
Chapter 3

Design Earthquakes and Conditional Hazard

Iunio Iervolino

Abstract Disaggregating seismic hazard in terms of some ground motion or source

parameters as magnitude and distance to the site of interest, allows to identify the

earthquakes giving the largest contribution to the occurrence or exceedance of a

specific value of a ground motion intensity measure (IM). If mapped, such infor-

mation may be of useful to engineers in better defining the seismic threat for the

structure of interest, for example in case of record selection for nonlinear seismic

structural analysis. Because disaggregation results change with the spectral ordinate

and return period, and more than a single event may dominate the hazard, the issues

related to mapping design earthquakes (DE) are discussed in the paper with respect

to Italy. Secondly, it is shown how DEs may be useful in rapidly determining

conditional hazard of a secondary ground motion intensity measure with respect to

a primary IM. As shown by the application for a vector comprised of peak ground

acceleration as the primary IM and the Cosenza and Manfredi Index as the

secondary IM, conditional hazard may be used for a more refined and consistent

definition of design seismic actions on structures. The conditional hazard approach

may be applied, in principle, to any other vector of IMs, providing the advantages of

vector-valued hazard analysis requiring much less effort, and therefore rendering it

ready for implementation in practice.
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3.1 Introduction

The basis for definition of seismic actions on structures in codes is the design

spectrum. Because a rational design target should be representative of the seismic

hazard at the construction site, the uniform hazard spectrum (UHS) or an approxi-

mation of it, is often used as the reference for design. The UHS is built entering the

elastic spectral acceleration or Sa (for several structural periods, T) hazard curves

with a specified probability of exceedance of (e.g., 10% in 50 years), and plotting

the corresponding Sa versus T.

Given the UHS, the most of codes also require to determine the relevant

scenarios for the site of interest in terms of seismic sources, and not only in terms

of ground motion represented by the UHS. For example, Eurocode 8 (CEN 2003),

regarding input ground motion selection for structural analysis states1: in the range
of periods between 0.2T1 and 2T1, where T1 is the fundamental period of the
structure in the direction where the accelerogram will be applied, no value of the
mean 5% damping elastic spectrum, calculated from all time histories, should be
less than 90% of the corresponding value of the 5% damping elastic response
spectrum. Moreover, accelerograms should be adequately qualified with regard to
the seismogenetic features of the sources [. . .]. Records used in the structural

analysis may be: real, artificial or obtained by simulation of seismic source,
propagation and site effects.

It is clear that seismic source features may be required applying code

prescriptions; however, it is unlikely that the engineer is able to qualify the input

ground motions with respect to the seismological features of the sources. On the

other hand, the most important events may be identified via disaggregation of
seismic hazard (e.g. Convertito et al. 2009). In fact, once the UHS has been defined,

it is possible to identify one or more earthquakes; i.e. the values of magnitude (M),

source to site distance (R) and e (number of standard deviations that the ground

motion parameter is away from its median value estimated by the assumed attenu-

ation relationship) providing the largest contributions to the hazard of exceeding a

specified IM threshold. These events may be referred to as the earthquakes

dominating the seismic hazard in a probabilistic sense, and may be used as design

earthquakes (DEs) if appropriately mapped.

In the following, disaggregation of spectral acceleration hazard for all Italian

sites for structural periods equal to 0s (PGA) and 1s is presented. In a lager study

four different exceedance return periods (Tr) were considered (2,475, 975, 475 and

50 years) corresponding to the main limit states for civil and strategic structures,

however, herein only results for Tr equal to 475 years will be shown; other results

shall be available by Iervolino et al. (2010a).

The study shows how mapping DEs may be helpful, not only in ground motion

record selection, but also in the low-effort definition of seismic actions for vectors of

IM. In fact, vector-valued ground motion intensity measures have been recently

1Other minor requirements apply; see (Iervolino et al. 2008) for details.
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investigated thoroughly (e.g. Baker 2007). Proposed measures are mainly function of

spectral ordinates which have been shown to be useful in the assessment of structural

response enhancing the confidence in estimations with respect to scalar IMs.

