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Introduction 

 

 

Scientific context 

Traditional earthquake design philosophy is based on preventing structural and non-

structural elements of buildings from any damage in low-intensity earthquakes, limiting the 

damage in these elements to repairable levels in medium-intensity earthquakes, and 

preventing the overall or partial collapse of buildings in high-intensity earthquakes. After 

1994 Northridge and 1995 Kobe earthquakes, the structural engineering community realized 

that the amount of damage, the economic loss due to downtime, and repair cost of structures 

were unacceptably high, even though those structures complied with available seismic codes 

based on traditional design philosophy (Lee and Mosalam, 2006). The concept of 

Performance-Based Earthquake Engineering (PBEE) has its roots from this realization.  

The U.S. Vision 2000 report (SEAOC, 1995) is one of the early documents of the first 

generation PBEE. In such report, Performance-Based Earthquake Design (PBED) is defined 

as a design framework which results in the desired system performances at various intensity 

levels of seismic hazard. The system performance levels are classified as fully operational, 

operational, life safety, and near collapse, while hazard levels are classified as frequent, 

occasional, rare, and very rare events. The designer and owner consult to select the desired 

combination of performance and hazard levels to use as design criteria objective. The 

intended performance levels corresponding to different hazard levels are either determined 

based on the public resiliency requirements, e.g. hospital buildings, or by the private property 

owners, e.g. residential or commercial buildings. Subsequent documents of the first 

generation PBEE (FEMA, 2000) express the design objectives using a similar framework, 

with slightly different performance descriptions and hazard levels. The element deformation 

and force acceptability criteria corresponding to the performance are specified for different 

structural and non-structural elements for linear, nonlinear, static, and/or dynamic analyses. 

At that time, these criteria do not possess any probability distribution, i.e. element 

performance evaluation is deterministic. The defined relationships between engineering 

demands and component performance criteria are based somewhat inconsistently on 

relationships measured in laboratory tests, calculated by analytical models, or assumed on the 
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basis of engineering judgment (Moehle, 2003), and in addition, element performance 

evaluation is not tied to a global system performance.  

Considering the shortcomings of the first-generation procedures, a more robust PBEE 

methodology has been developed (Porter, 2003; Krawinkler, 2005; Haselton et al., 2008; 

Gunay and Mosalam, 2012) at the Pacific Earthquake Engineering Research (PEER) Center. 

Unlike earlier PBEE methodologies, element forces and deformations are not anymore 

directly used for performance evaluation. Indeed, one of the main features of the PEER-

PBEE methodology is the explicit calculation of system performance measures, such as 

monetary losses, downtime (duration corresponding to loss of function), and casualties, 

which are expressed in terms of the direct interest of various stakeholders.  

Most important, the key feature of the PEER-PBEE methodology is the rigorous 

consideration of uncertainties in the calculation of performance through the use of the 

sciences of Probability and Statistics, which are specifically established in order to make 

scientific judgments in the face of uncertainties and variations. Accordingly, uncertainties in 

earthquake intensity, ground motion characteristics, structural response, physical damage, 

and economic and human losses are explicitly considered in the method. This makes a 

fundamental difference with respect to deterministic seismic risk assessment methods, which 

“by-pass” the explicit consideration of uncertainties through the consideration of “worst 

scenario events” and the introduction of high safety factors, thus resulting in over 

dimensioned designs and/or redundant retrofitting-actions with consequent unnecessary 

increment of costs.  

However it must be said that up to now, due to the probabilistic nature of the 

methodology and the various analysis stages it consists of, applications of Seismic 

Probabilistic Risk Analysis methodology (outside the Nuclear energy field) have been 

conducted mostly by academics with little attention by practicing engineers. However, an 

increasing trend to use probabilistic PBEE as a design method is boosted by the consequences 

of recent earthquakes, which have shown that traditional earthquake design philosophy has 

fallen short of meeting the requirements of sustainability and resiliency (Cimellaro et al., 

2010; Moehle and Frost, 2012). Indeed, it is an accepted fact that the probabilistic PBEE 

methods are gaining popularity (e.g., FEMA, 2012) and they are expected to be proposed for 

standard design codes in the near future (e.g., Pinto, 2014). 
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Aim and tasks of the study 

The study presented in this manuscript is inserted in the framework of the reduction of 

uncertainty in probabilistic PBEE methodologies. Specifically, this contribution aims to 

reduce the uncertainty coming from the engineering characterization of seismic ground 

motions. Such an uncertainty, which has been shown (Porter, 2003) to have significant 

weight, affects the effectiveness of the Seismic Hazard Analysis phase and in turns the 

efficiency of the Structural Demand Analysis phase of the PBEE process.  

From the engineering point of view, ground motions are characterized by Intensity 

Measures (IMs). An IM is (mostly) a scalar property of a ground motion record that can be 

found simply and cheaply, and its aim is to quantify the “intensity” of the ground motion. 

Familiar examples of IMs include PGA and spectral acceleration Spa(f1).  

Hence, the three main tasks of the study are: 

• To evaluate the performance of the IMs currently used in engineering practice as 

well as the performance of other IMs proposed in literature. 

• To understand which are the characteristics that make earthquake excitations 

damaging for building structures and non-structural components. 

• To develop higher performance IMs. 

Organization of the report 

The thesis is logically subdivided into four chapters:  

1. The first chapter introduces the PBEE methodology and sets the present study in 

its framework. An explanation of the role and the importance of the Intensity 

Measures in Seismic Probabilistic Risk Analysis is given, as well as an overview 

of the current state-of-the-art about such parameters. The methodology used to 

conduct the quantitative evaluation/comparison of the IMs ‘performance is also 

presented. 

2. The second chapter is dedicated to the Intensity Measures aiming at predicting 

structural demand. The derivation of a new structure-specific Intensity Measure, 

namely ASAR (Relative Average-Spectral-Acceleration), is proposed and the 

comparison with the current IMs is performed, based on: a) a large dataset of 
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recorded earthquake ground motions; b) numerical analyses conducted with state-

of-the-art FE models representing actual load-bearing walls and frame structures, 

and validated against experimental test; and c) systematic statistical analyses of 

the results. Lastly, the limits of the examined IMs are highlighted. 

3. The third chapter is focused on the Intensity Measures aiming to predict Non-

Structural Components demand. Following the same approach of chapter 2, a new 

structure-specific Intensity Measure, namely E-ASAR (Equipment-Relative 

Average-Spectral-Acceleration), is proposed and the comparison with the current 

IMs is performed. 

4. Finally, in the fourth and conclusive chapter, the study and its findings are 

summarized and perspectives for future work/development are suggested. 
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1 Seismic Probabilistic Risk Analysis 

 

1.1 PERFORMANCE BASED EARTHQUAKE ENGINEERING (PBEE) 

The Seismic Probabilistic Risk Analysis (SPRA) methodology (Kennedy et al., 1980); 

Wakefield et al., 2003) is, since decades, the most commonly used approach for evaluating 

the seismic safety of nuclear engineering structures. In recent years, this methodology has 

also become popular for characterizing seismic behavior of other civil structures (Hamburger 

et al., 2003; FEMA, 2012), essentially, with the name of Performance-Based Earthquake 

Engineering (PBEE).  

In the form developed by the Pacific Earthquake Engineering Research (PEER) Center, 

which has been adopted herein as a reference, the PBEE methodology can be broken down 

into four processes (Figure 1.1): hazard analysis, structural analysis, damage analysis, and 

loss analysis.   

 

Figure 1.1 Overview of PEER-PBEE methodology. Reproduced from Krawinkler (2005). 

During the hazard analysis, the seismic hazard is evaluated for the facility site and 

ground-motion time histories, whose Intensity Measures (IMs) correspond to the various 
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hazard levels, are produced. During the structural analysis phase, nonlinear time-history 

analyses are performed in order to calculate the facility's response to ground motions of a 

given IM in terms of drift, roof displacement, floor response spectrum features or other 

Engineering Demand Parameters (EDPs). During the damage analysis phase, these EDPs are 

used along with component fragility functions to determine Damage Measures (DMs) 

specific to facility components. Lastly, given these DMs, a set of variables including 

operability, repair costs/duration and potential for casualties can be evaluated. Such 

performance measures are referred to as decision variables (DVs) since they serve to inform 

stakeholder decisions regarding future performance. 

 Each relationship in this four-phase process, from location and design to IMs, IMs to 

EDPs, EDPs to DMs and DMs to DVs, involves uncertainties and is treated probabilistically. 

Indeed, the probabilistic expressions of the PBEE methodology components can be integrated 

by the total probability theorem (Benjamin and Cornell, 1970) and expressed as: 

!(DV ) = p
IM

!
EDP

!
DM

! DV DM"# $%p DM EDP"# $%p EDP IM"# $%! IM( )dIM  dEDP dDM      (1.1) 

where 

p[ ] = Probability Density Function (PDF) of the quantity inside the brackets 

λ (IM) = Mean Annual Frequency (MAF) of events with intensity IM 

λ (DV) = MAF of events with value DV of the decision variable 

Each function represents one element of the analysis methodology: λ[IM] reflects the 

results of the hazard analysis; p[EDP|IM] reveals the structural analysis; p[DM|EDP] 

represents the damage analysis; and p[DV|DM] returns the loss analysis.  

The inspection of equation (1.1) reveals that it “de-constructs” the assessment problem 

into the four basic elements of hazard analysis, structural analysis, damage analysis, and loss 

estimation, by introduction of the three “intermediate variables,” IM, EDP, and DM. Then it 

“re-couples” the elements via integration over all levels of the selected intermediate 

variables. This integration implies that in principle one must assess the conditional 

probabilities p[EDM|IM], p[DM|EDP] and p[DV|DM] parametrically over a suitable range 

of DM, EDP, and IM levels. The assumption is that appropriate variables (IMs, EDPs and 

DMs) are chosen such the conditioning information do not need to be “carried forward” (e.g., 

given EDPs, the DMs are conditionally independent of IM; otherwise IM should appear after 

the EDPs in the first factor.) So, for example, the EDPs should be selected so that the DMs 
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(and DVs) do not also vary with intensity, once the EDP is specified. Similarly one should 

choose the Intensity Measure (IM) so that, once it is given, the dynamic response (EDP) is 

not also further influenced by, say, magnitude or distance to the source, which have already 

been integrated into the determination of λ(IM) (Krawinkler and Miranda, 2004). 

The present work, in the framework of the SPRA/PBEE methodologies, focuses on the 

interface between Hazard Analysis and Structural Analysis and aims at reducing the 

uncertainty in the engineering characterization of the seismic ground motions. 

1.1.1 Hazard Analysis 

The goal of PBEE analyses is to ensure that a structure can withstand a given level of 

ground shaking while maintaining a desired level of performance. Due to the great deal of 

uncertainty about the location, size, and resulting shaking intensity of future earthquakes, the 

question that arises is: what level of ground shaking should be used to perform this analysis? 

Probabilistic Seismic Hazard Analysis (PSHA) (Cornell, 1968; Kramer, 1996; Baker, 2008) 

aims to quantify these uncertainties, and combines them to produce an explicit description of 

the distribution of future shaking that may occur at a site.  

To perform PSHA analysis leads to describe the earthquake hazard in a probabilistic 

manner, considering nearby faults, their magnitude-recurrence rates, fault mechanism, 

source-to-site distance, site conditions, etc., and employing attenuation relationships, such as 

Ground Motion Prediction Equations (GMPEs). The end result of hazard analysis is Hazard 

Curve (e.g., Figure 1.2), which describes the variation of the selected IM versus its Mean 

Annual Frequency (MAF) of exceedance (Bommer and Abrahamson, 2006). 

      

Figure 1.2 Example of a Hazard curve, i.e. λ(IM). 
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Furthermore, in order to perform time-history structural analysis, Hazard Analysis also 

involves the selection of a number of ground-motion time histories “compatible” with the 

hazard curve. For example, if PGA is utilized as IM, for each PGA value in the hazard curve, 

an adequate number of ground motions should be selected which possess that value of PGA 

(i.e., adequate number refers to the number of ground motions which would be adequate to 

provide meaningful statistical data in the structural analysis phase (see paragraph 1.2.1)). 

Additionally, based on the current approach (Bommer and Acevedo, 2004; Katsanos et al., 

2010) and in order to be consistent with the probabilistic seismic hazard analysis, selected 

ground motions should be in principle compatible with the magnitude and distance 

combination which dominates the hazard for a particular value of IM (Sommerville and 

Porter, 2005).  

Thus, the foregoing highlights the capital role of IMs in modern Probabilistic Seismic 

Risk Analysis methods: to quantify the seismic hazard at the facility site. 

1.1.2 Structural Analysis 

In PBEE, Structural Analysis is conducted to determine the response of a structure to 

various levels and characteristics of earthquake hazard in a probabilistic manner. For this 

purpose, a computational model of the structure should be developed. Uncertainties in 

parameters defining the structural model (e.g. mass, damping, stiffness, and strength) can be 

considered by varying the relevant properties in the model. Nevertheless, it is worth 

mentioning that Lee and Mosalam (2006), based on analyses conducted for one of the 

testbeds of PEER-PBEE methodology, have shown that ground motion variability is more 

significant than the uncertainty in structural parameters in affecting the EDPs. For such a 

reason, deterministic structural analyses have been conducted in this work. 

For each intensity level of earthquake hazard, nonlinear time history analyses are 

conducted to estimate the structural responses in terms of selected Engineering Demand 

Parameters (EDPs), using the ground motions selected for that intensity level. EDPs may 

include local parameters such as element forces or deformations, or global parameters such as 

floor acceleration and global displacement. The PBEE formulation requires a single value for 

EDP. Therefore, peak values of the above EDPs are generally employed. It is possible to use 

different EDPs for different damageable components of a structure: for example, inter-story 

drift can be used for the structural system of a building (Krawinkler, 2005), while using floor 

acceleration for office or laboratory equipment (Comerio, 2005) of the same building. The 
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products of the structural analysis phase are conditional probabilities, p[EDP|IM], which can 

then be integrated with the λ(IM) to calculate Mean Annual Frequency of exceeding each 

EDP.  

It is likely to observe global collapse at higher intensity levels (in a simulation, global 

collapse corresponds to infinite increase of response for infinitesimal increases in input 

intensity, i.e. global dynamic instability). Global collapse is treated separately (Figure 1.1) in 

PEER-PBEE methodology since its probability does not change from a damageable 

component to the other.  

1.1.3 Damage and Loss Analyses 

After the determination of probabilities of EDPs in the structural analysis phase, these 

probabilities should be used to determine the Probability of Exceedence of DVs. This is 

achieved through the damage analysis and the loss analysis stages. 

The purpose of the damage analysis is to estimate the probabilities of physical damage at 

the component or system levels as a function of the structural response. Indeed, the response 

predicted by analytical demand models does not necessarily correlate to physical descriptions 

of damage, failure, and collapse. Therefore, observed, experimental, or analytical estimates of 

damage are often incorporated into the PBEE formulation by determining damage induced at 

different levels of structural response. The tool used to determine the above probabilities is 

the “fragility function,” (detailed in paragraph 1.2.1). In the context of the PBEE damage 

analysis, a fragility function represents the Probability of Exceedence of a Damage Measure 

(DM) for different values of an EDP. Examples of Damage Measures for reinforced concrete 

structural elements include cracking, spalling, transverse reinforcement fracture, longitudinal 

reinforcement buckling, and failure. Also, Damage Measures may be defined in terms of 

damage levels corresponding to the repair measures that must be considered to restore the 

components of a facility to the original conditions (Porter, 2003). For example, Mitrani-

Reiser et al. (2006) defined DMs of structural elements as light, moderate, and severe 

corresponding to repair with epoxy injections, repair with jacketing, and element 

replacement, respectively. 

Note that damage level of a damageable component shows variance, even for the same 

value of EDP. This is mainly due to the differences in the pattern and history of the structural 

response. In fact, EDPs are generally represented as peak quantities, however differences in 
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the path of achieving the same peak value introduces differences in the observed damage and 

these differences set the variance of the DM corresponding to an EDP (for instance, the same 

max inter-story drift value can be “transitory” or “permanent”, corresponding to different 

damage states, paragraph 2.3.1). 

Loss analysis is the last stage of PEER-PBEE methodology, and its goal is to estimate the 

frequency with which various levels of performance are exceeded. In this phase, damage 

information obtained from the damage analysis is converted to the final decision variables 

(DVs). DVs are defined at the system level, such as total repair cost, number of casualties, or 

repair duration.  

Finally, these  Decision Variables can be used directly by a structural engineer in the 

design or re-evaluation process with the inclusion of stakeholders for decision-making about 

the design or retrofit.  

1.2 FRAGILITY (LIMIT STATE) METHOD 

It is worth to note that the formulation (Eq. 1.1) of the PEER-PBEE method contains as 

special case one of the most common limit-state estimation scheme. This is that using 

“fragility curves” (Kennedy et al., 1980), which typically represent the probability of some 

binary Limit State (LS) as a function of a ground motion parameter (IM). Such a special case 

is obtained from Eq. 1.1 taking as decision variable the Limit State (i.e. DV=LS) and 

“collapsing” the second and the third integrals, by leaving: 

!(LS) = p
IM

! LS IM"# $%&! IM( )dIM                                           (1.2) 

in which p[LS|IM] is the fragility curve. 

The “Fragility method” constitutes the core of the first Seismic Probabilistic Risk 

Assessment (SPRA) studies, which have been carried out for nuclear power plants in the U.S. 

in the late seventies and are now used worldwide in order to assess seismic safety of existing 

or projected nuclear power plants. Besides, nowadays collapse fragility functions obtained 

from structural analysis results are increasingly popular in structural assessment procedures 

(e.g., FEMA, 2012). 

The key elements of this methodology, which allows for the proper evaluation of failure 

probability due to all possible earthquake events, are seismic hazard analysis (paragraph 

1.1.1), seismic fragility evaluation for each component and substructure, and system analysis 



Ground Motion Intensity Measures for Seismic Probabilistic Risk Analysis – De Biasio M. (2014) 

 
 

         23   
   

and construction of logical fault tree model. This latter is not detailed in this report, however 

the reader can found details about it in EPRI (1994) or EPRI (2002). 

Fragility Analysis  Fragility Analysis involves the estimation of the conditional 

probabilities of some structural (or non-structural) Limit-State (LS) for a given ground 

motion “capacity” A, which is defined as the threshold seismic load before the limit-state 

occurs. 

The current approach (Kennedy et al., 1980) consists in modeling ground motion capacity 

A as a random variable having lognormal distribution, that is: 

A = A
m

 !                                                              (1.3) 

where Am is the best estimate of the ground motion median capacity (i.e. the A level with 50% 

probability of reaching the limit state) and ε is a log-normally distributed random variable 

with unit median and logarithmic standard deviation β.  

A component or structure attains the limit state if its seismic capacity is less or equal to given 

ground motion intensity, therefore the fragility curve represents the probability to reach the 

limit state for a given seismic ground motion intensity a. In formal terms, the probability that 

a ground motion with IM = a will cause the limit state event LS is given by the Cumulative 

Distribution Function (CDF) of ground motion capacity A (1.3), which yields: 

p LS IM = a!" #$=%

ln
a

Am

&

'
(

)

*
+

!R

&

'

(
(
(
(

)

*

+
+
+
+

                                             (1.4) 

where Φ (.) is the standard normal Cumulative Distribution Function. Thus by using the 

lognormal model a fragility curve is entirely defined by two parameters, which are the 

median capacity Am and the logarithmic standard deviation β. 

This fragility model can be further detailed by distinguishing aleatory uncertainties and 

epistemic uncertainties. The first kind of uncertainty is associated to inherent random 

phenomena (such as earthquakes), whereas the latter uncertainty could be reduced by having 

a better model and/or collecting new data. Epistemic uncertainty is considered by modeling 

the median capacity in Eq. (1.3) by a lognormal random variable:  

!A
m
= A

m
 !

U
                                                           (1.5) 
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whilst aleatory uncertainty is associated to variability with respect to the median. Considering 

uncertainty of median capacity yields: 

A = A
m

 !
U( )  !R

                                                        (1.6) 

In the above expression, both εR and εU are lognormal distributed random variables with 

unitary median values and respective log-standard deviations βR and βU. More precisely, βU 

characterizes uncertainty in the knowledge of the median value whereas βR refers to inherent 

randomness. 

Then by virtue of (1.4) and (1.6), conditional probability of failure (i.e. fragility) becomes 

a random variable, expressed as: 

p ' LS IM = a!" #$=%

ln
a

Am

&

'
(

)

*
++!u%

,1
(Q)

!R

&

'

(
(
(
(

)

*

+
+
+
+

                                   (1.7) 

with Q = p[p<p’ | IM=x] the level of confidence than the conditional probability of failure p 

is less than p’ for a ground motion of IM = a. Therefore, Equation (1.7) defines a family of 

curves corresponding each to a confidence level Q (Figure 1.3). 

Note that the more sophisticated model (1.7) and the simple model (1.4) are linked by the 

relation: 

! = !
C
= !

R

2
+!

U

2                                                      (1.8) 

 With β =βC the fragility curve described by (1.4) is called composite fragility, this does not 

require a separated estimation of the uncertainty and can be considered as a ”best estimate” 

fragility curve. It can be shown (Kennedy et al., 1980) that the composite curve corresponds 

to the mean fragility curve, while expression (1.7) yields the median curve for Q = 0.5 or in 

the case only random uncertainty (i.e.  βU = 0) is considered (example in Figure 1.3). 
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Figure 1.3 Mean, Median, 5% Non-Exceedance, and 95% Non-Exceedance Fragility Curves for a 

component. Reproduced from EPRI (2009). 

1.3 INTENSITY MEASURES (IMs) 

The Hazard Analysis begins with definition of one (or more) ground motion Intensity 

Measure (IM) that should capture the important characteristics of earthquake ground motion 

affecting the response of the structural framing and nonstructural components. The IM, which 

may be a ground motion parameter such as peak ground acceleration or spectral response 

quantity, is expressed typically as a function λ(IM) of Mean Annual Frequency of exceedance 

(Figure 1.2), which is specific to the location of the building and often to its dynamic 

characteristics (e.g., fundamental natural frequency).  

1.3.1 Advantages of the use of Efficient and Sufficient IMs 

In this paragraph, the aim is to illustrate the advantages derived by the use of efficient and 

sufficient IMs.  

For the purpose of explication, it is assumed here that the PBEE procedure requires the 

engineer to confirm that the Mean Annual Frequency of an important limit state (e.g. global 

structural collapse), herein denoted LS, is less than a recommended value.  

Therefore, given the PBEE objective of estimating λLS (i.e., MAF of the event LS), the 

problem subdivides in characterizing the seismicity surrounding the facility’s site and 
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assessing the behavior of the structure given a particular earthquake event occurs. This 

means, in formal terms, to find λ(X) and P[LS|X]: λ(X) is the MAF of earthquake events in 

the region characterized by the vector X of parameters (e.g. magnitude, source-to-site 

distance, fault-type, etc.); P[LS|X] is the conditional probability of LS given an event of 

characteristics X. With this information the total probability theorem states that: 

!
LS
= P LS X!" #$% d! (X)                                                    (1.9) 

where the differential |dλ(X)| is the “MAF density” (or absolute value of the partial 

derivative of λ(X)) times the product of all the components of X (i.e. dx1dx2…).  

Assuming, for simplicity, that X = [M, R] (i.e. the magnitude and the source-to-site 

distance of the earthquake), three ways are available in order to estimate P[LS|X] (Cornell, 

2004): 

Method 1: Direct estimation A direct way of estimating P[LS|X] is to prepare a 

random sample of equally likely n’ ground motion records, then to analyze the structure for 

each of the n’ records, and count the number of observations r of the event LS. Then, the 

estimation of P[LS|X] is simply r/n’. This process must be repeated for m well selected sets 

of the parameters Xi (i = 1, ...m) for a total of n = n’m records. Then, the estimate of λLS is: 

!
LS
! P LS X

i
"# $%& '!(X

i
)                                                  (1.10) 

in which ∆λ(Xi) is approximately the MAF of events with characteristics Xi.  

This procedure implies that the engineer must have a sample size (n’) large enough to 

estimate each of the m P[LS|X] adequately. Supposing, for example, that this condition of 

adequacy can be satisfied by estimating the mean Maximum Inter-story Drift Ratio (MIDR) 

with a standard error of 10% and considering, for example, that the standard deviation of the 

MIDR of a typical frame in near failure regime is at least 0.8 (Cornell, 2004): 

A basic result in statistic (Benjamin and Cornell, 1970) tell us that: 

SE =
!

n
                                                            (1.11) 

where SE is the Standard Error of the estimate of the mean of a random sample n 

characterized by a Standard Deviation σ. 
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Therefore, the necessary sample size is about (0.8/0.1)2 (i.e. order 50). Assuming that m = 

10 to 20 (in order to cover adequately the range of X = [M, R]), the total required sample size 

is of order 1000.  

Method 2: use of an “efficient” IM With the objective of reducing the number of 

nonlinear analyses, it is helpful to introduce the use of an IM. With the introduction of this 

variable and the total probability theorem, it can be written: 

!LS = P LS IM,X!" #$%% f IM X( ) d!(X)                                      (1.12) 

in which f(IM|X) is the conditional  probability density function of the IM given X, which 

is ordinarily available as a Ground Motion Prediction Equation. The estimation of P[LS|IM, 

X] would proceed as in method 1 except that the records selected in each Xi “bin” (e.g., each 

M-R pair) should also have a specified IM level, usually obtained by simply scaling the 

record to that level. Then, for each of several levels of IM the set of records is analyzed and 

the probability for that IM level and X bin P[LS|IM, X] is estimated as in method 1 as the 

ratio r/n’. Upon repetition over the set of Xi bins, it can be written: 

!LS ! LS IM j,Xi
"
#

$
%&& 'f IM j Xi( )'!(Xi

)                                   (1.13) 

The advantage of introducing an efficient IM is that the dispersion (defined here as the 

standard deviation of the natural log) of the MIDR given IM and X is only about 0.3 to 0.4 

for a nonlinear MDOF frame at large ductility levels. This implies (Eq. 1.11) that only 

(0.35/0.1)2 (i.e. order 10) records are necessary for each first factor in the summation. 

