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Abstract

In this study, a comprehensive investigation of the stochastic analysis of a suspension bridge subjected to spatially varying
ground motions is carried out for variable local soil cases and wave velocities. Bosphorus Suspension Bridge built in Turkey
and connects Europe to Asia in Istanbul is selected as a numerical example. The spatial variability of the ground motion is
considered with the incoherence, wave-passage and site-response effects. The incoherence effect is examined by taking into
account Harichandran and Vanmarcke model, the site-response effect is outlined by using firm, medium and soft soil types, and
the wave-passage effect is investigated by using 1000-2000, 500-1000, and 300-500 m/s wave velocities for the firm, medium
and soft soils, respectively. Mean of maximum response values obtained from the spatially varying ground motions are
compared with those of the specialized cases of the ground motion model. At the end of the study, it is seen that total
displacements are dominated by dynamic component. The response values obtained for SMFF soil condition are generally the
largest. When the varying local soil condition is considered, the variation of relative contributions of response components to
the total response values for varying wave velocity cases is insignificant. Also, the variation of the wave velocity has important
effect on the deck and towers total response values as compared with those of the constantly travelling wave velocity case. It
is concluded that the site-response effect of ground motion on the response of suspension bridges is more important than that
of the wave-passage, and the variation of the wave velocities depending on the local soil conditions, has important effects on
the dynamic behavior of suspension bridge.

Keywords: suspension bridge, stochastic response, spatially varying ground motion, incoherence effect, wave-passage effect,

site-response effect

1. Introduction

The significance of the spatial variation effects of
earthquake ground motions on the dynamic response of
both long and short span bridges and bridge type structures
have been recognized by many researches. Abdel-Ghaffar
and Rubin (1983) investigated the effects of the multiple-
support seismic excitations on suspension bridges. Abdel-
Ghaffar and Stringfellow (1984) performed the effect of
the wave propagation on the seismic response of suspension
bridges. Dumanoglu and Severn (1989) carried out the
seismic response of modern suspension bridges to
asynchronous ground motions in the vertical, longitudinal
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and lateral directions. Hyun et al. (1992) studied the
nonstationary response analysis of suspension bridges for
multiple support excitations. Der Kiureghian and Neuenhofer
(1991) performed the simplified bridge models and a
suspension bridge model subjected to the spatially varying
earthquake motions. Rassem et al. (1996) investigated the
response of a long span suspension bridge to spatially
varying ground motion due to the topographic effects.
Zembaty and Rutenberg (1998) investigated on the
sensitivity of bridge seismic response with local soil
amplification. Wang et al. (1999) performed the geological
variability effect and spatial variation produced by
propagation and coherence loss of seismic ground motion
on the response of long span suspension bridges. Allam
and Datta (2000) studied seismic behaviour of cable-
stayed bridges under multi-component random ground
motion. Dumanoglu and Soyluk (2003) performed the
stochastic response analyses of cable-stayed bridges
subjected to spatially varying ground motions. Lin ef al.

@ Springer
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(2004) studied the seismic spatial effects for long-span
bridges using the pseudo excitation method. Lupoi et al.
(2005) carried out the seismic design of bridges accounting
for spatial variability of ground motion. Lou and Zerva
(2005) performed the effects of spatially variable ground
motions on the seismic response of a skewed, multi-span,
RC highway bridge. Zhang et al. (2005) studied the wave
passage effect of seismic ground motions on the response
of multiply supported structures. Ates et al. (2005)
investigated the stochastic response of seismically isolated
highway bridges with friction pendulum systems to spatially
varying earthquake ground motions. In these studies
underlined the significance of the spatially varying ground
motions between the support points. Zhang et al. (2009)
presented a study about the random vibration analysis of
long-span structures subjected to spatially varying ground
motions. Kuyumcu and Ates (2012) determined the soil-
structure-foundation effects on stochastic response analysis
of cable-stayed bridges. Soyluk and Sicacik (2012) carried
out the soil-structure interaction analysis of cable-stayed
bridges for spatially varying ground motion components.
Falsone and Settineri (2013) presented the exact stochastic
solution of beams subjected to delta correlated loads.
Shrestha et al. (2014) investigated the effectiveness of
using rubber bumper and restrainer on mitigating pounding
and unseating damage of bridge structures subjected to
spatially varying ground motions. Experimental investigation
of inelastic bridge response under spatially varying excitations
with pounding was evaluated by Li and Chouw (2014).
Bai et al. (2015) attained the stochastic elastic wave
behaviour of angled beams. Fang et al. (2015) conducted
the time variant structural fuzzy reliability analysis under
stochastic loads applied several times. Beside these
studies, some up-to-date articles can be available from the
literature about the stochastic analyses, spatially varying
ground motion effect, local site effect, and wavelet-based
evolutionary response of different type of structures (Basu
and Gupta, 2000; Chakraborty and Basu, 2008; Dinh and
Basu, 2012; Konakli and Der Kiureghian, 2012; Jia et al.,
2013; Dinh et al., 2014; Adanur et al., 2016a, 2016b;
Haciefendioglu 2017).

