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Summary 
 

 

 

 

 

 

Seismic assessment of existing, generally under-designed, structures and 

of proposed design of new structures is usually based on nonlinear static (i.e., 

pushover) analysis procedures, but nonlinear dynamic analysis (NLDA) is 

now being increasingly used in assessing the seismic structural performance. 

In NLDA, once an appropriate and accurate model for the structure is created, 

the seismic demand is determined by nonlinear response history analysis of 

the structure for several earthquake ground motions.  

The issue of selecting recorded earthquake ground motions as input for 

NLDA is seen to be one of the most critical and it is sometimes considered 

more important even than structural modeling. Procedures for selecting and 

scaling ground motions records for a site-specific hazard are described in 

building codes and have been the subject of much research in recent years. 

As non-linear dynamic analysis becomes a more frequently used 

procedure in research, international codes and practice for assessing the 

demand on a structure due to earthquakes, ground motion selection becomes 

increasingly relevant (Chapter 1).  

In order to select representative ground motions to effectively assess 

structural performance, it is important, first of all, to understand which 

properties of a recorded ground motion are mostly strongly related to the 

response caused in the structure and, consequently, have to take into account 

(Chapter 2). Then, it is important to develop and introduce into the practice of 

structural engineering, tools which may effectively help to address the basic 

issues related to seismic input selection, trying to reconcile research 

achievements and code-based practice (Chapter 3-5).  
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Based on these remarks, the aim of this study is to consolidate the state of 

research and to shed some light on a number of aspects involved when 

selecting and, eventually, manipulating ground motions for NLDA. Practical 

guidance and software tools are developed and provided to the engineering 

community for choosing appropriate ground motions in predicting structural 

response by NLDA.  

The provisions on which the whole thesis is based are those of Eurocode 

8, i.e., the main seismic design code in Europe, and the new Italian building 

code, one of the most advanced with respect to seismic hazard issue, at least in 

Europe. 

 

Keywords: Performance-Based Earthquake Engineering • Italian Building 

Code • Eurocode 8 • Hazard • Record Selection • Nonlinear Dynamic Analysis •  

REXEL • Cumulative Damage. 
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Chapter 1 

INTRODUCTION 
 

 

 

 

 

 

1.1 Motivation 

Earthquake-resistant design represents the art of balancing the seismic 

capacity of a structure with the expected seismic demand to which it may be 

subjected. In this sense, earthquake-resistant design contributes to mitigation 

of seismic risk. 

Quantitative assessment of seismic risk is a very broad field, including 

seismology and geotechnical engineering to quantify the shaking which a 

structure might experience at its base (seismic hazard), structural engineering to 

quantify the structure’s response and the resulting damage (vulnerability), as 

well as finance and public policy to quantify social and economic 

consequences of earthquake induced damage (exposure). All these aspects 

present several uncertainties, requiring that the assessment is made in 

probabilistic terms, adding a further layer of complexity. 

A sound methodology for solving this problem has been proposed by 

Pacific Earthquake Engineering Research (PEER) Center. Without enter into 

details of the probabilistic framework and dropping the idea of introducing the 

apparently complicated (but very fine) equations on which this framework is 

based, this opening speech will be restricted to a simple and schematic 

illustration of this Performance-based Earthquake Engineering (PBEE) model 

and a few remarks to introduce the aim of this dissertation.  

There are four basic steps in PEER methodology (Figure 1), consisting of 

quantifying the seismic ground motion hazard, assessing the structural 

response, estimating the damage to building and contents and resulting 

consequences in terms of financial losses, fatalities and business interruption. 
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Each step of the process have to be performed in formal probabilistic terms 

and may be carried out independently. This four independent “modules” are 

then linked together using intermediate output variable, i.e., Intensity Measures 

(IMs), Engineering Demand Parameters (EDPs) and Damage Measures (DMs). 

 

 

Figure 1. Schematic illustration of the Performance-Based Earthquake Engineering 
model and the “link” variables IM, EDP and DM. 

 

Seismic input selection, in terms of accelerograms, represents the bridge 

between seismic hazard and structural response, the first two components in 

PBEE methodology, providing ground motion input for a structure at a 

specific site for non-linear structural time history analysis.  

As non-linear dynamic analysis (NLDA) gains popularity in research, 

codes and practice, ground motions selection becomes increasingly relevant. In 

order to select representative ground motions to effectively assess structural 

performance, it is important, first of all, to understand which ground motion 

properties have the greatest effect on structural response and, consequently, have to 

take into account (Chapter 2). Then, it is important to develop and introduce 

into the practice of structural engineering, tools (Chapter 3-5) which may 

effectively help to address the basic issues related to seismic input selection, 

trying to reconcile research achievements and code-based practice. The 

provisions on which the whole thesis is based are those of Eurocode 8, 

abbreviated in the following as EC8 (CEN, 2003), i.e., the main seismic design 

code in Europe, and the new Italian building code, abbreviated in the 



Chapter 1 

Introduction 

 

 
21 

 

following as NIBC (CS.LL.PP., 2008), one of the most advanced with respect to 

seismic hazard issue, at least in Europe2. 

Based on these preliminary remarks, the aim of this study is to 

consolidate the state of research and to shed some light on a number of aspects 

involved when selecting and, eventually, manipulating ground motions for 

NLDA. Practical guidance and tools are developed and provided to the 

engineering community for choosing appropriate ground motions in 

predicting structural response by code-based NLDA.  

 

 

1.2 Record selection for non-linear seismic analysis of 

structures: some key concepts 

This dissertation focuses on code-based record selection which links the 

ground motion hazard with the structural response.  

Ground motion hazard is computed using Probabilistic Seismic Hazard 

Analysis (PSHA) and the typical output is the mean annual frequency of 

exceeding various levels of a chosen IM, e.g., peak ground acceleration, PGA, 

or a spectral response value at a given period (spectral acceleration at first-

mode period of the structure, Sa(T1) is the intensity measure used most 

frequently today for seismic structural analysis). Structural analysis is then 

performed to obtain a probabilistic model (or simple, as in codes approach, 

some statistics) for structural response as a function of this intensity measure. 

Ground motion parameters are essential for describing the important 

characteristics of strong ground motion in compact, quantitative form for 

engineering purposes; many parameters have been proposed to characterize 

the amplitude (e.g. PGA and other peak parameters), frequency content (e.g. 

spectral ordinates) and duration of strong ground motions: some describe only 

                                                      
2 When reviewing different codes, it becomes obvious that guidelines have been copied 
from codes used in other part of the world, without significant review of the 
recommendations given therein; see Beyer and Bommer (2007) for a detailed analysis on the 
topic. 
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one of these characteristics, while others may reflect two o three; see Kramer, 

1996 and Iervolino and Manfredi (2008) for a detailed discussion. Because of 

complexity of earthquake ground motions, identification of a single parameter 

that accurately describes all important ground motion characteristics is 

regarded as impossible. However, a preferred IM should be both sufficient with 

respect to the ground motion characteristics and also efficient. A sufficient IM 

renders the structural response conditionally statistically independent on other 

ground motion characteristics such as event magnitude, while an efficient IM 

predicts the structural response with (relatively) small record-to-record 

variability. Theoretically, careful record selection is not essential if the IM is 

demonstrated to be sufficient. Useful strategy, in cases where the adopted 

scalar IM does not prove to be sufficient, is to introduce an additional intensity 

measure, thus adopting a vector-valued IM, consisting of two scalar IMs, in 

order to render a more complete description of the ground motion 

characteristics. 

At same time, there are several possible methods to estimate probabilistic 

(i.e., in terms of a probability distribution) structural response as a function of 

ground motion IMs using the results of NLDA. Options include using 

regression analysis on structural analysis results from a set of unscaled (or 

uniformly scaled) ground motions or fitting a probability distribution to the 

analysis results from a set of records, each of which has been scaled to a target 

ground motion intensity level. 

Codes do not provide detailed guidance on how accurately select ground 

motions records and how estimate structural response based on NLDA results. 

Herein, a very brief overview, with key references, is presented with the aim of 

introducing the key concepts on which this thesis is based.  

 

1.2.1 Uniform hazard spectra and code-based record selection 

A common goal of PSHA is to identify a design response spectrum to use 

for structural or geotechnical analysis. One approach for developing a 

spectrum is to compute a uniform hazard spectrum (UHS). This spectrum is 
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developed by firs performing the PSHA calculations for spectral accelerations 

at a range of periods (e.g., McGuire, 1995; Bazzuro and Cornell, 1999), 

commonly, 5% critically damped. Then, a target rate (i.e., probability) of 

exceedance is chosen (e.g., 10%), depending on the limit state of interest, and 

for each period the spectral acceleration amplitude corresponding to that rate 

is identified. Those spectral accelerations amplitudes are then plotted versus 

their periods, as illustrated in Figure 2. 

This spectrum is called a uniform hazard spectrum because every 

ordinate has an equal rate of being exceeded. But it should be clear that, for 

PSHA integral nature, this spectrum is an envelope of separate spectral 

acceleration values at different periods, each of which may have come from a 

different earthquake event. For example, short-periods ordinates are controlled 

by nearby moderate-magnitude earthquake and the longer-period part of the 

UHS is dominated by larger and more distant events. 

Although these inherent limitations, currently, UHS, or an 

approximation of it (e.g., in NIBC), is, in the most advanced seismic codes, the 

basis for the definition of design seismic action on structures and to select 

input ground motions for seismic structural analysis. Given the UHS for the 

limit-state of interest (i.e., the specified exceedance probability) most advance 

practice today would select a set of records reflecting the likely magnitudes, 

distances and other earthquake parameters thought to drive the PSHA for the 

site (i.e. the UHS ordinate of interest) and which are believed to matter with 

respect to structural response. Finally, the record are usually manipulated (e.g., 

linearly scaled) to match the UHS, individually or in average sense, at the 

period of the first mode of the structure, T1 or in a range of periods (Figure 3).  

The engineer will subsequently run time-history analysis for each 

accelerograms and observe the structural response. If the average3 (then, 

simply a statistic for structural response rather than the full distribution) 

                                                      
3 According to many international code, if the sample size of the record set is at least seven, 
the analyst may consider as design value the average structural response to the ground 
motions. 
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exceeds a certain limit, he may conclude the structure does not withstand the 

design ground motion. 

 

 

Figure 2. Combining hazard curves from individual periods to generate a uniform 
hazard spectrum with 0.0021 annual rate of exceedance (i.e., 10% probability of 

exceedance in 50 years) for a site in Sant’Angelo dei Lombardi (southern Italy). (a) 
Hazard curves for different periods, with an example UHS point identified (T = 

0.75s). (b) Uniform hazard spectrum (adapted from Iervolino and Manfredi, 2008). 

 

International codes, at least in principle, may be seen as not very far from 

that. In fact, once the design spectrum has been defined, the main criterion is 

that the records have to match it in a range of periods (Figure 4). This extended 

range (beyond T1) accounting for both the contributions to the response for 
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higher modes and also for the elongation of response period due to high 

inelastic deformations. 

 

 

Figure 3. Steps to define seismic action according to the hazard at the site (best 
practice); from (1) to (3): target spectrum for the limit-state of interest, hazard 
disaggregation for the spectral ordinate at the period of the first mode of the 

structure, selection of a set of records compatible to disaggregation and matching 
the target spectrum at that same period (adapted from Iervolino, 2010). 

 

In applying code prescriptions, some issues may impair the job of the 

practitioner in defining seismic action. For example, it may be hard to select 

real records matching on average the design spectrum in a broad range of 

periods; moreover, it is unlikely that engineer is able to qualify the input 

ground motion with respect to the seismological features of the source driving 

the hazard, even supposing that these ground motions features really matter in 

structural response assessment (Iervolino et al., 2008, 2008). 
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Figure 4. Steps to define seismic action according to the hazard at the site 
(alternative, code-based, procedure); from (1) to (3): target spectrum for the limit-

state of interest, hazard disaggregation for the spectral ordinate at the period of the 
first mode of the structure, selection of a set of records compatible to disaggregation 

and matching the target spectrum in a range of periods. 

 

Then, some practical guidance and some east-to-adopt tools, intended as 

attempts to reconcile code-based record selection to the practice, are needed. 

 

1.2.2 Disaggregation 

As discussed above, in the most advanced codes, the UHS is the basis for 

the definition of design seismic actions on structures. On the other hand, 

accelerograms to be employed in structural analysis, not only are 

recommended to match such a spectrum, but also to be compatible with the 

earthquake source features relevant for the site of interest. This may be 

intended as indentifying the design earthquakes, which may be done via 

disaggregation of PSHA. In fact, once the UHS has been defined, it is possible 
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to identify one or more values of magnitude (M), source-to-site distance (R) 

and epsilon4 (ε) providing the largest contributions to the hazard in terms of 

exceeding a specified Sa value (e.g., Convertito et al., 2009). 

Disaggregation results depend on the hazard level being disaggregated 

(i.e., the rate of exceedance, or, equivalently, the return period. TR), and on the 

structural period the spectral acceleration refers to. In fact, UHS for different TR 

are characterized by different design earthquakes and, within the UHS for a 

given TR, short and long period ranges may display different M, R and ε from 

disaggregation. Therefore, useful tools for record selection may be maps, 

which for several probabilities of exceedance of spectral ordinates at structural 

periods of interest to earthquake engineering, map the design earthquakes 

from disaggregation. An example is given in Chioccarelli et al. (2010) where, 

disaggregation of 10% in 50 years hazard (i.e., an annual rate of exceedance 

equal to 0.0021 or, equivalently, a return period equal to 475 years) for the 

whole Italy, and for structural periods equal to 0 sec (PGA) and 1.0 sec is 

presented.  

Disaggregation for these two periods is intended to help in identifying 

design earthquakes for the short and moderate/long period ranges of the UHS 

related to the life safety limit-state of ordinary constructions. In Figure 5 these 

maps are partially given. They report, for each site and for Sa(1 sec), the first 

two design earthquakes in terms of M and R; in fact, the most of sites hazard is 

contributed by more than a single earthquake source. 

 

                                                      
4 Epsilon is the number of standard deviations by which the logarithmic ground motion (in 
terms of spectral acceleration) departs from the median predicted by an appropriate 
attenuation relationship. Epsilon may be important because in the case of time histories to 
be used as the input for structural dynamic analysis, high epsilon values are associated 
with peaks in the response spectrum of the record. During shaking, the effective period of 
the structure lengthens, lowering the peak toward a less energetic portion of the frequency 
content; therefore, ground-motion records with high epsilon values may be associated with 
a more benign structural response. The opposite happens to negative epsilon records. 
Therefore, when selecting waveforms for structural analysis, one should consider choosing 
them among those having the right epsilon, that is, the one dominating the hazard at the 
site, for an unbiased estimation of structural response (e.g., Cornell, 2004; Baker and 
Cornell, 2006). 
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Figure 5.  Italian map of first (left) and second design earthquakes (right) in terms of 
M (top) and R (bottom) for Sa(1.0sec) with a return period of 475 yr. For further 

details see Chioccarelli et al. (2010). 

 

1.2.3 Acceleration time-histories 

Generally, the signals that can be used (e.g., EC8 and NIBC) for the 

seismic structural analysis are of three types: (1) artificial waveforms; (2) 

simulated accelerograms; and (3) natural records (Bommer and Acevedo, 2004; 

Iervolino and Manfredi, 2008). 

Spectrum-compatible signals of type (1) are obtained, for example, 

generating a power spectral density function from the code response spectrum 

(which is, in some cases, the only information available to the practitioner 

regarding the characteristics of the ground motions to be considered), and 

deriving signals compatible to that. However, this approach may lead to 
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accelerograms not reflecting the real phasing of seismic waves and cycles of 

motion, and therefore energy (Iervolino et al., 2010). Moreover, because UHS is 

strongly influenced by more than one source of seismicity (as discussed 

above), perfectly spectrum-compatible artificial records tend to be particularly 

unrealistic. 

Simulation records (2) are obtained via modeling of the seismological 

source and may account for path and site effects. These methods range from 

stochastic simulation (Boore, 2003) of point or finite sources to dynamic models 

of rupture. 

Synthetics may be the only way to obtain appropriate records for rare 

scenarios, such as large magnitude events “close” to the site and give the 

benefit that one can produce from them large samples of nominally similar 

events. However, effort should be employed to insure that their spectra are 

appropriate for nonlinear analysis, e.g., non smooth (Cornell, 2004). Moreover, 

they often require setting of some rupture parameters, such as the rise-time, 

which are hard to determine. Some state-of-the-art simulation methods seem 

to overcome these shortcomings, but they are not yet readily available to 

engineers. 

Finally, of type (3) are ground-motion records from real events. The 

availability of on-line, user-friendly, databases of strong-motion recordings, 

and the rapid development of digital seismic networks worldwide, have 

increased the accessibility to recorded accelerograms. However, due to the 

large variability in records representing a scenario, a number of points arise 

regarding the criteria for appropriate selection and manipulation of such 

records. In particular, an issue regarding the use of real recordings, whose 

spectra are generally non smoothed, is the selection of a set compatible with a 

code-specified spectrum. 

To overcome this, various approaches have been developed to 

manipulate real records to match a target spectral shape, either by frequency-

domain or by time-domain modification methods such as the wavelet 

transform. The wavelet transform basically consists of using modulating 

functions, selectively located in time to modify the spectrum of the signal, 
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where and when it is needed in order to match the target spectrum (see 

Hancock et al., 2006, for details). Although these methods produce records 

perfectly compatible with code’s prescriptions and have the additional 

advantage of reducing the dispersion in the response, and hence the required 

sample size, some studies show that they may lead to a non conservative 

estimation of the seismic response (Carballo and Cornell, 2000; Bazzurro and 

Luco, 2003).  

Based on these remarks, the ground motions selection and modification 

methods considered in this thesis are only those that rely on selecting natural 

(i.e. recorded) ground motions and (possibly) linearly scaling their amplitude. 

 

1.3 Organization and contributions to code-based record 

selection 

This thesis aims, through its chapters, to address the challenges 

mentioned above. The major contributions of this work are summarized below. 

 

Identifying parameters that most affect the structural response (Chapter 2) 

As NLDA is becoming more prevalent in codes and practice, there is a 

need to consolidate ground motion record selection and scaling (or more 

generally the “modification”) procedures from a structural engineering 

perspective. 

As discussed above, the seismic input selection represents one of the 

main issues in assessing the seismic performance of a structure through 

NLDA. There are currently many options in seismic input selection and 

modification for NLDA available but little guidance is available to 

practitioners on which methods are appropriate for their specific application. 

In this thesis, the non-linear response of a modern, code-conforming 

four-story reinforced concrete (RC) frame building is analyzed; the aim is to 

compare, in terms of inelastic seismic response, different options to obtain sets 

of accelerograms for NLDA. The study is code-based and then spectral-shape 

based; all the considered sets of records match, on average (in a range of 
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periods) or individually (at the fundamental vibration period of the structure), 

the same target (i.e. design) spectrum for a case-study site in southern Italy. 

Additional criteria in terms of earthquake magnitude, source-to-site distance  

and site classification are considered. 

Results show little evidence to support the need for a careful site-specific 

process of record selection by magnitude, distance and soil class once spectral 

matching is assured. Moreover, results indicate that the linearly scaled records 

do not show significant differences with respect to the unscaled records, for 

both peak and cyclic response parameters, suggesting that linear scaling is a 

fair procedure, as many studies point out, if the spectral shape is controlled. 

Finally, it is discussed how, when selecting and scaling ground motion 

records, one can improve the resulting structural response prediction by taking 

into account integral record properties, other than spectral accelerations, that 

may be important to the non-linear cyclic response. 

 

Hazard-consistent inclusions of additional IMs in selection (Chapter 3) 

Vector-valued ground motion IMs have been the focus of a significant 

deal of research recently. Proposed measures are mainly function of spectral 

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

response. This is especially appropriate in the case of structures following 

modern earthquake resistant design principles, in which structural damage is 

mainly due to peak displacements experienced during nonlinear dynamics. On 

the other hand, as discussed above, there may be cases in which the 

cumulative damage potential of the earthquake is also of concern, even if it is 

generally believed that integral ground motion IMs, associated with duration, 

are less important with respect to peak parameters of the record. For these IMs, 

it seems appropriate to develop conditional hazard maps; i.e., maps of 

percentiles of a secondary IM (e.g., duration-related) given the occurrence or 

exceedance of a primary parameter (e.g., peak acceleration), for which a design 

hazard map is often already available. In this thesis, this concept is illustrated 

and a conditional hazard is developed for a parameter which may account for 

the cumulative damage potential of ground motion, the so-called Cosenza and 



Chapter 1 

Introduction 

 

 
32 

 

Manfredi index (ID), given PGA. To this aim, a ground motion prediction 

relationship was derived for ID first. Subsequently, the residuals of PGA and ID 

were tested for correlation and for joint normality. Finally, the study obtained 

analytical distributions of ID conditional on PGA and on the corresponding 

design earthquake in terms of magnitude and distance from hazard 

disaggregation. As shown by the some application, ID maps conditional on the 

code design values of PGA may be useful, for example, for a more refined 

ground motion record selection as an input for NLDA of structures.  

 

Aiding selection of spectrum matching real records (Chapters 4-5) 

In code-based seismic design and assessment it is often allowed the use 

of real records as an input for NLDA. On the other hand, as, discussed above, 

international seismic guidelines, concerning this issue, have been found hardly 

applicable by practitioners. This is related to both the difficulty in rationally 

relating the ground motions to the hazard at the site and the required selection 

criteria, which do not favor the use of real records, but rather various types of 

spectrum matching signals. To overcome some of these obstacles a software 

tool for code-based real records selection was developed. REXEL, freely 

available at the website of the Italian network of earthquake engineering 

university labs (http://www.reluis.it), allows to search for suites of 

waveforms, currently from the European Strong-motion Database (ESD) and 

the ITalian ACcelerometric Archive (ITACA), compatible to target spectra 

being either user-defined or automatically generated according to Eurocode 8 

(EC8) and the recently released new Italian seismic code (NIBC). The selection 

reflects the provisions of the considered codes and others found to be 

important by research on the topic. Via some examples (Chapter 4), it is shown 

how REXEL can effectively be a contribution to code-based real records 

selection for seismic structural analysis. Moreover, an internet version of 

REXEL, termed REXELite, was also developed, operating on ITACA web 

portal (http://itaca.mi.ingv.it). REXELite (Chapter 5) aims at integrating an 

advanced earthquake records’ repository with an automatic tool to define 

seismic input for engineering seismic analysis according to modern standards.  
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REXEL and REXELite seem successful in standardizing and aiding 

professional engineering in seismic input definition. 

 

The chapters of this thesis are developed to be largely self-contained 

because they have been or will be published as individual journal articles. 

Because of this, there is some repetition in introductions and background 

material. In addition, notational conventions were chosen to be simple and 

clear for the topic of each chapter rather than for the thesis as a whole; because 

of this, the notational conventions may not be strictly identical for each 

chapter. Apologies are made for any distraction this causes when reading the 

thesis as a continuous document. 
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ABSTRACT 

As non-linear dynamic analysis (NLDA) is becoming more prevalent in codes and practice, 

there is a need to consolidate ground motion record selection and scaling (or more generally the 

“modification”) procedures from a structural engineering perspective. 

The seismic input selection represents one of the main issues in assessing the seismic 

performance of a structure through NLDA. There are currently many options in seismic input 

selection and modification for NLDA available but little guidance is available to practitioners 

on which methods are appropriate for their specific application. 

In this chapter, the non-linear response of a code-conforming four-story reinforced concrete 

(RC) frame building is analyzed; the aim is to compare, in terms of inelastic seismic response, 

different options to obtain sets of accelerograms for NLDA. The study is code-based and then 

spectral-shape based; all the considered sets of records match, on average (in a range of periods) 

or individually (at the fundamental vibration period of the structure), the same target (i.e. 

design) spectrum for a case-study site in southern Italy. Additional criteria in terms of 

earthquake magnitude, source-to-site distance  and site classification are considered. 

Results here show little evidence to support the need for a careful site-specific process of record 

selection by magnitude, distance and soil class once spectral matching is assured. Moreover, 

results indicate that the linearly scaled records do not show significant differences with respect 

to the unscaled records, for both peak and cyclic response parameters, suggesting that linear 

scaling is a fair procedure, as many studies point out, if the spectral shape is controlled. 

Finally, it is discussed how, when selecting and scaling ground motion records, one can 

improve the resulting structural response prediction by taking into account integral record 

properties, other than spectral accelerations, that may be important to the non-linear cyclic 

response. 
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2.1 Introduction 

The modern seismic codes, such as Eurocode 8, or EC8 (CEN, 2003), and 

the new Italian Building Code, or NIBC (CS.LL.PP., 2008), allow the designer 

to use different analysis methodologies for both earthquake-resistant design 

and seismic assessment of existing structures, in particular: (1) lateral force and 

(2) multi-modal elastic ones and (3) static and (4) dynamic non-linear ones. 

Their level of reliability decreases from (4) to (1) and, consequently, the safety 

margin with respect to the same limit state increases according to the same 

order, see for example Magliulo et al. (2007).  

In equivalent lateral forces or spectral modal methods of analysis, the 

earthquake-induced ground shaking is generally represented in the form of a 

response spectrum of acceleration; the design spectrum is usually obtained by 

scaling an elastic spectrum by a factor that accounts for, amongst other 

phenomena, the influence of inelastic structural response. On the other hand, 

seismic assessment of structures via nonlinear dynamic analysis requires a 

suitable suite of ground motion accelerograms to represent the seismic 

excitation. Non-linear structural response is often highly sensitive to the 

selection and modification of input ground motions and many options do 

exists in both research and codes. 

