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whole period range of interest. This is achieved by first producing an ensemble of
random target spectra with the given mean and variability and then using them to

spectral representation techniques. Spectral correlation can also be assumed for
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ants lies in the techniques employed for modeling the temporal and spectral
modulation, focusing on the site-compatibility of the produced records. The first
approach uses past-recorded seismic accelerograms as seed records, and the sec-
ond proposes and uses a new, probabilistic time-frequency modulating function.
The outcome of the proposed methodology is suites containing site-compatible
ground motion time-histories whose spectral mean and variability match those
obtained from any of the usually employed target spectra used in the earthquake
engineering practice. An online tool implementing the proposed methodology is
also freely provided.
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1 | INTRODUCTION

Response history analysis is widely used for the performance assessment of structural systems under seismic loading.
The input earthquake actions are represented by suites of accelerograms that are compatible with a predefined hazard
scenario for the site of interest. A common approach for achieving seismic hazard compatibility involves matching the
spectral mean of an accelerogram suite to a target acceleration response spectrum. The latter is either a uniform hazard

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Author(s). Earthquake Engineering & Structural Dynamics published by John Wiley & Sons Ltd.

3140 wileyonlinelibrary.com/journal/eqe Earthquake Engng Struct Dyn. 2024;53:3140-3164.


https://orcid.org/0009-0003-0314-0519
https://orcid.org/0000-0002-0698-822X
https://orcid.org/0000-0001-5219-1804
mailto:mfrag@mail.ntua.gr
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/eqe
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feqe.4153&domain=pdf&date_stamp=2024-05-28

YANNI ET AL. W l L E Y 3141

spectrum (UHS) which typically takes the form of a design spectrum,’ or a conditional mean spectrum (CMS).%* In the
field of Probabilistic Seismic Hazard Analysis (PSHA), a UHS provides an envelope of spectral accelerations at all periods
with a given exceedance probability. In this respect, UHS correspond to conservative hazard estimates. More recently, the
CMS has been recognized as an alternative to the UHS. The CMS provides an improved representation of the hazard at
a site because of the realistic correlation between spectral amplitudes at different periods of vibration. Additionally, the
CMS offers a less conservative hazard representation. Alternatively, the target spectrum may be obtained from a ground
motion model (GMM) corresponding to a specific magnitude-distance scenario and site conditions and containing more
detailed hazard information for the site of interest.

The acceleration time-histories adopted for seismic simulations can be either past-recorded (natural) or artificial. Engi-
neers conventionally follow the practice of selecting and scaling suitable past-recorded ground motions from online
databases. These accelerograms, however, have been recorded on different locations from the site of interest and thus cor-
respond to different magnitude-distance scenarios and soil characteristics. Furthermore, in many cases, high-resolution
hazard analysis may be constrained by the limited availability of ground motions that match the target spectral ordinates.
This limitation becomes particularly evident for high limit-states like collapse, where the analysis is restricted by the
scarcity of sufficiently strong recorded ground motions. Consequently, a substantial debate has been raised from the selec-
tion of a limited number of scaled past-recorded accelerograms. Note in passing that the challenge of selecting and scaling
earthquake records still remains a highly controversial issue in the relevant literature.*> As a result, several algorithms
that aim to address practically the issue of record selection have been proposed.*®’

The use of artificial accelerograms is an alternative option that overcomes the problems associated with the selection
of natural seismic records. More specifically, artificial accelerograms can be easily generated at the frequency bands of
interest while having the desired features using several methods available in the literature. Moreover, seismic codes (e.g.,
Eurocode 8,! ASCE 7%) recommend the use of artificial or synthetic ground motions, yet they do not propose a specific
method for their generation. In the general case, due to the random nature of the seismic actions, artificial ground motion
time-histories can be represented by stochastic processes. The available methods range from source-based models that follow
a seismological approach, to site-based models that simulate acceleration time-histories based on a target ground motion
record. Furthermore, a large number of spectrum-based models that focus on generating artificial accelerograms that are
compatible with a target design spectrum have also been proposed in the literature.

Among the aforementioned methods for generating artificial accelerograms, source-based models are physics-based
simulations that use the stochastic representation of various seismological parameters, mainly the source, travel
path, and site effects. In these models, the frequency content of the simulated accelerograms is controlled by the
seismologically-modeled source. Two main approaches exist in the literature: the point-source simulation,® and the
finite-fault simulation.” However, source-based models come with a limitation: they require detailed knowledge of the
seismological information at the site of interest that is often not available. Moreover, they rely on demanding computa-
tions, which renders them impractical for everyday engineering applications. As a result, these models are primarily used
for research-oriented objectives.

On the other hand, stochastic earthquake models that are suitable for everyday engineering applications usually
comply with site and/or spectrum-dictated requirements. As a result, site-based models, spectrum-based models, and
hybrid site and spectrum-based models are typically adopted in practice. Various techniques have been proposed in the
literature to generate this kind of models, including the filtered white noise processes,10 filtered Poisson processes,11
auto-regressive moving average processes (ARMA),"? and the widely employed spectral representation models.”* More
recent approaches are based on signal processing operations like the Fourier Transform (FT),' the Wavelet Transform,"
the S-Transform,'® and the Hilbert-Huang Transform."” Furthermore, lately, there has been a growing interest in models
capable of generating artificial accelerograms with varying spectral and temporal characteristics.'”'®!° Finally, it is noted
that the aforementioned methods generate single-component ground motions, while few site-based models that focus on
generating multi-component ground motions can be found in the literature.?%-!

The power spectrum is a core model for the representation of the excitation process and is widely applied in the literature
due to its easy implementation in the framework of stochastic dynamics approaches. The concept is no longer hindered
by the problems that it faced at its early stages back in 1947, when Housner?” with very limited data available, proposed
the white noise model for earthquake representation. In 1976, Vanmarcke?* concluded that the basis for generating target
spectrum-compatible accelerograms relies on the relationship between the values of the power spectral density (PSD) func-
tion and the response spectral values for a given damping ratio via the first passage problem. Since then, various researchers
have proposed methods for the determination of a design spectrum-compatible PSD function, for example, Vanmarcke
and Gasparini,”* Cacciola et al.,”> Kanai-Tajimi,”>*” Clough-Penzien,”® and Spanos and Vargas Loli’’ among others.
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The generated accelerograms can exhibit different characteristics in terms of stationarity. More specifically, they can be
stationary, quasi-stationary (or separable), or fully non-stationary (or non-separable). Stationary ground motions exhibit
no amplitude or frequency variation in time, whereas quasi-stationary models are a step further and they achieve only
amplitude variation in time while their frequency modulation remains constant. Fully non-stationary (non-separable)
models generate ground motions that resemble the nature of real seismic ground motions by possessing a continuously
evolving amplitude and frequency content in time. A careful consideration of record non-stationarity is necessary for
generating artificial acceleration time-histories that are expected to produce realistic structural responses. Stationary
accelerograms may have an excessive number of cycles and, as a result, they may contain much more energy compared
to actually recorded ground motions.* Furthermore, from a performance based perspective, there is a considerable need
for tracing moving resonance phenomena induced from spectral non-stationarity.*'** In order to overcome this issue,
various methodologies have been proposed for producing non-stationary artificial accelerograms.

