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Abstract

Near-fault pulse-like seismic events exhibit a pulse in the velocity time history that mainly occurs in the strike-normal
direction at locations towards which the earthquake rupture has propagated. The large damage potential associated with
such seismic events is due to high displacement and velocity demands, together with the transmission of a large amount
of energy in a relatively short time. In presence of specific geological conditions, they can also reveal unusual peaks of
the spectral values in the long-period range. Additionally, it is well known that the intensity level of the vertical shaking
close to the causative fault can be exceptionally high. Within this framework, the present study presents a preliminary
sensitivity analysis of the inelastic response of structural systems under near-fault pulse-like ground motion accounting
for the vertical component through the P-Delta effect for better understanding the damage potential of such seismic events
and for supporting the development of proper design guidelines. First, some seismic records have been selected and
processed. The dominant pulse embedded in the selected records and the corresponding pulse period value are derived
through a recent methodology based on the Variational Mode Decomposition technique. Several nonlinear dynamic
analyses are then performed. Specifically, elastic and inelastic response spectra are first calculated taking into account the
whole seismic signal and the dominant pulse only, without and with vertical seismic component and P-Delta effect. In
doing so, acceleration, velocity, displacement and energy spectra are carried out and analyzed. The preliminary results
here reported indicate that for large fundamental periods of the oscillator (e.g., larger than 3 s) the response can be
significantly higher when the vertical component of the accelerogram and P-Delta effect are also taken into account.
Moreover, it is found that the nonlinear behavior of the oscillator can have a beneficial or detrimental effect. The outcomes
of this preliminary analysis aim at providing useful insights toward a better characterization of the seismic demand in
inelastic structural systems subjected to pulse-like seismic events.
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1. Introduction

Near-fault ground motions have significantly different characteristics compared to the ones observed in
earthquakes recorded far away from the seismic source [1]. In fact, compared with an ordinary (non-pulse-
like) seismic ground motion, a pulse-like motion typically has large velocity amplitudes at medium-to-low
frequencies, a higher energy level and a larger ratio of the peak ground velocity to peak ground acceleration.
Previous studies about the seismic response of civil structures show that pulse-like earthquakes often induce
an extremely high structural seismic demand, see for instance [2]-[6].

Near-fault pulse-like seismic events exhibit a pulse in the velocity time history that mainly occurs in the
strike-normal direction at locations towards which the earthquake rupture has propagated. The large damage
potential associated with such seismic events is due to high displacement and velocity demands, together with
the transmission of a large amount of energy in a relatively short time. In the presence of specific geological
conditions, they can also reveal unusual peaks of the spectral values in the long period range.

Ground motions with velocity pulses caused by near-fault directivity have received a great deal of
attention from engineers and seismologists because they can cause severe damage to structures. The
characterization of near-fault pulse-like earthquakes has been addressed within several studies. For instance,
Baker [7] implemented the Wavelet Decomposition Method for the analysis of pulse-like seismic ground
motion records. Mukhopadhyay and Gupta [8] have developed an algorithm to extract the pulses based on a
repetitive smoothening technique. Amiri and Moghaddam [9] have proposed a modified version of the S-
transform for the decomposition of seismic signals to identify the pulse-like part of near-fault velocity records.
Chang et al. [10] have identified the dominant impulsive mode from the original record by minimizing the
difference between a numerical pulse model and the velocity time history of the seismic ground motion. On
the other hand, Mimoglou et al. [11] have illustrated a direct method to estimate the pulse period: according to
their approach, the pulse period corresponds to the period value for which the product of velocity and
displacement elastic response spectra for 5% damping attains its maximum value. More recently, Quaranta
and Mollaioli [12] proposed an approach based on the use of the Variational Mode Decomposition technique
for the analysis of pulse-like ground motion.

It is well recognized that the seismic demands can be larger for pulse-like records as compared with
ordinary records. In fact, near-fault pulse-like ground motions caused much of the damage in recent major
earthquakes (e.g., 1994 Northridge, 1995 Kobe and 1999 Chi-Chi earthquakes). For such seismic loading
condition, the response is sensitive to the pulse period value as compared to the fundamental period of the
structure, as shown for the first time by Anderson and Bertero [13] when studying the response of steel frames
subjected to ground motions recorded during the 1979 Imperial Valley earthquake.

