. [3] showed that Italian strong-motion data are consistent with the NGA
GMPEs. This is shown more quantitatively in Fig. 1.12, which is redrafted from
Scasserra et al. [11]. The bias for median ground motions (Fig. 1.12a) is generally
close to zero for most of the NGA GMPEs.

The standard deviation of Italian data is much higher than associated with the
NGA GMPEs, as shown in Fig. 1.12b (that figure also shows that the magnitude-
independent aleatory uncertainty associated with the BA GMPEs is similar to the M
7 aleatory uncertainty for the CY GMPEs). The uncertainties for the Italian data are
relative to the NGA GMPEs because GMPEs for the Italian data were not available
to the authors; the comparisons shown in Fig. 1.12a suggest that similar results
would have been obtained if GMPEs fit to the Italian data had been used.
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1.6 Conclusions

The NGA ground-motion prediction equations (GMPEs) are the result of an inten-
sive multi-year project involving many participants. The equations were derived
using a global dataset of ground motions from shallow crustal earthquakes in tec-
tonically active regions. Comparisons with global data, most of which were not used
in the development of the GMPEs, suggest that the equations are useful for predict-
ing ground-motions for shallow crustal earthquakes in tectonically active regions
worldwide.

Acknowledgments I thank Jon Stewart for providing the data used to construct Fig. 1.12, Sinan
Akkar and Erol Kalkan for reviews of the paper, and Ken Campbell and Yousef Bozorgnia for
material that helped in preparing this paper.

References

1. Abrahamson N, Atkinson G, Boore D, Bozorgnia Y, Campbell K, Chiou B, Idriss IM, Silva
W, Youngs R (2008) Comparisons of the NGA ground-motion relations. Earthquake Spectra
24:45–66

2. Beyer K, Bommer JJ (2006) Relationships between median values and between aleatory vari-
abilities for different definitions of the horizontal component of motion. Bull Seismol Soc Am
96:1512–1522

3. Bindi D, Luzi L, Massa M, Pacor F (2010) Horizontal and vertical ground motion prediction
equations derived from the Italian accelerometric archive (ITACA). Bull Earthquake Eng 8:
1209–1230

4. Boore DM, Atkinson GM (2007). Boore-Atkinson NGA Ground Motion Relations for the
Geometric Mean Horizontal Component of Peak and Spectral Ground Motion Parameters,
PEER Report 2007/01, Pacific Earthquake Engineering Research Center, University of
California, Berkeley, 234 pp.

5. Boore DM, Watson-Lamprey J, Abrahamson NA (2006) Orientation-independent measures
of ground motion. Bull Seismol Soc Am 96:1502–1511

6. Campbell K, Abrahamson N, Power M, Chiou B, Bozorgnia Y, Shantz T, Roblee C
(2009). Next Generation Attenuation (NGA) project: empirical ground motion prediction
equations for active tectonic regions, Sixth International Conference on Urban Earthquake
Engineering, March 3–4, 2009, Tokyo Institute of Technology, Tokyo, Japan (available from
http://www.cuee.titech.ac.jp/Japanese/Publications/Doc/conference_6th.pdf)

7. Campbell KW, Bozorgnia Y (2007). Campbell-Bozorgnia NGA Ground Motion Relations for
the Geometric Mean Horizontal Component of Peak and Spectral Ground Motion Parameters,
PEER Report 2007/02, Pacific Earthquake Engineering Research Center, University of
California, Berkeley, 238 pp.

8. Chiou B, Darragh R, Gregor N, Silva W (2008) NGA project strong-motion database.
Earthquake Spectra 24:23–44

9. Huang Y-N, Whittaker AS, Luco N (2008) Maximum spectral demands in the near-fault
region. Earthquake Spectra 24:319–341

10. Power M, Chiou B, Abrahamson N, Bozorgnia Y, Shantz T, Roblee C (2008) An overview of
the NGA project. Earthquake Spectra 24:3–21

11. Scasserra G, Stewart JP, Bazzurro P, Lanzo G, Mollaioli F (2009) A comparison of
NGA ground-motion prediction equations to Italian data. Bull Seismol Soc Am 99:
2961–2978



1 Ground-Motion Prediction Equations (GMPEs) from a Global Dataset 15

12. Shoja-Taheri J, Naserieh S, Ghofrani H (2010) A test of the applicability of NGA models to
the strong ground-motion data in the Iranian plateau. J Earthquake Eng 14:278–292

13. Stafford PJ, Strasser FO, Bommer JJ (2008) An evaluation of the applicability of the NGA
models to ground-motion prediction in the Euro-Mediterranean region. Bull Earthquake Eng
6:149–177

14. Watson-Lamprey JA, Boore DM (2007) Beyond SaGMRotI: conversion to SaArb, SaSN, and
SaMaxRot. Bull Seismol Soc Am 97:1511–1524



Chapter 2
Ground-Motion Models for Defining Seismic
Actions in Eurocode 8

J.J. Bommer

Abstract One of the long-term aims of Eurocode 8 is to achieve uniform lev-
els of seismic risk throughout the European Community. Although in its current
implementation each country adopting the code develops its own seismic zonation
map, the objective of harmonization of risk requires that there must be a harmo-
nized seismic hazard map. A key component of such a harmonized hazard map is a
coordinated approach to deriving, selecting or adjusting ground-motion prediction
equations, whilst recognizing that there are compelling reasons for different combi-
nations of equations to be used in different regions. Since such a unified hazard map
is not likely to be the basis for defining seismic actions in Eurocode 8 at least until
the first major revision of the code, the approach to defining ground-motion models
for the preparation of seismic hazard maps should also contemplate the possibility
that future editions of the code will go beyond the specification of elastic design
spectra anchored only to the peak ground acceleration, PGA.

2.1 Harmonization of Seismic Hazard Assessment in Europe

Eurocode 8 is one of a series of European Standards for Civil Engineering design
of buildings and civil works, known as the Structural Eurocodes, which are to be
implemented throughout the European Community. Eurocode 8, or EC8, is enti-
tled “Design of Structures for Earthquake Resistance”, and it is intended to provide
seismic safety in all structures. As each country adopts the Eurocodes, they are
effectively transformed into national codes which must include the full Eurocode as
published by CEN (Comité Européen de Normalisation) “which may be preceded
by a National title page and National foreword, and may be followed by a National
annex (informative)” [31]. The National annex “may only contain information on
those parameters which are left open in the Eurocode for national choice, known
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as National Determined Parameters, to be used for the design of buildings and civil
engineering works to be constructed in the country concerned” [31]. In the case of
EC8, the key information provided in the National annexes will be the seismic zona-
tion map showing values of peak ground acceleration (PGA) which, in combination
with classification of the site in terms of the near-surface geology, defines the basic
seismic actions to be considered in structural design. This basic design acceleration,
represented by the symbol ag in the code, may be increased for the design of high-
occupancy buildings and structures whose integrity is important for civil protection,
through application of an importance factor γI. The code provides very little in the
way of guidance or specifications for the preparation of these zonation maps other
than to specify that it should be the peak ground acceleration in rock with a specified
probability of exceedance, which for the no-collapse performance target (i.e., for
life safety) is recommended as being a 10% probability of exceedance in 50 years,
equivalent to a return period of 475 years. The code also implies that the definition
of the horizontal component of the ground acceleration is the widely-used geomet-
ric mean of the two horizontal components from each accelerogram: “the horizontal
seismic action is described by two orthogonal components assumed as being inde-
pendent and represented by the same response spectrum” [31]. Therefore, as a bare
minimum, all that is required to develop the zonation map for a National annex is a
locally-applicable equation for the prediction of PGA in rock, defined as sites with
an average shear-wave velocity over the uppermost 30 m of 800 m/s or greater. If
the chosen equation predicts values of PGA that do not correspond to the geometric
mean component, these can be easily converted using empirical relationships such
as those of Beyer and Bommer [13].

The state of national seismic hazard mapping in Europe varies significantly from
one country to another. A review conducted by García-Mayordomo et al. [36] of
national seismic hazard maps for design codes in 16 European countries revealed
that the approaches included some cases of deterministic rather than probabilistic
seismic hazard analysis, the use of return periods other than 475 years, and that one
quarter of the countries based their hazard maps on predictive equations for macro-
seismic intensity rather than PGA. Although the review by García-Mayordomo et al.
[36] showed that the state of practice in national seismic hazard mapping varied
greatly across Europe, some countries have derived new hazard maps in recent
years based on fully probabilistic seismic hazard analyses (PSHA) including logic-
tree formulations to capture the epistemic uncertainty in both the seismic source
and ground-motion prediction models. In these cases, the hazard maps have been
generated using several ground-motion prediction equations combined in a logic
tree with weights assigned to reflect the relative confidence of the analysts’ in their
applicability to the target region (e.g. [22]). One example of such a hazard map
generated specifically for a National annex of EC8 is the study by Musson and
Sargeant [50] for the UK, a country of rather low seismic activity. The logic-tree for
the UK PSHA included two equally-weighted ground-motion prediction equations
(GMPEs), namely an early version of the NGA model of Campbell and Bozorgnia
[30] and the European model of Bommer et al. [24]. For the seismic hazard map of
Switzerland [64], a country of somewhat higher seismic activity, the adopted GMPE



2 Ground-Motion Models for Defining Seismic Actions in Eurocode 8 19

was the stochastic model of Bay et al. [11, 12] for Switzerland. A logic-tree formu-
lation was also adopted but the branches were for alternative extrapolations of this
stochastic model to magnitudes greater than those covered by the dataset from which
the model was derived. For the new seismic hazard map of Italy [48], one of the most
seismically active countries in Europe, a logic-tree was also adopted that included
empirical GMPEs for Italy [54] and Europe [8], together with stochastic models for
different regions within the country (e.g. [44, 45]). These recent studies are, on the
one hand, very encouraging because they reflect the application of PSHA accounting
for both aleatory variability and epistemic uncertainty in ground-motion predic-
tions. On the other hand, they illustrate that approaches to adopting and combining
GMPEs for such studies vary from one country to another, whence even if there
were a pan-European seismic source characterization model, the resulting national
hazard maps could show discontinuities and incompatibilities at their borders. The
solution clearly does not have to lie in the adoption of a single logic-tree formula-
tion for GMPEs to be used throughout Europe, but rather a coherent approach to the
development of the ground-motion branches of the logic-tree for PSHA.

In the long term, it might be hoped that rather than each country adopting EC8
developing its own seismic zonation map in a National annex there will be a sin-
gle seismic zonation map for all of Europe. Similar pan-European maps for other
environmental loads, such as snow and wind (e.g. [32]), have been discussed in
the European civil engineering community, with a view to their being included in
Eurocode 0 “Basis for Design” or Eurocode 1 “Actions on Structures”, but this
has yet to be realized in practice. Nonetheless, pan-European seismic hazard maps
have been produced, firstly within the Global Seismic Hazard Assessment Project
(GSHAP). This mapping project was actually developed through the compilation
and integration of a series of regional mapping projects, one being for Central, North
and Northwest Europe [37]. The PSHA deployed logic-trees for ground-motion pre-
diction equations, which varied according the tectonic framework of different areas:
five equally-weighted models for the Fennoscnandian shield, two of which were
originally developed for Eastern North America [10, 62]; a single model for the
Vrancea region [43]; and three equally-weighted models in the remaining areas
[8, 54, 59]. Reflecting the diversity of approaches across the broader European
region, the mapping project for Northern Eurasia [63] was based on a single equa-
tion for the prediction of macroseismic intensity, subsequently transformed to PGA
via an empirical relationship. In the mapping project for the Ibero-Maghreb region
[39], it was revealed that each country was originally using a different ground-
motion prediction equation (some in terms of intensity, others in terms of PGA),
with those used for the major earthquakes affecting the Luso-Iberian peninsula,
such as the 1755 Lisbon event, reflecting the low rate of attenuation expected for
this predominantly oceanic source-to-site path. However, the final hazard map for
the Ibero-Maghreb region was generated using a single predictive equation, namely
that for California derived by Joyner and Boore [40]. The seismic hazard map
for Italy and the countries on the eastern coast of the Adriatic Sea [58] used the
pan-European equation of Ambraseys et al. [8]. The mapping of the North Balkan
region [49] used the pan-European model of Ambraseys and Bommer [6] except
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for the Vrancea region where modified versions of azimuth-dependent equations
by Lungu et al. [42] were adopted. Finally, the hazard map for Turkey [35] used
three equally-weighted models from western North America, namely Boore et al.
[26], Campbell [29] and Sadigh et al. [55]. After the completion of GSHAP, another
project was launched, SESAME (“Seismotectonic and Seismic Hazard Assessment
of the Mediterranean Basin”), which resulted in a new seismic hazard map, pub-
lished by the European Seismological Commission, showing 475-year PGA values
throughout Europe. The SESAME map was produced using primarily the pan-
European equations of Ambraseys et al. [8], with other models deployed where
seismicity occurs at sub-crustal depths, namely the Vrancea region [49] and the
Hellenic subduction trench [52].

In 2009, a 3-year research project funded under the Seventh Framework
Programme of the Council of European Communities, called SHARE (“Seismic
Hazard Harmonization in Europe”) was launched, aiming to address the inconsis-
tencies that have existed to date in European seismic hazard assessments.

This paper provides a brief overview of the current state-of-the-art in ground-
motion prediction in Europe, and discusses the issues to be resolved in developing
a harmonized approach to the development and selection of GMPEs for seismic
hazard analysis in the region. The paper also presents a critical review of the current
specification of seismic actions in EC8; since revisions and updates of EC8 are
expected to be implemented every 5 years or so, the paper looks to the next version
of the code and proposes a new formulation for the presentation of seismic design
loads that can overcome some of the identified shortcomings.

2.2 Current Status of Ground-Motion Prediction in Europe

Although most seismic hazard mapping for Europe to date has been performed
only in terms of PGA, and despite the fact that the current formulation of EC8
only requires a zonation map in terms of this parameter, for ground-motion predic-
tion models to be genuinely useful for engineering purposes they must also predict
response spectral ordinates. The first pan-European equations for predicting spec-
tral ordinates were those of Ambraseys et al. [8], which were modified by Bommer
et al. [17] to include the influence of style-of-faulting. New European equations
were presented by Ambraseys et al. [7] using an expanded database. Akkar and
Bommer [2] re-processed the same accelerograms in order to extend the usable
period range of the data, and then derived equations for spectral ordinates, PGA and
PGV [3, 4]. Both the Ambraseys et al. [7] and Akkar and Bommer [3, 4] equations
adopted a model with magnitude-dependent variability, which was subsequently
shown to yield unstable predictions whence a new model for pseudo-spectral accel-
erations, PSA, PGA and PGV was derived by Akkar and Bommer [5] assuming
magnitude-independent sigma values.

In addition to these pan-European equations, many GMPEs have been derived
for application only within the borders of one country within the region, or in some
cases only within a particular part of that country [23]. Space limitation in this paper
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precludes a comprehensive review of national and regional models for Europe, but
it can be stated that they tend, necessarily, to be based on much smaller datasets
than those used for the derivation of the pan-European equations. Consequently,
whilst these models may faithfully capture ground motions in the target region for
the magnitude-distance scenarios represented in the dataset, they will generally be
less well-constrained for the full range of magnitudes and distances considered in
PSHA calculations.

An interesting point to note is that Stafford et al. [61], using an updated ver-
sion of the approach of Scherbaum et al. [56] to test the applicability of GMPEs
using recordings from the target region, showed that the models derived primar-
ily for application in coastal California within the Next Generation of Attenuation
(NGA) project [1, 25, 30, 33] provide a good fit to the European strong-motion data
and therefore can be considered to be applicable in the seismically active parts of
Europe, the Middle East and North Africa.

For PSHA in Europe, one of the key issues is to select ground-motion prediction
equations, combined within a logic-tree framework, that collectively capture the
likely range of ground motions in future earthquakes in the region. Cotton et al. [34]
proposed an approach to this challenge that begins by collating all available GMPEs
and then excluding those that either are clearly not applicable in terms of tectonic
regime (for example, using equations derived for shallow crustal earthquakes to
estimate motions from subduction events) or judged to fail on criteria related to their
quality and stability. Bommer et al. [16] have expanded the list of quality criteria, as
well as adding more specific requirements to some of the original criteria. Many of
these criteria are related to providing good coverage over a reasonably wide range of
magnitudes and distances, and having a functional form amenable to extrapolation
(i.e. non-linear magnitude scaling and magnitude-dependent distance decay). With
this is mind, the question arises whether small national datasets should be used to
derive national GMPEs through regression analyses, or whether such data should
be used either for testing the applicability of more global models, using methods
such those of Scherbaum et al. [56] or [57], or else to adjust such models in a way
that retains the well-constrained scaling and attenuation functions (e.g. [9]). Clearly,
the degree of rigor with which the exclusion criteria are applied to reduce the list of
available equations may need to be significantly relaxed for those regions where less
candidate models exist including the Hellenic subduction arc, the Vrancea region,
offshore Portugal and Spain, and stable areas of north and northwestern Europe.

2.3 Current Definition of Seismic Actions in Eurocode 8

The basic representation of seismic actions in EC8, in common with the majority of
seismic design codes around the world, is an elastic response spectrum of absolute
acceleration with 5% of critical damping. The EC8 spectra do include some note-
worthy features, including the definition of a separate spectral shape for the vertical
component unlike many codes which use a constant scaling factor to transform the
horizontal spectrum into the vertical component, an approach that does not reflect
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the nature of vertical response spectral shapes [27]. However, the EC8 spectra also
have a number of serious shortcomings, as have been identified by Bommer and
Pinho [20]. The most serious of these is that the spectral shape is fixed for each
site class and scaled only with PGA, and hence provides a poor approximation to
the uniform hazard spectrum (UHS) since the influence of magnitude on spectral
shape is not accounted for, a problem originally identified more than 30 years ago
by McGuire [46]. Eurocode 8 presents two spectral shapes, Type 2 being intended
for lower seismicity regions where seismic hazard is associated with earthquakes of
Ms 5.5 or smaller, but each national code needs to adopt either the Type 1 or Type
2 spectrum for each country or region within the country. The two spectral shapes
allow a slightly better approximation to the UHS than if a single spectrum were
specified throughout the European region, but the spectral shapes do not reflect the
full influence of magnitude (Fig. 2.1). The two EC8 spectra are an inelegant and
ineffective attempt to define UHS, which would have been much better addressed
by mapping a second parameter in addition to PGA.

Another shortcoming is the control period, TD, beyond which the acceleration
ordinates decay in proportion to the reciprocal of the squared period, thus giv-
ing a constant displacement plateau. Even though this period has previously been
underestimated in Europe because of the dominance of analog recordings in the
strong-motion databank and the consequent application of excessively severe filter
cut-offs, the value specified in EC8 of just 2 s is almost ridiculously low.

Another problem is related to the scaling factor applied to transform the default
5%-damped spectral ordinates to other damping ratios, which is a function only of
the response period and the target damping level. Bommer and Mendis [19] showed
that these scaling factors should also vary with the duration of the ground motion,
which is reflected in a dependence on magnitude and distance. This led to a pro-
posed modification of the scaling factors to be applied to the Type 2 spectrum to

Fig. 2.1 Comparison of
predicted median spectral
ordinates from Akkar and
Bommer [5] and the EC8
Type 1 spectra anchored to
PGA for strike-slip
earthquakes of three different
magnitudes at 15 km from
rock sites
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account for the shorter duration of motions from the smaller magnitude events that
correspond to this spectrum [47].

Eurocode 8 also provides guidance on the selection of acceleration time-histories
for use in dynamic analyses of structures. The specifications share many of the short-
comings identified in other codes in this respect, the main limitation being that the
code provides no information about the earthquake scenarios underlying the UHS
[21]. Notwithstanding the inherent limitations, Iervolino et al. [38] present a pro-
cedure to obtain accelerograms from the European Strong-Motion Database that
satisfy the criteria specified in EC8.

2.4 A New Formulation for Seismic Actions in Eurocode 8

Current practice, for example, in the United States seismic design codes is based
on mapping three parameters to construct the elastic response spectrum, namely
PGA and spectral accelerations at 0.2 and 1.0 s [41]. This approach could easily be
adopted in future editions of EC8, but this would require GMPEs for spectral ordi-
nates for all parts of Europe and the acceptance of two additional zonation maps. As
a compromise that requires the introduction of only one more parameter, Bommer
et al. [23] proposed adding zonation maps of PGV in addition to those for PGA. One
of the advantages this offers is that the ratio of these two parameters is effectively
a surrogate for the earthquake magnitude (Fig. 2.2). The curves in this figure show
that the average PGV/PGA ratio is almost entirely insensitive to style-of-faulting

Fig. 2.2 Ratios of predicted median PGV to PGA from Akkar and Bommer [5] for different
combinations of magnitude, style-of-faulting, distance and site classification
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Fig. 2.3 Comparison of
predicted median spectral
ordinates from Akkar and
Bommer [5] and the proposed
new formulation for EC8
spectra anchored based on
PGV/PGA ratios as proposed
by Bommer et al. [23] for
strike-slip earthquakes of
three different magnitudes at
15 km from rock sites

and distance but strongly dependent on magnitude and site classification. The for-
mulation of the response spectrum in the code can account directly for the influence
of site class (e.g. [53], whence defining the control periods for a given site class as a
function of the PGV/PGA ratio allows the influence of earthquake magnitude on the
spectral shape to be incorporated into the definition of the seismic actions (Fig. 2.3).
The spectra in Fig. 2.3 show that the formulation improves the approximation of the
spectra (cf. Fig. 2.1) although it needs to be noted that the real test must be made
comparing the proposed new EC8 spectra against UHS rather than median predicted
ordinates. The formulation can always be refined to improve the approximation,
which was originally derived using the models of Akkar and Bommer [3, 4] – and it
can be seen that for Mw 7.5 the long-period ordinates are slightly underestimated –
but the purpose here is to illustrate a possible approach rather than a definitive set of
equations ready for implementation. Clearly at intermediate response periods (say
0.3–1.0 s) the agreement of the code and predicted spectra is greatly improved.

As well as the control periods that determine the spectral shape, including the
constant-displacement plateau, the PGV/PGA ratio can also be used to refine the
definition of the scaling factors for other damping levels [23] acting as a surrogate
for such relationships defined in terms of magnitude [28] or duration [60].

The concept of using the PGV/PGA ratio is not new, and in many ways the for-
mulation proposed by Bommer et al. [23] is nothing more than an update of the
approach of Bommer et al. [18], which was in itself an adaptation of the spectral
construction technique of Newmark and Hall [51]. Although on the one hand the
proposed scheme does represent a tool of convenience, it also raises a challenge for
application in the short-term since whilst there is an abundance of GMPEs for PGA
and spectral ordinates, until now comparatively few models have been developed for
the prediction of PGV despite the large number of applications that this parameter
has in engineering seismology and earthquake engineering [15]. To implement the
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approach proposed herein, GMPEs for PGV in all regions of Europe (including both
the active and stable regions, as well as special cases such as the Hellenic subduc-
tion arc, the Vrancea region, offshore Portugal and volcanic areas in Italy) will need
to be developed.

Another issue for consideration is whether improvements could also be made
in terms of the specifications for the selection and scaling of acceleration time-
histories for dynamic analyses of structures. Although work, cited earlier in Section
2.3, has been published to develop suites of accelerograms compatible with the cur-
rent version of the EC8 spectra, modifications could be made if the scheme for
the construction of the spectrum presented in this paper were adopted. The use of
the PGV/PGA ratio would, for example, allow the magnitude of the earthquake
to be taken into account in the selection of real accelerograms, which is recom-
mended rather than selecting records purely on the basis of conforming to the shape
of the elastic design spectrum [14]. The recommendation of the author of this paper,
however, would be to specify the elastic spectrum to be slightly conservative (as
is the case in Fig. 2.3 for most periods) and then allow reduced ordinates through
a site-specific PSHA, which would facilitate full definition of the required suite of
acclerograms. The argument in support of this approach would be that any struc-
ture of sufficient importance to warrant dynamic analysis should also warrant a
site-specific seismic hazard analysis.
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Chapter 3
Investigating Possible Regional
Dependence in Strong Ground Motions

John Douglas

Abstract It is common practice to use ground-motion models, often developed by
regression on recorded accelerograms, to predict the expected earthquake ground
motions at sites of interest. An important consideration when selecting these models
is the possible dependence of ground motions on geographical region, i.e., are
median ground motions in the (target) region of interest for a given magnitude and
distance the same as those in the (host) region where a ground-motion model is
from, and are the aleatory variabilities of ground motions also similar? In this brief
article, some of the recent literature with relevance to these questions is summarized.
It is concluded that although some regions seem to show considerable differences
in shaking it is currently more defensible to use well-constrained models, possibly
based on data from other regions, rather than use local, often poorly-constrained,
models. In addition, it is noted that the presence of “pseudo-regional dependency”
due to differences in, for example, focal depths, average shear-wave velocity pro-
files or focal mechanisms can lead to apparent variations between areas when
these variations could be captured in well-characterized ground-motion prediction
equations.

3.1 Introduction

One of the main topics of debate in the recent engineering seismology literature
is the question of whether strong ground motions show dependence on the region
or country in which they occur or in other words “Have strong-motion data a
nationality?” Whether median earthquake ground motions and their variabilities
for the same magnitude and distance show a significant dependence on the area in
which they were recorded is a fundamental but still open question. Almost all parts
of the world and, in particular, the Euro-Mediterranean region do not have sufficient

J. Douglas (B)
BRGM – RNSC/RIS, 3 avenue C. Guillemin, BP 36009, 45060 ORLEANS Cedex 2, France
e-mail: j.douglas@brgm.fr

John Douglas is also at BRGM, Orléans, France.

29S. Akkar et al. (eds.), Earthquake Data in Engineering Seismology, Geotechnical,
Geological, and Earthquake Engineering 14, DOI 10.1007/978-94-007-0152-6_3,
C© Springer Science+Business Media B.V. 2011



30 J. Douglas

strong-motion data from which to derive robust estimates of median ground motions
based solely on instrumental data from a small geographical area. Therefore, for
many projects, including the Global Earthquake Model (GEM) and Seismic Hazard
Harmonization in Europe (SHARE), whether ground-motion models derived for one
region can be safely transferred for the prediction of shaking in another is a pressing
issue. Recent articles on this topic include Douglas [19], on which this current paper
is based, and Bommer et al. [9].

This article presents evidence taken from the available literature from both sides
of the debate. No new results are shown but it seeks to provide a summary of
recent studies on this topic. Drawing conclusions either for or against regional
dependency based on visual inspection of median response spectra from published
ground-motion prediction equations (GMPEs) (e.g. [16]). should be avoided since
such comparisons can often be interpreted in support of either side of the argument
due to the large epistemic uncertainties associated with GMPEs. Therefore, in the
following other more objective methods are preferred.

3.2 Pseudo-Regional Differences

Before beginning the review of evidence for or against regional dependency, I will
discuss what I am entitling “pseudo-regional dependency”. This refers to an appar-
ent dependence of ground motions on region that should disappear (or become
negligible) if a GMPE that is sufficiently well characterized is used to estimate shak-
ing. This idea is discussed in more detail in Douglas [19], where actual examples
are given.

For example, in two regions the average focal depths (an important earthquake
characteristic controlling shaking, particularly for small events) could differ thereby
leading to a difference in median ground motions if a distance metric (such as
Joyner-Boore distance, rjb) that does not take into account the depth of the earth-
quake is used. If, however, a metric, such as rupture distance (rrup), is employed the
variation in ground motions due to differences in depths between the two regions
could be modeled. Similarly, if in one region reverse-faulting earthquakes are preva-
lent whilst in another normal-faulting earthquakes are most common then this
could lead to a difference of 10–40% in ground motions since shaking in reverse-
faulting events are generally significantly higher than those in normal or strike-slip
earthquakes (e.g. [8]). However, if a GMPE was used that had terms modeling
style-of-faulting effects then this apparent regional dependence would disappear.
As a final example, differences in the average soil profiles in one region could
lead to differences in median ground motions. For example, if a GMPE used site
classes based on broad ranges of average shear-wave velocities in the top 30 m, Vs30
(e.g. the Eurocode 8 or NEHRP classifications) then if in one region rock sites were
harder on average than those in another area then this could lead to overprediction
of shaking but if Vs30 was used directly this difference could be captured.

A difficulty that can complicate comparisons between ground motions, partic-
ularly of smaller events, in various regions is the requirement for a consistent
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magnitude scale. Douglas [17] notes that above roughly magnitude five earthquakes
generally have moment magnitude (Mw) estimates reported by global or regional
data centers (e.g. Global CMT or the National Earthquake Information Center) but
for smaller events only local magnitudes (ML) are available, which can be highly
network dependent. For example, Scherbaum et al. [26] list various ML estimates for
the St Dié 2003 earthquake that occurred in France close to the Swiss and German
borders. The ML estimates range from 5.4 (LED, Germany) to 5.8 (LDG, France)
(whereas the Mws reported are 4.7–4.8). Therefore, comparisons between ground
motions from French or German earthquakes associated with only MLs from the
local networks should account for a possible difference of up to, for this case, 0.4
magnitude units. Such a large difference in magnitude scales would obviously have
a significant effect on predicted ground motions.

3.3 Previous Studies

The following sections summarize evidence for and against regional dependency of
ground motions. The next section deals with evidence based on physical differences
between regions and those based on macroseismic intensities; the mapping of these
differences to instrumental strong motion can be difficult. The subsequent section
discusses evidence based on weak ground motion, which is becoming increasingly
abundant with the installation of high-quality digital instruments and the considera-
tion of combined accelerometric and broadband datasets. The final section presents
evidence based on strong-motion data.

3.3.1 Evidence from Physical Reasoning
or Macroseismic Intensities

Variations in certain physical properties of Earth’s crust could be thought to lead
to differences in strong ground motions, such as anelastic attenuation parameters
(Q) measured by, for example, Mitchell and co-workers for many parts of the world
(e.g. [7]) and crustal structural velocities (e.g. [24]). However, although variations
in these physical properties will affect the shaking at long distances (> 50 km) they
do not seem to significantly affect ground motions close to the source, where such
estimates are vital for engineering purposes.

Similarly a number of authors have evidenced clear variations in the attenua-
tion of macroseismic intensities in different parts of the world (e.g. [6]) (Fig. 3.1).
Using macroseismic intensities to examine regional differences is attractive since
for many parts of the globe these are the only observations of large earthquakes
currently available. Differences in observed intensities generally become greater as
source-to-site distance increases and they are clearest when comparing the felt areas
(i.e. intensity III) of earthquakes in various regions. However, close to the source
(< 100 km) observed macroseismic intensities appear to be similar in different areas
(e.g [22]).
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Fig. 3.1 Comparison between attenuation of Modified Mercalli intensity (MMI) in four different
regions (from [6])

3.3.2 Evidence from Weak-Motion Data

One of the richest sources of evidence for regional dependence of ground motions
are recent studies using weak-motion records from high-quality digital acceleromet-
ric and broadband networks that have been installed in the past couple of decades
in many parts of the world. An early study is Campbell [13] who finds that near-
source peak ground accelerations (PGAs) from small earthquakes in eastern North
America (ENA) are consistent with a GMPE derived using data from small events
in California, once differences in site effects and magnitude scales (see earlier com-
ments) are accounted for. This study demonstrates two important points. Firstly, the
importance of reducing “pseudo-regional differences”, such as general site varia-
tions between two areas, and, secondly, comparing weak motions in one region to
weak motions in another. As shown by, for example, Bommer et al. [10] and Cotton
et al. [15] ground motions from small earthquakes scale differently with respect to
magnitude and source-to-site distance in small and large events and this effect must
be accounted for when examining variations between ground motions in one region
and those in another.

Two studies that reach contrasting conclusions on the similarity of shaking in
two different areas of Australia and ENA are those by Allen et al. [3] who find
that on average ground motions in ENA are higher than those in south-western
Western Australia whereas Allen and Atkinson [2] conclude that motions are similar
between ENA and south-eastern Australia. They conclude, therefore, that it is valid
to combine data from ENA and south-eastern Australia when deriving models for
use in either area or stable continental regions in general.
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Fig. 3.2 Residuals with respect to the PGA GMPE of Bommer et al. [10] for four national subsets
(from [10])

Bommer et al. [10] derive a set of GMPEs that are valid down to Mw 3 and
examine inter- and intra-event residuals with respect to their model for four coun-
tries (Greece, Italy, Spain and Switzerland) in the Mw 3–5 range. They find that
none of these sets of residuals shows a clear bias (Fig. 3.2). Consequently, apparent
differences in GMPEs derived using data from these regions can be related to data
coverage (particularly magnitude range), choices of functional form and regression
techniques and, therefore, the strongest evidence for or against regional dependency
comes from using the observations directly.

Douglas [18] developed such a technique based on analysis of variance
(ANOVA) within small magnitude and distance bins that can be used to statisti-
cally test the null hypothesis of no difference between observed ground motions in
two areas. This technique has been applied for different areas (see [19] for a sum-
mary) and some tests clearly demonstrated a difference in ground motions between
regions. For example, observed shaking in Umbria-Marche and Molise (two areas
of central Italy) was shown by Douglas [19] using the ANOVA technique to be
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significantly different at various periods and for a number of magnitudes and dis-
tances. However, these tests are weakened by the small size of the datasets available
and since the data used comes from one earthquake sequence in Umbria-Marche in
1997–1998 and one in Molise in 2002–2003 and hence it is not clear if the differ-
ence is strictly regional or whether these sequences are special cases for their areas.

An informative example of regional variation between two areas that are invari-
ably combined when deriving GMPEs is the difference between average ground
motions in small earthquakes (M < 5.5) between southern and northern (central)
California shown by Atkinson and Morrison [5] and Chiou et al. [14]. Median
ground motions from southern Californian small earthquakes are up to two times
those from northern events of the same size recorded at the same distance at a wide
range of periods (Fig. 3.3), which has been related by Chiou et al. [14] to variations

Fig. 3.3 Difference in log (base 10) amplitudes between southern and northern California ground
motions for PGA, peak ground velocity (PGV) and pseudo-spectral accelerations (PSA) at two
periods (from [5])
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in stress drop between the two areas. However, for larger earthquakes, which are the
main focus of seismic hazard assessments the clear differences in ground motions
between the two regions become negligible. This leads Chiou et al. [14] to make
this clear statement on the difficulty of using weak motions to examine regional
dependency for strong motions (SMM is small-to-moderate magnitude range, NGA
is Next Generation Attenuation, CCal is central California and SCal is southern
California):

Our results suggest that regional difference derived from small-to-moderate earthquake
data is not an infallible indicator of regional difference expected in the moderate-to-large
magnitude range of primary importance to the quantification of seismic hazard to civil struc-
tures. Differences observed in SMM range between the locally recorded data and California
data should therefore be used with caution to infer NGA model applicability or to adjust
NGA models for use in seismic hazard analysis. Finally, the insignificant difference in
large-magnitude median motions between CCal and SCal is in agreement with the work-
ing hypothesis of NGA project, that is ground motions from moderate-to-large magnitude
earthquakes in different active tectonic regions are similar.

3.3.3 Evidence from Strong-Motion Data

Two large geographical regions that have tended to develop roughly independent
GMPEs are western North America (WNA) and Europe, Mediterranean and Middle
East (EMME). The recent set of NGA GMPEs (e.g. [1]). do use some data from
EMME but the models are not highly dependent on these data. Stafford et al. [27]
quantitatively examine, using an extended Scherbaum et al. [26] technique, the abil-
ity of one of the NGA models [11] to predict observed ground motions in EMME.
They conclude that this model provides a good match to the observed median
shaking.

In a similar, but larger scale, study Allen and Wald [4] compute average residuals
for a worldwide strong-motion dataset from shallow crustal earthquakes (contain-
ing data from most active regions with strong-motion networks) with respect to a
number of recent robust GMPEs for WNA and EMME. They find that most models
do a good job of predicting median ground motions and their variabilities within the
magnitude-distance range of validity.

Douglas [19] shows that aleatory variabilities (standard deviations, sigmas) of
empirical GMPEs derived using data from small geographical zones are not lower,
and in many cases are higher, than those associated with GMPEs derived from
combining data from many parts of the globe. If ground motions show a clear
regional dependency then this variation between regions should show up as larger
sigmas in GMPEs derived from global datasets. Bragato [12] calculates, using a
large Italian weak-motion dataset (ML 2.7–4.5), that regional variations in ground
motions contributes only 4% to the total observed sigma.

The technique of Scherbaum et al. [26] for quantitatively comparing observed
and predicted ground motions has been applied to numerous datasets. Some of
these (e.g. [23]) have found that none of the models tested provide good predic-
tions for some earthquakes outside their geographical zone of origin whereas others
(e.g. [21]) have found some GMPEs closely predict observations from completely
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different geographical zones. The good or poor match between observations and
predictions can often be related to the magnitude and distance ranges of validity of
the considered GMPEs and different average site effects between regions.

3.4 Discussion and Conclusions

This brief article has sought to summarize some of the recent literature that has a
bearing on the question of regional differences in earthquake ground motions. There
are a number of recent studies showing strong evidence for differences in ground
motions from small and moderate earthquakes occurring in different areas and also
at long distances. However, these differences for weak motions rarely seem to carry
over to shaking of engineering significance, i.e. close (<50 km) to earthquakes of
magnitudes greater than roughly five. Evidence for regional dependency from weak
motions does not imply regional dependency for strong motions. Due to the large
and rapidly growing databanks of weak motions in many parts of the world, it is
tempting to develop local GMPEs based on these data in the hope that they are
more appropriate for that region than models derived for other locations. This temp-
tation, however, should be resisted since a number of recent studies (e.g. [10, 15])
have demonstrated that the extrapolation of GMPEs derived from weak-motion data
are likely to significantly over-estimate ground motions in future large earthquakes.
Therefore, it is more defensible to make the assumption that ground motions from
large earthquakes do not show a significant regional dependency and hence adopt
GMPEs that are robust at high magnitudes even if local data was not used in their
derivation. In order to match observations from small events in the local area adjust-
ments for small magnitudes like those made by Chiou et al. [14] or Scasserra et al.
[25] could be applied.

As shown by Douglas [20] ground-motion prediction is still affected by large,
and only slowly decreasing, uncertainties even for well-instrumented areas with
long histories of strong-motion observation (e.g. California). These large epistemic
uncertainties caused by a lack of data and knowledge means that it is not currently
possible to make firm conclusions on regional dependency of earthquake shaking.
Consequently, the null hypothesis of no regional dependency cannot be rejected. In
Scottish law a “Not proven” verdict would probably be returned.
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Chapter 4
A Predictive Ground-Motion Model for Turkey
and Its Comparison with Recent Local
and Global GMPEs

Z. Çağnan, Sinan Akkar, and Polat Gülkan

Abstract We present a local ground motion prediction equation (GMPE) for esti-
mating the peak ground-motion values that was derived using the recently compiled
Turkish strong motion database. The new GMPE is comparable with the recent
global GMPEs in terms of model sophistication and quality of underlying database.
Using this equation, we explore the inter-event, inter-station ground motion vari-
ability of the recent Turkish strong motion database as well as suitability of some
local and global GMPEs for regional seismic hazard assessment analyses. The
inter-event error underlines the distinguishing characteristics of few earthquakes,
suggesting that the use of local GMPEs can be important especially when spe-
cific scenario studies are to be carried out. The inter-station variability allowed
us to detect stations with outlier site response and to investigate the goodness of
the employed site effects model. Results also indicate suitability of some global
and local GMPEs for use in regional seismic hazard assessments together with
the model presented in this study. These should be combined through a logic
tree scheme to reduce both aleatory and epistemic uncertainty in local hazard
assessments.

4.1 Introduction

In Turkey, strong motion recordings have been available since the second half of
1970s. As the accelerometric data accumulated, various researchers compiled the
seismic catalog information of the corresponding events as well as the relevant
strong-motion data with the aim of improving seismic hazard and risk mitigation
studies in Turkey (e.g. [9, 10, 20, 25–28, 35, 42]). These studies, however, are mostly
out-dated lacking the recent seismic catalog information and focusing only on parts
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of the data available. In 2005, ERD-GDDA1 and EERC-METU2 jointly launched
the project “Compilation of Turkish strong-motion network according to the inter-
national standards” with the financial support of TUBITAK.3 The aim of the project
was the revision of the entire strong-motion database acquired by ERD-GDDA over
the period 1976–2007 in Turkey and conducting in-situ tests for strong-motion site
characterization. The seismic event, station, and instrument metadata have been
revised, and the raw records have been individually processed. The main result of
the project is the online accelerometric archive (http://www.daphne.deprem.gov.tr
[7, 36]) where strong motion recordings of earthquakes that occurred in
Turkey can be downloaded and metadata about stations and earthquakes can be
obtained.

One of the important input parameters of a seismic hazard analysis is reliable
empirical ground motion prediction equations (GMPEs). These equations are typi-
cally determined by fitting the assumed ground motion model to a set of observed
strong motion parameters, such as the peak ground acceleration (PGA), velocity
(PGV) or different spectral ordinates at several periods. Recent studies [19, 39]
have shown that GMPEs, which are based on carefully-compiled global strong-
motion databases estimate comparable ground motions provide a similar level of
complexity in their functional forms. Despite these observed overall agreements
between global models, other evaluations have emphasized that there might be
considerable differences for some particular earthquake scenarios [1, 14]. These
complementary studies highlight the continuing need of GMPEs to include addi-
tional parameters to trace regional differences [24]. A more important conclusion
of these studies however is the significance of epistemic uncertainty requiring
the consideration of a set of predictive equations for a better quantification of
seismic hazard in a region. One way of accounting for epistemic uncertainty
while determining the regional seismic hazard levels can be the utilization of
both region-specific and global GMPEs. This task would require more elaborate
regional predictive equations that are compatible with the general features of global
GMPEs.

