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Abstract. In contemporary engineering practice, the investigation of the dynamic
response of structures through time-history analysis requires the use of suites of ac-
celeration ground motions. The paper studies the response of structures subjected to
a novel methodology for the generation of target spectrum compatible artificial ac-
celerograms. Existing spectrum-based models are used for the ground motion gen-
eration, whereas hazard consistency is achieved by matching these records either to
a design spectrum or to a ground motion model. The obtained suites are used for the
non-linear response history analysis (NRHA) of a benchmark multi-degree-of-free-
dom structure. Two study examples are presented. In the first example the generated
suite matches only a spectral mean and in the second example the suite matches both
the target spectral mean and variability. The results indicate that using the generated
ground motion suites for the target NRHASs produces results that are consistent with
record selection algorithms, thus confirming the efficiency of the proposed method-

ology.

Keywords: artificial accelerogram, non-linear dynamic analysis, non-stationary,
spectrum-compatible, variability, ground motion model.

1 Introduction

The increasing availability of powerful personal computers and advanced engineering
software has facilitated the use of dynamic time-history analysis in everyday engineering
practice. This type of analysis is deemed the most realistic for assessing the seismic be-
havior of structures, especially when non-linear response is expected. Non-linear response
history analysis (NRHA) is influenced by multiple sources of uncertainties stemming from
the calibration of the non-linear structural model (e.g. material properties, design assump-
tions), as well as the modeling of the seismic excitation. The latter is recognized to have a
significant effect on the seismic response of structures.

Accelerograms that model the input seismic motion for the NRHAs can be either pre-
viously recorded, synthetic or artificially generated. The most common practice followed
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is the careful selection and scaling of recorded ground motion records from online data-
bases; however, this approach still has limitations. Selected accelerograms are often rec-
orded in other locations than the site of interest and correspond to different magnitude-
distance scenarios and soil characteristics. Moreover, the scarcity of recorded ground mo-
tions of earthquakes with large magnitudes at small epicentral distances can often confine
the analysis, especially for high-limit states like collapse. As a result, the task of selecting
and scaling earthquake records remains a highly controversial issue in the literature [1],
and various algorithms have been proposed [2-3] for addressing these challenges.

The use of artificially generated acceleration time-histories provides a valid alternative
to circumvent the issues linked with the selection of recorded ground motions and is also
recommended by seismic codes [4]. Their main advantage is that they can be modeled to
have the desired target features that are required within the framework of dynamic analy-
sis. The use of artificial accelerograms in seismic simulations has found widespread ap-
plications in the field of structural engineering, ranging from Monte Carlo Simulation
techniques [5], to stochastic dynamics simulations [6-7] for structural reliability assess-
ment. Furthermore, practice-oriented probabilistic models that model the seismic demand
based on specific values assumed by an intensity measure can also use artificial ground
motions [8].

Seismic codes do not propose specific methods for the generation of artificial acceler-
ograms; they only define some basic requirements related to their matching to the design
code spectrum. For example, Eurocode 8 [4] mainly requires that the mean response spec-
trum of the generated accelerograms should match the code’s elastic response spectrum
for 5% viscous damping. Therefore, engineers are focused on the target spectrum match-
ing requirement and thus can choose from a wide range of proposed methods in the liter-
ature.

Given the inherently stochastic nature of earthquakes, artificial ground motion time-
histories are typically generated as stochastic processes. The spectral representation
method proposed by Shinozuka and Deodatis [9], is the most widespread method in the
literature. The method simulates ground motion time-histories as a superposition of har-
monic components with random phase angles. In this approach, the power spectral density
(PSD) function is directly related to the amplitude of each harmonic, thus providing the
basis for generating target spectrum-compatible accelerograms. As highlighted by
Vanmarcke and Gasparini [10], spectrum compatibility can be achieved by matching the
values of the PSD function of the ground motion to the response spectral values for a given
damping ratio.

The desired ground motion time-histories for NRHAS that are simulated using the PSD
function are typically non-stationary both in amplitude and frequency. Several methods
have been proposed in order to generate fully non-stationary accelerograms. One approach
is the use of an evolutionary power spectral density (EPSD) function, i.e. a PSD function
that varies in time [11]. This is typically achieved by introducing an envelope function
that modifies a stationary accelerogram both in time and in frequency in order to simulate
the characteristic behavior of natural accelerograms [12,13]. Other approaches include us-
ing a real record as a seed [14,15]. For example, the method proposed by Cacciola [15]
produces fully non-stationary accelerograms as the superposition of two waveforms: a
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fully non-stationary counterpart modeled by a real accelerogram and a stationary process
that is used to achieve spectrum compatibility.

