
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/351391327

Analysis of the efficiency of intensity measures from real earthquake data

recorded in buildings

Article  in  Soil Dynamics and Earthquake Engineering · May 2021

DOI: 10.1016/j.soildyn.2021.106751

CITATIONS

5
READS

251

3 authors:

Some of the authors of this publication are also working on these related projects:

Seismic vulnerability analysis using in situ experimental techniques: from the building to the city scale – Application to Grenoble (France) View project

URBASIS View project

Subash Ghimire

University of Grenoble

6 PUBLICATIONS   48 CITATIONS   

SEE PROFILE

Philippe Gueguen

Université Gustave Eiffel/Université Grenoble Alpes

248 PUBLICATIONS   4,771 CITATIONS   

SEE PROFILE

Ariana Astorga

Université Grenoble Alpes

19 PUBLICATIONS   107 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Subash Ghimire on 02 June 2021.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/351391327_Analysis_of_the_efficiency_of_intensity_measures_from_real_earthquake_data_recorded_in_buildings?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/351391327_Analysis_of_the_efficiency_of_intensity_measures_from_real_earthquake_data_recorded_in_buildings?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Seismic-vulnerability-analysis-using-in-situ-experimental-techniques-from-the-building-to-the-city-scale-Application-to-Grenoble-France?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/URBASIS-2?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Subash_Ghimire13?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Subash_Ghimire13?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Grenoble?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Subash_Ghimire13?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Philippe-Gueguen?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Philippe-Gueguen?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Philippe-Gueguen?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ariana-Astorga-2?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ariana-Astorga-2?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universite_Grenoble_Alpes?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ariana-Astorga-2?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Subash_Ghimire13?enrichId=rgreq-c461486d0461fc959aa37c092c8def76-XXX&enrichSource=Y292ZXJQYWdlOzM1MTM5MTMyNztBUzoxMDMwMTc1Mjk0NzU4OTEyQDE2MjI2MjQzMzgzNjk%3D&el=1_x_10&_esc=publicationCoverPdf


Soil Dynamics and Earthquake Engineering xxx (xxxx) xxx

Please cite this article as: Subash Ghimire, Soil Dynamics and Earthquake Engineering, https://doi.org/10.1016/j.soildyn.2021.106751

0267-7261/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Analysis of the efficiency of intensity measures from real earthquake data 
recorded in buildings 

Subash Ghimire *, Philippe Guéguen, Ariana Astorga 
ISTerre, Université Grenoble Alpes, CNRS/USMB/IRD/UGE, Grenoble, France   
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A B S T R A C T   

In this paper, a number of spectral and ordinary ground motion intensity measures (IMs) are tested for use in 
structural performance assessment. Real strong motion values recorded at the top and the bottom of US, Japanese 
and Romanian buildings are analyzed in order to identify the source of uncertainties in the prediction of engi-
neering demand parameters (i.e. structural drift) for given IMs (i.e. σEDP|IM). The efficiency and sufficiency of 
each IM from a large set of building and earthquake motion data are tested for different criteria characterizing 
the seismic source (magnitude and source-to-site distance), and considering several building classes and a spe-
cific single-building analysis including aging due to cumulative earthquake damage over time. The spectral 
values at co-seismic resonance frequencies was found to be the most efficient IMs for the range of buildings and 
earthquakes investigated, particularly for velocity with a reduction of approximately 50% of the σEDP|IM value. 
Conversely, most IMs are relatively insufficient.   

1. Introduction 

Performance-based earthquake engineering (PBEE) refers to the 
probabilistic framework in which earthquake consequences are 
expressed by a set of performance objectives, based on a comprehensive 
scientific foundation [1]. Depending on the application, these perfor-
mance objectives can help stakeholders to make decisions with regard to 
crisis management and structural capacity, such as immediate occu-
pancy or near-collapse levels, by predicting human or economic losses. 
In the framework proposed by PEER [1], PBEE works in four stages, 
starting with the hazard itself through to the consequence analysis. In 
hazard analysis, intensity measures (IM) and their annual frequency of 
exceedance (λIM) are defined by probabilistic seismic hazard assessment 
(PSHA). In structural analysis, the response of the structure to a given IM 
can be modeled and expressed in terms of engineering demand param-
eters (EDPs), such as structural drift, maximal top acceleration, etc. In 
damage analysis, damage measurement (DM) is calculated based on EDP 
values and models of structure capacity or fragility. Finally, the earth-
quake’s consequences, in terms of repair costs, operability of the 
structure and potential economic or human losses for a given DM, can be 
calculated and expressed as decision variables (DVs) on which stake-
holders can base their decisions in view of the expected performance 
levels. 

The four steps of the underlying probabilistic framework of PBEE 
estimate the frequency of failure of a performance level over a given 
period of time; this involves uncertainties. For example, the annual 
frequency of exceeding a given EDP value (λEDP) is expressed by: 

λEDP =

∫

im

P[EDP / IM = im]

⃒
⃒
⃒
⃒
⃒
⃒
dλim (1)  

where P(EDP|IM = im) is the conditional probability of occurrence of 
each EDP value, taking into account the value of the IM, and dλim is the 
annual rate of exceeding an IM value, derived from the hazard curves. P 
(EDP|IM = im) is usually obtained by considering a series of nonlinear 
dynamic analyses of the structure. Baker and Cornell [2] provide a 
detailed description of approaches to characterize and propagate un-
certainties at each step. Current research on PBEE is mainly focused on 
identifying the origins of uncertainties, distinguishing between 
epistemic and random uncertainties, in order to boost scientific efforts 
on the reducible elements that contribute most to performance uncer-
tainty (e.g. Ref. [3]). In practice, P(EDP|IM = im) satisfies a chosen 
model of EDP distribution for a given IM and is obtained by regression of 
EDP values for IM values. Luco [4], Luco and Cornell [5], and Baker and 
Cornell [6] considered an IM to be sufficient if the prediction of EDP 
given IM is statistically independent of earthquake magnitude and 
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epicentral distance values. Furthermore, the efficiency of IMs is assessed 
by measuring the variability of values of EDP (given IM) around the 
regression on the IM values. In general, Peak Ground Acceleration (PGA) 
or the acceleration spectral value at the resonance period T1 of the 
structure Sa(T1) (with 5% damping) are considered as outputs of the 
seismic hazard curves. 

