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Abstract-The spatial variability of seismic motion is an important aspect of earthquake loads exerted
on extended structures. Therefore, a rigorous earthquake resistant design of lifeline structures should
account for the spatial character of the seismic input. 2-D lumped mass model of Mascara highway
bridge is developed and comparative assessments of the linear dynamic behavior under wave passage
and uniform ground motions are illustrated in this paper, stochastic analysis of a bridge subjected to
spatially varying ground motions is performed. The ground motion is described by Power Spectral
Density (PSD), the spatially varying earthquake ground motion is characterized by Wave-Passage
effects .The latter is defined by the difference in the arrival times of signal at support points of the
structure. The parameter study is investigated by using various apparent wave velocities. Mean of
maximum response values obtained from the spatially varying ground motions are compared with
those of the uniform ground motion model. The longitudinal deck displacements calculated for
uniform ground motion case are slightly larger than the wave-passage effects. Consequently, to be
more practical in design of the bridge, the variability of the ground in term of different arrival times at
the support (wave passage) should be incorporated in the analysis of long span structures.

Keywords: Stochastic seismic response, Mascara highway bridge, Wave passage.

Résumé- La variabilité spatiale du mouvement sismique représente un aspect important des charges
sismiques exercées sur des structures étendues. Par conséquent, une conception rigoureuse de telles
structures devrait tenir compte du caractére spatial de I'action sismique. Le modéle du pont routier de
Mascara est développé et des évaluations comparatives du comportement dynamique linéaire sous
I'effet de passage d'onde et des mouvements uniformes de sol sont illustrées. Dans cet article, l'analyse
stochastique d'un pont soumis a des mouvements de sol spatialement variables est réalisée. Le
mouvement de sol est décrit par la Densité Spectrale de Puissance (DSP), le mouvement de sol
spatialement variable est caractérisé par des effets de passage d'onde. Ce dernier est défini par la
différence des temps d'arrivée du signal aux points de support de la structure. L'étude des parametres
est étudiée en utilisant diverses vitesses d'onde apparentes. La moyenne des valeurs de réponse
maximales obtenues a partir des mouvements du sol spatialement variables sont comparées a celles du
modele de mouvement du sol uniforme. Les déplacements longitudinaux du tablier calculés pour un
cas de mouvement de sol uniforme sont Iégérement plus grands que les effets de passage d'onde. Par
conséquent, pour étre plus pratique dans la conception de pont, la variabilité du sol en termes de
différents temps d'arrivée au support (passage d'onde) devrait étre incorporée dans l'analyse des
structures de longue portée.

Mots clés: Réponse sismique stochastique, Pont routier de Mascara, Effet de passage d'onde.
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1- Introduction

Due to the complex nature of the earth
crust, earthquake ground motions will not be
identical time in long extended bridge
structures. It is obvious that because of
traveling with finite velocity, coherency losses
due to reflections and refractions and difference
of local soil conditions at the supports,
earthquake ground motions will be subjected to
significant variation at the support point of the
bridge. From a physical point of view, the
Spatially Varying Ground Motions  of
earthquake (SVGM) may be schematically
thought of as the result of the combination of
three different phenomena: i) the incoherence
effect, resulting from reflections and refractions
of waves through the soil during their
propagation, ii) the so-called wave-passage
effect, that is the difference in the arrival times
of seismic waves at different stations and iii)
the spatial varying site condition, due to
differences in local soil conditions under the
various stations (see Refs. [1 & 2]. This SVGM
induces large internal forces due to quasi-static
displacements compared to those induced when
uniform ground motions are considered.
Several researchers have investigated the
response of long span structures to multisupport
excitations [3]. Haroun and Abdel Hafiz [4])
studied the effects of amplitude and phase
difference of an earthquake motion on the
seismic response of long earth dams. They
found that the dam response to traveling waves
can be magnified considerably. More realistic
bridge configurations were also studied by
various researchers (see e.g. Refs. [5] and [6]).
It was found that the structural response
increased substantially when using differential
support ground motion, especially for more
rigid bridges and bridges with supports on
different local soil conditions. In Ref. [6], it was
concluded that the effect of spatially varying
site conditions on seismic response of cable
stayed bridge structures is in general more
pronounced than that of uniform earthquake
motions. It was found that uniform excitations
are generally unacceptable for long-span
bridges. Therefore, while analyzing long bridge
structures, Spatially Varying Ground Motions
of earthquake (SVGM) should be considered
and total displacements have to be used in
expressing the governing equation of motion.
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The objective of this paper is to
determine the relative importance of Wave-
Passage component of the SVGM of earthquake
on stochastic seismic response of Mascara
Highway Bridge. The main results of an
extensive numerical investigation on the
dynamic behavior of R.C. Highway Bridge
under Wave Passage component of (SVEGM)
are presented. Full 2-D Finite Element model of
an asymmetric bridge: the Mascara reinforced
concrete (R.C.) bridge (North western Algeria)
is developed in order to include the Wave
Passage component on the responses of bridges.
Linear bridge response quantities are discussed
in terms of mean of maximums displacements,
bending moments, shear forces and axial forces
along the deck of the study bridge under wave
passage. Finally, based on the numerical results
obtained in the present study, conclusions of
engineering significance are given.