In a pair of IMs, it is often the case one is considered of primary importance with

respect to the other. For example, it is generally believed that integral ground

motion IMs, associated with duration, are less important with respect to the peak

parameters of the record; nevertheless, there may be cases in which the cumulative

damage potential of the earthquake is also of concern. For these IMs, it seems

appropriate to develop conditional hazard maps; i.e., maps of percentiles of a

secondary IM given the occurrence or exceedance of a primary parameter for

which a design hazard map is often already available. In the presented study, this

concept is illustrated and conditional hazard is developed for a parameter which

may account for the cumulative damage potential of ground motion, the so-called

Cosenza and Manfredi index (ID), given peak ground acceleration (PGA). The

study shows how easily it is possible to obtain analytical distributions of ID
conditional on PGA and on the corresponding DEs. Mapping of conditional hazard

seems useful to complement design hazard maps for acceleration.

3.2 Italian Design Earthquakes

Given the characterization of seismic sources and once an IM is chosen, probabi-

listic seismic hazard analysis (PSHA) allows to identify, for each considered site,

the probability of exceedance of different IM values in a time interval of interest.

For its integral nature, PSHA, combines the contribution to the hazard from all

considered sources. The event most important may be identified via disaggregation,

and may be referred to as those providing the largest contributions to the hazard in

terms of exceeding a specified IM threshold. Analytically, result of disaggregation

is the joint probability density function (PDF) of {M,R,e} conditional to the

exceedance of the IM0 threshold, Eq. 3.1.

f m; r; e IM> IM0jð Þ ¼
Pn
i¼1

ni � I IM> IM0 m; r; ej½ � � f m; r; eð Þ
lIM0

(3.1)

In Eq. 3.1 I is an indicator function that equals 1 if IM is larger than IM0 for the

specific values of r, m, and e; n is the number of seismic sources relevant for

the hazard at the site, ni is the earthquake occurrence probability for the fault i;
f m; r; eð Þ is the joint PDF of {M, R, e}; and lIM0

is the hazard for IM0. From

the equation it is possible to observe that disaggregation depends on IM0 (i.e.,

the hazard level being disaggregated, or the return period of the IM) and on the

definition of the IM itself. If the IM of interest is Sa(T), then disaggregation, and

therefore DEs, also depend on T. In fact, UHS for different return periods is
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characterized by different DEs, and, within a given UHS, short and long period

ranges may display different M, R and e from disaggregation (e.g. Reiter 1990).

In Italy, recent seismic code (CS.LL.PP 2008) introduced a new seismic classifica-

tion of national territory, which was discretized by a grid of more than 104 nodes

where the seismic hazardhas been computed in terms of acceleration spectral ordinates

from0s to 2s, alongwith PGAdisaggregation (see http://esse1.mi.ingv.it/). In thisway,

the code provides design spectra very close to the UHSs and software tools have been

developed to automatically select sets of ground motion records compatible to them;

i.e., REXEL (Iervolino et al. 2010b). However, PGA hazard disaggregation may

be insufficient to define DEs for structures in the moderate period range. To overcome

this gap, herein hazard is developed for PGA (considered as a benchmark) and Sa for T

equal to 1s, and the disaggregation is computed for the whole country referring to the

475 years hazard.

Hazard values were computed for 30 values of the IMs equally distributed

between 0.001 g and 1.5 g. All the analyses have been performed by a FORTRAN

program specifically developed and also used in Convertito et al. (2009). The

modeling of seismogenetic zones is that of Meletti et al. (2008), also adopted by

the Istituto Nazionale di Geofisica e Vulcanologia or INGV (Fig. 3.1). Because of

seismogenetic zones modeling, the hazard software assumes an uniform distribu-

tion of possible epicenters. Seismicity parameters of each zone are those used by

Barani et al. (2009) (Table 3.1). The considered grid for Italy is the same of that

from INGV and used in the Italian seismic code. All the analyses refer to rock site

conditions according to Ambraseys et al. (1996), which is the ground motion

prediction equation (GMPE) considered, magnitude is that of surface waves.

3.2.1 Disaggregation Results

The hazard results, computed in terms of PGA and Sa at T ¼ 1s, are in fair

agreement with those of INGV, and they are considered as the basis for disaggre-

gation analyses presented in this section. The joint PDFs of M, R and e given the

exceedance of IM0 corresponding to the four return periods considered, were

computed, for each site of the grid, via simulation and using bins of M, R and e
equal to 0.05, 1.0 and 0.5, respectively. Minimum and maximum values used for e
are �3 and +3. Subsequently the first two modes of the joint PDF from disaggre-

gation were extracted. The first mode is identified as the M, R and e vector giving
the largest contribution to the hazard, while the second mode corresponds to second

higher relative largest contribution, identified if the differences between first and

second mode are 5.0 km and 0.25 in terms of R and M.