Structure response and the associated uncertainties are conditioned 
by time-history seismic excitation, considering the IM at which the EDP 
value is exceeded. The efficiency and sufficiency of Sa(T1) compared 
with PGA were investigated by Shome and Cornell [7] according to the 
type of building and the contribution of the higher modes to the total 
response was also considered [7]. Other ground motion parameters have 
also been investigated in terms of sufficiency and efficiency, such as 
peak values in velocity, duration or energy, or spectral values consid-
ering different resonant periods [8,9], spectral values in acceleration [5, 
7,10–12] or velocity [13,14], or by combining IMs based on 
vector-valued approach [6,15,16]. All these studies are based on the 
numerical modeling of structures considering different ground motion 
datasets, mostly using the Incremental Dynamic Analysis approach 
(IDA). In structural analysis, the selection or generation of natural or 
synthetic accelerograms from different tectonic areas, the scaling 
applied to obtain the desired structural response values, the selection of 
physical modal parameters (e.g., structural period and damping) and 
their co-seismic variations, as well as other modeling assumptions 
related to component fragility functions, affect the overall uncertainty of 

the performance estimate. Furthermore, a typical assumption in the 
assessment of P(EDP|IM) is that the building response variability for a 
class of buildings is the same as the response variability for a given 
building in this class (this assumption is an ergodic assumption affecting 
fragility curves). 

According to several authors (e.g. Refs. [17,18]), considering that 
data from full-scale observations in real buildings are much more 
representative than even the most sophisticated laboratory or numerical 
experiments, one way of improving engineering science to understand 
the physical behavior of structures is to use a complete database of 
earthquake recordings in real structures. For example, Perrault and 
Guéguen [19] analyzed the variability of EDP versus IM using accel-
erometric data recorded in Californian buildings, taking structural drift 
as the EDP, and derived a single-building damage prediction equation 
(BDPE) with its associated uncertainties. Astorga et al. [20–22] 
completed the analysis, confirming the added value of physical data in 
understanding the seismic response of Japanese buildings in terms of 
co-seismic demand parameters related to modal (i.e. resonance fre-
quency) parameter variations, especially during repetitive earthquake 
sequences. 

In this study, the efficiency and sufficiency of several IMs for P(EDP| 
IM) from a large number of experimental datasets are analyzed using the 
regression model of EDP values for IM values. In the second section, the 
IMs and EDPs are described based on the study by Astorga et al. [22]. 
The third section describes the datasets and the methodology used. 

Fig. 1. Illustrations on the left side is the time history of (a) acceleration, (b) velocity, (c) displacement, recorded at the bottom floor sensor of the building. The red 
dots (a–c) correspond to the peak values. Similarly, the figures on the right side are (d) the pseudo-Wigner-Ville time-frequency distribution, the red-line is the 
smoothing of the maximum of Wigner-Ville, (e) the acceleration recorded at the top floor sensors. Response spectrum of (f) acceleration, (g) velocity, and (h) 
displacement, the dashed vertical line represents the position of elastic frequency (fi) and co-seismic resonance frequency (fmin). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Then, the results in terms of efficiency and sufficiency are discussed in 
the fourth section, completed in the fifth by a specific analysis of the 
co-seismic frequency value versus EDP. Finally, the conclusion develops 
a simple empirical BDPE using available experimental data. 

2. Description of IMs and EDPs 

This study uses accelerometric data recorded in several sets of 
buildings and processed by Astorga et al. [22] for NDE1.0. Herein, we 
propose a brief description of the building information and earthquake 
data; more detailed information is available in NDE1.0 [22]. 

Six ordinary IM values are considered in this study, computed from 
the data recorded at the bottom floor of each building:  

- Peak ground acceleration (PGA) (Fig. 1a), velocity (PGV) (Fig. 1b), 
and displacement (PGD) (Fig. 1c), corresponding to the absolute 
values of maximum acceleration, velocity and displacement time 
histories, respectively. 

- Arias intensity (AI), destructive potential (DP) and cumulative ab-
solute velocity (CAV). Arias intensity [23] includes both the ampli-
tude and duration of seismic shaking, computed as follows: 

AI =
π
2g

∫tf

0

a2(t)dt (2)  

where g is the acceleration due to gravity, a(t) is the acceleration 

recorded at time t, and tf is the total duration of the recording. AI is an 
energy-based parameter that considers amplitude and duration of the 
ground motion, but it is unable to capture the frequency characteristics 
of ground motions. To overcome this, Araya and Saragoni [24] define 
DP, as follows: 

DP=
AI
v0

2 (3)  

where v0
2 is the intensity of zero crossings, calculated over the entire 

duration of ground motion, as defined in its original version. Araya and 
Saragoni [24] have shown a strong correlation between DP and 
observed real damage. Actually, v0

2 provides a measure of the dominant 
frequency content of the seismic ground motion. 

Finally, Cumulative absolute velocity [25] is computed as follows: 

CAV =

∫tf

0

|a(t)|dt (4)  

where |a(t)| is the absolute value of acceleration at time t. 
Six spectral IM values are also considered: spectral acceleration (5% 

damping) (SAi and SAmin) (Fig. 1f), velocity (SVi and SVmin) (Fig. 1g) and 
displacement (SDi and SDmin) (Fig. 1h) for two specific frequency values 
(i and min) impacting seismic demand. Index i corresponds to the 
spectral value computed at the elastic frequency of the system fi, i.e., the 
frequency obtained by Fourier analysis of the pre-event noise window 

Fig. 2. View of the whole dataset used in this study. a) Positions of epicenters (gray circles) and buildings (red squares) in the US (California), Romania and Japan. 
For the US dataset, the two red rectangular boxes define the area of the two specific regions discussed in the manuscript. (b) Magnitude versus epicentral distance 
distribution of the whole dataset including Japan (open circles), the US (gray squares) and Romania (solid diamonds). (c) Distribution of natural log (PGA) for 
American, Japanese and Romanian datasets, respectively. σ is the standard deviation of the distribution. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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before the earthquake. Index min corresponds to the minimal co-seismic 
value of the resonance frequency fmin during the strongest loading and 
obtained by applying a time-frequency distribution to the seismic 
recording (Fig. 1d), using the reassigned smoothed Wigner-Ville distri-
bution [26]. The time-frequency distribution is applied to the top 
accelerometric time history (Fig. 1e). The time and frequency smoothing 
windows are Hamming windows, with N/10 and N/4 points, respec-
tively. Then, a 3rd order Savitzky-Golay filter is applied to the maximum 
values of energy window. Fig. 1d shows an example of the 
time-frequency process applied to the data. The fmin corresponds to the 
average value of ±10 samples around the minimum value observed in 
the smoothing function [20]. 

Finally, in this study, drift ratio (DR) is considered as an EDP to 
describe the building response [22]. DR corresponds to the peak of the 
transient drift observed during the ground motion, obtained by 
computing the maximum relative displacement, as follows: 

DR=
Δtop − Δbottom

h
(5)  

where Δtop and Δbottom are the horizontal displacements recorded at the 
top and bottom floors of each building, respectively, and h is the height 
between the top and bottom floors. 

3. Data and methodology used 

NDE1.0 accelerometric data [22] from the US and Japan plus addi-
tional data collected from Romania, processed according the same 

method as that defined in NDE1.0, were used in this study (Fig. 2). In-
formation such as magnitude and epicentral distance is available for 
each earthquake but there is no description of the source parameters. A 
brief description of the buildings, earthquakes and datasets is given 
hereafter. 