In this study, we present a recently developed prediction equation [6] for PGA
that is based on the aforementioned new Turkish strong-motion database. The equa-
tion is valid for a distance (Rjb) range of 0–200 km and is derived for moment
magnitudes between 5 ≤ M ≤ 7.6. This equation considers the effects of nonlinear
soil behavior and style-of-faulting. We explore the suitability of some recent local
and global prediction equations (i.e. recent NGA and pan-European equations) for
Turkey by quantitatively comparing them with the developed GMPE.

1Earthquake Research Department, General Directorate of Disaster Affairs, Ministry of Settlement
and Public Works, Republic of Turkey
2Earthquake Engineering Research Center, Middle East Technical University
3Scientific and Technological Research Council of Turkey
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4.2 Database

The database used in this study comprises of 1,259 records from 573 earthquakes
with moment magnitude (M) and source-to-site distance (Joyner-Boore distance,
Rjb) ranges of 3.5 ≤ M ≤ 7.6 and 0 km ≤ Rjb ≤ 200 km, respectively (Fig. 4.1a, b).
65% of this data belongs to recordings of small events with M < 5 as can also be
inferred from the magnitude histograms plotted on the right hand side of Fig. 4.1a, b.
The two largest magnitude events are the 1999 Düzce (M7.2) and Kocaeli (M7.6)
earthquakes whose ground motions exhibit relatively low amplitude peak motions
when compared with other similar size earthquakes. The low amplitude wave-
forms were attributed to the observed surface rupture in these events [30]. The
majority of the ground motions are from stations with NEHRP C (360 m/s ≤
VS30 < 760 m/s) and D (180 m/s ≤ VS30 < 360 m/s) site classes. Only 8% of
the waveforms have corresponding VS30 values exceeding 760 m/s (NEHRP B).

Fig. 4.1 Magnitude vs. Distance distribution of the data in the Turkish strong motion database
according to (a) faulting style and (b) site conditions. (c) comparison of number of recorded
waveforms obtained for each event in the Turkish and Euro-Med. databases. (Modified from [6])
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As illustrated in Fig. 4.1a, the database is dominated by the strike-slip events (70%
of the entire dataset). Records corresponding to normal events make up the 28%
of the database and records corresponding to reverse/thrust events constitute only
the 2% of the database. Another feature of our database is the higher percentage of
singly recorded events that is inferred by the variation of earthquakes as a function
of recorded waveforms (Fig. 4.1c). For comparative purposes the same distribution
for the Euro-Mediterranean database (used in [5]) is also presented in Fig. 4.1c. The
number of singly recorded events in the Turkish strong-motion database can be seen
to exceed that of Euro-Mediterranean database by a factor of 2.

4.3 Developed Local GMPE

Details of the GMPE presented here can be found in [6]. Several functional forms
were explored during its derivation with the aim of keeping a balance between
a rigorous model (for meaningful and reliable estimations) and a robust expres-
sion (for wider implementation in engineering applications). It was observed that
the general trend in the data requires terms that account for saturation effects and
magnitude-dependent decay. Hence the form given in Eq. (4.1) was chosen to be
the basic expression for the geometric mean estimations of PGA, PGV and spectral
acceleration (We focused on only PGA due to space limitations in the paper. The
reader is referred to [6] for details of the PGV and spectral acceleration prediction
equations).

For M ≤ c1:

ln(Y) = a1 + a2(M − c1) + a4(8.5 − M)2 + [a5 + a6(M − c1)]

ln
√

R2
jb + a2

7 + [a8FN + a9FR]
(4.1.a)

For M > c1:

ln(Y) = a1 + a3(M − c1) + a4(8.5 − M)2 + [a5 + a6(M − c1)]

ln
√

R2
jb + a2

7 + [a8FN + a9FR]
(4.1.b)

In Eq. (4.1), the constant c1 defines the limiting magnitude for saturation effects
and is considered as 6.5 in this study. The parameters FN and FR are dummy vari-
ables for the influence of faulting, taking values of 1 for normal and reverse faults,
respectively, and are 0 otherwise.

Given the fully defined VS30 values at each station, the linear and nonlinear site
effects were described by the site response function used in [15]. The original form
of this model is proposed in [21]. This site response model among various alter-
natives was chosen due to its simplicity and its fairly good performance with the
strong-motion database of this study; as normalized intra-event residuals of [15]
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yield no trend with changes in VS30 and their distributions follow closely the stan-
dard normal distribution [6]. The explicit forms of the linear and nonlinear site
response function will not be given here; the details are provided in [15].

To derive the PGA GMPE and its associated uncertainty, one-stage maximum
likelihood regression that was first introduced in [17, 18], then improved in [2],
and later re-examined in [29] was used. References [17, 18] use an Expectation
Maximization algorithm while [2, 29] use a Certain Search algorithm to obtain the
maximum likelihood estimates of the coefficients and the intra-event (σ) (combined
ground-motion variability from record specific factors) and inter-event (τ) standard
deviation (combined ground-motion variability resulting from event specific factors)
components. The Expectation Maximization algorithm does not necessarily work
in the absence of good initial estimates. Unreasonable initial estimates can lead
to biased results. Methods proposed in [2, 29], on the other hand, are numerically
more stable. We used the maximum likelihood methodology of [29] in this study.
The two-stage regression was not employed as it underestimates aleatory variability
in case of datasets consisting heavily of singly-recorded events [38]. This is the case
in our database as shown in Fig. 4.1c.

GMPEs derived from small and large magnitude recordings differ due to rapid
decay of small events with distance and due to different ground motion amplitude
scaling between small and large magnitudes [22]; so M ≥ 5 events were considered
only for the predictive model. A total of 433 waveforms from 137 events (including
aftershocks and mainshocks) were considered in our regression analysis. Table 4.1
lists the regression coefficients and the inter-event, intra-event standard deviations
of the GMPEs derived for PGA.

Note that the style-of-faulting coefficients given in Table 4.1 indicate smaller
horizontal ground-motion amplitudes for normal events when compared to strike-
slip and reverse faulting cases (reverse events attaining, on average, 2% larger values
with respect to strike-slip cases). This ratio is within the ranges reported by previous
studies (see [13] for a comprehensive literature review of the influence of faulting
style on ground-motion components). However, given the relatively small number
of reverse faulting records in the database, the style-of-faulting dependency of the
GMPE can be subject to further refinements with the accumulation of reverse fault
events in the future. As can be seen from Table 4.1, the sigma values obtained in
this study are slightly larger in comparison with the recently derived global GMPEs
(e.g., NGA or pan-European global models; see relevant discussions in [40]).

Table 4.1 Regression coefficients obtained in this study for the GMPE for PGA

a1 a2 a3 a4 a5 a6 a7 a8 a9

PGA 8.92418 –0.5130 –0.6950 –0.18555 –1.25594 0.18105 7.33617 –0.02125 0.01815
σa τa σTot

a

PGA 0.6527 0.5163 0.8322

aSymbols σ and τ refer to intra- and inter-event standard deviations, respectively; σTot is the square
root of sum of σ2 and τ2.
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This can be attributed to the database features or the selected explanatory variables
in the functional form. However, when the overall sigma variation is of concern, our
sigma values are within the expected limits of previously published values for the
last 4 decades [40]. Further discussion on possible sources of this obtained sigma is
given in the following section.

4.4 Inter-event and Inter-station Distribution of Residuals

Inter- and intra-event variations of the considered model for different estimator
parameters were reported in [6]. However, to quantify further the error associ-
ated with each event and each station of the database we analyzed the estimated
inter-event and inter-station distributions (Fig. 4.2a, b).

Figure 4.2a indicates that all the earthquakes show errors within the ± 0.6
range, with the exception of three aftershocks of the 1999 Düzce earthquake
(M = 5.0, M = 5.3, M = 5.1), 2007 Tutak (Ağrı) earthquake (M = 5.1), 2007 Muğla
earthquake (M = 5.1) and 1998 Adana-Ceyhan earthquake (M = 6.2) that are all
overestimated by the predictions except for the latter.

The underestimation of the 1999 Düzce aftershocks could be partially attributed
to the uncertainties associated with the estimated magnitude and faulting style of
these events. The first of these parameters was obtained by employing magnitude
conversion relations and the latter by epicentral proximity to known faults (see
[7] for details on the magnitude conversion relations and the epicentral location
based faulting style assignment method employed). It should be underlined that as
the main 1999 Düzce earthquake had an important dip-slip component in addition
to the main faulting style of strike-slip, its aftershocks are likely to be associated
with a similar component as well (Ulusay, R., 2010, personal communication). For
the 2007 Tutak and Muğla earthquakes, the behavior however was found to be
closely linked to the stations that recorded these earthquakes as will be discussed
below.
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event and station, respectively, considered in the regression analysis
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Most of the inter-station residuals of this study have absolute values smaller than
0.6 as well (Fig. 4.2b). In particular, the largest overestimations are observed at
Erzincan Tercan and Düzce Gölkaya stations; whereas the largest underestimation
is observed at Sakarya Karadere station. It is interesting to note that the latter two
are the only stations that recorded the 1999 Düzce M = 5.1 aftershock which led
to the lowest inter-event residual value mentioned earlier. Similarly, Ağrı-Merkez
station, which corresponds to one of the high overestimations, is the only station
that recorded the 2007 Tutak (Ağrı) earthquake. Muğla Merkez station is another
location that yields both extreme inter-event and inter-station values (2007 Muğla
earthquake). Figure 4.2a, b indicate that the inter-station and inter-event residuals
are comparable to each other for this study; this contradicts findings based on the
Italian data [11, 12].

To investigate these observations further, the residual vs. residual analysis pro-
posed in [32] was carried out. In this method, only stations that recorded at least two
events are considered. The residuals are corrected for the inter-event component of
error and random pairs of records belonging to the same station are combined and
plotted. A good correlation between pairs indicates that site effect is the dominant
factor in controlling the residuals.

As can be seen in Fig. 4.3a, the residuals display scatter along the diagonal with a
correlation coefficient of 0.62. Because the number of available pairs is 101 (i.e., 99
degrees of freedom), the null hypothesis of no correlation among pairs was rejected
at 5% level of significance.

This same approach was also applied to inter-event residuals. For each earth-
quake recorded by at least two stations, after correcting the residuals for inter-
station error, pairs of records for each earthquake are randomly combined and
plotted.

Figure 4.3b shows that the residuals have a less clear trend in this case. The
correlation coefficient was calculated to be 0.47, indicating that uncertainties on the
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event parameters are not the main source of the ground-motion variability for this
dataset but site effects are.

4.5 Quantitative Comparison of Developed GMPE
with Other Local and Global GMPEs

Given the revised Turkish strong motion dataset, the question we answer in this
section is: how applicable are other recently developed local and global GMPEs
(Table 4.2) for Turkey in comparison with the ground motion model developed
in this study? In this section, the comparisons are made using analyses of model
residuals and the likelihood approach of [37]. The modeling assumption made in
regression analysis is that if the observed data distribution agrees well with the
distribution of predictions then normalized differences of these two sets of values
(normalized residuals) should yield the standard normal distribution. Both the anal-
ysis of model residuals and the likelihood approach is based on this assumption. In
the case of likelihood approach, if the observed data coincides with the mean pre-
dicted value, the corresponding likelihood value becomes 1. The likelihood value
reduces with decreasing quality of the fit; if the normalized residuals follow the stan-
dard normal distribution, corresponding likelihood values are distributed uniformly
between 0 and 1.

From the Next Generation Attenuation (NGA) relationships, only the GMPE of
[15] could be employed due to the absence of reliable estimates of some of the pre-
dictor variables (such as depth to top of rupture, sediment depth) for other NGA
GMPEs. Also the recent local GMPE of [41] could not be included in these quan-
titative comparisons because the model has been published without its variance.
It should be underlined that all the GMPEs were employed within their limits of
applicability (both magnitude and distance) and care was taken to achieve parameter
compatibility.

The performance of the models in Fig. 4.4 can be assessed by considering both
the distributions of the normalized total residuals and the distribution of the like-
lihood values. In the former case, a model is considered to be performing well if
the distribution of observed normalized residuals (the solid black line) agrees well
with the standard normal distribution (the solid red line). An agreement between
these two curves indicates that the model is not biased and that the standard devia-
tion of the model appropriately captures the variability in the observed PGA values.
As mentioned earlier a uniform distribution of likelihood values also supports this
result.

As can be seen from Fig. 4.4, the global predictive model in [5] and the local
predictive model of [11], which is based on Italian data, perform well with the
Turkish strong motion data. On the other hand, considerable overestimation should
be expected with the model in [15] as well as other NGA models [39]. Previously
developed local Turkish GMPEs can be seen to have the tendency of overestimat-
ing the ground motions as well. This can be attributed to the assumptions made by
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Fig. 4.4 Histograms of the normalized total model residuals and likelihood values for [5] (AB10),
[15] (BA08), [23] (DT07), [31] (KG04), [11] (Betal09), [8] (Aetal05) and [34] (Oetal04). The
plots of the normalized total model residuals also include the standard normal distribution (solid
red line) and the normal distribution fitted to the residuals (solid black line). Ranking parameters
of the median, mean and standard deviation of the total normalized residuals (med., mean, std.)
and median likelihood values (LH) are also given as part of the plots

their developers due to insufficient level of database knowledge at the time they
were derived. Also the fact that [31] and [15] are based on only mainshock data
contributes to the observed performance of these models with the Turkish strong
motion database as the database includes aftershocks as well. According to the clas-
sification scheme of [37], the GMPE of [5] and [11] belong to class B, the GMPE
of [34] belongs to class C and the model of this study is not unexpectedly the most
suitable for Turkey with class A. Another important finding is the consistently high
standard deviation values obtained for total residuals (Fig. 4.4). This is because
the considered models have lower standard deviation values than the variability of
ground motions in the Turkish strong motion dataset. This observation is consistent
with the findings of previous sections.
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As underlined by [39], for databases where certain events provide large num-
bers of records to the overall database, results obtained by total residuals only
can be biased. Similar analyses as described above were repeated for inter-event
and intra-event residuals, however results were found not to improve drasti-
cally with this change. Hence only results obtained by total model residuals are
presented.

4.6 Conclusions

An updated database of strong motion data recorded in Turkey was recently made
available that includes state of the art metadata relevant to both stations and earth-
quakes [7, 36]. We present a new empirical ground motion equation for the ranges
5 ≤ M ≤ 7.6 and 0 ≤ Rjb ≤ 200 km that was derived using data from 137 earthquakes
recorded by 86 stations from this database. The adopted functional form takes into
account magnitude saturation, magnitude dependent attenuation, a quadratic term in
magnitude, style of faulting as well as nonlinear site effects.

As in [12, 33] estimates of the intra-station and inter-station variability were
investigated in detail. Both inter-station and inter-event residuals were found to be
comparable, varying in the range ± 0.6 mostly. The residual distribution analysis
allowed identification of earthquakes and stations with significant deviation from the
average, caused by the strong under or overestimation of the predictions. Overlap
was found between outlier stations and outlier events (i.e. some outlier events were
observed to be recorded by outlier stations only). Hence carrying out further detailed
geological and geophysical studies at these special locations would be beneficial for
explaining the physical bases behind these outlier situations.

The inter-station and inter-event residual analyses further indicate that site effect
is the dominant factor governing the developed ground motion model’s variability.
In this study, linear and nonlinear site effects model of [21] is used. Our findings
show that developing local linear and nonlinear site effects model in the future,
possibly including parameters such as depth of soil deposit, resonance period as
well as Vs30, would reduce the total variability of the local GMPE presented here.

Based on quantitative comparison of Turkish strong motion database with
recently developed other local and global GMPEs, a number of models were
identified suitable for ground motion prediction in Turkey. However, it should be
underlined that tested models on average overestimate PGA values, and underes-
timate corresponding variability. As both the median estimations as well as model
variability have significant impact on the results of probabilistic seismic hazard anal-
yses, our findings can be considered useful by the analysts when forming a logic
tree. Further discussions on modeling uncertainty between local and global GMPEs
are addressed in [6].

Finally, we would like to stress here that although considerable effort was given
to the improvement of the Turkish strong motion database within the scope of this
study and to the development of GMPEs with up to date and robust functional forms,
with accumulation of additional strong motion data over time, which would improve
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the current event-record ratio of the database, still more representative GPMEs for
Turkey would be possible.
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Chapter 5
Strong-Motion Networks in Italy
and Their Efficient Use in the Derivation
of Regional and Global Predictive Models

L. Luzi, M. Massa, D. Bindi, and F. Pacor

Abstract Italy is a country characterized by high seismic hazard so strong-motion
monitoring represents a relevant issue. Several strong-motion networks have been
installed in the Italian territory during the last decades, with the aim of record-
ing the ground motion generated by moderate to strong events or to monitor
single regions. The collection of the strong-motion recordings of the Italian earth-
quakes was recently fulfilled and data are distributed through the ITACA database
(http://itaca.mi.ingv.it). The new data set was used to develop a set of ground motion
prediction equations (hereinafter GMPEs) for the Italian territory (Bindi et al.,
2009a,c), in order to update the well known GMPEs developed by Sabetta and
Pugliese [22]. The recent Mw 6.3 earthquake that occurred in central Italy on April
2009 and the upgrades of the ITACA database gave us the possibility to validate
the predictive capability of the newly developed GMPEs and to explore the regional
variability inside the Italian territory.

5.1 Strong Motion Networks in Italy and the Italian
Strong Motion Data Set

Strong-motion monitoring in Italy started in the early 1970s, when a national
strong motion network was designed and installed by ENEA (Italian Energy and
Environment Organization) and ENEL (Italian Electricity Company), to evaluate
the seismic risk for the construction of nuclear power plants. The first analog
strong motion record is dated 1972 and refers to the 6th February Ancona Ml 3.0
earthquake. Since 1997 the Italian strong motion network (Rete Accelerometrica
Nazionale, RAN) is owned by the Italian Civil Protection. At the end of 2008 the
network was composed by 265 digital and 119 analogue permanent stations [17],
with an expected final set up of 500 free field digital installations on a grid of about
25 × 25 km, covering the areas with high seismic risk. Since a decade the National
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Seismometric Network (CNT, Rete Sismometrica Nazionale, http://cnt.rm.ingv.it),
handled by the Istituto Nazionale di Geofisica e Vulcanologia, has been improved by
co-locating about 60 velocimetric and accelerometric sensors, in order to guarantee
the ground motion recording in case of strong events.

Besides the two national networks, many local networks have been installed in
areas of moderate to high seismic hazard. The Irpinia Seismic Network (ISNet)
has been deployed in the Southern Apennines along the active fault system which
caused the 1980, November 23, Mw 6.9, Campania–Lucania earthquake. The ISNet
is mainly devoted to estimate real-time earthquake magnitude and location. It is
composed of 28 stations and covers an area of about 100 × 70 km, as described by
Iannaccone et al. [18].

The Basilicata region (southern Italy), affected as well by the intense seis-
mic activity of the Apennine chain, is monitored by a local strong-motion net-
work, handled by the University of Basilicata, the Institute of Methodologies for
Environmental Analysis of the Italian research council (IMAA–CNR) and the local
government of the Province of Potenza [3].

In north-east Italy the Friuli Venezia Giulia Accelerometric Network (RAF Rete
Accelerometrica del Friuli Venezia Giulia), handled by the University of Trieste,
covers the area struck by the 1976 Mw 6.4 earthquake. It was installed in the early
nineties in the framework of international scientific projects and today it is joined to
other network stations operating in Italy as well as in Austria and Slovenia [12].

Finally, in northern Italy, a further strong-motion network has been set up by the
Milano-Pavia department of the Istitituto Nazionale di Geofisica e Vulcanologia,
in the area struck by the 2004 Salò earthquake, composed of 24 stations [4]. The
geographic distribution of the above mentioned networks is displayed in Fig. 5.1.

The data most widely used for engineering-seismology purposes come from the
RAN network, since they have been continuously collected since 1972 by several
institutions and at the moment archived and distributed through a web database
(ITACA, http://itaca.mi.ingv.it, [19]).

The ITACA database includes records of 1,017 earthquakes: 1,002 from the
period range 1972–2004 (1.1 < Ml <= 6.9), 2 from the 2008 Parma sequence
(Mw 4.9 and Mw = 5.4) and 13 from the 2009 L’Aquila sequence (4 ≤ Mw ≤ 6.3).

There are 2,550 3-component waveforms in the uncorrected version and 2,401
of them have been processed. Acceleration, velocity and displacement time series
and the acceleration response spectra at 121 periods up to 4 s (5% damp-
ing) are distributed. About 650 temporary or permanent stations are included,
but only 15% of them have been characterized by geotechnical or geophysical
parameters.

The ITACA data set was recently exploited to derive a set of ground motion
prediction equations for Italy (hereinafter referred to as ITA08) for the predic-
tion of maximum horizontal and vertical peak ground acceleration, peak ground
velocity and 5% damped acceleration response spectra (Bindi et al., 2009a). The
data set is composed by 561 3-component waveforms from 107 earthquakes with
moment magnitude in the range 4.0–6.9, that occurred in Italy from 1972 to 2004
and recorded by 206 stations at distances up to 100 km.
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Fig. 5.1 Strong-motion networks in Italy: gray triangles represent the stations of the Italian
strong-motion network (RAN); black dots represent the stations of the National Seismometric
Network (CNT); squares indicate the areas covered by regional networks: RAIS (northern Italy
strong-motion network); RAF (Friuli Venezia Giulia accelerometric network); ISNet (Irpinia
Seismic Network); Basilicata (strong motion network of the Basilicata Region)

The adopted functional form includes a linear and a quadratic term for magni-
tude, a magnitude-dependent geometrical spreading, style of faulting and site terms
as:

log10 Y = a + b1(MW − Mref ) + b2(MW − Mref )2 + [
c1 + c2(MW − Mref )

]

log10

√
(R2

JB + h2) + eiSi + fjFj

(5.1)
where Y is the response variable; Mref is a reference magnitude; Rjb is the
Joyner-Boore distance when Mw ≥ 5.5, or the epicentral distance (km); h is the
pseudo-depth (km); Si with i=1,2,3 are dummy variables that assume either the
value 0 or 1 depending on soil type (rock, class C0: S1=1 and S2=S3=0; shal-
low alluvium, class C1: S2=1 and S1=S3=0; deep alluvium, class C2: S3=1 and
S1=S2=0); Fj are dummy variables that take either the value 0 or 1 depending
on the style of faulting (normal fault: F1=1 and F2=F3=0; strike-slip: F2=1 and
F1=F3=0; reverse fault: F3=1 and F1=F2=0); ei and fj are the site and the style-
of-faulting coefficients, respectively. Since the regression accounting for the style
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of faulting provided coefficients fi is not significantly different from zero, and its
introduction did not significantly reduce the variance of the residuals, only the
results obtained without including the style of faulting were considered. A regres-
sion scheme based on the random effect model [1, 11] was adopted to describe the
errors which are assumed to be independent and normally distributed. Both the inter-
event (σinter) and the intra-event (σintra) standard deviations have been evaluated, as
described by Bindi et al. (2009b).

5.2 Fit of the L’Aquila Data Set to ITA08

On April 6th, 2009, 01:32:40 UTC, an Mw 6.3 earthquake occurred in the Abruzzo
region (Central Italy), at 9.5 km depth along a NW-SE normal fault with SW dip,
very close to L’Aquila, a town of about 70,000 inhabitants. The mainshock was fol-
lowed by seven aftershocks of moment magnitude larger than or equal to 5, the two
strongest ones occurred on April 7th (Mw=5.6) and April 9th (Mw=5.4). The main-
shock and its aftershocks have been recorded by several digital stations of the
RAN, the National Seismometric Network and by a temporary strong-motion array
installed by the INGV (http://rais.mi.ingv.it).

This event represents the third largest recorded by strong-motion instruments in
Italy, after the 1980, Mw 6.9, Irpinia and the 1976, Mw 6.4, Friuli earthquakes. The
data set relative to this sequence includes 954 strong-motion waveforms with Mw
larger than 4.0 (http://itaca.mi.ingv.it). The peak ground acceleration in the near-
fault region ranges from 347 to 647 cm/s2, the latter representing one of the highest
values ever recorded in Italy.

This strong-motion data set is unique in Italy, since it is entirely digital and
includes observations from near-fault distances to some hundred kilometres, so
that it can be used to verify the prediction performance of the recently developed
GMPEs for Italy (Bindi et al., 2009a). The goodness of fit of the main peak ground
motion parameters ( PGA, PGV and acceleration response spectra ordinates at 5%
damping) is evaluated applying the method proposed by Spudich et al. [23], where
the authors estimate the goodness of fit of their model by analyzing the residuals
between observed and expected ground motion. In particular, they used the maxi-
mum likelihood formalism to calculate the mean value of the residuals (bias), and
the dependence of the residuals on the magnitude and logarithm of distance.

In this work, the residuals were partitioned into the inter-event (η) and intra-
event (ε) components, which are assumed to be independent, normally distributed
with variances σ2

eve (inter-event component of variance) and σ2
intra (intra-event

component of variance), respectively. The analysis of the inter-event error allows
us to quantify the error associated to each event in the dataset, hence to investi-
gate the dependence of errors on magnitude. On the other hand, the analysis of the
intra-event distribution allows us to investigate the dependence of errors on attenua-
tion by analyzing its dependence on distance. Figure 5.2a–d show the results of the
goodness of fit obtained for the maximum horizontal PGA.
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(a) (b)

(c) (d)

Fig. 5.2 Goodness of fit of PGA recorded during L’Aquila sequence to ITA08: (a) bias; (b) inter-
event error; (c) dependence of the inter-event errors on magnitude; (d) dependence on Joyner Boore
distance of the intra-event errors

The overall bias for PGA is negative (–0.27323), denoting a general overestima-
tion of the prediction. Almost the totality of the events has a negative inter-event
error, while the dependence of inter-event on magnitude is small. Finally a strong
dependence is observed with distance, which means that PGA attenuates faster than
the Italian average. The same analysis was performed on PGV, which is a ground
motion parameter representative of intermediate frequencies (Fig. 5.3a–d). The fit of
PGV to ITA08 results in a negative bias (–0.25933), confirming the overestimation
of the prediction also obtained for PGA. The inter-event error shows no dependence
on magnitude, while the intra-event error has a weaker dependence on distance than
PGA.

Finally, when the acceleration response spectra ordinates at 2 s are taken into
account (Fig. 5.4a–d), the overall bias reduces substantially to –0.12932, denoting
only a slight overestimation of ground motion at large periods. The dependence
of the inter-event error on magnitude is positive, while the dependence of the
intra-event error on distance is negligible, denoting the same trend as the Italian
average.
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(a) (b)

(c) (d)

Fig. 5.3 Goodness of fit of PGV recorded during L’Aquila sequence to ITA08: (a) bias; (b) inter-
event error; (c) dependence of the inter-event errors on magnitude; (d) dependence on Joyner Boore
distance of the intra-event errors

We can conclude that the Italian GMPEs, developed by Bindi et al. (2009a), in
general over predict the ground motions observed in the Abruzzo region, especially
at high and intermediate frequencies. In particular, the lack of the anelastic coeffi-
cient in the functional form can be the cause the large overestimation of the ground
motion at high frequencies and large distances.

The observations made for the Abruzzo region can be interpreted as a peculiarity
of ground motion attenuation of this region, therefore an attempt to evaluate whether
regional differences exist in Italy is made in the following paragraph, exploiting the
updated ITACA dataset.

5.3 Derivation of Regional GMPEs

In the past decade, the improvement and expansion of strong motion networks in
the world, led to an increase in the number of regional GMPEs, as reported by
Douglas [13], number that has been increased certainly in the recent years. The idea
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(a) (b)

(c) (d)

Fig. 5.4 Goodness of fit of SA (2 s) recorded during L’Aquila sequence to ITA08: (a) bias; (b)
inter-event error; (c) dependence of the inter-event errors on magnitude; (d) dependence on Joyner
Boore distance of the intra-event errors

behind the derivation of regional GMPEs is that the aleatoric uncertainty can be
reduced, as the examined areas are expected to be homogeneous in terms of source,
attenuation and site effects. Opposite to the expectation, the aleatoric uncertainty
increases when compared to that obtained by global GMPEs, and one reason can
be that small magnitude events, which are generally taken into account when deriv-
ing regional GMPE, are characterized by larger variability in the observed ground
motion than large events [14]. An extreme example of regionalization occurs in
Italy, where regionalized predictive relationships for ground motion are used for
the development of ShakeMaps [20] and many GMPEs have been derived using
regional datasets composed of weak and strong events ([10]; NE Italy), weak events
([16]; NW Italy) and datasets limited to single seismic sequences, such as the 1997
Umbria-Marche [7, 24] or the 2002 Molise [21]. Nevertheless, the examination of
the parameters used to derive these GMPEs (i.e. magnitude and distance ranges,
soil classification and functional forms) makes a direct comparison extremely diffi-
cult. Different regions can be characterized by different stress drops, focal depths,
style-of-faulting or site conditions. Some of these effects, such as focal depth, can
be modelled by the use of an appropriate distance metrics. The fault type causing
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the earthquake, is another factor that has been introduced in the functional form of
the recently developed GMPE, as it has been demonstrated [9] that the motion gen-
erated from reverse faulting are in average higher (from 10 to 30% for PGA) than
those generated by strike-slip and normal faulting events. Finally, soil conditions for
different regions can differ substantially.

The advantage of a homogeneous database, such as ITACA, is the possibility of
deriving regional datasets, unbiased in terms of event and recording station meta-
data, since it obtained from homogeneous and well documented sources. Therefore,
in this study we did not chose to compare the existing regional GMPEs developed
for Italy, but to explore the regional variability using the ITACA dataset. First we
selected a set of well characterized seismic events (in terms of magnitude, style-of-
faulting and focal depths), in the magnitude range from 4.0 to 6.9 and distance up
to 300 km, then we evaluate a set of GMPEs for PGA and PGV for the Italian
territory (hereinafter ITA-test) to estimate the average coefficients related to the
style-of-faulting. We adopted the following functional form:

log10 Y = a + b1(Mw − Mref 1) + [
c1 + c2(Mw − Mref 2)

]

log10

(√
(R2

JB + h2)/Rref

)
+ k

(√
(R2

JB + h2) − Rref

)
+ eiSi + fjFj

(5.2)

where Y is the predicted ground motion (geometric mean of horizontal compo-
nents of PGA, in cm/s2, and PGV, in cm), Mw is the moment magnitude, Mref1
is the reference magnitude for the source term, Mref2 is a reference magnitude
for the distance term, RJB is the Joyner-Boore distance, or the epicentral distance
(km) when Mw < 5.5, h is the pseudo-depth (km); k is the anelastic attenuation
term. The adopted soil classification is the same as in Eurocode 8 [15], and Si
with i = 1, 2, 3, 4, 5 are dummy variables that assume either the value 0 or 1
depending on soil type (class A: S1 = 1 and S2 = S3 = S4=S5 =0; class B
S2 = 1 and S1 = S3 = S4 = S5 = 0; class C: S3 = 1 and S1 = S2 = S4=S5=0, class
D: S4 = 1 and S1 = S2 = S3=S5=0; class E: S5 = 1 and S1 = S2 = S3=S4=0);
finally, F is the style-of-faulting term, which assumes the value 0 or 1 depending on
the fault type (normal fault: F1 = 1 and F2 = F3 = 0; strike-slip: F2 = 1 and F1 =
F3 = 0; reverse fault: F3 = 1 and F1 = F2 = 0). Mref1 and Mref2 are set to 6.0 and
5.0, respectively and Rref is set to unity. In the regression scheme we constrained the
normal fault and the rock site coefficients to zero. A modified functional form was
used to account for the hypocentral distance:

log10 Y = a + b1(Mw − Mref 1) + [
c1 + c2(Mw − Mref 2)

]

log10
(
Rhypo/Rref

) + k
(
Rhypo/Rref

) + eiSi + fjFj

(5.3)

where the variables are the same as in Eq. (5.2), except Rhypo which represents the
hypocentral distance, in km. The same regression scheme adopted for ITA08 was
used to derive the coefficients which are shown in Table 5.1. The style-of-faulting
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Fig. 5.5 Selected zones for the evaluation of regional effects (left), focal depth distribution and
magnitude versus distance distribution of the recordings for each zone (right)

coefficients are significant and, in particular, the coefficients obtained for reverse
focal mechanisms are larger than the coefficients of strike-slip events, especially in
the case of PGA. In order to explore the possible regional differences in terms of
ground motion attenuation, we identified three zones characterized by homogeneous
tectonic regimes and focal depths, after an examination of the seismotectonic setting
of the Italian peninsula (Fig. 5.5):

1. Zone 1 (NE Italy and northern Apennines), mainly characterized by a com-
pressional tectonic regime, which includes the area struck by the 1976 Friuli
(Mw 6.4) earthquake. The earthquake focal depth in Zone 1 is generally between
15 and 25 km.

2. Zone 2 (central-southern Apennines) characterized by an extensional regime,
including the area struck by the strongest earthquake ever recorded by strong
motion instruments in Italy, that is the 1980 Irpinia (Mw 6.9), the 1997 Umbria-
Marche (Mw 6.0) and the recent L’Aquila event of April 6th 2009 (Mw 6.3); in
Zone 2 earthquakes occurs in the upper crust at depths lower than 10 km.

3. Zone 3 (Apulian foreland) characterized by strike-slip regime, which includes
the area struck by the 2002 Molise earthquake (Mw 5.7) and the 1995 Gargano
(Mw 5.2); the earthquake focal depth in Zone 3 is generally between 20 and
30 km.
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We derived a GM predictive equation for Zone 2, characterized by the largest
data set, and then evaluated the goodness of fit of the datasets relative to Zone 1
and Zone 3, after a correction for the style-of-faulting coefficients obtained from
ITA-test (Table 5.1). The used functional forms to derive the GMPE for Zone 2
(hereinafter referred to as ITA2) are the same as Eqs. (5.2) and (5.3), except that
the style-of-faulting term has been neglected, being all FMs normal. The coeffi-
cients resulting from the regression are listed in Table 5.1 (ITA2 column). In order
to explore the goodness of fit of the datasets relative to Zone 1 and 3 to ITA2 we
used the method proposed by Spudich et al. [23], applied to the L’Aquila data set
in paragraph 2. The results of the PGA indicate that, if the same site classification
is adopted and the residuals are corrected for the style-of-faulting term, the bias
evaluated for Zone 1 is negligible (Fig. 5.6a, b). The dependence of the inter-event
on magnitude error is positive and mainly influenced by the error associated to the
mainshock of the 1976 Friuli sequence, especially when the Joyner – Boore dis-
tance is considered (Fig. 5.6c, d). The dependence of the intra-event error on the
logarithm of distance shows a positive trend for Zone 1, evidencing that, in general,
ground motion attenuates slower than in Zone 2 (Fig. 5.6e, f). As the average focal
depths of Zone 1 are larger than Zone 2, the adoption of the Joyner-Boore distance
causes an underestimation of the true source-to-site distance; therefore the distance
dependence is weaker when the hypocentral distance is used.

Similar considerations can be drawn for Zone3. The bias for PGA is very small
and has almost the same value irrespective of whether hypocentral or Joyner- Boore
distance is considered (Fig. 5.7a, b). The dependence on magnitude of the inter-
event error is positive, but the paucity of the events does not allow drawing robust
conclusions (Fig. 5.7c, d). There is no dependence of the intra-event error on the
logarithm of distance when the hypocentral distance is adopted, where a positive
trend is visible when Joyner-Boore distance is adopted. As Zone 3 is character-
ized by deep events, the use of Joyner-Boore distance instead of the hypocentral
metrics results in a strong difference of the intra-event dependence on distance
(Fig. 5.7e, f).

Smaller differences among zones are found for a parameter correlated to inter-
mediate frequencies, such as PGV. The bias evaluated for Zone 1 is irrelevant, as
shown in Fig. 5.8a, b, and the inter-event dependence on magnitude as well as the
intra-event dependence on distance are also very small (Fig. 5.8b–f).

When the goodness of fit is evaluated for PGVs relative to Zone 3, similar
conclusions can be drawn as for Zone 1 (Fig. 5.9b–f).

5.4 Conclusions

The recent release of the Italian strong-motion database (ITACA http://itaca.mi.
ingv.it, [19]) created the opportunity to evaluate new ground motion prediction equa-
tions for Italy (ITA08, Bindi et al., 2009a) and update the well known GMPEs by
Sabetta and Pugliese [22], which was based on a limited data set.
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(a) (b)

(c)

(e)

(d)

(f)

Fig. 5.6 Goodness of fit of PGA of Zone1 to ITA2: (a) bias obtained with Eq. (5.2); (b) bias
obtained with Eq. (5.3); (c) dependence of the inter-event on moment magnitude for Eq. (5.2); (d)
dependence of the inter-event on magnitude for Eq. (5.3); (e) dependence of the intra-event on
Joyner-Boore distance; (f) dependence of the intra-event on hypocentral distance

The Mw 6.3 earthquake that occurred in central Italy on April 2009, and the
upgrades of the ITACA database gave us the possibility to validate the predictive
capability of the newly developed GMPEs and to explore the regional variabil-
ity inside the Italian territory. The peak ground motions of L’Aquila sequence,
correlated with high and intermediate frequencies (PGA and PGV), are generally
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(a) (b)

(c)

(e)

(d)

(f )

Fig. 5.7 Goodness of fit for PGA of Zone3 to ITA2: (a) bias obtained with Eq. (5.2); (b) bias
obtained with Eq. (5.3); (c) dependence of the inter-event on moment magnitude for Eq. (5.2);
(d) dependence of the inter-event on magnitude for Eq. (5.3); (e) dependence of the intra-event on
Joyner-Boore distance; (f) dependence of the intra-event on hypocentral distance

over-predicted by the ITA08. The over-prediction is considerable for intermediate
and large distances, while ground motions are underestimated in the near fault.
While this misfit can be ascribed to the lack of the near fault recordings in the
data set used to calibrate ITA08, the low PGA and PGV values at intermediate and
large distances may be attributable to a strong attenuation of the crust occurring in
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Fig. 5.8 Goodness of fit of PGV of Zone 1 to ITA2: (a) bias obtained with Eq. (5.2); (b) bias
obtained with Eq. (5.3); (c) dependence of the inter-event on moment magnitude for Eq. (5.2);
(d) dependence of the inter-event on magnitude for Eq. (5.3); (e) dependence of the intra-event on
Joyner-Boore distance; (f) dependence of the intra-event on hypocentral distance

the western sector of the Apennines, as suggested by Ameri et al. [2]. Although no
dependence of the inter-event error on magnitude is observed, all errors are nega-
tive, indicating a possible bias in the magnitude estimation of the L’Aquila seismic
sequence.

The L’Aquila data set might suggest an evidence of a regional difference in the
attenuation, and, in order to verify whether these observations are limited to the
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(a) (b)

(c) (d)

(f )(e)

Fig. 5.9 Goodness of fit of PGV of Zone3 to ITA2: (a) bias obtained with Eq. (5.2); (b) bias
obtained with Eq. (5.3); (c) dependence of the inter-event on moment magnitude for Eq. (5.2);
(d) dependence of the inter-event on magnitude for Eq. (5.3); (e) dependence of the intra-event on
JB distance; (f) dependence of the intra-event on hypocentral distance

examined sequence, we used the ITACA database to explore the different behaviour
of three zones in Italy, characterized by different style of faulting and focal depths:
north-east Italy, central southern Apennines and the Apulian foreland.

The results show that in the three regions the regional differences in the attenua-
tion of PGA and PGV are negligible, when a homogeneous data set is used in terms
of metadata, the opportune corrections are made for the style-of-faulting and the
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appropriate metrics is used to describe the source-to-site distance. In particular, the
hypocentral distance allows reducing the error introduced by different focal depth.

After the conclusion of the ongoing project on the update of the ITACA database
new data will be gathered and a final revision of the Italian GMPEs will be per-
formed. Other regions in Italy might be explored (i.e. southern Tyrrhenian) and
different soil classification schemes will be tested in order to reduce the error of
the prediction.
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Chapter 6
Strong-Motion Networks in Greece
and Their Efficient Use in the Derivation
of Regional Ground-Motion Prediction Models

B. Margaris, A. Skarlatoudis, A. Savvaidis, N. Theodoulidis,
I. Kalogeras, and S. Koutrakis

Abstract The destructive earthquakes that occurred over the last years in the
broader Greek region urged the need for acquiring high quality strong ground
motion recordings. This necessity led to the enhancement of accelerographic net-
works by deploying a significant number of new sensors all around Greece,
improving their spatial coverage. Within the framework of this work, a new, more
efficient, strong motion data processing technique is presented and the properties of
the updated Greek strong motion database are presented. The resulted high qual-
ity dataset will be used in various applications of engineering seismology, soil
dynamics and earthquake engineering with the main goal being the derivation of
new ground motion prediction equations (GMPEs) for the broader Aegean area.
Updated seismological and geotechnical information such as site classification of
ITSAK accelerographic stations based on VS30, is adopted for the derivation of new
GMPEs.

6.1 Introduction

The development of the Eurasia, Anatolia, African and Apulian plates define the
seismotectonic setting of the broader Aegean region (Fig. 6.1). The convergence
between the Eurasian and the African plate is taking place in the southern part of
the Aegean in a N–S direction, at a rate of less than 1 cm/yr. However, the conver-
gence of the Aegean plate to the African plate is taking place in a SW direction with
a rate of ~3–3.5 cm/yr. This latter movement results into a well-defined Wadati –
Beniof zone with intermediate-depth events due to the subduction of the East-
Mediterranean lithosphere below the Aegean plate, dipping at a low angle (~30◦)
at shallow depths and a high angle (~45◦) on the deeper branch [6]. The Anatolian
Plate is moving westwards at a high rate (20–25 cm/yr) resulting in a strike-slip
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Fig. 6.1 Plate motions that affect the active tectonics in the broader Aegean area and its
corresponding stress-field (modified from [7])

faulting in the North Anatolia-North Aegean and Cephalonia area. This highly
complex seismotectonic setting in the broader Aegean area results in the highest
seismicity release in Europe. A more complete description of these movements is
provided in Papazachos et al. [6].

In the present work a newly developed data processing technique is applied to
Greek strong motion data for the derivation of next-generation GMPEs. In addition,
some preliminary results of the derivations of the new ground motion prediction
equations in Greece are presented.