Temporal non-stationarity is typically introduced by the modification of a simulated stationary accelerogram with a
suitable deterministic time (i.e., amplitude) modulating function, called modulating function or envelope function. Vari-
ous shapes of this function have been proposed, that is, exponential,8 tralpezoidall,34 gamma function>; or it can be energy
compatible.*® Fully non-stationary signals may be produced using the power spectrum and more specifically, the evolution-
ary power spectral density (EPSD) function. In this case, the evolving amplitude and spectral content of the accelerogram
are modeled using either a time-frequency envelope function that modifies the PSD function of a stationary stochastic
process,”’ or signal processing operations like the Wavelet Transform.>® Alternatively, various techniques have been pro-
posed in the literature in order to model the non-stationary characteristics of the produced accelerograms by borrowing
the non-stationary properties of a recorded ground motion.>>4°

The use of artificial accelerograms for seismic simulations has found many applications in structural engineering.
The continuous development and increase of the computational capabilities have established a new framework for the
seismic demand and capacity assessment of engineering structures. New approaches in structural analyses tend to go
beyond the prescriptive mindset of design codes by incorporating probabilistic models that consider uncertainties and
variations in ground motions as well as in structural properties.*' For example, Monte Carlo Simulation (MCS) tech-
niques emerge as powerful tools for evaluating the reliability of a structural system* and require the generation of
artificial acceleration time-histories. However, there are cases where the computational cost of these techniques can
be prohibitive, therefore, alternative efficient approximate analytical/numerical techniques have been developed. In the
field of stochastic dynamics, power spectrum modeling techniques harness the potential of random vibration theory in
order to provide efficient techniques for response determination and risk/reliability assessment at a low computational
cost.?>3343-46 These approaches use artificial accelerograms and they offer a straightforward implementation that relies
on the power spectrum.

Alternative to MCS and stochastic dynamics techniques are practice-oriented probabilistic models that consist of con-
ditional, intensity measure (IM) based approaches. These approaches encompass two separate probabilistic steps. More
specifically, the first step involves the seismic hazard assessment, which includes the PSHA, or the use of the CMS or
GMMs, in order to provide a statistical description of the IM. The second step consists of the evaluation of the seismic
demand based on specific values assumed by the IM. The records used in such applications can be past-recorded,*” how-
ever artificially generated suites of ground motions are also often adopted.**>° Such analysis methods for structural
performance assessment include Incremental Dynamic Analysis (IDA),” Cloud analysis, and Multiple-Stripe Analy-
sis (MSA)*” methods, as well as surrogate modeling*® approaches. In general, these methods are more appealing to
engineering practice, hence the orientation of this work.

The paper presents a practical and computationally efficient probabilistic methodology for the stochastic generation of
suites of fully non-stationary artificial accelerograms that are compatible with a target spectral mean and a target vari-
ability for the whole period range.’”>* The proposed model combines the general idea of the record selection procedure
proposed by Jayaram et al.> with spectral representation techniques for the generation of artificial accelerograms that use
a design spectrum-compatible PSD function. More specifically, multiple target response spectra are produced from a ran-
dom vector that follows the normal distribution and is statistically defined by the target spectral parameters. For every
produced target spectrum, a corresponding artificial accelerogram is generated, whose response spectrum matches the
assigned individual spectrum. Furthermore, two simple approaches are proposed for producing fully non-stationary arti-
ficial accelerograms: the site and spectrum based variant and the evolutionary power spectrum based variant. The site and
spectrum based variant employs a few recorded accelerograms from past earthquake events at the site of interest and uses
them as seed records in order to model the non-stationarity. The evolutionary power spectrum based variant employs
the power spectrum and a new time-frequency modulating function that is probabilistically modeled using a GMM
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that provides the significant duration. In both variants, spectrum compatibility is achieved through the PSD function.
This characteristic makes both variants applicable in stochastic dynamics problems. It is worth noting that the proposed
methodology is independent of the number of accelerograms contained in the databases and it does not require scaling.
Furthermore, it allows to generate as many as required artificial accelerograms for advanced seismic reliability analyses.

The paper aims to offer a tool for practical engineering applications like dynamic structural analysis, or the performance-
based assessment of structures. The novel contributions of the proposed work refer to the compatibility of the suite with
a target spectral variability, the consideration of spectral correlation at pairs of periods, the variation of the amplitude
and frequency modulation features of the accelerograms within a produced suite, and the proposal of a new, probabilisti-
cally defined, time-frequency modulating function that is compatible with the strong motion duration of a seismic hazard
scenario. Regarding the target spectral variability, it has to be stressed that the majority of the spectrum-based artificial
accelerogram generation models that have been proposed in the literature ensure compatibility only with a target mean
spectrum, for example refs. [39, 40]. The spectral variability of suites of ground motions, however, affects significantly
the structural performance assessment. Therefore, the proposed methodology has the advantage that the produced suites
of accelerograms have a controlled target variability for every period value, while also taking into account a correlation
structure at different periods of vibration. Furthermore, the proposed approach generates suites of fully non-stationary
accelerograms, whereas a relative work by Zentner'® produces only quasi-stationary accelerograms. Moreover, as the PSD
function is directly related to the target spectrum, having a suite that contains accelerograms with different target spectra
overcomes, for both variants, the common drawback of producing artificial time-histories with the same spectral fea-
tures. Another issue in generating suites of ground motions is that the same deterministic procedure is applied for each
accelerogram, using one power spectrum and fixed modulating function values. This approach results in ground motions
characterized by very similar amplitude and frequency modulation. The proposed methodology, in both of its variants,
overcomes this issue. Additionally, compared to relative works,'® it has the advantage that it ensures that the amplitude
and frequency modulation features are compatible with the site of interest. More specifically, the site and spectrum based
variant involves the generation of suites of artificial accelerograms by employing and randomly sampling past-recorded
seismic accelerograms from the site of interest as initial seed records. Therefore, the produced accelerograms show varia-
tion in duration and are compatible with the site’s seismicity. The evolutionary power spectrum based variant uses a new,
strong motion compatible, time-frequency modulating function. In contrast to popular methods in the literature that
use deterministic envelope functions, this new function is modeled probabilistically in terms of strong motion duration
variables using a GMM, and a fixed frequency parameter. As a result, the generated accelerograms possess variation in
duration, amplitude and frequency modulation, and compatibility with the strong motion duration of the desired seismic
scenario. Finally, the proposed methodology aims to offer a practical tool for the everyday needs of engineering practice
in a consistent and code-compliant manner. To achieve this goal, it relies on well-established models and empirically
confirmed assumptions, avoiding unnecessary complications.

The remainder of this paper is organized as follows: In Section 2 some preliminary concepts regarding the generation
of artificial accelerograms are introduced. Next, in Section 3 the proposed methodology is analyzed, step by step, for both
of its variants. In Section 4, two illustrative examples are presented in order to display its steps and efficiency, as well
as a discussion on the advantages, assumptions, and applications of the proposed methodology is provided. Finally, in
Section 5 the drawn conclusions are presented.

2 | PRELIMINARY CONCEPTS: THE SPECTRAL REPRESENTATION METHOD

2.1 | Spectral representation technique for the stationary case

Target spectrum-compatible stationary accelerograms can be simulated as stochastic processes using spectral represen-
tation techniques. Following Shinozuka and Deodatis," the ground motion due to a seismic event can be modeled as a

zero-mean stationary Gaussian stochastic process ay(¢) of finite duration T, generated as the superposition of harmonic
functions with random phase angles:

N
as(t) = Z{ V/2G,(w;)Aw cos (w;t + 6,) )

where N is the number of harmonics to be superimposed, w; is the angular frequency of the i’ harmonic, Aw is the con-
stant integration step, and 6; are the random phase angles, uniformly distributed in the interval [0, 27]. Furthermore, the
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amplitude of every component is related to the one-sided PSD function G,(w;) of the stochastic seismic motion. Compati-
bility with a target spectrum is achieved by the determination of Gy(w;) based on the random vibration analysis approach
proposed by Vanmarcke and Gasparini** and further developed by Cacciola et al.>> The basis of the method is the eval-
uation of a one-sided PSD G,(w;) which is consistent with a target pseudo-acceleration response spectrum S} (w;,¢) of
a quiescent elastic single-degree-of-freedom (SDOF) oscillator of undamped angular frequency w; and damping ratio
¢, that is subjected to the generated ground acceleration ag(t). If X;(¢) is the obtained stochastic response process, the

pseudo-acceleration response spectrum is:
Sy, §) = 77Xiwi2\/ Aox; ()

where 7y, is the peak factor and 4, x, is the variance of the stochastic response process X;(t). The peak factor 7y, is the
critical factor by which the standard deviation \//Txi of the considered elastic oscillator response is multiplied to predict
a level of spectral acceleration S} (w;, {) below which the peak response will remain in the interval of T, with probability
p.*® The ”;” in T, and Gy(w;) refers to stationarity. The evaluation of nx, is related to the concept of the first-passage
problem. According to the hypothesis of a barrier outcrossing in clumps,’* the peak factor is obtained as:

nx,(Ts, p) = \/Zln {ZNXI_ [1 —exp (—6)1('121 /7ln (Zin)>] } 3)

where Ny, is the mean zero crossing rate and dx; is the spread factor of the stochastic response process X;(t), defined as:

T, /12,Xi 1
Ny, = o /E(—lnp) and &y, = 4)
where 4, x, is the n'" order (n = 0,1, 2) spectral moment of the stochastic response process X;(t), calculated as:
[Se] wn
Adox, = / Gy(w)dw 5)
T o (@ - w22+ ww)?

