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Abstract

Selection and scaling of ground motion records have been recognised as one of the major sources of bias and uncertainty
in the seismic assessment of civil engineering structures. This review paper provides a comprehensive description from a
critical point of view of the scaling and selection approaches of earthquake motions for structural engineering applications,
emphasising works conducted in the last decade. The outline of content within this review is organised as follows: (1) Earlier
works (research done before 2010); (2) Code-based selection and spectral matching; (3) Probabilistic assessment based on
intensity measures; and (4) Use of simulated signals as an alternative to ground motion selection and scaling. The aim of this
paper is to provide a wide understanding of current research on the scaling and selection of earthquake motions for structural
engineering applications; therefore, it may serve as a suitable reference in forthcoming investigations.
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Structural Engineering Institute of the
American Society of Civil Engineers
Acceleration Spectrum Intensity
Broadband Platform

Cumulative Absolute Displacement
Cumulative Absolute Velocity
Conditional Mean Spectrum
Conditional Spectrum

Conditional Spectral Dispersion
Continuous Wavelet Transform
Damage Limitation

Demand Measure

Displacement Spectrum Intensity
Eurocode 8

Engineering Demand Parameter
Effective Peak Acceleration

Effective Peak Displacement
Effective Peak Velocity

European Strong-Motion database
Filtered Incremental Velocity

Genetic Algorithm

Generalized Conditional Intensity Measure
Ground Motions

Ground Motion Amplification Factors
Ground Motion Models

Housner Intensity

Harmony Search

Incremental Dynamic Analysis
Institute of Electrical and Electronics
Engineers

Intensity Measure

ITalian ACcelerometric Archive

Life Safety

Linear Time-History Analysis
Maximum Considered Earthquake
Multi-Degree-Of-Freedom

Maximum Incremental Velocity
Multilayer Feed-Forward
Multi-Objective Particle Swarm
Optimisation

Modal Pushover-based Scaling
Multivariate Return Period

National Building Code of Canada
Near Collapse

National Earthquake Hazards Reduction
Program

Next Generation Attenuation

New Italian Building Code
Non-dominated Sorting Genetic Algorithm
New Zealand Standard

OpenQuake

Pacific Earthquake Engineering Centre

PESA Pareto Envelope-based Selection Algorithm
PGA Peak Ground Acceleration

PGD Peak Ground Displacement

PGV Peak Ground Velocity

PSHA Probabilistic Seismic Hazard Analysis
PSO Particle Swarm Optimisation

RC Reinforced-Concrete

RMSa Root-Mean-Square acceleration
RMSd Root-Mean-Square displacement
RMSv Root-Mean-Square velocity

SAA Simulated Annealing Algorithm
SDOF Single-Degree-Of-Freedom

SSE Sum of Squared Errors
SCNN Siamese Convolutional Neural Networks
UHS Uniform Hazard Spectrum

1 Introduction

Nowadays, non-linear dynamic analysis has been positioned
as the major tool for the seismic assessment of engineering
structures. Differently from response spectrum analysis, non-
linear dynamic analysis takes into account energy absorption
and force redistribution due to sequentially deterioration in
the inelastic range, and the contribution of higher modes. It
is generally known that non-linear dynamic analysis presents
two main components. First, a robust numerical model able
to capture all possible sources of non-linearity (i.e., con-
centrated/distributed plasticity, second-order effects, etc.);
second, a proper definition of the input excitation consistent
with the seismic hazard level of the site of interest. The lat-
ter has been recognised in the literature as a major source
of bias and uncertainty in the computation and interpreta-
tion of results [1, 2]. In this sense, relevant seismic codes,
such as Eurocode 8 (ECS8) [3], American Standards ASCE/
SEI 41-13 [4] and ASCE/SEI 7-10 [5], or the New Zealand
Standard NZS 1170.5:2004 [6] provide simplified guidelines
for selection and scaling. Furthermore, extensive research
has been conducted for earthquake ground motion selection
and spectral matching in the time and the frequency domain;
amplitude scaling based on Intensity Measures (IMs); and
even the use of ground motion simulations (e.g., source-
based models including deterministic, stochastic, and hybrid
approaches as well as site-based models, etc.) as input to
non-linear dynamic analysis (see Rezaeian and Sun [7]).
Regarding the technical guidance in the selection and
scaling, most seismic codes present similarities related to the
minimum/maximum number of accelerograms to be consid-
ered in the process (the predicted structural response can be
estimated as the mean response when at least seven records
are considered or the maximum response for a minimum of
three records) and the period matching range, established at
0.2T1-2.0T1 within the EC8 [3] and 0.2T1-1.5T1 for both
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ASCE/SEI 41-13 [4] and ASCE/SEI 7-10 [5], with T1 as
the fundamental period of vibration of the structure under
analysis. Yet, the NZS 1170.5:2004 [6] proposes a different
matching range 0.4T1-1.3T1, and more importantly, scal-
ing factors 0.33 <k, <3.0 and 1.0 <k, < 1.3, for individual
records and the whole set respectively. This was demon-
strated to be more effective in reducing the record-to-record
variability and individual mismatch, compared to uniform
scaling [8]. Besides, not only the target spectrum can be
defined from code-based spectra at different return periods
but also in terms of Uniform Hazard Spectrum (UHS), which
is one of the principal outputs derived from conventional
Probabilistic Seismic Hazard Analysis (PSHA) through the
evaluation of hazard curves for various return periods [9,
10]. Disaggregation [11] can also be applied to the results of
PSHA leading to other targets, such as the Conditional Mean
Spectrum (CMS), which is closely related to IMs selection
and scaling [12, 13].

IMs can be interpreted as a link variable between seismol-
ogy and earthquake engineering. In this regard, the statisti-
cal properties of such variables are first determined through
PSHA, and then, the structural response, conditioned to
a specific level of IM, is estimated. The lognormal distri-
bution for IMs has been found to be adequate in the past
[14]. Therefore IM-based selection and scaling approaches
usually seek to cover this theoretical distribution under the
notions of efficiency and sufficiency [15]. Here, efficiency
is associated with the level of variability or dispersion in
the estimation of the structural response around the regres-
sion model for a given IM. On the other hand, sufficiency
refers to the independence of a particular IM from other
variables, such as Magnitude and Distance (M,,, R pairs), in
estimating the mean prediction of an Engineering Demand
Parameter (EDP). In other words, a selected IM should be
efficient, leading to relatively small dispersion on the results
of structural analysis, and sufficient, in such a way that the
estimation of the structural response does not depend on
variables that are commonly ignored (i.e., seismological
characteristics). Furthermore, the use of simulated signals
as an alternative to ground motion selection and scaling has
been encouraged in the last years mainly because of the large
improvements in computational techniques for the simula-
tion of site-specific earthquake scenarios [16, 17].

Therefore, this literature review focuses on providing a
comprehensive description and discussion of the scaling
and selection approaches of earthquakes motions for engi-
neering applications. The focus is on structural engineer-
ing applications and works conducted in the last decade,
since other review papers have covered research in the field
since early 1980s until 2010 [18, 19]. The first part of the
review presents a brief discussion of the most relevant works
before 2010. Subsequently, the two main topics of discus-
sion are introduced: (1) Code-based selection and spectral

matching; and (2) Probabilistic assessment based on IMs.
The last section of the paper is devoted to briefly mentioning
some investigation on the usage of simulated signals as an
alternative to ground motion selection and scaling. The aim
of this review is to provide a wider understanding of cur-
rent research regarding scaling and selection of earthquake
motions for structural engineering applications, contributing
to further investigations. The outline of this review is organ-
ised as follows: (1) Summary of preliminary works (research
done before 2010); (2) Code-based selection and spectral
matching; (3) Probabilistic assessment based on IMs; and (4)
Use of simulated signals as an alternative to ground motion
selection and scaling.

2 Summary of Preliminary Works

This section aims to briefly describe the works that have
made major contributions regarding selection and scaling
methodologies before 2010. For better clarity, the prelimi-
nary works are categorised into two sub-sections focusing on
selection and scaling on actual recorded motions and genera-
tion of artificial ground motions, respectively.

2.1 Selection and Scaling Based on Actual Recorded
Motions

In the early 2000s, Kappos and Kyriakakis [20] studied the
effects of scaling on elastic and inelastic spectra for strength
and displacement. Various scaling methodologies were con-
sidered: Peak Ground Acceleration (PGA); Peak Ground
Velocity (PGV); Arias Intensity (I,); Root-Mean-Square
(RMS) acceleration; Spectrum Intensity, i.e., area under the
pseudovelocity spectrum (SI); and Housner Intensity (HI).
It was determined that SI scaling led to reasonably low scat-
ter in the entire period range. The authors also analysed a
10-storey 3-bay Reinforced Concrete (RC) building using
a scaling technique based on HI, while finding covariation
values between 10 and 40% in drift and member ductility,
as well as reasonable scatter along the building height. Lee
et al. [21] suggested a methodology to fit the response spec-
tra of earthquake ground motions with a linear elastic design
response spectrum. First, a pre-selection was performed
according to the similarity of the recorded response and the
target design spectra. For this purpose, velocity over accel-
eration values (v/a) of 61.0, 91.5, and 112.0 cm/s/g were
used for rock, stiff, and soft soil sites, according to Newmark
and Hall parameters [22]. The fitting was carried out with
respect to ground shaking intensities (PGA and PGV) and
response characteristics, namely effective peak acceleration
(EPA) and effective peak velocity (EPV). PGA calibration
and spectral shape resulted in a better fit to target the design
spectra in the full period range.
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Malhotra [23] presented a method for selection and scal-
ing of records for site-specific analysis in which smooth
response spectra were matched with site response spectrum
by scaling acceleration time series. The record was modi-
fied by an a factor (defined as the amplitude scaling factor)
coherent with closer or distant events. The procedure was
also claimed to work for obtaining ground motion pairs in an
orthogonal direction. The work of Kurama and Farrow [24]
tested the effectiveness of seven scaling methods in reducing
scatter in peak lateral displacement demands considering
non-linear single-degree-of-freedom (SDOF) and multi-
degree-of-freedom (MDOF) models. It was demonstrated
that proper scaling depends on multiple factors since meth-
ods which performed well for ground motions representative
of stiff soil and far-field conditions lose their effectiveness
for soft soil and near-field conditions for a wide range of
structural characteristics. Then, Giovenale et al. [25] took
advantage of the available results of non-linear analyses per-
formed to study the spectral acceleration, Sa, at the funda-
mental period of the structure, T1, to prove the adequacy of
alternative IMs. For that purpose, a regression of the results
obtained from the original analyses was proposed, taking the
alternative IM as an independent variable (direct method)
and also rebuilding the probability density function of the
Demand Measure (DM) given a defined value of the candi-
date IM by means of the total probability theorem.