A widespread tool for studying the dynamics of structural systems is based on the use of response
spectrum. In this context, pulse-like ground motions have been receiving increased attention because they can
lead to rather peculiar types of elastic and inelastic spectra (e.g., [14]). Only a few recent studies have
investigated the inelastic response of single-degree-of-freedom (SDOF) oscillators representing structural
systems under pulse-like seismic ground motion (e.g., [14]). However, although the higher seismic demand in
structural systems under pulse-like ground motions was extensively demonstrated considering the fault-normal
horizontal component, little attention has been paid to the effects due to the vertical component. As a matter
of fact, strong motion time histories are usually characterized by high vertical peak accelerations and the ratio
between the peak ground acceleration in the vertical and horizontal directions (namely, the VV/H ratio) is
reported to grow with the decrease of the epicentral distance [15]. Large values of the vertical component can
amplify the structural damage and increase the P-Delta effect as previously demonstrated in several studies

(e.g., [16]-[17]).

Within this framework, the present study presents a preliminary sensitivity analysis of the inelastic
response of structural systems under near-fault pulse-like ground motion accounting for the vertical component
through the P-Delta effect for better understanding their damage potential and for supporting the development
of proper design guidelines. This paper is concerned with the analysis of near-fault pulse-like seismic events
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featuring source-to-site distances normally limited to 15km, although ground motions having pulse-like
characteristic are also possible at longer distances when they are generated in distant sedimentary layers or in
case of deep earthquakes (1977 Bucarest earthquake), e.g., [18]. Near-fault pulse-like seismic events are only
considered because they are usually characterized by very strong vertical shaking.

The present paper is organized as follows. First, some seismic records have been selected and processed.
The dominant pulse embedded in the selected records and the corresponding pulse period value are derived
through a recent methodology based on the Variational Mode Decomposition technique. Several nonlinear
dynamic analyses are then performed. Specifically, elastic and inelastic response spectra are first calculated
taking into account the whole seismic signal and the dominant pulse only, without and with the vertical seismic
component and P-Delta effect. In doing so, acceleration, velocity, displacement and energy spectra are carried
out and analyzed. The outcomes of this preliminary analysis aim at providing useful insights toward a better
characterization of the seismic demand in inelastic structural systems subjected to pulse-like seismic events.

2. Automatic extraction of the dominant pulse and estimation of the pulse period

The Variational Mode Decomposition (VMD) technique proposed by Dragomiretskiy and Zosso [19] is here
employed for processing near-fault pulse-like seismic ground velocity component in the strike-normal
direction according to [12]. Some concepts about the VMD technique are provided hereafter whereas more
details can be found in [19]. According to the VMD technique, the bandwidth of the mode is determined
through the following procedure: i) compute the analytical signal for each mode using the Hilbert transform in
such a way to obtain an unilateral frequency spectrum; ii) shift the mode’s frequency spectrum to baseband for
each mode, by mixing with an exponential tuned to the respective estimated center frequency; iii) estimate the
bandwidth using the H1 Gaussian smoothness of the demodulated signal (i.e., squared L2-norm of the
gradient). Formally, this leads to the following constrained variational problem:
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where v(t) is the signal to be decomposed (i.e., the ground motion velocity), v (t) is the kth mode and w,
the corresponding center pulsation (k = 1,---, N, in which N is the number of modes), 6(-) is the Dirac delta
operator and = is the convolution operator (t is the time variable). A convenient way to solve this mathematical
programming problem is based on the use of Lagrangian multipliers and quadratic penalty term, in such a way
to transform the original constrained optimization into an unconstrained one. In doing so, the augmented
Lagrangian is:
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where A is the Lagrangian multiplier while a determines the data fidelity. The solution of the problem given
in Eq. (1) is thus obtained as the saddle point of the Lagrangian in Eq. (2) through a sequence of iterative sub-
optimizations named alternate direction method of multipliers. The procedure is stopped once a suitable
convergence criterion is fulfilled. While the above presentation is framed within the time domain, from a
computational standpoint the complete final algorithm is more efficiently implemented in the spectral domain.
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Previous applications of the VMD have shown that it is able to precisely detect the embedded modes,
largely irrespective of their relative amplitudes and how close their frequencies are. Such features are
especially important for the analysis of near-fault ground motions since multiple modes characterized by
similar amplitudes and frequencies can be embedded into the seismic record.