US data - Data from 84 US buildings provided by Center for Engi-
neering Strong Motion Data (CESMD) (https://strongmotioncenter. 
org/) were considered (Fig. 2a). The distribution of the buildings ac-
cording to construction material is as follows: 27% reinforced concrete 
(US-RC), 57% steel (US-ST), 11% masonry (US-MA), and 5% wood (US- 
WO). 684 accelerometric recordings were collected; among them, 225/ 
302/134/24 recordings were collected from concrete/steel/masonry/ 
wooden buildings. Moment magnitude (Mw) varies from 3.5 to 7.3 and 
epicentral distance varies from 2.6 to 331 km (Fig. 2b). The dataset 
includes strong earthquakes, such as the 7.2 Mw Landers event in 1992 
and the 7.3 Mw Baja California event in 2010. Two subsets of Californian 
data are considered to assess uncertainties related to the tectonic 
context. These subsets are named specific tectonic source STS1 and 
STS2. The latitude and longitude boundaries of STS1 and STS2 are 
33–35 and 35–39◦; 116 to 120 and 120–123◦, respectively (Fig. 2a). 

RO data - A ten-story reinforced concrete building monitored by the 
National Center for Seismic Risk Reduction (NCSRR) of Romania is also 
considered. This building has been monitored since December 2013. 108 
accelerometric records were collected, most of them corresponding to 
earthquakes located in the Vrancea seismic zone to the north of 
Bucharest (Fig. 2a). Epicentral distance thus varies slightly, between 127 
and 178.3 km for Mw ranging from 3.8 to 5.6 (Fig. 2b). The largest 

Fig. 3. Dataset for the specific Annex (ANX) building 
in Japan. (a) Location of the ANX building (red 
square) and related earthquake epicenters (gray cir-
cles). The black square represents the specific subset 
of data considered. (b) Magnitude versus epicentral 
distance distribution. The red rectangles define the 
boundaries of the three magnitude-distance criteria 
(MR1, MR2 and MR3) described herein. (c) Distri-
bution of log (PGA) for specific magnitude-distance 
criteria MR1, MR2 and MR3. σ is the standard devi-
ation of the distribution. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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earthquakes Mw 5.6 and 5.4 in 2016 and 2014, respectively, are 
included. 

JPN data – 11,763 accelerometric recordings from 32 high/mid-rise 
Japanese buildings were collected from the BRI strong motion network 
(https://smo.kenken.go.jp/) (Fig. 2a). The building distribution ac-
cording to elementary typology is as follows: 24% steel (JPN-ST), 40% 
reinforced concrete (JPN-RC), and 36% steel-reinforced concrete (JPN- 
SRC). The main shock and aftershock sequences of the strongest earth-
quake, 2011 Tohuku, are included. Magnitude varies from 2.6 to 9.1 
(JMA magnitude) and epicentral distance varies from 2.2 to 2394 km 
(Fig. 2b). 

ANX – One of the Japanese buildings, ANX, is a building that has 
been studied extensively by the BRI strong motion network. A detailed 
description of ANX is available in Astorga et al. [20]. ANX is an 8-story, 
steel-reinforced concrete building located approximately 60 km north-
west of Tokyo, in Tsukuba (Japan) (Fig. 3a). ANX has one basement floor 
resting on spread foundations (8.2 m deep) lying on soft soil made up of 
alternating layers of clay and sandy-clay to a depth of 40 m. A 
description of the instrumentation is provided by Kashima [27,28]. The 
ANX dataset is the largest of our datasets, comprising 1630 recordings in 
both horizontal directions, made over a period of 20 years, starting 
immediately after building completion in March 1998 and including the 
main shock and aftershocks of the 2011 Tohuku earthquake. Magnitude 
varies from 2.6 to 9.1 and epicentral distance varies from 2.2 to 1730 
km. (Fig. 3b). A specific subset of data for ANX is considered, with a 
geographical boundary of 34–41.5◦ (latitude) and 137–145◦ (longi-
tude). Furthermore, three data subsets are defined based on the distri-
bution of magnitude-distance criteria considered to have an adequate 
number of data in each dataset (Fig. 3b): MR1 corresponding to 166 
entries with R = 20 ± 50% and M = 3.5 ± 0.5; MR2 corresponding to 
575 entries with R = 120 ± 60% and M = 4.5 ± 0.5 and MR3 corre-
sponding to 274 entries with R = 250 ± 70% and M = 5.5 ± 0.5). The 
distribution of PGA for MR1/MR2/MR3 is shown in Fig. 3c. Astorga 
et al. [20,21] analyzed the time variation of the resonance frequency of 
the ANX building since 1998. They defined four time periods corre-
sponding to changes in its behavior. During the first period (T1), the 
fundamental frequency starts to decrease immediately after the 
completion of construction work, from 1998 to 2005. Frequency stabi-
lizes during period T2 (2006–2011/02/30) until the Tohoku earthquake 
sequence in 2011. During period T3, the fundamental frequency drops 
significantly and a slow recovery of the resonance frequency is observed 
directly after the Tohoku earthquake during the immediate aftershock 
sequence between 2011/03/01 and 2011/09/30. Finally, T4 corre-
sponds to the period between 2011/10/01 and 2018/05/15. 

T1/T2/T3/T4 comprise a total of 366/313/402/468 data, respectively. 
Four further subsets of data within the magnitude distance criteria MR2 
are considered according to the period criteria: T1-MR2 (118 data), 
T2-MR2 (119 data), T3-MR2 (193 data), and T4-MR2 (121 data). 

One method of obtaining P[EDP|IM] is to perform a series of non- 
linear dynamic analyses for a given structure and for a given series of 
earthquakes [4]. Another method is to perform regression between EDP 
and IM, knowing the probability distribution [7,29] for variability 
analysis. The degree of scattering around the fitted model represents the 
uncertainty of the EDP|IM model. To analyze EDP|IM uncertainty and 
testing efficiency and sufficiency of IMs, one-parameter log-log (log: 
natural logarithm) linear regression of EDP on IM [4] is used, defined as 
follows: 

log(EDP)= a+ b. log(IM) + ε (6)  

where a and b are the estimated regression coefficients and ε is the 
standard error. 

The variability associated with IMs and EDP is represented hereafter 
as σIM, and σEDP, respectively, i.e. the standard deviation of the log of IM 
and EDP values, normalized by their mean value. 

The efficiency of IMs is defined simply as the IM that results in a 
small variability of EDP given IM [5]. The variability associated with 
EDP for a given IM is measured by calculating the standard deviation of 
the residuals of the fitted regression model between EDP and IM (Eq. 
(6)), represented hereafter as σEDP|IM. However, an efficient IM reduces 
the record-to-record variability between building responses. For prac-
tical purposes, this can then reduce the number of non-linear time his-
tory analyses for IDA [7] with the necessary degree of precision. 

The sufficiency of IMs is defined as the IM that makes EDP condi-
tionally independent on earthquake parameters such as magnitude (M) 
and source-to-site distance (R). Sufficiency is estimated by computing 
the linear regression between EDP and IM regression residuals (ε|IM) of 
Eq. (6) and the corresponding value of M or log(R) [5]. 

