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Introduction

The current state-of-the-art allows seismologists to give statistical estimates of the
probability of a large earthquake striking a given region, identifying the areas in
which the seismic hazard is the highest. However, the usefulness of these estimates
is limited, without information about local subsoil conditions and the vulnerability
of buildings. Identifying the sites where a local amplification of seismic shaking
will occur, and identifying the buildings that will be the weakest under the seismic
shaking is the only strategy that allows effective defence against earthquake damage
at an affordable cost, by applying selective reinforcement only to the structures that
need it.

Unfortunately, too often the Earth’s surface acted as a divide between seismol-
ogists and engineers. Now it is becoming clear that the building behaviour largely
depends on the seismic input and the buildings on their turn act as seismic sources,
in an intricate interplay that non-linear phenomena make even more complex. These
phenomena are often the cause of observed damage enhancement during past earth-
quakes. While research may pursue complex models to fully understand soil dynam-
ics under seismic loading, we need, at the same time, simple models valid on
average, whose results can be easily transferred to end users without prohibitive
expenditure. Very complex models require a large amount of data that can only be
obtained at a very high cost or may be impossible to get at all.

Today, the interaction between engineers and seismologists is increasing, but still
many questions remain unanswered. The idea of organizing the Advanced Research
Workshop (ARW) in Dubrovnik, Croatia (19–21 September, 2007, http://nato.
gfz.hr/Arw/Arw.html) came from recent discussions during meetings that put
together seismologists and engineers: the NATO Science for Peace project named
“Assessment of Seismic Site Amplification and Seismic Building Vulnerability in
the FYR Macedonia, Croatia and Slovenia” (ASSASBV, more details at http://nato.
gfz.hr), the ECEES Conference, Session STS-10 (http://www.usc.edu/dept/civil
eng/Earthquake eng/ECEES STS-E10/) and a joint seismologists-engineers work-
shop held in Italy (http://www.reluis.it/).

ix



x Introduction

Under the title “Increasing Seismic Safety by Combining Engineering
Technologies and Seismological Data”, we grouped several topics to be discussed
together by engineers and seismologists:

1. Can we use ambient noise building and soil characterisation to extract useful
information for engineers?

2. How we can tell apart a frequency decrease due to distributed damage, concen-
trated damage, time-varying building and soil behaviour?

3. Which is the role of transients in ambient noise analysis?
4. Can we quantify the influence of existing buildings on ground-motion recordings

(both noise and earthquake)?
5. To which extent soil-building resonance is a cause of damage enhancement?
6. How to couple soil and building non-linear behaviour?

The ARW aimed to bring together the most recent experience from highly qualified
scientists, compare national experience and ongoing projects, and provide frame-
work for discussion among participants.

The expected outcomes were guidelines that will help to make the most of current
practice, new ideas to be put forward in future research and give the opportunity to
devise new, larger projects on a trans-national basis.

Among the examples of possible practical results to be implemented following
the outcome of the meeting are:

• Modification to existing building codes for soil classification
• Simplified approaches to building vulnerability and soil-building resonance, to

be put in practice in megacities

However, it has to be pointed out that we did not want to reach consensus at all
costs. Among the invited speakers, some are known for different points of view on
some topics. The organisers believe that only from the comparison of contrasting
theories it is possible to achieve advancements in knowledge. If a single idea was
agreed upon, this was most welcome. But when contrasting views remained, they
are fairly represented in workshop proceedings, so to stimulate further research. The
conclusion of the ARW represent the current status of knowledge. On most question
there is an unanimous answer, but in some cases different views are present and the
disagreement is faithfully reported.

The Editors wish to acknowledge the support of the NATO Science committee
that made possible the organisation of the workshop and the publication of this book.

Lectures Given

Wednesday, 19 September, 9:30–13:00

Marijan Herak – Marco Mucciarelli: Welcome speech and presentation of Project
ASSASBV (NATO SfP 980857)
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Marco Mucciarelli DiSGG – Università della Basilicata, Potenza, Italy, marco.
mucciarelli@unibas.it

Francesco Mulargia Dipartimento di Fisica, Università di Bologna, Viale Berti
Pichat 8, 40127 Bologna, Italy

Yutaka Nakamura President, System and Data Research Co., Ltd.; Visiting
Professor, Department of Built Environment, Tokyo Institute Technology

S. Parolai GeoForschungsZentrum Potsdam, Telegrafenberg, 14473 Potsdam,
Germany

M. Picozzi GeoForschungsZentrum Potsdam, Telegrafenberg, 14473 Potsdam,
Germany

M. Pilz GeoForschungsZentrum Potsdam, Telegrafenberg, 14473 Potsdam,
Germany
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Chapter 1
The Use of Ambient Noise for Building and Soil
Characterisation

Marijan Herak

1.1 Introduction

This chapter deals with diverse problems related to measurements of the ambient
noise and their application for determination of soil or building properties. Although
microtremors are studied since the first half of the 20th century, the number of inves-
tigations rapidly increased following the article by Nakamura in 1989. In the last two
decades a host of methods and procedures emerged, some of which found their way
into the everyday practice of seismologists and engineers dealing with the problems
of site affects and soil-structure interaction.

Even though the theoretical background of the H/V ratio technique was ini-
tially not completely clear (and controversies still exist), its simplicity and low cost
appealed to many. In his article in this chapter Y. Nakamura revisits the fundamental
assumptions behind the concept of the H/V ratio and presents examples of its use.
He clearly advocates the interpretation in terms of body waves, at least around the
fundamental frequency of the soil.

It is quite safe to say that microtremor-based procedures are today methods of
choice in practically all microzonation studies, at least as one of techniques used. It
soon became clear that scientific community could not reach consensus not only on
such fundamental questions as ‘What is the composition of the signal we measure?’,
but also on the meaning of measured spectra. Can the observed curves be used to
asses soil fundamental frequency? What about amplification – is this a tool to esti-
mate the elusive site effects? Can we invert observations to learn about soil proper-
ties? The answer given by F. Chavez-Garcia in his contribution is: ‘It depends . . .’.

The hot topic of ambient noise was the matter of research in a number of inter-
national projects. K. Atakan was involved in the SESAME project, which aimed to

M. Herak
University of Zagreb, Faculty of Science, Department of Geophysics, Horvatovac bb, 10000
Zagreb, Croatia
e-mail: herak@irb.hr

M. Mucciarelli et al., (eds.), Increasing Seismic Safety by Combining Engineering 1
Technologies and Seismological Data, NATO Science for Peace and Security
Series C: Environmental Security, c© Springer Science+Business Media B.V. 2009



2 M. Herak

asses how the instruments used, experimental conditions, and processing techniques
influence the results. Their results are encouraging – with careful measurements and
standardised interpretation steps, H/V ratios are stable in time and reliable. Some
issues regarding measurement procedure, however, remain open. One of them is
the extent to which transient signals affect results. Should we completely discard
datasets ‘contaminated’ by passing cars or by other local sources of short duration?
S. Parolai and colleagues present results of their ad-hoc experiment which indicate
that such signals may amplify H/V ratio at low frequencies, and are not likely to
degrade estimates of the fundamental frequency. Another view on transients (of long
duration) is offered by F. Vallianatos and G. Hloupis who use wavelet transforms to
detect them, thus improving reliability of the HVSR results.

New possibilities in exploiting seismic noise are described in the article writ-
ten by D. Albarello and F. Baliva. Their results indicate that cross-correlation of
noise recordings allows retrieval of the local Green’s function along with the atten-
uation properties of subsoil. These results open new prospects for engineering and
geotechnical application of environmental noise surveys.

One more use of H/V of microtremors is described by S. Castellaro and
F. Mulargia. They propose a method to infer the ever-needed Vs30 by fitting the
observed H/V spectrum to the theoretical one computed under assumption that the
noise wavefield is composed of the fundamental mode Rayleigh waves. The authors
find their technique superior and more informative than all popular array methods,
allowing detection of deviations from 1-D subsoil geometry over lengths of a few
meters!

Potential soil-building resonance is a matter of utmost importance for structural
engineers. To assess it one needs to know fundamental frequencies of the building
and of the soil, along with the corresponding damping. Ambient vibrations provide a
convenient permanent source of shaking, and various methods have been proposed
that use it for estimation of dynamic properties of buildings. The problem is – as
M. Çelebi points out in his article – that fundamental period and damping signifi-
cantly depend on the level of shaking. In particular, both periods and damping based
on ambient data turned out to be underestimated if compared to values revealed
during real earthquake. It is therefore important to monitor behaviour of buildings
(especially the complex or irregular ones) during their life cycle, thus accumulating
valuable data on building response to all kinds of excitation.



Chapter 1.1
The Need for Standardized Approach
for Estimating the Local Site Effects
Based on Ambient Noise Recordings

Kuvvet Atakan

Assessing local site effects reliably is one of the crucial aspects of seismic hazard,
which usually cause amplification of ground motions and results in increasing the
damage potential of a large earthquake. This phenomenon has been recognized for
some time (e.g., Milne, 1898; Takahashi and Hirano, 1941; Gutenberg, 1957). The
methods used to determine the site response can be categorized into two major
groups, the analytical (theoretical) and the empirical methods. The analytical cal-
culation of the site response, mainly based on inversion techniques, requires a very
good knowledge of the geotechnical parameters to constrain the results. Empirical
methods are somehow more effective in the sense that they are based on calculat-
ing the frequency spectrum directly from the recorded ground motion. Among the
empirical methods, the spectral ratio of a sedimentary site with respect to a bedrock
reference site, usually referred as the standard spectral ratio technique, is a widely
used approach (e.g., Borcherdt, 1970; Borcherdt and Gibbs, 1976; Rogers et al.,
1984). Effective use of this technique is demonstrated at different sites and geo-
logical conditions following large destructive earthquakes (e.g., Singh et al., 1988;
Lermo et al., 1988; Borcherdt et al., 1989; Hough et al., 1990). Other methods
include H/V spectral ratios (horizontal vs. vertical components) using single-station
recordings (Nakamura, 1989; Lermo and Chávez-Garcı́a, 1993; Field and Jacob,
1993; Lachet and Bard, 1994), and the cross-spectrum estimate (Safak, 1991; Field
et al., 1992). There exists a number of review papers discussing the effectiveness of
the different methods used in the site response estimate (e.g., Aki, 1988; Chin and
Aki, 1991; Hartzell, 1992; Gutierrez and Singh, 1992; Yu et al., 1992; Aki, 1993;
Bard, 1994; Atakan, 1995; Field and Jacob, 1995; Kudo, 1995; Mucciarelli et al.,
2003; Atakan et al., 2004a). While most of the methods of site effects estimation use
earthquake records, few are based on using microtremors. In the following we will
focus on the latter, especially the spectral ratio of horizontal to vertical components

K. Atakan
Department of Earth Science, University of Bergen, Norway
e-mail: atakan@geo.uib.no

M. Mucciarelli et al., (eds.), Increasing Seismic Safety by Combining Engineering 3
Technologies and Seismological Data, NATO Science for Peace and Security
Series C: Environmental Security, c© Springer Science+Business Media B.V. 2009



4 K. Atakan

of ambient noise recordings. From here on we will refer to this technique simply as
the H/V method. Other techniques using array measurements of ambient noise will
not be treated in this section.

1.1.1 The history of H/V method

Starting from the late 1970s and throughout the 1980s and 1990s use of micro-
tremors in estimating the local site effects have become increasingly popular. Appli-
cation of the method on various locations and site conditions exists (e.g. Lermo and
Chávez-Garcı́a, 1993; Atakan and Havskov, 1996; Atakan et al., 1997). The pop-
ularity of the method is mainly due to its simple approach and its applicability by
using a single three-component seismograph. It can be performed at various site
conditions, the instruments and the analysis are simple, and it does not have any
environmental consequence. However, there are a number of issues that are related
to data collection, processing and interpretation, which will be treated separately in
the following sections.

Microtremor measurements for site response estimates have long been one of
the preferred approaches in Japan (Kanai, 1983). A clear evidence for a major con-
trol of seismic damage by local geology was already established in Japan following
the 1923 Kanto earthquake (Kanai, 1951; Kanai et al., 1954). Since then, nearly all
destructive earthquakes have brought additional evidence of the importance of site
effects. The recognition of the H/V technique in Europe and USA came mainly after
the paper by Nakamura (1989) where he applied H/V technique on microtremors
and argued that the technique is capable of depicting the predominant frequency.
Since then, the technique has been applied increasingly in developing countries and
in areas of moderate seismicity due to its low cost. Additionally, the choice of the
data type in estimating the site response using empirical techniques depends mainly
on the tectonic setting and hence the earthquake activity rate of the area of interest.
In actively deforming areas, such as the plate boundaries, recording strong motion in
a reasonably short time is feasible, whereas in areas of low seismicity, even record-
ing weak-motion requires considerable amount of time (Atakan et al., 1997). In the
latter, recording ambient noise may be the only reasonable solution. For these rea-
sons the use of microtremors in estimating local site effects has become increasingly
popular over the years.

1.1.2 The nature of ambient noise

The terms microseisms (vibratory motion caused by the sea waves) and micro-
tremors (cultural noise such as traffic, machinery etc.) are sometimes synonymously
used for ambient noise. High frequency noise signals with periods below 2 s are
customarily called “microtremors” and those above 2 s are called “microseisms”
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(Kulhánek, 1990). The latter also referred sometimes as “long-period microtremors”
(Yamanaka et al., 1994).

Both microtremors and microseisms are assumed to be transmitted along the
bedrock-soil interface and are thus prone to amplifications by the sediment lay-
ers. However, it is important to note the difference between the microtremors
induced by natural sources such as wind, oceanic disturbances and those triggered
by local disturbances such as heavy traffic, industrial noise etc., which excite short-
period Rayleigh waves in the vicinity of the recording stations, increasing sig-
nificantly the noise level by a factor of 2–4 when compared to the background
noise level (Nogoshi, 1978; Hough et al., 1992). Since the latter is associated
with the very surficial sources, their energy is assumed not to reach any deeper
than the uppermost layers of the sediments (soil). Other types of energy which
may be included in the microtremors include short-period body-waves, higher
mode surface waves, long-period surface waves and ultra-long-period surface waves
(Horike, 1985; Matsushima and Okada, 1990; Cessaro, 1994; Yamanaka et al.,
1994). Originated by the oceanic disturbances (Longuet-Higgings, 1950; Cessaro,
1994), these long-period waves propagate very efficiently through the granitic
layer as Rg (Rayleigh-wave) and Lg (Love-wave) phases over continental paths
(Ewing et al., 1957; Lermo and Chávez-Garcı́a, 1994). Yamanaka et al. (1994)
have demonstrated that the ellipticities of the Rayleigh waves correlate well with
those from microtremors. This adds support to the hypothesis that the longer-period
microtremors consists mainly of Rayleigh waves.

For practical purposes, we prefer the usage of the term “ambient noise” which
simply describes all natural and artificial sources of noise generated near the surface
of the earth in the vicinity of the recording instrument.

1.1.3 The H/V method

The technique is based on spectral ratio of horizontal to that of the vertical recording
of ambient noise on a single site using a three component seismograph. As intro-
duced by Nakamura (1989), the method was intended to achieve the amplification of
the S-waves due to soft sediments by microtremor measurements. It is claimed that
the spectral ratio of the horizontal to vertical components of the recorded ambient
noise is equivalent to the ratio of the S-waves from an earthquake recorded on the
surface of the sediments to that of the sediment-bedrock interface at the bottom of
the sediment layer.

Let us define the problem in its simplest case, in a one dimensional flat single
sediment (soil: denoted as sub-script “s”) layer overlying bedrock (denoted as sub-
script “b”). In this case the Fourier amplitude spectrum of the horizontal record on
the surface (i.e. on top of the sediment layer) is Hs and at the bedrock sediment
interface is Hb. The spectral ratio of the recorded signal on the surface (top of the
sediment layer) with respect to that of the bedrock will then give the response of the
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sediments. The spectral ratio on the horizontal components of the motion is denoted
as Sh in the following way:

Sh = Hs/Hb (1.1.1)

and for the vertical components as Sv

Sv = Vs/Vb (1.1.2)

where, Vs is the spectrum of the vertical component as recorded on sediments and
Vb on the bedrock. In addition to the above, Nakamura (1989) constructs a “transfer
function” St expressed as:

St = Sh/S (1.1.3)

Substituting (1.1.1) and (1.1.2) in Equation (1.1.3) we get:

St = (Hs/Hb)/(Vs/Vb)orSt = Hs/Vs (1.1.4)

Further expanding this equation results in the following:

St = (Hs/Hb)/(Vs/Vb) = (Hs/Hb).(Vb/Vs)
St = (Hs/Vs).(Vb/Hb)

Therefore,
St = (Hs/Vs)/(Hb/Vb) (1.1.5)

The validity of the H/V method using the above Equation (1.1.5) is dependent on
two main assumptions. These are:

• Assumption 1: Hb/Vb ≈ 1 – i.e. microtremor measurements on hard-rock show
that the spectral ratio Hb/Vb ≈ 1

• Assumption 2: Vs ≈Vb – i.e. the vertical motion propagates undisturbed through
the sediment layer

If these assumptions are correct, then Vs ≈ Hb and hence Hs/Vs = Hs/Hb. Empirical
support to the first assumption is provided by a number of studies that checked the
validity by applying the spectral ratio technique on stiff soil (Yamanaka et al., 1994)
and bedrock conditions using weak-motion (Field and Jacob, 1995), strong-motion
(Theodulidis et al., 1996), and using microtremors (Nakamura, 1989; Tenorio,
1997).

The capacity of the H/V method predicting the local site response is closely asso-
ciated with its capacity to reproduce the S-wave amplification for the case of an
earthquake record. In this sense the success of this depends on the assumption that
the effect of Rayleigh wave ellipticity is negligible over the frequency range of inter-
est (i.e. the ratio of the vertical to that of the horizontal component of the Rayleigh
wave equals to 1 in the period range of 1–6 s).

The applicability of the technique is discussed by various authors (Kudo, 1995;
Mucciarelli et al., 1997; Bard, 1998; Atakan et al., 2004b).
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1.1.4 Theoretical basis of the H/V method

The theoretical basis of the H/V method still remains to be a subject for discussion
(Lermo and Chávez-Garcı́a 1993; 1994; Field and Jacob 1993; Lachet and Bard
1994; Dravinski et al. 1996; Fäh et al. 2001; Bonnefoy-Claudet et al. 2006).

Lermo and Chávez-Garcı́a (1993) have tried to understand why H/V method
which is based on ambient noise records composed mainly of weak Rayleigh waves,
should also work for the S-wave records. They have applied Haskell’s method, a
special case of the propagator matrix method (Aki and Richards 1980) and found
that, for large incidence angles, which ensure the existence of a vertical compo-
nent for incidence S-waves, Nakamura’s H/V ratio is a good estimate of the transfer
function for horizontal components. For specific path and incidence angles the H/V
results from S-waves are found to be in good agreement with the H/V on ambient
noise measurements. The more vertical the incidence angle, the poorer is the fit. In
a later paper, the same authors (Lermo and Chávez-Garcı́a 1994) numerically mod-
eled the ellipticity of Rayleigh waves and found that the ellipticity at the surface was
in good agreement with the 1D vertical S-wave transfer function. Ellipticity in the
sub-stratum on the other hand resulted to be near one at the fundamental frequency,
but was different at higher modes. This seems to be the result of SV waves imitating
the Rayleigh wave “ellipticity” around the resonant frequency for a certain range of
incidence angles, but fail to do so at other frequencies.

Later studies have used more sophisticated ways of modeling the ambient noise
as randomly distributed (both in time and space) point sources around the recording
station (Field and Jacob 1993; Lachet and Bard 1994; Dravinski et al. 1996; Fäh
et al. 2001; Bonnefoy-Claudet et al. 2006). Field and Jacob (1993) and Lachet and
Bard (1994) managed successfully to match the modeled ambient noise H/V with
the observations. Here however, it should be noted that the nature of the ambient
noise is not only restricted to the surficial sources which do not have the pervasive
energy to excite the entire sedimentary layer. Usually deeper sources are needed and
such modeling from the nearby surface nodes may not be satisfactory. Lachet and
Bard (1994) in their modeling of the polarization curves found a good correlation
with the first peak of the H/V ratios. They further confirmed the results found by
Lermo and Chávez-Garcı́a (1993) on the comparison between the Rayleigh wave
ellipticities on the surface and vertical S-wave transfer function. Lachet and Bard
(1994) conclude that the H/V spectral ratios on ambient noise records allow assess-
ing the fundamental frequency but fail to reproduce the higher modes. The ampli-
fication factors obtained were too sensitive to a variety of parameters, such as the
velocity contrast, Poissons ratio and source-receiver distances and hence they were
found not reliable.

Other theoretical investigations of the H/V method with 2D and 3D models
of semi-circular and semi-spherical sedimentary basins were conducted to under-
stand the various aspects of the wave propagation within the sedimentary layers
(Dravinski et al. 1996; Moczo et al. 1997). Dravinski et al. (1996) demonstrated that
the error in estimating the resonant frequency of the basin increases when approach-
ing towards the center of the basin. Additionally, Moczo et al., (1997) showed that
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the topographic anomalies next to the sediment valleys have to be taken into account
when modeling the site response.

In studies of the ambient noise through theoretical modeling, Fäh et al. (2001)
have tried the mode summation method and a finite difference technique which they
have applied to investigate the spectral ratio between the horizontal and vertical
components (H/V ratio) of ambient vibrations. They have explored the variation of
the resonance frequency and the amplitude and shape of polarization as a function
of the structure and the source positions. They have highlighted that the main prob-
lem in comparing the synthetics with the observations is the contribution of the SH
waves on the observed H/V spectral ratios.

In a more recent approach Bonnefoy-Claudet et al. (2006) have modeled the
ambient noise and have concluded that H/V ratio is mainly controlled by local sur-
face sources and is due to the ellipticity of the fundamental Rayleigh waves. Fur-
thermore their results indicate that the amplitude of H/V peak is not able to give a
good estimate of site amplification factor.

1.1.5 Standardized approach

Recently a European project SESAME (Bard, 2004) was focused on studying the
site effects assessment techniques using ambient vibrations. Within the framework
of the project the reliability of the H/V spectral ratio technique in assessing the site
effects is investigated in detail (Atakan et al., 2004b). The work was conducted in
mainly three different lines with the following objectives: firstly to study the effect
of the experimental conditions (Duval et al., 2004), secondly to find out the influence
of the data processing (Atakan et al., 2004c) and finally compare the results from
different techniques and data sets to empirically assess the reliability of its usage in
microzonation studies (Theodulidis et al., 2004). These results indicate significant
influences depending upon the instruments used (Guillier et al., 2008) experimen-
tal conditions (Chatelain et al., 2008) and the data processing routines. The stud-
ies concluded that by careful choice of instruments, controlled experimental setup
and standardized processing routines reliable H/V results can be obtained. Under
these conditions, the H/V ratios are stable in estimating the predominant frequen-
cies. They do not however, completely reproduce the actual, frequency-dependent
amplification factor. In the following we expand on these results.

Most of the earthquake risk is associated with the main population centers
throughout the world where the earthquake is also high. In such a case, usually
as part of microzontaion studies, conducting H/V measurements in cities becomes
inevitable and requires both reliability of the results and rapidity of data collec-
tion. It is therefore important to understand which recording parameters influence
the quality and reproducibility of the results. Some review in this topic may be
found in dealing with the data acquisition system and the processing techniques as
well (Duval, 1994; Nakamura, 1996; Mucciarelli et al., 1997; Atakan et al., 2004c;
Guillier et al., 2008). However, in order to determine the influence of each of these
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parameters, extensive experimental surveys are needed. Such a survey was con-
ducted within the framework of the above mentioned European project, SESAME
with the aim of evaluating the influence of experimental parameters in stability and
reproducibility of H/V on ambient vibrations. This evaluation was conducted in a
purely experimental process by means of various tests (Duval et al., 2004; Chatelain
et al., 2008).

The first issue was to establish the impact of the digitizers, sensors and digitizer-
sensor couples on stability, reliability and reproducibility of H/V measurements
under laboratory conditions. This work was devoted to perform and analyze a set
of tests in order to compare the performance of different instruments currently used
(13 digitizers and 15 sensors). To reach this goal, three series of tests were conducted
(Guillier et al., 2008):

• Tests on digitizers. Digitizer evaluation has been carried out through four dif-
ferent tests: sensitivity, internal noise evaluation, time stability and channel
consistency.

• Tests on sensors. Sensor response has been evaluated for short period seismome-
ters, long period seismometers and accelerometers.

• Tests on digitizer-sensor couples. These tests have been achieved collecting dif-
ferent measurements: individual recordings in the lab, simultaneous recordings
in the lab and two simultaneous recordings in the free-field.

One of the main outcomes for the tested sensors is: the velocimeters are all usable
(even the 4.5 Hz) whereas the accelerometers are not appropriate due to their insen-
sitivity to noise measurements (Guillier et al., 2008).

The second issue was to establish the influence of the experimental conditions
when recording ambient noise. The experimental tested parameters were classified
in nine categories. Three types of parameters were distinguished:

• Parameters relative to the acquisition system and configuration: recording/
instrument parameters in free-field microtremor records

• Parameters related to the characteristics of the site itself: in situ soil-sensor cou-
pling; modified soil-sensor coupling; nearby structures; underground structures

• Parameters relative to the variation of external conditions: weather conditions;
water table level, pore pressure; stability in time; noise sources

Each parameter has been tested against a reference recording. Similarity of the
results (H/V amplitude and fundamental frequency) of both recordings, were
checked using Student t-test (Chatelain et al., 2008). Based on the above statistical
investigations, the tested parameters can be classified into three main categories:
(i) the parameters that do not influence the result, (ii) those which influence the
results only beyond some limits that can be easily controlled and (iii) those on
which there is no possible control. One of the main conclusions is that no matter
how strongly a parameter influences H/V amplitudes, the value of the frequency
peak is usually not or slightly affected, with the noticeable exception of the wind in
certain conditions.
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Within the frame of the SESAME project practical recommendations as to data
processing were proposed (Atakan et al., 2004b). The main purpose was to provide a
consensus advice on several simple questions, which do not necessarily have trivial
answers.

• What is the optimum time window length?
• What is the required number of noise windows to have a good reliability?
• What is the sensitivity to transients and should only stationary signal windows

be used?
• How to merge the two horizontal components to get the “H” component?
• How to smooth the spectra?
• Should the averaging from all the windows be applied on H and V spectra or on

the H/V spectral ratio?
• Should one prefer arithmetic or geometric averages?

There exist also less known processing techniques, which may present some interest
and should be tested. While almost all authors limit their investigations to the spec-
tral amplitude, Tokeshi et al. (1996) also analyzed the phase of the one-sided auto-
correlogram of the horizontal components, and proposed a new way to derive the
fundamental frequency, which corresponds to a change in the phase sign (from pos-
itive to negative). They recently performed time domain noise simulations (Tokeshi
and Sugimura, 1998), and claim that, even for low impedance contrast structures
where spectral peaks do not appear clearly, this technique is efficient in pointing out
the right fundamental frequency.

On the other hand, Fäh et al. (1997) used a different way to derive average polar-
ization curve: they did not smooth the spectra, so that the H/V values they obtained
for every window presented a very large dispersion. They succeeded however in
reaching meaningful averages by (i) considering a very large number of noise win-
dows (500) and (ii) weighting every H/V value by the corresponding spectral energy.
Finally, Teves-Costa et al. (1996) proposed to compute microtremor spectra with
Maximum Entropy Methods, which has the advantage to provide more reliable esti-
mates in the low frequency range with short noise windows.

Keeping in mind the importance of processing in the H/V results, development
of robust software for data analysis applying the H/V technique became a necessity.
A multiplatform processing software is developed (J-SESAME) with the aim of pro-
viding a standard procedure in processing the microtremor data using H/V method.
Existing software that was previously used in processing the microtremor data using
the H/V technique is tested and an optimum solution for the analysis is deduced. The
software is available at: http://www.geo.uib.no/seismo/software/jsesame/jsesame.
html. The details of this standard software can be found in Atakan et al. (2004c).

Another goal of the SESAME project was to perform a purely experimental
assessment of the reliability of the H/V technique, by comparing its results with
those of well established experimental techniques, based on a homogeneous data set
of ambient noise and earthquake recordings (Theodulidis et al., 2004). In this work,
comparison of H/V results with observed damage of recent earthquakes in Europe
attempted. As a result (i) a homogeneous data set of noise and earthquake recordings
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at many sites was created, (ii) the comparisons of experimentally and theoretically
estimated transfer functions with the H/V spectral ratio of ambient vibrations tech-
nique were conducted and (iii) the comparison of damage distribution in modern
urban areas with results from H/V spectral ratio were performed.

For selected sites H/V ratios of ambient noise were compared with H/V receiver
functions of earthquake weak or/and strong motion recordings (Theodulidis et al.,
2004), as well as with standard spectral ratios where data permitted. For a few sites –
where geotechnical data was available – theoretically estimated transfer functions
were compared with experimentally H/V ratios of ambient noise. In addition, for a
few selected sites, which exhibited non-linearity during strong ground motion, H/V
noise ratio was calculated to investigate the applicability of the latter. Ambient noise
measurements were performed into the city of Thessaloniki, the town of Kalamata
in Greece, the city of Rome and the towns of Palermo and Fabriano in Italy, and the
town of Angra-do-Heroismo in Portugal. From the analyses of this data, it seems
that in some cases (homogeneous building stock, distant event) the H/V ratio “fun-
damental” frequency may satisfactorily indicate areas of damage potential in urban
environment. However, quantitative correlation between H/V spectral ratio “funda-
mental” frequency and damage is difficult to be established given the complexity of
parameters involved. Correlation between the “fundamental” frequency and the near
surface geology, on the other hand seems more reliable (Theodulidis et al., 2004).

1.1.6 Guidelines

In the framework of the European research project SESAME (Bard, 2004), guide-
lines on the H/V spectral ratio technique are prepared (Koller et al., 2004). These
guidelines represent the state-of-the-art of the present knowledge of the H/V method
and its applications, and are based on the consensus reached by a large group of par-
ticipants. It reflects the synthesis of a considerable amount of data collection and
subsequent analysis and interpretations. In general, due to the experimental charac-
ter of the H/V method, the absolute values obtained for a given site require careful
examination. In this respect visual inspection of the data both during data collec-
tion and processing is necessary. Especially during the interpretation of the results
there should be frequent interaction with regard to the choices of the parameters for
processing.

The guidelines are organized in two separate parts; the quick field reference and
interpretation guidelines (Part I) and detailed technical guidelines (Part II). Part I
aim to summarize the most critical factors that influence the data collection, analysis
and interpretation and provide schematic recommendations on the interpretation of
results. Part II includes a detailed description of the technical requirements, standard
data processing and the interpretation of results.

The guidelines give a summary of the recommendations that should be taken into
account in studies of local site effects using the H/V technique on ambient vibra-
tions. The recommendations given apply basically for the case where the method is
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used alone in assessing the natural frequency of sites of interest and are therefore
based on a rather strict set of criteria. The recommended use of the H/V method is
however, to combine several other geophysical and geotechnical approaches with
sufficient understanding of the local geological conditions. In such a case, the inter-
pretation of the H/V results can be improved significantly in the light of the com-
plementary data.

The complete guidelines are available at: http://www.geo.uib.no/seismo/
software/jsesame/SESAME-HV-User-Guidelines.pdf
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Chapter 1.2
Are Transients Carrying Useful Information
for Estimating H/V Spectral Ratios?

Stefano Parolai, Matteo Picozzi, Angelo Strollo, Marco Pilz, Domenico
Di Giacomo, Barbara Liss, and Dino Bindi

Abstract Defining a procedure to calculate the H/V spectral ratio of seismic noise
has recently been the focus of several studies. Although some issues have been
addressed and a general procedure to follow in choosing the optimal seismological
equipment, carrying out the measurements and analyzing the data has been agreed
upon by the majority of specialists in this field, some points still remain open. One
open question is whether transients should be avoided when H/V spectral ratios are
calculated. Starting from contradictory results of previous papers, an ad-hoc exper-
iment at the Nauen test site (Germany) was conducted to verify the influence of
transients on the H/V spectral ratio of seismic noise. We show, consistent with some
previous studies, that transients generated by high frequency content sources can
amplify spectral ratio peaks at low frequencies. After careful polarization analysis
of the data and estimation of the spectral amplitude decay with distance, we provide
an explanation in terms of the composition of the wavefield over certain distance
ranges. Our results highlight the importance of a better understanding of the wave-
field composition for better exploiting the potential of H/V spectral ratio method.

Keywords H/V spectral ratio · Seismic noise · Transients · Polarization · Nauen
test site

1.2.1 Introduction

The Nakamura technique (Nakamura, 1989), first proposed by Nogoshi and
Igarashi (1970, 1971), is today one of the most commonly applied methods for
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microzonation studies of large urban areas (e.g. Parolai et al., 2001). A large
number of studies using this rapid, economical, and therefore attractive technique
have been published (e.g. Field and Jacob, 1993; Lermo and Chávez-Garcı́a, 1994;
Mucciarelli, 1998; Bard, 1999; Fäh et al., 2001). More recent studies (Fäh et al.,
2003; Scherbaum et al., 2003; Arai and Tokimatsu, 2004; Parolai et al., 2005;
Picozzi et al., 2005; Parolai and Galiana-Merino, 2006) proposed and tested the
possibility of inverting the Horizontal-to-Vertical (H/V) spectral ratio of noise
(alone or in a joint inversion scheme) for investigating the S-wave subsoil struc-
ture. All these studies require the a-priori assumption that the noise wavefield is
generally dominated by surface waves. Moreover, attempts to provide standards
for the analysis of seismic noise have only recently been carried out (Bard, 1999;
SESAME, 2004; Picozzi et al., 2005). To this regard, a point frequently debated
by the seismological community is whether only the stationary part of the recorded
signal should be considered in the analysis, or could transients (e.g. due to human
activities) also be considered (excluding obviously very strong and clipped signals).
Most authors disregarded the non-stationary noise from the analysis (e.g. Horike
et al., 2001), while others (e.g. Mucciarelli et al., 2003) showed that the H/V ratio
of non-stationary noise might be more similar, especially in amplitude, to the H/V
spectral ratio determined for small-size earthquakes. By applying an optimal fil-
tering procedure to empirical data and using numerical simulations, Parolai and
Galiana-Merino (2006) showed that transients might cause large variability in the
H/V shape, depending on source type and distance from the receiver relative to the
thickness of the sedimentary cover. However, they showed that when dealing with
a sufficient number of real data, the H/V ratio is not biased by including transients.
Recently, Chatelain et al. (2008) suggested to avoid the use of transients in the H/V
analysis. Nevertheless, they showed that H/V does not significantly change if the
sensor is located just a few meters from the major source of transients (in their case,
cars on a highway). Furthermore, at only 2 m from the highway, the peak in the H/V
spectral ratio is still visible, while it disappears when the sensor is placed directly
on the highway. These results (except for those from the stations located directly on
the highway) seem to be in agreement with the pioneering study of Taniguchi and
Sawada (1979) who made systematic noise measurements close to a highway under
constructions and observed that (1) the frequency peak in the transient spectra was
stable independent of the mass of the source (a truck), hinting to the fact that the
frequency of traffic-induced vibration is mainly determined by ground soil condi-
tions, and (2) traffic-generated vibrations were dominated by Rayleigh waves. A
recent investigation of the seismic noise wavefield induced by several source types
can be found in Kim and Lee (2007).

Additional evidence of the role played by transients was reported by Muccia-
relli (1998) who showed that when generating transients with a sledge hammer near
the recording sensor, the H/V peak becomes more clear. This result, probably too
often overlooked, stimulates many intriguing questions. Since the energy released
by the blow of a sledge hammer peaks at frequencies much higher (50–70 Hz)
than the fundamental resonance frequency of the site (1 Hz), how can the tran-
sients modify the H/V? Similarly, human generated seismic noise mainly affects fre-
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quencies higher than 1–2 Hz, with cars generating signals with frequencies mainly
between 10–20 Hz (e.g. Taniguchi and Sawada, 1979; McNamara and Buland,
2004). Therefore, the question arises if there is any important information carried
by the transients that one could try to extract.

We endeavour to answer these questions, by analysing recordings of seismic
noise that include transients generated by a sledge hammer. Vertical and horizon-
tal sources have been simulated. We first calculate the H/V spectral ratio using only
the stationary part of noise. Then, we calculate the H/V spectral ratio for the tran-
sients only. A comparison of the results, considering spectra inspection, polariza-
tion, and amplitude decay analysis is performed. Finally, a possible explanation of
the observed phenomena in terms of wave propagation is proposed.

1.2.2 Data

The experiment was carried out at the Nauen test site (Germany) (http://www.
geophysik.tu-berlin.de/menue/testfeld nauen/), during a day with favourable weather
conditions and absence of wind.

Seismic noise was recorded using a 24-bit digitizer (EarthDataLogger) connected
to a Mark L4C-3D 1 Hz sensor. The sampling rate was fixed to 200 samples/s.

Transients were generated by a surface source at distances of 5, 10, 20, 30,
50, 75 and 100 m to the recorder. The source was a sledge hammer (5 kg) strik-
ing vertically a steel plate (vertical source) and horizontally (perpendicular to the
radial line between the source and the geophone) a railway sleeper. Series of 5
vertical blows (separated from each other by a few seconds) were alternated with
series of five horizontal blows. For each source-sensor distance, this energization
scheme was repeated five times (i.e. five series of vertical and horizontal blows
were recorded). Figures 1.2.1 and 1.2.2 show examples of recordings for the ver-
tical, radial and transverse component of ground motion for the source distances 5
and 100 m, respectively.

1.2.3 Data processing

Using a visual inspection procedure, three different kinds of signal windows were
selected from the continuous data stream. In particular, windows of signal contain-
ing only one series of vertical shots, only one series of horizontal shots and a couple
of consecutive vertical and horizontal shots were extracted (Figures 1.2.1 and 1.2.2).
The length of the signal windows varies between 20.48 s (for those including only
a series) and 40.96 s (for those including a couple of vertical and horizontal blow
series). The time series were corrected for trend in the data and tapered with a 5%
cosine function at both ends. The Fast Fourier Transform (FFT) was calculated for
each component, and the spectra were smoothed using a Konno and Ohmachi (1998)
logarithmic window, with the coefficient b, which determines the bandwidth, fixed
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Fig. 1.2.1 Vertical (top), radial (middle) and transverse component (bottom) recordings of five
series of alternated vertical and horizontal energization at 5 m distance from the sensor. Left panels
highlight (gray) signal windows selected for the vertical energization. Central panels highlight
(gray) signal windows selected for the transverse energization. Right panels show (gray) signal
windows containing signals generated by vertical and horizontal sources. Please note that each
transient in the panels is composed by five blows

Fig. 1.2.2 Same as Figure 1.2.1, but for source-to-sensor distance of 100 m
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to 40. The instrumental response correction was performed by considering the pole
and zero configuration of the sensor. The same procedure was also applied to twenty
30-sec length stationary noise windows. Then, the Horizontal-to-Vertical spectral
ratios (H/V) were calculated considering the root-mean-square (rms) spectra of the
two horizontal components. The procedure was repeated for each source-sensor dis-
tance and source type (horizontal and vertical). Finally, the logarithmic average of
the H/V spectral ratios was computed.

1.2.4 Amplitude Fourier spectra and H/V ratios

Figure 1.2.3 (left and middle frames) shows the average vertical and horizontal spec-
tra of stationary noise and of the windows including transients, for vertical sources
at different distances. The spectra are the logarithmic average of the five series.
Figure 1.2.3 (right) shows the H/V results obtained for stationary noise and for tran-
sients generated at different source distances.

The former shows two peaks at around 0.2 and 1 Hz that are consistent with the
H/V peaks obtained by M. Picozzi, 2007 (personnel communication) after analyzing
data obtained from monitoring the site for one week. Since borehole measurements
and geophysical surveys (geoelectric and georadar) carried out at the Nauen test
site provide information about the structure of the upper 20 m only, the two peaks
cannot be linked to any a-priori known impedance contrast below the site, that is
strong enough to generate resonance peaks. Note that both peaks occur within the
frequency band exploitable for the considered short period sensor (Strollo et al.
2008a, b), and therefore can be considered as reliable. However, since the lowest
frequency peak, as shown in the following analysis, occurs at frequencies too low
to be affected by the high frequency transients generated by the hammer blow, we
will focus our attention mainly on the peak at around 1 Hz. Figure 1.2.3 suggests
that the peak at 1 Hz is mainly related to a trough in the vertical component spectra,
suggesting a link with the ellipticity of Rayleigh waves (Konno and Ohmachi, 1998).

Considering the transient windows, the spectral energy for both vertical and hor-
izontal components of ground motion is concentrated at frequencies higher than
10 Hz, with a broader peak for the vertical component. The amplitude of the spec-
tral peaks, occurring at about 30 Hz, decreases with distance due to the seismic wave
attenuation, but at 100 m it is still higher than the spectral amplitude of the station-
ary noise.

It is remarkable that only when the source is located at a distance smaller than
20 m, do the spectra also show an increase in amplitude between 0.3 and 2 Hz. In
particular, the largest amplitudes are of the radial component. The effect on the H/V
(note that here only that obtained by averaging the radial and transverse component
is shown) is also worth noting. In fact, while for short source-sensor distances (5 and
10 m) the peak around 1 Hz is strongly magnified (the large scattering in the results
may be due to the fact that only 5 H/V spectral ratios have been averaged), for larger
source distances it approaches the stationary noise H/V. Taking into account the
amplitudes of the average spectra, this effect can mainly be related to the radial
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Fig. 1.2.3 Vertical and horizontal component Fourier Spectra (left and central panels, respectively)
and H/V spectral ratio (right panels) calculated for increasing source-to-receiver distances (from
top to bottom). Only results for vertical sources are shown here. Average spectra and H/V for
stationary noise are shown with white lines and the 95% confidence interval is shown by light
gray. Black lines indicate average spectra and H/V results for windows including transients. In
the central panel, gray indicates the radial component, while dark gray indicates the transverse
component
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Fig. 1.2.4 As in Figure 1.2.3 but for horizontal sources

component behaviour. Some transient-related effects on the H/V shape are visible
only at frequencies larger than 10 Hz.

Figure 1.2.4 shows the results obtained when only the horizontal sources are
considered. The spectra of both horizontal and vertical components show large
amplitudes at frequencies higher than 10 Hz. These amplitudes are, however, much
smaller than those obtained using a vertical source. For example, the spectral



24 S. Parolai et al.

amplitudes of the signals generated by a horizontal source at a distance of 10 m are
comparable with the amplitudes of a vertical source at 20 m. This is probably due to
the less efficient energization in the horizontal direction and weak coupling of the
sleeper with the soil. The spectral amplitude, as expected, decays with increasing
source-to-station distance, and there is no large significant effect of the transients at
frequencies around 1 Hz, neither when the short nor long source-to-station distances
are considered. All the H/Vs show shapes similar to the stationary-noise H/V up to
10 Hz. Only at higher frequencies, and especially for the distance range 10–30 m,
do transients appear to affect the H/V spectral ratio shape.

Figure 1.2.5 shows the results when vertical and horizontal sources are consid-
ered simultaneously. The results are similar to those obtained when considering
only the vertical sources since the spectral amplitude of the waves they generated
are higher.

1.2.5 Results and discussions

The evidence that the H/V spectral ratio is enhanced at frequencies around the res-
onance frequencies of the site when active sources are considered is in agreement
with the results of Mucciarelli (1998). Indeed, the source-to-distance range used in
the Mucciarelli (1998) test was larger (50 m) than the range of distances (5–10 m)
we observed that provide the largest effects. Nevertheless, this can be explained by
considering the numerical simulation results of Parolai and Galiana-Merino (2006),
who showed that the influence of transients varies with the source-to-receiver dis-
tance relative to the thickness of the sediments.

In order to explain the mechanism generating the magnification of the H/V spec-
tral ratio, we carried out further analyses. After having verified by time-frequency
analysis (not shown here) that the increase of the spectral amplitude between 0.3 and
3 Hz (with well-defined peaks at 0.4 and 0.9 Hz), only results from vertical energiza-
tion (i. e, neither in the stationary noise, nor when transverse sources are used), we
focused the analysis only on the time series generated by the vertical impact of the
sledge hammer. First, we filtered all the time series windows using a Gaussian filter
(Dziewonski et al., 1969; Li et al., 1996; Shapiro and Singh, 1999)

H(ω,ω0) = e−[(ω−ω0)/(αω0)]2 , (1.2.1)

where ω0 is the central angular frequency of the filter, α (fixed to 0.2) is the rel-
ative bandwidth and ω the angular frequency. Filtering is performed by first com-
puting the Fourier transform of the trace, then multiplying the obtained complex
spectrum by the Gaussian filter and then calculating the inverse Fourier transform
of the filtered complex spectrum.

Second, the complex seismic traces (Taner et al., 1979; René et al., 1986; Parolai,
2008) are calculated for each component by

c(t) = r(t)+ iq(t), (1.2.2)
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Fig. 1.2.5 As in Figure 1.2.3, but for the signal generated by vertical and horizontal sources

where r(t) is the real seismic trace, i is the square root of −1, and q(t) is the
quadrature trace obtained as the Hilbert transform of the real trace. Finally, using
complex seismic traces, we obtained instantaneous polarization attributes. Here
we will focus on reciprocal ellipticity and phase differences, where positive and
negative phase differences correspond to prograde and retrograde ground motion,
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Fig. 1.2.6 The vertical (top panel) and the radial (second from the top) component of ground
motion generated by a vertical source at 5 m distance after applying a Gaussian filter with a central
frequency of 0.9 Hz. The reciprocal ellipticity (third panel from the top) versus time. The phase
difference versus time (bottom panel). The white background indicates the time in which the ver-
tical sources operated. The histograms are calculated considering the data falling within the area
with white background

respectively; linear polarized waves have 0◦ (S-wave) or |180◦| (P-wave) phase dif-
ferences, and a reciprocal ellipticity of 0. A reciprocal ellipticity of 1 corresponds
to circular polarization.

Figure 1.2.6 shows the vertical- and radial-component seismograms filtered using
the above described filter with a central frequency of 0.9 Hz. These time series
include only five consecutive vertical shots. Outside of the time window, including
the first and the last signal generated by the sledge-hammer impacts (e.g. occur-
ring between about 5 and 15 s in Figure 1.2.6), small filter effects are observed.
Within this time window, the radial component of ground motion is much larger
than the vertical one, the reciprocal ellipticity is nearly 0 and the phase difference is
close to 0◦. Figure 1.2.7 shows the results for the radial and transverse components.
The ground motion is predominant in the radial direction, with small reciprocal
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Fig. 1.2.7 Same as Figure 1.2.6, but for the radial and transverse components

ellipticity (0.2) and phase differences of nearly 120◦. The results for the vertical and
transverse components (Figure 1.2.8) show that the relatively small ground motion
has reciprocal ellipticity that varies greatly (from 0.8 down to 0.3), whereas the
phase difference is always around 90◦.

Hence, the polarization analysis suggests that the spectral energy between 0.3 and
2 Hz observed at distances less than 20 m is carried out by waves linearly polarized
in the radial direction. Plotting the radial component spectral amplitude at 0.9 Hz
versus distance (scaled to the reference spectral amplitude at 5 m), a decay slightly
larger than R−2, where R is the source-to-station distance is observed for the first
30 m (Figure 1.2.9). At larger distances the spectral amplitudes are dominated by
stationary seismic noise, and, therefore, do not decay any further.

In summary, considering that (1) body waves generated by a surficial source and
recorded at the surface attenuate with R−2 (Richart et al., 1970), (2) substantial body
waves affect the near field (Tokimatsu and Tamura, 1995; Tamura, 1996) and (3)
we observe an increase in energy also on the vertical component (although much
smaller than on the radial one), we believe that the contribution of surface waves
to the observed spectral amplitudes can be discarded. Moreover, considering that
a vertical source is expected to radiate a considerable amount of power as shear
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Fig. 1.2.8 Same as Figure 1.2.6, but for the vertical and transverse components

Fig. 1.2.9 The spectral amplitude decay for 0.9 Hz versus distance (thin light gray). The dashed
black line indicates a R−2 decay. The thicker gray line indicates a R−1 decay. The dashed gray line
indicates a R−0.5 decay
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waves (Miller and Pursey, 1955) and the results of the polarization analysis (a lin-
early polarized wave in the radial direction), we suggest that the wavefield in the
frequency range between 0.3 and 2 Hz for sources at distances smaller than 20 m is
dominated by SV waves.

The amplitude of the waves is relatively small with respect to higher frequencies,
but a resonance mechanism is amplifying them over shorter distances. Although
the resonance mechanism can still act when sources are further away, the spectral
energy of the direct SV arrival (that decays with R−2) is too small to make the
spectral amplitudes larger than those of the stationary noise. The same mechanism
could also explain why the 0.2 Hz resonance peak observed in the H/V for stationary
noise is not affected by the transients.

Therefore, spectral amplitudes can be determined by the superimposition of spec-
tral energy arriving directly from the source with a resonance mechanism. A similar
effect for P waves is unlikely, because they are expected to have smaller amplitudes
and because resonance should affect principally the vertical component of ground
motion.

The lack of similar evidence when a transverse source is considered (and there-
fore generating SH waves more efficiently) could be explained by the lower spectral
amplitude of the horizontal source signal. Note, in fact, that the spectral amplitudes
(between 10 and 50 Hz) for a source-to-station distance of 10 m (Figure 1.2.4) are
of the same order of magnitude than those generated by a vertical source at 20 m
distance. The smaller spectral amplitudes do not allow, even in presence of res-
onance, to overstep the spectral amplitudes of stationary noise over the 0.3–2 Hz
frequency range.

1.2.6 Conclusions

In this study we report on the results of an ad-hoc experiment performed to evaluate
the influence of transients in H/V spectral ratio calculations. Consistent with pre-
vious studies (e.g. Mucciarelli, 1998), we observed that for certain distance ranges
the peak in the H/V spectra ratio can be magnified when energy is added to the sys-
tem. We proposed an explanation of the experimental evidence that agrees with the
state-of-the-art knowledge in vibration studies and with the outcomes from previous
empirical and numerical studies.

Our results suggest that including transients in the H/V spectral ratio should not
worsen the estimation of the fundamental resonance frequency of a site. Since the
mechanism generating a peak in the H/V spectral ratio may depend on the source
position relevant to the thickness of the sedimentary column (Parolai and Galiana-
Merino, 2006), a full understanding of the composition of the wavefield is manda-
tory before inverting the peak to obtain information about the sub-soil structure.

On the other hand, if including active sources can help in better highlighting the
resonance effect of S-waves, the use of transients, consistent with Mucciarelli et al.,
(2003), might allow a H/V spectral ratio closer to the H/V spectral ratio of small
earthquakes to be obtained.
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We believe that these issues are worthy of the attention of the seismological com-
munity and further ad-hoc experiments should be planned in order to better under-
stand the composition of the noise wavefield.

Acknowledgements K. Fleming kindly improved our English. Figures have been drawn using the
GMT software (Wessel and Smith, 1991). R. Milkereit improved the figures.
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Chapter 1.3
Basic Structure of QTS (HVSR) and Examples
of Applications

Yutaka Nakamura

1.3.1 Introduction

Damages caused by the recent earthquakes are concluded as a direct result of local
geological conditions affecting the ground motion. The best approach for under-
standing ground conditions is through direct observation of the seismic ground
motion, but such studies are restricted to areas with relatively high seismicity.
Because of these restrictions in other methods, such as only at high seismicity area
and the availability of an adequate reference site, non-reference site methods have
been applied to the site response studies. Microtremor is a very convenient tool to
estimate the effect of surface geology on seismic motion without other geological
information.

The H/V technique, alias QTS, Quasi-Transfer Spectra, fits very well to this
description and it has received great attention from all over the world with its sim-
plicity together with quick information about dynamic characteristics of ground and
structures. Although several researchers claimed that the theoretical background of
this technique is not clear, there have been many successful experimental studies
performed. This method is attractive since it gives the ease of data collection and it
can be applied in areas of low or even no seismicity.

The H/V technique was developed by the author with relating borehole investiga-
tions together with the strong motion records analysis, on the various geological site
conditions. It was hypothesized that the vertical component of the ambient noise at
the ground surface keeps the characteristics of basement ground, is relatively influ-
enced by Rayleigh wave on the sediments and can therefore be used to remove both
of the source and the Rayleigh wave effects from the horizontal components.
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It is effective to identify the fundamental resonant frequency of a sedimen-
tary layer, with implied amplification factors that are more realistic than those
obtained from sediment to rock site ratios. It has been shown by many researchers
(ex. Ohmachi et al., 1991; Lermo et al., 1992; Field and Jacob, 1993, 1995) that how
such H/V ratio of noise can be used to identify the fundamental resonant frequency
and amplification factor of sediments.

Looking to the examples in the study of Nogoshi and Igarashi (1971) which
compared the H/V of Rayleigh wave with that of microtremor and concluded that
microtremor was mostly composed of Rayleigh wave, some of theoretical studies
(Lachet and Bard, 1994; Konno and Ohmachi, 1998; Bard, 1998) suggested that the
peak on H/V can be explained with the fundamental mode of Rayleigh waves. If we
think that this approach is true, microtremor should be considered to consist of only
Rayleigh wave. On the other hand, if we check the examples given on Nogoshi and
Igarashi (1971) carefully (which will be discussed later), we can clearly see that,
at the peak frequency of H/V of Rayleigh wave, the energy of Rayleigh wave is
very small, nearly zero. Rayleigh wave has its maximum energy at near trough fre-
quency of H/V. Because of this, peak of the H/V of microtremor cannot be explained
by the energy of Rayleigh wave. As it is explained by Nakamura (1989), the H/V
of microtremor at peak frequency range can be explained with vertical incident
SH wave.

1.3.2 Origin of the H/V technique

First of all the H/V spectral ratio was found from the strong motion records at var-
ious sites in Japan. On the soft ground, horizontal motion is larger than vertical
motion. On the other hand, on the hard ground, both horizontal and vertical motions
are similar to each other both on the maximum value and waveform.

First, horizontal to vertical ratio was derived from each maximum value and was
compared with the softness of ground and the amplification factor. As shown in
Figures 1.3.1 and 1.3.2, horizontal to vertical ratio of maximum value highly corre-
sponds to these ground characteristics (Nakamura et al., 1983).

On the next step, the H/V spectral ratio of microtremor measured at any-
where was confirmed that it is able to estimate the predominant frequency and the

Fig. 1.3.1 Relation of maximum accelerations on surface and basement (Nakamura and Saito,
1983)
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Fig. 1.3.2 Comparisons between site condition and H/V of PGA, H/V and H/H of PGA

amplification factor. And as shown in Figure 1.3.3 the result of estimation is stable
for the measured time and season (Nakamura, 1989).

From the background of the H/V technique, it is natural that the H/V spectral ratio
of not only microtremor but also the earthquake motion can explain the character-
istics, and the original paper (Nakamura, 1989) had pointed that the H/V spectral
ratios of earthquake motion are almost similar to the amplification spectra as shown
in Figure 1.3.4. And then as shown in Figure 1.3.5, it is confirmed that the H/V
spectral ratios of microtremor and earthquake motion are similar to each other and
mostly similar to the amplification spectrum (Sato et al., 2004).

1.3.3 Basic structure of the H/V spectral ratio

1. H/V Spectral Ratio Technique
There is no reason to enlarge the amplitude of a particular frequency range and of
a particular direction at the hard and uniform ground as imaged in Figure 1.3.6.
It is natural that the vibration of hard ground is uniform for each frequency range
and each direction. The measured results of microtremor and earthquake support
it. On the other hand, under the situation of a soft ground deposition on the hard
basement, it is important to grasp the amplification characteristics of the hori-
zontal motion. At the frequency range amplified the horizontal motion, it seems
vertical motion is not amplified. Meanwhile, at this kind of ground condition,
it is important to consider the Rayleigh wave distributed on the ground surface.
Earthquake disaster is caused mainly by the body wave and if the Rayleigh wave
causes any damage, it must be a slight damage. That is to say that it is important
to understand the phenomenon which the energy of the body wave trapped inside
the soft surface layer. The phenomenon is the amplification of earthquake motion
by so called the multiple reflections.
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Fig. 1.3.3 Stability of H/V spectral ratio

From this view point, the Rayleigh wave plays as a noise and it is necessary to
reject the effect of the Rayleigh wave. It is possible to understand that the surface
layer behaves as a high-pass filter for the Rayleigh wave propagating in the sur-
face layer as illustrated in Figure 1.3.7. Rayleigh wave can not propagate in the
frequency range under the predominant frequency of surface ground (F0), and
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Fig. 1.3.4 Comparison between spectral ratios H/V(Rs) and H/H(St) at Mexico city

can transmit the energy peak around the frequency of minimum group velocity
(2F0, Airy phase). So the effect of multiple reflections of the SH wave is mainly
composed around F0.

Comparison of the vertical motions between the basement and the ground sur-
face makes sure the existence of the Rayleigh wave. The focused frequency range is
around F0, the predominant frequency of the horizontal motion. The frequency of
the vertical motion amplified by the multiple reflections is estimated as Vp/V ∗

s F0.
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Fig. 1.3.5 Relation between H/V of strong motion, H/V of microtremor and H/H of strong motion

In case of the noticed soft ground, while Vs is about 50 to 200 m/s, Vp is around
1,000 m/s, near to the Vp of water (= 1,500m/s). So the frequency that the ver-
tical motion enlarged is 5–20 times for F0. Corresponds to this, the frequency of
maximum energy transmission of the Rayleigh wave is approximately 2F0. So it
is important to judge that the Rayleigh wave effects much if the vertical motion
of the ground surface is relatively larger than the basement at least the frequency
range up to three times of F0.

Many peaks are observed on the spectrum of measured microtremor in actual.
In past, the analyzers had read the peak corresponding to the predominant fre-
quency of surface layer based on their experiences and intuitions. It must be only
a speculation because of their arbitrariness. It is necessary for extracting peak for
the purpose exactly to reject the effect of the Rayleigh wave.
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The effect of the Rayleigh wave for the surface to the basement ratio of the
horizontal motion R (= Ahs/Ahb: amplification characteristics) is estimated by
the surface to the basement ratio of the vertical motion E (= Avs/Avb). Then the
corrected amplification characteristic Am is estimated as follows;

Am = R/E

= (Ahs/Ahb)/(Avs/Avb)
= (Ahs/Avs)/(Ahb/Avb)
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Using an observational fact that the ratio Ahb and Avb is nearly equal to 1 for wide
frequency range, Am could be expressed as follows:

Am∼= Ahs/Avs.

This is the H/V spectral ratio. At present, however, there are many researchers
who believe that the peak of the H/V can be explained by Rayleigh wave. Then
the H/V of Rayleigh wave must be discussed.

2. H/V of Rayleigh Wave
For different wave-lengths, Ohta (1963) calculated H/V and phase velocity of
Rayleigh waves for two layers model for various impedance ratio (varying
between 1.2 and 4.5) and Poisson’s ratio (varying between 0.25 and 0.49) both
in sedimentary and basement layers. By using these calculated results, the rela-
tionship between the H/V of Rayleigh wave and the frequency is shown in
Figure 1.3.8, and it shows the relations between impedance, peak and frequency.
The frequency in this figure is normalized with the predominant frequency of
surface layer, F0 = Cs/(4h). Group velocities calculated from phase velocities
are normalized with S wave velocity and drawn with the frequency normalized
with F0. Figure 1.3.9 shows the distribution of group velocity versus frequency.
As we follow this figure, if the impedance ratio is less than two, the energy
of Rayleigh wave exists at the lower frequency range. Figure 1.3.10 shows the
change of impedance ratio for frequencies of trough and peak of H/V and mini-
mum group velocity of Rayleigh waves. The frequencies corresponding to the
trough and minimum group velocity (for almost all impedance ratio values),
change between 1.5 and 2. On the other hand, only for the peak frequency varies

Fig. 1.3.8 H/V of Rayleigh waves for two layered ground
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Fig. 1.3.9 Group velocities
of Rayleigh waves for two
layered ground
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Fig. 1.3.10 Relationship between characteristics of Rayleigh wave and impedance ratio

in a wider range for different impedance ratio. The energy of the Rayleigh wave
is almost zero at the peak frequency of H/V, and at the trough frequency of H/V
the energy becomes to maximum. When the impedance ratio is greater than 2.5,
the Rayleigh wave does not affect the H/V peak of ground motion. And on the
other hand, when the impedance ratio is less than 2.5, the Rayleigh wave affects
the H/V peak of ground motion.

3. Comparison between Microtremor and Rayleigh Wave for H/V
Figure 1.3.11, modified after Nogoshi and Igarashi (1971), shows relationship
between H, V and H/V for microtremor and for Rayleigh wave. It can be clearly
seen from these figures that, the energy of Rayleigh wave does not appear on the
peak of H/V of Rayleigh wave. We can easily see that there is no energy around
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Fig. 1.3.11 Relation of H, V and H/V for microtremor and for Rayleigh wave (modified after
Nogoshi and Igarashi, 1971)

the peak frequency of H/V and amplitude is almost zero for horizontal and zero
for vertical components of Rayleigh waves. On the other hand, the energy of
Rayleigh wave gets its maximum on later frequencies at minimum group veloc-
ity of Rayleigh wave and this is nearly equal to trough frequency which is almost
two times of the H/V peak frequency. The peak of vertical component corre-
sponds to Rayleigh wave, but the peak of horizontal component is not caused by
Rayleigh waves. These figures show that the peak of the H/V is not caused by
Rayleigh waves.

Figure 1.3.8 shows that the H/V of Rayleigh wave for a hard ground, corre-
sponding impedance one, is estimated around 0.7, against 1.0 from microtremor
measurement on rock sites. It also shows that the H/V spectral ratio of
microtremor around the peak is not caused by the Rayleigh waves.

The H/V spectral ratio shows the amplification characteristics by the multiple
reflections of the SH wave at least around F0, and shows the characteristics con-
taminated by the Rayleigh wave around 2F0. In case of less effect of the Rayleigh
wave it is possible to estimate not only preliminary peak but also secondary peak
of amplification characteristics caused by multiple reflections with the H/V spec-
tral ratio.

4. Comparison of the H/V spectral ratio between earthquake and Rayleigh wave
Figure 1.3.12(a) shows the H/V of strong ground motion of two different earth-
quakes recorded at the same site. Although the waveforms show different shape,
if we take the H/V, they show similar shape. Another example can be found also
in a paper of Okuma et al. (1999) which is given in Figure 1.3.12(b). The results
show again that H/V gives similar characteristics for the different earthquakes
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Fig. 1.3.12 H/V of strong ground motion for different earthquakes recorded at the same station

recorded at the same sites. If we think that the H/V of earthquake record can be
explained by Rayleigh wave, we should see same characteristics for all direc-
tions of the site, but this is out of practice and it is proper to think that the H/V of
earthquake motion indicate the transfer function of local surface ground, as same
as the H/V of microtremor.

5. Numerical simulation for H/V
The H/V indicates the transfer function of local surface ground. This was con-
firmed from the numerical simulation performed by Bonnefoy-Claudet et al.
(2006) objecting the theory above mentioned contrary to their opinion. This paper
is to consider the characteristics of H/V spectral ratio of microtremor experimen-
tally using numerical ground model of two layer; basement and surface grounds
with 6.5 of the impedance ratio. The first natural frequency of surface ground
is set to 2 Hz. Various shape, location and depth of source are adopted for this
analysis. In case of weak Rayleigh waves the peak corresponding to the second
natural frequency 6 Hz appeared. The weaker the Rayleigh waves, the more cor-
rect the amplification factor. Consequently, it is natural to consider that the peak
of 2 Hz is caused by the multiple reflections of S waves except strong affection of
the Rayleigh waves near the source. The peak value at 2 Hz varies only between
5 and 8 for 6.5 of impedance ratio. This indicates the amplification factor can be
estimated by the H/V peak value correctly.

6. Summary of the H/V characteristics
Figure 1.3.13 shows the typical shape of the H/V spectral ratio. The characteristic
of H/V for microtremor is summarized as follows. The first peak near F0 consists
of S-wave mainly. The first trough near 2F0 is caused by Rayleigh wave. Around
F0 there is almost no energy of Rayleigh waves, so the dispersion curves are
unstable near F0. Rayleigh wave are growing from F0, and reach the first peak
near the 2F0. It is verified that the H/V spectral ratio of both microtremor and
strong motion is useful for estimation of at least fundamental frequency F0 and its
amplification factor. Consequently the excellent papers of Nogoshi and Igarashi
(1971) and Suzuki (1933) have no relation to the H/V technique directory.
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Fig. 1.3.13 Typical shape image of the H/V spectral ratio

1.3.4 Applications to hazard mitigation technology

From above discussions we can now conclude that peak of the spectral ratio H/V is
caused by the multiple reflections of S waves. Alias QTS, Quasi Transfer Spectrum,
represents the meaning coming from its name. Here, it should also be addressed the
depth of the basement and the vulnerability of the surface ground related with QTS.

1. Basement depth
The frequency F0 related with QTS is:

F0 = Cs/(4h),

and the amplification factor A for this frequency is related to the impedance ratio.
If densities for basement and surface layer are same then

A0 = Cb/Cs,

and the depth of basement h is

h = Cb/(4A0F0),

where, Cb is S wave velocity of the basement.
Figure 1.3.14 shows the depth of basement along the Shinkansen line esti-

mated from microtremor for the case of basement velocity (Cb) is 600 m/s. The
estimated results are compared with boring data and the results showed that, the
contact line between alluvium and diluvium is the basement of QTS.

2. Vulnerability assessment
Earthquake damage of structural members occurs at the time of exceeding the
limit of the strain caused by deformation, and it causes the collapse if the stability
of the structure lacked. Then the vulnerability index focused on the strain was
defined (Nakamura, 1997) as imaged in Figure 1.3.15. K values in 10−6/(cm/s2)
are defined to estimate the strain in the unit of 10−6 at particular parts of the
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Fig. 1.3.14 Comparison between estimated depth and measured one (after Nakamura et al., 1970)

structures, by multiplying the maximum acceleration at the engineering basement
and the K value.