In Figs. 3.2 and 3.3 modes of disaggregation distributions are shown. In the map

referring to the second mode, white zones indicate that the hazard contribution of

second mode is zero or negligible (i.e., providing a contribution to hazard lower

than 10–4). Analyses show that almost all sites are characterized by at least two

DEs. This means that, from a design point of view, for each site it may be useful to
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know not only the first mode, but also the second one, in definition of seismic action

on structures. Moreover it is possible to identify some general trends: (i) the first

mode corresponds to an earthquake caused by the closer source (or the source the

site is enclosed into) and with low-to-moderate magnitude, (ii) the second mode

accounts for the influence of the more distant zones usually with larger magnitude,

and (iii) moving from PGA to Sa, the number of sites with two DEs increases and

the contribution of the second mode also increases (see following section).

As consequence of (ii) and (iii), it can be inferred that the influence of more distant

zones is higher for Sa(1s) than for PGA.

For a few sites, the particular combination of geometrical condition and seismic

parameters of each source can determine an inversion of disaggregation results,

and in such sites the sources influencing the first mode can be more distant

than that related to the second mode. Other exceptions are represented by sites

with a single mode; i.e., one DE. These sites are enclosed, or are close to, zones

with high seismicity with respect to the surrounding zones which give negligible

hazard contribution.

Fig. 3.1 Seismogenetic zones considered
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3.2.2 An Example of Multimodal Disaggregation

In Convertito et al. (2009) and in Barani et al. (2009) some interesting examples of

disaggregation results for individual sites have already been presented: most of

those cases are characterized by two different modal values with comparable

contributions. In the wok presented in this paper the site of Lecce (southern Italy)

Table 3.1 Seismic sources’ parameters

Zone Mmin Mmax u b

901 4.3 5.8 0.045 1.133

902 4.3 6.1 0.103 0.935

903 4.3 5.8 0.117 1.786

904 4.3 5.5 0.050 0.939

905 4.3 6.6 0.316 0.853

906 4.3 6.6 0.135 1.092

907 4.3 5.8 0.065 1.396

908 4.3 5.5 0.140 1.408

909 4.3 5.5 0.055 0.972

910 4.3 6.4 0.085 0.788

911 4.3 5.5 0.050 1.242

912 4.3 6.1 0.091 1.004

913 4.3 5.8 0.204 1.204

914 4.3 5.8 0.183 1.093

915 4.3 6.6 0.311 1.083

916 4.3 5.5 0.089 1.503

917 4.3 6.1 0.121 0.794

918 4.3 6.4 0.217 0.840

919 4.3 6.4 0.242 0.875

920 4.3 5.5 0.317 1.676

921 4.3 5.8 0.298 1.409

922 4.3 5.2 0.090 1.436

923 4.3 7.3 0.645 0.802

924 4.3 7.0 0.192 0.945

925 4.3 7.0 0.071 0.508

926 4.3 5.8 0.061 1.017

927 4.3 7.3 0.362 0.557

928 4.3 5.8 0.054 1.056

929 4.3 7.6 0.394 0.676

930 4.3 6.6 0.146 0.715

931 4.3 7.0 0.045 0.490

932 4.3 6.1 0.118 0.847

933 4.3 6.1 0.172 1.160

934 4.3 6.1 0.043 0.778

935 4.3 7.6 0.090 0.609

936 3.7 5.2 0.448 1.219

For each zone it is provided: minimum (Mmin) and maximum magnitude (Mmax); annual rate of

earthquake occurrence above Mmin, (u); and negative slope of Gutenberg-Richter relationship (b)
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Fig. 3.2 First (left) and second (right) DEs for PGA and Tr ¼ 475 years
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Fig. 3.3 First (left) and second (right) DEs for Sa(1s) and Tr ¼ 475 years
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is considered (latitude 40.338� N, longitude 18.147� E) and disaggregation results

are shown for PGA and Sa(1 s) and for Tr ¼ 475 years. In particular the joint PDF

obtained from Eq. 3.1 is represented in Fig. 3.4 showing the marginal PDFs of R

and M and of R and e.
The considered site is not enclosed in any seismic source and its hazard is

affected by sources 931 and 926 with a minimum distance lower than 100 km,

and by sources 925, 927, 929 and 930 with a minimum distance between 100 and

200 km. For the combination of the characteristics of all the sources around the site,

the PGA and Sa(1s) hazards for 475 years both correspond to 0.053 g.