2- Ground motion model

The spectrum of acceleration of Kanai-
Tajimi (see Ref. [7]), is given by the response
of a soil layer own frequency wyg, ratio damping
& movement bedrock whose spectral power
density acceleration is white noise amplitude So:

2
1+482 (2
S() = So i) )

- ()] + s (2)

This spectrum has the advantage of
simplicity, but induces problems for low
frequency. Indeed, the power spectral density of
ground displacements is neither defined nor
locally integrable at zero.

Si(w)
(1)4

Su(w) = (2)

This undesired effect has been
corrected by introducing a high-pass filter, as
proposed by Clough and Penzien [7] leading to
the following spectral density function:
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S(w) = Sp=
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The model parameters can be adjusted
to represent the spectral content of the seismic
excitation, which depends on the soil types.
Values of the filter parameters for these soil
types are those proposed by Der Kiureghian [1].

3- Coherency function

The coherence function y,,, is defined

as the ratio between the cross- spectral density
of the seismic movement S, (w)between two
stations | and m and the square root of the
product of the auto Spectral Density Power
(PSD) of accelerations at the stations | and m
noted by S;(w) and S,, (w).
Several empirical and theoretical models have
been developed by leading researchers such as
Der Kiureghian [8] and Harichandran
Vanmarcke [9], Loh and Yeh [10] Luco and
Wong [11].

The wave-passage effect resulting from
the difference in the arrival times of waves at
two stations | and m is defined as (see Refs. [8
& 3)).

e
Vim(iw,§4p)" = e'fim = e \ Tarp (4)
Where &£, denote the projection of &5, on the
ground surface along the direction of
propagation of seismic waves and Vayp IS the

apparent wave velocity.

For the purpose study, The bridge
response quantities in terms of longitudinal
displacements, bending moments, shear forces
and axial forces along the deck of the study
bridge are evaluated and analyzed for identical
seismic excitation and difference arrival time’s
seismic excitations to each support of study
bridge. Three apparent wave velocities adopted
herein are: 100, 200 and 400 m/s in order to
illustrate the wave passage effect on seismic
responses of Mascara bridge, where the two
seat type abutments and the piers are assumed
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to be supported by firm soil (actual site
conditions).

4- Stochastic response

In the random vibration theory, the
variance of the total response component is
expressed as [e.g. 12]

07 = 07, + 07 + 2cov(zs, z4) (5)

where, o,, and o, denote respectively the
variance of dynamic and pseudo-static response
components and cov(zs, z;) is the covariance
between the pseudo-static and dynamic
components, such as:

Jzzd ZZL{“{] J(ZZFH Ll (0)Hy (0)Spm (@) doo | (6)

=1 m=1
) 1
0y = Z Z B;B,, ESIm((u)dw (7

Jiz ijHj( )y (w) dw (8)
0

Where w is the circular frequency, r is the
number of support degrees of freedom where
the ground motion is applied, n is the number of
the modes used in the analysis, By response z
due to unit displacement of support DOF |, Sin
is the cross spectral density function of
accelerations between supports | and m, I"is the
modal participation factor, ¥; response w from
the jth mode and H(w) is the modal frequency
response function.

In the stochastic analysis, the mean of
maximum value may be express as:

E[maxx(t)]=p. ¢ 9

Where p is a peak factor and ¢ is the standard
deviation of the total response.