Subsequently, Naeim et al. [26] employed genetic algo-
rithms to preselect, among thousands of earthquake records,
a sub-set of records that better match a design spectrum and,
after that, to determine a scalar factor for fitting the response
spectra against a site-specific design spectrum. Two practi-
cal examples were adopted, selecting seven scaled records
to match a target spectrum from a dataset with 1496 records
and selecting the appropriate scaling factors for a preselected
set of seven (bi-directional) earthquake records. Bommer
and Acevedo [27] studied the influence of geophysical and
response spectral search criteria to provide guidelines for
selecting real accelerograms in dynamic analysis. They high-
lighted the importance of achieving a good match with the
design earthquake magnitude and the site classification of
the project. In addition, it was recommended to perform a
search within the results of the first sweep in terms of match-
ing spectral shapes and spectral amplitudes. Later, Baker and
Cornell [28] introduced a vector-valued IM based on spec-
tral acceleration and epsilon ¢ (the difference between the
spectral acceleration of a record and the mean of a ground
motion model at the given period). The authors showed that
€ is an indicator of spectral shape and is related to struc-
tural response. Generic structures and an RC moment frame
building were analysed to demonstrate that the omission of &
value led to conservative estimates when computing the drift
hazard. This research was subsequently expanded by adopt-
ing a conditional response spectrum with a level of Sa(T1)
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and its associated mean (disaggregation-based) causal mag-
nitude, distance and ¢ value. It was argued that this spec-
trum is a more appropriate target for record selection, and
the reductions in bias and variance of resulting structural
response are comparable to the reductions achieved by using
a vector-valued measure of earthquake intensity [12].
Shome et al. [29] examined the influence of a set of bin
records of magnitude M,, at distance R on the non-linear
response of a 5-storey steel structure. Among multiple alter-
natives, it was determined that scaling records to the 5%
damped spectral acceleration at the fundamental frequency
of the structure leads to better results (reduction in vari-
ance). The work of Iervolino and Cornell [30] compared the
non-linear response of three different SDOF systems and
two moment-resisting frames, one of reinforced concrete
and the other of steel, under the influence of two sets of
records. The first set was selected to represent a specific
magnitude and distance scenario, and the other was chosen
randomly from a large catalogue. The study concluded that
the selection of records with respect to M, and R values
provides small difference in results. Iervolino et al. [31] ana-
lysed the sensitivity of non-linear demand measures (rang-
ing from displacement ductility ratio to equivalent number
of cycles) to ground motion duration (small, moderate, and
large duration), considering several case studies. The impact
of duration on structural failure probability was evaluated
by fragility curves, and the authors argued that the dura-
tion content of ground motion is statistically insignificant to
displacement ductility and cyclic ductility demand. Dhakal
et al. [32] proposed a method to identify critical earthquake
ground motions for the assessment of seismic performance
of a RC highway bridge. The steps are as follows: (1) Set-
ting a suitable suite of ground motions and an appropriate
IM; (2) Developing the non-linear model of the structure;
performing Incremental Dynamic Analysis (IDA); and (3)
Analysing these results in terms of 50th and 90th percentile
performance bounds to finally identify the critical ground
motions that are close to these defining probabilistic curves
at ground motion intensities. The proposed methodology
was applied to the assessment of an RC highway bridge.
Next, Beyer and Boomer [33] revised code provisions for
the selection and scaling of ground motions in bi-directional
analysis. They employed the geometric mean of the spec-
tral ordinates of the two horizontal components to define
the target spectrum and to select and scale ground motion
records. It was shown that the structural response varies
depending on the angle of incidence of the ground motion
with respect to the structural axes. In order to examine the
influence of strong-motion duration on inelastic structural
response, Hancock and Boomer [34] analysed an 8-storey
RC wall-frame building under the action of 30 accelero-
grams with different durations. The authors established that
duration has no influence on damage measures using the
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peak response, such as inter-storey drift, but is correlated
to cumulative damage measures, such as absorbed hyster-
etic energy and fatigue damage. Kottke and Rathje [35]
introduced a method for the selection and scaling of ground
motions to fit a target acceleration response spectrum and
controlling the variability within the ground motion suite. In
this method, motions are selected to match the target spectral
shape, and then fitting the amplitude and standard deviation
of the target by adjusting the individual scaling factors for
the motions. In addition, the method tries each possible suite
of motions to find the suite that provides an acceptable fit
to the target spectrum. Iervolino et al. [36] investigated the
possibility of finding unscaled records from the European
Strong-Motion database (ESM) fulfilling, as much as pos-
sible, EC8 requirements. Records for A, B, and C site classes
were found (Vs3> 800 m/s; 800 m/s > Vs;,>360 m/s; and
360 m/s > Vs;,> 180 m/s, respectively), while for very soft
soil sites (Vs;, <180 m/s) it was not possible to find accept-
able solutions. Moreover, it was found that unscaled record
sets strictly matching EC8 spectra resulted in a large record-
to-record variability in the spectral ordinates within the same
set.

In order to estimate the number of scaled/matched accel-
erograms required for inelastic dynamic analysis, Hancock
et al. [37] considered the response of an 8-storey RC struc-
ture to accelerograms linearly scaled or spectrally matched
using five different techniques. The techniques include
selecting real records based on seismological characteristics;
scaling to the target spectral acceleration at the initial period;
scaling to the target spectrum over a range of periods; using
wavelet adjustments to match the target spectrum; and using
wavelet adjustments to match multiple target spectra for mul-
tiple damping ratios. The authors determined that the num-
ber of required records and the degree of bias systematically
decrease as one applies more constraints on the scaling and
matching of accelerograms, especially when using wave-
let adjustments to match multiple target spectra at multi-
ple damping ratios. Finally, Iervolino et al. [38] presented
a study on the selection of real accelerograms for seismic
analysis of bridges according to EC8 as an extension of their
previous work in [36]. Multiple sets were downloaded from
the ESM dataset [39], including the vertical component of
the ground motion, respecting the spectral matching require-
ments in broad period ranges as much as possible. Also, sets
of normalised code-compatible horizontal accelerograms
are considered to reduce the record-to-record variability of
the spectra, and to obtain sets which are independent of the
anchoring value of the code spectrum.

2.2 Generation of Artificial Ground Motions

Naeim and Lew [40] first pointed out significant prob-
lems with the usage of frequency-domain scaled

design-spectrum-compatible ground motion time series.
The authors computed a set of records for six pairs of hori-
zontal ground motion time series using a self-developed
computer tool and the WES-RASCAL code to reproduce
synthetic motions [41], assuming in both cases a ratio of
spectral acceleration areas (signal/target) less than 2% and
average error in all frequencies lower than 5% to achieve
convergence. The records were then applied for the analysis
of a regular six-storey seismic-isolated hospital building. It
was found that results from frequency-domain scaling were
about 300% larger than time-domain scaling, and more than
10 times larger than real records. The findings were due to
the energy content in the design spectrum, which is not seen
in recorded time series.

In 2006, Hancock et al. [42] proposed an improvement
to the wavelet-based program RspMatch, first developed
by Abrahamson [43], through matching accelerograms to
the pseudo-acceleration, displacement spectral ordinates,
and absolute acceleration spectrum at several damping
ratios independently. Atkinson [44] made use of the sto-
chastic finite-fault method to generate earthquake accel-
erograms matching the National Building Code of Canada
(2005 NBCC) UHS with a 2% chance of being exceeded in
50 years for site Classes A, C, D and E [45]. The definition
of scaling factors was recommended to improve the match
of the selected record to the UHS over the specified period
range. Finally, the work of Giaralis and Spanos [46] pro-
posed a wavelet-based technique to match artificial seismic
accelerograms with a given displacement design/target spec-
trum from ECS. First, stochastic modelling is used to obtain
a family of simulated non-stationary earthquake records
whose response spectrum is, on average, in good agreement
with the target spectrum, and then harmonic wavelets are
employed for modifying the simulated records iteratively to
satisfy the compatibility criteria for artificial accelerograms
prescribed by EC8.

3 Code-Based Selection and Spectrum
Matching

The current section of the manuscript is aimed at present-
ing a comprehensive review of investigations during the last
years that have approached the selection and scaling of real
records to match a target spectrum which can be defined
by code provisions and other different targets such as UHS
and CMS. It should be noted that these techniques are, in
general, well-known by practitioners in the fields of struc-
tural design and earthquake engineering. Throughout the
literature, and within this review, the terminology of spec-
tral marching can also refer to some special methodologies
implemented to achieve convergence with given target spec-
tra [42, 46].
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A comparative analysis of current code requirements
and common practices in several standards (United States,
China, European Union, New Zealand, and Taiwan) for
ground motion selection was conducted by Hachem et al.
[47]. Although those codes exhibit marked differences in
the definition of response spectra and seismic demands, it
was concluded that the selection criteria of ground motion
records present lots of similarities. Only the NZS presents
differences in the minimum number of motion records to
be used in the analysis and the period range for matching,
being less restrictive than EC8. On the other hand, Ierv-
olino et al. [48] developed REXEL, a computational tool for
code-based record selection. REXEL allows searching for
suites of waveforms from the ESM compatible with refer-
ence spectra (user-defined or code-based). To optimise the
selection process, the algorithm defined an expression based
on the Sum of Squared Errors (SSE) to rank how much the
spectrum of an individual record deviates from the refer-
ence spectrum in broad period ranges. REXEL efficiency
was demonstrated through several examples considering the
selection of multi-component GM suites according to the
New Italian Building Code (NIBC) [49] and ECS criteria
for different site classes and limit states or return periods.
An internet version of REXEL was presented afterwards,
allowing the search of records in the ITalian ACceleromet-
ric Archive (ITACA) repository [50]. Jayaram et al. [51]
proposed an efficient algorithm to match target the response
spectrum and variance. The algorithm generates multiple
response spectra from a target distribution, for then select-
ing recorded motions whose response spectra individually
match the simulated response spectra. A greedy optimisa-
tion [52] was implemented to improve the match between
the target and the sample means and variances. The selec-
tion processes are performed by computing the SSE for each
ground motion in the database and then choosing the ground
motion with the smallest SSE. Considering a scenario with
characteristics of strike-slip mechanism, M,, 7.0, distance
to rupture of 10 km, and Vg, of 400 m/s, 40 records were
selected. For the case of SDOF and MDOF systems, it was
observed that considering the variance of the response spec-
trum as an additional constraint had no significant effect on
the median response but considerably increased its disper-
sion (logarithmic standard deviation).

Sextos et al. [53] investigated the limitations of the
ECS8 earthquake ground motion selection framework in the
assessment of an existing irregular RC building subjected
to the 2003 Lefkada earthquake. Parametric analyses were
conducted for different EC8-compliant sets of records to
quantify the discrepancy in the structural response due to
record-to-record and set-to-set variability. Significant intra-
set scatter in the inelastic response of the case-study build-
ing (mostly in structural damage within the same set of
seven pairs of records, for most ground-floor columns) led
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researchers to conclude that the implementation of the EC8
provisions for the selection of earthquake records may be
misleading. The Harmony Search (HS) metaheuristic algo-
rithm [54] was adapted to obtain input datasets compatible
with the EC8 design spectra for different soil types [55]. The
pool of motions was defined from 352 records selected from
the Pacific Earthquake Engineering Centre (PEER) strong-
motion database [56]. The EC8-based selection was formu-
lated as a constrained optimisation problem with multiple
penalty functions. Datasets for soil classes A, B, C, D, and
E, were obtained without matching a specific soil class (first
approach for selection). The second approach considered
instead 186 and 166 ground motions for soil classes C and
D, exclusively. It was observed that all the obtained ground
motion datasets could satisfy all set given constraints. Simi-
larly, Shahrouzi and Sazjini [57] implemented HS for opti-
mal scaling and selection of accelerograms with the main
difference that a search refinement was also implemented.
In this case, the selected records are fixed, while their scal-
ing factors are further optimised resulting in a minimal
error of 5% in the spectral matching. The flowchart in Fig. 1
describes the proposed HS algorithm.

In 2013, Katsanos et al. [58] introduced ISSARS as a
MATLAB-based environment for ground motion selection
coupled with structural analysis in SAP2000 to consider
the variability of critical structural response parameters
(bending moments and shear forces of structural elements
and lateral storey displacements). A structural model of an
RC building in the city of Thessaloniki, Greece, was used
to demonstrate the applicability of ISSARS. A 15% toler-
ance bandwidth was established for the estimated median
response, for which a § parameter was set as a spectral
matching indicator, and 280 bidirectional time history
analyses were performed using the selected records after-
wards. These authors discussed the importance of combining
earthquake ground motion selection and structural analy-
sis to meet code requirements while increasing reliability.
Ergun and Ates [59] summarised basic methodologies and
criteria for selecting and scaling ground motion time histo-
ries according to ASCE 7-05 and EC8. The usage of time-
domain scaling was highlighted by arguing that this method
only scales the amplitude of the seed motions and does not
change its frequency content. The authors observed consid-
erable variability with respect to the target spectrum for both
averages of scaled far-field and near-field ground motions.
Smerzini et al. [60] extended the previous research [48, 50]
by selecting displacement-spectrum compatible earthquake
ground motions from real accelerograms, REXEL-DISP.
In this way, a strong-motion database was gathered, with
recordings from shallow crustal earthquakes with epicentral
distances of less than about 30 km, covering as homogene-
ously as possible the magnitude and distance ranges of inter-
est for seismic hazard at Italian sites. REXEL-DISP software
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Fig. 1 Flowchart of the proposed HS algorithm (Source Shahrouzi and Sazjini [57])

demonstrated, in most cases, to be able to obtain unscaled
or lightly scaled record sets closely approaching the target
spectrum in a broad period range.