In order to determine the target spectrum-compatible PSD G (w;), it is necessary to evaluate the peak factor and the
variance of the SDOF response. However, as observed by Equations (3)—(5), these two parameters depend on the input
PSD itself, thus requiring a solution of the inverse stochastic dynamics problem. In this framework, the variance 4, x, of
the response process can be approximated as”’:

;i
Ty, = 2 (E _ 1) + i4/ Gy(w)dew ©)
C/Jl. C()l. 0

Moreover, Cacciola et al.>> proposed that the mean zero crossing rate and the spread factor are evaluated approximately
with reference to a white-noise input™:

T
NX- = ﬁwl(— In p)_l (73)

1

2
1 2 ¢
Ox, =4|1— 1_—§2<1 - arctan 1—_@) (7b)

Approximating the target PSD with a constant piecewise function, the integral of Equation (6) can be obtained as a discrete
summation. Replacing the obtained 4, x, in Equation (2) leads to the following expression for the spectral acceleration
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S5 (w;, §):

i—1
Szz(wi’ H= n)Z(iGs(wi)wi (n;—{‘l{> + U;Z([ACO(Z Gy(wy) + Gs(wi)> (®)
k=1

Finally, the target spectrum-compatible one-sided PSD function Gg(w;) of the stationary process can be obtained solving
Equation (8) with respect to Gy(w;) as follows:

42 i-1
el (Sa @:.¢) _ Aw Z Gs(cok)>, w; > Wy
k=1

Gy(ew;) = q @i — 4wy 1%,

0, (OF < o

(9)

The range of w; is defined in the interval [w, w,, |, where w,, is an upper cut-off frequency beyond which the PSD function
Gy(w;) is assumed to be zero for either mathematical or physical reasons and w, is the lowest frequency bound of the
existence domain of Equation (3). For Equation (7) in particular, the value of wy is 0.36 rad/s.”> This value can not be less
than 0.36 rad/s in this case since lesser values make the quantity inside the root in Equation (3) negative. It should be
noted that, for i = 1, G,(w;) = 0."* The accelerograms generated by combining Equations (1) and (9) are stationary and
have all the same duration T.

2.2 | Generation of non-stationary ground motions
2.21 | Modeling the temporal non-stationarity

As discussed in the Introduction, integrating non-stationarity into artificial accelerograms is essential for accurately rep-
resenting the dynamic and evolving characteristics of seismic events. Temporal (or amplitude) non-stationarity is typically
introduced with a time-modulating function ¢(t). The first techniques for generating artificial accelerograms typically were
based on time-modulating functions in order to produce quasi-stationary (or separable) accelerograms.’* However, more
recent approaches that generate fully non-stationary (or non-separable) accelerograms, tend to use time-modulating func-
tions for the modeling of the temporal stationarity®*"*° as well. As already mentioned in the Introduction, these functions
can have various shapes. In this study, the following piece-wise envelope function of Jennings et al. ** has been adopted:

() =49 1, t<t<t, (10)

3
exp — & (t—=1t), t>t,

[f—

L

The length of the plateau T = ¢, — t; defines the significant (or the strong motion) duration T of the accelerogram. The
duration of the strong motion is fundamental for engineering applications and should always be compatible with the
seismic scenario considered and the soil conditions of the site under study.” If T is defined as the time interval within
which 90% of the energy is dissipated, then ¢; and ¢, correspond to the time where the 5% and 95% of the total Arias
intensity, or energy.

2.2.2 | Spectral representation technique for the non-stationary case
Fully non-stationary artificial accelerograms can be generated using a past-recorded accelerogram as a seed record, follow-

ing the method proposed by Cacciola.? Therefore, fully non-stationary and spectrum-compatible accelerograms can be
achieved by superimposing the natural record with a corrective term which is a stationary zero-mean Gaussian stochastic
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process, multiplied with a time-modulating function ¢(¢):
N
(1) = aeap(t) + () ) V2G(w)Aw cos (wit + 6;) (11)
i=1
where ay(t) is a real recorded accelerogram and ay, is a scaling coefficient:
S(w;,
a,, = min [Z(L‘O] i=1,2,..,N. (12)
Sa (wi’ g)

where S (w;,¢) is the target spectral acceleration and SR(w;, ¢) is the recorded accelerogram’s spectral acceleration at
frequency w;, and a,. = max|[ay., 1] for the method to be valid.>” Spectrum compatibility is achieved through the one-sided
PSD function of the quasi-stationary zero-mean Gaussian stochastic process:

-

4 S5 (w3, ¢) — (ageSR(w;, ¢))>? <
S Ul 3a (wi,$) (;lsc 0@, ) —AwZG(wk) o
w;m — 4wy nx, k=1
G(CO) = < S*z X _ SR X 2 i-1 (13)
l X l a (@) (2asc a(@, OF Aw Z G(wi) | w; > W,
le. k=1
0, w; < Wy
where U[-] is the unit step function that is used to avoid negative solutions.
2.2.3 | Spectral representation technique for the non-stationary and non-separable case

Fully non-stationary artificial accelerograms using an EPSD function can be generated following the method proposed by
Preumont.*’ In this method, the EPSD function is determined by equating, for each frequency, the energy of the separable
(i.e., quasi-stationary) process with the energy of a non-separable (i.e., fully non-stationary) process. Therefore, the ground
motions are generated as:

N
ag(t) = ; Vv 2G(w;, t)Aw cos (w;t + 6;) (14)

where in this case, the one-sided EPSD time-frequency function G(w;, t) is defined as:

J e dt

G(wi, 1) = Gy(w)|®(w;, ] — > —
‘/0 |(I)((l)i,t)| dt

(15)

where |®(w;, t)| is a time-frequency envelope function that performs the time and frequency modulation of the generated
accelerogram in order to simulate the characteristic behavior of real recorded accelerograms. More information for this
modulating function will be provided in Section 3.2.2.

3 | PROPOSED METHODOLOGY

This study proposes a practical probabilistic method for the stochastic generation of suites of fully non-stationary artificial
accelerograms that are compatible with a target spectral mean and a target variability in order to achieve seismic-hazard
consistency. Once the mean target spectrum and variability are available, an ensemble of target response spectra of spec-
ified damping ratio ¢ is produced. Then, for every target spectrum, a corresponding artificial acceleration time-history
whose response spectrum matches the particular spectrum is generated. The simulated ground motions are fully non-
stationary, distinct, site-compatible, and generated using spectral representation techniques. For a seismic hazard scenario
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(M,-R) and soil conditions, the target mean response spectrum at a specified range of periods T; = 27 / w; can be obtained,
either in the form of a UHS, or from a GMM. Variability is typically defined in the case of a GMM, as they provide the mean
and standard deviation of the logarithmic spectral acceleration values. In the case of a UHS, it already accounts for vari-
ability in spectral accelerations at every period. Jayaram et al.> mention that no further variability should be applied to the
UHS, “since varying the spectral values is equivalent to varying the associated exceedance rate of the spectral accelerations
from period to period™.