These K values are defined for ground and various structures, as Kg value for
ground, Kj value for embankment, Ks value for rigid frame structure and Kb value
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Fig. 1.3.15 Image of K values

Fig. 1.3.16 Shear deforma-
tion of surface ground
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for building. As peculiar K value, Kd value for derailment is defined. In this
section, Kg is introduced. For other K values, refer the paper of Nakamura (1997).

(a) Kg for ground
For ground, shear strain γ of surface ground is noticed. In general, from γ ∼=
1,000×10−6 surface ground begins to show non-linear characteristics and in
γ > 10,000×10−6 large deformation and collapse will occur.

Simplifying the shear strain deformation of surface ground as shown in
Figure 1.3.16, average shear strain γ of surface ground can be estimated by
following formula:

γ = Ag ×δ/h,

where, Ag is amplification factor, h is thickness of surface layer, and d is
seismic displacement of the basement ground.

Putting S-wave velocities of basement ground and surface ground as Cb
and Cs respectively, proper predominant frequency Fg of surface ground is
approximately expressed as follows:

Fg = Cb/(4Ag×h).
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Acceleration of basement ground αb is expressed as:

αb = (2πFg)2×δ ,

and γ is expressed by Fg, Ag and Cb:

γ = (Ag×αb/(2πFg)
2)×4Ag×Fg/Cb)

= (A2
g/Fg)×αb/(π2Cb)).

If the efficiency of applied dynamic force is assumed to be e% of static force,
effective γe is expressed as:

γe = Kg(e)×αb

Kg(e) = e×A2
g/Fg)/(π2Cb)/100.

The value of Cb is expected to be nearly constant in a broad area and Kg is
a proper value for measured point. Thus Kg can be considered as an index to
indicate easiness of deformation of measured points which is expected useful
to detect weak points of the ground. As we can consider Cb = 600m/s, we
obtain 1/(π2Cb) = 1.69× 10−6 (s/cm). If we put e = 60%, then Kg(e) is
expressed as:

Kg(e) ∼= A2
g/Fg

The effective strain can be estimated by multiplying Kg(e) value with maxi-
mum acceleration of basement ground in gal (= cm/s2).

Figure 1.3.17 shows the distribution of Kg-values obtained in San Francisco
Bay Area after the 1989 Loma-Prieta Earthquake. For Marina district the
result along a line from sea coast to hillside is shown. It shows Kg at the sites

Fig. 1.3.17 Kg values measured after the 1989 Loma Prieta earthquake



48 Y. Nakamura

where grounds deform much are bigger than 20 and Kg at the sites with no
damage are very small. Considering the maximum basement accelerations
around the area are estimated as 50 gal based on observations, Kg = 1,000×
10−6 separates the areas liquefied or not.

(b) Derailment/overturn of trains
To study derailment/overturn of trains the work done per unit time (work rate
or power) applied by earthquake motions is considered. Power w is propor-
tional to the product of response acceleration A×αb and response velocity
A×vb.

w = m×A×αb ×A× vb

= m×A×αb ×A×αb/(2πF)
= (m/(2π))× (A2/F)×α2

b

= (m/(2π))×Kd ×α2
b ,

Kd = A2/F.

Here m is mass of objects receiving seismic force for instance trains or stone.
It may possible to adopt Kd-value not only for train derailment/overturn but
also structure damage or jumping stone by strong motion.

F and A are directly related to the seismic motion applied to the train body.
The dynamic characteristics of trains are known in general, F and A can be
estimated from Fg and Ag when a train stays on the ground surface, or from
Fsg and Asg of both structures and ground when a train stays on the structure.

Site characteristics are reflected in Kd-value. In case of large Kd-value,
power w and possibility of derailment/overturn are also large. Thus Kd-value
is considered as an index to indicate the vulnerability on derailment/overturn
of trains.

Figure 1.3.18 shows derailment/overturn of stopping electric vehicles at
the JR-Takatori yard due to the 1995 Hyogo-Ken-Nanbu Earthquake. Severe
derailments occur approximately on the points with bigger Kd-values.

Figure 1.3.19 shows derailments of running trains at the time of the 1995
Hyogo-Ken-Nanbu Earthquake and Kd-values near the derailment sites every
20 m approximately. It shows that whether trains derailed or not closely
depends on Kd-values of the sites where trains were running.

1.3.5 Conclusion

The H/V spectral ratio, alias QTS, Quasi Transfer Spectrum, is overviewed from
its origin to the application for practical disaster prevention. The H/V spectral ratio
was found from the strong motion records at various sites in Japan. On the soft
ground, horizontal motion is larger than vertical motion. On the other hand, on the
hard ground, both horizontal and vertical motions are similar to each other both on
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Fig. 1.3.18 Comparison between derailment/overturn of stopping vehicles and Kd values at the
time of the 1995 Hyogo-Ken-Nanbu earthquake
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Fig. 1.3.19 Comparison between derailment of running trains and Kd values at the time of the
1995 Hyogo-Ken-Nanbu earthquake
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the maximum value and waveform. It is proved in the present paper that the peak
of H/V ratio (QTS), either for microtremor of for earthquakes cannot be explained
with Rayleigh waves, since Rayleigh wave energy is very small for the peak fre-
quency but high on the trough of H/V ratio. Author’s explanation in Nakamura
(1989) is correct for explaining this peak with SH waves. The H/V spectral ratio
shows the amplification characteristics by the multiple reflections of the SH wave at
least around F0, and shows the characteristics contaminated by the Rayleigh wave
around 2F0.

Based on this result, the way to estimate the basement depth and the vulnerability
indices called K values were introduced. K values are simply derived from strains
of ground and structures.

It seems to be possible to find the weak points previously with K values because
of the high correlation between the earthquake damage and K values. There are
research groups to establish the database on the vulnerability of structures. The H/V
spectral ratio is already popular on the various research fields. It is happy that K
values contribute to increase the earthquake-resistant capacity of the city with dis-
semination of the technique for investigation of the earthquake-resistant capacity.
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Chapter 1.4
Ambient Noise and Site Response:
From Estimation of Site Effects
to Determination of the Subsoil Structure

Francisco J. Chávez-Garcı́a

Abstract Damage distribution during large earthquakes is frequently conditioned
by site effects. Site effect are best determined using earthquake data. However, that
data is not always available and ambient noise measurements have been used as
an inexpensive alternative. Microtremor measurements have been used along two
paths to study site effects: estimation of a local transfer function, and estimation of
the subsoil structure (once this structure is known, it is possible to compute expected
ground motion amplification). Currently, the estimation of a transfer function uses
H/V spectral ratios almost exclusively. Estimation of the subsoil structure exploits
data from array measurements of microtremors applying techniques such as SPAC,
ReMi and time domain analysis of cross-correlation. This paper discusses those two
paths and shows the results that were obtained in two dissimilar examples: Parkway
basin and Colima city. It is shown that results need to be validated; it is unsafe to
use a single technique. In addition, it is clear that no single technique is adapted to
all possible cases.

Keywords Site effects · Estimation of transfer function · H/V spectral ratios · Noise
correlation · Subsoil structure

1.4.1 Introduction

Local amplification by surficial soft soils is a significant factor in destructive earth-
quake ground motion. Very often, damage distribution during large earthquakes
has been correlated with subsoil conditions, which explains why site effects have
received much attention during the last decades. Special theme conferences have
been held dealing with this subject (for example, during August 2006, the Third
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International Symposium on the Effects of surface geology on seismic motion).
There are many related aspects and a single article cannot do justice to such an
ample subject (e.g., Aki, 1988). This paper will deal only with particular aspects of
the use of ambient noise measurements for soil characterization.

Site effects are the modifications on incoming earthquake ground motion due to
the irregular subsoil structure close to the surface. They are frequency dependent and
the definition of how close is close to the surface depends strongly on the medium.
If amplification is observed at high frequencies, then it is natural that we concentrate
on very shallow layers. Conversely, when we observe amplification at low frequen-
cies, it is usual that thick sedimentary deposits are involved and that soil characteri-
zation must reach larger depths. Earthquake ground motion may be amplified close
to the free surface by purely geometrical effects (topographic effects). Irregular sur-
face geometry will focus incoming energy at some places, increasing the amplitude
of ground motion, and defocus it at other locations, decreasing observed motion.
Topographic effects, however, are much smaller than amplification caused by the
heterogeneity of soil properties. Seismic energy approaching the Earth’s surface
will travel through material with decreasing stiffness. Conservation of energy (or
rather conservation of energy flux) requires that the waves remove energy from the
interface between two materials at the same rate at which it arrives. Or, if the upper
material has smaller wave velocity, the only way to do this is to increase the ampli-
tude of the transmitted wave. Topographic amplification in a homogeneous medium
usually does not exceed a factor of 2, even in the case of 3D topographies (e.g.,
Bouchon et al., 1996). This, rather tame amplification, contrasts with, for exam-
ple, the effect of a rather thin (about 40 m), very soft clay layer near the surface in
Mexico City. Measured average amplification there is a factor of 40. Naturally, most
real cases involve both irregular geometry (not only at the free surface but also at
the contact between different soil layers) and heterogeneous mechanical properties.

In this paper, I will explore the use of microtremors in two directions. One is
the estimation of a local transfer function. The second is the use of microtremor
measurements to estimate the subsoil structure and from there obtain site effects by
modelling. Those two directions will be exemplified using two specific cases: Park-
way basin (New Zealand) and Colima city (Mexico). These two sites are very differ-
ent both in their location and in the results that were obtained using microtremors.
Finally some conclusions and are given.

1.4.2 Estimating a transfer function using noise measurements

Local site effects are best characterized by a frequency transfer function. Seismic
hazard studies may be able to provide an estimate of the expected earthquake motion
on a real or fictitious rock outcrop using ground motion prediction models. If we
assume linearity, it is possible to convolve this expected input motion with the esti-
mated transfer function to predict ground motion at the sedimentary site.
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Transfer functions may be estimated using spectral ratios of earthquake records,
introduced by Borcherdt (1970). Their use is well substantiated by a seismic model
and they have proven to be very reliable (e.g., Chávez-Garcı́a et al., 1990). The use
of microtremors to estimate a transfer function still lacks a similar seismic model.
Microtremors have been used to estimate site effects using mainly three different
techniques of analysis: direct interpretation of Fourier amplitudes or power spec-
tral densities (e.g., Kanai and Tanaka, 1954; Katz, 1976; Katz and Bellon, 1978);
computation of spectral ratios relative to a firm site reference station (Ohta et al.,
1978; Kagami et al., 1982, 1986; Field et al., 1990); and computation of spectral
ratios between horizontal components of motion relative to the vertical compo-
nent recorded at the same site (Nakamura, 1989; Lermo and Chávez-Garcı́a, 1994).
These days, the first two techniques have been mostly abandoned, while the third
one is doing ravages.

The use of H/V spectral ratio of microtremors to estimate a local transfer function
has a weaker physical basis than spectral ratios relative to a reference site. However,
it has been successful to estimate site effects. This success has been explained based
on the assumption that microtremors consist of body waves (Nakamura, 1989). It is
interesting to note that an explanation based on the assumption that microtremors
consist essentially of surface waves is also successful (Fäh et al., 2001). This appar-
ent contradiction is solved when we note that, for H/V to work, we must have large
amplification and a simple geological structure. Local amplification is a property of
the medium and it will impose its signature on whatever wave comes by. In addi-
tion, Rayleigh waves, for example, may be expressed as a particular superposition
of body P and SV waves, i.e., they are of the same nature.

After the publication of Lermo and Chávez-Garcı́a (1994), very many studies
were made using H/V. A good review paper is that of Bard (1999). Most papers
agree that the resonant frequency determined from microtremors H/V spectral ratios
is useful and reliable (we must not forget, however, that there are cases where the
concept of resonant frequency is not applicable). In addition, many papers have
addressed the question of whether amplification level determined using H/V spec-
tral ratios is useful or not. This discussion was very active a few years ago and
has now subsided. For example, Horike et al. (2001) have shown among others that
amplification computed from H/V of noise is reliable when local amplification is
caused by a marked impedance contrast at a single interface and the amplification
level is important. This means that, if H/V ratios are large, the results are usually
dependable. However, when their amplitude is small it could indicate either that
amplification is not significant (and then we need not worry about site effects) or
that amplification is significant but not due to a single impedance contrast but result-
ing from a complex situation (e.g., velocity gradient). This is a large problem and
one that has no general solution at present. As examples, this paper includes the
discussion of two cases. In the first one, H/V spectral ratios of noise measurements
closely follow reliable transfer functions. In the second, single station microtremor
measurements were useless to investigate site effects.
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1.4.3 Use of microtremors to estimate subsoil structure

Another approach that has been used to estimate site effects is to compute site
response from the subsoil structure. Given that impedance contrast is the domi-
nant factor, most studies limit themselves to vertical heterogeneities and are usually
satisfied to determine a shear-wave velocity (Vs) profile at the site of interest. Of
course, it is frequently possible to build 2D or 3D models putting together 1D pro-
files (e.g., Raptakis et al., 2000). The more reliable method to determine the struc-
ture and the properties of the subsoil materials is seismic prospecting. However, it
is seldom used in site effect studies. It may be too cumbersome to apply in a city, or
straightaway impossible to use because of cultural noise. In addition its cost is high
when many locations have to be investigated. Ambient noise is much cheaper and
we have seen many applications of its use to determine the subsoil structure, even if
this objective requires measurements with arrays of stations.

Microtremor array data have been analysed with different techniques to deter-
mine a 1D soil profile at a site. Horike (1985) and Kagawa (1996), for example, have
used f-k (frequency-wavenumber) spectra. Assuming a predominance of surface
waves, phase velocity dispersion curves may be computed from f-k spectra esti-
mated from the array (e.g., Aki and Richards, 1980). Phase velocity dispersion may
in turn be inverted to obtain a Vs profile.

Another technique proposed recently is the ReMi approach (Louie, 2001), based
on the stack proposed by McMechan and Yedlin (1981). The idea is to stack the sig-
nals recorded by an array of receivers (Louie proposes the use of a standard explo-
ration seismograph) to obtain an image in the p-ω (slowness-frequency) plane. The
procedure is straightforward and a programmed routine for the analysis of ballis-
tic waves was included in the computer package by Herrmann (1987). However, the
use of microtremor records, without a known direction of propagation, introduces an
important uncertainty, and it becomes difficult to pick the phase velocity dispersion
in the obtained diagram. In the better case, the result is a phase velocity dispersion
curve that again has to be inverted using standard methods (e.g., Herrmann, 1987).

An older approach to determine subsoil structure using noise measurements is
the SPatial AutoCorrelation (SPAC) technique (Aki, 1957). Again, microtremors
need be dominated by surface waves. A circular array of seismographs with one
at its centre is deployed and the azimuthal average of the noise correlation at a
fixed distance (the radius of the circle) is computed. If the microtremor wavefield
is stationary and isotropic, that average takes the form of a Bessel J0 function with
argument ωr/c, where ω is the angular frequency, r is the circle radius and c is the
phase velocity. It is then possible to invert the estimate of the Bessel function to
determine the phase velocity dispersion curve and from that invert the Vs profile at
the site. The details of the method have been presented in Ferrazzini et al. (1991)
and Chouet et al. (1998), among others.

During many years the SPAC method was used with arrays with circular or semi-
circular geometry. Bettig et al. (2001) presented small corrections to be able to use it
when the stations are off the perfect circular geometry by a small amount. A bolder
approach is that of DeLuca et al. (1997), who used recorders arranged along a line,
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installed with the purpose of recording an explosion. However, DeLuca et al. (1997)
do not justify why SPAC would be valid for the geometry of their array, nor do they
include any detail of their computations (e.g., how are average correlation coeffi-
cients computed). The paper by Ohori et al. (2002) is more complete. They present a
derivation of the method that follows closely that of Asten (1976). In that derivation
they clearly state that an azimuthal average is required; otherwise it not possible to
obtain the Bessel function. However, when they apply the method to the data from
their two T-shaped arrays, they neglect to explain how do they avoid the requirement
to have an azimuthal average. A more radical approach was taken by Chávez-Garcı́a
et al. (2005) who showed that it is possible to use the SPAC method using data from
single station pairs. The basis for this lies in the original paper by Aki (1957). If the
microtremor wavefield is required to be isotropic and stationary both in time and
space, then it is possible to replace the azimuthal average by a temporal one.

In the SPAC method, the data is analysed by computing cross-correlations in
the frequency domain. Naturally, this operation can also be computed in time
domain. As far back as 1968, Claerbout presented a scheme to produce reflec-
tion seismograms through the correlation of earthquake records. Baskir and Weller
(1975), Nikolaev and Troitskiy (1987), Cole (1995) and Rickett (2001) showed
that source–receiver type seismograms can be generated using cross-correlations
of ambient seismic noise. Many recent papers have shown arguments, proofs and
demonstrations that diffuse fields have time domain correlations closely related
to the medium Green’s function (e.g., Weaver and Lobkis, 2001; Snieder, 2004;
Wapenaar, 2004; Roux et al., 2005; Sabra et al., 2005a).A brief historical review
is given in the introduction section of Weaver and Lobkis (2005). This relation
has been observed in ultrasonics (e.g., Lobkis and Weaver, 2001; Malcolm et al.,
2004), acoustics (e.g., Sabra et al., 2005b), seismic coda (e.g., Campillo and Paul,
2003; Paul et al., 2005) and ambient seismic noise (e.g., Shapiro et al., 2005; Sabra
et al., 2005c). The reason for a relation to exist between cross-correlation and
the medium’s Green’s function for all these different types of signals is that they
share a property called modal equipartition of the wavefield (Campillo, 2006). This
means that when the wavefield consists of waves propagating in all directions and
polarizations, with equal power in average, the power carried by S waves is 2α3/β3

times that of P waves, where α and β are the P and S-wave velocities. The random-
ness of the coda results from multiple scattering on randomly distributed scatterers
and it has been shown that the diffusive regime for the coda emerges early, even
if it only tends asymptotically to complete isotropy. Concerning ambient seismic
noise, even if its actual origin cannot be pinpointed, we may safely assume that it
is the result of the summation of the effects of many sources, distributed randomly
at the surface of the Earth. Thus, seismic noise and seismic coda are equivalent
once the waves that form it have reached the diffusive regime. Campillo (2006)
presents a complete summary of these results.

In the following sections of this paper, I will show the application of these tech-
niques and ideas at two, very different sites. The first one presents the case of a very
small sedimentary basin in New Zealand. Site effects here were investigated using
both earthquake and ambient noise data. The simplicity of the subsoil structure
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and the large amplification that is observed led to good results with all the tech-
niques that were used. A sharp contrast is observed with the case of Colima city,
Mexico. Although local amplification is not negligible, the subsoil structure is com-
plex, without a clear-cut impedance contrast producing the observed amplification.
The case of Colima underscores the need to validate the results through the compar-
ison between different techniques.

1.4.4 The case of Parkway basin, New Zealand

An example where the different techniques showed a very good agreement among
them is Parkway basin, in North Island, New Zealand (Figure 1.4.1). This small val-
ley was selected for study by the Institute of Geological and Nuclear Sciences, New
Zealand, because it showed a strong resonance. Additionally, the basin is very small
and it was possible to instrument it densely with portable instruments. Moreover,
the seismicity rate allowed to record many useful earthquakes during the two and
a half months that the temporal seismic network was operated. The estimate of site
effects provided by earthquake data was later used as a standard against which to
evaluate transfer functions determined using microtremors.

The determination of site effects using earthquake data for Parkway basin was
presented in Chávez-Garcı́a et al. (1999, 2002). The comparison between differ-
ent techniques (spectral ratios relative to a reference site, Borcherdt 1970; spec-
tral ratios between horizontal and vertical components, Lermo and Chávez-Garcı́a
1993; and a parametric inversion of Fourier spectra, Field and Jacob (1995) allowed
to fully validate the empirical transfer functions. These transfer functions allow in
turn to evaluate the results of microtremors measurements. Figure 1.4.2 shows, for
example, H/V spectral ratios computed for a few representative stations in the soft
sediments within Parkway basin. The thin lines in this figure show the average H/V
spectral ratios. Each curve corresponds to the average of H/V ratios computed from
many 60-s noise windows. The number of windows varies between 46 (for station
04) and 71 (for stations 07, 16, 18). The thick lines are the average transfer functions
derived from earthquake data spectral ratios between a sediment site and station 25,
on rock. We observe a very good agreement for both dominant frequency and max-
imum amplification. A similar agreement was obtained for the other stations. Thus,
in this case, H/V of microtremors provide a reliable estimate of the transfer function
at each site.

Consider now the use of microtemors to determine subsoil structure. At Park-
way we have used noise measurements coming from a variety of experiments. The
results using noise windows from the 1995 experiment (1 Hz sensors, short time
windows) with the SPAC two-station method were presented in Chávez-Garcı́a
et al. (2005), where the details are discussed. An example of the results is given
in Figure 1.4.3, which shows the final phase velocity dispersion curve determined
from microtremors (solid circles). The open diamonds show the dispersion curve
obtained from the detailed f-k analysis of earthquake data recorded at Parkway for
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Fig. 1.4.1 Location map and distribution of the seismic stations of the 1995 temporal network
in Parkway valley, New Zealand. The thin line shows the contact at the surface between soft-soil
sediments and underlying rock. (Modified from Chávez-Garcı́a et al., 1999.)

the 10 best recorded events (Chávez-Garcı́a et al., 2002). Figure 1.4.3 also shows the
phase velocity dispersion curve computed for the model established by Stephenson
and Barker (2000) for this basin. The agreement among all three results is quite
good for frequencies above 1.7 Hz, and poor for lower frequencies. Chávez-Garcı́a
et al. (2005) speculated that the SPAC method could not yield reliable results for fre-
quencies smaller than the resonant frequency within the basin. Surface wave energy
inside the basin is trapped within the sediments and only very little information can
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Fig. 1.4.2 Comparison between H/V of microtremors in Parkway with earthquake determined
transfer functions. In each diagram the corresponding station number is indicated. Thick lines
show the amplification computed from spectral ratios relative to a reference site using earthquake
data (Chávez-Garcı́a et al., 1999). Thin lines show the average H/V spectral ratio using 60-s noise
windows. Solid lines correspond to NS component, while dashed lines indicate EW component

be retrieved from the underlying bedrock. Amplification in the basin, however, is
due to the Vs contrast between sediments and bedrock. If we are unable to esti-
mate the Vs of the bedrock it is not possible to compute the amplification, and the
dispersion curves of Figure 1.4.3 do not allow to constrain this value.

Vs of the bedrock could not be determined with the data from the 1995 experi-
ment. This could be due either to the limitations related to using 1 Hz seismometers
or to having inter-stations distances that were not large enough. For this reason, a
second round of measurements was made in 2003, where broad band sensors were
used and a larger range of distances tested (although only five instruments were
available). Details of the experiments and the results were given in Chávez-Garcı́a
et al. (2005, 2006). An example is shown in Figure 1.4.4, which compares the phase
velocity dispersion curves obtained using the 1995 data, with that determined using
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basin. (Modified from Chávez-Garcı́a et al., 2005.)
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Fig. 1.4.4 Phase velocity dispersion determined at Parkway. The solid circles, open diamonds and
dot-dash line repeat the same data shown in Figure 1.4.3. The grey triangles show the results using
SPAC and broad band data from the 2003 experiment. (Modified from Chávez-Garcı́a et al., 2005.)

broad band seismographs. We observe that the data from the new experiment were
able to constrain the Vs of the bedrock at around 3 km/s. The combined data allows
to compute the expected amplification, which is in very good agreement with that
determined using earthquake data spectral ratios.
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Fig. 1.4.5 Seismic section formed with the correlation functions computed in time domain for all
station pairs from the linear arrays at Parkway (Chávez-Garcı́a et al., 2007). Each trace is plotted at
the corresponding interstation distance and is the average for all station pairs with that interstation
distance. We observe a clear pulse, symmetric with respect to zero time. (After Chávez-Garcı́a and
Rodrı́guez, 2007.)

Finally, Figure 1.4.5 shows part of the results obtained from time domain cross-
correlation analyses. This figure shows the cross-correlation functions computed
from noise windows between station pairs separated between 5 to 120 m (see
Chávez-Garcı́a and Rodrı́guez, 2007 for the details). The result is shown as a seis-
mic section where a clear pulse, symmetric with respect to zero time, appears at
increasing time with increasing distance. The signal-to-noise ratio of this pulse
decreases with increasing distance. Its phase velocity is between 250 and 300 m/s.
When the interstation distance is much smaller than the dominant wavelength, we
expect the cross-correlation function to degenerate to the autocorrelation function.
The trace plotted at 5 m distance shows a single pulse that is symmetric about zero
time, as expected for wavelengths between 50 and 150 m. The pulse has larger
amplitudes than the rest of the trace between 2 and 7 Hz (by a factor between 5 and
10). In this frequency range, information on phase and/or group velocity may be
retrieved from the seismic section shown, which in turn may be inverted to recover
a Vs profile at the site.

We observe then that, in the case of Parkway basin, results from single noise
microtremor measurements are in good agreement with earthquake data. The Vs
profile may be inverted from dispersion curves estimated using either SPAC or time
domain cross-correlation. In addition, the computed transfer functions are in good
agreement with those observed. Unfortunately, not all cases are similar, as shown in
the following section.
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1.4.5 The case of Colima city, Mexico

It is not always possible to get good results. Where large heterogeneities occur, or
where amplification is not due to a single, clear-cut impedance contrast between soil
layers, microtremors are not useful. An example was met in the case of Colima city,
western Mexico (Chávez-Garcı́a et al., 2007).

The city of Colima is located near the Pacific coast of Mexico, and it is the
capital of the federal state of the same name (Figure 1.4.6). Large earthquakes
occur in this region, the northern section of the Pacific coast subduction zone in
Mexico (Figure 1.4.6). However, the seismicity level is smaller than further South
along the subduction zone making it difficult to record earthquakes. Previous studies
(Gutiérrez et al., 1996) had shown that local amplification (measured using earth-
quake spectral ratios) is significant in this city but were unable to analyse its distri-
bution within the city. Colima is underlain by a thick column of volcanic sediments
(geologists speculate it may attain 800 m), filling a North–South oriented valley sur-
rounded by limestone. These volcanic sediments are characterised by a large irreg-
ularity, with a mixture of different kinds of avalanche, debris and lahar deposits.
Figure 1.4.7 shows the surface geology in the city. Different volcanic formations
have been identified by geologists but it is far from evident that those differences
are related to changes in the mechanical properties that condition seismic response.

Fig. 1.4.6 Location of Colima city, Mexico in western Mexico. The regional geology is shown,
consisting of a graben filled with volcanic deposits. Bedrock, consisting of limestone, outcrops
East and West of the graben. (After Chávez-Garcı́a et al., 2007.)
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Fig. 1.4.7 Surface geology within Colima city. The main streets and rivers are shown with solid
lines as reference. The urban zone is delimited by the rings formed by the main streets. (After
Chávez-Garcı́a et al., 2007)

A microtremor recording campaign was launched in the city of Colima. Although
only one instrument could be used, plenty of student’s time was available. Ambient
noise was recorded at a total of 310 sites in an area roughly 10×10km. H/V spec-
tral ratios were computed. The results lead to the rejection of 185 sites; maximum
amplitude of the H/V ratios was just too small, and no dominant period could be
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Fig. 1.4.8 Location of the points where measurements were carried out in Colima. Circles indicate
the location of single station microtremors measurements. From the 310 total points, results from
125 (solid circles) were kept, while 185 (open circles) were discarded. Stars indicate the location
of SPAC/ReMi measurements. The location of the two shallow boreholes is indicated with open
squares. (After Chávez-Garcı́a et al., 2007.)

identified. The results for the 125 sites whose information was retained were used to
draw dominant period and maximum amplification maps for Colima (Figure 1.4.8).
These maps are not very useful. There is no correlation with surface geology, ampli-
fication is extremely small, and the results are uncorrelated with previous dominant
period maps (Chávez-Garcı́a et al., 2007). These results indicate that, even when
measurements are performed densely and carefully, if site effects are due to a com-
plex structure, H/V of noise will not perform well.
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Fig. 1.4.9 Phase-velocity dispersion curves at locations UCOL (a) and STAB (b) (see
Figure 1.4.8). The gray circles show the phase velocity determined with a manual picking from the
ReMi images. Open squares with error bars show the mean values and the standard errors deter-
mined from the SPAC measurements. The solid line shows the phase velocity dispersion curve
computed from the S-wave velocity profile inverted at the corresponding location using the open
squares as input data. (After Chávez-Garcı́a et al., 2007.)

The failure of H/V spectral ratios forced us to try array measurements in Colima.
Two techniques were used: SPAC and ReMi. The data were recorded using an Oyo
Geospace DAS-1 exploration seismograph with a 24-bit dynamic range and a line
of 12, vertical-component, 4.5-Hz natural frequency geophones (see Chávez-Garcı́a
et al., 2007 for the details). Measurements were carried out at the 8 sites indicated
with a star in Figure 1.4.8. One of the results is shown in Figure 1.4.9. This figure
shows the final phase velocity dispersion curves estimated at sites UCOL and STAB
for both SPAC and ReMi. Figure 1.4.8 also shows the dispersion curve computed
from the inverted Vs profiles. Similar results were obtained at the other sites.
Figure 1.4.10 shows the final Vs profiles at all the measured sites. We observe a steep
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Fig. 1.4.10 Shear-wave velocity profiles inverted from phase-velocity dispersion curves observed
using the SPAC method for the eight sites indicated with stars in Figure 1.4.8. Given the frequencies
for which phase dispersion was observed, these profiles are reliable down to 40 m depth

Vs gradient in the topmost 40 m, where no single interface controls the impedance
contrast. Amplification was computed assuming vertical shear-wave incidence on
these profiles. The results were in good agreement with the amplification deter-
mined using earthquake data by Gutiérrez et al. (1996). Moreover, the results were
validated at the two sites where shallow boreholes had been used to measure shear-
wave velocities using a suspended logging tool. In the case of Colima, our results
showed that a credible microzonation map was not a viable alternative. Due to the
large heterogeneity of the subsoil and the poor control on its properties the more rea-
sonable option was to propose a homogeneous amplification of a factor 6 throughout
the city in the frequency band 0.2 to 5 Hz. This conclusion offers no details on the
seismic response, but has the merit of being consistent with all available data.



68 F.J. Chávez-Garcı́a

1.4.6 Conclusions

I have discussed two possible paths to estimate site effects using microtremor mea-
surements. The first one is direct measurement of the local amplification. Current
practice uses single station ambient noise measurements analysed using the H/V
spectral ratio. Most authors agree that H/V gives the dominant period of the soft
soil layers. Of course the term dominant period may loose its meaning in many
cases where site effects are still important. In those cases, H/V is not very useful.
In addition to dominant period, the possibility of using H/V to estimate the level
of amplification has been the subject of a large discussion. If the amplitude of H/V
ratios is large, the results are usually dependable. However, when their amplitude
is small it could indicate either that amplification is not significant (and then we
need not worry about site effects) or that amplification is significant but not due to
a single impedance contrast but resulting from a complex structure. This is a large
problem and one that has no general solution at present. Clearly, the more reliable
results are those that compare different techniques among them.

The second path to estimate site effects using microtremors is a very indirect
one; determine subsoil structure and from there compute expected amplification. In
this case, array measurements are required. Recently, the ReMi technique has been
introduced. However, it has the disadvantage that it is not straightforward to pinpoint
a dispersion curve in the resulting diagram. For this reason, most current studies
make recourse to the SPAC method, more than 50 years old now. The result of using
SPAC is a phase velocity dispersion curve, which can be inverted to recover a 1D Vs
profile at the site. In addition to SPAC, the computation of cross-correlation of noise
records in the time domain is currently a very dynamic field of research, where
papers are being published in large numbers. Time domain correlations allow in
theory to estimate the medium Green’s function. However, most results have shown
only the fundamental model of Rayleigh waves. The resulting seismic section may
be analysed using the p-ω transformation that was mentioned before to estimate
a phase velocity dispersion curve. Alternatively, group velocity dispersion may be
estimated using, for example, the multiple filter technique (Herrmann, 1987). Again,
the resulting dispersion curves must be then inverted to estimate a 1D Vs profile. In
case of complex geological structures, 2D or 3D models may be built through the
accumulation of 1D profiles.

These two paths were illustrated with the examples of Parkway basin and Colima
city. In the first one, the interface between very soft alluvial deposits and a con-
sistent graywacke formation leads to large amplification. The sediments behave as
homogeneous, in face of the large contrast at their base. A clear resonance emerges
in spectral ratios of earthquake data, a resonance that shows straight away in H/V
spectral records of single station measurements. Both the resonant frequency and
the amplification level are estimated quite well using ambient noise. The 1D Vs pro-
files derived from dispersion estimated using frequency or time domain correlations
show a very good agreement with independent estimates and the computed ampli-
fication coincides with that observed. The case of Colima is a sharp contrast.
Although amplification is not negligible, the subsoil structure is a complex mix-
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ture of volcanic sediments. No single interface controls the subsoil impedance ratio
and hence the amplification. In this case, H/V of single station microtremors were
not useful. In the case of Colima, the concept of resonant frequency does not seem to
apply and the effort invested in single station microtremor measurements was lost.
However, the results of using SPAC and ReMi at Colima showed a good agreement
between them and they could be validated at the location of two boreholes with a
measured Vs profile. The final result although lacking details, is at least compatible
with all available data. This example underscores the fact that, in experimental site
effect studies, some validation of the results is necessary.

It is clear that no single approach is appropriate for all circumstances. An impor-
tant consideration is that, in many cases, developing countries face a large seismic
risk. The scientific challenges related to site effect estimation are the same as any-
where else. However, the resources available with which to cope with them are much
smaller. This is an important consideration to make when developing techniques.
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Chávez-Garcı́a FJ, Pedotti G, Hatzfeld D, Bard PY (1990) An experimental study of site effects
near Thessaloniki (Northern Greece). Bull Seism. Soc. Am. 80:784–806
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Chapter 1.5
In-Situ Estimates of Material Damping
from Environmental Noise Measurements

Dario Albarello and Francesco Baliva

Abstract Experimental results at two test sites are described, which support the idea
that the cross-correlation of noise recordings allows the retrieval of the local Green’s
function also including subsoil attenuation properties. In particular, the analysis of
field measurements of environmental noise carried on with arrays of common verti-
cal geophones suggests that passive in-situ estimates of the attenuation exponent are
possible and that the values provided in this way are comparable with those obtained
with alternative active techniques. These results open new interesting perspectives
for engineering and geotechnical application of environmental noise surveys.

Keywords In situ estimates · Damping · Seismic noise · Seismic interferometry ·
Passive seismic survey

1.5.1 Introduction

The ground motion generated at a site on the Earth surface by any radiating energy
source can be represented as the convolution of a source function of any suitable dis-
tribution of volume forces and the Green’s function, that represents the response of
the Earth to a sudden point load (Aki and Richards, 2002). The form of the Green’s
function is determined by the elastic properties of the subsoil (in terms of seismic
waves velocities) and the energy dissipation due to the anelastic properties of the
subsoil materials and waves scattering.

For very low strain levels (typical of seismic waves) the absorption can be repre-
sented by a single parameter D (material damping). This non dimensional parameter
is related to the energy loss ΔE from a total amount E available during each loading
cycle, by the equation

D =
ΔE

4πE
=

1
2Q

(1.5.1)
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where Q is the seismological quality factor, widely used in seismology in spite of
D (e.g., Lai and Rix, 2002). The material damping plays an important role both in
the field of the reconstruction of Earth structure (e.g. Lay and Wallace, 1995) and in
small scale geotechnical applications. In particular, this parameter is of great impor-
tance when the analysis of the local seismic response is of concern (e.g. Kramer,
1986).

Damping is usually measured on laboratory specimens, but the effect of sample
disturbance is uncertain and the frequencies used in laboratory tests are usually one
to two orders of magnitude higher than those of interest in earthquake engineering.
An alternative approach is to use field measurements to provide in-situ estimates.
Some attempts in this direction have been performed by the direct measurement
of body waves attenuation in the frame of cross-hole or down-hole configurations
(e.g. Tonn, 1989). In alternative, to overcome the drawbacks of this approach, it
has been proposed to measure attenuation of surface waves generated by artificial
sources (Athanasopoulos et al., 2000; Rix et al., 2000; Xia et al., 2002; Lai et al.,
2002). A severe limitation of the last ones is the difficulty to produce low frequency
surface waves (<10Hz) necessary to sample the deeper portions of the subsoil, and
the difficulty in operating these approaches in anthropized areas characterised by
strong environmental noise.

A possible alternative is the use of the environmental noise itself to measure
damping. An attempt in this direction is described here. The theoretical background
will be shortly outlined first. An experimental procedure is then discussed and
applied at two test sites in Italy where independent in-situ estimates of material
damping are available.

1.5.2 The Green’s function from environmental
noise measurements

Since the second half of the last century, seismologists have been aware that the
Green’s function relative to a portion of the crust can be retrieved by cross corre-
lating seismographic registrations of the same event at two sites located along the
direction of wave propagation (e.g. Dziewonski and Hales, 1972). This can be con-
sidered as the reminiscence of the input-output cross-correlation theorem relative to
general linear systems (e.g. Lee, 1960).

After the pioneering work by Aki (1957), the possibility of extracting information
about subsoil structure from cross correlation measurements has been extended to
ground noise recordings and has been extensively studied (see Okada, 2003 and
references therein). In the assumption that seismic noise can be considered as a
linear combination of random independent plane waves moving along the Earth
surface, phase velocities relative the most coherent and statistically persistent part
of noise (in general surface waves) can be effectively determined from the analysis
of noise recordings at arrays of geophones (e.g. SESAME, 2002).

More recently, these results have been generalized to include the complete
retrieval of the Green’s function (see Larose et al., 2006 and references therein) from
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cross correlation (CC) measurements of seismic noise in the assumption that it can
be considered as a random diffuse wave field generated by a number of independent
stochastic sources or by the presence of a scattering medium. In this case, theoretical
and experimental results indicate that the Green’s function corresponds to the time
derivative of the average cross correlation (DCC) of contemporaneous noise record-
ings at different positions. Actually, the difference between cross correlation func-
tion and its time derivative is immaterial (Roux et al., 2005) when real experimental
signals are of concern. Thus, many Authors simply estimate the Green’s function
directly from CC measurements of seismic noise (e.g. Shapiro et al., 2005).

It is worth noting that the hypothesis of a purely diffuse wave-field is not strictly
necessary. In fact, Louie (2001) demonstrated that the largest contribution to the
CC function relative to seismic signals at two stations mostly comes from ray-
paths nearly aligned along the direction connecting the two sites (see also Roux
et al., 2005). This implies that, the possibility to measure the Green’s function only
requires the presence of at least some wavelet traveling along the direction nearly
parallel to the one connecting the relevant sensors during the measuring interval.

1.5.3 Damping from noise cross-correlation measurements

Despite of the fact that this aspect has been so far overlooked in seismological appli-
cations of cross correlation analysis (e.g. Shapiro et al., 2005), a possibility exists to
retrieve the Green’s function from CC measurements of the noise wave field includ-
ing attenuation properties (Roux et al., 2005). Thus, new perspectives open for the
characterization of mechanical properties of a subsoil from passive seismic mea-
surements at the geotechnical-engineering scale.

A simple model relative to the propagation a unitary pulse within a viscoelastic
vertically heterogeneous medium (e.g. Rix et al., 2000) provides the relationship for
the Green’s function G relative to a single mode of propagation

G(r,ω) = R(r,ω)e−α(ω)r (1.5.2)

where r is distance along the ray-path from to the source to the site and ω is the
angular frequency. The form of R represents the effect of geometrical spreading
and depends on the specific seismic phase and source-receiver path considered. The
attenuation exponent α represents the effect of material damping. When D < 5%,
the attenuation exponent can be expressed by the approximate relationship

α ≈ Dω
V

(1.5.3)

where V is the velocity of the seismic phase of concern. In the range of fre-
quency of seismological interest (0.1–10 Hz) D is considered to be nearly frequency
independent (Lai, 1998). In this position, it has been also assumed that material
damping dominates attenuation: otherwise, one has to interpret α as the combina-
tion of material damping and scattering.
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By the results provided by Roux et al. (2005), the Fourier spectrum of the cross-
correlation time derivative (TDCC) of noise recordings at a couple of sites located at
a distance r one from the other can provide an experimental estimate of the Green’s
function. In particular, in the case of a single mode of propagation, one has

T DCC ∼= A2 (ω)G(r,ω) = A2 (ω)R(r,ω)e−αr (1.5.4)

where A(ω) is the average spectral magnitude of environmental noise at the relevant
angular frequency ω . In general one has

ln
[

T DCC
R(r,ω)

]
∼= ln

(
A2 (ω)

)
−α (ω)r. (1.5.5)

Thus, one could expect that natural logarithm of TDCC corrected for the geometrical
spreading linearly depends on the inter-station distances.

In the simple case of a noise wave-field mainly constituted by fundamental mode
surface waves (e.g. Shapiro et al., 2005), the term R in Equation (1.5.2) becomes

R(r,ω) =
b√
r

(1.5.6)

and b is a real constant (Rix et al., 2000). Thus, one has

ln
[
T DCC

√
r
] ∼= ln

(
bA2 (ω)

)
−α (ω)r. (1.5.7)

Equations (1.5.7) provides a tools for estimating α. In fact, if a number of DCC
estimates is available for different inter-station distances ri, linear regression could
allow to compute α from (1.5.5) at each frequency of interest. To determine the form
of R, the preliminary identification of the seismic phases present in the monitored
noise is mandatory.

1.5.4 Experimental setting and data processing

To evaluate the possibility to use the above approach to estimate damping effect
in a real situation, environmental noise has been monitored at the two test sites
by using an array of standard vertical vertical geophones. Digital acquisition has
been performed by using a system (24-bit equivalent) produced by Micromed
S.p.A. (http://micromed-it.com/brainspy1.htm). No instrumental correction has been
performed.

Each noise record has been subdivided into non overlapping 20 s time windows.
The time series relative to each time window for each geophone has been cross-
correlated with the ones relative to all the other geophones: relative time lags varies
between −5 and 5 s. The cross-correlograms relative to the same couple of sensors
and obtained for the different time windows have been averaged. In this way, a
number of average cross-correlograms is made available corresponding to the set of
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intergeophonic distances considered. The time derivative is evaluated numerically
for each average cross correlogram. The resulting time series are assumed to be
an image of the Green’s functions relative to each inter-geophonic distance. Both
negative and positive time lags have been considered to evaluate the isotropy of the
monitored wave-field: the values corresponding to negative and positive time lags
are considered as the causal and anti-causal Green’s function respectively. In the
case that a good correspondence exists between the causal and anti-causal parts of
the, these two images are stacked to reduce their random variability. In this way, a set
of time series has been obtained, each corresponding to a specific inter-geophonic
distance.

Spectral amplitudes in (1.5.4) have been estimated from the spectrogram of the
time series described above. In particular, each time series has been scanned by
a moving window of 32 time units. For each window, after the tapering by an
Hamming window, a discrete FFT is performed to determine spectral amplitudes.
After that the time series has been scanned, the window characterized by the maxi-
mum spectral amplitude for each frequency is selected. It is worth noting that, due to
the finite dimension of the scanning window, wavelets relative to very short arrival
times cannot be analyzed and have to be discarded.

This procedure is iterated for each inter-geophonic distance. In this way, at each
time series and frequency is associated one arrival time (the central location of
the selected time window) and one spectral amplitude. This information allows the
empirical estimate of the TDCC function in Equation (1.5.4).

The representation of arrival times as a function of the inter-geophonic distance
allows a rough estimate of the relevant phase velocity. If Equation (1.5.5) holds,
strong linear correlation should exist between the logarithm of TDCC and inter-
geophonic distances r. The Pearson correlation coefficient has been used to evaluate
reliability of the reference model for the considered frequency. In the case that cor-
relation is high (>0.5 to say), a least squares regression analysis has been used to
estimate α of Equation (1.5.5).

1.5.5 Test site 1: Pisa (Northern Tuscany, Italy)

The site is located nearby the famous Leaning Tower, one of the most important
monuments of Italy. The considered site has been extensively studied in the past
and noticeable efforts have been devoted for the geotechnical characterization of
the Tower foundations (Jamiolkowski and Pepe, 2001 and references therein). The
subsoil is mainly constituted by succession of clayey and sandy silts at least up to
70 m from the ground level (Figure 1.5.1A). Seismic measurements carried on by
using a cross-hole configuration indicate Vs values of the order of 200 m/s, nearly
constant with depth at least up the bottom of the well.

At this site, laboratory and in situ measurements have been used to characterize
attenuation properties of the shallow subsoil. As concerns the laboratory test (Lo
Presti et al., 1997), many high quality samples from the clayey layers in the depth
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Fig. 1.5.1 Geotechnical data at the Pisa test site. A: Cross hole measurements of the Vp and Vs
profiles at the Pisa site (Foti, 2003); B: laboratory estimates of the damping ratio in the local Clays
(Lo Presti et al., 1997); C: dispersion curve from array noise measurements (this study)

range 12–17 m have been retrieved and tested. The damping ratio was evaluated
during a series of cyclic torsional shear tests identifying values ranging between 2%
and 3% in the very small strain range (εs < 0.01%). These values remains nearly
constant with frequency (Figure 1.5.1B).

Independent estimates of the attenuation exponent a have been also obtained by
a surface wave test (Foti, 2003). The results relative to the frequency range 0–10 Hz
are reported in Figure 1.5.3.

The seismic array used for the present study was located nearby (100 apart) the
Leaning Tower, at the center of the city in a very crowded area. Tourists were walk-
ing near the sensors (not more than 10 m apart) and an intense vehicular traffic took
place all around the measurement area.

Measurements have been carried on by using 16 vertical geophones (4.5 Hz) dis-
tributed along two perpendicular arms respectively 61 and 36 m long. Environmental
noise has been measured in the late morning for 60 min at a sampling rate of 128 cps.

At first, recorded noise has been analyzed by using the ESAC approach (e.g.,
Okada, 2003) to evaluate dispersion curve of Rayleigh waves (Figure 1.5.1C).
Results indicate that Rayleigh waves phase velocities are relatively constant (about
150 m/s) in the range 5–40 Hz.

In Figure 1.5.2, the average DCC traces relative to all the couples of geophones
in the array are reported. One traveling wavelet can be easily individuated both in
its causal and anti-causal form (respectively corresponding to positive and negative
time lags).
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The wavelet travels at an approximate velocity of 150 m/s as expected in the
hypothesis that the pulse corresponds to the Rayleigh phase in the fundamental
mode. It results also evident the progressive attenuation of the pulses. No instru-
mental correction has been considered.

The application of the numerical procedure described above allows spectral char-
acterization of the running wavelet. On this basis, Equation (1.5.7) has been used
to parameterize attenuation. Regression analysis indicates that the most energetic
part of the signal is in the frequency band (0–10 Hz). The empirical values of the
attenuation exponent obtained in this way are reported in Figure 1.5.3 along with the
relevant 95% confidence interval. The comparison with in situ estimates obtained by
Foti (2003) indicates that results here obtained are fully compatible with the ones
deduced with active methods.

1.5.6 Test site 2: Fucino (Central Apennines, Italy)

The Fucino basin is a wide intra-mountain depression (about 1,000km2) within the
Central Apennines, surrounded by high mountains of Mesozoic-Cenozoic carbon-
atic rocks. Once the basin hosted a wide lake, which was artificially drained in the
last century for land declamation. Fine lacustrine and coarse alluvial deposits fill the
basin with a thickness that locally is larger than 1,000 m. At the test site, the sedi-
ments are lacustrine clays without any significant variation in grading up to the 40 m
of depths explored by drilling. Vs values are low (<100m/s) up to 20 m of depth
and gently increase up to 150 m/s (probably as an effect of the increase of calcium
carbonate fraction) at the bottom of the drill (Burghignoli et al., 1991).

Damping ratio has been determined from laboratory measurements (cyclic tor-
sional shear tests) carried on undisturbed 12 specimens sampled at depths ranging
between 3 and 37 m (Pane and Burghignoli, 1988). Damping values corresponding
to shear strain of 0.01% range between 4% and 5%.

Independent estimates of the attenuation exponent at the test site have been also
obtained in this study by using a surface wave test following the approach proposed
by Athanasopoulos et al. (2000). The results obtained in the frequency band 0–15 Hz
(where most of the signal is concentrated) are reported in Figure 1.5.6. Noise mea-
surements have been carried on in a very quite country area by using 16 vertical
geophones (4.5 Hz) distributed along two perpendicular arms respectively 110 and
70 m long. Environmental noise has been measured in the late afternoon for 30 min
at a sampling rate of 128 cps.

ESAC analysis of noise measurements indicate a Rayleigh waves dispersion
curve (Figure 1.5.4C) characterized by very low velocity values (of the order of
about 70 m/s) in the frequency band 5–30 Hz. These values are compatible with the
very low Vs values determined by the cross-hole test (Figures 1.5.4A and B).

In Figure 1.5.5, the average DCC traces relative to all the couples of geophones
in the array are reported. One travelling wavelet can be easily individuated both in
its causal and anti-causal form (respectively corresponding to positive and negative
time lags).
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Fig. 1.5.4 Seismic velocity data at the Fucino test site. A: Vs velocity profile by using the Cross-
Hole (CH) and seismic cone (SC) tests (Burghignoli et al., 1991); B: Vs velocity profile by using
the Down-Hole (DH) and seismic cone (SC) tests (Burghignoli et al., 1991); C: Rayleigh waves
dispersion curve at the Fucino test site obtained from seismic noise measurements by using the
ESAC approach

The wavelet travels at an approximate velocity of 70 m/s as expected in the
hypothesis that the pulse corresponds to the Rayleigh phase in the fundamental
mode. Again it results also evident the progressive attenuation of the pulses.

The spectral characterization of the running wavelet and Equation (1.5.7) have
been used to parameterize attenuation. Regression analysis carried on in each
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Fig. 1.5.5 Cross correlation functions as function of the considered time lag (in seconds), relative
to all the pairs of geophones at the Fucino test site. Each trace corresponds to a couple of geophones
located at the distance reported in the corresponding ordinate (in units of 10−7 m). The range of
distances spans between 1 to 120 m

frequency band indicates that most of the signal is in the frequency band (0–15 Hz).
The empirical values of the attenuation exponent obtained in this way are reported
in Figure 1.5.6 along with the relevant 95% confidence interval. The results indi-
cates that the α values deduced from noise measurements are fully compatible with
the ones deduced with active methods.

The comparison of the results obtained at the Pisa test site, shows that a quite dif-
ferent α pattern has been obtained an effect of genuine differences in the dynamical
characteristics of the soil in the two cases.

1.5.7 Conclusions

In this paper, an attempt is described to evaluate the possibility that material damp-
ing estimates can be obtained from environmental noise measurements carried on
by using seismic arrays. The basic hypothesis is that time derivative of average
cross-correlations of noise registered at couples of geophones allows the retrieval
of the Green’s function, also including attenuation effects. In this way, if the
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identification of the relevant seismic phase is possible, geometric spreading effects
can be separated from true attenuation effects and these can be determined with
good approximation.

This approach has been applied at two test sites where independent estimates of
damping were available along with direct estimates of the Vs profile. In both the test
sites, the Green’s function deduced from noise measurements is the one relative to
Rayleigh waves propagating in the fundamental mode. This allows a simple mod-
elization of the wave-field and the estimate of the relevant attenuation exponent.
The attenuation estimates deduced from noise measurements are compatible with
the corresponding values deduced from active in-situ seismic tests.

The basic limitations of the present results concerns the extremely narrow fre-
quency bandwidth of the results obtained (0–15 Hz). This probably could depend
on the fact that body waves contaminate the noise at higher frequencies making
much more difficult the characterization of the seismic phases present in the signal.
Another problem could also arise due to the very rough numerical procedure used
to determine α values. Possibly more effective numerical procedures could be used
both to detect and model the expected signal (e.g., wavelet analysis). Furthermore,
in this first experiments, no optimization has been carried on about the experimen-
tal setting (duration, sampling rate, etc.). Anyway the results appear encouraging
and open new possibilities in the exploitation of seismic noise for the mechanical
characterization of the subsoil.
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Chapter 1.6
Estimates of Vs30 Based on Constrained H/V
Ratio Measurements Alone

Silvia Castellaro and Francesco Mulargia

Most seismic codes adopt as a key quantitative parameter the average shear wave
velocity in the first 30 m of subsoil, commonly calling it Vs30. Estimates of Vs30
are therefore required in most countries for microzonation both at large-scale as
well as at the scale of the single buildings. We propose a fast and inexpensive tech-
nique to measure the Vs30 based on the horizontal to vertical spectral ratio (H/V)
of microtremor recorded at a single station. The experimental H/V is fitted with a
synthetic curve using as a constraint the thickness of the most superficial layer of
the subsoil, which is always independently known in the geotechnical practice for
building design approval. The fitting procedure consists of three steps: (1) identify
the depth of the first shallow stratigraphic horizon from geotechnical data, (2) iden-
tify its corresponding H/V marker and (3) use it as a constraint to fit the experimental
H/V with the synthetic one. The synthetic H/V curve is calculated by assuming a
tremor wavefield with Rayleigh and Love waves in the fundamental mode in a strat-
ified 1-D soil model. A validity check of this technique has been performed on a
variety of geological settings in Northern Italy. The validity check compares: (1) the
theoretical Rayleigh wave phase velocity dispersion curves calculated for the mod-
els derived from the H/V fits with the experimental curves measured with ESAC
and ReMi array surveys, (2) the Vs30 estimates obtained with the proposed tech-
nique with those obtained at the same sites by using the latter array techniques. The
inferred stratigraphy has been also compared with the geological knowledge. The
proposed technique is found capable to provide, at a small fraction of the costs and
survey times, Vs30 estimates coherent with those measured by ESAC and ReMi.
Furthermore, the proposed technique is also found to be more informative than array
techniques, allowing to detect deviations from 1-D subsoil geometry over lengths of
a few meters, the correctness of which was confirmed by direct drilling.
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M. Mucciarelli et al., (eds.), Increasing Seismic Safety by Combining Engineering 85
Technologies and Seismological Data, NATO Science for Peace and Security
Series C: Environmental Security, c© Springer Science+Business Media B.V. 2009



86 S. Castellaro and F. Mulargia

1.6.1 Introduction

Traditionally, the geophysical approach to seismic risk has given the highest priority
to the estimate of seismic hazard, i.e. the probability that an earthquake of a given
magnitude may occur in a given area within a given period of time. However, in spite
of the importance of hazard estimates, it is another factor that has prevented reliable
seismic risk estimates. This factor is the comparatively inaccurate mapping of site
effects. An attempt to combine the two approaches has been recently presented by
Parolai et al. (2007).

There is not full consensus on what is the most effective procedure to esti-
mate potential site effects beforehand. Different countries have different protocols,
although the relevant parameters are common to all and regard soil instability, soil
rigidity and the principal soil resonance frequency. In all countries, the procedure
leads eventually to a site classification which relies on compositional, static and
dynamic properties. In particular, the Eurocode 8, which constitutes the standard
for seismic design in Europe, where it inspires all the national codes, has its roots
in the procedure for site classification of the U.S. National Earthquake Reduction
Program (NEHRP). The site classification is generally based on the following steps:
(1) dynamic classification of subsoil through the average velocity of S-waves in
the first 30 m of depth (the so called Vs30), which can be measured through clas-
sical seismic active (refraction, downhole, crosshole, SASW, MASW, FTAN etc.)
or seismic passive (e.g. ReMi, SPAC, ESAC etc.) methods, or derived from other
geotechnical parameters such as NSPT (number of blows in a static penetration test),
undrained cohesion cu, etc., (2) estimate of site effects (seismic amplification and
soil response spectrum), (3) estimate of topographical effects.

The Vs30 parameter is then used to classify subsoil into classes, e.g. for the
Italian territory, Vs < 180, 180 ≤Vs < 360, 360 ≤Vs < 800, Vs ≥ 800m/s.

The fact that the estimate of Vs30 for subsoil is required not only at large scale for
regional microzonation, but also at the scale of the single building for designing its
foundations, creates a number of practical problems. These are related to the fact that
the measure of the S-wave velocity profile using seismic methods requires specific
apparatuses and, for some active methods, also drilling, all factors which concur in
establishing comparatively long survey times and high operative costs. The goal of
the present paper is to propose a fast and inexpensive technique to estimate the Vs30,
based on the horizontal to vertical spectral ratio (H/V) of microtremor recorded at a
single station.

1.6.2 The proposed technique

There is general consensus on the fact that, in a single layer 1-D stratigraphy, the
analysis of the H/V spectral ratio of microtremor allows to estimate with reasonable
accuracy the principal S-wave resonance frequency f of the sedimentary cover over-
lying an infinite bedrock as well as its thickness h (Lermo and Chavez-Garcia, 1993,
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1994; Lachet and Bard, 1994; Bard, 1998; Ibs-von Seht and Wohlenberg, 1999; Fah
et al., 2001) simply by

f = Vs/4h (1)

where Vs is the average S-wave velocity in the sediment layer.
One could attempt to refine Equation 1 by accounting for the gravitational com-

paction of sediments in order to extend its validity to greater depths than a few
meters (cf. Ibs-von Seht and Wohlenberg, 1999). However, the existence of a single
layer of sediments is almost never encountered in practice over substantial depths. In
general, there are several alternated layers of different lithology and these produce
a H/V curve with several peaks and humps and troughs. Assuming an appropriate
model for the wavefield and for the medium, a theoretical H/V curve can be fitted to
the experimental one to infer a subsoil model. We propose to use as constraint in the
fit the thickness of the most superficial layer, which is usually independently known
in the geotechnical practice.

1.6.2.1 Procedure

Let us first of all say that an independent knowledge of the very shallow subsoil
stratigraphy is needed. Stratigraphy does not need to be known down to 30 m. Only
the first discontinuity depth h1 suffices, which can also be the depth of the interface
between vegetal soil/debris and the natural subsoil.

The thickness/depth of the first layers is generally available in the geotechnical
practice from penetration tests, drillings, pits, trenches. Alternatively, the Vs of the
first layer (when available from independent methods) can be used as starting point.

The proposed procedure consists of the following steps:

1. Measure the H/V. This requires 15 to 20 min with appropriate portable instru-
ments and can be effected everywhere (no need for cable deployment, dig-
gings, etc.).

2. Identify the H/V marker corresponding to a known superficial stratigraphic hori-
zon which has depth h1.

3. Use h1 to constrain the fit of the synthetic H/V curve to the measured one.
4. Fit a synthetic H/V curve to the experimental one.

The H/V analyses were performed as described in Castellaro et al. (2005). We
used 20 s windows to obtain the average H/V and its subintervals. Attention was
paid to the cleaning of the H/V curve as in Castellaro and Mulargia (2008b, c).

The H/V peak of the shallow stratigraphic horizon. It may be argued that some-
times no H/V peak can be associated to a shallow stratigraphic horizon. In our expe-
rience, no marker can be recognized in a H/V curve when the recording is performed
on perfectly homogeneous rock without any cover/alteration layer. The latter gives
a truly flat H/V curve and is of little interest, since no particular amplification exists.
Nevertheless, it is worth noting that in this particular case the procedure proposed
in the present work cannot estimate the Vs of the rock.



88 S. Castellaro and F. Mulargia

In general, it should also be emphasized the importance of performing the H/V
acquisition on natural soil and to absolutely avoid stiff artificial soils (pavments,
asphalts and similar) since these can induce velocity inversions which force the H/V
curve to amplitudes below 1 even down to 1 Hz. This is an important point which is
generally disregarded or ignored since traditional seismometers are much easier to
level on artificial soils rather than on natural ones. A paper dedicated to the problem
is Castellaro and Mulargia (2008c). This problem is discussed also in case II (natural
velocity inversion) below.

1.6.2.2 Fitting the synthetic H/V curve

In light of the coherence emerging from array measurements (see SESAME 2005,
and references therein), the usual assumption is that the wavefield is composed
of surface waves. However, if there is little doubt on the surface wave predomi-
nance, the relative importance of Rayleigh and Love waves and of the various modes
appears still open to question. The presence of Love waves has been often exper-
imentally suggested in tremor (e.g. SESAME 2005). Their relative weight seems
largely variable: for example Kohler et al. (2007) suggest a composition of 90%
Love waves and 10% Rayleigh waves, while Bonnefoy-Claudet et al. (2007) sug-
gest at least 50% Love waves. At the same time, theoretical arguments suggest that
Love waves should play a minor role with respect to Rayleigh ones (Campillo and
Paul, 2003; Roux et al., 2004; Shapiro and Campillo, 2004) since they are not suffi-
ciently excited from the scatterers in the crust. Similarly controversial is the discus-
sion on the importance of higher modes. In light of this, Ockham’s razor imposes to
adopt the most simple model option compatible with the data. In this case the model
is that noise is composed of Rayleigh waves and 30% of love waves and only in the
fundamental mode (cf. Fah et al., 2001).

We assumed a 1-D stratigraphy, and adopted the 1-D coupling coefficients of
Ben-Menahem and Singh (1981). A Dunkin (1965) stability correction was used in
the propagators.

1.6.2.3 Validation

We compared the results of our procedure with those provided by a well-established
array technique to infer Vs, that is ESAC (Extended Spatial AutoCorrelation, as
defined by Ohori et al., 2002 and Chavez-Garcia et al., 2006), and an array technique
very popular in the geotechnical practice, that is ReMi (Refraction Microtremor, as
defined by Louie, 2001). We used 2D arrays for the ESAC analysis and the lin-
ear legs of the same arrays for the ReMi analyses. Ambient noise was sampled
for 20–30 min and the final dispersion curves is the average computed on 10–15 s
windows, after the removal of non-informative time-windows. The validity check
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was twofold and compared (1) the theoretical dispersion curves calculated for the
models derived from the H/V fits with the experimental Rayleigh wave phase dis-
persion curves from array measurements, (2) the Vs30 estimates from the H/V fits
with those obtained at the same sites by using established array techniques. Finally,
the inferred stratigraphy was also compared for geological coherence with surface
geology and direct drilling.

We have always kept the arrays as short as possible in order to avoid strong 2D
effects. The maximum array length used in this study was 43 m but in the majority
of cases arrays were only 30 m long. In spite of this (see below) we had evidence of
deviations from 1-D geometry in nearly all cases.

1.6.2.4 Differences with other techniques

Joint inversions of passive seismic array data and H/V curves in order to get Vs pro-
files has been successfully used by a number of authors (Arai and Tokimatsu, 2005;
Parolai et al., 2005; Picozzi et al., 2005; Picozzi and Albarello, 2007). Note how
the proposed procedure has nothing to do with these since it is not a joint H/V-array
approach. It is just a single station H/V approach, and does not require any ancillary
array measurements for its practical application. The use of array techniques in the
present work is only to validate the single station procedure.

1.6.3 Instrumentation

All the single station tremor measurements in this work were performed with the
Micromed Tromino tromograph, a very compact (1 kg in weight), 3 component,
high sensitivity and resolution (2,200 V/m/s, 24 dB, 0.1250 Hz) tremor recorder.

The ESAC and ReMi surveys were performed through synthetic aperture (GPS
synchronized) 2D arrays of Trominos using up to nine elements with prime num-
ber monotonically increasing inter-instrument spacing, from 0 to 43 m. Alterna-
tively, when a sufficient number of Trominos was not available (the instruments
were mostly borrowed) a more conventional (but digital, see below) array was used.
Whenever available, Tromino arrays were preferred, since they allowed also to
record simultaneously the H/V curves at each single point along the array. This
allowed in turn to interpret any variation in the H/V curves along the array as
the effect of true differences linked to the sites of measure, since differences in
source/radiation could be excluded.

When a sufficient number of Trominos to deploy 2D arrays was not available,
a Micromed Rosina digital array was used. The latter is a wired array with 16 ver-
tical digital 4 Hz geophones, that guarantees a superior signal to noise ratio than
the traditional arrays, in which the analog signal is only digitized at the end of a
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102 m long cable. Indeed, thanks to the larger number of sensors, this array pro-
vided clearer dispersion curves (see case IV e V below) than Tromino arrays but
lacked the advantage of simultaneous H/V acquisition at different points.

1.6.4 Results

We present a short selection of cases from Northern Italy, that represent a variety of
geological conditions. More cases can be found in Castellaro and Mulargia (2008b).

For each site we will show:

(A) The H/V points of measure and the nodes of the arrays used for the valida-
tion step.

(B) The H/V curves recorded at the same time at different points. This allows to
check the 1-D assumption for stratigraphy.

(C) The experimental H/V curve chosen to be representative for the site and
the fitted synthetic one. The H/V marker which corresponds to the strati-
graphic horizon identified from shallow penetration tests/drillings is indicated
by an arrow.

(D) As a first validation, the theoretical Rayleigh wave phase dispersion curves cal-
culated for the model derived from the H/V fits together with the experimental
dispersion curves derived from ESAC and ReMi array surveys.

(E) A geological picture of the site.
(F) The Vs profile obtained from the H/V fit.

The second validation step, that is the comparison between the Vs30 values esti-
mated through the H/V fitting with those obtained at the same sites by using ESAC
and ReMi techniques, is given in the text. Figures in panel (E) and (F) allow a com-
parison for geological coherence of the inferred stratigraphy with surface geology
and direct drilling.

1.6.4.1 Case I

This case is relative to a plane area in the N-E of Italy, located in the river Po Plain.
The stratigraphy at this site is constituted of a first (about 5 m) layer of silts over-
laying a large palaeochannel constituted of cemented sands. Below this palaeochan-
nel, stiff clays are present. The direct knowledge of the subsoil here comes from a
number of penetration tests (stopped at 8 m depth) and a nearby drilling stopped at
28 m depth.