Once the seismic velocity v(t) has been decomposed into its modes v, (t) (for = 1,---, N), they are
approximated by means of a suitable numerical pulse-like waveform v (t). Finally, the dominant pulse is
selected from the set of N waveforms Dy, (t) in such a way that the corresponding value of the pulse index PI;,
is the maximum among the ones larger than a given threshold. The related value of w, is thus used to estimate
the pulse period of the ground motion velocity record. In the present work, the numerical pulse-like waveform
proposed in [20] is considered whereas the pulse index is defined according to [7]. It is understood, however,
that any other suitable choice can be implemented to this end.

3. Mechanical system
3.1 SDOF mass-spring-dashpot model

Structural systems under earthquake are usually represented by idealization as a SDOF mass-spring-
dashpot model with a time-varying applied ground acceleration, see Fig. 1 (left). The equation of motion of a
viscous damped single degree of freedom (SDOF) oscillator subjected to ground acceleration is:

mii(t) + cu(t) + fs(u®)) = —miiy (1), 3)

where m is the mass, c is the viscous damping coefficient, fs is the restoring force (that can be linear or non-
linear) depending on the relative displacements of the mass u, u and ii are the relative velocity and
accelerations of the mass with respect to the ground.
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Fig. 1 — SDOF system typically used in earthquake engineering (left) and SDOF model (inverted pendulum)
for considering P-Delta effect (right), after [21].

3.2 Inverted pendulum SDOF model accounting for P-Delta effect

In order to account for P-Delta effect, a mass-on-rod type pendulum is used and additional variables are
considered for the SDOF system, namely the height of the system h and the vertical seismic input. This model
was widely used in the literature (e.g., [21],[22] and [23]). As shown in Fig. 1 (right), the deformation of the
SDOF system is concentrated at the elastoplastic spring located at the base of the rigid column. The term P =
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miig,(t) is the vertical load equal to the mass multiplied by the vertical component of the ground motion
acceleration.

To account for P-Delta effect on the dynamic response, a new term is introduced into the equation of
motion, thereby obtaining:

mug »(t)

mii(t) + cu(t) + fs(u(t)) u(t) = —miiy(t), 4)

The additional term of Eq. (2) is a nonlinear geometric stiffness (P-Delta effect).
3.3 OpenSees model

To investigate the effects of the pulse-like seismic ground motion characteristics on inverted pendulums with
different natural periods, a parametric 2D numerical model was built within the OpenSees framework [24]
(Version 3.1.0, 64-bit) and by invoking each analysis using Matlab®©.

03

0 Node
=EqualDOF an(t)
—zeroLength

= elasticBeamColumn kﬂi |

ay(t)

Fig. 2 — OpenSees model

The 2D model herein considered has 3 degrees-of-freedom (DOFs) for each node, see Fig. 2. The model
was created using three nodes: the first two nodes are overlapped and located at the base while the third node
is located at a distance h. The first node is fully constrained while the remaining two are free. The third node
has a unit mass in the horizontal and vertical translation. The rotational mass of the third node and the all the
masses of the first two nodes are assumed equal to zero. Rayleigh damping with modal damping ratios 5% of
critical damping in the first mode is considered. The acceleration ground motions in the horizontal and vertical
directions were applied at the constrained base node. The gravity acceleration is neglected in this study.

The column is considered rigid and all the deformations are concentrated at the hinge. The length of the
beam is equal to 1. The column is modelled by elasticBeamColumn Element with very large values of the
stiffness. The hinge at the base of the column was modelled using a zeroLength Element connecting the first
two nodes. Additionally, the two relative translations were blocked by using a multi-point constraint
(EqualDOF) between the first two nodes.