The proposed methodology includes two distinct variants: the site and spectrum based variant and the evolutionary
spectrum based variant. The former is applicable in cases where regulations impose the use of real recorded acceleration
time-histories in the process of generating artificial accelerograms, or simply when there is a need for additional accel-
eration time-histories due to a limited number of past records from the site of interest. The latter variant is more general
in scope and applies to a broad range of problems, from dynamic analyses to stochastic dynamics applications. The first
variant of the proposed methodology creates suites of artificial accelerograms using past-recorded seismic accelerograms
as seed records in order to model the amplitude and the frequency modulation in time. A small number of records is
obtained from the site of interest from past seismic activity and then it is randomly sampled. The second variant uses an
appropriate one-sided EPSD function G(w, t) which is modeled by a time-frequency modulating function |®(w;, t)|2.

Both variants of the proposed methodology use a different approach for the record duration modeling, and thus avoid
creating suites that contain very similar accelerograms of the same duration. The site and spectrum based variant deter-
mines the values of t; and ¢, for the time-modulating function ¢(¢) from the Husid function of the recorded accelerogram.
The evolutionary spectrum based variant defines those values statistically; ¢; is randomly sampled from a given inter-
val, and the significant duration T is also sampled once the logarithmic mean and standard deviation are known from a
GMM. In this variant, a new time-frequency modulating function is proposed, which ensures that the peak of the envelope
is compatible with the strong motion duration T.

The generation of artificial accelerograms typically requires corrective iterations in the frequency domain in order
to achieve enhanced spectrum compatibility, for example, the widely applied methods proposed by Vanmarcke and
Gasparini,’* Spanos and Vargas-Loli,”’ and Cacciola.* Especially when the proposed methodology is adopted, introducing
the target variability increases the method’s sensitivity to the individual spectrum matching quality, that is, poor spectrum
matching adds spurious variability in the model. The proposed iteration scheme uses the FT instead of the customarily
employed PSD function, as it is computationally efficient and capable of achieving the appropriate matching for the objec-
tives of the study. Due to the enhanced spectrum matching, the proposed method is efficient even for a small number of
generated accelerograms, for example, seven. The outcome of the proposed methodology is a suite of fully non-stationary
ground motion time-histories whose mean and variability match those of a GMM or a code-based design spectrum. The
steps are discussed below and are also shown in the flowchart of Figure 1. The online tool for the proposed methodology
is freely available at: https://github.com/HeraYanni/ProbGenArtifAccel.git.

3.1 | Generation of target spectra

An ensemble of target spectra Sﬁj (T;,¢) is produced, with the targeted mean and variability. For this purpose, variability
is quantified with the variable §*(T;,¢), and S*’(T;, ¢) are generated according to the process that follows. The target log-
arithmic spectral accelerations In [S;J (T;, ¢ )] at every period T; are sampled as a normally distributed (Gaussian) random

variable with mean In [S5(T;, )] and standard deviation o} s )(Tl-, &)

In [5,(T;, )] = In[S3(T O + 007, ¢ (T0n0) (16)

where a; is a standard Gaussian random variable. This assumption relies on the empirically verified observation that

the logarithmic spectral accelerations In [Sa*j (T;, ¢ )] follow the normal distribution, characterized by the mean value
and standard deviation.? It is noted that Equation (16) assumes perfect positive correlation between pairs of periods,
p(T;, Ti41) = 1, which is a common assumption. When a GMM is used, the target mean S} (T}, ¢) in Equation (16) is the
mean spectral value obtained from the GMM at every period T;. In this case, the variability around the target spectrum
is determined as the standard deviation of the natural logarithms of the spectral values given from the GMM, that is,
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Define the target mean spectrum S*(7;, ¢), the target variability 5*(7;, (), and the required number of n.
Produce a suite of target response spectra S*¥(T;, ¢), where 1 < j < n (Section 3.1).

!

Select a variant for the generation of the artificial accelerograms (Section 3.2).

!

Jj+1

While 7 <n

Determine the non-stationary parameters t1, ¢ty of the time-modulating function/time-frequency modulating function.

!

Generate the artificial accelerogram (1,:}5*-7 (t), compatible with the individual target response spectrum S;‘j(Ti, Q).

}

Compute the response spectrum S, (T}, ¢) of a*I(t).

}

Perform corrective iterations (Section 3.3).

!

Apply baseline correction (Section 3.4).

!

Terminate

FIGURE 1 Flowchart of the proposed procedure for generating suites of fully non-stationary artificial accelerograms compatible with a
target spectral mean and variability.

BT, ¢) = o;“n (Sa)(Ti’ ¢). For a suite containing n accelerograms, Equation (16) can be re-written as:

S5 (T1,¢) = SHT, ) exp [a;84(T5, 0)) (17)

where 1 < j < n. Since perfect positive correlation between pairs of periods has been assumed, the value of the parameter
a; is the same for every period T; of each record; thus only one value of a; is needed for every record. Consequently, a;
is generated as a random vector a,, = [a;, a5, ..., @,,] Whose elements are standard normal variables. Since the n set of
data (number of records) is relatively small, noise is expected on the elements of a,,. This sometimes results in significant
deviations of the mean u, and the standard deviation o, of the vector a,, from the expected target statistical values (u, = 0
and o, = 1), especially when the number of records is small, for example, n = 7. Thus, each element of a,, is “corrected”
as follows:

a; =3¢ (18)

where u, and o, are the actual mean and standard deviation in the presence of noise.

In order to generalize the proposed model, Equation (16) is further developed in order to incorporate the target variability
in the case where a smooth code spectrum is used. Therefore, the code spectrum’s spectral values are considered as the
target mean S;(T;, ¢) and the variability, in this case, is more easily defined by specifying a constant Coefficient of Variation
(CoV) value for all periods, thus 8*(T;,¢) = CoV. Equation (16) is again adopted, but without the logarithms, as follows:

S (1) = ST, O) + ;0% (T1,0) (19)
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where o;l (T;,¢$) = B*(T;,$)Si(T;, $). In order to ensure that every individual target spectrum Séj (T;, ¢) does not receive
negative values, the value of [1 + a;8*(T;, {)] must be greater than zero. This results in the following limit for the values
ofaj:

1

S (20)

The limit is applied when generating the random values a;. If Equation (20) is not satisfied for all records, then a new set
of random values a; is produced until the limit is satisfied.

The correlation structure for spectral accelerations at different periods of vibration is an important feature when con-
sidering ground motions for the analysis of multi-degree of freedom systems (MDOFs). Following Tarbali and Bradley,”
Equation (16) is extended in order to account for the correlation between spectral values:

a

In [8,9(T5, )| = N [S3(T5 O + 0407, (T @)

where 1 <i < N, and N is the number of period values considered. Since different correlation values between pairs of
periods have been assumed, in this case, the value of the parameter q;; is different for every period T; of each record; thus
different values of g;; are needed for all the periods of every record. Consequently, a,, is generated as a N X n matrix that
follows a standard multivariate normal distribution, and each element a;; belongs to the i'h period of the j' record, where
ie[1,N]and j € [1,n].

The correlation between spectral accelerations at pairs of periods is expressed through the N X N correlation matrix py,,
which can be obtained from empirical correlation models, such as that of Baker and Jayaram.’® The correlated random
realisations of g;; that follow the standard normal distribution for the j th record are generated as:

(lj=0+LZ (22)

where a; is the j th column of the a,, matrix, and z is a vector of uncorrelated random variables that follow the standard
Gaussian distribution. The matrix L is obtained from the Cholesky decomposition of the correlation matrix (since the
standard deviation of the distribution is 1) as p,, = LL”. This procedure generates the j# column of the a,, matrix.

The rows of the a,, matrix should follow the standard normal distribution as well, so that the logarithmic spectral
accelerations In [Sa*j (T;, ¢ )] would follow the normal distribution. Regarding the implementation of the above model,
noise in data is again expected, especially at the distributions of the rows of the a,, matrix, when the number of records is
relatively small. Therefore, a MCS procedure is followed for the determination of the a,, matrix, in order to select the best
matrix where the mean of every row , ,,,, the standard deviation o, ;.o,,, and the skewness k,, ,..,, ideally are equal to 0,
1, and 0 respectively. Specifically, a,, is generated for a number of trials n;,;,;5, and for each trial, the matrix is scored based
on the summed mean of the squared errors of the rows. Then, the matrix with the best score is selected for the generation
of the target spectra. The score is estimated as the weighted sum (over all N rows) of the squared errors of the deviations
of the generated parameters from the target distribution parameters:

N

score = Z [wl (:"‘a,row)2 + wz(o-a,row - 1)2 + w3(ka,row)2] (23)
i=1

where w;, w,, ws are user-defined weights that control the relative importance of the deviance of the mean, the standard
deviation, and the skewness from the desired targets, on the score of each sample matrix. In practice, equal weights can
be assumed for the mean and the standard deviation and zero for the skewness.