Since the paleaochannel is large, 2D effects are presumably small.
The H/V curves recorded at different points (later used as arrays nodes

for the arrays deployed in the validation test, Figure 1.6.1A) are very similar
(Figure 1.6.1B), implying that the 1D assumption in this case holds. The experi-
mental H/V curve selected for the fitting (indicated by the arrow in Figure 1.6.1A)
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Fig. 1.6.1 Site I. (a) H/V location and array geometry, (b) comparison of the H/V at the nodes
of the array. Thick lines are the average H/V, thin lines are the 2σ intervals, (c) synthetic vs.
experimental H/V. The thick black line is the average experimental H/V, dotted lines are the 2σ
intervals, (d) Dispersion curves from H/V fit (blue circles) and arrays (yellow circle for ESAC,
contour map for ReMi, (e) geological model, (f) Vs profile

is shown in Figure 1.6.1C, together with the synthetic one. The stratigraphic hori-
zon used to constrain the H/V fit is the contact between the shallow silts and the
cemented palaeochannel located at 5–6 m depth (strong increase in the NSPT ).
This is responsible for the H/V peak at 9–10 Hz well visible in Figure 1.6.1B
and therefore provides for the first layer, according to Equation 1, a starting value
Vs ≈ 180m/s, which is iteratively refined in the fitting process.
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In the first validation step, the Rayleigh wave phase velocity dispersion curve
resulting from the model used to fit the experimental H/V is shown in Figure 1.6.3D
and superimposed to the dispersion curve resulting from ESAC and the contour map
resulting from ReMi. Reminding that according to the ReMi procedure the picking
of the dispersion curve should be performed on the lower margin of the maximum
energy band, the visual observation shows a good match of the three curves in the
range above 10 Hz.

In the second validation step, The Vs30 value provided by the H/V fit is 348 m/s
while the Vs30 value provided by an automatic inversion (maximum likelihood
method) of the dispersion curve deriving from a combined picking of ESAC curve
and the ReMi contour map gives 364 m/s.

The difference between our Vs30 estimate and that of the array techniques is
within 5%. The model obtained from the H/V fit is compared to the stratigraphy
known from the drilling in Figure 1.6.3E, F, giving a good geological coherence.

1.6.4.2 Case II

This case is also relative to the river Po Plain but here only fine-grained sediments
are present (alternations of clay and silt or silty-sands). The peculiarity of this exam-
ple is the natural surface velocity inversion due to the presence of the uppermost
2.5–3 m of overconsolidated clays overlying clays, which sets the H/V amplitude
below 1 from about 15 Hz downwards (Di Giacomo, 2004; Castellaro et al., 2008a;
Castellaro and Mulargia, 2008c).

The H/V curves acquired at different points later used as array nodes
(Figure 1.6.2A) show a modest variability (Figure 1.6.2B). The stratigraphy was
known from five penetration tests reaching depths from 10 to 17 m. We constrained
the fit to the depth of the velocity inversion (2.5 m, about 15 Hz at the selected
point, Figure 1.6.2C). This provides for the first layer, according to Equation 1, a
first iteration Vs = 150m/s.

The comparison between the theoretical dispersion curve for the model derived
from H/V fit and the experimental ones derived through ESAC and ReMi is shown
in Figure 2.6.2D.

The Vs30 value provided by the H/V fit alone is 180 m/s while the Vs30 value
provided by an automatic inversion of the dispersion curve deriving from a com-
bined picking of ESAC curve and the ReMi contour map is 201 m/s.

1.6.4.3 Case III

This example comes from a gravel quarry in the Dolomites and has been selected
because it deals with a different type of lithology and impedance contrast between
layers. Gravel is naturally present at this site as slope debris.
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Fig. 1.6.2 As in Figure 1.6.1, for Site II

The H/V curves recorded at different points (later used as arrays nodes for the two
arrays we deployed in the validation test, Figure 1.6.3A) show the dolomitic bedrock
at a fixed ‘depth’ of 4 Hz and a clear layer which appears at about 9 Hz (10 m) only
in the Eastern sites (Figure 1.6.3B), implying that the 1D assumption is not fulfilled.
We have constrained the H/V inversion to this layer, for which Equation 1 provides
a starting Vs = 360m/s.

In order to limit unavoidable 2D effects, the passive array was set parallel to
the slope and the independent knowledge of the shallow stratigraphy in this case
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Fig. 1.6.3 As in Figure 1.6.1, for Site III

comes from the refraction surveys used to define the volumes of gravel which can
be extracted. The comparison between the theoretical dispersion curve for the model
derived from H/V fit and the experimental ones derived through ESAC and ReMi
is shown in Figure 1.6.3D and shows a good match between the curves, despite the
non 1D condition.
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The Vs30 value provided by the H/V fit alone is 509 m/s while the Vs30 value
provided by an automatic inversion of the dispersion curve deriving from a com-
bined picking of ESAC curve and the ReMi contour map is 511 m/s.

1.6.5 Practical limitations of the proposed procedure

After the pros, let us analyze the cons of the proposed method.

1. As any model fitting technique, it relies on a fixed predetermined composition of
seismic noise.

2. As any model technique of practical use, it relies on a 1D subsoil model, however
we found that in the wide majority of cases the subsoil stratigraphy is not 1D.

3. Since the H/V amplitude at low frequency (approximately below 0.5 Hz) is
weather dependent (Mulargia and Castellaro, 2007), the H/V fitting technique
adopted in this study is only aimed at shallow subsoil analysis and should not be
considered applicable below 1 Hz.

4. The presence of shallow velocity inversions can be easily recognized in the H/V
Castellaro and Mulargia (2008c) curve but it can mask minor stratigraphic dis-
continuities. Note how shallow velocity inversions make also array dispersion
curves difficult to interpret since higher modes usually make the curve picking,
and inversion, difficult and unstable.

1.6.6 Discussion and conclusion

Seismic codes in most countries require an estimate of the Vs30 parameter for
microzonation not only at the regional scale but also at the scale of the single build-
ing. In this paper we propose a procedure to estimate the Vs30 parameter based on
the fitting of single station H/V curves using as a constraint the independent knowl-
edge of the thickness of the most superficial layer (first 5–10 m), which is always
available in the geotechnical practice.

The cases presented in this study cover a variety of geological conditions and
show that the technique is capable, at a small fraction of the costs and survey times,
of Vs30 estimates coherent with those provided at the same sites by ESAC and
ReMi array techniques. The H/V single station measurements has also the bonus of
providing a measure of the main resonance frequency of the sedimentary layer.

Our analysis raised an additional important point. Simultaneous H/V measure-
ments at sites distant a few (less than 5) meters, even in plane areas showed nearly
always differences which appear incompatible with 1-D subsurface geometry. This
should be considered particularly on the use of array (or psuedo-array) techniques
(SPAC, ESAC, SASW, MASW, FTAN, ReMi, etc.), which require linear spans
of more than 100 m beneath which a 1-D subsurface geometry must be perforce
assumed.
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Chapter 1.7
Comparison of Recorded Dynamic
Characteristics of Structures and Ground
During Strong and Weak Shaking

Mehmet Çelebi

Abstract Variation of dynamic characteristics of undamaged structures, and free-
field sites identified from strong motions as compared to those identified from
weak motions has been the subject matter of numerous studies. Recently, this topic
is rekindled with the premise but repeat of the well known conclusion that fun-
damental period (frequency) varies with amplitude of strong and weak shaking.
Some researchers appropriately called this variation of dynamic characteristics as
“wandering” of the natural frequencies of a structure. Although due to various
sources of excitation and time-varying environmental conditions, variation of the
fundamental period (frequency) of even an undamaged structure should not be a
surprise to many, it is important to understand why such variation is important for
practical purposes. It is important that, if such variation is significant, then, in prac-
tice, the dynamic characteristics identified from weak motions should be carefully
considered before generalizing these characteristics as representative of strong shak-
ing as well.

In this paper, we investigate the fundamental frequencies of an undamaged case
study building for which there are numerous studies of several sets of vibration
data, including forced vibration testing, strong shaking due to a distant large earth-
quake, and low-amplitude shaking due to ambient excitations as well as several
small nearby earthquakes. It is shown that the fundamental frequency “wanders” in a
consistent way with the level of shaking, and that the significant difference between
low-amplitude and strong shaking is attributed to soil-structure interaction during
stronger shaking. Furthermore, variation of dynamic characteristics for strong and
weak motions are summarized for four additional buildings. The variations are too
significant to ignore; thus leading to the conclusion that dynamic characteristics of
buildings identified from weak motions cannot be generally used in lieu of those
identified from strong shaking.

In addition, also for the free-field site associated with this building, using
several approaches including strong and weak motions, site frequency is clearly
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identified for strong and weak motions. However, the variation of site frequency is
insignificant.

Keywords Strong-motion · Weak-motion · Dynamic characteristics · Frequency ·
Period · Damping · Structure · Site · Acceleration

1.7.1 Introduction

Reasonably accurate assessment of dynamic characteristics [fundamental period
(frequency) and damping] of a structure is an essential part of engineering design
and analysis processes. In this paper, dynamic characteristics for a specific case
building and its nearby free-field site are identified for strong and weak motions.
Furthermore, variation of dynamic characteristics for strong and weak motions are
summarized for four additional buildings.

It is known that variation of fundamental period (frequency) of undamaged struc-
tures has been subject matter of numerous studies – too long to cite herein. Recently,
with advanced technologies and methods to acquire and analyze vibration data from
structures excited by natural and man-made sources, study of the subject matter
is rekindled with the premise that fundamental period (frequency) varies with the
amplitude of shaking (e.g. Calvi et al., 2006; Dunand et al., 2006; Todorovska et al.,
2006). Clinton et al. (2006) appropriately called this “wandering” of the natural
frequencies of a structure. Due to various sources of excitation and time-varying
environmental conditions, variation of the fundamental period (frequency) of even
an undamaged structure should not be a surprise to many. Nonetheless it is impor-
tant to understand and evaluate the implications as to such variation is important
for practical purposes. It is also important to mention that accurate assessment of
fundamental frequency is important to establish a baseline linear elastic behavior of
a structure in order to interpret its nonlinear elastic or nonlinear inelastic behavior
that may be observed in future events. The ultimate question is whether dynamic
characteristics determined from low-amplitude motions can be used in lieu of those
from strong shaking.

In this paper, the case study building is the undamaged Pacific Park Plaza [PPP]
Building in Emeryville, CA, for which there are numerous studies of numerous sets
of vibration data, including forced vibration testing, strong shaking due to a far dis-
tance large earthquake, and low-amplitude shaking due to ambient excitations as
well as several small nearby earthquakes. It is shown in this study that the funda-
mental period (frequency) of PPP is observed to “wander” in a consistent way with
the level of shaking. The scope of the paper is based on findings using actual data
and does not include mathematical modeling of the building (except in reference to
existing analyses by others). In the case of this building, the significant change in the
value of fundamental period (frequency) between low-amplitude and strong shak-
ing is attributed to soil-structure interaction (SSI) during stronger shaking. How-
ever, detailed SSI investigation of the building is beyond the scope of this paper but
has been reported elsewhere (Kagawa and Al-Khatib 1993; Kagawa et al., 1993;
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Aktan et al., 1992; Kambhatla et al., 1992; Çelebi, 1992, 1998). This paper intro-
duces additional results from new data that reinforces this argument.

Also for this building, using different approaches and recorded strong and weak
motion, site frequency is clearly identified to provide comparatively similar values.

1.7.2 The case study building and its site

1.7.2.1 The building, design spectra and instrumentation

The Pacific Park Plaza (PPP) Building is an equally-spaced three-winged, cast in
place, 30-story, 312 ft (95.1 m) tall, ductile reinforced concrete moment-resisting
frame building. The three wings of the building are constructed monolithically and
are equally spaced at angles of 120◦ around a central core. Shear walls in the center
core and wings extend to the second floor level only, but column lines are contin-
uous from the foundation to the roof. The foundation is a 5-ft-thick concrete mat
supported by 828 (14-in.-square) pre-stressed concrete friction piles, each 20–25 m
in length, in a primarily soft-soil environment that has an average shear-wave veloc-
ity between 250 and 300 m/s and a depth of approximately 150 ft (∼50m) to
harder soil. A three-dimensional schematic of the building and its seismic instru-
mentation is shown in Figure 1.7.1. The instrumentation integrates arrays for the
structure, surface, and downhole, and comprises a 30-channel accelerometer deploy-
ment uniquely designed to capture (a) the translational motions of the wings of the
building relative to its core, (b) the vertical motions of the mat foundation slab at
the ground floor level, and (c) free-field motions at the surface and at a downhole
depth of 200 ft (61 m). The South Free-field (SFF) station is often referred to as
the Emeryville (EMV) ground site. This building is selected for this study because
there is a variety of old and new data and because there is no evidence that it expe-
rienced any damage during the various levels of shaking described in this paper.

1.7.2.2 Site conditions

Based on a relatively recent geologic log and shear-wave velocity profile (Gibbs
et al., 1994), the soils at the site consist of artificial fill, soft silty clay (Holocene Bay
Mud), and stiff to very stiff, undifferentiated deposits composed of numerous layers
of clay, loam, sand, and gravel. The layer of Holocene Bay Mud, clearly evident on
the shear-wave velocity profile shown in Figure 1.7.2, begins at about 16 ft (5 m)
depth and is approximately 10 ft (3 m) thick. Stiff deposits with shear-wave veloc-
ity (Vs) of approximately 820 ft/s (0.25 km/s) extend from below the Holocene Bay
Mud to a depth of approximately 80 ft (24 m). Very stiff Pleistocene deposits with Vs
approximately equal to 1,300 ft/s (0.4 km/s) extend to a depth of about 155 ft (48 m).
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Fig. 1.7.1 A three-dimensional schematic of the building array with integrated surface and down-
hole array. Red arrows indicate sensor locations and orientations. The tri-axial downhole accelero-
graph was added after the 1989 Loma Prieta earthquake

The computed site transfer function, corresponding to the shear-wave velocity pro-
file in Figure 1.7.2, using Haskell’s shear-wave propagation method (Haskell, 1953,
1960) and coded by C. Mueller (2002, personal communication) is also provided
in Figure 1.7.2, and indicates a site frequency at approximately 0.7 Hz. A detailed
approach to identification of site frequency from site geotechnical logs as well as
building response records are presented elsewhere (Çelebi, 2003).
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1.7.2.3 Design spectra and significant shaking experienced

To date, the most significant shaking recorded by the building arrays was during
the 1989 Loma Prieta (LPE), CA earthquake (Ms = 7.1). The data set from LPE is
extensively used in several studies as well as in this investigation that specifically
dwells upon the variation of fundamental period with level of shaking. As previously
mentioned, the building was not damaged.

Responses of the building and the surface free-field recorded during the strong
shaking caused by the LPE earthquake exhibit distinct amplification of motions
(Figure 1.7.3a) at the site of the building as compared to the motions at Yerba
Buena Island, both approximately 100 km (and at similar azimuths) from the epi-
center of the LPE. The east-west components of acceleration recorded at the roof
and the ground floor of the structure and at the associated free-field station (SFF in
Figure 1.7.1) are shown in Figure 1.7.3a. The motion at Yerba Buena Island (YBI),
the closest rock site, had a peak acceleration of 0.06 g, and is also shown for com-
parison. The response spectra (Figure 1.7.3b) clearly demonstrate that the motions
at Emeryville (SFF) were amplified by as much as five times when compared with
YBI. This is also inferred by the amplitude of the peak accelerations (0.26 g for
SFF and 0.06 g for YBI). Furthermore, the differences in peak acceleration at SFF

0 500 1000

150

100

50

0

Vs (M/S)

D
E

P
T

H
 (

M
)

PPP : SITE: Vs  - DEPTH

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

1

2

3

4

5

FREQ (HZ)

T
R

A
N

S
F

E
R

 F
U

N
C

T
IO

N

SITE TRANSFER FUNCTION: EMERYVILLE - SITE OF PPP

Fig. 1.7.2 Shear-wave velocity profile and the computed site transfer function. 0.7 Hz is the fun-
damental frequency and other peaks belong to higher modes

Fig. 1.7.3 (a,b) Amplified (EW) motions and their corresponding response spectra (5% damped)
at the South Free-Field (SFF), ground floor and roof of the Pacific Park Plaza array as compared
to the motions at Yerba Buena Island (YBI) at approximately the same epicentral distance as PPP.
(c) Design response spectra and response spectra of recorded motions at the ground floor and SFF
of Pacific Park Plaza. Also shown is the 1979 UBC response spectrum for comparison. [Note:
Curve B is for 10% damping]
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(0.26 g) and at the ground floor of the building (0.21 g) (Figure 1.7.3a) suggest the
possibility of significant soil-structure interaction. Figure 1.7.3c shows a compari-
son of actual response spectra with site-specific design response spectra (based on
the probabilistic earthquakes related to levels of performance) used in the design
of the building: (a) the maximum probable earthquake (50% probability of being
exceeded in 50 years with 5% damping) anchored at zero period acceleration (ZPA)
of 0.32 g. [curve A in Figure 1.7.3c], and two maximum credible earthquakes both
with 10% damping but 10% probability of being exceeded in (b) 100 years (ZPA
of 0.63 g) [Curve B in Figure 1.7.3c] and (c) 50 years [ZPA of 0.53 g]1. The spec-
tra of the EW components of recorded motions at the ground floor and SFF are also
shown in Figure 1.7.3c. At 100 km from the epicenter, even though the recorded EW
peak acceleration at SFF (0.26 g) is smaller than the ZPA of the postulated maxi-
mum probable earthquake (0.32 g), the spectral accelerations of the EW component
of SFF is considerably higher than the maximum probable earthquake for periods
>0.6s – that is, practically the first three modes of the building. This implies that,
when large earthquakes occur closer to the structure, the level of shaking and the
response spectra of motions are likely to be higher (for some period bands) than
the design response spectra, and, in many cases, the code design response spectrum
(e.g. the 1979 Uniform Building Code).

1.7.3 Summary of studies related to the building

1.7.3.1 Data sets

Extensive data sets from this building include not only the Loma Prieta earthquake
response data but also those from smaller earthquakes and from forced and ambient
vibration tests (Stephen et al., 1985; Çelebi et al., 1993). Table 1.7.1 summarizes the
events (including LPE) that have been recorded by the building array and are used
in this study. Those related to LPE and test data are summarized in Table 1.7.2.

1.7.3.2 Pre-1991 data sets including LPE and studies

The building has been studied in detail or as part of a larger investigation by several
researchers (Çelebi and Safak, 1992; Safak and Çelebi, 1992; Anderson et al., 1991;
Bertero et al., 1992; Kagawa and Al-Khatib, 1993; Kagawa et al., 1993; Aktan et al.,
1992; Kambhatla et al., 1992; Çelebi, 1992, 1998). Using different methods, includ-
ing spectral analyses, system identification techniques (Çelebi, 1998), and mathe-
matical models, the majority of the investigators are in agreement that, for the 1989

1 Not shown in the figure.
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Table 1.7.1 Events that have been recorded by the PPP arrays

Event/Date UTC Lat. (N)/Long. (E) Dist. (km) Azim. (deg) Depth (km) Mag.

Loma Prieta 04:15 37.036 96 157 18.0 Ms 6.9
10/18/1989 −121.883
El Cerrito 12:16 37.920 9 4 6.8 Mw 4.0
12/04/1998 −122.290
Yountville 08:36 38.379 61 350 10.1 Mw 5.0
09/03/2000 −122.413
Piedmont 01:39 37.845 7 85 12.4 Mw 3.9
09/05/2003 −122.222
Berkeley 06:08 37.863 5 96 11.4 Md 2.8
03/02/2006 −122.245

Table 1.7.2 Peak accelerations and system identification results for (Pre-1991) PPP data

Peak accelerations (A[g]))
Loma Prieta Eq. (1989) [see refs] Low-Amp. tests & analyses [see refs]
NS EW NS EW

Roof 0.24 0.38 <0.01 <0.01
Gr. Fl. 0.17 0.21 <0.01 <0.01
FF 0.21 0.26 – –

Dynamic characteristics (system identification)
fo (Hz) 0.38 0.38 0.48–0.59
To (s) 2.63 2.63 1.69–2.08
ξ(%) 11.6 15.5 0.6–3.4

Loma Prieta earthquake data, the predominant three response modes of the building
and the associated frequencies (periods) are 0.38 Hz (2.63 s), 0.95 Hz (1.05 s), and
1.95 Hz (0.51 s).

The available free-field strong motion recording is pertinent to the convincing
identification of the site frequency. Figures 1.7.4a and b depict building accelera-
tions recorded at the core of the top instrumented level, at the core of the ground
floor and the associated south free-field of the three-winged building. Correspond-
ing amplitude spectra are provided in Figures 1.7.4c and d. The first three modal
structural frequencies (periods) clearly identified from the recordings are 0.38, 0.95
and 1.95 Hz (2.63, 1.05, 0.34 s). The peak at 0.7 Hz that appears in the amplitude
spectra of the roof also appear as the dominant peak in the amplitude spectra of the
ground floor and the south free-field (SFF). However, this peak at 0.7 Hz disappears
in the spectral ratios calculated from the amplitude spectra of the roof and ground
floor as depicted in Figures 1.7.4e and f. This indicates that 0.7 is the site frequency
as, although it appears in the roof spectra, it cancels out when ratios are calculated.

These three modes of the building are torsionally-translationally coupled (Çelebi,
1998) and are also depicted in the cross-spectra (Sxy) of the orthogonal records
obtained from the roof, ground floor and SFF (the south free-field site) and the nor-
malized cross-spectra of the orthogonal records (Figure 1.7.5). The site frequency
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Fig. 1.7.4 (a,b) Recorded orthogonal accelerations at the roof, ground floor and south free-field of
Pacifica Park Plaza, (c,d) corresponding amplitude spectra and (e,f) ratios of amplitude spectra

Fig. 1.7.5 Cross-spectra of orthogonal motions at the [a] roof, [b] ground floor, [c] free-field of
PPP, and [d] the normalized cross-spectra depicting structural and site frequency peaks
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at 0.7 Hz (1.43 s) observed in the cross-spectrum of the roof (Figure 1.7.5a) appears
as the dominant peak in the cross-spectra of the ground floor and the south free-field
(SFF) (Figure 1.7.5b and c). Figure 1.7.5d shows a summary of Figures 1.7.5a–c.
The site frequency of 0.7 Hz has been also confirmed by the wave propaga-
tion method using site borehole data by Gibbs and others (1994) as shown in
Figure 1.7.2. Detailed justifications of the site frequency as determined from this
set of records are reported in Çelebi (2003).

Dynamic characteristics of the building extracted from the data sets are sum-
marized in Table 1.7.2 and show considerable differences in the fundamental fre-
quency determined from strong shaking versus low-amplitude shaking and analyses.
The differences are attributed to SSI effects during strong shaking (Çelebi, 1998;
Kagawa and Al-Khatib, 1993; Kagawa et al., 1993, Aktan et al., 1992; Kambhatla
et al., 1992), and frequencies from recorded motions can be matched when SSI is
incorporated into the mathematical models (Kagawa et al., 1993; Kagawa et al.,
1993). Furthermore, a study of the building for dynamic-pile-group interaction
(Aktan et al., 1992; Kambhatla et al., 1992) indicates that there is significant inter-
action. The study shows that computed responses of the building using state-of-the-
art techniques for dynamic-pile-group interaction compares well with the recorded
responses. Clearly, the mathematical models developed at that time needed improve-
ments (Stephen et al., 1985). This conclusion could only be reached because we have
recorded on-scale motions.

In addition, system identification techniques, when applied to the records of
this building, yielded very large damping ratios corresponding to the 0.38-Hz first-
mode frequency. These are 11.6% (north-south) and 15.5% (east-west) [Table 1.7.2]
(Çelebi, 1996, 1998). Such unusually high damping ratios have been attributed to
radiation damping that commonly occurs for buildings with large mat foundations
in relatively soft geotechnical environment (Çelebi, 1996).

Anderson and others (1991) compared the design criteria, code requirements, and
the elastic and nonlinear dynamic response of this building due to the earthquake.
They also found the fundamental frequency of the building to be ∼0.37–0.39Hz.
However, contrary to others, but based only on comparison of ground level motions
with those at the free-field, they concluded that soil-structure interaction was
insignificant for this building during this earthquake.

1.7.3.3 Recent data, analyses and discussion

Analyses of subsequent data sets listed in Table 1.7.1 show that for shaking much
lower than caused by LPE, the fundamental frequency (period) is significantly
lower (longer) than that determined using the LPE record. In Figure 1.7.6, for
each of the 1998, 2000, 2003 and 2006 earthquakes (Table 1.7.1), plots of accel-
eration time history and corresponding amplitude spectra are shown for the 30th
floor and ground floor of the building. Consistently, a structural fundamental fre-
quency (period) of ∼0.48Hz (∼2.08s) is identified. This identified frequency is



108 M. Çelebi
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Fig. 1.7.6 Recorded accelerations at 30th and ground floors and corresponding amplitude spectra

Fig. 1.7.7 System identification for 2006 event using 40-s window of acceleration data. Ground
level motions are used as input and 30th floor motions are used as output

also confirmed by system identification method. For the sake of brevity, only a sam-
ple system identification plot is presented for the 2006 event (Figure 1.7.7) which
clearly shows the fundamental frequency at 0.48 Hz. For all events and tests to date,
Table 1.7.3 summarizes the level of shaking (acceleration in g’s) and identified
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Table 1.7.3 Summary – Events, levels of shaking (in g’s) and identified dynamic characteristics

Tests, analyses or events
1985 1989 1990 1998 EQ. 2000 EQ. 2003 EQ. 2006 EQ.
Tests/analyses LPE Tests (1204 1216) (0903-0836) (0905 0139) (0302 0608)

Peak accelerations (A[g]) [NS & EW represents 350◦ and 260◦ respectively]
NS/EW NS EW NS/EW NS EW NS EW NS EW NS EW

Roof <0.01 0.24 0.38 <0.01 0.025 0.016 0.01 0.007 0.056 0.067 0.004 0.003
Gr.Fl. <0.01 0.17 0.21 <0.01 0.016 0.037 0.005 0.004 0.037 0.041 0.003 0.003
SFF – 0.21 0.26 – 0.022 0.028 – – 0.039 0.031 0.003 0.006

Dynamic characteristics (system identification & spectral analyses)
fo(Hz) 0.59 0.38 0.38 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48
To (s) 1.69 2.63 2.63 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08 2.08
ξ (%) 0.6–3.4 11.6 15.5 0.6–3.4 – – – – 0.5–2. 0.5–2. 0.5–2. 0.5–2.

Fig. 1.7.8 Plot showing variation of fundamental frequency with level of shaking (in g’s)

dynamic characteristics (frequencies and damping ratios). These results are also
graphically depicted in Figure 1.7.8. Both Table 1.7.3 and Figure 1.7.8 complements
and reinforces the argument that the fundamental frequency varies significantly with
the level of shaking even if the building may not be damaged. In the case of Pacific
Park Plaza Building, the variation is attributable to SSI.

As noted in this paper, there is significant difference between the 0.38 and
0.48 Hz frequencies (approximately 20% less for LPE if 0.48 Hz is considered as
the baseline and even more if 0.59 Hz is considered). In many studies, establishment
of baseline frequency can be an issue and therefore ought to be carefully assessed to
prevent erroneous interpretation. Another point to be made is that, in reaching the
conclusions in this paper, most of the data analyses were made with data with time
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increments of 0.005 s. It was observed during the data analyses that overdecimating
and oversmoothing the data can lead to significant differences in the assignments of
values to the fundamental frequencies.

1.7.4 Summary of site characteristics

In addition to the site dynamic characteristics computed from geotechnical
logs (Figure 1.7.2) and also identified from building records for LPE only
(Figures 1.7.5c–d), site dynamic characteristics are herein comparatively presented
for strong and weak shaking and computed using Nakamura’s Method (1989, 2000).
In absence of reference rock sites, this method facilitates computing transfer func-
tion as the ratio of amplitude spectra of horizontal to vertical components of motion
at a station [R = A(horizontal)/A(vertical)]. Figures 1.7.9 and 1.7.10 respectively
shows transfer function for the LPE and 1998 events. The figures also show the
amplitude spectra used in computing these transfer functions. Both events indicate
fundamental site frequencies that are similar and around 0.7 Hz. Furthermore, for
both the strong shaking record of LPE, the weak motion record of 1998 event,
second (1.2–1.4 Hz) and third frequencies (2.0 Hz) are also similar. It can be qual-
itatively stated that for these two (strong and weak) motions, the site frequencies
are quite similar. It can be added that possibly due to absence of any significant
non-linearity of the site conditions, the frequency does not vary significantly.
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Fig. 1.7.10 (top frames) Amplitude spectra for horizontal and vertical motions for the 1998 event.
(bottom) Transfer function using Nakamura’s method

1.7.4.1 Summary characteristics for five building

In order to further postulate that variation of structural frequencies with amplitude of
shaking is a consistent and important phenomenon that has wide applicability impli-
cations, identified dynamic characteristics are presented for five building (includ-
ing PPP) comparatively for strong and weak motions. Table 1.7.4 provides general
descriptive information about the buildings as well as the recorded LPE peak accel-
erations for the ground floor and roof of each building.

Table 1.7.5 provides summary information that shows comparative dynamic
characteristics for strong motion (LPE) and weak motion (ambient) data that was
acquired post-LPE (Marshall et al., 1992). Table 1.7.5 also included for two of the
buildings, dynamic characteristics determined from tests or analyses prior to LPE.
Two distinctive results (or conclusions) are cited herein:

1. There are significant differences in identified fundamental frequencies from
strong shaking data s compared to those from ambient data. These differences
are too large to ignore and leads to conclusive statement that fundamental fre-
quencies (periods) identified low-amplitude shaking cannot be used in lieu of
those identified from strong shaking.

2. Similarly, there are significant differences in critical damping percentages deter-
mined from strong shaking data as compared to those determined from ambi-
ent data. Naturally, higher damping percentages are identified from strong shak-
ing data.
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Table 1.7.4 Building characteristics and Loma Prieta peak accelerations (Data from Marshall
et al., 1992 and Çelebi 1996)

Building
(instrumentation
administrator in
paranthesis)

Comments NA/NB
[H] (m)

D (m) n LPE Peak accel. (g)
Nom. Dir. Gr. Flr. Roof

Pacific Park Plaza –
PPP (USGS)
N = 350◦

Reinforced concrete
moment resisting
frame (1.5 m thick
oncrete mat on piles)

30/1 [94] 97 21 NS 0.17 0.24
EW 0.31 0.38
UP 0.06

Transamerica Bldg –
TRA (USGS)
N = 351◦

Steel frame, 48th floor
is the top occupied
floor (2.75 m thick
concrete mat – no
piles)

60/3 [257] 97 22 NS 0.11 0.29
EW 0.12 0.31
UP 0.07

Santa Clara County
Office Bldg. –
(SCOB) (CSMIP),
N = 337◦

Moment resisting
steel frame (concrete
mat – no piles)

12/1 [57] 35 22 NS 0.10 0.34
EW 0.09 0.34
UP 0.10

San Bruno Office
Bldg. – SBR
(CSMIP) N = 335◦

Reinforced concrete
moment resisting
frame (individual
spread footing)

6/0 [24] 81 13 NS 0.14 0.25
EW 0.11 0.32
UP 0.12

California State
University Hayward
Admin. Bldg –
CSUH (CSMIP)
N = 320◦

Steel Moment-frame
core; exterior
reinforced concrete
moment frame
(0.45 m thick slab on
grade and bearing
piles)

13/0 [61] 70 16 NS 0.07 0.15
EW 0.09 0.24
UP 0.05

The reference building orientation in degrees clockwise from true north is different from adopted
nominal north-south and east-west directions. Number of floors (NA, above ground level; NB below
ground level).
H = height of building, D = Distance to epicenter, number of channels of accelerometers (during
this study), N = orientation of reference north (clockwise from true north).

1.7.5 Conclusions

Recorded responses of structures and free-field sites serve to expose unusual
and unexpected response characteristics that require detailed analyses in order
to improve or validate analytical models and design processes and to identify possi-
ble methods for retrofit of the structure if necessary. Significant findings, although
not limited by the list below, are summarized as:

1. It is shown that there are significant differences in the fundamental frequencies
of Pacific Park Plaza Building determined from strong shaking as compared to
low-amplitude shaking. Thus, the variation of fundamental frequency (period) is
dependent on the amplitude of shaking.
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Table 1.7.5 Dynamic characteristics of five buildings (Data from Marshall et al., 1992; Çelebi,
1996)

Building Nominal
direction

Pre-LPE test & analyses LPE Data Post-LPE Ambient
f/T ξ f/T ξ f/T ξ

Pacific Park
Plaza [PPP]

NS 0.59 (1.70) 2.6 0.38 (2.63) 11.6 0.48 (2.08) 0.6
EW 0.59 (1.70) 2.6 0.38 (2.63) 15.5 0.48 (2.08) 3.4

Transamerica
Building
[TRA]

NS 0.34 (2.94) 0.9 0.28 (3.57) 4.9 0.34 (2.94) 0.8
EW 0.34 (2.94) 1.4 0.28 (3.57) 2.2 0.32 (3.12) 1.4

Santa Clara
County Office
Building
[SCCOB]

NS 0.45 (2.22) 2.7 0.52 (1.92) –
EW 0.45 (2.22) 2.7 0.52 (1.92) –

San Brunp
Office
Building
[SBR]

NS 1.17 (0.85) 7.2 1.72 (0.58) 2.2
EW 0.98 (1.02) 4.1 1.41 (0.71) 2.3

California State
Univ. (Hayward)
Administration
Building [CSUH]

NS 0.76 (1.32) 3.4 0.92 (1.09) 0.6
EW 0.76 (1.32) 2.3 0.86 (1.16) 0.6

f = frequency (Hz), T = Period (s), ξ = damping (%). LPE = Loma Prieta Earthquake.

2. Also, the modal damping ratios (for the defined level of shaking) which otherwise
are difficult to determine as they are not constant and increase with the level of
shaking.

3. Soil-structure interaction, although neglected in the design-analysis process of
this building and as is also neglected for most non-critical buildings, plays a
significant role in altering dynamic characteristics and therefore the response of
buildings. For this building, the variation of the fundamental period (frequency)
is quite substantial.

4. In addition, also for this building, using several approaches including strong and
weak motions, site frequency is clearly identified for strong and weak motions.
However, the variation of site frequency is insignificant.

5. Finally, particularly in areas of high seismicity, deployment of seismic monitor-
ing systems particularly for complex and irregular buildings and other types of
structures are strongly encouraged since records obtained during future events
reveal response characteristics that are not always envisioned or taken into
account during design and analysis processes.

The fundamental frequencies of the study building (PPP) and additional four other
buildings, as determined from strong and low-amplitude shaking exhibit signifi-
cant variations that are dependent on the amplitude of shaking. Therefore, frequen-
cies determined from weak motions cannot/should not be used in lieu of that from
strong shaking. In case of PPP, soil-structure interaction (SSI), although neglected
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in the design-analysis process of PPP, plays a significant role in altering the apparent
dynamic characteristics.

The modal damping ratios increase with the level of shaking.
For PPP associated site, using several approaches including strong and weak

motions, site frequency is clearly identified from strong and weak motions. The
variation of site frequency is insignificant.

Finally, deployment of seismic monitoring systems particularly for complex and
irregular buildings and other types of structures are strongly encouraged.
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Chapter 1.8
HVSR Technique Improvement Using
Redundant Wavelet Transform

Filippos Vallianatos and George Hloupis

Abstract In this study we demonstrate the use of Wavelet Transform (WT) as an
improvement tool for the horizontal to vertical spectral ratio (HVSR) technique.
Since the use of non-stationary transients in microtremor signals remains an open
question we investigate the effect of long duration undetectable (by amplitude
thresholding methods) transients in HVSR estimation. For the urban areas, where
the existence of these types of transients is intense, we used the WT in order to iso-
late undetectable transients. A number of examples with HVSR improvement are
also presented.

Keywords HVSR · Reduntant Wavelet Transform · Non-stationarities

1.8.1 Introduction

During the last two decades Horizontal-to-Vertical-Spectral-Ratio (HVSR) has
proved an invaluable tool for estimating a site’s fundamental ( f0) frequency using
cheap, rapid and fair accurate method. Since its first proposal by Nogoshi & Igarashi
(1970, 1971) and latest revision by Nakamura (1989) the HVSR method widely used
by many researchers but without following a de-facto standard for the stationarity
of the selected microtremor signal. Successful efforts have been made (Bard, 1999;
SESAME, 2004) under the frame of providing guides and rules for signal acquisi-
tion and processing. An open question that remains unanswered is that if a study
must use only the stationary part or the whole microtremor signal. The problem
arises since the main part of HVSR method is the spectral ratio which by default
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assumes stationarity. Some studies (Mucciarelli, 1998; Mucciarelli et al., 2003)
showed that HVSR could not affected by using non-stationary noise to analyzed
microtremor signals since others (Horike et al., 2001) reject the non-stationary
part. There is no doubt that a method with less restriction is more attractive to a
researcher but until today there are not enough proofs to use the whole microtremor
signal. A step ahead to this direction was done by a recent study by Parolai and
Merino (2006) who concluded that high amplitude, short duration, transients can be
included in HVSR calculation without strongly affected the calculated f0.

The use of HVSR method in urban areas and especially in densely popu-
lated areas seems to be the most demanding case since there will be artificial
non-stationary signals from unknown sources which cannot be predicted. It’s not
unusual, even at late hours, these signals to have low amplitude (more or less than
regular microtremors) and for this reason could not appear as common transients
at a first view. This phenomenon identified in microtremor measurements that took
place in several cities at Crete Island, Greece (Figure 1.8.1) and there were cases
where these low amplitude but long duration non-stationary signals alter the f0 at
measured site.

Inspired by this idea, in the current study, we investigate if and how the low
amplitude and long duration non-stationary signals affect the HVSR method and
moreover we propose the wavelet transform (WT) to identify these transients. First,
by using synthetic non-stationary signals added to real mictrotremor recordings,
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Fig. 1.8.1 Study areas: Chania (top left) and Rethymno (top right) at Crete Island (bottom). Trian-
gles indicate RX sites, circles X sites and squares KRX sites
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we investigate the detection capabilities of well known STA/LTA (Stewart, 1977)
algorithm. Then we investigate the quantitative impact of non-stationarity in HVSR
results. Next we propose the use of a specific WT as a non-stationary detection tool.
Finally we present sites where the HVSR results differ from results derived by other
methods and apply the WT in order to reveal undetectable non-stationarites.

1.8.2 Fundamentals of wavelet transform

A WT involves the decomposition of a signal function or vector into simpler, fixed
building blocks at different scales and positions. Grossman and Morlet (1984) pro-
posed the continuous WT which allows the decomposition of a signal into contri-
butions from both the space and scale domains based on the invariance under the
affine group, namely, translation and dilation. In 1989, Mallat (1989) introduced
the multi-resolution signal decomposition (MRSD) algorithm. Daubechies (1990)
adopted this approach to construct families of compact supported wavelets and cou-
pled it to quadrature mirror filtering. This provides a general way for constructing
orthogonal wavelet bases and leads to the implementation of the fast wavelet trans-
form (FWT) algorithm. Coifman and Wickerhauser (1992) developed the automatic
decomposition method which had a very strong influence on the development of
wavelet theory.

Like Fourier transform (FT), WT operates on a signal f (λ) and transforms it
linearly from its domain (i.e. time domain) to a different one. In Fourier analysis,
only the sine and cosine functions which are localized in frequency domain can
be applied to a function. It has difficulty to process a function having components
that are localized in the time domain. As a result, a small frequency change in FT
produces changes everywhere in this domain. On the other hand, wavelet functions
are localized both in frequency or scale and in time via dilations and translations
of the mother wavelet, respectively. This leads to compact representation of large
classes of functions and operators in the wavelet domain. Spectra with sharp spikes
may well be approximated by substantially fewer wavelet basis functions compared
to the sine and cosine functions adopted in Fourier analysis.

In a WT terminology, all basis functions Ψα,b(λ) can be derived from a mother
wavelet Ψ(λ) through the following dilation and translation processes Chui (1992):

ψα,b(λ ) = α−1/2Ψ
(

λ −b
a

)
α,b ∈ ℜ and a �= 0 (1.8.1)

where a and b are, respectively, the scale and position parameters expressed in real
number R. The basic idea of the WT is to represent any arbitrary function f (λ) as a
superposition of wavelets. The continuous wavelet transform of f (λ) is given by

Wf (α,b) =
∫ +∞

−∞
ψα,b(λ ) f (λ )dλ (1.8.2)
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with a > 0 and b having arbitrary values. The inverse continuous wavelet transform
can be obtained through the following formula

f (λ ) =
1

Cψ

∫ +∞

0

da
a2

∫ +∞

−∞
Wf (α,b)ψα,b(λ )db (1.8.3)

where Cψ is a constant depending only on ψ . In general, the representation in
Equation (1.8.3) is redundant by using the continuous wavelet transform W fa,b Chui
(1992). A particularly well studied topic is the construction of orthogonal wavelets
for discrete signals to obtain a relevant compact non-redundant multi-scale represen-
tation. Like FT, decomposition of f (λ) with respect to the wavelet function series
{Ψ j,k(λ)} described by the following formula:

f (λ ) =
+∞

∑
j=−∞

+∞

∑
k=−∞

c
′( j)
k ψ j,κ(λ ) (1.8.4)

Therefore, the signal is represented by a set of coefficients {c′k
(j)} in the wavelet

domain {Ψ j,k(λ)} is defined by Equation (1.8.1) with a = 2 j, b = 2 jk and j being
the resolution level. The fast implementation method as developed by Mallat and
Hwang (1992) for the discrete wavelet transform (DWT) has made the wavelet
method as an effective tool for signal processing.

The DWT can be considered as a filtering technique under the terminology of
signal processing. A wavelet basis is characterized by a particular set of numbers,
called wavelet filter coefficients. The DWT treatment is to perform two related con-
volutions on the signal with one being a low-pass filter H(= {hk}) and the other a
high-pass filter G(= {gk}). Then, the signal is converted into two bases with equal
size, that is

c( j)
k =

√
2∑

n
c( j−1)

n hn−2k (1.8.5)

And
d( j)

k =
√

2∑
n

c( j−1)
n gn−2k (1.8.6)

The variables hk and gk in these equations denote the coefficients of the low-pass
and high-pass filters.

In practice, DWT is commonly implemented using dyadic multirate filter banks
(consisting of H and G filters mentioned earlier) which divide the signal frequency
band into sub bands as shown in Figure 1.8.2.

At each scale, detail coefficients are generated from the output of high-pass filter
since approximation coefficients are outputs from low-pass filters. In other words at
each scale approximation captures low frequency trends since detail captures high
frequency components. So the connection between wavelets and filter banks is that
high-pass filter leads to wavelet function and low-pass to scaling function. A typical
structure for signal decomposition is depicted in Figure 1.8.3 where a three scale
DWT is performed using octave-band filter bank.
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1.8.3 Practical considerations for DWT

When one begins a DWT analysis several issues arises since there is no “blind rule”
that must be followed in order to get the results. Depending on the application and
the nature of examined signal some consideration must be addressed. The bound-
ary conditions, the number of levels, the choice of wavelet filter and sample size
that is not power of two are some of them. In this section we give only the basic
ideas behind these problems in order to prove the essence of a specific WT for the
recording microtremor signals. For more details the reader is guided to Percival and
Walden (2000).

1.8.3.1 Boundary effects

As already mentioned, DWT implemented by using filters. A filtering operation
close the boundaries (the beginning and the end) of the time series {Xn : n =
0,1, . . .N − 1} assumes that is a periodic sequence with period N. This means that
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Fig. 1.8.4 (a): Corresponding surrogates for unobserved (X−1, X−2) and sampled (X0, . . . .XN−1,
XN−2) signal (top) and (b) Corresponding surrogates for unobserved (X−1, X−2) and 2N con-
structed time series (X0, . . . .XN−1, XN−2, XN−1 . . . .. X0)

is expected for XN−1, XN−2. . . . to be successful surrogates for unsampled values of
process X−1, X−2 that described by X as depicted in Figure 1.8.4a. This assumption
holds only when the sample size is chosen appropriately otherwise is problematic
especially when there is discontinuity between XN−1 and X0. For example, a sam-
pled signal with f0 at 0.5 and 2 Hz would not affected by boundary conditions only
if the sample size is equal to an integer multiple of 2. Percival and Walden (2000)
found that boundary effects increased as the number of scales of WT increases but
not in a proportional way. An effective technique to reduce boundary effects is to
replace the time series X with a time series with length 2N consists of X along with
the time reversed version of X as shown:

X [2N] = X0,X1, . . . .,XN−2,XN−1,XN−1,XN−2, . . . .,X1,X0 (1.8.7)

Using X [2N] constructed time series instead of X has the effect that the surrogates
of unobserved signal’s samples X−1, X−2.. are now the X1, X2, . . . of sampled sig-
nal, which is obvious that they present a lower mismatch possibility than before. A
graphic representation of this fact is depicted in Figure 1.8.4b.

1.8.3.2 Number of levels

For a time series {Xn : n = 0,1, . . .N−1} with sample size N = 2 j the implementa-
tion algorithm for DWT will completed after j levels. Depending on the application,
there is also a great possibility that the algorithm stop at level J0 < j. In this case the
DWT is called partial DWT at level j. Partial DWT are commonly used in practice
because they provide the flexibility to specify a scale J0 beyond which wavelet anal-
ysis of larger scales has no real interest. A reasonable selection of level J0 is highly
dependent from the application. Main idea under successful picking of J0 is to set
it in a way that scaling coefficients could have a meaningful association with phys-
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ical scales. Setting J0 too high will lead to large scales that will not provide useful
information. On the other hand, setting J0 too low will produce approximations that
could not promote interesting features.

Another factor that will impact the choice of J0 is the width L of the wavelet filter.
This is because large L produces large filter widths for the higher level of h and g
filters. For this reason an upper bound is LJ0 ≤ N ≤ LJ0+1. This upper bound also
ensures that details and approximation will decrease their influence by boundary
conditions.

1.8.3.3 Choice of wavelet filter

The choice of wavelet filter is not a direct procedure and is always dependable from
the application in use. A main factor for the selection of the wavelet filter is to define
the aim of the analysis and then choose the appropriate wavelet filter. Although there
are many studies using wavelets there are only few studies that provide step-by-step
procedures (Torrence and Compo, 1998; Breiman, 1995).

In practice, two main considerations must be taken into account. First, there are
many cases where wavelet filters with short widths (L = 2,4 or 6) introduce artefacts
in results producing unrealistic coefficients. On the other hand, wavelet filters with
L > 6 has two main disadvantages:

• As L increases the number of coefficients that influenced from boundary condi-
tions also increases.

• Computational requirement increase also.

The happy medium is the choice of the wavelet filter with smallest L that produces
the most reasonable results. In other words there must be a pre-analysis procedure
where the selection begins with quite small L and increases until an artefact free
coefficient set is produced.

1.8.3.4 Handling non 2J sample sizes

DWT (full or partial) designed to work with sample sizes of specific length. More
specific, full DWT needs sample size N to be a power of two {N = 2J}. Similarly,
partial DWT of level J0, needs sample size to be an integer multiple to 2J0 . Of
course these requirements usually not hold in practice. To overcome these limita-
tions two approaches used in general: First approach based on padding which is a
usual technique at FFT algorithms. The idea is to create a new time series, say X ′

n,
from original one Xn with new length N′ > N and then take the DWT of the. Padded
values are equal to the sample mean X of Xn. Second approach based on truncation
of Xn to shorter series whose lengths are a multiple of 2J0 . Let N′′ < N an integer
multiple of 2J0 then two subseries of Xn can be defined: X [1] ≡ [X0, . . . .XN′′−1] and
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X [2] ≡ [XN−N′′ , . . . .XN′′−1] both of length N′′. It is proved (Coifman and Donoho,
1995) that this scheme leads to scale based decomposition of weighted sum of
squares with half weights being attached to the N −N′′ samples at the beginning
and end of Xn.

1.8.4 Maximal overlap DWT

Since the above limitations obviously hold for the case of microtremor signals
the use of DWT for the current study is not the most successful choice. The use
of a WT transform that focus on the elimination of DWT shortcomings that dis-
cuss earlier is more appropriate. This transform is the so called maximum overlap
DWT (MODWT) and which belongs to the group of redundant and non-orthogonal
wavelet transforms that met in the literature under names “undecimated DWT”
(Shensea, 1992), “shift invariant DWT” (Beylkin, 1992), “translation invariant
DWT” (Coifman and Donoho, 1995), “Stationary DWT” (Nason and Silverman,
1995) and “non-decimated DWT” (Bruce and Gao, 1996).

The MODWT differs from the DWT in that it is a highly redundant, nonorthog-
onal transform (Percival and Walden, 2000). The MODWT retains downsampled
values at each level of the decomposition that would be otherwise discarded by the
DWT. The MODWT is well-defined for all sample sizes N, whereas for a com-
plete decomposition of J levels the DWT requires N to be a multiple of 2J . It also
offers several advantages over the DWT. The redundancy of the MODWT facili-
tates alignment of the decomposed wavelet and scaling coefficients at each level
with the original time series, thus enabling a ready comparison between the series
and its decomposition. Coefficients derived using the MODWT are not influenced
by circular shifting of the input time series, whereas values derived using the DWT
depend upon the starting point of the series.

1.8.4.1 Practical considerations for MODWT

Since MODWT uses circular filters for its implementation, Percival and Walden
(2000) showed that boundary regions of MODWT are larger than DWT. This is not
a serious shortcoming of MODWT since, on one hand, the difference is quit small
and on the other hand the advantages from using MODWT against DWT are more
important.

MODWT is defined for all sample sizes so (unlike the DWT) there is no need for
special adaptation to handle certain sample sizes. This is one of the main differences
between DWT and MODWT. Compared to DWT, MODWT is less dependant upon
choice of wavelet filter but not so much so that a particular filter proposed for every
wavelet analysis. A preliminary study of the investigated features of examined signal
is still needed.
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A time series can be completely or partially decomposed into a number of lev-
els. For complete decomposition of a series of length N = 2J using the DWT, the
maximum number of levels in the decomposition is J. In practice, a partial decom-
position of level J0 < J suffices for many applications. A J0 level DWT decomposi-
tion requires that N be an integral multiple of 2J0 . The MODWT can accommodate
any sample size N and, in theory, any J0. In practice, the largest level is commonly
selected such that J0 preclude decomposition at levels heavily influenced by bound-
ary conditions. In particular, for alignment of wavelet coefficients with the original
series, the condition LJ0 , i.e. the width of the equivalent filter at the J0-th level is less
than the sample size, should be satisfied to prevent multiple wrappings of the time
series at level J0. Selection of J0 determines the number of octave bands and thus
the number of scales of resolution in the decomposition. In relevant literature the J0

J0 < log2

(
N

L−1
+1

)
(1.8.8)

if Equation (1.8.8) seems too tight, alternative upper bounds are

J0 < log2 (N) (1.8.9)

1.8.5 Evaluation of STA/LTA algorithm using synthetic
disturbances

The purpose of this section is to investigate the limits of the widely used STA/LTA
algorithm. STA/LTA used in microtremor studies in order to automatically detect the
non-stationary parts of the signal and thus to exclude them. This is done by using
the algorithm in an antitrigger way: when it finds windows that fulfill the STA/LTA
criteria, these are excluded from the processing stream of data (SESAME, 2004).
By selecting appropriate parameters one can avoid the non-stationary parts of the
signal that can possibly alter the frequency content.

The STA/LTA is, in principle, an amplitude comparison algorithm. In other words
it produces results only when differences in amplitudes can identified; it usually has
no ability over small differences. To illustrate this fact we run some test cases using
artificial (hereafter SX) signals (Figure 1.8.5 – details at Table 1.8.1) added to real
mictrotremors recordings (hereafter RX).

All recordings acquired using Reftek DAS-130 as data logger equipped with
Guralp GMT-40T seismometer and with LGIT CityShark equipped with Lenartz 3D
5 s sensor. Sampling rate was 125 Hz and recording duration was 20 min. In order to
avoid as much as possible the urban area disturbances that will be examined later,
RX collection sites were located in countryside locations, far away from any human-
involved activities. In addition, these recordings are analyzed thoroughly using he
method that will be described later in order to verify the absence of important long
duration transients.
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Fig. 1.8.5 Test signals used as artificial disturbances to microtremor recordings. Details of their
attributes can be found in Table 1.8.1

Table 1.8.1 Specifications of used test signals

Signal name Duration (s) Frequency (Hz)

S1 7 1
S2 7 4
S3 4 4
S4 7 7
S5 4 7
S6 4 15
S7 7 (1st), 4 (2nd) 1 (1st), 7 (2nd)
S8 7 (1st), 4 (2nd) 4 (1st), 7 (2nd)
S9 7 (1st and 2nd) 4 (1st), 15 (2nd)

We used as detection threshold the value γ = |Xn| which is defined as the average
of absolute values of microtremor time series Xn (for n samples). Typical examples
of thresholds calculated using γ value are depicted in Figure 1.8.6, for different
recordings.

Data are collected at locations as shown in Figure 1.8.1. As one can easily
identify the proposed value of γ is rather conservative because we want to illus-
trate the transients with low amplitude (comparable to γ which is by definition
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Fig. 1.8.6 Thresholds calculated from γ value (a): Vertical component, (b): N-S component,
(c): E-W component for RX recordings

a low value attribute). The window selection procedure is tested using the
corresponding modules from well known, public available, software packages
GEOPSY (www.geopsy.org) and J-SESAME (http://www.geo.uib.no/seismo/
software/jsesame/jsesame.html). Typical window selections from several record-
ings with and without added artificial disturbances are shown in Figure 1.8.7.

Initially we used the window selection procedure to raw recordings in order to
determine the windows that will be accepted for the HVSR calculation. Next we
contaminate the recordings by adding SX (X : 1 → 9) signal to every recording
and reprocess them with the window module. Each artificial disturbance is added
independently to each recording and repeated 20 times (starting from 50th s and
repeated every 50 s). The value of γ remains stable for each recording. We tested γ
values from 0.5 to 2.5 with 0.1 resolution. The performance (Pr) of “antitriggering”
is calculated using the relation:

Pr =
ndd

nad
(1.8.10)
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indicated by arrows. All signal (S1-S9) added consequently two times as indicated by arrow groups
(first set – solid arrows, second set dashed arrows). Each individual arrow indicates the starting
sample of artificial signal

Where ndd : number of detected (and excluded) disturbances
nad : total number of disturbances, here 20
At Figure 1.8.8 we summarize the performance of “antitriggering” for STA/LTA

by plotting the results of Pr in relation of γ.
We can conclude that if the amplitude of the transients is at least 1.5 times the

value of γ it’s rather impossible for the STAL/LTA algorithm to detect these tran-
sients. Between 1.5 and 1.85 there are some cases where the detection is achieved
but these detections achieved to transients with higher frequencies (signals S4,
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Fig. 1.8.8 Average results of STA/LTA performance according to γ value for all the artificial
signals

S5, S6). In addition, the artificial signals that are monochromatic can be detected
easier. Of course, this event cannot act as a rule because it can easily be inverted
if one selects appropriate STA/LTA window lengths. For γ > 1.85 the STA/LTA
performs as expected.

1.8.6 Impact of low amplitude transients to HVSR

The purpose of this section is to investigate if and how, undetectable transients from
STA/LTA algorithm can affect the results of HVSR method. In order to facilitate this
we use microtremor recordings (hereafter KRX) from 17 sites with known attributes.
These are derived from results of previous studies (boreholes, array techniques) or
we calculated 1D models using EERA code (Barder et al., 2000) based on Vs profiles
derived from previous studies also (EMERIC/I-CRINNO, 2005; SE-RISK, 2008).
We used the recordings with γ < 1.85 as described in the previous section and we
prepared our dataset by adding the artificial disturbances in a progressive way: we
begun by adding each one of nine SX signals in 50th s of each KRX thus creating
17×9 = 153 cases. We performed the HVSR calculation and then we add one more
instance of each SX at 100th s (thus creating 153 more cases with recordings that
included two parts of the same SX – at 50th and 100th s) and repeat the calculation.
This procedure repeated 25 times. HVSR calculation performed as ordinary with
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Fig. 1.8.9 Typical example of spectrum contamination when one part of artificial signal is added.
(a,b) S8 signal (γ = 1) added from 300 until 307 s at raw recording. (c,d) S8 signal (γ = 1.2)
added from 200 until 207s at raw recording. (e,f) S6 signal (γ = 1) added from 300 until 304 s at
raw recording. (g) Spectrum of (b) recording without artificial signal (black line) and with it (grey
line). (h) Spectrum of (d) recording without artificial signal (black line) and with it (grey line). (i)
Spectrum of (f) recording without artificial signal (black line) and with it (grey line)

recordings that bandpass filtered (0.2 to 20 Hz), detrended and baseline corrected,
5% cosine tapered, smoothed using Kohno & Ohmachi window with b = 25.

A typical example of how a single undetectable transient can affect the calculated
spectrum is illustrated in Figure 1.8.9. Since the FT provides excellent localization
in frequency domain it is expected that the (undetectable by STA/LTA) added dis-
turbance will produce a peak in frequency domain. Of course, it is not expected that
a single peak could significant affect site’s f0 since HVSR is an averaging result
method. The question that arises is if there is a limit, over which, HVSR could be
affected.

In Figure 1.8.10 we present results from a site with good agreement between
HVSR results and results obtained when parts of artificial disturbance (here S1)
is added. It is obvious that as the number of undetectable disturbances increases
the estimated f0 is not depicted by a clear peak. At Figure 1.8.11 we illustrate the
HVSR results using recordings (from different known sites) where 20 parts of arti-
ficial disturbances, added. We can identify three general cases: First, when f0 and
artificial disturbances appeared individual then it’s difficult to identify which is real
and which not. These are the case with 1 and 4 Hz signals and some of 7 Hz (only
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Fig. 1.8.10 HVSR results from a single site with increasing parts of S1 signal added to raw record-
ings. (a) raw recording, (b) 1 part, (c) 7 parts, (d) 14 parts, (e) 20 parts, (f) 25 parts

Fig. 1.8.11 HVSR results from different sites using recordings with artificial (non-detected) dis-
turbances added. Vertical line in each plot indicates the calculated f0 from same raw recordings.
Signals used to contaminate the corresponding recordings are: S1 at (a), S7 at (b), S1 at (c), S1 at
(d), S5 at (e), S6 at (f)
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when f0 is quite high). Second when f0 and artificial disturbances are quite close,
the f0 seems shifted or more dispersed. This is the case with 1 Hz signals. Finally,
with high frequency artificial disturbances (15 and some 7 Hz) an individual peak
appeared at those values.

An experienced analyst, as far there is some knowledge of the local geology,
could reject these values but here we seek a more “computational” way to reject it.

From the above it is obvious that there are enough cases where the undetectable
transients could produce problems to estimation of f0. At this point we must men-
tion that the values of artificial disturbances are carefully selected to represent
non-stationary disturbances that recorded during the big number of measurements
that took place the last four years around big cities at Crete Island. These values
are representable only for the urban areas that we investigate and no further exten-
sion should be made for other areas without prior acquisition of possible local
singularities.

1.8.7 Application of MODWT for identification of low
amplitude transients

In this section the application of MODWT in raw recordings will be discussed along
with its application to experimental ones. From what we present so far it is obvious
that, in case that we want to detect low amplitude non-stationary components to
microtremor recording, we need a more efficient detector than traditional STA/LTA.
Our proposal is to transfer the amplitude detection from 1D time domain to 2D
time-frequency domain using wavelets. Briefly speaking, by using time-frequency
representation we are able to detect the frequency of non-stationary part as well as
its time attribute (i.e. position) inside recordings. For this transformation we used
MODWT and not DWT because we don’t want to make any prior assumptions about
the nature of recordings as explained in previous section.

The MODWT performed using Least Asymmetric (LA) filters with length
8 using the WMTSA software (public available at www.atmos.washington.edu/
∼wmtsa). The number of levels used for decomposition was J0 = 8 which corre-
sponds to physical period up to 4.098 s. Using the MODWT transform we calculate
wavelet and scaling coefficients for consecutive windows with length each record-
ing. We propose the use of MODWT not to whole recording but to subsections of it.
The smaller window that a decomposition can be achieved dictated by the number of
samples as already mentioned by Equations (1.8.8) and (1.8.9). Figure 1.8.12 illus-
trates such a decomposition from a recording where we select n = 20,000 (160 s). It
contains one S2 disturbance at 8th s, one S6 at 50th s and one S8 at 120th s. Lower
panel illustrates the recording. The top panel shows the wavelet coefficients W̃j,t for
levels j = 1–8 and the Ṽ8 scaling coefficients plotted on the same vertical scale as
the lower panel. For each level solid vertical lines near end points demarcate the
boundaries outside of which the coefficients are influenced by boundary conditions.
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Fig. 1.8.12 MODWT wavelet (levels 1–8) and scaling (J0 = 8) coefficients (top panel) and
microtremor recording (bottom panel). Solid vertical lines (top panel) indicate the boundaries out-
side of which coefficients are influenced by circular shifting

The coefficients are plotted after circular shifting of wavelet coefficients W̃j,t in
order to be properly aligned with original recording. The shifted vector is marked
at the right of each subplot in the form of T−v jW̃j where v j indicates the number of
samples the coefficients have been shifted.

Without any prior experience the reader can easily identify the nature and posi-
tion of S2, S6 and S8 signals at different scales which, as already mentioned, corre-
sponds to different frequency bands. At this stage the analyst can select manually the
portions of the recording that like to exclude or by using an automated procedure.
The authors are preparing a MATLAB toolbox for automatic detection and rejection
of these non-stationarites before the beginning of HVSR processing (Vallianatos and
Hloupis, in preparation).

At final stage we apply the MODWT to recordings from sites with calculated f0
is not agree with those than calculated from other methods. We present representa-
tive results from two sites (X01 and X02) with known differences between f0 from
HVSR and 1D linear equivalent model using EERA code (Figure 1.8.13).

The MODWT transformed recordings are shown in Figures 1.8.14 to 1.8.15.
After detection and rejection of possible disturbed non-stationarities the HVSR
results that we produced are illustrated in Figure 1.8.16.
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Fig. 1.8.13 Results from sites X01(top) and X02(bottom) where there is no good agreement
between f0 from HVSR and 1D model calculated from inverted Vs profile (EERA model) as indi-
cated at grey zones

0.24Hz

0.49Hz

0.98Hz

A
m

pl
itu

de
(V

)

1.95Hz

3.9Hz

7.81Hz

16.63Hz

31.25Hz
62.5Hz

4

2

0

0 50 100
time (sec)

150 200

T 765V8

T 893W8

T 445W7

T 221W6

T 109W5

T 53W4

T 25W3

T 11W2
T 4W1

–2

–4

x 10-3

Fig. 1.8.14 MODWT for recording from site X01. Significant non-stationary signal detected
between 10th and 95th s at around 1 Hz
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1.8.8 Conclusions

Non-stationary, artificial disturbances are a usual situation in urban places where
industrial and anthropogenic activities run continuously. At these locations,
microtremor recordings collected even at late hours could suffer from transients
with amplitudes comparable to those of microtremors. Based on analysis described
in the previous sections we may conclude that these transients remain undetectable
by the STA/LTA algorithm. In case these transients have long duration there is a
strong possibility to contaminate the calculation of f0. An experienced analyst could
probably identify the non-stationarities by examining the FT in each window but
our intension is to focus on an automated signal selection procedure. The use of a
WT in order to localise a signal in time-frequency domain and especially the use of
a redundant one, such as the MODWT, can solve the problem of accurate automatic
determination of the above transients. If the amount of transients is significant,
they can be excluded since the MODWT is able to provide their time position in
the recording. The whole procedure can run as a preliminary test to microtremor
recordings in order to provide a clear view of the existence of transients in such
records.
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Chapter 2
Effect of Buildings on Free-Field Ground Motion

Marco Mucciarelli

Introduction

The idea that during an earthquake the vibration of buildings may transmit back to
the soil a quantity of energy able to modify the ground motion was theoretically
postulated by Wong and Trifunac (1975) and Wirgin and Bard (1996). During an
earthquake it is difficult to measure and to separate the source and site effects from
that of the oscillating building (Chavez Garcia and Cardenas-Soto, 2002). Again, it
is most difficult to separate the quantity of energy related by a single vibrating build-
ing from the effects of the others and to separate them from the energy of incident
wave train. To estimate the quantity of energy that building can release back to the
soil controlled conditions experiments have been carried out. The first experiment
has been performed by Jennings (1970), during forced vibration of buildings, while
Kanamori et al. (1991) studied the effects of high-rise buildings in Los Angeles,
whose vibration was caused by the sonic boom of the Space Shuttle. Recent active
experiments have been carried out by Guéguen et al. (2000) and Guéguen and Bard
(2005) on a five-story RC-building model (1:3) located in the EuroSeisTest site at
Volvi (GR), by Mucciarelli et al. (2003) on a base isolated building during a release
test and by Gallipoli et al. (2006) taking advantage of a controlled demolition exper-
iment at Bagnoli (IT). Recent passive tests using ambient noise are described in
Gallipoli et al. (2004) and Cornou et al. (2004). The conclusions of all these exper-
iments confirm the importance that buildings may have as seismic sources. On the
other hand, numerical simulation were made on idealised models of city-soil inter-
action: see, e.g., Tsogka and Wirgin (2003), Kham et al. (2006), Ditommaso et al.
(2007).
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DiSGG – Università della Basilicata, Potenza, Italy
e-mail: marco.mucciarelli@unibas.it

M. Mucciarelli et al., (eds.), Increasing Seismic Safety by Combining Engineering 139
Technologies and Seismological Data, NATO Science for Peace and Security
Series C: Environmental Security, c© Springer Science+Business Media B.V. 2009



140 M. Mucciarelli

Both experimental and numerical results agree on the fact that the presence of
building is able to modify significantly the free-field motion, and thus inside a
densely populated city the same notion of free-field is meaningless.

The main debatable point is if the presence of building is increasing or decreasing
the free-field motion. Kham et al. (2006) suggest that the global energy is decreased
(mainly due to added damping) while Ditommaso et al. (2007) note that more engi-
neering parameters such as PGA or spectral ordinates, are likely increased by the
presence of building.
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Chapter 2.1
Effect of Building-Building Interaction
on “Free-Field” Ground Motion

Marco Mucciarelli, Rocco Ditommaso, Maria Rosaria Gallipoli,
and Felice Ponzo

Abstract We investigate the effect induced on free-field ground motion by the inter-
action among buildings set in vibration by an earthquake. This is a refinement of a
previous model where the building interacted with the soil, but not among each oth-
ers. The waves are propagated in a multi-layered 1-d model that includes soil and a
layer for each floor of the structure. We implemented numerical models in Simulink,
a toolbox of MatLab, that easily allows solving the differential equations of the case.
The final model is a chain of SDOF oscillators, whose dynamic behaviour depends
on mass, stiffness and damping. Comparing the results with the non-interacting case,
there is a reduction of the mean and median of the ground motion enhancement and
an increase of the dispersion.

