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The near-fault pulse-like ground motions are of great practical interest in seismic engineering. In fact, they tend
to cause more serious damage to some types of structures than ordinary ground motions. However, the limited
availability of pulse-like records significantly constrains studies involving the randomness of ground motion,
such as reliability analysis. To address the scarcity of records, ground motion simulation methods should be used.
In the literature, the most efficient one, according to the theory of random processes, is based on the generation
of artificial accelerograms as samples of fully non-stationary Gaussian processes. By operating in this way, it is
possible to reproduce the typical characteristics of recorded time histories, with both temporal and spectral non-
stationarities, which fill the absence of available actual data. In this framework, the authors recently proposed a
new model of the evolutionary power spectral density (EPSD) function to generate artificial accelerograms in such a
way that a given target accelerogram can be considered as one of its own samples. The EPSD function can be
simply evaluated once the frequency of peaks, the zero-level up-crossings, and the total energy of the target
accelerogram are determined. This approach, previously applied to the case of ordinary accelerograms, is here
extended to pulse-like ones. To effectively achieve this extension, some measures must be taken in the definition
of the modulating function and the sub-processes that characterize the EPSD function.

In this study, once the way to define the EPSD function of the input process is described, a procedure to
evaluate in explicit closed form the EPSD function of the output process, in terms of displacements and velocities
of the structural response, is proposed. Finally, the statistics of the structural response are evaluated, and a
reliability analysis is performed in order to demonstrate the accuracy and efficiency of the proposed formulation.

1. Introduction

The first step of structural engineering entails accurately establishing
the structural model and determining the associated applied loads. In
the framework of seismic engineering, addressing the correct charac-
terization of ground motion acceleration is crucial for the design of
structures in seismic risk areas. Earthquake excitation is typically
defined through response spectra or, more realistically, by a set of
earthquake ground-motion acceleration time-histories, referred to in the
literature as accelerograms. Ground motions recorded near a fault
rupture (known as near-fault accelerograms) are often different from
those recorded relatively far from it (referred to as far-fault or ordinary
accelerograms).

* Corresponding author.

Furthermore, the near-fault accelerograms sometimes show high-
amplitude velocity pulses, occurring primarily in the fault-normal di-
rection. These accelerograms are usually called pulse-like. It follows
that, in the case of pulse-like accelerograms, most of the energy caused
by the rupture arrives, near the epicentre, in one burst at the beginning
[1]. Unlike ordinary accelerograms, the near-fault pulse-like accelero-
grams have their energy concentrated in a long-period pulse that can
cause considerable damage to flexible structures [1,2]. Moreover, in
comparison to far-field seismic records, ground motions characterized
by pulse-like features can impose significant displacement demands on
structures, elevating the risk of earthquake-induced collapse. This
heightened risk is attributed to the fact that structures exposed to
pulse-like ground motions must dissipate considerable seismic energy
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within a relatively short time frame [3]. For these reasons, the pulse-like
accelerograms have recently garnered increasing attention.

Several papers have been devoted to the identification of the main
parameters of pulse-like accelerograms such as peak ground velocity,
pulse period, pulse location, and the number of pulses. To identify and
characterize pulses in near-fault forward-directivity ground motions,
Mukhopadhyay and Gupta [4] proposed, as indicator, the velocity pulse
between two consecutive zero crossings, Vats and Basu [5] proposed a
time series-based algorithm that detects the dominant pulse orientation,
Chang et al. [6] applied the wavelet packet transform to classify ve-
locity pulses into acceleration and non-acceleration pulses, Chang et al.
[7]1 enhanced the study by incorporating a moving-average filtering
method and adopted the relative energy as the pulse indicator, Chen
et al. [8] proposed a generalized continuous wavelet transform method
for multi-pulse ground motion identification. Alternative signal pro-
cessing techniques, including the Hilbert-Huang transform [9], varia-
tional mode decomposition [10], and empirical Fourier decomposition
[11], have been applied to categorize and describe pulse-like ground
motions.

It is also widely recognized that the accelerations resulting from
intense seismic activity exhibit a stochastic nature. Moreover, exami-
nations of recorded accelerograms have demonstrated that the ground
motion accelerations exhibit variations over time in both their intensity
and frequency contents. The temporal non-stationarity is related to the
time variation of the cumulative intensity (energy) function [12,13],
while the spectral non-stationarity is related to the time variation of the
number of zero-level up-crossings and peaks [12,14,15]. It follows that
recorded accelerograms can be viewed as samples of fully non-stationary
zero-mean Gaussian processes, which are characterized by the Evolu-
tionary Power Spectral Density (EPSD) function [16,17]. Recently, the
authors proposed a new model of the one-sided EPSD function to
generate artificial accelerograms, in such a way that a recorded accel-
erogram, assumed as target one, can be considered as one of its own
samples [18,19]. In this model, the EPSD function can be simply eval-
uated once the frequency of peaks, the zero-level up-crossings, and the
total energy of a target accelerogram are determined.

The second step of structural design involves assessing the structural
response to predict the safety of structural systems. Within this frame-
work, the maximum absolute peak of stationary or non-stationary sto-
chastic responses offers valuable design insights for various engineering
scenarios. Nevertheless, even in the simplest case of an oscillator driven
by a zero-mean stationary Gaussian white noise [20,21], the exact
probability distribution of the maximum absolute peak of the response is
not available. Consequently, several approximate procedures have been
proposed to compute statistical characteristics of the response. These
approaches result in a probabilistic assessment of structural failure as a
function of barrier crossing rates, distribution of peaks, and extreme
values. The quantities mentioned above can be computed, particularly
for stationary input processes, using the well-known Spectral Moments
(SMs) introduced by Vanmarcke [22].

In the context of stationary stochastic response processes, SMs are
defined as the geometric moments of the one-sided Power Spectral Den-
sity (PSD) function associated with the response process. The assessment
of these SMs is crucial for the approximate reliability evaluation of linear
structural systems subjected to stochastic excitations [23].

The application of spectral methods to non-stationary random pro-
cesses is more challenging than for stationary processes. Specifically, the
geometric approach fails for non-stationary processes [24,25]. In
response to this challenge, Di Paola [24] introduced the Pre-Envelope
Covariances (PECs) as the covariances of structural systems subjected to
a complex random process, known as the pre-envelope process, in such a
way that the complex input and output stochastic processes only exhibit
power in the positive frequency range. However, due to the less intuitive
nature of the complex pre-envelope process, Michaelov et al. [26,27]
assessed the PECs as a function of the EPSD function of the response,
referring to them as Non-Geometric Spectral Moments (NGSMs). It is
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crucial to note that the NGSMs of the response provide more compre-
hensive information than “conventional” covariances. They have been
demonstrated to be more suitable for describing non-stationary pro-
cesses and can be effectively employed in applications related to struc-
tural reliability.

The evaluation of NGSMs has been conducted through the integral
formulation [26-30]. Alternatively, NGSMs have been derived as solu-
tions to sets of first-order linear differential equations, applicable to both
white [31] and non-white, uniformly modulated input processes
[32-34]. Despite the computational advantages of the differential
formulation, it is not widely utilized, and the integral formulation is
generally preferred. This preference is attributed to the fact that, in the
differential formulation, the complex input-output covariances,
requiring the Hilbert transform of both input and output, are necessary
to define the imaginary part of the complex pre-envelope input process.
Furthermore, in the integral formulation framework, it is widely
acknowledged that the Time—Frequency Varying Response (TFR) function
[35], also called Evolutionary Frequency-Response function [21], holds a
central role in assessing the statistics of linear structural systems sub-
jected to non-stationary stochastic excitations. Utilizing the TFR func-
tion enables the derivation of explicit closed-form solutions for the EPSD
function of the response. In this context, the EPSD function of the
response of structures subjected to fully or uniformly modulated
non-stationary stochastic processes has been mainly derived by applying
the pole-residue method [30,36-40]. An alternative approach based on
the explicit closed form evaluation of the TFR vector function of clas-
sically damped structural systems has been proposed by Muscolino and
Alderucci [41]. This approach, which requires the solution of dummy
differential equations subjected to simple analytical forcing functions,
has been extended afterward to non-classically damped structures [42,
43], and to the case of multi-correlated fully non-stationary input [44].