6.2 Greek Strong-Motion Network and Data Processing

The basic aim of the Greek strong motion network is to obtain the necessary
information required for ground motion prediction, dynamic response of struc-
tures and improvement of seismic codes. Gradual installation of the first analog
strong motion instruments began in the early 1970s by the Geodynamic Institute of
National Observatory of Athens (NOA-GI), followed by the Institute of Engineering
Seismology and Earthquake Engineering (ITSAK) in the 1980s, areas with the
highest seismicity in Greece. The development and the spatial distribution of the
accelerographic network in Greece were based mainly on the study of Theodoulidis
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Fig. 6.2 a Proposed strong motion network in Greece [16]. b Current status and future installa-
tions of the Greek (ITSAK and NOA-GI) strong motion networks. Circles depict existing stations;
triangles present stations being installed

et al. [16], regarding the seismotectonic setting, the seismicity and seismic hazard
of the region. The original planning for the deployment of strong motion networks
in Greece is depicted in Fig. 6.2a. After almost 25 years and two major upgrade
projects (one is still ongoing), the current status of the national accelerographic net-
work presented in Fig. 6.2b, is in good agreement with the one proposed in the mid
1980s by Theodoulidis et al. [16].

Both analog and digital instruments have been employed for recording strong
ground motions in Greece. From the early 1980s until the late 1990s ITSAK and
NOA-GI strong motion networks (both referred to as national strong motion net-
work hereinafter) consisted mainly of, analog, SMA-1-type, instruments. Analog
record processing was based on the technique suggested by Skarlatoudis et al. [10],
aiming at reducing the noise level introduced during recording and digitization. The
analog accelerograms were digitized using a high-resolution scanner and an appro-
priate software tool [5], thus reducing the digital noise introduced, compared to
previous (manual or semi-automatic) digitization techniques. To further improve
the quality of the strong motion dataset, a new correction procedure was applied
in the uncorrected accelerograms. This procedure involves the estimation of the
characteristic frequencies of the digital band-pass filter, based on comparisons of
the Fourier Amplitude Spectra (FAS) of the digitized horizontal components with
the FAS of the corresponding fixed traces. Attempts to further reduce noise lev-
els were made by estimating characteristic frequencies based only on the energy
window from 5 to 95% of the total energy of the accelerogram [9]. For this rea-
son the FAS for both horizontal components and fixed traces, were recalculated
for the equivalent window (T5–95) and comparisons with results of Skarlatoudis
et al. [10] and Trifunac and Todorovska [18] are shown in Fig. 6.3. These efforts
led to the compilation of the unified Hellenic Accelerograms Database (HEAD) by
Theodoulidis et al. [15].
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Fig. 6.3 Average spectral
noise levels from various
processing techniques
[9, 10, 18]

Recently, Boore [1, 2] proposed a more efficient technique, based on both time
and frequency domain analysis, which was used to reprocess the complete strong
motion dataset. An example of this analysis is presented in Fig. 6.4. By visual
inspection of the FAS of all components of ground motion we define a preliminary
frequency window, in order to estimate the cut-off frequency, fc, of the high-pass
filter applied to each record. For this filtered frequency window, the displacement
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Fig. 6.4 (Left) FAS of a 3-component accelerogram (AMAA8805). The vertical lines correspond
to cut-off frequencies based on Skarlatoudis et al. [10] (continuous line) and present study (dashed
line) results (Right). Horizontal component (L-longitudinal) of displacement time histories cor-
responding to the various cut-off frequencies applied (0.10–0.70 Hz). The selected displacement
time-history corresponds to a cut-off frequency of 0.30 Hz (third from top)
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Fig. 6.5 Spectral noise
comparison for the various
digital sensors used by the
Greek national strong motion
network

time history is calculated for ten specific fc (logarithmically equally spaced) and
after visual inspection the appropriate fc is selected in which the displacement
values are stable without including long period effects or transients. The filtering
procedure involves zero-padding in the beginning and at the end of each record
based on the order of the applied digital filter and the use of a causal band-
pass filter for digital noise removal [1]. The two vertical lines in FAS (Fig. 6.4)
depict the characteristic cut-off frequencies determined based on Skarlatoudis et al.
[10] (continuous line) and on Boore [1; 2] (dashed line) approaches, respec-
tively. From this example it is evident that the adopted procedure improves
significantly the usable frequency content as compared to the earlier results by
Skarlatoudis et al. [10].

Since the early 2000s the national strong motion network was upgraded
using various types of accelerographs (Kinemetrics QDR-11bit, A800/A900-18bit,
ETNA-18bit, K2-19bit and Güralp CMG-5TD-24bit).

In order to shed some light into the average noise properties of various sensors
and define an effective frequency window from which information for the strong
motion characteristics could reliably be extracted, additional noise analysis was per-
formed [9]. The spectral noise levels among the various accelerographs are shown
in Fig. 6.5. As expected, higher resolution sensors exhibit lower levels of digital
spectral noise.

6.3 Greek Ground Motion Prediction Equations

The first efforts for estimating empirical prediction relations (GMPEs) for the
broader Aegean area were made by Theodoulidis [14] and Theodoulidis and
Papazachos [17] (TP92), based on strong motion data recorded in Greece and other



76 B. Margaris et al.

worldwide regions with similar seismotectonic settings. Margaris et al. [4] (Mea02),
based solely on Greek strong motion records, derived updated relations for the
broader Aegean area, used on an enriched strong motion dataset at that time. The
compilation of HEAD [15] led to the estimation of new GMPEs for the broader
Aegean area by Skarlatoudis et al. [12, 13] (Sea03). All previous GMPEs have the
following functional form:

ln Y = c0 + c1M + c2 ln R + c3F + c4S (6.1)

where, Y is the predicting strong motion parameter, M is the magnitude (type varies
among the three studies), R is the distance measure, F is a factor accounting for
the type of the focal mechanism and S is the site condition. The coefficients of the
aforementioned GMPEs are summarized in Table 6.1.

The main difference of Sea03 from the previously derived relations is the method
followed for the processing of the strong motion dataset [10] and the more accu-
rate hypocenter parameters resulting from the relocation technique described in
Skarlatoudis [8]. The data corresponded to 225, mainly normal and strike-slip fault-
ing, shallow earthquakes in Greece spanning the time period 1973–1999. In the map
of Fig. 6.6, the spatial distribution of the corresponding earthquake locations (black
circles) is shown.

Table 6.1 Coefficients of
TP92, Mea02 and Sea03
GMPEs for peak ground
acceleration

Source c0 c1 c2 c3 c4

TP92 3.88 1.12 –1.65 – 0.41
Mea02 4.16 0.69 –1.24 – 0.12
Sea03 0.86 0.45 –1.27 0.1 0.06

Fig. 6.6 Spatial distribution
of the epicenters of
earthquakes with magnitude
M > 5. Epicenters from
HEAD are denoted with black
circles while epicenters for
the time period 2000–2008,
for earthquakes with
processed strong motion data,
are shown with grey circles
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The dataset used for the derivation of Sea03 relations comprised of about 700
strong motion recordings with magnitudes 4.5⇐M⇐7.0 and hypocentral distances
1⇐R⇐170 km. The selected records satisfied at least one of the following cri-
teria: (a) the earthquake had moment magnitude M ≥ 4.5, (b) The strong motion
record had peak ground acceleration PGA ≥ 0.05 g regardless of earthquake mag-
nitude or, (c) Records with PGA < 0.05 g should be accompanied by records with
PGA ≥ 0.05 g from the same earthquake.

The upgrade of the national network started in the late 1990s resulted in a high-
quality strong motion network with a dense spatial coverage in the broader Aegean
area. During the period of 2000–2008, a large number of events with magnitude
M ≥ 5 were recorded by the national strong motion network. In the following sec-
tions, the term “magnitude” will be used without any distinguish between different
M scales. In Fig. 6.6 the spatial distribution of earthquakes (grey circles), with
strong motion records included in the present study, is shown. The strong motion
dataset for the period 2000–2008 will be further enhanced with data from earth-
quakes with magnitude M > 5 that produced at least two strong motion recordings.
The final enhanced and updated dataset will be employed to derive new GMPEs for
the broader Aegean area.

The distribution of peak ground acceleration (PGA) of the currently processed
strong motion records as a function of magnitude M is shown in the left plot of
Fig. 6.7. The ordinates of the plot correspond to the gmroti50 of the horizontal
values of PGA as described in the work of Boore et al. [3]. The right plot depicts the
magnitude, M, distribution as a function of hypocentral distance. The black circles
correspond to data for the time period 1980–1999 and the grey squares correspond

Fig. 6.7 (Left) Distribution of Peak Ground Acceleration (in g units) as a function of magnitude M
and (Right) Distribution of magnitude M as a function of hypocentral distance. Data from HEAD
(before 2000) are denoted with the black circles while data after 2000 are shown with the grey
squares
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Fig. 6.8 Comparison of the Sea03 empirical prediction relation plotted for M5.25 (left) and M6.5
(right), normal fault and rock soil conditions, together with available strong motion data. Data
within the magnitude range of M5.1–M5.4 (left) and M6.3–M6.7 (right) are used, respectively.
Symbols and coloring are described in the figure legend

to data from 2000 to present. As it can be seen in Fig. 6.7, data after 2000 (processed
so far) improve the completeness, in terms of magnitude and hypocentral distances,
of the existing strong motion data set.

In Fig. 6.8 the Sea03 empirical prediction relation, plotted for magnitudes M5.25
(left) and M6.5 (right), for normal faults and rock soil condition is shown together
with PGA values of the horizontal components. Only data within the magnitude
range of M5.1–M5.4 are used in the left plot and M6.3–M6.7 in the right plot,
respectively.

Underestimation of observed values by the Sea03 prediction relation is evident.
This preliminary comparison shows that new GMPEs for crustal earthquakes should
be computed in order to describe more accurately the observed data. The func-
tional formulation of new GMPEs will be based on the formulations presented by
the authors of the NGA project. Thus, except for the distance measures used in
Sea03 (epicentral and hypocental), Rjb will also be used to describe the distance
dependence of the data. Various strong motion measures will be studied (PGA,
PGV, gmrotd50, gmroti50, etc) in order to define more accurate prediction rela-
tions. Furthermore, for the majority of the strong motion network stations, the VS30
measure will be used for site-classification.

Due to the subduction process taking place in the broader Aegean area (see
Fig. 6.1) intermediate depth earthquakes are also contributing to the high seismic-
ity of the area. The source properties as well as the effects of deeper structure of
this type of earthquakes are significantly different compared to the shallow crustal
earthquakes. Therefore different realizations of GMPEs should be used in order
to accurately predict the induced strong ground motions. In Fig. 6.9 a comparison
of the Sea03 GMPE with data from the 2006 Kythera (M6.7) intermediate depth
(D=67 km) event is shown, suggesting the need for derivation of new GMPEs for
intermediate depth earthquakes.
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Fig. 6.9 Comparison of the
Sea03 GMPE for shallow
earthquakes with observed
data from the 2006 Kythera
(M6.7) intermediate depth
earthquake (D=67 km)
(Figure modified from [11])

6.4 Conclusions

An updated strong motion record database is currently being prepared for the
broader Aegean area based on data from the national strong motion network
(ITSAK – NOA). This database is compiled using high-quality and efficiently pro-
cessed strong motion recordings as well as updated and more accurate metadata
information such as, source parameters (magnitude, fault plane solutions etc) and
site characterization (VS30 for most of the sites of the network). These data will form
the basis for the derivation of new ground motion prediction equations (GMPEs) for
the area of Greece encompassing the knowledge gained from the NGA project. The
uncorrected and processed strong motion data will be disseminated by ITSAK and
NOA-GI Website databases for engineering purposes.
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Chapter 7
Ground Motion Simulation Using the Hybrid
Empirical Method: Issues and Insights

K.W. Campbell

Abstract The widespread application of the hybrid empirical method (HEM) has
made it a viable approach for developing ground motion prediction equations
(GMPEs) in regions where there are few strong motion recordings but ample weak
motion data from small-to-moderate magnitude earthquakes. The HEM uses empir-
ical estimates of ground motion in a host region to provide estimates of ground
motion in a target region by taking into account differences in source, path, and
site effects between the two regions. Empirical ground motion estimates in the host
region are transferred to the target region using adjustment factors that are calcu-
lated from regionally constrained seismological models using stochastic simulation.
In this paper, I discuss the issues and demonstrate the epistemic uncertainty involved
in applying the HEM using an example application to eastern North America (ENA)
based on the Campbell-Bozorgnia NGA GMPE for western North America (WNA)
and updated seismological models for ENA.

7.1 Introduction

The number and use of ground motion prediction equations (GMPEs) for seis-
mic hazard studies in eastern North America (ENA) and other stable continental
regions (SCRs) throughout the world have progressed rapidly over the last decade.
As a result of the limited number of strong motion recordings in ENA and other
SCRs, these models have been developed using a variety of theoretical and semi-
theoretical methods (see history and summaries in [21, 23]). One method that has
gained increasing popularity during the last decade is the hybrid empirical method
(HEM), first introduced in the early 1980s by the author and later formalized by
Campbell [20, 21]. Of the seven ENA ground motion models that have been selected
for use in the 2008 update of the US national seismic hazard maps [38], two were
developed using the HEM [21, 22, 46]. Other recent applications of the HEM have
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been conducted by Atkinson [5] in ENA, Scherbaum et al. [43] in central Europe,
Atkinson [3] in the US Pacific Northwest, and Douglas et al. [31] in southern Spain
and southern Norway. Atkinson [5] refers to her method as the referenced empirical
approach, but considers it similar in concept to the HEM in that it makes use of an
empirical GMPE (GMPE) from an other region [17]. The difference is that it uses
empirical rather than theoretical regional adjustment factors.

In this paper, I demonstrate some of the issues involved in applying the HEM
using as an example application to the development of a set of hybrid empiri-
cal hard-rock ground motion estimates for ENA (HE-GMPE) that was initially
intended to serve as an update to the HE-GMPE developed by Campbell [21, 22].
This is the same application attempted by Campbell [23], except that the ground
motions are for hard-rock sites (VS30 = 2,000 m/s) rather than firm-rock sites
(VS30 = 760 m/s). It updates and extends a similar study by Campbell [24]. The
updated HE-GMPE incorporates a revised ENA seismological model that was devel-
oped from an expanded set of weak motion data [2, 8] and a revised E-GMPE that
was developed from an expanded set of strong motion data from western North
America (WNA) and other active tectonic regimes [27].

The tentatively revised HE-GMPE is shown to provide ground motion estimates
at moderate-to-large magnitudes that are similar to those predicted from the point-
source stochastic model at large distances and the finite-source stochastic model at
moderate-to-large distances when the same ENA seismological model is used to per-
form the ground motion simulations. However, as discussed later and confirmed by
Atkinson et al. [6] and Boore [15], I find that this agreement can only be achieved if
a larger stress drop then that used by Atkinson and Boore [8] is used with the point-
source stochastic model. Because of its reliance on a well-constrained E-GMPE,
the HE-GMPE offers an alternative, more empirically based, method for predicting
near-source ground motions from large-magnitude earthquakes in ENA and other
SCRs as long as the issues raised by Campbell [23, 24, 25] and augmented and
reinforced in this paper are adequately addressed.

7.2 Example Application to ENA

The five steps that are required to implement the HEM are (1) the selection of a
host and target region, (2) the calculation of empirical ground motion estimates in
the host region, (3) the calculation of regional adjustment factors between the target
and host regions, (4) the calculation of hybrid empirical ground motion estimates
in the target region, and (5) the development of a HE-GMPE for the target region.
I refer the reader to Campbell [21] for a detailed explanation of the mathematical
framework involved in applying these steps. For the current example application,
I selected the target region to be that area of ENA bounded on the west by the
Rocky Mountains and on the south by the Gulf Coast region of the US. I selected
the host region to be that area of WNA located west of the eastern front of the
Rocky Mountains. Because of the preliminary nature of this study, I did not execute
step 5 to formally develop a GMPE. Instead, I directly used the ground motion
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estimates from step 4. Nonetheless, I refer to these hybrid empirical estimates as if
they represent a HE-GMPE in the remainder of the paper as a matter of convenience.

7.2.1 WNA Empirical Ground Motion Estimates

The E-GMPE of Campbell and Bozorgnia [27] is used to derive the empirical
ground motion estimates in WNA. This model was developed as part of the Pacific
Earthquake Engineering Research Center (PEER) Next Generation Attenuation
(NGA) project [39]. Although most of the strong motion recordings used to develop
this E-GMPE are from California, there are many other recordings from other parts
of the western US and the world with tectonic characteristics similar to California.
The validity of using strong motion data from crustal earthquakes in these other
geographical regions has been verified for southern Europe and the Middle East
[26, 37, 45], Taiwan [34], Italy [42], and Iran [44]. The E-GMPE is used to pre-
dict the horizontal components of peak ground acceleration (PGA), peak ground
velocity (PGV), and acceleration response spectra (PSA) for periods ranging from
0.01 to 10 s. It is evaluated for moment magnitudes (M) ranging from 5.5 to 8.0
and earthquake rupture distances (RRUP) ranging from 1 to 70 km. The reason for
restricting the calculations to moderate-to-large magnitudes and near-source dis-
tances is explained later in the paper. The remaining dependent variables in the
E-GMPE are assigned values consistent with the WNA seismological model [23].

7.2.2 WNA-to-ENA Regional Adjustment Factors

Based on its success in modeling a wide range of ground motion parameters [13],
I use the stochastic method and a Brune omega-square single-corner point-source
(SCPS) source spectrum to calculate seismological estimates of ground motion. A
general discussion of the application of the stochastic method within the mathemati-
cal framework of the HEM is given by Campbell [21]. Campbell [23] found that the
stochastic model parameters for WNA did not require modification from those used
to develop the previous HE-GMPE [21, 22], after comparing stochastic simulations
with the Campbell-Bozorgnia NGA E-GMPE for moderate magnitudes and short
distances where finite-source and attenuation effects are negligible.

Seismological model parameters for ENA are updated based on the seismolog-
ical studies of Atkinson [2] and Atkinson and Boore [8]. These latter investigators
performed stochastic finite-source ground motion simulations for two different
generic site profiles: (1) a traditional ENA hard-rock profile (VS30 = 2,000 m/s) and
(2) a softer National Earthquake Hazard Reduction Program (NEHRP) BC (VS30
= 760 m/s) site profile [33]. Since I restricted the example application to hard-
rock site conditions, I use the hard-rock site profile for the ENA stochastic ground
motion simulations. There are three notable differences between the new ENA seis-
mological parameters used in the current example application and those used by
Campbell [21]: (1) the median stress drop is increased from 150 to 280 bars (see
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Table 7.1 Seismological parameters used in the stochastic simulations

Parameter WNA ENA

Source spectrum Brune ω-square SCPS Brune ω-square SCPS
S-velocity at source (km/s) 3.5 3.7
Density at source (gm/cc) 2.8 2.8
Stress drop (bars) 100 140, 280
Source duration (s) 1/f0 (f0 = corner frequency) 1/f0 (f0 = corner frequency)
Geometrical spreading r–1.0 (r < 40 km)

r–0.5 (r ≥ 40 km)
r–1.3 (r < 70 km)

r+0.2 (70 ≤ r < 140 km)
r–0.5 (r ≥ 140 km)

Path duration (s) 0.05r 0.0 (r < 10 km)
+0.16r (10 ≤ r < 70 km)
–0.03r (70 ≤ r < 130 km)
+0.04r (r ≥ 130 km)

Path attenuation (Q) 180 f 0.45 893 f 0.32 (1,000 minimum)
Site profile WNA generic rock ENA hard rock
Site amplification 1/4-wavelength method 1/4-wavelength method
Site attenuation, κ0 (s) 0.04 0.005

explanation below), (2) the exponent n in the near-source geometrical spreading
term rn is decreased from –1.0 to –1.3 for hypocentral distances less than 70 km,
and (3) the hard-rock crustal amplification at short periods is increased from a value
slightly over unity to 1.41 consistent with a reduction in surface shear-wave veloc-
ity from 2,800 to 2,000 m/s. The ENA and WNA seismological parameters used in
the stochastic simulations are summarized in Table 7.1. In this table, the site pro-
file and amplification factors for WNA generic rock (VS30 = 620 m/s) were taken
from Boore and Joyner [19] and those for ENA hard rock (VS30 = 2,000 m/s) were
taken from Atkinson and Boore [8]. The amplification factors are calculated using
the quarter-wavelength method described by Boore [13].

7.2.3 ENA Hybrid Empirical Ground Motion Estimates

I calculated the hybrid empirical ground motion estimates using the formulation
of Campbell [21], assuming, as recommended by Boore [13], that the hypocentral
distance used in the stochastic model (r) could be equated to the fault distance mea-
sure (RRUP) used in the E-GMPE for purposes of applying the regional adjustment
factors. An important limitation of the empirical and, therefore, the hybrid empiri-
cal ground motion estimates is their reduced reliability beyond 100 km. Consistent
with the approach taken by Campbell [21], I avoided this limitation by substituting
the hybrid empirical estimates with the ENA stochastic simulations for distances
beyond 70 km after adjusting the stochastic simulations to have the same amplitude
as the hybrid empirical estimates at a distance of 70 km. This is particularly an issue
for those E-GMPEs that do not have a realistic anelastic attenuation term.
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7.3 Application Issues

There are five important issues that were identified during the example application
to ENA that need to be addressed or resolved before an updated HE-GMPE can be
developed. I consider these issues to be generic to the application of the HEM in
any region. These issues are: (1) whether a Brune omega-square SCPS source spec-
trum is appropriate for estimating regional adjustment factors for large-magnitude
earthquakes, (2) what value of stress drop should be used for ENA earthquakes and
whether this stress drop is model dependent, (3) what rate of near-source spread-
ing is appropriate for ENA and WNA ground motions, (4) whether the E-GMPE
is valid at small magnitudes, and (5) whether the magnitude-saturation characteris-
tics of ground motion predicted by the E-GMPE at large magnitudes is applicable
to ENA. Until these issues are addressed satisfactorily, they represent a significant
source of epistemic uncertainty that will need to be accounted for in the development
of the HE-GMPE.

7.3.1 Source Spectrum

Tavakoli and Pezeshk [46] proposed that the use of a Brune SCPS source spec-
trum by Campbell [21, 22] caused his HE-GMPE to underestimate ground motion
amplitudes from near-source large-magnitude earthquakes in ENA. This conclusion
was based on published studies that found that the use of a double-corner point-
source (DCPS) source spectrum, or alternatively a SCPS source spectrum with a
stress drop that decreases with magnitude, together with a focal depth that increases
with magnitude was required to match a dataset of strong motion recordings from
moderate-to-large earthquakes in California [11]. These investigators also noted that
Atkinson and Boore [7] had proposed the use of a DCPS source spectrum to model
the source spectra of large earthquakes in ENA. This led these investigators to sug-
gest that using a DCPS source spectrum with the Campbell [21] HEM constituted
an improvement in the method.

Campbell [25] thoroughly reviewed this issue and concluded that it appears
that Tavakoli and Pezeshk [46] incorrectly used a magnitude-dependent stress drop
with the DCPS source spectrum in the parameterization of their WNA seismolog-
ical model. He also noted that, although their use of a DCPS source spectrum in
both ENA and WNA, aside from the stress drop issue, did not necessarily consti-
tute an error, there was considerable evidence in the literature to suggest that the
use of such a spectrum, or alternatively a SCPS source spectrum with magnitude
dependent stress drop in WNA, is only necessary when the SCPS stochastic method
is used to estimate absolute amplitudes of ground motion from large-magnitude
earthquakes. The HEM avoids this issue by using relative rather than absolute
amplitudes, which requires only that the source spectral shape be the same in the
host and target regions. Campbell [25] found that there is sufficient evidence to
suggest that source spectral shapes are the same (within observational uncertainty)
in ENA and WNA once differences in stress drop are taken into account, but this
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still remains a potential source of uncertainty. In response to Campbell’s comments,
Tavakoli and Pezeshk [47] defended their model without specifically addressing
his comments. I suggest that these investigators have not improved the HEM but
instead have actually overly complicated it, thus making it less transparent to the
user. Additional research will be needed to confirm this.

7.3.2 Stress Drop

Atkinson and Boore [8] used their updated set of ENA seismological parameters
along with the finite-source stochastic simulation program EXSIM [36] to infer a
median stress drop of 140 bars for eight instrumentally recorded events in ENA.
However, Campbell [23] found that using these same seismological parameters
(Table 7.1) with the SCPS stochastic simulation program SMSIM [14] required a
stress drop approximately double that in order to closely match the response spectral
results of Atkinson and Boore [8] (Fig. 7.1). Figure 7.1 shows that the same conclu-
sion can be drawn for the HE-GMPE at large magnitudes. The discrepancy between
the HE-GMPE and the stochastic model results at small magnitudes is discussed in a
subsequent section. The apparent need for a larger stress drop in SMSIM is critical,
since I propose that the SCPS stochastic model can be used with the HEM. A similar
discrepancy has been noted by Motazedian and Atkinson [36] and Assatourians [1].
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Fig. 7.2 Comparison of 5 Hz spectral acceleration estimates in ENA showing the impact of using
stress drops of 140 and 250 bars in SMSIM [6]. All other seismological parameters are from
Atkinson and Boore [8]

Atkinson et al. [6] studied the problem and concluded that a stress drop of 200
bars was required in SMSIM to match ground motion estimates from EXSIM using
a stress drop of 140 bars for M 5 and 7 events at a distance of 200 km. A lower
stress drop was required at shorter distances. Boore [15] concluded that the need for
different stress drops was largely due to differences in scaling relations assumed in
the two programs and that once these differences were corrected that the two pro-
grams predict similar response spectra for small magnitudes and large distances.
However, he found that there were still differences in predicted response spec-
tra at large magnitudes and large distances due to the different way that source
duration is calculated. Both of these latter two studies found that a stress drop of
around 250 bars was needed in SMSIM to approximately match the predictions
of Atkinson and Boore [8], confirming my earlier results that it was necessary to
approximately double stress drop in order to match the predictions from the GMPE
(Fig. 7.2).

Boore et al. [18] used the seismological model of Atkinson and Boore [8] with
SMSIM to determine the stress drops needed to fit the high-frequency response
spectra of eight well-recorded earthquakes in ENA. These are the same earth-
quakes that Atkinson and Boore [8] used to derive a stress drop of 140 bars with
EXSIM. Four different assumptions regarding spreading are used (Table 7.2). The
calculated stress drops using the same spreading as Atkinson and Boore [8] are
235 and 172 bars with and without the Saguenay earthquake, respectively. Other
attenuation models with less near-source spreading lead to significantly smaller
stress drops, indicating that stress drop is inexorably tied to assumptions regarding
spreading.
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Table 7.2 Estimates of stress drop in bars for eight well-recorded earthquakes in ENA

Stress Drop (without Saguenay) Stress Drop (with Saguenay)

Attenuation
Modela Mean Std. Dev.b Range Mean Std. Dev.b Range

A04 172 0.19 107–336 235 0.41 107–2,161
AB95 42 0.18 23–78 57 0.39 23–467
BA92 44 0.18 23–81 60 0.41 23–603
1/R 61 0.16 38–108 82 0.38 38–650

aA04, Atkinson [2]; AB95, Atkinson and Boore [7]; BA92, Boore and Atkinson [16]; 1/R,
hypothesized r–1 geometrical spreading of Boore et al. [18].
bStandard deviation in natural log units.

7.3.3 Near-Source Geometrical Spreading

Campbell [21, 22] used r–1.0 near-source geometrical spreading in both WNA and
ENA determined from regional seismological studies to develop regional adjustment
factors. As a result, the near-source ground motions predicted by this HE-GMPE
are consistently larger than those predicted by the WNA E-GMPEs. Atkinson [2],
using an expanded weak motion database, revised the ENA near-source geometrical
spreading to r–1.3. Campbell [23] found that this higher rate of attenuation leads to
the prediction of similar or lower ground motions in ENA than in WNA at near-
source distances using the seismological parameters listed in Table 7.1 with a stress
drop of 140 bars. Of course, as noted previously, the higher stress drop needed
in SMSIM to match predictions from EXSIM removes this inconsistency, but the
difference in near-source spreading is still noticeable.

Atkinson and Wald [12] show that MMI estimates from small-to-moderate earth-
quakes in the central and eastern US (CEUS) are one unit higher at distances less
than 30 km and 1.5 to 2 units higher at distances greater than 100–200 km compared
to earthquakes of similar magnitude in California. Interestingly, their overall regres-
sion results do not appear to support differences in near-source attenuation between
the two regions. These investigators conclude that the higher overall intensities in
CEUS are consistent with a higher stress drop and that any regional differences
in near-source attenuation are likely “obscured by other shape parameters in the
prediction equations”.

As noted previously, it is the relative difference and not the absolute values of
ground motion and, therefore, spreading in ENA and WNA that is important in
applying the HEM, a point overlooked by Tavakoli and Pezeshk [46, 47]. Therefore,
the issue is whether the regional difference in geometrical spreading in Table 7.1,
which is based on seismological studies in southern California [40] and southeastern
Canada and the northeastern US [2], is both scientifically justified and transferable
to other regions of WNA and ENA. In order to address this issue, Campbell [23]
reviewed the scientific literature to see if he could find other seismological stud-
ies that could either support or refute a difference in spreading between or within
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these two regions. He concluded from the diverse range of observed and theoretical
geometrical spreading functions available in the literature (primarily published and
unpublished studies by R. Herrmann and his colleagues, see [23]) that there are large
regional differences in spreading that are not easily quantified in terms of simple tec-
tonic environments, such as ENA and WNA. These studies show that near-source
spreading is a complicated function of focal mechanism and crustal structure as well
as other factors. The importance of crustal structure has also been noted by Douglas
et al. [30].

Since Campbell [23] performed his review, several additional seismological stud-
ies have become available that further show how spreading can vary significantly
within a given tectonic region. Zandieh and Pezeshk [48] found r–1.0 near-source
geometrical spreading in the New Madrid seismic zone from a study of small-to-
moderate earthquakes, confirming a similar result found by Samiezade-Yazd et al.
[41]. This result is significant considering that the New Madrid seismic zone is an
important source of hazard in the CEUS and that this result might imply a sim-
ilar rate of attenuation in other regions of the CEUS. Fatehi and Herrmann [32]
found near-source geometrical spreading that ranged from r–0.7 to r–1.5 for small-to-
moderate earthquakes in central and northern California and the Pacific Northwest.
Malagnini et al. [35], Atkinson and Morrison [10], and Chiou et al. [28] found
noticeable differences in spreading and stress drop between small-to-moderate
magnitude earthquakes in southern and northern California. Boore et al. [18]
demonstrate the relatively large impact that assumptions regarding spreading can
have on estimates of near-source ground motion and stress drop in ENA (Fig. 7.3).

Fig. 7.3 Differences in near-source attenuation for the 2005 Riviere du Loup earthquake inferred
from the geometrical spreading terms listed in Table 7.1. All other seismological parameters are
held constant except for stress drop, which is fit to match the response spectra data. Also shown
are the predictions from Atkinson and Boore [8]. Modified from Boore et al. [18]
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7.3.4 Small-Magnitude Scaling

Atkinson [4] and Atkinson and Morrison [10] compiled a set of small-magnitude
intensity (MMI) and ground motion data collected from the US. Geological Survey
“Did You Feel It?” and ShakeMap databases and compared them to the empiri-
cal ground motion predictions of the NGA E-GMPEs [39]. MMI was converted
to ground motion using the relationships between MMI and PGA, PGV, and PSA
of Atkinson and Kaka [9]. They found that there is a general attenuation discrep-
ancy between the MMI-based and the ShakeMap ground motion predictions and the
NGA E-GMPE ground motion predictions at small magnitudes (M < 5.5), with the
latter having less attenuation. Similar discrepancies at small magnitudes have been
observed in the NGA models by Chiou et al. [28] and in several of the European
E-GMPEs by Cotton et al. [29]. These latter investigators give a theoretical basis for
greater distance attenuation at small magnitudes. Atkinson and Morrison [10] sug-
gest that this attenuation discrepancy is likely a generic issue with GMPEs derived
from strong motion data.

I confirmed this discrepancy for the Campbell and Bozorgnia [27] NGA E-
GMPE used in the example application presented in this study, after comparing it
with the data compiled by Atkinson [4] and Atkinson and Morrison [10] (Fig. 7.4).
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The attenuation discrepancy suggests that the WNA empirical model predicts a near-
source attenuation rate that is too low compared to the small-magnitude MMI and
ShakeMap data. Atkinson [4] and Chiou et al. [28] suggest that an adjustment fac-
tor could be used to correct this discrepancy. Unless such a correction is made,
the HE-GMPE will overestimate ground motions at moderate-to-large distances.
Fortunately, all of these studies find that the attenuation discrepancy disappears at
the larger magnitudes of greatest engineering significance. This suggests that the
problem might be a bias in the way that strong motion recordings are selected for
processing, with small-to-moderate magnitude events with large ground motions
preferentially being selected because of their greater significance.

7.3.5 Large-Magnitude Scaling

One major assumption in the example application of the HEM that has not been
thoroughly validated is whether the magnitude-saturation characteristics predicted
by a WNA E-GMPE are directly transferable to ENA. The key issue is whether
the observed and modeled near-source saturation of ground motion and the possible
physical mechanisms that are used to explain this saturation can be expected to occur
in ENA as well as in WNA. This issue is closely related to the stress-drop issue noted
previously. The ENA finite-source stochastic simulations of Atkinson and Boore
[8] predict that near-source saturation occurs at a larger magnitude than the WNA
empirical model of Campbell and Bozorgnia [27] if a stress drop of 140 bars is
used in ENA. For a stress drop of 280 bars, the Atkinson-Boore and HE-GMPE
estimates derived in the example application in this paper are generally similar at
large magnitudes for distances greater than 10 km (Fig. 7.1).

Campbell [23] reviewed this issue and noted that there is a lack of understand-
ing on what physical mechanisms might lead to the ground motion saturation
observed for large earthquakes in active tectonic regimes and, therefore, whether
these mechanisms are also valid in stable tectonic regimes. He concluded from
these observations that, although the assumption that the magnitude saturation pre-
dicted by WNA E-GMPEs is transferable to ENA is a viable hypothesis, it is a
significant source of epistemic uncertainty and needs further study. Atkinson [5]
came to a similar conclusion, noting that “it may be that saturation effects not mod-
eled in the [finite-source] stochastic predictions, but inferred from observations in
other regions, cause overestimation of near-source amplitudes from large events in
Atkinson and Boore [8]”.

7.4 Conclusions

The widespread application of the HEM has made it a viable approach for devel-
oping GMPEs in regions where there are few strong motion recordings but ample
weak motion data from small-magnitude earthquakes. The method has been suc-
cessfully applied in ENA, the US Pacific Northwest, central Europe, southern Spain,
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and southern Norway. In this paper, I demonstrate the use of the HEM with an
example application that was initially intended to revise the HE-GMPE developed
by Campbell [21, 22] using an updated E-GMPE for WNA [27] and an updated
seismological model for ENA [2, 8]. This tentative revision identified several issues
that need to be addressed before a HE-GMPE can be reliably developed for ENA.
These issues are (1) whether a Brune omega-square SCPS source spectrum is appro-
priate for estimating regional adjustment factors for large-magnitude earthquakes,
(2) what value of stress drop should be used for ENA earthquakes and whether this
stress drop is model dependent, (3) what rate of near-source spreading should be
used for ENA and WNA stochastic ground motion simulations, (4) whether WNA E-
GMPE ground motion predictions are valid at small magnitudes, and (5) whether the
magnitude-saturation characteristics of ground motion at large magnitudes predicted
by WNA E-GMPEs is transferable to ENA.

The issues identified in this paper are generic to the application of the HEM
in any region and should be adequately addressed through careful study to ensure
that reliable estimates of ground motion are obtained. If these issues cannot be
adequately resolved, their epistemic uncertainty should be incorporated in the devel-
opment of the HE-GMPE. As I have shown in this paper, there has been some
progress made in addressing these issues, but much more work needs to be done.
Fortunately, these and other issues concerning the estimation of ground motion in
ENA are being addressed in a comprehensive PEER NGA-East project, which is
expected to be concluded in 2012. Until these issues are adequately resolved, they
will continue to be a significant source of epistemic uncertainty.
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Chapter 8
Record Processing in ITACA,
the New Italian Strong-Motion Database

R. Paolucci, F. Pacor, R. Puglia, G. Ameri, C. Cauzzi, and M. Massa

Abstract The development of the new Italian strong-motion database ITACA
(ITalian AC-celerometric Archive, http://itaca.mi.ingv.it) has been performed under
the funding of the National Department of Civil Protection (DPC) within Project
S4, in the framework of DPC-INGV 2007–2009 research agreement. This work
started from the alpha version of ITACA [11], where 2,182 3-component records
from 1,004 earthquakes, mainly recorded by the National Accelerometric Network,
RAN, operated by DPC, were processed and included in the database. Earthquake
metadata, recording station information and reports on the available geological-
geophysical information of 452 recording sites, corresponding to about 70% of the
total, were also included. Subsequently, ITACA has been updated and has reached
its final stage by the end of Project S4, around mid-2010, with additional features,
improved information about recording stations, and updated records, including the
Mw6.3 L’Aquila earthquake. All records were re-processed with respect to the alpha
version [12], with a special care to preserve information about late-triggered events
and to ensure compatibility of corrected records, i.e., that velocity and displacement
traces obtained by the first and second integral of the corrected acceleration should
not be affected by unrealistic trends. After a short introduction of ITACA and its
most relevant features and statistics, this paper mainly deals with the newly adopted
processing scheme, with reference to the problems encountered and the solutions
that have been devised.

8.1 Introduction

The development of the new Italian strong-motion database ITACA (ITalian
ACcelerometric Archive, http://itaca.mi.ingv.it) has been performed under the fund-
ing of the Italian Department of Civil Protection (DPC) within Project S4, in
the framework of DPC-INGV 2007–2009 research agreement. This Project has
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continued the activity originally developed by Project S6, within the previous
2004–2006 DPC-INGV agreement, in which the alpha version of ITACA was
originally developed [11].

The main goal of the S6 and S4 Projects has been to organize into a com-
prehensive, informative and reliable database (and related webtools) the wealth
of strong-motion records, obtained in Italy during the seismic events occurred
starting from the Ancona earthquake sequence in 1972, up to the L’Aquila 2009
sequence.

The published version 1.0 of ITACA includes several improvements and addi-
tional features, namely: – strong motion records from other local and/or temporary
networks, and from recent seismic events, in primis the April 6 2009 Mw6.3
L’Aquila earthquake and its main aftershocks; – updated reports, with an improved
format, on the available geological/geophysical information of recording stations,
including average HVSR from microtremors and earthquakes where available; –
identification of stations and records showing distinctive features, either due to geo-
logical/topographic irregularities or due to seismic source effects; – online tools for
selection of spectrum-compatible records.

To date, ITACA contains 3,955 three-component waveforms: 3,562 of them were
recorded during 1,802 earthquakes starting from the Mw4.7 Ancona earthquake, up
to the Mw5.4 2008 Parma (Northern Italy) and the Mw6.3 2009 L’Aquila (Central
Italy) earthquakes and related Mw > 4 aftershocks. The introduction of records from
minor earthquakes from 2008 to present has not been completed yet.

The recordings mainly come from the National Accelerometric Network (RAN,
Rete Accelerometrica Nazionale), now operated by DPC. RAN presently consists
of 334 free-field digital stations and 84 analogue stations, the replacement of which
with digital instruments is currently in progress. The goal is to achieve a final
configuration of more than 500 digital stations installed throughout the Italian
territory, with an average inter-station spatial distance of about 20–30 km in the
most seismically active regions of Italy (Gorini et al., 2010). Further records are
provided by the Strong Motion Network of Northern Italy (Rete Accelerometrica
dell’Italia Settentrionale, RAIS http://rais.mi.ingv.it, [4]), consisting of digital
instruments, installed around the Garda lake area, and by sparse stations (ana-
logue and digital) operated by ENEA (Ente per le Nuove tecnologie, l’Energia
e l’Ambiente (Italian energy and environment organization)), over the time span
1972–2004. In addition to these, waveforms recorded during the L’Aquila seis-
mic sequence by the accelerometer installed on the very broad band AQU station
(http://mednet.rm.ingv.it) are also present.

All ITACA records were re-processed with respect to the alpha version [11],
with a special care to preserve information about late-triggered events and to ensure
compatibility of corrected records, i.e., velocity and displacement traces obtained
by the first and second integral of the corrected acceleration should not be affected
by unrealistic trends.

This paper mainly deals with the newly adopted processing scheme, with
reference to the problems encountered and the solutions that have been devised.
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8.2 Characteristics of the ITACA Dataset

Figures 8.1 and 8.2 summarize the main characteristics of the ITACA dataset in
terms of focal parameters and distance ranges. As shown in Fig. 8.1, magnitude
(either Mw or ML) ranges from 2 to 6.9 with the best sampled distance interval from
5 to 100 km. The epicentral distance (Repi), for M < 5.5 events, and the Joyner-
Boore distance (Rjb) for stronger earthquakes are considered, based on the fault
geometry data available in the DISS database [5, 8]. Nine 3-component records
with epicentral distance Repi ≤ 10 km are available in the range 5.9 ≤ Mw ≤ 6.3
(5 from the L’Aquila earthquake, 3 from the Friuli aftershocks of September 1976,
and 1 from the Umbria-Marche September 1997 mainshock). The strongest events
in ITACA, i.e., the Mw 6.4 May 6 1976 Friuli and the Mw 6.9 November 23 1980
Irpinia earthquakes, were recorded at Repi > 10 km.

