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Abstract

The focus of this paper is to determine the seismic response of a super-span cable-stayed bridge subjected to near-fault
ground motions. Here, a new method called “record decomposition-incorporation” (RDI) has been proposed to synthesize
the artificial near-fault pulse-type ground motions by combining the high-frequency Background Record (BGR) with simple
equivalent pulses. The Sutong Cable-stayed Bridge (SCB) in China, with a main span of 1088 m, is taken as an example.
The results show that the high-frequency components of near-fault records have a significant effect on the response of the
bridge, and the artificial ground motions can capture the important response characteristics of the near-fault records. When
FD records have the same PGV with FS records, the former records result in greater deformation demands than the latter,
whereas the latter may result in greater strength demands. The PGVs of near-fault records exhibit obvious correlations with
the seismic responses of the tower. The fling-step records with different pulse periods generate larger deformations and
increase demands on the bridge compared to the forward-directivity records.
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1. Introduction

Near-fault ground motions often possess distinct characteristics that make them different from those recorded in
far-fault regions and can have strong influences on the structural response, especially for long-period structures
[1-3]. Such effects include the forward directivity effect in the fault-normal (FN) direction and the fling-step
effect in the fault-parallel (FP) direction [4]. Due to these two effects, near-fault ground motion usually exhibits
two important characteristics: a pulse-like velocity waveform and a permanent ground displacement, which may
generate high demands that will force the structures to dissipate large amount of input energy with few large
displacement excursions. Additionally, the high-frequency content portion is another important specification in
the near-fault ground motions because the short travel distance of the seismic waves prevents them from being
damped, as observed in the case of far-field records [5]. The above-mentioned characteristics have attracted
much attention as important research topics in engineering communities. However, the influence of records with
different pulse types on structural response has not been well understood [6-8]. Additionally, numbers of near-
fault records with pulse effect are scarce (Only 142 stations have recorded the pulse-type ground motions from
the latest database of the PEER Next Generation Attenuation phase 2 (PEER NGA-West 2)). Obviously, it is
necessary to extensively examine the effects of two types of impulsive ground motions with different pulse
parameters (i.e., pulse duration and velocity amplitude) on the response of structures, especially on important
long-period life-line structures.

To quantify the pulse-type effects, a large effort has been focused on presenting synthetic simplified models
to simulate these pulse-type ground motions [9-11]. Other researchers have used equivalent pulse models to
represent real near-fault records to study the seismic response of structures [12]. However, the simplified models
that are representing the near-fault ground motions do not contain the high-frequency content portion that may
play an important role for short-period and long-period structures in which higher modes are significant. To
efficiently represent the near-fault ground motions, Baker used wavelet analysis to decompose the real



b

q’@ 16" World Conference on Earthquake, 16WCEE 2017
i

‘;‘ s C Santiago Chile, January 9th to 13th 2017

recordings into the main pulses and residual records [13]. Based on Baker’s method, only the main pulse can be
extracted, and the remaining low-frequency components are allocated to residual records. Ghahari et al.
proposed an improved method [5]. He used a moving average filter (MAF) to decompose the near-fault records
into a Pulse-type Record (PTR) and Background Record (BGR). The MAF can consider low-frequency
components as a part of the PTR, which leads to an almost purely high-frequency BGR. Although both methods
can extract different components to accurately evaluate the seismic response of structures, the procedures for
generating synthetic near-fault ground motions with different pulse parameters are not available to design
engineers. The recent work of Yan et al. [14] presented a synthetic method developed by combining the real
near-field non-pulse ground motion with simple equivalent pulses. Using this method, the effects of the velocity
pulses and high-frequency components of the near-field site can be considered. Because near-fault recordings
exhibit substantial variations (i.e., radiation pattern, rupture mechanism, and geomorphology) in the vicinity of
an active fault system, considering real non-pulse records as fully representative of the high-frequency content
portions in the pulse-type records causes the differences in the spectrum characteristics.