Seismic response assessment through the NRHA requires the use of suites of hazard-
consistent acceleration time-histories. Depending on the performance assessment type,
hazard consistency may be achieved by matching the records either to a uniform hazard
spectrum (UHS) which is typically a code spectrum [4], to a conditional mean spectrum
(CMS) [16], or to a spectrum obtained from a ground motion model (GMM) ]. NIST [18]
mentions three types of performance assessment: intensity-based, scenario-based, and
risk-based. More specifically, intensity-based assessment focuses on the seismic response
of a structure for a specified ground motion intensity, which is typically defined as a 5%
damped elastic spectral acceleration spectrum (e.g. a code spectrum). Scenario-based as-
sessments compute the structural responses to user-specified seismic events that are de-
fined by the earthquake magnitude and the distance of the source from the site of interest.
The typical products of a scenario-based assessment are the average response of a struc-
tural parameter and the corresponding variability. Finally, risk-based assessments provide
information on the response of a structure over a user-specified time period, involving
multiple intensity-based assessments for the ground motion levels of interest.

Based on the objectives of the seismic performance assessment, there are cases where
the input ground motions may match only a target mean response spectrum, while in other
cases the variability of the response spectra should also be incorporated [18]. For example,
in order to predict stable mean responses of structural parameters for a given intensity of
shaking, matching ground motions to a target spectrum may be a suitable approach that
enhances the confidence in the predictions of the mean structural responses for a given
number of input ground motions. However, in applications where the prediction of both
the mean value and variability of a structural parameter is required (e.g. estimation of
collapse probabilities), the ground motions should be matched to a target spectral mean
and the respective spectral variability.

Jayaram et al. [2] in their paper proposed a new algorithm for selecting ground motions
that match a target response spectrum mean and variance. Moreover, they applied their
proposed methodology to conduct NRHAs on single-degree-of-freedom (SDOF) and
multi-degree-of-freedom (MDOF) systems in order to assess the influence of the consid-
eration of the response spectrum variance on the structural response. They concluded that
using ground motion suites that also match the target response spectrum variance increases
the dispersion of the obtained structural responses. This dispersion, as observed in their
analyses, impacts the distribution of structural responses, damage states, loss estimations,
and the probability of structural collapse.

The paper studies the application of suites of fully non-stationary artificial accelero-
grams that have a target spectral mean and variability in order to achieve hazard con-
sistency [12,19-21] on structural performance assessment. The model that is used first
produces an ensemble of target spectra with a given mean and variability and then a meth-
odology based on spectral representation method is used to generate the corresponding
fully non-stationary ground motions. The stochastic methodology is briefly presented first,
and it is followed by a numerical application where the NRHA of a benchmark multi-
degree-of-freedom (MDOF) structure is carried out. The seismic hazard is quantified with
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a GMM, and the impact of the spectrum variability matching on the structural response is
assessed.

2 Generation of Artificial Accelerograms

A practical and computationally efficient methodology for the stochastic generation of
suites of fully non-stationary artificial accelerograms that are compatible with a target
spectral mean and a target variability [12,19-21] is employed. The artificial ground motion
time histories are simulated as stochastic processes using existing spectrum-based models
[15]. The seismic hazard is defined by a target spectrum or a GMM. Therefore, given the
seismic scenario (M, R) and the soil conditions, the target spectral mean and variability for
each period are obtained. Based on those data, multiple target response spectra are gener-
ated as a random vector that follows the normal distribution. Artificial accelerograms
whose response spectra individually match the produced spectra are subsequently gener-
ated. The basis for generating spectrum-compatible accelerograms relies on the relation-
ship between the values of the power spectral density (PSD) function of the ground motion
and the response spectral values for a given damping ratio [10,21]. Corrective iterations
in the frequency domain are performed in order to achieve enhanced matching for con-
trolling the variability. The methodology provides with suites of fully nonstationary arti-
ficial ground motion time histories that are compatible with a target spectral mean and a
target variability, which then can be used to conduct NRHAS in structures.