The final step of structural design is to predict the safety of struc-
tures. In the framework of stochastic dynamics the main purpose is to
evaluate the probability of success or its complement to one, that is the
probability of failure. The probability of success is defined as the
probability that a quantity of interest, closely related to the displace-
ment and velocity statistics of the structural response, does not exceed a
given threshold. To do this, analytical reliability functions have been
introduced in the literature [45-50]. By means of these functions, it is
possible to evaluate the probability of success in approximate form
through very simple relationships, once the NGSMs of the response have
been evaluated.

In this paper, a procedure for generating fully non-stationary ground
motions ensuring energy compatibility with both pulse-like and ordi-
nary recorded accelerograms is first described. The proposed procedure
can be viewed as an extension to pulse-like accelerograms of the one
recently proposed by the authors in Refs. [18,19], before applied
exclusively to ordinary accelerograms. Indeed, in Ref. [18] the modu-
lating function, necessary for the complete definition of the EPSD
function, was obtained by solving an optimization problem, here avoi-
ded. Furthermore, in Ref. [19] only the accelerograms recorded on rock
deposits were analyzed; consequently, only the case of uniformly
modulated zero-mean Gaussian non-stationary processes was studied. In
this paper the more general case of accelerograms recorded on soft soil
deposits is analyzed. This extension entails dividing the target accel-
erogram into multiple time intervals, each with at least one zero level
up-crossing and peak, and providing a closed form expression for the
modulating function, which depends on the total intensity and on the
strong motion duration of the selected recorded accelerogram. It follows
that for these accelerograms, the correct stochastic modelling is the fully
non-stationary zero-mean Gaussian non-stationary process. It should be
emphasized that, especially for pulse-like accelerograms, the division
into time intervals is determined by the slope changes variations of the
cumulative zero-level up-crossings function, assessing a PSD function for
each of these time intervals into which the target motion has been
subdivided.
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Once the EPSD function associated with selected recorded accelero-
gram is determined, the second step involves the evaluation, in explicit
closed form, of the EPSD function of the output, in terms of displace-
ments and velocities of the structural response of classically damped
structural systems. It can be noted that, unlike the formulation in
Ref. [41], where explicit form solutions of the EPSD function of the
response were proposed for modulating functions presented in the
literature (Shinozuka and Sato [51], Jennings et al. [52], Spanos and
Solomos [53], Hsu and Bernard [54], and Conte and Peng [14]), the
closed-form solution presented in this paper is derived for the
energy-compatible modulating function proposed by Genovese et al.
[19], developed by analysing recorded accelerograms.

In order to verify the versatility of the proposed approach, the
NGSMs of four oscillators subjected to both ordinary and pulse-like
recorded accelerograms are evaluated and compared with the Monte
Carlo Simulation (MCS). Then, for a multi-degree of freedom system, the
mean value of the largest peak of structural response is evaluated by the
proposed approach, adopting the reliability function introduced by
Corotis et al. [45], and compared with MCS.

2. Preliminary definitions
2.1. Equations governing the motion

Let us consider a linear quiescent N-degree-of-freedom (N-DOF) clas-
sically damped structural system subjected to seismic ground motion
acceleration, Ug(t), whose dynamic behaviour is governed by the
following equation of motion:

Mii(t) 4+ Ca(t) + Ku(t) = —MaUy(t) ¢h)

where M, C, and K are the (N xN) mass, damping, and stiffness matrices
of the structure; 7 is the N array listing the influence coefficients; u(t) is
the (N x1) vector of displacements, having for i-th element u;(t) and a
dot over a variable denotes differentiation with respect to time. Under
the assumption of classically damped system, the equation of motion can
be decoupled by applying the modal analysis. Therefore, let introduce
the modal coordinate transformation:

u) =@at)=> g >u) =S ¢ q) @
I s}

In Eq. (2), the modal matrix ® = [¢p; ¢, ¢, |, of order N x
m, collects the m eigenvectors ¢; normalized with respect to the mass
matrix M, solutions of the following eigenproblem:

K MO=d>Q 2 & 'MbD=1I, 3)
where Q is a diagonal matrix listing the undamped natural circular
frequency oj, I, is the identity matrix of order m and the superscript T
denotes the transpose operator.

Once the modal matrix @ is evaluated, by applying the coordinate
transformations in Eq. (2) to Eq. (1), the following set of decoupled
second order differential equations is obtained:

d(t) +Eq(1) + Qq(t) = —@ Mz Ug(t) ©)
in which Z is the generalized damping matrix given by:
E=®'CP (5)

For classically damped structures the modal damping matrix E is a
diagonal matrix listing the quantities 2¢;w;, being &; the modal damping
ratio. It follows that the j-th differential Eq. (4) can be written as:

Gi(t) + 2&w;q;(1) + w7 g;(t) =p;U(t), ji=1,2,...m 6)
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where p; is the so-called j-th participation factor, that can be evaluated
as:

pi=-® M1 @)

2.2. Seismic excitation as a fully non-stationary zero-mean Gaussian
process

In this paper, a selected recorded accelerogram, of time duration D, is

assumed as target one, iiéT)

seismic hazard at the site of interest. It is widely recognized that the
earthquake-induced ground motion recorded accelerations can be
considered samples of zero-mean Gaussian stochastic processes which
present non-stationarity in both time and frequency domains. To capture
both variations, recently, the authors in Refs. [18,19] proposed a new
model in which the variation of the intensity of the target accelerogram,

(t). It is deemed to be representative of the

iig)(t), is captured by introducing an appropriate modulating function,
while the non-stationarity in frequency is captured by introducing a sum
of stationary sub-processes, each acting within a well-defined time
window. According to this formulation, the mono-correlated zero-mean
Gaussian random process Ug(t), modelling the target accelerogram,

-(T)
ng

modulating function a(t) and the sum of stationary zero-mean Gaussian
filtered sub-processes, Xi(t), that is:

(t), is defined as the product of a real non-negative deterministic

Uy(6) = a(t) S Xe(t) Wit r, ) ®
k=1

where W(tx_1, &) is a window function defined as follows:

1, b1 St <t

Wt ) = {0, t<tes and t> & ©)

The modulating function a(t), according to the formulation proposed
by Genovese et al. [19], is herein defined as:

a(t) =a

x {gW(O,ml) Wt ) +exp(—eo(t—t)) WD) | O
where:
soz(Dl_—Otuz) an

In Eq. (10), D is the final time of the recorded accelerogram, while
te,(s=1,2) are time instants into which the modulating function is sub-
divided. The two time instants t, (s= 1,2) can be selected as a function
of the temporal parameters defining the strong motion duration of a
target motion. This parameter, rather than the duration of the entire
time history D, is considered crucial for identifying the portion of the
record where the amplitude of ground motion could potentially cause
damage to engineering structures.