3.2 | Generation of suites of non-stationary ground motions
Two different variants of the proposed methodology are provided for creating suites of fully non-stationary, site and

spectrum-compatible accelerograms that posses distinct temporal and spectral non-stationary characteristics: (i) the site
and spectrum based variant, and (ii) the evolutionary spectrum based variant.
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3.21 | The s site and spectrum based variant

The site and spectrum based variant uses past-recorded earthquake ground motions as seed records in order to model
the non-stationary characteristics. These seed records consist of recorded accelerograms obtained from the same site,
that is, the site of interest, but from different earthquake events. Alternatively, they may be obtained from a site
with similar characteristics, such as fault type, soil type, M,—R, etc. Therefore, these accelerograms can be retrieved
from a ground motion database like the Engineering Strong Motion (ESM)* or the Pacific Earthquake Engineering
Centre (PEER)°” database. Naturally, the number of available seed records from the site of interest is typically less
than the required for a comprehensive dynamic assessment. In such cases, it is appropriate to produce additional
ground motions using samples from the available dataset®”. Furthermore, this approach is quite useful when reg-
ulatory requirements mandate using natural records for the modeling of artificial accelerograms. For example, RG
1.208 US-NRC 2007°" states that “synthetic motions that are not based on seed recorded time-histories should not be
used”.

The proposed methodology works as follows: let k historical records be available for the particular site of interest, while
a suite of n records is desired, where k < n, say k = 3 and n = 20. The generation of n accelerograms is performed by
randomly selecting a record from the k available records and using it as a seed to model the non-stationarity. Note that the
selection is random (follows the uniform distribution) and hence there is no need for a more elaborate probabilistic pro-
cedure. This is due to the fact that the only information extracted from each record are the non-stationary characteristics
(i.e., amplitude and frequency modulation) rather than IMs like the amplitude, or the frequency content. The artificial
accelerograms are generated using Equations (10)-(13), where ¢; and T are obtained from the Husid function of the seed
accelerogram. The produced suite contains fully non-stationary, spectrum-compatible accelerograms that are consistent
with the site’s seismicity.

3.2.2 | The evolutionary spectrum based variant

The evolutionary spectrum based variant generates artificial accelerograms using Equations (14)-(15). In this case, the gen-
eration of the accelerograms relies on the power spectrum as well as a new time-frequency modulating function |®(w;, t)|.
In the context of the modeling of an IM-related modulating function, |®(w;,t)| is defined from the beginning of the
strong motion phase t;, the significant duration T, and a parameter for frequency modulation. More specifically, the
time-frequency modulating function |®(w;, t)| has the form below:

|®(c;, 1)]* = 12 exp [~(po + provp)t] (24)

where py and p; are parameters that model the temporal and the spectral non-stationarity, respectively. This form ensures
that the amplitude and the frequency evolution with time of the generated acceleration time histories will resemble that
of recorded ground motions. Specifically, the exponential form ensures that the amplitude of the generated signal will
gradually increase from zero to achieve a nearly constant peak, then gradually decay to zero. Furthermore, this form also
ensures that the high-frequency components will have a significant influence at the initial stages of the acceleration time-
history, gradually diminishing as time progresses, leading to a motion that is dominated by low-frequency components as
it decays. This approach is in accordance with real seismic records, where typically the initial seconds of the motion are
dominated by high-frequency P waves, succeeded by moderate-frequency S waves—which dominate the strong-motion
phase-, and as the shaking progresses, low-frequency surface waves tend to dominate the motion.

Aiming to model an IM-related modulating function, the parameter p, is directly related to the significant duration IM.
Specifically, py is obtained from the local maximum of the function in the time axis, resulting to p, = 2/t,, where ¢ is
the time instant when the maximum of |®(w;, t)| appears. The parameter ¢ is set as t, = t; + T;/2 so that the peak of the
envelope function is always compatible with the strong motion duration T. After several calibration tests, realistic fre-
quency modulation is ensured by setting p; = 0.01. Therefore, the proposed time-frequency modulating function results
to:

2 2
O(w;, t)|° = t2 —| ——— +0.01w; )t 25
| ®(c;, 1) eXp[ <t1+TS/2+ wl” (25)
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The varying parameter 2/ (t; + Ty /2) inside the exponential defines the amplitude modulation characteristics of the
function, whereas the frequency modulation is ensured by the 0.01w; part. Since the modulating function is part of a
spectrum-compatible accelerogram generation methodology, no parameter to control the amplitude value was defined.
For a non-separable process, the decay of the time-frequency modulating function, and thus of the accelerogram ampli-
tude, depends on 1, T, and the frequency modulation part. It is noted that the decay is defined by the constantly increasing
negative value inside the exponential of Equation (25).

The total duration of the signal is modeled by taking into account the typical durations of ground motions, which
generally fall within the range of 20-60 s.'Y Additionally, it’s important to ensure that a sufficient interval ¢, is provided
for the function to achieve zero residuals on the time-axis. Therefore upon obtaining T';, the remaining time after t; + T’
should be enough to include the gradual attenuation of the accelerogram’s amplitude back to the baseline. Thus, the total
duration ¢ of the generated signal is:

tp=t1+Ts+1, (26)

The parameters of Equation (26) are user-defined and can be freely adjusted. In the proposed methodology, the beginning
of the strong motion phase ¢; is uniformly sampled within the interval 3 to 5 s, while the duration T is obtained from a
strong motion GMM that is consistent with the characteristics of the site of interest. An interval of ¢, = 30 s was found
adequate for the applications examined.

The exact values of t; may range from fractions of a second to several seconds after the beginning of the earthquake. This
instant is scenario-dependent and is typically a function of source, wave propagation, and site conditions. For example,
observation points located furthest from the source will have a strong motion phase that starts later compared to that
of observation points close to the source. For moderate to strong seismic events, the strong motion phase typically starts
within a few seconds after the earthquake begins. The choice of the interval of 3 to 5 s in the proposed methodology
for the sampling of ¢, is based on the assumption of point-source modeling.® Thus, the zero time point of the generated
signal does not coincide with the earthquake initiation at the source. It is noted that, in the proposed methodology, the
beginning of the strong motion phase t; is a user-defined parameter that can be appropriately adjusted given a higher
volume of information is available. Different approaches can also be adopted, like the definition of a 1 to 5 s interval
by Zentner," or by dividing the focal distance Ry po in kilometers by a factor defined by the P and S wave propagation
velocities V,V/(V, — V), as in the work of Sabetta et al.'®

The duration of the strong motion phase T is obtained from a GMM that is consistent with the characteristics of the
site of interest. T is defined as a random variable that follows the log-normal distribution. This assumption is based on
empirically verified observations that ground motion IMs can be modeled as random variables that follow the log-normal
distribution.> GMMs provide the mean of natural logarithm, that is, In T, and the standard deviation 0}, 5. The proposed
methodology focuses mainly on response spectrum mean and variability matching, and single M — R scenarios. In this
context, the main difficulty lies in the scarcity of GMM models that provide both the spectral ordinates and the strong
motion duration T. In the absence of such information, different GMMs from a similar seismotectonic environment can
be borrowed. Instead, a holistic approach like the Generalized Conditional Intensity Measure (GCIM)®* can alternatively
be adopted. According to the GCIM, a joint multi-variate distribution of IMs is produced and is used as the target. The
proposed methodology can be extended for this case by following the procedure of Tarbali and Bradley”’ for the generation
of random realizations of correlated IMs.