Fig. 4 shows the distribution of residual values EDP|PGA for the 
whole dataset, versus M or log(R). As expected, σEDP|PGA varies signifi-
cantly, reflecting several sources of uncertainties, which will be explored 
in the following section. 

4. Results on EDP|IM 

4.1. General trends - σ 

For several candidate IMs, global and regional ground motion pre-
diction equation (GMPE) models are continuously evolving [30]. For e. 

Fig. 4. Distribution of residual values (EDP|PGA) as function of (a) M and (b) log(R), considering the whole dataset. The lines represent the fitted linear model 
between log(R)/M and the residuals. 
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g., Dhakal et al. [31], Podili and Raghukanth [32], and Zhao et al. [33] 
developed GMPE models for Japan, the value of sigma (σGMPE) reported 
in these models were 0.86 for PGA, 0.70 for PGV, 0.82 for PGD, 1.46 for 
AI, 0.69 for CAV, and 0.64–0.88 for acceleration response spectra, and 

0.28–0.39 for velocity response spectra with a structural period ranging 
from 0.01 to 5 s. Atkinson [34] developed GMPE models for the US, the 
value of sigma reported for these models were 0.37 for PGA, 0.33 for 
PGV, and 0.31–0.41 for acceleration response spectra with a structural 

Fig. 5. (a) σEDP|IM values for the IMs concerned, computed for the whole dataset. (b) σIM values.  

Fig. 6. (a) Values of σEDP|IM for the IMs concerned computed for US buildings by tectonic region (US STS1 and US STS2) and for all US buildings (US ALL). (b) σIM 
values associated with each IM. 
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period ranging between 0.03 and 5 s. 
This section compares the efficiency of these candidates IMs in 

structural response prediction using our experimental data. Fig. 5 shows 
the standard deviation of the residuals of the fitted standard log-linear 
regression model between EDP and IM (Eq. (6)) for ALL (JPN + US +
RO) datasets. For each IM parameter, σIM is given in Fig. 5b. All the σEDP, 
σIM and σEDP|IM values are provided in Appendix A1. In the main body of 
the manuscript, only the most relevant results are discussed. 

The first observation is that the JPN dataset (σEDP = 1.44), largest in 
terms of numbers, is predominant in our global dataset (1.48) compared 
with the US dataset (1.32). Fig. 5a shows that the value of σEDP|IM is 
oscillating between 0.8 and 1.1, with an average value of 0.9. The 
highest value of σEDP|IM corresponds to the spectral and peak ground 
acceleration values and DP intensity measures. Fig. 5b shows that PGA 
corresponds to the smallest value of σIM (1.15), whereas spectral ac-
celeration corresponds to the highest value of σIM (in average around 
1.60) after DP (3.33) and AI (2.29). Here we can see that the velocity 
related IMs (PGV, SVi and SVmin) corresponds to the relatively smaller 
value of σIM. However, for AI and DP, σEDP|IM remains similar to the 
other values. This indicates that these parameters are not good in-
dicators of the natural variability of ground motion and do not enable a 
high degree of certainty for predicting the response of structures for a 
given IM. 

In this study, the velocity related IMs are observed with a smaller 
value of σEDP|IM (e.g., 0.80 for PGV, 0.79 for SVi, and 0.79 for SVmin). The 
efficiency of velocity IMs has already been reported for US data by 
Perrault and Guéguen [19] and is confirmed herein, regardless of the 
dataset considered. It is interesting to note that these IMs are associated 
with the relatively smallest value of σGMPE in the above mentioned 
GMPE models, thus, the velocity related IMs are the most efficient IMs i. 
e. PGV, SVi, and SVmin. 

In order to capture the origins of the uncertainties in building 
response prediction, several relationships are tested in the following 
sections, according to tectonic region, building typology and ageing 
effect. The paucity of the data for specific analysis in some datasets 

makes it necessary to separate the studies; sub-datasets are therefore 
presented. 

4.2. Variability associated with the tectonic context - σR 

Atkinson and Morisson [35] demonstrated that seismic 
ground-motion amplitudes in northern and southern California were 
significantly different for the same magnitude/distance pair of earth-
quakes, without identifying the origin of this difference, but related to 
different tectonic regions. In this study, the effect of the region on 
building response is examined for all building classes. Fig. 6 shows the 
effect of the tectonic region on the US dataset. The whole US dataset (US 
ALL) and both STS1 and STS2 subsets are tested, considering all of the 
previously mentioned US building typologies. Note that for STS1 and 
STS2, the σEDP values are the same (1.24 and 1.20 respectively, Ap-
pendix A1), and σIM differs only marginally. In Fig. 6, the effect of 
considering the data by specific region barely minimizes the σEDP|IM 
values, for the same values of σIM (Fig. 6b). Some exceptions should be 
noted, the most remarkable being displacement and acceleration. 
Firstly, the figure shows that for velocity IMs (i.e. PGV, SVi and SVmin), 
the σEDP|IM values are similar, being around 1 for ALL, STS1 and STS2 
(values in Appendix A1). On the other hand, the σEDP|IM values for STS1 
and STS2, respectively, correspond to 1.15 and 0.97 for SAi, 1.15 and 
1.04 for SAmin, 1.03 and 1.10 for SDi and 1.03 and 1.10 for SDmin. Thus, a 
trend inversion (the smallest values for STS2 or STS1) is observed 
depending on whether acceleration or displacement IM values are 
considered. Although the origin of this inversion has not been 
confirmed, the class of the buildings concerned in these two geograph-
ical areas is likely to be the cause, since some buildings are more sen-
sitive to acceleration than others, depending on their period of 
resonance (i.e. stiff or flexible buildings). The following sections will 
therefore focus mainly on velocity IMs, testing the variability observed 
in relation to the class of structure in particular, and assuming an 
insignificant effect of the tectonic context. 

Fig. 7. Variability of σEDP|IM values as a function of the class of buildings (a) US dataset, (b) JPN dataset, (c) ANX single building dataset.  
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4.3. Epistemic uncertainties related to building typology - σT 

The seismic performance of buildings depends on their design and 
characteristics (construction material, height, plan area, regularity etc.). 
The uncertainties affecting vulnerability assessments are mainly 
epistemic because, according to Spence et al. [36], they are due to the 
classification of buildings into typologies and the attribution of a single 
generic model to a whole class of buildings. Furthermore, when evalu-
ating seismic capacity, we suppose that many buildings of the same 
typology have the same ergodic epistemic uncertainties, implying that 
the values of the epistemic uncertainties do not change between build-
ings. In this section, the variability associated with different classes of 
buildings is explored using the US and JPN datasets. Only a basic 
description of the buildings, based on material, is available in our 
database. A more detailed classification according to international 
standards (e.g., HAZUS typology, GEM taxonomy) could be considered 
in a more comprehensive analysis. 