Subsequently, Ye et al. [61] modified the HS metaheuris-
tic by incorporating a fitness priority-based ranking method
to handle additional constraints when minimising the dif-
ference between the design response spectrum from the
Chinese GB50011-2010 [62] and the mean response spec-
trum of selected and scaled ground motions within a period
range of interest. The search space consisted of a total of 704
records selected from the PEER database [56] according to
magnitude, distance, and site conditions. Using the proposed
technique, sets of seven ground motions were selected for
structures with periods ranging from 0.45, 0.90, and 1.80 s
(typical short-period, medium-period, and long-period struc-
tures). The technique exhibited acceptable performance,

fitting the design spectrum with RMS error values of 3.4%
and 7.5% in the worst-case scenario. Later, Kaveh and Mah-
davi [63] proposed a simple approach for spectral matching
of ground motions utilising wavelet transform and colliding
bodies metaheuristic optimisation. They proposed to decom-
pose the original ground motion using the wavelet transform,
covering a special frequency range at each level, and then
each level is multiplied by a variable. These variables are
estimated with metaheuristic optimisation to minimise errors
between the response and target spectra. The methodology
was tested in a sample of 12 recorded accelerograms to be
matched with the EC8 design spectrum at soil classes A and
B. The same range of period matching was defined as in
[61], and the maximum number of iterations was limited to
300, for which the algorithm exhibited good performance.
Ha and Han [64] proposed a simplified methodology for
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matching target response spectrum mean and variance. First,
a unique motion is selected from a library only considering
the target response spectrum mean without variance, and
then motions and their scaling factors are selected according
to the smallest SSE for mean and variance. The methodol-
ogy was implemented to derive 40 motions from 8 libraries
that were constructed with records from the Next Generation
Attenuation relationships (NGA) database [65]. The numeri-
cal results revealed that the accuracy of the selection process
increases with the number of records.

Aratjo et al. [8] presented a broad study in which ECS,
ASCE41-13 and NZS1170.5:2004 criteria for record selec-
tion were compared with emphasis on the influence of
the selected number of real records on the estimation of
the mean seismic response. The main contribution of this
investigation was to propose an additional spectral mis-
match limit (+ 50%) for each individual record to reduce
the record-to-record variability within the period range of
matching. Considering the additional mismatch constraint,
the records derived from each code-based methodology were
implemented as input for the seismic assessment of a steel
building composed of moment-resisting frames. Four con-
figurations of the same building were considered to comply
with different limits for the inter-storey drift according to
ECS criteria. Additionally, the records were linearly scaled
to match spectra in Damage Limitation (DL) and Near Col-
lapse (NC) limit states. Pant and Maharjan [66] analysed
the effects of selection and scaling of ground motions on the
response of seismically isolated structures subjected to bidi-
rectional excitation. The selection process was either random
or based on matching the shape of the response spectrum to
the target spectrum. According to ASCE 7, for the design of
isolated structures, both, the design earthquake and Maxi-
mum Considered Earthquake (MCE) motions are needed;
thus, the MCE spectra were used to scale earthquakes. The
authors determined that linear scaling performed better
when pulse-like motions are considered, and either linear
scaling or spectral matching can be used for non-pulse-like
motions.

Afterwards, Han and Ha [67] proposed a four-stage
algorithm for the selection and scaling of motions for two-
dimensional analysis following the ASCE 7-10 criteria.
First, an individual scaling is determined to match a target
response spectrum. Then, guidelines are provided to select
the required number of motions. Finally, a re-scaling factor
is determined according to the distance between the target
and mean response spectra at the fundamental period T1,
to make sure that the mean response spectrum of selected
motions is larger than the target response spectrum. The
selected motions were employed to conduct non-linear
analysis in 12 SDOF systems and one MDOF taken from
[68]. In order to limit the error to a maximum of 20% in the
median response, it was found that the number of motions
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in the library and the motions selected should be at least 130
and 10, respectively. Likewise, 74 and 7 motions (library
and selected, respectively) should be considered to limit the
error by 30%. Two kinds of Genetic Algorithms (GAs), real-
permutation and binary-permutation, were adapted by Yagh-
maei-Sabegh et al. [69] for scaling earthquake records. The
dataset consisted of 374 records recorded from shallow crus-
tal events, and the target design spectrum was determined
from the Iranian seismic design code. Real-permutation and
binary-permutation coded exhibited mean square errors in
the matching process with respect to the target design spec-
trum below 1%.

A full version and detailed description of the program
SelEQ were presented by Macedo and Castro [70]. The
program presents a graphical user interface subdivided into
three modules, seismological module; preliminary selec-
tion (NGA-WEST?2 database); and record selection. Pre-
liminary versions of the program allowed only code-based
selection with an additional constraint of + 50% individual
spectral mismatch to reduce the record-to-record variability
[71]. However, this new version allowed to obtain the CMS
(which will be discussed in detail in the next section of this
paper) for the European territory by making use OpenQuake
(OQ) [72] and the seismic hazard model by the SHARE [73]
project to conduct PSHA. The constrained objective function
was established for both code-based and CMS-based selec-
tion cases, to be solved using the adaptive HS metaheuristic.
For code-based selection, the applicability of the tool was
illustrated with the results of the study previously conducted
in [8]. On the other hand, two examples were developed for
CMS-based selection. First, for two moment-frame-resistant
structures with vibration periods equal to 1.1 s and 1.63 s in
Istanbul, considering several occurrence probabilities and
suites of 40 scaled records; and then for six structures with
vibration periods equal to 0.25 s and 0.35 s (2-storey struc-
tures), 0.37 s and 0.93 s (4-storey structures), and 0.42 s
and 1.14 s (5-storey structures), located in Porto and Lagos
(Portugal) for a probability of occurrence of 5% in 50 years.
Figure 2 depicts the results for both CMS-based selection
cases listed before. It is worth noting that even when all the
conditions could not be met, SelEQ returned the set that best
fitted the objective function.

Shakeri et al. [74] pointed out the limitations of the
ASCE 7-10 selection and scaling procedure of earthquake
motions for the analysis of tall buildings (e.g., contribu-
tion of the higher modes and inelastic response). To this
end, the authors proposed a pushover-based ground motion
scaling procedure to consider the inelastic response and the
contribution of higher modes. In this method, the peak dis-
placement of the equivalent inelastic SDOF system under
the action of the scaled record should be consistent with the
inelastic target displacement. A simplified version of the
method was also proposed by analysing 3 regular (8-storey,



Selection and Scaling Approaches of Earthquake Time-Series for Structural Engineering...

1483

10! < . A e ] . X
10° 3
10" 3

I i
107 5 S =

-3

(U | —vr E

1| = = =cMsH2%0 F

1| = = mcMs-2¢ 0 L

1| = = =S, -Mean 3
10* : ey .

10" 10°

Period [s]
(a) Lagos: T1=0.25 s.

10' < . . ] . .
10° 3
10" 3

] :

a 1 L
107 5 -

3 E
-3 -~
107 [ e CMS ! ! *SNF
1| = = =CMS+2% F
1| = = =-cMS2¢ 0 q
1| = - -S.-Mun L
10" . —— .
10" 10°
Period [s]
(c) Lagos: T1=0.42 s.
100 | " L L L T T LT | L -
10" -
M, 2
10" o
a4 ]
10° < T TN
3 [ ™S : E
1| = = -cMs200 L
1| = = =cMs20 0 [
|| = = =S,-Mean

10* . — ] ;
10" 10°

Period [s]

(e) Porto: T1=0.93 s.

-2

|

|

— CMS .~
= = = CMS+2%
= - -CMS-2* o
= = =S -Mean

s asnul

S

T

Period [s]

(b) Lagos: T1=0.37 s.

| L

sl

T T

T

T

AN
~~
g — CMS
1| = = =cMs+2%0
1| = = =cMs20
---Se-Mem
10" 10°
Period [s]
(d) Porto: T1=0.35s.
L L L L PR T U | " )

— CMS

- = = CMS+2%a
== = CMS-2%c
-- -S.-Mean

il

T T T T T
Period [s]

() Porto: T1=1.14s.

Fig.2 CMS-based SelEQ application example (Source Macedo and Castro [70])

@ Spri

nger



1484

D. Caicedo et al.

14-storey, and 20-storey) buildings and 1 irregular 20-storey
building. The maximum error for the mean storey drift ratio
profiles were 9.9%, 16.4%, 18.9% and 15.5% for the struc-
tures under evaluation against a maximum 54.6% for the
ASCE 7-10 procedure. Thus, both methodologies, original
and simplified, demonstrated their accuracy and higher per-
formance when compared to the code methodology. Reyes
et al. [75] proposed an adjustment to the ASCE/SEI 7-10
ground motion scaling procedure, considering the spectral
shape and an additional scaling factor for the full record
set for 3D response history analysis of multi-storey plan-
asymmetric buildings. The numerical results demonstrated
that the improved procedure led to conservative results of
around 15%, while the conventional ASCE/SEI 7-10 proce-
dure provided underestimated results of about 29%. It was
also observed that the results computed with the improved
methodology overcome the conventional code procedure as
torsional irregularity increases. The work of Tian et al. [76]
investigated the influence of the selection of motions on the
seismic performance of electricity transmission towers. The
records were selected to match the Institute of Electrical and
Electronics Engineers (IEEE 693) spectra, which consid-
ers a 2% damping ratio. The multiple records selected by
matching the same target spectrum led to different inter-
segment displacement ratios. The authors concluded that the
geomean criterion may generate too conservative results in
the seismic demand assessment of the prototype structure
and that random selected records provided results compa-
rable to the ones computed when using historical records.
Finally, the authors argued that artificial records may not
always be appropriate for seismic analysis of transmission
towers.

Subsequently, Moschen et al. [77] proposed the usage of
multi-objective optimisation through genetic algorithms to
select ground motions for seismic assessment of structures.
The authors pointed out that, different from single objective
optimisation, the proposed approach did not require weight-
ing functions for different fitness/cost functions. These
authors presented a strong mathematical basis to incorporate
n number of fitness functions in the optimisation process as
with the case for bidirectional analysis. Yet, it is worth to
note that the presented multi-objective optimisation applied
the same scale factor to all records within the set. Lom-
bardi et al. [78] favoured the usage of Linear Time-History
Analysis (LTHA) as a feasible seismic design method based
on EC8. The motion sets were selected following EC8 and
FEMA P-1050 recommendations. The authors emphasised
that the current version of EC8 does not distinguish ground
motion selection for linear or non-linear analysis. In that
sense, a direct comparison between linear and non-linear
analysis was presented regarding Demand/Capacity (D/C)
ratios for various structural members at each level. More
conservative results were computed using LTHA, and it
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was determined that average values of the D/C ratios are
extremely dependent on the strongest earthquakes within the
suite. Ucar and Merter [79] examined the inelastic response
of 6-storey, 8-storey, and 10-storey RC frames under the
effect of recorded records matching the design spectra of
the Turkish Seismic Design Code 2007 [80], Uniform Build-
ing Code 1997 [81], and EC8 [3]. Minimum differences in
base shear forces and maximum roof displacements were
found for any of the three code-based matching procedures,
noting that EC8 matching led to slightly higher results
consistent with also higher spectra ordinates. Kaveh et al.
[82] conducted a comparative study of the performance of
Multi-Objective Particle Swarm Optimisation (MOPSO),
Non-dominated Sorting Genetic Algorithm II (NSGA-II),
and Pareto Envelope-based Selection Algorithm II (PESA-
II) for ground motion record selection based on ASCE 7-16
standard. The results showed a better performance of the
NSGA 1I technique with a better match to the target spec-
tral acceleration and less dispersion in the period range of
scaling.