2.1  Target spectra generation

The proposed methodology first produces a suite of target spectra S, (T;, {) that have
a target spectral mean S;(T;, {) and variability 5*(T;, {), where { is the target spectrum’s
damping ratio. In the case where a GMM is used for the analysis, the method relies on the
empirically verified observation that the logarithmic spectral accelerations follow the nor-
mal distribution, characterized by a mean value and standard deviation [12,20]. Therefore,
the target logarithmic spectral accelerations In[S,” (T;, {)] at each period T; can be mod-
eled as a normally distributed (Gaussian) random variable with mean In[S;(T;, {)] and
standard deviation oy, s,y (T3, §):

In[S” (T2, )] = In[Sa(T;, )] + @675, (T3 §) @)

where 1 < j < n, n is the total number of the generated accelerograms in a suite, a; is
a standard Gaussian random variable with mean value u, = 0 and standard deviation o, =
1, and T; are period values of the response spectrum. The target mean in Eq. 1 is obtained
from the GMM at the desired period range. The variability around the target spectrum is
defined as the standard deviation of the natural logarithms of the spectral values given
from the GMM, thus B*(T;, {) = 0n(s,)(Ti, §)- 1t is noted that Eq. 1 considers that the
correlation p(T;, T;) between the spectral accelerations at different periods is equal to 1,
thus assuming a perfect direct correlation. Based on Eq. 1, for a suite containing n accel-
erograms, each individual target response spectrum S;'j (T;, ), can be produced as:
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ST, ) = Si(Ty, Oexp [a;8 (T, O] @

In the case of a smooth code spectrum [26], each of the suite’s accelerograms is gener-
ated compatible with a specific target response spectrum S, (T;, {) that is defined as:

S0 = SiCT0) + 403,71, 0) ©

In this case, the variability around the target spectrum is defined as the coefficient of
variation (CoV) for each period:

os, (T3, 0)
Sa(Ti, )

Next, o5 (T;, ) is calculated as o3 (T;,¢) = B*(T;,{)Sq(T;, ), and Eg. (3) becomes:

B (T, §) = CoV = (4)

S (T4 0) = Sa(Ti, O[1 + ;B (T, )] > 0 ©

In order to ensure that the target spectrum SZ'j (T;, ¢) will take no negative values, the
value of [1 + a;8°(T;, )] must be greater than zero. This results in the following limit for
the values of a;:

-
B (T, D)

a]>

(6)

2.2 Generation of the Artificial Accelerograms

The target spectrum compatible artificial accelerograms can be modeled using existing
real earthquake ground motions as seed records. In this study, the Cacciola 2010 [15]
method was employed, which generates fully non-stationary, spectrum compatible accel-
erograms by superimposing a seed record ag(t) and a corrective term which is a quasi-
stationary zero-mean Gaussian stochastic process, defined with the spectral representation
method [16]:

ag(6) = Gsean(®) + 9(6) ) Ai(w)cos(wit +6) ™

In the first part of Eq. 7 ag(t) is a recorded accelerogram used as a seed and a. is a
scaling coefficient associating the target spectral acceleration S; (w;, {) with the recorded
accelerogram’s spectral acceleration S®(w;, {):

S;(wi' Z)

ag. = Min |—4———
s [55(0)[,6)

®)
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Moreover, if ag. > 1, then a,. =1 is assumed instead [15]. In the second part of Eq. 7,
@(t) is the time-modulating function, N is the number of harmonics to be superimposed,
w; is the angular frequency of the i™ harmonic, 6; are random phase angles uniformly
distributed over the interval [0, 2x], and A;(w) are the amplitudes, related to the one-sided
PSD function of the stochastic process G (w;) at each frequency w; as:

Aj(w) = 26(w)Aw 9)

where Aw is the constant integration step. Spectrum compatibility is achieved by the
computation of the one-sided PSD function G (w;) [15]:

( « 52000 = (4580, 0)) O
win_4<wi—1u %, (@, ) _Aw;G(wk) x
G(wi) = Sg i - scstll2 i : < (10)
| " l e n;(fmi. 5o 2,00 eoseso
k 0, 0 <w; <w,

where U (+) is the unit step function that is used to avoid negative solutions, w, is an
upper cut-off frequency, w, = 0.36 rad/s is the lowest frequency bound for ny; to exist
[21], and ny, is the peak factor, which can be approximated with reference to a white noise
input [21] as:

-1 -1
nx, (@, 0) = [2In {% w; (—ln %) [1 —exp (—6};2\/11 In <% w; (—ln %) ))]} (11)

where T is the duration of the stationary accelerogram, the mean zero crossing rate Ny,
is included in the equation, and the spread factor &y, is approximated as:

_ 1 2 ¢\
5xi = \/1 - 1_—(2[1 - arctan <m>] (12)