0.1 1 10 100
distance [km]

2

4

6

M
w

 (o
r 

M
l)

 

Fig. 8.1 Magnitude vs.
distance (either Joyner-Boore
for M > 5.5 or epicentral
distance otherwise)
distributions for the ITACA
dataset. The records are
grouped by focal mechanism
(red: normal; gray: reverse,
black: strike, blue: unknown)
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Fig. 8.2 Distribution of ITACA records plotted as a function (left) Magnitude; (middle) focal
mechanism (1: normal; 2: reverse, 3: strike, 4: unknown); (right) focal depth
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Distributions of records as a function of magnitude, focal depth and focal
mechanism are plotted in Fig. 8.2. Most events with magnitude less than 4 have
unknown focal mechanisms. For the strongest earthquakes, the focal mechanisms
were assigned following the classification of Zoback [14], as described in Luzi
et al. [11]. Among the strongest earthquakes, most of them were caused by normal
faults in Central and Southern Apennines (namely, the Irpinia, Umbria-Marche and
L’Aquila earthquakes), with focal depths less than 10 km. Earthquakes in NE Italy,
including the Friuli seismic sequence, and in the Northern Apennines, are deeper
and mainly characterized by a compressional tectonic regime. Finally, strike-slip
events mainly occurred in Southern Italy, including the Mw 5.7 October 31 2002
Molise earthquake, at focal depths generally between 20 and 30 km.

As a whole, waveforms collected in ITACA were recorded by 665 strong-motion
stations. Among these stations, 287 are presently not in operation, since they were
either part of temporary networks or equipped with old analogue instruments, which
were removed.

Station metadata were included in ITACA after collection of pre-existing data
and field investigations performed during the S6 project and the ongoing S4 project.
Geophysical and geotechnical information at the ITACA recording stations is avail-
able at different levels: from the simple geological description up to a complete
geotechnical site characterization, including stratigraphic logs, VS (S-wave) and
VP (P-wave) velocity profiles, dispersion curves, fundamental frequencies, site
response functions, noise measurements etc. For most sites, based on strong and
weak motions and noise measurements, it was possible to apply spectral ratio tech-
niques, mainly Horizontal to Vertical (HVSR) and, in few cases, Standard Spectral
Ratio (SSR), when a nearby reference station was available.

All ITACA stations are classified according to the EC8 [7] site classes, i.e., class
A: VS30 800 m/s, class B: VS30=360–800 m/s, class C: VS30 = 180–360 m/s, class
D: VS30 <180 m/s and class E: 5–20 m of C – or D-type alluvium underlain by stiffer
material with VS > 800 m/s. However, since VS30 will be available only for about
100 stations at the end of Project S4, it was decided to denote by a star (∗) those
stations that were classified only based on the geological/geophysical information
available (S4 project – http://esse4.mi.ingv.it – Deliverable D4, 2009), but not on
a direct measurement of VS30. Among stations with VS30 available at present, 8%
were classified as A, 42% B, 27% C, 2% D and 21% E.

The distributions of peak ground acceleration (PGA) and velocity (PGV) values
reflect the event-distance distribution (Fig. 8.3). With the exception of the L’Aquila
seismic sequence, most records with largest peaks are from analogue instruments.
A total of 360 waveforms (about 20% of the total) have PGA > 50 cm/s2 while
160 recordings (about 10% of the total) have PGV > 5 cm/s. In both cases the
maximum of two horizontal components was considered. PGA values exceeding
400 cm/s2 were recorded at stations in the epicentral area, during the L’Aquila,
Umbria Marche and Friuli earthquakes. The 1980 Irpinia earthquake generated the
largest PGV (70 cm/s) at Sturno station (STR).
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Fig. 8.3 Distribution with time of maximum horizontal PGA (top) and PGV (bottom) of ITACA
records. The blue symbols represent values recorded at rock site (class A); the red ones at all the
other site classes

8.3 Record Processing

The problem of defining a procedure to process acceleration time series recorded
by analogue and digital instruments has been tackled since the first appearance of
ITACA database. The proposed correction scheme involves the processing of ana-
logue and digital records in different ways, with particular attention to the treatment
of analogue data, as most of the strongest Italian events were recorded by analogue
instruments.

The main steps of the processing procedure are described in Massa et al. [12]
and involve: mean removal, baseline correction, instrument correction (for ana-
logue data), band-pass filtering (with acausal filters) and integration of the processed
acceleration in order to obtain velocity and displacement waveforms. This scheme
was applied to each individual record, with the aim of preserving the low frequency
content of the signals. Although the ITACA waveforms were treated by follow-
ing the worldwide accepted techniques that aim to remove low and high frequency
noise, the compatibility among acceleration, velocity and displacement was not
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guaranteed in the alpha version of ITACA. Within the revision activities to pub-
lish the beta version of the database, several points have been addressed, dealing
with the quality and reliability of corrected records, namely:

– to check the accuracy and reliability of the frequency range of the corrected
records and compare them with the corresponding records available in other
international databases, such as PEER and European Strong Motion Database
(ESMDB);

– to ensure the compatibility of corrected accelerograms, so that no further correc-
tion is required to obtain the velocity and displacement traces by single and double
integration, respectively;

– to identify the late-triggered records, typically on the S-phase, that form a large
portion of analogue records from small-to-medium magnitude earthquakes.

Based on the above discussions a novel procedure for processing the ITACA
strong-motion records has been devised, with the objectives of providing a rational
solution to the previous problems and of being robust as well as reliable enough to be
effectively used for reprocessing of all the ITACA records, including the most recent
ones from the Parma (December 2008) and L’Aquila (April 2009) earthquakes.

8.3.1 ITACA Processing Scheme

The diagram block of the new procedure is illustrated in Fig. 8.4. Its basic steps are
the followings:

– baseline correction (constant de-trending);
– application of a cosine taper, based on the visual inspection of the record (typically

between 2% and 5% of the total record length); records identified as late-triggered
are not tapered;

– visual inspection of the Fourier spectrum to select the band-pass frequency range;
whenever feasible, the same range is selected for the 3-components;

– application of a 2nd order two-passes time-domain acausal Butterworth filter to
the acceleration time-series;

– double-integration to obtain displacement time series;
– linear de-trending of displacement;
– double-differentiation to get the corrected acceleration.

Note that zero-pads are added at the beginning and end of the signal before the
acausal filter is applied [6]. However, this may pose several problems when using
the corrected accelerograms, especially for engineering applications. As a matter of
fact, very long initial zero-pads would most likely be removed by those end-users
who are interested in using the waveforms for time-consuming non-linear time his-
tory analyses of dynamic response of soils and structures. As a consequence, the
numerical simulations may start from non-zero initial conditions and present spuri-
ous trends in terms of input velocity and displacement, with the risk to compromise
the reliability of results. To overcome this problem, it was decided to re-establish
after filtering the original initial time-scale, whenever feasible. This is done by
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Fig. 8.4 ITACA data processing scheme
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removing the zero-pads and by ensuring that the subsequent tapering of velocity
and displacement will produce time histories starting from zero initial conditions.
Otherwise, if tapering is not sufficient for this purpose, the initial zero-pads are
retained. For late-triggered records, no taper is applied and zero-pads are kept.

The linear de-trending of displacement traces, and subsequent differentiation to
obtain the corrected accelerations, ensures the compatibility of all corrected records,
in the sense that the integration and double integration of the corrected accelero-
grams produce velocity and displacement time series with zero initial conditions
and without unrealistic trends.

8.3.2 Comparison with Records from Other Sources

Three sources have been considered that contain the most important records from
Italy, namely ITACA itself, the European Strong Motion Database (ESMDB,
http://www.isesd.cv.ic.ac.uk/ESD/frameset.htm) and the PEER Strong motion
database (PEER, http://peer.berkeley.edu/smcat). Only for L’Aquila 2009 earth-
quake the source external to ITACA was the CESMD (Center for Engineering
Strong Motion Data, http://www.strongmotioncenter.org).

To clarify the major reasons of difference among records from various sources,
Fig. 8.5 shows a comparison for the San Rocco record, NS component, of the

Fig. 8.5 Comparison of San
Rocco corrected record, NS
component, from the Mw6.1
Friuli aftershock of Sep 15
1976, 03:15 GMT, as
available from ITACA,
ESMDB and PEER
databases. From top to
bottom: corrected
acceleration, velocity,
displacement, spectral
displacement and spectral
acceleration
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Mw6.1 Friuli aftershock of September 15 1976 (03:15 GMT). In this case, PEER
and ITACA records are similar, with similar high-pass (HP) filter corners (0.1 and
0.15 Hz, respectively). None of these records have zero-pads at the beginning, but
the tapering allows one to obtain compatible velocity and displacement time series.

On the other hand, the ESMDB record is not tapered, it is HP filtered at 0.45 Hz
and keeps zero-pads at the beginning (not shown in the plot). If zero-pads were
removed to re-establish the original time scale, the displacement would be affected
by a trend.

As a second example, Fig. 8.6 illustrates the comparison of the corrected Bagnoli
NS record of the Mw6.9 Irpinia earthquake in 1980. In this case, the HP corner

Fig. 8.6 As Fig. 8.5, for the NS component of Bagnoli corrected record, from the Mw6.9 Irpinia
earthquake, 1980
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frequency of corrected records are similar (0.1 Hz for both ITACA and PEER
and 0.15 Hz for the ESMDB), but the PEER velocity and displacement traces are
different from the other two.

Such a difference could be due to causal filtering of the record, affecting the phase
of the signal. ITACA and ESMDB time series, both processed by acausal filter, are
quite similar in this case, although the ESMDB record has zero pads at beginning
that are not shown in the plot.

As a further example, Fig. 8.7 illustrates a case of corrected ground motion from
digital records. Reference is made to the NS component of the AQV record of
the Mw6.3 L’Aquila earthquake and the alternative source is the CESMD. In this
case the HP frequency is 0.1 Hz for ITACA and 0.05 Hz for CESMD. The differ-
ence in the HP frequency is the reason of the clearer evidence of the acausal filter
transient in the CESMD displacement trace. To avoid the onset of such spurious
transients in the displacement waveforms from acausal high-pass filtering and to
recover reliable permanent displacements from double integration of accelerations,
records of L’Aquila were also processed using a baseline correction technique that

Fig. 8.7 As Fig. 8.5, for the AQV corrected record, NS component, from the Mw6.3 L’Aquila
earthquake, 2009. Superimposed is the record corrected with a piecewise baseline on velocity to
retrieve permanent displacements
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consists of least-squares fitting the velocity time histories by three consecutive line
segments, and subsequently removing these trends from the velocity time histories
[1]. The resulting permanent displacements were found to be consistent with the
GPS and INSAR findings (Anzidei et al., [2]; Atzori et al., [3]). Note that long
period response spectral ordinates are practically unchanged using the three differ-
ent processing techniques, confirming the findings by Paolucci et al. [13] regarding
the reliability of long period response spectral ordinates from digital accelerograms.

Due to the space limitations of the paper, instead of documenting similar com-
parisons on a much larger set of records, we summarize here the most significant
outcomes of such comparisons:

– for digital records, results of ITACA, PEER, ESMDB and CESMD processing are
similar;

– for analogue records, ITACA and ESMDB provide similar results except for (i) a
more conservative selection of the ESMDB band-pass frequency range in several
cases, (ii) tapering on a longer portion of records in ITACA and (iii) the retention
of zero-pads in the ESMDB records;

– ITACA and PEER analogue records practically coincide whenever the PEER
records are processed by acausal filters.

8.3.3 Processing of Late-Triggered Records

A significant portion of analogue strong-motion records of ITACA consists of
accelerograms triggered by the S-phase arrival (late-triggered records). Processing
such records faces several major difficulties, especially because tapering of the ini-
tial part of the signal would inevitably cancel out some important portions of the
signal itself. In the new version of ITACA, late-triggered records are identified
by a specific field, so that the end-user may decide to query the database without
considering such records.

To support the identification of late-triggered (LT) records in the processing
stage, a criterion was introduced based on the cumulated Arias intensity function,
I(t). For this purpose, each record is subdivided into three portions, as shown in
Fig. 8.8, where D1 is the time between the starting of the record and the time t05
for which I(t05)=0.05, and D2 = t95–t05, where I(t95)=0.95. It was found that most
of the LT records in ITACA could be identified by the condition D1/D2 < 0.05,
although visual inspection of the records is always required.

Once the LT record has been identified, the procedure for correction is similar to
the one for NT records, except for the following:

– the initial part of the record is not tapered;
– the zero-pads are always retained.

We can gain an interesting insight about the quality of LT records, by considering
two co-located stations in Nocera Umbra, an analogue one (denoted by NCR in
ITACA) and a digital one (denoted by NCR2). Table 8.1 lists the events for which
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Fig. 8.8 Two analogue records from the same station NCR, identified as late-triggered (LT, left)
and normally-triggered (NT, right)

both digital and analogue records are available, as well as the corresponding D1/D2
ratios and the Nd(0–0.5 s) parameter between the NCR and NCR2 response spectra
normalized by NCR2. The latter parameter (Nd) measures the average difference of
the response spectral ordinates in the 0–0.5 s period range. Therefore, Nd=0 means

Table 8.1 List of events and parameters associated to analogue records at NCR station

D1/D2 Nd (0–0.5 s)

ID Mw ML NS EW NS EW Class. rec.

19971003_074404 2.7 0.030 0.019 0.55 0.25 LT
19971003_121624 2.9 0.003 0.006 0.81 0.42 LT
19971003_124844 3.1 0.011 0.017 0.56 0.39 LT
19971007_012434 4.2 4.1 0.005 0.108 0.02 0.17 LT
19971007_050956 4.5 4.3 0.036 0.028 0.68 0.49 LT
19971012_110836 5.2 5.1 0.024 0.031 0.16 0.10 LT
19971014_075405 3.3 0.008 0.011 0.42 0.01 LT
19971014_152309 5.6 5.5 0.059 0.099 0.10 0.06 LT
19971108_153153 4.1 0.014 0.034 0.85 1.32 LT
19980405_155221 4.8 4.5 0.059 0.050 0.05 0.07 LT
19971002_105956 4.7 4.1 0.073 0.082 0.12 0.07 NT
19971003_085522 5.2 5.0 0.170 0.164 0.09 0.10 NT
19971006_232453 5.4 5.4 0.346 0.398 0.07 0.09 NT
19971011_032057 3.7 1.163 0.526 0.12 0.04 NT
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Fig. 8.9 Analogue (NCR) and digital (NCR2) corrected accelerograms of event
19971014_075405 (NS component in Table 8.1)

Fig. 8.10 Same as Fig. 8.9 for the NS component of event 19980405_155221

that the analogue and digital spectra coincide, while Nd=1 means that the average
difference is 100%.

Examples of the corrected LT records at NCR, with the corresponding digital
co-located records of NCR2 and the corresponding 5% damped response spectra of
acceleration are shown in Fig. 8.9 and Fig. 8.10. It is clear that the case plotted in
Fig. 8.9 illustrates a very poor quality record (Nd = 0.47, according to Table 8.1),
while the corrected analogue accelerogram in Fig. 8.10 (Nd = 0.05) approaches the
spectral ordinates of the digital record and can be considered usable for engineering
applications.

Another interesting illustration about the quality of the LT records and their rela-
tionship with the proposed parameter D1/D2 is shown in Fig. 8.11 that shows the
plot of Nd vs. D1/D2. This plot suggests that the proposed rule-of-thumb D1/D2 <
0.05 to identify LT records is rather satisfactory, but it is difficult to use the same
parameter D1/D2 to discriminate between “good” and “poor” quality LT records. A
similar conclusion was drawn by Douglas [9], when considering a similar criterion
to check the quality of LT records, based on the bracketed duration for acceleration
values larger than 0.005 g.
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Fig. 8.11 Variation of the index Nd(0–0.5 s) as a function of the ratio D1/D2 for the records of
NCR station

8.4 Conclusions

A notable effort has been made in the recent years to collect and organize in a sin-
gle, informative and reliable Italian strong-motion database by the joint cooperation
of the Italian Department of Civil Protection, the Istituto Nazionale di Geofisica e
Vulcanologia, and several University research groups. The ITalian ACelerometric
Archive ITACA contains most of the strong motion accelerograms recorded in Italy
since 1972. The published version 1.0 of ITACA has been released in June 2010 at
the end of Project S4.

The quality and the level of station and event metadata were appreciated by many
researchers and professionals who accessed ITACA after the L’Aquila earthquake,
as well as the rapid response of ITACA for collecting, processing and disseminating
the data of this earthquake from Italian networks.

Among different topics addressed in Project S4 to improve ITACA, this paper
illustrated the main issues that were faced to provide reliable corrected accelero-
grams from a large set of records with a wide variation in quality and amplitude that
are usable both for the engineering and research communities.
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Chapter 9
The European-Mediterranean Distributed
Accelerometric Data-Base

A. Roca, P. Guéguen, S. Godey, X. Goula, T. Susagna, C. Péquegnat,
C.S. Oliveira, J. Clinton, C. Pappaioanou, and C. Zülfikar

Abstract We created an archive for European acceleration data, based on dis-
tributed database of accelerogram waveforms, accessed through the new European
Earthquake Data Portal (www.seismicportal.eu). Data are open to the scientific and
engineering community. Currently the 6 core partners contribute data from 1,379
earthquakes with magnitudes ranging from M1.0 to M7.4. Strong Motion Data
are available with epicentral distances up to 1,000 km. Additionally, agencies are
encouraged to contribute data. Waveforms included in the database are uniformly
processed to create a set of engineering parameters that are used to search the
database. In addition to the database, we compiled a survey of the existing accelero-
metric stations in the Euro-Mediterranean region. We expect this platform to be the
basis for growing sharing of European Strong Motion Data in an open environment,
in as near to real-time as is possible from network operators.

9.1 Introduction

In Europe, strong motion earthquake waveforms are made available by numerous
individual European networks [6, 12, 16, 17, 21, 24, 25] and from independently
created international compilations [1, 2, 8]. In the absence of a general strong motion
archive for all European strong motion data, the NERIES project [19] included the
initiative to create a distributed database for accelerometric waveforms in order to
provide waveforms to the scientific and engineering communities, similar to what
is available from the existing major strong motion distributors (e.g. COSMOS [3],
K-Net [13] and CWB of Taiwan [23]). The infrastructure described in this paper is
the result of this initiative.

The Strong Motion Networks who constitute the core implementation group are:
Institut Geològic de Catalunya, IGC; Instituto Superior Técnico, IST; Laboratoire
de Geóphysique Interne et Tectonophysique, LGIT; Kandilli Observatory and

A. Roca (B)
Institut Geològic de Catalunya, Barcelona, Spain
e-mail: aroca@igc.cat

115S. Akkar et al. (eds.), Earthquake Data in Engineering Seismology, Geotechnical,
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C© Springer Science+Business Media B.V. 2011



116 A. Roca et al.

Earthquake Research Institute, KOERI; Institute of Engineering Seismology and
Earthquake Engineering, ITSAK; and the Swiss Federal Institute of Technology,
ETHZ.

The group first compiled a survey of the existing accelerometric stations in the
Euro-Mediterranean region, which included a detailed description of the recording
sensor and datalogger and any existing site response information (geotechnical and
site type e.g. free-field or building installation).

A strong motion processing software was developed such that key strong motion
parameters can be determined uniformly for all waveforms. The core group runs
a wide variety of networks operating in very different tectonic regimes so wave-
form quality and event sizes are very different. This means our software tool
needs to be flexible enough to process both weak motions as well as the strong
ground motions. We compute well known engineering parameters including peak
amplitudes, spectral values and duration and ground motion intensity estimates.

These computed parameters are linked to the event information (including
epicentral distance of the recording), and associated with the global EMSC iden-
tifier. All this information is searchable via the European Earthquake Data Portal
(www.seismicportal.eu), where selected data can be accessed in a variety of standard
seismological and engineering formats (ASCII, SEED and SAC).

There are over 25,000 recordings from events ranging from M1.0 to M7.4
recorded at epicentral distances varying less than 1 km and up to 1,000 km. All
data are recorded by digital instrumentation and they span a period range between
1995 and 2009. They are made available on the aforementioned web site starting
from December 2009.

9.2 State of Strong Motion Instrumentation
in European-Mediterranean Region

In the period 2006–2008 we conducted an exhaustive survey of existing accelero-
metric infrastructure in the European Mediterranean region in order to obtain an
overview of accelerometer sensor density and quality across the region. In addi-
tion to producing a comprehensive inventory of strong motion network architecture
we also compiled information on operational procedures. Individual station meta-
data includes geographic location, location type (e.g. free-field, inside buildings, on
dams), soil conditions (preferably EuroCode classification or VS30 – the average
shear wave velocity over the top 30 m) and instrument technical characteristics.

This survey identified a total of 51 networks that operate strong motion stations
in the Euro-Mediterranean region. Those networks are distributed across 39 coun-
tries spanning from Yemen to Norway. By April 2008 we determined a total of
3,695 stations under operation in the Euro-Mediterranean region, of which 78%
were reported to be digital instruments. The 6 agencies that comprise of the core
development group compiling this European database operate 498 stations. From
the total number of operational stations, 52% are reported to be installed in build-
ings and 38% are deployed in the free-field; 86% of the instruments that are installed
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Fig. 9.1 Distribution of accelerometric stations in Euro-mediterranean region (April 2008).
Stations in red contribute to this database

in buildings are located at the basement level. The distribution of accelerometric
stations in the European-Mediterranean region is presented in Fig. 9.1.

9.3 Standard Processing Procedures: Parameter
Definition and Software Description

In addition to the acceleration time series, earthquake engineers typically use var-
ious simplified waveform parameters that allow the characterisation of ground
motions for use in the analysis of the expected structural response against earth-
quakes. Therefore, our strong motion database not only provides the raw accelero-
grams, but also typical engineering parameters, such as the response spectrum. In
our website, queries on these parameters are used to find appropriate earthquake
events and records in the dataset. To ensure consistency across the various data
sets it is important to process all records in a homogeneous way. Therefore, a stan-
dard computation procedure was developed [18] and used by all the contributing
accelerometer networks. A simplified flowchart of this process is shown in Fig. 9.2.

Each of the computed engineering parameters [7, 15], and some key steps in the
computation process are summarised below:

– Raw acceleration, a(t): acceleration time-history, in cm/s2, base-line corrected
by approximation straight line fitted by the least squares (i.e. the linear trend is
removed).
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Fig. 9.2 Flowchart for the
data processing to obtain
accelerogram parameters for
the European distributed
database

– Raw PGA: Peak Ground Acceleration, in cm/s2, from raw acceleration record a(t).
– High-pass filter (acausal): a 2 pole, 2 pass Butterworth IIR high-pass filter, with

constant cut-off frequency of 0.1 Hz. This value was selected as a compromise
reflecting the wide variety of instrument types (in terms of frequency response and
dynamic resolution) operated by the networks. Acausal filtering was selected in
order to avoid phase distortion. Zero padding is introduced to avoid low frequency
distortion, with zero length equivalent to 5% of the duration applied at both the
beginning and at the end of signal [5]. No tapering is applied.

– Filtered acceleration: acceleration time-history obtained after the application of
high pass filter.

– PGA: Peak Ground Acceleration, in cm/s2, from filtered record. It is directly
obtained from the maximum absolute value of the filtered acceleration time-
history.

– AI: Arias Intensity [4], in cm/s. It is a specific function related to the energy
content, calculated as:

AI = π

2·g
∞∫

0

a2(t)dt

– TD: Trifunac duration is the time interval, in seconds, between the 5 and 95% of
the Husid function [11]:

Husid(t) =

t∫
0

a2(t)dt

∞∫
0

a2(t)dt
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– CAV: Cumulative Absolute Velocity, in cm/s. It is the area under the abso-
lute accelerograms and has been found to correlate well with structural damage
potential [14], computed according to the expression:

CAV =
∞∫

0

|a(t)| dt

– PSV (5%): Pseudo-Velocity Response Spectrum, in cm/s, computed for 28
logarithmically spaced frequencies from 0.15 to 39 Hz.

– HI: Housner intensity [10] or response spectrum intensity, in cm. This is the
time integral of a 5% damped PSV calculated between 0.1 and 2.5 s, and gives
a measure of the damage potential of the accelerogram for typical engineered
structures.

IHousner (ξ) =
2,5∫

0,1

PSV(ξ , T)dT , with ξ = 5%

– Integration: the trapezoidal method (time domain) was used to obtain velocity and
displacement time-histories.

– Velocity time history (cm/s): integration of the filtered acceleration time-
history.

– PGV: Peak Ground Velocity, in cm/s. It is directly obtained from the maximum
absolute value of the calculated velocity time-history, v(t).

– Displacement time history (cm): integrated velocity time history.

Note that the cut-off filtering frequency is constant for all the records, irrespective
of amplitude, duration or frequency content, in order to ensure homogeneous and
transparent data processing. As earthquake records from small earthquakes often
do not contain signal above the microseismic peaks or the long period site/sensor
noise floor, it was decided that the peak ground displacement (PGD) should not be
included as a parameter. Records from larger earthquakes, which do contain seismic
signals at long periods, would require a variable filter, possibly beyond 10 s, to
produce correct displacement estimates. So, it is beyond the scope of this project to
compute automatically PGD.

The processing software program was written in Matlab R© and can be download
from the European Earthquake Data Portal (www.seismicportal.eu). A snapshot of a
processed record, using the visualization module of the software is shown in Fig. 9.3
to process large datasets the program can be run in batch mode.

Prior to running the software on the records, the contributor is required to set
up a summary table documenting key parameters of each of the records to be pro-
cessed, including information that associate the record to a universal earthquake ID.
In practice, we use the UNID EMSC identifier [9], and simple tools are available to
link approximate event origin times and locations with the relevant UNID.
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Fig. 9.3 The software visualization tool for examining processed records

Table 9.1 Number of accelerometric records (as of December 2009) by agency, dates, magnitude
range and epicentral distance

Agency Dates # of events Mag.
Epicentral distance
(km) # of records

IST 1996–2006 238 2.1–5.9 1–490 1, 158
IGC 1996–2008 71 1.0–5.2 3–240 345
LGIT 1995–2007 378 3.0–6.8 1–863 5, 253
KOERI 1999 Izmit

sequence
7 5.2–7.4 13–273 369

ETHZ 2003–2009 286 2.5–5.5 0–495 15, 536
ITSAK 2003–2008 399 2.8–6.9 2–697 2, 379
Total 1995–2009 1, 379 1.0–7.4 0–863 25, 040

9.4 Assembled Core Contributor Dataset

The datasets contributing to the distributed European database by the core imple-
mentation group are summarised in Table 9.1. By the end of 2009, a total of 25,040
single component records from 1,374 different events were processed.

The dataset includes records spanning a wide range of event sizes, recorded
essentially at epicentral distances between 0 and 200 km and from several different
tectonic settings. Consequently they can be considered as a representative sample
of the Euro-Mediterranean Region. The type of the dataset is illustrated in Fig. 9.4,
where the peak ground acceleration from only RAP (LGIT) and ITSAK accelero-
grams recording events with magnitudes between M4-5 are plotted versus epicentral
distance [20]. One can note the consistency in terms of PGA between the two agen-
cies that provided data to this database. Another observation is that the recording
threshold of instruments from ITSAK is much higher than those from RAP.
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Fig. 9.4 PGA values corresponding to a range of magnitudes between 4 and 5, recorded by LGIT
and ITSAK plotted versus epicentral distance

Better understanding of the characteristics of the datasets may be obtained when
we consider the data that are based on regions with similar tectonic sources. Oliveira
et al. [20] perform such an investigation on our dataset and include uncertainty data
analysis, influence of magnitude and distance in spectral shapes, and the correla-
tions between the calculated Engineering parameters. As this database is extended
to include datasets from other regional agencies the additional information will aid
future analysis of European-Mediterranean strong motion data.

9.5 Technical Description of the Database

The European-Mediterranean database structure and data server architecture are ini-
tially based on the experience of the French Accelerometric database [21]. Structure
and formats of the tables are fully described in the companion article in this
publication [22].

Specifications of protocols and formats for waveforms access were agreed
and defined by the core implementation group. Though the data server is not
visible to the data user, it is essential for collecting, processing and storing
the data and information that allows data dissemination through the Earthquake
Portal.

In order to encourage the dissemination of the data to a larger community, it was
decided that the strong motion datasets available on the Earthquake Portal would be
available in a variety of standard formats: engineering seismology standard formats
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Fig. 9.5 Summary of distributed database architecture. Note relationship between the three nodes
of the system – the accelerometric data explorer, the data providers and the data server [22]

(ASCII) and seismology standard formats (SEED, SAC). To provide this function-
ality and also to ensure that data are primarily stored on the local server of each
agency, the data server architecture (Fig. 9.5) was defined to support and connect 3
separate systems (i) the data provider (i.e. the individual accelerometric networks)
who remain in control of their data and metadata by maintaining and archiving the
basic waveform data; (ii) portal access to the data, for the management of the end-
user’s requests, and (iii) the data server, which focuses on the processing of requests
from the accelerometric portal and converting the raw data to the required download
format.

Of particular importance was the development of a metadata stream proto-
col between the seismic Data Portal and data server. A data request mechanism
allows end-users to collect data from different databases maintained by the core
participants, thus creating our “distributed archive” (Fig. 9.5).

9.5.1 Waveform Data

The original waveform data reside on with each contributing agency for an effi-
cient operability and a better updating procedure. No central archive was planned.
The data contain both, waveforms (accelerograms) and engineering parameter data,
computed using the standard software. Moreover, the data are “event based”, that
means that they are explicitly linked to the events. The basic station descriptions
and characteristics, developed during the Survey described in Section 9.2 are stored
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at the Accelerometric Portal. Data provider nodes are typically ftp servers offer-
ing protected access to primary waveforms and partial metadata in two tables
which describe in turn the events that are linked to waveforms, and the parameters
calculated for each waveform.

9.5.2 Data Access

Waveform data can be browsed and selected for downloading from the Earthquake
Data Portal using two kinds of criteria: event/station selectors (e.g. event magnitude,
recording epicentral distance, station local soil condition) and engineering parame-
ters (e.g. PGA, PSV). As referred above, data formats available for download, are
ASCII, SEED and SAC. Data in ASCII format are split into two volumes: the first
volume contains the time series accelerograms and the second contains the com-
puted parameters. Each file has a common header. Figure 9.6 shows a screenshot
of the Acceleration Data Explorer in the Earthquake Data Portal with the Euro-
Mediterranean map zoomed in the Pyrenees region, with the epicenters and stations
resulting from a request, the list of records available and the status of the download
process, in three different windows.

9.5.3 Data Server

The inventory of acceleration infrastructure provided by each agency contains suf-
ficient information on the sensors and site to allow complete description of the
station metadata. For the instrument, specific properties such as type of instru-
ment, orientation, sampling, trigger procedure and local data access are included.
For site information, the basic geotechnical properties and the type of installa-
tion facility are given. Standard nominal poles and zeros for each instrument
type have been assembled to allow a generic transfer function to be assembled
(in dataless SEED format) for each of the sensors providing waveforms to the
database.

9.6 Long Term Vision

The number and quality of strong motion accelerometer stations in Europe is
increasing. A significant number of accelerometers are now being placed in build-
ings and other engineered structures such as dams, industrial facilities, bridges
and lifelines, in addition to the free-field sites. Moreover, new instruments capa-
bilities are becoming commonplace, including sensor systems with very high
dynamic range and frequency resolution capable of recording weak motion in an
extended frequency band, and new acquisition technologies including real-time
communications and high volume data storage. Many networks, including those in
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a)

b) c)

Fig. 9.6 Example of a request to the acceleration data explorer in the seismic data portal with: a the
Euro-mediterranean map zoomed in the Pyrenees region, with the epicenters and stations resulting
from a query “Accelero Search Criteria”; b the list of records available (“Waveform Chooser”);
and c status of the download process (“Queries”)

the core group, are now recording continuously strong motion data at high sample
rates.

As the architecture of strong motion networks changes, it is clear that accelero-
metric data are now capable of being used for many non-traditional applications.
We try to summarise and describe the uses of strong motion data by making the fol-
lowing separations for strong motion data: (i) different ground motion parametric
values; (ii) different recording site types; and (iii) different recording access, stor-
age systems and formats. In Table 9.2 we summarise the type of data required by
different end-users according to the type of applications.
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It is important to take into consideration the different user requirements shown
in Table 9.2 in order to introduce future developments in the Accelerometric data
exchange systems toward providing enhanced user oriented service.

To continue the advancements made in generating the database and developing
the infrastructures, and to encourage the growth of the Accelerometric Portal in the
Earthquake Data Portal, we propose the following measures:

– Gathering user suggestions from different communities to improve and optimize
portal functionalities.

– Continuing our efforts to enlarge the current contributing community by engaging
networks who are in a position to contribute (e.g. INGV/DPC in Italy are currently
converting their archives to make them available over the Earthquake Portal).

– Improving station metadata information with site conditions and additional
information for accelerometers on structures.

– Ensure European – Mediterranean accelerometric networks are involved in an
International Community to organize periodic meetings among partners, support
data interchange protocols, define international rules for network, station codes
and formats consensus.

9.7 Conclusions

We have created a distributed database of European-Mediterranean accelerograms
available to the community on the Earthquake Data Portal at www.seismicportal.eu.
Using a standard software developed by the core group, accelerogram waveform
parameters from our dataset are computed for their use as searchable parameters to
find the requested data on the portal. The software and a description of the proce-
dures required to incorporate strong motion data are freely available for candidate
agencies to join this distributed data system. It is expected that this database will
grow with additional agencies contributing data to the system in the coming years.
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Chapter 10
Distributed Archive and Single Access
System for Accelerometric Event Data:
A NERIES Initiative

C. Péquegnat, R. Jacquot, P. Guéguen, S. Godey, and L. Frobert

Abstract We developed a common access facility to homogeneously formatted
accelerometric event data and to the corresponding sheet of ground motion param-
eters. This paper is focused on the description of the technical development of the
accelerometric data server and the link with the accelerometric data explorer. The
server is the third node of the 3-tier architecture of the distributed archive system for
accelerometric data. The server is the link between the data users and the accelero-
metric data portal. The server follows three main steps: (1) Reading and analysis
of the end-user request; (2) Processing and converting data; and (3) Archiving and
updating the accelerometric data explorer. This paper presents the description of the
data server and the data explorer for accessing data.

10.1 Introduction

One activity of the NERIES project is to improve the access to the European
accelerometric data. The necessity is the development of common access to homo-
geneously formatted accelerometric data and to the corresponding sheet of ground
motion parameters. First, the input and output formats, the protocols for exchang-
ing data, the structures of the database and the description of acquisition channels
were discussed and agreed on with the other partners. A preliminary version of the
accelerometric database structure was defined based on the experience of the French
Accelerometric Network database [5]. Structures and formats of the database tables
were fixed in relation to the description of soil conditions and EMSC inventory of
the accelerometric stations in Europe [2]. Based on the inventory, the description of
the accelerometric channels found in Europe were implemented in conformity with
the tool used for building SEED volume.

The distributed system for accelerometric event data was described in 2007
in Gueguen et al. [3], the prototype data server implemented in 2009 and the
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accelerometric data explorer as a portal in the seismic data portal in 2009. The data
server (invisible for end users as well as for data providers) is an important piece of
the system: in charge of collecting, processing and archiving the data, it will allow
their dissemination through a unique and standard system. Unlike the broad-band
community which has defined standards and protocols for exchanging data a long
time ago, accelerometric networks are less structured and the data server was a good
opportunity to define and fix some specifications.

Based on the French Accelerometric Network experiences, conversion tools from
earthquake engineering standardized format (ASCII) to seismology standardized
format (SAC, miniseed) was chosen in order to increase the dissemination of these
data to a large community. For this reason, the accelerometric system has been
defined following a 3-tiers architecture: data providers (accelerometric networks)
in charge of giving access to their data and metadata; data explorer to the data for
the management of the end-users requests; and the data server only focused on the
processing, the conversion and the download of the data, following the request file
transmitted by the accelerometric data explorer.

The accelerometric data explorer and the data server are described in this
document. The main objectives of the data server are first described, as well
as the structure chosen for its development. During the entire period of the project,
the main concern was to select and choose solutions as close as those existing for
the other system devoted to the data access of the seismological data. The metadata
stream between accelerometric data explorer and data server is then described in
the second part of this document. Finally, the specific tools developed are listed and
described, from the XML files reader to the data converter.

10.2 Distributed System

As described in Guéguen et al. [3], the specifications of the system for accessing the
data have been defined in three parts:

∗ Data are waveforms (accelerograms) and engineering parametric data. Moreover,
the data are “event based”, that means that they are explicitly linked to events by
data providers.

∗ Data selectors and data extraction tools will allow the expression of two kinds
of criteria for retrieval: seismological criteria (event, magnitude, station to event
distance) and engineering criteria (PGA, PGV etc).

∗ Accelerometric data are delivered by tools in 2 formats:
– in a specific ASCII format for the engineering community,
– in SEED format in order to share and disseminate it widely.

10.2.1 Specific ASCII Format for Accelerometric Data

Different formats have been examined from Strong Motion (SM) databases:
COSMOS (The Consortium of Organizations for Strong-Motion Observation
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Systems, www.cosmos-eq.org) in California, KNET in Japan [4], and the RAP in
France [5]. All of them are composed by (i) headers containing information related
to event, station and record and (ii) acceleration time histories.

Some basic ideas have guided our choices:

∗ a simple header with the most important information concerning station, event
and record. A similar format to the one used by RAP seems to be the most ade-
quate, between the very simple content of KNET and the comprehensive content
of COSMOS (result of a long history of US formats).

∗ waveforms will be present by one sample per line with a first column for time
and a second for acceleration.

∗ SM parameters and PSV response spectra (5% damping) at 28 frequencies com-
puted and stocked by each participant in a homogeneous way [7] and available in
the data explorer are also provided.

In conclusion, data in ASCII format will be split into 2 volumes: the first one
for accelerations and the second one for parameters (SM parameters and PSV (5%)
response spectra at 28 frequencies) with the same header. A common header for
metadata will be added to each volume.

10.2.2 Main Nodes

The distributed system is based on a 3-tier architecture, the nodes of which are (1)
data providers’ nodes, (2) data explorer and metadata node and (3) data server node
(Fig. 10.1).

Fig. 10.1 Description of the three nodes of the system, between the accelerometric data explorer,
the data providers and the data server
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∗ Data providers’ nodes do set up ftp server offering protected access to primary
waveforms (without any header) and partial metadata in two ASCII tables. The
first table is for event-record association, the second is for record parameters. The
syntax and the semantic of these two ASCII tables: event-record.txt and parame-
ters.txt, as well and the directory structure for the initial raw data files have been
defined in Guéguen et al. [3].

∗ EMSC node provides User Interfaces for data queries expression. EMSC oper-
ates two databases: the EMSC event database and the station metadata database,
which contains all the metadata about networks, i.e. site conditions, stations,
channels, records and parameters, except the specific information about instru-
mental responses. The structure of the station metadata database (which is derived
from the RAP database) has been described in Guéguen et al. [3]. The content of
this database is based on the EMSC report [1].

∗ The last node is the data server, which processes queries and data. The main
resources of this node are:

∗ A local metadata database, the structure of which is very close to the metadata
database. This local database will be progressively filled up with and during
requests processing.

∗ The PZ database (poles and zeroes database) which contain the generic instru-
mental responses of the NA5 instruments (8 types of digitizer configurations, 7
types of generic sensor). The structure of the PZ database, its content as well as
the tools used to manage it have been described in details in Guéguen et al. [3].

10.2.3 Metadata Stream Between the Accelerometric Data
Explorer, Data Provider and Data Server

The metadata stream between the accelerometric data explorer and the data
providers’ nodes is the following (Fig. 10.2):

• Providers should use a Webservice to retrieve hypocentral localisations (in XML
format) from the EMSC database. In this database and in the retrieved XML file,
events are identified by a key called UNID. The UNID implementation by the
EMSC is described in [2] and [1].

• Providers have then to link their waveforms to this UNID using their own associ-
ation methods and store the result in the formatted ASCII file: event-record.txt.

The event-record.txt ASCII table is the input of the PARAMACC software [7],
which computes engineering parameters for each record, and stores the values in a
second ASCII table: parameters.txt. Those two tables must be accessible on the ftp
server of the providers, known by the data explorer. It downloads ASCII tables and
integrates them into the metadata database.

The metadata stream between data explorer and data server is the following
(Fig. 10.3):
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Fig. 10.2 Description of the stream between the accelerometric data explorer in the seismic data
portal (www.seismicportal.eu)

Fig. 10.3 Description of the stream between the data explorer and the accelerometric data server
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• User queries, built on the content of the metadata database, are translated to an
XML file, which will be pushed to the data server using a messaging queue system
(RabbitMQ).

• Once on the data server, the XML file is loaded into an internal database before
being treated by the service in order to build the archive for the user.

• At the end of the process, the data server will rewrite the XML file (filling some
more fields stored in the local database during the request processing such as for
instance the exact size of the record) and push it back to the data explorer node.

• It is the task of the data explorer to notify the user that the archive is ready to pick
up on the ftp site of the data server.

10.3 Detailed Data server Description

10.3.1 Structure of the Request

The accelerometric data explorer sends requests to the data server in the form of an
XML file that contains the required data in a structured form. All the information
concerning the XML file structure is described in Péquegnat et al. [6]. This XML
file contains a series of sections, including information about the request itself, the
various organizations involved in the stations related to the request, the various net-
works to which the stations and sensors belong, a description of all hardware types,
the list of events that have been identified as pertaining to the request, the description
of the stations, and the complete descriptions of all records that have been found as
corresponding to the request. Some flag are added to the XML file of the response,
some field found in the XML request files being preserved in the response without
modification, some added to the XML response files calculated or filled in by the
data server.

Request section: This section is the root of the XML document, including
information about the requested data and the requesting user and filled in by the
accelerometric data explorer: it contains a unique identifier for the request, deter-
mined by the data explorer, the types of requested data (waveforms, parameters or
both), the format of the output data (ASCII, SAC, SEED, miniSEED), the email
address of the user and some information on the success or not of the request.

Organization section: This section describes either a research facility, or a hard-
ware/software manufacturer. The attribute of the section are a unique ID for the
organization and the URL of the organization website.