Similarly, Mergos and Sextos [83] adopted GAs to select
recorded earthquake motions. The selection was based on
spectral matching and parameters coherent with the regional
seismology, soil conditions, motion intensity, and duration,
among others. After the algorithm provides sets with the
best fit-design values, the user can select the most suitable
solution based on inspection and/or engineering criteria. The
methodology was applied for the EC8-based selection of
records for non-linear analysis of a structure with a funda-
mental period of 0.75 s, for which a good level of agreement
with the objective values was observed. Cavdar et al. [84]
addressed the influence of the number of motions, period
range, number of periods within the matching range, and
distribution of weight factors at selected periods in code-
compliant records for non-linear bidirectional analyses of
short-period and long-period structures. The target spectrum
was defined from the Turkish Seismic Design Code 2007
[80], with a probability of exceedance is 2% in 50 years.
Because of the changes in the response spectrum of records
in the short-period range, the authors observed that the
amplitude of scale factors, and, therefore, seismic response
of short-period structures, are more likely to change com-
pared to long-period structures. Next, the authors examined
differences when using arithmetic and logarithmic values in
the least square method to match a target spectrum defined,
in this case, from the NEHRP 1994 design response spectra
[85]. 3-Storey, 9-storey, and 20-storey steel moment frames
were adopted as case-study buildings. Although both, arith-
metic and logarithmic values can be used to predict the
mean or median of structural response, the relative errors
calculated through logarithmic values were larger than for
arithmetic values. It was also observed that logarithmic val-
ues reduced variability in the structural responses for the
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case of long-period structures with a considerable non-linear
response (i.e., 20-storey structure).

Battaglia et al. [86] briefly addressed the selection pro-
cess of 50 recorded accelerograms taken from the PEER
Ground Motion Database [56] and scaled to match the seis-
mic hazard of Seixal city in Portugal according to the Por-
tuguese National Annex of EC8. The scaling process was
limited in the period range to 0.1 and 1.0 s and magnitude
between 6.5 and 7.0 to be compatible with the Life Safety
(LS) limit state spectrum. The records were then linearly
scaled at different levels of PGA for the definition of fragil-
ity curves. Georgioudakis and Fragiadakis [87] developed a
technique for selecting ground motions from large databases.
They proposed using an evolutionary optimisation algorithm
to solve the multi-objective problem of selection and scaling
to fit a target spectrum from UHS or CMS. The problem was
defined as a single objective to match the mean spectrum
in the period range of searching and a multi-objective to
match mean and variance. More recently, Karimzadeh et al.
[88] studied the effects of ASCE/SEI 7-16 [89] and EC8
selection criteria on the seismic assessment of an unrein-
forced masonry shear wall. The seismological parameters
for selection were restricted to: M, values in the range 5.5 to
9.0; strike-slip mechanism; R distances lower than 25 km;
and soil types C (Vg,: 360-760) and D (V 5,: 180-360). In
general, higher demands were computed in terms of dis-
placements using EC8 criteria for selection. Rui et al. [90]
proposed the usage of normalised modal-mass participation
factors as weight variables when matching target response
spectra to consider the influence of higher modes. For the
study, the Newmark spectrum was employed as a matching
target. The accuracy of the method was tested by estimat-
ing the mean structural response of long-period structures.
Moreover, the authors suggested the suitability of the pro-
posed technique for base-isolated buildings. Ertiirk et al.
[91] discussed the effects of frequency and time domain
scaling methods based on the 2018 Turkey Building Earth-
quake Code [92], in the seismic response assessment of a
finite element model of the historical masonry clock tower
built in 1894 in Corum, Turkey. The study involves the scal-
ing of horizontal as well as vertical components of records
to the target design spectrum. A better matching to the target
spectrum was observed by means of the frequency domain
method. Furthermore, the maximum response metrics were
computed using the frequency domain method.

Kayhan et al. [93] proposed a strong-mathematically-
supported solution to obtain recorded motions for one-
directional analysis of 2D structural models and motion
pair sets for the bi-directional analysis of 3D models. It is
worth noting that this method allows for the selection based
on scenario-based spectrum, UHS, and CMS. As in previ-
ous research [70], the optimisation problem was proposed
to be solved using HS metaheuristic optimisation, and the

additional constraints of the problem were formulated as
penalty functions. Examples regarding TBEC [92] and
ASCE 7-16, scenario-based, and CMS for a vibration period
of 1.00 s were developed to illustrate the effectiveness of the
algorithm in meeting the predefined conditions. Zhang et al.
[94] proposed a new weighted scaling method to match the
Newmark—Hall spectrum at different seismic hazard levels.
The error function was established as the SSEs in accel-
eration, velocity, and displacement-sensitive regions. It was
determined that 7 to 10 records are required to compute
results with prediction errors lower than 20%, regardless
of the weighting scaling in the Newmark—Hall spectrum.
Manfredi et al. [95] introduced a friendly software, Select
& Match (S&M), for the selection and matching of actual
records with a target spectrum within a period range. The
algorithm implemented in the software can be summarised
in three steps. First, motions are filtered by their magni-
tude; second, mean and maximum normalised errors are
estimated and compared against a fixed value; and third,
earthquake motions are listed from best to worst according
to the defined selection criteria. Two sets of 125 records,
one for each site category (i.e., stiff sites A, B and soft sites
C, D) were selected to match the elastic design spectra of
the Italian seismic code (NTC18, 2018) for different return
periods. An RC 4-storey building, very representative of the
Italian building typologies, was selected as the case study.
Moreover, the selected records were implemented to derive
site-independent fragility curves for various IMs (PGA,
PGV, HI, and Sa at around 1 s) and the inter-storey drift
ratios as EDP (see Fig. 3).

In order to approach the selection of spectrum-matched
records, Zhao et al. [96] implemented high-performance
Siamese Convolutional Neural Networks (SCNNs). Design
spectra for soil types A to D from EC8 were selected as
target spectra. For each target design, only 40 training sam-
ples were enough to achieve results with minor standard
deviation. These authors emphasised that the method con-
siders only similarities of the response spectra with the
target spectrum. Therefore, other signal features can be
ignored. Finally, Zhang et al. [97] introduced a weighted
scaling method for the selection and scaling of earthquake
motions, in which the weight factors are estimated using the
modal-mass participation factors. The method made use of
the least-squares errors and the modal-mass participation
factors (4,) as weight variables. Hence, larger weight factors
are assigned to the spectral values around the fundamental
period. The target was set to match the 1994 NEHRP design
spectra at different hazard levels (2%, 10%, and 50% prob-
abilities of exceedance in 50 years), and three steel moment
frames (taken from the American SAC Phase II Steel Pro-
ject) were adopted as case studies. The same level of accu-
racy in estimating mean structural response was observed
for the three case studies and weighted and unweighted
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Fig. 3 Empirical Cumulative Frequency Distribution using inter-storey drift as EDP (Source Manfredi et al. [95])

methodologies. Nevertheless, the weighted procedure could
reduce better the scatter in the structural response. Table 1
summarises the major novelty contributions of most inves-
tigations in this subchapter with a brief algorithm descrip-
tion as well as the type of matching. Furthermore, it is also
reported whether the research provided validation on struc-
tures and software tools or not.

4 Probabilistic Assessment Based on IMs

Research regarding the probabilistic assessment of civil
structures using the selection of motions based on scalar
or vector-valued IMs has grown massively in past years. In
that sense, performance-based seismic design is aimed at
estimating the mean probability of exceedance of a certain
value considering a specific DM or limit state, as follows:
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where Gpyn (xIM;, R;) represents the likelihood of exceed-
ing the DM for a specific value of x, conditional to the n
number of (M, R) pairs; and A(M;, R;) denotes the mean
annual frequency of occurrence of seismic events character-
ised by specific magnitude and distance values.

Selecting suitable IMs can be efficient and sufficient
(i.e., independent of terms such as earthquake magnitude
and source-to-site distance). Thus, it is possible to re-write
Eq. (1) in terms of IMs as:

Apu(x)= )" P(DM > x|IM=y, )A Apy(y;) )

x|
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Table 1 Novelty contributions in code-based selection and spectral matching

Reference

Algorithm description

Matching spectrum

Software tool

Validation on structure

Iervolino et al. [48]

Jayaram et al. [51]
Kayhan et al. [55]
Shahrouzi and Sazjini [57]

Katsanos et al. [58]

Ye et al. [61]

Kaveh and Mahdavi [63]

Han and Ha [67]

Yaghmaei-Sabegh et al.
[69]
Macedo and Castro [70]

Moschen et al. [77]

Kaveh et al. [82]

Mergos and Sextos [83]

Georgioudakis and Fragi-
adakis [87]

Kayhan et al. [93]

Manfredi et al. [95]

Zhao et al. [96]

Ranking based on deviation
of individual records from
reference spectrum

Spectral matching based on
greedy optimisation

Constrained optimisation
using HS

Constrained optimisation
using HS

MATLAB-based environ-
ment for code-based
selection and structural
analysis

Constrained optimisation
with priority-based rank-
ing using HS

Spectral matching using
wavelet transform and col-
liding bodies metaheuris-
tic optimisation

Sequentially selection
considering various com-
binations of records

Real-permutation and
binary-permutation GAs

Constrained optimisation
using HS

Selection procedure using
evolutionary optimisation
techniques

Code-based selection using
MOPSO, NSGA-II, and
PESA-IT

Multi-objective search
using GAs

Evolutionary optimisation
for multi-objective selec-
tion and scaling

Constrained optimisation
using HS

Iterative scaling and
ranking-based procedure
in frequency domain

Similarity between response

spectra and target spec-
trum using SCNNs

EC8 and NIBC

CMS target mean and
Variance

EC8

Iranian Standard no. 2800-
05

FEMA P-750 [98] and EC8

Chinese GB50011-2010

EC8

ASCE 7-10

Iranian Standard no. 2800-
05
ECS8 and CMS

ASCE 7-10

ASCE 7-16

EC8

UHS/CMS

TBEC, ASCE 7-16 UHS/
CMS

NTC18 UHS

EC8

REXEL

ISSARS

SelEQ

Nonlinear SDOF and MDOF
systems

7-Storey RC irregular build-
ing

Structures with fundamental
periods assumed as 0.45,
0.90, and 1.80 s

12 SDOF systems and 9-sto-
rey frame

2-Storey, 4-storey, and 5-sto-
rey building structures

Non-specified structure with
T1=0.75s

Select & Match (S&M) 4-Storey RC building

with P(DM > xIIM =y,) as the probability of exceeding a x
level of DM for a specific IM=y;, and A4 (y,) representing
the annual frequency of IM=Yy,.

This reduces drastically the number of motions and anal-
yses to be performed for proper probabilistic assessment.
Hence, a vast number of IMs have been implemented as
criteria for record scaling and selection, and different struc-
tures have been studied on the basis of performance-based

seismic assessment. Table 2 summarises the most relevant
IMs whose notation will be used next.