5- Physical model of bridge

The Mascara reinforced concrete
(R.C.) box girder bridge Mascara bridge
located in north-western of Algeria has an

7
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overall length of 216m and consists of three
continuous spans in prestressed concrete with a
mid-span length of 100m and two end spans of
58m length each (see Fig. 1(a)). The bridge
deck in R.C. consists of a unicellular box girder
with a width of 9.50m (including the segments)
and variable height of 5.95m at piers and 2.70m
at abutments (Fig. 1.(b)). The two piers with
high equal to 40m have identical hollow
rectangular  cross sections (Fig. 1.(c)),
supported by rigid soil foundation. Normal
Rubber (NR) bearings are placed at abutments
only.

7 58.00m | 100.00m | 58,00m ‘

H = 40m

(a) <

9.50m

- - .
E
S I .
B 0.30m c
= 1=}
v
Segment on Segment on
abutments pers ! 1

(b) (c)

5.95m

Figure 1 : Description of the Mascara bridge:
(a) Elevation of bridge (b) Segment cross
sections (c) Pier cross sections

Figure 1 : Description du pont de Mascara:
(@) Vue en élévation du pont (b) Sections
transversales des voussoirs (c) Sections

transversales des piles

6- Analytical model of bridge

A 2-D finite element model of
symmetric bridge: the Mascara highway bridge
is developed in order to study the effects of
wave passage on stochastic seismic response of
bridges. A small discrete 2-D frame elements is
used for modeling the superstructure and
substructure. Each adjacent element is
connected by a node and at each node six
degrees of freedom are considered. The shear
degree of freedom system in the longitudinal
direction used for each of the two rectangular,
Normal Rubber (NR) bearings at each abutment
is modeled by a linear model with an effective
stiffness Kerr and an equivalent damping ratio

éeff-
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The Analysis of seismic response for
assessing the seismic response of the cable
stayed bridge under SVEGM will be performed
automatically using the code a computer code
SAP2000 [13].

The entire cable stayed bridge under
wave passage component of SVGM is
approximated analytically by the 2-D FEM
model presented in Fig. 2. The horizontal input
is assumed to travel along the bridge from
abutment left to right side with finite apparent
velocities.
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Figure 2 : Linear model analytical of the
Mascara Highway bridge

Figure 2 : Modéle linéaire analytique du pont
routier de Mascara
7- Numerical results and discussions

7.1 -Vibration Modes Shapes of Bridge

The measure commonly wused in
engineering practice to define the number of
modes required in the dynamic analysis of
ordinary structures is [14].

My

=

(10)

T piM1 ;
where M; = ¢/ Mey;, v; = " and My is the

total  structural mass associated  with
unconstrained degrees of freedom.

The number of vibration modes to be
retained in modal analysis is generally
determined by using an effective modal mass
equal at least to 90% or 95% of the total mass
corresponding to a given direction (u).
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For illustration purpose, 3-D modal
characteristics of lateral, vertical, longitudinal
and torsional vibrations of both symmetrical
and unsymmetrical higher modes of the bridge
are identified and compared for stiff soil and
rock conditions (see Ref. [15]). The
corresponding mode shapes are also presented
in the same reference for stiff soil and rock
conditions respectively.

The results indicate for rigid foundation
that 05 vibration modes in longitudinal
direction; 23 vibration modes in lateral
direction and 34 vibration modes in vertical
direction are widely sufficient in order to
simulate the 3-D dynamic behavior of Mascara
bridge in translational directions. While 58
modes of vibration are necessarily to identify
the three first torsional vibration modes.

7.2- Influence of wave passage on means of
maximum longitudinal displacement along
the deck of bridge

The effects of the spatial variability
of the ground motion on the seismic response of
the bridge are investigated under the following
seismic excitation scenarios considered in the
present exhaustive parametric study:

1. Uniform ground motion characterized by no
time delay and actual site conditions.

2. In this scenario, only the wave passage is
considered, characterized by different apparent
wave velocities (vap, = 1000m/s, 2000m/s
and 400m/s). The homogeneous soil condition
is characterized by RPOA[16], Type Sz (firm)
soil, defined by the filter parameters proposed
by Der Kiureghian and Neuenhofer [4], such as:

wg = 15.0 (rad/s); §g = 0.60;

While the other parameters can be determined
as follows:

— Yg. — .
wp= 255 &= 0.60;
Figure 3 shows the variation of mean
longitudinal displacements along the deck of
the Mascara R.C highway bridge under
described scenarios seismic excitations.