Network section: This section describes the networks, owner of the data, found
in the request. The attribute is a unique ID for the network, the FDSN unique ID for
the network (2-letter codes used in SEED data), a time stamp that describes when
the network was started, an optional time stamp that describes when the network
was stopped, the URL to the network’s website (which should contain a descrip-
tion of the network), the organization ID pointing to the organization that manages
the network. The FDSN code attribute is optional, because all the accelerometric
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networks do not have such a code. In that case, a default code will be added by the
data server tool in order to deliver seed volume anyway.

Equipment section: This section has no attributes and contains one or more
“sensor”, “preamp” and “adc” elements. The “sensor” element describes each type
of sensor found in the request. It contains a unique ID for the sensor type, given by
the data explorer, the ID of the manufacturer that refers to the ID of an “organiza-
tion” element, the URL to the file with the PZ description and values for the sensor
(pz_url), the corner frequency of the sensor, the seed code for the sensor band and
the sensor sensitivity. In the incoming XML file, the pz_url attribute is empty. It will
be filled up by the data server tools. The rule to derive the pz_url base name file is
to concatenate the manufacturer and the sensor ID. If the pz_url element remains
empty in an outgoing XML file, it signals an inconsistency in the PZ database. The
“preamp” element describes each type of preamplifier found in the request, in rela-
tion with the sensor. It contains a unique ID for the preamplifier type, generated by
the data explorer application, the URL to the file with the PZ values for the preampli-
fier, the value of the analogue gain for the preamplifier. The “adc” element describes
each type of digitizer found in the request. It is formed by an unique ID for the pair
type of digitizer code – sampling frequency, generated by the data explorer appli-
cation, the ID of the manufacturer (refers to the ID of an “organization” element),
the digitizer type code, the URL to the file with the PZ values for the digitizer, the
sampling frequency, in Hz, and the digital gain as set on this digitizer type. In the
station metadata database, adc id are integer (numeric keys) and a foreign key give
access to the data type code via the dastype table. ADC entries have 3 dependent
fields: the analogue device converter code (ADC), the sampling frequency and the
numerical gain. In case of an unknown ADC, the “XXXX” word will be used.

Event section: This section describes the events that are requested. It contains
the UNID of the event provided by EMSC/CSEM, the date of event, the longitude,
latitude and depth of the epicenter and the standardized name of the region where
the event occurred.

Complementary to the event section, the magnitude section is defined for each
event element. It contains the type of the magnitude value and the value of the
magnitude of the event, each event may have several magnitude values (ML, Mw,
mb etc).

Station section: This section describes the stations found in the request. It con-
tains the station ID used in seed data, the URL at which the station is described,
the station’s owner ID (referring to one of the “organization” elements above), the
station’s manager ID (referring to one of the “organization” elements above), the
soil type where the station is located (“S” or “R”), the Eurocode definition for the
soil where the station is located, the latitude and longitude of the station.

Channel section: This section describes all the information linked with the data.
For each channel, there’s a “site” description, an “equipment” description and a
list of “record”. The attributes are the channel code used in SEED data (HNN for
example), the channel’s location code (01 for example), the channel’s azimuth, a
time stamp to identify the day when the channel was set up, a time stamp to indicate
the day when the channel was stopped, a distance in meters where to the north the
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channel sensor is located with respect to the station, a distance in meters where to
the east the channel sensor is located with respect to the station, a distance in meters
of how much higher the channel sensor is located with respect to the station (ground
level), the depth at which the sensor is located with respect to the above mentioned
ground level, the URL of the web page where the channel is described, an optional
URL to the channel’s response file, an optional URL to the channel’s dataless file
(containing the metadata), the channel’s manager (refers to an organization ID) and
the channel’s SEED network ID.

Site section: This section describes the building where the channel is located.
The attributes are the type of the site, the total number of floors in the building, the
floor on which the sensor is located and the depth at which the sensor is located with
respect to the floor. The site types are:

• R: rock based on surface geological observations
• A: rock or stiff geological formation (VS30 > 800 m/s)
• B: stiff deposits of sand, gravel or over consolidated clays (VS30 > 360 m/s and

VS30 < 800 m/s)
• C: deep deposit of medium dense sand, gravel or medium stiff clays

(VS30 > 180 m/s and VS30 < 360 m/s)
• D: loose cohesionless soil deposits (VS30 < 180 m/s)
• E: soil made up of superficial alluvial layer, with a thickness ranging from 5 to

20 m with VS30 value in class C and D ranges covering stiffer deposits (class A)
• BHd: Borehole sensors. d = depth in meters
• Bm.n: Sensors in building (m = total number of stories of the building including

ground floor, n=floor where the instrument is installed)
• O: other

Record section: This section contains the information on the record in relation
with the channel and the event. The attributes are the event ID (refers to the UNID
of one of the events that is requested), the URL of the source data for this record,
the URL for the corresponding miniSEED file, the size of the data in bytes, the time
stamp of the record, the time stamp of the first sample in the record that corresponds
to the event, the time stamp of the last sample in the record, the time stamp of
when the record was created, the PGA_uncorrected parameter, the PGA_corrected
parameter, the Arias intensity, the Trifunac parameter, the CAV parameter, the PGV
parameter, the 28 values defining the PSV parameter and the Housner parameter.

10.3.2 Local Database

A database is used locally to store the information from the requests and responses.
This database contains all the fields defined in the XML files described above. When
a processing task has finished, it updates the database to reflect the status of the data.

At the end of the request, the last process extracts the information from the
database to create the response XML file that is sent back to the data explorer.
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10.3.3 Application Architecture

The application running on the data server, that is responsible for generating the
request response files containing the requested data, is designed as a pair of pro-
cesses that run in parallel as system daemons (Fig. 10.4). A request-reader task
watches over a directory, waiting for request description XML files to come in, then
reads it into the database, and signals via station metadata the second module, the
data-engine, to do the actual work. Each module is a thread (that is, it runs in par-
allel to other modules if the data it requires is ready at the time). The data-engine
starts the various modules, which start doing their work and signal each other to

Fig. 10.4 Description of the accelerometric data server designed for processing the request
coming from the accelerometric data explorer
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synchronize the work to be done. All the information concerning the application
architecture is described in Péquegnat et al. [6].

Request-reader.py: The request-reader.py application is used at two locations in
the system. It is used as the loader application. When started with the proper argu-
ments, this application uses the notify system call to watch a directory in which
RabbitMQ is configured to drop the XML request files when they arrive. The appli-
cation then opens the XML file, and uses the libXML reader interface to parse the
XML file into its components, and create specific python objects for each XML
tag. The parsing follows instructions contained in a python dictionary data struc-
ture (NA5REQUEST). Those instructions include information about the fact that
the parameter is required, the parameter type and list of valid values. It also con-
tains pointers to a pair of functions (get and put) that know how to persist the object
in the local database.

One of the most important functions in the application is the parse function.
This function does the final action of the work, including creating each object. This
function is also called recursively by the objects themselves when time comes to
parse the XML tags included as children of those objects.

The read_input function opens the file, creates the libXML reader interface to it,
and does the first call to the parse function. If the appropriate option was given, this
function also sends the dbus message alerting that the request is completely loaded
in the database and ready to be processed.

The write_request function gets the request from the database and outputs it as an
XML file. This function is used at the end of the process to send the data to the data
explorer. The watch_directory function uses the notify system call to wait for an
XML file to appear in from EIDS. Once the file is located, this calls the read_input
function with the proper parameters. The main program handles parameter analysis,
sets the appropriate options, and calls one of the above functions depending on the
command line options that were passed.

data-engine.py: This process runs in the background, waiting for a DBus mes-
sage from the request-reader task. Once the message is received, the data-engine
starts a Launcher thread that will in turn start all the other processes required to
execute the request.

downloader.py: This thread downloads the original ASCII files that are not yet
cached locally. If the download is successful, the local URL is stored in the database
(which signals the presence of the file for subsequent runs). When all files are down-
loaded, the thread signals that it has finished, which in turn allows for subsequent
tasks to start. If a file can’t be downloaded, then the URL field in the database is
empty, warning the failure.

datalessmaker.py: This task generates a SEED dataless file from the data sent in
the request for all the channels of each station it contains. It widely uses some tools
coming from the BDsis database system set up for the RAP network [5]. The way
the datalessmaker works is the following:

1. An (ASCII) intermediary file is built for each station, using some pieces of the
specific channels information stored in the internal database (and particularly
but not only, the pz_url attributes of the sensor, preamp and adc elements).
Such a file (called “dbird”, for “database instrumental responses description”)
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establishes all the links between the different channels elements for a station,
and the corresponding (relative) PZ files of the PZ database. An example is given
further.

2. The SEED writer itself reads a dbird file, loads the entire PZ database, checks
that the PZ files names which are referenced in the dbird file are available,
performs some controls in those PZ files, and build the dataless volume. The
seed writer first builds Stations header logical records, then builds Abbreviations
header logical records, and finally builds Time header logical records.

sacmaker.py: Once the ASCII data is downloaded, this thread will transform each
file into a file in the SAC format. It is run twice, the first time to generate ASCII
format SAC files, the second time, to generate Binary format SAC files. This thread
uses a pure python implementation of SAC writing that can be found in pysac.py.

mseedmaker.py: This task converts the binary SAC files built above into
miniSEED files using the sac2mseed program. The main part is identifying which
SAC files are there that haven’t been yet transformed into mini-seed, then calling
sac2mseed for each of them. Once this is done, the task alerts whichever other task
that is interested that it is finished and that they can start their own work.

seedmaker.py: This task build a large SEED file for each station with all the
miniSEED info previously set up. The miniSEED files are “cat-ed”, and the seed
volume for each station is built using the RDSEED program.

This task generates the appropriate ASCII data files according to the 2 volumes
format as shown in Fig. 10.5.

Fig. 10.5 Description of the volume1 and volume 2 of the ASCII format
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10.4 The Accelerometric Data Explorer

The accelerometric data explorer is part of the seismic data explorer developed
within the NERIES project and is accessible at www.seismicportal.eu. This por-
tal is an aggregation of different portal (thought as different applications) running
on the server side from different Web servers but visually on the same Web Portal,
accessible at an unique web address (Fig. 10.6).

Fig. 10.6 The NERIES web portal access (www.seismicportal.eu). Access to the accelerometric
portal is available for registered users

This Portal currently includes:

– The Event Explorer to search for event information;
– The Wave Form Explorer for retrieving Broad band waveform data;
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– Access to historical events’ data;
– The accelerometric data explorer as presented here.

This last portal is a visual front end and easy tool to search for accelero-
metric data using specific criteria (upon specific seismic events or accelerometric
parameters). This portal helps the end-user to have access to accelerometric
data using a single access point giving access to accelerometric data providers
(currently six). The back end of the portal consists of a database of the sta-
tion metadata (network, hardware, sensors installation. . .), a database of event
records with accelerometric parameters and the events catalog from the data
explorer.

The portal is used to query these databases to found existing record event and
retrieving accelerometric data in an easy user interface. An example of the user
interface is given on Fig. 10.7.

Fig. 10.7 The accelerometric data explorer portal shows a map (1) displaying the result of
the user query. A user query is made using the Accelero Search Criteria (2) The Waveform
chooser (3) displays all the records available for the selected events, the user chooses the desired
records, give a name to the query, selects the result format and sends the query. In the Queries
panel (4) the user can see the different queries made and the current status of each query.
When a query has been processed a link to the result is provided and the user downloads the
result
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10.5 Conclusion

A first and preliminary version of the database used for the accelerometric data
server and the accelerometric data explorer has been defined, as a portal in the
NERIES seismic data portal. The data server was designed for uploading data
(waveforms and ground motion parameters) in several format (SAC, ASCII and
MiniSEED). The tier architecture of the system designed for accelerometric data
was defined for seperating the data providers, the data server and data explorer sys-
tem. The stream between the data explorer and the data server is based on an XML
formatted file containing all the informations.

The inventory and the description of the accelerometric stations in the Euro-Med
region is used by the data explorer for helping the end-users of the accelerometric
data to perform request. The data server and the data explorer collect, archive and
provide data from several European accelerometric networks (data providers) in the
homogeneous format and ground motion parameters. By this way, it is now possible
to download accelerometric data corresponding to seismic events localized at the
borders of several countries and recorded by several European networks.

Currently, data from the partners (IGC Barcelona, IST Portugal, RAP-LGIT
Grenoble, ETH Zurich, ITSAK Greece and KOERI Turkey) are included in the data
server, concerning data with magnitude over 2 since 2000. In the next step we plan
to integrate data from other European networks as actually in progress for the Italian
accelerometric data.
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Chapter 11
Euroseistest 3D Array for the Study
of Complex Site Effects

K. Pitilakis, D. Raptakis, K. Makra, M. Manakou, and F.J. Chávez-García

Abstract Euroseistest is currently the longest running instrumented test site in the
world. It was originally defined as the 2D (N–S) cross section of the Mygdonian
basin, N-E from Thessaloniki Greece, epicenter area of the M6.4 1978 earthquake.
In this paper, we present the effort to extend the test site to a larger portion of
the whole sedimentary structure, i.e., from 2D to a 3D structure. To this end we
have compiled available geological and geotechnical information. We have analyzed
microtremor and earthquake data. We present the results of the analysis of all avail-
able information and data. The synthesis of all data allowed us to propose reliable
image of the geometry and the properties of the basin. We have also obtained a
reliable estimate of the site response throughout the basin and we have discussed
several aspects of site effects in complex geologic structures, including the increase
of spectral amplification compared to 1D site amplification.

11.1 Introduction

Site conditions affect strong ground motion during destructive earthquakes. They
have been shown to affect the intensity of ground motion by a value between one
and two units (e.g. [4]). The importance of site effects led to the creation of test sites;
sites where detailed observations on the variations of site response could be related
to the subsoil structure. The first test sites were those of Turkey Flat USA [29]
and Ashigara valley Japan [9]. In Europe, Euroseistest was established as a test site
for seismology and earthquake engineering studies in 1993. During its operation, a
large number of universities and institutes throughout the world have been involved
in both field measurements and research studies.

EUROSEISTEST project is actually a very powerful multidisciplinary European
experimental site to perform integrated studies in earthquake engineering, engineer-
ing seismology, seismology, and soil dynamics. It generates a set of high quality
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Fig. 11.1 Geological map and main tectonic features (seismic fault F-GNSP: 12 km length, E–W
direction, 70–80◦ deep and 2 branches: F-Sx: 8 km length and F-VL: 5 km length) of the central
part of the Mygdonian basin. The star depicts the epicenter of the 1978 Ms=6.4 Volvi earthquake

data relevant to the above scientific topics. Scientists, researchers, engineers work-
ing in any of the above fields have access to valuable data to check their models and
methodologies, to validate and to improve models and processes, and to develop new
ones. The core of the research activities performed during the last 15 years is three-
fold: (a) to construct a reliable model of the geological structure of the Mygdonian
basin (Fig. 11.1), adequate as input model in site response studies, (b) to con-
duct experimental and theoretical research for understanding the physics of ground
motion variations due to 1D/2D/3D site effects for engineering applications, (c) to
contribute to the ongoing elaboration of the new generation of Eurocode 8 in terms
of site specific response spectra, soil amplification, etc.

At present, from different test sites whose data were opened to the scientific com-
munity a decade ago, only Euroseistest continues to be operational. This makes it
one of the longest running test sites in the world. During these years, much insight
has been gained from the detailed study of a 2D cross section of a 3D sedimen-
tary structure. The detailed structure of this cross section is validated [6, 24, 25].
Moreover, some papers have already been published [3, 18, 15] that explore the
possible use of the lessons learned in Euroseistest to the more general framework
required by building codes. For all these reasons, it has been decided to extend
Euroseistest from 2D to a 3D test site. So much has been gained from the 2D
Euroseistest, that it is considered worthwhile to pursue further the idea of this test
site, into the current problems posed by 3D geometries.

For these reasons, we report the 3D model of the valley and an evaluation of
its seismic response. In order to constrain the 3D structure, a huge amount of
geophysical and geotechnical data was synthesized. Concerning site response, we
present an evaluation of many datasets distributed throughout the basin, from earth-
quake and noise records at temporary weak motion networks and the 3D permanent
accelerograph network. All these results are correlated with the detailed information
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available at the 2D cross section and the 3D soil model as well providing preliminary
constraints to the modeling of the 3D seismic response at this site.

11.2 Definition of a Complex Geologic Structure

11.2.1 Background, Aims and Workplan

The importance of site effects led to the establishment of test sites where detailed
observations of the variations of site response could be related to the subsoil struc-
ture determined from a thorough geophysical and geotechnical exploration program.
This actually implies the knowledge of the geometry of the main geologic forma-
tions in the studied area as well as their main dynamic properties from free surface
down to the sediments bedrock interface and their spatial distribution in the whole
basin [11, 14, 30], Shin Aoi et al. 2002, [7], Guoqing [13].

During the operation time of Euroseistest, a large number of field measurements
and research studies were performed. At the beginning, a 2D cross section of the
Mygdonian basin was studied (Raptakis 1995 [10, 28, 25]). At that time, the signif-
icance of lateral variations in the subsoil structure relative to the large amplification
caused by impedance contrasts in the vertical direction was still being debated.
During the last years, our interest was extended from the 2D cross-section to the
whole basin in three dimensions.

At the beginning of Euroseistest, an extensive seismic campaign with con-
ventional prospecting and a detailed geotechnical in-situ and laboratory survey
were conducted, oriented to the determination of the main geologic formations in
Mygdonian basin. The results of all these measurements were correlated and com-
pared with each other. Shear wave velocity, Vs, values played the most important
role for the configuration of 1D and 2D profiles for seismic ground response analy-
sis. Surface Wave Inversion (SWI) method provided the majority of the Vs values.
The resulting 2D soil model is presented in Fig. 11.2 and consists of 7 soil layers
that can be divided in two units according to their geological age. Surface layers A,
B, C and D belong to Mygdonian System and have an average Vs of 330 m/s, while
layers E, F and G∗ belong to the Premygdonian one with average Vs of 750 m/s [15,
25]. This model was used as a reference point to extend our knowledge from a 2D
cross-section to a 3D structure.

We present herein the 3D model of the valley and an evaluation of its seismic
response. We first define the region of the basin that can be realistically constrained.
The selected portion is not a closed basin, but it is the general case in sedimentary
basins. In order to construct the 3D structure, we have reappraised the available geo-
logical data. Based on that, we have evaluated the 3D geometry of the Mygdonian
basin proposed in an old study by BRGM (1971) concentrated on the determina-
tion of the interface between sediments and bedrock, using P-wave refraction tests,
electrical soundings, and data from few hydrogeological boreholes. By that time,
no data concerning Vs and lateral variations were available. For this reason, a large
testing program was designed and performed including, mainly, seismic prospecting
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Fig. 11.2 2D NS (Profitis – Stivos) soil model and the TST downhole array [25]

lines in the EW direction and numerous microtremor array measurements well dis-
tributed in the whole basin (Fig. 11.3). Additional information was obtained from
the recently performed array microtremor measurements and seismic prospecting
together with electrical tomographies at the edges of the basin, and from near sur-
face in situ geotechnical tests (Standard Penetration Test, SPT, and Cone Penetration
Test, CPT). Large effort has been carried out during the validation step to bridge Vs
profiles with borehole and electrical data, in situ geotechnical tests, and earthquake
recordings, as well.

11.2.2 3D Model Configuration

To investigate the Vs at sites within the basin that was poorly known or completely
unknown especially at larger depths, a huge program of microtremor array measure-
ments was performed. In a first stage, few ambient noise array recordings, conducted
along the NS cross-section, gave comparable results [1, 12] with seismic prospecting
results [26, 28, 25, 10]. Results from large-scale refraction experiments (using big
explosions and of total length around 8 km) in the middle of the basin along the EW
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Fig. 11.3 Geological map of the central part of the Mygdonian basin; with (circles) hydrolog-
ical and geotechnical boreholes (squares) single station microtremor measurements (hexagons)
array microtremor measurements (small circles) electrical tomographies at the boundaries of the
basin (triangles) temporary accelerograph network operating during 1997 and (black stars) linear
refraction experiments

direction [21, 27], indicated that a constant average value for the Vs does not apply
at the Mygdonian basin. For this reason, in a second stage, Spatial Autocorrelation
Coefficient (SPAC) method was applied in more than 35 sites [19, 21].

In general, the Vs from surface to bedrock have values between 90 and
800 m/s (Fig. 11.4). The interface between the two main sedimentary systems,
Premygdonian – Mygdonian has been determined at all sites of the noise measure-
ments. The depth of this interface at the western part of the basin is of about 120 m,
while at the central and eastern part it is about 80 m with an average velocity of the
Mygdonian system between 290 and 330 m/s. In some sites, the penetration depth
did not reach the bedrock, but Vs at large depth reached values greater than 600 m/s
indicative of the stiff formations of the Premygdonian system. Thus, it seems that
the depth variations of sediments-bedrock interface are due to thickness variations
of the Premygdonian system that is found to present Vs between 500 and 800 m/s.

Especially, at the TST site where a downhole array with 6 3D accelerometers
installed at different depths (0, 18, 40, 73, 136, and 196 m), the Vs vertical profile
was determined using earthquake recordings. The average Vs profile between the
downhole stations was computed from the cross correlation of a set of earthquake
recordings and found to be in agreement with estimates from SWI and CH (Fig. 11.5
[5, 17]).

An important issue to construct the 3D soil model was the definition of the inter-
face between sediments and bedrock [27], which plays a significant role in site
response studies since its shape governs the wave field propagation. In the middle of
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Fig. 11.4 Contour-maps showing the geometry of the Mygdonian (A + B, C + D) and
Promygdonian (E + F) sedimentary formations and bedrock interfaces, with their thickness (in m)
and depth (in m referred to sea level), together with their range of Vs velocity. Solid thick lines
indicate the main faults in the region. The sediments bedrock boundary is shown with solid circles
[21]

Fig. 11.5 Vs profiles determined from cross-correlation functions computed from the recordings
of 6 events at TST downhole stations and their average value (left). Comparison between the afore-
mentioned average Vs profile at TST with the Vs profile at TST obtained from Surface Wave
Inversion and the revised version of the Vs distribution with depth for TST site [17]
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the basin, the bedrock depth and Vs were determined mainly on the basis of SPAC
results and in cases where this was not feasible (smaller penetration depths) through
the correlation between empirical and theoretical transfer functions (for details see
next paragraphs). At the western part of the basin, the depth of the bedrock with
Vs larger than 1,000 m/s, is about 400 m while at the central and eastern part it
is about 200 m (Fig. 11.4). The basement successively deepens, more than 200 m,
close to the offshore line of Volvi Lake. At the northern and southern edges of
the basin, the sediments-bedrock interface was determined based on results from
array microtremor recordings and P-wave refraction tests [20], together with many
electrical tomographies and soundings [32]. These measurements were performed
perpendicular to the contact of bedrock formations with sediment deposits and con-
strained the geometry of the basin at the edges. Almost all of them showed smooth
sediments – bedrock interface, with a gentle dip towards the centre of the basin.
Some bedrock discontinuities were detected, probably because of the activity of
several branches of the faulting system of the area. All the aforementioned results
were confirmed by a series of hydrological and geotechnical boreholes and as well
as electrical soundings [8].

In addition to the above, a series of CPT (> 30 along EW and > 10 along NS
direction) and SPT tests were performed to obtain the geotechnical classification
of the near surface soil materials. For the interpretation of CPT tests and soil clas-
sification, a thorough examination of geotechnical conditions is undertaken based
on a considerable number of geotechnical boreholes and adjacent Vs profiles. The
central part of the basin is essentially flat and consists mainly of loose to medium
silty-clayey soil, at the Western part, and loose to medium silty-sands with organ-
ics at the Eastern part. The correlation between tip cone resistance (qc) and shear
modulus at very low shear stain levels (Gmax) is rather difficult due to the inher-
ent differences of the two methods (as cone resistance is a punctual measurement
while Vs (or Gmax) represents larger volume of soil). Nevertheless, in general those
values seem to follow the relationship proposed by Mayne and Rix [22] as a first
approximation.

Finally, we put into the procedure of integrating the 3D soil model other indirect
information such as fundamental frequencies from empirical (ambient noise mea-
surements) and theoretical transfer functions (based on the determined Vs profiles)
[21]. The fundamental resonant frequencies in combination with amplification fac-
tors, for the whole sedimentary basin from all data sets (i.e. single station and array
microtremor measurements at more than 300 sites, and a large number of earthquake
recordings at more than 30 stations, during the operation of temporary and perma-
nent networks), and their correlation with other direct (measured) parameters of soil
profiles, lead to useful conclusions for the 3D geometry of the basin [21, 27]. For
example, at most sites close to the centre of the basin, we observed the maximum
amplification ratios in a wide resonant frequency band in both horizontal compo-
nents. This implies that, for example at the centre of the basin, lateral constrains are
significant or that different layers contribute to ground motion at different frequen-
cies. In any case the characteristics of site response in frequency domain allow us
to propose a map of dominant frequency throughout Mygdonian basin (Fig. 11.6).
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Fig. 11.6 Map obtained through the interpolation and smoothing of all available estimates of dom-
inant frequency (together with information provided by the electrical measurements and borehole
data). The dominant frequencies in this map correspond to the amplification of the whole sediment
volume, Mygdonian plus Premygdonian systems [19, 21]

Fig. 11.7 3D model of the Mygdonian basin geological structure

All these results, including amplification factor, are well correlated with Vs profiles,
proving the sedimentary volume of the basin (Fig. 11.7).

Concluding, field investigations and their integration lead to a rather complex
geological model (Fig. 11.7) useful for empirical and theoretical studies of site
response. It is a rather shallow basin according to its shape ratio. The 3D soil model
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of the Mygdonian sedimentary basin has a rather asymmetrical semi-cylindrical
shape, which deepens at the open edges. This benchmark model is composed of
two main sedimentary geological systems (Mygdonian – Premygdonian) according
to their geological age in consistency with the initial 2D NS cross section [15, 25].
The characteristic Vs values of main systems and the bedrock basement are also
given as average velocities of the sublayers from top to the bedrock. The bedrock is
deeper at the western part of the basin than at the eastern part. At the north and south
borders of the basin the bedrock appears at the surface. At the southwestern part of
the basin the extension of the Premygdonian sediments is greater than in southeast-
ern part and for this reason the sediments – bedrock surface contact extends more
towards the south.

11.3 Strong Motion Array and Site Effect Studies
in Complex Media

Taking advantage of the knowledge of the subsoil conditions in the Mygdonian basin
and the existence of earthquake recordings at a 3D strong motion array, many site
response studies, using conventional and advanced tools, revealed the effects of the
local complex geology in ground motion characteristics. In this section we present
briefly the main scientific conclusions from these studies combining both instru-
mental (based on the total length of recordings or their time windows using Standard
Spectral Ratio, SSR, Horizontal to Vertical Spectral Ratio, HVSR, and Generalized
Inversion Scheme, GIS) and theoretical approaches (1D and 2D modeling), both
in frequency and time domain, in order to show the specific characteristics of site
effects, regarding the dominant frequency, the amplification level, and the shaking
duration and their dependencies from the geologic complex conditions.

11.3.1 Strong Motion Array

At the central part of the Mygdonian basin, a well-designed 3D permanent strong
motion array was deemed of major importance to record local and regional seismic-
ity in the area, in order to study the effect of local complex geology in ground motion
characteristics. The effort to establish such a network started in early 1993 under
the financial support of a European project EUROSEISTEST. After the continuous
support of European funds (EUROSEISMOD 1995 and EUROSEISRISK 2002),
we were able to expand and upgrade the strong motion array. Today, Euroseistest
is the longest-running strong motion arrays in Europe. It covers an area of about
6 km × 8 km and consists of 21 surface and downhole 3D digital accelerographs,
installed in a cross shaped scheme (Fig. 11.8), covering different geological condi-
tions and depths down to the bedrock. It is supported with GPS units and permanent
remote monitoring useful to transfer and archiving of earthquake recordings. In
the middle of the basin, at TST site, a dense downhole array of accelerometers
has been installed at depths of 18, 40, 73, 136, 196 m-bedrock, connected to a
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Fig. 11.8 Plan view of the free field instruments (squares) of the Euroseistest strong motion array

18-channel recording system, as well as a pore-pressure probe installed at 17 m
depth (Fig. 11.2). A smaller downhole array of 2 sensors (surface and 33 m depths)
is installed in outcrop rock conditions at the northern part of the basin (PRO site).
More than 300 local and regional earthquakes have been recorded in the array, most
of them with peak ground accelerations less than 130 gals.

11.3.2 Empirical and Theoretical Site Response
Along 2D Cross-Sections

A comprehensive study of site effects was based on a well-known 2D soil
model (Fig. 11.2) using observations together with 1D and 2D analyses [6, 25].
These studies gave the basic and at the same time crucial achievements for the
identity of the details of site response in this test site. Many other posterior
studies confirmed its specific achievements using different approaches and data
sets. The main conclusions of these studies are summarized in the following
paragraphs.

The study of site response, in frequency domain, of the entire seismograms of
two events, one recorded at the permanent accelerograph network and the other at
a temporary seismograph array along the 2D NS cross-section showed that the lat-
eral discontinuities play an important role in the amplification pattern both in their
vicinity and at the central part of the valley. The examination of three different time-
windows (P, S, and surface wave, SW) of the accelerograms showed that the SW
time-window contributes significantly to the peak resonance amplitude (Fig. 11.9).
Love and Rayleigh waves observed in all components in the centre of the valley are
locally generated at the lateral variations. The existence of Rayleigh waves in the
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Fig. 11.9 Transfer functions obtained for P, S and SW time-windows of the transversal accelero-
grams for GRA, GRB, FRM, STC, STE, TST0, TST17 and TST72 accelerographs. Reference
records obtained at PRO. The transfer functions from SW time-window (thick line) show amplifi-
cation larger than those of S time-window (thin solid line) at the stations within the central faults
(F2 and F3) for frequencies up to 2 Hz [25]

vertical component may also justify the disparity between the amplitudes of HVSR
and SSR [28]. Additionally, it has been shown that 1D theoretical transfer functions
do not reproduce the complexity of the empirical ones. Seismograms and accelero-
grams from the first S wave arrival to the end showed that wave trains with frequency
content up to 3.5 Hz are distributed either in the S-wave or SW time-window. Thus,
it is difficult to distinguish the contribution of different type of waves in resonance.
This underscores the fact that the study of site effects in frequency domain gives
only a partial image. Synthetic time histories obtained by the convolution of 1D
transfer function (TF) with records at the reference site, show large disparities,
with respect to the recorded traces concerning the duration of shaking within the
valley (Fig. 11.10). It is clear that the use of the best 1D TF to model ground
motion in time domain under complex soil conditions is not very efficient since
the underestimated duration of shaking may lead to erroneous predictions of ground
motion.
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Fig. 11.10 Comparisons between filtered seismograms and synthetics obtained by the convolution
of 1D TF with the records at the reference site. The radial (left) and transversal (right) component
of both recordings (bottom) and synthetics (top) are shown together with respect to the cross-
section [25]

In addition to 1D computations and their comparison with the observations, we
have computed the response of the 2D structure to vertically incident SH waves. The
results confirm that the dominant feature of site response is the locally generated sur-
face waves (Fig. 11.11). We have investigated the evidence of these surface waves in
earthquake data recorded at TST site including both seismograph and accelerograph
data. We observed that locally generated surface waves contribute significantly to
ground motion, and that they appear at the same frequencies as the resonance fre-
quency of vertically propagating shear waves (Fig. 11.11). Similar conclusion on
the predominant phenomena of the lateral propagation have been conducted with a
different approach, which combines the analysis of the classical spectral ratio with
the sonogram approach applied on simultaneous recordings at the site of interest
and a reference site as well [23].

In a later step, a parametric study of the seismic response was carried out [15] to
give a practical answer from engineering point of view to the necessary degree of
detailing of subsoil structuring of a site, to provide a reasonable evaluation of its site
response. Thus, we have computed the seismic response on a series of 2D models
representing the existing 2D one with different degrees of detail. We computed the
response at the surface of 3 2D models with the same geometry but different velocity
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Fig. 11.11 Seismic section computed at the surface of the 2D model shown in Fig. 11.2 for vertical
incidence of SH waves. The positions of the surface accelerographs of the permanent network have
been indicated for reference. Traces have been low-pass filtered with a 3.5 Hz frequency cutoff
[6]. Inset figure shows the evolutionary spectrum of the accelerogram recorded at station TST
during the event of 5.03.95, transverse component (SH motion). Above the spectrum is shown
the corresponding observed accelerogram. Before computing the spectra, traces were band-pass
filtered between 0.1 and 5 Hz [6]

structure in the sediments. Finally, two additional models were considered repre-
senting different possible geometries of the sediment/bedrock interface (Fig. 11.12).
We then calculated the differences among these models in terms of frequency trans-
fer functions, and time domain synthetics. Our results show clearly that, in the
case of Euroseistest, site response depends fundamentally on its closed basin shape
because it is largely controlled by locally generated surface waves (Fig. 11.13).
Thus, in terms of predicting site response, a rough idea of its shape ratio and of the
average mechanical properties of the sediments, are sufficient for an accurate esti-
mation of the response of 2D valley cross section, even with a poor knowledge of
the 1D profile at the centre of the valley. Although the details of ground motion may
vary significantly between the models, the relative amount of surface waves gen-
erated in the 2D models seems to be relatively constant. Similar conclusions were
also reached from another parametric study on the same 2D model, however, using
boundary element method for SH and SV wave fields [31].

In a strict sense, the aforementioned conclusions are valid only for Euroseistest.
However, in most sedimentary valleys site effects are due to the combination of
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Fig. 11.12 (Contd.)
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Fig. 11.13 Left panel: synthetic seismograms computed using a finite differences code at TST
site for the three different 2D models (I, II, and III) shown in Fig. 11.12. Right panel: correspond-
ing transfer functions for each synthetic seismogram. Different line styles identify the transfer
functions with the corresponding synthetic seismogram [15]

1D resonance and the lateral propagation of locally generated surface waves [2].
Thus, if the seismic response of Euroseistest is representative of these conditions
for shallow alluvial valleys, then our results may apply to a large number of sites.

11.3.3 Empirical and Theoretical Site Response
in the Whole Basin

Concerning the experimental site response studies in the Mygdonian basin, we
present an evaluation of many datasets: single station noise measurements at almost
300 points (distributed throughout the basin), earthquake records at a temporary
seismic network (operated in 1997), recordings at the permanent accelerograph
array as well as microtremor array recordings at 30 additional sites at the basin. All
results are correlated with the detailed information available for the 2D cross sec-
tion, providing preliminary constraints to the modeling of the 3D seismic response at
this site. The analysis of available earthquake and microtremor recordings through-
out the basin provides a good general idea of the spatial variation of the site response
characteristics. The main conclusions of these studies are briefly summarized in the
following paragraphs.

�

Fig. 11.12 Five possible 2D models describing Euroseistest valley: a 2D cross section [25]. F1,
F2, F3, and F4 indicate the four normal faults. b Simplification of the model shown in (a). The
shape of the interfaces is kept, but each of four topmost (A, B, C, and D) and the three lowermost
formation (E, F, and G∗) have been replaced by a single homogeneous layer. The properties of the
replacing layer are the average (weighted by thickness) of the properties of the replaced layers at
the centre of the valley. c Further simplification of the sediment velocity structure. The interface
sediment/bedrock is the same as in (a) but the sediments are considered homogeneous. The soil
properties are the average values of the properties at the centre of the valley. d and e simplifications
of the geometry of the 2D model. We use the same two layers, averaged from the detailed profile,
as in model II, together with a much simpler geometry [15]
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We analyzed all available microtremor measurements [19, 27]. In this stage,
we used the amplitude of the microtremor H/V ratios to assign credibility to the
dominant frequency values. It is generally accepted that large amplitude of H/V is
correlated with reliable dominant frequency values. Even if the amplitude of HVSR
of noise records is still a matter of debate, the correlation of the dominant frequen-
cies with the known subsoil structure at the location of the 2D NS cross section and
two indicative Vs profiles at BRG and DAB along the EW direction, shows that they
reflect the vibration characteristics of the complete sediment column (Premygdonian
plus Mygdonian sediments).

Additionally, we computed transfer functions from earthquake records at 14 sites,
using data from a temporary seismic network [19, 27]. We first compared the esti-
mates that are obtained from different techniques of analysis (SSR, HVSR and GIS),
using different time windows of the recorded seismograms (noise before P-wave
arrival, S-waves, and coda) (Fig. 11.14). We verified that each time we obtained
similar transfer functions. At most sites close to the centre of the basin, transfer
functions do not show subsequent peaks, which could be interpreted as correspond-
ing multiples of a single layer over a half space. The observed peaks are closely
spaced in frequency to be interpreted as overtones suggesting that, at the centre
of the basin, lateral constrains are significant or that different layers contribute to
ground motion at different frequencies. On the other hand, close to the edges of the
basin, at the stations along the boundary between sediments and bedrock, few trans-
fer functions show rather simple shapes. The comparison between transfer functions
estimated from earthquake records with those determined from microtremor mea-
surements showed similar results in terms of dominant frequencies, even if (as
usually observed) transfer functions from microtremors have lower amplitudes.

One significant point concerning the seismic response of the 3D basin is the
large vertical amplifications observed at some locations, similar to that observed in
the horizontal components. This non-negligible vertical amplification occurs at the
same frequencies at which the corresponding horizontal components are amplified,
suggesting that, at least part of this amplification is due to locally generated Rayleigh
waves, amplifying motion in both radial and vertical components [27].

11.3.4 Engineering Implications of Complex Site Effects

2D and 3D computations are usually performed to account for complex site effects
and the engineering community is well aware of the need to take them into account.
However, the dominant feature of building codes is based on 1D concept that applies
to both soil classification, which is exclusively based on the vertical Vs profile, in
particular only to that of the first 30 m, and the definition of the design response
spectrum. Because of the lack of well documented subsoil structures and high qual-
ity earthquake records, there is a long way to go until the complex site effects will be
treated systematically and taken into account in future seismic codes. Nevertheless,
the well known soil model in Euroseistest and the large amount of data sets, allowed
us to propose some practical rules in order to take into account the complex site
effects in the seismic design. Our aim has been mainly to stimulate the discussion
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Fig. 11.14 Comparisons of
different transfer functions
estimated at site RSAR using
earthquake records. Each
curve identified in the legend
corresponds to spectral ratios
relative to the reference
station (SSR), or spectral
ratios of the horizontal
components relative to the
vertical component at the site
(HVSR). Results are shown
for three different time
windows: noise before
P-wave arrival (noise),
S-wave (S), and coda (coda).
EW and NS indicate the
direction of corresponding
horizontal component [27]
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among the engineering community about the possibility of including some kind of
provision for such complex site effects in terms of a next generation seismic codes.

We have already presented conclusions of 2D and 1D numerical modeling of the
detailed model for the sedimentary valley of Euroseistest (Fig. 11.2). Then, we have
defined a factor that measures the additional amplification in the response spectra
domain caused by the geometry of this basin relative to site effects measured using a
1D model. In a second step, we extended the idea of this factor and we computed the
amplification ratio, called here after aggravation factor, between 2D and comparable
1D models in terms of response spectra, for the detailed soil model as well as simpli-
fied ones in terms of soil properties and geometry (Fig. 11.12 [15]). Comparing the
numerical simulations among all these models, we are able to suggest the minimum
information needed about the valley’s structure in order to capture the essence of
its seismic response. Our results show that, in the case of Euroseistest, site response
depends fundamentally on its closed basin shape. Moreover, if we quantify the addi-
tional amplification caused by the lateral heterogeneity in terms of the aggravation
factor (Fig. 11.15 left), a rough constant factor between 2 and 3 seems to take into
account of the effects of lateral heterogeneity appropriately.

One limitation of our study is that all our computations are based on linear
behavior of soil material. It could be argued that our results are probably not appli-
cable to the case of very strong damaging earthquakes where strong non-linearity
is expected. This objection, however, does not hold in the regions of moderate
seismicity and in any case it is a useful starting point and especially for many
future damaging events in Europe where expected PGA on rock is less than 0.2 g.
Moreover, it could be argued that as the extra amplification expressed as the ratio of
2D/1D motion, the possible non-linear effects is probably similar in both 1D and 2D
analysis, and thus the ratio is valid in case of a strong ground motion as well. This

Fig. 11.15 2D/1D ratios of response spectra for 5% damping (aggravation factor) for the different
2D models I, II, III, IV and V (left) and I, VI, VII, VIII and IX (right), relative to the 1D response
spectra computed using the 1D profile at the location of each receiver of the corresponding 2D soil
model [15, 16]
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does not intend to minimize the research that is still required to understand non-
linear soil behavior phenomena and their consequences on the ground motion. We
would rather like to call attention to the importance of the aggravation factor and
the need to continue our research effort in the fields of major practical importance
for example in bridge engineering.

In order to account, although crudely, for possible non-linear effects, we assumed
an incremental decrease of Vs values and attenuation for the soil formations of
the detailed 2D soil model while the shape of the interfaces of this model is kept
the same. We, then, modeled seismic response with the same numerical code that
accounts for the equivalent linear inelasticity with constant damping behavior of
soil materials [16]. Namely, we have computed site responses for 95, 90, 85 and
80% of the initial Vs and respective decrease of Qs (S-wave quality factor) values
(models VI – IX), as well as the corresponding aggravation factor (Fig. 11.15, right
panel). It is worth noticing that the aggravation factor is rather similar (around 2
and 3) for the models with simplified dynamic properties compared to that of the
detailed 2D soil model, while aggravation factor for models with different geomet-
rical characteristics (models IV and V) is more discrepant compared to the detailed
one. Aggravation factor for models of simplified dynamic properties with depth
(models II and III) seems to stand in between the aforementioned cases. The vari-
ations of aggravation factor, although depending on frequency, are not very large
and could be disregarded in favor of simplicity. These figures show that, at least as
a first step, we could consider the aggravation factor to be constant throughout the
basin. Trying to implement the location of each site relative to the significant lateral
boundary in this concept decreases the general usefulness of the aggravation factor
in engineering practice.