Several definitions of strong motion duration have been proposed in
the literature, with the commonly used significant duration [55] defined
as the interval of time over which a percentage of the total intensity is
accumulated. Usually, this range is considered to be between 5% and
95% (ts.95) or between 5% and 75% (ts.75) of the total intensity of the
target accelerogram Iy, defined as:

b 2
Ip= / {ﬁ?(t)} dt 12)

0

Note that despite the presence of window functions, the modulating
function introduced in Eq. (10) is a continuous function in the time in-
terval 0 < t < D, although piecewise defined. Finally, in Eq. (10), the
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dimensionless coefficient a, is introduced so that the artificial accel-
erograms possess, in mean, the same total intensity I, of the recorded
accelerogram. This coefficient is evaluated in closed form as [19]:

_ 4 (D —tg,)
ap = \/IO/ |:ta2 —gtal +T . 13)

In order to capture the frequency variation of the selected recorded
accelerogram, assumed as target one, the frequency variation of the
stochastic process Ug(t) is obtained by dividing the overall duration of
target accelerogram D into n contiguous time intervals of amplitude A
Ty = tx — tx_1. These time intervals are chosen in such a way as to
capture the variation of the number of zero-level up-crossings of the
target accelerogram, which are closely linked to its variation of the
frequency content [18]. Note that, especially for pulse-like accelero-
grams, the division into time intervals must be determined by the slope
changes of the cumulative zero-level up-crossings function. Further-
more, to avoid the superposition of two discontinuities, which could
lead to numerical errors, it is necessary to select t; # t,, and also t;_; #
to,- Then, introducing in each time interval a stationary zero-mean
Gaussian filtered sub-process, Xi(t), the one-sided evolutionary power
spectral density (EPSD) function of the zero-mean Gaussian fully
non-stationary process Ug(t), introduced in Eq. (8), can be written as
[18]:

Gy, (0,t) = ZW b1, ) G, (@) =

k=1

@*(t)Gy, (0, 1) a4

where Gy, (w) is the one-sided PSD function of the kth stationary sub-
process X (t), and

Gy, ( Zw te 1, t)Gx, (@ ZGUka)t (15)
k=1

with

G, (@,8) = W(te1,8)Gx, () 16)

Note that due to the presence of windows functions, the one-sided
EPSD function defined in Eq. (14) presents discontinuity of the first
kind at time instant t = t,k = 1,2, ...,n. Indeed, in each time interval
[ti-1, t) the PSD function Gx, (@) of the stationary sub-process Xi(t) is
independent from the previous and following ones. It is herein assumed
that the sub-process Xi(t) is characterized by the following one-sided
PSD function:

4
Gy ()= f »? Pik__ | qlep) (@) an
* o2 +of, ) \ot +of, )7

where wp; and oy represent the k-th frequency control of the second
order low-pass and first order high-pass Butterworth filters, respectively,

and G,icp)(w) is a unimodal one-sided PSD function having unitary area
[18]:
1 1
G (o) =& + as)
C =g PR+ (0 + Q) P+ (0 — )

The parameters p, and € introduced in Eq. (18) represent measures
of the frequency bandwidth and of the predominant circular frequency
of the kth filtered stationary process, respectively. The coefficient g,
introduced in Eq. (17), ensures that the sub-process Xi(t) possesses
unitary variance, i.e. ”}2<k =1, and can be evaluated as:

2 ﬁkBk <w;'”< + wz“k)

— 19
a)ik(Ek + dk + Ek)

b=

The coefficients appearing in the closed form expression of Eq. (19)
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can be calculated as:

G = (i + QI%)4 +2(p — 67 + Q) oy + 0]

2
b = p} + 2Pk( - wHk) + (QI% + w?-r,k)
Cx = —2 Gk Py Ouk Ok (p,% + Qf — wf,7k)

- 2

d = [(/)1% +95) (/’k 69 + Q + a)Lk)

— 0 (o — 9F) (07 +90)" + 0 ) | 200k (0 + o))

& = V2 b py
x {2 (0 — o2 ) (0 + o — 20703 - 39}

(0 03 ) [of + 0F + 3982 (57 + @) + of (o — 390) |}
20)

So operating, the fully non-stationary stochastic process Ug(t)
defined in Eq. (8) is able to capture simultaneously the time-varying
intensity and the time-varying frequency content of the target accel-
erogram ﬁé”(t) although its single sub-processes are individually uni-
formly modulated. According to Muscolino et al. [18], the control
frequencies of the kth pair of Butterworth filters within the time interval
[te—1,t) are given by wpx = 0.1 € and w x = %+ 0.8 p,. The pre-
dominant circular frequency and the circular frequency bandwidth can
be evaluated, respectively, as:

o =~ 271 N;, (21)
kT AT,
T NGy Ny
Pk = AT, { _2P_k} 22)

where N, and P, are the number of zero-level up-crossings (i.e.,
crossings of the time axis with positive slope) and the number of peaks of
the target accelerogram iig)(t) in the k-th time interval.

The subdivision of target accelerograms into multiple time intervals
represents a crucial point of the proposed approach. This time-domain
subdivision must accurately capture changes in the slope of the cumu-
lative zero-level up-crossing functions, ensuring that each interval
contains at least one zero-level up-crossing and a peak, as required by
Egs. (21) and (22). Once these intervals are identified, a one-sided PSD
function is then computed using Eq. (17).

2.3. Non-geometric spectral moments

For non-stationary processes, characterized by the one-sided EPSD
function, the so-called Non-Geometric Spectral Moments (NGSMs) intro-
duced by Michaelov et al. [26,27] play a fundamental role in the eval-
uation of structural safety. For linear classically damped structural
systems subjected to mono-correlated stochastic input, the r-th NGSM,
Ary (t) (r =0,1,2), of the i-th nodal response, u;(t), can be evaluated as a
function of modal cross-NGSM pj Pe Arpe(t) (b,e = 1,...,m), by using the
following relationships [20,41]:

dou(®) =" Py Pe iy bie Aone(D);
b=1 e=1

M) =Y > Do Pe iy bie Are(t); (23)
b=1 e=1

/‘lz.ui(t) = Z ZPb De (/)ib ¢ie j'2~11(?(t)'

It has to be emphasized that the zero order NGSM, ﬂo,ui(t), and the
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second order NGSM, izui(t), are real functions that coincide with the
variance of the response in terms of displacement and velocity, respec-
tively; while the first order NGSM, 41,,(t), is a complex quantity whose
imaginary part can be evaluated as the cross-covariance between the
displacement response process and the velocity response process of the
same DOF, while the real part is the cross-covariance between the
displacement response process and the response process of the same DOF
subjected to a non-stationary input whose stationary counterpart is
proportional to its Hilbert transform [28,29].

By analysing Eq. (23) it appears that the nodal NGSMs can be eval-
uated once the functions .5 (t), r = 0,1,2, which are the so-called time-
dependent modal NGSMs, “purged” by p; factors, are determined. After
some algebra, these quantities, which are complex ones, can be evalu-
ated in the time interval [t;_1, t;), for quiescent structural systems (at
time t = 0) as follows [41]:

n
Arbe (t) = Zj-r.k.be(t)y r=0,1,2 24)
k=1

with:

Aose(t) = / Z; (0, 6)Ze (o, t)é%k (w,t) do;
0
Inge(t) = —i / Z,(0,02.0,0Cy, (@0 do: b <t<t (25
A _

Aakbe(t) = / Zy(0,6)Z (0, t)Gg,, (@, t)do
0

where 6Ug_k (,t) is the function defined in Eq. (16). It follows that the

“purged” NGSM A,k p(t), (r=0,1,2) could present discontinuities of the
first kind in each time interval [t;_1,t). It follows that the NGSMs, given
in Eq. (23), could be discontinuous functions too. Indeed, they have to be
evaluated taking into account the various time intervals in which the
target accelerogram is subdivided. Finally, in writing Eq. (25), for j=b,e,
the following positions have been made [41]:

Zi(w,t) = /t h;(t —7)exp(iwr)a(r)dz;

Zi(w,t) = / [ h;(t — 7)exp(iwr)a(r)de (26)

where h;(t) is the impulse response function of the j-th modal oscillator
defined as follows:

hi(t) :%exp(—éfja)jt) sin(jt); t>0 27)
j

— 2
and @; = wj(/1 — &

is the damped circular frequency of the j-th
oscillator.