Modern seismic codes suggest different procedures to select ground 

motions signals, most of those assuming spectral compatibility to the uniform 

hazard spectrum (UHS)5, or other elastic design spectrum, as the main 

criterion. For example, EC8 requires the average spectrum of the chosen set to 

be above 90% of the design code spectrum in the range of periods 0.2T1 – 2T1, 

where T1 is the fundamental period of the structure. Practitioners have several 

options to get input signals for their structural analysis: e.g., real or real 

manipulated records and various types of synthetic and artificial 

                                                      
5 Although the use of UHS was only recently acknowledged by engineering practice 
and/or codes for design and assessment purposes (e.g., in Italy), some studies have already 
investigated the shortcomings of this kind of representation of ground motion and propose 
more sound alternative (see, e.g., Baker, 2011).  
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accelerograms. All these options are usually acknowledged by codes which 

may provide additional criteria or limitations for some of them.  

In NIBC, for example, artificial records, generated by random vibration 

theory, should have a duration of at least 10s in their pseudo-stationary part, 

and they cannot be used in the assessment of geotechnical structures. Synthetic 

records, generated by simulation of earthquakes rupture process, should refer 

to a characteristic scenario for the site in terms of magnitude, source-to-site 

distance and seismological source characteristics; finally, real records should 

reflect the earthquake dominating the hazard at the site. This choice may be 

guided by the disaggregation of seismic hazard for the site of interest 

(Convertito et al., 2009). 

However, practitioners cannot always accurately characterize the 

seismological threat to select real records or generate synthetic signals or it is 

not possible to find a set of real records that fits the code requirements 

properly in terms of a specific hazard scenario. Moreover, limitations of the 

existing earthquake ground motion databases lead often to scaling of records 

to obtain accelerograms consistent with a ground motion target for structural 

design and evaluation.  

This study tries to address these matters and to provide some guidance 

to engineers regarding code-based methods for real record selection and 

scaling. To this aim, the approach followed in this study is (1) to select (and 

eventually scale) real ground motions sets using a wide variety of code-

allowable options;  (2) to use these ground motions sets as inputs to NLDA of a 

case-study structure and then (3) to analyze the differences in the resulting 

structural response predictions in order to identify what really matters in real 

record selection criteria. 

The ground motions selection and modification methods considered in 

this study are those that rely on selecting natural (i.e. recorded) ground 

motions and (possibly) linearly scaling their amplitude. Other methods that 

use modification of the frequency content of ground motion (i.e. artificial 

records) or simulate ground motion are not included here but are analyzed in 

other studies (e.g. Iervolino et al., 2010). 
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More specifically, 18 sets of seven (only) Italian and European real 

records are considered, matching, on average in the range of periods 0.15-2s, or 

individually at the fundamental vibration period of the structure (equal to 1s), 

the same target, code-based, spectrum for a case-study site in southern Italy. 

Additional criteria in terms of earthquake magnitude, source-to-site distance 

and site classification are considered and discussed. 

The seismic response of a modern, code-conforming four-story 

reinforced concrete frame building is analyzed. As structural response 

measures, or engineering demand parameters (EDPs), maximum inter-story 

drift ratio (MIDR), roof drift (RD) and the total (cumulative) hysteretic energy 

(EH) are considered to relate the ground motions to both peak and cyclic 

structural demand.  

Analyses here aims at comparing statistically the differences, if any, in 

the EDPs associated to each set of records. Hypothesis tests are carried out to 

assess the statistical significance of the results found in terms of both peak and 

cyclic response. 

The result shown herein are, for the sake of brevity, limited to a single 

site and a single structure, completely fulfils codes’provisions, but they are 

confirmed by analyses performed on different variants of the same building, 

considering different geometry/details and designed according to different 

levels of seismic action (i.e., for different sites in Italy). 

Moreover, the specific results of the study are intended to provide an 

initial step toward practical guidance in selecting and scaling ground motions 

for buildings; the overall methodology provides a general framework for 

future evaluation of other ground motion selection and scaling techniques and 

other classes of engineered structures. Similar results, in terms of prediction of 

median MIDR response of buildings, are provided by PEER Ground Motion 

Selection and Modification Working Group (2009) considering also advanced 

(not only code-based) methods of ground motion selection and scaling6.  

                                                      
6 The study demonstrated that code-approaches can lead to highly conservative over-
prediction of structural response. 
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2.2 Findings of previous investigations about record 

selection for NLDA 

Many performance-based assessments of seismic response require that 

one (a) use probabilistic seismic hazard analysis (PSHA) to identify an Sa(T1) 

amplitude (i.e. spectral acceleration at T1) that is exceed with a given 

probability in a reference period, (b) use disaggregation to identify the most 

likely (e.g., the modal pair) casual magnitude (M) and distance (R) for that 

Sa(T1) level, and then (c) select records reflecting these magnitude and distance 

values and scale ground motions to match precisely the target Sa(T1) value. 

This procedure represents one of the best practices in selecting 

accelerograms for assessing the non-linear demand of structures but it is 

somewhat different from the simplified criteria specified in current 

international building codes (e.g., EC8, NIBC). These code requirements 

provide a fixed target spectrum, typically based on an UHS and then require 

the use of ground motions which exceed (only some small tolerances are 

accepted), on average, that spectrum over a range of periods7 around T1. 

Moreover, codes suggest that it is reasonable to choose ground motion records 

whose magnitude, distance, site conditions and fault mechanisms are 

representative for the seismic hazard at the site  of the structure under 

consideration. 

Lack of knowledge of the influence of seismological parameters on the 

structural response had driven the seismologist to be prudent and assume that 

all features matter to structural response 

In particular, earthquake magnitude and distance of the rupture zone 

from the site of interest are the most common parameters related to a seismic 

event; then, it is evident that the simplest selection procedure involves 

                                                      
7 This extended range accounting for both the contributions to the response for higher 
modes and also for the elongation of response period due to high inelastic deformations: 
since the structure is non-linear, the effective first mode period increases as it yelds and 
then the spectral shape beyond the original fundamental period is important when 
predicting structural response.  
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identifying these parameters. However, a structural designer who attempts to 

select records based on some seismological features, not being a seismology 

expert and knowing little detail about the PSHA  framework used to assemble 

the design spectra and which ground motions contributed most significantly to 

these spectra, could be confronted with a difficult task, even in the case of 

“well trained” practitioners or designers with many years of experience. 

Moreover, given the limited availability of recorded ground motions 

within relatively narrow magnitude and distance range appropriate to a given 

site condition, there is often a need to relax these constraints in favor of other 

parameters that are believed to be better predictor of the non-linear response, 

i.e., spectral shape. 

Based on all these considerations, recent studies have questioned the 

effectiveness of the (M, R) based selection procedure. More specifically, in 

Iervolino and Cornell (2005) the dependence of structural response on (M, R) 

pair was studied. In their work, real accelerograms are arranged in two main 

classes. The first comprised six sets of ten accelerograms formed from available 

records characterized by comparatively high magnitudes and small distances 

(defined as the closest distance to a rupture greater than 15 km), thus 

simulating the case of a carefully chosen scenario. The records in the second 

class, comprising ten arbitrary set of ten accelerograms, are chosen randomly 

from a large catalog of real records without limitation, other than being scaled 

to the median, first-mode spectral acceleration period of the first class of target 

sets. In order to generalize the conclusions of the study, a series of structures 

with (a) different fundamental periods, (b) hysteresis relationships, (c) target 

ductility, (d) number of degrees of freedom, i.e., single (SDOF) and multiple 

(MDOF) and (e) structural type, i.e., concrete or steel frames, are chosen. The 

key response parameter considered was the maximum drift and inter-story 

drift of the SDOF and MDOF systems, respectively. Conclusions based on 

investigating the non-linear response of these model structures to sets of 

records selected by matching a specific moderate-magnitude and distance 

scenario and other records selected arbitrarily, showed no evidence that the 
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first, site-specific (M, R) record pair selection process was different (and then 

superior) in terms of predicted structural response. 

Before, Shome et al. (1998) pointed out the insensitivity of some post-

elastic damage indices (i.e., three local and three global measures) to the (M, R) 

parameter pair of a 5-story steel structure subjected to real records. In 

particular, the choice of the (M, R) pair in selection was shown to be of no 

consequence in the estimation of displacement-based damage indices. This 

conclusion, however, is not quite valid in the case of cumulative damage 

measures (i.e., energy-based indices), since these damage measures shown 

some form of dependency on record duration and then, indirectly, on (M, R). 

In Iervolino et al. (2006) this conclusion was confirmed by examining the 

non-linear response of a number of SDOF systems and considering six 

different demand indices. By selecting real accelerograms (three sets 

comprising 20 records characterized by short, moderate and large duration) as 

representative of specific duration scenarios, it was concluded that duration is 

insignificant for displacement-based demand indices while it influences 

energy-based measures such as hysteretic ductility and equivalent number of 

cycles.  

Other studies (e.g., Luco and Bazzurro, 2007, Iervolino et al., 2010) 

demonstrated that scaling is not only legitimate (i.e. no bias is induced in 

median response) but also useful for assessing structural response, reducing 

the record-to-record spectral variability within a set, which is a desirable 

feature if one has to estimate the seismic demand on the basis of 7 analyses 

only, as discussed below. In general, the belief that scaling procedures bias 

non-linear structural response is mostly based on unquestionable difference in 

ground motion characteristics (e.g., response spectral shape, duration, ecc) and 

much less on their effects on structures. 

The study presented here is aimed at consolidating all the concepts 

illustrated and at improving the knowledge on the topic from a structural 

engineering perspective; moreover, here, code-based procedures in record 

selection are specifically considered and code-based criteria are taken into 
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account; special attention is given also to additional selection criteria in terms, 

for example, of soil profile. 

 

2.3 Case-study structure 

A modern, NIBC-conforming, four-storey RC frame building is selected 

as case-study; the design of the selected structure is carried out based on 

realistic criteria, representative of what would be done in practice, as discussed 

in the following. 

 

2.3.1 Geometry, elastic analysis and design principles 

The geometry of the case-study four-storey RC frame building is 

reported in Figure 6; it is regular (both in plan and in elevation) with 4-bay by 

2 bay and with total dimensions in plan equal to 19 x 10 m2.  

 

 

 

Figure 6. Geometry of the case-study building: (left) tri-dimensional view and 
(right) plan. 
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The bottom interstorey height is equal to 4m, while at other levels it is 

equal to 3.2m; at the first storey the dimensions of the cross-sections8 of all the 

columns are 30 x 55 cm2, of all the beams are 30 x 50 cm2, at the second storey 

such dimensions are respectively 30 x 50 cm2 and 30 x 45 cm2, at the third 30 x 

45 cm2 and 30 x 40 cm2, while at the top level they are 30 x 40 cm2 both for 

column and beam sections. A low variation of the element dimensions between 

adjacent floors is assigned in order to favour the structure’s vertical regularity, 

while columns dimensions are kept larger than beam ones in order to take into 

account the capacity design. 

The dimensions of the frame elements are assigned in order to satisfy the 

damage limitation requirement, in particular the limitation for buildings 

having non-structural elements of brittle materials attached to the structure 

(i.e., MIDR for a 50-years return period spectrum less than 0.5%). 

In the elastic analysis, beams and columns are modelled as massless one 

dimensional finite elements: the mass is concentrated in the floor levels, 

assumed rigid in their own planes; consequently, the structure is characterized 

by three degree of freedoms (DoFs) for each floor. As imposed by the code, a 

5% accidental eccentricity is considered and then four models are analyzed 

whit the centre of mass place in four different positions. 

In order to take the cracking into account, the elements stiffness is 

assigned to be one-half of the corresponding uncracked one. The first two 

modes are translational, whereas the thirs mode is torsional; the periods of the 

first three modes of such models are 1.06s (X dir), 0.98s (Y dir) and 0.74s (rot.).  

The building is designed according to NIBC and EC8 by modal response 

spectrum analysis; gravity load is represented by the uniformly distributed 

load on the beams and live load of 2 kN/m2 is adopted in the design of the 

structure. 

A design spectrum according to NIBC is considered for a case-study site 

in Ponticelli, Naples (latitude: 40.8516°, longitude: 14.3446°), southern Italy. 

The elastic spectrum considered is that corresponding to the life-safety limit 

                                                      
8 All the beams and columns have rectangular cross-sections. 
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state of an ordinary construction with a nominal life of 50 years (i.e., 

corresponding to a return period of 475 years) on B-type soil class, according to 

EC8 classification. 

The design is performed following the High Ductility Class (DCH) rules 

and assuming a behavior factor equal to 5.85, also considering that the frame is 

regular in elevation. 

Concrete characteristic cylindrical strength equal to fck = 25 MPa 

(medium value, according to NIBC, equal to 33 MPa) and steel characteristic 

yielding strength equal to fyk = 450 MPa are adopted. The concrete Young 

modulus and its maximum tensile strength are also computed according to 

NIBC; steel Young modulus is assumed equal to 200000 MPa. 

The orthogonal effects are considered by the 30% rule: 8 combinations for 

each of the 4 models are computed. 

The columns are reinforced by 16mm bars, with a total reinforcement 

ratio equal to 1% (minimum longitudinal reinforcement in columns according 

to both NIBC and EC8) for all cross-sections; stirrups φ8/10 have been defined 

in all the critical regions of the columns based on codes’ limitation. Beams are 

reinforced by 14mm bars with symmetric reinforcement; also for beams,  

stirrups φ8/10 have been defined in all the critical regions. Also for beams, the 

design meets the code requirements as closely as possible to the minimum 

values. 

As provided by the code, all nodes of the frame structure, unless the top 

floor ones and those at foundation, satisfy the design condition of Eq. (1). 

 

∑∑ ≥ RbRc MM 3.1         (1) 

 

∑ RcM  and ∑ RbM  are the sum of design values of moment of 

resistance of respectively the column and the beam framing the joint; this is 

satisfied along both the orthogonal directions and considering both sign of 

seismic action.  
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2.3.2 Non-linear model 

Since the structure meets fully the regularity requirement, the main 

central frame in the structure is extracted and used as the structural model for 

NLDA; due to symmetry, only one direction of seismic action is analyzed and 

the fundamental period T1 = 1s for plane frame is obtained. 

Non-linear analyses are performed by means of the Open System for 

Earthquake Engineering Simulation (OpenSees) software. Non-linearity 

regards flexural rotations while all the other deformations (i.e. axial, shear and 

torsional) are assume linear. Both beams and columns are modelled by one-

component lumped plasticity elements, i.e., the non-linear behavior in the 

structure is concentrate in plastic hinges located at element ends; no axial 

force-bending moment interaction is considered at the plastic hinge. 

Plastic hinges are characterized by a tri-linear backbone curve (Figure 

7a), defined by yielding (My) and maximum (Mmax) moment and the 

corresponding rotations9; the moment-rotation relationship in the positive and 

negative direction is symmetrical for both beams and columns due to 

symmetrical reinforcement.  

Such moments and the corresponding curvatures are computed by 

analyzing the cross-sections of the elements considering the Mander-Priestly 

(1988) constitutive relation for confined concrete under compression; an 

elastic-perfectly plastic steel stress-strain diagram is considered, characterized 

by a maximum strength equal to 548 MPa, computed as mean of tests on more 

than 200 bars made by steel 430 MPa grade.  

The yielding (θy) and ultimate (θu) chord rotations and the  plastic hinge 

length are evaluated as provided by EC8 semi-empirical equations (A.10b) and 

(A.1) respectively, where the already cited medium values are assigned to 

concrete maximum (fc) and steel yielding (fy) strength. Zero axial force and the 

axial load due to gravity loads are taken into account when determining the 

                                                      
9 Codes do not provide an expression for rotation at maximum moment, θmax. This rotation 

value is therefore assumed arbitrarily equal to 0.5θu, where θu is the ultimate rotation. Some 
researchers (e.g., Haselton, 2006) have proposed empirically-based formulas for the 
prediction of the rotation at maximum moment. 
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moment-rotation relationship for beams and columns, respectively. The 

possibility of shear failure is not taken into account. 

As it regards the post-peak behavior, it is assumed that the section 

resistance drops to a value of the moment equal to one tenth of the maximum 

moment (Mmax) corresponding to a rotation value equal to 2.75 times the 

ultimate value (θu)10. 

 

 

Figure 7. (a) Schematic diagram of the monotonic behavior of plastic hinge model 
used in this study; (b) static pushover of the case-study building. 

                                                      
10 These post-peak values for moment and rotation are chosen rather arbitrarily in order to 
avoid numerical in-convergence problem; they do not influence the results. 
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Given the scope of the present study, the assumed hysteresis rule 

accounts for stiffness deterioration in a simple way by modifying the path with 

which the reloading branch approaches the backbone curve,  i.e. a peak-

oriented model is assumed. The need to better simulate structural response far 

into elastic range, in which components deteriorate in both strength and 

stiffness (especially in members without modern structural details), led to the 

development of more advanced models, including various rules for stiffness 

and strength deterioration as well as pinching (see for example Ibarra et al., 

2005 for a detailed review on the topic). The structural damping is modeled 

based on the Rayleigh model and it is assumed to be equal to 5% for the first 

two modes. 

Figure 7b presents the static pushover curve for the case-study building. 

Non-linear static analysis is performed according to NIBC and EC8 

considering a force distribution proportional to first modal shape in the frame 

direction. The curve is reported in terms of top centre of mass displacement 

divided by the total height of the structure along the horizontal axis of the 

diagram and base shear divided by the building seismic weight along the 

vertical axis. This figure is shown to illustrate the capability of the structural 

model to directly simulate response up to collapse. A detailed comparison 

between code-based static and dynamic non-linear analyses according to EC8 

(for a very similar code-conforming building) is presented in Magliulo et al. 

2007. 

 

2.3.3 Nonlinear demand measures 

As discussed in the introduction, the EDPs chosen are selected to 

investigate both the peak and the cyclic seismic response and then to be 

representative of the most common building damage measures. The 

displacement-based parameters are maximum inter-story drift ratio (MIDR), 
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i.e., the the maximum IDR over building height, and roof drift (RD)11, i.e., the 

ratio of the maximum absolute displacement of the roof of structure (relative to 

the ground) compared to the height of the building. 

Such parameters are of great interest for both code-based design checks 

as well as performance-bases engineering assessment and there is much 

research experience in prediction these response parameters. Moreover, 

displacement-based parameters are good proxies for measuring the earthquake 

induced damage to the buildings, as it should be reasonable that the greater 

the displacement of a building, the more damage is caused during the 

earthquake's shaking. 

The cyclic response-related parameter is the cumulative hysteretic 

energy (EH), evaluated as the sum, for all the plastic hinges in the model, of the 

areas of the hysteretic cycles. This parameter is chosen because the cyclic 

collapse of structure that show a degrading behavior (e.g., existing buildings) 

is strongly influenced by the amount of EH dissipated under seismic action 

(Manfredi, 2001). Future studies should consider a broader range of the 

response parameters. 

 

 

2.4. Record classes 

As discussed above, code-consistent ground motion selection requires 

the definition of a “target” to compare the suitability of different ground 

motions and the consequent selection and, eventually, manipulation of records 

to match this target. 

In an effort to push the structural response well into the non-linear 

range, a strong target ground motion level (in terms of elastic response 

                                                      
11 Other EDPs (displacement ductility, rotational demand, ecc) are computed; the result in 
terms of these parameters, not reported for the sake of brevity, confirm the conclusions 
found in terms of MIDR and RD. 
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spectrum) have been defined for Ponticelli, corresponding to a return period of 

2475 years12. 

All the sets averages are selected to be within [-10%, +30%] tolerance 

range13 with respect to the target spectrum and in most of the compatibility 

interval they approximated the target spectral shape very well. To measure 

such an approximation, the deviation (δ), Eq. (2), from the target spectrum 

have been used as criterion in selection. 
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In Eq. (2), Saave(Ti) represents the pseudo-acceleration ordinate of the 

average real spectrum of the set corresponding to the period Ti, while 

Satarget(Ti) is the value of spectral ordinate of the target spectrum at the same 

period; N is the number of values within the considered range of period (0.15-

2s). All the selected sets have similar δ-values. 

The  choice of seven records is based on international building code 

requirements because seven is the minimum set size for which it is possible to 

consider the average structural response as design value.  

The investigate database are the European Strong-motion Database 

(ESD) (last updated on July 2007), whose URL is http://www.isesd.cv.ic.ac.uk 

and the ITalian ACcelerometric Archive (ITACA) (last updated on October 

2010), whose URL is http://itaca.mi.ingv.it. All the records used satisfies the 

free-field conditions and are produced by earthquakes of moment magnitude 

larger than 4. 

                                                      
12 Considering a target spectrum corresponding to a 475-years, the structure would remain 
elastic for most of the selected ground motions; the choice of higher return period of 
seismic action insure that nonlinear response results appropriate to the objectives of the 
study. 
13 Few exception are allowed, especially for set of ITACA records. 
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ESD and ITACA have records in common although with different 

seismological processing. There was no attempt by the authors to combine 

records coming from the two database in defining record classes.  

 

2.4.1 Selection strategies 

All the sets of records selected for Ponticelli refer to the same 5% damped 

elastic design spectrum evaluated according to NIBC for a return period of 

2475 years. The considered spectrum corresponds, for example, to the near 

collapse limit state (SLC) of an important structure with a nominal life of 100 

years on B-type soil class, according to the EC8 classification; see Appendix A 

for details. 

In Figure 8, the disaggregation of seismic hazard in terms of Sa(T=1s) for 

the site is reported; the joint distribution of M and R for Ponticelli have a 

bimodal shape14, i.e., two relative maxima exist. In fact, the disaggregated 

hazard level at site (i.e., 0.38g) is affected by both the zone where the site is 

located and the nearest, most hazardous, zone (Convertito et al., 2009). As a 

consequence, for the selected spectral ordinate (coincident with the 

fundamental one for the case-study structure) at least two design earthquake 

do exist: one representing closer, smaller magnitudes and the other more 

distant, larger magnitudes. 

Two groups of spectrum-compatible sets are identified and compared: 

the first group comprises 8 sets of seven records carefully chosen to reflect, 

within tolerable limits, the specific magnitude and distance scenario 

corresponding to the first mode of seismic hazard disaggregation; the second 

group comprises 6 sets of seven records chosen to reflect, within tolerable 

limits, the specific magnitude and distance scenario corresponding to the 

second mode of seismic hazard disaggregation. All the considered 

combinations belonging to the two first groups of accelerograms are 

                                                      
14 Disaggregation result change with the spectral ordinate and return period and, if 
multiple sources affect the hazard at the site, more than a single event may dominate the 
hazard; see Convertito et al., 2009 for a discussion. 
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compatible, in the average, with the target spectrum, in the range of periods 

0.15-2s.  

Within each group, the sets differs for the source database (ESD or 

ITACA), for the soil class of the records (same as target spectrum or any site 

class) and finally, for being not manipulated (original records) or linearly 

scaled in amplitude15, controlling the mean (for set) scale factors (SFmean) that 

varies between 5 and 15.  Detailed information on selected set, divided by 

groups, are summarized in Table 1-Table 4. 

Two additional groups, each including 2 seven-record sets (one for each 

database) are considered: these records are selected to match, within tolerable 

limits, the values of magnitude and distance corresponding to the design 

earthquake and the soil condition of the site (i.e., B-type soil class) and are then 

scaled to match precisely the target spectrum level at the fundamental period 

of the structure (T = 1s), according to the practice described in section 2. Figure 

9 and Figure 10 show the average spectra of each ground motions set, divided 

by groups, along with the target spectrum and the range of periods of interest. 

 

                                                      
15 More specifically, before the search of records has begun, the spectra are preliminarily 
normalized by dividing the spectral ordinates by the corresponding PGA. These non-
dimensional spectra are compare to the target spectrum, also normalized. Records 
belonging to spectrum matching combinations found in this way require to be linearly 
scaled to comply with the original code spectrum. 
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Figure 8. Disaggregation results for Ponticelli for Sa(T=1s) and for a 2475-years 
return period. 

 

In order to reduce the correlation or “overlapping” due to records 

commonality between sets, it is desirable to select combinations having no 

accelerograms in common (i.e., statistically independent); this requirement 

conflicts with limitations of the reference ground motion databases, especially 

if one looks at the relatively large target spectrum and the corresponding 

controlling earthquake scenarios. Then, some exceptions are allowed because 

complete avoidance of overlap is not feasible given the limited number of 

record available, see Appendix B for details. 
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Figure 9. Average spectra for each individual set of seven records selected (and 
eventually scaled) to be compatible (on average) with the target spectrum in [0.15-2s] 

periods range (a) Group I (1st disaggregation mode-based); (b) Group II (2nd 
disaggregation mode-based). 
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Figure 10. Individual and average spectra for each individual set of seven records 
selected and scaled to match precisely T=1s-ordinate of the target spectrum (a) 

Group III (1st disaggregation mode-based); (b) Group IV (2nd disaggregation mode-
based). 
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Table 1. Summary of records sets of Group I 

(matching target spectrum on average, with [-10%, +30%] tolerance, over the periods range 0.15-2s) 

Set no. Database Site class Scaling/SFmean (M, R) 

1 ESD B Yes/5 Disag. 1st mode 

2* ESD B No Disag. 1st mode 

3 ESD Any site class Yes/5 Disag. 1st mode 

4 ESD Any site class No Disag. 1st mode 

5** ITACA B Yes/10 Disag. 1st mode 

6** ITACA B No Disag. 1st mode 

7** ITACA Any site class Yes/5 Disag. 1st mode 

8** ITACA Any site class No Disag. 1st mode 

* Lower tolerance is increased to 15% to find a compatible set. 