Disaggregation of PGA hazard shows that the site is characterized by two

different modal values: the first one due to R and M equal to about 80 km and

6.8, and the second one due to R equal to 180 km and M equal to 7.3. Hazard

contribution of the second mode is much lower.

The same modes are computed for Sa(1s) but, as expected, the increment of

spectral period determines increment of hazard contribution of more distant sources

and, as consequence, the second mode becomes comparable with the first one.

These results, as noted already in Convertito et al. (2009), point out that even if

hazard contribution of the second mode is comparatively low (like in the case of

Fig. 3.4 Disaggregation results for Lecce for PGA (left) and Sa(1s) (right) and Tr ¼ 475 years
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PGA) a characterization of DEs should prudently account for it. In fact, when

looking at spectral ordinates close to the fundamental period of the most common

structures, the second mode may become significant. This has engineering

consequences because, for example, although given a response spectrum the dis-

placement structural response may not be very sensitive to magnitude and distance

(Iervolino and Cornell 2005), ground motions characterized by different

magnitudes and source-to-site distances can display different seismic demand, for

example, in terms of cyclic structural response (e.g. Iervolino et al. 2006).

3.3 Conditional Hazard

Acceleration-based IMs (e.g., spectral ordinates) have been shown to be important

and useful in the assessment of structural response of buildings. However, there are

cases in which it is desirable to account for additional IMs while defining seismic

actions. For example, although it is generally believed that, under some hypotheses,

integral ground motion parameters associated to duration are less important for

structural demand assessment with respect to peak quantities of ground motion,

there are cases in which the cumulative damage potential of the earthquake is also

of concern.

An easy yet hazard-consistent way of including secondary IMs in record selec-

tion is represented by the conditional hazard maps; i.e., maps of secondary ground

motion intensity measures conditional, in a probabilistic sense, to the design hazard

for the primary parameter. To illustrate the conditional hazard concept, in Iervolino

et al. (2010c) the joint distribution of PGA and a parameter which may account for

the cumulative damage potential of ground motion, was investigated. The chosen

energy related measure is the so-called Cosenza and Manfredi index, the ratio of the
integral of the acceleration squared to the PGA and peak ground velocity (PGV). ID
has proven to be a good proxy for cyclic structural response (Manfredi 2001). It is

defined in Eq. 3.2 where a(t) is the acceleration time-history, tE is the total duration

of the seismic event. Therefore, the numerator of ID is proportional to the Arias
Intensity and it will be referred to as IA.

The best candidates to be ground motion intensity measures are those for which

hazard analysis is easy to compute, which requires a ground motion prediction

equation (GMPE) to be available. Therefore, a GMPE was developed for ID. The

dataset used consists of 190 horizontal components from 95 recordings of Italian

earthquakes used by Sabetta and Pugliese (1987). For the purposes of the present

study the records were obtained by the European Strong-motion Database (ESD)

(Ambraseys et al. 2000, Ambraseys et al. 2004). The dataset in terms of magnitude,

distance, and, site conditions is given in Fig. 3.5 (left).

ID ¼

ÐtE
0

a2 tð Þdt
PGA � PGV ¼ IA

PGA � PGV (3.2)
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The empirical predictive equations for the logs of the IMs (the generic one is

indicated as Y) appearing in the definition of ID were fitted by regression using the

same functional form of Sabetta and Pugliese (1996), Eq. 3.3, as a function of

moment magnitude, epicentral distance (in km), and recording site geology. In this

form, h is a fictitious depth, the dummy variables S1 and S2 refer to the site

classification and take the value of 1 for shallow and deep alluvium sites, respec-

tively, and zero otherwise. The residual, elog10Y, is a random variable which in

ordinary least squares regressions, is implicitly assumed to be Gaussian with zero

mean and a standard deviation slog10Y .

log10Y ¼ aþ b Mþ c log10 R2 þ h2
� �1

2 þ d S1 þ e S2 þ elog10Y (3.3)

The estimates for the coefficients for PGA, PGV and IA, obtained using the

ordinary least-squares regression, are given in Table 3.2. In the same table also the

estimated standard deviations of the respective residuals, are also given. h values

were not estimated and assumed to be coincident to those provided by Sabetta and

Pugliese (1996).