It has to be emphasized that the function Z;(w, t) introduced in Eq.
(26) is the so-called modal time-frequency varying response (TFR) function
of the j-th modal oscillator (j = b,e) [21,35,41], and Zj(a), t) is its de-
rivative with respect to time. Notice also that, if the modulating function
is assumed to be equal to the Heaviside unit step function, a(t) = U(t),

with U(t) defined as:

_Jo, t<ty;
ve-w {3 fSe (28)
and taking the limit as t—oo, the first of Eq. (26) leads to:
%im Zij(w,t) =exp(i w t)Hj(w) (29)

where H;j(w) is the frequency response function of the j-th modal oscillator:
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1

2 _ 2 11 .
0 —w +1i2§w;0

Hy(w) = 30)

3. Stochastic response of linear structural systems

3.1. Explicit closed form solution for the time—frequency varying response
function

In this section, explicit closed-form solutions of the modal TFR
function of the j-th oscillator (j = b, e), defined in Eq. (26), are evaluated.
To do this, the function Zj(w,t) introduced in Eq. (26) as a Duhamel’s
type integral, is here obtained as the solution of dummy oscillators
whose motion is governed by the following differential equation with at-
rest initial condition [41]:

Zi(w, t) + 2§ja}ij(w, t) + a)jZZj(a), t) = exp(iwt)a(t);

. 31)
Zj(@,0) =0, Z(w,0)=0

Note that this approach appears similar but it is conceptually very
different from the pseudo-excitation method proposed by Lin et al. [56],
where the PSD function of the stationary counterpart of the input ap-
pears in the right-hand side of Eq. (31). It follows that the physical
dimension of the TFR function is totally different from the function
derived by applying the pseudo-excitation method. Furthermore, being
the modulating function a(t) subdivided in three time intervals (see Eq.
(10)), the TFR function of the j-th oscillator, solution of Eq. (31), must be
evaluated as the sum of three functions, i.e.:

Z(o.t) = 2" (0,6) W(0,t,) + 27 (,6) W (ta, o)

+7 (w,6) W (t,,D) 32)
where the functions Z;S)(a), t),withs =1,2 3, are solution of the
following differential equations:

2

2 (0,6) + 260,27, (0,0) + 0?2 (,1) = exp(iot)a® (©). (33)

These three differential equations can be solved by imposing on each
of them the corresponding modulating function and the initial conditions
listed below:

7" (0,0) =0, Z"(,0)=0;

a(z) (t) =do; Z;Z) <U)ata1> :Z;l) <U)ata1>a Z.;Z) <U)1ta1> :Z.;l) ((U7tﬂl ) (34)

2 (0,te) = 27 (0,82,

5(3) 5(2)
Z; <a),taz>:Zj (a),taz).

Since the forcing terms are expressed in a simple analytical form, the
solutions of Eq. (33) can be pursued in several ways. The first is the
Laplace transformation method, which is the most commonly used
within the theory of linear systems (see e.g. Ref. [57]). This method,
which for the evaluation of the inverse Laplace transformation requires
the use of the partial fraction method [58], has recently been applied to
evaluate the TFR function [40]. However, this method could be
cumbersome in the evaluation of poles and residues, especially for linear
systems without initial rest conditions and forcing function that modifies
the time variation law in various time intervals, as in the case of the
modulation function given in Eq. (10). Therefore, an alternative way is
adopted in this paper to obtain the TFR function. Specifically, the gen-
eral solution of each of Eq. (33) is evaluated by the combination of the

a®(t) = ao eXP[* 80(“ taz)]?

complementary solution ZE:S_)J.(w7 t) and the particular solution ZS} (w,t) [59]:
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Z9(0,t) =Z5)(0,6) + Z8(@,1); s=1,2,3 (35)

The first step of the approach adopted here is the evaluation of
particular solutions of Eq. (33). After very simple algebra it can be proven
that the particular solutions of the three differential equations given in
Eq. (33) are the following:

70 (w,1) = %3 Hy(w) & — 4(i0 + & w))H () t — 2H(0)

+8(iw+§ a)j)sz(a))]exp(iaﬁf)7 0<t<ty;

Z(w,t) = ao Hj(w)exp(iot),

o ty St <ta

Z3) (1) = ao yj(w)exp( — £o(t — ) Jexp(iot),  to, <t < D;

(36)
where the frequency response function H;j(w) of the j-th modal oscillator is
defined in Eq. (30), and:

1
B o? + 2 §wj fw) + Blw)”

)(j(a)) P(w) = —¢eo +iw (37)

The complementary solutions coincide with the free-vibration re-
sponses of Eq. (33) and can be formally written as:

Z(CS_)j((u7 t) =exp( - w; t) {A}” cos(@; t) + B}” cos(@; t) }, s=1,2,3

(38)

where the constants A}s) and B]@ may be expressed in terms of the initial
conditions, Z;S) (w,tg, ,) and Z;S) (w,tq, ,), with at-rest at the initial time

t = 0. After some algebra, evaluated the constants A]@ and B;s) by
imposing the initial conditions for each differential Eq. (33), the com-
plementary solutions can be written as [60,61]:

a
0 - 2]

a

S0+ 50)°890) - 20| o) - (0]

+ 4o+ go) HE(@)h(6)},  0<e<ty;

28 (0.t) = ~0Pg(t— to) Z (0.ta,) + hi(t — o) Z) (00,82,

+ o (@) [02g (¢~ to ) exp(iwts,) — iohy(t ~ t, )exp(ivts, )|
ty, <t< ta,;
(2)
Z8) (0.1) = —02g(t — 1) 27 (0,t) + it~ ) 27 (0, 82,)
+ aoy;(w) [wfgj (t — to, ) exp(ioty,) — p(w)h;(t — ta, ) exp (imtaz)] ,

t,, <t <D;
39
where the function h;(t) is defined in Eq. (27), while
1 _ Gaoj .
g(t)= 7Eexp( — & w;t) |cos(@; t) +?sm(wj t)]; t>0 (40)
J J

Substituting Eqs. (36) and (39) into Eq. (35), the general solutions of
Eq. (33) are determined.