The effects of near-fault ground motion on short-period bridges and bents have been investigated in many
recent studies [15-19]. However, for long-period life-line structures, e.g., long-span bridges, it is critical to
understand the effects of pulse-type ground motions and its associated hazard under such type ground motions
for seismic evaluation purposes. Some studies have focused on the seismic response of long-period structures
under near-fault records with pulse-type effects [20-23]. It is clear from these studies that the near-fault ground
motion effect on the response of long-period bridges requires careful consideration. Unfortunately, there is
insufficient research on this topic, in particular the different effects of the fling-step pulses and forward-
directivity pulses of near-fault ground motions on the responses of long-period bridges.

The main objective of this paper is to investigate the different effects of near-fault ground motions with
forward directivity and fling step on the seismic response of long-period bridge structures. A new method for
synthetic ground motions called “record decomposition-incorporation” (RDI) has been developed by combining
the high-frequency Background Record (BGR) of real pulse-type records with simple equivalent pulses. The
Sutong Cable-stayed Bridge (SCB), which is the second-longest cable-stayed bridge in the world, with a main
span of 1088 m, is taken as a case study. It can be proved that RDI method can capture the important
characteristics and natural variability of recorded near-fault ground motions. Subsequently, the effects of the
pulse parameters of near-fault ground motions on the response of the bridge are systematically discussed.

2. RDI method of synthetic artificial pulse-type ground motions

In this paper, as an alternative to current approaches, a new method called the “record decomposition-
incorporation” (RDI) of synthetic pulse-type ground motions has been developed by combining the high-
frequency Background Record (BGR) of real pulse-type records with simple equivalent pulses.

2.1 Record decomposition

A fourth-order Butterworth filter is used to decompose near-fault pulse-type ground motions into 2 components
(A and B) having different frequency contents: a) component A, denoted here as Background Record (BGR), is a
relatively high-frequency record, and b) component B is a low-frequency part of the record Pulse-Type Record
(PTR). The velocity time history of the ground motion is expressed as Eq. 1,

Vg (1) = Vg gr (1) + Vg pra(t) ()
in which v, (t) is the velocity time history of the near-fault records, v, gsz (t) is the high-frequency part without
pulses, and v, o (t) is the low-frequency pulse-type part of the velocity time history.

The Butterworth filter is referred to as a maximally flat magnitude filter and is commonly used for strong
motion data processing such as that conducted by the United States Department of the Interior Geological
Survey (USGS), California Strong Motion Instrumentation Program and PEER. The frequency response of this
filter is as follows:
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in which f, is the filter’s cut-off frequency and n is the number of the order.

L

A key part of Butterworth filtering is defining the appropriate filter cut-off frequency. When the value of
f. is high, the artificial ground motions may miss important high-frequency components. Conversely, when the

value of f_ is low, the pulse characteristics of the PTR may be not prominent. Here, the effective cut-off
frequency is calculated as follows:

1
f =——— 3
¢ an—dt )

in which dt is the length of the time intervals in the input signal, T is the period of the dominant pulse in the

velocity time history, and « is an empirical coefficient. The empirical coefficient of the fling-step ground motion
is set to 0.25, which is the same as that suggested by Ghahari. Because the pulse characteristics of the fling-step
records differ from those of the forward-directivity records, pseudo-velocity response spectra of the original
records with forward-directivity effects conducted by Ghahari do not agree well with that of the pulse-type
components in the long-period range. Hence, the coefficient of the records with forward-directivity effects
should be re-examined. In this paper 20 records with forward-directivity effect are selected from PEER database.
The value of o for each record is determined. Then, according to the values, the mean value of 0.8 is calculated
and set as the suggested value of « for the records with forward-directivity effect.