In order to obtain an attenuation relation for the logs of ID as a function of M, R

and local site conditions it is possible to derive its coefficients as linear

combinations of those for log10PGA, log10PGV and log10IA leading to the expres-

sion of Eq. 3.4, in which subscripts 1, 2 and 3 for c coefficient and h refer to PGA,

PGV and IA, respectively.

Fig. 3.5 Distribution of records with respect to moment-magnitude and epicentral distance (left);
plot of ID as a function of epicentral distance (right)

Table 3.2 Regression coefficients for PGA, PGV and IA

Y a b c d e h slog10Y
PGA [cm/s2] 1.12 0.34 –0.89 0.16 –0.065 5.0 0.19

PGV [cm/s] –1.27 0.55 –0.95 0.14 0.036 3.9 0.25

IA [cm2/s3] 0.42 0.92 –1.69 0.24 –0.021 5.3 0.39
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log10ID ¼ aþ bMþ log10
R2 þ h21
� �c1

R2 þ h22
� �c2

R2 þ h23
� �c3

 !1
2

þ dS1 þ eS2 þ elog10ID (3.4)

The coefficients of Eq. 3.4 are listed in Table 3.3. A plot of ID versus epicentral

distance is given in Fig. 3.5 (right) where the typical increasing trend with distance

of duration-related measures is shown.

Because, if the vector comprised of logs of PGA and ID can be considered jointly

normally distributed, all the possible marginal and conditional distributions

obtained from the joint distribution are still Gaussian, The skewness and kurtosis’

tests of Mardia (1985) were used to test multivariate normality of the vector made

of elog10PGA and elog10ID . With a given significance level of 0.05, the multivariate

skewness and the multivariate kurtosis resulted non-significant.

The residuals of the prediction relationships for the logs of PGA and ID have

been also tested for correlation in order to compute fðlog10IDjlog10PGAÞ, that is, the
conditional PDF of the logs of ID given the logs of PGA. The estimated correlation

coefficient (r) between elog10PGA and elog10ID (equal to �0.25) has been tested for

statistical significance using a Student-T statistic Mood et al. (1974) and assuming

as the null hypothesis r ¼ 0 (r is the “true” correlation coefficient), which was

rejected at 0.05 significance level.

Because of bivariate normality, the conditional PDF for one of the variables

given a known value of the other, is normally distributed. The conditional mean,

mlog10IDjlog10PGA;M;R, and standard deviation of log10ID, slog10IDjlog10PGA, given that

log10PGA ¼ z, are given in Eq. 3.5 where mlog10IDjM;R and slog10ID are the mean

and the standard deviation from the ID GMPE.; mlog10PGAjM;R and slog10PGA are the

mean and the standard deviation from the PGA GMPE.

Because the joint distribution of ID and PGA depends on the ID attenuation and

from the PGA attenuation, therefore also on magnitude and distance, to obtain the

conditional distribution of the logs of ID conditional on PGA only, the marginaliza-

tion in Eq. 3.6 is required.

mlog10IDjlog10PGA;M;R ¼ mlog10IDjM;R þ r slog10ID
z� mlog10PGAjM;R

slog10PGA

slog10IDjlog10PGA ¼ slog10ID
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r2

p
8><
>: (3.5)

f log10IDjlog10PGAð Þ ¼
ð
M

ð
R

f log10IDjlog10PGA;M;Rð Þf M;Rjlog10PGAð Þdm dr

(3.6)

Table 3.3 Regression coefficients for ID

Y a b d c1 c2 c3 e slog10Y
ID 0.58 0.034 –0.068 0.89 0.95 1.69 0.0077 0.19
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It is easy to recognize that the f M;Rjlog10PGAð Þ term in Eq. 3.6 is the PDF of M

and R given the occurrence of log10PGA; i.e., the result of disaggregation of

seismic hazard. As an approximation of the integral, the modal values M* and R*

(i.e., the first DE) may be plugged in Eq. 3.5; i.e., Eq. 3.7.

mlog10IDjlog10PGA � mlog10IDjM�
;R

� þ r slog10ID
z� mlog10PGAjM�

;R
�

slog10PGA
(3.7)

3.4 Illustrative Application

An example of the possible use of conditional hazard is given in Fig. 3.6 which

shows the maps of seismic hazard in terms of ID conditional to the PGA with a 10%

exceedance probability in 50 years in Italy. In particular, Fig. 3.6a,b are the 50th

and 90th percentiles of the conditional ID PDF, respectively.