3.2. Explicit closed form solution for the one-sided cross-EPSD function

It is well known that, within the framework of stochastic dynamics of
structures, the statistical characteristics of a zero-mean Gaussian fully
non-stationary stochastic process can be totally determined once its one-
sided EPSD function is known. Unlike stationary excitations, the EPSD
function of the response of structures subjected to non-stationary sto-
chastic processes cannot be directly derived from the EPSD function of
displacements [28,29]. In fact, the following inequalities hold:
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Gy (0, t) # 0Gyy, (0,t); Gy, (0, t) # »? Gy (@, ) 41)

It has been proven that the one-sided EPSD functions of the nodal
response, in terms of displacements and velocities, of structural systems
subjected to fully non-stationary zero-mean Gaussian processes can be
evaluated using the following relationships [21,41]:

Gui”i(w’ t) = Z Z Pb Pe ¢ﬂz ¢ie GZbZe (a), t);
b=1 e=1
Guiy (0, 1) = Z Zpb Pe i Gic Gz,7, (w,1);
b=1 e=1
Gy (0, 1) = Z Zpb Pe i bie Gz,2,(@,1); (42)

o
]

1

o
||
-

where Gzz (@,t), Gg; (@,t), and Gy,
cross-EPSD functions between displacements and velocities of the
response of modal oscillators “purged” by p; factors.

In the case analyzed, the modulating function is governed by three
different analytical laws, in three contiguous time intervals, it follows
that the one-sided modal cross-EPSD functions must be determined as

the superposition of three different functions:

Gaz. (0,t) = W(0.t, ) G (@.8) + W(tay, tar) G, (8)

W (tﬂz,D> G2, (w, t);

s (@,t) are the one-sided modal

Gz z (w7t> = W<07tal) Gy (w,t) + W(t,,l, ta2> Gy, (w,t)
+ W(tﬂz,D> G® (w,t);

ZpZe

Gz, <a), t) - W(O,tal) G, (w,t) + W(tal, taz) G2, (a),t) .
+Ww (taZ,D> GS)Z (w, t).
Consequently, the one-sided modal cross-EPSD functions present
discontinuity of the first kind at time instants t = t, andt = t,,.
Moreover, the EPSD functions that appear on the right side of the pre-
vious equation are determined as solution of dummy oscillators defined
in Eq. (33). In fact, as the TFR functions Z}”(w, t) (s=1,2,3; j=b,e) of
dummy oscillators are evaluated in explicit closed form solution, it is
possible to evaluate these EPSD functions by very simple analytical re-
lationships [41]:

n
G}?Ze(m, t) = Z Wt 1,t) Z5" (@,8) Z9 (0, )Gy, (0);
pa}

n
GO, (0,) =3 W(ti1,6) 2 (0.6) 20 (0,Gx (0); s=1,2,3  (44)
k=1

n )

Gy, (@.0) =Y W(te1,6) 2, (@,0) 2 (,6)Gy, ().

In these equations, Gx, (@) is the PSD function of the k-th stationary sub-
process defined in Eq. (17). Note that for the presence of window
functions, the one-sided EPSD functions defined in Eq. (44) present
discontinuity of the first kind at time instant t = t, k =1,2,...,n, which
are combined to the discontinuities present in Eq. (43).

3.3. Non-geometric spectral moments of stochastic response

Once the one-sided modal cross-EPSD functions (see Eq. (44)) are
determined, the “purged” NGSMs in the s-th interval, into which the
modulating function a(t) is subdivided (see Eq. (10)), are evaluated by
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solving the following integrals: Finally, the b — th, e — th cross “purged” NGSM can be evaluated as
the sum of the three functions given in Eq. (45) as follows:

Zrae(t) = 25, (¢) W(0,8, ) + A%, (¢) W (e, 0, ) + 25 (£) W(t,, D)
r=0,1,2
A (8) = —i / ) Gy, (0,t)dw = i:z;ﬁ;_be(t); s=1,2,3 (45) (47)
0 k=1

Substituting the cross “purged” NGSMs into Eq. (23), the nodal
NGSMs of the classically damped structural system are obtained as

00 n
500 = [ 60040 = Y a0
k=1

A1) = / TG, (0,0do = 3 45,0, follows:
0 bZe =i 5K
Aou(t) = e Pib Pie
where }“S)l,be(t) is evaluated numerically according to Eq. (25) as: ou(®) ; ;pbp Pud
© 250 (YW(0, tay ) + Ao, ()W Ly , tay) + Ape ()W (tay, D) |5
}”E)S.L.be(t)zw(tk—lytk)/ Zl(f) (m,t)fo)(a),t)ka(m)dw; x [Ol’e(t) (0.te,) + 0-,be(t) (tay s Lay) + Ag e () W (L, )]
) 0
© * (s A (L = e Pib Pie
i) = - Witr,) [ 27 0,02 0.0 G, (@) P T g L ppded
0
X [HROWO, t) + 25 (OW (ta,, ) + AT (W (e, D) 3
A0 (8) = W(ti1, t) / 2 (0,02 (0,0)Gy, (0)dw;  s=1,2,3
0
STRUCTURAL ANALYSIS SEISMIC ACTION MODELLING
(see Egs. (1)-(7)) (see Egs. (10)-(22))
- Assume a linear, quiescent, classically Consider the target recorded accelerogram
damped N-DOF structural system; as a sample of a zero-mean Gaussian
stochastic process, which presents non-
- Perform the modal analysis to decouple stationarity in both time and frequency
the differential equations of motion. domains.

EVALUATION OF THE MODAL TIME-FREQUENCY VARYING RESPONSE (TFR)
FUNCTION IN EXPLICIT CLOSED FORM
(see Eqgs. (35)-(40))

EVALUATION OF THE CROSS-MODAL EVOLUTIONARY POWER SPECTRAL DENSITY
(EPSD) FUNCTION IN EXPLICIT CLOSED FORM
(see Eqs. (43)-(44))

\ 4

EVALUATION OF NON-GEOMETRIC SPECTRAL MOMENTS (NGSMs) OF STOCHASTIC
STRUCTURAL RESPONSE
(see Egs. (45)-(48))

- Evaluate the “purged” modal NGSMs in the three time intervals in which the modulating function is
subdivided, for each interval in which the PSD function is assessed (see Eqgs. (45)-(47));

- Substitute the cross “purged” NGSMs into Eq. (23) to evaluate the nodal NGMs of the classically
damped structural system (see Eq. (48)).

Fig. 1. Flowchart of the proposed procedure for the evaluation of nodal NGSMs.

7
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j'ZVUi(t) = Z pr Pe ¢ib ¢ie

b=1 e=1
X [AROWO,t0) + A0 OW(tay o) + 2% (OW (80, D)
(48)

For the sake of clarity, the procedure for calculating NGSMs is
summarised in the flowchart in Fig. 1.

Known the nodal NGSMs, it is possible to approximate both the
reliability function and the probability of success [45-50].

4. Numerical applications

The purpose of this section is to validate the proposed procedure for
the evaluation of the response of linear structural systems subjected to
seismic accelerations modeled as fully non-stationary zero mean
Gaussian stochastic processes. To this purpose two recorded accelero-
grams are analyzed: one pulse-like and one ordinary. Then, according to
the procedure described in Section 2, the parameters of the EPSD
functions associated to the two selected recorded accelerograms are
evaluated. Subsequently, two sets of artificial accelerograms are
generated so that the two target ones can be considered as samples.
Finally, the effectiveness of the proposed method is showcased through
two numerical applications. The first application involves the analysis of
four single-degree-of-freedom (SDoF) systems. In the second application
a reliability analysis test is performed by evaluating the mean value of
the largest peak of the response for a six-story spatial frame. In both
applications the results obtained by the proposed procedure are
compared with those obtained by using the Monte Carlo simulation
(MCS).
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4.1. Target accelerations