Finally, regarding ¢(t), the time modulating function proposed by Jennings et al. [22]
has been adopted:
t 2
<E) , t<ty

3
exp —

(t—tz)], t>t,
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where t; is the total duration of the accelerogram. The time points ¢, and ¢, define the
strong motion duration of the generated record and they can be obtained from the Husid
function (H(t)) of a real recorded accelerogram (Fig. 1) as H(t,) = 5% and H(t,) = 95%
respectively (Fig. 2(a)). Alternatively, default values can be used instead [27]. In this
frame, T, is the duration of the strong motion, calculated as T, = t, — t;. Note that T,
signifies the constant amplitude region on the envelope function ¢(t) (Fig. 2(b)).

0.

ag(t) [g]

-0.
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Fig. 1. A seed record accelerogram: El Centro earthquake (Imperial Valley, 1940, N-S com-
ponent). The total duration of the accelerogram is t; = 30 s and the strong motion duration

isT, =t, —t;=25.485-1.645=23.845s
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Fig. 2. (a) Husid plot of the El Centro recorded accelerogram of Fig.1, (b) the time modulat-
ing function of Eq. 13 obtained from the Husid plot of Fig. 2(a).

2.3  Record Correction

Acrtificial accelerogram generation methods usually require corrective iterations in the
frequency domain in order to achieve good matching between the generated accelero-
gram’s spectrum and the target spectrum. The most common corrective iteration method
applied in the literature [e.g. in 15] utilizes the PSD function:

Sa(wu, O T

14
Sc(Lk) (wi’ Z) ( )

G(w)® ) = G(w)™ [
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where S,Ek)(wi, {) is the generated accelerograms’ mean response spectrum determined
at the k" iteration. In the proposed model, however, in order to control the variability of
the analysis, the corrective iterations are applied in each of the generated accelerograms
spectrum S/ (w;, ¢) individually, with their respective target spectrum S,” (w;, ). Moreo-
ver, it is essential that the spectrum matching should be perfect, as it was observed that
insufficient matching would result in significant differences between the target and the
analysis variability. Corrective iterations with the aforementioned requirements and the
use of the PSD function were proved to not be sufficient enough to control the variability
of the analysis. Therefore, as corrective iterations are conducted in the frequency domain,
the Fourier Transform (FT) was employed. For each frequency, the accelerogram’s Fou-
rier Transform (FT) is modified by the quotient of S*J(wl,{) and S’(wl,() as follows
[23]:

(0,9 ] (15)

Sa(;,9)

)(wl) is the Fourier Transform of the generated accelerogram at the k™"

k)
FTo (@) = FTost (@ J[

where FTof (t

iteration. Then, by applying the inverse Fourier Transform, a new time-history aé“”(t)

is determined, along with its response spectrum Sj‘(k“) (w;, 0). The iteration scheme pro-
vided by Eqg. 15 modifies the spectral amplitude characteristics of the generated accelero-
gram. Fig. 3 shows an example of the difference in the Fourier amplitude of an accelero-
gram simulated with the seed record approach before the corrective iterations (i.e. as gen-
erated) and after.

Finally, each of the generated accelerograms requires baseline correction in order to
yield realistic velocity and displacement time-histories. In this study, a simple cubic pol-
ynomial curve is used for baseline correctlng the generated ground motions.

4 PR

before the corrective iterrations
after the corrective iterrations

FAmpl
N

0
10°

Fig. 3. Comparison of the Fourier amplitude of a simulated accelerogram before and after the
corrective iterations for spectrum compatibility.
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3 Seismic Performance Assessment to Artificial Ground Motions
Records

3.1 Case Study Considered

The aim of this paper is to present a practical application of the methodology proposed
in [12,19-21], through the NRHA of a benchmark multi-degree-of-freedom (MDOF)
structure. Two cases are considered where: i) the generated suite of ground maotions
matches only a mean target spectrum, and ii) the generated suite of ground motions
matches both a mean target spectrum and target variability. The seismic hazard is quanti-
fied with a GMM which provides the median target spectrum and the logarithmic standard
deviations. The GMM employed in this study is the BSSA 14 [17]. 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 Vg4, is set equal to 360 m/s,
the damping ratio is { = 5%, the fault type is normal, and the basin depth is set unknown.
The case study frame is an eight-storey steel moment-resisting frame with the properties
shown in Fig. 4(a).