The conditional ID maps were obtained using the distribution of parameters in

Eq. 3.5 in which the z (log of PGA) values are those computed in the hazard analysis

described in Sect. 2, while the values of magnitude and distance (M* and R*) to

plug in the mlog10PGAjM;R and mlog10IDjM;R terms of Eq. 3.7 are those shown in

Fig. 3.2a, c; i.e., the design earthquakes2 corresponding to the PGA on which the

ID distribution is conditional.

Fig. 3.6 Maps of ID in terms of 50th (a) and 90th (b) percentiles conditional to PGA with a

475 years return period and using first DEs of Fig. 3.2

2 For the purposes of the illustrative application it is assumed that moment magnitude can be

approximated by surface-wave magnitude. Moreover, Eq. 3.5 requires disaggregation for the

occurrence of PGA, while herein DEs from disaggregation of exceedance hazard are considered.
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3.5 Conclusions

Disaggregation can be considered as a useful tool to address the definition of design

scenarios to be used in engineering practice. In the work presented in this paper design

earthquakes from disaggregation of all Italian sites for structural periods equal to 0s

and 1s was presented referring to hazard with a 475 years exceedance return period.

First and second modal values are used here as synthetic identifiers of DEs.

Results show that, usually, the modal value with the largest contribution to

hazard corresponds to a moderate-magnitude earthquake caused by the closer

source, while the influence of the more distant zones is accounted for by the second

mode. Moreover, because in most cases Italian sites are located inside seismogenetic

zones assumed for hazard analysis, first mode of disaggregation is characterized by

a source-to-site distance lower than 10 km. For Sa at T ¼ 1s, the contribution of more

distant sources is higher than in the PGA case. Finally it is to conclude that only a few

sites are characterized by a single DE and this is particularly evident from disaggre-

gation of Sa(1s) hazard, which is more representative than PGA for ordinary

structures.

An immediately intelligible use of design earthquakes is ground motion record

selection for nonlinear dynamic analysis of structures. However, there are other

possible uses, one of which occurs when more than one ground motion parameter

has to be taken into account in seismic structural assessment. For example, although

it is generally believed that integral ground-motion parameters are secondary for

structural demand assessment with respect to peak quantities of ground motion,

sometimes the cumulative damage potential of the earthquake is also of concern.

For these cases it could be useful to have a distribution of secondary intensity

measures conditional on the primary parameter used to define the seismic action on

structures (e.g., accelerations). Under some hypotheses, this can be carried out in

close-form and was called conditional hazard.
This approach has the advantages of vector-valued seismic hazard analysis

without the computational effort required by PSHA for vectors of IMs. To explore

such a concept, in this paper the distribution of a parameter which may account

for the cumulative damage potential of ground-motion, conditional to peak ground

acceleration (PGA), was investigated. The chosen secondary measure is the so

called Cosenza and Manfredi index (ID). A ground-motion prediction relationship

has been retrieved for the log of ID on the basis of an empirical dataset of Italian

records already used for well known prediction equations proposed in the past by

other researchers. Subsequently, the residuals of prediction relationships have been

tested for correlation and for joint normality. The study allowed to obtain analytical

distributions of ID conditional on PGA and the corresponding design earthquakes.

Results of the study have been used to compute, as an illustrative example, the

distributions of ID conditional on PGA with a return period of 475 years for each

node of a regular grid having about 2 km spacing and covering Italy.
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The presented conditional hazard maps provide information on the values of ID
which, for example, should be taken into account along with the hazard in terms of

PGA at the site. In fact, conditional hazard can complement the hazard curves or

maps produced for the primary IM.

Conditional hazard may be extended, in principle, to any vector of IMs.