Two different constitutive laws for the hinge at the base of the column are considered:

e  FElastic Uniaxial Material,
o Steel0l Material.

Steel01 Material is a simple bilinear hysteretic model and the motivation of its use relies on the fact that
the majority of the simplified approaches to represent a structural system as a SDOF are mainly based on
elastoplastic (e.g., a bilinear strength hardening model with post-yield stiffness equal to zero) or bilinear non-
degrading hysteretic model.
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In both cases, the initial elastic tangent modulus was set to obtain a defined fundamental period, T, as
follows: k,. = (2m/T)?. For the Steel01 Material, a strain-hardening ratio equal to 0.05 is considered and a
yield strength equal to:

=mCy,g (5)

is assumed, where C,, is the dimensionless yield strength.

3.4 Numerical data and outputs

The numerical model was used to perform several nonlinear dynamic analyses. The following conditions were
analyzed.

e Constitutive behavior of the hinge:
o Elastic;
o Inelastic (C, = {0.5,0.1}).
e Seismic input:
o Horizontal component:
= whole seismic record;
= dominant pulse only.
o Types of component:
= horizontal component only;
= vertical and horizontal components (the vertical component was always considered as
whole record).

The transient analyses were carried out for a total duration of 100 s with a time step equal to 0.001 s.
The analyses were performed for the following values of the fundamental period: 0.01 s, from 0.05sto 3 s
with a time step equal to 0.05, from 3.1 s to 10 s with a time step equal to 0.1 s and, finally, from 11 sto 15s
with a time step equal to 1 s.

The following kinematic outputs are provided:

e response acceleration spectrum (maximum absolute response acceleration for each fundamental
period);

e response velocity spectrum (maximum relative response velocity for each fundamental period);

e response displacement spectrum (maximum relative response displacement for each fundamental
period).

Spectral energy parameters have been also estimated. Uang and Bertero [25] have previously derived
the two basic energy equations, namely the absolute and the relative energy equations. The absolute energy
input can be expressed as an equivalent absolute velocity as:

Vi = max Jz INCIGER HG)LNGLTS (6)

The relative energy input can be expressed as an equivalent relative velocity as:

Vir = max \[—2 N (ﬁg(t))u(t)dt. 7
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Several nonlinear dynamic analyses are performed. Two different ground motion time histories were selected
for the present preliminary study. They are characterized by the presence of a clear pulse, high values of the
moment magnitude, low Joyner-Boore distance as well as mid-large values of peak ground acceleration (PGA)
and pulse period T,.

Table 1 — Main characteristics of the selected input ground motion time histories

Joyner- Shear PGA PGA Bul

ulse

Moment Boore velocity in | horizontal vertical )
Tag i ) period
magnitude | distance | the upper | component | component e [s]
value [s

[km] 30m [m/s] [m/s?] [m/s?]

FNO02 6.80 3.92 659.60 5.88 12.40 4.31

FNO091 7.62 0.32 487.34 5.51 4.77 11.23

The main characteristics of the selected ground motion time histories is provided in Table 1.
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Fig. 3 — Ground motion time histories: acceleration (acc), velocity (vel) and displacement (disp) for full
horizontal time history (full), dominant pulse (pulse) and vertical time history (vert)

Ground motion time histories (acceleration, velocity, and displacement) for the full horizontal time
history, the dominant pulse only and the vertical time history are reported in Fig. 3. It can be observed in Fig.
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3 that both horizontal and vertical components exhibit clear pulse-like velocity and displacement waveforms.
In both cases, it can also be noted a good correlation in time of the pulse-like components in the two directions.

4.2 Response spectra

Response spectra in terms of acceleration, velocity, displacement, equivalent absolute velocity and equivalent
relative velocity for the two accelerograms previously presented are given from Fig. 4 to Fig. 8. The response
spectra are shown considering the full horizontal time history and the dominant pulse, neglecting (continuous
line) or considering (dashed line) the vertical time history.