In Table 2, u, is the ground displacement, and the dots
on u represent the derivatives of the function in time
domain, denoting velocity and acceleration consecutively;
Sa, Sv, and Sd, represent spectral acceleration, velocity,
and displacement, respectively; similarly, PSa and PSv
are the pseudo-spectral acceleration and velocity; ¢ and
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Table 2 Intensity measure, M
proposed equation, and original

Equation Author(s)

reference Ground motion intensities

Peak Ground Acceleration
Peak Ground Velocity

Peak Ground Displacement
PGA/PGV ratio

Effective Peak Acceleration
Effective Peak Velocity

Effective Peak Displacement

Root-Mean-Square Acceleration
Root-Mean-Square Velocity
Root-Mean-Square Displacement

Cumulative Absolute Velocity

Cumulative Absolute Displacement

Engineering intensities
Housner Intensity

Acceleration Spectrum Intensity
Characteristic Intensity

Fajfar Index

Cosenza Index

Arias Intensity

PGA = max()ﬁgD

PGV = max( )ug|

PGD = max<|ug))
- Kwon and Elnashai [99]

0.5 ATC 3-06 [100
w5l ) 1001

EPA = 73
2.0 ATC 3-06 [100
w28l 7 ool
EPV = —
4.0 ATC 3-06 [100
avg(Sd)| 25 [ ]
EPD = —————

25
RMSa = /L [diiddt Housner [101]
ty g
RMSv = A /tlfgugdt -
d &
T 1,
RMSd = a 0' ugZdt

CAV = /Ef Reed and Kassawara [102]

ugldt

CAD = /¢']i,fat -

Housner [103]

Von Thun et al. [104]

Park et al. [105]

Fajfar et al. [106]

Cosenza and Manfredi [107]
Arias [108]

HI = /3PS, (=0.05,T)dT
ASI = [¢7PS,(=0.05,T)dT
I, = RMSa'%t,!?

= PGVt *®

I, = [ i2d/PGAPGV

— 1 [l
IO = ifougdt

Period and duration-related intensities

Significant (Arias) Duration

Mean Period

Predominant Period

Dy_gs=tg5 — t5 Trifunac and Brady [109]

Ds_g5=t;5 —ts
se(y)

Tm %G’
Tp= max(Sﬂ(=0.05,T)) -

Rathje et al. [110]

T denote the damping ratio and period values within the
spectra or pseudo-spectra; ¢, is the total duration of a par-
ticular record; s, t75, and tys are the time values where the
5%, 75%, and 95% of Ia, are achieved, respectively; and
lastly, C; and f; make reference to the Fourier amplitudes
of the entire accelerogram and the discrete Fourier trans-
form frequencies in the range 0.25-20 Hz needed for the
computation of Tm.

For a better understanding of the works summarised in
this review, the same will be sub-classified into three sub-
sections regarding: (1) Recent theoretical contributions; (2)
Studies with validation on conventional SDOF and MDOF
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systems; and (3) Studies with validation on other special
types of structures.

4.1 Recent Theoretical Contributions

Based on the assumption that IMs have a multivariate log-
normal distribution, Bradley [111] proposed to consider an
arbitrary number of ground motion IMs as a Generalized
Conditional IM (GCIM) for ground motion selection. Six
conditional (and unconditional) distributions of IMs were
illustrated for a rock site (V3,=760 m/s) in Christchurch,
New Zealand including Sa(0.05 s), Sa(0.5 s), HI, ASIL, I, and

s Lo
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significant duration to be used thereafter as GCIM for the
selected two sets of motions. All potential ground motions
are scaled to the desired level of IMs within the selection
process, and motions are selected to match all the univariate
distributions but not the complete multivariate distribution.
This research was extended in [112] by presenting an GCIM-
based algorithm for selecting recorded and scaled motions
and simulated or synthetic records. To clarify the effects of
considered IMs and the properties of selection at multiple
exceedance probabilities, some examples of the selection
were presented for a hypothetical site in Los Angeles.

The research presented by Baker [13] exhibited practical
guidelines for using the Conditional Mean Spectrum (CMS)
in ground motion selection. A site in Riverside, California,
was implemented to illustrate the incompatibility of UHS
and median spectrum from disaggregation. In this example
Baker exposed that a predicted value of Sa=0.89 g at a
fundamental period T1=1 s in the UHS is caused by ground
motions that are, on average, two standard deviations larger
than the median predicted ground motions from the causal
earthquake event. Furthermore, knowing the ¢ at a particular
period of interest, the expected mean values of ¢ at other
periods can be estimated to derive the CMS consistent with
the mean values of the spectrum at all periods. For ground
motion selection, it was recommended to scale records either
to match the target Sa at a conditioning period T* or over the
entire period range and then select the best match based on
SSE between the logarithms of the motion spectrum and the
target spectrum (see Fig. 4). A probability-based approach
for determining seismic design demands was proposed by
Bradley [113], considering an amplification factor function

25 I T
= \edian spectrum
= = - Median + 2c spectrum
ol == == Conditional Mean Spectrum
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S 151
o
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<
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(a) Selection to match the target Sa(T*)

of the number of ground motion records considered and the
uncertainty in the seismic responses. The process was sum-
marised in three simple steps: (1) Perform seismic response
analysis for a predetermined number of ground motions; (2)
Calculate the arithmetic mean, and lognormal standard devi-
ation of the response parameters of interest; and (3) Com-
pute the scale factor to obtain the final seismic demand. The
efficiency of the procedure was demonstrated in the work of
Aratjo et al. [8] for local and global deformation demands.

In 2013, Lin et al. [114] expanded the concept of CMS
introduced by Baker and Cornell [12, 28] by considering
multiple causal earthquakes and Ground Motion Models
(GMMs) to calculate the exact Conditional Spectrum (CS).
Consequently, this new process requires the extension of
conventional PSHA disaggregation, which considers only
magnitude, distance, and ¢ to de-aggregate GMMs. This new
process can also incorporate different causal earthquakes,
M, R, 6 combinations, multiple seismic source models, and
logic-tree branches. It was noticed that the exact conditional
standard deviation is higher than the approximate, which is
consistent with the contribution from the variance in mean
logarithmic spectral accelerations due to variations in causal
earthquakes and GMMs. Afterwards, Tarbali and Bradley
[115] implemented the GCIM concept to select records
considering scenario ruptures. Through an amplitude scale
factor, potential motions are selected based on matching ran-
dom realisations of IMs distributions for a particular rupture
scenario, with special attention to the weighting of consid-
ered IMs. A total of six selection vectors, combining differ-
ent IMs such as n Sa ordinates, significant duration, CAV, L,
ASI, HI, and Displacement Spectrum Intensity (DSI), were
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Fig.4 CMS for the Riverside site (T*=1 s), and response spectra of selected ground motions (Source Baker [13])
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utilised for the selection of recorded acceleration records.
The results demonstrated that considering Sa only, other
parameters, such as duration or cumulative effects, may
result in a biased representation. However, some IMs deliver
redundant information, for which their joint consideration
is inadequate for ground motion selection (i.e., Sa together
with ASI, HI, DSI, or even PGV).

Baker and Lee [116] presented an improvement for the
algorithm of Jayaram et al. [51] proposed for selecting
ground motions matching CS. The main updates of the
algorithm focused on making incremental changes to the
initially selected set and optimising the fit to the statistically
simulated target spectrum. Examples for the selection of
recorded and simulated ground motions were provided and
the advantages of the algorithm in terms of utility and speed
were highlighted. The MATLAB code was also publicly sup-
plied. Shi and Stafford [117] described two algorithms for
the selection of records based on a conditional IM target.
The first algorithm takes inspiration from the conventional
GCIM selection; the procedure was summarised as a ran-
dom walk algorithm in which records are added sequen-
tially to approximate the joint probability density function
through the distribution of the selected records. On the other
hand, the second method is deterministic and computation-
ally demanding as it aims to identify an optimal set which
matches the target distribution defined from the sample. The
IMs were chosen to address amplitude, frequency content,
cumulative effects, and duration (Sa at 30 different periods,
PGA, CAV, and significant duration D5_gs and D5 _-5). The
second algorithm outperformed the first one as well as the
conventional GCIM selection approach. However, when
the record sets are small (approximately 20 records), GCIM
showed better performance than the first algorithm.

Du et al. [118] introduced a selection algorithm based on
conditional or unconditional ground motion scenarios where
the theoretical background is based on the multivariate nor-
mal distribution of Sa ordinates at multiple periods. The
authors referred to the unconditional case as the statistical
distribution of response spectra from GMM and the condi-
tional case as the distribution of spectral values conditioned
on a target period. An example considering Sa values at
22 periods was illustrated for the unconditional and condi-
tional selection. The empirical cumulative distribution of
other IMs, including PGA, PGV, CAYV, and Ds_;5 consider-
ing three site scenarios, was consistent with the distribution
of the target median spectra. The research of Kozak et al.
[119] made available an online repository of ground motions
modified to match the seismological characteristics of south-
ern Illinois for dynamic structural analysis. The CMS for
the city of Cairo (Illinois), was derived to be used as target-
matching spectrum for various periods of interest. Twenty
suites of CMS-matched motions for five different CMS and
conditional periods in the range 0.2-2.0 s were derived
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subsequently. The authors emphasise that only records with
conditional periods similar to the fundamental period of the
structure of interest should be selected from the repository
to perform dynamic analyses.

Ji et al. [120] approached the matching of GCIM multi-
variate distribution through Genetic Algorithms as a tool
for earthquake selection. Instead of random realisations, the
optimisation algorithm searches a suite of motions that bet-
ter fit the target distribution. Thus, the cost function was
defined as the sum of the squared differences between the
means and the variances of the target spectra for all IMs. The
GCIM was supported by Sa(T), intensity-based, cumulative,
and duration-based IMs. All these IMs matched well with
the target distribution in all cases. Nevertheless, the authors
pointed out that some parameters within the algorithm could
be adjusted in practice according to the performance of the
fitness function. As an alternative to using various CMS
for the selection of 3-component motion for the assessment
of three-dimensional structures, Kwong and Chopra [121]
proposed and assembled CMS-UHS. This composite spec-
trum is defined in a range of period T, ;,—T ..« defined as the
shortest and longest period that contribute the most to the
structural response, see Eq. (3). To ensure hazard consist-
ency, the authors explicitly highlighted the importance of
selection using the vertical target spectrum, a wide period
range (0.01-10 s), and constrained scale factors. Thus, given
e from T,;, to T, the Composite Spectrum for the k com-
ponent (k=H or V, for horizontal and vertical components,
respectively) of GM is defined as:

AGCMS(Te(Ty)) T < T
A, Composite(T, )= A, ,UHS(T, ) Toin <T<T ax
ALCMS(T, €Ty ) T2 Ty

3

4.2 Studies with Validation on Conventional SDOF
and MDOF Systems

Limitations regarding the feasibility of selecting ground
motions considering a target € value at the fundamen-
tal period of the structure were pointed out by Haselton
et al. [122]. An alternative methodology in which a gen-
eral motion set can be selected regardless of the e value
was proposed. The structural response, in terms of collapse
capacity distribution, is corrected to consider the effects of
spectral shape for a specific site and hazard level. For this
purpose, a linear regression between the collapse capacity
of each record and the &(T1) of the record was proposed
to adjust the collapse capacity distribution consistent with
the target €(T1) for a site and hazard level of interest. The
method was applied to assess the collapse capacity of an
RC 8-Storey building with a fundamental period T=1.71 s.
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Figure 5 compares the results of predicted collapse capacity
distributions when records are selected rigorously for e(T1)
and the alternative methodology, which led to very similar
results (4% difference in the prediction of the mean collapse
capacity).