However, assuming 4 to 6 IM levels and 10 to 20 Xi bins, the total required sample size is 

still in the range of 500.  

However, if the IM is well chosen experience shows (Shome et al., 1998; Cornell, 2004; 

Luco and Cornell, 2007) that all the variables in X may be found to be statistically 

insignificant, or at least practically so, i.e., the response given IM is no longer importantly 

sensitive to M and R. The reader must note that this is not totally unexpected: in the limit 

case of IM equal Spa at frequency f1, the maximum response of a simple linear SDOF 

oscillator with natural frequency f1 is totally insensitive to the couple Magnitude-source-to-

site-distance once the IM is known.  
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Method 3: Use of an “efficient” and “sufficient” IM  An IM is said sufficient if 

P[LS|IM, X] = P[LS|IM], that is if the probability of the event LS given IM and X does not 

depend on X at all. In this case equation (1.12) can be simplified as:   

!LS = P LS IM,X!" #$%% f IM X( ) d!(X) = P LS IM!" #$% d!IM (IM )                  (1.14) 

in which λIM is simply the “hazard curve” of the IM, i.e., λIM(u) is the mean annual 

frequency that the IM exceeds a specific value u. This can be obtained by conventional PSHA 

provided the engineer has specified which IM is appropriate for his particular structure. Then, 

the estimation of λLS reduces to selecting a set of records, scaling them to each of a set of IM 

levels, estimating as above the probability P[LS|IM] and then summing: 

!
LS
!" L IM#$ %&' IM

(IM )                                                (1.15) 

Assuming that the dispersion of for example MIDR given a value of IM is about 0.3 to 

0.4, each level will take order 10 samples and there need to be 4 to 6 levels then the total 

number of runs is only about 50. 

 

Summing up, 

 the two main characteristics defining IMs are efficiency and sufficiency. An IM is defined 

efficient if it allows, for a given value, to obtain a reduced variability in the structural 

response; a sufficient IM, on the other hand, is defined as the one that, for a given value, 

renders the structural response conditionally independent of earthquake magnitude and 

source-to-site distance (Luco and Cornell, 2007). The choice of IM has a deep impact on the 

simplifying assumptions and methods that can be used to evaluate accurately and efficiently 

the risk integral, which aggregates the results of the sub-tasks of the PBEE process (Conte et 

al., 2003). An improved IM (i.e. able to better capture the damaging features of a record and 

the site hazard), besides reducing the record-to-record variability, makes criteria for selecting 

input ground motions for inelastic time-history analyses become less strict. 
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1.3.2 Effect of IMs efficiency on Fragility formulation 

Figure 1.4 shows an example of fragility curves computed through the Eq. (1.7) and 

assuming the absence of epistemic uncertainty (i,e. βU = 0): all the curves represented have 

the same median capacity Am but different logarithmic standard deviation βR.  

The absence of epistemic uncertainty means that median capacity Am is affected only by 

aleatory uncertainty βR, which is essentially due (EPRI, 2009) to the randomness of the 

earthquake characteristics given the same IM value (i.e. record to record variability). Besides, 

as it will be clarified in paragraph 1.4.3, βR is the efficiency of the Intensity Measure. 

Accordingly, if the chosen ground motion Intensity Measure is not well correlated to the 

considered limit-state (for instance, failure), then the βR value (i.e., IM efficiency) reflects 

this ‘uncertainty’. Consequently (Figure 1.4), the poorer the correlation between ground 

motion IM and limit-state, the larger the value of βR, and the more spread out (i.e., flat) the 

fragility curve becomes indicating a wider range of ground motion intensities (IM=a) over 

which there is probability than the limit-state will be reached (i.e. larger uncertainty). 

  

 

Figure 1.4 Fragility curves based on the lognormal distribution with same median capacity am and 

different logarithmic standard deviation β =βR. Reproduced from EPRI (2009). 
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1.3.3 State of the Art 

Intensity Measures can be usefully classified in three main groups: 

• Peak based IMs: measures of maximum absolute values of ground motion’s time history 

characteristics. 

• Duration based IMs: integration of a ground motion time histories’ characteristic over the 

duration of the signal.  

• Frequency-response based IMs: based on the response of elastic oscillators to the ground 

motion time history. 

An author’s selection of the most recognized IMs from each of these classes (Table 1.1) is 

compared in this study. The Intensity Measures selected are examples of the best-known 

measures that have been proposed to quantify the damage potential of seismic events. 

Although, such list of IMs is not exhaustive as the literature is full of different variations of 

the given parameters.  

The possibility of using IMs is a critical aspect within the framework of Probabilistic 

Seismic Hazard Analysis (PSHA). Highly efficient IMs, which due to their complex 

formulation render seismic hazard computations impossible, tend not to be employed in 

engineering practice despite their high performance. For instance, the IM of Luco and Cornell 

(2007) requires for its definition (Eq. 1.16) the values of the first two natural period (T1, T2), 

the first two modal participation factors (PF1, PF2) and the yield displacement (dy) of the 

structure:  

IMLuco&Cornell =
Sd
I
T
1
,!
1
,dy( )

Sd T1,!1( )
! [PF

1

2
!Sd T1,!1( )]2 +[PF21

2
!Sd T2,!2( )]2             (1.16) 

Therefore, IMs requiring more substantial structural information than fundamental natural 

frequency are not considered in this comparative study. Furthermore, such advanced, 

complex and even elaborate IMs often show slight improvements in performance with respect 

to simpler ones (Fontara et al., 2012). 
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Table 1.1 IMs, from literature, compared in the study 

TYPE IM NOTES 

Frequency 

Response 

Based 

Spa(T1)  
Spa = pseudo-spectral acceleration at 
fundamental period 

I
H
= S

v
(T,! ) dT

0.1

2.5

!
 

Sv = spectral velocity 

ξ = damping ratio 

EPA =
1

2.5
Spa (T,! ) dT

0.1

2.5

!
 

Spa = pseudo-spectral acceleration 

ξ = damping ratio 

ASI = Spa (T,! ) dT
0.1

0.5

!
 

Spa = pseudo-spectral acceleration 

ξ = damping ratio 

S * = Spa (T1)
Spa (T2 )

Spa (T1)

!

"
##

$

%
&&

0.5

 

Spa = pseudo-spectral acceleration 

T1 = fundamental period 

T2 = 2 *T1 

INP= Spa (T1)
SpaAV (T1,...,T2 )

Spa (T1)

!

"
##

$

%
&&

0.4

 

SpaAV = Averaged pseudo-spectral 
acceleration between T1 and T2 

T1 = fundamental period 

T2 = 2 *T1 

Peak 

Based 

PGA =max a t( )  a(t) = acceleration time history 

PGV =max v t( )  v(t) = velocity time history 

Duration 

Based 

IA =
!

2g
a(t)

2
dt

0

t f

!  a(t) = acceleration time history 

t(f) = total duration of the record 

CAV = a(t)
0

t f

! dt  a(t) = acceleration time history 

t(f) = total duration of the record 

SCAV =CAV
i
+ a(t)

i!1

ti

" dt

 

a(t) = acceleration values in one-second 
interval where at least one value 
exceeds 0.025 g; 

i =1,…,n with n equal to the record 
length in seconds 

aRMS =
1

T
d

[a(t)]
2
dt  

a(t) = acceleration time history 

Td = the time elapsed between the first 
and last excursions of the acceleration 
above 0.05g. 

I
c
= a

RMS

1.5
T
d

0.5

 
Td = the time elapsed between the first 
and last excursions of the acceleration 
above 0.05g. 



Ground Motion Intensity Measures for Seismic Probabilistic Risk Analysis – De Biasio M. (2014) 

 
 

         32   
   

1.3.3.1 Peak-based IMs 

Peak Ground Acceleration and Peak Ground Velocity       The peak parameters PGA 

and PGV are largely used in order to classify the degree of severity of ground motions. They 

represent, respectively, the peak of the ground motion acceleration and velocity time series. 

Horizontal PGA has commonly been used to describe ground motions because of its natural 

relationship to inertial forces: indeed, the largest dynamic forces induced in certain types of 

structures (i.e. very stiff structures) are closely related to the PGA. Nevertheless, ground 

motions with high PGA are not necessarily more destructive than motions with lower PGA. 

Very high peak accelerations that last for only a very short period of time (i.e. high-frequency 

cycles) may cause little damage to many types of structures (Housner, 1975; Newmark, 1975; 

Blume, 1979; Kennedy, 1980). Indeed, it has been noted, particularly in connection with 

near-source motions due to low-to-moderate magnitude earthquakes, that structures have 

performed much better during earthquakes than would be predicted considering the 

instrumental PGA to which the structures were subjected. As reported by Kennedy (1984), 

examples of this behavior may be seen from the 1966 Parkfield earthquake, the 1971 Pacoma 

dam earthquake, the 1972 Ancona earthquake and the 1972 Melendy Ranch Barn earthquake 

record (Figure 1.5a): these earthquake records had instrumental PGA lying between 0.5 and 

1.2 g and yet, only minor damage occurred in the vicinity of the recording sites. 

With respect to PGA, PGV is less sensitive to the higher frequency content of the ground 

motion (Kramer, 1996), therefore it is suggested as providing a more accurate indication of 

the damage potential for structures which are sensitive to loading in an intermediate 

frequency range. Peak Ground Displacement (PGD) is instead associated with the low 

frequency components of ground motion (Kramer, 1996), therefore it could be appropriate for 

low fundamental frequency building (e.g., tall buildings). However, because this study does 

not consider such particular kind of buildings, PGD has not been herein investigated. 

                                             
 

Figure 1.5 Time and acceleration scales are identical for the two records (i.e. very similar PGA): a) 

Melendy Ranch 1972 earthquake (M=4.6);b) Konya 1967 earthquake (M=6.7). From Kramer (1996). 



Ground Motion Intensity Measures for Seismic Probabilistic Risk Analysis – De Biasio M. (2014) 

 
 

         33   
   

1.3.3.2 Duration-based IMs 

Cumulative Absolute Velocity       The Cumulative Absolute Velocity (CAV) was created 

as a conservative predictor of earthquake damage threshold for purpose of Nuclear Power 

Plants safe-shut-down. It is defined as the integral of the absolute value of the acceleration 

time series, and, in its original formulation, it is computed by equation (EPRI, 1988): 

CAV = a(t)
0

t f

! dt                                                      (1.17) 

where t is the time and a(t) is the acceleration time series of total duration tf. The name 

Cumulative Absolute Velocity is explained by the fact that this IM can be considered as the 

summation of the velocity amplitudes during the time. 

It is evident from the definition of CAV that its value increases with time until it reaches its 

maximum value at tf. Therefore, CAV includes the cumulative effect of ground motion 

duration.  

A physical interpretation of CAV, formalized by the relationship (1.18) has been proposed 

by (IAEA, 2013): 

CAV = T
1

! 2
"

c

S
0
!"

"
c

=
!

T N
S
0
!"

"
c

                              (1.18) 

where T is the duration of the strong motion, N is the number of load cycles, Δω is the 

bandwidth, ωc is the median frequency and S0 is the power spectrum density function 

(Kramer, 1996). This equation shows that CAV is related to the duration of seismic motions, 

the frequency of loading over the duration and the seismic response energy. This suggests 

that CAV is a parameter which is deeply linked to cumulative, “fatigue-type”, damage.  

Standardized Cumulative Absolute Velocity         However, it must be highlighted that 

the calculation of CAV can be biased in case of long duration records containing very low 

(non-damaging) acceleration cycles. For such a reason the original formulation of CAV was 

modified (EPRI, 1991) in order to standardize its calculation accounting for the record length. 

The recommended method of standardization consists to window the CAV computation to a 

second-by-second basis for a given time history: if the absolute acceleration exceeds 0.025 g 

at any time during each one-second interval, CAV, for that second, is calculated and summed 

(Figure 1.6).  

Mathematically, the Standardized CAV (S-CAV) is expressed as: 
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SCAV =CAV
i
+ a(t)

i!1

ti

" dt                                                (1.19) 

where 

a(t) = acceleration values in one-second interval where at least one value exceeds 0.025 g; 

i =1,…,n with n equal to the record length in seconds 

 

Figure 1.6 CAV vs. S-CAV. Reproduced from Campbell and Bozorgnia (2010). 

Arias Intensity       Arias (1970) suggested that the parameter ET, given by the relation 

(1.20), can serve as a measure of the total energy of a signal which total duration is tf.
 

ET = a(t)
2
dt

0

t f

!                                                       (1.20) 

Then, the (ET proportional)  Arias Intensity takes the form:
 

A
=
!

2
E
T

                                                         (1.21) 

Successively, Housner and Jennings (1977) demonstrated that π/2 *ET is a measure of the 

capacity of the ground motion to do work on an idealized uniform population of structures of 

all natural frequencies; in other words, one might thus consider the Arias Intensity to be a 

measure of the damage potential of a ground motion record for a uniform population of 

structures over all the frequencies. 
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Root-Mean-Square Acceleration                Considering the equation (1.20) the average 

rate of energy input (earthquake power) is given by: 

P =
E
T

T
d

                                                              (1.22) 

where Td  is the strong motion duration of the time series.  

Then, Mortgat (1979) and McCann and Shah (1979) have suggested, as IM, the Root-

Mean-Square Acceleration, which is given by: 

aRMS = =
1

[ ( )]
2

0

d

!                                            (1.23) 

Characteristic Intensity          Successively (Ang, 1990) proposed the Characteristic 

Intensity, expressed as: 

c
= a

RMS

1.5
T
d

0.5
                                                         (1.24) 

Note that, differently from the IA and the CAV that are computed on the whole duration of 

the record, the aRMS and the Ic can be sensitive to the method used to define the strong motion 

duration. In the present work, the strong motion duration as been identified as the bracketed 

duration (Bolt, 1969), i.e. the time elapsed between the first and last excursions of the 

acceleration above 0.05g. 

1.3.3.3 Frequency-response based IMs 

Spectral acceleration at fundamental period        For more than 40 years, design 

procedures have used low damped spectral acceleration at the fundamental period of the 

structure, Spa (T1), as the basic intensity measures, and acceleration response spectra ordinates 

form the basis for both present national seismic hazard maps and building code procedures.  

With respect to the PGA, the elastic response spectrum values have the advantage to be 

primarily influenced by the energy contained within a number of cycles of ground motion and 

to be little influenced by a few spikes of very high acceleration (Newmark and Hall, 1982). 

Indeed, Blume (1979) has shown that clipping the highest 30 % off the measured acceleration 

time history (i.e. using only the 70 % of the record, in an absolute sense, closest to the zero 

line) produced only about a 5 % reduction in the elastic response spectrum ordinates. 
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The Spa (T1) is widely used because it is the perfectly efficient (and sufficient) IM for 

elastic SDOF systems and Ground Motion Prediction Equations in its terms are very 

common. However, with respect to real structures, this IM has two major shortcomings: it 

ignores both the contributions of higher modes to the overall dynamic response and the 

elongation of the fundamental period associated with accumulation of damage. 

Furthermore, the effect of duration of strong motion (or number of cycles of strong 

inelastic response) is not incorporated into the elastic response spectrum. Thus, a given 

elastic spectral response ordinate is expected to correspond to greater damage capability for a 

long duration earthquake than for a short duration earthquake.  

Spectral Intensity     The Spectral Intensity as been defined by Housner (1959) as: 

I
H
= S

v
(T,! ) dT

0.1

2.5

!                                                    (1.25) 

This quantity is related to the kinetic energy stored in the structure during the earthquake: 

for a SDOF system such energy is equal to the half of the mass times the square of the 

pseudo-velocity. Practically, the spectral intensity represents the area under the pseudo-

velocity spectrum, the interval of integration (0.1-2.5 s) being chosen as representative of 

civil engineering structures. 

Effective Peak Acceleration     The U.S. Applied Technology Council (ATC, 1978) 

proposed the Effective Peak Acceleration, defined as:  

EPA =
1

2.5
Spa (T,! ) dT

0.1

2.5

!                                             (1.26) 

which range of integration of the period is the same, broadly covering civil engineering 

structures, of the IH. 

Acceleration Spectral Intensity           Similarly, the Acceleration Spectral Intensity 

(1.27) has been proposed by Von Thun et al. (1998) in order to select ground motions for the 

analysis of reinforced concrete dams, which typical period is in the range 0.1-0.5 s. 

ASI = S
pa
(T ! ) dT

0.1

0.5

!                                                 (1.27) 

Spectral Shape IMs    The S
*  (1.28) (Cordova et al., 2001) and the INP (1.29) 

(Bojorquez et al., 2011) are IMs aiming to take into account the non-linear structural 
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behavior. Their formulations combine to the Spa(T1) factors aiming to describe the spectral 

shape in the period lengthening zone of the response spectrum.  

S * = Spa (T1) !a1
0.5

         with         a1 =
Spa (T2 )

Spa (T1)

!

"
##

$

%
&&                               (1.28) 

I
NP= Spa (T1) !a2

0.4
         with         a2 =

SpaAV (T1,...,T2 )

Spa (T1)

!

"
##

$

%
&&                   (1.29) 

Indeed, with T2 = 2T1, both the factors a1 (1.28) and a2 (1.29) constitute meters of the 

ascending/descending character of “smooth” response spectra (Figure 1.7). However, 

considering the irregular character (peaks and valleys) of low-damped response spectra 

derived from real ground motions time histories (e.g., Figure 1.8), the factors a1 and a2 are 

likely to introduce bias in the evaluation of the spectral shape. 

 

Figure 1.7 Considering the period lengthening zone (T1 to T2): the record 1 decreases its “intensity”  

(a1 and a2 both < 1); the record 2 increases its “intensity”  (a1 and a2 both > 1). Adapted from 

Cordova et al. (2001). 

 

Figure 1.8 Example: response spectra (2 % damping) for three ground motion records. 
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1.4 HOW TO EVALUATE IMs PERFORMANCE 

The quantitative evaluation/comparison of IMs performance is performed by following 

three main steps, as illustrated in Figure 1.9: a) computer analyses of accelerograms derived 

from the ground motion dataset to provide values of the selected IMs; b) dynamic analyses to 

generate the structural response of the chosen test-cases structures, for given seismic 

excitations; and c) statistical analyses of outputs from the two aforementioned steps to 

determine the efficiency and sufficiency grade for the IMs being examined. 

The structural numerical analyses have been conducted with the FE code Cast3m®, 

developed by the French Atomic Energy Agency (www-cast3m.cea.fr), whilst the derivation 

of IMs as well the statistical analyses have been performed with numerical routines 

developed by the author in ambient MATLAB®. 

 

Figure 1.9 Overview of the IMs‘ performance evaluation/comparison method. 

1.4.1 Structural Analysis 

The study starts with the selection of the test-case buildings: the choice is gone (mostly) 

towards experimentally tested structures. Indeed, these serve as a validation tool for the 

numerical models and, provided a sufficiently precise agreement between numerical 

simulation output and experimental test results, give credence to the results extracted from 

the numerical models. Furthermore, the selected test cases feature different design 

characteristics (hence different dynamic properties) allowing to evaluate, in addition to the 

efficiency and sufficiency, also the robustness (Mehanny, 2009) of the IMs. The robustness 

describes the efficiency trends of an IM-EDP pair across different structures (i.e. different 
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fundamental frequency) ranges: a robust IM is one whose efficiency is stable with respect to 

the fundamental frequency of buildings.  

To ensure adequacy for this study, the numerical models need to possess three 

fundamental characteristics: 1) accurate representation of the linear structural dynamic 

behavior (De Biasio et al., 2012); 2) accurate representation of the nonlinear structural 

behavior in order to replicate the key damage mechanisms under seismic loading; 3) low 

computational cost to allow, within a reasonable time frame, extending the analysis to a large 

number of seismic signals, thus adding statistical value to the study.  

Lastly, it is important to note that in this study the numerical models serve as comparative 

tool, and therefore they are not created for the finest quantitative reproduction of the reality 

but rather for a qualitative and efficient indication of the structural response. 

Once the numerical models have been created and validated against experimental tests 

(when available), dynamic analyses have been conducted for each test case structure making 

use of the whole, selected, ground-motions dataset. 

1.4.1.1 Materials constitutive behavior 

A fundamental aspect that arises in the framework of the “structural-demand part" (i.e., 

Chapter 2) of this study is the selection of the constitutive laws of the materials, concrete and 

steel (perfect bond is assumed between them), forming the test-case buildings. Indeed, such 

material behavior laws allow the numerical models to experience (or not) damage, which then 

is “measured” and associated to the IMs values with the purpose to perform the statistical 

comparative study of the IMs performance. Consequently, the choice is gone towards 

performing, robust and broadly-validated material constitutive laws, which are able to 

reproduce the behavior of both concrete and steel of structures exposed to cyclic loading.  

La Borderie model for concrete    The damage-based constitutive law chosen to represent 

concrete behavior (La Borderie et al., 1994) can take into account the decrease in stiffness 

due to cracking, as well as the stiffness recovery that occurs at crack closure and the inelastic 

strains concomitant with damage (Figure 1.10). Several benchmarks against results issued 

from shaking table tests (i.e., Kotronis et al., 2005; Nguyen, 2006; Grange, 2008; Grange et 

al., 2012) have corroborated the excellent performance of the La Borderie’s constitutive law 

with respect to the simulation of reinforced concrete structures under seismic excitation. 



Ground Motion Intensity Measures for Seismic Probabilistic Risk Analysis – De Biasio M. (2014) 

 
 

         40   
   

 

Figure 1.10 La Borderie’s constitutive law for concrete. 

The law is generally expressed in three-dimensional space, though due to the kinematic of 

the finite elements used in this study only uniaxial formulation is required:  
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! +
=!    and   ! !

= 0      if    ! > 0                                       (1.33) 

! +
= 0   and   ! !

=!       if    ! < 0                                       (1.34) 

The total deformations ε (Eq. 1.30) are defined as the sums of the elastic εe (Eq. 1.31) and 

the inelastic εi (Eq. 1.32) deformations; σ+ (Eq. 1.33) is the tension stress and σ - (Eq. 1.34) is 

the compression stress; E is the Young modulus; β1 and β2 are material constants driving the 

inelastic deformations, respectively in tension and in compression; F’(σ) (Eq. 1.35 and Eq. 

1.36-1.38) is a function that describes the crack closure process and -σf
  is the crack closure 

stress. 
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D1 and D2 (in Eq. 1.31-1.32) are the variables that quantify the damage, respectively in 

tension and in compression: they evolve from 0 (sound material) to 1 (totally damaged 

material), respectfully of the irreversible thermodynamics process (i.e. their values can not 

decrease).  The damage variables (Eq. 1.39) are driven respectively by the energetic variables 

Y1 and Y2 (Eq. 1.40-1.41), Y0i are the thresholds of damage initiation and Ai are material 

constants. 
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Menegotto & Pinto model for Steel      In order to model the behavior of the steel 

reinforcement bars, a very well known constitutive relation (Menegotto and Pinto, 1973), 

which includes kinematic hardening, has been selected for the present study.  

In this law, three successive zones (Figure 1.11) describe the loading curve under 

monotonic tension: linear elastic, perfect plastic and hardening. 

 

Figure 1.11 Menegotto & Pinto’s law for steel bars: activation of the Giuffre’s curve. 
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The response of the steel experiencing an unloading depends on the point of unloading: if 

the point is in the elastic zone, the response is linear; instead, if the unloading point is in the 

inelastic zone the response is firstly linear, and it successively becomes non-linear when the 

following relation is verified: 

!
max

!! >
!
sy

3
                                                       (1.42) 

 

Figure 1.12 Menegotto & Pinto’s law for steel bars. Adapted from Guedes et al. (1994) 
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Eq. 1.43 defines a family of curves lying between two asymptotes of slopes E0 and Eh 

having the common point (σ0 , ε0). The point (σr , εr) corresponds to the last point of loading 

inversion, the point (σs , εs) is the current point. The factor b (Eq. 1.46) represents the ratio 

between the hardening slope and the elastic slope. The parameter R (Eq. 1.47) describes the 

shape of the transition path reproducing the Bauschinger effect. The parameters R0, a1 and a2 

are material constants.  

1.4.2 Ground motions dataset 

The ground motion dataset used as input for the FE simulations has been extracted from 

the 2013 version of the RESORCE database (Akkar et al., 2013), which compiles ground 

motions recorded in Europe and nearby countries during the past several decades and related 

to events with moment magnitude (Mw) lying between 2 and 8. 

The records with moment magnitudes smaller than 4.5 and a hypocentral distance (Rhyp) 

greater than 100 km have been excluded in order to focus on earthquake excitations of 

engineering significance. Selecting records with respect to soil type has not been considered 

an essential step (Singh, 1985; Boore, 2004; Bommer and Acevedo, 2004). Accordingly 

(Luco and Cornell, 2007), the conditional independence (i.e. sufficiency) of IMs with respect 

to the VS30 (i.e. shear wave velocity in the upper 30 m) of records is analyzed. 