** Lower tolerance is increased to 20% to find a compatible set. 

 

Table 2. Summary of records sets of Group II 

(matching target spectrum on average, with [-10%, +30%] tolerance, over the periods range 0.15-2s) 

Set no. Database Site class Scaling/SFmean (M, R) 

9** ESD B Yes/5 Disag. 2st mode 

10*** ESD B No Disag. 2st mode 

11 ESD Any site class Yes/5 Disag. 2st mode 

12 ESD Any site class No Disag. 2st mode 

13** ITACA Any site class Yes/15 Disag. 2st mode 

14 ITACA Any site class Yes/15 Disag. 2st mode 

** Lower tolerance is increased to 20% to find a compatible set. 

*** Lower tolerance is increased to 25% to find a compatible set. 

 

Table 3. Summary of records sets of Group III 

(matching target spectrum precisely at T = 1s) 

Set no. Database Site class Scaling/SFmean (M, R) 

15 ESD B Sa(T1) scaling Disag. 1st mode 

16 ITACA B Sa(T1) scaling Disag. 1st mode 

 

Table 4. Summary of records sets of Group IV 

(matching target spectrum precisely at T = 1s) 

Set no. Database Site class Scaling/SFmean (M, R) 

17 ESD B Sa(T1) scaling Disag. 2st mode 

18 ITACA B Sa(T1) scaling Disag. 2st mode 
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2.5 Results and discussion 

All records selected for each group are used as input for nonlinear 

dynamic analysis applied to case-study structure; a large amount of results is 

obtained.  

As a general summary, the maximum inter-story drift ratios (MIDRs) for 

all the records sets are shown in Figure 11. Figure 11 shows the individual 

response predictions from each record (black x-markers) as well as the mean 

values for each set (red squares) and the mean plus (and minus) one standard 

deviation (red crosses). No collapses (i.e. dynamic instability where EDPs 

increase without bounds) are observed. 

There is a large scatter in the MIDR values predicted for each record of a 

single ground motion suite; there is not large variability in the median 

predicted values from each set. This visual evidence will be confirmed by the 

hypothesis tests described in the following section. 

The roof drift ratios and the total hysteretic energy for all the records sets 

are shown in Figure 12 and in Figure 13 respectively. As Figure 11, Figure 12 

and Figure 13 show the individual response predictions from each record 

(black x-markers) as well as the mean values for each set (red squares) and the 

mean plus (and minus) one standard deviation (red crosses). Large variability 

in the median predicted values of EH may be observed (Figure 13). The median 

of the response parameters, for each pair of sets, are compared statistically for 

equality (or not) in the next section. 
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Figure 11. Summary of MIDR responses for the selected ground motions sets. 

 

 

Figure 12. Summary of RD responses for the selected ground motions sets. 

 



Chapter 2 

Code-based real record selection: what really matters? 

 

 
60 

 

 

Figure 13. Summary of EH responses for the selected ground motions sets. 

 

Some general remarks are possible based on these results. In particular, 

Figure 11-Figure 13 show that the values of standard deviation for scaled 

combinations are generally smaller if compared with the values of standard 

deviation in the case of unscaled sets. This is a key issue if one is interested in 

how many records are required to obtain a stable and unbiased estimate of the 

inelastic response of a structure (e.g. Hancock et al., 2008). As many authors 

point out, the number of accelerograms required to obtain an estimate of the 

median response to within a defined confidence intervals depends on the 

standard deviation of response. Therefore, the number of record to be used 

should depend on both the procedure used to select and scale the record and 

the nature of the EDP being investigate: the larger the variance in the EDP, the 

greater the number of record that are required to obtain a robust estimate of 

the structural response.  
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All these concepts are summarized by Figure 14, where the ratio of the 

standard error of the estimate (SEE=
N

σ
, where σ is the standard deviation16 

of the considered EDP and N is the number of records in the considered set) to 

the median is given, for all the considered EDPs, as the size of the set increases 

(from 7 to 21, combining some of the sets of seven records discussed in the 

previous section). It is evident that scaled sets are characterized by smaller 

dispersion; moreover, as evident from Figure 14, the number of records 

required to predict the displacement-based measures may be significantly less 

than for the energy-based measures due to the large variability in these kind of 

damage-indices. 

 

 

Figure 14. SEE/median EDP as a function of set size. 

 

2.5.1 Hypothesis tests 

To finally drawn conclusion from the results above, it may be helpful to 

try to quantitatively assess their significance. In particular, parametric 

                                                      
16 It is assume to be equivalent to the sample standard deviation for the purposes of the 
analysis. 
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hypothesis tests (Benjamin and Cornell, 1970) are performed to assess to what 

significance the median values17 of the response, from a given set of records, 

may be considered equal to that from another class. Hypothesis tests are 

performed for both peak and cyclic EDPs, assuming a lognormal distribution 

for all the response parameters of interest. This distribution assumption are 

checked with the Shapiro-Wilk (1965) test and could not be rejected at the 95% 

significance level. 

The null hypothesis to check is whether the median EDPs for a given set 

(i) are equal (null hypothesis) or not (alternate hypothesis) to that from the set 

(j). To this aim, a two tail Aspin-Welch (Welch, 1938) test is preferred with 

respect to the standard Student t-test as the former does not require the 

assumption of equal, yet still unknown, variances of populations originating 

the samples, which would be an unreasonable assumption given the nature of 

the compared records sets. 

The test statistic employed is reported in Eq. (3), in which zi and zj are the 

sample means, si and sj are the sample standard deviations and n and m are the 

samples sizes (in this case always equal to 7). The test statistic, under the null 

hypothesis, has an approximate Student-t distribution with the number of 

degrees of freedom given by Satterthwaites’s approximation (Satterthwaites, 

1949). 
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In the following Tabel 4-6, the p-values for each comparison are reported; 

red bold font values are the rejection cases assuming a 95% significance level, 

i.e., choosing I-type risk (α) equal to 0.05. 

                                                      
17 This focus on median responses is because median response (or the closesly related mean 
or “average” response) is of primary interest in the NLDA requirements of current 
international building codes rather than the full probability distribution (e.g., average and 
standard deviation). 
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Table 5. Aspin-Welch test results in terms of MIDR; p-values lower than 0.05 are 
reported in bold. 

 
Group I Group II Group III Group IV 

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

1 1.00 0.52 0.93 0.57 0.47 0.56 0.95 0.81 0.64 0.37 0.87 0.47 0.37 0.99 0.86 0.66 0.92 0.76 

2 
 

1.00 0.36 1.00 0.93 0.95 0.38 0.58 0.91 0.91 0.61 0.91 0.95 0.44 0.61 0.78 0.37 0.62 

3 
  

1.00 0.45 0.10 0.39 0.96 0.55 0.52 0.06 0.74 0.09 0.02 0.92 0.74 0.44 0.96 0.48 

4 
   

1.00 0.94 0.95 0.47 0.64 0.91 0.93 0.66 0.93 0.97 0.51 0.66 0.81 0.45 0.68 

5 
    

1.00 0.99 0.12 0.44 0.95 0.73 0.56 0.97 0.76 0.28 0.56 0.77 0.15 0.49 

6 
     

1.00 0.41 0.63 0.95 0.85 0.65 0.98 0.89 0.47 0.66 0.83 0.40 0.67 

7 
      

1.00 0.59 0.54 0.08 0.76 0.12 0.04 0.95 0.76 0.46 0.93 0.52 

8 
       

1.00 0.74 0.30 0.96 0.45 0.28 0.72 0.96 0.76 0.58 0.93 

9 
        

1.00 0.81 0.74 0.96 0.85 0.59 0.74 0.91 0.52 0.77 

10 
         

1.00 0.44 0.70 0.91 0.19 0.44 0.60 0.10 0.34 

11 
          

1.00 0.57 0.45 0.82 1.00 0.77 0.74 0.91 

12 
           

1.00 0.72 0.29 0.57 0.79 0.15 0.50 

13 
            

1.00 0.18 0.45 0.62 0.07 0.32 

14 
             

1.00 0.82 0.56 0.90 0.66 

15 
              

1.00 0.78 0.73 0.92 

16 
               

1.00 0.45 0.81 

17 
                

1.00 0.52 

18 
                 

1.00 

 

The results presented in Table 5-Table 7 show that there are 2/153 (i.e., < 

2%), 3/153 (i.e., ≅ 2%) and 7/153 (i.e., ≅ 5%) for MIDR, RD and EH respectively 

Study of patterns within the tables show that individual rows or columns (sets) 

tend to dominate in rejection (e.g., column 13 for MIDR, row 3 for RD, row 2 

and  column 15 for EH); all these sets comprise scaled record (except for set 2), 

characterized by smaller dispersion and hence strongly conditioning the tests. 

Entering in the detail, for both MIDR and RD, the results presented in 

Table 5 and Table 6 show that there are no rejections in comparing the seismic 

response to accelerograms selected based on magnitude, distance and soil 

condition and then scaled to match precisely the target spectrum (sets 15-18, 

Groups III-IV) and to accelerograms matching the target spectrum on average 
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in a broader range of period (sets 1-14), independently from the (M, R) pair of 

interest (Groups I and II), confirming that the two codes procedure are almost 

equivalent. 

 

Table 6. Aspin-Welch test results in terms of RD; p-values lower than 0.05 are 
reported in bold. 

 
Group I Group II Group III Group IV 

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

1 1.00 0.25 0.96 0.43 0.31 0.49 0.86 0.71 0.43 0.30 0.69 0.26 0.25 0.94 0.73 0.50 0.93 0.56 

2 
 

1.00 0.11 0.86 0.70 0.71 0.18 0.33 0.85 0.72 0.47 0.80 0.80 0.20 0.36 0.60 0.17 0.47 

3 
  

1.00 0.33 0.06 0.37 0.64 0.51 0.32 0.05 0.56 0.03 0.02 0.85 0.57 0.32 0.79 0.35 

4 
   

1.00 0.94 0.88 0.44 0.58 0.99 0.95 0.67 0.99 0.99 0.42 0.59 0.81 0.41 0.71 

5 
    

1.00 0.91 0.17 0.42 0.95 0.97 0.61 0.85 0.83 0.23 0.47 0.79 0.16 0.62 

6 
     

1.00 0.50 0.67 0.89 0.90 0.76 0.83 0.82 0.48 0.68 0.93 0.46 0.82 

7 
      

1.00 0.76 0.43 0.15 0.74 0.11 0.08 0.90 0.79 0.48 0.89 0.55 

8 
       

1.00 0.58 0.40 0.92 0.33 0.31 0.71 1.00 0.69 0.69 0.80 

9 
        

1.00 0.96 0.67 0.98 0.97 0.42 0.59 0.81 0.40 0.71 

10 
         

1.00 0.59 0.87 0.86 0.21 0.45 0.77 0.15 0.60 

11 
          

1.00 0.53 0.51 0.69 0.92 0.81 0.68 0.91 

12 
           

1.00 0.99 0.17 0.39 0.69 0.11 0.52 

13 
            

1.00 0.15 0.37 0.68 0.09 0.50 

14 
             

1.00 0.74 0.47 0.99 0.54 

15 
              

1.00 0.71 0.72 0.81 

16 
               

1.00 0.44 0.88 

17 
                

1.00 0.50 

18 
                 

1.00 

 

Moreover, the non-linear response of case-study structure seems to be 

independent on M and R beyond the dependence through the intensity (i.e. 

spectral ordinates) level; in other words, non-linear response seems to be 

conditionally independent of M and R given spectral accelerations (i.e. spectral 

compatibility). 
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Table 7. Aspin-Welch test results in terms of EH; p-values lower than 0.05 are 
reported in bold. 

 
Group I Group II Group III Group IV 

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

1 1.00 0.36 0.67 0.48 0.21 0.44 0.54 0.26 0.59 0.40 0.97 0.13 0.10 0.63 0.56 0.56 0.66 0.33 

2 
 

1.00 0.07 0.89 0.03 0.16 0.10 0.02 0.83 0.07 0.43 0.01 0.01 0.07 0.69 0.16 0.18 0.07 

3 
  

1.00 0.31 0.22 0.56 0.72 0.21 0.32 0.51 0.67 0.10 0.06 0.91 0.18 0.72 0.88 0.41 

4 
   

1.00 0.12 0.23 0.26 0.16 0.79 0.21 0.51 0.10 0.08 0.29 0.72 0.27 0.32 0.17 

5 
    

1.00 0.87 0.45 0.66 0.10 0.65 0.23 0.86 0.75 0.25 0.05 0.59 0.43 0.84 

6 
     

1.00 0.72 0.92 0.26 0.87 0.45 0.78 0.71 0.59 0.23 0.79 0.67 0.99 

7 
      

1.00 0.63 0.27 0.79 0.55 0.32 0.25 0.78 0.19 0.93 0.90 0.64 

8 
       

1.00 0.13 0.89 0.30 0.46 0.33 0.27 0.04 0.79 0.58 0.88 

9 
        

1.00 0.20 0.63 0.07 0.05 0.30 0.93 0.31 0.36 0.17 

10 
         

1.00 0.42 0.50 0.41 0.56 0.13 0.89 0.71 0.83 

11 
          

1.00 0.16 0.13 0.64 0.62 0.56 0.66 0.34 

12 
           

1.00 0.88 0.13 0.02 0.48 0.32 0.72 

13 
            

1.00 0.08 0.01 0.41 0.26 0.62 

14 
             

1.00 0.17 0.76 0.93 0.45 

15 
              

1.00 0.26 0.30 0.12 

16 
               

1.00 0.85 0.74 

17 
                

1.00 0.59 

18 
                 

1.00 

 

This result is confirmed (also in terms of EH) looking at pairs of 

homologous sets (e.g. 1-9, 2-10, 3-11, 4-12, 5-13, 7-14), i.e., sets that significantly 

differs in terms of average (M, R) pairs characterizing the set with all other 

conditions being equal; for all these comparisons no rejections are observed. 

Similarly, considering pairs of sets that differs only for soil condition 

(same as target spectrum vs. any site class), i.e., 1-3, 2-4, 5-7, 6-8*, 9-11*, 10-12, 13-

14 (pairs marked with an asterisk share more than 3 records and then the 

comparison is not statistically rigorous), with all other conditions being equal, 

no rejections are observed for both peak and cyclic response parameters: if the 

spectral shape is assigned by the code, the site class of real records may be of 

secondary importance.  
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In light of this consideration, there may be cases in which it may be 

useful to relax the matching criteria for site classification. This, should help to 

overcome some of the problems when for specific site conditions it is hard to 

find spectrum matching sets 

Finally, note that the sets of linearly scaled records (i.e., 1, 3, 5, 7, 9, 11) do 

not show systematic difference with respect to those unscaled (with all other 

conditions being equal, i.e., 2, 4, 6, 8, 10, 12) for all the types of response 

considered, which seems to confirm that amplitude scaling is a legitimate 

practice, as many studies point out, if the spectral shape is controlled. 

 

2.5.2 Including additional record selection criteria: Cosenza and 

Manfredi index 

If the cyclic response is considered, some sets show significant 

differences in the prediction of seismic demand (i.e., p-values lower than 0.05). 

These differences were a predictable result looking at the integral intensity 

measures, characterizing each record (see also Iervolino et al., 2006). 

To this aim, each record of the 18 sets is processed to evaluate its 

characteristics other than spectral shape; for each set, average values of the 

Arias intensity, IA, Eq. (4), and of the Cosenza and Manfredi index, ID (Manfredi, 

2001), Eq. (5), taken as the average on the sample of seven records, are 

computed. 

 

( )∫
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         (5) 

 

In Eq. (4), a(t) is the signal’s accelerometric time-history, whose duration 

is equal to tE and PGV represents the peak ground velocity. 
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Figure 15a shows the IA versus EH plot; similarly, Figure 15b shows the ID 

versus EH plot18; the estimated linear regressions (for both IA and EH and ID and 

EH) are reported in the legend of the two panels of Figure 15. It is possible to 

note a fairly good correlation in both cases, confirmed by statistical tests on 

coefficients of regressions and on the estimate correlation coefficients (these 

results are not reported for the sake of brevity). 

 

 

Figure 15. EH versus (a) IA and (b) ID for the considered sets. 

                                                      
18 In this plots, to increase the significance of the results, 15 additional  sets of records are 
considered, relating to another case-study site in southern Italy, i.e. S. Angelo dei 
Lombardi. 
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In Table 8, the values of Cosenza and Manfredi index for rejection cases 

of Table 7 are reported: generally, significant differences in ID values 

characterizing the records, imply significant differences in the consequent EH 

response.  

 

Table 8. ID values for rejection cases of Table 7. 

Set ID Set ID p-value 

2 5.2 5 10.7 0.03 

2 5.2 12 10.6 0.01 

2 5.2 13 23 0.01 

15 6.3 8 5.3 0.04 

15 6.3 12 10.6 0.02 

15 6.3 13 23 0.01 

 

As a conclusion, ID can be suggested as an additional criterion in 

selection (or generation) procedures for accelerograms when the cyclic 

response represents a critical performance parameter for the structure to be 

analyzed. 

A key issue in this direction consists in developing tools for a reliable 

assessment of the seismic hazard in terms of both peak and integral parameters 

of seismic motion, possibly (and explicitly) accounting for the correlation 

between the parameters of interest. 

Probabilistic seismic hazard analysis has become a common tool in the 

engineering practice to determine the likelihood that ground motions of 

different amplitude may be observed at a given designed site but, 

conventionally, this computation in only done for scalar ground motion 

intensity measures, such as peak ground acceleration, spectral ordinates or 

some integral intensity measures (e.g. Arias intensity), considered 

independent. Nevertheless, the methodology for computing the joint (i.e. 

vector-valued) hazard at a given site has been proposed almost 10 years ago 

since the knowledge of joint hazard at a site is valuable in many applications 

where more than one ground motion parameters is needed for better 

predicting a structure’s response, e.g. if one is interested in both displacement 
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and cyclic structural response. In these cases, an acceleration-duration vector-

valued may be notably helpful in spite of the difficulties and the lack of 

computational tools to easily perform vector-valued seismic hazard analysis.  

In Chapter 3 an easy yet hazard-consistent way of including secondary 

intensity measures in record selection will be presented. The proposed 

methodology requires mainly the manipulation of result from the scalar PSHA 

and allows to develop conditional hazard maps, i.e., maps of secondary ground 

motion intensity measures (e.g. integral parameters) conditional, in a 

probabilistic sense, to the design hazard for a primary parameter (e.g., a 

spectral ordinate). 

 

 

2.6. Conclusions 

In this study, different ways to obtain code-conforming real records sets 

are compared in terms of post elastic seismic peaks and cyclic responses. This 

was pursued by considering a modern code-conforming four-story RC frame 

building at high nonlinearity levels and a ground motion scenario (a reference 

site and the corresponding code-response spectra) as case study. More 

specifically, MIDR, RD and EH are analyzed with respect to 18 sets of natural 

ground motion accelerograms obtained exploring all the possible options 

allowed by modern building codes in real  record selection and modification. 

Hypothesis tests are carried out with the aim of assessing quantitatively 

how significant there results are. Tests results show that no particular care is 

required in selecting records with respect to magnitude, distance and soil 

condition if accelerograms match, individually or in an average sense, a target 

spectral shape. 

Moreover, results indicate that the linearly scaled records do not show 

any systematic trend with respect to the unscaled record results independently 

of response parameters, suggesting that scaling is a legitimate technique, as 

many studies point out, again if the spectral shape is controlled. 
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Finally, it worth noting that, as is well known, some differences in cyclic 

response may be observed. These differences may be predicted by some 

integral parameter of ground motion, which, if an appropriate hazard analysis 

tool is available, could be used as an additional criterion for record selection, 

especially in those cases when cyclic behavior has an important role in 

determining the seismic performances. 

The analyses and results that are presented herein refer to a single 

structure at a single site; the possible limitations of this restricted analysis 

should be borne in mind when attempting to generalize these findings for 

other structures and scenarios. Further research should be conducted to verify 

that the results of this chapter also apply to alternative structures and 

sites/scenarios. 
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ABSTRACT 

Vector-valued ground motion intensity measures (IMs) have been the focus of a significant deal 

of research recently. Proposed measures are mainly function of spectral ordinates which have 

been shown to be useful in the assessment of structural response. This is especially appropriate 

in the case of structures following modern earthquake resistant design principles, in which 

structural damage is mainly due to peak displacements experienced during nonlinear dynamics. 

On the other hand, there may be cases in which the cumulative damage potential of the 

earthquake is also of concern, even if it is generally believed that integral ground motion IMs, 

associated with duration, are less important with respect to peak parameters of the record. For 

these IMs, it seems appropriate to develop conditional hazard maps, i.e., maps of percentiles of a 

secondary IM (e.g., duration-related) given the occurrence or exceedance of a primary 

parameter (e.g., peak acceleration), for which a design hazard map is often already available. In 

this chapter, 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). To this aim, a ground 

motion prediction relationship was derived for ID first. Subsequently, the residuals of PGA and 

ID were tested for correlation and for joint normality. Finally, the study obtained analytical 

distributions of ID conditional on PGA and on the corresponding design earthquake in terms of 

magnitude and distance from hazard disaggregation. As shown by the application to the 

Campania region (southern Italy), ID maps conditional on the code design values of PGA may 

be useful, for example, for a more refined ground motion record selection as an input for 

nonlinear dynamic analysis of structures.  
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3.1 Introduction 

Intensity measures (IMs) should allow for a correct and accurate 

estimation of the structural performance on the basis of the seismic hazard at 

the considered site. An IM is a parameter which is considered to be a proxy for 

the potential effect of the ground motion on the structure. Typical ground 

motion IMs are the peaks of the ground acceleration and velocity, and 

conventional probabilistic seismic hazard analysis (PSHA) provides the mean 

annual frequency of exceeding a specified value of one of these parameters at 

the location of interest. Linear spectral ordinates are also often used as IMs for 

probabilistic assessment, especially those at the fundamental period of the 

structure, Sa(T1). This is mainly because Sa(T1), being the response of a linear 

single degree of freedom system (SDOF), should be, in principle, more 

correlated with the structural performance than, for example, peak ground 

acceleration (PGA).  

More sophisticated IMs are currently under investigation by many 

researchers. For example, Baker (2007) discusses vector-valued IMs’ potential 

in terms of efficiency in estimating structural response. Most of the proposed 

vector-valued IMs are comprised of spectral ordinates or other proxies for the 

spectral shape in a range of periods believed to be of interest for the nonlinear 

structural behavior. This helps to estimate the peak seismic demand especially 

in terms of displacements.  

Integral parameters, as the Arias intensity or significant ground motion 

duration, are possible IMs, but they are considered to be related more to the 

cyclic energy dissipation rather than to the peak structural response (Chapter 

2). Some studies (e.g., Iervolino et al., 2006; Hancock and Bommer, 2006) 

investigated how ground motion duration-related parameters affect nonlinear 

structural response. It was found that, generally, spectral ordinates are 

sufficient (i.e., duration does not add much information) if one is interested in 

the ductility demand, while duration-related measures do play a role only if 

the hysteretic structural response is that to assess; i.e., in those cases in which 

the cumulative damage potential of the earthquake is of concern. However, in 
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general, the integral ground motion parameters associated with duration are 

less important with respect to peak IMs, as damage to structures in general is 

more due to maximum displacement, and therefore the former IMs may be 

considered secondary with respect to the latter. In these cases, it seems 

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

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

which a design hazard map is often already available by national authorities.  

Herein, for illustration purposes, the primary intensity measure 

considered is PGA, while the secondary is a parameter which may account for 

the cumulative damage potential (i.e., damage related to the amount of cyclic 

shaking of the structure); the chosen cyclic response-related measure is the so-

called Cosenza and Manfredi index (ID) (Manfredi, 2001). To show the concept of 

conditional hazard, a ground motion prediction relationship had to be derived 

for ID on the basis of an empirical dataset of Italian records already used for 

other well known ground motion prediction equations (GMPE) proposed in 

the past by Sabetta and Pugliese (1987, 1996). Subsequently, the residuals of the 

logarithms of PGA and ID were tested for correlation and for joint normality. 

The study obtained distributions of ID conditional on PGA and the 

corresponding design earthquake in terms of magnitude and distance from 

hazard disaggregation. Two percentiles (i.e. the 50th and the 90th) were 

extracted from the conditional probability density function (PDF) of ID given 

PGA and mapped for the Campania region (southern Italy). The selected 

hazard level for PGA corresponds to a 10% exceedance probability in 50 years, 

which is a reference return period for the life-safety limit state of ordinary 

structures internationally.  

The application to a case study region shows that the conditional hazard 

analysis may prove useful to complement the available acceleration hazard 

with maps providing suitable values of secondary IMs, to match in ground 

motion record selection (e.g., Iervolino and Cornell 2005; Iervolino et al., 2008a; 

Iervolino et al., 2010). In fact, apart from selecting seismic input for nonlinear 

dynamic analysis reflecting the design peak values of motion (e.g., PGA or 

spectral ordinates), one can benefit from this kind of information and consider 
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records featuring values of the secondary IM probabilistically consistent with 

the hazard of the primary IM. 