This paper presents a study of the wave-passage effect
on the stochastic response of suspension bridges subjected
to spatially varying ground motions including the site-
response effect. The main objective of this paper is to
investigate the importance of the wave-passage effect as
well as site-response effect. For this purpose the stochastic
analysis of a suspension bridge subjected to spatially varying
ground motion by the incoherency, wave-passage and site-
response effects is investigated. The incoherence effect is
examined by taking into account Harichandran and
Vanmarcke (1986) model, the site-response effect is outlined
by using firm, medium and soft soil types proposed by
Der Kiureghian and Neuenhofer (1991) and the wave-
passage effect is investigated by using 1000-2000, 500-
1000, and 300-500 m/s wave velocities for the firm, medium

and soft soil types, respectively. Mean of maximum response
values obtained from the spatially varying ground motions
are compared with those of the specialised cases of the
ground motion model. Relative contributions of the pseudo-
static, dynamic and covariance components to the total
response are also presented.

2. Formulation

2.1. Random vibration theory for spatially varying
ground motion

In the random vibration theory, the variance of the ith
total response component is expressed as (Harichandran
et al., 1996)

ol =T+ o't +2Cov(z!", z)) (1)

where, O'ZZI_S and 0'22 are the variances of pseudo-static
and dynamlc response components, respectively and
Cov(z?, ,) is the covariance between the pseudo-static
and dynamic components and can be written as
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where @ is the circular frequency, » 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,

A; and A4,, are the static displacement components due to
unit support motions, S (a)) is the cross-power spectral
density function of acceleratlons between supports / and
m, G is the modal participation factor, y is the eigenvectors,
H(w) is the frequency response function.

2.2. Spatially varying ground motion model

The cross-power spectral density function of the
accelerations i}g, and \'}gm at the support points / and m is
expressed as (Der Kiureghian 1996),

",'g,\','gm(w) = %m(w)«/si)g/i)gl( a’)S;gm;gm(w) (5)
where y,,(@) is the coherency function describing the
variability of the ground acceleration processes for support
degrees of freedom / and m, S (a)) and S . (o) are
the auto-power spectral densitiés of the acceferatlons Ve,
and vgm at the support points / and m.
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Spatial variability of the ground motion is characterised
with the coherency function in frequency domain. This
function is dimensionless and complex valued. For the
coherency function, the following model proposed by Der
Kiureghian (1996) is used

V(@) = 71 @) Y1(@)" Vi @)’

= Yl @) eXPLI(G(©)" + O )')] ©)

where 7,,() characterises the real valued incoherence
effect, 7,,(@)” indicates the complex valued wave-passage

effect and ()’ defines the complex valued site-response
effect.

For the incoherence effect, resulting from reflections
and refractions of seismic waves through the soil during
their propagation, the widely used model proposed by
Harichandran and Vanmarcke (1986) is considered. This
model is based on the analysis of recordings made by the
SMART-1 seismograph array in Lotung, Taiwan and
defined as

Tin(@)' = AeXp[— 0[2 d’;”))(l —A+ aA)]
+(1—A)exp[(_z(ia’;"))(l_A+aA)] %)
1
o5

where d,,, is the distance between support points / and m.
A, a, k, fy and b are model parameters and in this study the
values obtained by Harichandran ef al. (1996) are used
(4=0.636, a=0.0186, k=31200, £p=1.51 Hz and 5=2.95).

The wave-passage effect resulting from the difference
in the arrival times of waves at support points is defined

as (Der Kiureghian 1996)

vl ©

app

elm(a))w ==

where v,,, is the apparent wave velocity and dle is the
projection of d},, on the ground surface along the direction
of propagation of seismic waves. The apparent wave
velocities employed in this study are v,,,=300-500 m/s
for soft soil, v,,,=500-1000 m/s for medium soil and v,,,
=1000-2000 m/s for firm soil.

The site-response effect resulting from the differences
in local soil conditions at the support points is obtained as
(Der Kiureghian 1996)

_Um[H(0)H,(-0)]
Re[H(w)H,(-0)]

O(@)" = tan (10)
where H(w) is the local soil frequency response function
representing the filtration through soil layers.