 
Figure 1.13 Ground motions used in this study: a) moment magnitude vs. hypocentral distance;  

b) PGA (geometric mean of the horizontal components) vs. hypocentral distance 
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The records (Figure 1.13) have been then clustered for specific moment magnitude and 

hypocentral distance intervals. In theory, magnitude-dependent clustering implies a more 

realistic consideration of frequency content and the strong-motion duration of ground 

motions (Bommer and Acevedo, 2004; Stewart et al., 2002). Two magnitude groups are 

described in order to account for the above facts: small magnitude (SM, 4.5 ≤ Mw ≤ 6.0), and 

large magnitude (LM, 6.0 < Mw ≤ 7.6). Records in the dataset are thus classified into two Rhyp 

bins: short distance (SR, 0 km < Rhyp ≤ 20 km), and large distance (LR, 20 km < Rhyp ≤ 100 

km). No screening has been carried out to isolate "pulse-like" records; finally, the 2,045 

records composing the dataset are divided into four bins, each with different magnitude and 

source-to-site distance intervals (Table 1.2). 

Table 1.2  Number of records in each Mw and RHyp interval pair 

 
    SR 

0 km < Rhyp ≤ 20 km 
  LR 

20 km < Rhyp ≤ 100 km 

SM 

4.5 ≤ Mw ≤ 6.0 
403 1,286 

LM 

6.0 < Mw ≤ 7.6 
34 322 

 

Regarding the computation of IMs: for the 1D-loaded test-case structures, the first 

horizontal component of the aforementioned dataset has been input into the FE simulations 

(the choice of the first component is arbitrary); hence, the IMs have been computed on such a 

single component. For the 3D-loaded test-case structures on the other hand, the IMs have 

been computed as the geometric mean of the two horizontal IM component values (Baker and 

Cornell, 2006a). 

1.4.3 Statistical data Analysis 

For each test case building, n couples of IMs and EDPs are obtained as output from the n 

(i.e. 2,045 selected ground-motion records) dynamic analyses. 

To evaluate IM efficiency, the relationship between EDPs and IMs (whose values have 

been normalized) is written using a logarithmic transformation as expressed in (1.48), where 

a1 and a2 are constant coefficients and ei is a random variable representing the randomness in 

the relationship (Cornell et al., 2002): 
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Then, a Linear Least Square (LLS) regression (Figure 1.14) has been used to estimate 

regression coefficients a1 and a2 in Eq. (1.48), whose term ei (called "residual") represents the 

error between the computed and estimated values of EDPi. The validity of the LLS method 

requires satisfying the normal distribution condition with a constant variance of the residual 

ei. Such a study data condition has been examined via residual vs. fit plots and quantile-

normal plots of the residuals, both of which were found to be sound.  

 
Figure 1.14 IMs efficiency evaluation: data regression and standard deviation of the residuals. 

Consequently, IM efficiency can be evaluated (Baker and Cornell, 2004) by computing 

the logarithmic standard deviation (Eq. 1.49) of residual ei between the computed and 

estimated values of EDPi (Figure 1.14): the lower the standard deviation, the higher the IM 

efficiency. 
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In addition, IM sufficiency can be evaluated (Cornell, 2004) by verifying whether 

residuals obtained from the regression carried out using the above statistical procedure show 

any dependence on other ground motion parameters (i.e. magnitude, source-to-site distance 

and VS30). In the absence of dependence, then it is possible to assume that these parameters do 

not affect the structural response for a given IM value. In other words, this finding implies 
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that with respect to the EDP considered, the selected IM provides a sufficient description of 

the ground motion features affecting the structural response. 

Consequently, in order to assess IM sufficiency, the rank correlation coefficient according 

to Spearman (1925) has been calculated between regression residuals EDPs-IMs and Mw, Rhyp 

and VS30. The Spearman rank correlation coefficient between two variables X and Y is given 

by the relation: 

!Spearman
=1!

6 D
2

i=1

N

"

N (N
2 !1)

                                                 (1.50) 

where D denotes the differences between the ranks of corresponding values of Xi and Yi, and 

N is the number of pairs of values (X,Y) in the dataset. Such a coefficient measures how well 

the data agree with the monotonic (whether linear or nonlinear) ranking. In the case of a 

perfect positive correlation, the coefficient assumes a "1" value; whereas if the correlation is 

perfect negative, a "-1" value is assumed. Lastly, when the correlation is not perfect, it lies 

within the [-1, 1] interval; hence, the closest the absolute value of the correlation coefficient 

to zero, the more sufficient the IM.  

Such efficiency-evaluation-method has been preferred to the p-value (F-test) analysis 

approach (Luco, 2002) cause this last provides only a “binary” evaluation of the IM (i.e. 

sufficient or insufficient) without to offer any indication concerning the “degree of 

insufficiency” (i.e., its engineering significance) when this is detected.  

Finally, note that the degree of sufficiency is related the slope of the regression line in 

the aforementioned scatter plot: the smaller the slope, the higher the sufficiency, and the 

lower the absolute value of the ranking correlation coefficient (Figure 1.15).  

     
 

Figure 1.15 IMs sufficiency evaluation, the sufficiency can be appreciated observing the slope of the 

regression line (lower the slope, higher the sufficiency): a) example of a non-sufficient IM); b) 

example of a sufficient IM. 
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2 IMs for Structural demand 

NOTE: An adaptation of this chapter has been published as: De Biasio M., Grange S., Dufour F., 

Allain F., Petre-Lazar I., (2014). A simple and efficient Intensity Measure to account for Non-linear 

Structural behavior. Earthquake Spectra, Volume 30, No. 4, pages 1–24, November 2014. DOI: 

http://dx.doi.org/10.1193/010614EQS006M 

 

2.1 GROUND MOTIONS’ STRUCTURAL-DAMAGING FEATURES 

One of the aims of the present work is to propose a new (and more performing) Intensity 

Measure for structural demand prediction. In order to rationally achieve this goal, the first 

step is to understand which are the “physical” characteristics of earthquake records making 

them damaging to structures. For this scope, a non-linear numerical model of a simple test-

case structure (CAMUS1, described in paragraph 2.3.1.1) has been herein the object of a 

study based on the use of elementary sinusoidal excitations. The use of sinusoidal signals 

allows in a straightforward way to create/isolate features of ground motion records supposed 

to be relevant in the structural damage process, and therefore to investigate on their genuine 

effect on the structural behavior. 

2.1.1 The importance of frequency content 

In order to highlight and to quantify the importance of the seismic excitation’s frequency 

content on the structural response, two series of “preliminary” analyses have been herein 

performed.  

2.1.1.1 Frequency and Amplitude effect 

Firstly, single-sinus excitations (Fig. 2.1) with frequency ranging from 1 Hz to 10 Hz and 

with same amplitude (0.4 g) have been applied to the CAMUS1 structure. Both the induced 

max inter-story drift ratio and fundamental frequency drop have been recorded, and the Spa(f1) 

of the sinusoidal excitations has been computed. 

Results presented in Table 2.1 show that independently from the amplitude, due to the 

resonance effect the most damaging excitations are the ones whit frequency closer to the 

structure’s fundamental frequency. This suggests that IMs that do not explicitly consider the 

fundamental frequency of the structure are less efficient than the ones that do it. Indeed 

(Table 2.1), the Spa(f1) has a stronger correlation with structural damage than the PGA. 
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Figure 2.1 Single-sinus signals with PGA=0.4 g. 

 

However, it is worth to note (Table 2.1) that the most damaging signal is not the one at 

the fundamental frequency of the structure (5.85 Hz) but the one at a slightly lower frequency 

(4 Hz). This can be interpreted considering that both the 4 Hz and the 5.85 Hz signals have 

the potential to damage the structure, but the 4 Hz signal is more severe once the structure is 

already weakened by damage (i.e., its frequency has reduced) and therefore it is able to 

produce further damage. This aspect will be investigated in detail in paragraph 2.4. 

Finally, it is important to note (Fig. 2.1 and Table 2.1) that (at least) in the case of equal 

number of oscillation cycles, the duration of the excitation is not correlated to the structural 

damage. This suggests that IMs considering ground motion duration have not reasons to be 

more efficient with respect to IMs that instead do not take it into account.  

Table 2.1 CAMUS1: response to single-sinus signals, and signals characteristics 

Sinus 

Frequency 

[Hz] 

Max drift 
Frequency 

drop 

[%] 

Spa(f1) 

[m/s2] 

PGA 

[g] 

1 1.7E-4 0  4.44 0.4 

2 2.8E-4 14.5 5.82 0.4 

4 5.9E-4 43.7 10.8 0.4 

5.85 4.9E-4 36.9 11.6 0.4 

7 4.4E-4 31.0 10.1 0.4 

10 2.3E-4 14.5 6.32 0.4 
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2.1.1.2 Sequence effect 

In order to highlight the limit of Spa(f1) in case of non-linear structural behavior, a 

second series of analyses has been then conducted. In this, the CAMUS1 structure has been 

loaded with two sinusoidal excitations (Fig. 2.2), which are characterized by the same 

amplitude (0.4 g) and the same value of spectral acceleration (13.4 m/s2) at the fundamental 

frequency of the structure (5.85 Hz). Both the signals are constituted by the sequence of two 

sinuses: in the first sequence, a sinus at frequency 1 Hz follows a sinus of frequency 5.85 Hz; 

in the second sequence, a sinus at frequency 10 Hz follows a sinus of frequency 5.85 Hz.  

 

 

 

 
Figure 2.2 Double-sinus sequences with same PGA and same Spa(f1): a) accelerograms; b) 5 % 

damped response spectra  (the vertical line corresponds to the CAMUS1’s fundamental frequency). 
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The results presented in Table 2.2 evidence that despite the two excitation sequences 

have exactly the same PGA and the same Spa(f1), their structural responses exhibit a 

difference of about 30%.  

Table 2.2 CAMUS1: response to “sequence” excitation and sequences characteristics 

Signal  Max drift 
Frequency 
drop  [%] 

Spa(f1) 

[m/s2] 

PGA 

[g] 

Sequence 1 6.9E-4 47.2 13.4 0.4 

Sequence 2 4.9E-4 31.8 13.4 0.4 

Thus, it is evident that when used with respect to inelastic behaving structures, on top of 

PGA also Spa(f1) can introduce bias in the “classification” of ground motions destructiveness. 

Indeed, an inelastic behaving structure is not characterized by a “single-value” fundamental 

frequency: when the elastic limit is reached irreversible damage processes (concrete cracking, 

joint failure, etc.) enable a progressive loss of stiffness with consequent frequency drop. In 

such case the Spa(f1) can become ineffective because it is computed at the initial value of 

frequency (f1), and therefore it carries zero information about the “intensity” of the ground 

motion record at the “up-to-date” (decreased) frequency of the structure. 

2.2 ACCOUNTING FOR NON-LINEAR STRUCTURAL BEHAVIOR IN IMs 

Based on the foregoing, in the definition of an efficient IM taking nonlinear structural 

behavior into account, it seems reasonable to enrich the information given by Spa (f1) by 

considering additional spectral pseudo-acceleration values computed over frequencies 

(periods) other than the fundamental one. This procedure has been adopted in various IMs, 

for instance EPA, ASI, S* and INP (see paragraph 1.2.2), among which the structure-specific 

S* and INP combine with the Spa(T1) factors so as to account for the spectral shape within the 

period lengthening zone. Such factors are computed based on one or more spectral pseudo-

acceleration values over a period longer than T1. Put otherwise, without considering damage 

phenomena and subsequent period lengthening, EPA and ASI are defined as general (as 

opposed to structure-specific) IMs. For both of them, the pseudo-acceleration response 

spectrum is integrated over a period range assumed typical of civil engineering structures 

(0.1-2.5 sec in EPA) and reinforced concrete dams (0.1-0.5 sec in ASI). 
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2.2.1 A new IM: the ASAR 

Based on the above discussion, the objective is to create an efficient IM for nonlinear 

behaving structures. Frequency is used instead of the more common period to describe the 

IM. The reason of this modification will be clarified in the following, and the equivalent 

definition in terms of period will ultimately be given. 

The intention here is to define a structure-specific IM; the key idea consists of 

considering the structure's relative frequency drop (i.e. period elongation) interval as the 

"core" of this IM. The frequency range to be taken into account has an upper bound at the 

fundamental frequency and a lower bound at the maximum expected "softened" frequency, 

which is evaluated as a percentage of the fundamental value. A new IM is thus being 

proposed (De Biasio et al., 2014a): called Relative Average Spectral Acceleration (ASAR), it 

is defined (Eq. 2.1) as the average spectral pseudo-acceleration over the fundamental 

frequency f1 evolution interval. The term "relative" indicates the dependence of ASAR on the 

structure, i.e. its fundamental frequency of vibration. 

ASA
R
(
1
) =

1

1
(1!

f
)

�� ( ,! )
X � " f1

f1

#                                   (2.1) 

where: 

f1 is the fundamental frequency of the structure, 

Xf = 1-(R/100) is a factor that accounts for the drop in fundamental frequency f1, 

R indicates the amount of drop (expressed as a percentage) in fundamental frequency f1, 

Spa is the spectral pseudo-acceleration, 

!  is the damping value. 

The exact value of R depends on the non-linearity experienced by the structure, which in 

turn depends on both ground motion "intensity" and structural design properties. A general 

optimal R value, derived from numerical sensitivity analyses, is suggested in the last part of 

this chapter. 

The formulation (2.1) of ASAR therefore captures, in the simplest manner, the presence of 

significant spectral acceleration ordinates over the range of fundamental frequency evolution: 

this constitutes a key characteristic required of a seismic signal in order to be destructive 

(NUREG, 1986; Kennedy et al., 1988). 
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At this point, the reason behind the choice of the frequency as integration variable can be 

enlighten. The integration over the frequency has been considered more adapted to the 

definition of the proposed IM cause the integration over the period gives higher weight to 

lower frequency spectral ordinates (De Biasio et al., 2013):  

Spa (T,! )dT
T1

T�

! =  
Spa f ,! )

f
df "1

T�

1

T1!  Spa f ,! )df1

T�

1

T1!                            (2.2) 

Therefore, in the framework of the definition of the proposed IM, to integrate over the 

period would mean to give lower weight to the spectral ordinates closer to the “better-known” 

fundamental frequency and higher weight to the spectral ordinates closer to the “less-known” 

softened fundamental frequency. Contrarily, to integrate over the frequency means to give 

more weight to the spectral ordinates closer to the “well- known” fundamental period. 

Consequently, in order to reduce the uncertainty, it has been chosen to put more “integration 

weight” on the well-known fundamental frequency and thus to prefer the average of spectral 

pseudo-accelerations over the frequency interval. 

Nevertheless once aware of the role of the integration variable, the formulation of the 

ASAR can be given with respect to the period by taking T1=1/f1 and by considering the 

mathematical integrals’ change of variable rule: 

ASAR (T1) =
T
1

1! X f( )
Spa (T,! )

T
�

dT
T1

T1

X f"                                           (2.3) 

Finally, it is of capital importance noting that the simple formulation in (Eq. 2.1) or (Eq. 

2.3) of ASAR, as based exclusively on spectral pseudo-acceleration values, can lead to 

performing PSHA with respect to ASAR using widespread ground motion prediction models 

available for Spa(T1) (Bazzurro and Cornell, 2002; Stewart et al., 2002; Baker and Cornell, 

2006b; Inoue and Cornell, 1990; Koufoudi et al., 2014). 

2.3 COMPARATIVE ANALYSIS 

In order to evaluate the IMs efficiency and sufficiency, comparative analyses are 

performed following the method illustrated in paragraph 1.3. The comparison is based on 

three test-case structural systems.  

The CAMUS1 offers a simple, well-known and representative model of a high frequency, 

load bearing wall structure. In order to check whether the performance of the IMs are affected 
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by the characteristics of the soil at the facility’s site, a very simple numerical model of Soil-

Structure-Interaction has also been used with the CAMUS1 structure (i.e., CAMUS1-SSI). 

Furthermore, with the aim to test the robustness (Mehanny et al., 2009) of the IMs with 

respect to the dynamic characteristics of the buildings, a low-frequency moment resisting 

frame structure (i.e., EC8-FRAME) has been used as third test case. 

2.3.1 Test-case structure: CAMUS1 

2.3.1.1 Structure presentation 

CAMUS1 (CEA, 1998a) is a ⅓ scale model tested in 1998 on the shaking table of the 

French Atomic Energy Agency, as well as in an international blind design contest. The mock-

up (Fig. 10a) is composed of two parallel Reinforced Concrete (RC) walls without openings 

linked by five slabs. The mock-up (Fig. 2.3a) is unidirectionally loaded along the wall planes 

in preventing any orthogonal displacements. The total height of the structure is 5.10 m, and 

the total mass is approximately 36 tons (for more details, see Appendix A1). Despite being a 

reduced-scale model, the mock-up has been designed and tested in accordance with precise 

similitude criteria (Table 6) to ensure its behavior is representative of a full-scale structure. 

2.3.1.2 Numerical model & multifiber beam element 

The CAMUS1 numerical model (Fig. 2.3b) is constituted of a single multifiber beam, the 

cross-section of which represents the two RC structural walls.  

                 

Figure 2.3 CAMUS 1: a) Mock-up on the shaking table; b) lumped mass multifiber numerical model. 
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The multifiber modeling method allows to use comprehensive uniaxial material behavior 

laws in the framework of a simplified kinematic associated to beam elements. This translates 

in accurate, fast and easy-to-converge non-linear dynamic simulations. In a multifiber 

element (Figure 2.4), the displacements at the nodes allow determining the generalized 

deformations at the level of the beam axis. Then, the beam theory following the hyphotheses 

of Bernoulli (no shear deformations) or Timoshenko (with shear deformations but no 

warping) allows obtaining the local deformations at the level of the fibers. Successively, 

these deformations are used to compute the stresses, which integrated over the cross-section 

of the beam conduce to the generalized forces. 

 

Figure 2.4 Multifiber beam element. Adapted from Combescure (2001). 

Despite the fact such a modeling was naturally born to simulate beam-type members, the 

effectiveness of the multifiber element for the simplified modeling of slender structural-walls 

has been largely shown (Kotronis et al., 2005; Grange, 2008; Powell, 2010; Beyer et al., 

2011).   

Regarding the CAMUS1 mesh size, three multifiber Timoshenko beams elements  

(Guedes et al., 1994) have been arranged in the height of each story. For the cross-section 

discretization, six fibers along the width of the walls and one in their thickness have been 

considered to represent the concrete, and each longitudinal reinforcement steel bar is 

represented by a single fiber. The transversal reinforcement has not been represented.  This 

mesh size has been considered a priori adequate in order to reproduce the deformation of the 

structure, and mesh-size parametric tests have confirmed this hypothesis.  
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The damage-based constitutive law chosen (for details, see paragraph 1.3.1) to represent 

the concrete behavior (La Borderie et al., 1994) is able to take into account the decrease in 

stiffness due to cracking, the stiffness recovery that occurs at crack closure and the inelastic 

strains concomitant to damage. For the steel reinforcement bars a constitutive relation 

including kinematic hardening (Menegotto and Pinto, 1973) has been selected (for details, see 

paragraph 1.3.1). The parameters of the material laws have been calibrated against 

elementary tests on both the concrete and the steel of the two test-case structures (see 

Appendix A1). Moreover, a sensitivity study during the phase of validation of the model has 

been performed with respect to the strength of the concrete and its tension post-peak 

behavior, and a significant robustness of the numerical model has been found. 

Lumped mass distribution at the level of the stories has been used and Rayleigh numerical 

damping has been introduced in the model with a value of 2 % on the first and the second 

natural frequencies (i.e., which gather the most of the effective modal mass). 

2.3.1.3 Model validation 

The predictive capabilities of the CAMUS1 numerical model have been checked with 

results stemming from the experimental campaign of the structure. Being the available 

experimental data referred to the mock-up placed on the shaking-table (CEA, 1998a), the 

numerical modeling of this device has been necessary in order to correctly compare 

numerical and experimental results. Such a modeling has been implemented based on the 

simplified approach of Reynouard and Fardis (2001). In this, the stiffness and the mass of the 

shaking-table are modeled through rigid beams as illustrated in Figure 2.5 and (only) the 

value of the parameter KST, representing the stiffness of the shaking-table supports, is tuned in 

order to reproduce the experimentally measured natural frequencies/modes. 

 

Figure 2.5 CAMUS 1 numerical model, shaking-table model. Adapted from Reynouard and Fardis 

(2001). 
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Then, the CAMUS1 numerical model has been checked with the experimental results of 

time-history simulations, which have been executed with respect to the synthetic “Nice S1 

PS92” accelerogram (Fig. 2.6). The comparison is performed in terms of natural frequencies 

(Table 2.3), roof displacement time-history (Fig. 2.7), maximum inter-story drift ratio (Table 

2.4), and damage pattern in the concrete (Fig. 2.8).  

   
 

Figure 2.6 Nice S1/PS92 synthetic accelerogram (0.72 g): a) time-history; b) Response spectrum (5% 

damping). 

Table 2.3 CAMUS1: Natural frequencies 

  Frequency [Hz] 

Mode 
Mode 

Type 

Numerical 

(fixed base) 

Numerical 

(on shaking table) 

Experimental 

(on shaking table) 

1st Bending 9.28 7.24 7.24 

2nd Vertical 43.81 20.01 20.0 

3rd Bending 44.21 38.93 N.A. 

Table 2.4 CAMUS1: Max inter-story drift 

 RUN 

Story 
0.2 g 

Experimental 

0.2 g 

Numerical 

0.72 g 

Experimental 

0.72 g 

Numerical 

5th 0.002 0.002 0.013 0.009 

4th 0.002 0.002 0.013 0.009 

3rd 0.002 0.002 0.011 0.008 

2nd 0.002 0.002 N.A. 0.005 

1st N.A. 0.001 N.A. 0.002 

The likeness (numerical vs. experimental) of both natural frequencies and max inter-story 

drifts (after low intensity solicitation, i.e. 0.2 g,) evidence the ability of the numerical model 

to reproduce the structure linear behavior. 
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The ability of the numerical model in reproducing the structure non-linear behavior is 

corroborated by the comparison of the top displacement time-histories and the max inter-

story drifts (after high intensity solicitation, i.e. 0.72 g), as well by the comparison of the 

observed and the predicted damage pattern (Figure 2.8). The slight underestimation of 

damage by the numerical model can be explained by: a) the non-reproduction, in the 

numerical model, of the construction joints; b) the “accidental” damage of the mock-up 

(cracks in the upper part) during the construction phase (CAMUS1 benchmark organization 

committee, personal communication). 

 
Figure 2.7 Numerical model validation, roof displacement time-history. 

 
                    

Figure 2.8 Observed damage pattern: a) numerical, tension damage in the concrete fibers (D1 >0.99 

suggests that cracks opened); b) experimental, visible cracks in the walls (CEA, 1998b).  
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It is important to note that the CAMUS1 numerical model has been validated with respect 

to the ⅓ scale mock-up. Nevertheless, once validated, such a model has been rescaled (Table 

2.5) to full-scale: this step allows performing comparative analyses without needing to scale 

the seismic excitations. Finally, once the model has been created and validated, the shaking 

table has been eliminated from the numerical model that then has been clamped at the base 

(Table 2.6) to perform the comparative analyses. 

Table 2.5 Similitude factors for shaking table tests, k<1 is the scale factor (Carvalho, 1998) 

 Full-scale Mock-up 

Length l kl 

Mass m k
2
m 

Time t k
0.5

t 

Frequency f [1/k
0.5

]f 

Acceleration a a 

Young 
modulus E E 

Force F k
2 
F 

Moment M k
3 
M 

Stress σ σ 

Table 2.6 Full-scale CAMUS1 structure clamped at the base, natural frequencies 

Modes 
Mode 

Type 
Frequency [Hz] 

1st Bending 5.85 

2nd Vertical 25.30 

3rd Bending 25.52 

 

2.3.2 Test-case structure: CAMUS1-SSI 

2.3.2.1 Some note about Soil-Structure Interaction 

In conventional structural analysis, the assumption of fixed-base is generally used. For 

seismic analysis, this means that ground motions are applied directly to the bottom of the 

structure. In reality Soil-Structure Interaction (SSI) affects the ground motion and the 

response of the foundation-building system in a way that is not captured by fixed-base 

analyses (Haselton et al., 2008). Two mechanisms contribute to SSI: inertial SSI and 

kinematic SSI. The kinematic SSI characterizes the variation between the Free Field and 

Foundation Input Motions (FFM and FIM, respectively). Free-Field Motion refers to a 
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recorded ground motion at the ground surface away from any structure. The Foundation Input 

Motion is the theoretical motion at the base of the structure if the foundation and structure 

had no mass. At the building location, if free-field motions were recorded at various locations 

within the footprint of the building, there would be differences in the records due to the 

incoherence of ground motions as they reach the surface. The presence of the stiff foundation 

impedes this and what is observed is an averaged ground motion. This base-slab averaging 

combined with embedment effects lead to an effective foundation input motion different from 

the FFM. The inertial SSI relates to the structure’s and foundation’s mass, stiffness and 

damping. When a structure is subjected to ground motions, inertia from the masses above the 

foundation lead to development of base shear and moments at the foundation level. The 

foundation reacts to these forces by displacement and rotation, which in turn affect the 

building’s motion. The motion of the foundation on the soil also allows dissipation of energy 

through radiation damping (the foundation motion acts as a source of waves that are moving 

away from the structure) and hysteretic damping from the near-field soil nonlinear dynamic 

response. The readers looking for more details on the subject can refer to Wolf (1985), Seco-

e-Pinto (1997), and Gazetas (1991). 

2.3.2.2 SSI simplified model 

Therefore, in order to test the robustness of the IMs with respect to a modified structural 

response due to Soil-Structure-Interaction, two different boundary conditions have been 

simulated using the CAMUS1 test case. In the first condition, the structure is projected onto a 

stiff rock site (i.e., VS30 = 900 m/s) and then the model is simply clamped at the base 

(CAMUS1 model); while in the second condition, the structure is projected on a soft soil site 

(i.e., VS30 = 270 m/s) and then SSI is taken into consideration (CAMUS1-SSI model).  

