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An extended multiple-support response spectrum method incorporating
fluid-structure interaction for seismic analysis of deep-water bridges
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Abstract: The effects of ground motion spatial variability (GMSV) or fluid-structure interaction (FSI) on the seismic
responses of deep-water bridges have been extensively examined. However, there are few studies on the seismic performance
of bridges considering GMSV and FSI effects simultaneously. In this study, the original multiple-support response spectrum
(MSRS) method is extended to consider FSI effect for seismic analysis of deep-water bridges. The solution of hydrodynamic
pressure on a pier is obtained using the radiation wave theory, and the FSI-MSRS formulation is derived according to the
random vibration theory. The influence of FSI effect on the related coefficients is analyzed. A five-span steel-concrete
continuous beam bridge is adopted to conduct the numerical simulations. Different load conditions are designed to investigate
the variation of the bridge responses when considering the GMSV and FSI effects. The results indicate that the incoherence
effect and wave passage effect decrease the bridge responses with a maximum percentage of 86%, while the FSI effect
increases the responses with a maximum percentage of 26%. The GMSV and FSI effects should be included in the seismic
design of deep-water bridges.

Keywords: response spectrum method; seismic response of bridge; ground motion spatial variability; fluid-structure

interaction; rdiation wave theory

1 Introduction

Deep-water bridges are typically located in areas
with severe and complex conditions, and susceptible
to the excitation of various loads, such as earthquake,
wave and sea current, etc., during its service period.
(Ding et al., 2018; Miao et al., 2021). Many studies
have been conducted on the ground motion spatial
variability (GMSV) (Der Kiureghian and Neuenhofer,
1992) and fluid-structure interaction (FSI) (Penzien
and Kaul, 1972), which significantly affects the seismic
performance of deep-water bridges. The main sources
of GMSV effect are loss in the coherence of the seismic
waves with distance, called the incoherence effect,
difference in the arrival time of the seismic waves at
different supports, called the wave passage effect, and
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difference in the soil conditions at each support, called
the local site effect. The main forms of FSI effect are
earthquake induced hydrodynamic pressure and wave
forces on substructures of the bridge, such as piers,
abutments, and piles. A suitable seismic-resistant design
for extended bridges should consider the GMSV and FSI
effects (Meng et al., 2018).

The characteristics and responses of structures
subjected to multi-support ground motions have been
studied by many researchers. The frequently-used
methods are time history analysis method (Yang et al.,
2002; Li et al., 2010; Abdel et al., 2011; Mirzabozorg et
al., 2012; Hu et al., 2012; Wang et al., 2018; Zheng et
al., 2019; Mohammadnezhad et al., 2019), experimental
method (Li et al., 2015; Koufoudi et al., 2018; Zhang et
al., 2020), response spectrum method (Der Kiureghian
and Neuenhofer, 1992; Yu and Zhou, 2008; Konakli and
Der Kiureghian, 2011; Wang and Der Kiureghian, 2014;
Nazarov and Poznyak, 2018), and random vibration
method (Dumanogluid and Soyluk, 2003; Soyluk and
Dumanoglu, 2004; Lin et al., 2005; Bi et al., 2010). Hu
et al. (2012) proposed a time history analysis simulation
method of ground motions considering the GMSV
effect for large span bridges. Li et al. (2015) carried
out shaking table tests to explore the influence of local
site effect and wave passage effect on the responses of a
curved bridge. Der Kiureghian and Neuenhofer (1992)
presented a multiple-support response spectrum (MSRS)
method to study the seismic performance of structures
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considering the GMSV effect. The MSRS method was
then applied to investigate the influence of GMSV effect
on responses of the Golden Gate Bridge (Nakanura et
al., 1993). Subsequently, Konakli and Der Kiureghian
(2011) extended the MSRS method to include the quasi-
static contribution of high-order modes that is truncated
in the original MSRS method. Wang and Der Kiureghian
(2014) developed the MSRS method in conjunction
with load-dependent Ritz (LDR) and proposed the
LDR-MSRS method. The accuracy of the method is
not worse than the extended MSRS method (Konakli
and Der Kiureghian, 2011) and better than the original
MSRS method (Der Kiureghian and Neuenhofer,
1992). Dumanogluid and Soyluk (2003), Wang and Der
Kiureghian (2014), and Soyluk and Dumanoglu (2004)
applied response spectrum method and random vibration
method to analyze the dynamic responses of a cable-
stayed bridge considering the GMSV effect. A common
conclusion in the above studies is that the GMSV effect
is essential for the seismic analysis of a bridge.