11.4 Conclusions – Discussion

Most of the recent observational site effect studies deal with the evaluation of empir-
ical transfer functions. In practice, this has encouraged the continuous use of 1D
models, because of the simplicity of computing a theoretical transfer function eas-
ily compared with the observations, despite the fact that it has been almost 20 years
since the demonstration that in shallow alluvial valleys, such as Euroseistest, locally
generated surface waves should be the predominant phenomenon.

In the particular case of Euroseistest, frequency domain analysis of weak motion
data showed that the sediments filling the basin amplify ground motion by factors
larger than 10 between 0.6 and 3 Hz. In time domain, numerical modeling of a
very detailed cross section (NS) shows that site response in this valley is domi-
nated by lateral propagation of locally generated surface waves. Looking the data
in time domain, both seismograph and accelerograph records confirm the theoret-
ical results. We observe that surface waves are excited at the same frequencies in
which we expect the “resonance frequency” to occur. It is not surprising that the
predominant frequencies for body and surface waves coincide because both are two
manifestations of the same phenomena.
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Discrepancies appear when we want to interpret the empirical transfer functions.
We have shown that, if we want to account for the physics governing site effects,
ground motion at this valley cannot be modeled using 1D models. The reason is
clearly that the 1D “resonance” peak includes the contribution of locally generated
surface waves, which occur at different times in the seismogram. This phase infor-
mation is lost in the determination of the empirical transfer functions. An additional
problem is that amplitude transfer functions tend to make us forget the physics of
site effects. We suggest that the determination of empirical transfer functions is not
enough to differentiate between 1D and 2D site effects, and that a successful mod-
eling of a partial aspect of site response (i.e. amplitude) cannot guarantee that we
can make successful predictions of ground motion at a site.

Our results from Euroseistest indicate also that, in order to improve current
schemes accounting for site effects in the building codes, the more to be gained so
far comes from consideration of lateral heterogeneity, at least in the case of shallow
alluvial valleys, where locally generated surface waves are likely to be important.
Having in mind that in terms of engineering applications and code specifications, it
is not the detailed response of each valley that is of interest, we would rather like
to study in a simple way the effects of each structure in terms of response spectra,
and to be able to quantify the differences between different 2D models. The main
usefulness of Euroseistest experimental site is the contribution to the effort required
to better characterize a given site and to evaluate the expected amplitudes and fre-
quency content of the ground motion. For these reasons, it seems that our proposal to
use an aggravation factor that quantifies the additional and rather constant amplifica-
tion of ordinary shaped alluvial valleys, stemming from the consideration of lateral
heterogeneity is practical.

Acknowledgments Major part of the studies as well as the instrumentation of the
EUROSEISTEST strong motion array was financially supported by EU under EUROSEISTEST
(EV5V-CT.93-0281), EUROSEISMOD (ENV4-CT.96-0255) and EUROSEISRISK (EVG1-CT-
2001-00040) Projects.

References

1. Aoi S. (2002) Boundary shape waveform inversion for estimating the depth of three dimen-
sional basin structures. Bull Seismol Soc Am 92: 2410–2418, Doi: 10.1785/0120010245

2. Apostolidis P (2002) Determination of the soil structure using microtremor. Application on the
estimation of the dynamic properties and the geometry of the soil formations at Thessaloniki
city, Greece, Ph D Thesis AUTH. LSMFE

3. Bard PY, Bouchon M (1985) The two-dimensional resonance of sediment filled valleys. Bull
Seismol Soc Am 75:519–541

4. Chávez-García FJ, Faccioli E (2000) Complex site effects and building codes: making the
leap. J Seismol 4:23–40

5. Chávez-García FJ, Pedotti G, Hatzfeld D, Bard PY (1990) An experimental study of site
effects near Thessaloniki (Northern Greece). Bull Seismol Soc Am 80:784–806

6. Chávez-García FJ, Raptakis D (2008) Inversion of soil structure and analysis of the seismic
wavefield from a vertical array. Proc. 14th World Conference on Earthquake Engineering,
October 12–17, 2008, Beijing, China



11 Euroseistest 3D Array for the Study of Complex Site Effects 165

7. Chávez-García FJ, Raptakis DG, Makra KA, Pitilakis KD (2000) Site effects at Euroseistest-
II. Results from 2D numerical modeling and comparison with observations. Soil Dyn Earthq
Eng 19(1):23–39

8. He Z, Ye T, Su W (2005) 3-D velocity structure of the middle and upper crust in the Yunnan
region, China. Pure Appl Geophys. doi: 10.1007/s00024-005-2780-x

9. IGME (2001) Inventory–recording of water boreholes in the graben of Koronia, Thessaloniki
(coord.: I Milopoulos, editors: Veranis and Katirgioglou). Geophysical surface survey in the
graben of Koronia, Thessaloniki (coord.: I Milopoulos, editor: Atzemoglou et al). Reports of
the project entitled “Investigation of the exploitation possibilities of the deepest water table in
the graben of Koronia, Thessaloniki”, Water Supply Company of Thessaloniki (in Greek)

10. Japanese National Working Group on the Effects of Surface Geology on Seismic Motion
(JESG) (1991) Ashigara valley blind prediction test

11. Jongmans D, Pitilakis K, Demanet D, Raptakis D, Riepl J, Horrent C, Tsokas G, Lontzetidis
K, Bard PY (1998) EURO-SEISTEST: determination of the geological structure of the Volvi
graben and validation of the basin response. Bull Seismol Soc Am 88:473–487

12. Kudo K (1995) Topics of effects of surface geology on strong-ground motion from the recer
Earthquakes in Japan and the activity of Japanese Working Group on Effects of Surface
Geology. Proc. l0th Conf. on Earthquake Engineering, 2634–2641

13. Kudo K, Kanno T, Okada H, Sasatani T, Morikawa N, Apostollidis P, Pitilakis K, Raptakis D,
Takahashi M, Ling S, Nagumo H, Irikura K, Higashi S, Yoshida K (2002) S-Wave velocity
Structure at EURO-SEISTEST, Volvi, Greece determined by the Spatial Auto-Correlation
method applied for array records of microtremors, Proc. 11th Japan Earthquake Engineering
Symposium, Paper No. 62

14. Lin G, Shearer PM, Hauksson E, Thurber CH (2007) A three dimensional crustal seis-
mic velocity model for southern California from a composite event method. J Geophys Res
112(B11306). doi:10.1029/2007JB004977

15. Magistrale H, Day S, Clayton RW, Graves R (2000) The SCEC southern California ref-
erence three-dimensional seismic velocity model version 2. Bull Seismol Soc Am 90:
S65–S76

16. Makra K, Chávez-García FJ, Raptakis D, Pitilakis K (2005) Parametric analysis of the seismic
response of a 2D sedimentary valley: implications for code implementations of complex site
effects. Soil Dyn Earthq Eng 25:303–315

17. Makra K, Raptakis D (2007) How sensitive the effects of lateral heterogeneity on seis-
mic ground motion are? Proc. 4th International Conference of Earthquake Geotechnical
Engineering, June 25–28, Thessaloniki, Greece, paper No 1687

18. Makra K, Raptakis D (2008) Analysis of strong ground motion recordings at a downhole
array and correlation with simulation results. Proc 3rd Hellenic Conference on Earthquake
Engineering, November 5–7, Athens, Greece, paper No 1965 (in Greek)

19. Makra K, Raptakis D, Chávez-García FJ, Pitilakis K (2001) Site effects and design provisions:
the case of EUROSEISTEST. Pure Appl Geophys (PAGEOPH) Special issue on microzoning
158(11):2349–2367

20. Manakou M (2007) Contribution to the determination of a 3D soil model for site
response analysis. The case of the Mygdonian basin. Ph D Thesis (in Greek with
English abstract), Department of Civil Engineering, Aristotle University of Thessaloniki.
http://invenio.lib.auth.gr/

21. Manakou M (2009) Determination of the geometrical and dynamic properties of the geologi-
cal formations located close to the edges of the Mygdonian basin. PostDoc Thesis, Aristotle
University of Thesalloniki

22. Manakou M, Raptakis DG, Apostolidis PI, Chávez-García FJ, Pitilakis KD (2010) 3D soil
structure of the Mygdonian basin for site response analysis. Submitted for publication to
Soil Dynamics and Earthquake Engineering Soil Dyn Earthq Eng 30: 1198–1211. doi:
10.1016/j.soildyn.2010.04.027

23. Mayne PW, Rix GJ (1993) Gmax-qc relationships for clays. ASTM Geotechnic Testing J
16(1):54–60



166 K. Pitilakis et al.

24. Parolai S, Bard PY (2003) Evaluation of amplification and frequency-dependent lengthening
of duration of seismic ground motion due to local effects by means joint analysis of sonogram
and standard spectral ratio. J Seismol 7(4):479–492

25. Pitilakis K, Raptakis D, Lontzetidis K, Tika-Vassilikou T, Jongmans D (1999) Geotechnical
and geophysical description of EURO-SEISTEST, using field, laboratory tests and moderate
strong motion recordings. J Earthq Eng 3:381–409

26. Raptakis D (1995) Contribution to the determination of the geometry and dynamic proper-
ties of soil formations, and their site response. Ph D thesis (in Greek with English abstract),
Department of Civil Engineering, Aristotle University of Thessaloniki

27. Raptakis DG, Chavez-Garcia FJ, Makra KA, Pitilakis KD (2000) Site effects at Euroseistest-
I. 2D determination of the valley structure and confrontation of the observations with 1D
analysis. Soil Dyn Earthq Eng 19(1):1–22

28. Raptakis D, Lontzetidis K, Pitilakis K (1996) Surface Waves Inversion Method: a Reliable
Method for the In Situ Measurements of Shear Wave Velocity. Proc. 4eme Colloque Nationale
de Genie Parasismique et Aspects Vibratoires dans le Genie Civil, A.F.P.S, Avril 10–12, Paris,
France. Vol. I:160–169

29. Raptakis D, Manakou M, Chávez-García FJ, Makra K, Pitilakis K (2005) 3D configuration
of mygdonian basin and preliminary estimate of its site response. Soil Dyn Earthq Eng 25:
871–887

30. Raptakis D, Theodulidis N, Pitilakis K (1998) Data analysis of the Euroseistest strong motion
array in Volvi (Greece): standard and horizontal to vertical ratio techniques. Earthq Spectra
14:203–224

31. Real CE, Tucker BE (1988) Turkey Flat, USA site effects test area site characteristics, Proc.
of IASPEI/IAEE Joint Working Group on Effects of Surface Geology on Seismic Motion, 2nd
Workshop, Tokyo

32. Satoh T, Kawase H, Mathsusima S (2001, Apr) Estimation of S-wave velocity structures in
and around the Sendai basin, Japan, using array records of microtremors. Bull Seismol Soc
Am 91(2):206–218

33. Semblat JF, Kham M, Parara E, Bard PY, Pitilakis K, Makra K, Raptakis D (2005) Seismic
wave amplification: basin geometry vs soil layering. Soil Dyn Earthq Eng 25:529–538

34. Tournas D (2005) Study for the geometry of the Mygdonian basin, in the area of Euroseistest
site with the use of geophysical measurements, MSc Thesis (in Greek), Department of
Geology, Aristotle University of Thessaloniki



Chapter 12
Deployment of New Strong Motion
Seismographs of K-NET and KiK-net

S. Aoi, T. Kunugi, H. Nakamura, and H. Fujiwara

Abstract Following the occurrence of the 1995 Hyogoken-Nanbu (Kobe) earth-
quake, National Research Institute for Earth Science and Disaster Prevention
(NIED) has constructed two strong motion seismograph networks, K-NET and KiK-
net. These networks cover uniformly the country with an inter-station interval of
about 20–25 km, and a total number of the stations is about 1,700. To grasp the
hazard (ground motion) of urban or downtown areas, most stations of K-NET are
located in public offices, schools and parks, and a three-component accelerometer is
installed on the free-surface. On the other hand, KiK-net stations are located in quiet
places to avoid the artificial noise. Each KiK-net station has a borehole of 100 m
or more in depth and strong motion seismographs have been installed both on the
ground surface (uphole) and at the bottom of the boreholes (downhole). Recently,
based on the request for quicker hazard information, all instruments of the K-NET
and KiK-net have been renewed by including the change of accelerometers at the
surface, new recorders, and also a new data collection system between stations and
the Data Management Center (DMC) in Tsukuba. The newly developed instruments,
which are state of the art in strong motion instrumentation, have several advantages
such as real-time capability, larger measurable range and lower noise. This paper
explains the new generation system of K-NET and KiK-net.

12.1 Introduction

Strong motion observation in Japan dates back as far as 1950s. Since then, many
organizations have put a lot of effort to construct and maintain strong motion net-
works. The Japan Meteorological Agency (JMA; www.jma.go.jp/jma/en/Activities/
earthquake.html) has operated an earthquake observation network for the monitor-
ing of earthquakes. The Building Research Institute (BRI; http://smo.kenken.go.jp)
has installed strong motion instruments in major cities throughout Japan to enhance
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Fig. 12.1 Distribution of a K-NET and b KiK-net stations. Open and closed circles in (a) show
stations where K-NET02 and K-NET02A are installed

the seismic safety of buildings. Strong motion observations at port facilities have
been performed since 1962 under the Ministry of Land, Infrastructure, Transport
and Tourism (MLIT; www.mlit.go.jp/kowan/kyosin/eq.htm). Some universities and
research institutes including NIED have had local area strong motion networks.

After the 1995 Hyogoken-Nanbu earthquake, the development of the Japanese
strong motion observation was drastically stimulated. Prompted by the fact that an
insufficient coverage of the strong motion observation networks in Japan did not
facilitate to grasp the overall characteristics of earthquakes, the Japanese govern-
ment decided to improve the quality and quantity of the strong motion observations
in Japan. JMA have increased the number of strong motion stations and the central
government subsidized the local governments to install several thousands of obser-
vatories for seismic intensity observation. Since 1996, NIED has been in charge of
constructing of two strong motion networks, K-NET and KiK-net (Fig. 12.1). These
dense seismograph networks have successfully recorded many near source ground
motions, and nearly 290,000 digital records from more than seven thousands events
are now available through a public access web-site (Table 12.1 and Appendixes 1
and 2). These data are significantly contributing to disaster mitigation programs,
earthquake resistant designs and scientific research in Japan and abroad.

12.1.1 K-NET (Kyoshin NETwork)

Just after the 1995 Hyogoken-Nanbu earthquake, construction of K-NET began and
was completed in just 1 year [6]. The term K-NET stands for “Kyoshin network”
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Table 12.1 Number of events and records released in the K-NET and KiK-net web sites

K-NET KiK-net K-NET and KiK-net

Year Events Records Events Records Events Records

1996 154 3, 790 0 0 154 3, 790
1997 312 7, 908 7 64 312 7, 972
1998 277 6, 524 155 898 291 7, 422
1999 227 5, 315 169 2, 118 262 7, 433
2000 1, 048 11, 153 477 7, 690 1, 147 18, 843
2001 339 8, 630 325 7, 875 375 16, 505
2002 364 7, 331 295 7, 776 368 15, 107
2003 664 12, 950 624 17, 557 690 30, 507
2004 776 16, 703 794 19, 795 855 36, 498
2005 571 14, 114 540 13, 500 591 27, 614
2006 448 12, 004 375 8, 507 449 20, 511
2007 719 15, 825 634 12, 115 725 27, 940
2008 663 17, 429 629 21, 206 668 38, 635
2009 550 13, 494 499 15, 216 554 28, 710
Total 7, 112 153, 170 5, 523 134, 317 7, 441 287, 487

where “Kyoshin” means “strong motion” in Japanese. At its inception, K-NET con-
sisted of 1,000 stations whose average station-to-station distance was about 20 km.
All the stations were outfitted with the same type of strong motion accelerographs,
K-NET95, which were installed on the free surface (Fig. 12.2). Afterwards, some
stations were added to K-NET, such as the existing stations within the Kanto-Tokai
area or the cable type ocean-bottom strong motion accelerometers at the Sagami
Bay [3]. The number of stations currently is 1,032.

Fig. 12.2 Observation
facility for K-NET. A
basement for cold areas is
shown at the inset
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12.1.2 KiK-net (Kiban Kyoshin network)

The Japanese government established “the Headquarters for Earthquake Research
Promotion” on July 18, 1995, and the “Fundamental Survey and Observation for
Earthquake Research” plan was developed under their direction. In short, this plan
is called KIBAN, which is a Japanese word meaning fundamental or infrastructure.
The main part of the “Kiban” project encompasses many types of observation net-
works [12], such as the high sensitivity seismic network (Hi-net [9]), the strong
motion observation network (KiK-net; Kiban Kyoshin network [1]), the broadband
seismic observation network (F-net [4]), and the continuous GPS observation net-
work (GEONET [5]). Each KiK-net station (Figs. 12.3 and 12.4) has an observation
borehole of more than 100 m deep (Table 12.2), and a pair of tri-axial accelerome-
ters (V404 manufactured by Akashi Corporation) is installed on the ground surface
and also at the bottom of the observation boreholes together with high sensitivity
velocity seismometers of Hi-net. The acquisition system, SMAC-MDK, was also
manufactured by Akashi Corporation.

K-NET and KiK-net are pioneer networks in Japan to freely releasing all dig-
ital data through the Internet immediately after an earthquake, and nowadays this
open-data policy is becoming a common practice. Although our initial policy was to
release all data within 1 week after the occurrence of an earthquake, the request for
a quicker hazard information from many local governments who are responsible for

Fig. 12.3 a Observation facility and b a downhole instrument for KiK-net
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Fig. 12.4 a Observatory building of KiK-net. b Acquisition system of KiK-net and Hi-net installed
in a rack c Accelerograph of KiK-net installed in the pit

Table 12.2 Distribution of
the KiK-net borehole depths Depth (m) Number of stations

100–149 420
150–249 182
250–499 43
500–999 17
1,000–1,999 13
2,000– 13
Total 688

the initial response after an earthquake, prompted us to update our network. Based
on these requests, we conducted the replacement of all the instruments at about
1,700 K-NET and KiK-net stations (excluding the downhole sensors) between 2003
and 2008.

12.2 New Instruments of K-NET and KiK-net

New instruments were developed by introducing new technologies including infor-
mation technologies and high-performance sensors. The networks are equipped with
three types of instruments (K-NET02, K-NET02A and KiK-net06) which have sim-
ilar function and performance. K-NET02 and K-NET02A systems are installed in
the stations indicated by open and closed circles in Fig. 12.1a and KiK-net06 in the
all KiK-net stations (Fig. 12.1b). Summary of the new K-NET and KiK-net systems
are shown in Tables 12.3 and 12.4, respectively, by comparing them with the old
systems, K-NET95 and SMAC-MDK.
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Table 12.3 Comparison of old and new instruments of K-NET

K-NET95 K-NET02 K-NET02A

Maximum measurable acceleration 2,000 gal 4,000 gal 4,000 gal
Dynamic range (RMS noise/full

scale)
114 dB (19 bit) 132 dB (22 bit) 132 dB (22 bit)

Accelerometer V403a FBA–ESb JA40GAc

Calculation of JMA seismic
intensity

× ◦ ◦

Calculation of response spectrum × ◦ ◦
Recording capacity 8 MB 512 MB 768 MB
User’s programmability × ◦(Linux OS) ◦(Linux OS)
Continuous data recording × ◦ ◦
Data communication RS232C TCP/IP TCP/IP

aAkashi Corporation.
bKinemetrics Inc.
cJapan Aviation Electronics Industry, Ltd.

Table 12.4 Comparison of old and new instruments of KiK-net

SMAC-MDK KiK-net06

Maximum measurable acceleration surface/borehole 2,000/2,000 gal 4,000/2,000 gal
Dynamic range (RMS noise/full scale) 114 dB (19 bit) 132 dB (22 bit)
Accelerometer surface V404a JA40GAb

Borehole V404 V404
Calculation of JMA seismic intensity × ◦
Processing for EEW (B-delta method) × ◦
Calculation of strong motion indexesc × ◦
Recording capacity 80 MB 768 MB
User’s programmability × ◦(Linux OS)
Continuous data recording × ◦
Data communication RS232C TCP/IP

aAkashi Corporation.
bJapan Aviation Electronics Industry, Ltd.
cContinuous calculation of PGA, PGV, PGD, real-time intensity and response spectrum.

12.2.1 Sensor Module

At each station, a tri-axial accelerometer whose maximum measureable range is
±4,000 gal, is installed on the free surface. K-NET02 employs Episensor FBA-
ES-DECK (Kinemetrics Inc.), and K-NET02A and KiK-net06 use the JA-40GA
sensor [16] manufactured by Japan Aviation Electronics Industry Ltd. Though
the Episensor is a high performance accelerometer for precise strong motion
observation, sometimes step-wise noise, which is a rather common phenomenon,
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appears. This kind of noise is brought by the release of the stress accumulated
in the spring (flexure). Though the amplitude of the stepwise noise is very small
(much less than 1 gal in most cases), they have harmful influence when one inte-
grates the accelerogram into velocity or displacement and it is very difficult to
remove as it overlaps the data (e.g. [2]). To avoid this type of noise, the spring
of the new sensor, JA-40GA, is made of quartz and therefore the occurrence
of stepwise noise in the data is significantly reduced as compared to the old
sensor.

Regarding KiK-net stations, in addition to installation of new free surface
sensors, a tri-axial accelerometer (V404) whose maximum measureable range is
±2,000 gal, was also installed at the bottom of the borehole, stored in a pressure-
resistant tube made of stainless steel together with the Hi-net high-sensitivity
seismometers. The downhole sensors which were originally installed at the time
of construction of the stations have not been replaced at this time. The orien-
tation of horizontal components of downhole seismometers used in the KiK-net
has some uncertainty due to difficulties during installation. Orientations are there-
fore estimated by evaluating correlation of teleseismic waveform data [15]. Sensor
orientations may change every time the sensor is re-installed for maintenance
or some other reason. The updated orientations are also available through the
Internet.

12.2.2 Acquisition System

The acquisition system consists of a measurement module and a communication
module (Fig. 12.5), and each of them is controlled by individual built-in Linux

Fig. 12.5 Block diagram of K-NET02 which consists of a sensor module and acquisition system
(measurement module and communication module)
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boards which allow an easy update of the system program through the network.
The measurement module functions as a conventional strong motion seismograph
with high precision of observation. The communication module processes advanced
tasks, such as the calculation of the JMA seismic intensity, the recording of con-
tinuous data and a real-time data transmission. When a power shortage continues
more than an hour, the measurement module stops power supply from the backup
battery to the router and the communication module to save battery life for record-
ing data. Internal clock is synchronized with GPS (Global Positioning System) and
the accuracy of absolute timing is within 0.1 ms. as long as the GPS signal is
received. To protect the acquisition system from the damages owning to lightning,
arresters are installed between the system and outside modules such as power sup-
ply, telephone line and GPS antenna. Arresters are also installed inside the sensor
module.

Time history of the ground motion is recoded by an event triggering system.
When the ground motion exceeds the threshold, the system begins to record ground
acceleration with 100 Hz sampling including a 15 s pre-trigger data. To avoid alias-
ing, a high-cut filter is applied to the data before recording. Thus the total response
characteristic is almost flat from 0 (direct current component) to 30 Hz. At the
same time of triggering, the communication module begins to make connection
to the DMC through a digital telephone line (ISDN; Integrated Services Digital
Network) using a dial-up router. It takes typically 5–7 s to establish the connection
and a few seconds to send the pre-trigger data. Typically after 7–10 s the system
is triggered, real-time data can be obtained. This data includes a short 1.5 s delay,
which corresponded to the time spent for making 1 s packet data plus 0.5 s system
delay.

The capability of the new system of making the connection from the station
to the DMC has two advantages compared to the old DMC-to-station dialing-
up system. First, the new system substantially reduces the time to obtain the
data because it eliminates the need to wait for information of the earthquake
parameters (location and magnitude), which was a requirement of the old system
for deciding a station priority dial-up list. Second, it helps avoiding any over-
crowding of telephone lines because the connection can be established before an
eventual congestion, which may extend for several hours or days following an
earthquake.

12.2.3 Performances of New Instruments

To examine the performance of old and new instruments, we installed K-NET95
and K-NET02 at Tsukubane strong motion observatory where noise level is much
lower than the instrumental noise and obtained the record of instrumental noise by
observing horizontal ground motion. Figure 12.6 shows the noise records of the
whole system including sensor and acquisition systems in time domain and spec-
tral domain, respectively. Spectra of noise were obtained by the standard method
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Fig. 12.6 a Records of instrumental noise in time domain obtained by K-NET95 and K-NET02
by observing vertical ground motion at Tsukubane strong motion observatory where noise level
is much lower than the instrumental noise. b Records of instrumental noise in spectral domain
obtained by K-NET95 (upper), and K-NET02 (lower). Broken lines show the quietest (NLNM)
and noisiest (NHNM) of IRIS broadband stations

of evaluating the noise level of broadband stations [13]. For comparison we show
the noise level of NHNM and NLNM, the noisiest and quietest broadband stations
of IRIS all over the world. Comparison of the noise in time and spectral domains
shows that the level of noise of the new instruments is roughly ten times lower than
old one.

The noise level of the new instruments is mainly due not to the sensor but to
the acquisition system because an effective dynamic range of the acquisition system
is 132 dB and the dynamic range of the sensor is larger than this value. The prac-
tical advantage of the new sensors, especially the JA-40GA, is a larger maximum
measureable-range and the occurrence of few stepwise noise. Maximum measurable
range of the accelerometer for the surface was increased from 2,000 to 4,000 gal
because recent dense strong motion seismograph network revealed that extremely
large shaking exceeding gravity is not very rare. Figure 12.7a shows ground accel-
eration recorded just above the reverse fault during the 2008 Iwate-Miyagi Nairiku
earthquake. The maximum acceleration of UD component on the surface was 3,866
gal which would not have been possible to record without saturation by the old sen-
sor. Permanent displacements as well as time history of displacements (Fig. 12.7b)
are easily obtained by double integration of these accelerograms because they are
practically stepwise noise-free.

12.3 Continuous Observations

The acquisition system of the new instruments also has a continuous observation
capability. Continuous data are stored in the pre-reserved area of a compact flash
memory on the communication modules. The recording capacity of continuous data
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Fig. 12.7 Time history of a acceleration and b displacement recorded by the surface and bore-
hole sensors during the 2008 Iwate-Miyagi Nairiku earthquake at KiK-net IWTH25 station (West
Ichinoseki). Displacement waveforms are derived by the double integration of the original acceler-
ation records with baseline correction. Rightmost arrows indicate the static displacement observed
by the GPS station (ICNS) of Tohoku University, which is located a few hundred meters from
IWTH25 station

is of several days, and when the pre-reserved area reaches to full the oldest data
are automatically over-written by new data. Several kinds of strong motion indexes
such as real-time intensity [8], peak values of acceleration, velocity and displace-
ment, and response spectra are continuously calculated every 1 s and stored in the
memory. Those data and indexes are easily downloaded from DMC through the
network of the data collection system by specifying the required time window by
the user.

If a continuous communication line is available, continuous telemetric observa-
tion is also possible using the new instrument. As a feasibility study for continuous
strong motion observation, and taking advantage of the fact that each KiK-net
station shares the same seismic observatory with Hi-net, we set up the continu-
ous telemetric observation of the downhole UD component of KiK-net through
a shared use of the EarthLAN. The EarthLAN, by which Hi-net continuous data
is transmitted, is a continuous telephone line service provided by a communica-
tion company [10]. The reason for limiting the continuous transmission of KiK-net
to only one component is because most of the bandwidth of the EarthLAN is
occupied by Hi-net data, and the extra capacity is not enough for all six com-
ponents, three components both for surface and downhole accelerometers. The
continuously calculated strong motion indexes above explained, as well as the
UD component of the downhole data, are sent every 1 s using the surplus band-
width of the EarthLAN. And also, the epicentral distance and magnitude estimated
by the B-Delta method [11] and P-wave arrival time are promptly estimated at
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each station and sent to the DMC at optional timing through the EarthLAN.
These indexes have the potential to be implemented in earthquake early warning
systems.

From the viewpoint of disaster mitigation, it will become necessary in the
near future to provide the data that is required to estimate the spatial distribu-
tion of not only the hazard (ground motion) but also the risk (damage) of the
earthquake in real-time. To meet this need, more rapid data transmission may
be required. Because of the infrequent occurrence of large earthquakes, strong
motion has been commonly observed by event triggering system which requires
connection of the telephone-line only during the data collection. To achieve
more rapidity, continuous observation is one of the most likely options. Data
recorded by an event triggering system provides important information of past
earthquakes and helps to estimate the hazard and risk of a future earthquake.
With a continuous observation system, owning to the rapid progress of informa-
tion technologies, soon we would be able to fully monitor in real-time and thus
directly contribute to the mitigation of ongoing seismic disasters. Our strong motion
network capability currently lies somewhere in between these two observation
systems.

12.4 Data Flow and Data Release

Real-time ground motion maps (acceleration, real-time intensity and response spec-
trum) of Japan are always generated and uploaded to the web site (www.kyoshin.
bosai.go.jp/kyoshin) every 5 s, by using the strong motion indexes which are con-
tinuously calculated and sent from every KiK-net stations through the EarthLAN
(Fig. 12.8).

When an earthquake occurs and the data receiving system of DMC in Tsukuba
receives an event data from the earliest station, an event number is assigned for
making a group of data which is expected to belong to same earthquake. Event
data receiving within 600 s are considered to be the same group of data. Each data
are sent to the web site one by one. This procedure does not require to wait until
the transmission of data from all the station have finalized, and make it possible to
release the data from the near source of an earthquake in a few minutes for most
cases. Since this prompt release of data do not go through any manual check, some
inappropriate records such as noise data (ground notion of artificial noise or data
due to observational trouble), or the data from a different earthquake occurring at
almost the same time. Figures such as waveforms and response spectrum at each
station, and maps of peak ground motion (PGA, PGV, response spectrum and seis-
mic intensity) distributions are uploaded at almost the same time. These maps are
created using interpolations by an optimal Delaunay triangulation [17] from all data
observed by K-NET and KiK-net.

www.kyoshin.bosai.go.jp/kyoshin
www.kyoshin.bosai.go.jp/kyoshin
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Fig. 12.8 A real-time ground motion map, which is generated from real-time strong motion
indexes (PGA, real-time intensity, response spectrum) continuously calculated and telemated from
every KiK-net stations every 1 s. The map is routinely shown on web site and automatically
re-loaded every 5 s

Seismic intensities (e.g. [7, 14]) of an event observed by K-NET are promptly
transmitted to DMC (within 2 min), as soon as their values are calculated by using
60 s of ground motion data counted from arrival time by the communication module
of the acquisition system at each station. The seismic intensities are sent to the local
governments and the mass media through JMA and this information is immediately
run as a telop on television. The seismic intensities are also directly sent to the local
governments by request.

All data are manually checked in office hours. The operators take away noise
data, and records are related to source information (occurrence time, location and
magnitude) and formally upload the archives, digital data and a set of related figures,
to the web site.

12.5 Summary

All the instruments (excluding downhole sensors) of the Japanese nationwide strong
motion networks, K-NET and KiK-net, have been replaced recently, to answer to
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the request for a quicker hazard information immediately after an earthquake. The
instruments have been newly developed by introducing new technologies including
information technologies and high-performance sensors, which make them state of
the art in strong motion instrumentation.

The new instruments have the capability of automatically calling the DMC at
NIED in Tsukuba, several seconds after being triggered and are able to transmit
waveform data even while recording. This function not only significantly reduces
the time for data collection but also helps avoiding any overcrowding of telephone
lines. K-NET02 and K-NET02A have been officially approved as a seismic inten-
sity meter by the JMA. Measured seismic intensity, which is the most popular and
important index for national and local government during an earthquake, is auto-
matically transmitted to them through JMA within 2 min after being triggered. This
information is greatly contributing to the decisions and actions by the administration
during an earthquake, and is widely broadcasted through television and radio.

The basic performance of the strong motion instruments has been greatly
improved. Measureable range of accelerometers on the ground surface has been
extended from ±2,000 to ±4,000 gal and the dynamic range has been improved by
about a factor of 10 as compared to the old system. The newly introduced sensor,
the JA-40GA, which has a quartz spring (flexure) significantly reduces the occur-
rence of stepwise noise which very frequently appears in data observed by a sensor
with a metal spring. This will improve the accuracy of data analysis especially in
the long-period range such as waveform inversion analysis of source processes and
real-time seismology.

New instruments also have a continuous observation capability. Continuous data
are stored in the memory. Several kinds of strong motion indexes such as real-time
intensity, peak values of acceleration, velocity and displacement, and response spec-
tra are continuously calculated by the communication modules. Those data and
indexes are easily downloaded from DMC through the network by specifying the
required time window by the user. Continuous telemetric observation is also pos-
sible using the new instrument if a continuous communication line is available.
The communication module sends the data by packets of 1-s. duration. Indeed, UD
components of the downhole sensor of KiK-net06 are continuously sent to DMC
by using leeway bandwidth of continuous line prepared for Hi-net, as a feasibility
study for continuous observation of strong motion. From the viewpoint of disaster
mitigation, data from continuous strong motion observation will become important
both for the earthquake early warning, and for grasping the spatial distribution of
the hazard and the risk (damage) immediately after an earthquake.

Digital data and related figures and movies are available soon after the earthquake
(typically within 15 min) without any manual check. This data is checked by an
operator in the next business hour and the new archive is re-uploaded as the formal
data.

One of the new capabilities of the NIED strong motion web site are the maps of
real-time ground motion all over Japan. One can always see the intensity, PGA and
response spectrum which are continuously sent from all KiK-net station every 5 s
and observe the wave propagation in real-time.
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Chapter 13
Integrating the European Observational
Seismology Infrastructure: NERIES
Developments

Torild van Eck, D. Giardini, R. Sleeman, and B. Dost

Abstract Europe and its surroundings operate an impressive number of seismome-
ters and accelerometers, accommodating high and lower quality sensors, permanent
and mobile stations, land-based and ocean bottom systems. The equipment and
observatories are largely funded by national resources and priorities. Recently a
number of initiatives, among them NERIES, have accomplished a significant step
towards integrating this diverse network into a homogeneous real-time network, data
archival and data access facility, thus providing a powerful research tool for future
earth science research and hazard assessment.

13.1 Introduction

An increased exploitation of the Earth’s surface and its crust and an increased
vulnerability of the society’s infrastructure to geological and geomorphological
processes, together with a steadily lower acceptance of risks due to these pro-
cesses, demand an increasing knowledge of the structure and understanding of plate
dynamics and its surface effects. This demand for earth science research requires a
high-quality in-situ earth observation infrastructure providing continuous observa-
tions from a spatially distributed network of sensors. Together with the build-up of
a secured, homogeneous data archive and robust data access facilities these are the
basic elements of such a high-quality observation system, that is preferably comple-
mented by advanced, multidisciplinary analysis facilities. Precisely this approach
has been one of the main goals of the EC project NERIES (Network of Research
Infrastructures for European Seismology).
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Since 2000 European seismological observatories and research institutes are
successfully building an integrated and efficient research infrastructure. The
accomplishments show that such integration is possible in a diversified social
and political region such as Europe and its surroundings. Two consecutive
EC Research Infrastructure projects, MEREDIAN (2000–2005) and NERIES
(2006–2010) had a significant impact on coordinating the different national and
regional initiatives within and around Europe. In this paper we present these
recent developments towards a comprehensive observation and analysis research
infrastructure, specifically with regard to seismic broadband and accelerometric
networks.

13.2 Current Seismological Monitoring Networks

In-situ monitoring of ground motion in and around Europe is well developed.
Earthquakes are considered a serious threat in many southern and central European
countries, but with a decreasing risk acceptance also European countries with low
seismicity need to consider seismic hazard seriously.

The political and geographical realities in Europe favoured a patchwork coverage
of widely-distributed operational responsibilities and a large variety of equipment
types. In spite of this, European networks represent some of the densest and best-
equipped land-based networks in the world (Fig. 13.1).

Complementary coverage is provided by large-scale temporary deployments of
dense networks and borehole measurements, mainly motivated by diverse research
interests. Examples are the MIDSEA [19] and EIFEL [4] projects. A coordinated
European approach of these temporary deployments has recently been launched
with the Euro-Array concept [5]. The Topo-Iberia project [6] marked the first step.
Although initially only being a national Spanish initiative, it recently has been
extended to Morocco as a joint US, Moroccan and Spanish cooperation, as well
as to France as a joint French and Spanish initiative.

A less satisfactory coverage is found in the seas and oceans, notably the north
Atlantic and the Mediterranean Sea, where many earthquakes occur. This is not
surprising as sea and ocean bottom monitoring costs are significantly higher than
those for land-based observations. Ocean-bottom seismometers (OBS) have been
installed notably in France and Italy. Regular temporary OBS experiments have
taken place around Spain, France, Iceland, Greece and Turkey showing their poten-
tial for significant additional data [10]. Within the NERIES and ESONET projects
a closer coordination with land-based mobile deployments is being initiated. The
Arctic area, increasingly relevant with regard to possible future exploitation, still
lacks proper in-situ observatories.

Around Europe, Greenland is currently being monitored more intensively thanks
to the multinational GLISN project [11]. Most countries in northern Africa and the
Middle East are rapidly building modern observational networks. Unfortunately data
exchange between northern African countries and Europe are currently still limited.
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Fig. 13.1 About 4,000 seismic stations operated by about 180 networks are currently installed in
and around Europe [2008 overview provided by EMSC and ORFEUS]. This network provides the
seismic phase arrival time data for the operations of the EMSC

However, clear and steady progress is being made with countries like Morocco,
Tunisia and Algeria. Joint effective monitoring of, and innovative research on, earth-
quakes and complicated plate boundary structures in the Mediterranean area will
certainly develop once data exchange on a broad scale across the Mediterranean
area is realised.

Along the eastern border of the European Union data exchange with Turkey,
deploying two new modern seismological networks, and Georgia has strongly
improved. In countries at the eastern border of the European Union with low seis-
micity, the coverage with modern broadband seismometers is significantly less
dense. However, countries around the Caucasus (e.g. Azerbaijan) are rapidly devel-
oping their networks. Many countries in south-west Asia do operate advanced
networks, but as yet only a few do exchange data between each other.

In summary the current seismological network in and around Europe is generally
dense and modern and it is developing rapidly towards a large virtual seismo-
logical observatory. Significant and challenging initiatives are still necessary to
create an integrated, homogeneous coverage of in-situ ground-motion sensors on
the European plate and its boundaries.
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13.3 Network Funding and Data Exchange

In-situ permanent networks in and around Europe are currently primarily funded by
national organisations often with well-defined mandates. These mandates empha-
size: monitoring current local and regional seismicity, the assessment of seismic
hazard and risk, and the supply of national and local rapid earthquake informa-
tion. Most seismological networks in Europe are not primarily research networks
and therefore they are not funded by research organisations. Academic research
institutes, like universities and academies of sciences in former eastern European
states, operating permanent networks are exceptions in Europe. Temporary deploy-
ments, often targeting specific research goals, are on the other hand often supported
through research funding. One consequence of this funding structure is that data
exchange for global seismological research is not considered a first priority for many
permanent networks.

Historically, however, the research community has often been driving open global
data exchange. Facilitating open rapid parameter, i.e. interpreted, data exchange has
always been a generally-accepted policy among seismological (research) observato-
ries since around 1895 [17]. Current networks often maintain this practice through
the International Seismological Center (ISC). However, rapid regional, cross-border,
data exchange is apparently considered more important for the observatories as
illustrated by the success of the European-Mediterranean Seismological Center
(EMSC).

Open waveform data exchange took off at the same time as broadband and
high-dynamic range, digital recording became the standard goal in the research
community at the end of the 1980s. Technical and political difficulties had to be
overcome in order to enable efficient waveform data exchange. With the creation
of a number of research networks the seismological communities in the US and
Europe coordinated and facilitated data exchange early on. They established non-
governmental organisations, IRIS in 1984 and ORFEUS in 1987 [13, 20] in the US
and Europe respectively. A broader global collaboration followed with the creation
of the International Federation of Digital Seismograph Networks (FDSN) in 1986
[16]. The FDSN was crucial in establishing in 1986 the Standard for the Exchange
of Earthquake Data (SEED), which is currently the standard digital format agreed
on by seismological observatories and data centers for the exchange and archive of
waveform data. At present most major data acquisition manufacturers provide their
equipment with options for SEED output.

This preparatory work of the early global/international research networks at the
end of the 1980s paved the way to continue the traditions of open data exchange
for digital waveform data. European networks, although mostly not funded by the
research community, still aim to maintain or establish this open data exchange prac-
tice, provided it does not interfere with their current operations. Implicitly, the huge
advantage of opening this data for fundamental earthquake research is recognized
by the same observatories. Unfortunately, mobile research deployments in Europe
aiming at lithospheric studies did not follow a coherent archiving and formatting
strategy, except more recently in, among others, the UK, Germany, France and
Switzerland.
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13.4 European Scale Open Rapid Data Exchange

A European-scale observatory research infrastructure implies that an open data
exchange policy of waveform data is implemented and broadly accepted as the stan-
dard. As explained above, due to individual funding priorities, open exchange of
waveform data in and around Europe is not self evident. Real-time or near real-
time open data exchange, which became technical possible through the Internet in
the 1990s, is even less self-evident. Therefore clear agreements between the par-
ties are necessary and being made. Although not always easy, the last decade has
shown a significant transformation towards this concept of open and free exchange
of real-time data. A number of developments have been crucial in this process.

The initial framework was created by long-term international research networks
in Europe, like, NARS (University of Utrecht) in The Netherlands [14], Geoscope
(IPGP) in France [15], MEDNET (INGV) in Italy [3] and GEOFON (GFZ) in
Germany [8]. These networks pioneered the installation of significantly improved
sensors (broadband), data acquisition systems (dataloggers) and data transmission
equipment and protocols (Fig. 13.2). After the middle of the 1990s these mod-
ern seismic stations were installed in most local and regional permanent networks
on a large scale (Fig. 13.2). The research networks also pioneered open real-time
waveform data access to facilitate long-time archiving.