The SSI has been included in the CAMUS1-SSI model by means of an experimentally 

validated discrete linear model (Wolf, 1988). This simple, approximate, engineering-type 

model, which in the framework of a substructure-type analysis (i.e. the structure and the soil 

are modeled independently) can be straightforwardly incorporated in standard dynamic time 

domain numerical simulations, has been considered adequate for the comparative scope of 

the present study. 

The rheological (spring-dashpots-masses) “monkey-tail” model (Figure 2.10) is able to 

approximately reproduce the inertial Soil-Structure-Interaction (i.e. where superstructure 

masses and foundation transmit the inertial force to the soil, thus causing further soil 
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deformation) as well as the radiation damping (i.e. wave radiation from the foundation to 

infinity). These two SSI effects reflect the possibility of displacement at the foundation level, 

natural frequency change and the capability of dissipating energy.  

In order to briefly describe how the adopted SSI model work, it is useful to introduce the 

notion of dynamic stiffness coefficient, which concept can be illustrated examining a single 

degree of freedom system (Figure 2.9) consisting of a spring (K), a dashpot with viscous 

damping (C), and a mass (M). 

 

Figure 2.9 Single Degree Of Freedom system 

Considering an harmonic excitation of frequency ω, the applied load with amplitude P(ω) 

will cause a displacement of amplitude u(ω): these are related, in the frequency domain, by 

the dynamic stiffness coefficient S(ω): 

P(!) = S(!)u(!)                                                       (2.4) 

with 

S(!) = K !! 2
M + i!c                                                   (2.5) 

The undamped natural frequency ω1 and the damping ratio ξ are equal to: 

!
1
=

K

M
                                                            (2.6) 

! =
C

2 KM

                                                           (2.7) 

Standardizing S(ω) with its static value (i.e. S(ω=0) =K) leads to: 

S(!) = K k(!)+ i!C(!)[ ]                                      (2.8) 

where the dimensionless spring coefficient k(ω) and the damping coefficient c(ω) are 

expressed as: 

P !( )
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(!) =1!! 2 M

K
=1!

! 2

!
1

2
                                                (2.9) 

c(!) =
C

K
= 2

"

!
1

                                                    (2.10) 

The model of Figure 2.9 can be used to simple represent linear SSI: in this case, in Eq. 

(2.8) the real part of S(ω), characterized by k(ω), mainly represents the stiffness and inertia of 

the soil, and the imaginary component c(ω) reflects the radiation of waves propagating away 

from the foundation, and the material damping. 

 

Figure 2.10 Monkey-tail SSI discrete model (Wolf, 1988) 

Coming back to the herein adopted “monkey-tail” model (Figure 2.10), it consists of two 

dynamic degrees of freedom for each component of the basement motion (i.e. for CAMUS1 

these are the horizontal and vertical translations, and the rocking). With respect to the SDOF 

system of Figure 2.9, the presence of the additional (and fictitious) degree of freedom allows 

to better reproduce the true (i.e. experimental) dynamic stiffness value. Indeed, after 

enforcing the static stiffness K, the parameters of both the masses and the dampers are 

selected to achieve an optimum fit (in the low and medium frequency range) between the 

dynamic stiffness coefficient of the discrete-model and the corresponding exact value. 

Accordingly, the parameters of the adopted SSI model have been obtained from Wolf 

(1988) once defined the characteristics of the site of reference (i.e., soil density ρ and wave 

speed in the upper 30 meters VS30) and the dimensions of the embedded prismatic foundation 

(for details, see Appendix A2).  

Finally, note that the fundamental frequency of the full-scale CAMUS1 model, which is 

equal to 5.85 Hz when the model is clamped at the base (paragraph 2.3.1), reduces to 3.80 Hz 

in the configuration incorporating the aforementioned SSI model. 



Ground Motion Intensity Measures for Seismic Probabilistic Risk Analysis – De Biasio M. (2014) 

 
 

         62   
   

2.3.3 Test-case structure: EC8-FRAME 

2.3.3.1 Structure presentation 

EC8-FRAME (JRC, 1994) is a full-scale, four-story, high-ductility RC frame designed 

according to the European seismic code EC8 (EC8, 1988) and tested in 1994 on the reaction 

wall of the European Joint Research Center. The structure (Fig. 2.11a) is symmetrical in one 

direction with two equal 5-m spans, while slightly irregular in the other direction due to the 

different span lengths (for more details, see Appendix A3). 

2.3.3.2 Numerical model 

The multifiber beam modeling method (paragraph 2.1.1) has been used to model the 

frame structure (beams and columns) of the EC8-FRAME test case, where the slabs have 

been instead modeled by linear elastic shell elements (Fig. 2.11b). 

 

Figure 2.11 EC8 FRAME: a) building; b) numerical model 

Regarding the mesh size, three to four multifiber Timoshenko beam elements (Guedes et 

al., 1994) have been arranged in the length of each beam/column element. Each beam cross-

section has been discretized with four concrete fibers, whereas the longitudinal reinforcement 

steel bars are represented one-by-one by a fiber. The transversal reinforcement has not been 

represented. Sensibility tests have confirmed the robustness of the mesh-size, which has been 

considered adequate for the comparative aim of the numerical model. 

The damage-based constitutive law of La Borderie et al. (1994) has been used to model 

the concrete behavior whereas the Menegotto and Pinto (1973) law has been used for the 

modeling of the reinforcement-bar steel behavior (for details about the adopted behavior 

laws, see paragraph 1.3.1). The parameters of the material models have been calibrated 

a) b) 
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against elementary tests on both the concrete and the steel of the test-case structure 

(Appendix A3).  

The masses are distributed on the elements (beams, columns and slabs) and Rayleigh 

numerical damping has been introduced in the model with a value of 2 % on the first and the 

third natural frequencies (i.e., so as to cover the vibration modes which gather the most of the 

effective modal mass).  

2.3.3.3 Model validation 

The predictive capabilities of the EC8-FRAME numerical model have been checked with 

the results stemming from the (reaction-wall) pseudo-dynamic tests (Takanashy, 1975), 

which have been performed with respect to the scaled, 6.5 surface Magnitude, 1976 Friuli 

earthquake record (Figure 2.12), in terms of roof displacement time history, floor response 

spectra and damage pattern in the concrete.  

     

Figure 2.12 1976 Friuli earthquake (0.56 g): a) time-history; b) Response spectrum (5% damping). 

Table 2.7 EC8-FRAME, natural frequencies 

Mode 
Mode 

Type 

 

Numerical 

Frequency [Hz] 

 

Experimental 

Frequency [Hz] 

 
1st Bending X 1.57 1.72 

2nd Bending Y 1.59 N.A. 

3rd Torsion 2.07 N.A. 

4th Bending X 5.47 5.12 

5th Bending Y 5.53 N.A. 

The linear behavior of the model is validated through dynamic time history analysis 

performed with low input intensity loading (Fig 2.13a). Indeed, the difference among the 

experimental and numerical modal-analysis frequencies values (Table 2.7) does not translate 

in an out-of-phase behavior of the experimental and numerical displacement time-histories 
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(Fig. 2.13a). It is opinion of the author that this phenomenon originates from the several snap-

back tests the experimental structure endured before the dynamic tests (JRC, 1994). The 

snap-back tests induced a minor damage state in the structure with ensuing decrease in 

stiffness at the time of the dynamic tests. 

  

 

 
 

Figure 2.13 EC8-FRAME, model validation with low intensity (0.15 g) loading: a) roof displacement 

time history; b) roof floor response spectrum (5% damping) 

Regarding the non-liner behavior, with respect to the experimental results the numerical 

model slightly underestimates the structural response (Fig. 2.14). In simulating the same 

structure subjected to the same load, Abbasi et al. (2003) found similar results and conclude 

that such behavior is due to the assigned numerical damping, which results excessive at high 

level of loading (i.e., when energy dissipation related to inelastic materials behaviors takes 

place). This argument is (indirectly) supported by the observations of (Elnashai et al., 1990; 
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Shing et al., 1996; Souid et al., 2009), who emphasize that the introduction of viscous 

damping is a critical aspect of pseudo-dynamic tests. Nevertheless, from the qualitative point 

of view the numerical model has shown its ability to reproduce the experimentally observed 

damage locations (Fig. 2.15), which are positioned at the beam-to-column interfaces of the 

first three stories (JRC, 1994). 

 
Figure 2.14 EC8-FRAME, model validation with high intensity (0.56 g) loading: roof displacement 

time-history. 

 

Figure 2.15 EC8-FRAME, model validation with high intensity (0.56 g) loading: tension damage in 

the concrete fibers (D1 >0.99 suggests that cracks opened). 

Therefore, based on the foregoing comparisons of numerical and experimental results, the 

EC8-FRAME numerical model is considered able to “qualitatively” predict with good 

agreement the structure’ linear behavior as well as its non-linear behavior. 
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2.3.4 Selected Engineering Demand Parameters 

Having defined the Intensity Measures (paragraph 1.2.2), the ground motion dataset 

(1.3.2), the statistical analysis procedure (paragraph 1.3.3) and the test-case structures 

(paragraphs 2.3.1, 2.3.2 and 2.3.3), in order to perform the IMs performance comparative 

analysis it remains to define the parameters allowing quantifying the response of the test case 

structures. 

Such parameters are identified as Engineering Demand Parameters (EDPs) and refer to 

the quantities issued from structural analysis, which describe the response of the structural 

framing and the nonstructural components to earthquake shaking.  

Among the several metrics that can be used for their classification, EDPs can be 

categorized as: 

• Direct or Processed: direct EDPs are those EDPs, as member forces or inter-story 

drift, calculated directly by analysis or simulation; processed EDPs, as damage 

indices, are derived from values of direct EDPs and data on component or system 

capacities (Processed EDPs can be considered either EDPs or Damage Measures 

(DMs) and as such they can contribute to Equation (1.1) directly through the term 

p[DM |EDP] ). 

• Local or Global: local EDPs describe the damage due to seismic loading in a 

member or at a joint; global EDPs define the overall damage state of a structure. 

• Cumulative or Non-cumulative: the non-cumulative EDPs are not able to take into 

account the cumulative effect of repeated cycles of deformation.  Differently, the 

Cumulative EDPs have this possibility. 

An author’s selection of some widespread EDPs (Table 2.8) is briefly presented. The 

reader looking for more information can refer to Williams and Sexsmith (1995). 

Table 2.8 Some EDPs: classification. 

 Direct  Processed Local Global Cumulative 

Ductility 
ratio 

X  X   

Inter-story 
Drift 

X  X   

Park & Ang 
index 

 X X  X 

Softening  X  X X 
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2.3.4.1 Local EDPs 

Traditional direct and local EDPs are component forces and displacements. These basic 

EDPs form the basis for design provisions contained in all earlier  (and many contemporary) 

building codes: component forces were the key product of linear-elastic simulations that used 

spectral acceleration at the fundamental period of the building, reduced by a response 

modification factor that was intended to account for the ductility and reserve strength in the 

framing system. 

The two earliest, simplest and still widely used EDPs are the ductility ratio and the inter-

story drift. 

Ductility Ratio         The ductility ratio (Chopra, 2007) can be defined in terms of 

rotation/curvature/displacement. The displacement ductility ratio (Eq. 2.11, Figure 2.16) is 

defined as the ratio of the maximum displacement at the end of a member um to the yield 

value uy: 

µ! =
u

m

u
y

                                                            (2.11) 

 

Figure 2.16 Ductility ratio. Adapted from Chopra (2007). 

Despite its limitations with respect to cycling loading, ductility ratio is still widely used 

in structural assessment. 
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Inter-Story Drift      Perhaps, the single most important response parameter to 

characterize the seismic behavior of a story (or of a whole building under the assumption that 

the failure of a single story is equivalent to the overall failure of the building) is the 

Maximum Inter-Story Drift Ratio (MIDR), defined as: 

MIDR =MAX
i

!
i+1 !!i

h
i

                                                (2.12) 

where δi and δi+l denote the horizontal displacements of two adjacent floors and hi is the 

corresponding story height (Figure 2.17).  

 

Figure 2.17 Inter-story drift  

 

The MIDR is easy to measure in tests or in actual buildings struck by earthquakes, and 

can be correlated with available data on damage. The State-of-the-Art FEMA (2012) states: ” 

The demand parameter assigned to a fragility group is the one that best predicts the 

occurrence of the potential damage states with the least amount of uncertainty. For most 

structural systems (e.g., shear walls, braced frames, steel and concrete moment frames), and 

for many nonstructural components, story drift ratio has been selected as the best indicator of 

potential damageability”. 

Nevertheless, the MIDR  (as well as the ductility ratio) is a non-cumulative EDP. The 

implication of the use of non-cumulative EDPs can be explained with an example: two 

different ground motions may each produce the same 2 % MIDR in a structure. However, one 

of these ground motions may cycle the structure to this drift level one time, then restore the 

structure to small oscillations about its original position; while the second ground motion 

may cycle the structure to this drift level several times and leave the structure displaced 

nearly to this level. Clearly the second motion will be more damaging to the structure than 

the first motion, though the value of the demand, in terms of MIDR is the same.  
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Park & Ang Index        The best-known and most widely used cumulative damage index 

is that of Park and Ang (1985). This consists of a linear combination of normalized 

deformation and energy absorption: 

DP&A =
!m
!u
+"e

EH

Fy!u
                                                  (2.13) 

where δm is the maximum displacement response of the component for a given earthquake 

history, δu the ultimate displacement capacity of the component under monotonic loading, EH 

is the total hysteretic energy dissipated by the component during the ground motion, Fy the 

yield strength  of the component and βe a parameter accounting for strength deterioration. The 

first (kinematic) term of (2.13) is a simple pseudo-static displacement measure, the second 

(energy) term account for cumulative damage. This model has been calibrated against a 

significant amount of observed seismic damage, and has been used in a number of seismic 

vulnerability studies and probabilistic models (Ang, 1987; Barenberg and Foutch, 1988; 

Ciampoli et al., 1989; Seidel et al., 1989; Stone and Taylor, 1993). Nevertheless a strong 

drawback of the parameter DP&A, as well of the many other similar EDPs, is that it requires 

the difficult and uncertain calibration/derivation of several parameters, which are mostly 

dependent on the structural configuration. 

2.3.4.2 Global EDPs 

The overall damage state of a structure depends on both the distribution and severity of 

the localized damage. It is therefore possible to formulate a global damage index either by 

combining local indices across the structure, or by considering some overall structural 

characteristics. 

From Local to Global Indices     Global damage indices derived from local indices 

generally use one of two weighting systems both of which are based on subjective assessment 

of the influence of localized damage on the overall serviceability of the structure. The most 

widely used approach is to take an average of the local indices, weighted by the local energy 

absorptions (Park et al., 1985). The damage index for a single story of a structure is thus: 

D
stor�

=
D
i
E
i!

E
i!

                                                     (2.14) 



Ground Motion Intensity Measures for Seismic Probabilistic Risk Analysis – De Biasio M. (2014) 

 
 

         70   
   

where Di  is the local damage index at location i, and Ei is the energy absorbed at location 

i. The structure damage index can be then calculated from the stories indices in the same way. 

Since the locations having high damage indices will also be the ones which absorb large 

amounts of energy, this method puts a higher weight on the more heavily damaged elements.   

A more generalized definition of the story damage index (2.14) is given by Bracci et al. 

(1989): 

��ory =
wiD

(b+1)

i!
wiD

b

i!
                                                    (2.15) 

With formulation (2.15), a higher value of the exponent b results in a greater emphasis on 

the most severely damaged elements, while the introduction of the weights wi allows 

dependence on some other parameter to be introduced. Bracci et al. (1989) suggested to use 

as wi the gravity load supported by the element i divided for the total weight of the structure. 

In such a way, larger weight is given to the damage incurred at the base of the structure, with 

respect to upper stories, since it has a greater chance of causing structural collapse. 

Softening Indices    Softening indices are used to relate changes in the first few natural 

frequencies of a structure to the level of damage it has incurred. The original aim of this 

approach was to enable the assessment of structural damage very quickly after an earthquake 

on the basis of a single strong motion record at the structure level. However the method can 

also be applied in conjunction with a non-linear time-history analysis or in-situ vibration 

measurements (Mikael et al., 2013). 

 

Figure 2.18 Typical variation of the fundamental period of a structure during an earthquake. Adapted 

from William and Sexsmith (1995). 
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It is well known (Rayleigh, 1945; Dowell, 1979) that damage causes a change in the 

dynamic characteristics of a structure: such change appears as a decrease in frequency 

(lengthening of period) caused principally by stiffness degradation, and an increase in 

damping (energy dissipation). Therefore, several softening indices, which are formulated as 

functions of the change in fundamental frequency/period of the structure during an 

earthquake (Figure 2.18), have been proposed.  

Assuming that, given a response history, the damage affects the fundamental period but 

changes in the corresponding mode shapes are negligible, DiPasquale and Cakmak (1987) 

formulated three different softening indices: 

D
m
=1!

T
und

T
m

                                                        (2.16) 

Dpl =1!
T
2

dam

T
2

m

                                                       (2.17) 

D
F
=1!

T
2

und

T
2

dam

                                                       (2.18) 

where (Figure 2.18) Tund (i.e., undamaged) is the initial period, Tm (i.e., maximum) is the 

maximum period reached during the earthquake loading, and Tdam (i.e., damaged) is the final 

structural period, which is reached once the loading finishes and part of the cracks close. 

Using a damage mechanics approach DiPasquale and Cakmak (1989) showed that: DF 

(i.e. final softening) is approximately equal to the average reduction in stiffness of the 

structure; Dpl (i.e. plastic softening) is essentially a measure of the plastic deformation and 

soil-structure interaction occurring during the earthquake; Dm (i.e. the maximum softening) is 

a combination of both the stiffness degradation and the plasticity effects. 

Between these indices, Dm is considered the best indicator of the global damage state. 

Miyamura et al. (1989) and Cakmak et al. (1991) have shown that it provides a reliable 

estimate of whether or not yielding has occurred within the structure. However, DF and Dpl 

can be used to provide more detailed information about the structural response since each 

relates to a specific form of damage. 
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Finally, in this comparative study the structural demand is measured in terms of 

Maximum Inter-Story Drift Ratio (MIDR), maximum global ductility demand (µmax) and 

maximum softening (Dm).  

Indeed, the selection of several EDPs avoids the dependency of the results on a single-

type demand parameter, thus extending the validity of the findings of the study. So, the 

MIDR measures the local demand (at the level of the story), the µmax measures the global 

demand, and the Dm measures the global cumulative demand of the structures. 

The maximum global ductility demand is computed with respect to the first yielding point 

on the capacity curve (Fig. 2.19b) obtained by means of a pushover analysis (arbitrarily 

executed along the X-direction for the EC8-FRAME) of the test case structures.  

  
 

 

Figure 2.19 (a) Capacity curves for the test case structures; b) close-up on both the first yielding 

points (circles) and the points with ductility demand µ=2 (squares). 

The maximum softening Dm (Eq. 2.16), which is indicated in the following of the report 

mostly as “frequency drop”, is computed by: 

D
m
=1!

T
un�

T
m

=1! min

un�

                                               (2.19) 

The value of fmin is evaluated by means of Fast Fourier Transform analysis of the 

structure's post-earthquake response under a white noise signal. In other words, following the 

earthquake record, the structure is excited by a white noise signal; then, the "softened" 

frequency (fmin) is extracted by means of a frequency-domain analysis of the structural 

response to the applied white noise (for a detailed explanation of the method, see for instance 

Brincker et al., 2001 and Michel et al., 2010).  
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2.3.5 Results 

2.3.5.1 IMs Efficiency comparison 

The results of the comparative statistical analysis on IM efficiency will first be presented 

(Tables 2.9-2.11) with respect to the four selected ground motion bins (i.e., Table 1.2, 

paragraph 1.4.2). 

With special attention on the performance of IMs in the case of nonlinear structural 

behavior, results will be presented (Table 2.12 and Fig. 2.20) with respect to the selected 

ground motions (among the four bins) capable of producing damage in the structure. These 

selections have been identified as those able to generate a maximum global ductility demand, 

as computed relative to the first yielding point (Fig. 2.19), at least equal to 2. Such a set of 

ground motions will hereinafter be referred to as "damaging records”. The number of these 

damaging records for each of the designated bins is also given in Tables 2.9-2.11. 

For a comparison with the other IMs, ASAR has been computed with two R values, 

respectively 20% and 40% (i.e. ASA20 and ASA40). Choosing an "optimal R value" will be 

addressed in paragraph 2.3.6. The frequency response based IMs have been computed on 2 % 

damped response spectra (Appendix C). 

Table 2.9 CAMUS1: Logarithmic Standard deviation (β) of the residual 

 
Large magnitude Small magnitude 

Short distance Long distance Short distance Long distance 

Damaging records 23 of 34 30 of 322 39 of 403 14 of 1,286 

IM type IM Dm µmax MIDR Dm µmax MIDR Dm µmax MIDR Dm µmax MIDR 

Frequency 

response-

based 

ASA20 0.6 0.28 0.25 0.64 0.29 0.28 0.62 0.23 0.24 0.29 0.28 0.27 

ASA40 0.63 0.25 0.25 0.64 0.34 0.33 0.64 0.32 0.32 0.29 0.34 0.33 

Spa(T1) 0.66 0.39 0.34 0.63 0.26 0.24 0.62 0.16 0.17 0.29 0.22 0.22 

S
*
 0.58 0.31 0.24 0.64 0.37 0.35 0.65 0.36 0.36 0.29 0.39 0.38 

INP 0.61 0.31 0.26 0.63 0.28 0.26 0.62 0.19 0.2 0.29 0.25 0.24 

EPA 1 0.83 0.7 0.67 0.75 0.73 0.71 0.62 0.62 0.29 0.67 0.66 

ASI 0.62 0.37 0.28 0.64 0.44 0.42 0.66 0.4 0.41 0.29 0.43 0.42 

IH 1.19 0.99 0.87 0.71 0.92 0.91 0.74 0.76 0.77 0.29 0.84 0.83 

Amplitude-

based 

PGA 0.69 0.5 0.39 0.64 0.48 0.46 0.65 0.44 0.45 0.29 0.4 0.39 

PGV 1.11 0.93 0.81 0.71 0.84 0.82 0.71 0.63 0.64 0.29 0.68 0.66 

Duration-

based 

IA 0.79 0.58 0.48 0.64 0.66 0.64 0.67 0.49 0.5 0.29 0.53 0.51 

CAV 1.08 0.88 0.78 0.7 0.93 0.92 0.71 0.66 0.68 0.29 0.75 0.74 

SCAV 0.94 0.75 0.64 0.78 0.81 0.8 0.78 0.66 0.69 0.29 0.77 0.77 

aRMS 1.13 0.92 0.84 0.75 0.84 0.83 0.77 0.68 0.71 0.28 0.99 0.99 

IC 0.81 0.59 0.49 0.73 0.79 0.78 0.75 0.64 0.66 0.28 0.99 0.99 
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Table 2.10 CAMUS1-SSI: Logarithmic Standard deviation (β) of the residual 

 
Large magnitude Small magnitude 

Short distance Long distance Short distance Long distance 

Damaging records 26 of 34 43 of 322 34 of 403 16 of 1,286 

IM type IM Dm µmax MIDR Dm µmax MIDR Dm µmax MIDR Dm µmax MIDR 

Frequency 

response-

based 

ASA20 1.45 0.24 0.32 1.35 0.22 0.27 1.35 0.22 0.26 0.77 0.26 0.28 

ASA40 1.52 0.25 0.32 1.37 0.27 0.32 1.36 0.29 0.33 0.77 0.34 0.35 

Spa(T1) 1.36 0.29 0.34 1.34 0.16 0.21 1.34 0.12 0.16 0.77 0.18 0.19 

S
*
 1.56 0.36 0.41 1.39 0.32 0.36 1.36 0.33 0.37 0.77 0.37 0.38 

INP 1.38 0.26 0.31 1.35 0.19 0.23 1.34 0.16 0.2 0.77 0.22 0.23 

EPA 1.99 0.58 0.66 1.5 0.58 0.63 1.4 0.45 0.49 0.78 0.51 0.53 

ASI 1.41 0.29 0.34 1.37 0.27 0.31 1.36 0.29 0.32 0.77 0.34 0.35 

IH 2.19 0.7 0.79 1.63 0.76 0.83 1.47 0.6 0.65 0.78 0.68 0.7 

Amplitude-

based 

PGA 1.59 0.46 0.52 1.41 0.38 0.43 1.43 0.52 0.55 0.77 0.48 0.49 

PGV 2.12 0.65 0.74 1.61 0.7 0.77 1.4 0.5 0.54 0.78 0.54 0.55 

Duration-

based 

IA 1.63 0.39 0.45 1.44 0.5 0.55 1.42 0.47 0.51 0.78 0.47 0.48 

CAV 1.88 0.59 0.65 1.64 0.76 0.83 1.48 0.59 0.64 0.78 0.64 0.65 

SCAV 1.74 0.48 0.53 1.82 0.69 0.79 1.64 0.68 0.75 0.78 0.83 0.83 

aRMS 2.16 0.68 0.78 1.71 0.72 0.8 1.63 0.72 0.78 0.76 1.03 1.04 

IC 1.72 0.41 0.49 1.65 0.67 0.74 1.6 0.67 0.73 0.74 1.02 1.03 

 
 

 

Table 2.11 EC8-FRAME: Logarithmic Standard deviation (β) of the residual 

 
Large magnitude Small magnitude 

Short distance Long distance Short distance Long distance 

Damaging records 32 of 34 100 of 322 75 of 403 64 of 1,286 

IM type IM Dm µmax MIDR Dm µmax MIDR Dm µmax MIDR Dm µmax MIDR 

Frequency 

response-

based 

ASA20 0.38 0.4 0.3 0.58 0.26 0.22 0.63 0.27 0.21 0.51 0.32 0.29 

ASA40 0.39 0.36 0.28 0.59 0.29 0.24 0.63 0.3 0.24 0.52 0.35 0.32 

Spa(T1) 0.39 0.47 0.35 0.58 0.26 0.22 0.63 0.25 0.2 0.51 0.29 0.25 

S
*
 0.39 0.41 0.28 0.61 0.33 0.3 0.64 0.34 0.28 0.52 0.39 0.36 

INP 0.38 0.42 0.3 0.57 0.25 0.21 0.63 0.26 0.18 0.51 0.31 0.27 

EPA 0.42 0.43 0.29 0.61 0.36 0.33 0.69 0.48 0.41 0.52 0.46 0.43 

ASI 0.5 0.64 0.56 0.69 0.52 0.51 0.81 0.75 0.7 0.55 0.68 0.67 

IH 0.43 0.43 0.3 0.68 0.44 0.41 0.66 0.4 0.33 0.52 0.43 0.4 

Amplitude-

based 

PGA 0.5 0.63 0.52 0.7 0.51 0.5 0.87 0.92 0.87 0.55 0.78 0.76 

PGV 0.44 0.47 0.27 0.7 0.49 0.47 0.7 0.55 0.48 0.52 0.5 0.47 

Duration-

based 

IA 0.49 0.56 0.5 0.64 0.42 0.4 0.79 0.75 0.7 0.54 0.62 0.6 

CAV 0.53 0.62 0.64 0.76 0.53 0.52 0.76 0.69 0.64 0.53 0.57 0.55 

SCAV 0.5 0.57 0.55 0.82 0.68 0.67 0.93 1 0.97 0.53 0.98 0.97 

aRMS 0.56 0.72 0.62 0.79 0.71 0.7 0.91 1.02 0.98 0.53 1.11 1.11 

IC 0.5 0.59 0.48 0.76 0.68 0.67 0.89 1 0.95 0.52 1.1 1.1 
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In considering Tables 2.9-2.11: 

PGA efficiency remains lower than that of PGV only in the long-period case of the EC8-

FRAME structure. PGA is always less efficient than Spa(T1): an observation of the standard 

deviation of residuals, as obtained with respect to the three test cases, indicates that PGA 

efficiency is higher for shorter fundamental period structures, which could have been 

expected in as much as lim
T1!0

Spa (T1) = PGA . 