The responses of bridges subjected to FSI effect
have also been studied by many researchers with
numerical method and experimental methods. Wang et
al. (2011) established a finite element model of bridge
piers to study the variation of the seismic response
when considering FSI effect. The results indicated that
the FSI effect clearly increased the internal force and
the displacement of the pier. Li and Di (2011) modeled
a cable-stayed aqueduct bridge using finite element
software ANSYS (Nakasone et al., 2000) to investigate
its dynamic characteristics and the modal information
with and without water was compared in detail. Song
et al. (2013) proposed a simplified method to calculate
the earthquake induced hydrodynamic force on slender
structures. The responses of the structure subjected to
FSI effect were explored, which was compared with that
obtained by shaking table tests and numerical simulation.
Meng et al. (2018) analyzed the displacement and
internal forces of a cable-stayed bridge considering
wind and wave combined excitation. Wei et al. (2013)
carried out numerical analysis and experimental studies
to examine the influence of FSI effect on the dynamic
characteristics of pile foundations. Ding et al. (2018)
conducted shaking table tests on a rubber pier to observe
the dynamic response under earthquake, wave, and
current combined excitation. The results indicated that
the earthquake, wave, and current combined excitation
should be considered in design of deep-water bridge.

However, due to the different requirements of an
actual structural design and academic studies, these two
effects typically are separately studied. There are a few
methods to investigate the seismic responses of deep-
water bridges considering the GMSV and FSI effects
simultaneously.

In this study, the MSRS method proposed by Der
Kiureghian and Neuenhofer (1992) is extended to
consider the GMSV and FSI effects simultaneously,
which is called the FSI-MSRS method. The earthquake

induced hydrodynamic force exerted on the pier is
introduced into the kinetic governing equations of
bridges, which is calculated with the radiation wave
theory. Then, the proposed method is used for the
analysis of a five-span steel-concrete continuous beam
bridge modeled in OpenSees software. The influence of
the FSI effect on the related coefficients is investigated.
Finally, the variation of the responses of the bridge is
explored considering the FSI and GMSV effect. The
results indicate that the proposed FSI-MSRS method
can be used to study the dynamic responses of bridges
considering the GMSV and FSI effect simultaneously.

2 Multiple-support response spectrum method
incorporating fluid—structure interaction
(FSI-MSRS method)

2.1 Solution for hydrodynamic pressure

The radiation wave theory and Morison equation
method are the two major methods for calculation of
earthquake induced hydrodynamic forces on structures.
The Morison equation (Morison et al., 1950; Penzien
and Kaul, 1972; Cai et al., 2003; Veletsos et al., 2010;
Yuan and Huang, 2010; Li er al., 2019) is suitable
for structures of small diameter, which is a semi-
empirical formula. The radiation wave theory (Wepf et
al., 1988; Chopra and Goyal, 1991; Sun and Nogami,
1991; Avilés and Li, 2001; Li and Yang, 2013) solves
the hydrodynamic forces on large piers. It takes water
velocity potential or hydrodynamic pressure as the
basic variable, and combines free surface boundary,
bottom reflection boundary, water-structure boundary,
and Sommerfeld radiation condition to establish the
hydrodynamic pressure solution. The key point is to
choose an appropriate method for separation of variables
to obtain the water velocity potential.

The radiation wave theory is adopted to deduce the
hydrodynamic forces as it has rigorous theory and can
apply to any structures. As shown in Fig. 1, the water
velocity potential of a circular pier is set in plural form
(Li and Yang, 2013).

D(r,0,z,t)=p(r,0,z)c™ (1)

where r, 0, and z are the coordinates in the cylindrical
coordinate system, and ¢(r, 0, z) refers to the divisor of
the velocity potential. The governing equation of water
can be obtained.
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where K denotes the bulk modulus of water, and K—0
when ignoring the compressibility of water.
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Fig. 1 Diagram of a pier submerged in water

To solve Eq. (2), variables in the water velocity
potential is separated using Trefftz functions (Sun and
Nogami, 1991).

p(r,0,z) = iiRmn (10,(0)Z,(2) €)

m=1 n=1

The water velocity potential should satisfy the
following boundary conditions:
1) water-pier interface boundary condition

R, —h<z<0 4)

2) free-surface boundary condition

00 o 4 0,2=0 (5)
oz g

3) bottom water boundary condition

=0,z=-h (6)

4) Sommerfeld radiation condition
lim/r (aa_cp —ik®)=0 (7)
r—w /4

where / is the water depth, R is the radius of pier, & is the
wavenumber, and X(z, ¢) is the absolute displacement of
the pier under ground motion.