 

 

3.2 Ground motion prediction equation for ID 

ID has proven to be a good proxy for cyclic structural response (Manfredi, 

2001). It is defined in Equation (1) where a(t) is the acceleration time-history, tE 

is the total duration of the ground motion recording, and PGV is the peak 

ground velocity. Therefore, the numerator of ID is proportional to the Arias 

Intensity and it will be referred to as IA. 
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The best candidates to be ground motion intensity measures are those for 

which hazard analysis is easy to compute, which requires a 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, 1996). A representation in terms of magnitude, 

distance, and site conditions is given in Figure 16 (see Data and Resources 

section).  

The empirical predictive equations for the logarithms of the terms (the 

generic dependent variable is indicated as Y) appearing in the definition of ID 

were fitted by regression using the same functional form of Sabetta and 

Pugliese (1996), Equation (2), as a function of moment magnitude (M or MW), 

source-to-site distance (closest distance to fault surface projection, Rjb, and 

epicentral distance, Repi, both expressed 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, 

respectively, and zero otherwise. The residual, Ylog10
ε , is a random variable 
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which in ordinary least squares (OLS) regressions, is implicitly assumed to be 

Gaussian with zero mean and a standard deviation Y10logσ .  
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S S Rlog M (Y)log εedhcba ++++++=    (2) 

 

 

Figure 16. Distribution of the records with respect to moment-magnitude and 
epicentral distance. 

 

The estimates for the coefficients19 for PGA, PGV and IA, obtained using 

OLS regression20, are given in Table 9 (Repi) and Table 10 (Rjb). In the same 

tables also the estimated standard deviations of the respective residuals, are 

                                                      
19 Note that for some of the coefficients, those marked with an asterisk in the tables, the null 
hypothesis of being equal to zero could not be rejected at 0.05 significance level using a 
Student’s T-Test (Mood et al., 1974), which means the variables associated to them could be 
dropped from Equation (2). 
20 A more refined model accounting for inter-event and intra-event variability (e.g., Joyner 
and Boore, 1993) was also used for the regressions on the considered database; however it 
did not change significantly the estimates of coefficients and variances with respect to those 
obtained with OLS. This is consistent with Sabetta and Pugliese (1996) who also could not 
find sufficient evidence supporting to use other fitting methods than OLS. 
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also given21. h values were not estimated and assumed to be coincident to 

those provided by Sabetta and Pugliese (1996); see also Iervolino et al. (2008b). 

 

Table 9. Regression coefficients for PGA, PGV and IA (Repi). 

Y a b c d e h Y10logσ  

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 

 

Table 10. Regression coefficients for PGA, PGV and IA (Rjb). 

Y a b c d e h Y10logσ  

PGA 
[cm/s2] 

1.44 0.27 -0.87 0.16 -0.016* 5.8 0.18 

PGV 
[cm/s] 

-1.02 0.48 -0.91 0.15 0.10 3.6 0.22 

IA  

[cm2/s3] 
0.76 0.79 -1.50 0.27 0.097* 3.8 0.38 

 

The Shapiro-Wilk test (1965), based on the considered sample, was used 

to check the assumption of normal distribution for PGAlog10
ε , PGVlog10

ε  and 
A10Ilogε . 

Results of the tests, not reported here for the sake of brevity, indicate that the 

null hypothesis of normality cannot be rejected, assuming a 0.05 significance 

level, for the logarithms of all the parameters considered. 

The results of the regression are slightly different from those obtained by 

Sabetta and Pugliese (1996), but these discrepancies are expected. Despite the 

work of Sabetta and Pugliese (1996), it was decided to not constrain c to the 

geometrical spreading theoretical value in any of the regressions, because data 

                                                      
21 These, still consistent with Sabetta and Pugliese (1996), may be considered small with 
respect to more recent GMPEs. In fact, Bindi et al. (2009) calibrated a new model for Italy 
with the same functional form, on the new Italian Accelerometric Archive (ITACA) in 
which estimated standard deviations are larger. However, this does not affect scope of this 
study, that is, illustrating the concept of conditional hazard maps. 
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seem to not support such a choice (see also Stafford et al., 2009). Moreover, 

moment magnitude was used herein, while local magnitude and surface-wave 

magnitude were used by the mentioned researchers. In addition to that, the 

records used come from different databases and therefore may have been 

subjected to different processing. Finally, Sabetta and Pugliese (1996) used the 

component featuring the largest value of the parameter of interest separately 

for each regression, while in this study all the regression analyses were 

performed, arbitrarily, using the horizontal component featuring the largest 

PGA. To fit all GMPEs for PGA, PGV and IA on the same ground motion 

component is useful for deriving directly a model for ID. In fact, in order to 

obtain a GMPE for the logarithms 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 PGAlog 10 , PGVlog 10  and A10Ilog  as the logarithm of ID is given by 

the logarithm of IA minus the logarithms of PGA and PGV. This leads to the 

expression of Equation (3), in which subscripts 1, 2 and 3 refer to PGA, PGV 

and IA, respectively.  
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The coefficients of Equation (3) are listed in Table 11 and Table 12 for the 

two distance metrics considered. For ID, the magnitude coefficient (b) and the 

soil coefficients (d) and (e) resulted close to zero22; a statistical test could be 

performed to check the statistical significance of these coefficients.  

 

                                                      
22 It may sound odd that an intensity measure is insensitive to magnitude, however from 
Equation (1) it emerges that ID is an integral intensity measure (numerator) normalized by 
peak measures (denominator); in fact, it has proven to be well correlated with the equivalent 
number of cycles of a SDOF, which is a structure response measure made of hysteretic energy 
divided by a quantity related to the peak response (Manfredi, 2001); i.e., an engineering 
demand parameter normalized by peak response. In the following, however, the 
dependence of ID on M has been kept in symbols for completeness. 
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Table 11. Regression coefficients for ID (Repi). 

Y a b c1 c2 c3 d e Y10logσ  

ID 0.58 0.034* 0.89 0.95 1.69 -0.068* 0.0077* 0.19 

 

Table 12. Regression coefficients for ID (Rjb). 

Y a b c1 c2 c3 d e Y10logσ  

ID 0.35 0.039* 0.87 0.91 1.50 -0.039* 0.0082* 0.19 

 

The normal distribution of ID (i.e., of the residual of the GMPE) should 

follow from the normality of the logarithm of PGA, PGV and IA. Nevertheless, 

normality of the above parameters was based on a hypothesis test, therefore it 

may be prudent to also test the normality of the logarithm of ID. So, the 

normality of the residual of Equation (3) was tested and such a hypothesis 

could not be rejected at 0.05 significance level. 

 

 

Figure 17. Plot of ID as a function of epicentral distance. 
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A plot of ID versus epicentral distance is given in Figure 17, where the 

typical increasing trend with distance of duration-related measures is shown 

(Manfredi et al., 2003). 

 

 

3.3 Joint normality and conditional distributions of the 

logarithms of ID and PGA  

As this study aims to investigate the joint and conditional distributions 

of PGA and ID, the joint normality of logarithms of the pair was tested. In fact, 

if the vector above can be considered normally distributed, all the possible 

marginal and conditional distributions obtained from the joint distribution are 

still Gaussian. The skewness and kurtosis’ tests were used to test multivariate 

normality of the vector made of PGAlog 10
ε  and 

D10Ilogε . Results of the Mardia’s 

(1985) bivariate normality tests are given in Table 13 and Table 14. With a 

given significance level of 0.05, the multivariate skewness and kurtosis result 

as non-significant. 

The residuals of the prediction relationships for the logarithms of PGA 

and ID have been also tested for correlation in order to compute 

PGA)log|If(log 10D10 , that is, the conditional PDF of the logarithms of ID given 

the logarithms of PGA. The estimated correlation coefficient (r) between 

PGAlog 10
ε  and 

D10Ilogε  (equal to -0.25 considering Repi) has been tested via a T-test 

assuming as the null hypothesis Ho: ρ = 0 (ρ is the “true” correlation 

coefficient), which has been rejected at 0.05 significance level. Then, the joint 

distribution of D10Ilog  and PGAlog 10  may be defined by the bivariate normal 

PDF of Equation (4). 

 

( )
( ) ( )( ) ( )

( )2

PGAlogIlog

PGAlogPGAlogIlog2Ilog

12

1

10D10

12

)RM,|PGlog,Ilog(f

10D10

2
PGA10log

2
RM,|PGA10log10

PGA10logDI10log

RM,|PGA10log10RM,|DI10logD10

2

DI10log

2
RM,|DI10logD10

2

ρ−σπσ
=

=















σ

µ−
+

σσ

µ−µ−ρ
−

σ

µ−

ρ−
−

e

  (4) 



Chapter 3 

Conditional design maps for secondary intensity measures 

 

 
83 

 

 

In Equation (4) RM,|Ilog D10
µ  and 

D10Ilogσ  are the mean and the standard 

deviation of D10Ilog  respectively; i.e., Equation (3). RM,|PGAlog10
µ  and PGAlog10

σ  are 

the mean and the standard deviation of PGAlog 10  respectively; i.e., Equation 

(2). The covariance matrix, Σ, for PGAlog 10
ε  and 

D10Ilogε  is reported in Equation (5), 

for Repi. 
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Table 13. Tests for joint normality of the logarithms of PGA and ID (Repi). 

 Mardia’s test of skewness Mardia’s test of kurtosis 

Test statistic 2.21 -0.86 

Critical value at 0.05 
significance level 

9.49 ± 1.65 

 

Table 14. Tests for joint normality of the logarithms of PGA and ID (Rjb). 

 Mardia’s test of skewness Mardia’s test of kurtosis 

Test statistic 0.94 -0.94 

Critical value at 0.05 significance 
level 

9.49 ± 1.65 

 

Figure 18a shows an example of joint distribution of ID and PGA for a M 

7 event and for a site characterized by an epicentral distance of 50 km. Figure 

18b shows the contours of the joint distribution of ID and PGA for different 

magnitude values (for a site at epicentral distance equal to 50 km). From Figure 

18b, it is evident that projecting on the ID axis the bivariate distribution 

contours, a similar shape of the marginal distributions is obtained regardless of 

the magnitude values, which reflects the fact that that the marginal ID 

distribution appears to be very weakly dependent on magnitude. 
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Figure 18. (a) Example of joint distribution of PGA and ID for an M 7 event and for a 
site at 50 km from the source in terms of epicentral distance. (b) Contours of joint 

distribution of PGA and ID for different M values (Repi = 50 km). 

 

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 ( RM,,PGAlog|Ilog 10D10
µ ) and standard deviation of D10Ilog

 

( )PGAlog|Ilog 10D10
σ , given z=PGAlog 10 , are reported in Equation (6). 
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Because the joint distribution of ID and PGA depends on the ID and PGA 

GMPEs, and therefore also on magnitude and distance, to obtain the 

conditional distribution of the logarithms of ID conditional on PGA only, the 

marginalization in Equation (7) is required. 
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It is easy to recognize that the ( )PGAlog|RM,f 10  term in Equation (7) is 

the PDF of M and R given the occurrence of PGAlog 10 ; i.e., the result of 

disaggregation of seismic hazard (e.g., Bazzurro and Cornell, 1999). As an 

approximation of the integral in Equation 7, for example, the modal values, M* 

and R* (i.e., those corresponding to the maxima of the joint M and R 

distribution from disaggregation), may be plugged in Equation (6); i.e., 

Equation (8). 
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3.4 Illustrative application 

An example of the possible use of the results obtained is given in Figure 

19 and Figure 20. Figure 19b shows the PGA values on rock (expressed in 

fractions of g) with a 10% exceedance probability in 50 years (return period, TR, 
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equal to 475 years) in the Campania region according to the classical seismic 

hazard analysis procedure (see for example Convertito et al., 2009). This map 

was computed discretizing the region in a regular grid of nodes with spacing 

of about 2 km (2700 points in total).  

 

 

Figure 19. (a) Seismic zones considered in the analysis; (b) 475 years return period 
PGA on rock hazard map for the Campania region (southern Italy). 
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Figure 20. (a) Hazard map in term of ID with a 50% exceedance probability given 
PGA of panel 19b; (d) hazard map in terms of ID with a 10% exceedance probability 

given PGA of panel 19b. 

 

Sources were modeled as the seismogenic zones of Figure 19a (Meletti et 

al., 2008) which have been used to compute the official Italian hazard data 

produced by the Istituto Nazionale di Geofisica e Vulcanologia or INGV 

(available at http://esse1.mi.ingv.it/). Because of the use of seismogenic 

zones, GMPEs in terms of Repi were used in hazard analysis.  Source features, 
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from Barani et al. (2009), are given in Table 15 where α is the seismicity rate, 

that is, the mean annual rate of occurrence of the earthquakes between Mmin 

and Mmax for the zone, and b is the corresponding parameter of the Gutenberg-

Richter equation.  

 

Table 15. Parameters of the selected seismogenic zones shown in Figure 4a. 

Zone α [events/year] b Mmin Mmax 

925 0.071 0.508 4.3 7.0 

926 0.061 1.017 4.3 5.8 

927 0.362 0.557 4.3 7.3 

928 0.054 1.056 4.3 5.8 

 

Figure 20a and Figure 20b show the maps of seismic hazard in terms of 

ID given the PGA of Figure 19b. In particular, Figure 20a and Figure 20b are the 

50th and 90th percentiles of the conditional ID PDF, respectively. The conditional 

ID maps were obtained using the distribution of parameters in Equation (6) in 

which z (logarithms of PGA) values are those from Figure 19b, while the 

values of magnitude and distance (M* and R*) to plug in the RM,|PGAlog 10
µ  and 

RM,|Ilog D10
µ  terms of Equation (6) were obtained by disaggregation of hazard in 

terms of occurrence of design PGA values (Figure 21). The adopted 

disaggregation methodology is the same described in Convertito et al. (2009).  

As a site-specific example, Figure 22 represent the complementary 

cumulative density functions of ID conditional on PGA for the sites of S. 

Angelo dei Lombardi (latitude: 40.8931°, longitude: 15.1784°) and Ponticelli 

(latitude: 40.8516°, longitude: 14.3446°) in the Campania region. These two 

sites have been selected based on the fact that S. Angelo dei Lombardi is 

located in the epicentral area of the 23 November 1980 Irpinia earthquake, and 

Ponticelli is the construction site of one of the largest seismically isolated 

structures in Europe (Di Sarno et al, 2006). The five chosen scenarios, in terms 

of M and R (Table 16), refer to the mean values obtained from disaggregation 

of seismic hazard for PGA for different probabilities of occurrence in 50 years 

(corresponding to five values of TR, from 30 to 2475 years). The curves of 
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Figure 22 give information on the values of ID probabilistically consistent with 

respect to the hazard in terms of PGA at the site.  

 

 

Figure 21. Modal values of magnitude and epicentral distance from disaggregation 
of seismic hazard in terms of PGA given in Figure 19b and used to compute the 

conditional distribution of ID whose percentiles are in Figure 20a and Figure 21b. 
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Table 16. Considered scenarios for S. Angelo dei Lombardi and Ponticelli. 

 Sant’Angelo dei Lombardi Ponticelli 

TR [years] M* R* [km] PGA [g] M* R* [km] PGA [g] 

2475 6.4 5.8 0.51 5.0 5.1 0.28 

475 6.0 8.4 0.26 5.0 9.9 0.17 

140 5.8 12.5 0.14 5.2 18.8 0.10 

72 5.7 16.1 0.10 5.3 27.3 0.073 

30 5.5 23.7 0.060 5.4 42.6 0.046 

 

 

Figure 22. Probability of exceedance of ID given PGA for five scenarios for S. Angelo 
dei Lombardi (a) and Ponticelli (b). 
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3.5 Conclusions 

There are situations in which 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). Such distribution 

can complement the hazard curves or maps produced for the primary IM. 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 chapter 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 derived for the logarithm 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 the obtaining of analytical distributions of 

ID conditional on PGA and the corresponding design earthquake in terms of 

magnitude and distance from hazard disaggregation. Results of the study have 

been used to compute the distribution 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 the territory of the Campania region in southern Italy. 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, for ground motion record selection for nonlinear 

dynamic analysis of structures. 
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Data and resources 

For the purposes of the present study, the ground motions and related 

information were obtained by the European Strong-motion Database (ESD), 

whose URL is http://www.isesd.cv.ic.ac.uk (Ambraseys et al., 2000; 

Ambraseys et al., 2004). 
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ABSTRACT 

In code-based seismic design and assessment it is often allowed the use of real records as an 

input for nonlinear dynamic analysis. On the other hand, international seismic guidelines, 

concerning this issue, have been found hardly applicable by practitioners. This is related to both 

the difficulty in rationally relating the ground motions to the hazard at the site and the required 

selection criteria, which do not favor the use of real records, but rather various types of 

spectrum matching signals. To overcome some of these obstacles a software tool for code-based 

real records selection was developed. REXEL, freely available at the website of the Italian 

network of earthquake engineering university labs (http://www.reluis.it), allows to search for 

suites of waveforms, currently from the European Strong-motion Database and the ITalian 

ACcelerometric Archive, compatible to target spectra being either user-defined or automatically 

generated according to Eurocode 8 and the recently released new Italian seismic code. The 

selection reflects the provisions of the considered codes and others found to be important by 

recent research on the topic. In the chapter, record selection criteria are briefly reviewed first, 

and then the algorithms implemented in the software are discussed. Finally, via some examples, 

it is shown how REXEL can effectively be a contribution to code-based real records selection for 

seismic structural analysis. 

 

 

4.1 Introduction 

As widely discussed in the previous chapters, one of the key issues in 

nonlinear dynamic analysis of structures is the selection of appropriate seismic 

input, which should allow for an accurate estimation of the seismic 
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performance based on the seismic hazard at the site where the structures is 

located.  

If the probabilistic risk assessment of structures is concerned, procedures 

have been recently developed to properly select the seismic input. The basic 

steps are: (i) choosing a ground motion (GM) parameter which is considered to 

be representative of the earthquake potential with respect to the specific 

structure (i.e., a GM intensity measure, or IM23); (ii) to obtain the probabilistic 

seismic hazard analysis (PSHA) at the site, and disaggregation, for the chosen 

IM; (iii) to determine probability of collapse in terms of one or more 

engineering (structural) demand parameters, or EDPs, as a function of the IM 

(i.e., the fragility function); (iv) to average the fragility over the hazard to 

obtain the overall failure probability; i.e., the seismic risk (Cornell, 2004).  

Consistently with the load-resistance factor design (LRFD), code-based 

procedures apparently approximate this procedure in a semi-deterministic 

fashion (Iervolino and Manfredi, 2008). They often require to define a design 

(target) spectrum whose ordinates have a small probability of exceedance24. 

Secondly, a scenario event or design earthquake has to be defined referring to 

the local seismicity (although the link of the design spectrum with the hazard 

at the site may be very weak). Then, in the case of nonlinear dynamic analysis, 

codes basically require a certain number of records to be chosen consistently 

with the design earthquake and the code spectrum in a broad range of periods. 

Finally, the performance of the structure is assessed verifying whether the 

maximum or average response of the structure to the records exceeds the 

seismic capacity.  

Studies show how the most of practitioners may experience difficulties in 

handling code-based record selection, first of all because determining the 

design earthquakes may require hazard data often not readily available to 

                                                      
23 For various reasons, one of the main being that hazard is easily computable, the IM is 
often related to the response spectrum of the record; e.g., the peak ground acceleration or 
PGA, and the spectral acceleration at the first mode, or some function of the spectral shape 
in a range of period of interest. 
24 This is, in principle, analogous to choosing a conservative value of the action in the LRFD 
in which actions are amplified and the capacity is reduced on a probabilistic basis. 
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engineers, or, when these are provided by authorities (e.g., in Italy), it may still 

require seismological skills beyond their education (see sections 2 and 3). 

Furthermore, if real records are concerned, to find a suite matching a design 

spectrum in a broad sense, may be hard or practically unfeasible if appropriate 

tools are not available (Beyer and Bommer, 2007; Iervolino et al., 2008; 

Iervolino et al., 2009). These issues traditionally favored the use of spectrum 

matching accelerograms, either artificial or obtained through manipulation of 

real records. On the other hand, real records are the best representation of 

seismic loading for structural assessment and design, motivating attempts to 

develop tools for computer aided code-based record selection, one of which 

being that of Naeim et al. (2004).  

In this direction, a computer software, REXEL, was developed and freely 

distributed over the internet. REXEL allows to build design spectra according 

to Eurocode 8 (EC8) (CEN, 2003), the new Italian seismic code (NIBC) 

(CS.LL.PP., 2008), or completely user-defined, and to search for sets of 7 or 30 

groups25 of records, from the European Strong-motion Database (or ESD) or 

the ITalian ACcelerometric Archive (or ITACA). These sets are compatible to 

the reference (i.e., target) spectra with respect to codes’ provisions, but reflect 

also some research-based criteria considered relevant for seismic structural 

assessment. Automatic tools for seismic hazard disaggregation (for PGA and 

1s spectral acceleration) and conditional hazard computation for earthquake’s 

cumulative damage potential expressed in terms of Cosenza and Manfredi index 

(Chapter 3) are also developed and embedded in REXEL. 

REXEL searches for sets of records for a various range of structural 

applications (building-like and non-building-like structures, isolated buildings, 

bridges, tall structures, industrial facilities, etc.) and seems to actually make the 

selection fast and effective in the most of cases. In the following, the 

procedures concerning determination of seismic action and record selection, 

according to EC8 and the NIBC, are briefly reviewed along with the findings of 

                                                      
25 In the case of set of 7, each group may be made of 1, 2 or 3 component GMs; in the case of 
set of 30, each group may be made of 1 or 2 horizontal component GMs. Individual record 
search may also be performed. 
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other studies on the topic. Then, the software’s algorithms are described; the 

use of REXEL is illustrated via some examples which show how it can 

effectively aid code-based record selection for seismic structural analysis.  

 

 

4.2 Record selection in EC8 

4.2.1 EC8 Part 1 – Buildings 

In EC8 – Part 1 (CEN, 2003) the seismic action on structures is defined 

after the elastic acceleration response spectrum. In Part 1, which applies to 

buildings, the spectral shapes are given for both horizontal and vertical 

components of motion. In section26 3.2.2 of the code two spectral shapes, Type 1 

and Type 2, are defined, the latter applying if the earthquake contributing most 

to the seismic hazard has surface wave magnitude not greater than 5.5, 

otherwise the former should be used. All shapes have a functional form which 

depends, apart from the soil class, on a single value, ag, anchoring the 

spectrum to the seismicity of the site. ag refers to the seismic classification of 

the territory in each country; it is basically related to the hazard in terms of 

peak ground acceleration (PGA) on rock for the site (see section A.1 in the 

Appendix A).  

Once the target spectrum has been defined, EC8 – Part 1 allows the use of 

any form of accelerograms for structural assessment; i.e., real, artificial or 

obtained by simulation of seismic source, propagation and site effects. To 

comply with Part 1 the set of accelerograms, regardless its type, should 

basically match the following criteria: 

 

a) a minimum of 3 accelerograms should be used; 

 

                                                      
26 References to sections and verbatim quotations of codes are given in Italic hereinafter. 



Chapter 4 

Including research advances into practice: REXEL 

 

 
99 

 

b) the mean of the zero period spectral response acceleration values (calculated from 

the individual time histories) should not be smaller than the value of ag S for the 

site in question (S is the soil factor); 

 

c) 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. 

 

According to the code, in the case of spatial structures, the seismic 

motion shall consist of three simultaneously acting accelerograms representing 

the three spatial components of the shaking, then 3 of condition (a) means 3 

times the number of translational components of motion to be used (e.g.,  3 

groups of motion each of those includes the two horizontal and the vertical 

recordings).  

In section 4.3.3.4.3, the code allows the consideration of the mean effects 

on the structure, rather than the maxima, if at least seven nonlinear time-

history analyses are performed. Moreover, the vertical component of the 

seismic action should be taken into account only for base-isolated structures, 

and for some special cases in regular buildings, if the design vertical 

acceleration for the A-type site class (avg) is greater than 0.25g. Finally, some 

provisions regarding duration are given for artificial accelerograms, while real 

or simulated records should be adequately qualified with regard to the 

seismogenetic features of the sources and to the soil conditions appropriate to the site.  

 

4.2.2 EC8 Part 2 – Bridges 

EC8 – Part 2 (CEN, 2005) refers to the same spectral shapes of Part 1 in 

order to define the seismic input for time‐history analysis of bridges. The 

requirements for the horizontal components are somehow similar to those for 

buildings but not identical. The relevant points are:  
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a) for each earthquake consisting of a pair of horizontal motions, the SRSS 

spectrum shall be established by taking the square root of the sum of squares of 

the 5%‐damped spectra of each component;  

 

b) the spectrum of the ensemble of earthquakes shall be formed by taking the 

average value of the SRSS spectra of the individual earthquakes of the previous 

step;  

 

c) the ensemble spectrum shall be scaled so that it is not lower than 1.3 times the 

5% damped elastic response spectrum of the design seismic action, in the period 

range between 0.2T1 and 1.5T1, where T1 is the natural period of the 

fundamental mode of the structure in the case of a ductile bridge.  

 

As Part 1, Part 2 also allows the consideration of the mean effects on the 

structure when non‐linear dynamic analysis is performed for at least seven 

independent GMs and the vertical action has to be considered in special cases 

only. Part 2 has specific provisions for near‐source conditions and cases in 

which the spatial variability of GM has to be considered. 

 

4.2.3  Findings of previous investigations about record selection in EC8  

In other studies the actual applicability of EC8 provisions about record 

selection were investigated. In particular, in Iervolino et al. (2008) it was 

investigated whether it is possible to find unscaled real record sets fulfilling, as 

much as possible, the requirements of EC8 – Part 1. The investigations were 

based on the former Italian classification in seismic zones now superseded by 

the new seismic code (see following section), but still adopted in similar forms 

in many countries.  