Keywords Free-Field · City-soil interaction · Numerical modeling of seismic
waves

2.1.1 Introduction

Ditommaso et al. (2007) reproduced with a numerical model the ground motion
observed by Gallipoli et al. (2006) during a 7 cm top-floor displacement test of a real
two-stories building. This displacement is representative of the maximum excitation
that this kind of building might withstand during an earthquake. The highest PGA
(Peak Ground Acceleration) observed on the soil is 5% g with a 7 cm displacement
of a structure whose frequency was in the range 1–2 Hz. If we consider the standard
5% damping response spectra provided by the Italian Seismic Code, a top-floor
6 cm displacement at 1 Hz is obtained for the Zone 2 – Soil A spectrum, whose
PGA is 0.25 g. Thus the observed PGA is about 20% of the hypothetical unmodified
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DiSGG – Università della Basilicata, Potenza, Italy
e-mail: macro.mucciarelli@unibas.it

M. Mucciarelli et al., (eds.), Increasing Seismic Safety by Combining Engineering 141
Technologies and Seismological Data, NATO Science for Peace and Security
Series C: Environmental Security, c© Springer Science+Business Media B.V. 2009



142 M. Mucciarelli et al.

free-field PGA. After reproducing this result, Ditommaso et al. (2007) modelled a
“virtual village” made of three structures of different height to study their effect on
an accelerometer located among them, varying the azimuth of incident waves and
the coupling between building and soil, obtaining a statistical distribution of the
influence of vibrating structures on “free-field” ground motion. The distribution of
the output PGA is centred on the input value, with minimum and maximum variation
of the order of 50% and with most of the values in the range ±25% input. The
analysis of the ratios of response spectra (Out/In) showed that the values above
unity are concentrated around the periods of buildings fundamental mode, while the
ratio tends to be lower for longer period. In this paper we want to put a step forward
the model of Ditommaso et al. (2007), including the feedback of each building on
the others.

2.1.2 The model

We followed the approach of Şafak (1998), where the building and the foundation
soil are idealised as propagators of up- and down-going S-waves. The whole system
was modelled using Matlab Simulink. The advantage of this approach is that one
can work with subsystems (i.e., soil strata or building floors), adding as many as it is
necessary. The only unchanged sub-systems are the bedrock (half-space with inelas-
tic attenuation) and the building’s roof. To estimate the three parameters needed for
each subsystem (mass, stiffness and damping), three buildings of different mass and
height were designed using SAP2000 and following the rules for anti-seismic design
provided by the new Italian code (largely similar to EuroCode8) (Table 2.1.1).

To take into account the variability of the position of the buildings among them
and with respect to the accelerometer, a random delay time was included in the
model. The output of each building was summed to the input ground motion with a
variable delay, uniformly distributed from 0 to 0.1 s. The velocity in the soil layer
was set to 150 m/s, thus leading to simulated change in position in the range −15
to 15 m depending on the direction. The signals coming from the buildings were
propagated in an inelastic medium. The distances were calculated from the centre
of mass of the structures projected on the ground to the accelerometer, with the
attenuation given by:

A(r) =
A0

r
.e−

f ·r
Q·v

Table 2.1.1 Parameter of the three buildings

Structure Mass (kg) Stiffness (N/m) Damping factor (%)

1 149,696 75,920,931 5
2 1,847,000 409,450,806 5
3 3,053,940 225,008,060 5
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Fig. 2.1.1 Matlab simulink model used for the simulation

where A is the signal amplitude as a function of the distance r, A0 is the initial
amplitude, f is its frequency, v is the shear wave velocity and Q is the quality
factor (taken equal to 18). To account for the variability in the dynamic coupling
between building foundation and the soil, and thus to represent the different quantity
of energy transferred back to the soil by the vibrating structure, a random coefficient
was included in the simulation, with uniformly distributed values in the range from
1% to 90%. The model is reported in Figure 2.1.1.

The input was provided by 11 real accelerograms with PGA ranging from 0.15
to 0.35 g.

2.1.3 Results

A Monte Carlo simulation was then performed, with 300 runs of the Simulink model
for each input. We then obtained 3,300 possible combination of different position
of the buildings with respect to the incoming wave, soil/foundations coupling and
input. From each simulated output accelerogram, we extracted the PGA, the Hous-
ner Intensity (H) and the maximum value of the acceleration response spectra (Sa).

Figure 2.1.2 reports the histograms and the Empirical Cumulative Distribution
Functions (ECDFs) for the ratio between output and input values. The distribution
are asymmetrical and well described by a log-normal model. The main point to con-
sider is the percentage of results below 1, that means the output is diminished by the
presence of the vibrating building. This kind of destructive interference is present
in 30% of the cases for PGA, 10% for H and never for Sa. The output is larger
than 1.5 times the input in less than 10% of the cases for PGA, never for H and
in half the cases for Sa. This is in agreement with the theoretical expectations: the
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Fig. 2.1.2 ECDFs of 3,300 Monte-Carlo simulation

energy is partly absorbed by the damping of the buildings, but in the range of fre-
quency corresponding to the buildings fundamental modes, the spectral amplitude
is enhanced.

2.1.4 Discussion and conclusions

We compared the result obtained with the one given by the model without feed-
back among the buildings (Ditommaso et al., 2007). Figure 2.1.3 reports the match
between PGA, while Figure 2.1.4 shows the comparison between Sa. For the previ-
ous model, the variation of the Housner intensity was not given.

It is possible to note that the general pattern of the curve for PGA remains the
same, with a small decrease of the median value and an increase of the dispersion
with a larger probability of greater motion amplification due to the presence of build-
ings. The trend is the same also for Spectral Amplification.

In conclusion this more refined model does not change the conclusion of previous
works, but given the larger number of simulation allows for a more precise insight
on the role that vibrating building may have in modifying the “free field” ground
motion. The energy back-radiated in the range of building fundamental periods leads
to the conclusion that inside an urban area it is difficult to record a real free field
motion. The presence of buildings strongly affects the response spectra and, to a
lesser extent, the PGA. The variation is always positive for the maximum spectral
values, while for PGA it can be either positive or negative. The Housner Intensity
tends to be increased rather than decreased, but the range of variation is smaller
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that the one observed for PGA and Sa. This result is obtained without selecting soil
properties that may induce resonance between soil and buildings, and thus can be
regarded as a lower limit of the modeled phenomenon.
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Chapter 3
Role of Dynamic Properties on Building
Vulnerability

Angelo Masi

Introduction

Dynamic properties have a major role on the seismic behavior and vulnerability of
building structures. Particularly, fundamental periods of vibration are needed, both
in design of new buildings and in assessment of existing ones, so that their seismic
response can be evaluated.

Several codes (e.g. CEN, 2003; NZSEE, 2006) recommend empirical simpli-
fied expressions between the height of a building type and its fundamental period.
Such expressions were calibrated keeping in mind a force-based design (Goel and
Chopra, 1997), thus intentionally aim at underestimating period values. For this rea-
son they usually provide rather low values when compared to those ones obtained
keeping in mind a displacement-based design (see e.g. Chopra and Goel, 2000),
also when the latter were obtained from numerical simulations performed on care-
fully set up models (see e.g. Crowley and Pinho, 2004; Priestley et al., 2007). Even
larger differences appear when numerical estimates are compared to experimen-
tal results based on ambient vibration measurements, that provide very low period
values (see e.g. Navarro et al., 2004). An overview of the different approaches
together with a comparison of the relevant results is reported in Masi and Vona
(2008); further, period-height expressions for some reinforced concrete building
types are given, where the role of important structural characteristics (building
height, cracking, masonry infills, elevation irregularities, etc.) is carefully taken into
account.

Coupling between soil and building fundamental periods of vibration may cause
resonance effects. For this reason also their variation, as a consequence of possi-
ble building damage and/or soil non linear behavior during the motion, needs to be
considered. Typically, structural and geotechnical engineers have different points of
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view about resonance effect and its variation during a seismic motion. Structural
engineers say that whereas building and soil have initially close periods and an
earthquake occurs, the building period, as a result of structural and non structural
damage, is expected to increase during the motion, so that the building “hides” itself
reducing the heaviest effects of resonance. Geotechnical engineers do not com-
pletely agree with this opinion saying that also the soil period can shift towards
higher values, that is in the same direction of the building one, thus the resonance
condition could arise again. The question to be dealt with is: how much is the rel-
ative amount of that increase? A general answer is not possible, as it depends on
building and soil type. For example, in case of reinforced concrete buildings with
masonry infills, a very large increase of the building period can be expected with the
level of shaking due to cracking of structural members and, particularly, of brittle
masonry infills, see e.g. Mucciarelli et al. (2004), Calvi et al. (2006).

Finally, estimating the variation of the dynamic characteristics after retrofitting
or strengthening interventions, by computing the modified values of fundamental
periods, damping factors and mode shapes, can be a practical tool to evaluate the
effectiveness of the intervention (Farsi et al., 2008). To this purpose and also as a
diagnosis tool, ambient vibration measurements can be very helpful (Boutin and
Hans, 2008).

All the above questions strongly require that further studies as well wide in-situ
and laboratory experimental campaigns are carried out to set up procedures able to
evaluate, in a reliable as well not expensive way, building dynamic properties.
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Chapter 3.1
How Far Ambient Noise Measurement May
Help to Assess Building Vulnerability?

Claude Boutin and Stéphane Hans

Abstract The use of noise data in seismic diagnosis of buildings is analyzed. From
the responses to ambient noise, harmonic excitation and shocks, the dynamic behav-
ior of usual buildings is identified in the range of 10−5−10−2 g. Taking advantage of
the demolition, the influence of the light work elements, full precast facade panels,
bearing masonry walls and the presence of neighboring joined buildings is deter-
mined. These experiments show that noise measurements efficiently provide reli-
able data of real interest for understanding the actual building behavior.

Then, the integration of these data in a vulnerability diagnosis is presented. It is
shown that regular concrete structures are described by suited beam modeling. Thus
for a given structure, taking into account the noise data, the adequate beam model,
and taking the maximum tensile and compression strains of concrete and steel as
damage criteria, two levels of ground acceleration can be determined, namely the
Seismic Thresholds of Elasticity and of Yielding. Quantify the levels that onset the
structural damages and the plastic hinge may be a useful tool for vulnerability diag-
nosis.

Keywords Ambient noise · Structural dynamics · Generalized beams for buildings ·
Vulnerability · Seismic thresholds of integrity and yielding

3.1.1 Introduction

The macroseismic intensity scale, based on observed damages after earthquakes,
constitutes the first frame of statistical analysis of vulnerability, according to
the typology of structures. Introducing qualitative factors known to increase the
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vulnerability (transparency, asymmetry) leads to a finer frame of analysis than
the solely typology. Such statistical information are relevant at large scale – for
instance when assessing the seismic vulnerability of a city (Benedetti et al., 1988;
Spence et al., 1992) – despite the large standard deviations reported by every post
earthquake survey. In fact, because of the large number of structures, the random
errors vanish by summation and the mean value is reached.

The question is more complex when the vulnerability of given structure(s) have
to be assessed. Obviously, the statistical information attached to the category of the
studied structure is of first importance. However, the knowledge of the category’s
mean value is not sufficient, because of the possible unknown deviation for this par-
ticular building. For instance, a structure belonging to the category “60% of chance
of moderate damages” can actually be severely or weakly damaged.

To reduce the uncertainty, data specific to the studied structure have to be inte-
grated. However, the number of buildings to be evaluated avoid sophisticated but
very time-consuming methods, and argue in favour of procedures as simple and
reliable as possible. These obligations introduce two mains questions:

• How to reduce the deficiency of information on a given building by going from
qualitative to relevant quantitative information?

• How to exploit efficiently this complementary specific information in terms of
vulnerability for the considered building?

This work attempts to answer these two questions. At the light of experiments on
real buildings, and on the basis of realistic, tough simple modeling, the aim is to
propose a protocol giving practical criteria of interest for a vulnerability diagnosis.

The first part of this chapter focus on the first question by investigating in detail
the interest of in situ dynamic monitoring tests (Hudson, 1970) and particularly the
ambient noise measurements. This latter auscultation method, that records vibra-
tions at a level much smaller than that induced by seismic events, is frequently criti-
cized. Trough experiments realized with ambient noise, shaker and shocks, on intact
and modified buildings (Boutin and Hans, 1998; Boutin et al., 2005; Hans, 2002;
Hans et al., 2005), it will be shown that – for practical applications and with suffi-
cient care in the use of the data – the critics are not founded in most cases.

The Section 3.1.2 is devoted to the experimental procedure and data processing.
The Section 3.1.3 focus on the identification of the behavior of usual buildings –
built according to the design rules of common practice – from a weak level of accel-
eration (ambient noise ≈ 10−5 g) to a medium level (shock ≈ 10−2 g), with and
without soil structure interaction. The modal characteristics gathered during pro-
gressive demolitions are exposed in Section 3.1.4 and show:

– A significant influence of full precast facade panels and bearing masonry walls
– The weak influence the light work elements like secondary dividing walls,. . .
– The weak influence of the presence of neighboring joined buildings

Section 3.1.5 synthesises the main lessons drawn from this experimental program.
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The second part is dedicated to the second point, i.e., the links between the exper-
imental data and a draft diagnosis. This purpose is achieved in two steps:

– First – in the framework of generalized beam theory describing the behaviour
of regular buildings – the identification of criteria enabling to relate the modal
characteristics extracted from the measurements to the mechanical functioning
of the structure (Section 3.1.6)

– Second, the definition and calculation of the so called Seismic Thresholds of
Elasticity and Yielding suited to a given structure (Section 3.1.7)

This procedure highlights the actual interest of coupling both experimental data and
relevant beam modelling of the building for establishing a vulnerability diagnosis.

3.1.2 Monitoring methods and tested structures

3.1.2.1 In situ monitoring methods

Testing real structures enable identifying some phenomena otherwise difficult to
reproduce or identify in idealized laboratory experiments. In addition, these experi-
ments avoid the sensitive questions of the scale similarities which interfere with the
interpretation of tests at reduced scale or enlarged time. In counter part, the tested
structures are only partially known and the range of loading is limited.

The in situ testing method consisted in recording the accelerometer responses of
the structure. Three types of excitations were used to identify frequencies, modal
shapes and non-dimensional damping ratios: ambient loads, harmonic excitation
(using a mechanical shaker constituted by two counter-rotating masses) and shock
loading (induced by a mechanical shovel). Whatever the excitation is, the accelera-
tion is small enough not to move the structure’s response beyond its elastic domain.

The measurement device is composed of:

– Twelve ICP 1D accelerometers of sensibility of 10−5 g, linear in the range
0–80 Hz

– A 12-channel HP3566A synchronized analogical recorder
– A PC with HP software driving the hardware storage and the signal processing

A sampling frequency of 128 Hz and a time-recording of 64 s were retained to avoid
problems of spectrum folding and cut-off frequency, permitting to analyze a 0–50 Hz
frequency bandwidth sufficient to capture the modes of interest in the seismic range.
The accelerometers were located in the center of the structural cross-section, one at
the first floor, one at the top floor, the others in the intermediate levels. Longitu-
dinal (lengthwise) or transverse (in the direction of the width) oscillations may be
recorded independently when changing the accelerometers orientation. In this study,
the attention is focused on horizontal vibrations, more critical for the seismic risk
than vertical vibrations.
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Ambient vibrations

This method, initiated in the 1970s, (Stubbs and MacLamore, 1973; Trifunac, 1972),
knows actually large developments due to its simplicity, (Farsi, 1996; Ivanovic
et al., 2000). Ambient vibrations result from a mechanical noise (earth and urban
activity) transmitted to the structure through the soil. Wind and internal activity
could also contribute, however, in this study, the measurements were made by calm
weather in buildings free of inhabitants. It has been verified that on the ground the
density of probability of the signals is Gaussian, enabling to consider that the build-
ing responds to a white noise imposed motion. The horizontal acceleration is of the
order of 10−5 g at the bottom and 10−4 g at the top.

Harmonic forcing

Harmonic oscillator was used for instance by Englekisk and Matthiesen (1967),
Jennings and Kuroiwa (1968) or Petrovski et al. (1973) as device to identify the
dynamic behavior of structures. Here a shaker (CEBTP) constituted by two counter-
rotative masses was used. This device delivers in a given horizontal direction a sinu-
soidal horizontal force controlled in amplitude (maximum 7,000 N) and frequency
(in the range 1–10 Hz), (Paquet, 1976).

Tests consist in fixing the oscillator at the center of the top floor with two ori-
entations corresponding to the main directions of the building. Accelerations are
recorded in harmonic steady state regime and in free oscillation regime (after the
shaker is switched off). The horizontal accelerations reaches 10−4 g at the basis and
10−3 g at the top, i.e. about ten times the level induced by the ambient vibrations.

Shocks

Shocks tests were realized by impacting the building in the two main directions
(generally at an high storey and at the center of the facade) by means of an heavy
mechanical shovel (usually used for demolition). It should be mentioned that the
damage (when it appears) is localized in the very vicinity of the impact and out-
side this zone the structure remains entirely intact. The accelerometers triggered
before the shock records the entire free oscillations response.

Compared to ambient vibrations and harmonic oscillations, the short impulsive
record is of larger magnitude, giving a pick acceleration of about 10−2 g even on the
ground floor, i.e. 1,000 times greater than the ambient level.

3.1.2.2 Tested structures

The tested building – located in Vaulx-en-Velin, suburbs of Lyon, France – were
all in good condition, their demolition was subsequent to an new urban designed
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planning policy. They are representative, from both engineering and architectural
points of view, of number of urban buildings erected between 1970 and 1975. Some
common characteristics are:

– Structural regularity in plan (with transverse and longitudinal symmetry)
– Structural regularity in elevation (all levels identical, no transparency on the

ground floor)
– Weak amount of steel reinforcement bars in the concrete elements (of standard

thickness of 15 cm) and very poor steel reinforcement in the precast panels

The soil is mixed gravel and consolidated clay deposits with good mechanical prop-
erties; a surface wave measurement indicates a shear wave velocity around 300 m/s
at 5 m depth. All the tested buildings are founded on shallow foundations.

Features of buildings

The cross-sectional plans of typical floor and a picture of the tested structures are
presented in the Figure 3.1.1. Their main characteristics are described below:

– Building C of eight storeys was constructed using the industrial “tunnel casing”
technique; the floors and transverse shear walls are made by reinforced concrete;
the lengthwise bracing is mainly provided by the two full precast facade panels
and the shaft walls of the lift.

– Buildings D, E, F, of five storeys, have floors of reinforced concrete associated,
external shear bearing walls in light parpen (masonry bricks) and internal shear
bearing walls in heavy parpen (bricks); they were roughly placed on an axe par-
allel to one of their diagonal and separated by 5 cm gaps filled with polystyrene
that run only over a small part of the longitudinal facade.

Concrete
Wall

Full facade
panel

facade panel

hollow
parpen

full
parpen

facade panel concrete wall
30 m

13 m 9,8 m
9,8 m

20,5 m

23,8 m

20,5 m

9,8 m
joint (5cm)

E

F

D

Fig. 3.1.1 The tested buildings and their typical floor plan view
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Table 3.1.1 Dimensions and masses of tested buildings

Building C D E F G

Length L (m) 30.0 20.5 23.8 20.5 31.4
Width W (m) 14.0 9.8 9.8 9.8 13.4
Height H (m) 21.6 14.1 14.1 14.1 43.2
H/W ratio 1.54 1.45 1.45 1.45 3.22
H/L ratio 0.72 0.69 0.59 0.69 1.38
L/W ratio 2.14 2.1 2.44 2.1 2.33
Story specific mass (t/m3) 0.27 0.23 0.23 0.23 0.25
Linear mass (t/m) 114 46 53 46 110

– Building G of 16 storeys presents floors and longitudinal and transversal shear
walls in reinforced concrete; the facades are made by precast panels.; close to
this building, separated by a 5 cm gap, a similar building of 11 storeys is located.

Table 3.1.1 shows the dimensions and slender parameters of these buildings,
together with their storey density and lineic mass, both deduced from the plans and
the usual density value of materials.

3.1.2.3 Analysis of the records

The classical framework of modal analysis is used to extract information from the
records. This is well supported by the experimental facts among them:

– The presence of sharp peaks in the response spectra which indicates a notable
response amplification at those frequencies.

– The fact that those frequencies are identical in any point of the structure which
proves that, actually, the whole structure is affected by the same oscillation.

– The good agreement of the results derived from multi-type loadings (random,
harmonic, shock) and very different levels of amplitudes (ranging over four
decades) which illustrates the characteristic feature of (quasi-)linear systems.

– Systematically, the nth modal shape has n fix nodes.

Theoretically, all the modes appear simultaneously in the response. Nevertheless
as the eigenfrequencies of studied buildings were well separated and the damping
weak (see Table 3.1.2), the contribution of the other modes at the frequency of a
given mode can reasonably be neglected, at least for the few first modes.

Processing technics

The signals are processed either in spectral or in time domain.
Spectra of ambient vibrations (with smoothing), free oscillations and shocks have

been calculated by Fast Fourier Transform (FFT). The modal frequencies and shapes
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Table 3.1.2 Modal characteristics of buildings C and G

Building Building C Building G

Direction Longitudinal Longitudinal Transversal

Mode number Monitoring
method

Freq
(Hz)

ζ (%) Freq
(Hz)

ζ g(%) Freq
(Hz)

ζ (%)

Mode 1 Ambient 4.3 2.85 2.08 2.5 1.56 1.3
Free osc. 4.25 2.4 1.96 2.6 1.49 1.5
Harmonic 4.19 2.6 1.94 2.3 1.48 1.5
Shock 4.18 4 – – – –

Mode 2 Ambient 13.4 3.5 7 2.5 6.6 4
Free osc. – – 6.75 2.6 6.26 2.2
Harmonic – – 6.73 2.4 6.17 2.3
Shock 12.8 4 – – – –

Mode 3 Ambient 23 4 12.8 12 13.5 5
Shock 22.5 3.8 – – – –

Mode 4 Ambient – – 20 4 – –

of the coupled soil-structure system are simply deduced by peak-picking. The damp-
ing ratio is assessed from the pass-band width. A similar procedure applies for the
calculation of the modal transfer functions of the structure on fixed base (see below).

The process in the time domain are specific for each kind of signal. Random
signals are firstly filtered around each modal frequency, then the autocorrelation
functions are determined. From these, the mode shape is deduced by extracting the
extrema and the modal damping ratio is derived very accurately from the logarith-
mic decrement. Harmonic responses are exploited classically. Eigenfrequencies are
identified from the maximum sweep response, mode shapes from the amplitudes
at the eigenfrequencies and damping ratio from the sweep response bandwidth.
Finally some impulse responses under shocks were processed using Cauchy wavelet
(Argoul et al., 2000). The amplitude patterns of the wavelet transforms enable a
refined determination of the modal characteristics and even reveal the weak non-
linearity effects when occur.

Structure-soil system and structure on fixed basement

The in-situ measurements naturally lead to the modal characteristics of the structure
coupled with the soil. However, when the soil presents good characteristics, as in the
present case, a weak contribution of the soil-structure interaction might be expected
and therefore, the modal parameters of the structure coupled with the soil (SS) to
be close to those of the structure lying on a rigid basis (SB), at least for the first
modes. When possible, it is interesting to derive the own modal characteristics of
the structure on fixed base, corresponding to the intrinsic properties of the structure.

Assuming that the building base is infinitely rigid, the soil-structure system is
composed of two coupled sub-systems, (i) the soil, and (ii) the structure on rigid
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basement (SB). In the case of ambient vibrations due to soil motions, a weak
soil-structure interaction means that the base motion is almost identical to the inci-
dent motion. Thus, it can be considered that the structure motions, observed in the
non-galilean frame attached to the base, define the SB transfer functions. Conse-
quently the intrinsic behavior of SB structure is deduced by suppressing the rigid
body motion induced by the base motion.

Conversely, for shaker excitation and shocks, since the level of vibration is much
higher than the level of the ambient soil motion, it is expected that the base motion
be mainly due to the soil-structure interaction; therefore, the identification of the SB
behavior from the SS behavior would require more sophisticated derivations.

3.1.3 Results concerning intact structures

3.1.3.1 Identification of modal characteristics

Modal frequencies and damping ratio for buildings C et G are gathered in Table 3.1.2
and the corresponding modal shapes are presented in Figures 3.1.2 and 3.1.3. A very
good agreement is observed between the results given by different vibration meth-
ods. This result was systematically observed for all the tested buildings.

These experimental findings confirm that from small amplitudes of ambient
vibrations to significantly larger amplitudes (shocks), the structures respond system-
atically by following the same quasi-elastic behavior (Trifunac, 1972). An impor-
tant conclusion is that ambient measurements are sufficient to identify the structure’s
behavior for the whole quasi-elastic domain.

Fig. 3.1.2 Mode shapes of building C in longitudinal direction identified from the several types of
excitation
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Fig. 3.1.3 Modal shapes of building G. Left, modal shapes of the system soil-structure (SS). Right,
comparison between SB modal shapes (obtained by extracting the soil-structure interaction) and
SS modal shapes (whose base motions were nullified)
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Fig. 3.1.4 Shock on building C (longitudinal direction). Left, temporal record. Right, wavelet anal-
ysis. Note the presence of three modes and the slight migration of eigenfrequencies corresponding
to a weak non-linear effect when amplitude varies from 10−2 to 10−5 g

3.1.3.2 Weak non-linear effects

The tests bring to the fore a weak non-linearity of the buildings, function of the
motion amplitude. Systematically, the eigenfrequencies tends to decrease from
ambient to shocks tests (Table 3.1.2). Nevertheless, this fall is of order of 2–5%
while amplitude wins a factor 1,000 (from about 10−5 to 10−2 g). The variations
on damping are not so clear and any modification of modal shapes seems occur.
This phenomena has already been observed in the past by different authors (e.g.
Ellis (1996), Jennings and Kuroiwa (1968)).

To investigate this non-linear effect, a wavelet analysis has been realized on
shocks tests. This provides the instantaneous characteristics of a transient signal, i.e.,
in function of the time, the modal frequencies and modal amplitudes from which the
associated damping or shapes can be deduced. As a shock response ranges from high
level at the beginning to ambient level at the end, a good overview can be obtained
(Figure 3.1.4). In time-frequency domain, the first three vibration modes (respec-
tively between 4.1 and 4.3 Hz, 12.8 and 13.5 Hz and around 22.5 Hz) appear with a
clear temporal localization, the third mode being quickly damped, followed by the
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second and finally the first. This analysis shows a light decrease of the eigenfre-
quencies and a light increase of the modal damping with the increase of amplitude
response. This softening behavior is very similar to soil behavior. It seems hence
reasonable to localize the origin of this non-linearity in the soil foundation through
soil-structure interaction phenomena. It has nevertheless to be underlined that the
modal shapes do not present any variation. The observed variations are sufficiently
limited (never more than 7%) to be neglected in first approximation in case of good
soils.

3.1.3.3 Soil-structure interaction

The modal shapes of building G, presented on Figure 3.1.3, are related to the real
system (SS) – that includes the soil participation in the dynamics – and the struc-
tures on fixed base (SB) (cf. “Structure-soil system and structure on fixed base-
ment”). Clearly a (SS) displacement of the base is visible, increasing from the first
to the higher modes. According to the procedure given in the section “Structure-
soil system and structure on fixed basement”, the characteristics of the structures
on fixed base (SB) are deduced and compared in Table 3.1.3 and Figure 3.1.3 with
SS modal characteristics. As expected, the SS eigenfrequencies are smaller than SB
ones, because of the softness induced by the soil. Moreover, the differences grow for
higher modes. This is consistent with the increase of the modal stiffness of the struc-
ture with modal number, leading in turn to increase the soil-structure interaction:

– For the first and second modes, the modal stiffness is too low to initiate significant
interaction with the soil, and, de facto, there is small differences between SB and
SS modal characteristics.

– For higher modes, the modal structure stiffness grow quickly and larger modifi-
cation of the modal characteristics appears.

It is worth to mention that, for studied buildings, this effect is limited (less than
5% for the eigenfrequencies), so that, for a seismic vulnerability point of view, soil-
structure interaction does not modify significantly the seismic behavior.

Table 3.1.3 Soil-structure interaction – comparison between soil-structure (SS) and structure-on-
fixed-base modal frequencies (SB) for buildings C and G

Building Building C Building G

Direction Mode SS (Hz) SB (Hz) SS (Hz) SB (Hz)

Longitudinal 1 4.32 4.45 2.08 2.15
2 13.5 14.1 7 7.25
3 23 23.6 12.8 14

Transversal 1 4.5 4.66 1.56 1.56
2 – – 6.6 6.65
3 – – 13.5 14
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3.1.4 Experiments on modified buildings

Measurements on real buildings may be actually of interest for seismic assess-
ment, provided that they represent the effective dynamic behavior before significant
structural damages. This question is nevertheless difficult to address theoretically
because of the lack of reliable information for modelling parasite phenomena that
may modify the modal characteristics. Thus experiments dedicated to the analysis
of these perturbation effects (presence of light work elements, . . . ) provide qualita-
tive, or when possible, quantitative estimates. In this aim, tests were also performed
after modifying the buildings or their immediate vicinity. If general conclusions can
not be drawn from the particular studied cases, the trends will nevertheless be useful
for number of buildings presenting similar configurations.

3.1.4.1 Effect of light work elements

How large extent can the presence of light work elements influence the modal char-
acteristics? The additional mass of these elements can reasonably be estimated to
about 5% (or less) of the mass of the structure. The difficulty lies in the additional
stiffness brought by the light elements well connected to the structure. A direct
quantification is unrealistic because of the large number of unknowns.

The demolition of the building G gave the possibility to investigate on this aspect.
As the concrete was intended to be recycled after demolition, any contamination
with the other construction materials was avoid. For this reason, the light elements as
the secondary dividing walls in plaster or bricks (thickness of 5–7 cm), the windows
and their aluminium frames, the doors and doorways in wood and steel, were taken
off before beginning the demolition of the ‘naked’ concrete structure.

Ambient vibrations measurements were performed on the cleared structure. The
comparison with the spectra of the intact building is given in Figure 3.1.5. It appears
that removing the whole non structural elements induces a slight (but clearly mea-
surable) decrease of eigenfrequencies of about 3–4%. This means that, in the con-
sidered case, the stiffness effect is more significant than the mass effect.
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Fig. 3.1.5 Examples of Fourier transforms of ambient vibrations measurements realized on build-
ing G before and after the removal of light work elements (transverse direction)
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It can be also deduced that, for this kind of very common buildings equipments,
the presence of these non-structural elements increases the shear and bending stiff-
ness by about 6–8%. This effect can therefore be neglected in a first analysis.

3.1.4.2 Importance of masonry parpen walls

The role of the masonry parpen wall in the modal behavior is not always clear,
essentially because the material properties are not very well known, and the quality
of the connections with the other structural elements is questionable.

In building F, the influence of walls made of light parpen was investigated in
the following way. The entire wall (i.e. for the four storeys) constituting the south
facade was demolished, leaving unmodified the rest of the building (Figure 3.1.6).
Then free oscillations after impacts in the North-South and East-West directions
were recorded. Note that the destruction of the wall broke the quasi-symmetry of
the intact building, so that a pure E-W translation mode is no more possible. The
Figure 3.1.6 shows the comparison of the responses spectra for the intact and mod-
ified building.

In the E-W direction (shear direction of the destroyed wall), a drastic reduction of
the eigenfrequency from 5.15 to 4.5 Hz is observed. This leads to a roughly assess-
ment of the wall contribution about a quarter of the storey stiffness. This estimate is
consistent with the reduction of the total length of the E-W shear walls.

In the N-S direction (out of plane bending of the destroyed wall), the frequency of
the main peak remains the same, meaning that the out of plane stiffness is negligible
in regard to the shear stiffness of the N-S walls (the secondary peak at the same
frequency [4.5 Hz] than in the E-W direction may result either from the coupling
between both directions or from an imperfect direction of the impact).
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Additionally, those experiment enables, from a simple discrete shear beam
model, to assess the equivalent modulus of the heavy and light parpen respectively
to EFP ≈ 2.7GPa and EHP ≈ 1.5GPa. These values, which are ten times smaller
than for a concrete, are consistent with those given in the literature.

To conclude, despite the presence of internal walls of heavy parpen, the contribu-
tion of the light parpen walls (in their shear direction) is very significant and cannot
be neglected. This result is of first importance for framed building with masonry
infill. This conclusion is supported by number of post earthquake reports, men-
tioning that the absence of infills at the ground level creates a critical ‘transparent’
storey.

3.1.4.3 Role of plain precast facade panels

Precast facade panels are widely used in recent buildings. It is generally assumed
that their connection with the concrete structure is sufficiently good to consider that
the full panels (i.e. without large opening for windows) may participate to the hori-
zontal strength of the building. This point was checked by means of a step by step
demolition realized on the building C which included two full panels by storey.
At first, at the ground level, a panel of the longitudinal North-West facade was
removed. Then a shock were applied in the N-W direction (shear direction of the
removed panel) and the free oscillations recorded. The same procedure were repro-
duced twice for the two plain panels at the second level.

The spectra recorded in the four states (intact and 1, 2, 3 removed panels) are
presented in Figure 3.1.7 where a zoom around the first longitudinal eigenfre-
quency is plotted. A slight but measurable regular decrease of the frequency clearly
appears, although the modifications only affect two of the eight storeys. By a simple

Fig. 3.1.7 Evolution of first longitudinal eigenfrequency during the successive removals of full
precast panels on the building C



164 C. Boutin and S. Hans

modelling based on discrete shear beam, one deduces that the contribution of the
two panels to the storey shear stiffness lies in between 20% and 25%.

This confirms that full panels in their shear direction can not be neglected for
interpreting the modal behavior. Let us mention that, as the parpen walls, the panels
are almost unreinforced and would not present any ductility.

3.1.4.4 Influence of neighboring joined buildings

The possible mutual influences of close building are generally disregarded. This
point was investigated in the group of the three similar buildings D, E, F: the ambient
vibrations of the intact building D was recorded in presence of buildings F and E,
then again after demolishing F, and finally after both F and E were destroyed.

The resulting modifications of the first eigenfrequency are given in Table 3.1.4.
In both directions, the successive demolitions induced a systematic decreasing of
the frequencies. The differences are not negligible and can reach 10% in the more
significant case. As the ambient motion is very small compared to the thickness of
the structural joints (which concerns only a small part of the facade), this latter do
not play any role in the dynamics. Thus, the origin of the buildings coupling has to
be found in the transmission of motions and stresses throughout the soil.

Modeling this dynamic structure-soil-structure interaction would require numer-
ical approaches. Nevertheless an explanation consistent with the measurements can
be proposed. Consider two identical joined buildings. The soil stiffness imposes the
differential motion of their rigid foundation to be negligible. Therefore both build-
ings should respond almost as if they were lying on an unique common foundation.
Comparing with the same single isolated building, the only difference lies in the fact
that, proportionally, the rocking impedance is smaller. Consequently, the eigenfre-
quency of single building should be smaller than that of the two joined buildings.

This experiment tends to show that the mutual influence, namely the structure-
soil-structure interaction, may play a role, especially for close buildings presenting
almost the same features (and eigenfrequency). Further experimentations should be
carried on before generalizing this conclusion.

Table 3.1.4 Structure-soil-structure interaction – decreasing of fundamental frequency of building
D during the demolition of neighboring buildings E and F

Building(s) in presence D-E-F
intact

D-E intact F
demolished

D intact E-F
demolished

Total
decreasing

Longitudinal first frequency
of D (Hz)

5.6 5.4 5.08 9%

Transversal first frequency
of D (Hz)

5.65 5.47 5.35 5%
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3.1.5 Synthesis of lessons drawn from experiments

The main lessons drawn from these experiments are that (i) the lack of information
on existing buildings may be overcomed by means of ambient vibration measure-
ments, and (ii) that these later do provide data directly linked with the key elements
actually participating to the structural behavior.

The very good agreement observed on real buildings when using ambient, har-
monic and shock excitation deserve to be emphasized for two main reasons. First,
the stability and the consistency of the results prove the robustness and the relia-
bility of information collected through those methods. Second, it demonstrates that
almost the same quasi-elastic behaviour remains valid on a wide range of accelera-
tion levels covering the ambient level (around 10−5 g) up to the shock level (10−2 g
for the tested buildings). It is worth mentioning that this result has been some-
how extended to earthquakes by Dunand (2005) who performed ambient tests on
instrumented Californian buildings. The records of both strong motions and ambi-
ent noise show that when buildings suffer a weak level of damage, the shift of eigen
frequency is temporary and no more than 20%. Moreover, the top motion in the
building under earthquake can be fairly well reproduced from the first mode iden-
tification – deduced from ambient noise – and the strong motion recorded on the
basis.

The tests performed on intact and modified structures enables to identify and
quantify the leading and negligible phenomena that may influence the actual quasi-
elastic behaviour. It is shown that:

– Full precast facade panels or masonry shear walls do have a significant role, and
consequently they have to be considered in the analysis of the building behavior.

– On the contrary, the influence of light work elements or the effect of neighbouring
structure may exist as perturbation that can neglected in a first approximation.

As these effects are weakly documented, their quantification in some particular
cases should be useful in a number of similar situations. Moreover, these investi-
gations point out the elements of the structure that have actually to be considered
in the building behaviour before significant damage. This is a key point before to
intend integrating in situ data in a diagnosis procedure.

Now, the question is to establish a link between the experimental data and a draft
diagnosis. The idea is to exploit the fact that the quasi-elastic behavior:

– Is well defined by ambient noise vibrations
– Coincides with that of the real structure during earthquakes until the onset of

structural damages in the concrete
– Might be extended up to the onset of yielding of concrete in compression and of

steel bars (in first approximation)

Thus provided that criteria for the onset of tension cracks in concrete and of yielding
of steel bars and of concrete in compression are given, two thresholds of damage
can be derived from the quasi-elastic vibration modes. This purpose is achieved in
two steps.
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The first step consists in relating the modal characteristics extracted from the
measurements to the mechanical functioning of the structure. This is developed in
Section 3.1.6, in the frame work of the generalized beam theory. In the second step,
Section 3.1.7, these results are used to deduce the internal strains associated to the
modal deformations. Thus, using as damage criteria for the key structural elements,
the strains that onset, (i) cracks in tension within concrete, and (ii) yielding of con-
crete in compression and of steel bars, the Seismic Thresholds of Elasticity (STE)
and of Yielding (STY), suited to a given structure, are derived. These normalized
acceleration amplitudes (according to the seismic codes) are directly related to the
onset of structural damages and plastic hinges.

This approach is illustrated on the building C. This study case shows how the
STE value and the gap between the STE and the acceleration level required by the
codes could be of interest for diagnosis of vulnerability.

3.1.6 Relevant beam model for regular buildings

It was established that ambient vibration measurements give the modal characteris-
tics of a building with a good reliability in the whole quasi-elastic domain (despite
the presence of slight perturbations induced by a few ‘parasite’ effects). Moreover
experiments on modified buildings indicate that this data are directly linked with the
response of the key structural elements. But the link between the modal deforma-
tion at the global building scale and the internal strain at the structural element scale,
where the damages may occur, is not explicitly given by the experimental data.

The aim of this section is to fill this gap by determining relevant though simple
beam modelling whose the conformity with the data could by easily checked. In
addition, a clear mechanical understanding at both global and local scales, is given
by these beam models that condense in a very synthetic way the essential parameters
of the dynamic behavior.

3.1.6.1 The framework of generalized beams

The analysis is here focused on regular buildings of height H made of a sufficient
number N of identical storey of height �(H = N�). The building material is assumed
to be elastic of Young’s modulus E. Provided that the scale ratio ε = π

2
�
H = π

2N is
sufficiently small (say N > 5), the homogenization method of discrete structures can
be applied to derive the equivalent beam modeling. The theoretical developments,
exposed in Boutin and Hans (2003) and Hans and Boutin (2008), show that the
dynamic behavior is that of generalized beams controlled by a combination of three
mechanisms, namely a shear storey deformation, a global storey bending and an
inner storey bending. These mechanisms, illustrated in the Figure 3.1.8, are related
to three elastic parameters – the shear stiffness (K), the global bending stiffness (EI)
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Fig. 3.1.8 Illustration of the three mechanisms driving the transverse dynamic behaviour of peri-
odic hollow structures as buildings

and the inner bending stiffness (EIμ ) – which are derived from elastic properties of
the generic storey under static shear or bending deformations. In the general case
where all mechanisms are of the same order, the behaviour is described by the non-
classical beam equation of the sixth degree:

EIμ EI
K

U (6) − (EIμ +EI) U (4) − EI
K

Λω2U (2) +Λω2U = 0 (3.1.1)

where U(x) is the horizontal displacement of the floors of the structure. When one
mechanisms becomes negligible compared to the others, the general model degen-
erates into more simple behaviours, namely a slender Timoshenko beam (charac-
terized by EI and K) – Stephen (1999) – or an inner bending-shear beam (EIμ and
K) and when only one mechanism is predominant, a pure shear beam (K), a global
bending beam (EI) or an inner bending beam (EIμ) is obtained.

Two dimensionless parameters are introduced to estimate the weight of each
mechanism relatively to the others, namely:

C =
EI

KL2 γ =
EIμ

EI
(3.1.2)

where L = 2H/π . The parameter C evaluates the global bending effect compared
to the shear effect and γ the inner bending effect compared to the global bending
effect. The change of variable x = x/L and ω∗2 = Λω2L2/K transforms Equation
(3.1.1) to its dimensionless form:

CγU∗(6) − (1+ γ)U∗(4)−ω∗2U∗(2) +
ω∗2

C
U∗ = 0 (3.1.3)

By comparing the values of C, γ and Cγ with powers of ε , i.e. writing:

C = εα γ = εβ ε =
π

2N
(3.1.4)

seven possible behaviours are identified according the value of α and β . The domain
of validity of each model is represented on Figure 3.1.9.
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Fig. 3.1.9 Domains of validity of the equivalent beam according to values α and β defined by
C = εα and γ = εβ

For instance, when C = O(1) and γg O(ε), Equation (3.1.3) degenerates into:

U∗(4)−ω∗2U∗(2) +
ω∗2

C
U∗ = 0 (3.1.5)

which corresponds to a slender Timoshenko beam.
Note that the inner bending effect can participate only if a gap in the bracing

of the generic storey exists, like a corridor going through the entire building (e.g.
building C in the transverse direction). Consequently, in absence of such a gap (see
building G for instance), regular buildings behave as a slender Timoshenko beam.

3.1.6.2 An example: The slender Timoshenko beam

We focus in this section on the slender Timoshenko beam model, whose equation is:

EI U (4)(x)+
EI
K

Λω2U (2)(x) = Λω2U(x) (3.1.6)

that will be used to describe the behaviour of the building G in the following. The
feature of such a beam are characterized by the single parameter C. The beam degen-
erates into an usual Euler-Bernoulli beam when C = 0 and into a pure shear beam
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Fig. 3.1.10 Evolution of frequencies ratio fi/f1 in function of parameter C

when C = +∞. The usual modal analysis applied to this Timoshenko beam clamped
at the base and free at the top, gives the kth eigen frequency:

fk =
1

2πL
δ 2

1k√
ΛL2

EI +δ 2
1k

Λ
K

with δ1k closeto 2k +1

The distribution of the eigenfrequencies strongly depends on the nature of beam:
the sequence is almost homothetic to the odd integer sequence for beam where
the shear dominates (say C > 5), whereas, for beams where the bending domi-
nates (say C < 0.05), the sequence is almost homothetic to the square odd integer
sequence (2k + 1)2. Moreover the ratio between two eigenfrequencies depends on
the parameter C only. For instance, as illustrated in Figure 3.1.10, the ratio of the
two first frequencies monotonically decreases when C increases. Therefore there is
a bi-univoque relationship between this ratio and the beam parameter C. It is worth
mentioning that this observation provide a very simple way to identify the nature
of the beam from the sequence of the measured eigenfrequencies or even from the
f2/ f1 ratio.

3.1.6.3 Basic assessment of the beam parameters

To go further in the identification of the building with a slender Timoshenko beam,
we have to specify how the shear (K) and bending (EI) stiffness (in a given main
horizontal direction) and lineic density (Λ ) can be determined.



170 C. Boutin and S. Hans

The lineic density Λ is estimated accurately from the plans, and the density of
materials (a mean value of 2.3 t/m3 is adopted for the reinforced concrete). The
elastic beam constants are estimated using the following assumptions:

– Perfectly rigid connections are assumed between the structural elements.
– The elastic modulus and Poisson ratio of the material are estimated from usual

values (E ≈ 20GPa ν ≈ 0.2 for reinforced concrete).
– The floors are assumed infinitely rigid (this assumption is only partially justified

and considered in a first level of analysis).

The storey shear stiffness is derived by imposing a differential horizontal drift to
two successive rigid floors. This drift applies to the columns and bearing walls
whose extremities are clamped on the floors. The elements stiffness is given by usual
static formulae that include bending (dominating for columns and out of plane wall
motions) and shear (dominating for in plane wall motions). According to these stiff-
nesses, a global horizontal force is obtained by summing up the contributions of all
the elements. This force divided the shear strain (i.e. the differential drift divided by
the height of the storey) defines the storey shear stiffness in the studied direction.

The storey bending stiffness is obtained in a similar way. Imposing to two suc-
cessive floors a differential rotation around a given horizontal axis lead to a linear
distribution of positive and negative vertical tensile strains in columns and bearing
walls. According to their normal stiffness, this results in a distribution of traction and
compression forces giving a global momentum (the position of rotation axis corre-
sponds to a zero global compressive force). The coefficient relating the momentum
to the curvature (i.e. the differential rotation divided by the height � of the storey)
defines the global bending stiffness in the considered direction.

The Table 3.1.5 gives the numerical results obtained for the building C (longitudi-
nal direction) and building G in both longitudinal and transversal directions. Clearly
the C value indicates a dominating shear beam behavior for building C (C ≈ 20), and
a Timoshenko beam behavior in both directions for building G (0.1 < C < 2). The
three first frequencies calculated from these estimations show an acceptable accor-
dance with the experimental values (at least for these modes), meaning that this
model provides a reasonably good description of the building behavior.

Table 3.1.5 Basic estimations on tested buildings with E = 20 GPa

Building C G

Direction Longitudinal Longitudinal Transversal

Lineic mass (t/m) 114 110 110
Shear parameter K (MN) 11,895 27,830 115,600
Bending inertia I (m4) 2,140 1,836 354
Estimated frequencies ( f1;
f2; f3)

3.63–11.5–17.8 2.58–7.91–14.12 2.24–10.54–23.07

Experimental frequencies 4.45–14.1–23.5 2.15–7.24–13.97 1.56–6.64–14
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3.1.6.4 Experimental derivation of the beam parameters

To complement the a priori assessments, the beam parameters can also be estimated
independently from the experimental sequence of eigenfrequencies.

Building C

According to the previous result, building C can be modeled, in its longitudinal
direction, by a pure shear beam characterized by its shear stiffness K = E · Ss, where
Ss reflects the geometry of the structure. Then, the lineic density and the geometry
being known, the identification of the beam parameter reduces to determine the
Young’s modulus E. It is therefore possible to adjust the modulus of the material.
In the present case, the fit of the first eigenfrequency of the model with the exper-
imental value (4.45 Hz) yields the realistic value E = 31GPa. Moreover, with this
modulus, the three first model eigenfrequencies are respectively 4.45–13.3–21.8 Hz
very close to the experimental ones 4.45–14.1–23.6 Hz.

Building G

For building G, Timoshenko beams were found in the direct procedure to explain
the dynamic behavior in both directions. Now, as seen above, the ratio of the two
first eigenfrequencies f2/ f1 yielding to a unique value of C, two experimental val-
ues of C – one for each direction – are given from the experimental ratio f2/ f1. The
experimental C values – respectively 0.51 and 0.134 in the longitudinal and trans-
verse directions – confirm the Timoshenko behaviour – see Figure 3.1.10. Then,
using the first frequencies, the stiffness parameters (EI and K) can be determined for
each direction. The Table 3.1.6 gives the results obtained by this procedure. Observ-
ing that the longitudinal value (29,288 MN) of K is very close to that (27,830 MN)
derived by the direct procedure (Table 3.1.5), it can be conclude that, for this direc-
tion, the assumption of rigid floors is satisfactory. Then, the fitting with experimental
value leads to evaluate the concrete modulus to 21 GPa.

Table 3.1.6 Experimental refitting on Building G. The Young’s modulus (21 GPa) is found by
fitting the first longitudinal frequency

Direction Longitudinal Transversal

Experimental frequencies (Hz) 2.15–7.24–13.97–20.5 1.56–6.64–14
Experimental ratio f2/ f1 3.37 4.26
Experimental C 0.510 0.134
Fitted beam model frequencies (Hz) 2.15–7.24–13.97–20.1 1.56–6.64–14
Shear parameter K (MN) 29,288 36,808
Global bending stiffness El (MN ·m2) 1.13×107 3.74×106
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3.1.6.5 Checking the relevancy of the continuous beam modelling

The beam parameters in accordance with experimental data being now available,
the reliability of the modelling can be checked by complementary comparisons.
For this purpose, the mode shapes and eigenfrequencies of higher modes have been
calculated and compared to the experimental data.

The eigenfrequencies are well described by the beam models, up to the third
frequency for building C – though only the first was fitted – and up to the fourth for
building G, tough only the two first frequencies were fitted (Table 3.1.6).

The Figure 3.1.11 presents the comparison of mode shapes for building G.
Despite the mode shapes were not involved in the fitting process, there is a very
good agreement between experiments and modelling, even for the modes whose
frequencies were not fitted. Note also that the first mode curvature is consistent
with the beam model: negative for beam with dominating bending effect (transver-
sal direction); with an inflexion for Timoshenko beam (longitudinal direction).

Let us also mention that the modulus E experimentally determined (20 < E <
30GPa) are realistic, and argue in favour of the reliability of this approach. Finally,
the consistency of the results (also observed for building C) lead to think that even
moderately tall buildings can actually be considered as beams, whose parameters
can be determined rather simply from basic information and in-situ measurements.

3.1.7 Seismic thresholds of damage

The question addressed here is: how these experimental data, consistently described
by a beam modelling suited to the structure, could contribute to a seismic

Fig. 3.1.11 Modelling-experiment comparison of modal shapes for the building G
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vulnerability diagnosis? It should be emphasized that one focus here on rein-
forced concrete structures (but the same principle can be adapted to other types of
structures).

3.1.7.1 Principle

Since a reliable description of the (quasi) elastic building behavior (including all
the mechanically active elements) is available, the first idea consists in determining
the limit of this elastic domain. More precisely, it is intended to estimate the seismic
acceleration level – related to the normalized spectra given by the code – which gen-
erates the onset of structural damages. Beneath this level, called Seismic Threshold
of Elasticity (STE), the structure remains elastic, i.e. undamaged. In the same spirit,
the second idea is to estimate the level corresponding the onset of plastic hinge,
called Seismic Threshold of Yielding (STY).

For determining these thresholds, strain criteria for concrete and steel will be
adopted. It is worth mentioning that, in addition to simplicity, this choice over-
come the lack of information on the amount and position of steel bars. In fact,
this deficiency avoid the use of stress criteria that should necessarily include the
reinforcements. Note also that strain criteria are consistent with the displacement-
based vulnerability assessment methods, Priestley (1997), or the concept of maxi-
mum story drift (Gulkan et al., 1996).

Criterion for the onset of structural damages

As for the onset of structural damage, a criterion of maximum tensile strain of con-
crete is taken. In fact, whatever the amount of reinforcements, the concrete matrix
can not sustain tensile strains greater than 10−4 (m/m) (for usual concretes). Below
this limit, the concrete (and thus the reinforced concrete) remains intact; above, the
cracking of the concrete begins and weakens the reinforced concrete elements. Note
that the maximum tensile strain can be adapted for other material (e.g. parpen).

Criterion for the onset of plastic hinge in reinforced concrete columns

As for the onset of plastic hinge, a criterion of maximum elastic tensile strain of
steel and compression strain of concrete is taken. Indeed, the failure by compression
of the concrete matrix and the yielding of usual steel bars begin for tensile strains
greater than 10−3 (m/m). Note that up to this strain level, the damage of the concrete
in the columns remains limited: typically, the unconfined concrete cover is ejected at
the extremities of the columns. This localized reduction of the effective section and
inertia acts as a softening of the connections. This effect being limited, its impact is
weak on the global stiffness of the structure. For these reasons, one may admit – in
first approximation – that after the onset of concrete damages and before the onset
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of plastic hinges, the first modal frequency and shape are almost unaffected (say a
decrease of about 10%), at least for framed structures (remind that for buildings of
five storeys and more, if the stiffness of the ground floor is divided by 2 [resp. 5],
the frequency is only reduced of 20% [resp. 40%]). This might not apply to walls,
whose shear cracks affect the whole element.

Seismic thresholds of damage

The Seismic Threshold of Elasticity (STE) is deduced from:

– The quasi-elastic behavior identified from ambient vibration tests
– The beam model deduced from experiments suited to the building structure
– The damage criterion of concrete

It is clear that, if the structure was purely elastic, its temporal response to any seismic
shaking could be fully determined. Obviously, this response will coincide with that
of the real structure until the onset of damage, afterwards ‘elastic’ and ‘damaged’
response begin to diverge. Consider now signals respecting the normalized earth-
quake spectra, whose amplitudes are characterized by the normalized accelerations.
In the quasi-elastic domain, the response of the building increases proportionally
to the amplitude of the signal, i.e. the normalized acceleration. This will be true
until a first damage appears in concrete somewhere in the structure. At this moment,
the corresponding normalized acceleration will be called the Seismic Threshold of
Elasticity (STE). Note that the localization of the first structural damages can be
achieved from the deformed structural shape defined according to its quasi-elastic
vibration modes.

The Seismic Threshold of Yielding (STY) is defined in a similar way. However
the additional assumption of weak non linear effect before steel yielding must be
introduced. The threshold expressed in terms of normalized acceleration is reached
when somewhere in the structure the strain in the vertical direction (of the steel
bars) reaches the elastic strain limit of steel in tension and concrete in compression.

Calculation of the thresholds using the first mode approximation

In the frame of these assumptions, the calculation of the thresholds could be per-
formed through common linear dynamic numerical methods, the model being fitted
by the experimental data. In order to give a better insight of the method, the calcula-
tion are performed using the first mode approximation. This latter consider that the
first mode is mainly responsible for the structural deformations. This simplification
can be partially justified:

– The distribution of seismic energy is such that for buildings with well separated
eigenfrequencies (e.g. 4.45 and 14.1 Hz for building C), the maximum of energy
is concentrated on the first mode.

– The participation factor, then the effective amplitude, is smaller for higher modes.
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It is then possible to straight estimate the amplitudes of the first mode displacements
which would lead to the onset (i) of structural damages and (ii) of plastic hinges.
Using the normalized elastic response spectra provided by the codes, these modal
amplitudes can be converted into the corresponding acceleration levels, i.e. the STE
and STY.

Practical interest of the threshold values

The Seismic Threshold of Elasticity corresponds to a seismic elastic limit, whereas
the safety strategy against earthquake is based on ductility. In these conditions, it
is important to clarify why the knowledge of the STE could be of interest for the
assessment of the vulnerability:

– As the STE value is based on measured data and does not require any supple-
mentary assumptions on the post elastic behavior, the uncertainty is minimized.

– The fact that the STE is associated with normalized elastic response spectra
should mean a real benefit for earthquake engineering practitioners. Moreover,
site effects could be easily integrated by using specific spectra suited to the site.

– The comparison of the STE value with the level of acceleration required by the
seismic code gives an assessment of the ductility that the structure should be able
to develop; this can be a useful tool to identify the more critical cases, or to define
a strategy of reinforcement.

– For the large number of buildings made of materials of low (slightly reinforced
concrete) or very low (masonry) ductility, the STE value can be a close indicator
of the acceleration level leading to severe damages (nevertheless the reserves of
stability brought by hyperstatism may preserve from collapse).

– Finally, for specific buildings that should be kept in service, the STE value should
help to estimate whether the damage level remains acceptable.

Beyond the Seismic Threshold of Elasticity, for framed reinforced concrete build-
ings, the post-elastic behavior is expected to induce limited damages in the columns
up to the STY level. Beyond STY, significant damages can be expected depending
on the ductility potential and its effective use during earthquake:

– If the quasi-elastic mode shape clearly shows a level which concentrates the
deformation (for instance in presence of a ‘transparent’ level), the strength will
essentially depends on the local ductility at this level, the ductility of other parts
of the building remaining almost unemployed.

– If the design ends up in a regular mode shape, the ductility will be activated in
the whole building, and after the onset of plastic hinge (STY), the strength can
be estimated using a push-over analysis, (Priestley, 1997) (assuming or knowing
the amount and disposition of steel reinforcement).

To sum up, if the STE is lower than the acceleration required by the seismic code,
it is believed that first damages would be induced by the reference earthquake. The
gap between the Thresholds values and the reference acceleration of the seismic
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zone provides an indication of the ductility needed by the building to resist to the
reference earthquake. The larger this gap is, the more attention should be paid to the
structure.

As an example, the calculation of STE is illustrated in the next section on building
C, using the first mode approximation.

3.1.7.2 Case study: STE of building C in the longitudinal direction

Internal strain limits of the structural elements

As presented in Section 3.1.6.3, the building C behaves longitudinally as a pure
shear beam. Then, at a given floor level i, in each structural element e, the strain
tensor [ε]i,e (non uniform) results from:

– The strains [εd ]i,e given by the dead loads (including the own load and for the
carrier elements, the load of higher levels)

– The strains [ε]e(Δui) imposed by the inter-storey displacement Δui and com-
posed by the linear functions [εs]e given by the shear and [εb]e by the bending

[ε]i,e = [εd ]i,e +[εs + εb]e(Δui) (3.1.7)

The strain tensor [εd ]i,e is fully identified assuming a normal and uniform stress
distribution in the cross-section (with the values E = 30 GPa, ν = 0.2). The strain
tensors under unit inter-storey displacement [εs] and [εb] are classically derived.
Then, the diagonalization of [ε]i,e, leads to an analytic expression of the maximum
tensile strain parameterized by inter-storey displacement Δui.

For each structural element e of each floor level i, one may deduce the relative
displacement Δulim

i,e for which the limit tensile strain of 10−4 is reached. At the floor
level i, the inter-storey displacement Δulim

i which triggers off the damage is the
minimum of the Δulim

i,e values of the whole elements of the storey. Because of the
dead load force, these values vary with the floor levels.

For longitudinal vibrations of building C, the critical elements are the full precast
panels, on ground floor and the three first levels; the walls of the lifts cage, above.

For calculating the STY, it is sufficient to consider the tensile strain in the verti-
cal direction (instead of the maximal tensile strain) and to replace the limit tensile
strain of concrete by the elastic strain limit of steel. This leads to the inter-storey
displacement Δvlim

i that would onset the yielding of a steel bar on the floor level i.

Seismic threshold of elasticity of Building C

Let’s introduce [U∗
1 ] and [ΔU∗

1 ], the normalized first mode eigenvector (|U∗
1 | = 1)

and the corresponding differential displacement vector, respectively. If A is the
amplitude of the first mode, then the displacement and differential displacement
are:
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[u1] = A · [U∗
1 ] and [Δu1] = A · [ΔU∗

1 ] (3.1.8)

The amplitude Ai, that would trigger off the structural damages at the floor i, reads:

Δulim
i = Ai · [ΔU∗

1 ]i (3.1.9)

The minimum of {Ai} is the amplitude Alim triggering off the damage in the
building.

It remains now to transform the value of Alim into an acceleration level. Con-
veniently, the seismic codes give the normalized elastic response spectra, i.e. the
maximum displacement d∗ ( f ) of single-degree of freedom oscillators (SDOF) of
eigen frequency f , submitted to signals conform to the seismic spectra, with a ref-
erence acceleration of a∗ = 1 m/s2. For a standardized acceleration S.a∗, according
to the modal analysis, the amplitude of the modal response of the structure of first
mode frequency f1 is:

A(S) = S.p1.d∗( f1) (3.1.10)

where p1 =
t [U∗][M][1]

t [U∗][M][U∗] is the first modal participation factor (p1 = π/4 for pure
shear beam). The STE is reached for a standardized acceleration STE ·a∗ such that
A(ST E) = Alim, i.e.,

ST E =
Alim

p1.d∗( f1)
(3.1.11)

Therefore, the STE, i.e. the level of ground acceleration corresponding to seismic
elastic limit of the building can be derived according to the code recommendations.
The STY could be deduced similarly by replacing Δulim

i by Δvlim
i .
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Considering a damping ratio of 5%, the STE values of building C in the longitudi-
nal direction are presented in Figure 3.1.12, considering that the structure is settled
on different site conditions, from S0 (very good soil) to S3 (soft soil). To investi-
gate the sensibility of the STE, the same calculations were developed for a fictitious
building C’ identical to C but with a number of storey reduced to 4 (therefore more
rigid with an higher first frequency). It can be seen that, according to the site condi-
tions, the STE values of the building C range between 0.05 and 0.08 g. This order of
magnitude is in agreement with the post-earthquake observations which showed that
below 0.1 g, there are very limited structural disorders in common concrete build-
ings. The STE values of building C’, less solicited because of its higher frequency,
take higher values (0.09–0.18 g).

3.1.8 Conclusions

This study shows the interest of the ambient noise vibration in the seismic diag-
nosis of existing structures. The experiments prove the robustness and the reliabil-
ity of information collected through ambient vibrations which enable to identify
the leading and negligible phenomena. Even if the data are limited to the quasi-
elastic domain, their knowledge is of very first importance: the quasi-elastic behav-
ior is known to play an essential part specially for the dynamic amplification near
eigenfrequencies, this phenomenon being one of the main reason of the structural
damages.

Keeping in mind the necessity of draft analysis for number of buildings, simple
approaches have been favored, based on few elementary though physically based
assumptions, that give descriptions sufficiently realistic for engineering purposes.
On this point, the interest of identifying experimentally several eigenfrequencies,
instead of the only fundamental frequency, is underlined.

The concept of equivalent beam yields a drastic simplification in the modelling
of dynamic behaviour of regular buildings: the complete dynamic calculation can
be achieved in two much more simple independent steps; first the calculation of
the beam parameters determined on a single storey in statics; second, the analytic
calculation of unidirectional generalized beam in dynamic regime.

In the same spirit, the concept of Seismic Thresholds of damage presents the
practical advantages to be based on real data, to minimize the introduction of uncer-
tain assumptions on the non linear post-elastic behavior (at the three scales of the
material, the structural elements and the structure) and to provide an acceleration
level that can be easily compared with the reference acceleration given by the codes.
By comparing reference acceleration and threshold values, the extend of the duc-
tility needed by the structure can be evaluated. The confrontation with the usual
ductility of the material could provide a good criterion to identify the most vulnera-
ble structures. Although the results could be regarded as coherent, further improve-
ments should be done, for instance considering the simultaneous presence of several
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modes (in two directions), and extending the applications to buildings made of dif-
ferent materials.

It should be also emphasized that, if the limits of service must be evaluated or
a retrofitting is needed, experimental data allow a good fitting of the numerical
modelling. Indeed whatever the complexity of the linear and non-linear numeri-
cal method, the results depend on the chosen assumptions. The knowledge of the
quasi-elastic behavior help to reduce the uncertainty of the modelling and as well to
define an adequate reinforcement owing to a better understanding of the structure.

As a conclusion, the association of experimental and simple models can be a
good complement of the existing methods.
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Chapter 3.2
Assessment of Seismic Capacity of Existing
Buildings – Effects of Uncertainties

Dimitrios Baros, Miltiadis Kyrkos, Andreas Maravas,
and Stavros Anagnostopoulos

Abstract The seismic capacity of three buildings used as telecommunication cen-
ters in Greece is assessed based on design drawings that do not reflect accurately the
“as built structure” and on limited information about the soil conditions. The build-
ings were designed under the old Greek codes for Earthquake Resistant Reinforced
Concrete structures, already known to be quite inadequate both in the characteriza-
tion of the seismic action and in providing sufficient strength and ductility to the
structural members and the building as a whole. Steel telecommunication towers
with several disk antennas had been added to the building roofs at later times. With
limited knowledge about the type of soil at the building sites, the effect of soil flex-
ibility was first examined in a parametric way and subsequently the assessment of
the buildings’ capacities was made on the basis of both elastic dynamic and inelas-
tic static (pushover) analyses. For the latter analyses, the main uncertainty that was
hereby addressed was the selection of a suitable horizontal load distribution. It was
observed that different distribution may lead to different results regarding the build-
ings’ capacity. However, in all cases examined, it was found that a drastic interven-
tion would be needed to bring all three buildings up to current standards of increased
seismic safety required by the new code for high importance telecommunication
buildings that should stay operational during a strong, design level, earthquake.

Keywords Existing buildings · Seismic capacity assessment · Elastic modal
analysis · Soil conditions · Pushover analysis · Load patterns

3.2.1 Introduction

In the past few decades very strong, catastrophic earthquakes have hit major cities
worldwide, causing death, injury and extensive destruction to buildings and other
structures. These events accelerated research in earthquake engineering and seismic
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hazard assessment and were also the reason to target new research towards capac-
ity assessment of existing structures and buildings in particular, as well as towards
new techniques and materials for repair and strengthening. As a consequence, new
improved codes for earthquake resistant design have been developed and applied,
supported by updated seismic hazard maps for seismically prone regions throughout
the world. In addition to the new codes that are applicable to new construction, sub-
stantial effort has also been put into codifying capacity assessment methods of exist-
ing structures as well as repair and strengthening techniques. The result is a series
of documents published in the form of model codes, pre-standards or simply recom-
mendations, available now to engineers for use and guidance (FEMA 356, FEMA,
2000; ATC-40, ATC, 1996; Part 3 of Eurocode 8, CEN, 2004b; Greek Retrofitting
Code Drafts, OASP, 2004, 2006).

The high activity for repair and strengthening after a damaging earthquake is
followed by a less intense, yet substantial, activity for capacity assessment and
strengthening of older buildings, to increase their seismic strength and even bring
them to current safety standards. Of course, the key motivation for such activity
stems from the raised awareness about the shortcomings of older design and con-
struction practices, due in large part to inadequate codes, and the consequent lower
seismic safety of older structures, compared to present day standards.