Among duration-based IMs, IA demonstrates the best performance; however, the 

efficiency of this IM class is typically lower than that of frequency response-based IMs. 

The IMs exhibiting the highest efficiency are in the structure-specific class, i.e. those 

including information on the fundamental structure period (Spa, S
*, INP and ASA40). IMs based 

solely on the ground motion time-history data show lower efficiency, which confirms that the 

total earthquake signal energy (to damage the structure) is not as important as the amount of 

energy the earthquake signal is able to transmit to the structure (Newmark and Hall, 1982). 

Moreover, the superiority of this IM class has been confirmed by the Tan and Irfanoglu 

(2012) study, which is based on damage data stemming from the inspections of thousands of 

American buildings following the 1994 Northridge earthquake. 

Among the frequency-based IMs, IH shows the weakest performance, except in the case 

of the low-frequency EC8-FRAME structure. These results are in agreement with the 

findings of Masi et al. (2011) on a similar low-frequency frame building. 

When ground motions are unable to produce significant structural damage (i.e. the 

structure remains elastic), as it is the case for the majority of records belonging to the LM-

LR, SM-SR and SM-LR bins, Spa(T1) reveals a high efficiency with respect to both max inter-

story drift ratio and maximum ductility demand. Put otherwise, when the LM-SR bin 

(containing many records capable of producing relevant structural damage) is considered, 

Spa(T1) efficiency drastically decreases, thus confirming that the pseudo-spectral acceleration 

at the fundamental period of the structure is a highly efficient IM should the structure behave 

elastically or experience a small amount of non-linearity. If such a condition is not satisfied 

(i.e. fragile structures and/or strong ground motions), then the Spa(T1) efficiency declines 

significantly. 

In the case of S* and INP, when coupled to Spa(T1), a factor accounting for the spectral 

shape within the period lengthening zone reveals an improvement in the performance of 

Spa(T1) when considered alone. This improvement is more apparent in INP, where the "shape 
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factor" turns out to be less biased compared to the S* case, since it is being computed over 

multiple periods (three in this case) rather than over a single period. These results are in 

agreement with the findings of Buratti (2012) in his comprehensive comparative study. 

An observation of the correlation coefficients of EPA and ASI reveals the importance of 

the period (frequency) range considered when integrating the response spectrum. From Table 

2.9, ASI has a higher efficiency with respect to EPA given its smaller integration interval 

more highly concentrated around the fundamental period of the structure. This same rationale 

can be applied to the results presented in Table 2.10. Nevertheless, when considering Table 

2.11, ASI now shows less efficiency with respect to EPA (and moreover it has one of the 

lowest efficiency among all IMs). The reason behind this performance decline is that in this 

latter case, the fundamental period of the structure lies outside the range considered in ASI yet 

still within the range considered by EPA. 

Table 2.12 Damaging records (µmax ≥ 2): Logarithmic Standard deviation (β) of the residual 

 CAMUS1 CAMUS1-SSI EC8-FRAME 

Damaging records 106 119 271 

IM type IM Dm µmax MIDR Dm µmax MIDR Dm µmax MIDR 

Frequency 

response-

based 

ASA20 0.25 0.45 0.36 0.27 0.22 0.22 0.25 0.27 0.36 

ASA40 0.23 0.36 0.29 0.28 0.22 0.21 0.24 0.28 0.36 

Spa(T1) 0.31 0.52 0.41 0.33 0.28 0.28 0.32 0.31 0.38 

S
*
 0.27 0.39 0.31 0.36 0.31 0.29 0.3 0.33 0.38 

INP 0.26 0.42 0.34 0.3 0.24 0.23 0.26 0.28 0.36 

EPA 0.33 0.52 0.39 0.39 0.37 0.34 0.33 0.34 0.39 

ASI 0.26 0.38 0.29 0.32 0.27 0.26 0.53 0.49 0.47 

IH 0.36 0.58 0.43 0.43 0.42 0.4 0.34 0.36 0.4 

Amplitude-

based 

PGA 0.29 0.46 0.35 0.38 0.36 0.35 0.52 0.48 0.47 

PGV 0.34 0.55 0.42 0.42 0.4 0.38 0.36 0.38 0.41 

Duration-

based 

IA 0.3 0.44 0.34 0.35 0.33 0.32 0.44 0.42 0.44 

CAV 0.34 0.54 0.41 0.43 0.43 0.41 0.52 0.49 0.47 

SCAV 0.33 0.51 0.39 0.4 0.4 0.38 0.49 0.46 0.44 

aRMS 0.36 0.59 0.45 0.45 0.45 0.43 0.66 0.6 0.52 

IC 0.29 0.42 0.33 0.34 0.32 0.31 0.63 0.58 0.5 

Lastly, the herein introduced ASAR shows a slightly lower efficiency than Spa(T1) when 

considering the non-damaging record bins (LM-LR, SM-SR and SM-LR). In these cases, the 

"intensity" of most ground motion is insufficient to produce structural damage, therefore 

inducing no frequency drop, while formulation (Eq. 2.1) of the ASAR introduces bias with 

respect to Spa(T1). This fact is highlighted by the higher performance of ASA20 on ASA40. 
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ASA40 however exhibits the highest efficiency when considering the LM-SR "damaging" bin. 

When the analysis is restricted to only those records capable of damaging the structure (Table 

2.12), independently of the bin classification, the ASA40 efficiency is seen to rise to 31% 

above that of Spa(T1) when predicting maximum ductility demand (Fig. 2.20) and to 26% and 

29% higher when predicting frequency drop and maximum inter-story drift respectively. 

Moreover, in considering damage records, the ASA40 efficiency is typically higher than that of 

S* and INP: focusing on the average spectral acceleration over a well-defined frequency drop 

interval proves to be a better approach compared with coupling a spectrum "shape factor" to 

Spa(T1). 

 

Figure 2.20 Damaging records (µmax ≥ 2) - Scatter plots, regression and standard deviation of the 

residual with respect to the maximum ductility demand for: a) CAMUS1, Spa(f1); b) CAMUS1, ASA40;  

c) CAMUS1-SSI, Spa(f1); d) CAMUS1-SSI, ASA40; e) EC8-FRAME, Spa(f1); f) EC8-FRAME, ASA40 
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2.3.5.2 IM sufficiency evaluation 

Results of the comparative statistical analysis relative to IM sufficiency are presented in 

Table 2.13 for the 2,045 records composing the four ground motion bins.  

Table 2.13 IM sufficiency: Spearman rank correlation coefficient. (The EDP considered is the µmax). 

The closer to zero the value, the better the sufficiency; the value highlighted in bold evidence the 

worst insufficiencies. 

 CAMUS1 CAMUS1-SSI EC8-FRAME 

IM type IM Mw Rhyp VS30 Mw Rhyp VS30 Mw Rhyp VS30 

Frequency 

response-

based 

ASA20 -0.1 -0.15 0.06 -0.1 -0.19 0.06 0.01 -0.12 0.08 

ASA40 -0.18 -0.22 0.12 -0.15 -0.26 0.09 -0.06 -0.18 0.09 

Spa(T1) 0.06 0.01 -0.01 0.16 0.09 -0.01 0.07 -0.03 0.01 

S
*
 -0.23 -0.26 0.15 -0.19 -0.26 0.15 -0.13 -0.24 0.05 

INP -0.14 -0.11 0.08 -0.07 -0.1 0.06 0.05 0.01 -0.01 

EPA -0.26 -0.45 0.22 -0.2 -0.33 0.1 0.15 0.21 -0.16 

ASI -0.22 -0.25 0.15 0.09 0.07 -0.06 0.43 0.31 -0.22 

IH -0.2 -0.54 0.21 -0.19 -0.47 0.14 -0.08 -0.1 -0.06 

Amplitude-

based 

PGA -0.05 -0.07 0.04 0.26 0.15 -0.13 0.5 0.3 -0.23 

PGV -0.22 -0.44 0.19 -0.13 -0.31 0.06 0.16 0.18 -0.17 

Duration-

based 

IA -0.28 -0.4 0.17 -0.13 -0.21 -0.01 0.27 0.2 -0.19 

CAV -0.23 -0.59 0.21 -0.18 -0.51 0.11 0.03 -0.14 -0.07 

SCAV 0.12 -0.28 0.06 0.3 -0.13 -0.04 0.53 0.07 -0.15 

aRMS 0.22 -0.33 0.02 0.37 -0.2 -0.13 0.56 -0.02 -0.12 

IC 0.2 -0.33 0.03 0.35 -0.19 0.06 0.55 -0.02 -0.13 

In considering Table 2.13: 

With the exception of some correlation for IH (Fig. 2.22b) and EPA, an analysis of these 

results reveals no significant correlation between the frequency response-based IMs and Mw 

or Rhyp. This lack of correlation indicates the practical sufficiency of this class of IMs 

(including ASAR, see Figures. 2.21a-2.21b) as regards the Magnitude and source-to-site 

distance (see also Appendix B). 

In contrast, a noticeable degree of insufficiency with respect to the moment Magnitude 

has been exposed in the case of the low-frequency frame structure, for S-CAV, aRMS, IC and 

PGA (Fig. 2.22a). In addition, a perceptible degree of insufficiency with respect to distance 

has been shown in the case of CAMUS1 structures, for CAV (Fig. 2.22c). 

Lastly, it is important to note that none of the considered IMs display a significant 

degree of insufficiency relative to soil type, i.e. Vs30 (Fig. 2.23). 
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Figure 2.21 The sufficiency can be appreciated observing the slope of the regression line (lower the 

slope, higher the sufficiency): a) CAMUS1 ASA40 vs. Mw; b) CAMUS1-SSI ASA40 vs. Rhyp; c) 

CAMUS1, Spa(f1) vs. Rhyp. 
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Figure 2.22 The sufficiency can be appreciated observing the slope of the regression line (lower the 

slope, higher the sufficiency): a) EC8-FRAME PGA vs. Rhyp; b) CAMUS1 IH vs. Rhyp;  

c) CAMUS1, CAV vs. Rhyp. 
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Figure 2.23 The sufficiency can be appreciated observing the slope of the regression line (lower the 

slope, higher the sufficiency a) CAMUS1 ASA40 vs. VS30; b) CAMUS1-SSI ASA40 vs. VS30;  

and c) EC8-FRAME, ASA40 vs. VS30. 

 

0 500 1000 1500 2000 2500
(1

(0.5

0

0.5

1

1.5

2

2.5

V
S30

   [m/s]

R
e
s
id

u
a
l 
o
f 

re
g
re

s
s
io

n
 o

n
A

S
A

4
0
 v

s
. 

M
a
x
 d

u
c
ti
lit

y
 d

e
m

a
n
d

 

 

0 500 1000 1500 2000 2500
(1

(0.5

0

0.5

1

1.5

2

2.5

V
S30

   [m/s]

R
e
s
id

u
a
l 
o
f 

re
g
re

s
s
io

n
 o

n
A

S
A

4
0
 v

s
. 

M
a
x
 d

u
c
ti
lit

y
 d

e
m

a
n
d

 

 

0 500 1000 1500 2000 2500
(1

(0.5

0

0.5

1

1.5

2

2.5

V
S30

   [m/s]

R
e
s
id

u
a
l 
o
f 

re
g
re

s
s
io

n
 o

n
A

S
A

4
0
 v

s
. 

M
a
x
 d

u
c
ti
lit

y
 d

e
m

a
n
d

 

 

|ρ| = 0.12 

|ρ| = 0.09 

|ρ| = 0.09 



Ground Motion Intensity Measures for Seismic Probabilistic Risk Analysis – De Biasio M. (2014) 

 
 

         82   
   

2.3.6 ASAR optimum 

Given that ASAR has been proposed for application to nonlinear behaving RC structures, 

the results of analyses associated with the "damaging records" will be considered herein for 

the purpose of establishing a general and optimal value of the reduction factor R in the ASAR 

definition (Eq. 2.1). 

With respect to the abovementioned results, the values of frequency drop and maximum 

ductility demand (as computed using the first yield) are given in Figure 2.24, which also 

exhibits the correlation between fD and µmax. The relationship between maximum ductility 

demand and maximum inter-story drift ratio is then shown in Figure 2.25: the good linear fit 

for the CAMUS1 test cases indicates a nearly uniform inter-story drift distribution along the 

height of the structure (Ghobarah, 2004). 

 
Figure 2.24 Damaging records (µmax ≥ 2), frequency drop vs. maximum ductility demand: a) 

CAMUS1, b) CAMUS1-SSI, and c) EC8-FRAME. 

 
Figure 2.25 Damaging records (µmax ≥ 2), maximum inter-story drift vs. maximum ductility demand: 

a) CAMUS1, b) CAMUS1-SSI, and c) EC8-FRAME. 

 
Figure 2.26 Damaging records (µmax ≥ 2), frequency drop distribution histograms: a) CAMUS1, b) 

CAMUS1-SSI, and c) EC8-FRAME. 
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So, in order to proceed with selecting the optimum reduced fundamental frequency (i.e. 

the R value in Equation 2.1), the ASAR has been computed for several reduction values (R), 

i.e. ASA20, ASA30, ASA40, ASA50 and ASA60. 

It can be observed from Table 2.14 that ASA40, with a reduction value (R) of 40%, yields a 

slightly higher efficiency for most considered test cases and EDPs. The mean and median of 

the frequency drop value distributions (Figure 2.26) confirm the results shown in Table 2.14. 

Table 2.14 ASAR sensitivity study: damaging records (µmax ≥ 2), Logartithmic Standard deviation (β) 

of the residual 

 CAMUS1 CAMUS1-SSI EC8-FRAME 

IM Dm µmax MIDR Dm µmax MIDR Dm µmax MIDR 

ASA20 0.25 0.45 0.36 0.27 0.22 0.22 0.25 0.27 0.36 

ASA30 0.24 0.41 0.32 0.27 0.21 0.21 0.23 0.27 0.35 

ASA40 0.23 0.36 0.29 0.28 0.22 0.21 0.24 0.28 0.36 

ASA50 0.23 0.35 0.28 0.3 0.24 0.23 0.25 0.29 0.36 

ASA60 0.24 0.35 0.27 0.32 0.26 0.24 0.26 0.3 0.37 

Moreover, it is important to highlight that a 40% frequency drop matches the mean values 

identified on RC buildings by both post-earthquake observations (CALTECH, 1975; Naeim, 

1988; Mucciarelli et al., 2004) and numerical studies (Crowley and Pinho, 2004). 

Results of the sensitivity analysis, as supported by the literature, therefore encourage the 

author to consider that a 40% fundamental frequency drop be considered as a general/optimal 

value in the definition of ASAR; Equation (2.1) then assumes the following form: 

     
ASA40 ( f1) =

2.5

f1
Spa ( f ,! ) df

0.6 f1

f1

!  

 
                                        (2.20) 

Similarly, Equation (2.3) assumes the form: 

ASA40 (T1) = 2.5 !T1
Spa (T,! )

T
2

dT
T1

1.67!T1

"  

 
                                      (2.21) 

Ultimately, formulations (2.20) and (2.21) allow computing ASA40 in only knowing the 

fundamental frequency (period) of the structure, like in the case of Spa(f1). 
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2.4 MAIN SOURCE OF IMs‘ EFFICIENCY LIMITATION 

In the previous paragraphs the performance of a large panel of IMs have been compared, 

and the superiority of the herein introduced ASAR in predicting structural demand for non-

linear behaving structures has been highlighted. However, despite its promising performance 

ASAR is not perfect (i.e., β = 0) and therefore, the aim of this paragraph is to depict and 

analyze the main source of its efficiency limitation, so to highlight some ideas for future 

improvements. 

Figure 2.27 shows the scatter plot of ASA40 vs. frequency drop for the CAMUS1 structure 

exposed to the 2,045 ground motion records considered in the comparative analyses. As it can 

be observed, there are few cases in which records characterized by nearly the same ASA40 

produce quite different structural demand (i.e., frequency drop), and inversely there are few 

cases in which records characterized by quite different ASA40 produce almost the same 

structural demand. The same evidence of dispersion is visible in the analogous scatter plots of 

ASA40 vs. Max Inter-Story Drift (Figure 2.28) and ASA40 vs. µmax. 

It is worth reminding that (as illustrated in paragraph 2.3.5.1) a part of the scatter is due to 

the impossibility to know a priori the value of the structure’s softened frequency, and then to 

assign the “exact” R value in the formulation of ASAR (Eq. 2.1). Indeed, the “general” 

optimum R value (paragraph 2.3.6), even if statistically optimum, introduces bias in most of 

the cases. 

However, the aforementioned is not the only source of uncertainty affecting the ASAR's 

demand prediction: another important part of bias originates from the non-stationary 

character, in amplitude and frequency content, of ground motion records. This last source of 

uncertainty is particularly important because, as it is proven in the final part of the section, it 

affects all the IMs considered in this study.  

So, in order to explain how the non-stationary character of ground motions biases IMs’ 

demand prediction, detailed analyses of the evolution (during the seismic loading) of the 

CAMUS1’ fundamental-frequency are here presented. Such analyses are performed on two 

sets of ground motions (highlighted in Figure 2.27), which have been selected because they 

are the ones showing the largest variability in the ASAR demand prediction.  
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Figure 2.27 CAMUS1: Scatter plot, ASA40(5.85 Hz) vs. Frequency drop. (The distribution of the data 

in vertical arrays, is due to the resolution (0.1 Hz) of the method used to extract the softened 

frequency, see end of paragraph 2.3.4.1. The same explanation for the position, at 2.5% frequency-

drop, of the points corresponding to the runs which do not produce structural damage.) 

 

 

Figure 2.28 CAMUS1: Scatter plot, ASA40(5.85 Hz) vs. MIDR. 
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The records 1467, 1184 and 727 (the response spectra of which are reported in Figure 

2.29) are characterized by rather different values of ASA40(5.85 Hz), nevertheless they 

produce the same amount of frequency drop (Figure 2.27). Figures 2.30, 2.31 and 2.32 show 

the time evolutions of the CAMUS1 fundamental frequency with respect to the three ground 

motion records. 

For each record, the fundamental frequency evolution is computed by performing n time-

history analyses, where n is equal to the ratio between the length of the record and a time-

window of 0.5 seconds (arbitrarily chosen). Thus, for each of the n simulations, which 

simulate the response of the structure for increasing time length (i.e., n*0.5 seconds), the 

method described in paragraph 2.3.4.1 is applied to extract the softened frequency.  

Referring to the record 1467 (i.e., Figure 2.30), it is worth noting that the damage process 

stops after about 8.5 seconds, i.e. the remaining part of the record does not further damage the 

structure. The same remark can be made with respect to the record 1184 (i.e., Figure 2.31), in 

which the damage process clearly stops at 14.5 seconds before the highest peaks of the 

record’s acceleration time history, and with respect to the record 727 (i.e., Figure 2.32), 

which stops damaging the structure after 11 seconds. 

Figures 2.33-2.35, instead, report the response spectra, respectively of records 1467, 1184 

and 727, computed on both the whole length of the records, and a portion of them. This last 

encompasses the ground motion record from its beginning until the instant the damage 

process (on the test-case structure) stops. 
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Figure 2.29 Response spectra (2 % damping) comparison: records 1467, 1184 and 727. The three 

records, having different ASA40(5.87 Hz) values, produce the same frequency drop. 

 

 

Figure 2.30 CAMUS1 loaded with record 1467: fundamental frequency evolution. 
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Figure 2.31 CAMUS1 loaded with record 1184: fundamental frequency evolution. 

 

 

 

Figure 2.32 CAMUS1 loaded with record 727: fundamental frequency evolution. 
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Figure 2.33 Record 1467:”full” and “partial” response spectra (2 % damping). The vertical line 

indicates the structure’s fundamental frequency at 8.5 seconds. 

 

 

Figure 2.34 Record 1184:”full” and “partial” response spectra (2 % damping). The vertical line 

indicates the structure’s fundamental frequency at 14.5 seconds. 
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Figure 2.35 Record 727:”full” and “partial” response spectra (2 % damping). The vertical line 

indicates the structure’s fundamental frequency at 11 seconds. 

 

 

Figure 2.36 ASA40(5.87 Hz) time evolution for records 1467, 1184, 727. 
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A large part of the bias generated by ASAR in discriminating the damage potential of the 

three considered records (which have different values of ASA40(5.85 Hz) but produce the 

same structural demand) is due to the fact that its value does not stop growing at the same 

time-instant the damage process stops. Indeed, when the damage-process stops, the response 

spectra ordinates continue growing (Figures 2.33-2.35) in the frequency range (3.51-5.85 Hz) 

over which the ASA40(5.85 Hz) is computed, even if such “additional”  part of the spectra 

evidently “does not affect” the structure anymore. For instance, in the case of record 1467 the 

ASA40(5.85 Hz) value is multiplied by nearly a factor 2 after the damage process stops. 

Likewise, in Figures 2.33-2.35, one can notice (at least for the examined cases) that the 

additional part of spectrum (i.e., the one arriving once the damage process stops) is for large 

part far, and at higher frequencies, with respect to the current fundamental frequency of the 

structure. Indeed, as it has been shown in section 2.1.1.1, the structure is less likely to be 

damaged by ground motion cycles which frequency is not tuned with the current structure’s 

fundamental frequency.  

Besides, the foregoing arguments are supported by the plots of the ASA40(5.85 Hz) time-

evolution for the three examined records (Figure 2.36): if the computation of the ASA40(5.85 

Hz) is stopped at the time the structure stops being damaged, the values of ASA40(5.85 Hz) for 

the three records (which produce the same structural demand) become much closer (i.e. the 

spread of ASA40(5.85 Hz) moves from 12÷31 m/s2 to 11÷17 m/s2), indicating a reduction of 

bias of 70 %. 

The abovementioned argumentations can be applied to (and verified by) other “biased” 

cases, for instance the records 727, 265 and 495. These three records (which response spectra 

are compared in Figure 2.37) have nearly the same value of ASA40(5.85 Hz), nevertheless 

they produce clearly different frequency drops, respectively 65%, 35%, and 15% (Figure 

2.27).  The record 727 stops damaging after 11 sec (Figure 2.32), the record 265 stops 

damaging after 9 sec (Figure 2.39), and the record 495 stops damaging after 7.5 sec (Figure 

2.41). If the computation of the ASA40(5.85 Hz) is stopped at the aforementioned time 

instants, the ASA40(5.85 Hz) is not anymore biased by the “non-damaging” evolution of the 

response spectra (Figures 2.35, 2.40, 2.42) and therefore, it is able to better discriminate the 

damage potential of the three ground motions (i.e., in Figure 2.38 the values of ASA40(5.85 

Hz) for the three records “move” farther away from each other and their arrangement is 

consistent with the damage order visible in Figure 2.27). 
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Figure 2.37 Response spectra (2 % damping) comparison: records 727, 495 and 265. The tree 

records, having quite similar ASA40(5.87 Hz) values, produce rather different frequency drop. 

 

 

Figure 2.38 ASA40(5.87 Hz) time evolution for records 727, 495, 265. 
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Figure 2.39 CAMUS1 loaded with record 265: fundamental frequency evolution. 