Combinations were found in ESD, for sites featuring moderate-to-low 

seismicity, while it was not possible to find suitable results for the more severe 

design spectra. Moreover, the condition of having unscaled record sets strictly 

matching EC8 spectra resulted in a large record-to-record variability in the 

spectral ordinates within the same set. Both shortage of compatible sets for the 
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severe spectra and large individual spectra scatter, could be avoided searching 

for records with a spectral shape as similar as possible to that of the code (after 

rendering the spectra non-dimensional dividing their ordinates by the PGA). 

Nevertheless, this implies amplitude scaling in the time domain (amplitude 

scaling, or simply scaling, hereinafter) of the records, and may lead to large 

scaling factors. 

As a general conclusion it was found that provisions do not easily allow 

to select suitable real record sets, factually favoring the use of records obtained 

either by computer techniques or manipulation of real records to have a 

spectral shape coincident to that of the target in a broad range of periods. This 

is mainly because: 

 

1. it is almost unfeasible for practitioners to search in large databases to 

find suites of seven real records (eventually multi-component) whose 

average matches closely the design spectral shape without a specific 

software tool; 

 

2. the spectra based on seismic zonation may be too severe in a way that do 

not exist suites of unscaled records whose average has such spectral 

shape; 

 

3. it is not easy to control the variability (very large) of individual spectra in 

a combination, and this, in the fortunate case combinations are found, 

may impair the confidence in the estimation of the seismic performance 

using such a set; 

 

4. the requirement of selecting records consistent with the earthquake 

events dominating the hazard at the site (i.e., the design earthquakes) 

requires PSHA/disaggregation data and skills seldom available to 

practitioners; 
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In Iervolino et al. (2009) a similar study concerning EC8 – Part 2 was 

carried out. It was found that, although seemingly different, the requirements 

of the two part of the code are substantially equivalent and lead to similar 

results in terms of combinations found (i.e., combinations complying with Part 

2 are likely to comply also with provisions of Part 1) and limitation of 

applicability to real records. As discussed in the following, more advanced 

codes (i.e., NIBC) and/or tools as REXEL may help to overcome, in the most of 

cases, the issues 1 to 4 above. 

 

 

4.3 Seismic input according to NIBC  

EC8 has design spectra related to the seismicity via only one parameter, 

this is also because of the unavailability of detailed country-wide hazard 

analysis results in most European countries. In other fortunate cases such as 

Italy, the building code (CS.LL.PP., 2008) links the seismic design actions on 

structures directly to the PSHA. In fact, the Istituto Nazionale di Geofisica e 

Vulcanologia (INGV) evaluated probabilistic seismic hazard for each node of a 

regular grid having 5km spacing and covering the whole Italian territory with 

over 103 nodes. This resulted in hazard curves in terms of PGA (also 

disaggregation is provided for PGA) and spectral acceleration, Sa(T), for 10 

different periods from 0.1 to 2 seconds. Hazard curves are lumped in 9 

probabilities of exceedance in 50 years (from 2% to 81%). All data can be 

accessed at http://esse1-gis.mi.ingv.it (see also Montaldo et al., 2007).  

NIBC acknowledges these data defining completely site-dependent 

design spectra which, although given with standard (EC8-like) functional 

form, practically coincide with uniform hazard spectra (UHS) on rock for the 

site in question. The exceedance probability the UHS has to refer to depends 

on the limit state of interest, the type and the nominal life of the structure. In 

case the soil is not rock/stiff (the classification is the same as EC8) coefficients 

apply to amplify the spectrum accordingly, see section A.2 in the Appendix A. 
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As per EC8, the signals can be artificial, simulated and natural 

accelerograms. Three is still the minimum number of records to use, and seven 

allows the consideration of the mean effects on the structure as design value 

(rather than the maxima).  

For the artificial records also the main condition the set of records should 

satisfy is the same as per EC8. The average elastic spectrum has not to 

underestimate the 5% damping elastic code spectrum, with a 10% tolerance, in 

the larger range of period between [0.15s, 2s] and [0.15s, 2T1]. This condition 

applies to ultimate limit states, while for serviceability limit states the largest of 

the two ranges [0.15s, 2s] and [0.15s, 1.5T1] has to be considered. For 

seismically isolated structures the code provides, reasonably, a narrower range 

for the average matching, i.e., [0.15s, 1.2Tis], where Tis is the equivalent period 

of the isolated structure. 

Real records or accelerograms generated trough a physical simulation of 

earthquake process, may be used, provided that, again as in EC8, the samples 

used are adequately qualified with regard to the seismogenetic features of the source 

and the soil conditions appropriate to the site. Selected real records have to be 

scaled to approximate somehow the elastic response spectrum in a range of 

period of interest for the structure.  

These statements allows for some arbitrariness in record selection, which 

may be considered positive as they enable, in principle, to determine the 

source parameters dominating the hazard at the site (i.e., the design 

earthquakes) by, for example, disaggregation of seismic hazard; then, the 

records may be scaled to match the target spectrum at the period 

corresponding to the first mode of the structure, which is the current best 

practice in record selection and manipulation (Iervolino and Manfredi, 2008). 

However, even in the fortunate Italian case, where the hazard data are 

available for any given site, the features of the source and GM at the site from 

disaggregation (e.g., magnitude, distance, and epsilon) are not always 

available to practitioners. In fact, INGV provides disaggregation values for 

peak acceleration only, while it is now acknowledged that the disaggregation 

should be performed for those ranges of the response spectrum more relevant 
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for the behavior of the structure, for example, close to the fundamental period; 

see Convertito et al. (2009) for a discussion. On the other hand, some studies 

(e.g. Chapter 2) have shown that in most of the cases some of the variables 

dominating the hazard and recommended for consideration by codes (i.e., 

magnitude and distance) may be not particularly relevant for a correct 

estimation of the structural response if the spectral shape is the parameter 

driving record selection (Iervolino and Cornell, 2005).  

NIBC accounts for these considerations about record selection and 

required input information. In fact, the instructions for code application allow, 

as an alternative, in the case of real accelerograms, record selection procedures 

which apply to artificial record; i.e., average spectral compatibility in a period 

range. As an additional feature it is recommended to choose, if possible, 

records having spectral shape similar to that of the code. In this case one can 

avoid to reflect explicitly specific source parameters in selection (i.e., to not 

reflect specific design earthquakes). If this implies amplitude scaling of the 

records, it is also specified that the scale factor is to be limited in the case of 

signals from events of small magnitude (CS.LL.PP., 2009). 

 

 

4.4 REXEL 

To enable record selection according to both approaches of EC8 and 

NIBC, a specific software tool was developed (Figure 23). It features a 

MATHWORKS-MATLAB® graphic user interface (GUI) and a FORTRAN 

engine, based on the software developed for the studies of Iervolino et al. (2008 

and 2009). In particular, the computer program was developed to search for 

individual record or combinations of seven27 or thirty accelerograms 

compatible in the average with the target spectra according to code criteria 

discussed above. It is also possible to reflect in selection the characteristics of 

                                                      
27 Seven has to be intended as the size of the set which may include 1-component, 2-
components, or 3-components records, which means 7, 14 or 21 waveforms respectively. In 
the case of 30-records search, sets may include only 1- or 2-horizontal components. 
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the source (if available) and site, in terms of magnitude (M), epicentral distance 

(R), and EC8 soil site classification or other ground motion IMs, i.e., horizontal 

PGA, horizontal peak ground velocity (PGV), horizontal-components Arias 

intensity (IA) or horizontal-components Cosenza and Manfredi index (ID). REXEL 

(now at version 3.1 beta), freely available on the internet at the website of the 

Italian consortium of earthquake engineering laboratories (Rete dei Laboratori 

Universitari di Ingegneria Sismica – ReLUIS; http://www.reluis.it), currently 

contains the accelerograms belonging to the ESD 

(http://www.isesd.cv.ic.ac.uk/; last accessed July 2007) (Ambraseys et al., 

2000 and 2004) and to ITACA (http://itaca.mi.ingv.it; last accessed October 

2010).  

The procedure implemented for record selection deploys in 4 basic steps: 

 

1. definition of the design (target) horizontal and/or vertical spectra the set 

of records has to match on average; the spectra can be built according to 

EC8, NIBC, or user-defined; 

 

2. list and plot of the records contained in the chosen database (ESD or 

ITACA) and embedded in REXEL which fall into the magnitude and 

distance bins specified by the user (or into the specified range for another 

chosen ground motion parameter) for a specific site class or for any site 

class; 

 

3. assigning the period range where the average spectrum of the set has to 

be compatible with the target spectrum, and specification of tolerances in 

compatibility; 

 

4. running the search for individual record or combinations of seven or 

thirty records which include one, two or, only in the case of seven 

records search, all three components of motion and that, on average, 

match the design spectrum with parameters specified in step 3. 
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Other functions are related to visualization of results, return of selected 

waveforms to the user, and secondary options. In the following descriptions of 

fundamental phases 1 to 4 are given, although for a more complete user guide 

one should refer to the REXEL tutorial (Iervolino and Galasso, 2009). 

 

 

Figure 23. Image of the software GUI. 

 

4.4.1 Target (design) spectrum 

To build the elastic acceleration response spectrum for the site of interest 

three options are available in REXEL: (1) NIBC; (2) EC8 (Type 1 or Type 2 

spectra); and (3) user-defined spectral shape.  

In case (1) it is necessary to enter the geographical coordinates of the site 

(applicable to Italy only), longitude and latitude in decimal degrees, and to 

specify the Site Class (A, B, C, D or E of EC8), the Topographic Category, Nominal 

Life of the structure, Functional Type of the structure and the Limit State of 

interest (these are required by the code to define the return period of the 
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seismic action, see Appendix A again). Then the software automatically 

generates the spectrum accordingly.  

In case (2), it is necessary to specify only the anchoring value of the 

spectrum, ag, and the site class. The value of ag can be defined manually by the 

user or, in the case of sites on the Italian territory, can be obtained 

automatically from the geographical coordinates of the site.  

In both cases (1) and (2), if the spectrum is to be obtained automatically 

after geographical coordinates, the software has built-in the official hazard 

data of the NIBC (derived from the INGV study).  

In case (3) the spectral acceleration ordinates corresponding to 122 

periods between 0s and 4s (i.e., the same format of ESD spectra) have to be 

entered by the user. 

Finally, it is necessary to specify the component of the spectrum to 

consider; i.e., horizontal and/or vertical. The two orthogonal independent 

components that describe the horizontal motion (X and Y) are characterized by 

the same elastic response spectrum as per the considered codes, while the 

component that describes the vertical motion (Z) is characterized by a specific 

spectrum. It is possible to select X/Y and Z separately or contemporarily, 

depending on the number of components of GM (1, 2 or 3) desired to be 

included in the set.  

 

Looking at disaggregation 

As discussed in the Chapter 1, disaggregation is a procedure which 

allows to identify, from a probabilistic point of view, the contribution to the 

hazard of each couple of magnitude M and R. As discussed, these 

contributions are dependent on hazard assessment of the site, spectral 

ordinates and return period. REXEL provides disaggregation results for each 

Italian site for two spectral ordinates, i.e. 0 second (PGA) and 1.0 second (the 

latter is chosen thinking to medium-long period structures) and for four return 

periods, i.e. 50 years, 475 years, 975 years and 2475 years. For all different 

return periods, REXEL provides automatically results corresponding to the 
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closer return period. Using disaggregation results provided by REXEL, the 

following points have to be considered: 

 

1. Official Italian hazard data and disaggegation results (only for PGA) are 

provided by INGV and are available at the web site http://esse1-

gis.mi.ingv.it. Disaggregation results provided by REXEL refer to a 

specific independent study.  

 

2. Parameters of disaggregation analyses have been fitted for the whole 

Italian region and results have been considered generally reliable even if 

in site with low seismicity, hazard evaluation (a preliminary step for 

disaggregation analysis) can be wrong because the software is not able to 

capture hazard differences with return period. As consequence, also 

disaggregation results do not vary with return period and a particular 

attention has to be used. REXEL shows a warning for all these cases. 

 

3. Disaggregation plots provide by REXEL suggest the best intervals of 

magnitude and distance for record selection but records’ availability is 

not insured. Moreover the choice of the right intervals is up to users. 

 

For further details and any technical aspect about disaggregation 

analysis refer to Chioccarelli et al., 2010 and Convertito et al., 2009. 

 

Looking at ID conditional hazard 

As widely discussed in the Chapters 2 and 3, 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 other ground motion IMs, while selecting 

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

hypotheses, integral IMs associated to duration are less important for 

structural demand assessment with respect to peak quantities of ground 



Chapter 4 

Including research advances into practice: REXEL 

 

 
109 

 

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 

selection is represented by the conditional hazard curves (or maps, see Chapter 

3); i.e., curves of secondary ground motion intensity measures conditional, in a 

probabilistic sense, to the design hazard for the primary parameter.  

REXEL includes the Cosenza and Manfredi index (ID) conditional hazard 

results (see Chapter 3 again), suggesting to the user the distribution (in terms 

of complementary cumulative density functions) of ID value (for Italian sites 

only) given the design PGA (i.e. the anchoring value of the target spectrum). 

This should allow for improving record input selection for earthquake 

engineering applications in a hazard consistent manner yet easily viable for 

practitioners. 

 

4.4.2 Preliminary database search 

REXEL, has built in the records (in terms of three components corrected 

acceleration waveforms and 5% damping spectra) belonging to ESD and 

ITACA. All the records contained in REXEL satisfies the free-field conditions 

and were produced by earthquakes of magnitude larger than 428 (any faulting 

style). No restrictions were applied with respect to the processing of the 

records, the effect of which at least on spectral displacements, was investigated 

by Akkar and Bommer (2006). REXEL provides distributions of the embedded 

records (Figure 24).  

ESD and ITACA have records in common although with different 

seismological processing. There was no attempt to homogenize/combine the 

two databases, which are separated in the software. Moreover, the two 

databases cover different magnitude and distance ranges, therefore the 

                                                      
28 The EC8 Type 1 spectra apply if the event of interest has surface wave magnitude larger 
than 5.5 (see APPENDIX A). Therefore, in the case of selection according to EC8 Type 1 
spectrum, the user can limit the magnitude to be above the threshold (see following 
section); alternatively he can include records from lower magnitude events. 
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appropriate database to use in searches may also depend on which range of 

magnitude and distance one is interested in. 

 

 

Figure 24. Magnitude (MW only for ESD, MW or ML for ITACA) vs epicentral 
distance distribution for the ESD (a) and ITACA (b) records featured in REXEL. The 

records are grouped by site class according to EC8 classification29. 

                                                      
29 ITACA stations soil classification (according to Eurocode 8) refers to the results of the S4 
project (http://esse4.mi.ingv.it), task 2 "Catalogazione geologico-geotecnica dei siti di ITACA". 
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A parameter that is desirable to include in record selection is the site 

classification, affecting both the amplitude and shape of response spectra. 

However, specifying a close match for this parameter in record selection may 

not always be feasible, because for some soft soils, only a few records are 

usually available. Moreover, if the spectral shape is assigned by the code, the 

site class of real records may be of secondary importance (see for example 

Chapter 2) and there may be cases in which it may be useful to relax the 

matching criteria for site classification. 

In light of these considerations,. in REXEL it is possible to select records 

from same as target spectrum soil (i.e., the soil type is decided in step 1 while 

defining the spectrum, and this choice automatically limits the search of the 

combinations to the records belonging to this specific site class) or from any site 

class. This, should help to overcome some of the problems when for specific 

site conditions it is hard to find spectrum matching sets. 

Moreover, the user can choose to search for combinations coming from 

specific M and R ranges30 or, alternatively, from a specific range of a selected 

ground motion parameters. More specifically, the user may select the records 

of database corresponding to a given range of PGA of horizontal components 

of motion, in fraction of g (the acceleration of gravity), peak ground velocity 

(PGV) of horizontal components of motion, in m/s, Cosenza and Manfredi index 

(ID) (e.g. this choice may be guided by conditional hazard tool, see step 1) of 

horizontal components of motion and, finally, Arias Intensity (IA) of horizontal 

components of motion, in m/s. To this aim, the user must specify the intervals 

[min, max] of the ground motion parameter of interest in which he wants the 

accelerograms fall and the database of interest.  

                                                                                                                                             
The classification is based on 1:100000 geological map, except for those stations where Vs,30 

was available; classification maybe updated in the future. 
30 It is always moment magnitude (MW) for ESD, except for soil E where M is expressed in 
terms of local magnitude (ML), as MW was not available in ESD. For ITACA, it is Mw or ML, 
based on availability in the database. R is always (for both ESD and ITACA) the distance 
from the epicenter of the event because fault distance (the only alternative measure of 
distance given in the database) was available for part of the records only. However in those 
cases where the latter is also available it is provided by REXEL. 
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The selection based on M and R may prove useful if data about the 

events of interest are available, for example from disaggregation of seismic 

hazard (provided by REXEL for Italian sites only), and it is consistent with 

code criteria which require to select records taking care of the seismogenetic 

features of the source of the design earthquake. In this case, the user can 

specify the magnitude and distance intervals, [Mmin, Mmax] and [Rmin, Rmax], in 

which the records to be searched have to fall.  

After these bounds are defined, the software returns the number of 

records (and the corresponding number of originating events) available in the 

intervals. This list constitutes the inventory of records in which to search for 

suites of seven which are in the average compatible with the code spectra of 

step 1. These spectra may also be plotted along with the target spectrum to 

have a picture of the spectra REXEL will search among. 

 

4.4.3 Spectrum matching parameters and analysis options 

In this step the parameters related to the spectral compatibility are 

defined. In which period range, [T1, T2], the target spectrum has to be matched 

has to be defined first. T1 and T2 can be any pair in the 0s – 4s range. Secondly, 

the tolerances allowed in spectral matching are required. This means the user 

has to specify the tolerated deviations (lower and upper limits) in percentage 

terms, the average spectrum of the combination can have with respect to the 

target in the specified period range. EC8, for example, explicitly states that the 

average elastic spectrum must not underestimate the code spectrum, with a 

10% tolerance (lower limit) but does not provide any indication about the 

upper limit. It is economically viable to reduce as much as possible the 

overestimation of the spectrum, and this is why also an upper limit was 

introduced in REXEL.  

In this phase it is also possible to select the Scaled records option, which 

corresponds to choose whether to search for unscaled or scaled record sets. In 

fact, REXEL allows to obtain combinations of accelerograms whose average is, 

in the desired period range, above the target spectrum times the lower bound 
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tolerance and below the target spectrum times the upper bound tolerance, 

being not manipulated (original records), but it also allows choosing sets of 

accelerograms compatible with the target spectrum if linearly scaled in 

amplitude. If this second option is chosen, the user has to check the Scaled 

records box, which means the spectra of the list defined in step 2 are 

preliminarily normalized dividing the spectral ordinates by their PGA. 

Combinations of these spectra are compared to the non-dimensional target 

spectrum31. If this option is selected, it is also possible to specify the maximum 

mean scale factor (SF) allowed; REXEL will discard combinations with an 

average SF larger than what desired by the user.  

The user can also select the option I’m feeling lucky in order to stop the 

analysis after the first compatible combination is found. This option, in the 

most of cases, allows to immediately get a single combination compatible with 

the target spectrum, otherwise, the search may take a very long time (as 

warned by the software, which computes the number of combinations of 7 or 

30 to be investigated if a certain number of records preliminarily is selected in 

the database32). Alternatively, the maximum number of compatible combinations to 

find after which the search has to stop, can be specified. 

 

4.4.4 Combinations search 

At this point the initial list of records and the analysis parameters are set 

and it is possible to decide which kind of search to perform. The software 

searches for  

 

• individual records, matching the target spectrum in the specified range 

of periods and with the provided upper- and lower-bound tolerances; 

                                                      
31 This, as already demonstrated in Iervolino et al. (2008 and 2009) allows to have 
combinations whose spectra are similar to target spectrum, then reducing the record-to-
record spectral variability within a set, which is a desirable feature if one has to estimate the 
seismic demand on the basis of 7 analyses only. 
32 This is given by the binomial coefficient; for example if 100 records are selected, the 
maximum number of combinations of 7 which have to be checked for spectral compatibility 
are about 16 billions. 
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or combinations of:  

 

• 7 or 30 1-component accelerograms whose average matches the target 

spectrum in the specified range of periods and with the provided upper- 

and lower-bound tolerances. The found combinations can be applied in 

one direction for plane analysis of structures33; 

 

• 7 or 30 pairs of accelerograms. This option allows to search for 14 (60) 

records which are 7 (30) 2-components recordings [both X and Y 

components of 7 (30) recording stations only], which on average34 are 

compatible with the target spectrum; this kind of search is for cases in 

which horizontal motion has to be applied in both directions of a 3D 

structure; 

 

• 7 groups of accelerograms which include the two horizontal and the 

vertical component of seven recordings (i.e., 21 records which are the X, 

Y and Z components of 7 recording stations only) for full 3D analysis. In 

this case, the selection proceeds in two sub-steps: first, the combinations 

compatible with the horizontal component of the code spectrum are 

found, exactly as in the previous case (7 2-components search); then, the 

software analyzes the vertical components of only those horizontal 

combinations which have been found to be compatible with the code 

spectrum, and verifies if the set of their seven vertical components is also 

compatible with the vertical code spectrum. The tolerances and period 

ranges for average vertical spectral matching may be different from those 

                                                      
33 Note that this option applies alternatively to horizontal or vertical components of motion, 
although it is unlikely one is looking for a suites of seven vertical accelerograms only. 
34 The average is taken on the 14 (or 60) records all together as found appropriate in 
Iervolino et al. (2008) for EC8 – Part 1. This is not perfectly consistent with provisions of 
EC8 – Part 2, which require the average to be taken to the seven SRSS spectra; nevertheless, 
the two procedures were found to be equivalent to some extent in Iervolino et al. (2009). 
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regarding horizontal components and may defined by the user after the 

horizontal analysis has finished.  

 

An important feature of REXEL is that the list of records out of step 2, 

which is an input for this phase, are ordered, when the analysis is launched, in 

ascending order of the parameter defined in Equation (1), which gives a 

measure of how much the spectrum of an individual record deviates from the 

target spectrum. In Equation (1), Saj(Ti) is the pseudo-acceleration ordinate of 

the real spectrum j corresponding to the period Ti, while Satarget(Ti) is the value 

of the spectral ordinate of the target spectrum at the same period, and N is the 

number of spectral ordinates within the considered range of periods. 

 

( ) ( )
( )∑

=

−
=

N

i i

iij

TSa

TSaTSa

N
δ

1

1

target

target
       (1) 

 

Preliminary ordering allows to analyze first the records which have a 

similar spectral shape with respect to the target. This ensures the first 

combinations (e.g., the one found with the I’m feeling lucky option) to be those 

with the smallest individual scattering in respect to the target spectrum, as 

shown in the following examples. This is an important point although codes, 

generally, don’t ask to control this individual spectral variability, only 

requiring to control the average spectrum of the combination. On the other 

hand, large individual variability may affect the accuracy of the estimation of 

the structural performance if a limited number of records (e.g., 7) is employed 

(Cornell, 2004). Moreover, this also enables to have individual records in the 

combination with a spectral shape as much as possible similar to that of the 

target spectrum. This is consistent with the current research on the topic, 

which considers the spectral shape as the most important proxy for earthquake 

damage potential on structures, more than event parameters as M and R. 
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4.4.5 Post-analysis 

After the analysis has finished, REXEL returns a list of combinations 

whose average spectrum respects compatibility with the target in the chosen 

range of periods and with the assigned tolerances. The results of the analysis 

are sorted so that the combinations with the smallest deviation from the 

spectrum of the code are at the beginning of the output list, due to the 

preliminary ordering of records according to δ. Combinations returned are 

uniquely identified by a serial number; this code can be used to display the 

spectra of a specific combination of interest and obtain the acceleration time-

histories (and the corresponding elastic spectra with a text file summarizing 

the selection criteria) grouped in a compressed file. Each record is identified by 

the 8 characters filename whose initial 6 digits are the waveform ID associated 

to records in the ESD or in ITACA35, while the last two may correspond to xa, 

ya, and za indicating the component of the recording: X, Y and Z respectively.  

If a specific combination is chosen REXEL also returns the mean value of 

M and R and the other ground motion parameters of the combination and the 

information about the individual records as retrieved by the databases that is, 

recording station, event (time, date and country), M, R, fault mechanism, etc. 

In the case of scaled records sets, the scale factors of the individual records and 

the mean scale factor of the combination are given. For all the combinations 

found, it is possible to calculate the deviation of each accelerogram, and the 

deviation of the average spectrum from the target elastic response spectrum. In 

this latter case Equation (1) is still used, replacing Saj(Ti) with the average 

spectral acceleration of the combination. 