The auto-power spectral density function of the ground
acceleration (i/'g,) characterising the earthquake process is
assumed to be of the following form modified by Clough
and Penzien (1983).

S
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where S, is the amplitude of the white-noise bedrock
acceleration, w; and x; are the resonant frequency and
damping ratio of the first filters, w,and x,are the resonant
frequency and damping ratio of the second filters,
respectively.

In this study, firm (F), medium (M) and soft (S) soil
types proposed by Der Kiureghian and Neuenhofer
(1991) are used. The filter parameters for these soil types
are utilized as presented in Table 1. The amplitude of the

Acc. Power Spectra Density Funct. (m?/s®)

0.35
030 —
0.25 — —E— Firm soil
—A— Medium soil
0.20 —
—6— Soft soil

Frequency (rad/s)

Figure 1. Acceleration power spectral density functions for filtered white noise model of the SI6E component of Pacoima

Dam record of 1971 San Fernando earthquake.
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white-noise bedrock acceleration (S) is obtained for each
soil type by equating the variance of the ground acceleration
to the variance of SI6E component of Pacoima Dam
acceleration records of 1971 San Fernando earthquake.
The calculated values of the intensity parameter for each
soil type are S, (firm)=0.021338 m%*/s’, S, (medium)=
0.031707 m?%/s®, S, (soft)=0.044515 m%/s>. Acceleration
power spectral density function for each soil type is
presented in Fig. 1.

3. Application

In this study, as an example the Bosporus Suspension
Bridge built in Turkey and connects Europe to Asia in
Istanbul is selected. The bridge has flexible steel towers
of 165 m high, inclined hangers and a steel box-deck of
1074 m main span, with side spans of 231 and 255 m on

the European and Asian sides, respectively, supported on
piers. The horizontal distance between the cables is 28 m
and the roadway is 21 m wide, accommodating three lanes
each way. The roadway at the mid-span of the bridge is
approximately 64 m above the see level.

The finite element model of the suspension bridge is
constituted in SVEM software (Dumanoglu and Soyluk,
2002). This software can be used for stochastics dynamic
analyses of engineering structures considering spatially
spatially varying ground motions. Two-dimensional finite
element model of Bosporus Suspension Bridge with 202
nodal points, 199 beam elements and 118 truss elements
is considered for the analysis. While the deck, towers and
cables are represented by beam elements, the hungers are
represented by truss elements. The selected finite element
model of the bridge is represented by 475 degrees of
freedom. The spatially varying ground motion is applied

\iﬁ e (a) FFFF soil condition case f—
F F F F
‘é_ L/_\_ (b) MMFF soil condition case — e
M M F F
F - (c) SMFF soil condition case
—
S M F F

Figure 2. Suspension bridge subjected to spatially varying ground motions in the vertical direction for the various soil

condition cases.

S M
Casa 1 vagp=1000m’s v =1000m's
Casa 2: vge=200m's v =1000m/'s
Casa 3 v, = 00m/s v =T50m's
Case 4: vge=300m's v =300m's

F F

v =1000m's v =1000m's
vge=2000m's v =2000m's
vee=1300m's v =1500m's
v, =1000m's v =1000m's

Figure 3. Suspension bridge subjected to spatially varying ground motions in the vertical direction for the various apparent

wave velocities.
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Figure 4. Normalised displacement variances of the deck for various soil condition cases.

to bridge supports in vertical direction.

In this paper, stochastic analysis of a suspension bridge
subjected to spatially varying ground motions by taking
into account the incoherence, wave-passage and site-response
effects is performed for variable local soil cases and wave
velocities. For this purpose, the following three different
soil condition cases are considered for the bridge supports

and the four different apparent wave velocity cases are
taken into account depending on the local soil condition
cases. The suspension bridge subjected to spatially varying
ground motions in the vertical direction for the various
soil condition cases is shown Fig. 2 and for the various
apparent wave velocities is shown in Fig. 3.
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Figure 5. Normalised displacement variances of the European and Asian sides tower for various soil condition cases.

Different soil condition cases:

Case A: All the supports are assumed to be founded on
soils with firm soil type (FFFF).

While the supports at the European side are
assumed to be founded on medium soil, the
supports at the Asian side are assumed to be
founded on firm soil type (MMFF).

The European side anchorage is founded on
soft soil, the European side tower pier is founded
on medium soil and the other supports of the
bridge at the Asian side are founded on firm
soil (SMFF).