Figure 2 shows the proposed time-frequency modulating function side-by-side to that of a real earthquake ground
motion. The time-frequency plots show the modulus of the continuous wavelet transform (CWT) of the signals. The values
of t1, Ty, and ¢ of the modulating function are that of the corresponding ground motion record. It can be observed that the
modulating function captures the nature of recorded ground motions in terms of amplitude and frequency modulation in
time. Moreover, for demonstration purposes, a pertinent case is shown in Figure 3, where the time-frequency modulating
function is plotted for specific values of t; = 3s and T = 10s. It is observed that, the peak of the function is compatible
with the strong motion duration T': the peak occurs at ¢y ;, = 3s + 10s/2 = 8s.

The outcome of the evolutionary spectrum based variant is a suite of ground motions that contains fully non-
stationary, spectrum-compatible accelerograms that are consistent with a site-specific, predefined seismic hazard
scenario.
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FIGURE 2 Assessment of the proposed time-frequency modulating: (A) CWT modulus of the seismic record Corinth Greece, 2/24/1981
(component T), (B) the proposed time-frequency modulating function for t; = 3.78 s, T = 13.94, and t; = 40.93 s. CWT, Continuous Wavelet
Transform.
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FIGURE 3 The time-frequency modulating function |®(w;, t)| using Equation (25) for t;, =3 sand T, =10 s.

3.3 | Enhanced matching iterative scheme

Artificial accelerogram generation methods usually require corrective iterations in the frequency domain in order to
enhance the matching between the generated accelerogram’s spectrum and the target spectrum. Most methods in the
literature modify iteratively the PSD function as follows:
. 2
G(w)*+D = G(w;)® lM] (27)
SP (@)
where S} (w;, {) is the target spectrum and S((Ik)(cul-, ¢) is mean response spectrum the generated accelerograms determined
at the k" iteration. If, after a number of iterations, the convergence cannot be achieved for a preselected threshold, a new
accelerogram is generated and the procedure is repeated. This method however may require increased computational
time until an acceptable accelerogram is obtained. Additionally, if the target error value is very small, it is possible that
the criteria cannot be met at all.

Poor spectrum matching in the proposed algorithm results in significant differences between the achieved (T}, <)
and the target §*(T;, {) variability. In general, there are methods that target on compatible power spectra to be used in
conjunction with stochastic dynamics tools. The proposed methods herein are oriented toward studies of the MCS kind.
Therefore, in order to improve the control of the variability of the model, the corrective iterations are carried out using
the FT, as discussed by Spanos and Vargas Loli*’ and Ferreira et al.*’ This approach was proven more efficient, both
computationally and also in terms of spectrum matching. The corrective iterations are carried out for every generated
accelerogram individually, as follows:

(28)

(F(wi)(k+1>| = | F(wi)(k)| l M ]

i,(k
Sa?F(w;, )
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FIGURE 4 (A) Comparison of the amplitude of the Fourier Transform of a generated accelerogram before and after the corrective
iterations. (B) Comparison of a generated accelerogram before and after the corrective iterations.

and
arg [F(w)*+V] = arg [F(e))] (29)

where F(w;)% is the FT of the generated accelerogram at the k" iteration, S;j (w;,¢) is the j target spectrum, and
Saj ’(k)(wi, ¢) is the j generated accelerogram’s response spectrum determined at the k'" iteration. Then, by applying the
inverse FT, a new time-history a(Gk_H) (t) is determined, along with its response spectrum Saj ’(k+1)(cul-, £). The iteration
scheme provided by Equations (28)Jand (29) modifies the spectral amplitude characteristics of the generated accelerogram,
see Figure 4A as well as the amplitude in the temporal non-stationarity, as shown in Figure 4B.

3.4 | Baseline correction

After the generation of the seismic accelerograms, the velocity, and subsequently the displacement, time-histories can be
obtained through numerical integration. However, for some of the simulated accelerograms, this can result in velocity
and displacement trajectories that exhibit an unrealistic baseline drift. This is a baseline correction problem, which can
be addressed in the same way as for real recorded accelerograms.® In this work, a simple quadratic curve is adopted for
the baseline correction in order to yield realistic velocity and displacement time-histories.

4 | NUMERICAL EXAMPLES

Two case studies are presented in order to demonstrate the efficiency of the proposed probabilistic generation methodol-
ogy. The first example considers a target code-based uniform hazard design spectrum and examines the various parameters
that define the proposed model. The artificial, fully non-stationary accelerograms are generated following the site and
spectrum based variant. In the second example, the artificial and hazard-consistent accelerograms are generated com-
patible with a seismic hazard scenario that is provided by the BSSA14 model proposed by Boore et al.** In this case,
non-stationarity is simulated using the evolutionary spectrum based variant.

The choice of the number of corrective iterations depends on various parameters like the desired error level, the shape
of the target spectrum and target variability, the ground motion generation methodology, the number of generated ground
motions, and the correlation structure between periods. Therefore, in all examples considered, practically 5-10 iterations
were found adequate for achieving convergence. In any case, it is a user-defined parameter. The matching quality between
the target spectral ordinates and those of the spectra of the generated ground motions can be obtained using the mean
square error (MSE), as it ensures an overall evaluation of matching quality across all periods and mitigates the impact
of outliers.
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TABLE 1 Suite of real recorded accelerograms used as seed records.
Event ID Station name Component Date
GR-1999-0001 SGMA HN3 07-09-1999
EMSC-20180115_000008 ATHS5 HNN 15-01-2018
EMSC-20190728_0000106 ATHS5 HNN 28-07-2019

g 1 0.15
]
S 08¢
= Sat
206 = 01
@ =
2 04 B8
i.c: & 0.05
£ 02 — ST, ) =
& - Sa(tn7 C)
wnn 0 - 0
0 20 40 60 80 100 0 50 100
(A) w [rad/s] (B) w [rad/s]

FIGURE 5 (A)Comparison between the target response spectrum S (T}, ¢) (EC8 design spectrum) and the mean spectrum of the
generated accelerograms S, (T;, ¢) with the site and spectrum based variant, (B) the inherent variability 8(T;,{) = CoV obtained from the
analysis.

4.1 | First example: Artificial accelerograms generated by the site and spectrum based
variant matching a design code spectrum

A suite of 30 accelerograms is generated following Equations (11)—-(13), where only the mean of the suite is matched to
the elastic spectrum of Eurocode 8.! The parameters assumed for the mean target spectrum S*(T;, ¢) are: ag, = 0.30g, soil
category “B” (S = 1.20, Tz = 0.15s, T = 0.50s, Tp = 2.50s), damping ratio { = 5% and importance factor y; = 1.00.

The artificial fully non-stationary accelerograms are generated using the site and spectrum based variant discussed in
Section 3.2.1. The frequency range is set [wy, w,, ] where wy = 1 rad/s and w,, = 100 rad/s. The number of harmonics to be
superimposed is N = 1000, which leads to frequency domain integration step Aw = 0.1 rad/s. The number of corrective
iterations is set to n;,,, = 10. The site considered is the center of Athens, Greece, where three recorded ground motions
are selected in order to model the non-stationarity. The recorded ground motions (Table 1) have been downloaded from
the ESM* database. The selected accelerograms correspond to different earthquake events, and hence only their time-
frequency modulation is required.

After generating the artificial accelerograms, their mean spectrum and CoV are computed and compared with the target
spectrum. The results are presented in Figure 5, where Figure 5A shows the mean spectrum matching and 5B shows the
variability (T}, ¢) (CoV) of the obtained artificial records. As it is observed, there is a perfect match of the mean spectra,
whereas the model has a small inherent variability, due to the random phase angles of Equation (11).

In order to further elaborate on the proposed method, the example is extended by introducing target variability in
the model. Therefore, the spectral values of the same EC8 spectrum are considered as the target mean S} (T;,¢) and the
variability is defined by specifying a constant value of §*(T;,¢) = CoV = 0.30 for all periods. A suite of 30 target spectra
is generated following Equations (19) and (20), for n = 30 and are shown in Figure 6. The remaining problem parameters
are the same as before.