 

 

Figure 2.40 Record 265: ”whole” and “partial” response spectra (2 % damping). The vertical line 

indicates the structure’s fundamental frequency at 9 seconds. 
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Figure 2.41 CAMUS1 loaded with record 495: fundamental frequency evolution. 

 

 

 

Figure 2.42 Record 495: ”whole” and “partial” response spectra (2 % damping). The vertical line 

indicates the structure’s fundamental frequency at 7.5 seconds. 
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Lastly, in order to further stress the previous arguments and their impact on IMs’ 

structural demand prediction, an additional (heuristic) example is herein provided. In this, the 

CAMUS1 structure has been loaded with two simple excitations (Fig. 2.43), which are both 

constituted by the sequence of two sinuses: in the first sequence, a sinus at frequency 3 Hz 

follows, after two seconds without excitation, a sinus of frequency 5.85 Hz; in the second 

sequence, a sinus at frequency 5.85 Hz follows, after two seconds without excitation, a sinus 

of frequency 3 Hz. Indeed, the second sequence is exactly the “mirror copy” of the first one.   

The two loading sequences produce structural demand differing of about 17 % in terms of 

frequency drop, and 30 % in terms of Max Inter-story Drift Ratio (Table 2.15). 

Table 2.15 CAMUS1: response to two “mirror” sequences of loading  

Signal  MIDR 
Frequency 
drop  [%] 

Sequence 1 8.9E-4 54.0 

Sequence 2 6.2E-4 45.0 

What it is emblematic to note is that no one of the IMs considered in this study is able to 

distinguish the two loading sequences (i.e. the values of IMs for the sequence 1 are exactly 

the same of sequence 2), which produce exactly the same response spectra (Figure 2.44).  

Hence, conclusively, other than to evidence the sources of bias affecting the ASAR 

structural prediction, the foregoing analyses emphasize two central aspects in the process of 

characterization of seismic ground motion through IMs: 

1. The duration of the ground motion is a misleading parameter: the considered 

examples have shown (on the basis of the CAMUS1 RC structure) that the 

damage process is not directly correlated with the duration of the strong ground 

motion, thus confirming the finding of Iervolino et al. (2006), about its statistical 

insignificance in the characterization of the ground motion damaging potential.  

2. The non-stationary character, in amplitude and frequency content, of ground 

motions is a main source of bias affecting all “simple” IMs: the foregoing 

examples have shown that the structural damage process is related to complex 

time-dependent interactions between the current structural frequency and the 

current amplitude and frequency content of the loading. Simple IMs, as the ones 

considered in this study, are far from being able to account for such phenomena.  
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Figure 2.43 Acceleration tine-histories of double-sinus sequences with same values of IMs. 

 

 

 
Figure 2.44 Response spectra (5% damping) of double-sinus sequences with same values of IMs. 
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2.5 CONCLUSIONS 

In this chapter, a new structure-specific IM, namely the Relative Average Spectral 

Acceleration (ASAR), has been proposed. The ASAR is based on the pseudo-spectral 

acceleration values averaged over a definite, structure-specific, frequency range (period). 

Such a range covers the evolution of the structure's fundamental frequency (period) caused by 

the ground motion-induced damage process. 

The efficiency of ASAR has been revealed by means of comparative statistical analyses of 

the results of nonlinear dynamic simulations performed on two reinforced concrete structures 

on a large database of recorded seismic ground motions. Among the considered IMs, ASAR 

exhibits the highest efficiency in discriminating damaging earthquake ground motion records: 

its efficiency rises to 31% higher compared with the widely used Spa(T1). 

It has been shown that the ASAR efficiency is robust with respect to the type of building 

(load-bearing wall vs. frame; high vs. low frequency) and with respect to linear Soil-Structure 

Interaction effects. 

The sufficiency of ASAR relative to magnitude, source-to-site distance and soil type (VS30) 

has also been demonstrated by statistical analyses. Such sufficiency implies that if the ASAR 

of interest is given (through Hazard Analysis), then no concerns need to be raised regarding 

the M, R and VS30 of the records used in structural analyses, provided the selected records 

match the given ASAR value.  

The ASAR can be computed, like for Spa(T1), by simply knowing the fundamental 

frequency (period) of the structure. This looser restriction offers a practical advantage when 

working with more complex structure-specific IMs. For an actual structure, the fundamental 

frequency (period) is indeed typically known or else easy to know by means of in-situ tests; 

for regular buildings, it can be roughly estimated using an empirical code-based approach. 

Furthermore, the simple formulation of ASAR, based exclusively on spectral pseudo-

acceleration values, allows performing PSHA by employing the common ground motion 

prediction models currently available for Spa(T1).  

Lastly, it has been shown how the inner non-stationary character of ground motions 

imposes limitations to the efficiency of the IMs examined in this study, and how the concept 

of strong motion duration can drive towards misleading judgment about ground motions 

destructive potential. 
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3 IMs for Non-Structural demand 

NOTE: An adaptation of this chapter has been submitted for publication as: De Biasio M., 

Grange S., Dufour F., Allain F., Petre-Lazar I., (2014). Intensity Measures for Probabilistic Risk 

Assessment of Non-Structural Components Acceleration Demand. Earthquake Engineering and 

Structural Dynamics (SUBMITTED). 

 

 

Non-Structural Components (NSCs, also denoted as Secondary Systems) are those 

elements housed-on or attached-to the floors and walls of a building or industrial facility 

which are not part of the main load-bearing structural system (Fig. 3.1). NSCs are usually 

classified into three ”functional” categories (Villaverde, 1996): architectural components 

(stairways, parapets, partitions, suspended ceiling, etc.), mechanical and electrical equipment 

(piping systems, antennas, computer and data acquisition systems, control panels, 

transformers, switchgears, emergency power systems, fire protection systems, etc.) and 

building contents (bookshelves, storage racks, furniture, etc.). 

                                      

 

Figure 3.1 Items employed in a Building: (a) Structure only, and (b) Structure and NSCs. 

Other than with respect to their function, Non-Structural Components may also be 

classified with respect to their “source of damage”. For instance, in FEMA (1997) the NSCs 

considered primarily sensitive to inertial loading are classified as acceleration-sensitive 

components. Instead, the Nonstructural components considered primarily sensitive to 

deformation imposed by inter-story drifts of the structure are classified as deformation-

sensitive components. The components that are considered sensitive to both inertial loading 

and inter-story drifts are also classified with the more sensitive effect denoted as Primary (P) 
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and the less significant effect denoted as Secondary (S). Table 3.1 summarizes inertial and/or 

deformation sensitivity of selected nonstructural components as identified in FEMA (1997). 

It is recognized that in the event of an earthquake, the economical losses are primarily 

produced by NSCs damage (Taghavi and Miranda, 2003; Fig. 3.2). Indeed, the U.S. Applied 

Technology Council (ATC, 2004) reported that over 50% of the total losses in recent 

earthquakes in the United States are associated with NSCs: for example in occasion of the 

1994 Northridge earthquake the cost related to nonstructural components represented over 

50% of the total damage cost of $18.5 billion for that event (Kircher, 2003). Moreover, the 

survival of NSCs during an earthquake, which is important for maintaining the operation of 

emergency services and/or the continuing functionality of critical facilities (e.g. Hospitals, 

Nuclear Power Plants, etc.), is a public-safety issue.  

 

Figure 3.2 Cost shares of structure and NSCs in building projects implemented in USA and Japan. 

Adapted from Takahashi and Shiohara, (2004). 

The importance of NSCs seismic assessment is also highlighted by the fact that damage to 

NSCs usually initiates at levels of ground shaking much smaller than those required to cause 

structural damage. This means that with respect to structural-damaging earthquake events, 

larger geographical areas are affected. Besides, the NSCs damage risk can be considered 

higher, being low-to-moderate earthquake events more frequent than large ones. 

However, despite the importance of NSCs and contrarily to the large amount of research 

focused on IMs aiming to assess structural-deformation-demand, the specific literature about 

IMs for floor-acceleration-demand estimation is quite limited. The few studies available (e.g., 

Taghavi and Miranda, 2006; Zentner et al., 2011) denote the PGA as the most efficient IM, 

yet these studies have the common drawback to be mainly realized on the base of low-

frequency frame structures (De Biasio et al., 2014b). For instance, in their comprehensive 
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study Taghavi and Miranda (2006) considering numerical models with fundamental 

frequency ranging from 0.25 Hz to 2 Hz and few IMs, conclude that the PGA is more 

efficient than the IMs based on the spectral acceleration at the fundamental frequency of the 

structure Spa(f1), despite these latter are accepted as the most efficient with respect to 

structural demand (NUREG, 1986; Buratti, 2012; De Biasio et al., 2014a). The lack of 

performance provided by Spa(f1)-based IMs is typically justified by the fact that as opposed to 

structural demand, which is mainly dictated by the structure's first vibration mode, floor 

acceleration demand is also strongly dependent on the higher vibration modes. 

Therefore, being a sizeable part of Non-Structural Components sensible to inertial failure 

(i.e. electronic devices, piping systems, ceiling systems, ventilation ducts, machinery, 

bookcases (FEMA, 1997)), here the aim is to propose a new Intensity Measure, which will be 

expressly designed for NSCs acceleration demand, and to compare its efficiency and 

sufficiency to the ones of well-known IMs (paragraph 1.2.2). 

Table 3.1 Response sensitivity of selected Non Structural Components. Adapted from FEMA  (1997) 

ARCHITECTURAL COMPONENTS MECHANICAL EQUIPMENT 

 Acc. 

sensitive 

Def. 

sensitive 

 Acc. 

sensitive 

Def. 

sensitive 

Exterior Skin   Mechanical equipment   

Adhered veneer S P Boilers and furnaces P  

Anchored veneer S P General Mfg. and process machinery P  

Glass blocks S P HVAC equipment, vibration isolated P  

Prefabricated Panels S P HVAC equipment, non vibration 
isolated 

P  

Glazing systems S P HVAC Equipment, mounted in line 
with ductwork 

P  

Partitions   Storage vessels and water heaters    

Heavy S P Structurally supported vessels P  

Light S P Flat bottom vessels P  

Interior veneers   Pressure piping P S 

Stone, marble S P Fire suppression piping P S 

Ceramic tile S P Fluid piping, not fire suppression     

Ceilings   Hazardous materials P S 

Directly applied to structure P  Non-hazardous materials P S 

Dropped, furred, gypsum board P  Ductwork P S 

Suspended lath and plaster S P  

Suspended integrated ceiling S P 

Parapets and appendages P  

Exterior Skin P  

Canoples and marquees P  

Chimneys and stacks P  

Stairs P S 



Ground Motion Intensity Measures for Seismic Probabilistic Risk Analysis – De Biasio M. (2014) 

 
 

         102   
   

3.1 GROUND MOTIONS NSCs DAMAGING FEATURES 

In order to emphasize the ground motions‘ features affecting the NSCs acceleration 

demand, here is studied the modal recombination of the response of a generic linear MDOF 

system (representing a generic building) having a linear SDOF system (representing a generic 

Non-Structural Component) attached to the structural node k. The weight of the SDOF is 

assumed to be negligible with respect to the weight of the MDOF, i.e. the dynamic interaction 

between the primary (MDOF) system and the secondary (SDOF) system is neglected. 

By means of the Complete Quadratic Combination (CQC) rule (Wilson et al., 1981) the 

max acceleration of the SDOF (i.e. Non-Structural Component) can be written (Igusa and Der 

Kiureghian, 1985) as: 

max !!uk( ) = Aik !!ij !Ajk !Spa ( fi,"i
*
) !Spa ( f j," j

*
)

j=1
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"
i=1

N

"
#

$
%%

&

'
((

1/2

                             (3.1) 

Where, ρij represent the cross-correlation between modes i and j and where, being φik the 

modal displacement of the structural node k and being Γi the modal participation factors, the 

coefficients Aik stand: 

A
i
=!

i
!"

i
! "

i                                                       (3.2) 

The αi are amplification factors accounting for the dynamic interaction of the secondary 

system with the supporting structure. These are expressed (Eq. 3.3) as function of the 

secondary system’s fundamental frequency fe and the supporting structure’s natural 

frequencies fi. 

!
i
= e

2

e

2
!

i

2

                                                          (3.3) 

Spa is the spectral pseudo-acceleration at the frequency fi and the damping ratio ξ* (Eq. 

3.4) is equal to the average of the supporting structure ξi and the secondary system ξe 

damping ratios. 

!
i

*
=
!
e
+!

i

2                                                            (3.4) 

Equation 3.1, besides showing excellent predictive capability of the floor response spectra 

(e.g. Figure 3.3), gives useful insight on the factors affecting NSCs response and how the 
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different structural modes contribute to it. From (Eq. 3.2), the contribution of each structural 

mode to the NSCs’ response is equal to the contribution of that mode to the acceleration of 

the attachment node multiplied by an amplification factor that depends on the natural 

frequencies of the mode and the equipment. From (Eq. 3.3), if one of the modal frequencies fi 

is very close to the NSC frequency then αi is very large, indicating that the NSC endures an 

amplification of the motion of mode i. If fi is much higher than the NSC frequency, αi is 

smaller than the unity, which indicates that the NSC experiences a de-amplification of the 

motion of mode i. If fi is much lower than the NSC frequency, αi value is approximately one, 

which indicates that the NSC responds statically to the motion of mode i. 

 

Figure 3.3 Comparison of Floor Response Spectra obtained trough time history analyses and through 

Eq. 3.1. Reproduced from EPRI (1989). 

Thus, the presence of the factors αi in (Eq. 3.2) highlights the importance of the higher 

order vibration modes and the impossibility to neglect them (at least “a priori”) in the 

evaluation of NSCs acceleration demand.  

Nevertheless, it must be considered that the participation factors Γi are usually negligible 

for higher (horizontal) vibration modes. Then in order to “weigh” the combined effect of the 

αi and Γi, a factor λi is herein introduced as: 

!
i
="

i
!"

i
   

                                                          (3.5) 

The practical role of the factor λi is to discriminate, with respect to frequency, the ground 

motion spectral acceleration ordinates having (or not) influence on the Floor Response 

Spectra ordinates. In other words, when λi are negligible, their associated ground motion 

response spectra ordinates (i.e., Spa (fi, ξ)) can be neglected in the computation of (Eq. 3.1); 
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instead, the ground motion response spectra ordinates associated to large λi values should be 

considered, due to the large “weight” they have in the computation of (Eq. 3.1). 

3.1.1 A new IM: the E-ASAR 

An attempt to identify an efficient IM for NSCs acceleration demand is done here. Based 

on the foregoing, it can appear intuitive to consider (as “significant”) the ground motion 

spectral ordinates associate to the modal frequencies giving the highest λi values. Following 

this thought, a new IM could be defined (Eq. 3.6) under the simple form of a normalized 

summation of the n values of Spa (fn, ξ) corresponding to the n highest λi values:  

IM
!
=
1

n
Spa ( fi,"

i=1

n

! )

                                             (3.6) 

Nevertheless an IM stated as in equation 3.6 requires for its definition the computation of 

the λi values. These last necessitate, in order to be computed, the knowledge of n-natural 

frequencies and participation factors of the supporting structure other than the fundamental 

frequency(s) of the secondary system(s). Thus, even if hypothetically high efficient, the 

“IMλ” could not be practically implemented in PSHA and then used in Seismic Probabilistic 

Risk Analysis. 

For such a reason, following the same philosophy adopted in the study about Structural 

demand (chapter 2), here the purpose is to define an IM that is independent from the dynamic 

characteristics of the NSCs and in which the only required structural characteristic is the 

fundamental frequency of the supporting structure.  

Having in mind this aim, the author highlights three points: a) generally the evolution 

with the frequency of the (horizontal) participation factors Γi is such that higher values of Γi 

appear at lower natural frequencies; b) the dynamic amplification factors αi assume higher 

values in correspondence of the NSCs frequencies; c) generally the frequency content of 

earthquake ground motions is such that higher modes are less likely to be excited with respect 

to the lower ones. These facts suggest that for every structure it is possible to “roughly” 

identify a, here-called, “dominant-frequencies interval” that contains the factors λi (Eq. 3.5) 

with the highest (dominant) values.  

Thus, the key-idea is to consider such a structure-relative’s dominant-frequencies interval 

as the “core” of the IM. The dominant-frequencies interval can be “approximately” defined 
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knowing only the fundamental frequency value: the lower bound corresponds to the 

fundamental frequency of the structure and the upper bound could be evaluated as percentage 

of the fundamental frequency value.  

In practice, this can be done taking the ASAR (introduced in chapter 2, Eq. 2.1), and 

modifying it in order to consider the structure-relative’s dominant-frequencies interval. In 

(Eq. 2.1), f1 is the fundamental frequency of the structure, Xf  < 1 is a factor accounting for the 

drop, due to damage, of the fundamental frequency f1, Spa is the spectral pseudo-acceleration 

and ξ is the structural damping value. The suffix R indicates the chosen percentage of drop of 

the fundamental frequency (Xf  = 1-(R/100)). 

In order to consider the dominant-frequencies interval instead of the frequency drop one 

(Figure 3.4), the formulation (Eq. 2.1) is kept identical but a modification is done by taking  

Xf  >1. Now Xf represents a factor accounting for the width of the dominant-frequencies range 

and the suffix R indicates the width of the dominant-frequencies range as percentage of the 

fundamental frequency (Xf  =1+(R/100)). 

 

Figure 3.4 ASAR and E-ASAR (f1 is the structure’s fundamental frequency) 

Therefore, the proposed IM (De Biasio et al., 2014c), named Equipment Relative 

Average-Spectral-Acceleration (E-ASAR), is defined as the average spectral pseudo-

acceleration over the dominant-frequencies interval of the structure: 
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The formulation (Eq. 3.8) of E-ASAR captures the presence of significant spectral 

acceleration ordinates over the structure‘s dominant-frequencies interval. According to (Eq. 

3.1), this is a key feature that a seismic signal must have in order to produce high Floor 

Response Spectra ordinates. 

In (Eq. 3.8), the value of Xf depends on the dynamic characteristics of the structure that, 

in turn, depend on its design properties. A general and optimum Xf value issued from 

numerical sensibility analyses is suggested in the final part of the chapter.  

It is important to note that, similar to ASAR (paragraph 2.2.1), the formulation (Eq. 3.8) of 

the E-ASAR is exclusively based on spectral pseudo-acceleration values, which means it 

allows (Bazzurro and Cornell, 2002; Stewart et al., 2002; Baker and Cornell, 2006b; Inoue 

and Cornell, 1990) performing PSHA with respect to E-ASAR by means of widespread ground 

motion prediction models available for Spa (f1). 

3.2 COMPARATIVE ANALYSES 

In order to compare the performance of the IMs with respect to NSCs acceleration 

demand prediction, numerical analyses are performed on three test case structures. The same 

approach adopted in the part of the study relative to structural demand (i.e., chapter 2) has 

been herein used to select the test-case structures. Then, among these two have been 

experimentally tested: this set-up offers the advantage of a validation tool for the numerical 

models, which under the condition of sufficiently close agreement between numerical 

simulation runs and experimental testing, lends credibility to the results derived from 

numerical models. Also, the chosen test cases have different design characteristics and 

therefore different dynamic properties: two are stiff, high frequency, structural-wall structure, 

the SMART (CEA, 2013) mock-up and the, here called, TC3 (i.e. Test-Case no3) building; 

the third one is the ductile, low frequency, frame structure described in paragraph 2.3.3 (i.e., 

EC8-FRAME). The choice of the SMART and the EC8-FRAME allows to evaluate the 

robustness of the IMs. The TC3 instead permits to investigate the performance of the IMs 

with respect to a test case characterized by a very complex (and uncommon) dynamic 

behaviour (multiple-coupled natural modes), i.e. a kind of “worst-situation” test case.  

It is important to note that in this part of the study (i.e. IMs for NSCs acceleration 

demand), linear-elastic modelling of the test-case structures has been adopted. Indeed, being 

in this chapter the interest focused on the response of Non-Structural Components to low-to-
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moderate earthquakes, it is assumed that such earthquakes are not able to significantly 

damage a well-engineered reinforced concrete structure. Additionally, this choice allows to 

use (for the resolution of the FE dynamic problem) the time-efficient modal superposition 

analysis technique (Chopra, 2007) at the place of the (much) more computational demanding 

time-history analysis, which has been adopted in Chapter 2. 

3.2.1 Test case structure: SMART2013 

3.2.1.1 Structure presentation 

SMART (Fig. 3.5a) is a ¼ scaled model, designed in accordance with the current French 

nuclear regulation, tested in 2013 on the shaking table of the French Atomic Energy Agency 

(i.e., CEA) and also object of an international blind contest. The mock-up is a trapezoidal, 

three-story, reinforced concrete structure representative of a typical simplified half part of an 

electrical nuclear building. The mock-up is designed and tested following precise similitude 

criteria that allow doing its behavior representative of a full-scale structure (Table 2.6).  

                                   

 

Figure 3.5 SMART2013 test case: a) structure; b) numerical model 

3.2.1.2 Numerical model & Equivalent Reinforced Concrete modeling 

In the Finite Element SMART numerical model (Fig. 3.5b), both columns and beams 

have been modeled by means of Timoshenko beam elements whilst the slabs have been 

represented through shell elements. Instead, for the modeling of the structural walls, a lattice 

modelling technique derived from the Equivalent Reinforced Concrete (ERC) approach of 

Kotronis et al. (2003) has been used.  
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The ERC modeling method uses lattice meshes to predict the linear and non-linear 

behavior of shear RC walls, and is based on the framework method proposed by Hrennikoff 

(1941). The basic idea of the framework method consists in replacing the continuum material 

of the elastic body under investigation by a framework of bars arranged according to a 

definite pattern (Fig. 3.6), whose elements have suitable elastic properties. Set up for linear 

elastic behavior, the criterion of suitability is associated, at a given deformation, to energy 

equivalence between the framework pattern and the continuum material. If the unit size of the 

pattern of such a framework is made infinitesimal, then the latter will be representative of a 

complete mechanical model of the solid prototype, with identical displacements, strains and 

unit stresses. 

The main interest of the ERC model is that, being based on uniaxial behavior, it makes 

the application to inelastic calculation easy and robust. This is not always the case for 2D or 

3D damage or smeared crack approaches, particularly under severe shear where localization 

phenomena can compromise the robustness. Despite the fact that linear elastic modeling is 

herein considered, parallel research work involving the author in the SMART 2013 

international benchmark (CEA, 2013) has encouraged the use/development of the ERC 

modeling technique also in the present study.  

With respect to a linear-elastic modeling (i.e., the one herein adopted), the ERC model 

works under the following assumptions (Kotronis et al., 2003):  

• An elementary volume of reinforced concrete can be separated into a concrete 

element and a horizontal and a vertical reinforcement bars (SH and SV, 

respectively). Concrete and steel are then modeled separately by using two 

different lattices (Fig. 3.6). 

• The sections (Ah, Av, and Ad) of the bars simulating concrete can be derived 

directly from the framework method (Fig. 3.7).  

• A lattice composed of horizontal and vertical bars simulates steel (Fig. 3.6). The 

section and position of the bars coincide with the actual section and position of the 

reinforcement. To simplify the mesh, a method of distribution can be used where 

the bar sections are proportionally increased in order to obtain in a given zone the 

same global surface area of reinforcement. The mesh is thus independent of the 

geometry of the specimen. 

• Perfect bonding is assumed between concrete and steel. 
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Figure 3.6 Equivalent Reinforced Concrete modeling. Reproduced from Kotronis et al. (2003) 

 

Figure 3.7 Equivalent Reinforced Concrete modeling, “concrete” bars: k is the ratio of the “squares’ 

sides” (k=1.192 has been used in this study, i.e. θ = 40
o
); t is the wall thickness; Ah, Av, and Ad are, 

respectively, the cross section area of the horizontal, vertical and diagonal “concrete” bars.  

Nevertheless, a problem arises with the practical use of the ERC method: being 

exclusively based on bar elements arranged in a plane, the ERC is strictly a two-dimensional 

modeling technique. Therefore, in order to be suitable for the modeling of the three-

dimensional SMART structure, the ERC modeling necessitates to be enriched with out-of 

plane stiffness. This is herein achieved by superposing to the pattern of bars (horizontal and 

vertical only) an additional “layer” constituted, this time, by beam elements. These have the 

elastic properties of concrete (Young modulus and Poisson ratio, appendix A4) and zero cross 

sectional area (i.e. no axial stiffness). The torsion constant (Jt) and the moments of inertia 

(Jxx, Jyy) are tuned against an equivalent-mesh-size shell-elements model representing an 

elementary section of wall, which dimensions have been arbitrarily chosen (Fig. 3.8).  
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Figure 3.8 Tuning of the out-of-plane stiffness in the Enriched-ERC modeling. The Enriched-ERC 

model (a, b, c) has same dimensions, mass and mesh-size of the shell model (d, e, f). The moments of 

inertia (Jxx and Jyy) and the torsion constant (JT) of the added beam-layer are tuned in order to 

reproduce (a, b, c) the first three modal frequencies & shapes of the “reference” shell model (d, e, f). 

Finally, the masses are distributed on the elements (beams, column, slabs and walls) and 

modal numerical damping is introduced in the model with a value of 2 % on the first twenty 

natural frequencies (i.e. herein used in the modal superposition analysis technique).  

3.2.1.3 Model validation 

The predictive capabilities of the SMART numerical model have been checked with the 

results stemming from the “elastic part” of the experimental campaign of the structure, which 

has been performed with respect to a white noise signal (shaking-table test1) and an artificial 

low-intensity signal (shaking-table test2, Figure 3.9), in terms of Floor Response Spectra.   