Buratti et al. [123] studied the distribution of drift
response in a 6-storey RC frame building with vibration
periods of 0.93, 0.32, 0.17, and 0.12 s (1st to 4th) consid-
ering the correlation of this parameter with the spectral
acceleration at the initial fundamental period. The refer-
ence distribution was defined through a regression analy-
sis considering 1666 records without scaling. The trend of
the results revealed a strong correlation between spectral
acceleration with the 4th-storey drift, and the roof drift.
Cimellaro et al. [124] studied the effect of amplitude scaling
and spectral matching in the derivation of fragility curves
for acceleration response and inter-storey drift ratio using
Sa(T1) and PGA as IMs. The case study was defined as a
5-storey moment-resisting frame taken from the work of
Shome et al. [125]. For amplitude scaling, the scale factor
was obtained by minimising the SSE of the target spectral
values and the median of the spectral ordinates. At the same
time, for spectral matching with UHS and CMS, four tech-
niques were implemented (SIMQKE [126], RASCAL [127],
RSPMATCH [128], and SMSIM [129]). The authors led to
the conclusion that fragility functions with Sa(T1) as IM are
affected by the type of spectrum-matching tool, for instance,
RSPMATCH led to lower estimation in median response
against SIMQKE and amplitude-scaled motions of 50% and
80%, respectively, when compared with RASCAL. Further,
it was determined that to reduce the error below 10% in esti-
mating fragility functions, the number of records is at least
23 and 20 for PGA and Sa(T1), respectively. Similarly, they
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Fig.5 Comparison of collapse capacity distributions (Source Hasel-
ton et al. [122])

concluded that the type of spectrum-matching tool affects
fragility functions derived based on Sa(T1) as IM. The study
by Huang et al. [130] analysed the influence of four scal-
ing techniques (geometric-mean scaling; spectral matching;
Sa(T1) and scaling of motions per distribution of spectral
demands) on the distribution of displacement response con-
sidering non-linear SDOF models. For the case of Sa(T1),
unbiased estimation of median responses but with dispersion
was observed, in the same range or even larger than those
with geometric mean scaling for ductility values larger than
3, since the 1st mode, in this case, is no longer representative
of the structural response. The authors also discussed the
importance of ¢ within the selection process by pointing out
the exclusion of the potential bias in non-linear responses
from amplitude scaling.

Lin et al. [131] presented the first part of a research on
risk-based assessment focusing on the estimation of the
annual rate of exceeding peak-storey drift ratios of con-
ventional RC frame structures. The structural model of a
20-storey RC frame building located in Palo Alto, Califor-
nia, with a fundamental period T;=2.6 s, was selected as
a case study for this research. Seismic hazard and disag-
gregation analyses were conducted for the site of interest
to subsequently derive the target CS, for which a total of
40 records were scaled and selected to match the CS for
Sa(T1) with 2% exceedance rate in 50 years. This part of the
study paid special attention to hazard consistency, imply-
ing that the distribution of response spectra is consistent
with the hazard curves of the site of interest at all relevant
periods. Besides, structural analyses were conducted using
a set of records matched from different conditional periods
to measure the effect of this conditioning period. Strong
similarities in the results were found, indicating that when
performing risk-based assessment, it is possible to obtain
accurate results by implementing any conditioning period
in the exact CS-based selection. In contrast, the second
part of the study was devoted to intensity-based assessment
and evaluating an alternative target spectrum [132]. It was
determined that using CMS instead of CS had no relevant
impact on the estimation of the median response. Finally, the
authors argued against the UHS matching selection, point-
ing out that selected ground motions are not consistent with
the ground motion hazard for which they were selected. Ay
and Akkar [133] validated a methodology for scaling and
selection of motions developed in [134] for the probabil-
istic risk assessment of 3-story, 4-story, and 8-storey RC
plane frame models. The methodology aims to scale and
select n records from k candidate accelerograms, leading
to the minimum dispersion with respect to a target spectral
displacement value derived from the disaggregation of a
site-specific PSHA. The methodology of Baker regarding
the CMS [13] was used to compare the results computed
through the proposed methodology. An acceptable level of
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agreement was observed within the probability distributions
of scaled ground motion spectral acceleration ordinates and
global structural demand parameters.

On the other hand, Kazantzi and Vamvatsikos [135]
investigated the selection of proper scalar IMs for vulner-
ability assessment in buildings. The characteristics of the
structural models for research were representative of (1)
high-rise RC frame structures and (2) low-rise steel moment
frames. The IDA curves were defined for peak inter-storey
drift ratio and floor acceleration at each storey floor as EDPs,
to be consistent with the assessment of structural and non-
structural losses. For the case of selection based on conven-
tional Sa(T1), an undesirable bias was found at high levels
of scaling. At the same time, an IM combining five peri-
ods ranging from the mean second-mode period to twice
the mean first-mode period exhibited great performance in
terms of efficiency and sufficiency for both building classes.
Dehghani and Tremblay [136] proposed an approach for
ground motion selection in which, regardless of the dynamic
characteristic of the structure to be analysed, the same set of
scaled records (in a site of interest) can be used for seismic
design assessment. The selection process is related to the
results of PSHA to determine the dominant events from dis-
aggregation analyses. The final selection is based on a rank-
ing process of the inter-correlation of various amplitude, fre-
quency, and duration IMs. The effectiveness of the process
was tested using four SDOF systems (with vibration periods
of 0.5, 1.0s, 1.5s, and 2.0 s) and six buckling-restrained
braced frames steel buildings, for which it was observed that
average inelastic demands were not sensitive to the number
of records, with 16% difference between the lowest and high-
est average demand computed in the worst case.

An experimental investigation was led by O’Donnell et al.
[137] to study the statistical dispersion of peak inter-storey and
roof drift demand for specimens (denoted as NL2R2, NL2R4,
NL4R2, NL4R4) with variations in the fundamental period
(0.22 s and 0.27 s for NL2 and NL4, respectively) and lateral
strength, 1/2 (R2) and 1/4 (R4), under the action of non-pulse
and impulsive records covering a wide range of near-fault
effects (distances of 0.2 t019.9 km). In that sense, 39 records
were downloaded from the PEER database [56] and scaled
subsequently for: (1) ASCE 7-10 methodology; (2) Sa(T1);
(3) Median Maximum Incremental Velocity (MIV); and (4)
Modal Pushover-based Scaling (MPS). The dispersion in the
demand-based parameters was observed to remain constant
among the four structure types for the MIV scaling approach,
while it was greater using the remained scaling methods. The
MIV method also exhibited better performance for the speci-
mens with higher levels of non-linear behaviour. Bayati and
Soltani [138] described a methodology for estimating seismic
fragility curves in the NC limit stage, using only a limited
number of motion records, especially for the case of very regu-
lar structures. A 2D frame from a 6-storey RC structure with
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T1=1.2 s was selected to assess the methodology in which
the maximum inter-storey drift and Sa(T1) were taken as EDP
and IM, respectively. Instead of performing IDA for a large
set of ground motion records, the authors proposed selecting
a smaller number of records (seven for this particular case)
based on estimated fragility curves derived from the results
of non-linear static analysis (pushover capacity curve to IDA
curves). The authors observed good agreement when com-
paring fragility curves from the mean of the seven selected
records and the mean of IDA curves from all records in the set
for the 2D frame model. Chandramohan et al. [139] addressed
the effect of duration in the collapse risk assessment of an RC
frame building. Source-specific conditional distributions of
duration and conditional spectra were implemented as GCIM
targets for selecting hazard-consistent records. The analyses
determined that considering duration in the selection is more
important for sites with large contributions from large-magni-
tude interface earthquakes.

Chandramohan et al. [140] presented a work on the influ-
ence of motion duration on the collapse capacity of two dif-
ferent structures (5-storey steel moment frame and an RC
bridge support). Different from the work presented in [139],
the authors consider this time long and short duration records
(quantified by means of Ds g5, Ds_55, I, I,, CAV, and 0.05 g
bracket duration, Dy, o5) with similar spectral shape and inten-
sity defined by the 5% damped Sa(T1). In the building case,
median collapse capacity decreased 29% using long duration
motions set. In contrast, a 17% reduction was observed in the
median collapse capacity estimated by the long duration set
compared to short duration records for the bridge pier. The
authors highlighted that their results were drastically different
from other works in the past that pointed out the negligible
influence of duration on peak deformations. Furthermore, it
was concluded that structures with high ductility and rapid
rates of cyclic deterioration are most vulnerable to the dura-
tion of ground motions. The Conditional Spectral Dispersion
(CSD) was introduced in [141] as a measure of spectral vari-
ability, see Eq. (4), and suites of motions were selected, each
with the same median response spectrum but different levels
of CSD. The records were implemented as input to analyse
both SDOF systems with varying ductility levels and a 12-sto-
rey RC frame with T1=2.01 s, T,=0.68 s, and T;=0.39 s.
The results exposed a consistent trend between bias and CSD,
leading researchers to assume that spectral matching did not
induce bias between EDPs resulting from scaled and spectrum-
matched motions.

n
1
CSD = oy5,(1,) = — Z [lnsa(Teff)i - lnsa(Teff)geo]’
i=1

“
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where Sa(Tg),, 1S the geometric mean of spectral ordinates
at effective period T, and i and n are the index and number
of ground motions, respectively.

Later on, Kohrangi et al. [142] briefly introduced a meth-
odology for record selection using the CS approach with
IM as the Sa value averaged geometrically over a period
range to be aligned with the response of building classes.
To incorporate hazard disaggregation at different sites,
the approach developed by Lin et al. [114, 131, 132] was
adopted by that study. Next, a 4-storey steel frame and 3 RC
frames with 7, 12 and 20 stories and fundamental periods
of e 1.82 s, 1.60 s, 2.10 s, and 2.85 s were taken as case
studies. For analyses, four alternative ground motion sets
consisting of 44 accelerograms were chosen at each IM level
for the CS(SaT1) and the CS(Sa,,,) as the spectral ordinates
averaged at periods T=0.4:0.2:4.0 s. The authors observed
lower dispersion in IDA using Sa,,, as conditioning IM,
which remained uniform at different IM levels, different
than SaT1, where dispersion increased as with IM level. A
More detailed discussion on the advantages of Sa,, as an
advanced IM was presented afterwards in [143]. The effect
of GM selection at various hazard levels, considering UHS,
CMS, and GCIM, on the seismic collapse fragility of a non-
linear 10-storey RC frame building model was addressed in
the research conducted by Koopaee et al. [144]. Collapse
analysis was first started using the uncracked period of the
structure. Fragility curves were derived for the structure con-
sidering the fundamental period of the structure T1=1.0 s
and subsequently for the cracked period. It was observed that
the collapse fragility function varies significantly depending
on the selection approach. The estimation of the median col-
lapse capacity was up to 40% higher for selection based on
CMS and GCIM from PSHA against prediction with UHS
from NZS1170.

Samanta and Huang [145] studied the influence of 4 GM
scaling methodologies, including geometric mean, spectral
matching, Sa(T1), and maximum versus minimum orienta-
tions in a 34-storey building model referring to EDP such
as floor acceleration, storey drift and average floor spectral
acceleration. Comparable performance was observed for the
geometric and Sa(T1) scaling in predicting mean accelera-
tion and drift response values. Besides, the largest dispersion
was observed for Sa(T1) regarding acceleration responses,
indicating, in consequence, that this scalar IM is not suitable
for the analysis of structures sensitive to excitations from
higher modes. Similarly, Samanta and Pandey [146] ana-
lysed the effects of GM scaling in a 15-storey building con-
sidering Geometric mean, Sa(T1) scaling, RSPMATCH, and
Seismosoft matching for short and long duration motions.
30 Pairs of ground motion from PEER NGA Database [56]
were obtained by matching the conditions established for
the Lucknow region (capital of Uttar Pradesh, India) with
M,, =6.5 to 8.7, epicentre distance of 300 km, and shear

wave velocity in the range 73-385 m/s. The records were
also classified according to the significant duration Ds_55.
The researchers determined that Sa(T1) scaling method led
to lower estimations in the peak floor acceleration param-
eters and more dispersion in peak floor and average floor
acceleration against the geometric mean scaling. Regarding
duration, it could either decrease the mean peak and aver-
age floor acceleration at higher hazard levels or increase the
median peak storey drift at lower hazard levels.