Seismic capacity assessment is the first step required to decide whether an exist-
ing building needs strengthening or not or whether should be targeted for eventual
demolition. The need for such assessment usually arises when a new usage for the
building is sought or simply when the owner becomes aware that his building may
not be safe enough compared to new buildings, if hit by an earthquake.

The aforementioned regulatory documents include detailed numerical proce-
dures of varying complexity, ranging from simplified elastic static computations to
detailed inelastic static or dynamic analyses for assessing the seismic strength of an
existing building. In carrying out such assessments, however, one should realize that
the reliability of assessment depends more on the quality of the available data for
the examined structure than on the sophistication of the analysis method to be used.
A number of uncertainties are typical in such problems and unless they are prop-
erly dealt with, the final strength or seismic capacity assessment may be unreliable
and questionable. In the worst of cases, which can be encountered if the building
is very old, there may be no drawings available and all the information would need
to be obtained from detailed geometrical and structural surveys, including, in the
case of reinforced concrete buildings, extraction of concrete cores for strength tests,
use of reinforcement detection devices to spot-check for diameter and location of
steel bars, digging at selected locations along the building exterior to get some idea
about the type and dimensions of foundation, etc. Some of the required testing may
be difficult or even impossible to carry out, e.g. when the building occupancy or
functioning must not be disrupted, or when the location for a required digging is
not easily accessible. On the other hand, design drawings of the building may be
available but not reflecting – usual case – the “as built” conditions; hence there still
exists a need for checking their reliability using spot-checks.
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Whatever the structural documentation of an existing building might be, the engi-
neer charged with the seismic capacity assessment should try to verify the exist-
ing information and/or obtain whatever additional data he deems necessary. In any
case, it is important to realize that even under the best of circumstances there will
be uncertainties in the data that the engineer must cope with. Therefore sensitivity
checks in the form of analyses with lower and upper bound values of various prop-
erties will normally be necessary, before arriving at specific recommendations for
intervention.

In the present paper the capacity assessment of three existing buildings, carried
out by applying the aforementioned considerations, is discussed and presented. The
buildings are used in a telecommunications network and should remain functional
during a design level earthquake. Since detailed design drawings were made avail-
able by the buildings’ owner, who assured us about their accuracy, no systematic ver-
ification of structural data was attempted but their values were taken directly from
the drawings. Thus, the only uncertainty considered was in the local soil and foun-
dation conditions and this was dealt with through a parameter variation. Initially,
elastic response spectrum analyses were performed, to be followed by non-linear,
static pushover analyses for a presumably more refined assessment. The results from
the two types of analyses are discussed and conclusions are drawn.

3.2.2 Building description

The three buildings considered are typical reinforced concrete structures with
heavy external masonry infills. The internal infills consist of either lighter (thinner)
masonry or light panels. All buildings are currently used as telecommunication cen-
ters, thus they store sensitive equipment which should remain operational during a
design level earthquake. Steel telecommunication towers with several disk antennas
have been added to the building roofs at later times. Although the steel towers have
been included in the building models that were analyzed, their seismic performance
is not assessed herein.

The first building will be referred to as SPR building. According to the available
detailed drawings, it was designed and constructed during 1967–1968 following
design regulations issued in the 1950s. It consists of one basement, and four storeys
of unequal height (Table 3.2.1). All storeys except the last one are irregular in plan,
consisting of two rectangular “wings” (Figure 3.2.1). The steel antenna tower is
placed on the roof on the second storey. The total height of the building is 17.71 m
and the covered area is about 350.00m2. The structural system consists of typical
moment resisting frames, with relatively strong beams, while columns in the upper
two storeys seem to be rather weak. This is attributed to the decrease of the column
sections and reinforcement along the height of the building, which was common
during the period it was constructed. These weak stories are expected to be critical
for the overall performance of the building. As for the foundation system, contrary to
what was “common practice” during the period when the building was constructed,
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Table 3.2.1 Building storey heights (m)

SPR AGR NPT

Basement 2.98 4.70 –
Ground storey 3.98 3.70 3.88
First storey 4.23 4.40 4.22
Second storey 4.45 4.10 –
Third storey 4.45 – –
Total 17.71 16.90 9.50

Fig. 3.2.1 Layout of the SPR building

it consists of continuous footings, connected with a 0.25 m wide concrete perimeter
wall at the basement that appears to comply with current foundation standards. Thus,
the approximation of fixed supports either at the level of the basement or the ground
storey is expected to lead to acceptable results.

The second building examined is referred as the AGR building. It was designed
and constructed in 1962 following the same design principles with the SPR build-
ing. It consists of one basement and three storeys of unequal height (Table 3.2.1).
All storeys are generally rectangular in plan and cover an area of about 325.00m2

(Figure 3.2.2). The total height of the building is 16.90 m. The steel tower with
the communication antennas is located on the roof of the last storey. The struc-
tural system in this case comprises a combination of moment resisting frames
and shear walls. The latter are mostly lightly reinforced walls with typical sec-
tions, 1.00–1.40 m long and 0.20 m wide, with the exception of the “stairway core”,
which has significantly longer wall sections (more than 4.00 m long). These ele-
ments constitute the main lateral force resisting system of the structure. Their main
shortcoming is that they are greatly under-reinforced compared with current stan-
dards. Moreover, the strong beam versus weak column configuration and the gradual
weakening of the columns along the height, which were also observed in the SPR
building, are expected to negatively affect the seismic behavior of both buildings.
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Fig. 3.2.2 Layout of the AGR building

Fig. 3.2.3 Layout of the NPT building

Finally, the foundation system, differently than that of the SPR building, consists of
separate footings for small groups of columns and for each shear wall, connected
with light tie beams.

The third building examined will be referred as the NPT building. It is a two
storey building designed and built in 1972 according to the same codes as the other
two buildings. It is non symmetric in plan (Figure 3.2.3) and its structural system
consists of a combination of moment resisting frames and lightly reinforced shear
walls, with section lengths exceeding 4.00 m (Figure 3.2.3). These elements are the
primary lateral force resisting members of the structure and, since they are lightly
reinforced, they are expected to be inadequate according to current requirements.
As for the moment resisting frames, the weak column – strong beam design, typical



186 D. Baros et al.

of buildings of that period, is a shortcoming, although the existence of large shear
walls makes it less important. The foundation is similar to that of the AGR building,
consisting of separate, isolated, footings for each column or wall.

Summarizing, it should be noted that the drawbacks of the three buildings dis-
cussed above, namely the relatively strong beam – weak column configuration, the
decrease of column sections along the height for the buildings SPR and AGR, the
light reinforcement of the shear walls in the cases of AGR and NPT and, finally,
the lack of closely spaced stirrups in the columns (only one Φ6 hoop every 300 mm
according to the drawings) are common for buildings designed and constructed in
Greece prior to the introduction of the new Codes. These shortcomings are partly
attributed to the code provisions of the time the buildings were designed and to the
lower estimates of seismic hazard applicable then.

For all three buildings the only information about the soil conditions provided
by the owner was that the soil is soft and should be classified as Category C, in the
classification scheme of the new Greek Code (OASP, 2000).

Due to the lack of other information, it was decided to carry out a parametric
investigation of the effects of soil stiffness on the response of all three buildings,
before performing the detailed capacity assessment.

3.2.3 Models used for the analyses

Linear dynamic (response spectrum) analyses and non-linear static analyses have
been performed in order to assess the seismic capacity of the three buildings. The
SAP 2000 (CSi, 2007) analysis software has been used for the needs of these
evaluations.

Structural members were modeled using typical beam – column frame elements.
For member properties the FEMA 356 (FEMA, 2000) provisions were followed.
Thus, the effective slab width for all beams was calculated as the minimum of eight
times the slab thickness, one fifth the beam span and half the distance to the next
parallel beam. As for the effective rigidities, FEMA suggests 0.50EIg for beams
and columns with compression due to design gravity loads less than 0.30Agfc or
0.70EIg for columns with more than 0.50Agfc compression, with Ag and Ig the area
and moment of inertia of the gross concrete section and E the concrete modulus of
elasticity. The above approximation was considered acceptable for the beams. How-
ever for the shear walls and columns, slightly higher effective stiffness values were
adopted, as suggested by the Greek Seismic Design Code (OASP, 2000), namely
EIef = 0.60EIg, for shear walls and columns at the perimeter of the building and
EIef = 0.80EIg, for columns at the interior of the building.

Perimeter walls at the basement were modelled by a combination of high stiffness
beams and columns that reproduced the box type action of the basement structure.

As it has already been discussed, no material samples were taken to verify
through testing the material properties, namely concrete strength fc and steel
strength fy. Thus, values from the design drawings were used. In all cases, normal
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concrete of grade C12 and steel of grade S220 were specified. The respective
nominal strengths, used for the strength based checks of the linear analyses, are
fck = 12MPa and fyk = 220MPa. For non-linear procedures, median values were
used for material strengths. Concrete median strength can be calculated from its
nominal value using the following expression provided in Eurocode 2 (EC 2, CEN,
2004a):

fcm = fck +8(MPa) (3.2.1)

whereas for reinforcing steel the following approximation was adopted:

fym = 1.15fyk (3.2.2)

considering that according to the EC 2 provisions (CEN, 2004a), the maximum
actual yield stress may not exceed its nominal value by more than 30%. The modulus
of elasticity for concrete was calculated using EC 2 (CEN, 2004a), which gave the
value Ecm = 27.1GPa.

In all three buildings the usual assumption of floors acting as diaphragms in their
planes was made. Vertical loads were calculated and distributed to the beams using
tributary floor areas. Dead loads consisted of the weight of the structural compo-
nents, infill walls and slab overlays. Live loads were taken equal to 3.00kN/m2 for
interior areas, which is the value for Group B specified by Eurocode 1 (EC 1, CEN,
2001), except for areas where a higher loading value was specified on the design
drawings, due to the installation of heavy equipment. Floor masses for seismic anal-
yses include dead loads and 30% of live loads.

3.2.4 Effects of soil flexibility

When assessing the seismic capacity of existing buildings, it is conservative for the
superstructure to consider it fixed at the base, because typically fixed base buildings
are subjected to higher seismic forces than buildings on flexible supports. Never-
theless, in the framework of the present investigation, it was decided for the linear
analysis to carry out limited parametric investigation and to include the flexibility
of the foundation using soil springs at the supports. This was dictated, in part, from
the fact that the only information supplied to the investigators by the owner about
the soil was that for all three buildings the soil consists of soft deposits classified as
category C according to the new Greek Seismic Design Code (OASP, 2000).

To estimate the soil spring stiffnesses the following equations were used, taken
from the Greek Retrofitting Code Draft (OASP, 2004) with the corresponding cor-
rection factors for embedment.

Kz =
GB

(1−ν)

[
1.55

(
L
B

)0.75

+0.8

]
(3.2.3)
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(3.2.8)

where kz, krx, kry are spring stiffnesses for vertical translation and for rocking in the
xz and yz planes, respectively, β the corresponding correction factors for embed-
ment, G the shear modulus and ν Poisson’s ratio of the soil (ν = 0.4 was assumed
for the present study). B, L, d, D and h are footing and embedment dimensions as
shown in Figure 3.2.4.

The basic uncertainty is in the value of the shear modulus G. Based on wave
propagation measurements the shear modulus is typically estimated from the equa-
tion:

G0 = ρV 2
s (3.2.9)

where ρ = density of the soil and Vs shear wave velocity. The Greek Retroffiting
Draft Code (OASP, 2004) provides that for soils classified as category C and for
design peak ground acceleration equal to 0.24 g, the effective G value to use in
the previous equations should be taken equal to 0.65G0. Moreover, it is estimated
that for soils in category C a reasonable value of the shear wave velocity could
be in the range of 200–300 m/s. Then, assuming a typical value for soil density of
ρ ∼= 1.9t/m3, leads to the range of values for G ∼= 49.0÷110.0MPa.

These values, however correspond to the small strains in the free field soil, devel-
oped during measured shear wave propagation velocities. In a strong earthquake,
the soil material surrounding the foundation will undergo substantially greater

Fig. 3.2.4 Footing and embedment dimensions
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deformations and the values of G to be used for estimating soil spring properties
should be compatible with them. Under such circumstances, an estimate of G for
soil category C may be obtained from the relation:

G
Su

∼= 400 (3.2.10)

where Su is the shear strength of the soil. Considering that for category C soil,
Su ∼= 30÷ 60kPa, with 50 kPa being a typical value, the above relationship gives
G ∼ 20MPa, a value substantially lower than those obtained from the shear wave
propagation velocity formula.

In view of such differences and given the lack of other information for the three
building sites, elastic dynamic response spectrum analyses were carried out with
soil springs computed for the following values of G: (a) GH = 110MPa (high value)
(b) GL = 49MPa (low value) and (c) GST = 20MPa (static value). The first two
values come from Equation (3.2.9) with the code correction, and the third value
comes from Equation (3.2.10), applicable for static problems. In addition the fixed
base case (G = ∞) was included. These four cases and their symbols are listed in
Table 3.2.2.

The analyses were carried out using the design spectrum of the Greek code for
soil category C with PGA = 0.24g, corresponding to seismic zone II (OASP, 2000).
This spectrum is shown in Figure 3.2.5. This is an elastic design spectrum and its use
for capacity assessment must be combined with an appropriate behavior factor q.

A value of q = 2.0 was used in the analyses herein, which comes from rounding
the value q = 1.80, recommended by the Greek Retrofitting Draft Code (OASP,
2006). Results for the three buildings and the four values of G are summarized in
Tables 3.2.3–3.2.5.

Table 3.2.3, gives the effect of soil flexibility on the periods of the three buildings
SPR, AGR and NPT. The second column lists the mode number (periods for the first
three modes are only examined) and the third column lists the Fixed Base periods.
The last three columns give the percent change in the fixed period for the flexible
soil, each column corresponding to a G value as explained earlier. As expected, the
lower the value of G, the higher the increases of the buildings’ lower three periods.
We also observe that the influence on periods is very little on the SPR building, more
on the AGR building and highest for the NPT building.

Table 3.2.2 Cases analyzed for soil properties variation

Case description Case symbol Soil properties

Vs (m/s) G (MPa)

Fixed base FB – ∞
Vs,high GH 300 110
Vs,low GL 200 49
G from Su (static) GST – 20
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Fig. 3.2.5 Elastic design acceleration spectrum and displacement spectrum

Table 3.2.3 Effects of soil flexibility on building periods

Building Mode Period fixed base (s) Percentage change in period

GH = 110MPa GL = 49MPa GST = 20MPa

1 1.028 −0.1 1.2 3.9
SPR 2 0.840 0.6 0.9 1.6

3 0.726 0.9 1.4 2.2
1 0.736 2.4 6.5 12.2

AGR 2 0.632 2.5 7.1 15.0
3 0.470 11.3 21.3 34.9
1 0.368 27.7 40.8 58.5

NPT 2 0.305 22.7 32.3 45.3
3 0.224 23.2 33.9 49.8

Table 3.2.4 Effects of soil flexibility on building base shear

Building Loading case
(G+0.3Q±)

Vx fixed
base (kN)

Percentage
change in Vx

Vy Fixed
base (kN)

Percentage
change in Vy

GH GL GST GH GL GST

SPR Ex ±0.3Ey 4,284.6 −0.2 −0.1 0.2 1,607.9 1.3 1.2 1.4
0.3Ex ±Ey 1,441.6 2.9 3.4 4.5 4,839.0 −1.6 −2.0 −2.7

AGR Ex ±0.3Ey 4,418.6 1.6 3.2 4.6 2,725.3 8.7 16.3 29.8
0.3Ex ±Ey 1,983.0 8.2 18.2 39.6 4,890.4 1.1 0.9 1.7

NPT Ex ±0.3Ey 4,023.7 5.4 10.3 23.2 2,049.7 −11.3 −5.9 −22.9
0.3Ex ±Ey 2,203.2 −2.8 −0.5 −11.2 3,858.9 −2.2 −2.9 −4.3

This is as expected, because it is easy to see that the effect of soil flexibility
becomes greater as the building becomes stiffer. The soil flexibility may be viewed
as a spring connected in series to the spring representing the building. It is for the
same reason that soil flexibility affects more the higher modes, which correspond to
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Table 3.2.5 Effects of soil flexibility on building top displacements

Building Loading case
(G+0.3Q±)

ux Fixed
Base (cm)

Percentage
change in ux

uy Fixed
Base (cm)

Percentage
change in uy

GH GL GST GH GL GST

SPR Ex ±0.3Ey 8.4 2.4 3.6 5.9 4.9 10.2 4.1 20.4
0.3Ex ±Ey 3.1 6.5 9.7 16.1 13.7 2.2 5.8 13.9

AGR Ex ±0.3Ey 6.9 4.4 11.6 18.8 5.5 10.9 25.5 45.5
0.3Ex ±Ey 3.6 19.4 38.9 69.4 5.0 18.0 38.0 58.0

NPT Ex ±0.3Ey 2.3 61.0 87.0 113.0 0.5 38.0 42.0 52.6
0.3Ex ±Ey 1.2 58.3 91.6 133.3 0.8 37.5 87.5 62.5

stiffer building deformation shapes. The coupling of the listed first three modes is
the reason that the influence, as seen in Table 3.2.3 is not regular and explains the
small decrease in period for the SPR building, mode 1, GH = 110MPa case.

Table 3.2.4 shows the percentage changes in base shear in directions x and y
of the three buildings for four loading conditions. These percentage changes, are
for the three values of soil springs corresponding to the three values of G, where
again the basis for comparison are the values of corresponding base shears given for
the fixed base. Again as expected, the largest differences are in the buildings AGR
and NPT. However, the changes now are either increases or decreases, depending
upon the values of the fundamental periods along the x and y axes, in relation to
the design spectrum shown in Figure 3.2.5 and the loading combination considered.
The changes in the second and third period of each building also play a role, again
depending upon their contribution to the modal summation and their location on the
horizontal axis in Figure 3.2.5 showing the design spectrum. Obviously, if the period
changes, for any mode, do not move the period outside the range 0.20 ≤ T ≤ 0.80s,
which corresponds to the plateau of the design spectrum, the corresponding modal
contribution to the base shear remains unchanged.

Table 3.2.5 shows the effects of soil flexibility on top displacements. Here we see
the greatest influence of soil flexibility, which increases as the period of the build-
ing decreases. However, contrary to what happens with the base shears, here we see
only increases in displacements, as one would expect by looking into the displace-
ment design spectrum, Figure 3.2.5, which increases monotonically with increasing
periods.

The presented comparisons suggest that the soil flexibility can affect results of an
elastic dynamic analysis and hence the corresponding seismic capacity assessment
of a given building considerably and thus should be included in such assessments.
The stiffer the building the larger this influence becomes and hence it should be
taken into account, at least when elastic analyses are employed.

In view of these results and the uncertainties in soil properties discussed earlier,
it was decided to use soil spring properties based on the value of G = 49MPa, which
corresponds to the low shear wave propagation velocity Vs = 200m/s. This value
is considered as a reasonable estimate for the elastic dynamic analysis assessments,
perhaps on the conservative side, which is appropriate for engineering purposes.
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3.2.5 Seismic capacity assessment based on elastic modal
analyses of the buildings

The capacity assessment of the three buildings is made for two levels of seismic
demand: the first is when the buildings are considered as regular and the second,
which is the most appropriate, when they are considered of vital importance. The
second level corresponds to the highest importance category, in which telecommuni-
cation buildings are classified according to the Greek Seismic Design Code (OASP,
2000). For such buildings, the seismic demand is set for a more rare earthquake,
compared to the design earthquake for regular buildings calculated for a mean return
period of ∼475 years. This more rare earthquake has a design spectrum 1.3 times
higher the design spectrum of Figure 3.2.5 for regular buildings.

The elastic dynamic analyses for capacity assessment were carried out using the
models with the flexible soil springs corresponding to G = 49MPa, i.e. to a sur-
rounding soft soil with shear wave propagation velocity of Vs = 200m/s. These
analyses were carried out with SAP 2000 computer code, using a sufficient num-
ber of modes to include at least 90% of the effective modal mass in each direc-
tion. 3-D models were used for each building and were subjected to two-component
earthquake actions, specified by the design spectra according to the combinations
±Ex ±0.3Ey and ±Ey ±0.3Ex, for two levels of importance.

Results are presented in the following graphs, Figures 3.2.6 to 3.2.10. They
include only vertical elements, i.e. columns and shear walls because these are the
critical elements usually leading to structural failure in a strong earthquake, com-
pared to beams. The Figures show the distribution of the member flexural capacity
index λf, which is equal to the flexural demand over the flexural capacity ratio of
a column or shear wall, computed according to the EC 2 (CEN, 2004a). A simi-
lar index for shear capacity is not presented because for most members the flexural
capacity index was more critical.

Fig. 3.2.6 Assessment of column capacity for the SPR building based on linear analysis results
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Fig. 3.2.7 Assessment of column and shear wall capacity for the AGR building based on linear
analysis results

Fig. 3.2.8 Assessment of column and shear wall capacity for the NPT building based on linear
analysis results

Among the three buildings, the one-story NPT building appears to be in a some-
what better condition than the other two. In any case, all three buildings require
strengthening, if they are to meet current standards.

Figure 3.2.9 shows the distribution of the column λf index between the lower and
the upper stories for the SPR. We see that the SPR building has a large distribution
of weaker columns in the upper two stories. Similar results were obtained from the
analysis of AGR building. However, the distribution of weak columns and shear
walls is more uniform compared to SPR building.
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Fig. 3.2.9 Storey distribution of λf values of the SPR building

Fig. 3.2.10 Comparison of the seismic performance of columns and shear walls in the basement
of the AGR building

Finally, Figure 3.2.10 compares the seismic performance of columns and shear
walls for the AGR building, indicating that the shear walls appear to present a larger
problem than the columns. Results from NPT building lead to the same observation.
We remind here that the reliability of these predictions is directly related to the value
of the behaviour factor q (R factor in American terminology), which for our analyses
was assumed equal to 2.0.

The inelastic analyses in the following section will provide more reliable esti-
mates than the elastic solutions of the present section, which, nevertheless give us a
good picture of the anticipated behaviour under design level events.
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3.2.6 Capacity assessment using inelastic pushover analysis

In resent years, inelastic static, push-over type, of analyses have been suggested for
capacity assessments aimed at retrofitting existing buildings. (FEMA 356, FEMA,
2000; ATC-40, ATC, 1996; Part 3 of Eurocode 8, CEN, 2004b; Greek Retrofitting
Draft Code, 2004, 2006). This method has been used in the past for assessing design
weaknesses in fixed offshore structures (Kallaby and Millman, 1975; Gates et al.,
1977), whose final design was checked by conventional static or dynamic methods
as prescribed in the pertinent regulatory document (API-RP2A, 1975). Several vari-
ations of the push-over method, all having to do with the load distribution used,
have been suggested as preferable alternatives to the typical method based on a tri-
angular distribution of the lateral loads. All these variations give reasonable results
when applied to symmetric buildings, i.e. when no torsion is present. Application to
irregular buildings which will be subject to torsion during an earthquake, although
permitted by the FEMA documents (FEMA 356, 2000) and the Greek Retrofitting
Draft Code (OASP, 2006), is an open issue because its relevance to realistic extreme
earthquake loadings is highly questionable. Results from inelastic pushover anal-
yses will be hereby presented, without, however, suggesting that the findings are
better than those from the elastic analyses. It should be noted that the most reliable
procedure is to use multiple inelastic dynamic analyses for a number of real earth-
quake motions, selected to be realistic for the site of each building. Such analyses
have not been included in this paper.

The push-over analysis method consists in using a certain distribution of lateral
forces on the structural joints, whose magnitude is gradually increased, keeping the
distribution constant, or changing it (adaptive pushover methods), until the structure
collapses. Ideally, the distribution of lateral forces to be used should correspond
to the inertia forces on the joint masses for a design level earthquake the instant
the peak response occurs. However, for a different design level, real earthquake this
distribution will be different. The structure is analyzed statically at every value of the
loading vector and its deformations and member forces are monitored. The members
can exhibit a prescribed inelastic behavior. The total lateral force (base shear) plotted
against the lateral displacement of a “control point” of the structure, typically a joint
at the top level, constitutes the “push-over” or strength diagram of the structure.
An estimate of the peak displacement that a design level earthquake will impose
provides the limited or “target” displacement δt for the push-over diagram. Such
an estimate is obtained based on the displacement response spectrum of the design
earthquake, modified to reflect the approximation of an inelastic multistory building
with an elastic SDOF system.

For the present application, the procedure as described in FEMA 356 (FEMA,
2000) was used. Thus, the target displacements were computed from Equations
(3–15) of FEMA 356 which is:

δt = C0C1C2C3Sa
T 2

e

4π2 g (3.2.11)
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where:
Sa = acceleration design spectral ordinate at the fundamental period Te of the

equivalent SDOF, g=acceleration of gravity and C0, C1, C2, C3 are modification
factors given in FEMA 356 (FEMA, 2000).

We note that for the push-over analyses the buildings were assumed fixed at the
ground level, an assumption that is very close to reality if the building has a base-
ment encased with shear walls all around its perimeter. This is the case with the SPR
building, while for the other two it is only an approximation. By fixing the buildings
at the ground level, their natural periods change (decrease) in comparison to the
actual periods, based on the flexible soil. The fixed base periods, with base assumed
at the ground level, are given in Table 3.2.6. The limiting target displacements for
the three buildings are summarized in Table 3.2.7 for the two axes x and y and for
two directions, + and −, along each axis.

Results from inelastic analyses are presented in terms of member performance
(deformation or damage) at the limiting target displacement of each building pro-
vided that such a displacement could be reached. The performance levels of a
flexural member, in our case column or shear wall, are shown schematically in
Figure 3.2.11, where the symbols indicate the following performance: B = Incipient
of yield, IO = Immediate Occupancy, LS = Life Safety, CP = Collapse Prevention
and C = Collapse.

The limiting inelastic rotations at each column’s end corresponding to these per-
formance levels are provided in FEMA 356 (FEMA, 2000). For shear walls, how-
ever, these deformation levels and the secant stiffness at yield, were estimated in
accordance to the Greek Retrofitting Draft Code (OASP, 2006), considered to give
better approximations for these walls than FEMA. The results that are subsequently
presented give numbers of columns and shear walls in the performance ranges indi-
cated by the arrows on the deformation axis in Figure 3.2.11.

Table 3.2.6 Periods of the fixed base building models used for the push-over analyses

Mode Period (s)
SPR AGR NPT

1 0.960 0.770 0.419
2 0.823 0.651 0.340
3 0.722 0.448 0.268

Table 3.2.7 Target displacements for the analyzed buildings

Building Target displacement δ t (cm)
High importance Normal importance

+x −x +y −y +x −x +y −y

SPR 17.4 17.1 23.4 23.2 13.3 13.2 17.9 18.5
AGR 16.8 16.8 9.6 10.5 12.8 12.8 7.2 7.8
NPT 13.8 12.5 15.2 14.3 10.4 9.4 11.3 10.5
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Fig. 3.2.11 Performance levels for structural members (FEMA 356, FEMA, 2000)

(a) SPR Building
For the SPR building three different load distributions were assumed and for
each distribution four push-over analyses were carried out with “push” direc-
tions: +x, −x, +y, −y. Thus a total of 12 analyses were performed. The
three types of load distribution are suggested in FEMA 356 (FEMA, 2000).
The first, called modal distribution, has lateral forces that are products of the
floor masses times the corresponding first mode acceleration, the second, called
uniform distribution, uses a uniform acceleration over the height to multiply the
floor masses and the third, called storey shear distribution, uses forces in pro-
portion to the elastic floor loads determined from a response spectrum analysis,
where 90% of the effective modal mass has been captured. The three distribu-
tions for the ±x directions along with the resulting pushover curves are shown
in Figure 3.2.12. The great differences are obvious and indicative of the uncer-
tainties associated with such analyses. Similar results were obtained for the ±y
direction but are not shown here. It is noted that the following discussion con-
cerning the effect of different horizontal load patterns on the results of pushover
analysis, as well as the applicability of this method for the assessment of irreg-
ular buildings is based on results regarding the ±x direction of loading. The
detailed assessment of any building requires that analyses for loading parallel to
±y axis are also performed. Results of these analyses were not included in the
present paper, since, in all cases, they led to similar conclusions as the analyses
along the x axis.

Figure 3.2.13 shows the deformed shapes and the location of the plastic
hinges of the SPR building during the last step of the pushover analyses along
the +x axis direction, for the cases of storey shear and uniform load distribu-
tion. The most interesting observations, here, which justify the use of pushover
analyses, in spite all its shortcomings in their application to irregular buildings,
are: (a) the large deformations of the top story, revealing its weakness relative to
the other stories and (b) the large plastic deformations in many columns (light
dark grayed hinges, indicating plastic hinge rotations beyond what corresponds
to point C of Figure 3.2.11), that exceed those of the perimeter beams (dark
grayed hinges, Figure 3.2.13), which are lightly reinforced and so their yield
moments are low.
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Fig. 3.2.12 Load patterns parallel to the ±x axis and resultant pushover curves of the SPR building

Thus, the analysis properly identifies the weak column-strong beam design
of the building’s frames, as was the practice when the structure was designed
and built. It should also be noted that different load patterns lead to different
results in terms of plastic hinge formation and inelastic deformation, once again
indicating the effect of the uncertainties associated with such analyses on the
result of the assessment procedure. As expected, the similarity of the modal and
storey shear distributions (Figure 3.2.12), led to very similar results and for this
reason only the results from the shear distribution have been presented.

The push-over curves for the ±x axis for the storey shear load pattern are
shown again in Figure 3.2.14. They are the thick continuous curves, while the
thinner, dashed curves are bilinear fits to them. On these curves the limiting tar-
get displacements δt according to Equation (3.2.11) are shown for the two levels
of building importance: high and normal. We note that the graph on the negative
side is for forces acting in the direction of −x. The points where the continu-
ous curves stop are points where the analysis could not be continued because
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(a)

(b)

Fig. 3.2.13 Plastic hinge locations and states at the last step of the pushover analysis of the SPR
building for the +x direction of loading and two load distributions (a) storey shear (b) uniform

of stability problems. The other points on the curve indicate the displacements
at which the corresponding performance level has been reached by at least one
member. In both curves, target displacements lie well after the point at which
the building complies even with the “CP” performance objective. Thus, it can
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Fig. 3.2.14 Pushover curves and target displacements of the SPR building for loading parallel to
±x axis

Fig. 3.2.15 Member performance of the SPR building based on pushover analysis for loading
parallel to +x direction

be concluded that analysis indicates that the building is susceptible even to pre-
mature failure, should a design earthquake in accordance to present standards
hit it.

Figure 3.2.15 shows the number of columns in the various performance
groups, as defined in Figure 3.2.11 for push-over analyses along the +x axis.
The presented results correspond to the limiting target displacement for regular
importance and high building importance. It can be seen that analysis indicates
a large number of members, mostly columns, in the performance range CP-C
(Collapse Prevention – Collapse) and, in the case of high building importance, 17
members in the range beyond collapse. It is apparent that the seismic capacity
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Fig. 3.2.16 Load patterns parallel to the ±x axis and resultant pushover curves of the AGR building

of this building, even if we consider it as a building of regular importance, is
inadequate, result that is in agreement with the findings from the elastic modal
analyses.

(b) AGR Building
For the AGR building two different load distributions were assumed, the modal
and uniform distribution (FEMA, 2000), and again for each distribution four
push-over analyses were carried out with “push” directions: +x, −x, +y, −y,
leading to a total of eight analyses. The two distributions for the ±x directions
along with the resulting pushover curves are presented in Figure 3.2.16. Once
again, the effect of the uncertainties concerning the distribution of the lateral
loads in push-over type analyses is obvious.

It should be noted that the AGR building is susceptible to torsion, thus, the
modal load pattern was rather irregular in plan, leading to a premature fail-
ure due to a concentration of large deformations in one side of the building.



202 D. Baros et al.

Fig. 3.2.17 Pushover curves and target displacements of the AGR building for loading parallel to
±x axis – modal load pattern

Defining a load pattern that properly represents the distribution of inertial forces
for buildings with torsional behavior is a matter of current research and since the
drawbacks of the conventional push-over algorithm are well known, it is sug-
gested that for such cases of buildings more accurate nonlinear dynamic analy-
ses should be performed. Otherwise, the results of pushover analysis should be
complemented with linear modal analyses.

The push-over curves for the modal loading pattern of the AGR building par-
allel to the ±x axis are given in Figure 3.2.17 along with bilinear fits to each
one of them, represented by dashed lines, and the calculated target displace-
ments. It is observed that in both directions of loading along the x axis, the
target displacement (demand) is greater than the available capacity as related to
performance objectives. Thus the observed performance is inadequate and not
acceptable according to modern seismic standards. This observation agrees with
the results of the assessment based on elastic analyses presented previously in
this paper. The poor behavior of this building is mostly attributed to the prema-
ture failure of the shear walls which are very lightly reinforced, in accordance
with the design practice of the time. Of course we must note that modeling of
shear walls with a low height to width ratio as prismatic beam column elements
is a rather gross approximation that may be inappropriate. This is a well recog-
nized problem that is not addressed herein.

The distribution of member performance for the pushover analysis of the
AGR building along the +x axis is presented in Figure 3.2.18. This distribution
is given for the limiting target displacements corresponding to the two levels of
importance (regular and high). The results indicate again that the building is far
from meeting current standards, as a significant number of members lie in the
CP-C performance category.
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Fig. 3.2.18 Member performance of the AGR building based on pushover analysis for loading
parallel to +x direction

(c) NPT Building
The NPT building was analyzed assuming modal and uniform load distribu-
tion (FEMA, 2000). Again for each distribution four push-over analyses were
carried out with “push” directions: +x, −x, +y, −y. The load distributions
for the ±x directions along with the resulting pushover curves are presented in
Figure 3.2.19. Since the building has only two storeys, the load patterns are in
this case similar. However, the differences between the obtained curves indicate
the uncertainties associated with such analyses. The most interesting observa-
tion here is the premature failure of the major shear walls in each direction
leading to the termination of the analysis due to stability problems, while most
of the deformation capacity of the columns has not yet been exceeded.

The push-over curves for the modal loading pattern of the NPT building par-
allel to the ±x axis direction are given in Figure 3.2.20, along with bilinear
fits to each one of them, shown by dashed lines, and the calculated target dis-
placements. In most cases the target displacement even for the normal building
importance level could not be reached, whereas the δt for the high importance
level lies beyond the displacement range displayed in the graphs. The curves
are indicative that the building may be subject to premature failure, should a
design level earthquake hit it. Here again it is noted that the behaviour of the
NPT building is greatly affected by the poor performance of the lightly rein-
forced shear walls, whose capacity was exceeded, while most column hinges
lied on the B-IO performance range. Similar results concerning the behaviour of
shear walls were obtained from the elastic analyses. This suggests that upgrad-
ing these shear walls should be the first measure to apply when the building is
strengthened to meet the current standards.
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Fig. 3.2.19 Load patterns parallel to the ±x axis that were used for the non linear static analysis
of the NPT building and resultant pushover curves

Fig. 3.2.20 Pushover curves and target displacements of the NPT building for loading parallel to
x-axis – modal load pattern
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3.2.7 Concluding remarks

The results of the present study indicate that the problem of capacity assessment of
existing buildings can be dealt with either elastic or inelastic analyses. Both proce-
dures involve major approximations and uncertainties associated with the seismic
input, the models used, and the actual properties of the structure, as well as the soil.
These uncertainties and approximations are present in the seismic design of new
structures, except from those associated with structural properties, which in a new
structure are accurately known.

Uncertainties in the soil and in member properties could be drastically reduced
by applying extensive experimental campaigns, which however can be quite costly
for usual, regular buildings. The same is true with analysis sophistication which is
limited by cost considerations. Thus, the engineer faced with such problems must
deal with them by checking his answers using a reasonable parameter variation. In
the present study, this was done with the soil properties and the obtained results
were properly assessed and considered.

In terms of modeling approximations, our models did not include the masonry
infill walls, which typically increase the capacity of the building, provided they are
well encased in the frame bays, are of good quality and are strengthened with con-
crete belts. Omitting such infill walls is normally on the safe side, although not
always so. Modeling of shear walls having a low height to length (or width) ratio,
with prismatic beam-column elements and plastic hinges, is another major approx-
imation, especially for inelastic analyses, that casts significant doubts on the credi-
bility of the results. All the uncertainties must be considered by the engineer-analyst
who must always keep in mind the modeling limitations imposed by the available
software.

Finally, another important issue concerning the nonlinear static analyses is the
effect of the horizontal load pattern that is applied. This problem was hereby
addressed by assuming alternative load distribution and evaluating the obtained
results. However, in cases of buildings susceptible to torsion and when the effect
of higher modes in the behavior of the building is not negligible, the accuracy of the
results of such procedures can be questionable. In such cases the engineer should
verify the results using elastic modal analysis or, better, resort to more accurate
nonlinear dynamic analysis.

All the above were kept in mind while carrying the analyses and the assess-
ment of the three buildings presented herein. For these buildings the conclusion that
they cannot meet current standards of seismic safety, was obvious and came out of
both types of analyses, elastic and inelastic, with full consideration of all the perti-
nent uncertainties. The great differences between the old (when the buildings were
designed) and the new standards, makes such an assessment much easier.
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Chapter 3.3
Estimation of the Period of Vibration of Existing
RC Building Types Based on Experimental Data
and Numerical Results

Angelo Masi and Marco Vona

Abstract In the present paper the fundamental period of Reinforced Concrete (RC)
frames of varying structural characteristics (number of stories, irregularity in eleva-
tion, presence and position of masonry infills, etc.) has been evaluated with the main
objective of deriving period-height expressions for classes of European RC build-
ings. To this purpose, relationships from design codes and reported in the literature
have been examined and their results have been compared to those ones obtained
from numerical simulations (eigenvalue analyses) and experimental measurements
(ambient vibration analyses). A wide parametric analysis has been carried out on
several structural types selected and detailed (simulated design) to represent typical
European RC buildings without earthquake RC design. As for the experimental eval-
uation of T values, ambient vibration analyses based on measurements carried out
using quick survey techniques have been used. High differences between the values
obtained from code relationships and numerical and experimental results have been
found and discussed in the paper. Finally, future developments of the study have
been outlined.

Keywords Existing buildings · Reinforced Concrete · Seismic vulnerability ·
Period of vibration · Eigenvalue analyses · Ambient vibration tests

3.3.1 Introduction

In the last years many experimental and numerical studies as well as many research
projects have been carried out in order to define in a simplified way the fundamental
period of Reinforced Concrete (RC) buildings. Particularly, empirical relationships
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between the height of a building type and its fundamental period of vibration have
been sought, as they can be very useful in many applications.

Simplified expressions are mandatory in large scale applications, where the
period of a building (or of a class of buildings) needs to be estimated in assess-
ing the seismic vulnerability at urban scale. Modern technology allows to perform
a detailed assessment of the dynamic properties of a building in a very short time,
thus an empirical relationship between a building’s main characteristics (structural
typology, shape, dimensions, age, etc.) and its dynamic behaviour can be obtained.
On the basis of a classification scheme, the relationship can be applied to simi-
lar buildings over a large spatial extent, where building characteristics are obtained
from quick field survey or from remote sensing.

A reliable evaluation of the fundamental period T is important both in classic
(Force Based Design) as well as more recent (e.g. Push Over analysis, Displacement
Based Design) design procedures. Different values of the fundamental period should
be used according to the adopted design procedure. When using Force Based Design
(FBD) procedures the elastic value of the period T is required. On the contrary, in
Push Over (PO) analysis and Displacement Based Design (DBD) an effective value
of the period is usually considered, where the post-elastic behaviour of the structure
is taken into account.

In FBD procedures the effects of seismic actions on buildings can be determined
using various methods of analysis. Assuming a linear elastic behaviour of the struc-
ture, two methods can be used:

• The Lateral Force Method of Analysis (LFMA), for “simple” buildings
• The Modal Response Spectrum Analysis (MRSA), applicable to all types of

buildings

Both methods make use of an elastic ground acceleration response spectrum (elastic
response spectrum) in the evaluation of the seismic response, where the calculation
of the fundamental period (LFMA) or periods (MRSA) of the structure has a main
role. LFMA may be applied to buildings whose response is not significantly affected
by contributions from higher modes of vibration. This condition is deemed to be sat-
isfied in buildings regular in elevation and having limited values of the fundamental
period of vibration T ; e.g. in EC8 (CEN, 2003): T < 2.0s.

Based on the estimation of T , base shear Fb can be determined as follows:

Fd = Sd (T ) ·m ·λ

where:

Sd(T ) is the ordinate of the design spectrum at period T .
m is the total mass of the building.
λ is the correction factor, the value of which is equal to: λ = 0.85 if T < 2TC and
the building has more than two storeys, or λ = 1.0 otherwise.
TC is the upper limit of the period of the constant spectral acceleration branch in
the adopted horizontal elastic response spectrum.
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For the determination of T , expressions based on methods of structural dynamics
(for example the Rayleigh method) may be used. For example, the commentary to
the NEHRP design provisions (BSSC, 2003) provides the formula:

T = 2π
[
∑N

i=1 Wiu2
i
/

g∑N
i=1 Fiui

]1/2

where Wi is the weight at the i-th floor and ui are the floor displacements due to
static applications of a set of lateral forces Fi at floor level i = (1, 2, . . . , N) in an
N-story building. Fi may be any reasonable distribution over the building height.

Similar expressions are given also in the National Building Code of Canada and
the Mexico Federal District Code (IAEE, 1996). Alternatively, many design codes
(e.g. ATC3-06, 1978; CEN, 2003; NZSEE, 2006) provide simple relationships to
calculate T that depend on building material (concrete, steel, masonry, etc.), build-
ing type (frame, shear wall, etc.), and overall dimensions.

In the DBD (Priestley et al., 2007) displacements are used for seismic design and
assessment of structures as they, as opposed to forces, are better correlated to the
damage level that a structure can suffer under seismic actions. Displacement values
are dependent on the fundamental period of the structure as they can be obtained
from response spectra. However, for RC frame buildings, displacements, contrary
to forces, typically increase with period, thus underestimating periods (that is using
elastic values of T ) can lead to an unconservative design.

Finally, the fundamental period has a main role also in the determination of the
target displacement for nonlinear static analysis (PO), where the analysis is carried
out under conditions of constant gravity loads and monotonically increasing hor-
izontal loads. PO analysis may be applied to verify the structural performance of
newly designed and of existing buildings.

In the present study relationships from design codes and reported in the literature
have been examined and their results have been compared to those ones obtained
from eigenvalue analyses and ambient vibration analyses. It is worth noting that
empirical relationship currently available were obtained from measurements carried
out on buildings constructed in certain regions, thus are dependent on local design
and construction practice. For this reason, main objective of the study is the deriva-
tion of period-height expressions for classes of European RC buildings.

3.3.2 Simplified period-height expressions

As already said, in the past years, empirical relationships between the height of
a building type and its fundamental period of vibration have been usually set up
keeping in mind an elastic force-based design.

The typical form of the expression reported in literature or codes is as follows:

T = C ·Hα



210 A. Masi and M. Vona

where C and α are coefficients theoretically or experimentally derived. It was
obtained applying the Rayleigh method assuming that the equivalent static lateral
forces are distributed linearly along the height of the building and the distribution of
stiffness with height produces a uniform storey drift under the adopted distribution
of lateral forces.

The first semi-empirical formula employed in seismic codes is provided in (ATC
3-06, 1978):

T = C ·H0.75 (3.3.1)

where C is 0.03 for RC moment resistant frames and H is the height of the building
in feet. The value of C was obtained from the measured periods of buildings during
the 1971 San Fernando earthquake.

In EC8 (CEN, 2003), an analogue form is proposed. For buildings with heights
up to 40 m the value of T (in second) may be approximated by the same expression
(1) of ATC 3-06, where C is 0.075 for moment resistant space concrete frames,
0.085 for moment resistant space steel frames and 0.050 for all other structures. H,
in meter, is the height of the building from the foundation level. It has to be noted
that the coefficient C for concrete frames has the same value provided in ATC 3-06
taking into account the adaptation of H from feet to metres (see Table 3.3.1).

In NZSEE (2006) T may be computed through the expression (1), where C is
0.09 for moment resistant concrete frames, 0.14 for moment resistant steel frames
and 0.06 for all other structures.

Table 3.3.1 Different values of coefficients of period-height relationship for concrete moment
resistant frames

Code/author C (m) α Comments

ATC 3-06
(1978), CEN
(2003)

0.075 0.75 C has been obtained from the measured periods of
buildings during the 1971 San Fernando earthquake

NZSEE (2006) 0.09 0.75

NEHRP, Goel
and Chopra
(1997)

0.0466 0.90 Periods measured in some US earthquakes (from San
Fernando, 1971 to Northridge, 1994), coefficients
obtained by subtracting one standard deviation from
the best-fit curve

Hong and Hwang
(2000)

0.0294 0.804 Periods measured on 21 Taiwanese buildings as sub-
jected to moderate intensity earthquakes

Chopra and Goel
(2000)

0.067 0.90 Same data of Goel and Chopra (1997) but coefficients
obtained by adding one standard deviation from the
best-fit curve, expression proposed for displacement
base design and assessment (DBD)

Crowley and
Pinho (2004)

0.10 1 Expression obtained from numerical simulations and
bibliographic data proposed for displacement base
design and assessment (DBD) in Europe, effect of
cracking on member stiffness is considered
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In the NEHRP 2003 Provisions (Goel and Chopra, 1997) T for moment resistant
concrete frames is defined as:

T = 0.0466 ·H0.9

Finally, another expression for concrete moment resistant frames to be used in force-
based design is reported in (Hong and Hwang, 2000):

T = 0.0294 ·H0.804

Period-height formulas for displacement-based design are proposed in (Chopra and
Goel, 2000) and in (Crowley and Pinho, 2004). The former was obtained by adding
one standard deviation to the best-fit curve derived in the work by Goel and Chopra
(1997), thus providing:

T = 0.067 ·H0.9

Crowley and Pinho (2004) proposed a relationship based on analytical methods
aimed at providing reasonable estimates of the yield period of vibration of Euro-
pean RC frame buildings. Based on the results of eigenvalue, PO and nonlinear
dynamic analyses carried out on 17 RC frames representative of European building
stock, a very simple period-height relationship was obtained, as follows:

T = 0.1 ·H

A summary of the different values of coefficients of period-height relationship for
concrete moment resistant frames proposed by codes and in literature are reported
in Table 3.3.1, while the relevant curves are shown in Figure 3.3.1.

In Figure 3.3.1 strong differences can be observed among the values obtained
using different formulas. Beyond the highest values provided by the Crowley and
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Pinho formula for DBD, very large differences can be obtained also comparing the
results provided by the various formulas for FBD (for example a ratio up to about
three comparing T values from NZSEE and Hong and Hwang).

3.3.3 Description of the study

Empirical period-height relationships, currently available, are typically provided
dependent only on the structural type (concrete frames, steel frames, masonry, etc.),
but do not take into account other important structural characteristics such as:

– Structural regularity in plan and in elevation
– Member stiffness (dimensions, extent of concrete cracking)
– Axial load level
– Reinforcement ratio
– Geometry, presence and position of masonry infills

Further, as already said, these relationships have been usually developed keeping in
mind force-based design. For this reason, they provide low estimates of period such
that the lateral shear force is conservatively predicted from an acceleration spec-
trum. On the contrary, in displacement-based assessment, the displacement demand
is required, being better correlated to the expected damage. This displacement would
be underestimated using the aforementioned period-height formulae (Crowley and
Pinho, 2004).

In the present work the fundamental period of RC frames of varying structural
characteristics (number of stories, irregularity in elevation, presence and position
of masonry infills, etc.) is evaluated. In particular, the strong influence of masonry
infills on dynamic behaviour of RC frames (specifically on fundamental period val-
ues) is highlighted and simplified period-height expressions for classes of existing
European RC buildings are provided.

Relationships from design codes and reported in the literature have been exam-
ined and their results have been compared to those ones obtained from numerical
simulations (eigenvalue analyses) and experimental measurements (ambient vibra-
tion analyses).

As for numerical simulations, a wide parametric analysis on structural types rep-
resentative of typical RC buildings has been carried out. Further, ambient vibration
analyses based on measurements carried out using quick survey techniques have
been used and compared with numerical analyses and design code provisions.

3.3.4 Parametric analysis

A wide parametric analysis has been carried out on several structural types pur-
posely selected and detailed (simulated design) to represent typical European RC
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buildings without earthquake resistant design. For the selection and the simulated
design of the structures a procedure, described in detail in (Masi, 2003), has been
used. A flow-chart of the procedure is shown in Figure 3.3.2.

As for the selection of structural types, the review of the technical original doc-
umentation of typical existing residential buildings has pointed out some important
characteristics influencing their global seismic behaviour. In RC buildings designed
only to vertical loads internal beams are present in one direction only, generally
the longitudinal one. In the orthogonal direction the frames are present on the
external sides only. Stiffness distribution is generally symmetric in both principal
directions. Based on these observations, several 3D building types symmetric in
plan (Figure 3.3.3) have been defined on the basis of the number of story, plan

• STRUCTURAL CODES IN FORCE

• HANDBOOKS TYPICALLY USED

• DESIGN CURRENT PRACTICE

SIMULATED DESIGN (only gravity loads)
• Internal forces computation: simplified models
• Reinforcement design 
(amount, details)

Information Source 
(from the period of construction )

TYPICAL RC STRUCTURES 
INVENTORY

STRUCTURAL TYPE 
SELECTION

Fig. 3.3.2 Flow-chart of the procedure for the simulated design of existing RC buildings

2 Story2 Story 4 Story4 Story

8 Story8 Story

Low-Rise

Type 1 Type 2

Dimension in Plan Lame Frames (LF1 and LF2) 

Mid-Rise High-Rise

Fig. 3.3.3 Number of story, plan dimensions and elevation irregularities considered in the building
types under examination



214 A. Masi and M. Vona

dimensions, irregularity in elevation, presence and position of masonry infills, stiff-
ness of structural members. In all the types interstory height is equal to 3.0 m and
bay length is equal to 5.0 m.

As for the simulated design of the selected structural types, procedures typi-
cally adopted for RC framed buildings have been considered, making reference
to codes in force, handbooks and typical technical documents of the period (sim-
ulated design, Masi, 2003). Safety verifications have been performed according to
the allowable stress method, assuming mechanical properties of materials relevant
to post-1970 standards (medium quality concrete C 20/25 and steel with grade close
to S400 type). The columns have been designed taking into account only axial load
and adopting the minimum requirements provided in the Italian code of the period
regarding reinforcement. The beams have been designed on the basis of the simpli-
fied model of continuous beam resting on simple supports. Where the dimensions
of structural elements and the reinforcement amounts could not be inferred by code
prescriptions or by internal force values, reference has been made to the most promi-
nent handbooks and to the current practice of the period.

As for presence and position of masonry infills, some typical situations have been
considered, thus obtaining the following types (Figure 3.3.4):

– Exterior frames without infills (BF, Bare Frame)
– Exterior frames with regularly arranged masonry infills (IF, Infilled Frame)
– Exterior frames without masonry infills at the ground floor (PF, Pilotis Frame) or

partially infilled at the ground floor (PPF, Partial Pilotis Frame)

As regards BF type, it is worth noting that while infills are generally present in exte-
rior frames, they sometimes have many and/or very large openings or they are badly
connected to the structure and thus their contribution to the strength and stiffness of
the structure can be neglected.

Stiffness variation of structural members has been taken into account in two dif-
ferent ways. In the first one, variation in member stiffness is dependent on transverse
beam dimensions (Rigid Beams, Flexible Beams and No Beams, Figure 3.3.5); in
the second one effect of cracking on stiffness, both of beams and columns, has been
considered.

Bare Frame Infilled Frame Pilotis Frame Partial Pilotis Frame

Fig. 3.3.4 Masonry infill distributions considered in the building types under examination
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Fig. 3.3.5 Stiffness of trans-
verse beams: Rigid Beams
(RB), Flexible Beams (FB),
No Beams (NB)
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Fig. 3.3.6 Stiffness reduction dependent on the axial load value

Experimental results (e.g. Kunnath et al., 1995) show that the elastic stiffness
properties of concrete members is reduced by cracking due to non-seismic actions.
Different values of the ratio Ie/Igross between the reduced inertia Ie and the gross
inertia Igross can be adopted to take into account the different effect of cracking
on columns and beams (role of the axial load value). The European seismic code
(CEN, 2003) in the modelling of the structures allows a stiffness reduction of the
load bearing elements due to cracking suggesting that

In concrete buildings the stiffness of the load bearing elements should, in general, be eval-
uated taking into account the effect of cracking. . . . Unless a more accurate analysis of the
cracked elements is performed, the elastic stiffness properties of concrete elements may be
taken to be equal to one-half of the corresponding stiffness of the uncracked elements.

Three cases have been considered in the parametric analysis as regards the values of
the ratio Ie/Igross:

1. Ie = Igross
2. Ie = 0.7 Igross for Columns and Rigid Beams

Ie = 0.5 Igross for Flexible Beams
3. Ie = k (N) Igross dependent on the axial load value for Columns

Ie = 0.5–0.7 Igross for Flexible and Rigid Beams

In the third case reduction of column stiffness is dependent on the axial load
value due to vertical loads normalized to the ultimate axial load Nmax, as shown
in Figure 3.3.6. Stiffness reduction value is variable in the 0.50–0.70 range for two
stories building, and in 0.50–0.90 range for four and eight stories building.
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In conclusion, in the parametric analysis the following parameters and the rele-
vant number of cases have been considered:

– Number of story: 3 cases
– Dimensions in plan: 2 cases
– Irregularity in elevation: 3 cases
– Presence and position of masonry infills: 4 cases
– Member stiffness: 3+3 cases

3.3.4.1 Results of numerical analyses

The eigenvalue analyses reported in this study have been carried out using the Finite
Element code SAP 2000 (SAP2000, 1999). Models able to represent the selected
structural types in a sufficient reliable way have been implemented. According to
(CEN, 2003) only a limited share of the live loads has been considered in the eval-
uation of the seismic response.

As regards infills, in RC existing buildings they are usually made of two layers
of hollow brick masonry with a total thickness equal to about 200 mm and scarce
mechanical characteristics. Taking into account the modeling capabilities of the pro-
gram used in the analyses, each masonry panel has been modelled by using an
equivalent diagonal strut, whose area has been determined by multiplying the panel
thickness tw by an equivalent width bw. The following expression due to Mainstone
(1974), relevant to rectangular masonry panels, has been used to compute bw:

bw
dw

= 0.20 · sin(2θ)
(

Ew · tw · h3
w · sin(2θ)

Ec·Ip

)
(3.3.2)

where hw = panel height, dw = diagonal length, θ = angle of the diagonal with the
horizontal, Ew = modulus of elasticity of masonry, Ec = modulus of elasticity of
concrete and Ip = moment of inertia of columns. The characteristics of the equiva-
lent strut are the area As = bw · tw, and the stiffness Ks = (Ew As/dw).

The main results obtained from eigenvalue analyses have been represented in
period-height plots together with the regression curve obtained assuming a linear
relationship having the form T = C H to make the comparison among the differ-
ent expressions easier. Specifically, the role of stiffness reduction due to cracking,
of masonry infill distribution, and of elevation irregularity has been pointed out in
Figures 3.3.7–3.3.9.

Figure 3.3.7 shows that the member stiffness reduction in regular Bare Frames
has a significant effect on the H-T relationship with increased values of T up to
about 30% when cracking due to non-seismic actions is taken into account. On the
contrary, it has to be noted that the different methods adopted to compute the stiff-
ness reduction have a negligible influence on results. For this reason, in the follow-
ing reduced inertia will be computed using the simplified formula Ie = 0.5–0.7 Igross.
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Fig. 3.3.7 Period-height relationships obtained using different stiffness values of structural mem-
bers (Bare Frame type, regular in elevation)

As for the role of the infill distribution, the results of the numerical simulations
are summarized in Figure 3.3.8. Considering the cracked stiffness of members (plots
on the right) the curves for Bare Frame types show values far higher than the curves
for Infilled Frame types: the value of C coefficient decreases from 0.110 (BF type)
to 0.057 (IF type). Together with a general decrease, also a reduction of scatter of
T values for each H value considered in the analyses can be observed in IF type, to
confirm the major role of infills. Results for Pilotis Frame are substantially coinci-
dent to those ones for IF type, providing C = 0.058, thus the absence of infills at
the ground floor can be neglected in the computation of T. Similar trends can be
observed in the plots obtained for BF, IF and PF types, when the uncracked inertia
is considered (Figure 3.3.8, plots on the left).

The role of elevation irregularities is analysed in Figure 3.3.9, showing a decrease
of T values both for Bare and Infilled Frames. In Bare Frames the coefficient
C decreases from 0.127 to 0.101 when the irregularities are taken into account,
whereas in the Infilled Frames the reduction is from 0.062 to 0.055. This com-
parison confirms the major role of infills on T values when compared to other
structural characteristics of RC buildings. However, it is worth noting that in this
study elevation irregularities have been considered as shown in Figure 3.3.3, that is
making reference only to Lame Frame types, where one or two floors are partially
absent.



218 A. Masi and M. Vona

Gross Inertia Igross Cracked Inertia, Ie = 0.5-0.7 Igross
B

ar
e 

F
ra

m
e

In
fi
lle

d 
F

ra
m

e
P
ilo

ti
s 

F
ra

m
e

Fig. 3.3.8 Period-height relationships obtained with different infill distributions

3.3.5 Experimental measurements

In this section, some experimental results are reported and analysed. The results of
a wide campaign of structural vibration measurements on Italian building structures
(Gallipoli et al., 2006) are initially described and, after, a comparison with other
measurements reported recently in the technical literature is performed.

Microtremor measurements on 50 RC Italian buildings have been performed
mainly in Potenza town (Southern Italy). Some measurements were carried out also
in Senigallia town (Central Italy). As for Potenza, building sample has been selected
to be representative of the building stock, taking into account structure height and
period of construction. Most of measurements were carried out on RC buildings
designed and constructed in the period 1950s–1970s (structure without earthquake
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Fig. 3.3.9 Period-height relationships obtained without or with elevation irregularities

resistant design), but in a few cases buildings designed in the 1990s (with earthquake
resistant design) have been considered. The buildings under examination exhibit
strongly different characteristics both in plan and in elevation (Figure 3.3.10).
Masonry infills are generally present, often not at the ground floor.

Ambient vibration measurements have been carried out using quick survey tech-
niques. Using a three component data acquisition system, the horizontal and vertical
components of microtremors at the base and at the top of the buildings have been
recorded. A simple as well as reliable time-domain non-parametric methodology has
been used to estimate the fundamental period of buildings (Gallipoli et al., 2006).

T values are in the range 0.074–0.588 s as a result of measurements carried out
on buildings whose height varies from 3 m (1 story) to over 27 m (12 stories). In
Table 3.3.2 the mean values of T and the relevant values of standard deviation SD
and coefficient of variation CV, considering different sub sets referred to different
heights (number of stories) of the buildings, are reported. SD relevant to the entire
dataset is equal to 0.116 s, with a coefficient of variation CV equal to 0.39.

The measured periods in function of the relevant building height are shown
in Figure 3.3.11 together with the best-fit linear regression T = 0.016 H, having
a correlation coefficient R = 0.789. In Figure 3.3.11 also the curves obtained by
adding and by subtracting one standard deviation are reported.

The measurements carried out in Italy have been compared with other similar
measurements reported in the literature. In particular, reference has been made to a
wide experimental campaign carried out in Granada City (Spain) on 89 RC buildings
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Fig. 3.3.10 Examples of RC buildings studied in Potenza town

(Navarro et al., 2004). The typical structural system in Granada City is similar to
that one in Potenza, as it consists in RC frames without earthquake resistant design,
having unidirectional floors, exterior brick walls, RC foundation formed by clamped
footings. Buildings regular both in plan and in elevation were considered. The struc-
tural vibration measurements were performed at the centre of plan at the roof floor
or at the last story of buildings. The displacement of the structure was measured,
and Fast Fourier Transformation was applied to every record in order to compute
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Table 3.3.2 Mean, SD and CV values of the measurements carried out for different building
heights in Potenza and Senigallia (Italy)

Building height (m) No. of cases T (mean) (s) SD (s) CV

3 2 0.160 – –
6 2 0.200 – –
9 1 0.190 – –
12 3 0.277 0.045 0.163
15 4 0.248 0.022 0.090
18 9 0.302 0.037 0.122
21 10 0.338 0.030 0.088
24 11 0.411 0.064 0.155
>27 8 0.484 0.043 0.090

T = 0.016H
R = 0.789
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Fig. 3.3.11 Period-height relationship for Italian buildings derived from experimental
measurements

Fourier spectrum. As a result of the measurements the same period-height relation-
ship obtained for the Italian RC buildings was derived, that is: T = 0.016 H (Spanish
RC buildings).

It has to be noted that the results obtained for Italian and Spanish Buildings are
consistent with those provided by several authors using microtremor measurements
(Kobayashi et al., 1986; Kobayashi et al., 1996; Midorikawa, 1990; Enomoto et al.,
2000).

3.3.6 Analysis of results

Analysing the results obtained from the numerical simulations some general
remarks can be drawn:
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– Cracking due to non-seismic actions, generally present in RC structures, signifi-
cantly influences the fundamental period.

– The presence of regularly arranged masonry panels (IF types) strongly reduce
both T values and their scatter.

– T values computed for IF and PF types are practically coincident.
– Elevation irregularities (LF types) cause a reduction in T values even though

lower than this one due to masonry infills.

As a result of the above remarks it appears that the role of cracking and masonry
infills cannot be neglected in the evaluation of the fundamental period of RC framed
buildings, particularly when they are designed only to gravity loads.

For these reasons in Figure 3.3.12 the proposed period-height relationships for
some classes of existing European RC buildings are shown, distinguishing only Bare
and Infilled Frame types. The proposed relationships are as follows:

Bare Frame types: T = 0.110H
Infilled Frame types: T = 0.055H

Together with the mean curves an estimation of the maximum and minimum pre-
dictable values has also been shown in Figure 3.3.12, based on the variability of the
results.

To compare the main results provided by the numerical simulations and exper-
imental measurements described in this study some period – height relationships,
together with the expression provided in the EC8, are shown in Figure 3.3.13.

The curves in Figure 3.3.13 show that there are very high differences when com-
paring the T values provided by the numerical simulations to those ones obtained
from the experimental measurements. As an example, for a mid-rise building (six
story, H = 18m) T value increases from 0.288 s (experimental results) to 1.98 s

Bare Frames
T = 0.110 H
R = 0.895

Infilled Frames
T = 0.055 H
R = 0.926
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Fig. 3.3.12 Proposed period-height relationships for existing RC framed buildings
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Fig. 3.3.13 Comparison among some period-height relationships for existing RC buildings

(eigenvalue analyses, Bare Frame types), with the latter value about seven times
larger the former one. Really, the ambient vibration measurements were carried out
mostly on Infilled Frame types. However, also making reference to the expression
provided for IF types, T equal to 0.99 s is computed for H = 18m, that is over three
times larger than the experimental value.

Intermediate values but closer to the experimental ones can be computed by using
the EC8 simplified expression provided for Force Based Design of earthquake resis-
tant buildings.

Results very close can be seen between the expression obtained for the Bare
Frame types and that one provided by Crowley and Pinho (2004) for Displacement
Based Design, thus pointing out that the latter should not be used in case of RC
buildings with masonry infills.

3.3.7 Conclusions and future developments

The effects of seismic actions on building structures are strongly dependent on their
dynamic characteristics and, especially, on their fundamental period of vibration.
For this reason, many experimental and numerical studies have been performed to
define in a simplified way the fundamental period of RC buildings.

Typically, empirical relationships between period and building height have been
provided, whose results may be conditioned by the design and construction prac-
tices currently used in the examined region. Further, empirical period-height rela-
tionships dependent only on the material and structural system (concrete or steel
frames, shear walls, masonry, etc.) have been obtained, do not taking into account
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other important structural characteristics such as regularity in plan and in elevation,
member stiffness, presence and position of masonry infills, etc.

In the present paper the fundamental period of RC frames of varying structural
characteristics (number of stories, irregularity in elevation, presence and position of
masonry infills, etc.) is evaluated with the main objective of deriving period-height
expressions for classes of European RC buildings. To this purpose, relationships
from design codes and reported in the literature have been examined and their results
have been compared to those ones obtained from numerical simulations (eigenvalue
analyses) and experimental measurements (ambient vibration analyses).

A wide parametric analysis has been carried out on several structural types
selected and detailed (simulated design) to represent typical European RC build-
ings without earthquake resistant design. For the selection and the simulated design
of the structures a purposely set procedure has been used. The strong influence of
masonry infills and of cracking on the fundamental period values of RC buildings
has been highlighted. Simplified period-height expressions have been provided rel-
evant to some structural types widely present in the European built environment.

As for the experimental evaluation of T values, ambient vibration analyses based
on measurements carried out using quick survey techniques have been used.

The comparison between numerical and experimental results shows very large
differences. It has to be noted that numerical simulations have been carried out on
carefully set up models where the role of cracking, masonry infills, elevation irregu-
larities was taken into account, but other structural characteristics as stairs and plan
irregularities have to be considered. On the other hand, the results obtained from
experimental measurements on existing Italian and Spanish Buildings are consis-
tent with those ones provided by other authors using microtremor measurements.

Further studies and in-situ or laboratory tests are needed to set up procedures
able to reliably evaluate the fundamental period of a building, particularly to better
understand the large differences between numerical and experimental values.
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Chapter 3.4
Retrofitting and Strengthening Evaluation
from Stiffness Variations of a Damaged Building
from Ambient Vibration Recordings

Mohammed N. Farsi, Bertrand Guillier, Jean-Luc Chatelain,
and Sid-Ahmed Zermout

Abstract The rigidity of a six-story shear-wall building, damaged by the May 21,
2003 Boumerdes earthquake (Algeria) has been evaluated before the event, in its
damaged state, and after retrofitting, by estimating its natural frequency, damping
factor, and modal shape. Pre-event parameters are estimated through a numerical
analysis, based on the structure drawings, complemented by an ambient vibration
investigation of an identical non-damaged building located on the same site. Param-
eters of the damaged and retrofitted states were obtained from ambient vibration
recordings. Variations of the modal parameters, for the three states of the build-
ing, allow evaluating rigidity changes, and thus checking of both the retrofitting and
strengthening of the building.