Being the available experimental data referred to the mock-up placed on the shaking-table 

(CEA, 2013), the numerical modeling of this device has been necessary in order to correctly 

compare numerical and experimental results. Due to the differences in the loadings (2D for 

SMART, 1D for CAMUS1) and in the mock-ups geometry (SMART is asymmetric, 

CAMUS1 is symmetric), the shaking-table model adopted in paragraph 2.3.3.1 for the 

CAMUS1 structure (which has been tested on the same shaking-table) is not adequate for the 
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simulation of the SMART structure. Consequently, the full 3D FE model of the shaking table 

(provided by CEA, 2013) has been herein used (Figure 3.10). 

            

 

                 

     
Figure 3.9 Shaking table test2, input signal: a) x-direction time-history; b) x-direction Response 

spectrum (5% damping); c) y-direction time-history; d) y-direction Response spectrum (5% damping). 

Reproduced from CEA (2013). 

 

Figure 3.10 SMART, numerical model with shaking table. 
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Note that the validation of the SMART numerical model has been performed with respect 

to the ¼ scaled mock-up. Nevertheless, once created and validated, the SMART numerical 

model has been rescaled to full-scale (Table 2.5) in order to avoid having to scale the entire 

ground motion dataset. The dynamic characteristics of the full-scale numerical model are 

reported in Table 3.3. 

 
 

 
 

 
 

 
Figure 3.11 SMART-2013 numerical model validation, shaking table test1: a) FRS (5 % damping) at 

the roof along the X- direction ; b) FRS (5 % damping)  at the roof along the Y-direction. 
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Figure 3.12 SMART-2013 numerical model validation, shaking table test2: a) FRS (5 % damping) at 

the roof along the X- direction; b) FRS (5 % damping) at the roof along the Y-direction. 

 

Finally, the comparison of numerical and experimental results has shown the ability of the 

numerical model to predict with good agreement the structure’s linear behaviour qualitatively 

and quantitatively (Figures 3.11-3.12).  
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3.2.2 Test case structure: TC3 

3.2.2.1 Structure presentation 

The TC3 (Fig. 3.13a) is an existing thirteen-story, European, RC industrial building 

characterized by strongly irregular plan/slabs distributions. The specific feature of this stiff 

structural wall building is its particular design, which makes its dynamic behavior 

particularly complex and unusual. This offers the possibility to test the IMs with respect to a 

“worst situation” case.  

                                   

 

Figure 3.13 TC3 test case: a) structure; b) numerical model 

3.2.2.2 Numerical model & torsional-stick modeling 

The TC3 building has been modeled by means of a stick model able to take into account 

the torsional characteristics of the structure. In this model the slabs are assumed rigid and the 

walls give in-plane and out-of-plane stiffness contribution to the equivalent beams, the axes 

of which pass through the gravity centres of the stories. The masses of the slabs are 

represented by lumped masses and inertia (highlighted in Fig. 3.13b) located at the slabs’ 

gravity centres, whilst the masses of the half-stories at each side of every slab are reduced to 

the mean-layers of these.  

The characteristics of the equivalent beams are therefore computed starting from the plans 

of the building (example in Figure 3.14) in considering the building cross-section as a beam. 

Consequently for each story, the cross-section area (A), the gravity centre (G), the moments 

of inertia (Jxx and Jyy), the shear coefficients (kx and ky) and the torsion constant (JT) are 
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computed and assigned to the corresponding equivalent beam, the length of which equals the 

height of the story.  

            

Figure 3.14 TC3 test case, from the stories to the equivalent beams  

The adequacy of the performance associated to the stick-torsional modeling technique 

have been shown by Ravet (2009) on the basis of several test cases and with respect to the 

modeling of the linear structural behavior of complex multi-story buildings. 

Regarding the material characteristics, they have been assigned as recommended by the 

building owner (i.e., Young modulus=33 GPa, Poisson modulus=0.2). Then, the dynamic 

characteristics of the numerical model are reported in Table 3.4. 

Lastly, modal numerical damping has been introduced in the model with a value of 2 % 

on the first twenty natural frequencies (i.e. herein used in the modal superposition analysis 

technique).  

Finally, the reader must note that the unavailability of experimental data about the 

dynamic behavior of the TC3 building precludes performing the validation of the numerical 

model, as instead it has been done for the others test case buildings. 
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Table 3.2 EC8-FRAME: dynamic characteristics (the modes higher than the 10
th

 are not reported 

cause they all give values of λi approaching zero). 

Mode 
Frequency 

[Hz] 
Γx Γy 

αi λi = αi *(Γx+Γy) 

1hz 5hz 10hz 20hz 1hz 5hz 10hz 20hz 

1 1.57 1.21 0.00 0.68 1.11 1.03 1.01 0.82 1.34 1.24 1.21 

2 1.59 0.00 1.31 0.65 1.11 1.03 1.01 0.85 1.45 1.34 1.31 

3 2.07 0.00 0.12 0.30 1.21 1.04 1.01 0.04 0.14 0.12 0.12 

4 5.47 0.28 0.00 0.03 5.08 1.43 1.08 0.01 1.44 0.40 0.31 

5 5.53 0.00 0.30 0.03 4.48 1.44 1.08 0.01 1.35 0.43 0.33 

6 7.16 0.00 0.03 0.02 0.95 2.05 1.15 0.00 0.03 0.06 0.03 

7 10.75 0.11 0.00 0.01 0.28 6.43 1.41 0.00 0.03 0.70 0.15 

8 10.87 0.00 0.12 0.01 0.27 5.51 1.42 0.00 0.03 0.64 0.16 

9 12.68 0.03 0.00 0.01 0.18 1.65 1.67 0.00 0.01 0.05 0.05 

10 13.81 0.00 0.01 0.01 0.15 1.10 1.91 0.00 0.00 0.01 0.02 

 

   Table 3.3 SMART (full-scale): dynamic characteristics. 

Mode 
Frequency 

[Hz] 
Γx Γy 

αi λi = αi *(Γx+Γy) 

1hz 5hz 10hz 20hz 1hz 5hz 10hz 20hz 

1 5.35 1.69 0.62 0.04 6.90 1.40 1.08 0.08 15.97 3.24 2.49 

2 9.54 0.81 1.40 0.01 0.38 11.13 1.29 0.02 0.84 24.60 2.86 

3 16.76 0.57 0.76 0.00 0.10 0.55 3.36 0.00 0.13 0.73 4.46 

4 19.74 0.68 0.22 0.00 0.07 0.35 38.71 0.00 0.06 0.31 34.73 

5 22.87 0.03 0.12 0.00 0.05 0.24 3.25 0.00 0.01 0.04 0.49 

6 28.02 0.37 0.14 0.00 0.03 0.15 1.04 0.00 0.02 0.08 0.54 

7 28.55 0.19 0.08 0.00 0.03 0.14 0.96 0.00 0.01 0.04 0.26 

8 28.93 0.30 0.72 0.00 0.03 0.14 0.92 0.00 0.03 0.14 0.93 

9 29.66 0.49 0.77 0.00 0.03 0.13 0.83 0.00 0.04 0.16 1.05 

10 30.59 0.31 0.25 0.00 0.03 0.12 0.75 0.00 0.02 0.07 0.42 

 

Table 3.4 TC3: dynamic characteristics. 

Mode 
Frequency 

[Hz] 
Γx Γy 

αi λi = αi *(Γx+Γy) 

1hz 5hz 10hz 20hz 1hz 5hz 10hz 20hz 

1 6.42 1.80 0.11 0.02 1.54 1.70 1.11 0.05 2.94 3.25 2.13 

2 8.03 0.12 1.90 0.02 0.63 2.82 1.19 0.03 1.28 5.69 2.41 

3 10.78 0.08 0.11 0.01 0.27 6.17 1.41 0.00 0.05 1.17 0.27 

4 15.87 1.30 0.09 0.00 0.11 0.66 2.70 0.01 0.15 0.91 3.74 

5 17.56 0.08 0.89 0.00 0.09 0.48 4.36 0.00 0.09 0.47 4.24 

6 18.09 0.06 0.66 0.00 0.08 0.44 5.50 0.00 0.06 0.32 3.94 

7 24.96 0.05 0.24 0.00 0.04 0.19 1.79 0.00 0.01 0.06 0.52 

8 26.93 0.55 0.04 0.00 0.04 0.16 1.23 0.00 0.02 0.09 0.73 

9 32.53 0.19 0.48 0.00 0.02 0.10 0.61 0.00 0.02 0.07 0.41 

10 33.79 0.63 0.30 0.00 0.02 0.10 0.54 0.00 0.02 0.09 0.50 
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3.2.1 Selected Engineering Demand Parameters  

In order to define the EDPs used in this part of the study, it is useful to introduce the two 

basic approaches that currently exist for the seismic design and analysis of acceleration 

sensitive Non-Structural Components. These methods are the “conventional” Floor Response 

Spectrum  (FRS) approach, and the combined Primary-Secondary system approach. The 

latter consists in the full modeling of both the supporting structure and the NSCs, and 

consequently in the “coupled” analysis of them. Although it is the most comprehensive, the 

engineering use of this method is limited to very few particular applications. 

Differently, in the (nowadays conventional) method of Floor Response Spectra the 

response of the primary and secondary systems are decoupled and analyzed separately. 

Indeed, the response behavior of the primary structural system at the support points of a 

secondary system is determined while neglecting the effect of the secondary system. To 

obtain the Floor Response Spectra, horizontal and vertical time histories at support points of a 

secondary system are first calculated based upon time domain analysis of the primary system. 

Then, these time histories are used to generate the required floor response spectrum for 

secondary system response analysis (Figure 3.15).  

 

Figure 3.15 Floor Response Spectra (FRS) approach. 

However, while the method of Floor Response Spectra provides a relatively simple 

procedure for response calculations of secondary systems, the use of this approach leads to a 

number of deficiencies. The most serious is the fact that it ignores the interaction between 

primary and secondary systems. This phenomenon become significant when the masses of 

the secondary systems become more than negligible or when the frequencies of the two 

systems are tuned to each other. Therefore the Floor Response Spectrum method gives 

acceptable results for secondary systems with relatively small masses and with frequencies 
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which are not tuned to a frequency of the primary structural system (Taghavi and Miranda, 

2008). 

A design criterion is currently employed in engineering practice in deciding whether the 

decoupled or the coupled approach is required, i.e. to judge on the significance of dynamic 

interaction between primary and secondary systems (Chen and Soong, 1988). The secondary 

system vs. primary system mass ratio µ and frequency ratio η, may be defined respectively as: 

µ = M
s

M
p

                                                            (3.9) 

! ="
s
"

p
                                                           (3.10) 

where Ms is the total mass of the secondary system and Mp is the total modal mass of the 

primary structure associated with the dominant frequencies, and where ωs is the fundamental 

frequency of the secondary system and ωp is the dominant frequency(ies) of the primary 

structure. 

 

Figure 3.16 Frequency error region. Reproduced from Cheen and Soong, 1988. 

A greater primary-secondary system interaction is expected as µ increases and as η 

approaches one. Thus, regions of validity of decoupled and coupled analysis can be 

determined according to the values of µ and η. A typical base for a design rule is indicated in 

Figure 3.16, which results from a two-degree-of-freedom system analysis, i.e. a single- 

degree-of-freedom secondary system mounted on a single-degree-of-freedom primary 
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structure. In Figure 3.16, being ωc the natural frequency of the combined system, R is defined 

as: 

R = !
c
!!

p
!

p
                                                      (3.11) 

Finally, the use of the FRS method (i.e. to uncouple the response of the supporting 

structure from that of the non-structural component) is acceptable for NSCs whose mass is 

less than 1% of that of the structure supporting them (Singh and Ang, 1974; USNRC, 1978; 

Taghavi and Miranda, 2008). 

Then, coming back to the choice of the EDPs, the (horizontal) NSCs acceleration demand 

has been measured in the numerical models as the maximum of the 5% damped acceleration 

Floor Response Spectra over all the floors and over four frequency ranges: 0.9 to 1.1 Hz, 4.5 

to 5.5 Hz, 9 to 11 Hz and 18 to 22 Hz. These frequency ranges reflect the hypothetical 

presence of NSCs with fundamental frequency standing respectively 1 Hz, 5 Hz, 10 Hz, and 

20 Hz, with an interval of confidence of ± 10 % on these values (e.g. Figure 3.17). 

 

Figure 3.17 EDPs for NSCs acceleration demand. 

Lastly, it is important to remind that this study considers linear-supported Non-Structural 

Components hosted on linear behaving buildings. For details about the effectiveness of the 

FRS with respect to the characterization of equipment with linear/non-linear behaving 

supports installed in linear/non-linear behaving structures, the reader can refer to more 

specific documents (e.g., Sewell, 1989; EPRI, 1989). 
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3.2.2 Results  

3.2.2.1 IMs efficiency comparison  

The results of the comparative statistical analysis about the IMs’ efficiency are presented 

(Table 3.5) with respect to the 2,045 records composing the four ground-motion bins (i.e., 

paragraph 1.4.2). These results do not show significant discrepancies with the results 

obtained with respect to the four ground-motions bins taken one-by-one, which consequently 

are not reported. 

For the comparison with the other IMs, the E-ASAR has been computed with an R value of 

67 % (i.e., E-ASA67). The choice of an optimum R value is addressed in the final part of the 

chapter. The IMλ has been computed (distinctly for each EDP vs. test-case couple) 

considering the structural vibration modes highlighted in bold in Tables 3.2-3.4. 

Table 3.5 Efficiency analysis on all the 2,045 ground motions: Logarithmic Standard deviation (β) of 

the residuals. 

Max FRS 

at: 

IMs 

Frequency Response Based Peak Based Duration Based 

IMλ E-ASA67 ASA40 Spa S* INP ASI EPA PGA PGV IA CAV SCAV 

EC8 FRAME (f1 = 1.57 Hz) 

1Hz±10% 0.27 0.49 0.25 0.25 0.33 0.24 0.87 0.51 1.01 0.59 0.74 0.66 1.24 

5Hz±10% 0.25 0.59 0.77 0.73 0.79 0.71 0.27 0.53 0.35 0.56 0.42 0.67 0.77 

10Hz±10% 0.19 0.58 0.74 0.69 0.76 0.67 0.3 0.49 0.22 0.5 0.34 0.65 0.76 

20Hz±10% 0.29 0.51 0.67 0.62 0.69 0.6 0.31 0.43 0.28 0.44 0.3 0.59 0.77 

SMART (f1 = 5.35 Hz) 

1Hz±10% 0.29 0.37 0.34 0.26 0.36 0.25 0.35 0.61 0.32 0.62 0.46 0.75 0.81 

5Hz±10% 0.42 0.46 0.53 0.42 0.59 0.45 0.61 0.87 0.61 0.89 0.75 0.97 0.94 

10Hz±10% 0.56 0.51 0.81 0.69 0.88 0.73 0.85 1.14 0.75 1.14 0.99 1.22 1.06 

20Hz±10% 0.46 0.42 0.72 0.58 0.79 0.62 0.77 1.07 0.65 1.07 0.91 1.16 1.00 

TC3 (f1 = 6.42 Hz) 

1Hz±10% 0.22 0.28 0.44 0.35 0.46 0.35 0.41 0.67 0.3 0.67 0.51 0.8 0.77 

5Hz±10% 0.35 0.35 0.6 0.46 0.67 0.5 0.66 0.97 0.6 0.98 0.82 1.06 0.94 

10Hz±10% 0.48 0.39 0.79 0.67 0.85 0.71 0.83 1.12 0.73 1.12 0.97 1.20 1.04 

20Hz±10% 0.55 0.49 0.82 0.72 0.88 0.75 0.85 1.10 0.73 1.10 0.96 1.19 0.97 
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In considering Table 3.5: 

In agreement with the literature, the present study finds a noticeable efficiency of the 

PGA in the case of the tested frame structure (Fig. 3.19a). It is the opinion of the author that 

such efficiency originates from the observed (Fig. 3.18a) strong correlation between the PGA 

and the spectral acceleration ordinates in the range 2-10 Hz. Indeed such frequency interval 

roughly coincides with the dominant-frequency interval of the EC8 FRAME (Table 3.2). 

Evidently the PGA is not well correlated (Fig. 3.18b) with the Spa(f1) which exhibits the 

highest efficiency for NSCs frequency lower than the structure fundamental frequency. The 

same argument can be used to explain the efficiency of the PGA with respect to low 

frequency FRS ordinates in the case of the SMART and TC3 test cases.  

       

 

Figure 3.18 Scatter plots, all (2,045) records:  (a) PGA vs. ASI (i.e. spectral acceleration between 2 

and 10 Hz); (b) PGA vs. Spa(f1) (computed at the fundamental frequency of the EC8-FRAME). 

The PGV’s efficiency is sensibly lower than the PGA’s; among the duration based IMs, 

the IA shows the best performance. Nevertheless, the efficiency of this class of IMs, which 

has been found slightly higher in the case of the EC8-FRAME structure, is generally lower 

than the one of the frequency-response and peak based ones. Such result was predictable in 

considering equation 3.1 and the linear-elastic “nature” of the performed analyses.  

The IMs based on the spectral acceleration at the fundamental frequency of the structure    

Spa(f1) exhibit high efficiency in predicting FRS ordinates at frequency lower than the 

fundamental one. Indeed in such situation, based on equation 3.1, the equipment de-amplifies 

all the motions of the structure being the first-mode motion the least de-amplified and 

therefore the one leading the equipment response (i.e. higher λi values). 
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For equipment frequencies higher than the structure fundamental frequency, the 

efficiency of the Spa (f1) is lower than the PGA’s for the EC8-FRAME, but it is higher to this 

last for the other two (structural wall) test-case buildings (Fig. 3.19a-3.20a-3.21a). Still, this 

result can be explained by considering the non-negligible values of λi for the modes 4-5 and 

7-8 in the case of EC8-FRAME (Table 3.2). The contribution of these modes is not captured 

by the Spa (f1)-based IMs, but instead is done by the ASI, EPA and PGA that consequently 

have high efficiency in the frame-building test case. 

In the case of S* and INP, to couple to the Spa (T1) a factor accounting for the spectral 

shape in the period lengthening zone reveals to slightly decrease the performances of Spa (T1) 

considered alone. Similarly, the ASA40, which considers spectral acceleration ordinates along 

the structure frequency drop interval, shows minor performance with respect to the Spa (f1). 

Nevertheless for both the structural-wall buildings tested, the ASA40 and the INP have 

efficiency comparable to the PGA’s. 

The observation of the standard deviation values of the EPA and ASI reveals the effect of 

the width of the dominant-frequency interval: the ASI is computed on the range 2 to 10 Hz 

and the EPA is computed on the range 0.4 to 10 Hz. From Table 3.5, in the case of the EC8-

FRAME the ASI has higher efficiency with respect to the EPA being its interval of integration 

smaller and more centered around the dominant-frequencies interval of the structure. The 

same argumentation can be used with respect to the results relative to the SMART and the 

TC3 test cases.  

As hypothesized, the IMλ possesses high efficiency in all the test cases and with respect to 

all the selected FRS frequency values (EDPs). 

Finally, the herein introduced E-ASA67 with respect to the PGA is less efficient in the case 

of the frame structure. This is essentially due to the chosen (low) value of R, not able to cover 

the frequencies related to the modes 4-5 and 7-8 (Table 3.2), which are associated with high 

λi values. Nevertheless the E-ASA67 is very efficient in the cases of structural wall buildings 

where its efficiency is up to 52% higher than the one of PGA (Figure 3.20c-3.21c). 
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Figure 3.19 Regression plots, IMs vs. Max FRS in the range 10Hz±10% for EC8-FRAME: (a) PGA b) 

Spa(f1); (c) E-ASA67. 
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Figure 3.20 Regression plots, IMs vs. Max FRS in the range 10Hz±10% for SMART (a) PGA b) 

Spa(f1); (c) E-ASA67. 
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Figure 3.21 Regression plots, IMs vs. Max FRS in the range 10Hz±10% for TC3: (a) PGA b) Spa(f1); 

(c) E-ASA67. 
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3.2.2.2 IMs sufficiency evaluation  

The results of the comparative statistical analysis concerning the IMs’ sufficiency are 

presented (Table 3.6) for the 2,045 records composing the four ground-motions bins, with 

respect to the max of the 5% damped FRS at 20 Hz ± 10%. Analogous results have been 

found for the other considered EDPs.  

Table 3.6 Sufficiency analysis on all the 2,045 ground motions: Spearman rank correlation 

coefficients  

 

IMs 
Frequency Response  

Based 

Amplitude 

Based 

Duration  

Based 

IMλ E-ASA67 ASA40 Spa S* INP ASI EPA PGA PGV IA CAV SCAV 

EC8 FRAME 

Mw 0.08 -0.13 -0.18 -0.15 -0.2 -0.18 0.12 -0.31 0.36 -0.26 -0.29 -0.26 0.29 

Rhyp -0.07 -0.5 -0.6 -0.58 -0.61 -0.58 -0.06 -0.52 0.19 -0.5 -0.44 -0.66 -0.19 

VS30 0.01 0.22 0.27 0.26 0.24 0.26 0.01 0.22 -0.14 0.18 0.11 0.2 0.00 

SMART 

Mw -0.3 -0.28 -0.29 -0.28 -0.3 -0.3 -0.3 -0.26 -0.27 -0.25 -0.33 -0.23 -0.03 

Rhyp -0.21 -0.23 -0.41 -0.34 -0.43 -0.36 -0.41 -0.56 -0.31 -0.56 -0.55 -0.66 -0.44 

VS30 0.18 0.14 0.25 0.23 0.26 0.24 0.26 0.28 0.22 0.26 0.27 0.27 0.16 

TC3 

Mw -0.27 -0.26 -0.27 -0.26 -0.28 -0.27 -0.28 -0.24 -0.27 -0.24 -0.3 -0.21 -0.05 

Rhyp -0.28 -0.28 -0.44 -0.38 -0.46 -0.4 -0.45 -0.58 -0.37 -0.58 -0.56 -0.67 -0.5 

VS30 0.14 0.08 0.21 0.17 0.22 0.19 0.22 0.25 0.19 0.24 0.24 0.25 0.16 

  

In considering Table 3.6: 

Excluding a light correlation in the case of the EC8-FRAME (Figure 3.22b) and with 

respect to the Rhyp, the analysis of these results evidences no significant correlation between 

the proposed IM and the Mw or the Rhyp. Moreover, excluding the case of the EC8-FRAME, 

the E-ASA67 shows always lower correlation than the Spa(f1) and the PGA. The lack of 

correlation indicates the sufficiency of the E-ASA67 (Fig. 3.23a-3.23b-3.24a-3.24b) with 

respect to magnitude and source-to-site distance (see also Appendix B).  

All the test cases show a pronounced lack of sufficiency of the CAV with respect to the 

Rhyp. Such insufficiency was also noted (chapter 2, paragraph 2.3.5.2) considering structural 

demand parameters (i.e. MIDR, global ductility, frequency drop). 

Lastly, it is important to notice that none of the considered IMs shows an appreciable 

degree of in-sufficiency with respect to the soil-type, i.e. Vs30 (Figure 3.22c-3.23c-3.24c). 
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Figure 3.22 Sufficiency analysis, all records – EC8-FRAME: (a) E-ASA67 vs. Mw; (b) E-ASA67 vs. 

Rhyp; (c) E-ASA67 vs. VS30. 
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Figure 3.23 Sufficiency analysis, all records - SMART: (a) E-ASA67 vs. Mw; (e) E-ASA67 vs. Rhyp; (f) E-

ASA67 vs. VS30.  
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Figure 3.24 Sufficiency analysis, all records – TC3: (a) E-ASA67 vs. Mw; (e) E-ASA67 vs. Rhyp; (f) E-

ASA67 vs. VS30. 
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3.2.3 E-ASAR optimum 

In order to analyze the sensitivity to the choice of the width of the dominant-frequencies 

range (i.e. R factor in equation 3.8), the E-ASAR has been computed for several values of 

width, i.e. E-ASA40, E-ASA67, E-ASA80, E-ASA100, E-ASA150 and E-ASA200 (Table 3.7).  

Table 3.7 E-ASAR sensibility study: efficiency analysis on all the 2,045 ground motions (Logarithmic 

standard deviation (β) of the residuals). 

Test-Case IM Xf  
Max FRS 

1Hz±10% 

Max FRS  

5Hz±10% 

Max FRS 

10Hz±10% 

Max FRS 

20Hz±10% 

EC8 

FRAME 

E-ASA40 1.4 0.41 0.65 0.63 0.55 

E-ASA67 1.67 0.49 0.59 0.58 0.51 

E-ASA80 1.8 0.52 0.56 0.56 0.5 

E-ASA100 2 0.57 0.53 0.54 0.47 

E-ASA150 2.5 0.67 0.44 0.47 0.42 

E-ASA200 3 0.77 0.34 0.41 0.38 

       

SMART 

E-ASA40 1.4 0.35 0.42 0.56 0.46 

E-ASA67 1.67 0.37 0.46 0.51 0.42 

E-ASA80 1.8 0.38 0.47 0.49 0.4 

E-ASA100 2 0.39 0.49 0.46 0.38 

E-ASA150 2.5 0.41 0.51 0.45 0.37 

E-ASA200 3 0.42 0.53 0.47 0.37 

       

TC3 

E-ASA40 1.4 0.26 0.32 0.4 0.51 

E-ASA67 1.67 0.28 0.35 0.39 0.49 

E-ASA80 1.8 0.29 0.36 0.39 0.48 

E-ASA100 2 0.3 0.38 0.4 0.48 

E-ASA150 2.5 0.31 0.41 0.44 0.47 

E-ASA200 3 0.31 0.43 0.47 0.47 

 

It can be noticed (Table 3.7) that the optimal R value is function of the Non-Structural 

Component fundamental frequency. Indeed, this last through the αi (Eq. 3.3) influences the 

extent of the dominant-frequencies interval. Accordingly, the best performing R values 

(Table 3.7) are the ones that allow “to cover” the natural modes of the buildings associated to 

the higher λi (Eq. 3.5) values (highlighted in bold in Tables 3.2-3.4). 