Fig. 7a shows the variability observed for different classes of build-
ings in the US dataset. The trends are the same as those observed pre-
viously between the velocity IMs and the other IMs. Two typologies 
stand out: MA and WO. For these two typologies, the small amount of 
data in our dataset does not allow a more detailed analysis nor a 
definitive conclusion as to the effectiveness of certain IMs for EDP pre-
diction. However, for MA buildings, the velocity IMs give higher values 
of σEDP|IM, and IMs in acceleration and displacement seem more and less 
efficient, respectively, than for the other typologies, due to the greater 
stiffness (i.e. smaller resonance period) generally observed in such 
buildings. For WO, all the σEDP|IM values are well below those of the 
other typologies, but the small number of buildings involved ultimately 
reduces the epistemic uncertainty related to structural differences 
within each building class. 

For the US classes (Fig. 7a), the type of structure only has a slight 
influence on the σEDP|IM values for the velocity IMs (i.e. 0.94 and 0.93 for 
PGV, 1.01 and 1.02 for SVi, and 0.99 and 0.98 for SVmin for RC and ST, 

respectively, Appendix A1). On the other hand, a notable difference 
exists between US ST and US RC buildings in particular, the latter having 
a lower σEDP|IM value for displacement IMs (i.e. 0.94 and 0.91 for PGD, 
0.91 and 0.99 for SDi for RC and ST buildings, respectively). 

There are significant differences between the JPN data (Fig. 7b) and 
the US data. First of all, the velocity IMs give different σEDP|IM values for 
different classes of buildings. For JPN ST, the σEDP|IM values are all 
lower, reflecting lower epistemic uncertainty related to the diversity of 
buildings within this class; this contrasts with JPN RC buildings (e.g. 
0.86 and 0.76 for PGV, 0.86 and 0.70 for SVi and 0.82 and 0.50 for SVmin 
for JPN RC and JPN ST buildings, respectively). This epistemic uncer-
tainty is confirmed in Fig. 7c, where the σEDP|IM values for one specific 
single building (ANX building) are compared with those of its building 
class. There is a significant contribution to the specific single building 
σEDP|IM values, with significantly reduced σEDP|IM values (e.g., 0.64 to 
0.50 for PGV, 0.61 to 0.48 for SVi, and 0.60 to 0.40 for SVmin), partic-
ularly for parameters other than acceleration. It is also interesting to 
note an evident contribution of the response spectra calculated by taking 
into account the co-seismic response values to significantly reduce σEDP| 

IM for the SRC buildings (e.g., 0.78/0.48/0.48 for SAi/SVi/SDi and 0.46/ 
0.40/0.39 for SAmin/SVmin/SDmin for the ANX building, Fig. 7c). Co- 
seismic resonance frequency, which modifies co-seismic demand, is 
known to vary for this building [20,21], as well as for a specific US ST 
building reported by Ref. [18]. A similar variation is observed for JPN ST 
buildings (Fig. 7b), significantly reducing the σEDP|IM values (e.g., 
0.80/0.70/0.78 for SAi/SVi/SDi and 0.59/0.50/0.48 for SAmin/SV-
min/SDmin). This point will be analyzed more specifically in the last 
section of this manuscript. 

4.4. Within-building variability associated with earthquake magnitude- 
distance - σMR 

Fig. 8a shows the effect of M/R pairs on the variability of the ANX 
building response. The M/R criteria are described in Fig. 3 (section 3). 

Fig. 8. (a) Variability of σEDP|IM values as a function of the IMs concerned for different magnitude and earthquake-to-building distance criteria, considering the ANX 
single building dataset. Magnitude/distance criteria are R = 20 ± 50% and M = 3.5 ± 0.5 for MR1; R = 120 ± 60% and M = 4.5 ± 0.5 for MR2; R = 250 ± 70% and 
M = 5.5 ± 0.5 for MR3. (b) Sufficiency analysis with respect to magnitude (o) and distance (x) observed for the JPN building class datasets. The dashed line 
corresponds to a p-value of 0.05. 
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Firstly, there is a significant effect on σEDP|IM values compared with the 
totality of the ANX data, regardless of the IMs considered, except for the 
displacement values of the IMs for the MR3 data subset (R = 250 ± 70% 
and M = 5.5 ± 0.5). These events generated longer periods of ground 
motion, to which the ANX building, with its resonance period of around 
1Hz [20], is more sensitive. For MR1 and MR2, the σEDP|IM values are 
lower than the values of the ANX dataset, particularly for the velocity 
IMs (values for PGV/SVi/SVmin are 0.50/0.48/0.40 for all ANX data 
compared with 0.42/0.40/0.34 for MR1 and 0.41/0.41/0.37 for MR2) 
and for the displacement IMs (values for PGD/SDi/SDmin are 
0.46/0.48/0.39 for all ANX data compared with 0.38/0.37/0.33 for 
MR1 and 0.35/0.42/0.29 for MR2). 

IM sufficiency is tested by considering the JPN building class dataset. 
The statistical significance of the coefficient obtained from the standard 
linear regression for M and log(R) is assessed based on the p-value (i.e. 
the probability of obtaining an estimated value of the coefficient at least 
as large as the actual value, the actual value of the coefficient being zero) 
[37]. If the p-value observed is greater than or equal to 0.05, the esti-
mated coefficient of M or log(R) is statistically insignificant and the IM is 
considered sufficient [5]. For the JPN building class, Fig. 8b shows the 
p-value considering all the IM parameters, summarized in Table 1. 

Based on Fig. 8b, it appears difficult to conclude on the sufficiency of 
the IMs tested on our dataset, i.e. EDP is not conditionally independent 
of magnitude and distance. For the ALL-JPN dataset, the most sufficient 
IM with respect to magnitude is DP (p-value = 0.47) and with respect to 
distance SDi (0.13) and SVmin (0.78), the latter value (the highest) 
allowing us to assume that the prediction of EDP knowing SVmin is sta-
tistically independent of distance. However, for individual building 
classes, the p-values differ between IMs. It seems that displacement IMs 
are the most sufficient in distance, such as PGD (p-value = 0.57) and 
SDmin (0.41) for the ST class, as these buildings are the most slender - 
long-period buildings, i.e. more sensitive to ground displacements. For 
RC buildings, the most sufficient IMs (in distance) are SAmin (p-value =
0.80) and PGD (0.84) and, to a lesser extent, SDi (0.05) and SVmin (0.06). 
For the same class of buildings, the sufficient IMs in magnitude are SVmin 
(p-value = 0.42) and, to a lesser extent, PGD (0.23) and DP (0.07). 
Finally, for SRC buildings, only two IMs (DP and CAV) are sufficient in 
magnitude, with p-values of 0.21 and 0.50, respectively. 

Since sufficiency differs according to building class, these results 

suggest that particular attention should be paid when selecting the 
accelerometric time histories used to perform non-linear time history 
analysis or PBEE assessment. Furthermore, if insufficient IMs are 
considered, site-specific ground motion data must be provided to avoid 
inaccurate estimation of the damage levels or failure rates used in PBEE 
if the ground motion characteristics do not match the source and site 
requirements [38]. 