Keywords Building · Earthquake · Stiffness · Modal characteristics · Retrofitting ·
Ambient Vibrations

3.4.1 Introduction

The building under investigation, damaged by the May 21, 2003 Boumerdes earth-
quake (Mw 6.8), is located in the COSIDER neighborhood at Bordj-El-Bahri
(Figure 3.4.1), 20 km East of Algiers and about 40 km West of the 2003 epicen-
ter (36.83N–3.65E, 10 km depth; Bounif et al., 2004). Bordj-El-Bahri is located in
the Mitidja basin, characterized by tertio-quaternary alluviums that reach locally
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Laboratoire de Géophysique Interne et de Tectonophysique, IRD, CNRS, Université Joseph
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Fig. 3.4.1 Location of the studied building (black arrow) in its urban setting. The building is
located in Bordj El Bahri, in the North-East Algiers suburbs. The upper inset shows the location of
the satellite view and the USGS location of the Boumerdes earthquake (black star)

close to 1 km depth, with a very low shear wave velocity in the surficial layer
(Vs30 = 300m/s) indicating a soft soil (Guillier et al., 2005). Strong motion studies
of the 2003 earthquake show that E-W accelerations were greater than the N-S ones,
demonstrating a fault related directional effect of the earthquake (Laouami et al.,
2004, 2006). The accelerometer closest to the epicenter installed at Dar-El-Beida
(6 km South from the studied building) show accelerations of 0.46 and 0.52 g in the
E-W and N-S directions respectively, with a maximum peak ground acceleration in
the 2–6 Hz frequency range (Laouami et al., 2006). Three ambient vibrations cam-
paigns of in-situ measurements were performed to study the dynamical parameters
of the building (before and after the earthquake, and after retrofitting), as well as
a numerical modeling. In this paper, we describe the results from numerical model
and experimental data, and investigate the reliability of both the different methods
used and the retrofitting.

Since few years, damage assessment of a building having experienced a strong
earthquake is of high interest for researchers and structural engineers. In some cases,
the building damages are probably unrecoverable or may lead progressively to total
collapse. Nowadays, the most used and developed methodologies to evaluate the
post-seismic state of a building the nondestructive tests (NDT) such as, the story
damage index (SDI) and the approximate story damage index (ASDI), forming the
basis of any decision to repair, rehabilitate or destroy a building. Generally, NDT
implies to collect earthquake (aftershocks) signal recordings in the building after
the occurrence of a strong earthquake (main shock). Nevertheless, this phase of
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data collection is aleatory and requires a lot of material and specialists to conduct
the recordings. In this paper, we used ambient vibration recordings to evaluate the
dynamic response characteristics of a building under very low levels of excitation,
i.e. without any earthquake shaking. The natural frequencies, modal damping and
modal shapes were studied for three states of the COSIDER building: before the
2003 earthquake, the damaged state after the 2003 earthquake, and after retrofitting
of the building.

The main interest of using ambient vibrations is the possibility to conduct exten-
sive recording campaigns, with the opportunity to evaluate a large amount of struc-
tures, not only after the earthquake occurrence, but also, before and after retrofitting.
This study is part of a joint research venture between the Laboratory of Internal Geo-
physics and Tectonophysics (LGIT) of Grenoble, France and the National Center of
Research Applied in paraSeismic (CGS) of Algiers, Algeria. The goal of this project
is to statistically establish the dynamic response characteristics of various types of
buildings (masonry, concrete, reinforced concrete. . .) in the entire Algiers level, to
have an image of the “pre-event” state, to evaluate the post-strong earthquake state
of the building, by a simple determination of the natural frequencies, allowing the-
oretically to help for a building diagnosis without any human influence. Moreover,
the determination of modal characteristics gives inputs for finite elements calculus.

3.4.2 Structure, damages and retrofitting

The COSIDER building (Figure 3.4.2) is a five-storey building with the follow-
ing heights: underground floor, 2.56 m; first to fifth floors, 2.88 m. The resistant
structure is made of eight transversal RC 15 cm-thick shear-walls of and one eccen-
tric longitudinal 20 cm-thick RC shear-wall. The floors are 15 cm-thick RC slabs.
The building is founded on a 40 cm-thick RC mat foundation. The principal and
lateral facades are constituted by pre-cast RC elements as shown on the photo of
Figure 3.4.2.

In its longitudinal direction, the building is oriented N-S, when the direction
of the fault that originated the 2003 earthquake is ENE. The longitudinal orienta-
tion of the studied building, related to the fault, is consistent with the observations
in Boumerdes, where, in the “1200 Logements” housing lot, the most impacted
structures have a N-S longitudinal direction (Dunand et al., 2004). Thus, as in the
Boumerdes case, visual damages were located on the longitudinal (N-S) shear-wall,
at the underground and first levels, and consisted in shearing cracks that reached
over 10-cm opening at places (Figure 3.4.3, left and center). As the building is
located at the western end of the housing lot (see Figure 3.4.1), it is likely that
part of the train wave has been modified by the transmission back to the soil by
identical neighboring buildings (Wong and Trifunac, 1975, Wirgin and Bard, 1996),
increasing locally the energy in a frequency band around the natural frequency of
the building.
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Fig. 3.4.2 Plan (upper), elevation (lower left) and view (lower right) of the studied COSIDER
building. Values are given in meters

Fig. 3.4.3 Details of the structure. Crack on the longitudinal shear-wall at first floor (left), horizon-
tal crack on the longitudinal shear-wall at first floor (center) and steel reinforcement of longitudinal
shear-wall jacket (right)

The jacketing technique was used to repair and to strengthen the damaged
shear-wall (Figure 3.4.3, right). These retrofitting operations concerned only the
underground and the levels where cracks were visible. The reinforcement of the
longitudinal shear-wall consists in two tablecloths of 12-mm diameter steel bars
constituting a mesh of 20×20cm, and four to six 14 or 16 mm diameter steel bars,
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forming a 20× 20cm cross section column installed at the building end to rigid-
ify the openings (Figure 3.4.3, right). The more seismic loaded lintels were also
reinforced by two sets of four diagonal steel bars.

3.4.3 Experimental data

3.4.3.1 Instrumentation

Ambient vibration recordings, were collected at three different times in differ-
ent ways:

– Initial measurements, part of a global building seismic brittleness survey in the
Algiers area, only modal frequencies and damping were evaluated, without tak-
ing into account the modal shape. A single 15-min recording (at 200 sps) has been
performed at the top of the building, using a 5-s Lennartz LE3D seismometer
connected to a CityShark station (Chatelain et al., 2000), equipment considered
as pertinent for this type of study (Guillier et al., 2007).

– Post-seismic measurements were focused on evaluation of modal frequencies and
damping. The same protocol as for initial recordings has been used.

– Post-retrofitting measurements included not only fundamental frequencies and
damping evaluation, but that of modal shape too. A CityShark II-6 recording syn-
chronously six 5-s Lennartz LE3D seismometers was used with 30-min record-
ings, at 200 sps, with one seismometer per level, installed in the stairwell.

For the three experiments:

– The gain was adjusted to minimize signal clamping for the 3 components (initial
and post-seismic measurements) or the 18 components (post-retrofitting mea-
surements).

– The N-S component of the seismometers was oriented along the longitudinal
direction and the E-W component in the transversal direction.

3.4.3.2 Data processing

Data have been processed using the Geopsy software (www.geopsy.org), follow-
ing as much as possible seismic noise processing SESAME recommendations
(SESAME, 2004). Modal frequencies were determined with the “Peak Picking”
method (Bendat and Piersol, 1993). No sensor nor station correction were used,
and the following procedure has been used:

– Removal of the offset by subtracting for each sample the average of the whole
recording.
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– Window selection using an anti-trigger to eliminate transients (1-s STA, 30-s
LTA, STA/LTA ratio thresholds of 0.3 and 2.0).

– A cosine taper (5%) has been applied on both sides of each window of all com-
ponents.

– Spectral amplitudes are obtained through a FFT applied to each window of the
three components. Then, a Konno and Ohmachi smoothing (1998) is applied with
a bandwidth of 40.

– Frequency peak pickings, using the automatic recognition Geopsy facility.

For damping analysis, we applied the Randomdec method, which to the ambient
vibration recordings which allows to individualize the Impulse Response Function
(IRF) from a random solicitation (Dunand, 2005). This method consists in a stack of
numerous signal windows with the same initial conditions (in this case, null velocity
with positive displacement) and the same time length. Thus, the random part of the
signal is canceled because its mathematical hope is null and then we deduce the
impulsive response.

For modal shape determination, we evaluate the amplitude of each studied fre-
quency at each level, and the amplitude of each studied frequency, obtained at each
storey is normalized to the upper level amplitude (Dunand, 2005).

3.4.3.3 Frequency and damping experimental results

The modal frequencies and damping obtained are shown on Figure 3.4.4 and
resumed in Table 3.4.1.

From initial to post-earthquake state. The stronger change occurred in the lon-
gitudinal direction, with a 48% decrease of the first modal frequency (3.9 down
to 2.06 Hz), while in the transversal direction the first modal frequency downfall
was only 14% (3.56 down to 3.06 Hz). From these frequency variations, a strong
impact of the earthquake is suspected on the longitudinal direction, whereas in the
transversal direction only a marginal impact is expected. Moreover, the longitudinal
damping demonstrated a very deep effect of the earthquake, with a 70% crumbling
of the damping factor, showing in the post-earthquake state a very small possibility
to dissipate energy in the longitudinal direction. Finally, no changes are observed
for the transversal damping factor (stable at 2.77%), confirming the very marginal
impact of the earthquake in this direction. It should be noticed that the damping is
stable, even though the transversal first modal frequency slightly decreased.

From post-earthquake to post-retrofitting state. Again, major changes occurred
in the longitudinal direction where the first modal frequency increased from 2.06
to 4.43 Hz, a 115% jump, and a 14% increase from initial to retrofitted state. The
longitudinal direction damping increased of 450%, to reach a greater value than in
the pre-earthquake state (+70%). In the transversal direction, the retrofit produced
a 0.45 Hz (14%) of the first modal frequency f, a frequency very close to the pre-
earthquake frequency, and a 7% damping increase.
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Fig. 3.4.4 Fundamental frequencies and damping curves obtained from in-situ seismic noise mea-
surements on COSIDER building in Bordj-El-Bahri (Algeria) for longitudinal and transversal
directions. Measurements have been done before and after the Boumerdes earthquake and the after
retrofitting. The left column shows the average (plain line) and the standard deviation (dashed lines)
of spectra, derived from selected time windows. The right column displays the averaged damping
curve (thin plain line), its standard deviation (thin dashed line) and the modeled theoretical damp-
ing curve (thick dashed line) obtained by the Randomdec method (null displacement and positive
velocity; Dunand, 2005)
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Table 3.4.1 First modal frequencies and damping obtained from seismic noise

Longitudinal direction Transversal direction

Frequency (Hz) Damping (%) Frequency (Hz) Damping (%)

Before earthquake 3.90 5.25 3.56 2.77
After earthquake 2.06 1.62 3.06 2.77
After retrofitting 4.43 8.95 3.51 2.96

3.4.3.4 Experimental results for modal shape

Modal shapes have been calculated only before the earthquake and after retrofitting
(Figure 3.4.5). Due to a lack of time, it has not been possible to perform recordings
in the time interval after the earthquake occurrence and before the retrofitting. Nor-
mally, at the ground level, the energy released by the building is very low (2–4% of
the energy released at the top), representing the soil-structure interaction (SSI). The
left curves on Figure 3.4.5 display a very different pattern, as the energy at ground
level is very high, letting to suspect a very intense interaction in-between soil and
structure (14–22%). Moreover, at the first and second levels, the energy release is
lower that it should be assuming a linear decrease of the energy with the height of
the building.

The longitudinal first modal shape (Figure 3.4.5, upper right) demonstrates that
the retrofitting has strongly stiffened the structure. However, stiffening has been
done only at the bottom of the building (breaking point on the curve observed at
the first floor). A second breaking point shows up on the longitudinal curve after
retrofitting at the third level, which let strongly suspect non-apparent damages at the
third and fourth floor (Clinton et al., 2006).

In the transversal direction, the mode shapes (Figure 3.4.5, lower right) are very
strongly homogeneous. As the post-earthquake mode shape is not available, it is not
possible to ensure that the retrofitting do not improve the stiffness of the structure,
but the stability in that direction of both modal frequency and damping sustains this
assumption.

3.4.4 Discussion

In its pre-earthquake state, the building displays natural frequencies in the 3–4 Hz
frequency range (Table 3.4.1), right in the frequency band with the maximum peak
ground acceleration at this distance of the main shock (2–6 Hz, Laouami et al.,
2006). The earthquake has mainly impacted the building in the longitudinal direc-
tion (N-S oriented), which according to Laouami et al. (2006), is the most solicited
direction (0.52 g acceleration), producing a reduction of the stiffness evidenced by a
modal frequency decrease (close to 50%). In transversal direction, the lower accel-
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Table 3.4.2 Structural characteristics used for modeling

Concrete density Elastic concrete
modulus

Roof mass Current story
mass

Soil rigidity Damping

2.5 2.3 107 KPa 7.3KN/m2 6.75KN/m2 50MN/m3 10%

eration (0.46 g, Laouami et al., 2006) induced marginal changes in modal char-
acteristics, without strong impact on the structure stiffness and modal frequency
(Table 3.4.1). The building rehabilitations have generated a return of the structure to
its initial natural frequency band, demonstrating the legitimacy of the rehabilitation
when considering the frequency domain. However, the modal shape, especially in
the longitudinal direction, displays an abnormal pattern with a strong stiffening at
the bottom of the building, probably generating a strong localization of the shear
at the second floor, thus increasing the vulnerability of the building in case of a
future strong shake (Michel, 2007). The longitudinal mode shape shows a second
abnormality at the fourth floor, certainly reflecting hidden earthquake damages, and
has not been corrected during the rehabilitation, adding another vulnerability factor
to the building. It is noticeable that the building stiffness is mainly given by single
eccentric shear-wall, increasing the impact of torsional modes.

Finally, from modal shapes, it is clear that there is a strong interaction between
soil and structure (Dunand et al., 2002). This interaction is probably due to rocking
movement that is very difficult to demonstrate, especially with ambient vibrations. A
finite element modeling has been performed in order to estimate the different build-
ing modes (see Table 3.4.2 for parameter description). Concrete data are coming
from in-situ sampling and soil rigidity evaluation comes from local studies. Fol-
lowing the Algerian seismic code (RPA99/2003), the shear-wall damping value has
been fixed to 10%. The numerical process has been done using the original pre-
earthquake plans, as drawn by the architect, and the final plans made during the
retrofitting phase. The pre-earthquake state finite element dynamic calculus gives, a
first transversal mode at 3.71 Hz and a second longitudinal mode at 4.13 Hz. Post-
retrofitting state calculus give a first transversal mode at 3.76 Hz and a second longi-
tudinal mode at 4.30 Hz. These results are in agreement with the results from in-situ
ambient vibration recordings. However, a rocking component had to be integrated
in the numerical process to obtain this good fit.

The Algerian seismic code 10% shear-wall damping factor (RPA99/2003) is
quite far from the ambient vibration damping factors. The experimental values
(3–9%) are very low, probably because of (1) a bad quality of the materials
(concrete. . .) and (2) the soil-structure interaction. It is necessary to recognize also
that the damping parameter, especially deduced from seismic noise (i.e. low level
excitation), is more difficult to estimate that the modal frequency. Whatever the ori-
gin of the difference between theoretical and real damping values, it appears as very
important to give more realistic data for numerical modeling.
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3.4.5 Conclusion

Ambient vibration techniques are very robust to define building dynamic response
characteristics (natural frequency, modal damping and modal shape), allowing eval-
uating the stiffness changes of a structure, as a decrease of a building natural fre-
quencies is always linked to a loss of stiffness. However, the simple definition of
the natural frequencies seems to be insufficient to thoroughly evaluate a build-
ing behavior. In the COSIDER case natural frequencies by themselves give good
results, accrediting the rehabilitation robustness, while the modal shape analysis
raises serious doubts on the rehabilitation reliability. Thus, for more thorough build-
ing diagnosis, it is mandatory to study not only natural frequencies, but also modal
shapes. If damage in different locations and components leads to different changes
in different modes, it is actually quite simply impossible to locate the damages using
modal frequency parameters only. Currently, it seems that modal shape is the only
effective damage location related parameter, even if its precision is not so good.

As seismic noise recordings in buildings are very easy and not time consuming, it
could be useful to undertake systematic recordings in earthquake prone areas (Farsi,
1996; Farsi et al., 2006) to evaluate the behavior of any building as to optimize post-
earthquake diagnosis, with much better results than any visual inspection. At the
same time, frequent measurements for dynamic modal characteristics of a building
will allow to follow its health over time. Of course, as noted by numerous authors,
the ambient vibration technique is also very interesting to get input data for finite
element methods, as there is generally way too many assumptions for the values of
essential parameters.

Finally, ambient vibration recordings might be an alternative method for
repairing and retrofitting evaluations, as generally rehabilitations are not very well
evaluated and may lead to catastrophic consequences because of poor vulnerability
parameter assessment.

Acknowledgement The authors gratefully acknowledge Mr Saichi, Technical Director and Mrs
Bensalem, Civil Engineer at COSIDER Enterprise who have provided us drawings of the buildings
and facilitated to us the access in the building to get recordings.
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Chapter 4
State-of-the-Art – Recent Advances
and Applications

John F. Cassidy

Introduction

Earthquake site response studies are rapidly gaining popularity worldwide. There
are many reasons for this, including: the development of a new-generation of low-
cost, portable recording instruments; improvements in software and analysis meth-
ods; and recent results (many of which are documented in this publication) showing
that ambient noise measurements can successfully be used for hazard and vulnera-
bility assessments in a wide range of geologic and tectonic environments, and for a
variety of purposes.

This chapter summarises some recent applications of earthquake site response
studies, from Canada to Croatia to Tunisia, and many points in between. Diverse
applications, from evaluating the site response of thick sedimentary basins, to
assessing the vulnerability of world heritage sites are presented in this chapter.

While there are still important questions regarding the validity of amplification
factors derived from ambient noise measurements, there is a general consensus that
the fundamental period of the site response is a robust measurement, and a key
parameter that can be compared with the fundamental period of buildings, to assess
vulnerability.

In Slovenia, A. Gosar conducted a detailed site response study in the Bovek
Basin – a region that suffered extensive damage during moderate (Mw = 5.2–5.6)
earthquakes in 1998 and 2004. The observed fundamental frequencies could not be
related to the thickness of the Quaternary sediments, but could be explained by the
presence of shallow conglomerate or lithified moraine. A key result of this study
was that the damage distribution can largely be explained by soil-structure reso-
nance. The hardest hit areas were those where the fundamental frequency of the soil
(generally 7–11 Hz) matched that of the buildings (typically 5–13 Hz).
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In Canada, site response studies are underway in a variety of tectonic settings,
including the Fraser River Delta of greater Vancouver (comprised of some of the
youngest soils on earth) to Ottawa and Montreal, where marine clays overlay some
of the oldest rocks on earth. J. Cassidy describes a variety of methods (includ-
ing using earthquake recordings, ambient noise, geological and geotechnical) that
provide valuable new results in the major urban centres in western Canada. The
clay layers in eastern Canada show very large amplification factors (on the order
of 50–100 times) that may be attributed to very strong impedance contrasts. More
detailed work is currently underway to examine this.

Ambient vibration measurements were conducted in Croatia, by M. Herak, in
both the free field and in structures. It was demonstrated that the free field measure-
ments provided valuable constraints on geotechnical properties of the soil, espe-
cially the fundamental frequency of sedimentary deposits. In buildings, spectral
methods were shown to be more robust than time domain analysis, and the ambi-
ent noise measurements led to reliable estimates of frequencies and damping of the
buildings’ vibrational modes.

Ambient noise measurements were used by Saita for vulnerability assessments of
important heritage sites around the world, including the leaning tower of Pisa, struc-
tures within the old walled city of Manila, and ancient buildings in Istanbul, Turkey.
The use of ambient noise is an ideal, non-invasive method to look at the vulnerabil-
ity of old structures – particularly those that may have already been weakened by
historic earthquakes.

Applications of the H/V spectral ratios to cultural heritage and historic masonry
by Liberatore, Mucciarelli, Gallipoli, and Masini, highlight methods of using ambi-
ent noise data to evaluate the effectiveness of retrofitting and strengthening tech-
niques for historic structures in Italy.

In Tunisia, Bouden-Romdhane, Mechler, Duval, and Anibi conducted a detailed
study to evaluate seismic site-response and liquefaction potential in the densely pop-
ulated Tunis City area. This region is dominated by a thick sedimentary basin of
loose Quaternary sediments over Eocene bedrock. Results using the H/V method
with ambient noise were compared to those from the Standard Spectral Ratio
method and found to be in good agreement – especially the fundamental period.
Numerical modelling was used to confirm the natural site frequencies observed in
the microtremor data, and to estimate the effects for stronger ground motions.

One of the applications of detailed ambient noise measurements is for seismic
microzonation mapping. Rodriguez-Marek and his colleagues demonstrate that soil
depth is an important parameter in estimating earthquake site response. As an alter-
native to existing geologic-based and S-wave velocity-based schemes, they propose
a new site classification scheme that includes measures of the dynamic stiffness of
the surficial materials and depth to bedrock.

Over the next few years a wealth of new data – geological, geophysical and seis-
mological (both ambient noise data and strong ground motion data), will allow for
greatly improved estimates and understanding of local earthquake site effects. This,
in turn, will result in improved codes and standards, and reduced losses from future
earthquakes around the world.



Chapter 4.1
Microtremor Soil-Structure Resonance Study
in the Bovec Basin (NW Slovenia) Related
to 1998 and 2004 Damaging Earthquakes

Andrej Gosar

Abstract The Bovec basin, which is filled with glaciofluvial sediments, has recently
been struck by two strong earthquakes (1998 and 2004) which caused extensive
damage (VII–VIII EMS-98). Strong site effects resulted in large variations in dam-
age to buildings in the area, which could not be explained by the surface varia-
tions in Quaternary sediments. The microtremor horizontal-to-vertical-spectral ratio
(HVRS) method was therefore applied to a 200 m dense grid of free-field measure-
ments to assess the fundamental frequency of the sediments. Large variations in the
sediments frequency (3–22 Hz) were obtained, with most of the observed values in
the range 6–12 Hz. The observed frequencies cannot be related to the total thick-
ness of Quaternary sediments (sand, gravel), but can be explained by the presence
of conglomerate or lithified moraine at shallow depths. Microtremor measurements
performed in 20 two, three and four storey houses (masonry with RC floors), which
prevail in the Bovec basin, have shown that the main building frequencies in the area
are in the range 7–11 Hz. This indicates that damage to houses in both earthquakes
in some parts of the basin was enhanced by site amplification. Areas of possible
soil-structure resonance were identified which correspond good to the distribution
of damage in both earthquakes.

Keywords Ambient vibrations · Microtremors · Horizontal-to-vertical spectral
ratio (HVSR) · Site effects · Soil-structure resonance

4.1.1 Introduction

The Bovec basin is located in the Upper Soča valley in NW Slovenia (Figure 4.1.1),
a region undergoing a recent increase in seismic activity. Two strong earthquakes
struck the area in 1998 and 2004. Both earthquakes occurred on the NW-SE
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Fig. 4.1.1 Shaded relief map of the Upper Soča valley with the Bovec basin and epicentres of
two recent strong earthquakes in Krn mountains. Fault plane solution for 12/04/1998 event is from
Zupančič et al. (2001) and for 12/07/2004 event from Kastelic et al. (2006). Boxed area indicates
the maps shown in Figures 4.1.2–4.1.4

trending near-vertical Ravne fault in the Krn mountains at 7–9 km depth. The focal
mechanisms show almost pure dextral strike-slip. The epicentral distance to the
town of Bovec was 6–7 km. The 12 April 1998 earthquake (Mw = 5.6) had a max-
imum intensity of VII–VIII EMS-98 (Zupančič et al., 2001) and the 12 July 2004
(Mw = 5.2) earthquake VI–VII EMS-98 (Živčić et al., 2006). Both earthquakes
caused extensive damage to buildings in the area, but strong variations in damage
were observed within short distances in the whole Bovec basin. They can only be
attributed in part to differences in building vulnerability, since the building typol-
ogy is similar throughout the area. The influence of site effects was therefore very
prominent (Gosar, 2007).

The study area is located in a transition zone between E-W striking thrust faults
of the Alpine system and NW-SE striking faults of the Dinarides system. In the
seismic hazard map for a return period of 475 years, the Bovec basin is located
in a region with a design ground acceleration 0.225–0.250 g (Lapajne et al., 2001).
Relatively high seismic hazard is caused mainly by high seismic activity in the Friuli
area where the Mw = 6.4 earthquake occurred in 1976 (Perniola et al., 2004). The
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strongest earthquake ever recorded in the Alps-Dinarides junction was the 1511
western Slovenia M = 6.8 earthquake (Fitzko et al., 2005).

Seismic microzonation of the Bovec basin based on surface geological data and
data from shallow geotechnical boreholes (Ribičič et al., 2000) has shown that it
is not possible to explain with these data most of the observed variations in the
distribution of damage. More promising results have been obtained by combined
application of microtremors and 1D modelling of ground motion based on the results
of shallow geophysical investigations (Gosar et al., 2001).

To study in more detail the site effects, we performed free-field microtremor
measurements at 124 points in the Bovec basin. In addition, 20 buildings were sur-
veyed in order to determine their main resonance frequencies. By overlying the fre-
quency map of the sediments with the frequencies of buildings, the areas of potential
soil-structure resonance were identified. Results were compared to the distribution
of damage caused by the 1998 and 2004 earthquakes and to available geological,
geotechnical and geophysical data. The soil-structure resonance was in our opinion
the main reason for the relatively high damage to buildings in different parts of the
Bovec basin.

4.1.2 Geological setting

The Bovec basin, which is located in the Soča river valley is 6 km long and
2 km wide (Figure 4.1.1). The basement consists of Mesozoic platform carbonates
(Figure 4.1.2). They are overlain by a succession of deep-water flysch or by marly
limestone (scaglia) with intercalated calcarenites, shales, marls and conglomerates
of Cretaceous age (Buser, 1986; Jurkovšek, 1986). Quaternary sediments are rep-
resented from bottom to top by partly lithified glaciofluvial sediments, overlain by
lacustrine chalk (Kuščer et al., 1974; Bavec et al., 2004). During the Holocene, the
chalk was partly eroded and covered by glaciofluvial sand and gravel (Bavec, 2002)
which are weakly cemented in some parts into conglomerate and by moraine (till).

A 2D cross-section (Figure 4.1.5) was prepared based on general geological
knowledge of the area and sparse geophysical data, because no deep boreholes have
been drilled in the basin. The thickness of glaciofluvial sediments was determined
by electrical sounding, but it did not distinguish between flysch and lacustrine chalk
(Gosar et al., 2001). In the vicinity of the cross-section, according to the geological
data, the chalk is found mainly in the Čezsoča area under younger sand and gravel,
while under the Bovec terrace only flysch is expected.

4.1.3 Microtremor measurements in the Bovec basin

The microtremor HVSR method is in the last decade widely used for microzona-
tion and site effects studies. Reviews on the method can be found in Bard (1999) or
Mucciarelli and Gallipoli (2001). However, the theoretical basis of HVSR method
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Fig. 4.1.2 Simplified geological map of the Bovec basin after Buser (1986), Jurkovšek (1986) and
Bavec et al. (2004). Transfer to GIS was done by Geological Survey of Slovenia. Triangles indicate
points of free-field measurements. Squares (H1–H6) indicate measurements in houses shown in
Figure 4.1.7. A-A′ indicates cross-section shown in Figure 4.1.5

is still debated and different explanations have been given (Nakamura, 2000; Bard,
1999; Bonnefoy-Claudet et al., 2006). Attempts to provide standards for data acqui-
sition and processing were only recently been made (SESAME, 2004). It is widely
accepted today that the frequency of the HVSR peak reflects the fundamental
frequency of the sediments. Its amplitude depends mainly on the impedance con-
trast with the bedrock and cannot be used as a site amplification. However, com-
parisons with results of standard spectral ratio method has shown that the HVSR
peak amplitude underestimates the actual site amplification (Bard, 1999; SESAME,
2004; Gosar, 2008). HVSR also does not provide any estimate of the actual band-
width over which the ground motion is amplified. The main advantages of HVSR
method are therefore simple and low cost measurements and direct estimates of the
resonance frequency of sediments without knowing the geological and S-velocity
structure of the underground. Any knowledge about the thickness or/and velocity
of sediments and the comparison of HVSR results with other methods and with the
observed earthquake damage can significantly improve the reliability of the results
(Bard, 1999).
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The use of microtremors was later extended to identifying the main reso-
nance frequencies of the buildings, their vulnerability and soil-structure resonance
(Mucciarelli et al., 2001; Gallipoli et al., 2004a). Damage enhancement and soil-
structure resonance was recently studied using microtremors for Umbria-Marche
earthquake (Mucciarelli and Monachesi, 1998; Natale and Nunziata, 2004), for
Thessaloniki earthquake (Panou et al., 2005) and for Molise earthquake (Gallipoli
et al., 2004b).

4.1.3.1 Free-field measurements

In the Bovec basin, a 7km2 large area was surveyed in an approximate 200×200m
grid of free-field measurements (Figures 4.1.2–4.1.4). This area covers almost the
whole extent of Quaternary sediments in the central part of the basin and includes
Bovec, Čezsoča and Kal-Koritnica (Figure 4.1.2), the three settlements which suf-
fered extensive damage in the 1998 and 2004 earthquakes. Altogether, 124 free-field
measurements were performed. Their locations were carefully selected to avoid the
influence of trees, rivers and strong topographic features. Measurements were per-
formed only on no-wind days, because the noise introduced by strong wind can
severely affects the reliability of HVSR analysis (Mucciarelli et al., 2005; SESAME,
2004). The noisiest conditions were in the Čezsoča area, because of retrofitting con-
struction activities following the 2004 earthquake. Coherent noise in the vicinity of
the industrial area in the easternmost part of Bovec was found to be less problematic,
because its dominant frequency was seldom below 20 Hz.

Measurements were performed by using six portable seismographs Tromino
(Micromed) composed of three orthogonal electrodynamic velocity sensors, GPS

Fig. 4.1.3 Some examples of microtremor HVSR curves from the Bovec basin. Thin lines repre-
sent 95% confidence interval
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Fig. 4.1.4 Map of the fundamental frequency peak derived from HVSR analysis of microtremor
data. Triangles indicate points of free-field measurements; label indicates the frequency of the peak

Fig. 4.1.5 Cross-section of Quaternary sediments across the Bovec basin interpreted from vertical
electrical soundings and microtremor HVRS curve derived from the map in Figure 4.1.4. The
position of the cross-section is shown in Figure 4.1.2

receiver, digitizer and recording unit with flash memory card. All parts are integrated
in a common case to avoid electronic and mechanical noise that can be introduced by
wiring between equipment parts. Good ground coupling on soft soils was obtained
by using long spikes mounted at the base of the seismograph. The recording length
was 20 min, which allows spectral analysis down to 0.5 Hz.

HVSR analysis was performed in the following way. Recorded time series were
visually inspected to identify possible errorneous measurements and stronger tran-
sient noise. Each record was then split into 30 s long non-overlapping windows for
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which amplitude spectra in a range 0.5–64 Hz were computed using a triangular
window with 5% smoothing and corrected for sensor transfer function. HVSR was
computed as the average of both horizontal component spectra divided by the ver-
tical spectrum for each window. From the colour coded plot of HVSR functions
for all 40 windows, the windows including strong transient noise were identified in
order to be excluded from further computation. The effect of transient seismic noise
on HVSR analysis is still debated (Parolai and Galiana-Merino, 2006). In our mea-
surements transient noise occurs mostly in a frequency range lower than is the value
of the peak. At the end, the average HVSR function with a 95% confidence interval
was computed.

4.1.3.2 Measurements inside buildings

For measurements inside buildings the recording length was 10 min, because fre-
quencies below 1 Hz were not of interest. Two storey residential houses prevail in the
area, with some multi-flat three or four-storey buildings. Older houses are mainly of
simple and massive stone, while newer houses are mainly masonry with RC floors.
Measurements were performed on all floors of the building. Two horizontal com-
ponents were oriented in the longitudinal and transverse directions of the building.
The instrument was placed as close as possible to the mass centre of the building
and close to a wall. Outside each building, but far enough to avoid its influence, a
free-field measurement was also performed.

Each record was split into 10 s long non-overlapping windows for which ampli-
tude spectra were computed using a triangular window with 3% smoothing. Win-
dows including strong transient noise were excluded from further computation,
although some investigations indicate that influence of transients is small (Yuen
et al., 2002). Average amplitude spectra for each component were computed from
selected windows. For each floor, a separate HVSR of each horizontal component to
the vertical component was also computed, as proposed by Gallipoli et al. (2004a).
Directional analysis was performed in 10◦ angular steps for easier recognition of the
two main resonance frequencies in longitudinal and transverse directions. In addi-
tion, ratios of amplitude spectra for records taken on higher floors to the spectra of
a reference record taken at ground floor were computed.

4.1.4 Results and interpretation

4.1.4.1 The map of fundamental frequency of sediments

HVSR analyses of 124 free-field microtremor measurements in the Bovec basin
showed that most of them (80%) fulfil the criteria defined by European SESAME
project for reliable measurements (SESAME, 2004). Three of these criteria for a
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reliable HVSR curve are based on the relation of a peak frequency to the window
length, number of significant cycles and standard deviation of a peak amplitude. Six
criteria for a clear peak are based on the relation of the peak amplitude to the level of
the HVSR curve elsewhere, and standard deviations of the peak frequency and of its
amplitude (the amplitude should decrease rapidly on each side). If all three criteria
for reliable curve and at least five criteria for a clear peak are fulfilled, the frequency
of the peak is considered to be the fundamental frequency of sediments down to the
first strong contrast in shear-wave velocity. In the Bovec basin the main reasons for
20% of measurements which do not fulfill these criteria were: (a) artificial noise, (b)
two or more peaks in a spectrum or (c) too small amplitude of the peak. In cases
in which the small amplitude of the HVSR peak caused failure to the criteria for a
clear peak, we compared the results with adjacent measurements. If the frequencies
of questionable peaks were comparable with the frequencies obtained at adjacent
points, we kept them in the database. Finally, the frequencies of peaks determined
at 104 points were used for contouring a map of the fundamental frequency of sedi-
ments (Figure 4.1.4).

The frequencies of the observed HVSR peaks are distributed in the wide range
of 3–22 Hz (Figure 4.1.6), but most of them are in the range 7–11 Hz. Since two
storey residential houses prevail in the area, their vulnerability can be expected in
the frequency range 6–12 Hz. This range is shown on the map with red colours
(Figure 4.1.4). The danger of soil-structure resonance in the Bovec basin therefore
seems to be considerable. This is discussed further in the section describing the
results of measurements in buildings.

The amplitudes of the HVSR peaks are distributed in a range of 2–12, but most
of them (80%) are in the range 3–6. No correlation between the frequency of the
peak and its amplitude was established (Figure 4.1.6).

Fig. 4.1.6 Amplitude vs. frequency graph of HVSR peaks
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Next section describes some examples of HVSR analyses shown in Figure 4.1.3
and the main features of the map of HVSR fundamental frequencies of the Bovec
basin (Figure 4.1.4).

• Frequencies in the range 7–11 Hz prevail (B33, B92, B118) in the largest part of
the map (Bovec terrace, Čezsoča, Kal-Koritnica). Although some measurements
were disturbed by monochromatic noise (B145), it was possible to determine the
fundamental frequency in the majority of spectral ratios.

• Lower frequencies (3–6 Hz) were obtained at the margins of the basin (B22,
B171, B56), where flysch and deep sea clastic rocks outcrop.

• Very high frequencies (18–22 Hz) were obtained in two areas. In the central part
of Bovec they are related to a very thin layer of till or sand-gravel overlying
flysch bedrock. At the SE margin of the map (B117, B124), they are related to
very shallow conglomerate visible in a nearby cliff.

Comparison of several adjacent measurements has shown that the amplitudes of the
HVSR peaks are also highly variable within short distances. For example, points
B29 and B81, which were measured only 200 m away, show almost the same fun-
damental frequency (6 and 6.2 Hz), but have considerably different peak amplitudes
(4.5 and 11).

Comparison of the HVSR iso-frequency map (Figure 4.1.4) with the geologi-
cal map (Figure 4.1.2) and the cross-section (Figure 4.1.5) showed that large varia-
tions in fundamental frequencies cannot be explained by known variations in surface
geology or related to the total thickness of the Quaternary sediments which is up to
100 m. They must be related to shallow geological structures. If a mid S-wave veloc-
ity for glaciofluvial sediments of 350 m/s is taken for sediments, the rough estimate
of the corresponding thickness of assumed single layer for observed frequencies
(3–22 Hz) would give a range of 4–30 m.

The curve of fundamental frequencies derived from the map (Figure 4.1.4) shown
at the top of the cross-section A-A′ (Figure 4.1.5) also shows great variability.
Although the structure of Quaternary deposits in the basin is poorly known we try
to interpret the observed variations of fundamental frequencies in terms of expected
lithological units:

• Frequencies of 8–10 Hz in the southern part (Čezsoča) correspond to a 15–25 m
thick layer of younger sand and gravel overlaying lacustrine chalk and flysch.

• The 12.5 Hz peak close to the Soča river is most probably related to shallow
lacustrine chalk.

• Frequencies of 10–14 Hz observed in the northern part of the profile are probably
related to the layer of conglomerate inside the Bovec terrace. The extent of this
weakly cemented layer was not known before, because it was not detected by
electrical sounding due to the small resistivity contrast.

• The largest variations in frequency (6–14 Hz) on this profile were observed in the
Bovec area. The town is located at the margin of the Bovec terrace, partly on it
(sand, gravel), partly on glacial till and tillite overlying flysch rocks. In any case,
the thickness of Quaternary sediments is in general small, but due to fluvial relief
the variations can be considerable.
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4.1.4.2 Main building frequencies and soil-structure resonance

Measurements performed in buildings confirmed that microtremors are an effec-
tive tool to identify the main building frequencies. For all measured houses
(Figure 4.1.7), it was possible to identify the longitudinal and transverse frequencies.
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Fig. 4.1.7 Results of microtremor measurements in six houses (H1–H6) in the Bovec basin. Their
locations are shown in Figure 4.1.2. For each building: (a) free-field HVSR, (b) amplitude spectra
of horizontal components for microtremor measurements at highest floor
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We have found a good correspondence in the frequency of the peaks from measure-
ments taken on different floors in the same building, showing an increasing ampli-
tude response at higher levels. Since it is not the purpose of this paper to discuss the
dynamic behaviour of buildings, but to identify possible soil-structure resonance,
only the results from the highest floor of each building are presented below.

Two-storey residential houses (masonry with RC floors) prevail in the Bovec
basin, but there are also some higher multi-flat buildings. Examples of five two-
storey and one three-storey buildings from different parts of the basin are discussed
in this section. The locations of houses are shown in Figure 4.1.2. Two graphs are
shown for each building (Figure 4.1.7): (a) the result of HVSR analysis for free-field
measurement performed in the vicinity of the building, (b) amplitude spectra of both
horizontal components for measurements taken on the highest floor of the building.
In buildings “N-S” component corresponds to its longitudinal and “E-W” compo-
nent to its transverse direction. For each house, damage caused by the 1998 and 2004
earthquakes, assessed according to the classification of damage for masonry build-
ings in European Macroseismic Scale (ESM-98), is also given. The main results of
microtremor measurements inside building are summarised in Table 4.1.1, together
with nearby free-field data and an indication whether soil-structure resonance is
probable.

House H1 is located in Bovec-Mala vas district on the Bovec terrace, where a
clear peak at frequency 8 Hz with amplitude of 6.5 was obtained in free-field mea-
surements. The old house at this location was very heavily damaged in the 1998
earthquake. It was therefore demolished and a new house of similar size was built at
the same location. In the 2004 earthquake, the new house suffered slight to moderate
damage. From microtremor measurements in the house, it was possible to identify
the main building longitudinal (8.7 Hz) and transverse (7.6 Hz) frequencies. Soil-
structure resonance is therefore a probable reason for the very high damage to the
previous house in the 1998 earthquake, as well as for the relatively high damage in
2004 to the new house constructed according to the latest building codes. In general,
the damage caused by 1998 earthquake was considerably higher in Mala vas (VII
EMS-98) than in other districts of Bovec (VI EMS-98) (Gosar et al., 2001).

House H2 is located in Bovec-Brdo district on the Bovec terrace, where a
wide peak centred around 9.3 Hz with amplitude of 5.0 was obtained in free-field
measurements. The main building longitudinal (8.5 Hz) and transverse (9.7 Hz)

Table 4.1.1 Main results of microtremor measurements inside buildings

Building Number
of storeys

Longitudinal
freq. (Hz)

Transverse
freq. (Hz)

Free-field
freq. (Hz)

Soil-structure
resonance

H1 2 8.7 7.6 8.0 Yes
H2 2 8.5 9.7 9.3 Yes
H3 2 10.7 9.6 17.5 No
H4 2 10.2 8.5 8.0 Yes
H5 2 8.3 8.8 8.6 Yes
H6 3 5.8 6.6 11.2 No
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frequencies were identified. Soil-structure resonance is therefore very likely. The
house was moderately damaged in the 1998 and 2004 earthquakes.

House H3 is also located in Bovec-Brdo on the Bovec terrace, 100 m to the north
of house H2. A wide peak centred around 17.5 Hz with HVSR amplitude of 5.0 was
obtained in free-field measurements. The main building longitudinal (10.7 Hz) and
transverse (9.6 Hz) frequency were identified. Since both frequencies of the building
are considerably lower than the frequency of sediments, soil-structure resonance is
not expected. In fact, the house was only slightly damaged in both earthquakes.

House H4 is located in Čezsoča on younger Quaternary gravel, where a wide
peak (6.5–10 Hz) centred around 8 Hz was obtained in free-field, which were partly
disturbed by monochromatic noise (4–4.5 Hz). The main building longitudinal
(10.2 Hz) and transverse (8.5 Hz) frequencies were identified. Soil-structure res-
onance is therefore very likely. The house was moderately damaged in the 1998
earthquake, later retrofitted, and then substantially damaged in the 2004 earthquake.
In general, the damage in Čezsoča was slightly higher in the 2004 event than in
1988 event. The reason for this can be sought in slightly different mechanism of the
Ravne fault rupture from the 2004 event close to the structural barrier of the Bovec
basin (Kastelic et al., 2006), but is not yet adequately explained.

House H5 is located in Kal-Koritnica on the Bovec terrace, where a wide peak
centred around 8.6 Hz was obtained in free-field. The main longitudinal (8.3 Hz)
and transverse (8.8 Hz) frequencies of the building were identified. The house was
moderately damaged in the 1998 earthquake, later retrofitted, and again moderately
damaged in the 2004 earthquake. Soil-structure resonance is therefore very likely,
especially because the damage to other buildings in Kal-Koritnica was considerably
smaller during the 2004 event than in 1998.

Three storey multi-flat house H6 is located in Bovec-Brdo. A wide peak centred
around 11.2 Hz with amplitude of 4.5 was obtained in the free-field and the main
building longitudinal (5.8 Hz) and transverse (6.6 Hz) frequency were identified.
Since both frequencies of the building are considerably lower than the frequency
of sediments, soil-structure resonance would not be expected. In fact, the house was
only slightly damaged in both earthquakes.

The graph of the building main frequency vs. height (no. of storeys) for all 20
examined buildings is shown in Figure 4.1.8. The main building frequency for two-
storey houses is considerably higher (7–13 Hz) than for three and four-storey houses
(5–9 Hz). The difference between the later two categories is not significant. The
difference in the building main frequency in longitudinal and transverse direction is
in the range of 0.5–2 Hz.

4.1.5 Conclusions

Microtremor measurements performed in the Bovec basin showed considerable vari-
ations in the fundamental frequency (3–22 Hz) of sediments within short distances.
Because most observed frequencies were in the range 7–11 Hz, they overlap with
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Fig. 4.1.8 Plot of the building main frequency vs. height (no. of storeys) for 20 examined buildings:
11 two-storey, 6 three-storey and 3 four-storey buildings

the range of building frequencies (5–13 Hz). This indicated that the danger of soil-
structure resonance is considerable in the area. Observed frequencies cannot be
related to the total thickness of Quaternary sediments, but can be explained by shal-
low layers of lithified sand-gravel (conglomerate) or glacial moraine (tillite). Addi-
tional site effect studies of the Bovec basin which enclosed also spectral ratios from
earthquake data (H/V and SSR) also shows broad frequency range of ground motion
amplification related to the complex geological structure (Gosar, 2008).

Microtremors were used also to identify the main frequencies of the buildings in
the area and to establish possible soil-structure resonance. The results are promising
and indicated that the major variations in the distribution of damage in the Bovec
basin can be explained by soil-structure resonance. Measurements in two storey
houses which prevail and in some higher buildings showed that the main building
frequencies in the area are in the range of 7–11 Hz. Areas of possible soil-structure
resonance were therefore identified in the settlements of Bovec-Brdo, Bovec-Mala
vas, Čezsoča and in Kal-Koritnica. In the whole surveyed area of the Bovec basin,
the area with fundamental frequencies of sediments in the range 6–12 Hz, in which
soil-structure resonance is possible, occupies more than 60%. Nevertheless, before
more general conclusions can be made, microtremor measurements in a larger num-
ber of houses should be performed, including analyses of their dynamic behaviour
and of available information on the construction of individual buildings.

Microtremor method has proved to be an effective tool for assessment of site
effects in the case of complex geological structures commonly encountered in young



254 A. Gosar

Alpine basins filled with glacial and fluvial sediments that are partly cemented.
Cemented layers (conglomerate and tillite) can considerably change the fundamen-
tal frequency. For several reasons: the irregular shape of layers, weak contrast in
electrical resistivity, layers are frequently thin, it is very difficult to detect these
layers by geophysical methods. The cost of geophysical investigations usually also
precludes performing measurements in a grid dense enough to reveal the detailed
stratigraphy. In such geological conditions, the microtremor method is very use-
ful for quantitative seismic microzonation and assessment of possible soil-structure
resonance.
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Kastelic V, Živčić M, Pahor J, Gosar A (2006) Seismotectonic characteristics of the 2004 earth-
quake in Krn mountains. Potresi v letu 2004 78–87, EARS
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Kobarid. Geologija 17:425–476
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Chapter 4.2
Recent Earthquake Site Response Studies
in Canada

John F. Cassidy and Sheri Molnar

Abstract Earthquake site response studies are becoming increasingly common
across Canada – particularly in large, urban centres. This is due, in part, to new
instrumentation that can be easily used to collect recordings of ground shaking,
and new geotechnical methods to map out shear-wave velocity and subsurface
geometry. Since 2003, nearly 1,000 microtremor recordings have been collected
in southwestern British Columbia. Coverage includes numerous sites on Vancouver
Island, greater Victoria, greater Vancouver, and a 10-km stretch of the Sea-to-Sky
Highway that links Vancouver to Whistler (site of the 2010 Winter Olympic Games).
Single-instrument microtremor recordings were collected to evaluate earthquake site
response using the horizontal-to-vertical (H/V) spectral ratio method. These results
were used for: (1) comparison at strong-motion instrument sites with earthquake
spectral ratios, (2) comparison at sites with macroseismic (earthquake intensity and
damage) information, (3) comparison at sites with measured shear-wave veloci-
ties (12 seismic cone penetration tests and four spectral analysis of surface wave
technique), (4) hazard mapping projects, and (5) investigating soil-structure inter-
action. Results obtained from these various methods in Victoria are in good agree-
ment. In eastern Canada, where most earthquake damage has been associated with
the soft Leda clay layer that overlies the hard Precambrian rocks of the Canadian
Shield, studies have focussed on the urban centres of Montreal, Ottawa, and Que-
bec City. Here, NEHRP (National Earthquake Hazards Reduction Program) clas-
sification maps are being produced, and significant resonant amplification factors
are observed (greater than 50 in some cases). This paper documents earthquake site
response studies currently underway in urban centres of Canada, and some of the
applications of those studies.
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4.2.1 Introduction

Earthquake site response studies are becoming increasingly common across Canada.
There are several reasons for this, including:

1. Recent large urban earthquakes around the world have clearly shown a signif-
icant variation in ground shaking (amplitude, duration, and frequency) across
urban centres. Examples include, 1995 Kobe (Kawase, 1996); 1996 Northridge
(Hartzell et al., 1996), and 2001 Nisqually (Booth et al., 2004).

2. Some of Canada’s largest cities and critical infrastructure are built on soft soils
(e.g., clay layers, or thick delta sediments).

3. The seismic provisions in the 2005 National Building Code of Canada utilize an
adaptation of the site factors in NEHRP 2001 (Building Seismic Safety Coun-
cil, 2001).

Given that large (M > 7) earthquakes occur in many areas of Canada, and some
of the world’s largest earthquakes have occurred along Canada’s west coast
(Figure 4.2.1), understanding local site conditions, soil profiles, and the varia-
tion in ground shaking is becoming more important. More than 75% of Canada’s
population lives in urban areas, with most of the large urban centres located in areas
of high seismic hazard (Figure 4.2.2). In terms of risk (hazard multiplied by popu-
lation), Vancouver, Montreal, Ottawa, Victoria, and Quebec City top the list. It is in
these cities (and along the 2010 Winter Olympic corridor between Vancouver and

Fig. 4.2.1 Location of the largest earthquakes recorded in, and adjacent to, Canada. With few
exceptions (e.g., the M = 9.0 Cascadia earthquake of 1700) these earthquakes have occurred during
the past 150 years
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Fig. 4.2.2 Seismic hazard map (peak acceleration) of Canada. Study areas discussed in this
manuscript are shown by stars

Whistler, BC) that much of the site response research effort in Canada is currently
being focused.

Other recent developments that are providing new opportunities for site response
studies are:

1. The deployment of strong motion “Internet Accelerometers” (IA’s) in urban cen-
tres of Canada (Cassidy et al., 2007)

2. The development of portable, lightweight, and easy-to-use instruments (there are
several on the market – complete with analyses packages) for quickly recording
and analyzing seismic ambient noise

Some examples of the applications of site response studies include: development
of detailed seismic hazard maps; integration with building response information to
identify structures at risk; risk and loss estimations (e.g., Ventura et al., 2005; Onur
et al., 2005).

In this article, we summarise a number of site response studies recently con-
ducted or underway in Canada. These studies incorporate not only seismic data,
but also data and results from geophysical and geological studies (including near-
surface S-wave velocity from seismic reflection and refraction, boreholes, cone
penetrometers and surface wave methods).
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4.2.2 Recent advances – Data, methods, and comparisons
of techniques

Recent advances in instrumentation and methodologies are providing new oppor-
tunities for earthquake site response studies in Canada. Here we briefly describe
some of the new datasets available, and outline some of the methodologies being
used. More details, including (where available) a comparison of site-response results
using different methodologies, are given in the following sections of this manuscript.

Some methods used to help evaluate earthquake site response in Canada include
measuring ground shaking (recordings of earthquakes and ambient noise measure-
ments), earthquake felt intensity reports, detailed geological information, mapping
shear-wave velocity using seismic reflection and refraction, seismic cone penetro-
meter (SCPT) and surface wave methods.

4.2.2.1 Recording of ground shaking

The development of portable, easy-to-use, instruments (often complete with analy-
sis software) for ambient noise measurements has greatly facilitated site response
studies. A number of studies are described in this article that make use of noise
measurements in Victoria, Vancouver, Ottawa, Montreal, and Quebec City.

The deployment of the new “Internet Accelerometer” (IA) strong motion net-
work in Canada is also advancing our understanding of ground shaking variations.
Beginning in 2001, the Geological Survey of Canada’s (GSC) strong motion net-
work has been modernized as described by Rosenberger et al. (2007). As of 2007,
the GSC operates more than 100 IA’s in Canada, with nearly half deployed across
greater Vancouver (Figure 4.2.3). For details on this network, and available data,
see Cassidy et al. (2007). Additional IA’s have been deployed in Ottawa (six instru-
ments), and up to 25 are expected to be deployed in greater Montreal in the near
future. These instruments are not useful for ambient noise measurements, but pro-
vide recordings of small earthquakes (weak shaking) as well as large earthquakes
(strong shaking).

4.2.2.2 Detailed geological, geotechnical, and shear-wave
velocity information

In recent years there has been increased efforts to compile geological and geotech-
nical datasets in urban areas of Canada. For example, in greater Victoria, a detailed
geologic map (1:25,000) was compiled (Monahan et al., 2000) using over 5,000
geotechnical borehole logs obtained from a variety of public and private agencies;
several hundred water well logs; and nearly 3,000 engineering drawings for munic-
ipal sewer and water lines, that commonly show where bedrock was encountered.
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Fig. 4.2.3 Location of strong motion instruments across greater Vancouver. GSC IA’s are shown
as red triangles

In greater Vancouver, seismic reflection data, borehole logs, seismic cone pen-
etrometer measurements, and seismic refraction data have been used to estimate
shear-wave velocities and geotechnical properties of the deltaic sediments and
underlying bedrock and to map the depth to bedrock (for details see Hunter et al.,
1999; Britton et al., 1995; Hunter, 1995).

In Ottawa, detailed surficial geological maps (GSC, 1977, 2006) combined with
geotechnical data (based on more than 28,000 boreholes in the greater Ottawa area –
see Hunter and Motazedian, 2006) and new measurements of S-wave velocity, and
subsurface imaging provide a valuable database for site response studies (as doc-
umented in following sections of this article). In recent years, seismic reflection
and refraction methods have been used to map the surficial geology beneath greater
Ottawa (see Hunter and Motazedian, 2006). This includes a land-streamer shear
wave reflection technique that was used to map shear wave velocity in both rural
and urban settings. Most recently, a Minivibe swept-frequency source has proven
very useful to map out the subsurface structure (see Pugin et al., 2007).

4.2.2.3 Site response methodologies

The primary methods to evaluate site response in Canada are: (1) use of weak-
motion earthquake recordings using both the Standard Spectral Ratio (SSR) method
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and the Horizontal-to-Vertical (H/V) ratio method; (2) use of Ambient Noise mea-
surements with the H/V ratio method (Nakamura, 1989); (3) measurement of Vs30
using shear-wave refraction and reflection techniques to generate NEHRP classifi-
cation maps (e.g., Hunter and Motazedian, 2006).

The microtremor method has been used most extensively by studies across south-
western British Columbia (Molnar et al., 2006; Molnar and Cassidy, 2006; Onur
et al., 2004; Ventura et al., 2004), along with a study of the seismic microzona-
tion for Montreal, Quebec (Chouinard et al., 2004), and at seismic instrument sites
across Ontario (Read and Eaton, 2005; Sneider et al., 2005).

The horizontal-to-vertical spectral ratio determined from microtremors has
shown a clear peak that is well correlated with the fundamental resonance fre-
quency at “soft” soil sites (Bard, 2004; Horike et al., 2001; Lachet et al., 1996;
Field and Jacob, 1995; Lachet and Bard, 1994; Lermo and Chavez-Garcia, 1994).
Numerical analysis suggests that microtremor site response is most effectively
generated when the impedance contrast is greater than 3.5 (Malischewsky and
Scherbaum, 2004), thus the good correlation at “soft” soil sites. Most studies have
shown that the peak amplitude of the microtremor ratio tends to underestimate the
peak amplitude of earthquake spectral ratios with respect to a reference (bedrock)
site (Bard, 1999 lists 14 studies with this conclusion). Only a few studies claim
rough agreement between the peak amplitude of the microtremor ratio and earth-
quake site-to-reference spectral ratios (Molnar and Cassidy, 2006; Mucciarelli
et al., 2003; Horike et al., 2001; Lermo and Chavez-Garcia, 1994). In general, the
site response shown by the earthquake site-to-reference spectral ratio method is
regarded as the best approximation for engineering use, whereas H/V spectral ratios
from earthquakes and/or microtremors are regarded as providing the fundamental
peak and lower bound estimate of amplification for a soil site. This paper highlights
some of those applications across Canada.

4.2.3 Earthquake site response studies – Some examples

4.2.3.1 Fraser River Delta – Greater Vancouver, British Columbia

Greater Vancouver has a population of more than 2 million people and is the eco-
nomic hub of British Columbia. Many critical facilities, including Canada’s most
important port and second busiest airport, are built on the thick, young (less than
11,000 years) unconsolidated soils of the Fraser River delta. Geology across the
region varies from Tertiary bedrock outcrops, Pleistocene glacial till, and Holocene
soils (up to 300 m thick) on the Fraser River Delta. A simplified cross-section of the
delta, showing location of strong motion recording sites, is given in Figure 4.2.4.
Detailed geological, geophysical and geotechnical data from boreholes, seismic
reflection and seismic refraction studies (e.g., see Hunter et al., 1999; Britton et al.,
1995; Hunter, 1995) and recordings of moderate to large earthquakes (shaking lev-
els of up to about 5–6% g) provide an opportunity to evaluate the variation in local
site response.
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Fig. 4.2.4 Simplified cross section (bottom) of the Fraser River delta (hatched area – top) and loca-
tion of strong motion instrument (pre-2001) recording sites discussed in this article. The current
strong motion network is shown in Figure 4.2.3

Results

In the vicinity of the Fraser River Delta of greater Vancouver, a clear variation in
site response has been observed. Amplification factors of up to about ten times
(Figure 4.2.5) were observed and significant variations in both amplification and
duration of shaking were observed, in some cases, over just a few kilometres
(Cassidy et al., 1997; Cassidy and Rogers, 1999). A grid of microtremor measure-
ments and a new dense urban strong motion array (Figure 4.2.3) show a variation
in the fundamental period across the Delta (Molnar et al., 2006). However, the
strongest shaking appears to be at the edge of the delta, where the soft, Holocene
sediments thin (Figure 4.2.4). Research is currently underway to examine the effect
of the deeper 3D basin structure on the local site response, and to incorporate that
with the response of the upper 30 m.
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Fig. 4.2.5 Variation in ground shaking in greater Vancouver (From Cassidy et al., 1997). The black
trace is a bedrock recording, the brown dashed line is a firm soil (glacial till) site (BND), the red
dotted line is a site (RHA) in the middle of the delta, and the green line is a site (MNY) at the edge
of the delta. Shaking near 10 Hz would impact small structures, whereas shaking near 1 Hz would
impact larger structures

A soil-structure interaction study on the delta was conducted near a 14-storey
concrete highrise (Molnar et al., 2006). Measurements made from the edge of the
building to 160 m distance showed little influence to the free-field response except
for within the footprint of the building.



4.2 Recent Earthquake Site Response Studies in Canada 265

4.2.3.2 Greater Victoria, British Columbia

Greater Victoria, with a population of 350,000, is the capital city of British
Columbia and is situated in the highest seismic hazard zone in Canada. In this
region crustal earthquakes (up to M = 7.5), subcrustal earthquakes (up to M = 7),
and subduction zone earthquakes (as large as M = 9) can occur (Hyndman et al.,
1996).

A wide variety of detailed site-response studies have been conducted in Victo-
ria. This is the result of the availability of detailed geological maps, a wealth of
geotechnical information, ground shaking recordings of ten moderate to large (MW
4.0–6.8) earthquakes, several hundred ambient noise measurements, detailed felt
intensity and damage reports associated with larger earthquakes (that can be com-
pared to the other datasets and modelling), and detailed SHAKE modeling (Molnar
et al., 2004b). Here we summarise some results of those studies.

Geology and geotechnical data

The geology of greater Victoria is highly variable with bedrock, glacial till,
glaciomarine clays, and Holocene organic soils (see the detailed geological maps
of Monahan and Levson, 2000). Three glaciations and rapid changes in sea level
have created this complex environment. The typical geologic profile in the city
consists of pockets of glaciomarine clay over competent bedrock – resulting in
large impedance contrasts. Subsurface geological and geotechnical data that are
available across the city (as documented by Monahan and Levson, 2000) include:
over 5,000 geotechnical borehole logs; several hundred water well logs; nearly
3,000 engineering drawings for sewer and water lines; and shear-wave velocity data
from 15 seismic cone penetrometer test (SCPT) sites and four spectral analysis of
surface wave (SASW) sites.

Results

The first study of site response in greater Victoria utilizing earthquake recordings
is documented in Molnar et al. (2004b). This study used weak-motion (<3.5%g)
recordings of the M = 6.8 Nisqually earthquake (150 km epicentral distance) at
eight sites across the city. Using both H/V ratios and standard spectral ratios (SSR)
with a bedrock reference site, significant variations in ground shaking (up to six
times amplification) were observed and a good correlation was found with local
soil conditions. These two methods (H/V and SSR) yielded similar site response
curves – for both fundamental period, and, notably, for peak amplification factors
(Molnar et al., 2004b). Numerical modeling (SHAKE) indicated that the observed
site response can be attributed to the known geologic profiles. The results of this
study were expanded to incorporate recordings of additional earthquakes (sampling
different distances and directions), and also ambient noise data, as discussed in the
following section.
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Comparison of microtremor and earthquake spectral ratios

The Molnar et al. (2004b) study was subsequently expanded to include recordings
of ten earthquakes, ranging in magnitude from MW 4.0 to MW 6.8, made on digital
strong-motion instruments. In addition, noise measurements were collected at each
of the strong-motion instrument sites.

All the recordings can be considered “weak” strong-motion with a maximum
peak ground acceleration of 5.5% g. Figure 4.2.6 shows a comparison of the MW 6.8
2001 Nisqually, Washington, earthquake site-to-reference spectral ratio (quartz dior-
ite bedrock reference site PGC), with the average earthquake h/v spectral ratio of
up to five weak-motion earthquakes, and with the average microtremor h/v spec-
tral ratio for sites in greater Victoria. Regardless of excitation source (weak-motion
earthquakes or microtremors) and spectral ratio method, similar peak amplitudes
and fundamental frequencies are found. This suggests that microtremor recordings
are valid for estimation of linear earthquake response at sites in greater Victoria.

Comparison of microtremor recordings with macroseismic information
and shear-wave velocity measurements

The significant variation in surface geology over short distances in greater Victoria,
combined with the most frequent seismicity in Canada, make it an ideal location
to incorporate macroseismic data (felt reports of shaking and damage reports) for
the study of local site effects. Three detailed microzonation studies have exam-
ined the macroseismic (earthquake intensity and damage) information for the city
of Victoria from the 1946 MS 7.2 Vancouver Island earthquake (Wuorinen, 1974),
the 1996 MW 5.0 Duvall (Levson et al., 1998), and the 2001 MW 6.8 Nisqually,
Washington earthquakes (Molnar et al., 2004a). Measured shear-wave velocity
information (12 seismic cone penetration tests [SCPT] and four spectral analysis
of surface wave technique) is available at 16 locations in greater Victoria. Molnar
and Cassidy (2006) present the comparison of microtremor recordings with these
datasets. An example of the good agreement between the various methods is given
in Figure 4.2.7.

A residential area in southern Victoria, where all three macroseismic investi-
gations and three SCPT sites are located, provides an ideal case study for local
site effects as there is a large variation in the geology from competent bedrock to
glaciated material to marine silty clay with the presence of peat at surface. This pro-
vides a relatively high and shallow (within 30 m of surface) impedance contrast, an
ideal setting for application of the single-instrument microtremor method.

Chimney damage from the 1946 MS 7.3 Vancouver Island earthquake, roughly
200 km distant, occurred only in this area of Victoria. During the 1996 MW 5.0 and
2001 Mw 6.8 Washington earthquakes, residents felt little to no vibration on bedrock
(MMI I–II), but those living on marine silty clay soils reported the movement of
some heavy furniture (MMI VI). Figure 4.2.8 shows microtremor site response at
22 sites that sample the different geological conditions (Monahan et al., 2000). The
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Fig. 4.2.6 Comparison of results from three different site response techniques for strong motion
sites in greater Victoria (From Molnar and Cassidy, 2006). Shown are the average microtremor H/V
spectral ratios (solid lines), the average H/V spectral ratio for up to five weak-motion earthquakes
(dotted lines) and estimates from the standard spectral ratio (dashed lines) for the 2001 Nisqually
earthquake
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Fig. 4.2.7 Similar peak frequency demonstrated by three methods (microtremor recordings,
SHAKE modelling based on SCPT results, and weak earthquake motion) for a firm soil site (25 m
depth to bedrock) in downtown Victoria. Both microtremor and earthquake peak frequency deter-
mined by horizontal-to-vertical spectral ratio method. SCPT parameters: Vs = shear-wave velocity,
qt = tip resistance, and Rf = friction ratio (From Molnar et al., 2007)
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Fig. 4.2.8 Microtremor site response of 22 sites in southern Victoria. There is a large difference
of fundamental frequency from 1 to 10 Hz between ground conditions (colour-coded), consistent
with macroseismic (earthquake intensity and damage) information. Shear-wave velocity profiles
for three sites (A, B, and C) are shown (lower left)

fundamental frequency at sites 1 to 5 on dense glacial material is at or above 10 Hz
(0.1 s) and decreases within a city block to 1 Hz (1 s) at site 10 as the glacial mate-
rial tapers out into an old bog area filled with marine silty clay and peat. Low-
level earthquake recordings available from five strong-motion instrument locations
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in the area show a similar variation of site response (not shown). The microtremor
site response is consistent with macroseismic intensity information demonstrating
lower frequency response in marine silty clay areas compared to higher frequency
response on dense glacial material and bedrock.

Summary

As documented above, the very good agreement (for both fundamental period and
amplification level) found between earthquake methods (standard spectral ratio
and H/V methods) and microtremor H/V analysis (Molnar and Cassidy, 2006) has
encouraged the application of ambient noise measurements for site response anal-
ysis across greater Victoria. Subsequently, microtremor analysis has been used in a
number of studies in greater Victoria including a School Seismic Retrofit Project –
where 193 microtremor recordings were made at 18 greater Victoria schools as
part of a seismic hazard assessment project. This campaign provided several loca-
tions with known borehole geology to confirm and/or validate the microtremor site
response. Microtremors were used to identify those schools that have a similar res-
onant period to that of the local site conditions.