The frame and the analysis are implemented with OpenSees v3.5.0. The gravity loads
(=40 kN/m) and the respective masses are concentrated at the nodes. The members are
modeled as force-based, beam-column fiber elements with four integration sections for
the NRHA and the material is a uniaxial bilinear steel material object with kinematic hard-
ening. No geometric non-linearities are incorporated. After performing modal analysis
with elastic beam-column elements, the fundamental period was found equal to T, = 3.59
s with mass modal participation of the first mode equal to 82% of the total mass. Thus, the
frame is dominated by the first mode (Fig. 4(b)), however the second mode also contrib-
utes to the response with T, = 1.17 s and mass modal participation equal to 10% (82% +
10% = 92% > 90% as defined by the Eurocode 8 [4]). Rayleigh damping is used with
Rayleigh damping coefficients ap= 0.13 and o, = 0.014.

For each case, seven accelerograms are generated in order to conduct NRHAS on the
eight-storey steel moment-resisting frame. The investigated response parameters are the
maximum interstorey drift ratios (MIDR) in terms of median and dispersion (16" and 85"
percentile values). The chosen number of generated accelerograms is consistent with seis-
mic code provisions, which require at least seven NRHAS in order to characterize statisti-
cally the seismic input and structural seismic response.

The seed record method [15] is applied to generate the artificial non-stationary accel-
erograms, following Eqgs. 7-13. The frequency range is w,=1 rad/s, w,=100 rad/s, N =
1000, and 4w = 0.10 rad/s. In this example, the seed record selected is the 24/2/1981 Gulf
of Corinth earthquake (Corinth Greece, 24/2/1981, Corinth, T component, Fig. 5) from
the Pacific Earthquake Engineering Centre (PEER) [24], as it belongs to a compatible
scenario of M,, = 6.6, R;z = 10.27 km, Vg3, = 361.40 m/s, and normal oblique fault type.
The total duration of the accelerogram is ¢t = 40.93 s and the strong motion duration is
T, =t, —t; =17.725—-3.78 s = 13.94 s. Finally, corrective iterations are performed fol-
lowing Eq. 15 and baseline correction is applied.
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Fig. 4. (a) The benchmark structure: the eight-story steel frame of the second numerical ap-

plication, used for the NRHAs, (b) The first and second mode of the benchmark eight-storey
steel moment-resisting frame.
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Fig. 5. The seed record accelerogram of the second numerical application: Corinth Greece,
24/2/1981, Corinth, T component.

3.2  Case 1: NRHAs using a generated suite of ground motions that matches only
a mean target spectrum

A suite of seven fully non-stationary accelerograms is generated using Eqgs. 1-2 for the
target median spectrum S; (T;, {) obtained from the GMM and the variability is set equal
to B*(T;, {) = 0. The median response spectrum of the produced accelerograms is shown
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in Fig. 6 along with the target S;(T;, {). The comparisons are made in median values,
considering the mathematical property that the median of data that follow a lognormal
distribution is approximately equal to the mean of the logarithms.

—
o
[=]
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L

— S5, (T3, Q)
===5.(T, <)

Spectral accelerations [g]

107 10°
Period [s]

Fig. 6. The produced target response spectra S;'j (T;, Q) of the second numerical application fol-
lowing Egs. 1-2, for the generation of 7 accelerograms.

The produced accelerograms are used for the NRHAs of the benchmark eight-storey
steel moment-resisting frame and the median and dispersion values of the MIDRs are ob-
tained and plotted in Fig. 7.
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Fig. 7. The MIDRs of the eight-storey steel moment-resisting frame using a generated suite of
ground motions that matches only the mean target spectrum.

3.3  Case 2: NRHAs using a generated suite of ground motions that matches both
a target mean spectrum and variability

A suite of seven fully non-stationary accelerograms is generated, and the target mean
Sa (T, ¢) and variability B*(T;, {) = oiys, (T, ) of the suite are obtained from the GMM.
The produced spectra S, (T;, ¢) are obtained following Egs. 1-2 and they are shown in
Fig. 8 along with the target S, (T, {) that is obtained from the aforementioned GMM. Note
that the assumed perfect direct correlation results in equally distanced values of a produced
spectrum S;'j (T;, {) from the target S; (T3, {).
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Fig. 8. The produced target response spectra S;'j (T;, ¢) of the second numerical application
following Egs. 1-2, for the generation of seven accelerograms.