In order to test the independency of IMs and scale fac-
tors, Wen et al. [147] studied their effects on the maximum
displacements of inelastic SDOF systems. A large variety
of IMs were analysed in terms of acceleration (PGA, I, and
I,), velocity (PGV), displacement (RMSd and PGD) and
spectra-related (Sa(T) and HI). According to their results,
the best IMs (with an approximated bias of 20%) include HI,
PGV, and Sa(T) for structural systems with short, medium,
and long periods, respectively. In consequence, the research-
ers highlighted the performance of HI in the whole period
range, even for scale factors around 10. Sa(T) and PGV were
considered acceptable alternatives with bias in the 40%
range for a scale factor between 0.2 and 5.0. Davalos and
Miranda [148] suggested a new IM named Filtered Incre-
mental Velocity (FIV) to evaluate structural collapse. The
proposed period-independent IM was defined as the sum of
the n largest incremental velocities obtained from a low-pass
filtered ground acceleration, as represented in Eq. (5). To
study the reliability of this new IM, a set of 269 records
selected from 11 shallow crustal earthquakes with M,
between 6.9 and 7.6, V3, between 180 and 760 m/s (NEHRP
site classes C and D) and R,y between 0 and 27 km, was
collected. The results were compared against other widely
known IMs considering a 4-storey moment-resisting frame
building analysed previously in [149]. The results showed
that by considering the first three largest incremental veloci-
ties (FIV3) the dispersion of collapse intensities is reduced
by 65.2% compared with traditional Sa(T) selection.

t+aT,
/ ligp(7)dr

t

FIV = max

Vt <tepq-aT,

®

with ii . as the low pass filtered acceleration, 7,,, as the last
instant of time of the acceleration time series, and « as a
scalar value responsible for accumulating time directly pro-
portional to T,,.

Du et al. [150] studied the influence of different scaling
limits (2, 5, 10, and 15) on ground motion selection, focusing
on the CS. The authors employed a reduced dataset from the
NGA-West2 [151] with 10,679 recorded accelerograms from
310 events having M,, in the range of 3.1 to 7.9 and R,
within 0.1-499.54 km, and two non-linear 2D steel frames
with fundamental periods of 0.20 s and 1.01 s, respectively.
The CS was then computed based on four hazard scenarios
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in the western US. It was determined that a lower scale fac-
tor of less than 2 can barely approximate the distribution of
the target spectra. Higher scaling factors, on the other hand,
were observed to directly affect the cumulative and dura-
tion characteristics of the records (I, and D5 _;5) and directly
increase the mean value of predicted EDPs (about 10% in
the maximum inter-storey drift ratio and four times larger
than when using lower scaling factors). Hence, a limit in the
scaling ranging from 3 to 5 was finally recommended.

Subsequently, Ghotbi and Taciroglu [152] analysed the
effects of conditioning criteria for single, 2, and averaged
IMs when collecting ground motions to analyse RC struc-
tures. For the study, 4-storey, 8-storey, and 12-storey build-
ings were modelled as 2D moment frames and selected
as case studies. GM suites with 30 bi-directional records
each are selected from a scenario defined for Los Angeles,
California, by matching the multivariate conditional distri-
bution of multiple IMs [Sa(T), I, CAV, Ds_;5, D5_o5]. The
study focused on assigning different conditioning criteria
and importance weight factors to each IM in the selected
scenario. Results emphasised the performance of the aver-
aged-IM-based selection in predicting median responses of
demand parameters for all case studies.

Du and Padgett [153] introduced the concept of a Mul-
tivariate Return Period (MRP) to consider the joint rate of
exceedance of vector IMs. The selection of motions based
on MRP was generalised into a set of steps to select a user-
specified number of records based on the SSE between the
target spectrum and the response spectrum of the scaled
record from the database. Three case-study structures were
defined, first, a perfectly elastic SDOF with fundamental
period of vibration of 0.5 s and damping coefficient { =5%;
second, an inelastic SDOF with similar characteristics and
nondeteriorating bilinear hysteresis behaviour; and third,
a 5-storey shear frame defined earlier in [154]. In addi-
tion, the seismic hazard was defined for a site in Memphis,
Tennessee, US. The authors compared the results on the
median prediction of EDPs and dispersion by considering
CS-Sa, and CS-Sa,,, selection, for which significantly dif-
ferent estimations were observed in line with the variation
in the target spectra distribution. The work of Ebrahimian
and Jalayer [155] addressed the computation of efficiency
and the relative sufficiency of IMs through modified cloud
analyses and IDA, not in terms of EDPs but damage meas-
ures directly. A 2D frame non-linear numerical model of
a school building in Avellino (Southern Italy, in Campa-
nia region) was selected for analysis. A list of candidate
scalar IMs was set to investigate: (1) PGA; (2) Sa(T1); (3)
Sa,,,(0.2T1-2T1); (4) SN1=Sa(T1)** x Sa(1.5T1)*?; (5)
SN2 =Sa(T1)*7° x Sa(T2)"%; (6) CAV; and (7) I,. The
analysis of the results for the case study structure showed
that Sa,,(T) and SN1 measures were significantly more suf-
ficient relative to Sa(T1).
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Thereafter, Vargas-Alzate and Hurtado [156] investigated
the efficiency in predicting the mean response of buildings
under the action of near- and far-fault records. By taking
into account the probabilistic characterisation of building
structures, 444 and 492 models were derived to study the
effects of near-fault records and far-fault records, respec-
tively. Accordingly, two ground motion subsets are col-
lected: a subset of 444 records with an epicentral distance
of less than 10 km; a subset of 492 records with epicen-
tral distance ranging within 10 to 30 km. Spectral-based,
energy-based, and IMs computed directly from the record
were considered alongside EDPs, including maximum roof
displacement, maximum global drift ratio, maximum inter-
storey drift ratio, and shear base coefficient. It was claimed
that energy/velocity-based IMs exhibited higher efficiency
than acceleration-based IMs, showing correlation index
values up to 0.97 associated to each IM-EDP set of points.
Since the examined IMs are not structure-dependent, struc-
tures with different properties might be analysed using the
same fragility function. It was also verified that near-fault
motions induce larger demands in terms of EDPs than far-
fault recorded accelerograms, even at the same intensity.

To determine the potential source of bias induced by
amplitude scaling, the study by Tsalouchidis and Adam
[157] examined the maximum inter-storey drift ratio of four
groups of structures, including 4-storey, 8-storey, 12-storey,
and 20-storey non-linear planar moment frames, under the
effects scaled GMs with an equivalent level of intensity. For
this purpose, 17.150 records were gathered, covering the
distribution of GM intensities with a focus on Sa(T1), Saavg,
I,, CAV, and significant duration as well as seismological
characteristics in terms of M,,, Ryg, and V,. The results
of cloud analysis from unscaled and scaled accelerograms
led researchers to conclude that regardless of considering
spectral shape compatibility, amplitude scaling of IMs did
not induce bias on the median prediction of EDPs. Nonethe-
less, the authors suggested a particular caution on using low
amplitude records with large amplitude scaling to cover the
lack of records at higher amplitudes. Sucuoglu et al. [158]
extended the concept of inter-storey drift-based scaling
(IDS) introduced previously in [159] to select bi-directional
motions for the analysis of 3D structures. This scale factor
is the ratio of average maximum inter-storey drift distribu-
tions for a specific target and the bi-directional motion to
be scaled. The authors considered a 20-storey RC regular
building and a 3-storey RC dual (frames and walls) irregular
system to illustrate the applicability of the proposed scaling
technique. ASCE/SEI 7-16 and Sa(T1) scaling were also
employed for comparison. IDS-IM proved to be more effi-
cient than the other two scaling procedures. The potential
of this new IM was also pointed out in the mean prediction
of other demand measures, such as maximum plastic rota-
tions. Finally, Xu et al. [160] developed a machine-learning
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approach for damage prediction considering a large set con-
sisting of 48 IMs to represent ground motion characteristics.
The methodology was tested in 12 building models with
different structural and dynamic characteristics. Findings
revealed that frequency-based IMs significantly influence the
mean prediction over time-domain IMs. Furthermore, it was
demonstrated that to achieve good predictions in the mean
response of EDPs (accuracy larger than 90%), the number
of IMs as input increases with the complexity of structures.
This means frame structures may require a single IM, but
complex systems may require up to 13 IMs in the worst-case
scenario).

4.3 Studies with Validation on Other Special Types
of Structures

The work of Hariri-Ardebili and Saouma [161] was aimed
at expanding the definition and application of IMs (used
mainly in the context of frame-building structures) for
probabilistic seismic demand assessment of concrete dams.
Approximately 70 scalar IMs were examined carefully by
the authors, and they determined that the most suitable IMs
for the analysis of concrete dams include: PGA, PGV, PGD,
I, ASI, Sa(T,), Sv(T,), and Sd(T,). For the derivation of
fragility curves, the crest displacement was selected as
EDP, for which PGA and Sa(T2) generate wider curves than
Sa(T1) considering a limit value arbitrarily set in 20 mm, as
depicted in Fig. 6.

The concept of GIMD was adopted again in the record
selection for the seismic slope displacement analysis [162].
Multiple suites of motions were selected considering dif-
ferent target vector-IMs (Sa ordinates at 22 periods, I,, and
Ds_;5) for an earthquake scenario with M,, =7, strike-slip
fault mechanism, R, =20 km, and V3,=400 m/s. It was
verified that the collected records matched well to the target
distribution of Sa over a wide period range. Biased distribu-
tions in the mean displacement values of each slope were
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Fig.6 Comparison of fragility curves on exceeding a crest displace-
ment of 20 mm (Source Hariri-Ardebili and Saouma [161])

derived using motion suites with biased Ia distributions. It
was also numerically demonstrated that the mean displace-
ments are proportional to the increase of I, amplitudes. In
contrast, the biased distribution of D5_;5 did not produce
visible differences in the mean slope displacements. Morelli
et al. [163] took from [164] the numerical model of an indus-
trial structure to study the suitability of selection and scaling
techniques for the performance-based assessment of irregu-
lar structural systems. Two sets of motion were selected for
the analysis, matching the UHS and the CMS at an Italian
high seismicity zone. When Sa(T1) in the x direction was
adopted as IM, the trend in the results of EDPs exhibited less
scattered for probabilities of exceedance of 10% and 50%,
while sets scaled to Sa(T1) in the y direction did not show
any advantage in terms of dispersion within the EDP results
but higher mean values.

Li et al. [165] focused their research on selecting the
most unfavourable earthquakes for the dynamic analysis of
nuclear power plant models. To this end, various IMs to
characterise the EDPs and damage were examined by utilis-
ing correlation analyses. The authors proposed a total of
32 IMs, subclassified in groups derived directly from the
record itself, the elastic spectrum, or the inelastic response
spectrum. These IMs were defined to represent the ground
motion damage potential quantified by the maximum top
displacement of the containment structure and the average
floor spectral acceleration of the secondary system. Sa(T1)
was selected as the most suitable IM for the containment
structure as it exhibited mean values of correlation with the
top displacement around 0.998 with a standard deviation of
0.002. As for the secondary system, Sa, Sv(T1), RMSa and
I, were determined as acceptable IMs with good levels of
correlation with the EDP. The effects of motion selection
and scaling of earthquake records were examined using non-
linear models developed for the bridges: (1) Jack Tone Road
Overcrossing; (2) La Veta Avenue Overcrossing; and (3)
Jack Tone Road Overhead, all located in California [166].
The earthquake scenario was selected to be consistent with
the California area by considering an M, =7.0 earthquake
on a strike-slip fault, a source-to-site distance of 10 km,
and Vg, based on the bridge soil profile. PGV was selected
as the most suitable IM, and 99 records (taken from the
PEER database [56], according to the previously described
scenario) were scaled based on its distribution. The effects
of conventional Sa(T1) selection and scaling versus the
CS method were investigated. Results reveal that both
approaches led to a significant underestimation of the prob-
ability of collapse compared with the unconditional selec-
tion approach in which the median+ 1.5¢ spectrum scenario
from the attenuation model defines the target spectrum.