4.5. Within-building variability associated with aging - σA 

Karapetrou et al. [39] discussed the effect of aging over time on the 
seismic vulnerability of buildings. Moreover, Astorga et al. [20,21] 
demonstrated the time-dependent response of the ANX building to cu-
mulative events during a long sequence of moderate to strong earth-
quakes in experimental conditions. Incorporating the real state of a 
structure may therefore help to reduce variability, yielding more reliable 
results for PBEE analysis. Fig. 9 shows the σEDP|IM variations as a func-
tion of the age of the ANX building. Astorga et al. [20,21] distinguished 
four specific periods (T1 to T4) during which the frequency of the 
building changed over time, depending on structural health related to 
the cumulative damage in the structure. Astorga et al. [20,21] also 
showed that ANX’s response between seismic events stabilized with its 
degradation, expressed as a function of the dispersion of structural drift 
values. 

These four periods are considered here, focusing only on the M/R 
dataset corresponding to MR2 (i.e. the dataset with the most data). A 
progressive reduction of σEDP|IM values is observed between T1 and T4, 
the last two periods being the most efficient (Appendix A1), which 
confirms the results previously reported in Astorga et al. [21] concern-
ing the stability of the building response with degradation. It therefore 
appears that taking into account the ageing or actual state of a structure 
in performance analysis will help to modify the efficiency of the IMs, 
particularly as even moderate seismic shaking may change the building 
response [40]. For example, for PGV/SVi/SVmin, the σEDP|IM values 
correspond to 0.39/0.37/0.35 for the MR2-T2 ANX dataset and 
0.37/0.37/0.26 for the MR2-T3 ANX dataset, compared with 
0.41/0.41/0.37 for the MR2 ANX dataset as a whole. This results in a 
reduction of the performance prediction uncertainties as required dur-
ing aftershock sequences for the short-time operative assessment of 

Table 1 
p-values for the whole JPN dataset, and by JPN building class. Values in bold are greater than 0.05, i.e. the threshold for evaluating IM sufficiency.    

PGA PGV PGD AI DP CAV SAi SVi SDi SAmin SVmin SDmin 

All JPN M 0.00 0.00 0.00 0.00 0.47 0.03 0.00 0.00 0.00 0.00 0.00 0.00 
R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.78 0.00 

RC M 0.00 0.00 0.23 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.42 0.00 
R 0.00 0.00 0.84 0.00 0.00 0.00 0.00 0.00 0.05 0.80 0.06 0.00 

SRC M 0.00 0.00 0.01 0.00 0.21 0.50 0.00 0.00 0.00 0.00 0.00 0.02 
R 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.24 

ST M 0.00 0.00 0.57 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.41 
R 0.00 0.00 0.03 0.00 0.74 0.00 0.00 0.00 0.44 0.00 0.00 0.00  

Fig. 9. Variation of σEDP|IM values as a function of the IMs for different periods, considering seismic cumulative damage in the ANX building. Magnitude/distance 
criteria (MR2) are R = 120 ± 60% and M = 4.5 ± 0.5 and periods T1 to T4 are described in the manuscript. 
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time-dependent building capacity assessment, based on resonance 
period shift [41,42]. 

5. Summary 

Fig. 10 is a summary of the identification of building response pre-
diction uncertainties for the different IMs considered, based on available 
data and metadata. In general, for the specific case of the ANX building, 
the σEDP|IM values are considerably lower than the model evaluated on 
the dataset to take into account structural characteristics such as con-
struction type or ageing. For example, for PGV/SVi/SVmin, the σEDP|IM 
values decrease from 0.41/0.41/0.37 to 0.37/0.37/0.26. Table 2 sum-
marizes the contribution of each component to the epistemic un-
certainties of Eq. (6). While the regional distinction (σR) does not bring 
any significant gain (4% on average), distinction by type of construction 
(σT) and specific building (σB) contributes significantly (19% and 21% 
respectively). Concerning the IMs that make EDP conditionally inde-
pendent from magnitude M and source-to-site distance (σMR), the figure 
shows that all the IMs are globally non-sufficient, with a reduction of 
σEDP|IM values of approximately 19% for the specific case of the ANX 
building. When ageing (σA), i.e. the actual health of the structure, is 
taken into account, the σEDP|IM values are reduced by 8%. 

In total, the spectral IMs benefit most from these successive com-
ponents. For example, the SAmin/SVmin/SDmin value reductions are equal 
to 69%/67%/69% for σEDP|IM values corresponding to 0.27/026/0.27. 
These results concern one specific building, with a resonance frequency 
of approximately 1 Hz. For longer- or shorter-resonance period build-
ings, the results would be different, particularly for acceleration or 
displacement IM values. However, spectral values integrating the co- 
seismic increase of the resonant period (index min) allow a reduction 
of the σEDP|IM values of approximately 10%. 

5.1. Building frequency variation and the average response spectral value 
as an IM 

Many previous studies [18,20,21,28,43–47] have observed the 

co-seismic shifting of the resonance frequency for different building 
typologies. Using a US dataset, Perrault and Guéguen [19] showed that 
mean spectral values computed between the pre- and co-seismic periods 
provided the most effective IM for the EDP|IM model. On the other hand, 
several authors [9,10,12,38,48–51] investigated the average spectral 
values computed between two periods to take into account the 
co-seismic nonlinear response of building in structural analysis. All these 
studies were carried using numerical modeling. Boomer et al. [48] 
considered the correlation of damage measures and average spectral IMs 
computed between T1 and F*T1, T1 being the elastic period of structure, 
for F values from 1.7 to 3. Bianchini et al. [10] found the most efficient 
and sufficient spectral values computed from 0.2*T1 to 2*T1 and 0.2*T1 
to 3*T1. Eads et al. [12] concluded that average spectral acceleration 
computed between 0.2*T1 and 3*T1 yields lower variability in terms of 
structural response. Ebrahimian et al. [9] also considered three average 
spectral values between 0.2*T1 and 1.5*T1, T1 and 2*T1, and 0.2*T1 

Fig. 10. Summary of the variation of σEDP|IM values as a function of the IMs concerned, considering different components of the uncertainties in prediction models.  

Table 2 
Summary of the σEDP|IM values and their reduction (in %) applied to the specific ANX building. The Avg column is the mean value of all IMs.   

PGA PGV PGD AI DP CAV SAi SVi SDi SAmin SVmin SDmin Avg. 