Therefore, looking for the maximum efficiency of the E-ASAR, the analysis of the results 

shown in Table 3.7 suggests that the optimal R should be chosen such to extend the lower 

bound of integration in Eq. 3.8 up to the value of fe (i.e. the fundamental frequency of the 

NSC). Nevertheless, although this procedure maximizes the efficiency of the E-ASAR and 
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keeps its formulation simpler than the one of the IMλ (Eq. 3.6), the introduced dependency on 

the fe values translates in a loss of exploitability.  

Consequently, if the objective is to have a highly exploitable IM, and a minor decrease in 

efficiency is tolerable, the proposed solution is to select the value of R on the base of the kind 

of structure hosting the NSCs, independently from the NSCs fundamental frequencies. For 

instance, practical considerations lead to suggest the E-ASA67  (i.e. R = 67 %) as general 

optimum IM for NSCs acceleration demand prediction in high-frequency structural wall 

buildings. The main reason is due to the noticeable (Table 3.5) global performance (i.e. on 

the two structural-wall buildings and for the four FRS frequency targets) of the E-ASA67. An 

additional reason comes from the direct relation (Eq. 3.12) between E-ASA67 (3.8) and ASA40 

(2.1).  

E ! ASA
67
( f
1
) = ASA

40
(1.67 f

1
)                                       (3.12) 

Indeed the ASA40 has shown (chapter 2, paragraph 2.3.5) to be a very high efficient IM 

with respect to structural damage prediction and specific GMPEs in its terms have been 

already developed (Koufoudi et al., 2014). This means that (because of the relation 3.12) 

PSHA could be advantageously performed by means of the same GMPE with the aim to 

specify both the structural and the non-structural seismic hazard. 

3.3 CONCLUSIONS 

In this chapter, a new IM has been proposed in order to predict NSCs acceleration 

demand. The proposed IM, namely Equipment Relative Average-Spectral-Acceleration (E-

ASAR), is based on the pseudo-spectral acceleration values along a definite, structure-specific, 

frequency range. Such range corresponds to the here-called structure’s “dominant-frequencies 

interval”. This last has been defined as the frequency range that includes the first n-vibration 

modes such that the product between the participation factors of those modes and the 

dynamic amplification factors related to those modes assumes a dominant value. It has been 

shown that the dominant-frequencies interval can be effectively defined based on the 

fundamental frequency of the structure. 

The efficiency of E-ASAR has been demonstrated by comparative statistical analysis of the 

results of linear dynamic simulations performed on three reinforced concrete structures over a 

database of thousands recorded seismic ground motions. The E-ASAR exhibits high efficiency 

in predicting non-structural components‘ acceleration demand: it has been shown that such 
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efficiency is robust with respect to the structure’s type (structural wall vs. frame; high vs. low 

frequency) and with respect to the fundamental frequency of the non-structural component. 

The sufficiency of E-ASAR with respect to Magnitude, source-to-site distance and soil- 

type (Vs30) has also been shown by statistical analysis. Such sufficiency implies that if the E-

ASAR of interest is given (by Hazard Analysis), there is no need to be concerned about the M, 

R and Vs30 of the records to be used in structural analyses provided that the selected records 

match the given E-ASAR value.  

E-ASAR can be computed, as ASAR and Spa (f1), by only knowing the fundamental 

frequency of the structure. This represents a useful advantage with respect to more complex 

structure-specific IMs: indeed, for an actual structure the fundamental frequency is usually 

known or easily assessable through in-situ tests and/or empirical code-based approaches. 

The simple formulation of E-ASAR based exclusively on spectral pseudo-acceleration 

values, allows performing PSHA by means of common ground motion prediction models 

currently available for Spa (T1). Moreover, the straightforward link between E-ASAR and  

ASAR, which revealed (Chapter 2) to be a high efficient IM for structural demand prediction, 

enable to use the same GMPE form for both structural and non-structural demand oriented 

PSHA/SPRA studies. 

.  
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4 General Conclusions and Perspectives 

 

 

4.1 GENERAL CONCLUSIONS 

In the present study, the performance of a large panel of Intensity Measures, which are 

suitable for Probabilistic Seismic Risk Analysis, have been compared with respect to the 

ability in predicting Structural and Non-Structural demand.  The comparison is based on the 

use of a large dataset of recorded earthquake ground motions, numerical analyses performed 

on experimentally validated three-dimensional numerical models, and systematic statistical 

analysis of the results. 

In agreement with literature and with respect to the considered Engineering Demand 

Parameters, it has been found that the Intensity Measures based on the spectral acceleration 

ordinates are the ones displaying better performance.  Among these, the structure-specific 

IMs  (i.e. including the information about the structure’s fundamental frequency) are the best 

performing. This result involves both Structural and Non-Structural demand. 

The study (Chapter 2) confirmed that the widespread spectral acceleration at the 

fundamental frequency of the structure Spa(f1) is an excellent IM for structural demand 

prediction, provided that the examined structure experiences small or zero damage. In the 

case the structure experiences damage (and this may happen in case of “strong” ground 

motion or “weak” structure), the performance of the Spa(f1) declines. With the specific aim to 

handle such situations, a new Intensity Measure based on the pseudo-spectral acceleration 

values along a definite, structure-specific, frequency range has been herein introduced. Such 

IM, namely Relative Average-Spectral-Acceleration ASAR, results to be up to 30% more 

efficient in predicting structural demand than the Spa(f1). 

Therefore, the use of ASAR may be particularly advantageous when, due to location and/or 

structural design, the earthquake engineer expects nonlinear structural behavior. Under such 

conditions, the high ASAR efficiency helps reducing the number of records needed to simulate 

the time-history response within a specified confidence interval. This advantage can be 

especially valuable when evaluating seismic retrofitting strategies since several solutions can 

be assessed, causing a significant increase in the number of analyses to be performed. 
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Regarding non-structural demand (Chapter 3), the study confirmed that the Peak Ground 

Acceleration PGA is a valuable IM when used to predict acceleration demand of components 

housed on low-frequency frame building. However, the study revealed that PGA’s 

performance is not adequate in case of components housed on high-frequency structural wall 

buildings. Therefore, a new Intensity Measure based on the pseudo-spectral acceleration 

values along a definite, structure-specific, frequency range has been herein specifically 

developed for the prediction of Non-Structural Components acceleration demand. This IM, 

namely Equipment Relative Average Spectral Acceleration E-ASA, has shown to be up to 

50% more efficient than the PGA in predicting Non-Structural Components acceleration 

demand. 

Due to its robust efficiency, the use of E-ASAR may be particularly advantageous when 

the earthquake engineer has to handle with several kinds of acceleration-sensitive non-

structural components (i.e. characterized by different fundamental frequency values). In such 

case the use of E-ASAR turn in using a single high-efficiency IM for the whole panel of non-

structural components housed in the building. 

Besides, the efficiency of both ASAR and E-ASAR in predicting the system response with 

the least scatter using the smallest number of response analyses can be valuable in the 

formulation of fragility curves. 

Other than efficiency, both ASAR and E-ASAR have shown to own the characteristic of 

sufficiency with respect to Magnitude, source-to-site distance and soil-type (Vs30). Such 

feature implies that the use of ASAR (or E-ASAR) can be associated to loosen restrictions in 

ground motions selection procedures (i.e., no need to be concerned about Magnitude, source-

to-site distance and soil- type) provided that the selected records match the ASAR (or the E-

ASAR) value for the site of interest.  

Moreover, both the introduced IMs possess the valuable characteristics to need (in order 

to be computed) merely the knowledge of the building’s fundamental frequency, exactly as it 

is for the wide-spread spectral acceleration Spa(f1). This key characteristic makes both ASAR 

and E-ASAR easily exploitable in Probabilistic Seismic Hazard Analysis. Indeed, nowadays 

such possibility of exploitation is a condition sine qua non for the use of IMs in Seismic 

Probabilistic Risk Analysis methods.  Encouragingly, at the time of the publication of this 

manuscript, Ground Motion Prediction Equations are already under development for both 
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ASAR and E-ASAR. Promisingly, such implementation could translate into the diffusion in the 

engineering practice of the herein introduced IMs. 

Additionally, it is worth to highlight that the proven capability of both ASAR and E-ASAR 

in discriminating ground motions “intensity” makes them valuable also for deterministic 

seismic vulnerability assessment, when “worst case scenario” ground motions have to be 

selected. 

In conclusion, the introduction of both ASAR and E-ASAR is associated with a substantial 

reduction of the record-to-record variability of both structural and non-structural demand 

prediction, i.e., reduction of uncertainty in the characterization of seismic ground motions. 

Therefore, due to their proven efficiency, sufficiency, robustness and applicable formulation, 

both ASAR and E-ASAR can be considered as worthy candidates in the near future for defining 

seismic hazard within the frameworks of both Probabilistic and Deterministic Seismic Risk 

Analysis. 

4.2 PERSPECTIVES 

The IMs introduced in this study have shown promising performance, however, further 

work could still improve such performance and contribute to the reduction of uncertainty in 

the characterization of seismic ground motions. Some suggestion for future development is 

listed herein:  

• In order to be computed, both ASAR and E-ASAR need the definition of structure-

specific frequency ranges. Despite general-optimum frequency ranges have been 

recommended for both the proposed IMs, further research could result in more 

specific strategies of identification of the optimum frequency ranges. These could, in 

turn, lead to further improving of the performance of both ASAR and E-ASAR.  

• It has been shown that ASAR’s performance is robust with respect to the type of 

building. However the study did not consider structures whose dynamic behavior is 

recognized to be strongly influenced by higher vibration modes, e.g., high-rise and 

super high-rise buildings. Besides, nowadays such kinds of buildings are largely 

diffuse and, with respect to them, current IMs do not have shown to be together 

efficient and exploitable. Hence, assessments of ASAR performance for such type of 

buildings is advisable. Indeed, it is conceivable that a strategy of identification of the 
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frequency range based on the consideration of several modes could lead to obtain 

interesting performance, which in turn could support the use of ASAR also for tall 

buildings.  

• It has been shown that ASAR’s performance is robust with respect to linear Soil-

Structure Interaction effects. However, could be useful to perform further 

investigation considering more advanced non-linear SSI models.  

• In the part of the study relative to Non-Structural Components demand, it has been 

chosen to evaluate the IMs’ performance with respect to NSCs housed on linear 

behaving structures. Future works could investigate the case of NSCs housed on 

non-linear behaving structures, and/or NSCs with non-linear behaving supports 

(i.e., links with the structure).  

• It is worth to note that the E-ASAR is currently, in the knowledge of the author, the 

only IM exclusively developed to predict Non-Structural Components acceleration 

demand. Auspiciously, this study may open a new research path that could lead to 

advances in the prediction of the response of acceleration-sensitive secondary 

systems, which represent an important part of the seismic assessment problem. 

• An additional IMs’ characteristic, which could be required by engineers, is scaling 

robustness: this property implies that ground motions which are scaled to a target IM 

value induce results in terms of EDP which are unbiased compared to results given 

by the un-scaled ground motions. Considering that the scaling robustness of Spa(f1) 

has been extensively demonstrated, and the herein proposed IMs can be assimilated 

to average spectral acceleration values, the scaling robustness for ASAR and E-ASAR 

has not been explicitly investigated in this study. However, it could be suitable, in 

order to facilitate their diffusion, to provide clear demonstration of the scaling 

robustness of the proposed IMs. 

• Lastly, in chapter 2 it has been shown that ASAR and the other examined IMs have a 

inner efficiency limit, which is due to their inability to follow (during the seismic 

excitation) the evolution and the interaction of the dynamic characteristics of both 

the structure and the ground motion excitation. Indeed, it is evident that such 

limitation is common to all the Intensity Measures nowadays considered as 
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practically exploitable. Hence, it appears that such a limit can be overcome only 

through the consideration/development of more complex IMs. In order to succeed, 

these would have to consider more structural information that the building’s natural 

frequency and, ideally, would have to be derived from non-linear dynamic time 

history analyses of inelastic Single Degree of Freedom systems.  

Nevertheless regarding this last point, even if such IMs can be currently developed (and in 

some form they already exist, e.g., Conte et al., 2003), until the day it will become ordinary 

to perform Probabilistic Seismic Hazard Analysis in their terms, engineers will continue to 

use simpler IMs which as it is proven by the ASAR and the E-ASAR continue to gain 

performance day after day. 

.  
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APPENDIX A 

Test-case structures’ characteristics 

In this appendix are reported the characteristics of the test case structures in terms of 

dimensions, masses, and mechanical properties of materials. The values assigned to the 

parameters of the constitutive laws are also given.  

Due to the owner’s request, no data regarding the TC3 building are given. 

A1 CAMUS1 

 

Table A1.1 CAMUS 1 Mock-up: dimensions. Adapted from CAMUS, (1998). 

 Length (m)  Thickness (m) Height (m) 

Walls 1.70 0.06 0.90 

Floor 1.70 0.21 - 

 Footing 2.10 0.1 0.60 

 

Table A1.2 CAMUS 1 Mock-up: mass balance. Adapted from CAMUS, (1998). 

Structural 

Element 

Weight for 

element (tons) 

Walls (5 storey) 1.1 *2 

Footing 1.422+1.390 

Floor 1.316 

Concrete blocks 

(lower side) 
0.288 *6 

Concrete blocks 

(upper side) 
0.240*2 

Steel blocks 0.628*4 

Total mass of 
one floor 

6.036*5 

Lateral bracing 

system 

0.214*5 

+0.048 

TOTAL 
WEIGHT 

36.31 
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Table A1.3 CAMUS 1, materials characteristics from experimental tests. Adapted from CAMUS, 

(1998). 

Characteristic Concrete Steel 

Young 
Modulus 

30 GPa 200 GPa 

Poisson ratio 0.21 0. 

Tension 
Strength 

3.3 MPa - 

Compression 
Strength 

-35 MPa - 

Yield stress - 414 MPa 

Rupture 
stress 

- 494 MPa 

Yield strain - 0.002 

Rupture 
strain 

- 0.18 

 

Table A1.4 CAMUS 1 numerical model: material behavior laws, assigned parameters. 

Characteristic Concrete 

 

 

Characteristic Steel 

Young Modulus 30 GPa Young Modulus 200 GPa 

Poisson ratio 0.21 Poisson ratio 0.3 

Tension Strength 3.3 MPa Yield stress 414 MPa 

Compression Strength -35 MPa Rupture stress 494 MPa 

Tension parameter A1 5.E-3 Yield strain 0.002 

Tension parameter A2 3.8E-6 Rupture strain 0.18 

Compr. parameter B1 1. A1FA 18.5 

Compr. parameter B2 1.1 A2FA 0.15 

Crack closure stress -1.4E6  ** ROFA 20 

Tension energy threshold Y1 3.3E2 Eh/E 0.0033 

Compr. energy threshold Y2 2.5E3    

Tension inelastic par. BETA1 1.075E6    

Compr. inelastic par. BETA2 -40.E6    
               ** value recommended by Ragueneau (1999). 
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Figure A1.1 CAMUS1, rebars arrangement. Reproduced from CEA (1998a). 
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A2  CAMUS1-SSI 

 

 

Figure A2.1 CAMUS1-SS:, spread footing, simplified dimensioning 
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Table A2.1 Eurocode 8, soil classes. Adapted from EC8 (1998). 

Ground type and description VS30  [m/s] NSPT  [blows/30 cm] Cu  [kPa] 

A: Rock or other rock-like 
geological formation, including at 
most 5 m of weaker material at 
the surface 

> 800 - - 

B: Deposits of very dense sand, 
gravel, or very stiff clay, at least 
several tens of meters in 
thickness, characterized by a 
gradual increase of mechanical 
properties with depth. 

360 - 800 > 50 > 250 

C: Deep deposits of dense or 
medium dense sand, gravel or stiff 
clay with thickness from several 
tens to many hundreds of meters 

180 - 360 15 - 50 70 - 250 

D:  Deposits of loose-to-medium 
cohesionless soil (with or without 
some soft cohesive layers), or of 
predominantly soft-to-firm 
cohesive soil. 

< 180 < 15 < 70 
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A3 EC8-FRAME 

 

 

 

 

Figure A3.1 EC8-FRAME, layout of the specimen: a) side view; b) top view. Reproduced from JRC, 

(1994) 
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Table A3.1 EC8-FRAME, concrete characteristics (experimental). Adapted from JRC, (1994) 

Structure  RC  [Mpa] 

Columns 1st story 49.8 

Beams 1st story 56.4 

Columns 2st story 47.6 

Beams 2st story 53.2 

Columns 3rd story 32.0 

Beams 3rd story 47.2 

Columns 4th story 46.3 

Beams 4th story 42.1 

 

Table A3.2 EC8-FRAME, Steel rebars characteristics (experimental). Adapted from JRC, (1994) 

Diameter   [mm] 
Yielding stress  

[MPa] 
Ultimate stress  

[MPa] 
Ultimate strain   

[A %] 

6 566.0 633.5 23.5 

8 572.5 636.1 22.3 

10 545.5 618.8 27.5 

12 589.7 689.4 23.0 

14 583.2 667.4 22.7 

16 595.7 681.0 20.6 

20 553.5 660.0 23.1 

26 555.6 657.3 21.6 

 

Table A3.3 EC8-FRAME numerical model: material behavior laws, assigned parameters 

Characteristic Concrete 

 

 

Characteristic Steel 

Young Modulus 30 GPa Young Modulus 190 GPa 

Poisson ratio 0.21 Poisson ratio 0.3 

Tension Strength 3.3 MPa Yield stress 570 MPa 

Compression Strength -35 MPa Rupture stress 655 MPa 

Tension parameter A1 5.E-3 Yield strain 0.002 

Tension parameter A2 3.8E-6 Rupture strain 0.23 

Compr. parameter B1 1. A1FA 18.5 

Compr. parameter B2 1.1 A2FA 0.15 

Crack closure stress -3.3E6 ROFA 20 

Tension energy threshold Y1 3.3E2 Eh/E 0.0033 

Compr. energy threshold Y2 2.5E3    

Tension inelastic par. BETA1 1.075E6    

Compr. inelastic par. BETA2 -40.E6    
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A4 SMART 2013 

 

 

Figure A4.1 SMART 2013 mock-up: layout, top view. Reproduced from CEA, (2013). 

 

Figure A4.2 SMART 2013 mock-up: layout, side view. Reproduced from CEA, (2013). 
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Figure A4.3 SMART 2013 mock-up, layout, side view. Reproduced from CEA, (2013). 

Table A4.1 SMART 2013 mock-up, steel characteristics. Reproduced from CEA, (2013). 
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Table A4.2 SMART 2013 mock-up, concrete characteristics. Reproduced from CEA, (2013). 

   

 

Table A4.3 SMART 2013 numerical model, assigned materials’ characteristics.  

 Concrete  Steel 

Young 
modulus 28 GPa 0.17 

Poisson 

ratio 210 GPa 0.3 
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APPENDIX B 

Relation between ASAR/E-ASAR and the 

Magnitude-Distance pair 

 

In this appendix are reported three scatter plots showing, for the 2,045 ground motion 

records used in the study, the relationship between ASAR and the M-R pair. The three plots 

differ for the value of frequency (i.e. f1) at which the ASAR(f1) is computed, i.e., 5.85 Hz 

(Figure B.1), 3.80 Hz (Figure B.2), and 1.57 Hz (Figure B.3). Due to the straight relation (i.e. 

Eq. 3.12) between ASAR and E-ASAR, it has not been considered necessary to give the 

analogous plots for this last. 

From figures B1-B3, it is worth to note the ASAR value evolves in consistent manner with 

respect to magnitude and distance, i.e. larger-magnitude/shorter-distance earthquakes produce 

higher ASAR values. This observation highlights that the statistically proved sufficiency of 

ASAR (and E-ASAR) is related to the fact the information about magnitude and distance is 

actually “already caught” by ASAR (and E-ASAR). 
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Figure B.1 Hypocentral distance vs. moment Magnitude vs. ASA40 (5.85 Hz). 
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Figure B.2 Hypocentral distance vs. moment Magnitude vs. ASA40 (3.80 Hz). 
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Figure B.3 Hypocentral distance vs. moment Magnitude vs. ASA40 (1.57 Hz). 
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APPENDIX C 

Effect of damping on IMs computation 

 
The ASAR shows robustness with respect to the damping affecting the response spectra 

used for its computation. Indeed, with respect to the values of ASAR computed on 5% damped 

response spectra, the values of ASAR computed on 2% damped response spectra mainly differ 

of a scalar multiplicative factor (e.g., Fig. C.1). This implies that the ranking of the ground 

motion is nearly the same for both cases. Moreover, due to the relation (Eq. 3.12) the 

foregoing result is valid for both ASAR and E-ASAR. 

The same argument can be used with respect to spectral acceleration values computed 

either on 2% or 5% damped response spectra (e.g., Fig. C.2).  

In equivalent way, the analyses performed in paragraph 2.4 (through 2% damped 

response spectra) can be performed on 5 % damped response spectra in leading to the same 

conclusions (e.g., Fig. C.3). 

Therefore, the choice among 2% or 5% damped response spectra does not affect the 

results and the conclusions of the present study. 

 

Figure C.1 Scatter plot of ASA40 (5.85 Hz) computed on differently damped response spectra for the 

2,045 ground motion records considered in this study 
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Figure C.3 Scatter plot of Spa (5.85 Hz) computed on differently damped response spectra for the 

2,045 ground motion records considered in this study 

 

 

Figure C.3 Differently damped response spectra of record 30. 
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ABSTRACT_________________________________________________________________________________ 

A fundamental issue that arises in the framework of Probabilistic Seismic Risk Analysis is the choice of ground 

motion Intensity Measures (IMs). In addition to reducing record-to-record variability, an improved IM (i.e. one able to 

better capture the damaging features of a record, as well as the site hazard) provides criteria for selecting input ground 

motions to loosen restrictions.  

Two new structure-specific IMs are proposed in this study: the first, namely ASAR (i.e. Relative Average Spectral 

Acceleration), is conceived for Structural demand prediction, the second namely, E-ASAR (i.e. Equipment-Relative 

Average Spectral Acceleration), aims to predict Non-Structural components acceleration demand. The performance of 

the proposed IMs are compared with the ones of current IMs, based on: a) a large dataset of thousands recorded 

earthquake ground motions; b) numerical analyses conducted with state-of-the-art FE models, representing actual 

load-bearing walls and frame structures, and validated against experimental tests; and c) systematic statistical analyses 

of the results. According to the comparative study, the introduced IMs prove to be considerably more “efficient” with 

respect to the IMs currently used. Likewise, both ASAR and E-ASAR have shown to own the characteristic of  

“sufficiency” with respect to magnitude, source-to-site distance and soil-type (Vs30). Furthermore, both the introduced 

IMs possess the valuable characteristics to need (in order to be computed) merely the knowledge of the building’s 

fundamental frequency, exactly as it is for the wide-spread spectral acceleration Spa(f1). This key characteristic makes 

both ASAR and E-ASAR easily exploitable in Probabilistic Seismic Hazard Analysis.  

Therefore, due to their proven efficiency, sufficiency, robustness and applicable formulation, both ASAR and E-

ASAR can be considered as worthy candidates for defining seismic hazard within the frameworks of both Probabilistic 

and Deterministic Seismic Risk Analysis. 

 

RESUME___________________________________________________________________________________ 

Une question fondamentale qui surgit dans le cadre de l’analyse probabiliste du risque sismique est le choix des 

indicateurs de nocivité des signaux sismiques. En plus de réduire la variabilité de la réponse structurelle (ou non-

structurelle), un indicateur amélioré (i.e. capable de mieux capturer les caractéristiques de nocivité des mouvements 

sismiques, aussi bien que l’alea sismique) fournit des critères moins stricts pour la sélection des signaux sismiques.  

Deux nouveaux indicateurs sont proposés dans cette étude: le premier, nommé ASAR (i.e. Relative Average 

Spectral Acceleration), est conçu pour la prévision de la demande structurelle, le second, nommé E-ASAR (i.e. 

Equipment Relative Average Spectral Acceleration), vise à prévoir la demande des composants non structuraux. Les 

performances des indicateurs proposés sont comparées avec celles des indicateurs de la littérature, sur la base de: a) 

milliers d’enregistrements sismiques ; b) analyses numériques conduites avec des modèles représentants différents 

types de bâtiments; et c) analyses statistiques rigoureuses des résultats. Selon l'étude comparative, les indicateurs 

développés s'avèrent être plus “efficaces” que les indicateurs couramment utilisés. D'ailleurs, l’ASAR et l’E-ASAR ont 

montré au propre la caractéristique de la “suffisance” en ce qui concerne la magnitude, la distance source-site, et le 

type de sol (VS30). De plus, les deux indicateurs originaux peuvent être calculés simplement avec la connaissance de la 

fréquence fondamentale du bâtiment. Cette caractéristique rend l’ASAR et l’E-ASAR facilement exploitables dans les 

études probabilistes d’alea sismique.  

Par conséquent, en raison de leur efficacité, suffisance, robustesse et formulation simple, l’ASAR et l’E-ASAR 

peuvent être considérés comme des candidats prometteurs pour la définition de l’alea sismique dans les cadres de 

l'analyse probabiliste et déterministe du risque sismique. 