 

Different 2 and Different 3 options 

Although both considered codes only require a minimum size for GM 

suites of 7 in order to consider mean effects on the structure, it is known how 

                                                      
35 Actual ITACA waveforms codes have a total length of 33 characters, containing several 
information (see Chapter 4); nevertheless, in REXEL simplified codes were used (see 
RELUIS website for a table of matching between ITACA records and the accelerograms IDs 
in REXEL). 
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this number may affect the confidence (i.e., the standard error) in the 

estimation of the structural response, which increases as the variability of 

individual records with respect to the target increases. Therefore, in the case 

one wants to run the analyses with a larger number of records, REXEL has two 

further options (beyond the 30-records search) which both are applicable to the 

list of results of the analyses discussed in the previous section: 

 

Different 2 allows to search within the list of output, pairs of 

combinations (i.e., 2 sets of 7 records) which have accelerograms from 

earthquake events which do not overlap. This allows to have a larger set of 14 

one- or multi-component records, spectrum matching in the average, in which 

there are no dominating events. For each found pair of sets the software also 

computes the maximum deviation δi of the individual records in the two 

original combinations and this may be a parameter for choosing one pair with 

respect to another; 

 

Different 3 allows to search within the list of output, triplets of 

combinations (3 of 7 one- or multi-component records) having no 

accelerograms in common although may have common events. This analysis 

provides sets of 21 records which, still, fulfill the code-required average 

spectral compatibility with the given tolerances. 

 

Repeat search excluding a station.  

In some cases, the analyst may want to exclude a particular record 

appearing in a found combination. To this aim, REXEL includes the option 

Repeat search excluding a station, which allows to repeat the performed analysis 

by excluding from the list of records created in the Preliminary database search 

(i.e. from the list of accelerograms returned in step 2) one or more waveforms, 

in an iterative way. 

 



Chapter 4 

Including research advances into practice: REXEL 

 

 
118 

 

Displacement spectra compatibility.  

REXEL allows to check the displacement spectra compatibility for a 

combination selected to match a pseudo-acceleration spectrum. For each 

period T, the elastic spectral displacement is computed as inverse 

transformation of elastic pseudo-spectral acceleration. 

 

The examples below illustrate the developed tool capabilities and how it, 

in many cases, allows for a rational and fast selection of seismic input for code-

based nonlinear dynamic analysis of structures. For the sake of brevity, all the 

examples refers to search in ESD database.  

A simplified version of REXEL, named REXELite was also developed 

and it operates online on ITACA since January 2010. In Chapter 5, via some 

illustrative examples it is shown how factually REXELite easily allow for a 

rational record selection in ITACA for earthquake engineering applications.  

 

 

4.5 Illustrative applications 

4.5.1 Selection according to NIBC 

As an example let’s consider selection of 7-horizontal accelerograms 

according to NIBC for the life safety limit state of an ordinary structure 

(Functional class II, see section A.1 in the Appendix A) on soil type A with a 

nominal life of 50 years (which corresponds to design for a 475 years return 

period according to the code) and located in Sant’Angelo dei Lombardi 

(15.1784° longitude, 40.8931° latitude). Setting the coordinates of the site and 

the other parameters to define the seismic action according to NIBC, the 

software automatically builds the elastic design spectrum. Consider also that 

selection should reflect disaggregation of Sa(T=1s) hazard36 on rock with a 10% 

                                                      
36 Note that it is often recommended to consider as design earthquakes the results of hazard 
disaggregation for the spectral ordinates in the range of interest for the nonlinear structural 
behavior. This may differ from disaggregation of PGA hazard, especially when M and R 
joint distribution has multiple modal values (Convertito et al., 2009).  
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probability of exceedance in 50 years Figure 25) at the site, which may be easily 

obtained by REXEL tools for disaggregation. Specifying the M and R intervals 

to [5.6, 7] and [0km, 30km] respectively, REXEL  founds 177 records (59 × 3 

components of motion) from 28 earthquakes, whose horizontal spectra, 

unscaled and scaled, are given in Figure 26, which the software automatically 

returns. REXEL will search among these spectra. 

 

 

Figure 25. Disaggregation of the Sa(T=1s) with 475 years return period on rock for 
Sant’Angelo dei Lombardi. 

 

Assigning, as tolerances for the average spectral matching, 10% lower 

and 20% upper in the period range 0.15s ÷ 2s and selecting the option to stop 

the search after the first combination is found (i.e., I’m feeling lucky), REXEL 

immediately returns the combinations of 7-accelerograms in Figure 27a if the 1-

component search is performed. In the figure, which the software 

automatically plots, thick solid lines are the average of the set and the code 

spectrum, while the dashed are the tolerance and period range bounds where 

compatibility is ensured. Solid thin lines are the seven individual spectra of the 

combination. In the legend the ESD station and component IDs, along with the 

earthquake IDs, are given. Selecting the search for set of seven pairs of 
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horizontal components (e.g., for the analysis of spatial structures), instead, the 

software returns the 14 records of Figure 27b. Note that in this case the records 

are 7 pairs of X and Y components of 7 stations only. In Table 17 and Table 18 

the data about the two combinations37 are given as they are returned by 

REXEL. 

 

 

Figure 26. Plot of the spectra found in the ESD for the selected M and R bins in the 
case of site class A. 

 

                                                      
37 Data about combinations are not given for the subsequent examples for the sake of 
brevity, nevertheless they can be easily obtained by the reader from the information in the 
legend of the figures. 
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Figure 27. Unscaled combinations found for the assigned example in Sant’Angelo 
dei Lombardi using the I’m feeling lucky option in the case of horizontal 1-

component (a) and 2-components (b) GMs. 

 

It is was claimed in the description of the software that the first 

combination has a low scatter with respect to subsequent combinations 

eventually found. This may be shown, for example, not selecting the I’m feeling 

lucky option and limiting the maximum number of combinations to 1000 and 

repeating the same two searches above. Then, REXEL returns, in about one 

minute with a standard personal computer, 1000 1-component compatible 

combinations, and in a few minutes, 520 combinations featuring both the two 

horizontal components of motion. Figure 28a and Figure 28b show the last 
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combination (no. 1000 and no. 520 respectively) of the output list in the two 

cases. 

 

Table 17. Essential record data returned by REXEL for the combination of Figure 
27a. 

Record ID Event ID Earthquake Name Date M Fault Mechanism R [km] 

000198xa 93 Montenegro 15/04/1979 6.9 thrust 21 

007142ya 2309 Bingol 01/05/2003 6.3 strike slip 14 

006335xa 2142 South Iceland (aft.) 21/06/2000 6.4 strike slip 15 

000055xa 34 Friuli 06/05/1976 6.5 thrust 23 

000198ya 93 Montenegro 15/04/1979 6.9 thrust 21 

000287ya 146 Campano Lucano 23/11/1980 6.9 normal 23 

007187xa 2322 Avej 22/06/2002 6.5 thrust 28 

 

Table 18. Essential record data returned by REXEL for the combination of Figure 
27b. 

Station ID Event ID Earthquake Name Date M Fault Mechanism R [km] 

000198 93 Montenegro 15/04/1979 6.9 thrust 21 

004675 1635 South Iceland 17/06/2000 6.5 strike slip 13 

006335 2142 South Iceland (aft.) 21/06/2000 6.4 strike slip 15 

000287 146 Campano Lucano 23/11/1980 6.9 normal 23 

000055 34 Friuli 06/05/1976 6.5 thrust 23 

004674 1635 South Iceland 17/06/2000 6.5 strike slip 5 

007187 2322 Avej 22/06/2002 6.5 thrust 28 

 

Although all average spectra of Figure 27 and Figure 28 match with 

similar good approximation the code spectrum, it is evident that the 

preliminary ordering of accelerograms according to δ enables the high ranking 

combinations to have individual spectra with a smaller dispersion with respect 

to the target spectrum.  
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Figure 28. Last of 1000 and 520 unscaled combinations found for the assigned 
example in Sant’Angelo dei Lombardi in the case of horizontal 1-component (a) and 

2-components (b) GMs. 

 

Nevertheless, the presented results show that the deviation of the 

individual spectra compared with the target can still be large (e.g., Figure 27b). 

To reduce the scatter of individual records further, the Scaled records option can 

be used, which means that records found have to be linearly scaled to be 

spectrum matching in the average. In this case, repeating the search for 

Sant’Angelo dei Lombardi simply considering accelerograms with M ≥ 6 and R 

within 0km ÷ 25km, with the same compatibility criteria as per the previous 

case and using the option I’m feeling lucky, REXEL returns immediately 
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combinations shown in Figure 29a and Figure 29b, which feature records less 

scattering with respect to those unscaled of Figure 27. In this case, the 

individual scale factors are given in the legend. Note also that the code asks for 

the maximum value the average scale factor (SFmean) can assume, which in 

this case was limited to 2. 

 

 

Figure 29. Scaled combinations found for the assigned example in Sant’Angelo dei 
Lombardi using the I’m feeling lucky option in the case of horizontal 1-component 

(a) and 2-components (b) GMs. 
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Search that includes the vertical component of seismic motion 

REXEL  allows selecting combinations of 7-accelerograms that include 

the vertical component of the records, although NIBC and EC8 require to 

account for it only in peculiar cases. Considering again the same example in 

Sant’Angelo Lombardi, and specifying as the M and R intervals as [6, 7.8] and 

[0km, 50km] respectively, REXEL founds 58 groups of accelerograms from 23 

events.  

 

 

Figure 30. First scaled combination found for the assigned example in Sant’Angelo 
dei Lombardi which includes the two horizontal (a) and the third vertical (b) 

components of GM matching the respective target spectra. 
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Assigning a tolerance compatibility of the average of 10% lower and 30% 

upper for the horizontal component, and 10% lower and 50% upper for the 

vertical component, in the range of periods 0.15s ÷ 2s (for the horizontal 

components) and 0.15s ÷ 1s (for the vertical component), the software returns 

100000 scaled combinations compatible with the horizontal target spectrum 

(the maximum number of combinations was limited to 100000, for simplicity), 

160 of which are also compatible with the vertical target spectrum. The 

maximum value of the average scale factor was limited to 2. 

 

 

Figure 31. Scaled pair of combinations without overlapping events, (a) and (b). 
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Finally, note that when searching for combinations that include the 

vertical component, it may not be appropriate to use the I’m feeling lucky 

option. In fact, the first combination compatible with the horizontal code 

spectrum (returned by the software) may not necessarily satisfy the 

compatibility criteria with the vertical spectrum. For example, in the 

considered case of Figure 30 the first combination, which has all the three 

components matching the target spectra, only comes after 18772 combinations 

found which match the horizontal spectrum. 

 

 

Figure 32. Scaled triplet without overlapping records 31a, 32a and 32b, for the 
considered example. 
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Different 2 and Different 3 

After having performed a search to find 100000 1-component 

combinations for the site in question (with same constraints of the scaled 

search in the first example) it is possible to use the option Different 2 limiting, 

for the sake of simplicity, to 100 the maximum number of pairs of 

combinations to find. Then, REXEL returns 100 pairs of combinations 

comprised of accelerograms all coming from different events. An example of 

these pairs found is given by the two combinations of Figure 31a and Figure 

31b (see legends to check that earthquake IDs are not overlapping between the 

figures). Using the option Different 3, and limiting for simplicity to 100 the 

maximum number of triplets of combinations to find, REXEL returns 100 triple 

combinations having no accelerograms in common. An example of the triplets 

found with Different 3 is given by the combinations of Figure 31a,  Figure 32a 

and Figure 32b (see legends to check that stations codes are not overlapping 

among the figures). 
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Figure 33. Unscaled combinations found for the assigned example in case of EC8 
selection using the I’m feeling lucky option in the case of horizontal 1- (a) and 2-

components (b) GMs. 
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Figure 34. Scaled combinations found for the assigned example in case of EC8 
selection using the I’m feeling lucky option in the case of horizontal 1-component (a) 

and 2-components (b) GMs. 

 

4.5.2 Selection according to EC8  

Suppose now one needs to select 30-horizontal accelerograms according 

to Eurocode 8 provisions with target to the ultimate limit state for the same 

structure still located in Sant’Angelo dei Lombardi, but considering soil type B. 

In this case the software returns automatically the code spectrum because it is 

able to determine the ag value for the site (0.27g). In the case the site is not 

Italian the user has to input the ag value of interest. 
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Figure 35. Plot of the spectra found in the ESD for the selected M and R bins in the 
case of site class B. 

 

Specifying the M and R intervals equal to [5.6, 7] and [0km, 30km] 

respectively, assigning a compatibility tolerance with respect to the average 

spectrum of 10% lower and 20% upper in the period range 0.15s ÷ 2s and 

selecting the quick search option, the software immediately returns the 

combinations shown in Figure 33a and Figure 33b, in the case of 1-component 

and 2-components search respectively. Selecting the Scaled records option, the 

software immediately returns the combinations of Figure 34a and Figure 34b. 

The mean scale factor was limited to 5 as it, although larger than 2 used in the 

previous example, allows to search among more combinations and may be still 
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considered acceptable. Note that in case of site class B the individual records of 

the scaled combination (e.g., Figure 34b) have a scatter with respect to the 

target spectrum which is comparable to that of the corresponding unscaled 

combination (i.e., Figure 33b), unlike what happens for the case of soil A (see 

Figure 27 and Figure 29). The records among which REXEL searched in this 

case are given in Figure 35. 

 

 

Figure 36. Unscaled combinations found for the assigned example in case of user-
defined spectrum selection using the I’m feeling lucky option in the case of 

horizontal 1-component (a) and 2-components (b) GMs. 
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Figure 37. Scaled combinations found for the assigned example in case of user-
defined spectrum selection using the I’m feeling lucky option in the case of 

horizontal 1-component (a) and 2-components (b) GMs. 

 

4.5.3 Selection in case of user-defined spectrum 

To explore the feature of REXEL allowing to search for sets of 7-records 

compatible with an user-defined spectrum, lets’ consider the UHS with a 63% 

probability of exceedance in 50 years for Sant’Angelo dei Lombardi (50 years 

return period). To this aim the spectral ordinates in the 0s – 4s range have to be 

input by the user, those between 0s and 2s were retrieved interpolating the 
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online hazard data of INGV, those from 2s to 4s were obtained by linear 

extrapolation (such arbitrary choice does not affect the described example).  

Specifying the M and R intervals equal to [5.5, 6.5] and [0km, 30km] 

respectively, assigning a compatibility tolerance with respect to the average 

spectrum of 10% lower and 30% upper in the period range 0.15s ÷ 2s and 

selecting the fast search option, the software immediately returns the 

combinations of accelerograms shown in Figure 36a and Figure 36b.  

Selecting the Scaled records option, the software immediately returns the 

combinations of Figure 37a and Figure 37b. Once again the mean scale factor 

was limited to 2. 

 

 

4.6 Comparison with the classification in seismic zones 

NIBC in defining the seismic action on structures overcomes the concept 

of seismic classification of the national territory in zones. In fact, previously the 

seismic actions of structures were defined by the OPCM 3274 (2003) and 

OPCM 3431 (2005) on the basis of standard shapes of the elastic response 

spectrum, depending on the soil type classification and anchored to a reference 

value of the ground acceleration (ag). This reference value was identified on the 

basis of the site of interest belonging to one of four possible seismic zones. The 

OPCM 3519 (2006) assumed the map MPS04 (http://zonesismiche.mi.ingv.it), 

produced by INGV, as a reference for determining ag. In particular, it was 

recommended to classify a specific site in Zone I, II, III or IV depending on the 

peak ground horizontal acceleration (PGA) on rock with a 10% probability of 

exceedance in 50 years (retrieved by means of probabilistic seismic hazard 

analysis or PSHA) falling in the intervals ]0.25g, 0.35g], ]0.15g, 0.25g], ]0.05g, 

0.15g]  and ≤ 0.05g respectively. To each of these zones an ag value equal to the 

upper limit of the interval was conservatively assigned. This had several 

consequences, first of all the code spectra were only indirectly related to the 

seismic hazard. In fact, for a site having a PGA value close to the lower bound 

of the interval of interest, the corresponding ag value overestimated the PGA 
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percentile derived by PSHA of about 0.1 g. Moreover, the classification of 

municipalities into four seismic zones only implied constant seismic hazard 

inside wide areas, often causing neighboring territories (with values of PGA 

that differ by only a few hundredths of g) to be assigned to different seismic 

zones (with values of ag differing by 0.1g) as a result of the shape of 

administrative boundaries rather than for actual difference in the estimated 

seismic hazard. To mitigate this effect, both the OPCM 3274 and OPCM 3519 

allowed tolerance bounds in order to enable the regions to adjust around the 

thresholds of the four zones, but they were rarely used. 

Then, spectra defined according to the old classification were often 

significantly over-estimated if compared to the uniform hazard spectra with a 

10% probability of exceedance in 50 years.  

As an example, let’s consider two neighboring sites, Nusco and 

Sant'Angelo dei  Lombardi in the Campania region (southern Italy), whose 

accelerations on rock with a 10% of probability of exceedance in 50 years are 

0.2416g and 0.2673g respectively. According to the old national seismic 

classification they would be classified in Zone II and I, respectively. Figure 38 

(top) shows the location of two sites on the Campania region hazard map in 

terms of PGA with a  return period of 475 years. Although the two sites are 

very close and then, obviously, have spectra calculated according to the NIBC 

very similar (Figure 38, bottom), the spectra determined by the OPCM 3274 

were very different, and in particular that of Sant'Angelo dei Lombardi was 

significantly oversized with respect to the real hazard at the site. Figure 38 also 

shows how the spectra of the NIBC approximate well the uniform hazard 

spectra for the two sites. Finally, note how the maximum value of the PGA on 

rock in the region, corresponding to a probability of 10% in 50 years, is about 

0.27g. This value is significantly lower than the anchor value of the spectrum, 

0.35g, provided by the former classification for a large part of the Campania 

region. 
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Figure 38. PGA on rock with a 475 years return period a) in Campania (southern 
Italy) and various spectra for two close sites in the region (b). 

 

This lead to the difficulty of finding unscaled real records for the spectra 

anchored to the most severe ag values, as shown in previous studies. 

REXEL and the new classification enable a more effective selection of 

seismic input. For example, if one needs to select 2-components sets of 

unscaled accelerograms according to EC8 requirements for Sant’Angelo dei 

Lombardi considering as anchoring values of the spectrum: (i) the real PGA on 

rock with a 10% probability of exceedance in 50 years (0.27g, from INGV data); 

(ii) the value 0.35g (according to the old seismic classification), he gets the 
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number of combinations found results in Table 1938. The tests were carried out 

assuming a [6, 7.8] M range and R varying from 0km to 40km, assigning a 

tolerance compatibility of the average of 10% lower and 30% upper in the 

range of periods 0.2s ÷ 2s.  

The comparison shows that, at least in the case of soil conditions where 

the number of records is larger, the new seismic classification not based on 

hazard zonation allows, or at least simplifies, seismic input selection. Note that 

search for softer soil classes did not return any result mainly because the 

shortage of records in the ESD (Figure 24). 

 

Table 19. Results of comparison, in terms of search for unscaled combinations, for 
Sant’Angelo dei Lombardi according to the new and the former seismic 

classifications. 

Site class ag = 0.27g ag = 0.35g 

A 12016 2 

B 6174 0 

C 3 0 

D 0 0 

E 0 0 

 

 

4.7 Conclusions 

In the chapter the main issues related to code-based record selection 

were critically reviewed with reference to Eurocode 8 (Part 1 and Part 2) and 

the new Italian building code. Based on previous studies, it is shown how 

record selection provisions may be not easily applicable to real records. To 

overcome the most of the obstacles the practitioner may face when 

determining the seismic input for structural analysis a software tool for 

automatic selection of one, seven or thirty real recordings, including 1, 2 or 3 

components of ground motion, was developed and presented. The main 

                                                      
38 In the investigation of Iervolino et al. (2008) no combinations were found also for A type 
site class, this result here are not perfectly the same because the initial database and search 
conditions do not coincide precisely. 
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selection criterion, for unscaled or scaled sets, is the compatibility, in broad 

period ranges, of the average spectrum with respect to the reference spectra 

(which the program automatically builds) of the new Italian building code, of 

Eurocode 8, or user-defined. REXEL, freely available on the internet, also 

ensures that individual records in the combinations returned have a spectral 

shape like that of the target as much as possible, which is important as spectral 

shape is currently seen as the best proxy for earthquake damage potential on 

structures. The current version of the software relies on records from the 

European Strong-motion Database (ESD) and the ITalian ACcelerometric 

Archive (ITACA); nevertheless, in future developments data from other 

repositories could be implemented. 

The capabilities of REXEL were tested and illustrated via several 

illustrative applications regarding selection of multi-component ground 

motion suites according to code- and hazard-based spectra, for different site 

classes and limit states or return periods. In this way it was demonstrated how 

the finding of spectrum-compatible sets of records, whose average is 

compatible with the target, can be significantly improved and facilitated. In 

fact, REXEL allows to select records controlling the tolerance according to 

which the average matches the reference spectrum. It also allows to account, 

beside the site class, for earthquake source characteristics (i.e., magnitude and 

distance) and some other ground motion parameters (e.g., ID) which may be 

useful in structural assessment, as discussed above. To this aim, tools for 

performing disaggregation of seismic hazard for PGA and 1 sec spectral 

acceleration (at four different return periods) and computing the distributions 

of ID conditional on design PGA, were developed and embedded in REXEL for 

improving record input selection for earthquake engineering applications in a 

hazard consistent manner yet easily viable for practitioners. 
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ABSTRACT 

This chapter reports about REXELite, an internet version, operating on the ITalian 

ACcelerometric Archive (ITACA), of REXEL. REXELite was developed with the aim of 

integrating an advanced earthquake records’ repository with a tool to define seismic input for 

engineering seismic analysis according to international standards (with priority to Europe). In 

fact, REXELite allows to define design spectra according to Eurocode 8 and the Italian building 

code and to searches in ITACA for the set of seven records (one or two horizontal components) 

matching it on average, in a user-specified period range, and with the desired tolerance. The 

records in the set also have, individually, the most similar spectral shape with respect to that of 

the code. Selection options include magnitude, source-to-site distance, soil conditions, and, if 

desired, linear scaling of records to reduce further record-to-record variability of spectral 

ordinates.  

 

 

5.1 Introduction 

The new ITalian Accelerometric Archive ITACA (http://itaca.mi.ingv.it) 

was developed within the S4 Project (http://esse4.mi.ingv.it), in the 

framework of the 2007-2009 research agreement between the Istituto Nazionale 

di Geofisica e Vulcanologia (INGV – Italian Institute of Geophysics and 

Volcanology) and Dipartimento della Protezione Civile (DPC – Italian Civil 

Defense). This project continued the activity originally developed by S6 Project 

(http://esse6.mi.ingv.it), within the previous 2004-2006 DPC-INGV 

agreement, in which the alpha version of ITACA was originally released (Luzi 

et al., 2008). 
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The main goal of both S6 and S4 Projects was to organize into a 

comprehensive, informative and reliable database (and related webtools) the 

wealth of strong-motion records, obtained in Italy during the seismic events 

occurred starting from the Ancona earthquake in 1972, up to the L'Aquila 2009 

sequence.  

The availability of internet strong-motion databases as ITACA is of 

certain interest also to earthquake engineering community as it facilitates 

seismic input definition for dynamic structural analysis by means of real 

records. However, as widely discussed in the previous chapters, seismic 

structural codes, regarding the ground motion selection issue, often require 

that the suite of records has to “match” the design spectrum for the site and the 

limit state of interest. This, along with other provisions, renders selection of 

real records hardly feasible for the practitioner if not adequately aided, as 

demonstrated in Iervolino et al. (2008, 2009) at least in the case of Eurocode 8, 

or EC8 (CEN, 2003), and the new Italian building code, or NIBC (CS.LL.PP., 

2008).  

To address this issue, with the aim of also translating into practice of 

code-based seismic analysis recent research achievements about real strong-

motion record selection, a software tool, REXEL, was developed between 2008 

and 2010 (Chapter 4). REXEL, freely available at the website of the Italian Rete 

dei Laboratori Universitari di Ingegneria Sismica (ReLUIS), also funded by DPC, 

allows to search for suites of waveforms, compatible to target spectra either 

user-defined or automatically generated according to EC8 and NIBC.  

While REXEL is a standalone software, this chapter presents a web-based 

version, REXELite (http://itaca.mi.ingv.it), with the same record selection 

algorithm (yet optimized for its inclusion in the ITACA web portal) operating 

online on the ITACA database since January 2010. REXELite seems successful 

in standardizing and aiding seismic input definition in practice according to 

seismic codes, allowing to search for horizontal combinations of seven 1- or 2-

horizontal components strong motion records, compatible on average with a 

specified target (code) spectrum, in a range of periods of interest and with 

arbitrary tolerances. 
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Because when selecting a set of accelerograms for structural analysis the 

main objective is to reflect the relevant hazard scenarios at the site (e.g., 

Chioccarelli et al., 2010), REXELite allows to select suites which also belong to 

user-defined magnitude and source-to-site distance bins and to the same site 

class of the location of the structure. ITACA may be searched for spectrum-

matching sets of records which are original (unscaled) or ground motions 

linearly scaled in amplitude. Finally, REXElite not only ensures the set 

resulting from the search has its average matching the target spectrum, but 

also that it is the one with the smallest individual record-to-record variability 

(see section 5.4).  

In the following, after an introduction to ITACA, provisions regarding 

record selection for dynamic structural analysis are briefly reviewed, laying 

emphasis on NIBC and EC8 procedures. Then, how REXELite addresses this 

task is discussed and examples of online code-based record selection in ITACA 

are shown. 

 

 

5.2 The ITalian ACcelrometric Archive (ITACA) 

The version 1.0 of ITACA was updated at the end of S4 Project (June, 

2010), contains 2550 three-component waveforms: 2293 of them were recorded 

during 1002 earthquakes with a maximum moment magnitude of 6.9 (the 1980 

Irpinia earthquake) between 1972 and 2004, while the rest comes from the Mw 

5.4 2008 Parma (Northern Italy) and from the Mw 6.3 2009 L’Aquila (Central 

Italy) earthquakes and related Mw > 4 aftershocks.  