2.2 Synthetic ground motions based on RDI

As mentioned above, there are a substantial number of simplified pulse models that attempt to capture the
important characteristics of recorded near-fault ground motions. Mavroeidis and Papageorgiou proposed an
equivalent pulse model of velocity that could be used to analyze the effects of pulse parameters on the response
of structures. The mathematical model is given by the following equation:

27T ¢t Ycos[2r . (t—t t - <t<t 41— y>1
, (t—ty)]cos[2x p(—o)+¢],o—ﬁ— —o+ﬁ:7> (4)

0, otherwise
in which v(t) is the artificial velocity time history; A and f are the amplitude and prevailing frequency of the

1
v(t) = AE[“ cos(

signal, respectively; t, specifies the time of the envelope’s peak; ¢ is the phase of the amplitude-modulated
harmonic; and y is the oscillatory character parameter. The parameters gpand y can be used to define the pulse

shape, i.e., ¢ =0and (p=i% define symmetric and antisymmetric signals, and y defines the number of zero

crossings.

The Mavroeidis model is used to simulate the PTR of actual near-fault records, and the simple pulse is
denoted here as Artificial Pulse-type Motion (APT). More details about the procedure can be seen in
Mavroeidi’s paper. The artificial near-fault records (ANRS) are synthesized by combing the BGR with the APT,
which is expressed as Eq. 5.

Vg anr (1) = Vg gar (1) + Vg ppr (1) (5)
in which v, s (t) is the artificial velocity time history, Vv, g (t) is the BGR of the actual record, and

Vy apr (1) is the artificial pulse-type part.

2.3 Validation of the RDI method
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In order to validate the effectiveness of the above method, 2 actual records with different pulse effects (E04-230
and ARE-090) are taken as examples. The input parameters obtained by fitting the Mavroeidis model to the
recorded ground motions are summarized in Table 1.

The artificial velocity time histories based on the proposed method are illustrated in Fig. 1. The pulses
extracted by the Butterworth filter (PTR) along with the Artificial Pulse-type Motion (APT) extracted by the
Mavroeidis model are shown on the left. Additionally, the original velocity and the artificial near-fault records
(ANRs) are compared on the right. The Mavroeidis model captures the main pulses extracted by the Butterworth
filter, and the artificial near-fault records (ANRS) are in good agreement with the original velocity. However,
using the Mavroeidis model may cause the remaining low-frequency components to be ignored. The pseudo-
acceleration and pseudo-velocity response spectra for the records of Fig. 1 are presented in Fig. 2. Fig. 2 reveals
that the frequency content of the corresponding original records and the ANRs are consistent and that the ANRs
can capture the essential response characteristics of the near-fault records.

Table 1 — Model input parameters
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Fig. 1 — Examples of near-fault records: (a) ARE-090; (b) E04-230. In each part: Left: the pulses extracted by
the Butterworth filter (PTR) and the Artificial Pulse-type Motion (APT) simulated by the Mavroeidis model.
Right: the original velocity time histories and the artificial near-fault records (ANRS)
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Fig. 2 — Comparison of pseudo-acceleration (pseudo-velocity) response spectra of the original records and the
artificial near-fault records (ANRs): (a) ARE-090; (b) E04-230. Left: pseudo-acceleration response spectra.
Right: pseudo-velocity response spectra

3. Response of the SCB to the synthetic artificial ground motions

To investigate the response of long-period bridge structures, a case study that utilized the Sutong Cable-stayed
Bridge (SCB) as a representative long-span bridge is performed (Fig. 3). This bridge connects Suzhou and
Nantong City. It is the second-longest cable-stayed bridge in the world, with a main span of 1088 m. A
streamlined flat steel box girder is employed as the deck, and the overall width is 41.0 m. Two inverted-Y pylons
with a total height of 300.4 m are used to support the bridge. The stay cables, with intervals of 16 m on the deck
and 2 m on the towers, are arranged in a fan configuration, and a total of 272 cables are used. In order to improve
the rigidity of the side span and to carry the forces mainly generated by live loads, two auxiliary piers are
constructed on each side span. The counterweights in the two side spans are applied to balance the weight of the
main span. The configuration of the bridge is presented schematically in Fig. 4.