In order to generate artificial accelerograms using the EPSD model
recently introduced by the authors [18,19] and synthesized in section
2.2, two types of near-field ground motions, downloaded from Peer

database, have been selected as target accelerograms iiéT) (t) (see Fig. 2):

o the first horizontal component (HVP225) of ground motion “Imperial
Valley-06”, recorded in 1979, is pulse-like. It displays distinct pulses
in acceleration, velocity, and displacement time histories (see Fig. 2
a,c,e). The recording station, situated at the Holtville Post Office on
deep deposits of dense sand with a shear wave velocity V539 =
202.89 m/s, falls into soil class C according to the European Com-
mission Standard EC8 [62]. The site-source distance is Ry = 5.35
km, and the closest distance to the fault rupture plane is Ryyp = 7.5
km. The selected motion, with magnitude M,, = 6.53, overall dura-
tion D = 37.86 s, sampling step At=0.005 s, and peak ground ac-
celeration PGA = 2.53 m/s?, is characterized by a total intensity Iy =
5.52783 m%/s> and Arias intensity I = 0.885 m/s. The strong motion
duration of the target motion is Dsy5 = 4.695 s, while the times
corresponding to the 5% and 75% of I are respectively ts = 4.71 s
and t75 = 9.405 s. The total number of zero-level up-crossings and of
peaks are equal to N§j=141 and Py=330, respectively. For the
selected accelerogram, the dimensionless coefficient of Eq. (13), used
in the subsequent sections for the evaluation of the
energy-compatible modulating function, is equal to ag = 0.885 m/ 52;
the second horizontal component (ELC270) of the 1940 “Imperial
Valley-02” ground motion does not contain pulses in the accelera-
tion, velocity or displacement histories (see Fig. 2 b,d,f). The

- ELC270

i ELC270

D [m/s]

= -02

&n

i

=)

~
T

S

0 10 20 30 40 50
t[s]
0.4
- ELC270
0.2

ugm [m]
(=]

-0.2

04 L

Fig. 2. Time histories of the two target ground motions: (a,b) acceleration; (c,d) velocity, (e,f) displacements. Left column: 1979 Imperial Valley-06 (HVP225) (pulse-
like accelerogram); right column: 1940 Imperial Valley-02 (ELC270) (ordinary accelerogram).
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recording station, located on deep deposits of dense sand with V39
= 213.44 m/s (soil class C according to EC8), is characterized by a
site-source distance Ry = 6.09 km and a closest-distance to the fault
rupture plane Ryp = 6.09 km. The selected motion of magnitude M,
= 6.95, overall duration D = 53.45 s, sampling step At = 0.01 s and
peak ground acceleration PGA = 2.06 m/s?, is characterized by a
total intensity Ip = 7.30 m?/s® and an Arias intensity I = 1.16 m/s;
the strong motion duration of the target motion is Ds.75 = 17.73 s
while the times corresponding to the 5% and 75% of I are respec-
tively ts = 2.15 s and t75 = 19.88 s. The total number of zero-level up-
crossings and of peaks are equal to N§ = 145 and Py = 239,
respectively. The coefficient of Eq. (13), applied in the following
sections to assess the energy-compatible modulating function for the
ELC270 accelerogram is equal to ag = 0.606598 m/s>.

4.2. Generation of artificial accelerograms compatible with target ground
motions

In this section, the one-sided EPSD function evaluated in Section 2.2 is
used for generating samples of fully non-stationary zero-mean Gaussian
processes, so that a given target accelerogram can be considered one of its
own samples. The fully non-stationary zero-mean Gaussian input process,
can be defined as the sum of zero-mean Gaussian uniformly modulated
sub-processes Xi(t), defined in contiguous time intervals (see Eq. (14))
and possessing a one-sided PSD function Gy, (w) with unit variance,
multiplied by a modulating function. Consequently, the determination of
both the modulating function and the fundamental parameters that char-
acterize the PSD function of each sub-process is conducted separately.

4.2.1. Evaluation of the PSD function parameters

The one-sided PSD function Gy, (w) associated with the Gaussian sub-
process, Xi(t), depends solely on the count of peaks Py and zero-level up-
crossings N, occurring during the kth time interval ATy = t;— t;_ (k=
1,2,...,n) within which the target accelerogram has been subdivided.
The procedure proposed by Muscolino et al. [18] is applied herein to the
two selected recorded accelerograms, one of which exhibits pulse-like
behaviour.

Both accelerograms, recorded as near-fault motions on soft soils, are
characterized by a non-linear trend of the cumulative zero-level up-
crossing function N{ (t), as evident from the analysis of two functions
depicted in Fig. 3. To obtain the non-stationary stochastic processes,
which include the target accelerograms among their samples, it is
necessary to subdivide both target accelerograms into different time
intervals, each containing at least one zero-level up-crossing and peak,
and then evaluate a one-sided PSD function for each time interval into
which the target motion has been subdivided. In this numerical appli-
cation, both accelerograms have been subdivided into five-time regions,
identified based on the change in slope of the zero-level up-crossing
functions. The selected five-time regions for both target signals are
indicated in Fig. 3, filled with different colours, and delineated by
dashed black vertical lines.
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Fig. 4 shows the one-sided PSD functions Gx, (w) computed for each
of the five time region into which the target signals are subdivided. The
same colours are used to highlight which region of the range each one-
sided PSD function is associated with. Table I and Table II list the pa-
rameters useful for their evaluation: t;, time instants corresponding to
the passage from one interval to another; ATy, amplitude of the k-th time
interval; N, and Py total number of zero-level up-crossings and peaks in
the k-th time interval; Q, predominant circular frequency; py, circular
frequency bandwidth; w; x and wp circular control frequencies of low-
pass and high-pass Butterworth filters; Sk, normalizing coefficient.

4.2.2. Energy-compatible modulating functions

The modulating function a(t) is evaluated to be energy compatible.
This function, according to Egs. (10) and (12), in turn depends on the
cumulative intensity of the target motion Iy(t) defined as:

t

Io(t) = / {ﬁ;”(r)} "t

0

49

The values of the time instants, t, (s = 1, 2), corresponding to the
passage from one interval to another in the piecewise modulating
function of Eq. (10) have been assumed to be equal to the time instants
characterizing the strong motion duration D575 of the target accelero-
gram. Specifically, in Egs. (10)-(13) have been set t,, =ts and t,, = t75
that correspond to the times at which 5% and 75% of the total intensity
Io(t) has been released, respectively.

For the two target accelerograms, the modulating functions are shown
in Fig. 5 (solid black lines) together with the absolute value of the target
motions (grey line) and the trend of the cumulative intensity functions
Io(t). As evident from the trends depicted in Fig. 5, the strong motion
duration region of the pulse-like accelerogram is much smaller than the
same region of the ordinary one. It follows that most of the energy
transmitted by a pulse-like accelerogram to a structure is concentrated
in a small interval. This is also evident when analyzing the one-sided
EPSD functions plotted in Fig. 6. These functions present discontinu-
ities of first kind at time instant t = &, k = 1,2, ...,5 (see Eq. (14)). To
avoid numerical errors, it is appropriate to select ti_1,t; # tq,.

4.2.3. Fully non-stationary samples

In the previous sections, the parameters characterizing the EPSD
function are determined. In this section, two sets of samples of fully non-
stationary zero-mean Gaussian stochastic processes are estimated in
such a way that the selected accelerogram can be considered as one of its
own samples. According to the procedure described in Ref. [51], the two
sets of Ny = 10000 samples have been generated as follows:

a(t)v2ho {:EIZ kgl w <tk,1 , tk> cos <rAa)t + 09) \/m } ;

i=1,2,...,10000
(50)

Uy (1) =

Here, it is assumed a frequency step Ao = 2n/D, an upper cut-off
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Fig. 3. Cumulative zero-level up-crossings functions of two target accelerograms together with the subdivision of the temporal region delineated by dashed black
vertical lines: a) Imperial Valley-06 (pulse-like accelerogram); b) Imperial Valley-02 (ordinary accelerogram).
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Fig. 4. One-sided PSD functions in the five contiguous time intervals of the selected accelerograms: a) Imperial Valley-06 (pulse-like accelerogram); b) Imperial
Valley-02 (ordinary accelerogram).