Substituting the water velocity potential into
Egs. (4)—(8) and Eq. (2), the hydrodynamic force on pier
can be obtained.

=—(M]x" +M2 " (8
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where # is the water depth, W is the width of the
upstream face, X, is the ground acceleration, x" is the
relative acceleration at the node; M'is a diagonal matrix
with element of m,' that represents the added mass
matrix caused by the rigid body motion of the pier, M?
is a diagonal matrix with element of ml.j2 that represents
the added mass matrix caused by the elastic vibration
of the pier; k, and k are the wave numbers with
k, = (2m- 1)1r/(2h) H( ) is the second type of the first-
order Hankel fllIlCthl’l K (*) is the modified second type
of the first-order Bessel function; ¢ = w%g, w is the
circular frequency of the ground motion, g is the gravity
acceleration; z is the height of node j along the pier, I is
the integrating range of node i, and superscript’ denotes
the derivative.

For a pier with a rectangular cross section, Eq. (12)
(Huang, 2011) is used to calculate its hydrodynamic
added mass, where the conversion coefficient is fitted
with test results.

M,=KM, (1n
K, =0.94732+ 2.59648 (12)
D / B 0.54638
+( o)
0.09516

where M and M are the hydrodynamic added mass of
rectangular and circular piers, respectively, K_is the
conversion coefficient, and D and B are the length and
width of cross section of the pier.

2.2 FSI-MSRS formulation

2.2.1 Governing equations

The governing equations of a linear structural system
under multi-support ground motions can be expressed as
(Der Kiureghian and Neuenhofer, 1992):

el el
+ +
M, M,||lu"] |C C, ||
K K |[x P
a7l

where x =[x, ---, x, |"denotes the absolute displacements
of the unconstrained DOFs; u = [u,, -+, u,]" denotes the
given displacements at support DOFs; M, C, and K are



214 EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION

Vol. 22

the nxn matrices of mass, damping, and stiffness related
to the unconstrained DOFs; M, C,, and K are the mxm
matrices related to the support DOFs M C,and K_
are the nxm coupling matrices related to unconstralned
DOFs and support DOFs; P is the forces acting on the
unconstrained DOFs that includes the hydrodynamic
forces at the underwater nodes of the pier as given by
Eq. (9); and F is the m-vector of the reacting forces at
the support DOFs.

The absolute displacement vector x consists of
pseudo-static displacement and dynamic displacement,
x=x_tx,. The pseudo-static displacement (x) can be
calculated with Eq. (14), x=Ru, where R=-K'K_ is
the influence matrix. Substltutmg the pseudo-static
displacement into Eq. (14) and neglecting the term
of damping on the right of the equation, the dynamic
displacement of the structure with lumped mass (M = 0)
is obtained.

(M+M? ) x)+Cx +Kx'=-(M+M" ) Ru"  (14)

Assuming classical damping, @ =[¢,--- ¢, | represents
the modal matrix of structure, w, represents the natural
vibration frequency, and  represents modal damping

ratio. The total displacements at the unconstrained DOFs
can be described as Eq. (16).

x(1)= Znuk (1) + ZZm,sk, () (15)
@' (M +Myr,

=t K 16

ﬂk} ¢1T (M+M2)¢ ( )

sp 4+ 28 @), + @'s,, =—ul (1) (17)

where f,, is the modal participation factor related with
mode i and support DOF £, s, (7) is the normalized
response of mode i under the kth support motion. The
first term in Eq. (15) is the pseudo-static displacement
caused by the differential displacements of supports. The
second term is the dynamic displacement superposed by
the modal contributions.

A specific response, z(), such as the bending moment
or shearing force, is calculated by Eq. (18).

z(1) zakuk(t)+zz S (0) (18)
a,=q,, +q:rk (19)
by, :‘II ¢B, (20)

where ¢ denotes the response transfer vector that is

calculated with properties of the structure; a, is the value
of responses to solve when the structure is imposed unit
displacement at kth support DOF and other support DOFs
remain still; and b, is the effective modal participation
factor.