σ 1.05 0.80 0.81 0.84 0.91 0.85 0.87 0.79 0.87 0.87 0.79 0.88 0.86 
σR 1.02 0.78 0.78 0.81 0.85 0.81 0.83 0.76 0.82 0.83 0.76 0.83 0.82 
σR/σ 3% 3% 4% 4% 7% 5% 5% 4% 6% 5% 4% 6% 4% 
σT 0.87 0.64 0.67 0.66 0.74 0.72 0.65 0.61 0.61 0.62 0.60 0.64 0.67 
σT/σR 15% 18% 14% 19% 13% 11% 22% 20% 26% 25% 21% 23% 19% 
σB 0.80 0.50 0.46 0.51 0.57 0.51 0.78 0.48 0.48 0.46 0.40 0.39 0.53 
σB/σT 8% 22% 31% 23% 23% 29% − 20% 21% 21% 26% 33% 39% 21% 
σMR 0.55 0.41 0.35 0.41 0.41 0.48 0.61 0.41 0.42 0.37 0.37 0.29 0.42 
σMR/σB 31% 18% 24% 20% 28% 6% 22% 15% 13% 20% 8% 26% 19% 
σA 0.55 0.37 0.30 0.45 0.53 0.44 0.50 0.37 0.35 0.27 0.26 0.27 0.39 
σA/σMR 0% 10% 14% − 10% − 29% 8% 18% 10% 17% 27% 30% 7% 8% 
σA/σ 48% 54% 63% 46% 42% 48% 43% 53% 60% 69% 67% 69% 55%  

Fig. 11. Variation of the frequency ratio (Rf=fmin/fi) for different datasets.  
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and 2*T1. Adam et al. [49] used average spectral acceleration values 
computed from T1 to 1.6*T1 and from 0.2*T1 to 1.6*T1 and observed a 
reduction of dispersion in the collapse capacity relationship. Finally, 
Kohrangi et al. [50,51] observed that the average spectral acceleration 
value from 0.2 T1 to 1.5 T1 yields better prediction of structural 
response. We found no clear consensus on the values to be considered to 
reproduce co-seismic demand in structure analysis. 

In this study, the frequency variation with respect to EDP was 
observed for the JPN dataset by building class. Fig. 11 summarizes the 
variation of the frequency ratio Rf = fmin/fi between pre-seismic fre-
quency (fi) and co-seismic frequency fmin with respect to EDP for 
different JPN building classes and the whole US database, with EDP 
ranging from 5 10− 6 to 10− 2. The variation of Rf confirms that, 
regardless of building class, the frequency shift between the pre- and the 
co-seismic period increases with EDP, which means large frequency 
drops occur for the strongest earthquakes. Significant variation of Rf is 
observed even at the lower end of the EDP range from 0.9 to 0.65 (below 
the slight damage threshold = 0.0025). For EDP values between 10− 5 

and 10− 3, a relatively similar trend is observed regardless of building 
class, with Rf values decreasing from 0.78 to 0.65. There are no stronger 
earthquakes, which prevent us from extending this result to a higher 
level of drift, but this first experimental evaluation suggests the need to 
collect a large amount of earthquake data in buildings in order to refine 
our performance prediction models. 

6. Conclusions 

Experimental data is very useful in helping us to understand the 
complex physical processes at work in civil engineering structures to be 
able to integrate them into our models to reduce the epistemic uncer-
tainty of these complex process. Earthquake data collected from build-
ings under long-term monitoring in Japan, the US and Romania were 
used to attempt to identify the components of the uncertainties associ-
ated with EDP|IM. Region-to-region, building-to-building and within- 
building uncertainties associated with earthquake magnitude-distance 
and ageing were explored. 

Compared with the conventional IMs based on peak values or con-
ventional spectral value (SAi, SVi or SDi), the ground motion intensity 
measure, denoted SAmin, SVmin and SDmin, which considers inelastic 
period lengthening, was found to be the most efficient IM for estimating 
EDP, taken as structural drift herein. In terms of sufficiency, generally 
speaking, it appears that no IMs are sufficient due to a significant con-
ditional dependence of EDP on R (i.e. earthquake source-to-building 
distance) and M (i.e. magnitude). Some exceptions are pointed out in 
Fig. 8 for specific building classes and IMs. In fact, depending on the type 
of building and, in particular, its period, displacement and acceleration 
IMs might be more efficient or sufficient; this could be confirmed with 
additional data and a specific analysis of the building characteristics, 
which is not considered by this study. Nevertheless, all our results 
indicate that velocity IMs are those that provide the lowest variability 
for predicting EDP given IM. 

Based on the ANX building results, the components that make the 
largest contribution to overall uncertainties are building class and spe-
cific building associated with the M/R condition (Fig. 10, Table 2). 
When analyzing specific buildings using long-term monitoring data, the 

real structural state also appears to make a significant contribution to 
the uncertainties, reflecting the real co-seismic demand in EDP predic-
tion. The underlying key issue is related to the variation of frequency, 
which is strongly dependent on EDP. Note that regardless of building 
class, this frequency variation follows the same trend for all the drift 
values in our dataset. 

Several numerical studies have been carried out to investigate the 
efficiency and sufficiency of IMs considering one building or a group of 
buildings and using suits of input ground motions [8–16]. In contrast, 
this study compares the efficiency and sufficiency of IMs and the vari-
ation of sigma in the EDP|IM relationship using real experimental data. 
We are able to capture the real structural response from different 
building typologies during several earthquakes, which is the main 
advantage of this study. This study shows that the most commonly used 
IMs i.e. PGA and SAi are not efficient and sufficient to predict the 
structural response within the range of our dataset. The velocity related 
IMs i.e., PGV, SVi, and SVmin are observed to be the most efficient in 
building response prediction. Our findings strongly agree with previous 
studies carried out on real data by Perrault and Guéguen [19]. It is very 
interesting note here that the IMs which are found efficient in our studies 
are also associated with relatively smaller variability in the available 
GMPE models. 

This study highlights the importance of real experimental dataset. 
Having more information on the earthquakes and descriptions of the 
building characteristics would help to improve the prediction of struc-
tural response for analyzing seismic vulnerability or loss assessment. 
Although the amount of data contained in our dataset provides relevant 
results, the paucity of data concerning specific classes of buildings or 
components of uncertainties limits the strength of the conclusions that 
can be drawn. To resolve outstanding issues, we must continue our in-
ternational collaborative efforts and motivate building owners to share 
their data, which would increase their interest in this type of study. In 
particular, having more specific data would enable verification of the 
aforementioned conclusions. 

Moreover, building response prediction models can be developed 
considering several parameters related to earthquakes and buildings, 
such as ground motion IM, magnitude, distance, building typology, 
height, structural properties, etc. [19,52,53]. In conclusion to this study, 
an empirical building damage prediction model is proposed (Table 3) 
based on the entire dataset (US, Japan and Romania) according to 
building class and considering the most efficient IMs (SVmin and PGV) 
using the functional form given in Eq. (6): 

log(EDP)= a + b.  log(IM) + ε  
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Table 3 
Empirical building damage prediction model according to building class.  