Table 1

Main parameters of the one-sided PSD functions of the target pulse-like accelerogram of Imperial Valley-06.
k t [s] ATy [s] N¢ Py Q [rad/s] pr [rad/s] oux [rad/s] ok [rad/s] Pr
1 0.7 0.7 2 12 18.081 12.694 1.808 28.236 7.277
2 3.8 3.1 40 61 81.204 37.153 8.120 110.927 20.824
3 16.4 12.6 48 92 23.945 12.560 2.395 33.993 7.0779
4 29.7 13.3 38 103 17.958 10.792 1.796 26.592 6.125
5 37.86 8.16 13 87 10.010 7.114 1.001 15.701 4.082

Table 2

Main parameters of the one-sided PSD functions of the target ordinary accelerogram of Imperial Valley-02.
k t [s] ATy [s] N¢ Py  [rad/s) i [rad/s] wux [rad/s] wrx [rad/s] Pr
1 1.81 1.81 2 8 6.981 4.610 0.698 10.670 2.632
2 27.77 25.96 90 128 21.791 9.454 2.179 29.355 5.290
3 29.78 2.01 9 11 28.274 10.640 2.827 36.786 5.937
4 39.80 10.02 26 43 16.320 7.884 1.632 22.627 4.427
5 53.45 13.65 18 54 8.286 5.127 0.829 12.387 2.915
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Fig. 5. Comparison between the absolute values of the target accelerogram (grey line), its cumulative intensity function I, (t), and the modulating function a(t)
together with the indication of the target Ds_;s delimited by two vertical lines: a) Imperial Valley-06 (pulse-like accelerogram); b) Imperial Valley-02 (ordinary
accelerogram).
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Fig. 6. Joint time-frequency representation of the one-sided EPSD functions [m?/s®]: a) Imperial Valley-06 (pulse-like accelerogram); b) Imperial Valley-02 (ordinary
accelerogram).
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circular frequency oy = /At and a number of discrete frequencies my =
wn/Aw. In Eq. (50) the random phase angle, 8 , is uniformly distributed
over the interval [0,27]. Once the samples of artificial accelerograms are
generated, the main statistics of the structural response can be evaluated
by applying the MCS.

The number of samples N was selected to ensure that the estimated
statistical quantities (i.e. mean and variance) stabilize within an
acceptable tolerance.

In Fig. 7 are compared the cumulative intensity function of the target
accelerograms Iy(t) (red line) and those obtained by means of MCS. In
particular, the grey area defines the envelope of the cumulative intensity
functions computed for each set of N; samples of artificial accelero-
grams; the black line defines the corresponding mean value trends Io(t);
the confidence interval (computed as the mean value plus/minus one
standard deviation ¢ of the data) is represented with a dashed black line.
On the time axis, the time interval corresponding to the strong motion
duration Ds.75 of the target motions is also identified by the two vertical
lines. From Fig. 7, it is apparent that, within the strong motion duration,
a general very good agreement is obtained between the cumulative in-
tensity of the target accelerogram (hereafter referred as target intensity),
and the mean trend of the intensity functions computed for the Nj
samples of artificial accelerograms. For the two cases, the final (cumu-
lative) values of the computed mean value intensities Iy are coincident
with the total intensity Iy of two target accelerograms.

The comparison between the target function and the mean trends
computed for set of N; artificial accelerograms is also presented in Fig. 8,
in terms of cumulative zero-level up-crossings. It can be observed that,
for the entire duration of the signal, there is a very good agreement
between the trends of the zero-level up-crossings computed for the two

target accelerograms N (t) and the mean value trends N0+(t) evaluated
for the two sets of samples of the artificial accelerograms.

4.3. SDoF systems

Four different SDoF systems have been considered herein to validate
the procedure proposed in Section 3 by comparing the time variant
NGSMs, assessed through the proposed analytical approach with those
obtained with the MCS. The natural periods of the oscillators, with unit
mass, have been assumed as: To = 0.2s, Top = 0.4, Ty 0.6s, Tg =
1 s; and the damping ratio is set equal to &, = 0.05.

The time histories of the main NGSMs of the response: Ao,(t),

Re{ﬂm(t) }, A2u(t) of the four oscillators, adopting the proposed
approach, are depicted in Figs. 9-11 with black lines, and compared
with the analogous functions obtained by MCS using Ns = 10000 sam-
ples, depicted in Figs. 9-11 by red dots, and evaluated using the pro-
cedure described in Ref. [41].

It is useful to remember that the one-sided EPSD function defined in
Eq. (14) presents discontinuity of the first kind at time instant t = t;, k =
1,2, ...,n, while the modulating function is piecewise defined at time
instant t = t,,, ts,. Note that, especially for pulse-like accelerograms,
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possible numerical errors in the evaluation of NGSMs have been avoided
because it has been chosen t;_1,t # tq,.

Upon analyzing the NGSMs reported in Figs. 9-11, it becomes
evident that there is a notable consistency between the functions derived
by the proposed method (black lines) and those obtained through MCS
(red dots). The trends observed for both accelerograms highlight the
robustness and agreement between the outcomes achieved by these
distinct methods. Moreover, examining these figures, it becomes evident
that even though the ordinary accelerogram (Imperial Valley-02
(ELC270)) possesses a total intensity greater than the pulse-like accel-
erogram (Imperial Valley-06 (HVP225)), the maxima of all spectral
moments for the pulse-like accelerogram are greater than the maxima of
the ordinary accelerogram. This is a consequence of the concentration of
the energy for pulse-like accelerograms in a smaller temporal interval.

4.4. MDOoF system

After characterizing the ground motion acceleration process, the
subsequent step in structural engineering involves assessing the struc-
tural response to predict the safety of structural systems.

This section illustrates the usefulness of the time-variant NGSMs,
obtained through the proposed analytical approach, in assessing the
structural reliability of a multi-degree-of-freedom linear system (MDoF)
under fully non-stationary zero-mean Gaussian stochastic excitations. In
the framework of stochastic dynamics, the problem of probabilistically
predicting the time instant in which the extreme value of the response, at
a critical location, exits for the first time from a prescribed safe domain is
termed first passage problem. Unfortunately, this problem can be only
solved numerically or in approximate form [see e.g., 20, 21,22,45]. In
particular, the extreme value random response process of the selected
structural response of interest Y(t) is introduced as:
Yomax (t) =max|Y(7)|

0<r<t

(51
and according to the approximation proposed by Corotis et al. [45], the
reliability function is evaluated as follows:

Ly (b,8) = Pr(Ymay (£) < b | Yinax(0) < b)

it
A Ly, <b70> eXp{ - / Ny (byﬂ) d/’}
0

where Ly, (b,0) is the reliability at time t = 0, which for quiescent
structural systems is unitary, and 5y (b, t) is the so-called hazard function
defined as:

(52)