Fig. 3 — Sutong Cable-stayed bridge
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Fig. 4 — Elevation configuration of the SCB (meters)

A three-dimensional (3D) finite element (FE) model of the bridge is constructed to represent the full
structural system. The FE model is created using a commercial software ANSYS (Release 14 2012). A detailed
description of the model is given as follows. The towers, piers, steel girders, and transverse diaphragms are
modeled using two-noded beam elements (Beam 4 in ANSYS). The girders are discretized based on the
suspended points of the stayed cables. The cables are modeled with 3D tension-only truss elements (Link 10),
and the nonlinearity of the inclined stayed cables due to gravity is considered with the Ernst equation of
equivalent modulus of elasticity [25]. The translational degrees of piers and transverse diaphragms are coupled
in the vertical and transverse directions where both the towers and piers are considered to be fixed to their
foundations. The first natural frequency is 0.061 Hz, i.e. the period is 16.4 sec, and the corresponding mode is
the longitudinal floating vibration. The wave-passage effect and soil-structure interaction effect are ignored in

this study.

Two records are taken as examples to re-examine the proposed method in seismic response evaluation:
TCUO052-NS (Chi-Chi) with the fling-step effect and TCU054-EW (Chi-Chi) with the forward-directivity effect.
The seismic response along the height of the SCB tower subjected to the actual records, artificial ground motions
based on the proposed method, the pulses (PTR) extracted by Butterworth filtering and the equivalent pulses
based on the Mavroeidis model are compared. Based on the linear scaling, the PGAs of the actual records are
scaled to a peak value of 0.3g for the analysis.

Fig. 6 demonstrates the importance of the high-frequency components of the near-fault records in seismic
response evaluation. It is apparent that the seismic response of the tower under the PTR and equivalent pulses is
smaller than that when subjected to the original records and artificial records. The displacement and moment
responses of the SCB tower subjected to the artificial records agree well with those of the tower subjected to the

actual records.

350 350
3004 300 —- Ongm'fil record
—e— Artificial record
2504 250+ _+ PTR
= 2004 =200 —v— Equivalent pulse
% 150 % 150
S 100- _._Ongm'fil record 5 1004
(an —s— Artificial record W
50+ —a PTR 50+
04 — Equivalent pulse 0
0 10 20 30 40 50 60 70 80 0 5 10 15 20 25 30
Displacement (cm) Bending moment (10 kKN-m)

(a)



q’@ 16" World Conference on Earthquake, 16WCEE 2017
-+

‘;‘ e C Santiago Chile, January 9th to 13th 2017
350 350
3004 3004 +Ori.gi.na.11 record
—— Artificial record
250+ 250- . PTR
E 200+ = 200+ —+ Equivalent pulse
% 1501 = 150/
[a - - O«D
5 1004 _._Ongm'fil record 5 1004
= —»— Artificial record =
50+ —a PTR 50+
0+ —— Equivalent pulse 04
0 10 20 30 40 50 60 70 80 0 5 10 15 20 25 30
Displacement (cm) Bending Moment (10" kN-m)

(b)

Fig. 6 — Seismic response comparison of the SCB tower: (a) Fling-step motions; (b) Forward-directivity motions

4. Effects of pulse parameters on the seismic response of the SCB

Based on the above-mentioned RDI method, artificial near-fault pulse-type ground motions can be generated to
facilitate the investigation of the effects of pulse parameters associated with near-fault pulse-type ground motion
on the response of the SCB. The high-frequency components of TCU052-NS and TCUO054-EW (Chi-Chi) are
chosen as the BGRs of the artificial ground motions.

4.1 Effects of pulse velocity amplitude on the dynamic response of SCB

Fig. 7 and Fig. 8 illustrate the seismic response of the SCB tower subjected to artificial ground motions with
different PGV amplitudes. It should be noted that the period of the equivalent velocity pulses is the same as that
of the PTR of TCU052-NS and TCU054-EW.