The comparison between the target spectrum S;(T;, {) and the median response spec-
trum S, (T;, ¢) of the generated accelerograms is shown in Fig. 9(a). Furthermore, Fig. 9(b)
shows the matching of the analysis variability B(T;, ) = oins,)(T;, {) achieved with the
proposed model (standard deviation of the natural logarithms) to the target g*(T;, () =
Oins) (Tir §)- As it can be observed, for both the spectral mean and variance, the simulated
values are remarkably close to the set targets, thus proving the efficiency of the proposed
algorithm.

The produced accelerograms are then used for the NRHAs of the case study frame and
the median and 16" and 85™ percentile values of the MIDRs are obtained and plotted in
Fig. 11.

- 0.8

o0

"é 0.75

B 5 07 =

= =

% = 0.65

= i

£ g 0.6 T

2 ' - =3(T3,¢)

o — BT Q)
055

107" 10°
(a) Period [s] (b) Period [s]

Fig. 9. (a) Comparison of the generated accelerograms’ median response spectrum S, (T;, {)
matching to the target median spectrum S; (T;, {) of the second numerical application, (b)
comparison of the analysis variability 8(T;, {) = 0in(s,)(Ti, ¢) with the target £*(T;, ) =

Oinsy (T $)
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Fig. 11. The MIDRs of the eight-storey steel moment-resisting frame estimated through
NRHAs using a generated suite of ground motions that matches both a target mean spectrum
and variability.

3.4  Result Comparison

Table 1 summarizes the MIDR estimates of the two cases in terms of median and 16"
and 85" percentile values. It is observed that the median values are close for both cases,
whereas the dispersion values differ significantly. Specifically, in the case where the var-
iability of the target spectrum is incorporated in the generation of the ground motion suite,
the dispersion of the MIDRs is larger, as expected. These results are compatible with the
similar observations of Jayaram et al. [2] for their record selection algorithm, which state
that when the response spectrum variability is considered in the ground motion selection
procedure, the median structural response is not significantly affected, whereas the disper-
sion in the response tends to increase. These results prove that the proposed methodology
produces realistic results for NRHAs and complete the testing of the efficiency of the pro-
posed methodology for practical applications.

Table 1. MIDR estimates of the case study frame. The Case 1 results correspond to the suite of
ground motions who match only the target spectral mean, whereas the Case 2 results correspond to
the suite of ground motions who match both the target spectral mean and variability.

Storey Median MIDR % Dispersion of MIDR %

Case 1 Case 2 error % Case 1 Case 2 error %
1 0.91 1.05 15.7 11.79 81.49 590.95
2 1.13 1.30 14.5 6.82 69.54 919.09
3 0.95 1.13 18.0 8.36 56.68 577.70
4 0.89 0.87 -1.4 8.79 47.83 444.28
5 0.82 0.86 4.9 11.04 47.10 326.41
6 0.81 0.90 10.6 14.18 53.42 276.74
7 0.70 0.86 22.6 15.26 56.48 270.06
8 0.51 0.61 18.5 10.99 57.10 419.79
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4 Conclusions and Discussion

The efficiency of a novel stochastic methodology for the generation of suites of fully
non-stationary artificial accelerograms that are compatible both with a target mean spec-
trum and a target variability has been tested through the NRHAs of a benchmark frame.
Hazard consistency has been defined by obtaining the target spectral mean and variability
from a GMM and the ground motions have been generated using widely known spectral
representation techniques. This paper assumes that the correlations between spectral ac-
celeration values at multiple periods are equal to 1. It should be noted that Eq. 1 in [12] is
extended to a more general case, where the CMS can also be employed in the analyses and
the correlations will also be possible to be included in the spectra simulation process.

The methodology has been tested in order to ensure that the produced suites of ground
motions provide realistic NRHA estimates. The results of the NRHASs of an eight-storey
steel moment-resisting frame which was subjected to two cases of ground motion suites
were compared. One suite of ground motions matched only a mean target spectrum,
whereas the other suite of ground motions matched both a mean target spectrum and target
variability. The results showed that in the latter case, the median structural response is not
significantly affected, whereas the dispersion in the response tends to increase.

A point worth noting is that the present work simplifies the methodology proposed in
[12] and uses accelerograms with a fixed power spectrum and modulating function values.
This results in suites of artificial accelerograms that have very similar time-frequency fea-
tures, however, this simplification has been adopted in order to focus on the influence of
the target spectrum variability on the structural estimates without having additional uncer-
tainties added.

In conclusion, the obtained results of this study were compatible with similar observa-
tions from relative ground motion selection algorithms in the literature. Thus, the proposed
methodology produces realistic results for NRHAs and is efficient for practical applica-
tions.
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