Case B:

Case C:

Different apparent wave velocity cases:

Case 1: v,,,=1000 m/s for constant wave velocity case

Case 2: v,,=500 m/s for soft soil, v,,,=1000 m/s for
medium soil, v,,=2000m/s for firm soil

Case 3: v,,=400m/s for soft soil, v,,,=750 m/s for

medium soil, v,,,=1500m/s for firm soil
Case 4: v,,,=300m/s for soft soil, v,,,=500 m/s for
medium soil, v,,,=1000m/s for firm soil

The analysis is obtained for 2.5% damping ratio and for
the first 15 modes. The stiffening effects of the cables
caused by the dead load are also accounted for in the
analysis. The filtered white noise ground motion model
modified by Clough and Penzien (1993) is used and
applied in the vertical direction as a ground motion model
where the spectral density function intensity parameter is
determined according to the S16E component of the
Pacoima Dam record of the San Fernando Earthquake in
1971. The filtered white noise ground motion model is
widely used to stochastic analyses for facilitate the
conducted analyses by convert the time domain data and
graphics to frequency domain.
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Figure 6. Mean of maximum total response values of the deck for various soil condition cases.

4. Numerical Results

4.1. Comparison of various soil condition cases
Variance of total response has three components; the
pseudo-static component, the dynamic component and

the covariance component between the pseudo-static and
dynamic components. In this section, contribution of the
each component to the total responses of the bridge is
investigated. The process of normalisation is performed
by dividing the variance values by the maximum total
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Figure 7. Mean of maximum total response values of European side tower for various soil condition cases (a) Horizontal

displacements, (b) Bending moments (c) Shear forces.

response. The relative contribution of each component to
the total vertical displacement along the bridge deck for
FFFF, MMFF and SMFF soil condition sets are presented
in Fig. 4. It is shown that the total displacements are
dominated by the dynamic component for the three soil
condition sets. However, the contribution of the dynamic
component to the total response decreases and the contribution
of the pseudo-static and the covariance components increase
while the soil condition changes from firm to soft.
The relative contributions of the response components
to the total horizontal tower displacements at the European
and Asian sides are shown in Fig. 5 for the three soil
condition cases. While the variations obtained for the
displacements at the Asian side tower for each soil
condition case are similar, the variations obtained for the
European side tower are somehow different. At the
European side tower top point where maximum total
horizontal displacement take place, it can be observed
that the dynamic component contribute 65.35, 41.00,

4.66%; the pseudo-static component contribute 40,79,
55.19, 91.86% and the covariance component contribute
—6.14, 3.81, 3.48% for FFFF, MMFF, SMFF soil condition
cases, respectively. Similarly, at the Asian side tower top
point the dynamic component contribute 76.01, 87.50,
92.00%; the pseudo-static component contribute 40.51,
20.23, 18.60% and the covariance component contribute
-16.52, —7.73, —10.60% for FFFF, MMFF, SMFF soil
condition cases, respectively. At the European side tower,
the total displacements are dominated by the dynamic
component for FFFF soil condition case whereas the total
displacements are dominated by the pseudo-static component
for MMFF and SMFF soil condition cases. This is because
the European side support soil conditions range from firm
to soft and amplify the pseudo-static components. The
total response is dominated by the dynamic component at
the Asian side tower for each soil condition case.
Mean of maximum total response values are carried out
for the previously defined soil condition cases defined as
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Figure 8. Normalised displacement variances for constant (Case 1) and varying wave velocity case (Case 4).

FFFE, MMFF and SMFF. Mean of maximum total deck
vertical displacements, bending moments and shear forces
calculated for various soil condition cases are compared
in Fig. 6. As can be observed from the figures, while the
response values obtained for FFFF soil condition case are
the smallest, the response values for SMFF soil condition
case are the largest. The total displacements and bending
moments at the middle of the deck overestimates the
responses by 68.39, 98.42%, and by 44.61, 58.15% for
MMFF, SMFF soil condition cases, respectively when
compared to the response due to the FFFF soil condition
case. At the deck point where maximum shear forces take
place it can be observed that the total shear forces
overestimates the response by 52.94, 67.48% for MMFF,
SMFF soil condition cases, respectively when compared
to the response due to the FFFF soil condition case.
While the total vertical displacements at the end of the
Asian side for the three different soil condition sets are
close to each other, the displacements at the end of the
European side for the MMFF and SMFF soil condition
sets are larger than those of the FFFF soil condition case.

This is because of the pseudo-static displacements,
depending on the variation of the soil conditions at the
European side from firm to soft.