IM Parameter BT-ALL BT-RC BT-SRC BT-ST BT-MA BT-WO 

SVmin a − 10.22 − 10.65 − 10.00 − 9.81 − 9.17 − 9.26 
b 0.87 0.83 0.89 1.08 0.55 0.58 
σ 0.79 0.84 0.60 0.60 1.10 0.68 

PGV a − 9.41 − 9.78 − 9.21 − 9.17 − 8.80 − 9.02 
b 0.94 0.86 0.95 1.16 0.60 0.55 
σ 0.80 0.87 0.64 0.80 1.07 0.71  
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Appendix  

Table A1 
σIM, σEDP, and σEDP|IM values considering different sub datasets discussed in the manuscript     

PGA PGV PGD AI DP CAV SAi SVi SDi SAmin SVmin SDmin 

US + JPN + RO ALL IM 1.15 1.33 1.63 2.29 3.35 1.21 1.53 1.31 1.43 1.63 1.44 1.61 
EDP 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 
EDP|IM 1.05 0.80 0.81 0.84 0.91 0.85 0.87 0.79 0.87 0.87 0.79 0.88 

US data ALL IM 0.90 1.07 1.49 1.73 2.73 0.96 1.03 1.04 1.35 1.09 1.08 1.54 
EDP 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 
EDP|IM 1.19 1.00 0.98 1.01 1.07 0.97 1.14 1.03 1.08 1.18 1.01 1.08 

STS1 IM 0.86 0.94 1.15 1.48 2.20 0.77 1.00 1.06 1.20 1.03 1.08 1.31 
EDP 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 
EDP|IM 1.14 1.00 0.93 1.00 1.07 0.93 1.15 1.03 1.03 1.15 1.01 1.03 

STS2 IM 0.74 0.85 1.15 1.49 2.29 0.84 0.92 0.95 1.20 0.95 0.92 1.29 
EDP 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 
EDP|IM 1.12 1.01 0.99 1.00 1.06 0.98 0.97 1.01 1.10 1.04 1.01 1.10 

RC IM 0.84 0.98 1.47 1.58 2.63 0.91 1.03 1.03 1.25 1.07 1.04 1.31 
EDP 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 
EDP|IM 1.21 0.94 0.94 0.99 1.03 0.93 1.20 1.01 0.91 1.22 0.99 0.90 

ST IM 0.84 1.01 1.46 1.55 2.78 0.87 0.91 1.02 1.32 0.99 1.08 1.64 
EDP 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.29 1.28 1.28 1.29 1.28 
EDP|IM 1.20 0.93 0.91 0.97 1.01 0.89 1.13 1.02 0.99 1.19 0.98 0.99 

MA IM 0.91 1.08 1.43 1.83 2.35 1.02 0.94 1.27 1.71 1.00 1.18 1.46 
EDP 1.23 1.23 1.23 1.23 1.23 1.23 1.23 1.21 1.21 1.23 1.23 1.23 
EDP|IM 1.11 1.07 1.01 1.02 1.10 1.00 1.11 1.12 1.15 1.14 1.12 1.14 

WO IM 1.02 1.36 1.83 2.20 3.21 1.21 1.07 1.32 1.60 1.06 1.32 1.65 
EDP 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 
EDP|IM 0.66 0.71 0.81 0.71 0.77 0.75 0.67 0.69 0.72 0.70 0.68 0.70 

Japanese ALL IM 1.11 1.31 1.61 2.26 3.34 1.22 1.50 1.30 1.42 1.61 1.43 1.61 
EDP 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 
EDP|IM 1.02 0.78 0.78 0.81 0.85 0.81 0.83 0.76 0.82 0.83 0.76 0.83 

RC IM 0.98 1.13 1.50 2.02 2.98 1.12 1.25 1.09 1.22 1.37 1.20 1.35 
EDP 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 
EDP|IM 0.98 0.86 0.92 0.84 0.93 0.85 0.79 0.86 0.95 0.73 0.82 0.98 

SRC IM 1.14 1.40 1.66 2.36 3.53 1.24 1.48 1.37 1.46 1.56 1.52 1.68 
EDP 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 
EDP|IM 0.87 0.64 0.67 0.66 0.74 0.72 0.65 0.61 0.61 0.62 0.60 0.64 

ST IM 1.11 1.24 1.61 2.18 3.24 1.21 1.72 1.37 1.56 1.65 1.43 1.70 
EDP 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 
EDP|IM 1.36 0.76 0.46 0.87 0.67 0.65 0.80 0.70 0.78 0.59 0.50 0.48 

ANX building ALL IM 1.00 1.27 1.51 2.12 3.25 1.13 1.54 1.31 1.42 1.44 1.41 1.59 
EDP 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 1.42 
EDP|IM 0.80 0.50 0.46 0.51 0.57 0.51 0.78 0.48 0.48 0.46 0.40 0.39 

STS IM 1.01 1.28 1.50 2.13 3.25 1.13 1.55 1.32 1.43 1.45 1.42 1.60 
EDP 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 1.43 
EDP|IM 0.80 0.50 0.45 0.50 0.56 0.50 0.78 0.48 0.47 0.45 0.39 0.39 

MR1 IM 0.69 0.80 0.90 1.30 2.10 0.65 1.06 0.85 0.91 0.89 0.88 0.97 
EDP 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.86 
EDP|IM 0.59 0.42 0.38 0.46 0.52 0.46 0.62 0.40 0.37 0.39 0.34 0.33 

MR2 IM 0.71 0.75 0.78 1.16 1.82 0.57 1.21 0.79 0.89 0.89 0.79 0.86 
EDP 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 
EDP|IM 0.55 0.41 0.35 0.41 0.41 0.48 0.61 0.41 0.42 0.37 0.37 0.29 

MR3 IM 0.79 0.86 0.96 1.47 2.17 0.73 1.10 0.85 0.93 0.88 0.92 1.03 
EDP 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 
EDP|IM 0.57 0.46 0.52 0.47 0.59 0.47 0.75 0.47 0.52 0.47 0.35 0.40 

T1-MR2 IM 0.83 0.95 1.02 1.58 2.19 0.81 1.18 0.92 0.99 0.98 0.98 1.05 

(continued on next page) 
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Table A1 (continued )    

PGA PGV PGD AI DP CAV SAi SVi SDi SAmin SVmin SDmin 

EDP 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 
EDP|IM 0.64 0.51 0.50 0.50 0.55 0.51 0.81 0.46 0.45 0.44 0.45 0.46 

T2-MR2 IM 0.66 0.77 0.89 1.24 1.93 0.61 1.17 0.86 0.94 0.86 0.84 0.90 
EDP 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 
EDP|IM 0.59 0.39 0.37 0.43 0.57 0.42 0.62 0.37 0.33 0.33 0.35 0.31 

T3-MR2 IM 0.60 0.71 0.80 1.14 1.98 0.57 0.91 0.78 0.82 0.79 0.80 0.90 
EDP 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 
EDP|IM 0.55 0.37 0.30 0.45 0.53 0.44 0.50 0.37 0.35 0.27 0.26 0.27 

T4-MR2 IM 0.63 0.75 0.90 1.22 2.13 0.61 0.98 0.83 0.87 0.91 0.89 1.01 
EDP 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 
EDP|IM 0.61 0.39 0.30 0.43 0.42 0.41 0.46 0.37 0.34 0.25 0.25 0.25  
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