Acknowledgements The author wants to acknowledge professor Massimiliano Giorgio and

doctors Eugenio Chioccarelli and Carmine Galasso, who have contributed to the results presented

herein.

References

Ambraseys NN, Simpson KA, Bommer JJ (1996) Prediction of horizontal response spectra in

Europe. Earthquake Eng Struct Dyn 25:371–400

Ambraseys N, Smit P, Berardi R, Rinaldis D, Cotton F, Berge C (2000) Dissemination of European

strong-motion data (cd-rom collection). European Commission Dgxii, Science, Research and

Development, Bruxelles

Ambraseys N, Smit P, Douglas J, Margaris B, Sigbjornsson R, Olafsson S, Suhadolc P, Costa G

(2004) Internet-site for European strong-motion data. Boll Geofis Teor Appl 45:113–129

Baker JW (2007) Probabilistic structural response assessment using vector-valued intensity

measures. Earthquake Eng Struct Dyn 36:1861–1883

Barani S, Spallarossa D, Bazzurro P (2009) Disaggregation of probabilistic ground-motion hazard

in Italy. Bull Seismol Soc Am 99:2638–2661

CEN, European Committee for Standardisation TC250/SC8/ (2003) Eurocode 8: design provisions

for earthquake resistance of structures. Part 1.1: general rules, seismic actions and rules for

buildings, PrEN1998-1

Convertito V, Iervolino I, Herrero A (2009) Importance of mapping design earthquakes: insights

for the southern apennines, Italy. Bull Seismol Soc Am 99:2979–2991

CS.LL.PP (2008) DM 14 gennaio 2008 Norme Tecniche per le Costruzioni. Gazzetta Ufficiale

della repubblica Italiana, 29 (in Italian)

Iervolino I, Cornell CA (2005) Record selection for nonlinear seismic analysis of structures.

Earthquake Spectra 21:685–713

Iervolino I, Manfredi G, Cosenza E (2006) Ground-motion duration effects on nonlinear seismic

response. Earthquake Eng Struct Dyn 35:21–38

Iervolino I, Maddaloni G, Cosenza E (2008) Eurocode 8 compliant real record sets for seismic

analysis of structures. J Earthquake Eng 12:54–90

Iervolino I, Chioccarelli E, Convertito V (2010a) Engineering design earthquakes from multi-

modal hazard disaggregation. Soil Dynamics and Earthquake Engineering (in press)

Iervolino I, Galasso C, Cosenza E (2010b) REXEL: computer aided record selection for code-

based seismic structural analysis. Bull Earthquake Eng 8:339–362

Iervolino I, Giorgio M, Galasso C, Manfredi G (2010c) Conditional hazard maps for secondary

intensity measures. Bull Seismol Soc Am 100:3312–3319

Manfredi G (2001) Evaluation of seismic energy demand. Earthquake Eng Struct Dyn 30:485–499

Mardia KV (1985) Mardia’s test of multinormality. In: Kotz S, Johnson NL (eds) Encyclopedia of

statistical sciences, vol 5. Wiley, New York, pp 217–221

Meletti C, Galadini F, Valensise G, Stucchi M, Basili R, Barba S, Vannucci G, Boschi E (2008)

A seismic source zone model for the seismic hazard assessment of the Italian territory.

Tectonophysics 450:85–108

3 Design Earthquakes and Conditional Hazard 55



MoodMA, Graybill FA, Boes DC (1974) Introduction to the theory of statistics, 3rd edn. McGraw-

Hill Companies, New York

Reiter L (1990) Earthquake hazard analysis, issues and insights. Columbia University Press,

New York

Sabetta F, Pugliese A (1987) Attenuation of peak horizontal acceleration and velocity from Italian

strong-motion records. Bull Seismol Soc Am 77:1491–1513

Sabetta F, Pugliese A (1996) Estimation of response spectra and simulation of nonstationarity

earthquake ground-motion. Bull Seismol Soc Am 86:337–352

56 I. Iervolino


	Chapter 3: Design Earthquakes and Conditional Hazard
	3.1 Introduction
	3.2 Italian Design Earthquakes
	3.2.1 Disaggregation Results
	3.2.2 An Example of Multimodal Disaggregation

	3.3 Conditional Hazard
	3.4 Illustrative Application
	3.5 Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