The mean of maximum deck
displacements are compared for uniform ground
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motion and wave-passages which contains
different wave velocities (100, 200 and 400
m/s). The dynamic displacement varies
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Figure 3 : Means of maximum longitudinal
displacements along the deck of Mascara bridge

Figure 3 Moyenne des maximums des
déplacements longitudinaux le long du pont de
Mascara

Inversely with the wave passage effects in other
words; the dynamic displacement is generally
overestimated in the case of uniform seismic
input. It can be seen that with increasing of the
apparent velocity, the wave passage effect
decreases While the largest displacements are
obtained from uniform ground motion, the
smallest displacements are obtained from wave-
passage effect with wvelocity of 100 m/s
throughout the length of the bridges. (when the
apparent velocity goes to infinity, vertical

9
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propagation, the support motions become
identical, the dynamic displacement increases).
The pseudo-static displacement shown in
Figure 3 is constant because of rigid body
motion and it is overestimated compared to the
uniform excitation. the pseudo-static response
gradually increase with increase velocity. The
decrease of the displacement was be related by
some authors [12, 17].

7.3- Influence of wave passage on means of
maximum seismic responses along the deck
of bridge

Figure 4 shows the evolution of means
of bending moments, shear forces and axial
forces along the deck of the Mascara R.C
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Figure 4 Means of maximum seismic
responses along the deck of Mascara bridge

Figure 4 : Moyenne des maximums des
demandes sismiques le long du pont de Mascara
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The Figure 4(a) shows clearly, the
mean of maximum bending moments along the
deck of study bridge under wave passage with
apparent wave velocity equal to 400m/s are
more important than those calculated by the
uniform ground motion and wave-passage with
others apparent wave velocity. For the purpose
illustration, the wave passage component with
Vapp = 400m/s corresponding to the arrival
time to each support point is 0.0 (support A),
0.145 (support B), 0.395 (support C) and 0.540
(support C) develop the maximum bending
moments at segment on pier equal to
138160KN.m, which corresponds to significant
decreases of more than 7% when the uniform
ground motion (the arrival times are taken into
account as 0.0 s for all support points when
vapp = inf) is considered. The figure 4(b) shows
the same trends for the mean of maximum shear
forces along the deck. It is also observed from
Figure 4(c) that very large axial forces values
are obtained along the deck when the wave
passage is considered and the smallest axial
force values are obtained from uniform ground
motion. The latter induced a maximum axial
force equal to 1216098 KN, while it is equal to
4271548KN  when the wave passage
components of SVEGM is considered, which
correspond to increases of more than 250%
when the uniform ground motion is considered.

7-Conclusion

The stochastic seismic response of
Mascara highway bridge under wave passage
effects corresponding to the arrival time to each
support point was performed using computer
code SAP2000. 2-D lumped mass model of the
study bridge is developed and comparative
assessments of the linear dynamic behavior
under wave passage and uniform ground
motions are illustrated. A comprehensive
investigation of the stochastic response of
Mascara highway bridge subjected to spatially
varying ground motions is performed based on
a recently proposed model. The bridge seismic
demands are assessed in terms of mean of
maximums displacements, bending moments,
shear forces and axial forces along the deck of
the study bridge under wave passage with
different apparent velocities and uniform
ground motion are evaluated.

10
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The following main conclusions can be
drawn from this study:

1. The longitudinal deck displacements
obtained why uniform ground motion is
considered are more pronounced than the wave-
passage component.

2. The displacements calculated for wave
passage effects increase with increasing
apparent wave velocities.

3. Unlike the displacements, the bending
moments and the shear forces can be either
reduced or amplified depending on propagation
velocity. This is because the force response
reflects both dynamic vibrations of the structure
and its pseudostatic motion

4. Particularly attention should also be given to
higher axial forces along the bridge deck
induced in the end spans under wave passage.

5. The variability of the ground in term of
different arrival times at the support (wave
passage) should be incorporated in the analysis
of long span structures.

6. For more general and multipurpose
conclusions, different soil conditions and
different bridge configurations, such as, cable
stayed bridges and suspension bridges under
wave passage should be investigated.
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