Mean of maximum total horizontal displacements,
bending moments and shear forces of the European and
Asian side towers obtained for the three different soil
condition cases are presented in Fig. 7. It is shown that
the response values obtained at the Asian side tower are
very smaller than the response values calculated at the
tower of the European side where the soil conditions change
from firm to soft. It is also shown that the response values
obtained for SMFF soil condition case are generally the
largest and the more difference between the soil
conditions, generally the more response values take place
at both towers.

4.2. Comparison of various apparent wave velocity
cases

The relative contributions of the pseudo-static, dynamic
and covariance components to the total displacement
responses at the deck, at the European and Asian side
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Figure 9. Mean of maximum total response values of the deck under the various apparent wave velocity cases for the
SMFF soil condition set.

towers for the constant (Case 1) and varying (Case 4) constantly case. It is also observed that when the varying
wave velocity cases are presented in Fig. 8. It can be local soil condition is considered, the variation of the
observed that the variation of the varying wave velocity relative contributions of the response components to the

case is generally consistent with the variation of the total response values for the varying wave velocity cases
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Figure 10. Mean of maximum total horizontal displacements of the European and Asian side towers under the various

apparent wave velocity cases for the SMFF soil condition set.

is insignificant.

Mean of maximum total response values of ground
motions with variable wave velocities depending on the
local soil conditions are compared with those of the
constant wave velocity. For this purpose, the previously
defined four different apparent wave velocity cases are
considered for the SMFF soil condition case. Mean of
maximum total response values of the deck and the
towers are compared for variable and constantly travelling
wave velocity cases in Figs. 9-10.

It is obvious that the total response values will cause
larger response values for varying wave velocity cases
compared to those of the constantly travelling wave
velocity case. It can be also observed that the variation of
the wave velocity has important effect on the deck and
towers total response values as compared with those of
the constantly travelling wave velocity case (Case 1). At
the middle of the bridge deck where maximum vertical
displacement occur, the displacement value obtained for
constantly wave velocity case (Case 1) cause the response

by 6, 12, and 25% decrease when compared to the
response due to varying wave velocity cases defined as
Case 2, Case 3 and Case 4, respectively. The variation
obtained for the deck displacements is also similar and
valid for the deck bending moments and shear forces.

At the top point of the European side tower where
maximum horizontal displacement take place, the displace-
ment values overestimate the response by 23, 51, and
509% obtained for varying wave velocity cases defined
as Case 2, Case 3 and Case 4, respectively when compared
to the response due to constantly wave velocity case
(Case 1). On the other hand, at the top point of the Asian
side tower the displacement value obtained for constantly
wave velocity case (Case 1) underestimates the response
by 5, 10, and 22% when compared to the responses due
to varying wave velocity cases defined as Case 2, Case 3
and Case 4, respectively. It is obvious that the ratios of
the response values for varying apparent wave velocity
cases at the European side tower are larger than those of
the Asian side tower. This is because of the decreasing
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apparent wave-velocity depending on the variation of the
soil conditions at the European side from firm to soft. It
is also shown that the response values generally increase
with decreasing apparent wave velocity.

5. Conclusions

In this paper, the stochastic response of a suspension
bridge subjected to spatially varying ground motions is
performed for variable local soil and wave velocity cases.
The main findings from this study can be categorised as
follows:

The variance values are dominated by the dynamic
component at the deck and at the Asian side tower. On
the other hand, at the European side tower, the total
displacements are dominated by the dynamic component
for the constant (homogeneous) soil condition case while
the pseudo-static component dominates the total displace-
ments for the varying (heterogeneous) soil condition
cases. Furthermore, the relative contribution of the pseudo-
static component to the total response generally increases
by ranging the local soil conditions from firm to soft.

The response values obtained for the varying (hetero-
geneous) soil condition cases cause larger response
values than those of the constant (homogeneous) soil
condition case. Also the more difference between the soil
conditions, the more response values occur.

The variation of the relative contributions of the pseudo-
static, dynamic and covariance components to the total
displacement responses for the varying wave velocity
case is generally consistent with the variation for the
constant wave velocity case. And also the variation of the
relative contributions of the response components to the
total response values for the varying wave velocity cases
is insignificant when the varying local soil condition is
considered.

The total response values for varying wave velocity
cases are larger than those of the constantly travelling wave
velocity case and the response values generally increase
with decreasing apparent wave velocity. The variation of
the wave velocities depending on the local soil conditions
where the bridge supports are constructed has important
effects on the dynamic behaviour of the bridge. Also, to
be more realistic in calculating the bridge responses, the
variability of the ground motions should be considered in
the analysis of suspension bridges.
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