The figures show that the seismic responses of the SCB tower subjected to two types of impulsive motions
increase with increasing velocity amplitude. Furthermore, comparing the response of the tower subjected to two
types of impulsive ground motions, the displacements of the tower induced by the forward-directivity ground
motions are larger than those induced by fling-step ground motions; however, the bending moments caused by
the former are smaller than those caused by the latter. Additionally, it is apparent that the deformation of the
tower subjected to fling-step pulses with different velocity amplitudes display significant differences. Higher
mode effects are not as evident in the response to fling-step motions with high velocity amplitudes, but they are
more clearly evident for fling-step motions when the PGV is less than 100 cm/s. In addition, records with the
forward-directivity effect caused the tower to respond primarily in the lower modes.
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Fig. 7 — The dynamic response of the SCB to artificial fling-step pulses with different velocity amplitudes: (a)
the longitudinal displacement; (b) the bending moment
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Fig. 8 — The dynamic response of the SCB to artificial forward-directivity pulses with different velocity
amplitudes: (a) the longitudinal displacement; (b) the bending moment

4.2 Effects of pulse periods on the dynamic response of SCB

The bridge model is re-analyzed using artificial ground motions with forward-directivity and fling-step effects to
study the influence of the pulse period on the seismic response. In this case, the velocity amplitudes of
equivalent pulses correspond to the PGV of the PTR extracted from the actual records, and the pulse period (T)
is varied from 0.5 to 1.5 of the fundamental period (Tg) of the SCB. Fig. 9 and Fig. 10 illustrate the seismic
response of the tower subjected to two types of impulsive motions with different pulse periods.

Fig. 9 shows that with increasing pulse period, the displacements of the tower induced by fling-step ground
motions exhibit an increasing trend. For instance, the ground motion with long period (T,/T=1.5) results in a
displacement that is 23.1% larger compared to the short-period ground motion (T,/T=0.5). Moreover, the
bending moments of the tower increase with the pulse periods; however, the increasing trend is not apparent
when Tp/T exceeds 0.8.

Fig. 10 shows that the displacement of the tower attains the minimum in the vicinity of the period T=Tp.
Similar to section 7.1, forward-directivity pulses excite the fundamental mode of the main tower. However, the
overall pulse period for forward-directivity ground motions has little correlation with the seismic response of the
tower.
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Fig. 9. The dynamic response of the SCB to artificial fling-step pulses with different pulse periods: (a) the
longitudinal displacement; (b) the bending moment
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Fig. 10. The dynamic response of the SCB to artificial forward-directivity pulses with different pulse periods: (a)
the longitudinal displacement; (b) the bending moment

5. Conclusions

The seismic responses of the Sutong cable-stayed bridge (SCB) subjected to near-fault ground motions are
examined here in this paper. A new method called “record decomposition-incorporation” (RDI) that synthesizes
artificial near-fault pulse-type ground motions by combining the high-frequency Background Record (BGR)
with simple equivalent pulses has been proposed. Furthermore, simple input pulses are synthesized to simulate
artificial forward-directivity effects in ground motions originally having fling steps. The effects of near-fault
ground motions with different pulse parameters on the response of the bridge are assessed. The conclusions of
this study are summarized as follows:

1. The high-frequency Background Records (BGRs) of the near-fault ground motions have a significant effect
on the seismic response. The RDI method can capture the essential response characteristics of the bridge
subjected to near-fault ground motions.

2. When FD records have the same PGV with FS records, the former records result in greater deformation
demands than the latter, whereas the latter may result in greater strength demands.

3. The deformation and internal force of the tower subjected to near-fault ground motions with different PGVs
increase with the PGV of the near-fault pulse-type records. Records with fling-step effects, which have a low
PGV/PGA, result in more instances of higher mode demand, and waveforms with forward directivity cause the
towers to respond primarily in the lower mode.
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