The waveforms collected in ITACA were recorded by 665 strong-motion 

stations in total39. The recordings mainly come from the National 

Accelerometric Network (RAN, Rete Accelerometrica Nazionale), operated by 

DPC. RAN presently consists of 334 free-field digital stations and 84 analogue 

stations, the replacement of which with digital instruments is currently in 

                                                      
39 Among these stations, 287 are presently not in operation, since they were either part of 
temporary networks or equipped with old analogue instruments, which were removed. 
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progress. The goal is to achieve a final configuration of more than 500 digital 

stations installed throughout the Italian territory, with an average inter-station 

distance of about 20-30 km in the most seismically active regions of Italy.  

Further records are provided by the Strong Motion Network of Northern 

Italy (Rete Accelerometrica dell’Italia Settentrionale, RAIS, http://rais.mi.ingv.it/), 

comprised of digital instruments, installed around the Garda lake area, and by 

sparse stations (analogue and digital) operated by ENEA (Ente per le Nuove 

tecnologie, l’Energia e l’Ambiente), between 1972 and 2004. In addition to these, 

waveforms recorded during the L’Aquila seismic sequence by the 

accelerometer installed in the AQU station (http://mednet.rm.ingv.it) are also 

included.  

All ITACA records have been re-processed with respect to the alpha 

version (Massa et al., 2009), with a special care to preserve information about 

late-triggered (to follow) events and to ensure compatibility of corrected 

records; i.e., velocity and displacement traces obtained by the first and second 

integration of the corrected acceleration should not be affected by unrealistic 

trends. The newly adopted processing scheme is described in Paolucci et. al 

(2010).  

Seismic stations which recorded ground motions included in ITACA are 

classified, with respect to soil site class, according to the EC8; i.e., on the basis 

of the Vs30 (average shear wave velocity in the upper 30 meters) either 

determined by direct measurement or on geological maps. Figure 39 

summarizes the main characteristics (magnitude and epicentral distance) of the 

ITACA dataset on which REXELite operates. All these records satisfy the free-

field conditions and were produced by earthquakes of moment magnitude 

larger than 4. 
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Figure 39. Magnitude (moment or local) vs epicentral distance distribution for the 
ITACA dataset on which REXELite operates. The records are grouped by site class 

according to EC8 classification. 

 

ITACA website includes a wide range of search tools enabling the 

practitioner to interactively retrieve events, recording stations and waveforms, 

through a graphical user interface. The interface allows queries selecting 

waveform parameters, seismic events and stations. Each query returns a list of 

matching results and the single outcome can be explored allowing to get 

detailed and elaborated information; more details are available in Luzi et al. 

(2008). 

 

5.3 European and Italian standards for record selection for 

dynamic structural analysis  

Nonlinear dynamic analysis (NLDA) of structures implies that, given 

that a model for the structure is available, the seismic performance is 

determined by time-history response analysis to a suite of earthquake ground 

motions. The apparently simple procedures for selecting and scaling (or more 

generally manipulating) ground motions records for an engineering project, 
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and their implementation in state-of-the-art or next generation of seismic 

codes, have been the subject of much research in recent years; see Iervolino and 

Manfredi (2008) for a review.  

 

 

Figure 40. Steps to define seismic action according to the hazard at the site; from (1) 
to (3): target spectrum for the limit-state of interest, hazard disaggregation for the 

spectral ordinate at the period of the first mode of the structure, selection of a set of 
records compatible to disaggregation and matching the target spectrum in a range of 

periods. 

 
Once a target spectrum (i.e., a design spectrum) is defined, for example an 

uniform hazard spectrum (UHS) from probabilistic seismic hazard analysis 

(PSHA), a relatively rational approach in record selection is to choose ground 

motions associated with the design earthquakes (i.e., one or more event scenarios 

in terms of magnitude, distance, and possibly other characteristics40). This 

                                                      
40 It is to note that some studies (e.g., Iervolino and Cornell, 2005) have shown that, to some 
extent, if the target spectrum is matched, may be not strictly necessary to also select 
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choice, consistently with determination of the spectrum by PSHA, should be 

driven by disaggregation of seismic hazard (e.g., Convertito et al., 2009; 

Chioccarelli et al., 2010) in order to identify the scenario giving the largest 

contribution to the spectral ordinates more relevant for the behaviour of the 

structure (e.g., close to the fundamental period, T1). Then a waveforms’ 

repository may be accessed and a suite of records selected compatibly with the 

values of source parameters defining the design earthquakes. Finally, records 

are rendered somehow compatible also to the target spectrum, for example by 

scaling each record to the design spectrum ordinate at the fundamental 

vibration period of the structure, Sa(T1), or in a range around it, Figure 40.  

If to requiring it explicitly, modern codes allow such procedure (e.g., 

Chapter 4). In fact, the recently released Italian code avails of the work of the 

INGV concerning the seismic hazard analysis of the Italian territory in the 

framework of a specific project, S1 Project (http://esse1.mi.ingv.it); Montaldo 

et al. (2007). This is reflected in the definition of seismic action on structures 

based on site-dependent elastic acceleration spectra closely approximating 

UHSs for several return period of seismic action at each site.  

Regarding seismic input for NLDA, there are a number of allowed 

options to obtain suites of acceleration time-histories, including the generation 

of spectrum-compatible accelerograms (i.e., artificial records), or the 

simulation of records (trough a physical simulation of earthquake process), see 

Iervolino et al. (2008). Concerning real accelerograms, according to NIBC and 

EC8, selection should match the seismogenetic features of the source and the soil 

conditions appropriate to the site. NIBC, then requires to render the spectra of the 

records similar to that of the design spectrum. Alternatively, if information 

about the seismogenetic features of the source is not available, it is possible to only 

match the elastic design spectrum (Chapter 4). More specifically, if the latter 

approach is chosen, the main condition to be satisfied is that the average elastic 

spectrum (of the chosen set) does not underestimate the 5% damping elastic 

code spectrum, with a 10% lower bound tolerance (see next section), in the 

                                                                                                                                             
intentionally matching design earthquakes in terms of magnitude and distance, however is 
always prudent to do so and often required by codes. 
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larger range of periods between [0.15s, 2s] and [0.15s, 2T1] for safety 

verifications at ultimate limit state (T1 is the fundamental period of the 

structure in the direction where the accelerograms will be applied) or in the 

larger period ranges between [0.15s, 2s] and [0.15s, 1.5T1], for structural safety 

checks at serviceability limit states41. For seismically isolated structures, the 

code provides a narrower range of matching around the fundamental period, 

[0.15s, 1.2Tis], where Tis is the equivalent period of the isolated structure. This 

extended range accounting for both the contributions to the response for 

higher modes and the correlation of nonlinear response with spectral ordinates 

at periods larger than T1.  

EC8 has very similar provisions, but the design spectrum depends on 

hazard only by its anchoring value (i.e., ag or peak ground acceleration, PGA, 

on stiff soil) and matching in the [0.2T1, 2T1] range42 is mandatory. Moreover, 

the mean of the zero period spectral response acceleration values (calculated from the 

individual time histories) should not be smaller than the value of ag S for the site in 

question, where S is the soil factor amplificating the design spectrum with 

respect to the stiff soil (Iervolino et al., 2008). Both NIBC and EC8 specify that a 

minimum of 3 records should be used and that, if less than 7 records are used, 

then the maximum structural response must be used as the basis for design 

and assessment, whereas if 7 or more time-histories are employed then the 

average structural response can be used. 

 

 

                                                      
41 In NIBC, these conditions are explicitly provided for artificial records only, while in EC8, 
they apply to any form of accelerograms, i.e., real, artificial or simulated. The instructions 
for the implementation of the NIBC (CS.LL.PP., 2009) allows to use the conditions of 
average spectral compatibility defined for artificial signals also for the suites of real records, 
respecting the geological conditions of the site and choosing accelerograms whose 
spectrum is, if possible, generally similar to that of the target design spectrum. 
42 This range applies for building, whereas for bridges the [0.2T1, 1.5T1] interval should be 
considered (see Iervolino et al., 2009). 
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5.4 REXELite 

In attempting to translate the provisions described in the previous 

section into practice, it is easy to recognize that tools aiding record selection for 

code-based applications, may be useful. In fact, between 2006 and 2010, to 

reconcile seismic code provisions with last ten years research results about 

record selection, specific algorithms were developed and finally embedded 

into a software, REXEL (Chapter 4). REXEL, available on the ReLUIS website  

(http://www.reluis.it) from which may be downloaded, contains the 

accelerograms of the European Strong-motion Database or ESD 

(http://www.isesd.cv.ic.ac.uk/) and of ITACA, satisfying the free-field 

conditions and produced by earthquakes of magnitude larger than 4.  

REXEL allows one to search for combinations of accelerograms whose 

average is compatible with the target spectrum, and in which individual 

records have the shape as similar as possible with that of the target in a periods 

range of interest. Records may also selected reflecting disaggregation of 

seismic hazard in terms of magnitude and source-to-site distance and specific 

ranges of ground motion intensity measures. Several options, related to 

management of REXEL output and advanced research-based tools for 

improving and rendering record selection hazard-consistent , are included. 

In the framework of the mentioned S4 Project, an internet version of the 

stand-alone software REXEL was developed and named REXELite (Figure 41). 

While REXEL has several advanced features and two waveform databases 

embedded, REXELite is a simplified version, easily accessible over the web and 

constantly synchronized with ITACA which continuously evolves including 

new records and new or revised information on existing waveforms. It 

represents an interesting prototype for future similar tools interfacing 

seismology and earthquake engineering at the level of seismic input definition 

for structural analysis. 

REXELite allows to automatically define the target spectra according to 

the NIBC (or to the EC8). To do this, it is necessary to enter the geographical 

coordinates of the site, latitude and longitude in decimal degrees, and to specify 
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the Site Class (according to EC8 classification), the Topographic Category (as in 

EC8), the Nominal Life, the Functional Type, and the Limit State of interest43. For 

EC8 spectra, it is necessary to specify only the anchoring value of the spectrum 

and the soil class because, as mentioned, the design spectrum is only function 

of ag and S. In addition, it is necessary to specify the number of horizontal 

components of ground motion (1 or 2) desired to be included in the set.  

REXELite allows to search for records within ITACA belonging to the 

same site class of the defined spectrum or to any site class (i.e., recording 

referring to different site conditions may show up in the same set matching the 

target spectrum44) and corresponding to magnitudes and epicentral distances 

of interest. In fact, the intervals [Mmin, Mmax] (moment and/or local magnitude) 

and [Rmin, Rmax] (epicentral distance, in km), in which to search for sets of 

accelerograms, to be defined.  

Also the recording instrument features may be specified; i.e., if also late 

trigger and/or analogue45 recordings have to be included in the search. In a late 

triggered record, the recording instrument started recording after the arrival of 

the first seismic waves of significant amplitude. The recorded signal is then 

characterized by large initial values if compared to the peak of the signal, In a 

                                                      
43 The NIBC states the principle that seismic actions on buildings are defined on the basis of 
the seismic hazard at the site in terms of maximum expected horizontal acceleration on rock 
and the corresponding elastic response spectrum. The maximum acceleration is defined as 
the peak of the acceleration which has a certain probability to be exceeded – depending on 
the limit state of interest – in a reference period VR. VR is equal to the Nominal Life of the 
structure (VN, in years), times the Importance Coefficient for the construction (CU). The 
nominal life is the number of years in which the structure, subjected to scheduled 
maintenance, may be used for the purpose it was designed for. The value of the importance 
coefficient depends on the severity of losses consequent to the achievement of a defined 
limited state and then on the "importance" of the structure (i.e. Functional Type). 
44 In fact, matching a target spectral shape may render less relevant to structural response 
respecting specific soil site conditions of the records.  
45 If the instrument to measure strong motion acceleration is of analogue type, ground 
acceleration is reproduced by a mechanical instrument on a physical support. Modern 
digital instruments (operating from about the mid-80s) are based on electric transduction. 
The data quality of digital recording is generally higher with respect to  analogue 
recordings. 
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normally triggered record the recording instrument triggered early enough to 

properly describe the first arrivals of the seismic waves. 

 

Figure 41. REXELite user interface 

 

Once these options have been defined, REXELite returns the number of 

records (and the corresponding number of events and recording stations) 

available in ITACA. The spectra of the records returned by this preliminary 

search are used by REXELite to find a combination of seven, whose average is 

compatible with the defined target spectrum and some tolerance (also defined 

by the user) in an arbitrary interval of periods [T1, T2] between 0s and 4s 

(Figure 42).  

As shown in Figure 42, the user has to specify the tolerated deviations, 

lower and upper, in percentage terms, the average spectrum of the combination 
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The analysis stops as soon as the first compatible combination is found. 

Because of a specific feature of the search algorithm, the record combination 

returned by REXELite is likely that better approximating the target spectrum 

among those that may be obtained by the preliminary search in the database 

(see Chapter 4 again). 

REXELite allows one to obtain combinations of accelerograms 

compatible with the code spectrum that do not need to be scaled, but it also 

allows one to choose sets of accelerograms compatible with the reference 

spectrum, if scaled linearly (in this case, the individual records scale factors are 

also provided to the practitioner). In fact, given a target spectrum, allowing the 

records to be scaled enhances the probability of finding a matching 

combinations. Moreover, amplitude linear-scaling of records gives 

combinations whose spectra are generally more similar to the target spectrum, 

so reducing the record-to-record spectral variability within a set and then 

increasing the statistical confidence in the estimation of structural response 

assessed using the found set of records. The maximum mean scale factor (SF) 

allowed is 5, i.e., REXELite discards combinations with a mean SF (i.e., 

averaged scaling factors among the records in the combination) larger than 5. 

When the desired combination is found, several interactive options allow 

users to explore selected waveforms in both time and frequency domains, to 

download records and/or response spectra and to retrieve detailed 

information on the corresponding recording station and on the corresponding 

earthquakes of origin. 

 

 

5.5 Applications 

As an example, consider the selection of 1-component horizontal 

accelerograms according to the NIBC for the damage state limit of an ordinary 

structure (Functional Class II) located in L’Aquila (Italy) (longitude: 13.3999°, 

latitude: 42.3507°) on soil type A with a nominal life of 50 years, which 

corresponds to the design for a 50-years return period according to the code. 
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When setting the coordinates of the site and the other parameters to define the 

seismic action according to the NIBC, the software automatically builds the 

elastic design spectrum. Consider also that selection should reflect 

disaggregation of PGA hazard46 on rock with a 50-years return period (Figure 

43) at the site, which may be easily obtained by the S1 Project website given 

above. 

 

 

Figure 43. Disaggregation of PGA with 50 years return period on rock for L’Aquila 
(http://esse1.mi.ingv.it). 

 

Specifying the M (moment and local magnitude indifferently) and R 

intervals equal to [5, 6] and [0km, 20km] respectively, including also late 

trigger events and analogue stations, and choosing to select records belonging 

to the same local geology category of the site in question (i.e., A site class), 

REXELite found 136 waveforms (68 x 2 components of motion) from 31 

different earthquakes on 33 different recording stations.   

                                                      
46 Note that it is often recommended to consider as design earthquakes the results of hazard 
disaggregation for the spectral ordinates in the range of interest for the nonlinear structural 
behavior. This may significantly differ from disaggregation of PGA hazard (e.g., Converito 
et al., 2009; Chioccarelli et al., 2010). 
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Once the sub-set of records that satisfied the selection criteria was 

identified, assigning as tolerance for the average spectral matching, 10% lower 

and 30% upper in the period range 0.15s ÷ 2s, REXELite immediately47 returns 

the combination of accelerograms in Figure 44. The figure automatically 

plotted by the software, gives the average of the set and the code spectra, along 

with the seven individual spectra of the combination, the tolerances in 

matching and the period range bounds where compatibility is ensured. In the 

legend, the ITACA waveforms codes are also given48.  

 

 

Figure 44. 1-component combination found for the assigned example in L’Aquila in 
the case of damage limit state. 

 

REXELite also returns the detailed information about the individual 

records as retrieved by ITACA (Figure 45), e.g. recording station code and 

station type (analog or digital), event (date and time), etc. The selected site 

                                                      
47 The software returns an error message if processing time is longer than 180 seconds. 
48 These codes include several information, i.e., origin date and time, network code, station 
code and component of the motion and a flag specifying whether or not the record has been 
processed (C means processed), for a total length of 33 characters (if network and/or 
station codes have less than 5 characters, the rest is replaced by one or more underscores). 
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(and eventually also recording stations and event) is plotted using Google 

Maps© interface that allow to display the site. 

 

Figure 45. Essential record data returned by REXELite for the combination of Figure 
44. 

 

Other functions are related to return of selected waveforms to the user. 

The strong-motion data, in terms of acceleration time history, are provided in a 

compressed file containing the 7-corrected waveforms along with the 

corresponding acceleration response spectra (in ASCII format49). The output 

file comprises also the target spectrum and a file, namely data.txt, containing 

the list of records obtained by preliminary search into ITACA. Finally, a file 

containing a summary of the performed elaboration (in terms of selected 

parameters and options) is provided to the users (readme.txt). 

                                                      
49 The ASCII-format records are characterized by a header of 43 rows, containing several 
information in order to make the record self-consistent; see ITACA User Manual 
(http://itaca.mi.ingv.it/ItacaStage/doc/Manual_ITACA_beta_version.pdf) for details. 
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As discussed in the previous section, the records in the list in the data.txt 

file (first column) are reported in ascending order of the parameter, also 

reported in data.txt file (second column), defined in Eq. (1), which gives a 

measure of how much the spectrum of an individual record deviates from the 

target spectrum.  
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In Equation (1), Saj(Ti) is the pseudo-acceleration ordinate of the real 

spectrum j corresponding to the period Ti, while Satarget(Ti) is the value of the 

spectral ordinate of the code spectrum at the same period, and N is the number 

of values within the considered range of periods. As an example, in Table 1, an 

extract from the data.txt file for the combination of Figure 44 is shown. Five of 

the seven records in the combination of Figure 44 are in the first ten positions 

in the preliminary search output sort; i.e., in the ordering of individual spectra 

based on the similitude with the code spectrum. 

 
Table 20. Sample from the data.txt file for the combination of Figure 44. 

Position in data.txt file Waveform code δ 
1 19840507_174943ENEA__ATN__NSC.SPE 0.259194157 

2 19760915_092118ITDPC_TRC__NSC.SPE 0.321637501 

4 20090409_005259ITDPC_AQP__NSC.SPE 0.322704447 

5 19770916_234807ITDPC_SMT__NSC.SPE 0.334124185 

8 19760915_031518ENEA__SRC0_NSC.SPE 0.341848254 

66 20090406_013239ITDPC_FMG__WEC.SPE 0.697072126 

132 19760915_092118ENEA__SRC0_WEC.SPE 1.615000801 

 

What also emerges from Figure 44 is that to have the best average 

spectral compatibility, it is hard to reduce the variability of individual spectra 

records keeping them unscaled. Therefore, it is also possible to search for 
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combination of record which require to be linearly scaled to match the target 

spectrum. To this aim, REXElite has the non-dimensional option50.  

In this case, repeating the search for L’Aquila considering the same 

magnitude and distance ranges, with the same compatibility criteria as the 

previous case, the software immediately returns the combination shown in 

Figure 46, which features records with less scattering (maximum δ-value equal 

to 0.47) with respect to the un-scaled ones of Figure 44, see Table 20 and Table 

21. The records in Figure 46, are multiplied by the scaling factors (SFs, 

automatically computed and provided by the software (Figure 47).  

 
Table 21. Sample of data.txt file for the combination of Figure 46. 

Position in data.txt file Waveform code δ 
1 19840511_104148ITDPC_PSC__NSC.SPE 0.169868902 

2 19760915_092118ENEA__SRC0_WEC.SPE 0.219179379 

3 20090409_005259ITDPC_AQP__NSC.SPE 0.239597264 

6 19840511_104148ENEA__ATN__NSC.SPE 0.244673986 

9 19760915_092118ENEA__SRC0_NSC.SPE 0.288677309 

33 20090413_211424ITDPC_AMT__NSC.SPE 0.379114194 

61 19760915_031518ENEA__SRC0_NSC.SPE 0.470464817 

 

Other functions are related to visualization of waveforms using ITACA 

tools (Luzi et al., 2008) allowing users to view data in different contexts and 

extract ground motion data of interest. For example, each individual record in 

the found combination can be displayed (in terms of unprocessed and 

processed acceleration time-history, velocity and displacement time-history, 

Fourier spectrum and acceleration response spectrum), see Figure 48. 

                                                      
50 The Non-dimensional option means choosing whether to search scaled record sets or not. In 
fact, if this option is chosen the spectra to be analyzed to search for compatible 
combinations, are preliminarily normalized dividing the spectral ordinates by their PGA. 
Combinations of these spectra are compared to the non-dimensional code spectrum. 
Combinations found in this way have to be scaled to be compatible in an average sense 
with the reference spectrum. 
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Figure 46. Scaled 1-component combination found for the assigned example in 
L’Aquila in the case of damage limit state. 

 

 

Figure 47. Essential record data returned by REXELite for the combination of Figure 
46. 

 

When selecting the option to search for a set of seven pairs of horizontal 

components, with all other conditions (i.e., magnitude and distance range, site 

class, instruments features, tolerances and periods range) being equal, the 

software doesn’t find a compatible set of records for the given target spectrum 

within 180 seconds. 
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Figure 48. Screenshot of web-based waveform visualization. 

 

To find a 2-components compatible combination, then, it was chosen to 

select the Any site class option, thus enlarging the number of records for the 

search for compatible sets (165 pairs of waveforms from 42 events on 77 
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stations); in this way, REXELite returns the combination of Figure 49 in 

seconds. Selecting the non-dimensional option, the software immediately 

returns the combinations of Figure 50. The mean scale factor was limited to 5 

(by default) also in this case. 

 

 

Figure 49. 2-component combination found for the assigned example in L’Aquila in 
the case of damage limit state. 
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Figure 50. Scaled 2-component combination found for the assigned example in 
L’Aquila in the case of damage limit state. 

 

Finally, suppose one needs to select 1-component horizontal 

accelerograms according to NIBC prescriptions with reference to the same 

target spectrum of previous examples. Moreover, suppose one is interested in 

only digital, normally triggered records (Figure 51). 

 

 

Figure 51. Preliminary record search criteria. 

 

Specifying the magnitude and distance interval equal to [5, 6] and [0km, 

50km] respectively (the distance range was enlarged to balance the new 

constraint on data type), REXELite founds in the database 167 pairs of 

accelerograms (horizontal components) from 24 different earthquakes 
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(recorded at 56 stations on all the possible site class). Assigning a compatibility 

tolerance with respect to the average spectrum of 10% lower and 30% upper in 

the period range 0.15s ÷ 2s, the software immediately return the combinations 

shown in Figure 52 and Figure 53, in the case of unscaled and scaled records 

respectively (1-component search).  

REXELite returns again the detailed information about the individual 

records as retrieved by ITACA (Figure 54); note that actually only 

accelerograms recorded by digital stations show up in the output combination. 

 

 

Figure 52. 1-component combination (only digital, normally triggered records) 
found for the assigned example in L’Aquila in the case of damage limit state. 
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Figure 53. Scaled 1-component combination (only digital, normally triggered 
records) found for the assigned example in L’Aquila in the case of damage limit 

state. 

 

 

Figure 54. Essential record data returned by REXELite for the combination of Figure 
53. 

 

 

5.6 CONCLUSIONS 

It is widely recognized that record selection is a key issues in seismic 

structural analysis via nonlinear dynamics. On the other hand, practicing it, 
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especially with respect to code provisions, may be difficult, especially if one is 

looking for a suite of ground motions recorded during real earthquakes. To 

render practice-ready the use of strong-motion records in engineering analysis, 

tools implementing research-derived search algorithms may be useful, 

especially if these are integrated with easily accessible and constantly updated 

web repositories of seismic waveforms. To this aim, REXELite an internet 

software operating on the ITalian ACcelerometric Archive, was developed for 

automatic selection of ground motion suites for code-based structural analysis 

if Eurocode 8 or the Italian seismic codes are concerned.  

REXELite allows to build design spectra, according to the two codes 

considered, based on geographical coordinates in Italy or on the anchoring 

value of the spectrum and then to preliminarily select a list of records within 

arbitrary bounds of seismological parameters (i.e., magnitude, source-to-site 

distance) and recording instrument features.  

Then, the program analyzes the spectra of all the combinations of seven 

groups (1- or 2-components) of these records and returns the set whose 

average spectrum is compatible with the target within the chosen period range 

and with the tolerances accepted; this set may be used for code-compliant 

engineering proposes. Moreover, the combination found by REXELite not only 

has the average compatible with the design spectrum, but also has the 

individual records with the spectral shape as similar as possible, among those 

preliminarily selected, to the target spectrum.  

REXElite may be a successful example how integration of seismological 

and earthquake engineering research may effectively aid and improve seismic 

design and assessment practices. 
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In this dissertation, record selection for non-linear dynamic analysis have 

been considered, focusing on consolidating the current code-based record 

selection procedures and on implementing research results into the practice of 

structural engineering.  

The dissertation starts with the identification of earthquake information 

to be accounted for in selection once the design spectrum, which is the current 

basis in codes for determination of the seismic actions on structures, is given. 