The results for the suite of the generated accelerograms are shown in Figure 7. As it is observed, the simulated values
are very close to the target ones for both the target spectral mean (see Figure 7A) and the target variability (see Figure 7B),
thus proving the efficiency of the algorithm. For the sake of completeness, Figure 7B also shows the inherent variability
due to the random phase angles of Equation (11), obtained by matching the suite’s mean only to the target spectrum.
This variability is less than 5% and does not affect the obtained 8(T;, {) when introducing target variability in the model.
Examples of three generated artificial accelerograms are shown in Figure 8.

To further examine the effect of spectrum matching on the performance of the proposed method, two suites of 30 artifi-
cial accelerograms are generated, one where the corrective iterations are carried out with the PSD function (Equation 27),
and another following the FT approach (Equations 28 and 29). In the first case, for every individual target spectrum
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FIGURE 8 Results of the first numerical example: Three randomly generated accelerograms belonging to the suite produced with the

target spectra of Figure 6 and the site and spectrum based variant.
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FIGURE 10 Suite of 7 versus suite of 100 accelerograms: (A) comparison of the mean response spectrum matching, (B) comparison of
the matching of the analysis CoV. CoV, Coefficient of Variation.

S:(T;, ¢) produced, 10 artificial accelerograms are generated. Subsequently, their response spectra Saj (T;, ) are calcu-
lated and 5 corrective iterations are performed for every record. Thereafter, the mean squared error between each corrected
response spectrum S,’(T;, ¢) and the target spectrum S/ (T}, ¢) is calculated and finally, the accelerogram whose error is
the minimum is selected. The total elapsed time in this case is 3023.19 s (=~ 50 min). In the second suite, only one accelero-
gram per target spectrum S;‘;J (T;,¢) is generated and its response spectrum is subjected to 10 corrective iterations. The
total elapsed time in this case is 401.82 s (= 7 min). It is obvious that the FT iteration method is significantly faster than
the PSD approach. Figure 9 compares the matching achieved with the two iteration approaches. The results of both meth-
ods concerning the mean target spectrum are acceptable, however, the FT iterative scheme yields better matching, as it
is observed in Figure 9A. Regarding the target variability, the results of the FT approach are much better than the PSD
function iteration method (Figure 9B).

The sensitivity of the proposed methodology to the number of ground motions n is also explored, as shown in Figure 10.
More specifically, Figure 10 compares the mean spectrum and the analysis variability for suites of 7and 100 accelerograms.
As it is observed, the matching of the mean spectrum is very good for both of the suites. The variability matching is good
for the suite of 100 records as expected, however also for the suite of 7 records, the matching is acceptable but requires a
higher number of corrective iterations in order to be achieved.

4.2 | Second example: Artificial accelerograms generated by the evolutionary spectrum
based variant matching a GMM
421 | Target spectra with perfect positive correlation at pairs of periods

A suite of 7, fully non-stationary, accelerograms is sought, and the target mean and variance of the suite are obtained using
a GMM. The GMM employed in this study is the BSSA 14°* model, which provides ground-motion prediction equations for
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FIGURE 11 Target response spectra SZj (T}, ¢) probabilistically produced following Equation (17) for the generation of 7 artificial
accelerograms and their median spectrum.

the estimation of the values of the logarithmic mean In [Sa * (T;,¢ )] and standard deviation 0'1*;1 ( sa)(Ti’ ¢) of average hori-
zontal component IMs for shallow crustal earthquakes in active tectonic regions. The region selected in BSSA 14 model is
Italy. The seismic scenario considered is of moment magnitude M,, = 6.5, Joyner-Boore distance R;z = 10 km, and € = 1.
The shear wave velocity averaged over the top 30 m, V3, is set equal to 450 m/s (ECS, soil category “B”), the damping
ratio is ¢ = 5% and the fault type is normal. The target spectra S:’(T;, ¢) for this example are produced following Equa-
tion (17) and are shown in Figure (11). It should be noted that making the comparison between the target spectrum and
the spectral mean of the generated accelerograms in logarithmic terms In [Sa*(Ti, ¢ )] —as set by equation (16)—includes
negative values. Therefore, the comparisons on the following are done between the median target spectra and the median
value of the response spectra of the generated accelerograms.!

The artificial accelerograms are generated with the evolutionary spectrum based variant discussed in Section 3.2.2. The
number of corrective iterations is set to n;;,, = 7. The remaining problem parameters are those of the previous case study.
For the significant duration T, the model proposed by Sandikkaya and Akkar® is adopted:

a; + a,(My, — 6.5) + a5(8.5 — M)? + [as + as(M,, — 6.5)] In (\ /R% + aé) + a;Fy + agFgr+

InT, = (30)

min (Vg39, 1000)

+ag In [ 750

] + EUIHTS

where M, is the moment magnitude, R represents source-to-site distance measure (either R, ;, Ryyp, OF R;p), Vg3 is shear
wave velocity averaged over the top 30 m in m/s, Fy and Fy denote the fault type: Fy and Fy are equal to one for normal
and reverse faults, respectively, and zero otherwise. The variables o and ¢ represent the total standard deviation and the
number of standard deviations above or below the median estimation, respectively. Parameters a;, wherei = 1,2...9 are
the regression coefficients, obtained as proposed in ref. [65] for the SD5_g5 model, for R = Rjp.

For every accelerogram, the significant duration is obtained from the GMM of Equation (30). The variables of the equa-
tion are chosen to be compatible with their respective parameters of the BSSA 14 model, that is, M, = 6.5, R = Rjg =
10 km, fault type normal (Fy = 1, Fr = 0), and Vg3, = 450 m/s. The regression coefficients are obtained from ref. [65] for
the SD;5_q5 model for R = Rjp, and are equal to a; = 1.51131, a, = 1.24873, a3 = 0.04921, a, = 0.30794, a5 = —0.19161,
ag = 7.5, a; = 0.06962, ag = —0.18352, ag = —0.2957, and o = 0.4869.

Figure 12A compares the median target spectrum obtained from the BSSA 14 GMM with the median value of the
response spectrum of the generated accelerograms. Also, Figure 12B shows the matching of the analysis standard devia-
tion to the target. It is observed that, for both the spectral mean and variance, the simulated values are very close to the set
target, thus proving the efficiency of the proposed algorithm. Figure 13 shows the mean nonlinear response spectra of the
suite of the generated ground motion histories for the case of mean constant strength spectra (Figure 13A) and the case of
mean constant ductility spectra (Figure 13B). In both cases, the elastic target spectrum is also shown. It is observed that
for the cases of g, = 1 and u = 1 the resulting spectra are very close to the target, as expected.

I Remember that the median of data that follow a lognormal distribution is approximately equal to the mean of the logarithms.
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FIGURE 12 (A)Comparison between the target median response spectrum S;;(T;, {) and the median spectrum S, (T;, ¢) of the
generated accelerograms, (B) comparison between the target standard deviation of the natural logarithms 8*(T;,{) = a;(s )(Tl-, ¢) and the
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FIGURE 13 (A) Target elastic response spectrum S;(T;, {) and mean constant strength spectra for g, = 1, g, = 2, and g, = 6 of the suite
of the generated ground motion histories, (B) Target elastic response spectrum S;;(T;, {) and mean constant ductility spectra for u =1, u = 2,
and u = 6 of the suite of the generated ground motion histories.

One of the generated spectrum-compatible accelerograms of the suite is shown in Figure 14, along with its correspond-
ing time-frequency modulating function and its Fourier amplitude plot on the left. The placement of the graphs in the
plot of every figure effectively illustrates how the time-frequency function influences both the time and the frequency
characteristics. Specifically, the generated accelerogram is aligned parallel to the time axis, visually highlighting the corre-
spondence between the accelerogram’s time modulation and the associated time-frequency function. Similarly, the Fourier
amplitude of the generated accelerogram is positioned parallel to the frequency axis, visually highlighting the align-
ment between the accelerogram’s frequency modulation and the time-frequency function. Figure 14 shows that generated
accelerograms have time-frequency features that have been formed by the proposed time-frequency modulating function
of Equation (25). This is confirmed by the fact that the time modulation of the accelerogram is compatible with the shape
of the function in the time axis and, at the same time, the frequency modulation follows the shape of the function in the fre-
quency axis. This proves that the accelerograms contained within the suite inherently possess unique time and frequency
variations.