Based on the stationary random vibration theory, the
mean of the peak of the specific response, z(f), can be
expressed by Eq. (21).

E(max|z(1)]) ~

m_m
Z z akalpuku, uk,maxul,max + 2
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222 by, Di(
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where u, is the mean peak of displacement of kth
support, D (o, ) is the value of the displacement
response spectrum for kth support motion of modal
frequency o, and damping ratio ¢, p,, , is the cross-
correlation coefficient between the displacements of kth
and /th support, p iy 18 the cross-correlation coefficient
between the d1splacement of kth support and response of
mode j to the /th support motion, and p_,, ” is the cross-
correlation coefficient between the responses of modes
i andj to the kth and /th support motions, respectively.

Equation (21) is the proposed FSI-MSRS method for
seismic analysis of bridges in deep water considering the
GMSYV and FSI effects simultaneously. The coefficient
a, is calculated with the finite element model of the
structure under unit displacement at kth support DOF,
and the coefficient b, is calculated with the structure
under aload of ¢,f3,.. The u, . and D (w,¢)are obtained
according to the dlsplacement response spectrum at each
support. The three cross-correlation coefficients and the
final response are calculated by a custom-made program
for the FSI-MSRS method.

In addition, Eq. (15) indicates that the hydrodynamic
added mass caused by the elastic vibration M? is part
of the inertia force on the left of the equation and
hydrodynamic added mass caused by the rigid vibration
M contributes to the term of external force on the right
of the equation. To consider the FSI effect, the M? is set at
nodes of piers in water to obtain the modal information.
The M' and M? are added to the mass matrix of the model
to calculated the coefficients in Eq. (21). Compared with
the original MSRS (Der Kiureghian and Neuenhofer,
1992), the largest difference in the FSI-MSRS method is
the addition of the hydrodynamic force in the governing
equation, which finally changes the values of b, D,(®,
&), Py @nd p . that will be discussed in Section 4.

2.2.2 Coherency function

For two different support motions, the coherency
function y (@) is the cross-PSD between the two
motions divided by the auto-PSDs of the two motions.
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Table 1 Results of responses

Responses Results by FSI-MSRS Results by Der Kiureghian and Neuenhofer (1992) Error (%)
1 8.47 7.78 8.9
2 8.32 7.73 7.6
3 49.4 45.4 8.8
4 215 198 8.6
5 194 181 7.2

Table 2 Parameters of the lead rubber bearings

Terms Values
Size (mm x mm) 13201390
Vertical bearing capacity (kN) 19000
Yield force of the lead (kN) 739
Maximum horizontal displacement (mm) 200
Vertical stiffness before yielding (kN/mm) 27.8
Shear modulus (MPa) 0.8

In this study, the coherency function in Der Kiureghian
and Neuenhofer (1992) was adopted.

“) yexp(i™” “) (22)

S vapp

=exp(— (

where o is the incoherence factor, d,,is the distance
between supports k and /, d, is the projected distance
between supports £ and / along the propagation direction
of the seismic wave, v_denotes the shear wave velocity
of the soil, and v__denotes the surface apparent wave
velocity. As shown in Eq. (22), the former part on the
right represents the incoherence effect, and the later part
on the right represents the wave passage effect.

2.2.3 Verification

The two-span continuous beam in Der Kiureghian
and Neuenhofer (1992) is adopted to verify the FSI-
MSRS method, which is modeled by OpenSees with
uniform stiffness and mass. More information on the
model and ground motion is given by Der Kiureghian
and Neuenhofer (1992). The results of case 4 are
obtained for the validation that the incoherence effect
and wave passage effect are included with V=400 m/s
and v/a=600 m/s. The responses of the mid-span
dlsplacement u, and u,, the bending moment M at the
middle support and the shearing force ¥V, and V, at
both sides of the middle support are calculated. The
responses are managed to be dimensionless with z=(z, z,
z,2,2)=10°%(u /L u,/L. LM/EI L*V /EI L*V /EI), where
L, E, and [ are the length of span, elasticity modulus,
and moment of inertia of the cross section, respectively.
The results are listed in Table 1. It can be found that

the errors between results calculated by the FSI-MSRS
method and in Der Kiureghian and Neuenhofer (1992)
are less than 10%, which may be caused by the small
differences in the numerical model of the structure,
integration method for the calculation of three cross-
correlation coefficients, etc. Therefore, the proposed
FSI-MSRS method is verified to be effective and correct
through the comparison.