On the other hand, the research of Zuccolo et al. [167]
introduced haselREC (HAzard-based SELection of
RECords) as an open-source tool for GM selection and
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scaling. One important input prior to the selection is the
PSHA and disaggregation results from OpenQuake [72].
Hence, the selection module provides the ID of selected
records to be subsequently scaled in the next module. In
addition to conventional PGA, Sa(T) selection, average Sa
(Sa,,,) was also included as an alternative IM within the
selection process to overcome the limitations of single-
period selection and scaling. The applicability of the tool
was illustrated by selecting two component accelerograms
considering six different site conditions and multiple return
periods for the seismic analysis of existing bridge models
located in Italy, North Macedonia, and Israel. For selec-
tion based on Sa,,, a good level of fit was observed in the
period range by the selected records. Regarding the struc-
tural analysis, it was briefly mentioned that the application
of haselREC led to less dispersion in the behaviour of the
bridge inventory. It should be noted that hase]lREC allows
for selection in the framework of CMS, but the authors
expressed their interest in including the exact CS selection
methodology for upcoming works. Table 3 summarises the
works referenced in Sects. 2.3.2 and 2.3.3 regarding case-
study structure, IMs and EDPs analysed.

5 Use of Simulated Signals as an Alternative
to Ground Motion Selection and Scaling

This last section provides a discussion of a few investigations
in which the selection of earthquake input to dynamic analy-
ses has been tackled by adopting simulated artificial or syn-
thetic signals. According to Rezaeian and Sun [7] exist two
main categories of models for generating synthetic ground
motions; those are source-based and site-based models. In
source-based approaches, the fault rupture, wave propaga-
tion, and site conditions (i.e., physics of the earthquake) are
explicitly considered to generate a time series at a specific
site. In contrast, site-based methodologies account implicitly
for these characteristics by fitting a stochastic process to pre-
viously recorded and well-characterised earthquake motions.
Accordingly, the list of works discussed in this last section is
sub-categorised into works implementing source-based and
site-based approaches.

5.1 Works Implementing Source-Based Approaches

Koboevic et al. [168] used a large dataset of source-based
simulated records [44] compatible with the 2005 National
Building Code of Canada (NBCC 2005) [45] uniform hazard
spectrum to study the median inelastic brace deformations
of a four-story concentrically braced steel frame, compared
to the effect of amplitude scaled historical records. Three
sub-sets of records were derived, first, by considering the
unscaled matching with the target spectra (showing better

@ Springer

correspondence with the results of historical records); sec-
ond, by taking two accelerograms for each M—-R scenario;
and third, by considering the Atkinson approach described
in [44]. Consecutively, two methodologies were utilised to
achieve compatibility with the NBCC 2005 design spectra
for each sub-set and for ensembles of 120 simulated records.
The former, by matching spectral values in the period range
0.2-2.0 s, and the latter, based on the PGV ratio plus an
additional scale factor affecting the whole set. The historical
records, on the other hand, were selected according to their
seismological characteristics. In spite of different motion
characteristics, the cumulative probability of normalised
brace axial deformation (i.e., fragility analysis) was in good
agreement with the results of historical and simulated sig-
nals (record-to-record variability generally higher than 0.4)
supporting the adequacy of the sets of simulated records.
Michaud and Léger [169] analysed the effectiveness of
seven scaling methods and two spectral matching approaches
with the NBCC 2005 [45] UHS for Montreal to perform
nonlinear seismic analysis in multiple SDOF structures,
and a 4-storey steel frame considering both historical and
simulated records. The selection of motion was carried out
considering the disaggregation of the UHS of Montreal for
soil type class C. The simulated records were taken from the
dataset by Atkinson [44]. Regarding the scaling methodolo-
gies, these included: PGA scaling; Sa(T1) scaling; accel-
eration spectrum intensity-based scaling such that the area
under the spectral acceleration is equal to the area under
the target spectrum for a given range; ASCE/SEI 7-10 [5]
methodology; ATC scaling [170]; Atkinson methodology
[44]; and mean square error-based scaling. As for the spec-
tral matching methods, these included: frequency domain
spectral matching by modifying Fourier coefficients for each
frequency of interest, and time-domain spectral matching
using RspMatch [128]. For SDOF structures, it was observed
the ASCE and ATC scaling methods as well as frequency
domain spectral matching generate higher than expected dis-
placement ductility demand, while the other methodologies
presented a lower standard deviation. On the other hand,
SA(T1), acceleration spectrum intensity, and mean square
error-based scaling led to the smallest standard deviation in
the seismic response of the 4-storey steel frame under study.
The study by Karimzadeh et al. [171] showed the feasibil-
ity of implementing sets of simulated ground motions in the
generation of fragility curves. The simulated catalogue was
developed considering the local seismicity parameters of
Erzincan (Turkey) as input to the stochastic finite fault tech-
nique. The study adopted structural models of representative
masonry archetypes in the region. The simulated records
were selected and linearly scaled to reach sequential dam-
age stages in the fragility analysis that were validated with
the observed damage levels after the 1992 Erzincan earth-
quake of Mw =6.6. More recently, Karimzadeh et al. [172]
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examined the differences between real and simulated records
reproduced through the stochastic finite-fault method. The
simulated records were reproduced for Erzincan and Duzce
city centres in Turkey, considering scenario earthquakes
for different Mw values as well as simulations reproduced
after the 1992 Erzincan earthquake (Mw = 6.6) and the 1999
Duzce earthquake (M,,=7.1). Independent sets of real and
simulated records were selected according to the distribution
of IMs (i.e., PGA; PGV; and ASI). In the first stage, the data-
sets were compared in terms of structure-independent IMs
using Kolmogorov—Smirnov statistical tests to quantify the
difference between empirical distribution functions of real
and simulated sets, demonstrating that real ground motions
are generally in close agreement with the simulated data.
Furthermore, the correlation between IMs and maximum
displacement demand was studied considering multiple non-
linear SDOF systems subjected to the selected records of
each set. A Higher correlation for the simulated records was
found, mostly attributed to the less scatter in region-specific
simulations against real motions.

5.2 Works Implementing Site-Based Approaches

The work of Lin et al. [173] examined diverse method-
ologies for obtaining spectrum-compatible input records
for the analysis of three building structures ranging from
low-medium to high-rise buildings (4-storey, 10-storey, and
16-storey, respectively). The first technique consisted of
scaling each record such that the area of the acceleration
spectrum is equal to the area under the design spectrum
within the range 0.2—4.0 s. Modification of accelerograms in
the frequency domain was also conducted by considering the
ratios between spectral values from the design spectrum and
the unmodified accelerogram in an iterative process. Arti-
ficial accelerograms were developed as a sum of sinusoids
through SIMQKE [174]. The largest dispersion around the
mean spectra for all four sets was observed in the real-scaled
and simulated records. Further, the authors encouraged the
usage of scaled real accelerograms for the analysis of RC
buildings since it led to mean maximum values of inter-story
drifts and curvature ductilities.

Causse et al. [175] generate a set of synthetic records
compatible with EC8 design spectra. A reference set consist-
ing of 10 accelerograms was downloaded from the PEER
Ground Motion Database [56] according to the conditions
5.8<M,,<6.2, 0<R,;;<20 km, and 400 <V 3, <600 m/s
(ECS, site B category) to be subsequently modified by add-
ing wavelets to match the response spectrum. A total of 5000
signals were simulated using the non-stationary stochastic
method [176] from which a subset of 10 accelerograms
compatible with the distribution of I, and significant dura-
tion of real records at a specific level of PGA is selected
subsequently. Such accelerograms were implemented in

comparing drift response of non-linear SDOF revealing that
simulated records led to the lowest variability in the mean
response.

Zhong et al. [177] implemented site-specific simulated
accelerograms to conduct code-based design checks (ASCE
7-16) and performance-based assessment of two tall build-
ings, a 20-storey RC moment frame and a 42-storey shear
wall building, considering three sites (San Francisco, Los
Angeles, and San Bernardino) and 5 seismic hazard sce-
narios to conduct the Broadband Platform (BBP) simulations
[178]. Regarding code-based design, the average response of
both buildings in terms of maximum story drift ratio, peak
floor acceleration, and story shear profiles showed good cor-
respondence using either simulated or real records fitted to
the maximum credible earthquake spectrum. However, when
using the CMS as target, the authors recommended the usage
of BBP simulated records since they represent more realistic
spectral amplitudes and shapes.

Finally, site-based simulation was also implemented by
Fayaz et al. [179] to assess hazard-targeted seismic demand
of bridges. The study considered non-linear models of four
RC bridges with different structural and dynamic charac-
teristics. A site-specific catalogue of synthetic GMs was
derived covering a time span of 100,000 years for seven sites
in southern California using the seismic model proposed by
Field et al. [180]. In addition, the group of records for the
analysis were selected in order to represent accurately the
distribution of Sa(T1) but also the correlation with other
IMs as duration and frequency content. From an engineer-
ing point of view, simplified tables were provided by which
practitioners can determine the number of analyses to con-
duct according to the bridge structure topology.

6 Conclusions

This paper presented a detailed literature review on the
scaling and selection approaches of earthquake motions
for structural engineering applications. Reviews have been
presented in the past, as in Iervolino and Manfred [18] and
Katsanos et al. [19], covering most of the research conducted
before 2010. Thus, the present review devotes special atten-
tion to works performed after 2010. The discussion within
this article was chronologically organised into four princi-
pal categories: (1) Preliminary works (research done before
2010); (2) Code-based selection and spectral matching; (3)
Probabilistic assessment based on Intensity Measures (IMs);
and (4) Use of simulated signals as an alternative to ground
motion selection and scaling.

Regarding code-based selection and spectral match-
ing, most research approached the selection and scaling of
motions as a constrained optimisation problem by minimis-
ing the difference in the sum of square errors between the
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spectral acceleration of motions and the target spectrum.
Harmony search [55, 61, 70, 93], colliding bodies [63],
genetic algorithms, or even neural networks [96] were pro-
posed to minimise the Sum of Squared Errors difference.
Under this criterion, it should be noted that some authors
made available user-friendly software for matching recorded
accelerograms with code-defined target spectra or UHS
derived directly from PSHA, such as REXEL [48], ISSARS
[58], and SelEQ [70] mainly. Nevertheless, early investiga-
tions argued that these spectra do not represent individual
earthquakes [13]. Therefore, alternatives were proposed to
overcome such limitations as the Conditional Mean Spec-
trum or the exact CS [114, 131, 132].

In the last years, several studies have worked on select-
ing motions based on IMs and subsequent probabilistic
seismic assessment. Such research demonstrated that the
effectiveness of IM-based selection is dependent not only
on the ground motion characteristics but also on the struc-
tural and dynamic properties of the models under analysis.
A large number of IMs have been examined in this context,
considering different types of structures from low, medium,
and high-rise frame building structures [130, 133, 135, 138,
144], concrete dams [161], highway bridges [166], even to
simplified lumped-mass models of nuclear power plants
[165]. Evidently, most of these works focused on the evalu-
ation of frame structures, and less attention has been paid
to other types of structures, such as masonry buildings or
base-isolated structures. In addition, it has been shown that
the number of IMs to take into account for proper probabil-
istic assessment increases with the complexity of structures
[160]. Although few, investigations on the implementation of
simulated signals as an alternative to ground motion selec-
tion and scaling, point to synthetic records as a promising
alternative for code-based and performance-based seismic
assessment. Simulated records represent realistic spectral
amplitudes and shapes and reduce the need for large scaling
to represent earthquake features if they are validated both
from seismological and structural points of view.

Finally, it is important to stress that this paper's goal is to
provide an overview and discussion of the most advanced
and recently proposed methods/approaches regarding scaling
and selection of earthquake motions for structural engineer-
ing applications. The discussion focuses on two principal
topics: (a) code-based selection and spectral matching and
(b) probabilistic assessment based on IMs. Therefore, this
review provides a suitable reference for future investigations.
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