4.2.3.3 2010 Winter olympic corridor, British Columbia

More than 100 microtremor recordings were collected along the Sea-to-Sky high-
way that links Vancouver to Whistler (site of the 2010 Winter Olympic Games) as
part of an all-encompassing seismic hazard assessment for the area. Figure 4.2.9
shows the locations of 50 microtremor recordings in the Squamish, BC area and
selected spectral ratios using microtremors. These data show a clear variation in
site response. Sites beside the Squamish River sample Holocene floodplain deposits
(S2 and B2) and consistently show peak amplification at relatively low frequencies
around 0.3–0.5 Hz. Site response of the stiffer gravel fan deposits (C9) show peak
amplification at higher frequencies between 1 to 2 Hz. Sites in the rocky Garibaldi
Heights (G7) were among the stiffest with relatively flat site response below 10 Hz
(for details see Molnar et al., 2006). Results from the Whistler Village area show a
similar pattern; areas on thick (up to about 30 m), soft deposits showed peak ampli-
fication at frequencies of 0.5–4 Hz, whereas recordings from nearby bedrock sites
had peaks at 10–13 Hz. In Pemberton, where the sediments are up to 90 m thick,
peak amplification occurred at 0.3–0.5 Hz (Internal GSC Report).

4.2.3.4 Greater Ottawa, Ontario

Ottawa, the capital city of Canada, with a population of just over 1 million peo-
ple, is situated in the moderately active Eastern Quebec Seismic Zone (Adams
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Fig. 4.2.9 Google Earth aerial image of the 50 microtremor recording sites along a 10-km stretch
of the Sea-to-Sky Highway near Squamish (between Vancouver and Whistler, British Columbia).
Microtremor site response shown ranges from 0.1 to 20 Hz on a log-log plot (From Molnar et al.,
2007)

and Basham, 1991; Adams and Atkinson, 2003). The geology of greater Ottawa
is complex, ranging from rock outcrops (Precambrian and Paleozioc), to glacial
till over bedrock, to thin (and thick) Holocene clays and silts overlying till and
bedrock (Figure 4.2.10). For details on the urban geology, see Bélanger (1998),
or http://gsc.nrcan.gc.ca/urbgeo/natcap/surf introduction e.php.

Studies – Methods

A number of geophysical, geological and geotechnical mapping studies are under-
way in the greater Ottawa region. These are focussed on mapping the shear-wave
velocity in the uppermost 30 m (e.g., Hunter and Motazedian, 2006) and mapping
the 3-D subsurface geology using seismic reflection and refraction techniques (e.g.,
Pugin et al., 2007). The results of these studies are being used to map the NEHRP
zones throughout the Ottawa area. Other datasets that are being incorporated with
these studies include geological/geotechnical data from more than 33,000 boreholes
in the area, recordings of weak-motion earthquakes (e.g., Adams, 2007) and record-
ings of ambient noise (J. Hunter and G. Brooks, personal communication, 2008).
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Fig. 4.2.10 Surface geology of the greater Ottawa area. Triangles denote the locations of strong
motion seismographs (both ETNA’s and Internet Accelerometers [IA’s])

Results

Preliminary NEHRP classification zone maps for greater Ottawa are currently being
produced, based on Vs30 (e.g., Figure 4.2.11) from seismic reflection, refraction, and
borehole measurements. In addition, mapping the depth to bedrock has revealed a
significant buried bedrock valley filled with soft sediments in the eastern part of
the city. This area will be targeted for future 3D resonance studies. Fundamen-
tal site period maps, based on these new measurements are being produced (e.g.
Figure 4.2.12).

A comparison of weak-motion recordings of three earthquakes (H/V ratios and
standard spectral ratios) show very significant amplification (up to 50 times or more)
and sharp resonance (Figure 4.2.13) at thick, soft soil sites (Al-Khoubbi and Adams,
2004; Adams, 2007). This strong amplification/resonance is unusual, and may be
attributed to the strong impedance contrast between very hard Precambrian rock,
and very soft Holocene soils, or perhaps other causes. Further investigations are
required to understand this.

4.2.3.5 Montreal, Quebec

Montreal, with a population of nearly 3 million people, is the largest city in Quebec,
and the second largest city in Canada. It has critical port facilities, and is an eco-
nomic and industrial centre. It is also situated in a moderately active seismic zone
(Adams and Basham, 1991; Adams and Atkinson, 2003) and is particularly vul-
nerable to earthquake damage as many of the structures were built prior to modern
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Fig. 4.2.11 Preliminary Vs30 map of the Ottawa suburb of Orleans (From G. Brooks and J. Hunter,
personal communication, 2008)

Fig. 4.2.12 Fundamental site period estimates for the Ottawa suburb of Orleans. Estimates are
based on soil thickness from water wells and seismic refraction/reflection data combined with
shear-wave velocities (J. Hunter and G. Brooks, personal communication, 2008)
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Fig. 4.2.13 Recordings (left) of a magnitude 4.2 earthquake (distance of 624 km) made on thick
(80–90 m) soft (Vs < 200m/s) soil in Ottawa. Spectral H/V ratios (right) for this earthquake (red
line) are compared to H/V ratios for a nearby rock site (black line) and H/V using ambient noise
(blue line)

building codes, and much of the area is blanketed by a thick layer of marine clay
overlying tills and Precambrian rock (Prest and Hode-Keyser, 1977). Seismic site
effects and seismic risk have been studied by combining field investigations (using
ambient noise measurements with the H/V method) and numerical simulations
of seismic wave propagation. This work is documented in Chouinard and Rosset
(2007) and Chouinard et al. (2004).

Results

Measurements of ambient noise were made at more than 700 locations across
greater Montreal (Chouinard and Rosset, 2007). The H/V method was used to obtain
detailed maps of fundamental frequency (Figure 4.2.14). Numerical modeling was
used to estimate amplification factors (see Chouinard and Rosset, 2007). A compila-
tion of 2,000 boreholes were used to constrain bedrock depth and to compute trans-
fer functions used in the 1D modeling. By combining these approaches Chouinard
and Rosset (2007) produced a preliminary seismic microzonation map for Montreal.
Additional studies are planned, and will be facilitated by the deployment of up to 25
GSC IA’s across greater Montreal in the near future.

4.2.3.6 Quebec City, Quebec

Quebec City, with a population of more than 700,000 people, is the capital city of
Quebec. The complex geology of this region, like that of Montreal and Ottawa,
includes significant deposits of Leda clay, and Champlain Sea sediments. Cur-
rently, ambient noise data are being collected and analysed (D. Perret, personal
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Fig. 4.2.14 Interpolated map of the fundamental site frequency from ambient noise measurements.
Black dots indicate measurement sites (From Chouinard and Rosset, 2007)

communication, 2008) to examine the variation in earthquake site response across
greater Quebec City. Seismic motions on bedrock in the Quebec City area are doc-
umented by Nastev et al. (2007).

4.2.4 Summary

Earthquake site response studies are becoming increasing common across Canada.
There are a number of reasons for this, including the ease with which ambient
noise measurements can be collected and processed, the availability of new data
from urban strong motion instruments, improved seismic reflection and refraction
methodologies that provide shear-wave velocity measurements and images of the
subsurface geology in urban areas, and a wealth of geological and geotechnical data
that has been compiled in a number of cities. Currently, efforts are focussed in the
major urban centres with the greatest seismic risk, including Vancouver, Victoria,
Ottawa, Montreal, and Quebec City.

Since 2003, approximately 1,000 microtremor recordings have been made in
southwestern British Columbia. These data have been analyzed using the horizontal-
to-vertical spectral ratio method. Comparison of microtremor and earthquake
spectral ratios at strong-motion instrument sites in greater Victoria showed similar
amplitudes and fundamental frequencies, validating the use of the method for linear
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earthquake site response. Macroseismic information compared with microtremor
H/V spectral ratios confirmed a rapid change in fundamental frequency related to a
change in the geologic properties of the subsurface. The microtremor method has
provided a quick and efficient first estimate as part of seismic hazard assessment
projects for greater Victoria schools, the Fraser River delta, and a 10-km stretch
of the Sea-to-Sky Highway that links Vancouver to Whistler. In eastern Canada,
site response studies are well underway in Ottawa, Montreal, and Quebec City.
The combination of soft soils over very hard Precambrian rock yields very high
impedance contrasts that result in resonant amplification factors of 50 or more in
some cases. Vs measurements from seismic reflection and refraction studies are
being used to produce detailed NEHRP classifications maps. The deployment of
additional strong motion instruments in urban centres, and the collection of ambient
noise data provide key information, in combination with the existing geological and
geotechnical data. Results from earthquake site response studies, when combined
with information on building response from engineering studies, are critical to
mitigate losses from future earthquakes in urban centres.
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Chapter 4.3
Recent Applications of Ambient Vibration
Measurements in Croatia

Marijan Herak

Abstract The chapter describes recent applications of the measurements of ambient
vibrations in Croatia. They include free-field measurements in Zagreb and Ston, as
well as those done within buildings. Data obtained in the field at both localities are
consistent with the properties of shallow geological structures known to exist there.
In Zagreb, HVSR spectra indicate thick alluvial cover (over 100 m) that gradually
gets thinner as one reaches the southernmost slopes of the Medvednica Mt. A simi-
lar situation, but on a smaller scale, is also encountered in Ston, where HVSR pro-
files reveal several tens of meters thick sedimentary cover over the bedrock which
gets exposed at the Stoviš hill. Measurements in the buildings were analysed by
FREDA – a suite of Matlab routines that permit several modes of data analyses.
Based on tests on synthetic and real data we conclude that spectral methods are in
general more robust and less dependent on parameters of the respective algorithm,
than time-domain analyses. Spectral algorithms are also much better in resolving
higher modes. The random decrement method is in most cases found to be inferior
to spectral or band-pass procedures using original signals. Applications to real build-
ings proved that analyses of shaking induced by ambient vibrations in most cases
leads to well constrained, reliable, and time independent estimates of frequencies
and damping of the buildings’ vibrational modes.

Keywords HVSR · Damping in buildings · Building frequency · Soil structure
interaction

4.3.1 Introduction

The first studies of microseismic noise in Croatia date back to Marković (1948),
who studied noise recorded at the Zagreb seismological station. Measurements of
microtremors have been used in Croatia for assessing local site effects since 1960s.
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Based on works of Kanai (1957a, b), the measurements were used to constrain
and verify available geotechnical models by assessing the fundamental soil period,
but there have also been attempts to compare the spectrum of recorded noise with
the theoretical amplification spectra. Limited mostly by the need to digitize ana-
logue recordings by hand and by capabilities of the instruments of that time, such
measurements gradually faded away. They have gained new impetus as the topic
reappeared in literature (Nakamura, 1989) and digital instruments started to replace
the old ones in the 1990s. However, only after acquisition of truly portable dedi-
cated instruments for the measurements of ambient vibrations within the NATO SfP
980857 project (2005–2008), the quality and quantity of measurements increased to
the level required by today’s standards. This chapter presents a short overview of
measurements done within the project in the free-field as well as in the buildings.

4.3.2 Free-field measurements

Although a large number of measurements were done all over Croatia, two cases will
be presented here – the ones of Zagreb and Ston. Zagreb is the capital of Croatia,
a city with population approaching 1 million, and a history of large earthquakes.
The most important one that occurred in 1880 (epicentral intensity VIII–IX ◦MCS)
beneath the NE flanks of the Medvednica Mt. damaged all of the houses in the city,
and practically defines the seismic hazard in Zagreb. In spite of rich seismic his-
tory, Zagreb still does not have an official seismic microzonation, which prompted
the city officials to launch a large, long-term project of comprehensive geotechnical,
geological and seismological investigations. One of the goals of the project is to pro-
duce a map of seismic microzonation, and microtremor measurements are expected
to provide important information.

The city of Ston is located about 50 km to the NW of Dubrovnik, in southern
Dalmatia. It is a small town with rich history, know for the ancient salterns and the
third longest fortification walls in the world. As a part of the Dubrovnik Republic,
Ston was also one of the first townships in this part of the world that developed
according to the strict urban code enforced from the 14th century. Earthquakes are
frequent there. The most recent devastating one occurred in 1996 (M = 6.0, intensity
VIII◦ MCS in Ston), and Ston needed almost a decade to recover. Detailed damage
reports exist in the archives, so we hoped that they could be compared to the noise
measurements.

4.3.2.1 Measurements in Zagreb

The Zagreb metropolitan area encompasses over 640km2. Geologically it consists
of thick (100 m or more) alluvial sediments (clays, sands, gravel) in the Sava river
valley, that gradually get thinner as we approach the Medvednica mountain to the
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north which mainly consist of green slates, shales, and limestones. In order to asses
the applicability of the horizontal-to-vertical spectral ratio (HVSR) technique to
this terrain, we have made over 150 measurements most of them in the proluvial
Podsljeme area where the Sava valley meets the mountain flanks.

The instrument used was the portable Tromino (produced by Micromed, Italy),
a small all-in-one package with three-component geophones, digitizer, GPS-timing,
batteries and 512 Mb flash memory for storage. Measurements were done in the
first half of 2007. All of them lasted for 20 min, and were processed uniformly:
each trace was divided into non-overlapping 30-s long segments, spectra for all three
components were computed for each of them. The three spectra were then smoothed
with a 5% triangular smoothing function, and HVSR was computed as the ratio of
the geometrical mean of spectra of the two horizontal components and the spectrum
of the vertical one.

Figure 4.3.1 presents typical HVSR spectra obtained in an approximately 3×
3km area in the Podsljeme zone. It is seen that in the south the spectra are character-
ized by relatively broad low-frequency peaks (ranging from 0.85 to 2 Hz), indicating
presence of thick alluvial deposits. Moving towards the north, the HVSR peaks shift
towards the higher frequencies (about 3–6 Hz), as the sedimentary cover gets thin-
ner. Reaching the foothills of the Medvednica Mt., the bedrock gets very close to
the surface, as indicated by HVSR peaks found at frequencies above 10–20 Hz.

The HVSR profile (as shown in the map in Figure 4.3.1) is 2,500 m long. This is
a spatial spectrogram constructed of all HVSR spectra measured within 500 m from
the profile trace. It clearly shows systematic increase of the fundamental frequency
as one moves from left (south) to the right (north). Assuming an average S-wave
velocity of 300 m/s in the whole sedimentary layer above bedrock, the observed
variation of fundamental frequency maps into thickness variation from over 100 m
in the south to only a few meters in the north, which is in agreement with (very few)
available geotechnical data.

Podsljeme is today one the most prestigious residential areas in Zagreb, where
houses are typically two to four storeys high, with expected fundamental frequencies
of about 5 Hz or higher. According to our measurements so far, it is also the only
place in Zagreb where such buildings are in danger due to soil-structure resonance
during earthquake shaking.

4.3.2.2 Measurements in Ston

In Ston ambient noise measurements were done in 2005 and 2006. A total of 70
free-field points were measured, as shown in Figure 4.3.2. They were processed
as described in the previous section. The town itself is situated between the Stoviš
hill, and the shallow Ston channel. Limestones prevail here. According to a few
boreholes, there is about 15–30 m of weathered weak material (mostly sands) above
the bedrock beneath the town. Our measurements confirm this as the fundamental
frequency all across the plane beneath Stoviš vary between 2 and 4 Hz. As we start
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Fig. 4.3.1 Top left: Map view of the Podsljeme area in Zagreb which was chosen as a test neigh-
bourhood for the HVSR measurements. Black dots show the locations of measurement points. The
foothills of the Medvednica Mt. are in the northern and north-western part. The white AB-line
shows the location of the profile in the bottom. Top right and middle: Examples of the measured
HVSR spectra (mean ±1 standard deviation), showing how the dominant frequency shifts towards
higher values as we move along the profile from A to B. Bottom: HVSR profile AB (see the map
on the top). Only measurements within 500 m from the profile line are considered. Dark shades
correspond to high HVSR values. The lines are drawn to emphasize features, and have no direct
geological interpretation, although clear systematic increase of the fundamental frequency with the
thinning of the sedimentary cover close to B is evident

climbing up the hill, the layers’ thickness rapidly decrease and the dominant fre-
quency increases to over 20 Hz.

Fundamental frequencies of stone houses in Ston vary between about 3 and 6 Hz,
depending on their height, shape and position. This frequency interval coincides
well with the dominant soil frequencies beneath the town centre and especially at
the Stoviš foothills, which, together with high amplification, may explain severity
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Fig. 4.3.2 Top left: Map view of the town of Ston (southern Dalmatia). Black dots show the loca-
tions of measurement points. The Stoviš hill is in the north. The AB-line shows the location of the
profile in the bottom. Right: Examples of the measured HVSR spectra (mean ±1 standard devia-
tion), showing typical results obtained at the hill and in the plane beneath. HVSR spectra in the
southern part are all characterized by a single pronounced peak in the range 2–4 Hz. The loca-
tions up the hill, situated practically on the bedrock are characterized by much higher dominant
frequencies, well above 10 Hz. Bottom: HVSR profile AB. Only measurements within 80 m from
the profile line are considered. Dark shades correspond to high HVSR values. The lines are drawn
to emphasize features, and have no direct geological interpretation

of the damage (VIII◦ EMS) caused by the 1996 earthquake whose epicentre was
20 km away.

Results obtained in Zagreb and Ston clearly confirmed applicability of the HVSR
technique in cases of both thick and thin sedimentary covers, especially in determin-
ing the soil fundamental frequency. Based on preliminary measurements described
above, ambient noise measurements are officially adopted to be used in the course
of microzonation of Zagreb.

4.3.3 Measurements in buildings

An important aspect of the NATO SfP 980857 project was estimation of build-
ings’ free periods of oscillation in order to asses each construction’s potential for
resonance with the soil layers it is founded on. As resonance effects will depend
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also on the damping of the structure, it was of interest to compile a program that
will simultaneously estimate periods of free vibrations and their respective damp-
ing from the records of ambient vibrations in buildings and in the free field. These
efforts resulted in a collection of Matlab routines, assembled together in a graphical
user interface (GUI) FREDA (FREquency–Damping Analyses). The GUI is shown
in Figure 4.3.3. Main features of FREDA include:

• Plain ASCII files of ambient vibration time-histories as input.
• Instrument corrections (for displacement and velocity).
• Correction for the reference spectrum (excitation signal).
• Five modes of analyses:

(A) Time domain:
– Slightly modified nonparametric analyses (NonPaDAn, Mucciarelli and

Gallipoli, 2007)
– Bandpass NonPaDAn

Fig. 4.3.3 FREDA graphical user interface (GUI), showing an example of the spectral single-peak
transfer function analyses. The bottom subplot shows the first 10 s of the 20 min long measured
noise time series of the transversal horizontal component of the building vibrations induced by
ambient noise. Above it is its Fourier spectrum divided by the spectrum of the free-field noise.
The main window shows the blow-up of the selected peak and the best fitting SDOF theoretical
response. All controls for choosing the mode of analyses and various parameters are in the right
part of the GUI
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(B) Frequency domain:
– Spectral single-peak transfer function analyses
– Spectral sweep transfer function analyses
– HVSR

• Each analysis mode may also be used with the random decrement (Cole, 1971)
signature of the signal as input.

• Uses real or synthetic signals.
• Output graphics (eps, jpg).

The program has been tested extensively using synthetic signals as well as mea-
surements on many building types. As an example, Figure 4.3.4 presents spectral
peak-sweep analyses of a synthetic signal generated by superimposing responses
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Fig. 4.3.4 Spectral sweep transfer function analyses of the synthetic signal simulated by superim-
posing time-domain responses of four SDOF systems excited by a real microseismic noise record.
The method involves finding the best-fitting theoretical SDOF response for a number of frequency
windows that are ‘swept’ along the observed spectrum (bottom graph). In the top subplot (fre-
quency on the abscissa, damping on the ordinate), the light shades mark the best fits of theoretical
responses. The local maxima of the frequency-damping surface are accentuated by white circles.
White squares are the ‘true’ frequencies and damping of the four assumed SDOF oscillators
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of four single-degree-of-freedom (SDOF) systems, driven by a real ambient noise
time-series as recorded at a location in Zagreb. As can be seen, the ‘true’ (squares)
and measured (circles) frequencies and damping agree very well. Similar analyses
have been done using other FREDA modes and different synthetic signals generated
under assumption of white-noise or realistic excitation. The comparison of results
reveals that estimates of frequencies and damping obtained by spectral methods are
in general more robust and less dependent on parameters of the respective algorithm,
than the results based on time-domain analyses. Spectral algorithms are also much
better in resolving higher modes. The random decrement method is in most cases
found to be inferior to spectral or band-pass procedures using original signal.

In particular, the use of HVSR is not recommended, although it may yield reason-
able frequency estimates in some instances. However, there is no theoretical basis
for its application as we can not safely assume that horizontal and vertical spectra do
not differ at the ground level. This is especially dangerous if soil amplification is sig-
nificant (with prominent HVSR peaks), in which case the free-field HVSR may con-
taminate building response, leading to false identification of possible resonance. All
subsequent analyses were done using spectra of vibrations measured in the building,
divided by the corresponding spectra of excitation signal (microtremors recorded in
the vicinity of the building).

Application to a real building is illustrated by an example of one of the highest
skyscrapers in Zagreb (26 floors). Figure 4.3.5 shows FREDA analyses of record-
ings of the ambient-noise induced vibrations in the centre of the terrace at the top
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Fig. 4.3.5 Spectral sweep analyses of vibrations measured on top of the 26-storey skyscraper in
Zagreb. The bottom plot is the amplitude spectrum of the horizontal component of recorded veloc-
ity. The top plot presents results, clearly marking at least five vibrational modes. See caption to
Figure 4.3.4
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Fig. 4.3.6 Spectra of horizontal vibrations on top of the 26-storey building in Zagreb, measured
simultaneously at three corners and in the middle of the terrace. Notice how the peak at 0.73 Hz is
the only one whose amplitude varies with the location (and is the smallest in the centre), indicating
a twisting mode

of the building. At least five modes are discernible, with the following frequencies
( f ) and damping (D, % of critical): f1 = 0.44Hz, D1 = 1.0%; f2 = 0.73Hz, D2 =
1.4%; f3 = 1.95Hz, D3 = 1.6%; f4 = 3.83Hz, D3 = 2.0%; f5 = 4.72Hz, D3 =
3.0%. Comparing the spectra of vibrations simultaneously recorded at the corners
and in the centre (Figure 4.3.6), suggests that frequency of 0.73 Hz corresponds to
a predominantly torsional mode, as its amplitudes at corners are notably larger than
in the centre.

Analyses as presented above were done on over 100 buildings in Croatia, most of
them in Zagreb. We have checked the stability of measured spectra by repeated mea-
surements during different times in a day, seasons, and weather conditions. Typical
variation of estimated frequencies was found to be within a few percent. For damp-
ing the values varied not more than ±1% of the critical damping.

In order to gain more insight into the temporal variation of frequencies and damp-
ing, we are conducting continuous measurements in the building of the Department
of Geophysics using two broad-band seismometers (Guralp CMG-40T), one in the
ground floor, the other one on the second floor. The building has a simple, rect-
angular floorplan (Figure 4.3.7). Its skeleton is made of reinforced concrete (RC)
beams lying on RC pillars, with only a few bearing walls. Most of the beams run
in the transverse direction, thus making the building stiffer in the transverse (T)
than in the longitudinal (L) direction. Consequently, the average fundamental fre-
quency in the L-direction ( fL = 4.34± 0.05Hz) is higher than in the T-direction
( fT = 6.11±0.08Hz), as clearly seen in the spectrograms presented in Figure 4.3.7.



290 M. Herak

RC beams N

2

0

4.8
4.6
4.4
4.2

6.5

5.5

4
04/18/07 06/07/07 07/27/07 09/15/07 11/04/07 12/24/07

x105

04/18/07 06/07/07 07/27/07 09/15/07 11/04/07 12/24/07

7

6

RC walls

Fig. 4.3.7 Top: Simplified floor-plan of the building of Department of Geophysics in Zagreb. The
two instruments are located in the ground floor (white square) and on the second floor (dark square).
All internal walls, except the two bearing walls, are made of light infills. Bottom: The spectrograms
showing temporal variation (300 days, 1 h resolution) of the spectra of building vibrations mea-
sured on the second floor in the longitudinal (E–W), and the transversal (N–S) direction, zoomed
around the dominant frequency and normalized by the maximum in each hour

As we do not have continuous free-field measurements, all interpretations are done
on spectra ‘as measured’, with no correction for the free-field input spectrum. Fortu-
nately, this did not introduce serious errors, because free-field noise measurements
indicate that both fL and fT lie far away from the characteristic soil frequencies,
and excitation level of the ambient vibrations is nearly uniform in the bandwidth of
interest around them.

Figure 4.3.8 shows observed variation of the fundamental frequencies with the
rms velocity amplitude in the respective hour. For the L-component, behaviour is
more-or-less as expected, showing slight frequency decrease with the increase of
the level of excitation. For the T-component the variation is relatively smaller and
more complicated, with no monotonic dependence on the amplitude. Damping val-
ues (Figure 4.3.9) are rather stable, with the averages of DL = 3.91%±0.66% and
DT = 8.24%±0.99% of critical damping.

4.3.4 Conclusions

Recent measurements of the free-field microtremors in Croatia proved to be valuable
in providing additional insight into the geotechnical properties of the soil, especially
in constraining the fundamental frequency of sedimentary deposits. Measurements
of ambient vibrations in buildings were shown to be efficient and quick, yielding
reliable, accurate and temporally stable estimates of frequencies and damping of the
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buildings’ vibrational modes. Combining the free-field measurements with those
within houses and other structures can point to constructions likely to exhibit soil-
structure resonance. The measurements done so far form initial nucleus of the build-
ing inventory, a collection of fundamental periods, damping, spectral shapes, and
other data which can prove important in documenting buildings’ structural integrity
and assessing the degree of possible damage in future earthquakes.
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Geofizičkog zavoda u Zagrebu II/l:87pp (in Croatian).

Mucciarelli M, Gallipoli R M (2007) Non-parametric analysis of a single seismometric recording
to obtain building dynamic parameters. Ann Geophys 50:259–266.

Nakamura Y (1989) A method for dynamic characteristics estimation of subsurface using micro-
tremor on the ground surface. Quart Rep Railway Tech Res Inst 30:25–33.



Chapter 4.4
Applications to World Heritage Sites

Yutaka Nakamura, Jun Saita, and Tsutomu Sato

It is important for the countermeasure against earthquake damage not only to learn
the earthquake damage history, but also to grasp exactly the vulnerability of ground
and structures.

Especially, the historical structures as the world heritages are usually exposed
under the dangerousness of the damages caused by the earthquake motion because
of the hidden weak points with long history. In general, it is difficult to inspect or
understand the behavior of such kind of structure because of the complex structure,
no design plan and so on. And also, it is impossible to get test pieces or oscillate the
structure. So it is useful to use microtremor as a tool to inspect the structures and
understand the dynamic characteristics.

The microtremor, ambient noise, exists anywhere and the microtremor measure-
ment requires no long time and any vibrators so there is no possibility to injure the
measuring objects. So it is useful and applicable for the inestimable facilities like
the world heritages. Recently, the H/V spectral ratio is popular for the vulnerability
investigation of both ground and structures because the H/V spectral ratio can show
the predominant frequency and the amplification characteristics. And some indices
as the K values are introduced for the vulnerability index.

Here shows some result of the vulnerability assessment of mainly the world her-
itages and the surrounding area using the microtremor. And some of them show
the changes before and after the damaging earthquake and the stability of long
time span.
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4.4.1 Old walled city of Manila, Philippines

4.4.1.1 Overview of the measurement

The study area Intramuros, the old walled city of Manila, frequently suffered earth-
quake damage in the past (Su, 1969; Omote et al., 1969). Although the 1990 Luzon
earthquake occurred about 120 km away from Manila, it caused considerably dam-
age to some 15 RC-buildings in the metropolis. After the earthquake, microtremor
measurement was conducted to compare with the damage (Ohmachi and Nakamura,
1992). The results of the microtremor measurement in after the 1990 earthquake
show that the low frequency values of around 1 Hz with the amplification factor as
high as 3–8 predominated in the reclaimed area where the earthquake damages were
also rather serious. Meanwhile, to verify stability of microtremor through time, a
series of microtremor measurements were conducted by this study from 2002–2003.

Figure 4.4.1 shows the distribution of measurement points in the study area. In
and around this area, there were ten points surveyed in 1990 (shown by red circles),
14 points in 2002 (shown by blue circles) and 30 points in 2003 (shown by green cir-
cles). Some points were resurveyed in 2002 and 2003 for the purpose of comparing
results of the 1990 survey.

Fig. 4.4.1 Distribution of measurement points
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At each site, microtremor was recorded for 4,096 samples in 100 Hz sampling.
This procedure was repeated three times for each site. This methodology was also
adopted for the 1990, 2002 and 2003 measurements. There were also five sites done
during the 1990 measurements and one site during the 2002 measurement outside
of the ancient wall.

4.4.1.2 The result of the microtremor measurement
with long time span

Figures 4.4.2 and 4.4.3 shows the results of measurement in terms of the predomi-
nant frequency Fg (Hz) and the amplification factor Ag derived from the H/V spec-
tral ratio of recorded microtremor.

The H/V spectral ratio was derived from the averaged horizontal to vertical
Fourier spectral ratio. Smoothing was done using a Hanning window of 80 times
(bandwidth is 0.4 Hz) for ground and 20 times (bandwidth is 0.2 Hz) for structures.

Fig. 4.4.2 Distribution of Fg
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Fig. 4.4.3 Distribution of Ag

Figure 4.4.4 shows the comparison between Kg values and major damages of past
earthquakes on detailed map. In Figures 4.4.2–4.4.4, the diameter of the circle indi-
cates measurement point corresponds to Fg, Ag and Kg values.

When shear deformation at ground surface at the time of earthquake is set to δg,
the strain of surface ground γg is expressed as follows (see Figure 4.4.5);

γg = δg/h
= e×a/(2πFg)2 ×4Fg/Vs
= e×Ag ×a/(π2FgVb)×Vb/Vs

=
A2

g
Fg

× e×a
π2×Vb

= Kg ×C×a

(4.4.1)

Where,

Kg = Ag2/Fg (4.4.2)

C = e
/
(π2 ·V b) (4.4.3)
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Fig. 4.4.4 Distribution of Kg value and damage history

Fig. 4.4.5 Overview of Kg

Ag and Fg: Amplification factor (=Vb/Vs) and Natural frequency (=Vs/4h) of the
surface

a and e: Maximum basement acceleration (Gal) and Efficiency of it
Vb and Vs: S-wave velocity (m/s) of basement and surface ground
h: thickness of surface ground

Although the predominant frequency is almost stable for the study area, ampli-
fication factors show variation. Three sites (MG5, MG6 and MG17) show high Kg
values. These are located on the reclaimed land near the ditch. Meanwhile, MG1,
MG3 and MG4 have relative low Kg value. It seems that it depends on the age of
reclaimed area.
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Three points MG9, MG10 and MG11 conducted in 1990 locate close to MG9n,
MG10n and MG11n conducted in 2002, respectively. By comparing with the results,
MG9 and MG10 give approximately similar frequency and amplification. However,
in the case of MG11, the shapes of spectrum are almost similar, but the peak values
differ from each other. We investigated the possible cause and we found out that a
sewer has recently been constructed near this observation site. The operation of this
structure may have caused the change of site condition.

4.4.1.3 Comparing with the detailed damage and microtremor

Figure 4.4.6 shows the overview and damage situation of San Agustin Church after
the July 18, 1880 earthquake, located inside Intramuros and considered as one of
the world heritage sites in the world. This church repeatedly suffered the earthquake
damage. Figure 4.4.6b shows its picture in 1880 after this earthquake caused one of
the bell towers to fall.

Around this church, microtremor was measured at points MG15, MG16, MG21
and MG22. Since depth of soil layer is another important criterion for determining
earthquake damage, we tried to determine the estimated depth of soil layer using the
same methodology for 2.3. Figure 4.4.7 shows the soil profile one block away from
the church (Dy, 2000). By comparing the depth with the soil profile, it seems that
the estimated depth of the surface layer corresponds to the fine-grained sand layer
at 34 m depth.

Figure 4.4.8 shows that the base ground is leaning and the deepest site is MG15,
close to the left (lost) tower of this church. The influence of the base ground incli-
nation is considered to be a large factor for estimating the potential damage of
this structure. However, considering that other building abuts on another surviv-
ing tower, it is supposed that the influence of an adjoining building is also large.
In order to clarify such a damage factor, a thorough understanding of the dynamic
characteristic of the ground and the characteristic of the structures are necessary.

To grasp the dynamic characteristics in detail, microtremor measurement
was also conducted inside the church, both for the main building and the bell
tower shown in Figure 4.4.6. Here the height of the main building and the bell tower
assumed to 12 and 8 m, respectively. Measurement points were installed on the
grand floor and the top for the main building and on the bottom, middle and top of
the bell tower.

From the microtremor on the ground, the predominant frequency and amplifi-
cation factor is a little higher than 1 Hz and 2–4, respectively, so Kg value is less
than 20.

Figure 4.4.9 is the mode diagram for the main building, the tower and unified of
the main building and the tower.

The predominant frequency of the main building is around 3 Hz in general for
both HL and HT direction. Here HL and HT direction corresponds to the direction
along the longitudinal and transverse axis of the main building, respectively. But in
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Fig. 4.4.6 Overview of San Agustin Church (a) present condition (b) past damage condition
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Fig. 4.4.7 Soil profile around San Agustin Church
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Fig. 4.4.9 Mode diagrams of San Agustin Church (a) main building (b) tower (c) unified of main
building and tower

detail, in case of HL direction, predominant frequency is 2.9 Hz for both left and
right side but the amplification factor of left side is several times more than that of
right side. In case of HT direction, predominant frequency is 3.2 and 2.5 Hz for left
and right side, respectively, and the amplification factor of left side is 5 or more
than that of right side. Of course it is impossible to avoid the effect of the dead load
to keep the balance for the lost left tower, it seems to be damaged on the left side.
On the tower, there are two predominant frequencies, around 3 Hz and less than
4 Hz. Former seems to be the characteristics consist of the main building and the



302 Y. Nakamura et al.

tower. Latter is thought as the characteristics effected by the tower. For both cases,
HT component has high amplitude two times or more than HL component, and the
damage had been caused toward this direction.

4.4.1.4 Short summary

Here shows the microtremor measurement and vulnerability index can explain past
earthquake damages. The results also show that microtremor measurements provide
almost stable results with long time span. This technique can be used to identify
possible areas or structures that may be damaged in the future by earthquakes. At
the same time, the technique can be used for monitoring a structure’s state of health
through time.

4.4.2 Istanbul, Turkey

4.4.2.1 Overview of the measurement

Istanbul, Turkey has long history with many earthquake disasters. Considering the
geotectonic environment and historical importance of Istanbul, it is necessary to
investigate the dynamic characteristics of the historical constructions in the city
and to work out rational and effective countermeasures to the earthquake disasters.
Since autumn 1998, microtremor measurements have been started to investigate the
dynamic characteristics of several structures in Istanbul.

In August 17, 1999 the Kocaeli Earthquake (Mw = 6.7) occurred and caused
severe damage in the epicentral area. Although Istanbul is approximately 100 km
away from the epicenter and was not suffered serious damage, this earthquake might
affect some old structures. We have investigated some historical structures before
and after the earthquake. Here, the influence of the Kocaeli earthquake is considered
focusing on the shift of the natural frequency of structures. In Istanbul, although only
41 Gal in PGA was observed at YPK site (Yapi Kredi Plaza strong motion station of
Kandilli observatory), comparison of the results of an investigation before and after
the earthquake shows the natural frequency are shifted lower several percent for
both old and new structures. This frequency shift corresponds to the vulnerability
index against the earthquake disaster for structures (Nakamura, 1997).

Microtremor measurement was conducted for historical structures as Suley-
maniye mosque, Hagia Sophia museum, Sehzade mosque, and newly constructed
office building as a reference. Figures 4.4.10–4.4.13 show the overview, floor plan
and elevation with measurement points, and Table 4.4.1 shows the details of the
structures as height, structural type, established year and the date of measurement.

Measured historical structures have a main dome supported by four arches on
four big piers. In case of Suleymaniye mosque and Hagia Sophia museum, a pair of
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Fig. 4.4.10 Overview of measurement at Suleymaniye

Fig. 4.4.11 Overview of measurement at Hagia Sophia
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Fig. 4.4.12 Overview of measurement at Sehzade
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Table 4.4.1 Dimensions, completion year and etc. of measured structures

Name of building Suleymaniye
Mosque

Hagia Sophia
Museum

Sehzade
Mosque

An office
building

Height 53 m 56 m 37 m 57 m
Dimensions of a
plane

68×63m 95×70m 50×43m 57×16m

Diameter of main
dome

27 m 31 m 18 m –

Structural type Stone Stone and brick Stone RC
(14F+5BF)

Completion year 1550 AD 512 AD 1543 AD 1999 AD
Date of measure-
ment before the
earthquake

19 and 21
October, 1998

8 and 9 June, 1999 6 June, 1999 11 June, 1999

Date of measure-
ment after the
earthquake

7 September,
1999

3 and 4 September,
1999

10 September,
1999

2 September,
1999

Measured floors 1F, 2F, DM 1F, 2F, 3F, DM 1F, DM 1F, 2F, 5F, 8F,
11F, 14F

opposite arches is reinforced by two semi domes. In case of Hagia Sophia museum
with a main dome of diameter of 31 m, the spaces beneath the arches are filled as a
wall and the dome looks like supported by the walls instead of arches. The internal
space of Hagia Sophia museum is 30 m width and 80 m length. The main dome has
been affected by earthquakes several times and restored each time. On the whole,
the structure has deteriorated considerably and a certain countermeasure has been
required.

The four arches of Sehzade mosque supporting main dome are supported by four
semi domes. Sehzade mosque is an etude of an architect Sinan (1490–1588), and he
adopted the structure for the main dome to be supported by four semi domes. And
also the Suleymaniye mosque is one of the highest masterpieces of his maturity.
The basement ground for historical structures mentioned above is hard and good
conditions.

An office building made by Reinforced Concrete (RC) structure is 14 storied
building with 5 underground levels. Each floor has the 55 and 16 m rectangular
section, and in the central part of the north side, there are service facilities such as
elevators, stairs and so on. This building was constructed on good base ground close
to YPK station, which recorded maximum acceleration 41 Gal at the time of Kocaeli
earthquake.

4.4.2.2 Measurement and analysis

Microtremor measurement was done either one or two point individually for
each structure. At this time, some measurement points were set for every floor
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to understand the behavior of the structure. Besides of the main building, two
minarets of both Suleymaniye and Sehzade mosque were measured.

Suleymaniye mosque has two high minarets and two low minarets. High minarets
(WHT and EHT) were measured at the highest and lowest balcony of three bal-
conies. Every balcony has four measurement points and a pair of them was mea-
sured simultaneously. Measurement was conducted at four measurement points only
on the upper balcony. Moreover, about the base ground, measurement points were
situated around the structures.

At every measurement point, microtremor was recorded three times with 1/100 s
sampling and 40.96 s data length. After measurements, Fourier spectrum for each
component is calculated from the waveform of whole length and three records are
averaged. Each Fourier spectrum is smoothed by Hanning spectral window repeated
20 times as bandwidth to be approximately 0.2 Hz before averaging.

For representative spectra of the historical structures, these calculated spectra
related to the four supporting columns for each floor and these calculated spectra
eight points on the corridor of main dome (DM) for every component are averaged.
And these spectra of minarets are averaged for representative spectra. In case of the
office building, every three floor has four measurement points at the center of the
each side of the floor, and these spectra are averaged for representative spectra.

The transfer function of each floor shall be presumed by the ratio of a represen-
tation spectrum between the floor and the ground floor. In addition, the ground floor
is set to the first floor (1F).

It is considered that the vulnerability of structures against earthquake disasters
can be estimated by the drift angle, related to the worked earthquake accelerationα
in cm/s2. Here, α is a portion which affects this structure among whole earthquake
motion a, namely,

α = e×a (4.4.4)

where e shows the efficiency of earthquake motion working for this structure.
A deformation performance and the degree of earthquake motion amplification

can be estimated from the dynamic characteristic of structures. Here, primary nat-
ural frequency of the structure seemed to have influence on earthquake damage is
considered. Displacement δ i of i-th floor is estimated from this primary natural fre-
quency F and amplitude Ai of i-th floor as followings.

δ i = Ai×α/(2πF)2 (4.4.5)

So, the drift angle γi of i-th floor is shown as,

γi = (δi+1 −δi)/hi (4.4.6)
= ΔAi ×α/(2πF)2/hi (4.4.7)
= e×Kbi×a (4.4.8)

where,
Kbi = ΔAi/(2πF)2/hi ×10000 (4.4.9)
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ΔAi: difference of amplification of the i-th floor, (= Ai+1 −Ai), and
hi: the height of i-th floor in m.
Thus, the drift angle γi for each floor is estimate from vulnerability index Kbi

multiplied by the maximum acceleration on the surface ground a in cm/s2 and the
efficiency of earthquake motion e.

Here, avKb value is derived as averaged Kbi for each structure for the discussion
followings.

avKb = A/(2πF)2/H ×10000 (4.4.10)

where,

A: amplitude of the top floor, and
H: height of the structure in m.

In addition, when avKb is substituted for Kbi of formula 4.4.8, averaged drift angle
γav will be calculated. Kbi and avKb are expressed in unit of 10−6, 10,000 in formulas
(4.4.9) and (4.4.10) is multiplied for adjustment.

4.4.2.3 Result of the analysis

Figure 4.4.14 shows the locus of microtremor at every measurement point on
Sehzade mosque. It shows the locus of microtremor for 5 s in the circle to the posi-
tion corresponding to every measurement point, and the amplitude of velocity (in
10−6 m/s) equivalent to the radius of a circle is shown near the circle. This figure
shows that minarets seem to be vibrating extremer than the other structures. More-
over, the outline of the vibration mode for main dome can be grasped by this figure.

Fig. 4.4.14 Vibration locus of Sehzade
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Figure 4.4.15 shows the transfer functions of the structure before and after the
earthquake estimated from the result of microtremor measurement.

In case of Suleymaniye mosque, the peak near 0.8 Hz is significant on the cor-
ridor of the main dome (DM) only before the earthquake. And in case of Sehzade

Fig. 4.4.15 Estimated transfer functions of the highest floor of structures
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Fig. 4.4.16 Examples of estimated transfer function of Minaret

mosque, the peak value near 1.2 Hz increased after the earthquake. These peaks may
correspond to the peak of minarets. Table 4.4.1 also shows the changes of the pre-
dominant frequencies and amplification factor of the estimated transfer functions
before and after the earthquake for both horizontal components and torsion com-
ponent, except the peak mentioned above. Measurement before the earthquake of
a Suleymaniye mosque was performed in 2 days a total every other day. The day
WHT minaret was measured was not windy and was a quiet day. However, the day
DM and EHT minaret was measured was windy. So the amplitude of EHT minaret
was the amplitude of ten times or more compared with it of WHT minaret (See
Figure 4.4.16). From such a thing, neither 0.8 Hz vibration of Suleymaniye mosque
nor 1.2 Hz vibration of Sehzade mosque transmitted from the foundation and it is
guessed that the minarets were excited the influence of a wind and so on nor then
was the vibration transmitted to the main dome.

Table 4.4.2 shows the natural frequency of transfer function at the top of the struc-
ture on each horizontal component and torsion vibration. In this table, the vibration
seemed to be affected by the vibration of minarets are ignored. Additionally, this
table includes the amplification factor. Furthermore, the change of natural frequency
is also shown in a unit of the minimum frequency unit on analysis.

4.4.2.4 Discussion

Before and after the earthquake, the form of transfer functions shown in
Figure 4.4.15 seldom change and the position of peak frequency has shifted, except
the change of the lowest peak of the natural frequency seen in Suleymaniye and
Sehzade mosque.

Minarets show the little change of the frequency and it is considered to be rel-
atively healthier structure than the main body, except the NT minaret of Sehzade
mosque.



310 Y. Nakamura et al.

Table 4.4.2 Change of the dynamic characteristics before and after the Kocaeli earthquake

(a) Suleymaniye

Main body Before After dF/F (%) dF

HL: NW-SE F (Hz) 3.43 3.36 2.21 3.11
A 20.5 20.2 – –
avKb (10−6) 11.0 11.4 – –

HT: NE-SW F (Hz) 3.55 3.46 2.78 4.04
A 18.6 17.5 – –
avKb (10−6) 9.3 9.3 – –

Torsion F (Hz) 6.69 6.45 3.59 9.83
WHT Minaret Before After dF/F (%) dF
HL: NW-SE F (Hz) 0.843 0.819 2.86 0.987
HT: NE-SW F (Hz) 0.867 0.842 2.79 0.991
Torsion F (Hz) 9.69 9.59 1.03 4.10
EWT Minaret Before After dF/F (%) dF
HL: NW-SE F (Hz) 0.842 0.842 −0.01 −0.003
HT: NE-SW F (Hz) 0.842 0.842 0.08 0.028
Torsion F (Hz) 9.36 9.33 0.32 1.23

dF is frequency shift in unit ΔF, ΔF = 1/40.96Hz.

(b) Hagia Sophia

Main body Before After dF/F (%) dF

HL: EW F (Hz) 1.92 1.75 8.92 7.00
A 156 60.5 – –
avKb (10−6) 261 122 – –

HT: NS F (Hz) 2.16 2.01 6.82 6.04
A 54.6 59.6 – –
avKb (10−6) 72.0 90.5 – –

Torsion F (Hz) 3.32 3.10 6.63 9.01

dF is frequency shift in unit ΔF, ΔF = 1/40.96Hz.

(c) Sehzade

Main body Before After dF/F (%) dF

HL: NW-SE F (Hz) 4.06 3.87 4.78 7.96
A 24.3 21.5 – –
avKb (10−6) 14.3 14.0 – –

HT: NE-SW F (Hz) 4.26 4.07 4.56 7.96
A 23.0 20.2 – –
avKb (10−6) 12.3 11.9 – –

Torsion F (Hz) 5.25 5.00 4.76 10.2
ST Minaret Before After dF/F (%) dF
HL: NW-SE F (Hz) 1.13 1.14 −0.12 −0.06
HT: NE-SW F (Hz) 1.33 1.31 1.97 1.08
Torsion F (Hz) 11.8 11.6 1.69 8.19
NT Minaret Before After dF/F (%) dF
HL: NW-SE F (Hz) 1.15 1.10 4.26 2.00
HT: NE-SW F (Hz) 1.27 1.12 11.5 6.00
Torsion F (Hz) 11.4 11.0 3.51 16.4

dF is frequency shift in unit ΔF, ΔF = 1/40.96Hz.
(continued)
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Table 4.4.2 (continued)
(d) An office building

Main body Before After dF/F (%) dF

HL: EW F (Hz) 1.45 1.33 8.38 4.99
A 91.6 147 – –
avKb (10−6) 217 414 – –

HT: NS F (Hz) 0.720 0.745 −3.38 −0.999
A 118 114 – –
avKb (10−6) 1,138 1,029 – –

Torsion F (Hz) 1.037 0.964 7.05 2.994

dF is frequency shift in unit ΔF, ΔF = 1/40.96Hz.

However, it is thought that the minarets themselves vibrated quite greatly. Espe-
cially in case of WHT minaret of Suleymaniye mosque, damage as shown in a
Figure 4.4.17 has appeared in incidental facilities such as a roof. That is, buckling
arises in the west side lower part of a cone-like roof, and the ornament at the top of
the minaret is crooked on the east side.

Damaged WHT minaret is the one shows larger change of the natural frequency,
and as a result, the change of the natural frequency and the damage grade of inci-
dental facilities correspond.

Hereafter, a measurement result for every structure is examined.

1. Suleymaniye mosque
As shown in Table 4.4.2, a natural frequency of horizontal NS-EW component of
the main part was decreased to 3.36 Hz after the earthquake from 3.43 Hz before
the earthquake. And that of EN-WS component was decreased to 3.46 from
3.55 Hz. These changes correspond to 3ΔF–4ΔF and are considered a significant
change. These rates of the change are 2.21–2.78%, and are equivalent to about
5% of rigidity lowering generally. It is guessed that this is the reason of slight
damage.

The avKb value is also shown in Table 4.4.2. From the common relationship
ship between an amplitude and RMS, it is possible to assume that the effec-
tive seismic motion is about 1/3 of the maximum acceleration. In this time it is
assumed that the effective seismic motion is about 15 Gals and averaged drift
angle will be presumed to be about 1/6,000. And it is considered that it was stand
against this earthquake motion with the margin.

2. Hagia Sophia museum
As shown in Table 4.4.2, a natural frequency of horizontal NS component was
decreased to 1.75 Hz after the earthquake from 1.92 Hz before the earthquake.
And that of EW component was decreased to 2.01 from 2.16 Hz. These changes
correspond to 6ΔF–7ΔF and are considered a significant change. These rates of
change are 8.92% (EW component) – 6.82% (NS component), and are equivalent
to about 13–17% of rigidity lowering. As a result, this might be affected slightly.
The avKb value is also shown in Table 4.4.2. As mentioned above, it is possible
to assume that the effective seismic motion is about 15 Gals and the averaged
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Fig. 4.4.17 Damage of WHT Minaret of Suleymaniye

drift angle will be presumed to be about 1/250. Generally it is thought that a
structure begins to collapse on 1/100–1/200 of drift angle. It is considered that it
was stand against this earthquake motion without so much margin, and for this
reason, it is thought that the significant decrease of natural frequency occurred.

3. Sehzade mosque
According to the result of the measurement at the base of the four main pil-
lars and the dome corridor equivalent to the upper part, predominant frequencies
change from 4.14 and 4.00 Hz before the earthquake to 3.93 and 3.80 Hz after the
earthquake for NS and EW component, respectively. These changes correspond
to 8ΔF–9ΔF and are considered a significant change. These rates of change are
about 5%, and are equivalent to about 10% of rigidity lowering generally. As
mentioned above, it is possible to assume that the effective seismic motion is
about 15 Gals and the avKb value in Table 4.4.2 shows that averaged drift angle
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will be presumed to be about 1/5,000. It is considered that it was stand against
this earthquake motion with the margin.

Moreover, it is conformed that natural frequency changes quite remarkable in
NT minaret of Sehzade mosque, and it is shown that damage by the earthquake
was relatively larger than ST minaret. In addition, NT minaret is said to have
been damaged before the earthquake.

4. An office building
In case of an office building, on the vibration of NS component and torsion,
the changes of predominant frequency correspond to less than 1ΔF and are not
considered a significant change. Considering that this building has a shape as
extremely short flat form in the NS component, rocking vibration excels in vibra-
tion of the NS direction. And it is thought that the rigidity of the base is more
strongly reflected rather than the rigidity of the building main part. The natural
frequency of the NS component did not change before and after the earthquake
and it suggests that the earthquake has not influenced the base at all.

On the other hand, it is supposed that the vibration of EW component reflects
the rigidity of the building itself. The changes of predominant frequency corre-
spond to 5ΔF and are considered a significant change. These rates of change are
about 8.4%, and are equivalent to about 15% of rigidity lowering.

It seems that the damage of the frequency shift can be considered as the
expression of the damage degree. Figure 4.4.18 shows the relationship between
avKb value and the rate of frequency change. The relation between avKb and
the frequency shift rate suggests avKb can be given as damage degree before the
earthquake.

Figure 4.4.18 shows that large avKb correspond to larger damage in general.
Both Suleymaniye and Sehzade mosque have same structure and Hagia Sophia
museum is also same kind of structure. On the other hand, the office building has
different characteristics as RC structure.

Hagia Sophia: Stone and Brick

An Office Bldg: RC

Sehzade: Stone

Suleymaniye: Stone
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Fig. 4.4.18 Relationship between avKb and dF/F for measured structures
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4.4.2.5 Short summary

At the time of the Kocaeli earthquake, the seismic motion in Istanbul was small
relatively because of the hard base ground. For some structures measured before the
earthquake, it was able to measure after the earthquake again and to investigate the
change of the natural frequency. As a result, the change of the natural frequency
were 2.8%, 8.9%, 4.8% and 8.5% for Suleymaniye mosque built 500 years ago,
Hagia Sophia museum built 1,500 years ago, for Sehzade mosque and 8.5% for an
office building newly built. It seems that the influence by the earthquake is small,
so that the change of the natural frequency is small. For the measured structures,
they were affected by the Kocaeli earthquake as 7–16% of rigidity lowering. The
change of the natural frequency also corresponds well to the vulnerability index
against earthquake disasters for structures, and is shows that the proposed index is
appropriate.

4.4.3 Leaning tower of Pisa

4.4.3.1 Outline of the measurement

The 14,000 t, 58 m high eight-story leaning tower of Pisa is one of the most origi-
nal works of the art of the European Middle-Age and there are lots of uncertainties
about the original architect. It was started building in the year 1173 and completed
at 1530. After a short time of construction started, the tower started to incline toward
the north. And nearly after 100 years, the building shifted again so that by 1272, it
was visibly leaning to the south. It stands more than 800 years against the gravity
and today the top of the tower is about 5.227 m off centers, tilting southward. The
tower has 19.6 m diameter with a foundation depth little less than 3 m. Under the
tower the ground structure consists of mainly soil, clay and mud. The area where
Pisa is located had been a port in medieval times and the soil is a spongy mixture.
The surface layer (about 10 m) which is an accumulated fluvium from River Arno
has compacted unevenly making the tower tilted. Under this layer, there is a resis-
tant band known as Pancone marine clay with fine sand and shells which is about
20 m deep. This is followed by a deep layer of sand boundary which is horizon-
tal under most of Pisa, except where it is under the tower. Layers of clay and sand
alternate down to roughly 70 m. The entire area where the tower is built is gradually
sinking.

Figure 4.4.19 shows the area where the tower is located and position of the mea-
surement points on the ground surface. Also the H/V spectrum for ground surface
measurement is included in this figure. Figure 4.4.20 shows the cross section of
the tower in NS direction, including measurement points on the structure and local
geology under the tower. Rocking centers depth for each floor is pointed with x.
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Fig. 4.4.19 Location of the tower and measurement points with H/V spectrum

The measurement was conducted with 1/100 s sampling and the length of each
record is 40.96 s. Measurement was repeated three times at each observation point.
Microtremor of the tower and ground were recorded at the same time. Measure-
ments were performed at 1P, 2P, 3P, 4P, 5P and 6P levels of the tower shown in
Figure 4.4.20.

After the measurements, Fourier spectrum for each components and H/V spec-
trum are calculated after Nakamura (1989). From a spectral ratio of horizon-
tal to vertical components, predominant frequency F and amplification factor A
which represents dynamic characteristic of the ground and spectral ratios between
each floor and ground floor were calculated. This ratio provided the combined
predominant frequency and amplification factor of the entire tower and ground.
Using a methodology introduced by Nakamura et al. (1995), the rocking and other
vibration frequencies, together with the rocking vibrations center depths were cal-
culated for each floor.
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Fig. 4.4.20 Cross section of
the tower in NS direction with
measurement points

4.4.3.2 The result of the measurement on 1998

The H/V spectral ratios of ground are also given in Figure 4.4.19. It can be followed
that having an amplification factor of 1.2. G6 and G8 have no clear peak proba-
bly because of the effects of the structure of the tower, as well as different ground
characteristics at these points. Natural frequency is around 1.2 Hz at all the points.
Amplification is rather high at G3, G4, G13 and G14 having a value of about 1.7 at
longitudinal (NS) and transversal (EW) direction.

Figure 4.4.21 shows spectral ratios of 2P, 3P, 4P, 5P and 6P with 1P. This ratio
provided the combined predominant frequency and amplification factor of the entire
tower together with ground. There are several peaks showing the different modes of
the structure in longitudinal and transversal components. First mode frequency is
about 0.98 Hz in NS and 1.06 Hz for EW direction. These show the rocking vibra-
tion frequency of the tower. One reason of higher frequency in EW direction thought
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Fig. 4.4.21 Spectral ratios (a) NS direction (b) EW direction
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Fig. 4.4.21 (continued)
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Fig. 4.4.22 Mode vibration characteristics and location of rocking center depth in EW direction

to be the weight of 830 t of lead that is placed on the south of the tower. This weight
causes a small amount of difference in inertial force in NS direction that might
cause just a negligible difference in momentums which will almost have no effect in
frequencies. The only reason seems to be a softer ground characteristic in NS direc-
tion. Vibration frequencies of the structure for the second and third mode are 6.3
and 14 Hz, respectively. Figure 4.4.22 shows the first mode vibration characteristics
in NS and EW directions. In EW direction, amplification is higher than NS direc-
tion, and this shows that the tower has a tendency to move in EW direction also.
Especially from 5P level, this difference becomes bigger. This might be because of
change of the floor characteristics starting from this floor. Rocking center depth for
each floor was also obtained from the spectrum ratio of the horizontal movements
measured by two fixed at the same floor.

Although having a deeper rocking center is better, the center of rocking vibration
found from present measurement is quite shallow in NS direction (almost bottom of
the foundation) located at the south of the central axis. In EW direction this center
is about 1.5 m. Change of the location of the rocking depth in NS and EW direction
is given on Figure 4.4.23.

Vertical vibration frequency for the entire tower is also checked from the ratio
of vertical movement for the same floors. Figure 4.4.24 shows an example for
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Fig. 4.4.23 Bird eye view of floors showing rocking center locations

Fig. 4.4.24 Relation between vertical motions V1 and V2 for opposite sides on 5P level

5Peast/5Pwest ratio of the vertical movement at 5P level. Amplitude spectrum,
coherency and phase of these records are given. A peak at 1 Hz represents rocking
vibration. And a peak around 2 Hz appears at each floor shows a vertical vibration
frequency for the entire tower. Clear identification of vertical vibration frequency
is quite important since it gives an opportunity to calculate the spring coefficient
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kv that will be helpful to calculate ground bearing capacity. Normally investigation
of this coefficient needs time consuming and expensive experiments. On the other
hand, with the investigation of vertical vibration frequency this can be easily calcu-
lated with the following formulation.

Kv ·g
W

= w2,∴ Kv =
W ·w2

g

Kv = A · kv,∴ kv =
W ·w2

g ·A

(4.4.11)

Where Kv is ground bearing capacity, w = 2π f . Here, f is the vertical vibra-
tion frequency, W/g is the mass and g is gravity. By inserting the values
for Pisa tower into this formulation which are, W = 14,000 + 820 (lead) t,
A = 294m2, g = 980m/s2, f = 2.2–2.5Hz, we can find the value of Kv changes
between 1.0–1.3kg/cm3 for 2.2 and 2.5 Hz. Vertical vibration frequencies, respec-
tively. This represents the bearing capacity of soft ground that Pisa locates.

The dynamic characteristics of the Pisa tower are investigated as follows;

1. Predominant frequency and amplification factor of the ground is f = 1.2Hz and
A = 1.7.

2. Rocking vibration frequency is 0.98 Hz in NS direction and 1.06 Hz in EW direc-
tion. Center of this vibration locates at the south of the center line almost under
the bottom of the foundation in NS direction. This depth is about 1.5 m in EW
direction.

3. Vertical vibration frequency for the entire tower is 2 Hz.
4. Bearing capacity has been calculated as 1.0–2.5kg/cm3 for the area that the

tower locates.
5. It has been shown that it is possible to investigate the response characteristics and

structural damage of the structures through the analysis of microtremor records.
In later analysis other vibration frequencies and ground bearing capacity are
planned to be calculated from these information.

4.4.3.3 Comparing the result of the measurement in 1998 and 2004

After finishing the retrofitting of the tower, we measured microtremor again con-
centrating to understand the change of the behavior of the tower main body in 2004.

After the retrofitting, although the rocking center of the NS-component, the lean-
ing direction, is no so differ from that before the retrofitting, the location of the rock-
ing center of the EW-component moves to higher. The location after the retrofitting
is around one third of the height of the tower and it is close to the theoretical loca-
tion of that of a cantilever beam, so it shows that the retrofitting works as fixing the
tower to the basement. Figure 4.4.25 shows the change of the location of the rocking
center.
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Fig. 4.4.25 Change of rocking center before and after retrofitting

The predominant frequencies for each floor shift to higher than that before the
retrofitting, more than 1 Hz. The amplification factor of the seventh floor was mea-
sure both in 1998 and 2004, and the value decreased after the retrofitting. These
result shows that the retrofitting made the tower stiffer to keep it safer. Figure 4.4.26
shows the predominant frequency and the amplification factor with the measurement
points.

4.4.4 Conclusion

Here introduced the microtremor measurements for the world heritages including
the surrounded area of them.

At first the stability of the microtremor with long time span is shown from
the result of the measurement in Manila, Philippines. Then as the practical exam-
ple of the microtremor measurement before and after the large earthquake, the
measurement for the historical structures in Istanbul, Turkey shows the effect of
the earthquake motion as the significant change of the predominant frequency. And
also the vulnerability index can explain the estimate damage degree. It shows that
the microtremor measurement beforehand for the important facilities is valuable to
understand the behavior of the structures and the result must be useful to grasp the
damage degree after the earthquakes. And the result of the measurement for the
leaning tower of Pisa shows that the effect of the retrofitting can be explained by
the change of the characteristics of the microtremor.
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Fig. 4.4.26 Change of natural frequency and amplification factor before and after retrofitting

On the other hand, the earthquake damage relates to the site characteristics and it
is important to know how the response of the ground against the earthquake is, but
it is generally difficult to grasp the detailed site condition.
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Chapter 4.5
Two Applications of the HVSR Technique
to Cultural Heritage and Historical Masonry

Domenico Liberatore, Marco Mucciarelli, Maria Rosaria Gallipoli,
and Nicola Masini

Abstract The application of the HVSR technique to cultural heritage and histori-
cal masonry is examined. The technique confirms the expected mechanisms, as the
overturning of a church façade or of a masonry panel. In addition, the technique
highlights the existence of a local mechanism of the rose-window, and the increase
of frequency induced on a masonry panel by the temporary “reinforcement” of a test
apparatus.

Keywords Masonry · Cultural heritage · Rose-Window · Adobe

4.5.1 Introduction

The damage of cultural heritage and historical masonry is often induced by local
out-of-plane mechanisms. Examples of such mechanisms for a church façade
are the overturning around a “hinge” at the base (Figure 4.5.1a), or at an inter-
mediate height (Figure 4.5.1b), or around a set of inclined and vertical hinges
(Figure 4.5.1c) (Giuffrè, 1991, 1993; Doglioni et al., 1994; Giuffrè and Carocci,
1997, 1999; Lagomarsino, 1998a, b; Doglioni, 1999; Lagomarsino and Podestà,
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Fig. 4.5.1 Typical out-of-plane mechanisms of a church façade

1999; Sorrentino, 2003). These mechanisms are characterized by the transformation
of masonry in a system of rigid bodies. The condition which allows the formation
of such mechanisms is the lack of connection between the elements composing the
structural set, for instance between the façade and the lateral walls.

The analysis of local out-of-plane mechanisms is an essential component in
the assessment of masonry structures, as churches and buildings (OPCM 3431,
2005), for which abaci of expected mechanisms have been developed, based on
the experience of past earthquakes. However, the identification of mechanisms may
be problematic for complex geometries, as masonry aggregates in historical centres.
In addition, the mechanisms activated during past earthquakes may be difficult to
identify, when the cracks are closed and covered with plaster. Finally, the degree of
connection between the façade and the orthogonal walls is often difficult to evaluate.
For these reasons, developing an experimental technique capable of identifying the
active mechanisms is of great interest.

In this study, the application of the Horizontal to Vertical Spectral Ratio (HVSR)
technique (Mucciarelli and Gallipoli, 2002) to cultural heritage and historical
masonry is examined, attaining to a preliminary evaluation of its reliability in
identifying local out-of-plane mechanisms.

The HVSR technique is non destructive and can be applied to a large number
of accessible points, as windows. The hypotheses at the basis of the method are
generally satisfied: the amplification of the horizontal components of the motion
is significant, especially for the out-of-plane component, whilst the amplification
of the vertical component is negligible. When active mechanisms are present, the
HVSR is expected to yield different H/V spectral ratios for the different rigid bodies
composing the mechanism, e.g. the façade and the orthogonal walls. An essential
pre-requisite for the HVSR technique is that the mechanism has been already acti-
vated. On the contrary, mechanisms which can be potentially activated, but are not
yet active, cannot be identified. Moreover, the technique requires that the actives
mechanisms involve a significant difference of the out-of-plane stiffness of the dif-
ferent rigid bodies, even at low level of excitation, which is typical of ambient vibra-
tions. Another interesting issue is that the HVSR technique is expected to provide
information about the effectiveness of those interventions which modify the mech-
anism, as tie rods (Figure 4.5.1d).

Two case studies of the applications of the HVSR technique are shown: the for-
mer on the façade and the rose-window of Troia Cathedral (Liberatore et al., 2006a),
the latter on the historical adobe buildings of Aliano (Liberatore et al., 2006b).
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4.5.2 The façade and the rose-window of Troia Cathedral

According to historical tradition, Troia Cathedral (Apulia, Italy) was founded in
1093 and consecrated in 1120. It is the masterpiece of the Romanesque architecture
of the region of Capitanata, blending Byzantine and Muslim reminiscences with
oriental elements.

The plan has the shape of Latin cross. The three naves are separated by 12
columns, divided in two rows of six. A 13th column is located at the side of the
first column on the right.

The façade (Figure 4.5.2) is 18.28 m wide and 19.90 m high. It has a basement
whose height ranges from 1.48 to 2.08 m. Over the basement, there is a sequence
of seven blind arches, placed on pilaster strips, which frame rhombs and oeil-de-
boeufs. The central arch surmounts the portal, consisting of two smooth posts, end-
ing with two capitals bearing an architrave, richly adorned in bas-relief representing
the theme of conversion, bearing in turn a lunette consisting of a smooth arch with
moulded cornice. The blind arches and the rhombs are characterized by chiaroscuro
effects. A moulded cornice, resting on corbels decorated with zoomorphous, phyto-
morphous and geometric shapes, separates the lower part from the upper part of the
façade. The upper part is divided in three parts: the central part, consisting of the
tympanum and corresponding to the section of the nave, and the lateral parts, with
single pitch, recalling the section of the side aisles.