3 Bridge model and ground motions

3.1 Bridge model

The 5 m x 85 m steel-concrete continuous beam
bridge of the non-navigable bridges of the Hong
Kong—Zhuhai—-Macao Bridge is used to study the
influence of GMSV and FSI effects on the dynamic
responses of the bridge. The layout, and cross sections
of the pier and girder, is shown in Fig. 2. OpenSees
(Gu and Huang, 2017) is adopted to establish the finite
element model of the structure. The girder consists of
elastic beam-column elements, and the piers consist of
displacement-based beam-column elements. The fiber
element in OpenSees is used to build the cross section
of the pier with different fibers to simulate the rebar and
concrete respectively, which can obviously improve the
computational efficiency. The “Steel02” in OpenSees is
used to model the rebar, and the “Concrete02” is used to
model the concrete, where the strengthening of hooping
is considered for the core concrete.

Two lead rubber bearings are installed between the
piers and each box girder, which is modeled with six
springs at different DOFs. The parameters of lead rubber
bearings are listed in Table 2. The stiffness of springs
along the X and Y directions is calculated with shear
modulus in Table 2 and that along the Z direction is
calculated with the vertical stiffness before yielding. The
stiffness of springs at rotational DOF of the X direction is
calculated with the vertical stiffness before yielding and
distance between the two bearings, and that of the ¥ and
Z directions is assumed to be free and fixed, respectively.

Moreover, the pile foundation is used in the real
bridge that is not considered in the 3D model for
simplification. As the constraint of pile foundation on
the pier is not completely rigid, the bottom of the pier
is assumed to be semi-rigid with six springs at different
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DOFs to simulate the real condition. The stiffness of
the springs is set to obtain reasonable natural vibration
frequencies and modal shape of the bridge.

The modal analysis of the bridge is conducted
with OpenSees. Figure 3 givens the first eight natural
vibration frequencies and corresponding modal shapes.
In addition, all the modes are assumed with a 5%
damping ratio.

3.2 Ground motions

As shown in Fig. 2, the length of the cross section of
the pier along the transverse direction of the bridge is 2.75
times larger than that along the longitudinal direction.
Then the longitudinal hydrodynamic force on the pier
is much larger than the transverse hydrodynamic force
according to Eq. (9). Therefore, the response of bridge
under ground motion in the X-direction is investigated.
A filtered white noise is used to excite the bridge at the

Sm=8im

™
3

(a) Layout of the selected bridge

g

3]

Il/ﬁ 7.6 % )
?\Mm 5mxo.2;+ ’2
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o tem en 2

(b) Cross section of the pier

16.3m 16.3m

6.7m

_—Steel girder

}( 6.7 m )!

(c) Cross section of the girder

Fig. 2 Bridge model

Wfrﬁﬂ

=0.561 Hz £ =0.575Hz
longltudmal transverse
fs =0.856 Hz fo =1.075 Hz
vertical vertical

supports, where the PSD is calculated by the modified
Kanai-Tajimi model (Clough and Penzien, 1975).

Gu;u,:’ (a)) =
4 2 2 2
oy, +4C, 0,0
- a)z)2 + 45;”;(0)2 (a)

w4

kk(a)fi a)) +4 gka)a)

(23)

where G, is a scale factor, w, and ( are the filter
parameters that represent the dominant frequency and
damping ratio of the soil, respectively, and W, and C
are the parameters of the second filter to ensure a ﬁnlte
power for the ground displacement.

The values, G, = 0.00856 m*/s’, @, = 13.491 rad/s,
¢, =0.822, o O 154 rad/s, and ( = 1 140 are chosen
to represent M 7.0 earthquakes occurrlng in the medium-
soft soil. All the support motions are assumed to have
the same auto-PSD and the cross-PSD is calculated by
the coherency function with different parameters. The
values of v /o are 40 m/s, 600 m/s, 2000 m/s, and infinity
to examine the incoherence effect, where infinity means
no incoherence effect. The values of V,pp are 40 m/s, 400 m/s,
2000 m/s, and infinity to study the wave passage effect,
where infinity means no wave passage effect. The water
depth at the side pier of the bridge (%) are 0, 10 m, 20 m,
and 30 m to investigate the FSI effect.