Since about 2000 Europe’s Internet network became sufficiently established as
to enable free, or very low cost, reliable data transmission. Pursuing the real-time
data exchange concept pioneered by GEOFON, the EC-project MEREDIAN started
the Virtual European Broadband Seismic Network (VEBSN [21]). Consequently,
the VEBSN concept of real-time Internet data exchange between networks in
different countries in and around Europe became possible by three coinciding
crucial developments.

Fig. 13.2 a Broadband stations installed and in operation in 1987. b Broadband stations installed
and in operation in 2008. About 50% of the broadband waveform data currently being produced
is archived in standard SEED format within the European Distributed Waveform Data Archive
(EIDA) coordinated within ORFEUS
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1. The reliable and fast Internet network created within Dante [9]. Currently the
National Research & Education Networks (NRENs) coordinated within Terena
provide low-cost, reliable and fast data exchange facilities for research data in
Europe.

2. The robust and effective data exchange protocol SeedLink [7], initially based on
the ComServ software package developed by Quanterra R©. This was later devel-
oped into an autonomous software package by the GEOFON group at GFZ and
made publicly available. This protocol, together with incorporated software mod-
ules (“plugins”) to communicate with standard dataloggers, provided a simple
data exchange tool easy to be implemented by a network.

3. The EC project MEREDIAN (2000–2005) providing the seed money for the
networks to implement data exchange in Europe, including Eastern Europe, and
to develop additional SeedLink plugins to interface a variety of data acquisition
systems. Within this project SeedLink became a de facto standard in Europe and
surrounding area.

Fig. 13.3 The European Virtual Broadband Seismic Network (VEBSN), a collaborative observa-
tory network initiative, providing access to near real-time continuous waveform data. This is the
situation as of January 2010
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The current VEBSN concept enables each network in Europe to operate a
regional, or even, a global (virtual) network of stations, relying on real-time data
streams supplied by many different providers. Obviously from the viewpoint of
many current observatories this concept can have both advantages and disadvantages
depending on their service agreements with funding providers. Clear agreements
between ORFEUS and the data providers are therefore being established.

In 2010 the European-Mediterranean observatories and the NERIES project
realised a VEBSN that exchanges and archives in near real-time digital wave-
form data from around 500 permanent stations from 55 networks (Fig. 13.3).
This is a significant step towards an integrated European observational seismology
infrastructure.

13.5 Observational Networks and Research Tools

The EC infrastructure project NERIES (2006–2010) involved national observato-
ries, research networks, coordinating organisations like ORFEUS and EMSC and
academia. This provided a fertile ground for cross collaboration.

One of the aims of the NERIES project has been to provide integrated access to a
significant larger set of data from observatories than has been able before. For this,
NERIES took advantage of already existing and recently upgraded European infras-
tructure of national or local seismological networks. Many of these observatories
record high-quality data for local or regional monitoring and hazard research. These
same data are, however, also core data for research on large-scale plate observations
or global seismological research.

Therefore, another aim of the NERIES project has been to provide research
tools for these data and to make these openly available for the whole seismolog-
ical community, both for basic research and applied studies more relevant for the
observatories. Tools developed within NERIES include, for example, ShakeMaps,
loss estimation software, site response software, data analysis software modules and
time varying hazard estimation tools. Many of those tools are certainly relevant to
improve operational services of the involved networks. Consequently, the NERIES
project has been promoting closer collaboration between the research community,
developing advanced analysis tools, and the observatories, providing the data and
implementing the research tools.

To facilitate this collaboration ORFEUS organises, since 2002, annual obser-
vatory coordination workshops and meetings at which recent developments are
discussed among observatories and, recently, also academia. At these meetings,
the technical and operational teams of the observatories initially exchanged com-
mon practice and tools. Currently, the observatory teams are regularly discussing
and exchanging their experience with the research communities on newly devel-
oped or improved tools. One illustrative consequence of this closer collabora-
tion between observatories and research institutes can be found in the software
development.
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Observatories in and around Europe have since the beginning of the 1990s been
moving from software developed in house to commercial or community-developed
software packages. For example Antelope R© and Apollo R© (commercial packages)
and EarthWorm, Seismic Handler, and SeisComP3 (open software packages) are
rapidly replacing in-house software in observatories. Locally developed software
has become increasingly too expensive to maintain, and adapting complete local
packages for increasing automatic and real-time operations too cumbersome.

Seismological observatories are increasingly required to provide very rapid infor-
mation. To meet this goal automatic location tools and rapid interpretation tools like
automatic locations, magnitudes and ShakeMaps are currently being implemented
within the observatories. Modular software packages for Antelope R©, EarthWorm
and SeisComP3 are often developed in research environments and these provide
observatories with new or improved tools facilitating routine observatory practices.
Moreover, observatories can implement suitable community developed modules
within their standard packages.

European observatories and research institutes are thus returning to their earlier
symbiotic relation, by creating a collaborative observatory research infrastructure
facility for data driven research. Observatory and research communities seem,
however, to remain funded through different resources.

13.6 Digital Waveform Data Archives

From the 1980s waveform data was primarily archived through exchange of
tapes, disks and CD-ROMs between network operators and the archiving facilities.
Unfortunately, this required a significant and increasing effort. As shown above real-
time data transfer, or even delayed automatic data transfer by Internet proved since
about 2,000 to be a far more efficient and sustainable option in Europe. Taking
advantage of this development, the VEBSN is currently the major practical tool
for archiving waveform data. Delayed data retrieval mechanisms, however, may
still be required to fill data gaps in the archives due to incomplete real-time data
transfers.

Given the current European funding structure for research infrastructures, it is
at this stage not feasible to create and maintain a single European waveform data
archive like IRIS-DMS in the US. Consequently, the NERIES project implemented
the European Integrated Distributed Waveform Data Archive (EIDA) coordinated
within ORFEUS. The EIDA consists of a number of existing large-scale national
facilities that share the task of archiving the exponentially increasing amount of
digital waveform data becoming available from the European-Mediterranean obser-
vatories. The data exchange communication protocol for this distributed archive,
ArcLink, has been developed on the basis of SeedLink by the GEOFON group
at GFZ.

A major task still remains ahead in recovering older data and to turn large off-line
archives into on-line archives. Systematic scanning of old seismograms at SISMOS
(http://sismos.rm.ingv.it) is one of the many different initiatives in this direction.
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13.7 Waveform Data for Research

Seismological digital waveform data is the major observational material for research
in global, and earthquake seismology. Easy access to all available data and the
high quality of the data are major requirements of the research community.
However, the above described integration procedure of the widely diverse obser-
vational structure and limited resources poses a serious challenge in fulfilling these
requirements.

Quality control and user oriented access tools have therefore become important
together with data provenance and integrity. Automated quality control procedures
[18] are playing an increasingly important role in the ORFEUS community, pro-
viding feedback to both data providers and data users. PQLX [12] and [2] is an
excellent example of such a tool, but more tools are rapidly being implemented.
User feedback or “crowdsourcing” is one of the tools being considered, facilitating
data users to participate in data quality control.

A broad range of data access facilities are being implemented. IRIS and ORFEUS
aim at coordinate traditional access tools like Wilber, BreQFast and NetDC,
enabling users to access different archives using the same tools. NERIES started
implementing a more versatile approach with webservices, facilitating the integra-
tion of different services. The Seismic Data Portal (www.seismicportal.eu) is one
implementation of the integration of earthquake parametric data, broadband seis-
mic waveform data and accelerometric waveform data enabling users to browse
through seismic data. Another application allows users to retrieve large volumes
of data from the EIDA through a simple command line procedure using web
services.

Integrating the observational seismology infrastructure, in itself a challenge, has
also revealed quality control challenges as well as new options for efficient QC feed-
back involving data providers and data users. The current infrastructure also enables
us to build a sustainable one-stop-shop data access for the research community. In
both aspects we will benefit in the future from an increased collaboration with the
information technology community.

13.8 Accelerometer Networks

Europe and its surroundings also operate an impressive number of accelerome-
ters (Fig. 13.4). Strong-motion networks are usually motivated by geotechnical
and earthquake engineering purposes and are often operated by engineering-related
organisations or public civil protection authorities. However, a significant number
of mobile equipment pools are maintained by research organisations and they are
often being deployed after important earthquakes, for example in the recent l’Aquila
earthquake in Italy in 2009. Seismological networks are increasingly incorporating
accelerometric networks within their observational infrastructure. Accelerometric
data are becoming increasingly of interest to seismologist as well.
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Fig. 13.4 An overview of nearly 4,000 accelerometers in operation in and around Europe in 2008
(courtesy EMSC). Within the NERIES project more homogeneous data access has been created as
a first step to facilitate open access to accelerometric data

13.9 Acceleration Data Exchange

Open exchange of acceleration data has currently not reached the same level as
seismological broadband data, although significant projects have been undertaken
[1]. Standardized digital metadata formats, more complicated than for broadband
seismic data, are still under discussion hampering efficient open data exchange. Also
since strong ground motion observations were considered most important for local
and regional hazard and risk investigations, standardized open data exchange was
not given a high priority.

Within the NERIES project the situation has significantly improved in the last
few years. Several larger acceleration networks are currently providing open access
to their data and the NERIES seismic data portal, mentioned before, provides inte-
grated access to accelerometric data from a number of networks as discussed in
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Chapter 9 by Roca et al. and Chapter 10 by Pequegnat et al., this volume. This data
exchange and integrated access initiatives require further developments in which
strong-motion data users are served according to their requirements.

13.10 Discussion and Conclusions

An exciting European observational seismology infrastructure is being created in
and around Europe in spite of the political and technical challenges. A will to coor-
dinate and collaborate together with available EC funds have been crucial elements
in the realisation.

The coordination and collaboration between observatories across borders, and
between observatories, funded through local mandates, and research institutes, using
data for basic research, are necessary. Clear agreements on data exchange poli-
cies and a mutual beneficial symbiotic relation between observatories and research
institutes facilitate this.

The EC infrastructure projects MEREDIAN and NERIES have provided timely
glue to integrate the recently modernized national observational seismology infras-
tructures. The EC provided small investments as compared with the recent total
investment in national infrastructures, which is difficult to estimate but easily
reaches beyond the 150 MC level. Most likely, there are only a few better invest-
ments with such a high cost/benefit ratio then integrating this infrastructure into one
effective European – Mediterranean observational seismology Infrastructure with
open data access for the research community. The impact on the understanding of:
earthquake hazard and risk, the dynamics and structure of the earth, lithosphere,
crust and near-surface structure will be significant. Related initiatives in the US
(e.g. Earthscope) and Japan provide a hint to what the benefits could be.

The European observational seismology infrastructure currently created within
NERIES is well in-line with related developments in GEO(SS) and other distributed
environmental observational infrastructures. The current infrastructure will enable
further integration of seismological data with other geological and geophysical data.
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Chapter 14
The Turkish National Accelerometric
Network: 1973–2010

Polat Gülkan

Abstract For a country with the size and seismicity of Turkey, the number of strong
motion recording instruments has been, and still remains, meager. The national
accelerometric network dates its genesis to 1973, some 40 years after the first instru-
ments had been deployed in California as the world’s first. The article traces the
procurement and emplacement of the first batch of analog sensors from 1973, and
the stages of technological and numerical improvements that have been achieved
since.

14.1 Setting the Stage: The 1939–1973 Period

Turkey has been one of the few countries in the world to create a ministry solely
for the purpose of re-housing its homeless citizens following natural disasters, and
reconstructing the affected urban areas. This is not to place a claim for exemplary
communal compassion, and may even be interpreted as a tacit acknowledgment
of the fact the public policies for disaster mitigation were largely impossible to
enforce [4]. From 1939 when a disastrous M7.9 earthquake struck Erzincan through
the 1940s not much could be done to counter earthquake losses except to provide
initially tents and later permanent homes to survivors. Academics in earth sciences
determined the earthquake hazard zones of the country and were also involved in
the preparation of building construction requirements.

Until 1958 the Ministry of Public Works (MPW) had been entrusted the duty
of tidying up after natural disasters (mostly earthquakes), preparing the earthquake
zones map for the country and the design requirements for buildings to be con-
structed in seismic zones. The Turkish Grand National Assembly, the country’s
parliament, passed a law in 1958 that created the Ministry for Reconstruction and
Resettlement (MRR), and these responsibilities were passed to the new government
branch.
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Turkish engineers active in the earthquake field were aware that ground accel-
eration records from strong earthquakes had been successfully acquired by analog
instruments deployed in critical locations in the US, Japan and New Zealand. Their
participation in the early World Conferences on Earthquake Engineering and the
increasing number of publications on the interpretation and use of the response spec-
trum aroused interest for the few digitized accelerograms that were in use in those
days. The sparse collection included the ubiquitous El Centro trace from the May
18, 1940 earthquake in Imperial Valley. With a mixture of curiosity and wistful-
ness the earthquake professionals in Turkey hoped to record the first all home-made
ground acceleration wave form.

In 1971, MRR created the Earthquake Research Institute (ERI) from what had
been a small unit within its General Directorate of Disaster Affairs (GDRA), the
principal branch of the Ministry that dealt with building regulation development,
earthquake hazard zones mapping and post-earthquake damage assessment and
planning. In spite of its academically inspired name ERI was really an elite unit
within the Ministry reporting directly to the minister and directed its work to applied
research objectives. What was unique about ERI was the fact that by law, it had been
accorded powers to draw from a pool of money called the Disasters Fund that was
diverted to it from profits of State Economic Enterprises. When earthquakes caused
unexpectedly costly damages during 1966–1971, a second resource to support ERI
activities was introduced by the creation of the Earthquake Fund to which money
was diverted from sale of tobacco and alcoholic beverages. The financial freedom
to spend from the “Earthquake Fund” was unique in the Turkish bureaucracy that
normally is tightly under the control of the Court of Accounts and the Ministry of
Finance. This freedom was abrogated in 1983 when MRR was re-united with MPW
for a single ministerial entity along with most types of extra-budgetary fund pools.

Until well into the 1970s the accelerometer design and production industry
worldwide relied on analog technology [2]. The difficulties and uncertainties asso-
ciated with converting analog traces on photographic paper into digital format were
recognized, but these were not considered to be insurmountable. In spite of the
availability of the funds for the acquisition of strong motion accelerographs, these
instruments fell within the broad definition of capital equipment, so it was necessary
for ERI to submit a proposal for a project to the State Planning Organization (SPO)
for their procurement. The request was approved for the 1973 budget, and the first
15 sensors of the Kinemetrics SMA-1 vintage were procured for deployment as they
were delivered over the next year.

The policy for the deployment of the sensors was determined with consideration
of ease of access for regular maintenance and following earthquakes, safety from
unwanted interference, availability of power and a phone interrogation point with
a designated person. The cities were all selected with reference to the perceived
likelihood of recording a future earthquake. These criteria were mostly fulfilled by
the provincial representation branches of MRR, so the early generation of sensors
was emplaced in these buildings that are architecturally and structurally identical.
A few of them were also placed inside rural health clinics and buildings belonging
to other ministerial functions. In hindsight it is unfortunate that little awareness was
displayed for the possible contamination of the records by soil–structure interaction.
All of the early sensors were stand-alone stations so that none had a twin station
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nearby to study wave propagation or site effects. No consideration was given to
achievement of site geology variability (to this day nearly all stations in Turkey are
on Class C or D sites, and stations on rock are very few). This is not surprising, given
the very few number of stations in the first place. Double stations in the same city
were a luxury that simply could not be afforded. For the same reason, instrumented
buildings did not exist.

14.2 The First Vernacular Accelerogram:
The 1976 Denizli Record

By 1975, a paltry total of 34 stations had been deployed in the country that has a
surface area of 800,000 km2. I am showing their locations in Fig. 14.1. The table
in the Appendix lists them in aggregated form until 2010. The coordinates of the
stations in the table are current as of this writing even though it may have been
moved following its first emplacement. In the interest of brevity a single table is
provided where the year of reporting of that station is listed.

Fig. 14.1 Status in 1976 (Denizli is marked with the star)

The station in Denizli (a city in western Turkey with 500,000 residents now)
was shaken by an M4.9 shallow earthquake on August 19, 1976, and produced the
eagerly awaited record with a PGA of about 0.34 g. This record is shown in Fig. 14.2
for its historic relevance.

14.3 Expansion of the National Network Until 1996

The Division of Earthquake Research of GDDA produced reports at approximately
5 year intervals from 1985 to inform about the state of the Turkish National Network
under its management. In 1985 there were 65 SMA-1 instruments deployed as
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Fig. 14.2 The 1976 Denizli record

shown in Fig. 14.3 [3]. By 1990 [1] the number had increased only marginally to
69, and the location of a few stations had been displaced. These differences that had
occurred by 1990 are marked in Fig. 14.3.

Changes in strong motion sensor technology were reflected in the instrument
inventory of the national network. While no major procurements had been made by
1996 [6] the breakdown of the instruments was listed as 73 SMA-1 s, 19 digital
SIG-SA (Swiss produced) and one Kinemetrics SSA-1 sensors for a total of 93. The
status as of [6] is shown in Fig. 14.4.

14.4 Post-1999 Status

The two major events that occurred in the Sea of Marmara region in Turkey
during 1999 rank among the largest earthquakes to have occurred in the eastern
Mediterranean Basin during the last 100 years. In terms of their visible effects (such
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Fig. 14.3 Status in 1985 and 1990

Fig. 14.4 Status in 1996

as ground deformation patterns, widespread damage and economic losses) these
earthquakes established new thresholds. The first one with Mw7.4 struck on August
17, 1999, and the second Mw7.2 on November 12, 1999, and yet the number and
quality of strong motion records recovered from the main shocks was very dis-
appointing. With the few and functional instruments located inside institutional
buildings there was interference in the ground acceleration traces caused by the
buildings. The instruments were stand-alone devices, a combination of analog and
digital types, and were triggered independently, making it difficult to study wave
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propagation effects. From the viewpoint of strong motion seismology in Turkey
1999 was a series of missed opportunities.

Earthquakes with magnitude larger than 7 occur at intervals typically measurable
in several 100 years even in high seismicity areas, so missing proper recording of
the ground motions they produce represents loss of much valuable and irreplace-
able scientific data. High density strong motion networks are justified because when
effects of this seldom occurrence are recorded, they provide much valuable insight
as to what to expect in the future in terms of the damaging power of similar motions.

With these concerns in mind, a project to enhance the digital strong motion net-
work in Turkey was initiated in 2000. The project was funded by the North Atlantic
Treaty Organization under its Science for Peace Program (since renamed the
Security through Science Program). The project was realized with the partnership of
Middle East Technical University (METU), Ankara, Turkey, University of Nevada
at Reno (UNR) and the General Directorate of Disaster Affairs (GDDA), the oper-
ator of the national strong ground motion network in Turkey. This project provided
for the purchase of 20 new digital three-component strong-motion accelerographs.
The NATO project permitted the emplacement of two arrays, code-named BYTNet
and DATNet, established between Bursa-Yalova and Denizli-Aydın [5], respectively
(Fig. 14.5). An identical program was funded by the Scientific and Technological
Research Agency of Turkey (TUBITAK) in 2003 for the creation of a third 20-
instrument array between K. Maraş and Antakya, code named MATNet. As of 2003,
the number of digital instruments in the entire country had risen to about 60, so that
this addition constituted a significant input for the recording potential for GDDA.

The primary objective of these projects has been to establish array type
accelerometer networks in three locations in Turkey and to facilitate a more sys-
tematic recording of strong motions from different types of faulting in different

DATNet

BYTNet

MATNet

Fig. 14.5 BYTNet, DATNet and MATNet arrays
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tectonic settings. Thus, the network geometries suggested by Iwan [7] were consid-
ered a relevant starting point. Although the number of instruments we had available
did not allow that plan to be fully implemented, these instruments provided a good
start. The site conditions are well-documented to make the results most useful for
improvement of models of the amplitudes of ground motions in Turkey.

14.5 Current Status

The current number of triaxial accelerographs maintained by GDDA is in
excess of 320, including earlier generation analog devices that have been con-
verted to digital technology, instruments procured under different projects and
recently acquired instruments. These instruments are shown as dots in Fig. 14.6,
and are listed for future reference in the Appendix. Thanks to the recently
completed TUBITAK-funded program for the “Compilation of Strong Motion
Data from National Strong Motion Data According to International Standards”
(www.daphne.deprem.gov.tr) all records that have been obtained to date (some
1,250 three-component traces) have been processed uniformly and their record-
ing station site characteristics have been determined through geophysical surveys.
A search engine facilitates downloading digital data conforming to prescribed
requirements.

Fig. 14.6 Status in 2010

The latest figure is 327 instruments deployed as of 2010 as part of the national
system. This number still needs to be increased to at least 1,000.

Acknowledgments I thank O. Ergünay for factual information concerning the funding sources at
GDDA.
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Chapter 15
The Current State of Strong Motion
Monitoring in Switzerland

J. Clinton, C. Cauzzi, D. Fäh, C. Michel, P. Zweifel, M. Olivieri,
G. Cua, F. Haslinger, and D. Giardini

Abstract The next generation Swiss Strong Motion Network has recently been
funded by the Swiss Government: in the next 8 years the Swiss Seismological
Service expects to install 100 new 24-bit broadband freefield stations in pre-
dominantly urban locations across the country with realtime, continuous data
transmission at high sampling rates. This infrastructure will compliment the exist-
ing 30 comparable realtime stations installed over the last 3 years, and replace the
original ~70 strong triggered dial-up network installed in the early 1990s. The intro-
duction of these new stations provides an opportunity to reassess how strong motion
data is used in Switzerland, for routine network operations, emergency response
and scientific purposes. The strong motion data will be acquired in parallel with the
existing broadband network, and will be processed together with broadband data
for earthquake early warning, triggering and locations, near real time ShakeMaps,
and moment tensor inversion. Challenges arise on how to archive and provide this
type of data to the scientific and engineering communities. Metadata maintenance
needs to parallel efforts for the broadband network. Although permanent online
archival of large volumes of data is rapidly becoming more affordable, this size
of the new dataset dwarfs the existing broadband data currently being generated.
We discuss the optimal strategies to permanently archive the continuous data, both
within Switzerland, and via the existing European data infrastructures.

15.1 Introduction

When compared to seismically more active regions, damaging earthquakes are rare
in Switzerland. Nevertheless, 10–15 earthquakes are felt (on average) each year
by the population and damaging events are expected every 5–10 years [36]. Over
the past 800 years, Switzerland has suffered at least 28 events with attributed
moment magnitude Mw ≥ 5.5, 12 of these resulted in severe damage to buildings,
with macroseismic intensity values reaching or exceeding VIII [16]. The historical

J. Clinton (B)
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Fig. 15.1 Historical seismicity in Switzerland between 250 and 1974. Only events with attributed
intensity ≥ V are shown. Symbols are proportional to macroseismic intensity. Note the high
damaging historical earthquakes in the region of Basel (NW) and in the Wallis (SW)

seismicity distribution in Switzerland is depicted in Fig. 15.1. Seismic activity is
highest in the Wallis (SW) and in the Basel region (NW). Central Switzerland, the
Graubünden (SE), and the Rhine Valley of St. Gallen (NE) have also experienced
significant shaking in the recorded history.

In spite of the moderate hazard level [36], a relatively high seismic risk exists
in Switzerland [21], resulting from the (a) high population density, (b) high degree
of industrialization, with critical infrastructures including dams, nuclear power and
chemical plants, and (c) generally low level of preparedness due to the relatively
long return periods of strong ground shaking.

Instrumental observations now complement the macroseismic observations and
provide the basis for a homogeneous record of the seismicity in Switzerland since
1975. The instrumentally recorded earthquake catalogue in Fig. 15.2 shows close
correlation with the macroseimic catalogue.

The Swiss Seismological Service (SED) at the ETH Zürich (ETH) is the Swiss
federal agency responsible for monitoring the seismicity of Switzerland and sur-
rounding areas, providing rapid notification of earthquakes to the local authorities
and the public, and archiving and providing reliable data for seismological and
earthquake engineering research studies. The SED manages both a high-gain broad-
band/short period seismometer network and a low-gain accelerograph network.
The former is intended to monitor earthquake activity at magnitudes well below
the human perception threshold [9], whereas the latter is principally aimed at
engineering purposes and thus mainly records strong motion. Nevertheless, the
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Fig. 15.2 Instrumental Seismicity (1977–2009) in Switzerland observed by the SED. Over 25,000
events were located by the SED in this period

progressive introduction of broadband low gain accelerometric sensors with very
large dynamic range alongside high-dynamic range dataloggers is rapidly blurring
the boundary between weak and strong motion instruments – leading to digital
ground velocity records of engineering significance and acceleration records of
seismic observation quality.

15.2 Seismic Monitoring in Switzerland

Instrumental monitoring of earthquake activity in Switzerland began at the onset of
the twentieth century. Since then Switzerland has been at the forefront of seismic
monitoring in Europe. By the 1970s, a telemetered high-gain short-period seismic
network was installed, with data recorded on microfilm support. By the mid 1980s,
the network consisted of a dense network of high gain sensors with radio commu-
nications digitized on a central computer system and automatically processed. In
the early 1990s, the initial National Strong Motion Network was established, with
dial-up triggered instrumentation.

The modern Swiss Seismic Network was created in the late 1990s, when broad-
band sensors alongside 24-bit dataloggers replaced the short period sensors, GPS
timing was introduced, and communications were upgraded to a high bandwidth,
secure internet system. This new network is known as the CHNet, and comprises the
national broadband (SDSNet) and the national strong motion (SSMNet) networks,
as well as some Special Networks (targeted local densifications based on temporary
projects).
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Fig. 15.3 Strong Motion Stations operated by the SED. Stations with EpiSensors are part of the
continuous real-time network. The other sensors operate in dial-up mode and have limited dynamic
range

15.2.1 Dial-Up Strong Motion Network

In the early 1990s, the Swiss National Strong Motion Network was installed, con-
sisting of 59 free-field stations as well as of 5 dam-related arrays with a total of
34 strong motion instruments (see Fig. 15.3). This network, consisting of dial-up
triggered 3-component sensors, was installed across Switzerland and would now
be considered outdated due to the limited local storage, the narrow sensor frequency
response and the digitiser dynamic range of only 12–16 bits [37]. The network goals
were to (1) characterise strong ground motions at the different sites; (2) determine
the attenuation of strong ground motion with distance; (3) investigate site effects
due to different local geology; and (4) investigate the dynamic behavior of various
key dams in Switzerland.

The dial-up network uses a mix of GeoSig SMACH SM-2 12/16 bit and
SYSCOM MR-2002 12 bit sensors, with the trigger level varying according to local
noise conditions. By 2000, all recording systems were upgraded with a time code
receiver (DCF or GPS).

15.2.2 Broadband Seismic Network

From 1999 to 2002, the short-period network with radio based analogue teleme-
try was replaced by a fully digital, predominantly broadband, high dynamic
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Fig. 15.4 All continuously monitored stations from the CHNet SED. The Swiss digital seis-
mic network (SDSNet) mainly consists of Streckeisen STS-2 seismometers, complimented by
short period velocity sensors (~35 stations). High dynamic range accelerometer stations from the
SSMNet Swiss strong motion network comprise about 40 stations, some co-located with broadband
sensors

range network. The new Swiss Digital Seismic Network (SDSNet) consists of 28
broadband Streckeisen STS-2 stations equally distributed across the country with
inter-station spacing of about 30–50 km (Fig. 15.4). Data is digitized on 24-
bit Nanometrics equipment (HRD-24, Trident and Taurus). Data is continuously
telemetered via secure Government internet lines to Zürich in real-time for process-
ing. Archives of both the continuous and event data at high sample rates (120 sps)
provide the research community with state-of-the-art seismic data.

Currently, the Seismic Network also monitors some 30 sensors from outside
Switzerland (Germany, Austria and Italy) to optimise earthquake detection and
locations for the country. The system transmits data via SeedLink [23].

15.2.3 Modern Strong Motion Network

Since 2006, improvements to the SSMNet have followed the same structure as the
SDSNet infrastructure – new strong motion stations are continuously monitored in
real time with high dynamic range instruments at high sampling rates [1]. Currently,
strong motion sensors are co-located with broadband sensors at 11 sites, and similar
instrumentation is installed at ~30 free-field, mainly urban locations (Fig. 15.4).
Note the densification of strong motion stations in the Basel Area, the Wallis and
the Graubünden, where the Swiss earthquake hazard is highest.
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The strong motion sensors are uniformly all EpiSensors, set to 2 g clip level,
with ~155 dB dynamic range and flat frequency response from 200 Hz (above
the Nyquist frequency at all sampling rates we use) to DC. The dataloggers,
typically Nanometrics Taurus, are the current equivalent of the 24-bit SDSNet
dataloggers.

Data from strong motion co-located with broadband are sampled at 120 sps, and
at 250 sps at the standalone strong motion sites. Commercial ADSL lines are used
for the standalone stations. Once the data reaches the SED, it is acquired, processed
and archived in a similar manner to the broadband SDSNet stations.

15.2.4 Planned Strong Motion Network Upgrade

The renewal of the Swiss Strong Motion Network was funded in 2009 by a deci-
sion of the Swiss Federal Council. The project involves installation of some 100
new accelerometer stations over the next 8 years, with an initial 30 new stations to
be installed in the first 4 years. The key goal of the network is to densify instru-
mentation in the major Swiss cities and towns, in particular those with elevated
seismic risk. Many of the dial-up stations will be upgraded. Instrumentation qual-
ity and communications will also be state-of-the-art, very broadband accelerometers
with 24 bit digitization and real time continuous communication of high sample rate
data. The data will also be processed alongside the SDSNet data. Site selection will
accommodate both scientific objectives and the level of cultural noise in order to
maximise usage of the collected data.

As part of the project, a new housing solution has been designed (Fig. 15.5)
for the standard new station. This is an improvement over existing urban strong
motion station installations, and will minimize the effects of cultural and electrical
noise. The vault consists of a concrete cylinder with a metallic cover, and hosts the
sensor. A separate casing with the datalogger and communication systems can be
placed either inside the vault, or several meters away from the station. The vault is
anchored to the ground via steel bars in order to avoiding ground settlement, relative
displacements and rotations [22]. Each station will have a detailed geophysical site
assessment.

15.3 Strong Motion Data Archival, Dissemination
and Storage Considerations

New strong motion stations at the SED are fully integrated into the Seismic
Network. Data are collected at the SED in real-time (data latency is typically under
3 s) at high sampling rates, and passes through identical processing as broadband
streams. This means if a strong motion station is considered quiet enough, it can be
used for earthquake detection and automatic location. For manual event revisions,
which are completed within tens of minutes following major events in Switzerland,
all real-time strong motion streams are available, and often used, for both location
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Fig. 15.5 Station housing concept for new SSMNet stations – photo from prototype installation
at SSMNet station SCEL. The accelerometer is stored within the concrete cylinder. The data-
logger and communication system (orange casing) can be hosted either in the same housing, or
alternatively several meters away from the sensor

and magnitude estimates. Acquiring strong motion alongside our other datastreams
also allows us to archive strong motion data identically to the broadband data, and
to take advantage of the software created to optimise the quality and completeness
of the waveform archives.

In nearly 20 years of operation so far, the SSMNet triggered dial-up network
generated over 700 triggers that have been associated with earthquakes located by
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the SED Seismic Network. The total volume of data recorded in this archive is
16 MB. The SED has been producing waveform event files of ~100 s duration for
all digital recordings of earthquakes since 1983, including short period, broadband,
and strong motion data as available. The total volume of these over 25,000 event
files is 48 GB. In contrast, a single continuous 250 sps channel recording requires
approximately 30 Mb/day (~11 GB/year). Nevertheless, as data storage has become
cheap, the SED now permanently archives all data collected by all stations within
the CHNet, including the high sample rate continuous strong motion data. This has
required a change in the approach the Network takes to data storage. The complete
continuous waveform archives, dating back to late 1999 (the advent of broadband
installations in the CHNet) are available on high availability rapid access disk that
are maintained and backed up by professional IT group at the ETH. The archives
are stored in both GSE2 format [24] and miniSEED format [33]. Currently, the
complete archives of the CHNet in miniSEED format require 7 TB of disk space.
The current growth of these archives is ~3 GB/day (~1.1 TB/year), of which 70% of
the total is due to the ~40 strong motion stations.

For comparison, the entire ORFEUS Data Center (ODC) Archives, which archive
broadband data from across Europe at until very recently at only lower 20 or 40 sps
sampling rates, comprise 4 TB (Reinoud Sleeman, personal communication). GFZ
and IRIS, who maintain international archives at higher sampling rates, have archive
volumes of 30 TB (Andres Heinloo, personal communication) and 105 TB (Rick
Benson, personal communication) respectively.

The SED has also been providing real-time strong motion waveforms to the ODC
since mid-2009. These new streams, allied to a new ODC policy to begin archiving
all seismic data at the highest available sampling rates rather than 20/40 sps, has
lead to a dramatic rise in their daily archive growth rate, from under 3 GB/day to
over 6 GB/day (Reinoud Sleeman, personal communication).

Beyond the ODC, the SED shares Swiss data with neighbouring seismic agencies
(INGV, ZAMG, LED, BGR, GeoAzur Nice) and international agencies (IRIS/GFZ)
over either an InterNaqs or SeedLink connection. Both ZAMG and the ODC have
begun taking strong motion data feeds in realtime. We expect this sort of data shar-
ing to grow as more and more agencies begin to operate continuous realtime strong
motion stations, and become capable of processing this data in their own realtime
seismic processing systems and event products (e.g. ShakeMaps).

In the past, the SSMNet triggered data has been made available on a dedicated
web platform that was independent of the real-time continuous data streams. The
continuous strong motion data was only available in event and continuous files on
request. The SED now runs ArcLink [23], a software product from GFZ, which
allows open access via scripting and web requests, to the entire continuous archives.
The triggered data is added to this dataset.

The SED is an active contributor to the Accelerometic component of the
European Earthquake Data Portal (http://www.seismicportal.eu/ – last accessed 1
April 2010). This project, involving a core group of 6 Accelerometric Networks as
well as the European Mediterranean Seismological Centre (EMSC), has created a
freely available distributed strong motion archive [31] that can be searched using
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Fig. 15.6 Images from PQLX for 2 SSMNet stations at ZUR (collocated with STS2) and SCOU
(standalone). The grey lines are the high and low noise models of Peterson [29]. The background
signal at high frequencies is measuring the site noise. The microseismic peak is visible between 5
and 10 s. Between ~1 and 5 s, and beyond 10 s, the background signal typically is recording the
sensor/datalogger noise

station, event and waveform parameterisations (e.g. PGA, PGV, Housner Intensity).
As the SED now operates continuous stations, we were able to contribute all records
from ML2.5 irrespective of the PGA, and thus our contribution does not have a
sampling bias.

The continuous strong motion stations are now routinely processed via the
health monitoring software tool PQLX [28]. This software, a standard tool for the
broadband community, calculates power spectral densities from the continuous data
illustrated as a probability density function. The software allows evaluation and tem-
poral tracking of background station noise across the frequency spectrum. From this
tool, it is clear the typical SED high quality continuous strong motion station stays
below the Peterson [29] High Noise Model from high frequencies (~50 Hz) to just
beyond the microseism (~15 s). The microseismic peaks are observed at all stations,
as are occasional large teleseismic events at longer period. We observe high fre-
quency cultural signals at f > 1 Hz, well above the sensor/datalogger noise at all sites
except some of the best co-located sites in the SSMNet. Most stations record sen-
sor noise rather than the background site noise only beyond the microseismic peak
(T > 10 s), except for a short frequency window between 1 s and the emergence of
the microseismic peak (~5 s) (Fig. 15.6). This suggests that strong motion data from
the new SSMNet can be applicable for use in future noise study investigations.

15.4 Use of Strong Motion Data at the SED:
Network Products and Research

The 40 strong-motion channels acquired continuously in real-time at the SED are
processed identically to the broadband and short-period sensors also monitored by
the Seismic Network. This allows use of the strong motion data for routine auto-
matic network operations, manual locations and seamless archival of continuous
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data and extraction of data into event files. Metadata maintenance, and health mon-
itoring – both of waveform completeness and waveform signal quality – are also
kept to the same standards as the rest of the network. This ensures a high quality in
strong motion network performance, and near 100% recovery of event data, a per-
formance that is far above that the SED was able to reach with the dial-up strong
motion network.

The easy access to high quality strong motion data in both continuous and event
form allows researchers at the SED to use strong motion data for a variety of
purposes.

15.4.1 Earthquake Detection

Most strong motion stations are located in urban sites and thus have high cultural
noise, in particular in the 1–30 Hz frequency range suitable for local earthquake
detection. Nonetheless, some stations are located at good sites on competent ground,
and are included in the detection routine – this helps to locally improve the
earthquake detection capacity of the network.

15.4.2 Earthquake Locations and Local Magnitudes

If a strong motion station contributes triggers to an event association, a P-pick will
be searched for (using the Baer Picker [2]) and if found, the station will be included
in the automatic location, though the magnitude will not be used. Once an automatic
location is created, a single file is extracted for manual review containing all realtime
waveforms monitored by the SED, including all the available strong motion stations.
Manual locations, which are available within 10s of minutes following felt earth-
quakes in Switzerland (> ML2.5 inside the country), incorporate picks from strong
motion stations wherever applicable. In 2009 about 10% of all reviewed earthquake
picks were made on strong motion records, even though the great majority of events
have magnitude below ML2.5. Although we can use the Wood Anderson amplitude
for manual estimates of the Local Magnitude, due to poor signal-to-noise, this is
typically only done when strong motion stations record events with ML > 3.5.

Dial-up strong motion data, if triggered, is manually added to the event files
within hours/days of an event, and can also be used to refine manual locations and
local magnitudes.

15.4.3 ShakeMaps

The SED produces USGS ShakeMaps [34] following all felt earthquakes [6, 35].
ShakeMaps are available within minutes of an event occurring, and use data
recorded at all the continuous real-time strong motion stations. Once the dial-up
stations have been added to the event files, this information is also added to the
ShakeMap.
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15.4.4 Moment Magnitude Estimates

Another automatic product available within minutes of an automatic earthquake
location that is felt inside Switzerland is a Moment Tensor solution [5, 10] based on
broadband time-domain waveform inversion, which provides the moment magni-
tude of the earthquake. High quality solutions are typically available for events with
ML > 3.5. Strong motion data can be used in this solution, though this is not rou-
tine as events in Switzerland are typically too small to generate long period energy
(10–40 s) above the strong motion sensor noise level.

A second estimate of the moment magnitude, based on the spectral fitting of large
numbers of records [11] is also routinely estimated for all events. This method pro-
duces good quality solutions for all magnitudes recorded by the Seismic Network.
Strong motion data is routinely used in these solutions.

15.4.5 Ground Motion Prediction Equations

Numerous researchers have analysed the high quality waveform and event catalogue
datasets made available by the SED [3, 4, 6, 12]. Both the dial-up and continuous
strong motion data contribute to the compiled datasets, and are particular impor-
tant components as a large proportion of the high amplitude records measured
under 5 km epicentral distance are recorded on accelerometers. Site investigations
at seismic stations in Switzerland are essential to reduce uncertainties in attenuation
models and microzonation studies, and therefore to improve seismic hazard prod-
ucts. Such studies were performed in two projects. The first project concerned sites
in the Basel area for a microzonation study, in densely populated urban environ-
ment ([18, 26]; Havenith et al., 2007). During the second project [15, 30], mostly
sites of permanent seismic stations on rock were investigated, often in mountain
areas and therefore on rough topography. The products from site characterization are
stored in dedicated database and will shortly be made available to the seismological
community.

15.4.6 Site Effects

The SED operates strong motion stations on both hard rock for seismological
monitoring, as well as on soft and very soft soils in complex geological config-
urations and at urban locations, with the aim of better understanding site effects
and the ground motions that the populations are subjected to. In the past recorded
ground motions were used to validate results from numerical simulations used for
microzonation studies, covering among others the region of Basel [18, 19] and the
Valais [17] with detailed studies in the Sion [32] and the Visp regions [13]. The
microzonation for the cantons Basel Stadt and Basel Landschaft has been recently
implemented and is replacing the code spectra in the Swiss building code SIA261
([19]; http://www.geo.bl.ch/ and http://www.geo.bs.ch/erdbebenmikrozonierung/).
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New permanent strong motion stations were placed in areas of observed damage
during past earthquakes, e.g. the above regions with microzonation studies and
Augusta Raurica [14, 17].

15.4.7 Monitoring of Geothermal Exploration

Fluid injections for geothermal energy production in Basel have triggered a series
of earthquakes with magnitudes up to ML = 3.4 in December 2006, resulting in a
large number of buildings with small damage and sizeable reimbursement claims
which ultimately led to the halting of the project. The SED has operated a num-
ber of temporary strong-motion instruments in addition to the permanent network
around Basel, resulting in a high-quality and high-density seismic record of these
small events. This allowed a detailed analysis of the induced earthquake series and
the related impact in the Basel region [27, 30]. The monitoring of geothermal explo-
ration since then has been widely implemented at sites of geothermal exploration in
Switzerland (e.g. Brigerbad in the Valais, Triemli Zürich) [20].

15.4.8 Early Warning

The SED participates in early warning efforts in California, and methods developed
in that region are being applied within Switzerland [6, 7, 8]. Densely spaced sta-
tions providing high quality waveform data with minimal latency are critical for any
system that attempts to determine earthquake locations and magnitude estimates as
rapidly as possible. The large number and quality of strong motion stations currently
available, and the planned densification, will make strong motion a core component
of an Early Warning System for Switzerland.

15.5 Conclusions

The strong motion network in Switzerland is one of the densest not only in Europe
has been in operation but also the world. A dial-up, low dynamic range network of
70 stations has been operation for nearly 20 years, and is in the process of being
replaced by a large number of seismic observation quality strong motion instru-
mentation providing continuous real-time data with over 24 bit dynamic range, and
frequency resolution from 200 Hz to DC. Currently, about 40 of these stations are
operated by the SED, and we plan to install 30 more in the next 3 years, with an
expectation to continue the expansion to a final total of 100 new stations.