The spectra obtained for the full horizontal time history are typically very sensitive to the variation of
C, for low values of the fundamental period of the oscillator. On the other hand, the spectra carried out taking
into account the dominant pulse only are less sensitive to C,, (this is more evident when the fundamental period
is close to the pulse period). As expected, a general reduction of the spectral values is observed by reducing
Cy, i.e., by increasing the dissipated energy at the base. This difference is more evident for C,, = 0.1, i.e., when
the strength is very low. It should be noted that the PGA is about 5.5 m/s? for both horizontal seismic
components, thereby providing a demand for a rigid oscillation in terms of dimensionless yield strength of

around C, =0.5.
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Fig. 4 — Response acceleration spectra for full horizontal time history and dominant pulse, neglecting
(continuous line) or considering (dashed line) the vertical time history. The vertical line denotes the
dominant pulse T,. The first two rows are the spectra as a function of the fundamental period while the last
two rows are the spectra as a function of the ratio between fundamental period and pulse period
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Fig. 5 — Response velocity spectra for full horizontal time history and dominant pulse, neglecting
(continuous line) or considering (dashed line) the vertical time history. The vertical line denotes the
dominant pulse T,. The first two rows are the spectra as a function of the fundamental period while the last

two rows are the spectra as a function of the ratio between fundamental period and pulse period
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Fig. 6 — Response displacement spectra for full horizontal time history and dominant pulse, neglecting
(continuous line) or considering (dashed line) the vertical time history. The vertical line denotes the
dominant pulse T,. The first two rows are the spectra as a function of the fundamental period while the last

two rows are the spectra as a function of the ratio between fundamental period and pulse period
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Fig. 7 — Equivalent absolute velocity spectra for full horizontal time history and dominant pulse, neglecting
(continuous line) or considering (dashed line) the vertical time history. The vertical line denotes the
dominant pulse T,. The first two rows are the spectra as a function of the fundamental period while the last
two rows are the spectra as a function of the ratio between fundamental period and pulse period
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Fig. 8 — Equivalent relative velocity spectra for full horizontal time history and dominant pulse, neglecting
(continuous line) or considering (dashed line) the vertical time history. The vertical line denotes the
dominant pulse T,. The first two rows are the spectra as a function of the fundamental period while the last
two rows are the spectra as a function of the ratio between fundamental period and pulse period
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For large values of the fundamental period of the oscillator (i.e., for T > 3's), there is a significant
difference in the response spectra obtained when neglecting or considering the vertical time history together
with the P-Delta effect. Specifically, for the seismic event labelled as FN002, the vertical component has a
very large influence on the response acceleration spectrum and, to a lesser extent on velocity and displacement
spectra. This is especially evident for fundamental period values close to the pulse period. For the seismic
event labelled as FN091, the vertical component affect all response spectra at very high values of the
fundamental period of the oscillator. In general, absolute and relative velocities seem less sensitive to the
effects due to the vertical component of the seismic ground motion and the nonlinear behavior of the oscillator
can have a beneficial or detrimental effect.

5. Conclusions

The present study presented a preliminary sensitivity analysis of the inelastic response of structural
systems under near-fault pulse-like ground motion accounting for the vertical component through the P-Delta
effect. Once selected seismic records have been processed, the dominant pulse and the corresponding pulse
period value are derived through a recent methodology based on the Variational Mode Decomposition
technique. Several types of elastic and inelastic response spectra are then calculated and discussed taking into
account the whole seismic signal and the dominant pulse only, without and with vertical seismic component
and P-Delta effect. The results suggest that, for large fundamental period values of the oscillator (i.e., T = 3 s),
the response of the oscillation can be quite larger when vertical component and P-Delta effect are taken into
account. Moreover, it has been found that the nonlinear behavior of the oscillator can have a beneficial or a
detrimental effect.

The outcomes of this preliminary investigation are intended to highlight the key factors toward a better
characterization of the seismic demand in inelastic structural systems subjected to pulse-like seismic events.
Future work should include the analysis of a large dataset of seismic events, a comprehensive parametric
investigation and a refined analysis of the final results in order to develop suitable design recommendations.
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