The central tympanum consists of a round arch, resting on two couples of
columns in reused marble, each resting in turn on a stylophorus lion. Inside the arch
of the tympanum, there is another arch with plastic elements, in tondo or bas-relief
with anthropomorphous, zoomorphous and floral figures. Inside this arch, there is
the rose-window. Over the imposts of the outer arch, there are two other lions keep-
ing the head of a calf and a human head.

The rose-window has diameter 6 m and consists of 11 twin columns, outer and
inner, in stone and reused marble, connected to a central oeil-de-boeuf and to a ring
consisting of pre-fabricated elements, whose surface is decorated by arched rib-
works forming ogives. There are 11 transennae between the twin columns, embroi-
dered to openwork, each with a different and strongly symbolic pattern: the square,
the rhomb, the cross, the circle.

The outer columns are in white marble, sandstone, limestone, breccia with
elements of marble or limestone. Some inner columns are in white marble with
grey bands.

The rose-window presents a wide set of constructive solutions aimed at providing
equilibrium, not only in the final configuration, but also during the assemblage.
Besides a particular care to stereotomy, the contact between the different elements
is integrated by iron bolts and melted lead, especially between the columns and the
capitals, and between the capitals and the arched ribworks.

The main damage of the façade consists of a rotation around a horizontal “hinge”,
approximately 9.50 m above the base. The top of the façade is nearly 30 cm out
of plomb.



328 D. Liberatore et al.

Fig. 4.5.2 Façade and rose-window of Troia Cathedral

The rotation is also confirmed by the displacement of the inner surface of the
façade, with reference to the corbel which was originally located on the top of the
longitudinal wall on the left of the central nave, with the aim to bear the first roof
truss. That corbel was originally in contiguity with the inner surface of the façade
wall, whilst now it is displaced of nearly 25 cm. The opening created by the rotation
of the façade was closed in the past. It is also interesting to note that the longitudinal
walls were superelevated, with the aim to position the new roof trusses, preventing
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the interaction of the tie with the rose-window. The new corbel, which presently
bears the first roof truss, is in contiguity with the façade, and is offset nearly 25 cm
with reference to the original corbel below.

The damage of the façade is also confirmed by the damage of two couples of
columns at the sides of the rose-window. The columns on the right appear splin-
tered, with damage especially pronounced for the column in red porphyry, which
has also conchoid fractures in the upper part and in the capital. Both columns are
slightly tilted towards the right and inwards. The couple of columns on the left are
tilted outwards and splintered at the base and at the top. Vertical cracks, indicating
compression failure, can also be observed in their capitals.

The rotation of the façade is the presumable cause of a set of slidings and
damages of the façade. The upper arch appears strongly ovalized, its keystone
presents vertical fractures, and is displaced outwards and downwards. The lower
arch presents a vertical fracture at the key, and some voussoirs are displaced out-
wards and downwards.

The rotation of the façade induced heavy deformations and damages in the rose-
window, which is displaced outwards in the upper part, and inwards at the centre.
Disconnections and rotations of the capitals, as well as compression failures of the
columns are observed. Relative displacements, up to 1 cm, may also be observed
at the joints between the arched ribworks. An out-of-plane restraint was set up,
consisting of two horizontal tubes, anchored to the ashlar and connected to some
columns and arched ribworks through metal elements.

The origin of the rotation of the façade is clearly seismic. The seismic history of
Troia is summarized in Figure 4.5.3 (Stucchi et al., 2007). An earthquake of MCS
intensity 8 occurred in 1456, two of intensity 7.5 in 1627 and 1731, two of intensity
7 in 1875 and 1930. The out-of-plane restraint of the rose-window is documented
by paintings dating back to the early 20th century, permitting to exclude the last
event (1930) as the main cause of the rotation of the façade. Among the others, it
is not possible to associate the rotation to a single event. Since no ties have been
found, aiming at restraining the façade, it is possible that the rotation increased
progressively in consequence of several events.

Fig. 4.5.3 Seismic history of Troia
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Fig. 4.5.4 HVSR of the façade at different heights

The HVSR is used to estimate the fundamental frequency of the façade and
of the rose-window. The measurements were performed with a digital tromome-
ter (Micromed Tromino), that hosts in a single, small case 3 seismometers, a 24-bit
digitizer and the data storage unit. For all the measurement points, six recordings
were acquired, lasting 1 min each, with sampling frequency 512 Hz. The signals
were detrended and filtered in the range 0.1–256 Hz. After the transform in the fre-
quency domain, the ratio between the horizontal and the vertical component was
calculated in order to estimate the fundamental frequencies.

The HVSR analysis identifies separate fundamental frequency for the two
orthogonal directions (in-plane and out-of-plane). On the façade, two frequen-
cies were identified, at 3.2 and 8.0 Hz, with amplitude increasing with height, as
expected for the fundamental in-plane and out-of-plane modes (Figure 4.5.4).

The measurements carried out on the rose-window are shown in Figure 4.5.5
(yellow: oeil-de-boeuf, orange: arched ribworks, red: connection with the façade).
Whilst the frequencies of the façade are still visible, a separate frequency emerges
at 22 Hz. This mode has greater amplitude at the centre of the rose-window and
decreases towards the connection with the façade, identifying a local 2D plate fun-
damental mode of the rose-window.

4.5.3 The historical adobe buildings of Aliano

The historical heritage of the adobe buildings of Aliano (Basilicata, Italy) represents
the witness of a vernacular constructive culture, closely related to the resources of
the territory (Figure 4.5.6). In the past, the scarcity of stones and the availability of
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Fig. 4.5.5 HVSR of the rose-window

Fig. 4.5.6 Examples of adobe walls

clay from the badlands (“calanchi”) encouraged the use of blocks made of clay and
minced straw, dried in the sun.

The blocks (“ciuci”) have modular size (length 380 mm, thickness 155 mm,
height 165 mm) and are generally used in single storey buildings, or to build an
additional storey to buildings made of ashlar. In both cases, the adobe bears a saddle
roof made of timber beams and rafters, with lining in reed and mantle of bent tiles.
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The outer surface of the walls is plastered only if exposed to dominant winds
and rain water which could produce weathering of the material and loss of bearing
capacity. In alternative to plaster, the walls are protected by an outer facing in ashlar,
more or less connected to the adobe. The witnesses of this constructive technique
are few, because of the extreme deterioration of the material.

A number of damage mechanisms has been observed: disaggregation of the fab-
ric, out-of-plane separation between walls, out-of-plane collapse, separation cracks,
loss of connection between horizontal structure and walls, damage of the upper part
of the walls, bending damage of the walls at mid-height, diagonal cracks, corner
cracks, localized compressive failure, cracks near the openings, weathering.

A number of laboratory and in situ tests have been accomplished on adobe
blocks, adobe panels and structures. Adobe underwent chemical analysis and
geotechnical investigations aimed at determining Atterberg limits and friction
coefficient. Two adobe blocks have been tested in three-point bending. The four
semi-blocks coming from the tests underwent compression test, together with two
additional blocks. Sonic transmission tests have been carried out on adobe walls,
adobe walls with facing in ashlar, ashlar with air-setting mortar. Penetration tests
have been carried out through an instrument and a procedure purposely developed
for masonry joints. An in situ diagonal compression test on an adobe panel has been
carried out, resulting in the sliding of the upper part of the panel (Figure 4.5.7).

The ambient noise at the top of the panel subjected to diagonal compression
was recorded for 10 min. The grey curve in Figure 4.5.8 is the average of HVSR
function: the peak at about 4.5 Hz is identified as the main frequency of vibration of
the building, whilst the peak at about 15 Hz is due to the local vibration of the panel.
It is important to note that the HVSR function has its maximum amplitudes on the
out-of-plane component (Figure 4.5.8, black line).

Other ambient noise measurements were carried out on the panel equipped for
the in situ diagonal compression test. The HVSR average function shows the peak
of the panel at about 20 Hz. The increase of the frequency is due to the stiffness
provided by the test apparatus. Also in this case, the HVSR function of the out-of-
plane component has the maximum amplitudes (Figure 4.5.9, black line).

Fig. 4.5.7 Diagonal compression test
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Fig. 4.5.9 Mean HVSR for the panel stiffened by the apparatus for diagonal compression test

A third measurement has been performed during the diagonal compression test
when damage occurred. Figure 4.5.10 reports the comparison of HVSR functions:
the light grey curve is the HVSR of the panel without any stiffening, the grey curve
that of the stiffened panel and the black one that of the panel during the diagonal
compression test.
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4.5.4 Conclusions

In this study, the HVSR is applied with the aim of identifying the local out-of-plane
mechanisms of cultural heritage and historical masonry.

The application to Troia Cathedral highlights the local mode of the rose-window,
in the form of a 2D plate out-of-plane mode. The façade has H/V spectral ratios
which increase with height. However, this is a very common behaviour for struc-
tures, and further investigations are required, involving measurements on the lateral
walls – not accessible during the experimental campaign – in order to identify the
disconnection between the façade and the lateral walls, and therefore the overturning
mechanism of the façade.

The application of the HVSR technique to the adobe panel of Aliano highlights
the frequency increase when the panel is “reinforced” through the test apparatus, and
the decrease of frequency during the test, when damage occurs. This result shows
that the HVSR technique could be used to assess the effectiveness of strengthening
techinques which involve an increase of stiffness. Also in this case, this prelimi-
nary result has to be corroborated by further investigations on “real” intervention
techniques.

Both applications are encouraging the use of the HVSR technique, which proves
to be able to identify local mechanisms. Further and extensive investigations are nec-
essary to validate the technique on a more systemic basis, in particular when the aim
is to identify more complex mechanisms, not known a priori. Another related use
of the technique will be that to identify masonry discontinuities, through measures
at the two sides of the discontinuity itself, or to evaluate the degree of connection
between orthogonal walls.
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Chapter 4.6
Overview of Seismic Hazard Studies in Tunis
City

Najla Bouden-Romdhane, Pierre Mechler, Anne-Marie Duval,
and Sameh Anibi

Abstract Tunis City (roughly 30,000 inhabitants per km2) is developing in a subsid-
ing sedimentary basin, 350 m deep, which is occupied by loose Quaternary deposits
over a more rigid Eocene bedrock with a strong estimated impedance transition
between the subsurface and the deep layers. Huge investment projects are initiated
all around the edges of the Lac de Tunis and cover more than 25 millions square
meters of buildings, towers, tourist complexes, bridges and yacht embankments.
Due to this socio economic context, a comprehensive seismic risk analysis was con-
ducted since a decade at the Tunis National School of Engineers with a special
emphasis on site effects, liquefaction potential assessment and vulnerability studies
of two pilot built areas located in the downtown zone and in the old Medina. All the
collected and produced data are compiled in a geo-referenced database management
system (GIS).

This chapter presents a broad coverage of the seismic site response analyses and
liquefaction potential studies conducted in Tunis City by means of experimental
techniques and numerical modelling.

Keywords Site effects · Transfer function · Signal-to-noise ratio · Optimum Wiener
filter · 1D numerical modelling · Liquefaction potential
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4.6.1 Introduction

The H/V technique is widely used to estimate the site effect parameters. In order
to investigate the reliability of this technique in Tunis City, we compared it to the
Standard Spectral Ratio (SSR) technique. However, SSR technique suffers in Tunis
City from a low regional seismicity and a high level of ambient vibrations. The use
of an Optimum Wiener Filtering improved the signal-to-noise ratio and therefore the
site response estimation. The results corroborate those of H/V Technique. The H/V
technique was then pursued in a dense field survey across Tunis City and the edges
of the Lac de Tunis. The main results are commented here.

During the both campaigns, the recorded accelerations remained very weak; in
order to better approach the magnitude and predictability of site effects for various
input expected shake levels, a 1D numerical modelling based on equivalent linear
soil model and nonlinear hysteretic soil model was also carried out. This study led to
the development of maps showing peak frequencies and corresponding amplication
factors for increasing levels of input acceleration.

The assessment of liquefaction potential was carried out within the upper 20 m
where the loose silty units are interrupted by saturated sandy interbeds. The imple-
mented methodology is based on the French Agency of Seismic Protection (AFPS)
recommendations and led to the development of liquefaction maps and cross sec-
tions which show the variation of the liquefaction potential with depth for various
expected shake levels.

4.6.2 The site of Tunis

4.6.2.1 Seismotectonic context of Tunis

Tunisia is located in the western front of collision of the African and Eurasi-
atic plates (Figure 4.6.1). In this region, the convergence of plates generates an
active compressive tectonic (Dlala and Rebaı̂, 1994) which is responsible of the
great earthquakes in the Maghreb area: Orléanville (1954, M = 6.7), Agadir (1960,
M = 6.7), El Asnam (1980, M = 7.3), Zemmouri-Boumerdes (2003, M = 6.7).

Moreover, Tunis and its surroundings are situated in a convergence zone of the
main structural units of the country (Figure 4.6.1). The seismicity of the region is
controlled mainly by three active faults: Mohamedia fault, Mornaguia-Tunis fault
and Jebel Amar fault (Figure 4.6.2).

Mornaguia-Tunis and Essaı̂da Manoubia faults are sub parallel, cross the city of
Tunis and delimit a subsiding alluvial basin (Tunis Valley) which opens towards the
Lac de Tunis (El Bhira) eastward and is bounded by relief elsewhere (Figure 4.6.3).
The western relief separate the Tunis Valley from the continental depression occu-
pied by the salt lake, Sebkhet Essijoumi.
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tic clays; 5: roof position of the compact sandy-clayey layer; 6: deep borehole; 7: observed and
supposed faults

The Figure 4.6.4 shows a north to south cross section of the basin of Tunis
achieved from the petroleum prospecting deep boreholes MEH, serept1 and serept2
(location in Figure 4.6.3). The alluvial layer is divided in two types. The basin is
filled by Quaternary deposits, 360 m thick, overlying an Eocene limestone substra-
tum which outcrops in the southern compartment of Essaı̂da Manoubia fault. The
superficial part of the deposits (the first 10–70 m) is made of soft lagoonal infill.
Below, the thickness of the clayey and sandy Quaternary deposits may reach 300 m.

4.6.2.2 Geotechnical zoning

The assessment of the site response requires detailed information on the subsurface
layering, seismic velocities and complementary geotechnical properties of the for-
mations. In a first step, all the recent geotechnical data including 150 pressiometric
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Fig. 4.6.4 North to South cross section of the basin of Tunis (Piementa, 1959); E: Eocene lime-
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and 500 penetrometric (SPT and CPT) data as well as 220 core sampling boreholes
were collected and processed in a database (Bouden-Romdhane, 2002). A geotech-
nical zoning map was elaborated for this work (Figure 4.6.3); the main superficial
lithology of the Tunis Valley (the first 10–70 m) is a succession of embanking and of
a silty complex over a more compact sandy-clayey continental layer which consti-
tutes the deepest soil of foundation of the modern buildings of the city. The muddy
formation is interrupted, by plastic clayey-sandy interbeds, sandy soils or sandstone
lenses.

4.6.3 Seismic site effect assessment

In order to estimate the seismic site effect, two experimental surveys have been
conducted, as well as numerical modelling.

4.6.3.1 Experimental surveys

The most direct method to estimate the site effect compares the seismic activity
recorded simultaneously on a horizontal outcropping rocky reference and on the
site. Seven stations of the seismic mobile network of the CETE-Méditerranée were
positioned on the main geotechnical features of Tunis (Figures 4.4.2 and 4.4.5); REF
is the reference station sited over the Eocene outcropping limestone.

During the 4 months data acquisition period, only nine earthquakes have been
recorded by the whole network. To remedy to this weak seismic activity, three rocks
blasting have been organized in careers near Tunis (location in Figure 4.6.2).

The Figure 4.6.6 represents the Standard Spectral Ratio (SSR or SBSR) com-
puted from the signals recorded at the central station “MedV” (mean level of ambi-
ent noise: 10μm/s) taking into account a signal-to-noise ratio S/B up to 2. Beyond
2 Hz, it is difficult to estimate the transfer function SSR (or SBSR). This is awkward
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knowing that the concerned range of frequencies (2–15 Hz) is significant in earth-
quake engineering and is lacking here. This illustrates the limit of the SSR method
in the case of urban “noisy” zones characterised by a weak seismic activity.

To palliate this inconvenience, we used an Optimum Wiener Filtering. The
Wiener filter is widely used in geophysical prospecting to improve the signal-to-
noise ratio and to identify filtering relation between two traces. The Wiener filtering
has been applied in seismology to highlight the coherent parts between seismic
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records carried out in Tibet, from part to part of lithospheric plates (Mari et al.,
1997). This method is easy to implement and gives comparable results as SSR
method’s (amplified frequencies and corresponding amplitudes) as illustrated in
Figure 4.6.7 where the signal-to-noise ratio of 2 corresponds to a coefficient of
coherence of 0.9. The use of a Wiener filtering permits to extend the range of fre-
quencies which is not covered by the Standard Spectral Ratio and hence, to identify
new amplified frequencies around 10 Hz.
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4.6.3.2 H/V technique

The Horizontal to Vertical Spectral Ratio (HVSR) was computed with microtremors
selected in nocturnal records at each stations of the seismological network and
superimposed to SSR and Wiener filter modulus in Figure 4.6.7. We can observe that
the first amplified frequencies are comparable and that the corresponding amplitudes
are very close. However, and as expected, amplitudes given by HVSR are lower than
those of SSR method beyond 2 Hz.

Since the validity of H/V technique was checked on the principal geotechnical
features, a dense microtremor measurement survey covered 330 points over the city
and the edges of the Lac de Tunis (Figure 4.6.5). The stability in time and space of



4.6 Overview of Seismic Hazard Studies in Tunis City 345

22000 24000 26000 28000

86000

88000

90000

92000

Sebkhet 
Essijoumi

Lac
Nord

0m 1000m 2000m
0.3 Hz 10 Hz

Essaîda Manoubia 
Fault 

Fig. 4.6.8A HVNR frequency peaks map

HVSR was tested and it is important to emphasize the coherence between the values
of HVSR and the geotechnical zoning (Bouden-Romdhane et al., 2000).

Figures 4.4.8A and 4.4.8B show the amplified frequencies and corresponding
amplitudes maps. The highest amplified frequencies are estimated on the Eocene
outcropping limestone in the southern compartment of Essaı̂da Manoubia fault. In
the northern part of this fault, low to very low frequencies predominate: about 60%
of these frequencies are below 1 Hz. On the other hand, strong site amplifications are
expectable in silty infill areas. The amplification factor increases with the thickness
of the soft fill especially in the vicinity of the banks of the Lac de Tunis (Bouden-
Romdhane and Mechler, 2002).

4.6.4 Numerical modeling

One major objective of the seismic site response analysis is the comparison between
the measured and the calculated natural site frequencies (and corresponding ampli-
fication factors).

The 1D site response analyses are based on the equivalent linear model, EERA
(Bardet et al., 2000), and the nonlinear hysteretic model, NERA (Bardet and Tobita,
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2001). The deep borehole “serept1” is located in the central basin (Figure 4.6.3) in
the vicinity of the Lac de Tunis where the layers have a tabular disposition due to
the sedimentation in lagoonal conditions. A layer description, 400 m deep, is avail-
able at this site as well as weak motions and microtremors recordings. The site
response models were constructed using shear wave velocities deduced from corre-
lations between pressiometric parameters (E, Pl), SPT and shear strength available
at the sites (Bouden-Romdhane, 2002; Sassi, 2004). The variation of shear modu-
lus and damping ratio with shear strain amplitude are available for the first 20 m of
the silty formations (Kanoun, 1981). For deeper silty and clayey layers, the strain
dependencies on shear moduli and damping ratio were assumed to be described by
the standardized G/Gmax and damping curves recommended for Japanese port areas
soils (PHRIE, 1997) and Californian soils (Vucetic and Dobry, 1991) with similar
confining pressures and geotechnical properties, such as OCR and plastic Index IP.
Such analyses show that the amplified frequencies and the corresponding amplifica-
tion are controlled by the upper deposits (Bouden-Romdhane and Mechler, 2002).
The 1D modelling was hence generalised to all the area and the comparison of the
results with those of the H/V Technique permitted to define the spatial limits of a
1D modeling.
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As the recorded accelerations (weak motions and microtremors) during the both
campaigns did not exceed 0.001 g, we also analysed the seismic site response for
increasing shaking levels ranging from 0.05g to 0.3 g according to the regional haz-
ard studies (Ksentini, 2004). Figure 4.6.9A, B show the transfer functions com-
puted at “serept1”, using respectively EERA and NERA. Both soil models display
a similar slip of amplified frequencies toward lower frequencies (about 40%) and a
decrease of the corresponding amplification factors at the rate of 1.2 to 1.4.

All the results (peak of frequency and corresponding amplification factor for
increasing levels of input acceleration) were implemented in a GIS environment
(examples in Figure 4.6.10A, B).

4.6.5 Liquefaction potential assessment

As point out in Section 4.6.2.2, the superficial lithology (the last 70 m) of the Valley
of Tunis and the edges of the Lac de Tunis includes a saturated silty unit which is
interrupted, by plastic clayey-sandy interbeds, sandy soils or sandstone lenses. The
liquefaction potential assessment of these features was conducted in three levels,
following the recommendations of the French Agency of Seismic Protection (AFPS,
1993):

1. A detailed study of geological and hydro geological data of the site (geology
and piezometric data as well as laboratory testing results). The formations are
classified as susceptible to liquefaction or not according to the recommendations
of Youd and Perkins (Youd and Perkins, 1978), the recommendations of Seed
et al. (Seed et al., 2003) and the grading envelop of liquefiable sands (Pecker,
1984).
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Fig. 4.6.10 Amplified frequency maps for 0.1 g (A) and 0.2 g (B) input ground acceleration (Sassi,
2004)

2. A comparison between the cyclic resistance ratio (CRR) expressed in terms of
the prevailing soil stress characteristics taken out from the in situ tests results
(SPT and CPT tests) and the cyclic intensity of loading, expressed by the equiv-
alent uniform cyclic stress ratio (CSReq) according to the “simplified method”
established by Seed and Idriss in 1971.

3. A one-dimensional seismic analysis, based on the computing of shear stress of
the investigated soil considering a viscoelastic behaviour of the materials. The
calculation was carried out by means of the computer code EERA R© (2000)
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which requires geophysics parameters of soil (Vs, Gmax, etc.); an original
approach used a correlation between the needed parameters and the plentiful
pressiometric data available in Tunis City and all around the edges of the Lac de
Tunis (Sassi, 2004).

This study had led to the development of liquefaction maps and cross sections (an
example is given in Figure 4.6.11) representing the variation of the liquefaction
potential with the depth for different expected shake levels calculated according to
a deterministic analysis of the regional and local risk (Ksentini, 2004).

4.6.6 Final remarks

Seismic hazard analysis is the major component of microzonation for seismic hazard
and seismic risk. It can be an expensive and time consuming activity. The Standard
Spectral Ratio method suffers in Tunis from major practical difficulties, particularly
the long and costly data acquisition duration (because of the low regional seismic
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activity) and the difficulty of undertaking seismic measurements due to the high
level of the ambient background noise. The use of a Wiener filtering permits to
ameliorate the accuracy of the site filter and hence, the Nakamura technique was
compared and checked.

The microtremors measurement survey shows that the basin of Tunis is char-
acterized by low natural frequencies and strong site amplifications are expected in
zones with silty infill.

The 1D site response analysis confirmed the natural site frequencies obtained
from microtremor measurements, mainly in zones with tabular lithology in the
vicinity of the Lac de Tunis. For increasing ground motions, the numerical mod-
eling shows a diminution of the dynamic site frequencies and the corresponding
amplification factors.

Finally, the liquefaction potential assessment, based on AFPS recommendations,
also shows that moderate liquefaction potential is expected on the edges of the Lac
de Tunis. Further studies in progress are using detailed static and dynamic geotech-
nical properties of the subsurface loose layering.
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Chapter 4.7
An Empirical Geotechnical Seismic Site
Response Procedure∗
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Abstract A simplified empirically based seismic site response evaluation proce-
dure that includes measures of the dynamic stiffness of the surficial materials and
the depth to bedrock as primary parameters is introduced. This geotechnical site
classification scheme provides an alternative to geologic-based and shear wave
velocity-based site classification schemes. The proposed scheme is used to ana-
lyze the ground motion data from the 1989 Loma Prieta and 1994 Northridge
earthquakes. Period-dependent and intensity-dependent spectral acceleration ampli-
fication factors for different site conditions are presented. The proposed scheme
results in a significant reduction in standard error when compared with a simpler
“rock vs. soil” classification system. Moreover, results show that sites previously
grouped as “rock” should be subdivided as competent rock sites and weathered soft
rock/shallow stiff soil sites to reduce uncertainty in defining site-dependent ground
motions. Results also show that soil depth is an important parameter in estimating
seismic site response. The standard errors resulting from the proposed site classifica-
tion system are comparable with those obtained using the more elaborate code-based
average shear-wave velocity classification system.
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4.7.1 Introduction

Significant damage and loss of life has been directly related to the effect of local
site conditions in several recent earthquakes (e.g., 1985 Mexico City, 1989; Loma
Prieta, 1994 Northridge, and 1995 Kobe earthquakes). While there are potentially
other factors contributing to damage (such as topography, basin effects, liquefaction,
and structural deficiencies), the amplification of ground motion due to local site
conditions plays an important part in increasing seismic damage. The correlation
between site effects and building damage is dramatically illustrated in Figure 4.7.1
by the work of Seed et al. (1972) for the 1967 Caracas earthquake. Significantly
more damage occurred when the natural period of the building “matched” that of
the soil deposit. Soils in the Caracas region are relatively uniform in stiffness, so
that variations in soil depth led to the observed large levels of structural damage
for buildings with natural periods close to that of the underlying soil deposit (Seed
et al., 1972). These observations, as well as numerous others, indicate that quan-
tification of site effects is a necessary component of a comprehensive assessment of
seismic hazard. Moreover, the quantification of site effects should include a measure
of uncertainty for its incorporation into a probabilistic seismic hazard assessment.

The importance of site effects in characterizing seismic ground motions has long
been recognized (e.g., Seed and Idriss, 1982). Recently, Borcherdt (1994) developed
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intensity-dependent, short- and long-period amplification factors based on the aver-
age shear-wave velocity measured over the upper 30 m of a site. This work along
with work by Seed et al. (1991) and Dobry et al. (1994) has been incorporated into
the 1997 Uniform Building Code (UBC, ICBO, 1997). Using the average shear-
wave velocity over a set 30 m depth to classify a site has the advantage of uniformity.
Seismic site response, however, is also a function of soil depth as shown already
in Figure 4.7.1. Thus, ignoring soil depth may introduce an undesirable level of
uncertainty in ground motion prediction. Moreover, 1997 UBC/Borcherdt (1994)
site amplification factors are based primarily on observations from the 1989 Loma
Prieta earthquake, which shows significant nonlinear site response effects; whereas,
observations from the 1994 Northridge earthquake indicate that site amplification
factors should not decrease as rapidly with increasing ground motion intensity (e.g.,
Trifunac and Todorovska, 1996; Chang et al., 1997). Hence, the current code site
factors may be unconservative, and this requires re-evaluation using the extensive
Northridge ground motion database.

Site effects have also been introduced into most current ground motion atten-
uation relationships (e.g., Abrahamson and Silva, 1997; Campbell, 1997; Sadigh
et al., 1997). However, most attenuation relationships account for site effects only
through a broad site classification system that divides sites into either “rock” (actu-
ally, rock and shallow stiff soil) or “soil” (actually, intermediate to deep stiff soil),
with the additional “soft soil” category for this special case (e.g., Abrahamson and
Silva, 1997; Sadigh et al., 1997). Data from recent earthquakes suggest that a further
refinement in this classification system is warranted to achieve improved predictions
of ground motions.

This paper introduces a new “simplified” geotechnically based site classification
system that includes both a measure of soil stiffness and depth. The site classifica-
tion system is applied to ground motion sites from two recent earthquakes: the 1989
Loma Prieta and 1994 Northridge earthquakes. Ground motion estimates include
quantification of the level of uncertainty associated with the prediction. Results are
used to evaluate the validity of the proposed classification system and to compare its
performance to a more simplified “rock vs. soil” attenuation relationship approach
and to the more elaborate code shear-wave velocity classification system. Empha-
sis is placed on evaluating the importance of soil depth. Site-dependent, intensity-
dependent spectral amplification factors with respect to a baseline site condition
are presented. These factors can be incorporated into a probabilistic seismic hazard
assessment to achieve an improved estimate of ground motions that includes the
important effects of local site conditions.

4.7.2 Site classification system

The site classification system proposed herein is an attempt to capture the primary
factors affecting seismic site response while minimizing the amount of data required
for site characterization. It was developed to evaluate if significant reductions in
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uncertainty could be achieved by employing a site classification scheme more
sophisticated than the simple “rock vs. soil” scheme often used in probabilistic seis-
mic hazard assessments. The reduction in uncertainty has to be sufficient to justify
the additional effort required to implement the proposed site classification system.

The amplification of ground motions at a nearly level site is significantly affected
by the natural period of a site (Tn = 4H/Vs; where Tn = natural period, H = soil
depth, and Vs = average shear-wave velocity); both dynamic stiffness and soil depth
are important. Although earlier codes made use of natural site period as a means to
classify site conditions (e.g., 1976 UBC), recent codes such as the 1997 UBC use
average shear-wave velocity over the upper 30 m of a site as the sole parameter for
site classification. Such a parameter is only an indirect measure of the depth of soil
deposit.

The seismic response characteristics of a site will also vary as a function of
the intensity of the ground motion, due to the nonlinear stress-strain response of
earth materials. The effect of soil nonlinearity is largely a function of soil type
(e.g., Vucetic and Dobry, 1991). Factors such as geologic age and cementation may
also affect the nonlinear response of soil and rock. The primary effects of mate-
rial nonlinearity are twofold: (a) the site period increases and (b) material damping
increases, as the intensity of ground motion increases. The larger damping levels
result in lower spectral amplifications for all periods. The effect of damping, how-
ever, is more pronounced for high frequency motion. Hence, peak ground accelera-
tion (PGA) is more significantly affected by soil damping. The consequences of the
shift toward higher site periods depend on the soil type and input motion. For some
sites, the site period may be shifted toward periods containing high-energy input
motion, resulting in large spectral accelerations with an associated increase in PGA.
Conversely, the site period may be shifted to periods where the energy of the input
motion is low, resulting in a decrease of amplification over short periods. This may
result in lower levels of PGA, and possibly even in attenuation of PGA.

The proposed site classification system is based on two primary parameters and
two secondary ones. The primary parameters are as follows:

1. Type of deposit, i.e., hard rock, competent rock, weathered rock, stiff soil, soft
soil, and potentially liquefiable sand. These general divisions introduce a mea-
sure of stiffness (i.e., average shear-wave velocity) to the classification system.
However, a generic description of a site is sufficient for classification, without
the need for measuring shear-wave velocity over the upper 30 m.

2. Depth to bedrock (defined by Vs ≥ 760m/s) or to a significant impedance contrast
between surficial soil deposits and material with Vs ≈ 760m/s.

The secondary classification parameters are depositional age and soil type. The for-
mer divides soil sites into Holocene or Pleistocene groups and the latter into primar-
ily cohesive or cohesionless soils. These subdivisions are introduced to capture the
anticipated different nonlinear responses of these soils. Table 4.7.1 summarizes the
site classification scheme. This classification system (referred to as B&R-M) allows
for an evaluation of the importance of soil depth on seismic site response.
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Table 4.7.1 Simplified geotechnical site categories (Bray and Rodriguez-Marek, 1997)

Site Description Site period Comments

A Hard rock ≤0.1s Hard, strong, intact rock;
Vs ≥ 1,500m/s

B Rock ≤0.2s Most “unweathered” California rock
cases (Vs ≥ 760m/s or <6m of soil).

C-1 Weathered/soft rock ≤0.4s Weathered zone > 6m and <30m
(Vs > 360m/s increasing to
>700m/s)

−2 Shallow stiff soil ≤0.5s Soil depth >6m and <30m
−3 Intermediate depth stiff soil ≤0.8s Soil depth >30m and <60m

D-1 Deep stiff holocene soil,
either S (sand) or C (clay)

≤1.4s Soil depth >60m and <200m. Sand
has low fines content (<15%) or
non-plastic fines (PI < 5). Clay has
high fines content (>15%) and plastic
fines (PI > 5).

−2 Deep stiff pleistocene soil, S
(sand) or C (clay)

≤.4s Soil depth >60m and <200m. See D1
for S or C sub-categorization.

−3 Very deep stiff soil ≤2s Soil depth >200m.

E-1 Medium depth soft clay ≤0.7s Thickness of soft clay layer 3 m to
12 m

−2 Deep soft clay layer ≤1.4s Thickness of soft clay layer >12m.

F Special, e.g., potentially liq-
uefiable sand or peat

≈ 1s Holocene loose sand with high water
table (zw ≤ 6m) or organic peat

4.7.3 Ground motion and site data

Ground motion data from two recent earthquakes (i.e., the 1989 Loma Prieta and
1994 Northridge earthquakes) were used in this study. Most ground motion record-
ings were obtained from a database provided by Dr. Walter Silva from Pacific Engi-
neering and Analysis (W.J. Silva, 1998, personal communication). The database
consists of computed elastic spectral acceleration values at 5% damping and peak
ground accelerations. Details on the ground motion recordings used are given in
Rodriguez-Marek et al. (1999). This report also includes detailed documentation of
the site conditions of the recording stations used in this study. The B&R-M site des-
ignations for the recording stations are summarized in the appendix as Tables A1
and A2.

The distribution of ground motion data sites as a function of site type and distance
is given in Figure 4.7.2. The response spectral values are only used if the frequency
is greater than 1.25 times the high-pass-corner frequency and less than 1/1.25 times
the low pass-corner frequency (Abrahamson and Silva, 1997). Consequently, the
number of recordings is also a function of spectral period (Figure 4.7.3).
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Fig. 4.7.2 Distribution of data by site type: (a) Northridge earthquake, and (b) Loma Prieta
earthquake

4.7.4 Analysis

The ground motion data were used to develop earthquake-specific attenuation rela-
tionships for the elastic acceleration response spectra at 5% damping for each
major site type. The earthquake-specific attenuation relationships were then used
to develop site-dependent amplification factors with respect to a baseline site condi-
tion. Site condition B, “California Rock,” was selected to be the baseline condition.
This is in accordance with the 1997 UBC and most attenuation relationships (e.g.,
Idriss, 1991; Abrahamson and Silva, 1997). The site-dependent amplification factors
are a function of both spectral period and intensity of motion. Amplification factors
estimated for both earthquakes are then combined to develop recommendations that
can be generalized to other events.

A basic form of an attenuation relationship was selected for the event-specific
attenuation relationships, that is,
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ln [Sa] = a+bln(R+ c)+ ε (4.7.1)

where, ln[Sa] is the natural logarithm of the spectral acceleration at a specified
period, T ; R is the closest distance to the rupture zone (Sadigh et al., 1997); ε is an
error term; and a, b, and c are regression coefficients. Equation (4.7.1) is used for
various spectral periods, thus the regression coefficients a, b, and c, and the error
term ε are functions of period. This functional form was previously used by Idriss
(1991) and P.G. Somerville (1998, personal communication).

This functional form does not capture the effects of directivity (Somerville et al.,
1997) and hanging-wall (Abrahamson and Somerville, 1996). Forward-directivity
effects result in larger response spectral values at periods longer than 1 s for near-
fault sites and for the component of motion perpendicular to the fault orientation.
Directivity and hanging-wall effects introduce a systematic bias for the affected
near-fault sites. This bias, however, affects all near-fault sites, so the effect on ampli-
fication factors should be relatively minor. A list of sites affected by these effects is
given in Rodriguez-Marek et al. (1999).

The regression coefficients were estimated by means of a maximum likelihood
estimate (Benjamin and Cornell, 1970). The error term ε in Equation (4.7.1) is
assumed to be normally distributed with mean zero and standard deviation σ . With
this assumption, maximum likelihood estimates are equivalent to ordinary least
squares estimates (Benjamin and Cornell, 1970). The regression analysis was per-
formed at selected periods separately for each earthquake and each major site con-
dition. Soft soils (Site E) were excluded from the analysis because of the lack of soft
soil data from the Northridge earthquake and their low number and poor distribution
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with distance in the Loma Prieta earthquake (see Figure 4.7.2). Potentially liquefi-
able sand deposits (Site F) were also excluded from the analysis because response at
these sites is mainly a function of whether or not liquefaction is triggered or partially
triggered (i.e., significant pore pressure generation develops) at the site. Triggering
of liquefaction is a function of the intensity and duration of ground motion, the rel-
ative density of the soil, the fines content of the soil, as well as other factors. If
liquefaction is triggered or nearly triggered, ground motion is a function of a num-
ber of parameters including rate of excess pore pressure generation, dissipation of
pore pressure, shear modulus degradation, duration of motion, site geometry, as well
as other factors. The analysis of these sites is beyond the scope of this “simplified”
site classification scheme.

Some of the coefficients in Equation (4.7.1) were constrained to render reason-
able relationships. The coefficient c was assumed to be non-negative for all periods.
Moreover, the coefficient c was held constant across site conditions to avoid the
coupling of uncertainty in the coefficient c with the uncertainty in amplification fac-
tors. This is consistent with a number of previous studies (e.g., P.G. Somerville,
1998, personal communication; Abrahamson and Silva, 1997). The coefficient a in
the Northridge earthquake was constrained such that it is equal for sites B and C.
This constraint was necessary because of the poor sampling of Site B across all
distances in the Northridge earthquake.

Most of the ground motion sites are concentrated between 20 and 70 km of the
zone of energy release (Figure 4.7.2). Accordingly, the resulting attenuation rela-
tionships are judged to be appropriate for sites located within this distance range
from a fault. Only three rock sites (Site B) in the Northridge earthquake, and one
in the Loma Prieta earthquake are located closer than 20 km from the rupture plane.
This is especially important, because Site B is the baseline site for developing ampli-
fication factors.

4.7.5 Results and discussion

The coefficients a, b, c, and σ found in the regression analyses of each earthquake
were smoothed across period. The resulting earthquake specific attenuation rela-
tionships are illustrated in Figure 4.7.4 for a distance of 30 km. Spectral values as
a function of distance for selected periods are shown in Figure 4.7.5. Values of the
coefficients are listed in Table 4.7.2.

4.7.5.1 Evaluation of the proposed classification system

The three most common site types in Table 4.7.1: rock, soft weathered rock/shallow
stiff soil, and deep stiff soil, have significantly different seismic response character-
istics as shown in Figures 6.2.4 and 6.2.5. Site B (rock) and Site D (deep stiff soil)
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Fig. 4.7.4 Event-specific acceleration response spectra (5% damping) at a distance of 30 km: (a)
Northridge earthquake, and (b) Loma Prieta earthquake. Thick lines represent median values, thin
lines represent mean plus one standard error

have different response at all periods and distances. The difference decreases as the
intensity of motion increases due to soil nonlinearity (Figure 4.7.5). Site C (soft
weathered rock/shallow stiff soil) has a response between those of sites B and D.
At short periods, the response of Site C approaches that of Site D, but at long peri-
ods, the response of Site D is larger due to the higher natural period of D sites
(Figure 4.7.4).
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selected spectral periods: (a) Northridge earthquake, and (b) Loma Prieta earthquake

The relative benefits of subdividing C sites into the subcategories listed in
Table 4.7.1 (C1 = soft/weathered rock, C2 = shallow stiff soil, and C3 = intermedi-
ate depth stiff soil) were also evaluated. Figure 4.7.6 shows the residuals of Site C
for the Northridge earthquake. Sites are identified by their classification into subcat-
egories C1, C2 and C3. Observe that no definite trend in the residuals is observed.
In general, mean residuals are significantly lower than the standard error and do
not show a bias. These results are representative of the results for the Loma Prieta
earthquake as well. This implies that current data do not support this subdivision.

A further subdivision for deep stiff soil sites (Site D) according to age and soil
type was also investigated. As shown in the classification system (Table 4.7.1), Site
D is subdivided as either Holocene or Pleistocene, and as primarily clayey or sandy.
Figure 4.7.7 shows the residuals for D sites for the Northridge earthquake. Mean
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residuals consistently greater than zero are observed for clay sites at all periods.
These mean residuals are considered important, but not overly significant when
compared with the standard error for the entire distribution of around 0.4. This dif-
ference in residuals between clay and sand sites is magnified when only Pleistocene
sites (D2) are considered. However, further studies are needed to confirm this trend,
because the number of these sites is low. No apparent trend based solely on the
age of the deposit is observed. The same general trends exist in the Loma Prieta
data set, but the small number of D sites precludes a definitive finding. It appears
that greater amplification occurs at clay sites, especially if Pleistocene, and this is
consistent with the concept that higher plasticity soils have higher threshold strains
and hence, exhibit less shear modulus reduction and less material damping at inter-
mediate levels of ground motion. However, until additional ground motion and site
classification data are obtained, the limited number of sites and records and the level
of scatter associated with Site D precludes further subdivision at this time.

4.7.5.2 Comparison with a “rock vs. soil” classification system

Most current attenuation relationships use a broad site-classification system that
divides sites into either rock/shallow soil or deep stiff soil, in addition to deep soft
clay sites (e.g., Abrahamson and Silva, 1997). This “rock vs. soil” classification
scheme is also often applied in design practice. Results from this study, however,
indicate that this classification is an oversimplification, and further division into
additional categories is warranted.

As a basis for comparison, the earthquake-specific attenuation model developed
by P. Somerville and N. Abrahamson (P.G. Somerville, 1998, personal communi-
cation, denoted as S&A) is compared with the model developed in this study. The
S&A model divides sites into rock (rock/shallow stiff soil) and soil (deep stiff soils).
Deep soft clay sites are excluded. Figure 4.7.8 shows a comparison of the results at
a distance of 20 km. Note that the spectra for soil sites in S&A generally match the
spectra for Site D (deep stiff soils). However, the spectra for rock sites in S&A gen-
erally match the spectra for Site C (shallow and intermediate depth soils and weath-
ered/soft rock). This result reflects the fact that for the joint database of rock and
shallow soil sites, 83% of the sites are shallow soil or weathered rock sites, and only
17% of these sites actually belong to the Site B classification (competent rock sites).
Note that the spectrum for Site B falls significantly below that for Site C (approxi-
mately 30% lower on average). Similar results were obtained independently by I.M.
Idriss and W.J. Silva (1999, personal communication). These authors performed an
analysis of strong motion at competent rock and weathered rock sites and concluded
that acceleration response spectra at weathered rock sites are roughly 20% higher
on average than those at competent rock sites.

Attenuation relationships are commonly used in engineering practice to predict
ground motions at baseline “outcropping rock” sites. These baseline motions are
often later modified for local soil conditions. The results presented herein point
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to the need of redefining the baseline “outcropping rock” condition into a more
restrictive category. Many “rock” attenuation relationships used in practice actu-
ally correspond to a mix site condition that is dominated by shallow stiff soil and
soft/weathered rock records due to the preponderance of these sites in the ground
motion database. Hence, most “rock” attenuation relationships reflect the ampli-
fied response of soft/weathered rock and shallow stiff soil sites. The acceleration
response spectrum at 5% damping for the true baseline rock condition (Califor-
nia rock) is consistently overestimated by that developed using currently available
“rock” attenuation relationships. Thus, updated “rock” attenuation relationships that
use a more restrictive baseline rock category are required.

As shown previously in Figures 6.2.4 and 6.2.5, Site B (California rock) data plot
consistently below those for Site C (weathered rock/shallow stiff soil), which illus-
trates that a further subdivision from the “rock vs. soil” classification is warranted.
More significant, however, is the reduction of uncertainty that results from the pro-
posed classification system. Table 4.7.3 compares the standard errors from the S&A
relationships with those from the relationships proposed in this report (B&R-M).
The decrease in the standard error for B&R-M Site B compared with S&A rock
sites is between 30% and 40%. A similar reduction is observed for soil sites (S&A
Soil vs. B&R-M Site D). Standard errors for B&R-M Site C, however, remain high
and are only marginally lower than standard errors for rock in the S&A model.
A reduction in the uncertainty bands for sites B and D reflects the more selective
grouping criteria applied in this study.
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Table 4.7.3 Standard errors with standard deviations of the estimate of the standard error at
selected periods (in parenthesis) for the earthquake-specific attenuation relationships for the
Northridge earthquake by this study (B&R-M) and a previous study (S&A, P.G. Somerville, 1998,
personal communication)

Period B&R-M site B B&R-M site C B&R-M site D Somerville &
Abrahamson:

Rock

Somerville &
Abrahamson:

Soil

PGA 0.32 (0.07) 0.47 (0.04) 0.36 (0.03) 0.53 0.48
0.3 0.40 (0.08) 0.54 (0.05) 0.41 (0.04) 0.60 0.51
1 0.45 (0.11) 0.60 (0.05) 0.36 (0.03) 0.62 0.48
2 0.48 (0.12) 0.57 (0.05) 0.41 (0.04) 0.57 0.60

4.7.5.3 Comparison with a shear wave velocity-based classification
system

The proposed site classification system uses soil depth and stiffness as primary clas-
sification parameters. An alternative approach, the 1997 UBC shear wave velocity-
based classification system incorporates only the influence of soil stiffness. Ground
motion sites from the Northridge earthquake were classified according to both clas-
sification systems to allow comparison of these two systems (Rodriguez-Marek
et al., 1999). Although in many cases the two classification systems are consistent,
they differ for some particular cases, namely:

• Weathered/soft rock sites lying on top of harder, intact rock (UBC Site B and
B&R-M Site C)

• Shallow stiff soil or weathered/soft rock sites with depth to bedrock ranging from
about 25 to 60 m (UBC Site D and B&R-M Site C) and

• Stiff clay or sand deposits with average shear-wave velocities only slightly larger
than the boundary values determined by the UBC classification system (UBC Site
C and B&R-M Site D)

More sites are classified differently for the Northridge earthquake than for the Loma
Prieta earthquake. These differences result in different attenuation relationships
depending on the classification system used.

Table 4.7.4 compares the standard errors at selected periods resulting from the
regression analysis using both classification systems. For the Loma Prieta earth-
quake, standard errors for both classification systems are comparable, because site
classifications generally agree. For the Northridge earthquake, standard errors vary
slightly from one classification system to the other. Standard errors for Site B are
slightly lower for the proposed classification system. For Sites C and D, standard
errors are equal for a period of 0.3 s, but vary slightly at a period of 1.0 s. With the
exception of Site D at a period of 1 s, the differences of the standard errors resulting
from both classification systems are statistically insignificant. The exclusion of sites
shallower than 60 m from Site D in the proposed classification system may lead to
the observed reduction in the uncertainty levels. It is important to note, however,
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Table 4.7.4 Standard errors with standard deviations of the estimate of the standard error at
selected periods for proposed (B&R-M) and 1997 UBC classification systems

Northridge Loma Prieta
T = 0.3s T = 1.0s T = 0.3s T = 1.0s

Site B & R-M UBC B& R-M UBC B& R-M UBC B& R-M UBC
B 0.40(0.08) 0.46(0.07) 0.45(0.11) 0.52(0.09) 0.51(0.10) 0.52(0.10) 0.58(0.11) 0.61(0.11)
C 0.54(0.05) 0.54(0.06) 0.60(0.05) 0.54(0.06) 0.38(0.05) 0.36(0.05) 0.53(0.08) 0.52(0.07)
D 0.41(0.04) 0.42(0.03) 0.36(0.03) 0.41(0.03) 0.39(0.07) 0.39(0.06) 0.59(0.11) 0.64(0.10)
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UBC C −0.08 (.08) −0.09 (.09) 0.08 (.09) 0.10 (.08)

UBC D 0.14 (.09) 0.19 (.11) 0.19 (.12) 0.18 (.14)

Fig. 4.7.9 Residuals for the Northridge earthquake with respect to regression analysis for proposed
B&R-M Site C differentiated with respect to their corresponding UBC classification based on the
average shear-wave velocity in the upper 30 m

the measure of soil depth introduced in the B&R-M classification scheme allows for
a less exhaustive estimate of stiffness than actually measuring shear-wave velocity
over the upper 30 m.

As was discussed previously, the data do not support subdividing Site C accord-
ing to the guidelines given in Table 4.7.1. However, standard errors for Site C in the
Northridge earthquake are relatively high. To investigate this, C sites were divided
according to their average shear-wave velocity over the upper 30 m (Figure 4.7.9).
In this case, significant trends in the data are observed. Relatively stiff sites (UBC
B sites) have lower residuals than softer sites (UBC D sites) within the B&R-
M site C class. Whereas a classification scheme based solely on average shear-
wave velocity did not result in a reduction of uncertainty when compared to the
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B&R-M Site C     .04 (.09)         .11 (.10)        −.20 (.11)     −.40 (.15) 

B&R-M Site D .01 (.05) .00 (.06) .04 (.05) .00 (.06) 

Fig. 4.7.10 Residual spectral acceleration values (5% damping) from the Northridge earthquake
at T = 1s for UBC sites C and D differentiated by soil depth (B&R-M Site C has depth less than
60 m, B&R-M Site D has depth larger than 60 m)

proposed classification system, it appears that for shallow stiff soil sites (i.e., soil
depth <60m), refinement of the estimate of profile stiffness in the form of average
shear-wave velocity does reduce uncertainty levels.

To illustrate the effect of soil depth, Figure 4.7.10 shows residuals for sites
belonging to the same average shear-wave velocity group (i.e., UBC C or D based
on average shear-wave velocity). Sites are also classified as either B&R-M Site C
or Site D, corresponding to sites with soil depths lower or larger than 60 m, respec-
tively. Deeper sites (B&R-M Site D) clearly plot above the mean for sites with
intermediate average shear-wave velocity. Sites with a soil depth lower than 60 m
are systematically low compared with all other UBC D sites. Thus, soil depth is a
discriminating factor in site response. Results presented in this section point to the
need to incorporate both soil depth and soil stiffness in an evaluation of seismic site
response.

4.7.6 Amplification factors

The attenuation relationships developed in this paper are event-specific relations
that cannot be generalized to other events. To extend the applicability of the
results presented in this work, amplification factors with respect to a baseline site
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condition (Site B) were obtained. The amplification factors are obtained by divid-
ing Equation (4.7.1) for the two site conditions. The resulting relationship can be
written as

ln
(
FC/B

)
= aC/B +bC/Bln(R+ c) (4.7.2)

where FC/B is the spectral acceleration amplification factor at period T for Site C
with respect to Site B, R is the closest distance to the rupture plane, and aC/B and
bC/B are coefficients defined by:

aC/B = a(Site C)−a(Site B) (4.7.3a)
bC/B = b(Site C)−b(Site B) (4.7.3b)

The regression coefficient c was assumed to be independent of site conditions and
therefore no site-dependent ratio is necessary for this coefficient. These two coeffi-
cients were smoothed for all periods. The resulting amplification factors are shown
in Figure 4.7.11. For the Loma Prieta earthquake, a reduction in spectral amplifica-
tion factors for increasing levels of base rock motion is observed for periods shorter
than 1 s. This trend is consistent with nonlinear soil behavior. At periods greater
than 1 s, spectral amplification values do not necessarily decrease with increasing
levels of base rock motion, as soil response nonlinearity would also tend to increase
the response at larger periods as the site softened. Other issues may have affected
the data in this period range, such as basin effects and surface waves. In addition,
rather than a reflection of soil response, these observations may be a result of the
significant scatter of the data at long periods. Moreover, for high values of PGA, the
attenuation relationships are not well constrained due to the lack of near-fault data
for the Loma Prieta earthquake.

Amplification factors from the Northridge earthquake do not show the same
degree of nonlinearity in Figure 4.7.11, as do the results from Loma Prieta. Because
the current UBC is based mainly on observational data from the Loma Prieta earth-
quake (e.g., Borcherdt 1994), amplification factors presented in the UBC may lead
to underestimation of high amplitude ground motions.

The spectral amplification factors from each earthquake were combined to
develop a set of recommended amplification factors. The factors were combined
at equal PGA values. The relationship between PGA and distance is not unique
for both earthquakes, because event-specific attenuation relationships are used for
each earthquake. The two earthquakes were combined using a weighting scheme
that gives to each earthquake a weight inversely proportional to the variance of the
sample mean. The equations and coefficients used to determine the amplification
factors are provided in Rodriguez-Marek et al. (1999). The resulting amplification
factors are shown in Figure 4.7.12. The standard errors for each site condition were
averaged using the same weighting scheme (Rodriguez-Marek et al., 1999).

For the sake of comparison with current code provisions, the spectral ampli-
fication factors were averaged over a range of periods to obtain short-period and
mid-period amplification factors. The period range for the short-period amplification
factor (Fa) is 0.1 to 0.5 s, and the period range for the mid-period amplification factor
(Fv) is 0.4 to 2.0 s (Borcherdt, 1994). The mean factors were averaged from a double
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Fig. 4.7.11 Spectral amplification factors (5% damping) with respect to site B (rock): (a)
Northridge earthquake, and (b) Loma Prieta earthquake

logarithmic plot of amplification factors versus period. The values of the code fac-
tors (UBC, 1997) and the factors obtained in this work are given in Table 4.7.5. The
UBC and proposed schemes generally group sites into the same site categories, so
this comparison offers useful insights regarding the relative magnitude of the site
factors.

The short-period amplification factors (Fa) obtained in this work are larger than
the code values. This is due in large part to the larger levels of motion observed in the
Northridge earthquake, which was not included in the studies that led to the adoption
of the 1997 UBC factors. Additionally, the site classification scheme adopted for the
1997 UBC differs from that proposed in this study, so that some sites are classified
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Fig. 4.7.12 Generalized spectral amplification factors (5% damping) with respect to site B (rock)
using weighted mean of the Northridge and Loma Prieta earthquakes

differently. In addition, the intermediate-period amplification factors from the pro-
posed site classification show less nonlinearity than the code factors. This is consis-
tent with “soil” to “rock” amplification factors obtained by Abrahamson and Silva
(1997) using a much broader database. Overall, the differences in the amplification
factors are generally less than 25%. However, the differences in the short-period
amplification factors (Fa) for Z = 0.4 are judged to be significant, because changes
in these factors in Zone 4 can significantly impact design, and this work indicates
that the current code factors are low. As additional data becomes available, these
two site classification systems warrant further comparisons.
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4.7.7 Conclusion

The strong ground motion data from the Loma Prieta and Northridge earthquakes
were analyzed and used to evaluate a new simplified geotechnical site classifica-
tion scheme developed to account for site effects in probabilistic seismic hazard
assessments. The proposed classification scheme is based on a general geotechnical
characterization of the site that includes soil depth and stiffness.

The proposed classification scheme results in a significant reduction in stan-
dard error when compared with a simpler “rock vs. soil” attenuation relation-
ship approach. Additionally, the generic “outcropping rock” category used in
many current attenuation relationships groups competent rock and weathered soft
rock/shallow stiff soils. The results shown herein indicate a significant difference
in the seismic responses of these two site classes, with competent rock spectral
ordinates being about 30% lower than the corresponding spectral ordinates for
weathered soft rock/shallow stiff soil sites for the same magnitude and distance.
Moreover, “rock” attenuation relationships used in practice are dominated by the
weathered soft rock/shallow stiff soil site category due to the preponderance of these
sites in the database. The results presented herein point to the need of redefining the
baseline “outcropping rock” condition into a more restrictive site category.

The standard errors resulting from the proposed classification system are compa-
rable to the standard errors obtained using the 1997 UBC shear wave velocity-based
classification system. However, for profiles within the same UBC classification (i.e.,
equal average shear-wave velocity), the inclusion of soil depth leads to a significant
reduction of uncertainty. Conversely, for sites with a shallow soil depth (i.e., <60m),
refinement of the estimate of profile stiffness in the form of average shear-wave
velocity reduces uncertainty levels. For deep stiff soil sites, measurement of the
shear-wave velocity over the upper 30 m of the site does not significantly reduce
uncertainty in the prediction of seismic site response. These observations indicate
that a classification scheme including both soil stiffness and depth leads to better
estimates of ground motion.

The relative merits of subdividing deep stiff clay sites (Site D) by soil type (e.g.,
either sand or clay) and depositional age (e.g., either Holocene or Pleistocene) was
also evaluated. Results indicate a trend of higher response for clay sites, especially
if Pleistocene. This is consistent with the concept that higher plasticity soils have
higher threshold strains and hence, exhibit less shear modulus reduction and less
material damping at intermediate levels of ground motion.

Spectral amplification factors with respect to competent bedrock were developed.
Overall, the differences between the proposed and 1997 UBC site amplification
factors are not large; however, the differences are sufficient, especially for Zone
4, to warrant further re-evaluation of the code factors. Additionally, the spectral
amplification factors presented herein can be used in probabilistic seismic hazard
assessments, because, unlike the code site factors, the proposed site amplification
factors include quantification of the underlying uncertainty in the site-dependent
ground motion estimate. However, caution should be exercised when using these
factors, because they are obtained from a data set containing only two earthquakes.
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Hence, intra-event scatter could be assessed for these two earthquakes, but inter-
event scatter could not be evaluated satisfactorily. Moreover, due to the scarcity
of the data, results are not well defined for near-fault conditions. Finally, the two
earthquakes used in this study are shallow crustal events from a tectonically active
region. Caution should be exercised when applying these amplification factors to
regions with significantly different geologic and tectonic conditions.
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Appendix

Table A1 Ground motion stations from the Loma Prieta earthquake used in this study indicating
site classification according to Table 4.7.1 (? indicates uncertainty about the classification)

Agency Station Class

CDMG 47006 C2
CDMG 47125 C2?
CDMG 47179 D?1C?
CDMG 47189 B
CDMG 47377 C1?
CDMG 47379 B
CDMG 47380 D1C
CDMG 47381 D1C
CDMG 47524 D1C?
CDMG 57007 C1
CDMG 57064 D?2S
CDMG 57066 D1C
CDMG 57191 C2?
CDMG 57382 D1C
CDMG 57383 C1
CDMG 57425 C2
CDMG 57476 C2?
CDMG 57504 C3?
CDMG 57563 B?

(continued)
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Table A1 (continued)

Agency Station Class

CDMG 58043 B
CDMG 58065 C2?
CDMG 58117 F
CDMG 58127 B
CDMG 58130 C1
CDMG 58131 B
CDMG 58132 B?
CDMG 58133 B?
CDMG 58135 C1
CDMG 58151 B?
CDMG 58163 C1
CDMG 58219 C?1?
CDMG 58222 C1
CDMG 58223 E1
CDMG 58224 D2C
CDMG 58235 C2?
CDMG 58262 C1
CDMG 58264 E1
CDMG 58338 B
CDMG 58373 C1
CDMG 58375 E2
CDMG 58378 C1
CDMG 58393 D2C
CDMG 58471 C1
CDMG 58472 D1C
CDMG 58498 D?2C
CDMG 58505 C3?
CDMG 58539 B
Navy NAS E1
UCSC 13 B?
UCSC 15 C2?
UCSC 16 C?1
USGS PNM B
USGS SNF D?2S
USGS 1002 E1
USGS 1028 D1C
USGS 1032 B
USGS 1129 B
USGS 1161 C3?
USGS 1474 C2
USGS 1479 C2
USGS 1481 D1C
USGS 1515 E1
USGS 1590 E2
USGS 1601 C2
USGS 1652 C3?
USGS 1656 D1C?
USGS 1675 B
USGS 1678 C?1
USGS 1686 D?2S
USGS 1695 D1C?

(continued)
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Table A1 (continued)

Agency Station Class

CDMG 12673 D1C?
CDMG 13122 D?1S?
CDMG 13123 C2
CDMG 13160 D?2S?
CDMG 13197 D2S?
CDMG 13610 C1
CDMG 13660 D1C?
CDMG 14159 C?1
CDMG 14196 D2S?
CDMG 14242 D2S?
CDMG 14368 D1S?
CDMG 14403 D2C
CDMG 14404 C1
CDMG 14405 C1
CDMG 14560 D2S?
CDMG 14578 D2S
CDMG 23497 D1S
CDMG 23542 D?1S
CDMG 23572 C?1
CDMG 23573 C2?
CDMG 23574 C2?
CDMG 23590 B?
CDMG 23595 B?
CDMG 23597 D1S?
CDMG 23598 B?
CDMG 23672 D?1S?
CDMG 24047 B?
CDMG 24055 C2?
CDMG 24087 D1S
CDMG 24088 C1
CDMG 24092 D?1S?
CDMG 24157 D2C?
CDMG 24207 B
CDMG 24207 B
CDMG 24271 D2C
CDMG 24278 C?1
CDMG 24279 C3
CDMG 24281 D1S
CDMG 24283 D1S
CDMG 24303 D1C
CDMG 24305 B
CDMG 24306 C2?
CDMG 24307 B?
CDMG 24308 C1?
CDMG 24309 C?1
CDMG 24310 C?1
CDMG 24389 D2C?
CDMG 24396 C1?
CDMG 24399 C1

(continued)
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Table A1 (continued)

Agency Station Class

CDMG 24400 F?
CDMG 24401 C3?
CDMG 24436 C2?
CDMG 24461 C3?
CDMG 24469 B
CDMG 24475 D1S
CDMG 24514 D1C?
CDMG 24521 C3?
CDMG 24523 B
CDMG 24538 D2C
CDMG 24575 C?2
CDMG 24576 C?2
CDMG 24586 D1S?
CDMG 24592 C?1
CDMG 24605 C1
CDMG 24607 C?1
CDMG 24611 C1
CDMG 24612 D1S
CDMG 24644 C?1
CDMG 24688 C2
CDMG 25091 C1
CDMG 25147 D1C?
CDMG 25148 C?1
CDMG 25169 C2?
CDMG 25282 D1C?
CDMG 25340 D1C
CDMG 34093 D?1?S?
CDMG 34237 D?1?S?
DWP 74 D1S
DWP 75 D1S?
DWP 77 C2
USC 90003 D1C
USC 90006 C2
USC 90009 C2
USC 90011 F
USC 90013 C1
USC 90014 C1
USC 90015 C1
USC 90016 C1
USC 90017 B
USC 90018 D2C
USC 90019 C?2
USC 90020 D2S
USC 90021 C2
USC 90022 D?1S
USC 90025 D1C?
USC 90032 C2
USC 90033 C2
USC 90034 D?1S
USC 90040 D2S

(continued)
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Table A1 (continued)

Agency Station Class

USC 90044 C1?
USC 90045 D2C?
USC 90046 D1S
USC 90047 F
USC 90049 C2
USC 90051 C2
USC 90053 C3
USC 90054 C3
USC 90055 C2
USC 90056 C2?
USC 90057 D?1S
USC 90058 C3
USC 90059 C?1
USC 90060 C3
USC 90061 C1
USC 90063 C3?
USC 90065 C3?
USC 90066 F
USC 90067 C2?
USC 90068 C3
USC 90069 C2
USC 90070 C3
USC 90071 C2
USC 90072 D?1S?
USC 90073 C3?
USC 90074 D2C?
USC 90075 C2
USC 90077 C3?
USC 90078 F
USC 90079 D1S
USC 90081 F
USC 90082 D1C
USC 90083 D1C?
USC 90084 D1S?
USC 90085 D?1C
USC 90086 D1S (F?)
USC 90087 D?2C
USC 90088 D1S?
USC 90089 F
USC 90090 C?2
USC 90091 F
USC 90093 D?1S?
USC 90094 D1S?
USC 90095 C3?
USC 90096 D1C
USC 90099 D?1S?
USGS LA Dam C1
USGS 127 C?1
USGS 637 D2C
USGS 638 D?2S?

(continued)



380 A. Rodriguez-Marek et al.

Table A1 (continued)

Agency Station Class

USGS 655 F
USGS 5080 B?
USGS 5081 C2?
USGS 5108 C1



Chapter 5
Conclusions

After 3 days of lectures and discussions, 30 participants from 14 countries agreed
on the following answers to the questions posed before the workshop:

Q – Can we use ambient noise for building and soil characterization, and to
extract useful information for engineers?
A – There is general agreement that noise allows the estimation of fundamen-
tal frequency of soils and mode shapes for linear elastic-behaving buildings.
There is no consensus on the use of amplitudes retrieved from HVSR for soils.
Investigation should be devoted to understand why in some cases there is a good
agreement with SSR while in other cases HVSR fails to predict spectral ampli-
tudes. More reliable classification schemes of soil aimed to seismic code can
be obtained including soil fundamental frequency together with other param-
eters (e.g. Vs30). Noise measurements may help to export soil classification
systems and building period-to-height relationships from one region to another.
Furthermore, it is desirable to develop relationships to extrapolate determination
of fundamental frequencies during stronger shaking from those determined using
low-amplitude (ambient noise) data.
Q – How can we tell apart a frequency decrease due to a distributed damage, con-
centrated damage, or time-varying building and soil behaviour? How to couple
soil and building non-linear behaviour?
A – At the moment there are very few data available to reach an answer. It would
be desirable to have public links to data in order to allow different groups to share
information. Moreover, long term building monitoring will provide control points
for comparison and to envisage which strategy is better for single structures or
large sets of buildings. In order to facilitate this, specific recommendations for
permanent monitoring arrays ought to be developed.
Q – Which is the role of transients in ambient noise analysis?
A – There is no consensus in the seismological community about the effects
of transients on noise measurement in the free-field. For engineering purposes,
transient in buildings are standard practice (e.g. vibrodyne and shock tests, wind
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gusts). This is one of the topics that point out the need for standardised techniques
of data collection and processing on soil and in buildings.
Q – Can we quantify the influence of existing buildings on ground-motion record-
ings (both of noise and of earthquakes)?
A – At the moment there is empirical evidence of the importance of the effect
of a single building on free-field recordings, while only numerical evidence is
provided for the effect of a large set of building. To gather experimental evi-
dence, new monitoring strategies have to be implemented, as well as dedicated
data-processing techniques. In addition, transients in recorded strong-motion
responses of buildings may indicate damage and propagation of damage. Uncer-
tainty still exists for soil structure interaction, if it is visible in noise measure-
ments or it becomes evident only with strong motion.
Q – To which extent is soil-building resonance a cause of damage enhancement?
A – There is general agreement that soil-building resonance can be a cause of
damage enhancement. There are suggestions that peculiar damage patterns (e.g.
the collapse of a single building in a set of identical ones) could be due to city-
soil interaction. There is the need to better quantify the occurrence of resonance
taking into account the time-varying, non-linear behaviour of soil and building
subjected to strong ground motion.
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