4.2.2 | Target spectra with specified correlation at pairs of periods

A suite of 20, fully non-stationary, accelerograms is sought, where the generated target spectra account for the correla-
tions between spectral values, and they are produced following Equations (21)-(23). The spectral correlation matrix py, is
obtained from the empirical correlation model of Baker and Jayaram,® since it is not sensitive to the choice of the GMM
that is used to obtain the target median spectrum. In order to achieve enhanced variability matching, the weights for the
scoring of Equation (23) are defined as w; = 1.0, w, = 2.5, and w; = 0.1. The number of corrective iterations is set to
Nier = 5. The remaining problem parameters are those of the application of Section 4.2.1. The generated target spectra
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FIGURE 14 Time-frequency characteristics of the fifth accelerogram from the suite produced in the second example: (A) Fourier
amplitude plot, (B) time-frequency modulating function, (C) accelerogram time-history.
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Individual target response spectra S;"j (T}, ¢) probabilistically produced for the generation of 20 artificial accelerograms

following Equations (21)—-(23) and their respective median spectrum S;;(T}, {).

with spectral correlations, along with their median spectrum are shown in Figure 15. The comparison between the target

median response spectrum and the median spectrum of the generated accelerograms is shown in Figure 16A.

Figure 16B shows the analysis standard deviation matching to the target. It is observed that, in general, the generated
values are close to the target ones for both spectral ordinates. It is noted that, due to the assumed spectral correlation
between periods, additional variability is added within the generated suites of target spectra. Thus, enhanced variability
matching like in the case of perfect positive correlation is difficult to achieve, especially for a relatively small number of
records. In conclusion, the proposed methodology is efficient and in the case when correlations between pairs of periods

are considered.
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FIGURE 16 (A) Comparison between the target median response spectrum S (T}, ¢) and the median spectrum S, (T}, {) of the
generated accelerograms with the spectra of Figure 15, (B) comparison between the target standard deviation of the natural logarithms
B*(T,¢) = ol*n(sa)(Ti, ¢) and the obtained B(T;,{) = oin(s,) (T, ).

4.3 | Discussion on the proposed methodology

A discussion on several important aspects that concern advantages, assumptions, as well as potential practical applications
of the proposed probabilistic methodology for the stochastic generation of hazard-consistent suites of fully non-stationary
seismic records is provided in the following. More specifically, the presented work exhibits a number of noteworthy
attributes such as:

i) The generated accelerograms are spectrum-compatible and have a target mean spectrum and target variabil-
ity, ensuring their seismic-hazard compatibility. Moreover, spectral correlation at pairs of periods can also be
considered. Furthermore, the artificial accelerograms are fully non-stationary and have amplitude and fre-
quency modulation features compatible with the site of interest. Compared to relative works available in the
literature,'®!” these features make the proposed methodology highly suitable for everyday applications of engineering
practice.

ii) The produced suite of accelerograms contains time-histories that exhibit varying amplitude and frequency modulation
features. This element enhances the realistic aspect of the proposed methodology, as past works in the literature
produce accelerograms with a fixed power spectrum and modulating function values, resulting in suites of artificial
time-histories with very similar time-frequency features.

iii) A new time-frequency modulating function that is compatible with the target time points of the 5% and 95% of the
total Arias intensity of the artificial accelerogram is proposed. This feature provides the advantage of generating
accelerograms with site-compatible time-frequency modulation characteristics.

iv) The proposed methodology is computationally efficient, whereas its implementation is identified as a straightforward
task in Matlab® environment.

As a simulating methodology, the proposed work relies on several models and empirically confirmed assumptions.
More specifically, the generation of the target spectra is based on the empirically verified observation that the logarith-
mic spectral accelerations follow the normal distribution, characterized by the mean value and standard deviation. The
modeling of the strong motion duration in the evolutionary spectrum based variant follows the same observation, and it
is sampled as a random variable that follows the log-normal distribution. In the site and spectrum based variant, a small
number of past-recorded accelerograms are used in order to model the time and the frequency modulation of the artificial
accelerograms within the suite. The selected records have to be, preferably, obtained from past seismic activity from the
site of interest, or from a site that has similar characteristics. When producing the accelerograms, these records can be
simply sampled randomly for every accelerogram. Alternatively, a probabilistic treatment can be applied, however, this
would unnecessarily complicate the method, since the proposed methodology aims to extract only the time and frequency
modulation characteristics from past records and not other IMs. Finally, it is noted that the basis of the methodology for
the generation of fully non-stationary and spectrum-compatible artificial acceleration time-histories relies on the spectral
representation method and the use of the power spectrum. Therefore, the phase angles of the produced accelerograms are
modeled uniformly distributed over the interval [0, 27].
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The study discusses the generation of single-component ground motions, since the proposed model is spectrum-
compatible. The methodology can be further extended to generate ground motion signals of two—or three—components.
There are several possible ways to extend the proposed methodology for generating two or three component signals. Most
GMMs provide the geometric mean response spectrum. Consequently, there are various techniques, like the work of Beyer
and Bommer,®’ that allow converting the predictions of geometric mean spectral accelerations of GMMs into different hor-
izontal component definitions. Thus, these methodologies offer a means to define the target spectrum for each component.
Regarding the artificial accelerogram generation methods, the site and spectrum-based variant benefits from the use of seed
records. Consequently, in the case of multidirectional analysis, it is feasible to select multi-component ground motions
as seed records, thus including all three components instead of a single component. This allows to indirectly account for
the correlations between the components. On the other hand, the evolutionary spectrum based variant can rely on the
concept of the principal axes of ground motion, originally introduced by Penzien and Watabe®® and widely adopted in
the literature?’. These principal axes represent an orthogonal set along which the three components are uncorrelated and
statistically independent. Thus, the three components can be generated independently as principal components, and then
a linear orthogonal transformation by the desired rotation angle can be performed.

Concluding this discussion, it should be emphasized that the proposed methodology aims to offer a practical tool for
the everyday needs of engineering practice in a consistent and code-compliant manner. The numerical examples have
revealed that although the spectral representation method has a very small inherent variability, the variability of the
generated suite can be controlled with enhanced spectrum matching. Furthermore, it was shown that good individual
spectrum matching allows to obtain good results even in the case of a database of small size, for example, as in the case
of 7 records. Therefore, the proposed methodology can be applied to design problems that employ time-history analyses
and follow seismic code criteria. Moreover, the fact that the method achieves compatibility of the produced suite with a
target mean spectrum and target variability makes it an efficient tool that can be used in MCS or PBEE applications for
the seismic reliability assessment of structures. Additionally, the use and modeling of the power spectrum in both variants
makes the methodology easily applicable in stochastic dynamics problems.

5 | CONCLUSIONS

A novel, computationally efficient, and practical probabilistic methodology for the stochastic generation of suites of
accelerograms has been proposed. The generated accelerograms are fully non-stationary, site-compatible, and have a
target mean spectrum and variability. Specified correlation structure at pairs of periods can also be considered. Further-
more, two variants for the generation of suites of artificial accelerograms have been proposed: (i) the site and spectrum
based variant where the artificial time-histories are generated using multiple past-recorded ground motions in order to
model the non-stationarity in the time-frequency domain, and (ii) the evolutionary spectrum based variant where a time-
frequency envelope modifies the PSD function of a stochastic process. A new time-frequency modulating function that
ensures site-compatibility has also been proposed. Two illustrative numerical examples have been presented, showing
the efficiency of the proposed methodology for both variants. The outcomes, in both approaches, are suites containing
non-identical ground motion time-histories whose spectral mean and variability match those obtained from any of the
usually employed target spectra in the field of earthquake engineering. Finally, it is noted that the proposed methodology
aims to offer a practical tool for everyday engineering applications in a consistent and code-compliant manner, as well as
for stochastic dynamics problems.
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