The Swiss Seismological Service is the sole official source of earthquake infor-
mation in Switzerland, and the SED Seismic Network group operates both the
national strong motion and broadband networks. In practice, there is no separation
in acquisition, processing and archival of the continuous real-time strong motion
and broadband/short period data. The mature tools and software standard in the
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seismic network community can thus be applied to our strong motion datasets: these
include monitoring of station uptime and data quality, rapid earthquake detection,
location and source estimation, real-time data exchange, permanent archival and
event extraction.
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Chapter 16
Real-Time Seismic Monitoring of Structures:
Data Handling and Case Studies

M. Çelebi

Abstract Within the last decade, advances in the acquisition, processing and trans-
mission of data from real-time seismic monitoring systems has contributed to the
growth in the number structures instrumented with such systems. An equally impor-
tant factor for such growth can be attributed to the demands by stakeholders to
find rapid answers to important questions related to the functionality (or “state of
health”) of structures during and immediately following a seismic event. Hence,
rapid and accurate assessment of the damage condition or performance of a building
or a lifeline structure is of paramount importance to stakeholders, including own-
ers, leasers, permanent and/or temporary occupants, users of infrastructures, city
officials and rescue teams that are concerned with safety of those in the building,
and those that may be affected in nearby buildings and infrastructures. In earlier
papers, we described how observed data from sensors deployed in structures can
be configured to establish seismic health monitoring of structures. In these config-
urations, drift ratios are the main parametric indicator of damage condition of a
building. The process described for buildings can be applied directly for bridges
as well. For bridges, the term, “drift ratio” is not generally used; however, relative
displacements of critical elements of a bridge can be construed as such. While real-
time data from structural arrays indicate that these methods are reliable and provide
requisite information for owners and other parties to make informed decisions and
to choose among pre-defined actions following significant events, there are several
issues related to data ownership, transmission and archiving. This paper examines
the real-time seismic monitoring systems deployed mainly in the United States, with
particular attention to data issues – handling, dissemination, storage, and archiving.
In most cases, due to the numerous channels involved, the deployments in each
one of the real-time structures can be considered to be an individual array. Two
detailed cases are described that demonstrate the variability in data ownership and
dissemination.
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16.1 Introduction

16.1.1 The “Why” of Real-Time Seismic Monitoring
of Structures

During and immediately following an earthquake, rapid and accurate assessment
of the damage condition or performance of a building or of an important lifeline
such as a long-span bridge is of paramount importance to stakeholders, including
owners, leasers, permanent and/or temporary occupants of buildings, public using
lifeline structures as well as city officials and rescue teams that are concerned with
safety of those in the building, and those that may be affected in nearby build-
ings and infrastructures. These stakeholders will require answers to key questions
such as: (a) is there visible or hidden damage? (b) if damage occurred, what is the
extent? (c) does the damage threaten neighboring structures? (d) can the structure
be occupied or functionality restored immediately without compromising life safety,
or is life safety questionable? It is well known that, cost to rehabilitate a damaged
property and consequently, the economic loss due to lack of permit to enter and/or
re-occupy a building or use of an important lifeline like a long-span bridge may be
significant.

16.1.2 Justification for Real-Time Data
from Buildings or Lifelines

In the case of buildings, until recently, assessments of damage following an earth-
quake were essentially carried out through inspections by city-designated engineers
following procedures similar to ATC-20 tagging requirements [1]. Tagging usually
involves visual inspection only and is implemented by posting colored tags indica-
tive of potential hazard to occupants: green indicating the building can be occupied –
that is, the building does not pose a threat to life safety; yellow indicating limited
occupation – that is, hazardous to life safety but not to prevent limited entrance
to retrieve possessions; and red indicating entrance prohibited – that is, hazardous
to life. However, one of the impediments to accurately assessing the damage level
of structures by visual inspection is that some serious damage may be hidden by
building finishes and fireproofing. In the absence of visible damage to the build-
ing frame, most steel or reinforced concrete moment-frame buildings will be tagged
based on visual indications of building deformation, such as damage to partitions
or glazing. Lack of certainty regarding the actual deformations that the building
experienced may typically lead an inspector toward a relatively conservative tag.
In such cases, expensive and time-consuming intrusive inspections may be rec-
ommended to building owners (e.g., it is known that, following the Mw=6.7 1994
Northridge, CA earthquake, approximately 300 buildings ranging in height from 1
to 26 stories were subjected to costly intrusive inspection of connections [7]). Thus
enters the approach to real-time measurements of deformations of a structure for
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assessment of the structure’s performance during an event. The rationale for such
an approach is that, for example, a building owner and designated engineers are
expected to use the response data acquired by a real-time health monitoring system
to justify a reduced inspection program as compared to that which would otherwise
be required by a city government for a similar non-instrumented building in the
same area.1

This particular application to assess performance of structures in real-time has
been the main catalyst for most of the buildings instrumented with real-time
capability.

In the case of bridges, for example, several critical structural elements at various
locations may be identified to define its performance (e.g. relative vertical displace-
ment of the deck center, relative lateral displacement of the deck center, relative
displacements of tower structures, if any). The real-time data can be automatically
processed to monitor these critical locations to achieve the goals similar to those
described for buildings.

16.1.3 Data, Hardware and Scope

Real-time measurement of displacements are acquired either by double integration
of accelerometer time-series data, or by directly using GPS. Recorded sensor data
are then related to the performance level of a building or another type of structure.
For example, the performance-based design method stipulates that for a building the
amplitude of relative displacement of the roof of a building with respect to its base
indicates its performance.

Usually, drift ratio is computed using relative displacement between two con-
secutive floors. When accelerometers are used, determination of displacement is
possible by strategically deploying them at a select number of pairs of consecutive
floors – as shown in one of the cases presented later in this paper. For these deter-
minations, software is used to compute displacements and drift ratios in real-time
by double integration of accelerometer data. As later described for an actual case,
several levels of threshold drift ratios can be postulated in order to make decisions
for the need of inspections and/or re-occupancy.

For the purposes of this paper, discussions presented in this paper are limited to
those systems utilizing accelerometers only. However, it should be mentioned that
GPS can also be used to compute drift even though GPS-measured relative displace-
ments are limited to being acquired only at the roof with respect to its reference base.
Thus, drift ratio computed using GPS can only be the “average drift ratio” for the

1The City of San Francisco, California, has developed a “Building Occupancy Resumption
Program” [2] whereby a pre-qualified Occupancy decision-making process, as described in this
paper, may be proposed to the City as a reduced inspection program and in lieu of detailed
inspections by city engineers following a serious earthquake.
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whole building. In the United States, experience with real-time GPS monitoring for
seismic purposes has been limited [5].2,3

16.2 Current Inventory of Real-Time Monitoring of Structures

Table 16.1 summarizes the current structures equipped with real-time seismic mon-
itoring hardware and software. Most of these are in the United States. As noted in
the table, there is great variability of how the data are handled, transmitted, owned
and stored.

16.2.1 Data Streaming and Storage Issues

Data streaming and storage is accomplished in various ways for the structures
listed in Table 16.1. Currently, there is no central organization that receives all or
a substantial percentage of the real-time structural monitoring data, and there is
uncertainty as to whether one or more organizations to receive, process and store
real-time data will be created. Complete automatization of these processes has not
been accomplished to date either. There are several reasons for this:

• Real-time monitoring of structures is rather new. Interest in real-time data from
structures is just beginning to grow.

• Privately owned structures (e.g. banks) do not agree to releasing data. Hence,
only the owner and their designated consultants have access to real-time data (or
any data). Such privately owned data will probably never be disseminated for
general engineering use.

• Publicly owned structures (e.g. Cape Girardeau Bridge, Atwood Building). Data
from each one of these arrays listed in Table 16.1 is sizeable but not unman-
ageable. For various reasons, the data have not been channeled to a central
location.

Table 16.2 summarizes bandwidth and storage (buffering) capacity required for
only publicly-owned structures for which all data might be streamed and stored at
one location. To date, limited arrangements have been made with different organi-
zations (e.g. IRIS or UCSB) to stream some of the data. Strong-motion data centers
have later acquired processed for engineering use and primarily stored earthquake
response data. In other words, strong-motion data centers currently do not handle
real-time data streaming, buffering or long-term storage.

As Table 16.2 shows, with today’s feasible storage capacity, a 3–4 TB storage
capacity can be handled with 3–4 1-TB arrays of disks at reasonable costs.

2Until recently, the validity of measurements using GPS was limited to long-period structures
(T>1 s) because GPS systems readily available were limited to 10–20 samples per seconds (sps)
capability. Presently however, up to 50 sps differential GPS systems are available on the market
and have been successfully used to monitor drift ratios ([9], Restrepo, Personal Communication
2007) – thus enabling future usefulness of GPS to all types of structures.
3For wind monitoring of tall buildings, GPS have been deployed on the roofs of 5 buildings in
Chicago, IL. (Kijewski-Correa and Kareem [8]).
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Table 16.2 Only Publicly Owned Structures, Data Streaming and 30-day Storage/Buffering (∗32
bit for storage. Normal digitization at 24 bit, ∗∗ increased by 10 % for telemetry and other
factors).

Total Bandwidth (Per
Second)∗∗

30 Day Buffering/
Storage Capacity

Publicly Owned (channels) sps bits megabits megabytes terabits terabytes

~300 (current) 200 32∗ 1.92-2.1 .24-.26 5.0-5.4 .62-.68
~400 (2010 estimated) 200 32 2.56-2.6 .32-.35 6.6-7.3 .83-.90

16.3 Two Cases of Structures

16.3.1 FDIC Building, San Francisco, CA

FDIC Building in San Francisco is one of the first buildings where a real-time seis-
mic health monitoring system was recently installed to assess the performance of
the building [6]. A general schematic of the building and state-of-the-art monitoring
system is seen in Fig. 16.1.

Fig. 16.1 Schematic of real-time seismic monitoring of the building [6]
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Fig. 16.2 Flow-chart for observation of damage levels based on threshold drift ratios (from [4])

The system employs software based on a general flowchart (Fig. 16.2) that
describes computing displacements and drift ratios in real-time from signals of
accelerometers strategically deployed throughout a building [4].

The distribution of thirty (30) accelerometers provides data from several pairs of
neighboring floors to facilitate drift computations. The system server at the site (a)
digitizes continuous analog data, (b) pre-processes the 1,000 sps digitized data with
low-pass anti-alias filters (c) decimates the data to 200 sps and streams it locally, (d)
monitors and applies server triggering threshold criteria and locally records (with
a pre-event memory) when prescribed thresholds are exceeded, and (e) broadcasts
the data continuously to remote users by high-speed internet, and finally, (f) allows
remote access to data and visual display of threshold exceedances (Fig. 16.3). Thus,
the objective of timely assessment of performance level and damage conditions of
the building can be fulfilled. In addition, to facilitate studies while waiting for strong
shaking events, data can also be recorded locally or remotely on demand.

In this application, the data are being streamed to the owner; the owner’s con-
sulting engineering company, and the USGS (on demand only), USGS has access to
event data as well. The streaming of data is not open to the public, and is controlled
by remotely utilized software that is not available to the public.
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Fig. 16.3 Screen snapshots of sample client software displays: (left) acceleration streams and
computed amplitude and response spectra, and (right) displacement and corresponding drift ratios
and alarm systems corresponding to thresholds

16.3.2 Cape Girardeau (Bill Emerson) Bridge, MO

Figure 16.4 exhibits the cable-stayed Bill Emerson Memorial Bridge (also known as
Cape Girardeau Bridge) in Cape Girardeau (Missouri, USA) which is instrumented
with a monitoring system capable of streaming real-time acceleration response data
that can be configured to establish performance indicators using the sensor data at
the deck center or tops of towers or other instrumented locations for which data are
readily available.

Fig. 16.4 Example of extensively instrumented cable-stayed Bill Emerson Memorial Bridge (also
known as Cape Girardeau Bridge) (Missouri, USA) that has real-time streaming of responses [3]
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Fig. 16.5 Data Acquisition units at different locations of the bridge and local telemetry set-up
transmitting data to central recording building [3]

Fig. 16.6 Re-plotted from streamed data displaying response of the bridge to May 1, 2005 event
(between 30 and 130 s of the 267 s record) [3]

Figure 16.5 displays the real-time data acquisition and transmission design with
local telemetry to the central recording building from where, via internet, data are
transmitted to the Data Management Center (DMC) of IRIS (Incorporated Research
Institutions for Seismology [www.iris.washington.edu]). In this case, streaming data
stored at buffer of DMC can be obtained by anyone. Figure 16.6 shows a 267 s
window of streamed data that was obtained from the DMC and re-plotted to show
an event and a sizeable ambient response of the bridge.

16.4 Conclusions

A list of known structures with real-time seismic monitoring capability and mainly
located in the United States is presented. Data from these structures are handled in
a variety of ways. For publicly owned structures, data handling and storage issues
are easier than for those privately owned. It appears that a dedicated server can be
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used to provide a central base for streaming and buffering considerable amount of
data from almost all of the publicly owned structures.

The number of structures with real-time monitoring capability is growing. Two
specific examples presented demonstrate that such systems are useful and are being
demanded by owners. It should be remembered that data recorded by such systems
help public safety. With little cost, data from many of these systems can be centrally
collected and made available to the owners and user community for future engineer-
ing applications as well as developing additional methods to assess the functionality
of structures.

Acknowledgements The author gratefully acknowledges constructive reviews by Chris D.
Stephens and Roger Borcherdt of USGS. Larry Baker provided input in establishing numerical
computations of Table 16.2.
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Chapter 17
Strong-Motion Networks in Romania
and Their Efficient Use in the Structural
Engineering Applications

I.G. Craifaleanu, I.S. Borcia, and I.C. Praun

Abstract Created in 1967 for strong motion recording, the seismic network of the
National Institute for Building Research, INCERC, is, at present, the largest in
Romania, consisting of almost 100 instruments, distributed all over the country.
Other seismic networks operating in Romania are the network of the National
Institute for Earth Physics, INFP, and the network of the National Center for Seismic
Risk Reduction, CNRRS. Data sharing among these networks is performed under
permanent collaboration agreements. A presentation of the INCERC strong motion
network and of the use of recorded data in some of the most recent earthquake engi-
neering studies performed at INCERC is made, with focus on topics as: attenuation
and propagation of seismic waves during strong Vrancea earthquakes, evaluation
and mapping of the spatial distribution of various quantities of interest for structural
design, studies on seismic demands on buildings, assessment of the distribution of
damage indices.

17.1 Introduction

The seismicity of Romania is generated mainly by the Vrancea subcrustal source.
This source caused, over time, several destructive seismic events. According to
the “Romplus” earthquake catalog of the National Institute for Earth Physics in
Romania [11], during the twentieth century Romania experienced 32 earthquakes
with a moment magnitude Mw ≥ 6, originating from the Vrancea source.

Several historical testimonies are available from earthquakes in the past cen-
turies. The strongest historical event is considered the October 26, 1802 earthquake,
with an estimated moment magnitude Mw = 7.9 [11]. The earthquake was felt in
many countries in the area (Poland, Bulgaria, Turkey and Russia). Minor damage in
buildings was reported even in distant cities, as Moscow and Lvov [9].

I.G. Craifaleanu (B)
National Institute for Building Research (INCERC), Technical University
of Civil Engineering (UTCB), Bucharest, Romania
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247S. Akkar et al. (eds.), Earthquake Data in Engineering Seismology, Geotechnical,
Geological, and Earthquake Engineering 14, DOI 10.1007/978-94-007-0152-6_17,
C© Springer Science+Business Media B.V. 2011



248 I.G. Craifaleanu et al.

During the twentieth century, the strongest seismic event was the November 10,
1940 earthquake, with a magnitude Mw = 7.7, generated by the Vrancea source.
Besides other less significant damage of buildings, this earthquake was remembered
for the catastrophic collapse of the modern high-rise Carlton building, situated in the
center of Bucharest [2, 9, 10].

However, the most destructive Vrancea earthquake in modern times occurred on
March 4, 1977 (Mw = 7.4, h = 94 km), causing 1,578 deaths and about 11,300
people injured. About 35,000 families were left homeless and the total damage
was estimated to more than two billion dollars. In Bucharest, about 33 high-rise
buildings collapsed and 1,424 deaths were reported [1, 3].

Since then, the Vrancea source generated four more earthquakes with Mw ≥ 6,
i.e. those on August 30, 1986 (Mw = 7.1, focal depth h = 131 km), May 30, 1990
(Mw = 6.9, h = 91 km), May 31, 1990 (Mw = 6.4, h = 87 km) and October 27,
2004 (Mw = 6, h = 99 km). The 1986 event caused light and moderate damage
to some buildings in Romania; 2 deaths and 558 injured people were reported.
The earthquake produced stronger effects in the neighboring Republic of Moldova,
where losses of about 1 billion USD were reported [20] and 4 buildings collapsed in
the capital city, Chisinau. The other events caused little or no damage to the building
stock in Romania.

Seismic sources in Romania are also located in Banat (in the southwest of the
country, with a recent sequence of crustal events during 1991, having a maximum
magnitude Mw = 5.6), in the Fagaras region (in the central part of the country), on
the continental platform of the Black Sea and in other areas.

17.2 Strong-Motion Networks in Romania

The first strong-motion recording instruments were installed in Romania in 1967,
by scientists from the National Institute for Building Research, INCERC. This year
marks the creation of the INCERC seismic network.

At the time of the March 4, 1977 earthquake, nine strong-motion accelerographs
(of types MO-2, SMAC-B and RMT-280) and two Wilmot seismoscopes were
installed in Romania [3]. However, due to various recording and processing mal-
functions, only two accelerograms from Bucharest and two seismoscope records
were available after the event. Of the two accelerograms, one was recorded at the
top of a ten-story building (the “Balta Alba E5” record) and the other at the basement
of a one-story reinforced concrete building at INCERC.

These specific circumstances gave the second record, obtained on a three-
component Japanese-built SMAC-B accelerograph, an exceptional value, as it is
the single accelerographic record obtained during the 1977 earthquake in similar
to free-field conditions. As, during the years that followed, no comparable seismic
event occurred, the record is used until nowadays as a reference for the Romanian
seismic code provisions and for seismology and earthquake engineering studies.

After the March 4, 1977 earthquake, essential support was provided by the United
States Agency for International Development (USAID) to the seismic network
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of INCERC, through an important donation of 75 SMA-1 analog strong-motion
accelerographs, together with other equipments, such as Ranger velocity transduc-
ers, signal conditioners, triaxial transducers for boreholes, signal attenuators and a
PDP-11/34 minicomputer.

Thanks to this equipment, during the next significant seismic event, the earth-
quake of August 30, 1986, ground motion data were obtained from multiple stations.
This allowed for the first studies on the spatial distribution of recorded ground
motion parameters to be carried out. Most of the records of this earthquake were pro-
vided by the INCERC seismic network. Records were also provided by the network
of the National Institute for Earth Physics, INFP.

Starting with 1996, the seismic network of INCERC underwent a major upgrade.
New systems for data acquisition, processing and display, together with measure-
ment and storage equipment were purchased. A number of 26 Romanian-built ADS
digital accelerometers and of three SSS8 digital stations for continuous real-time
monitoring were installed with the financial support of the Romanian Ministry of
Transportation, Construction and Tourism.

The next major enlargement of the INCERC seismic network occurred in 2002,
when 31 Kinemetrics Etna accelerometers were purchased with funds from the State
Inspectorate for Construction, ISC, and installed on different locations in Bucharest
and all over the country.

Other equipments acquired during recent years include Kinemetrics triaxial
force balance accelerometers, installed in boreholes and on buildings. Also, new
state-of-the-art computer servers, together with network and communication equip-
ments were acquired in 2008, under an annual-based funding programme financed
by the Romanian Ministry of Regional Development and Housing (Fig. 17.1).
Besides the seismic stations, INCERC also operates vibration monitoring equip-
ments installed on various significant buildings such as the University Emergency
Hospital in Bucharest, the Arnota Monastery, the National Library, and in the
Bucharest subway. The strong motion data recorded by INCERC is stored in a
database covering seismic events recorded since 1977. The website of the insti-
tute provides a collection of accelerometric records, seismic maps and short seismic
reports.

Fig. 17.1 Views of the seismic data recording, processing and storage equipment installed at
INCERC
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The National Institute for Earth Physics, INFP, established in February, 1977,
operates both a real-time seismic network, consisting of short-period stations,
and a free-field strong-motion network, consisting of 44 stations, equipped with
Kinemetrics K2-dataloggers, three-component episensors and GPS timing systems.
The strong-motion stations have been installed in the framework of a joint coop-
eration between the Collaborative Research Center 461 “Strong Earthquakes” of
Karlsruhe University and INFP [4, 13]. INFP also operates a real-time seismic
network and the BURAR seismic array located in the northeastern part of the
country. The INFP seismic network has been recently enlarged, by adding new sta-
tions and instruments, so that, at present, it consists of 73 digital seismic stations,
equipped with Q330 and K2 digitizers, accelerometer sensors and velocity sensors
(INFP website [12]).

Starting with 2003, a new strong-motion network was established, that of the
National Center for Seismic Risk Reduction, CNRRS. The center was founded
in 2002 by an agreement between the Romanian Government and the Japan
International Cooperation Agency, its creation being financed in the framework
of the Japanese Technical Cooperation Project on the Reduction of Seismic Risk
for Buildings and Structures. The center works in partnership with the Technical
University of Civil Engineering Bucharest and with INCERC. The CNRRS network
consists of 20 instruments (Kinemetrics K2, Kinemetrics ETNA and Geosig),
located in free field, in boreholes or on buildings.

A map with the location of the seismic stations of INCERC, INFP and CNRRS
is shown in Fig. 17.2. The location of INFP stations is as specified on the INFP
website.

Fig. 17.2 Strong-motion networks in Romania: INCERC, INFP and CNRRS networks
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Fig. 17.3 Strong-motion instrumentation of Bucharest: INCERC, INFP and CNRRS networks

A particular attention is given to the seismic instrumentation of Bucharest, the
capital city of Romania which, with a population of around two million, ranks third
in the region, after Athens and Istanbul. Figure 17.3 shows the map of INCERC,
INFP and CNRRS seismic stations of in Bucharest.

Data sharing among the seismic networks of the three organizations in Romania,
INCERC, INFP and CNRRS is performed under permanent cooperation agree-
ments [18].

17.3 Recent Earthquake Engineering Research at INCERC

17.3.1 Studies on Attenuation and Directivity

The attenuation analysis was performed at two levels, consisting in the analysis
of attenuation in global and in directivity terms [17]. The parameters to which
attenuation analysis was related were: PGA, PGV and PGD.

Figure 17.4 shows, for the three above-mentioned events, regression lines for
PGA, PGV and PGD abscissas, irrespective of directivity, and, in parallel, results
of directivity analysis. The regression lines are drawn against the non-dimensional
epicentral distance, represented as ordinate. The results of directivity analysis are
displayed as curves representing the epicentral distances where PGA values of 1.5,
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1.0 and 0.5 m/s2 are expected to be reached, where PGV values of 0.15, 0.1 and
0.05 m/s are expected to be reached and, finally, where PGD values of 0.03, 0.02
and 0.01 m are expected to be reached.

The study led to the following conclusions:

– the attenuation was faster for the event of August 30, 1986 (h = 133 km) than
for the events of May 30, 1990 (h = 89 km) and May 31, 1990 (h = 79 km); the
result is rather unexpected, since the source was deeper for the first event;

– the directivity of radiation was strong in all cases;
– while the radiation tended to be rather symmetrical for the first two events, it was

strongly non-symmetrical for the last one;
– the radiation directivity was different for the three events considered, i.e. approx-

imately NE-SW on August 30, 1986 (as observed on macroseismic basis for
the destructive events of November 10, 1940 < MGR = 7.4 > and of March 4,
1977 < MGR = 7.2 > too), N–S on May 30, 1990 and S-E on May 31, 1990.

17.3.2 Mapping of Ground Motion Parameters
and of Various Spectral Quantities

During the last few years, an extensive effort has been made at INCERC in order
to generate a set of reference maps displaying the spatial distribution of relevant
ground-motion parameters during the four significant seismic events with Mw > 6
that occurred in Romania after the March 4, 1977 earthquake [7, 15]. These stud-
ies were a continuation of some previous research involving the mapping of these
parameters, performed at the Technical University of Civil Engineering Bucharest
by a team led by Professor Dan Lungu [14].

Initially, the peak ground motion acceleration (PGA), velocity (PGV) and
displacement (PGD) were considered. In a subsequent phase, the research was
extended to parameters derived from spectral values, such as effective peak ground
acceleration (EPA), effective peak ground velocity (EPV) and control (corner) peri-
ods, TC and TD. A distinct part of the study focused on the mapping of various linear
and nonlinear spectral quantities, considered as relevant for structural engineering
applications. Starting with the spectral acceleration (SA) and displacement (SD)
associated with specified levels of structural ductility, the research continued with
the mapping of damage index spectral ordinates, as well as of strength demands on
buildings.

The Vrancea events considered in the study were: August 30, 1986, May 30,
1990, May 31, 1990, and October 27, 2004. Records obtained from the seismic
networks of Moldova and Bulgaria were also included, where available. Each set of
maps was revisited several times during the study, either for adding data that was
not available in the initial phases or for better emphasize the significant features.
Detailed maps were also generated for the city of Bucharest.
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It should be noted that the set of stations providing seismic data was different for
each seismic event, either due to the expansion of seismic networks in Romania, or
to the accidental malfunction of some older accelerometers.

All generated maps showed significant differences between the spatial distribu-
tions of the studied parameters, obtained for the seismic events considered. At the
origin of this phenomenon is mainly the diversity of the source mechanisms, as well
as of the wave propagation patterns of the events, both revealed by several previous
studies in the field.

Figure 17.5 displays maps of the peak ground acceleration, PGA. The NE-SW
orientation of the PGA map contours for the 1986 earthquake is in agreement with
the conclusions presented in the previous paragraph. For the 1990 earthquakes, the
contour display is less suggestive (as only the largest value of the two horizontal

Fig. 17.5 PGA distribution for the four strongest Vrancea seismic events that occurred in Romania
during the last three decades
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components was mapped), but it still can be interpreted in correspondence with the
results of the directivity study.

The corner period, TC, was computed using the following expression:

TC = 2πEPV/EPA, (17.1)

where EPV and EPA are the effective peak ground velocity and effective peak
ground acceleration, calculated by using the expressions proposed by Lungu et al.
in 1995 [8]:

EPA = (SAaveraged on 0,4 s)max/2.5, EPV = (SVaveraged on 0,4 s)max/2.5 (17.2)

In Equations (17.2), (SAaveraged on 0.4s)max and (SVaveraged on 0.4s)max denote the
maximum values of the acceleration and velocity, respectively, response spectrum,
averaged on a 0.4 s period mobile window.

The maps of the corner period, TC (Fig. 17.6), also show substantial differences
between the seismic events considered. Moreover, the TC values calculated at one
station for each seismic event can differ considerably. While in most cases the high-
est TC values occur for the 1986 earthquake, this is not, however, a general rule.
This observation needs further research in order to correlate the results with seismic
source and travel path effects, as well as with the influence of local site conditions.

The maps of elastic and inelastic spectral accelerations for the 1986 earthquake
are shown in Fig. 17.7, for a vibration period T = 0.5 s. Several similar maps were
generated for different values of T and of the displacement ductility, μ, in order to
express the strength demands of this seismic event on structures with different char-
acteristics. A nonlinear elastic-perfectly plastic hysteretic model was considered in
the calculations.

Fig. 17.6 TC distribution for the four Vrancea seismic events considered
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Fig. 17.7 August 30, 1986 earthquake. Distribution of elastic (μ = 1) and inelastic (μ = 2, 4, 6)
spectral acceleration for vibration period T = 0.5 s

A general observation, made for all spectral acceleration maps, was that, as duc-
tility increases, the interpolation surfaces become smoother, simultaneously with
the decrease of their ordinates. Consequently, the spatial distribution of spectral
accelerations is more uniform at higher ductilities (Fig. 17.7d). It should be noticed
however that, as the rates of variation of spectral ordinates with ductility for the
specified period differ from one ground motion record to another, the interpolation
surfaces do not “flatten” uniformly and the shapes of equal value contours on the
maps are changing with ductility.

One of the most significant consequences of the first observation is that the influ-
ence of inelastic behavior is very significant and even appears to prevail, for larger
values of ductility, over the influence of other factors affecting the spatial distri-
bution of spectral ordinates (e. g. factors related to seismic waves characteristics
and propagation). In engineering terms, this would mean that, for common building
structures for which inelastic behavior is allowed during strong earthquakes, the spa-
tial variation of seismic strength demands could be much attenuated, as compared
to the variation obtained from elastic values.

Another approach used in the study was the mapping of damage spectra ordi-
nates for assessing the damage potential of Romanian Vrancea earthquakes [6].
According to Bozorgnia and Bertero [5], this technique has proven to give useful
information in assessing the spatial distribution of damage.

Damage spectra and damage maps were generated for the August 30, 1986 earth-
quake, the strongest Vrancea seismic event for which accelerographic records are
available from multiple stations. The Park-Ang damage index, DM, was used in the
study, some evaluation being also made based on the derived damage indices DI1
and DI2 introduced by Bozorgnia and Bertero. As a parameter of spectral curves,
the yield strength coefficient, Cy, was chosen, expressed as Cy = Fy/G, where G is
the weight and Fy is the yield strength.

According to current literature [16, 19], DM values greater than or equal to 1
correspond to collapse, DM = 0.4 (0.5) is the upper limit of repairable damage,
while DM = 0.2 is the superior threshold of insignificant damage.
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Fig. 17.8 August 30, 1986 earthquake: spatial distribution of the Park-Ang damage index, DM,
for μu = 6 and T = 1 s

Some recently developed damage maps are presented in Fig. 17.8, for vibra-
tion period T = 1 s and ultimate monotonic ductility μu = 6. As it results from
the figure, the largest DM values occur along the NE-SW line that connects sta-
tions Valenii de Munte (VLM1) and Chisinau (CHS1). For Cy = 0.10, the values
in Focsani (FOC2) and Chisinau exceed DM = 0.8. The mentioned area (delimited
in Fig. 17.8 by the DM = 0.4 contour) largely corresponds to that where the most
significant damage was reported at the time. However, the actually reported damage
needs to be correlated more thoroughly with the computed DM values, based on the
effective characteristics of damaged buildings.

In order to assess the building strength capacity required to limit damage at cer-
tain levels, maps of Cy were generated for different values of period and for the key
values of DM, i.e. 0.2, 0.4 and 1. Figure 17.9 shows maps obtained for T = 1 s and
μu = 6.

According to Fig. 17.9, for buildings with the specified characteristics, a Cy value
of 0.15 would have been sufficient, for example, to limit damage to the “repairable”

Fig. 17.9 Spatial distribution of yield strength demands (Cy) for three specified damage levels.
August 30, 1986 earthquake. μu = 6, T = 1 s
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level in all the analyzed area. This value can be attained easily enough by correct
seismic design, which would also ensure ductility and overstrength.

Further research is needed to fully clarify the capacity of damage maps to cor-
rectly estimate the distribution of building damage. One of the major drawbacks of
ductility-related damage indices (including DM) consists in their very large values
at short periods, resulting in exaggerate damage estimates for this period range.

17.4 Final Remarks

Strong-motion networks are essential infrastructures in seismically prone countries
such as Romania. The paper presented some of the most recent research performed
at INCERC on the basis of data recorded in Romanian seismic networks.
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Chapter 18
Strong-Motion and Structural Monitoring
Networks in Istanbul and Their Use
for Risk Assessment

E. Şafak

Abstract Department of Earthquake Engineering of Kandilli Observatory and
Earthquake Research Institute (KOERI) has installed and been operating for
some time a large number of ground and structural seismic monitoring networks
in Istanbul. The ground systems include 100-station Istanbul Rapid Response
Network, 10-station Early Warning Network, and one 4-level downhole array.
Installation of three more similar downhole arrays, and a small-aperture 72-channel
dense array at the Air-Force Academy grounds are currently in progress. The
structural systems include 27-channel real-time system at the St. Sophia Museum,
42-channel real-time system at Fatih Mosque, 15-channel real-time system at Fatih
Sultan Mehmet Bridge (the 2nd Bosporus bridge), 24-channel triggered system at
Suleymaniye Mosque, and 15-channel triggered systems at Kanyon Building (high-
rise office building), Isbank Tower (a high-rise office building), and ENRON Power
Plant. Installation of more real-time structural monitoring networks are in progress
or at planning stages, such as those for Sultanahmet (Blue Mosque), Bayezit, and
Mihrimah Sultan Mosques, and the Marmaray Immersed Tube Tunnel under the
Bosporus. The objective of the early warning ground network is to provide 5–7 s
early warning of an earthquake, which can be used for automatic shutdown of some
of the critical systems in Istanbul. The rapid response network provides the crit-
ical values of ground shaking (PGA, PGV, and spectral accelerations at 0.2 and
1.0 s) automatically within minutes of an earthquake, which are then transmitted to
those agencies dealing with emergency response. Downhole arrays are located in the
areas of Istanbul, where site amplification is expected to be critical. The objective
in structural arrays is to monitor the health of the structure by continuously measur-
ing its vibrations, and detect and locate damage after an extreme event, such as a
large earthquake. A large component of structural monitoring activities is directed
towards the research on developing new tools and techniques for system identi-
fication and damage detection. In addition to standard modal identification, more
advanced real-time techniques are explored, such as wave the propagation approach
and interferometric imaging.
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18.1 Introduction

Department of Earthquake Engineering of Kandilli Observatory and Earthquake
Research Institute has installed and been operating for some time a large num-
ber of ground and structural seismic monitoring networks in Istanbul. The ground
systems include 100-station Istanbul Rapid Response Network, 10-station Early
Warning Network, and one 4-level downhole array. Installation of three more sim-
ilar downhole arrays, and a small-aperture 72-channel dense array at the Air-Force
Academy grounds are currently in progress. The structural systems include 27-
channel real-time system at the St. Sophia Museum, 42-channel real-time system
at Fatih Mosque, 15-channel real-time system at Fatih Sultan Mehmet Bridge (the
2nd Bosporus bridge), 24-channel triggered system at Suleymaniye Mosque, and
15-channel triggered systems at Kanyon Building (high-rise office building), Isbank
Tower (a high-rise office building), and ENRON Power Plant. Installation of more
real-time structural monitoring networks are in progress or at planning stages, such
as those for Sultanahmet (Blue Mosque), Bayezit, and Mihrimah Sultan Mosques,
and the Marmaray Immersed Tube Tunnel under the Bosporus.

18.2 Istanbul Rapid Response Network

Various seismic hazard studies done in recent years all agree that Istanbul is likely
to have a damaging earthquake in the near future [1, 3]. The probability of hav-
ing a magnitude 7 or above earthquake in Istanbul is about 65% within the next
30 years. To assist in the reduction of losses from such an earthquake, a dense
strong motion network is established in Istanbul [2]. The network is composed of
100 strong motion stations, placed primarily in regions close to the Marmara Sea,
as shown in Fig. 18.1. The area covered by the network is approximately 50 km ×
30 km, and constitutes the most likely region of Istanbul that will suffer damage due
to its soil conditions and proximity to the fault line.

The network operates on triggered mode. After triggered by an earthquake, PGA
(Peak Ground Accelerations), PGV (Peak Ground Velocities), and PSA (Pseudo-
Spectral Accelerations) at specified periods are sent in the form of SMS messages
at every 20 s directly to the main data center through a GSM communication system,
telemetry, and landlines.

Spectral displacements obtained from the SMS messages are interpolated to
determine the spectral displacements at the center of each 0.01◦ × 0.01◦ geo-cell.
The seismic demand at the center of each geo-cell is computed from spectral dis-
placements. Each cell is also assigned a structural type based on the 24 structural
categories determined from the structural inventory studies done for Istanbul. Using
the spectral displacements and the spectral-displacement based fragility curves
(i.e., the Capacity Spectrum Procedure) for the 24 building categories, the building
damage in each geo-cell is computed.

The Rapid Response Information is generated automatically in the form of
shake maps for different parameters, and damage distribution maps. An example
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Fig. 18.1 Locations of Istanbul rapid response stations with respect to fault line

of a damage distribution map created for a simulated earthquake is shown in
Fig. 18.2. These maps are transmitted immediately to the Istanbul Governorate, First
Army Headquarters, and Istanbul Municipality through redundant communication
channels, including digital radio modems and GPRS communication systems.

The health of the rapid response system is tested automatically every day at
10:00 am by setting off a false trigger.

18.3 Istanbul Early Warning Network

The Istanbul Early Warning network is composed of ten 24-bit broadband strong-
motion stations operating in real time [2].

The stations are located as close to the Great Marmara fault zone as possible, as
shown in Fig. 18.3. The data from these stations to the main data center at Kandilli
are transmitted continuously via digital spread spectrum radio modem involving
repeater stations, as well as satellite transmission.

Considering the complexity of fault rupture and the short fault distances involved,
a simple and robust Early Warning algorithm, based on the exceedance of a specified
threshold amplitude level is implemented. Two ground motion parameters are used
for early warning, the PGA (peak ground acceleration) and the CAV (the cumulative
integral of absolute accelerations).
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Fig. 18.2 Estimated number of collapsed buildings for a simulated earthquake

Fig. 18.3 Locations of Istanbul Early Warming stations
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The PGA values are calculated after low-pass filtering the records at 12 Hz. When
the acceleration in any channel exceeds 20 mg it is considered a vote. When three
more stations vote within 5 s. after the first vote, it is considered the first alarm.
When three more stations vote for a threshold level of 50 mg within 5 s. after the
first alarm, it is considered the second alarm. When three more stations vote for a
threshold level of 100 mg within 5 s. after the second alarm, it is considered the
third alarm.

Similarly, the CAV values are also calculated from the low-pass filtered acceler-
ations at 12 Hz. The CAV is computed for only those 1 s. intervals where PGA is
greater than 3 mg. When CAV in any channel exceeds 20 mg-s it is considered a
vote. When three more stations vote within 5 s. after the first vote, it is considered
the first alarm. When three more stations vote for a CAV threshold level of 40 mg-s
within 5 s. after the first alarm, it is considered the second alarm. When three more
stations vote for a CAV threshold level of 70 mg-s within 5 s. after the second alarm,
it is considered the third alarm.

The early warning information consisting of three alarm levels are communicated
to the appropriate servo shut-down systems of the recipient facilities, which should
automatically decide proper action based on the alarm level. Figure 18.4 shows the
histogram of early warning times for 280 simulated earthquakes for two locations

Fig. 18.4 Early warning times for two locations based on 280 simulated earthquakes
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marked as Istanbul and User X in the figure. Depending on the location of the earth-
quake, the nucleus of fault rupture, and the recipient facility the average alarm time
can be as high as about 8 s.

The early warning signals are transmitted to the end users by employing sev-
eral communication companies as service providers. The encrypted early warning
signals (i.e., earthquake alarms) are communicated to the respective end users by
FM, UHF and satellite communication systems.

The early warning system is currently being tested for several end users (e.g.,
one of the İs Kule buildings in Istanbul, and the Trakya Elektrik plant in Marmara
Ereğlisi).

18.4 Vertical Ground Arrays

Currently there is one vertical ground array operating in real time near the Atakoy
district of Istanbul. It is composed of 3-component downhole accelerometers at three
different elevations, plus a surface accelerometer. Four new downhole arrays are
currently being installed. The map in Fig. 18.5 shows the locations of the old and
the new downhole stations.

Fig. 18.5 Locations of current and planned downhole stations
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18.5 Structural Monitoring Arrays

KOERI has installed and operates a significant number of structural monitoring
networks in Istanbul. The majority of these structures are historical and critical
structures. They include several mosques (Suleymaniye, Fatih, Mihrimah Sultan,
and Sultanahmet Mosques), St. Sophia Museum, the two suspension bridges over
the Bosporus (Bogazici and Fatih Sultan Mehmet Bridges), high-rise buildings, and
industrial plants. Figures 18.6 and 18.7 show examples of instrumented structures
and instrument layouts.

The monitoring involves mainly acceleration sensors and the accelerations are
recorded continuously. Some of the structures (e.g., the suspension bridges) are
being supplemented with GPS sensors to record the displacements directly.

Data from the structural monitoring networks are transmitted in real time to
the monitoring center at KOERI. An n-house real-time data analysis software,
KOERI_MIS, is used to process and analyze the data. The software includes data

Fig. 18.6 Structural monitoring systems at St. Sophia Museum (top) and Suleymaniye Mosque
(bottom)
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Fig. 18.7 Structural monitoring systems at the two Bosporus Bridges (the red sensors are already
in, the others are being acquired)

processing, system identification, and animation modules. The results are displayed
in real time, showing the time variations of modal properties and the structure’s con-
figuration. Figure 18.8 gives a screen-plot of KOERI_MIS for a tower structure with
a heavy mass near the top.
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Fig. 18.8 Screen-print of the KOERI_MIS data processing and analysis software

The safety of monitored structures is assessed based on the observations of their
modal properties and geometry. Changes in modal properties (e.g., a reduction in
a natural frequency) can be detected from the modal identification of acceleration
records. However, changes in modal properties do not always represent damage,
because environmental conditions (e.g., temperature) can cause frequency changes.
An additional parameter that can be used for damage detection is the changes in
the structure’s geometry. In most cases, the behavior of a damaged structure is non-
linear. One of the characteristics of a nonlinear behavior is that the structure does
not come back to its original configuration when the loading (e.g., the earthquake)
stops. GPS sensors are better suited to detect changes in the geometry [6]. Another
parameter that can be used for identification and damage detection is the velocity
of seismic waves within the structure. Methods are being developed based on the
concept of Seismic Interferometry to investigate the characteristics of seismic waves
in structures [4, 5, 7].
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