(53)

where Sy (t) is the bandwidth parameter, which in the non-stationary
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Fig. 7. Cumulative intensity functions of the target motion and of the set of artificial accelerograms together with the indication of the target Ds_ 75 delimited by two
vertical lines: a) Imperial Valley-06 (pulse-like accelerogram); b) Imperial Valley-02 (ordinary accelerogram).
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Fig. 8. Cumulative zero-level up-crossings functions of the target motion and of the set of artificial accelerograms together with the subdivision of the temporal
region delineated by dashed black vertical lines: a) Imperial Valley-06 (pulse-like accelerogram); b) Imperial Valley-02 (ordinary accelerogram).
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Fig. 9. Comparison between the time-variant histories of the 1o,,(t) NGSMs [m?] of the relative to ground floor displacement, evaluated by applying the proposed
analytical solution and the MCS considering both the pulse-like Imperial Valley-06 (HVP225) and the ordinary Imperial Valley-02 (ELC270) accelerograms as

target ones.

case, has been defined as [26,27]:

Re{41y(t)}

O =\ 17700 ar (O

(54)

Once the reliability function is derived, the mean value of the largest
peak can be evaluated as follow [20,21]:

b
/ Yinax ()

To demonstrate the effectiveness of the proposed procedure, a clas-
sically damped linear MDoF system with irregular distributions of mass
and stiffness in plan and elevation has been selected as case study. The
system is composed of a six-story spatial frame with inter-storey height
of h = 3 m and the 3D-frame is modeled as a 18-DoF system. The first
four storeys have dimensions of 25 m x 10 m, which reduce to 13 m x
10 m for the last two storeys (see Fig. 12). The layout of the floors, along
with the orientation of the columns, is sketched in Fig. 13. The di-
mensions of the beams and columns vary along the height of the

0Ly, (0, t)
dp

(55)

e (0) dp
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building: the beams are 30 x 70 cm on the first two storeys, 30 x 60 cm
on the third and fourth storeys, and 30 x 50 cm on the last two storeys.
The columns range from 30 x 70 to 30 x 40 cm on the first four storeys
and are 30 x 30 cm on the last two storeys. The first five periods of
vibration are as follows: T; = 0.548 s, T, = 0.509 s, T3 = 0.347 s,
T, =0.243 s, Ts =0.242 s. A constant viscous damping ratio £, = 0.05
is assumed for all modes of vibration.

The spatial frame is subjected to the pulse-like accelerogram
analyzed in section 4.2: the first horizontal component (HVP225) of the
1979 “Imperial Valley-06” ground motion. It is assumed that the ground
motion is in the x-direction. It follows that the attention is focused on the
displacements of the barycenter of the first floor in the same direction. In
Figs. 14-16, the time histories of the NGSMs obtained by the proposed
formulation are depicted and compared with the results of the MCS
(10000 samples).

Upon examination of the NGSMs depicted in Figs. 14-16, it is
apparent that a significant coherence exists between the functions
generated by the proposed method (depicted as black lines) and those
obtained through MCS (represented by red dots). The observed patterns
underscore the robustness and alignment of outcomes between these
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Fig. 10. Comparison between the time-variant histories of the real part of ; ,(t) NGSMs [m?/s] of the relative to ground floor displacement, evaluated by applying
the proposed analytical solution and the MCS considering both the pulse-like Imperial Valley-06 (HVP225) and the ordinary Imperial Valley-02 (ELC270) accel-

erograms as target ones.
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Fig. 11. Comparison between the time-variant histories of 1, ,(t) NGSMs [m?/s%] of the relative to ground floor displacement, evaluated by applying the proposed
analytical solution and the MCS considering both the pulse-like Imperial Valley-06 (HVP225) and the ordinary Imperial Valley-02 (ELC270) accelerograms as

target ones.

distinct methodologies.

In order to validate the procedure previously described, the formu-
lation has been implemented for the prediction of the mean value of the
largest peak of the response yy__ (t). In Fig. 17, the mean value of the

13

response yy  (t) has been evaluated, using the Corotis et al. [45] model,
and the result has been compared with the MCS based on 10000 sam-
ples. It is evident that the two trends closely align for the initial 7 s. After
almost 10 s, the spectral moments decrease, and consequently, the mean
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Fig. 12. Six-story frame structure.

value of the largest peak remains constant. The maximum difference
between the results obtained with the proposed analytical solution and
those obtained with MCS is 2.47%.

Probabilistic Engineering Mechanics 79 (2025) 103718
5. Conclusions

In the probabilistic analysis of structural systems under seismic
excitation, evaluating the spectral characteristics of both the input
ground acceleration and the structural response is essential. Within this
context, this paper introduces an innovative method to derive the
spectral characteristics of the response of linear structural systems
subjected to seismic acceleration modeled as stochastic processes. To do
this explicit closed-form solutions of modal and nodal one-sided evolu-
tionary power spectral density (EPSD) functions of structural response are
first evaluated. These closed-form solutions are computed using a novel
model of the one-sided (EPSD) function of the zero-mean Gaussian input
process, recently proposed by the authors. This model, employed to
generate artificial accelerograms so that a target accelerogram is
considered as one of its own samples, is hereby extended to include the
use of pulse-like accelerograms as the target signals. This extension in-
volves: i) partitioning the selected target accelerogram into multiple
time intervals, determined by variations in slope changes of the cumu-
lative zero-level up-crossings function, each containing at least one zero-
level up-crossing and peak; ii) assessing a one-sided PSD function of a
stationary sub-process for each time interval into which the target mo-
tion has been subdivided. Once the one-sided EPSD function of the input
process is defined, a procedure is proposed to evaluate the explicit
closed-form solution of the time-frequency varying response function of
linear structural systems and consequently the one-sided EPSD function
of the responses.

Then, the time variation of the non-geometric spectral moments
NGSMs, useful for performing the safety assessment of linear structures,
are evaluated by numerical integrations. In order to evidence the
effectiveness of the proposed procedure, the spectral characteristics of
the structural response of four single-degree-of-freedom systems and a
six-story spatial frame are evaluated and compared with the results

a) b)
| - | . 1
4m
- 1
_— 1
6m
| -
6m y 6m S5m , 3m Sm 6m 6m Sm P
/ / / / /
Fig. 13. a) Bottom and b) top plan layouts of the building.
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Fig. 14. Comparison between the time-variant histories of the 1o,(t) NGSMs [m?], of the six relative to ground floor displacements, evaluated by applying the
proposed analytical solution and the MCS considering the Imperial Valley-06 (pulse-like accelerogram) as target motion in the fully non-stationary input process: a)

first three floors; b) last three floors.
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Fig. 15. Comparison between the real part of the time-variant histories of the ; ,,(t) NGSMs [m?/s], of the six relative to ground floor displacements, evaluated by
applying the proposed analytical solution and the MCS considering the Imperial Valley-06 (pulse-like accelerogram) as target motion in the fully non-stationary input

process: a) first three floors; b) last three floors.

1.5E-02
a) — Proposed

L eos MCS
1.0E-02

A (1)

5.0E-03

0.0E+00 ¢
0 5 10 15 20

1.0E-01

L b) — Proposed
8.0B-02 — e+ MCS
S 60E-021 6™ Floor
& 40B-02 5™ Floor
2.0E-02 __ 4 Floor
0.0E+00
0 5 10 15 20

Fig. 16. Comparison between the time-variant histories of the 15,,(t) NGSMs [m?/s?], of the six relative to ground floor displacements, evaluated by applying the
proposed analytical solution and the MCS considering the Imperial Valley-06 (pulse-like accelerogram) as target motion in the fully non-stationary input process: a)

first three floors; b) last three floors.
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Fig. 17. Comparison between the mean value of the response [m] obtained by
adopting the proposed formulation (black line) and the MCS (red dots).

obtained using the Monte Carlo simulation technique.
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