Therefore, the developed tools for aiding the seismic input selection aim to 

control the spectral shape, and/or to identify other features of the signal 

consistent with the target spectrum and, at the same time, with the hazard 

(e.g., conditional hazard maps). 

The final goal is to improve the estimation of structural response both in 

terms of accuracy and efficiency. In fact, two are the underlying critical points in 

the most of what discussed: (i) what ground motion parameters are relevant 

for structural assessment other than the spectrum (accuracy); and (ii) the 

“enough” number of records (small in current codes with respect to record-to-

record variability of nonlinear response) to be employed in structural analysis 

(efficiency). 

 

6.1 Main findings 

In Chapter 2, different ways to obtain code-conforming real records sets 

were compared in terms of post elastic seismic peaks and cyclic responses. This 

was pursued by considering a modern code-conforming four-story RC frame 

building at high nonlinearity levels and a ground motion scenario (a reference 
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site and the corresponding code-response spectra) as case study. More 

specifically, maximum interstorey drift ration, roof drift and hysteretic energy 

were analyzed with respect to 18 sets of natural ground motion accelerograms 

obtained exploring all the possible options allowed by modern building codes 

in real record selection and modification. 

Hypothesis tests were carried out with the aim of assessing 

quantitatively how significant there results were. Tests results shown that no 

particular care is required in selecting records with respect to magnitude, 

distance and soil condition if accelerograms match, individually or in an 

average sense, a target spectral shape. 

Moreover, results indicated that the linearly scaled records do not show 

any systematic trend with respect to the unscaled record results independently 

of response parameters, suggesting that scaling is a legitimate technique, as 

many studies point out, again if the spectral shape is controlled. 

Finally, it was worth noting that, as is well known, some differences in 

cyclic response may be observed. These differences may be predicted by some 

integral parameter of ground motion, which, if an appropriate hazard analysis 

tool is available, could be used as an additional criterion for record selection, 

especially in those cases when cyclic behavior has an important role in 

determining the seismic performances. 

 

Starting from these consideration, Chapter 3 presented a methodology to 

develop a distribution of secondary intensity measures (e.g., duration-related) 

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

structures (e.g., accelerations). Such distribution can complement the hazard 

curves or maps produced for the primary intensity measure, especially when 

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

approach has the advantages of vector-valued seismic hazard analysis without 

the computational effort required by probabilistic seismic hazard analysis for 

vectors of ground motion parameters.  

To explore such a concept, in this thesis the distribution of a parameter 

which may account for the cumulative damage potential of ground-motion, 
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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 derived for the logarithm 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 the obtaining of analytical distributions 

of ID conditional on PGA and the corresponding design earthquake in terms of 

magnitude and distance from hazard disaggregation. Results of the study have 

been used to compute the distribution 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 the territory of the Campania region in southern Italy. 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, for ground motion record selection for nonlinear 

dynamic analysis of structures. 

 

In Chapter 4 the main issues related to code-based record selection were 

critically reviewed with reference to Eurocode 8 (Part 1 and Part 2) and the 

new Italian building code. Based on previous studies, it is shown how record 

selection provisions may be not easily applicable to real records. To overcome 

the most of the obstacles the practitioner may face when determining the 

seismic input for structural analysis a software tool for automatic selection of 

one, seven or thirty real recordings, including 1, 2 or 3 components of ground 

motion, was developed and presented. The main selection criterion, for 

unscaled or scaled sets, is the compatibility, in broad period ranges, of the 

average spectrum with respect to the reference spectra (which the program 

automatically builds) of the new Italian building code, of Eurocode 8, or user-

defined. REXEL, freely available on the internet, also ensures that individual 

records in the combinations returned have a spectral shape like that of the 

target as much as possible, which is important as spectral shape is currently 

seen as the best proxy for earthquake damage potential on structures. The 
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current version of the software relies on records from the European Strong-

motion Database (ESD) and the ITalian ACcelerometric Archive (ITACA); 

nevertheless, in future developments data from other repositories could be 

implemented. 

The capabilities of REXEL were tested and illustrated via several 

illustrative applications regarding selection of multi-component ground 

motion suites according to code- and hazard-based spectra, for different site 

classes and limit states or return periods. In this way it was demonstrated how 

the finding of spectrum-compatible sets of records, whose average is 

compatible with the target, can be significantly improved and facilitated. In 

fact, REXEL allows to select records controlling the tolerance according to 

which the average matches the reference spectrum. It also allows to account, 

beside the site class, for earthquake source characteristics (i.e., magnitude and 

distance) and some other ground motion parameters (e.g., ID) which may be 

useful in structural assessment, as discussed above. To this aim, tools for 

performing disaggregation of seismic hazard for PGA and 1 sec spectral 

acceleration (at four different return periods) and computing the distributions 

of ID conditional on design PGA, were developed and embedded in REXEL for 

improving record input selection for earthquake engineering applications in a 

hazard consistent manner yet easily viable for practitioners. 

 

To further render practice-ready the use of strong-motion records in 

engineering analysis, tools, as REXEL, implementing research-derived search 

algorithms may be useful, especially if these are integrated with easily 

accessible and constantly updated web repositories of seismic waveforms. To 

this aim, REXELite an internet version, operating on ITACA, was developed 

for automatic selection of ground motion suites for code-based structural 

analysis if Eurocode 8 or the Italian seismic codes are concerned and presented 

in Chapter 5. REXELite allows to build design spectra based on geographical 

coordinates in Italy or on the anchoring value of the spectrum and then to 

preliminarily select a list of records within arbitrary bounds of seismological 

parameters (i.e., magnitude, source-to-site distance). Then the program 
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analyzes the spectra of all the combinations of seven groups (1- or 2-

components) of these records and returns the set whose average spectrum is 

compatible with the target within the chosen period range and with the 

tolerances accepted; this set may be used for code-compliant engineering 

proposes. Moreover, the combination found by REXELite not only has the 

average compatible with the design spectrum, but also has the individual 

records with the spectral shape as similar as possible, among those 

preliminarily selected, to the target spectrum.  

Via some illustrative examples it is shown how factually REXELite easily 

allows for a rational record selection for earthquake engineering applications. 

REXEL and REXELite, therefore, may prove to be useful for practitioners 

to select the seismic input for code-based seismic assessment via dynamic 

analysis. 

 

Finally, it is to note that the whole dissertation referred mainly to the 

uniform hazard spectrum as it is the current best practice to relate the design 

spectrum to the seismic hazard at the site; nevertheless it has some 

shortcomings (e.g. Chapter 1) which may impair its use as the spectrum to 

match in record selection, and it is likely the next generation of advanced codes 

will consider alternate representations of design ground motion. This could 

not be discussed; however, given results virtually apply to any hazard-based 

design spectrum. 

 



 

 

Appendix A 

Target spectra 

 

 

 

 

 

 

A1. Eurocode 8 target spectra 

The spectral shapes for the two horizontal orthogonal components of the 

seismic action, if the earthquakes that contributes most to the seismic hazard 

defined for the site have a surface-wave magnitude greater than 5.5 (i.e., Type 

1 spectrum), is given by Equation (1): 
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where T is the vibration period of a linear single-degree-of-freedom 

(SDOF) system; ag is the design ground acceleration on type A site class; TB and 

TC are the lower and the upper limits of the constant spectral acceleration 

region respectively; TD is the value defining the beginning of the constant 

displacement range of the spectrum; S is the soil factor and η is the damping 

correction factor (η = 1 for 5% viscous damping). The ag values have to be 

determined by the national authorities. The values of TB, TC and TD and S 

depend upon the ground type; the recommended values of these parameters 

are given in Table 22.  
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Table 22. Values of the parameters describing the recommended elastic type 1 EC8 
response spectra. 

Ground type S TB [s] TC [s] TD [s] 

A 1.00 0.15 0.40 2.00 

B 1.20 0.15 0.50 2.00 

C 1.15 0.20 0.60 2.00 

D 1.35 0.20 0.80 2.00 

E 1.40 0.15 0.50 2.00 

 

The vertical component of the seismic action is represented by elastic 

response spectrum of Equation (2). For the five ground types A, B, C, D and E, 

the recommended values of the parameters describing the vertical spectra are 

given in Table 23. 
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Table 23. Recommended values of parameters describing the vertical elastic 
response spectra. 

Ground type avg/ag TB [s] TC [s] TD [s] 

A, B, C, D, E 0.90 0.05 0.15 1.00 

 

 

A.2 Italian code target spectra 

The spectral shape for the two horizontal orthogonal components of the 

seismic action is given by Equation (3), where T is the vibration period of a 

linear SDOF; ag and η have the same meaning of Eurocode 8; S is the product 

of the stratigraphic factor, SS, and the topographic amplification factor, ST; TB 
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and TC are the limiting periods of the spectrum’s plateau; TD is the lowest 

period of the constant displacement spectral portion; Fo is an amplification 

factor (equal to the ratio between the maximum spectral ordinate and the ag 

value). The ordinates and shapes (i.e., TB, TC, TD and S) depend both on the 

seismic hazard and site class. The same stratigraphic profiles of Eurocode 8 are 

considered. 
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The spectral shape for the vertical component of the seismic action is 

given by Equation (4), where T is the vertical vibration period of a linear SDOF 

and Fv is the vertical amplification factor (related to Fo as 
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TB, TC and TD values for the vertical response spectrum are given in Table 24. 
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Table 24. Recommended values of parameters describing the vertical elastic 
response spectra. 

Ground type SS TB [s] TC [s] TD [s] 

A, B, C, D, E 1.0 0.05 0.15 1.00 

 

The Annex B of Italian code provides ag, Fo and TC* (i.e., the TC value for 

type A site class) values for the 9 return periods of seismic action (from 30 to 

2500 years) and for each node of a regular grid having an about 5 km spacing 

and covering the whole national territory. These values are derived from the 

mentioned INGV seismic hazard study (Chapter 4). In particular, the Fo and 

TC* values are obtained minimizing, for a given site and for a given return 

period, the deviation between the code acceleration, velocity and displacement 

spectra and the corresponding uniform hazard spectrum from the INGV study.  

The return period to be considered depends on a (temporal) reference 

period (VR, in years) and on the probability of exceedance of the ag value in the 

reference period (
RVP ), Equation (5). 

RVP  depends on the limit state of interest 

(Table 25). VR is equal to the nominal life of the structure (VN, in years), times 

the importance coefficient for the construction (CU).  

 

( )
RV

R
R

P

V
T

−
−=

1log
        (5) 

 

Table 25. Possible values for 
RVP , CU and VN. 

RVP  (Limit State) CU VN 

81% - Operability 0.7 - Provisional structures ≤ 10 years - Temporary structures 

63% - Damage 1.0 - Ordinary structures ≥ 50 years - Ordinary structures 

10% - Life safety 1.5 - Important structures 
≥ 100 years - Important 

structures 

5% - Collapse 2.0 - Strategic structures  

 

For a generic return period TR (that doesn’t fall in the set of return 

periods for which the spectra parameters are available in the code), the value 

of the generic parameter may be computed by Equation (6): 
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
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
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R

R

R

R

T

T

T

T

p

p
pp     (6) 

 

where, p is the value of the parameter of interest (ag, Fo or TC*) 

corresponding to the required return period TR; TR1 and TR2 are the return 

periods closest to TR and for which the p1 and p2 values of the p parameter are 

available in the code.  

For the sites that don’t fall in the nodes of the reference grid for which 

hazard was computed by INGV, the values of the parameters needed for the 

definition of the elastic response spectrum may be computed as a weighted 

averages of the values assumed by the parameters in the four vertices of the 

elementary (rectangular) mesh containing the point of interest. In this case, the 

inverse of the distances between the points of interest and the four vertices 

may be used as weights, as in Equation (7). In Equation (7), p is the value of the 

parameter of interest (ag, Fo or TC*) for the site under examination, pi is the 

value of the parameter of interest for the i-th vertex of the elementary mesh 

containing the site under examination, di is the distance between the site and 

the i-th vertex of the mesh. The code also provides relationships between ag, Fo 

and TC* and TB, TC and TD, Equation (7). The values S and CC depend upon the 

site class (Table 26).  

 

∑

∑

=

==
4

1

4

1

1

i i

i i

i

d

d

p

p          (7) 

 

In Figure 55 the horizontal and vertical spectra for the site of the 

examples discussed in Chapter 4 are given. In particular Figure 55a gives the 

Eurocode 8 spectra, while Figure 55b provides the Italian code spectra and the 

uniform hazard spectrum corresponding to 63% in 50 years exceedance 

probability. The ordinates of the latter were retrieved from http://esse1-
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gis.mi.ingv.it/ using the geographical coordinates of Sant’Angelo dei 

Lombardi. 

 

6.10.4

3

*

+⋅=

=

⋅=

g

a
T

T
T

TCT

g

D

C
B

CCC

        (8) 

 

Table 26. Expressions defining SS and CC. 

Site Class SS CC 

A 1.00 1.00 

B 20.140.040.100.1 ≤⋅⋅−≤
g

a
F

g

o  ( ) 20.0*10.1
−⋅ CT  

C 50.160.070.100.1 ≤⋅⋅−≤
g

a
F

g

o  ( ) 33.0*05.1
−⋅ CT  

D 80.150.140.200.1 ≤⋅⋅−≤
g

a
F

g

o  ( ) 50.0*25.1
−⋅ CT  

E 60.110.100.200.1 ≤⋅⋅−≤
g

a
F

g

o  ( ) 40.0*15.1
−⋅ CT  
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Figure 55. EC8 spectra for Sant’Angelo dei Lombardi (site class B, ag = 0.27g) (a), 
NIBC spectra for Sant’Angelo dei Lombardi (site class A) and UHS for a 50 years 

return period on rock (b). 
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In this appendix, essential data regarding the real record selected and 

used in the study (Chapter 2) are reported.  

 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

1 

414 192 Kalamata 13/09/1986 5.9 normal 11 B 

413 192 Kalamata 13/09/1986 5.9 normal 10 B 

147 65 
Friuli 

(Aftershock) 
15/09/1976 6 thrust 14 B 

131 63 
Friuli 

(Aftershock) 
15/09/1976 6 thrust 14 B 

413 192 Kalamata 13/09/1986 5.9 normal 10 B 

1990 282 Komilion 25/02/1994 5.4 oblique 12 B 

230 108 
Montenegro 
(Aftershock) 

24/05/1979 6.2 thrust 8 B 

mean: 
   

5.9 
 

11 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

2 

413 192 Kalamata 13/09/1986 5.9 normal 10 B 

414 192 Kalamata 13/09/1986 5.9 normal 11 B 

6334 2142 
South 

Iceland 
(Aftershock) 

 
6.4 strike slip 11 B 

414 192 Kalamata 13/09/1986 5.9 normal 11 B 

413 192 Kalamata 13/09/1986 5.9 normal 10 B 

146 65 
Friuli 

(Aftershock) 
15/09/1976 6 thrust 14 B 
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6334 2142 
South 

Iceland 
(Aftershock) 

 
6.4 strike slip 11 B 

mean: 
   

6.1 
 

11 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

3 

413 192 Kalamata 13/09/1986 5.9 normal 10 B 

6263 1635 
South 

Iceland 
17/06/2000 6.5 strike slip 7 B 

413 192 Kalamata 13/09/1986 5.9 normal 10 B 

879 349 Dinar 01/10/1995 6.4 normal 8 C 

1874 645 
Skydra-
Edessa 

18/02/1986 5.3 ? 2 B 

322 153 
Campano 

Lucano 
(Aftershock) 

16/01/1981 5.2 normal 8 B 

879 349 Dinar 01/10/1995 6.4 normal 8 C 

mean: 
   

5.9 
 

8 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

4 

413 192 Kalamata 13/09/1986 5.9 normal 10 B 

414 192 Kalamata 13/09/1986 5.9 normal 11 B 

879 349 Dinar 01/10/1995 6.4 normal 8 C 

7329 2343 Faial 09/07/1998 6.1 strike slip 11 C 

879 349 Dinar 01/10/1995 6.4 normal 8 C 

42 30 Ionian 04/11/1973 5.8 thrust 15 C 

7142 2309 Bingol 01/05/2003 6.3 strike slip 14 A 

mean: 
   

6.1 
 

11 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

5 

104 28 
Friuli 

Earthquake 
4th Shock 

15/09/1976 5.9 n/a 5 B 

232 59 N/A 16/01/1981 5.2 n/a 9 B 

467 114 
App. Umbro-
Marchigiano 

12/10/1997 5.2 n/a 19 B 
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232 59 N/A 16/01/1981 5.2 n/a 9 B 

791 178 
L'aquila 

Mainshock 
06/04/2009 6.3 n/a 6 B 

91 25 
Friuli 

Earthquake 
3rd Shock 

15/09/1976 5.9 n/a 5 B 

171 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 19 B 

mean: 
   

5.8 
 

10 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

6 

790 178 
L'aquila 

Mainshock 
06/04/2009 6.3 n/a 4 A 

791 178 
L'aquila 

Mainshock 
06/04/2009 6.3 n/a 6 B 

791 178 
L'aquila 

Mainshock 
06/04/2009 6.3 n/a 6 B 

102 28 
Friuli 

Earthquake 
4th Shock 

15/09/1976 5.9 n/a 17 B 

792 178 
L'aquila 

Mainshock 
06/04/2009 6.3 n/a 5 B 

91 25 
Friuli 

Earthquake 
3rd Shock 

15/09/1976 5.9 n/a 5 B 

171 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 19 B 

mean: 
   

6.3 
 

9 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R[km] 
EC8 
Site 
class 

7 

104 28 
Friuli 

Earthquake 
4th Shock 

15/09/1976 5.9 n/a 5 B 

261 70 
Val Comino 
Earthquake 

07/05/1984 5.9 n/a 20 C 
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136 35 
Patti Gulf 

Earthquake 
15/04/1978 6 n/a 18 C 

88 25 
Friuli 

Earthquake 
3rd Shock 

15/09/1976 5.9 n/a 12 C 

103 28 
Friuli 

Earthquake 
4th Shock 

15/09/1976 5.9 n/a 16 A 

791 178 
L'aquila 

Mainshock 
06/04/2009 6.3 n/a 6 B 

171 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 19 B 

mean: 
   

6.1 
 

14 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

8 

790 178 
L'aquila 

Mainshock 
06/04/2009 6.3 n/a 4 A 

791 178 
L'aquila 

Mainshock 
06/04/2009 6.3 n/a 6 B 

104 28 
Friuli 

Earthquake 
4th Shock 

15/09/1976 5.9 n/a 5 B 

364 99 
Umbria-

Marche 1st 
Shock 

26/09/1997 5.7 n/a 3 D 

791 178 
L'aquila 

Mainshock 
06/04/2009 6.3 n/a 6 B 

102 28 
Friuli 

Earthquake 
4th Shock 

15/09/1976 5.9 n/a 17 B 

91 25 
Friuli 

Earthquake 
3rd Shock 

15/09/1976 5.9 n/a 5 B 

mean: 
   

6.0 
 

6 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

9 1229 472 Izmit 17/08/1999 7.6 strike slip 73 B 
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202 93 Montenegro 15/04/1979 6.9 thrust 56 B 

181 87 Tabas 16/09/1978 7.3 oblique 68 B 

289 146 
Campano 

Lucano 
23/11/1980 6.9 normal 48 B 

289 146 
Campano 

Lucano 
23/11/1980 6.9 normal 48 B 

288 146 
Campano 

Lucano  
6.9 normal 43 B 

181 87 Tabas 16/09/1978 7.3 oblique 68 B 

mean: 
   

7.1 
 

58 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

10 

197 93 Montenegro 
 

6.9 thrust 24 B 

4673 1635 
South 

Iceland 
17/06/2000 6.5 strike slip 15 B 

196 93 Montenegro 
 

6.9 thrust 25 B 

291 146 
Campano 

Lucano 
23/11/1980 6.9 normal 16 B 

4677 1635 
South 

Iceland 
17/06/2000 6.5 strike slip 21 B 

288 146 
Campano 

Lucano  
6.9 normal 43 B 

199 93 Montenegro 
 

6.9 thrust 16 B 

mean: 
   

6.8 
 

23 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

11 

1228 472 Izmit 17/08/1999 7.6 strike slip 47 A 

1229 472 Izmit 17/08/1999 7.6 strike slip 73 B 

202 93 Montenegro 15/04/1979 6.9 thrust 56 B 

6761 2222 Vrancea 30/08/1986 7.2 thrust 49 A 

181 87 Tabas 16/09/1978 7.3 oblique 68 B 

289 146 
Campano 

Lucano 
23/11/1980 6.9 normal 48 B 

181 87 Tabas 16/09/1978 7.3 oblique 68 B 

mean: 
   

7.3 
 

58 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

12 290 146 Campano 23/11/1980 6.9 normal 32 A 
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Lucano 

290 146 
Campano 

Lucano 
23/11/1980 6.9 normal 32 A 

200 93 Montenegro 15/04/1979 6.9 thrust 65 A 

196 93 Montenegro 
 

6.9 thrust 25 B 

6500 497 Duzce 1 12/11/1999 7.2 oblique 23 A 

197 93 Montenegro 
 

6.9 thrust 24 B 

1560 497 Duzce 1 12/11/1999 7.2 oblique 39 C 

mean: 
   

7.0 
 

34 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

13 

178 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 36 B 

170 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 54 B 

375 100 
Umbria-

Marche 2nd 
Shock 

26/09/1997 6 n/a 81 A 

8 4 
Friuli 

Earthquake 
1st Shock 

06/05/1976 6.4 n/a 48 B 

170 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 54 B 

178 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 36 B 

8 4 
Friuli 

Earthquake 
1st Shock 

06/05/1976 6.4 n/a 48 B 

mean: 
   

6.6 
 

51 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

14 

803 178 
L'aquila 

Mainshock 
06/04/2009 6.3 n/a 33 A 

132 35 
Patti Gulf 

Earthquake 
15/04/1978 6 n/a 60 A 
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165 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 77 E 

165 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 77 E 

383 100 
Umbria-

Marche 2nd 
Shock 

26/09/1997 6 n/a 35 A 

178 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 36 B 

394 100 
Umbria-

Marche 2nd 
Shock 

26/09/1997 6 n/a 65 C 

mean: 
   

6.4 
 

55 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

15 

413 192 Kalamata 13/09/1986 5.9 normal 10 B 

414 192 Kalamata 13/09/1986 5.9 normal 11 B 

414 192 Kalamata 13/09/1986 5.9 normal 11 B 

413 192 Kalamata 13/09/1986 5.9 normal 10 B 

230 108 
Montenegro 
(Aftershock) 

24/05/1979 6.2 thrust 8 B 

159 72 
Friuli 

(Aftershock) 
16/09/1977 5.4 thrust 7 B 

1928 276 Patras 14/07/1993 5.6 strike slip 10 B 

mean: 
   

5.8 
 

10 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

16 

104 28 
Friuli 

Earthquake 
4th Shock 

15/09/1976 5.9 n/a 5 B 

104 28 
Friuli 

Earthquake 
4th Shock 

15/09/1976 5.9 n/a 5 B 

900 183 
L'aquila 

Earthquake 
07/04/2009 5.6 n/a 5 B 

605 136 App. Lucano 09/09/1998 5.6 n/a 7 B 
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605 136 App. Lucano 09/09/1998 5.6 n/a 7 B 

899 183 
L'aquila 

Earthquake 
07/04/2009 5.6 n/a 6 C 

899 183 
L'aquila 

Earthquake 
07/04/2009 5.6 n/a 6 C 

mean: 
   

5.7 
 

6 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

17 

289 146 
Campano 

Lucano 
23/11/1980 6.9 normal 48 B 

289 146 
Campano 

Lucano 
23/11/1980 6.9 normal 48 B 

153 67 Caldiran 24/11/1976 7 strike slip 52 B 

6496 497 Duzce 1 12/11/1999 7.2 oblique 45 B 

153 67 Caldiran 24/11/1976 7 strike slip 52 B 

202 93 Montenegro 15/04/1979 6.9 thrust 56 B 

202 93 Montenegro 15/04/1979 6.9 thrust 56 B 

mean: 
   

7.0 
 

51 
 

SET 
Waveform 

ID 
Earthquake 

ID 
Earthquake 

Name 
Date M 

Fault 
Mechanism 

R 
[km] 

EC8 
Site 
class 

18 

168 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 42 B 

168 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 42 B 

176 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 46 B 

176 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 46 B 

8 4 
Friuli 

Earthquake 
1st Shock 

06/05/1976 6.4 n/a 48 B 

8 4 
Friuli 

Earthquake 
1st Shock 

06/05/1976 6.4 n/a 48 B 

167 47 
Irpinia 

Earthquake 
23/11/1980 6.9 n/a 59 B 
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mean: 
   

6.8 
 

47 
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Appendix C 

Ground motions sets used for analysis 
 

 

 

 

 

 

In this appendix, plots regarding the real record selected and used in the 

study (Chapter 2) are reported. In the following figures, thick solid lines are 

the average of the set and the target spectrum, while the dashed are the 

tolerance and period range bounds where compatibility is ensured. Solid thin 

lines are the seven individual spectra of the set. 

 

Group I 

Scaled Unscaled 

Set no. 1 Set no. 2 

  
Set no. 3 Set no. 4 
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Set no. 5 Set no. 6 

  
Set no. 7 Set no. 8 
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Group II 

Scaled Unscaled 

Set no. 9 Set no. 10 

  
Set no. 11 Set no. 12 

  
Set no. 13 Set no. 14 
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 Group III 

Set no. 15 Set no. 16 

  
 

Group IV 

Set no. 17 Set no. 18 

  
 

 

 

 