As limited by the space, the local site effect is not
considered in this study. It is convenient to investigate
the influence of the local site effect by changing the
values of coefficients in Eq. (23).

4 Influence of FSI effect on the coefficients

Compared with the original MSRS, the values of
by D(w,, &), p,» and p . in the proposed FSI-MSRS
method are changed due to the FSI effect. This section
mainly investigates the variation of b, Pusip and P
varying with the water depth of the side pier, where the
incoherence effect (v/o=600 m/s) and wave passage
effect (v, =400 m/s) are considered.

P el

f;=0.618 Hz f1 =0.685Hz
vertical vertical
fr=1287Hz s =1.559 Hz

vertical torsional

Fig. 3 First eight vibration modes of the bridge model
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4.1 Effective modal participation factor

The effective modal participation factor (b,,) depends
on the ground motion at support k, vibration mode 7, and
the specific response of interest as stated in Section 2.2.1.
The relative displacement between the top and bottom of
the pier and the shearing force and bending moment at
the bottom of the pier are calculated to investigate the b,,
varying with water depth, which is shown in Fig. 4.

In Fig. 4(a), the effective modal participation factor
for displacement increases with water depth, and the
side support increased more than the middle support.
Figure 4(b) indicates that the b, for shearing force of the
side supports changes slightly with water depth, while
that of the middle supports decreases with water depth.

0.22
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Fig. 4 Effective modal participation factor varying with water
depth: (a) relative displacement; (b) shearing force;
(c) bending moment

Figure 4(c) revealed that the b, for bending moment
increases with water depth, and the change is smaller
for supports 2 and 5 than that for the other supports.
In general, the FSI effect has a certain influence on the
effective modal participation factor with a maximum
percentage of 8% as water depth changes from zero to
30 m.

4.2 Cross-correlation coefficient of P ki

The influence of water depth on the cross-correlation
coefficient of p . is shown in Fig. 5, when k=1 and
j=1. Note that the results for the other values of k and j
exhibit a similar behavior with the results here. Figure 5
shows that the p , . increases with the water depth and
the number of support /. The Py INCTEASES UP t0 24% as
water depth changes from zero to 30 m, and the p - of
support 6 can be 67% larger that of support 1. Therefore,
the FSI effect significantly influence the p, . and cannot
be neglected.

4.3 Cross-correlation coefficient of P i

The influence of water depth on the cross-correlation
coefficient of p . . is shown in Fig. 6, when k=3, 7 =1,
and j = 1. Note that the results for the other values of ,
i, and j display a similar behavior with the results here.
Figure 6 indicates that the cross-correlation coefficient

P remains nearly unchanged at the different water
-14
S
z 2]
QE
=34
-4 T T T T T T
1 2 3 4 5 6
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Fig. 5 Cross-correlation coefficient of P ks varying with water
depth
“a 0
107 //‘*\ v 10
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Fig. 6 Cross-correlation coefficient of p
depth
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depths, but increases when support / is close to support
k. The coefficient decreases up to 61% when the ID of
support / changes from 1 to 6. Therefore, the FSI effect
has no influence on the cross-correlation coefficient of

p skislj®

5 Influence of GMSV and FSI effects
responses of bridge

on

5.1 Influence of incoherence effect

The relative displacement between the top and
bottom of the pier (U), shearing force (V) and bending
moment (M ) at the bottom of the pier are calculated in
this section. Figures 7 and 8 compare the mean peak
values of the responses with different values of v /a that
represents the incoherence effect, where Fig. 7 is for the
results without water and Fig. 8 is for the results with
water depth of 20 m.

As shown in Figs. 7 and 8, the responses decrease
when the incoherence effect becomes stronger, and
remain nearly unchanged when the v/ exceeds 2000 m/s.
The ratio of the responses for v/a = o to those for
v/a = 40 can approximately be 4.0 for the relative
displacement and 2.0 for shearing force and bending
moment. Figure 7 indicates that the displacements of
different piers are close to each other, the shearing force
of pier 2 and pier 5 is smaller than that of other piers with
a maximum percentage of 7%, and the bending moment
of pier 2 and pier 5 is bigger than that of other piers with

a maximum percentage of 20%. Figure 8 demonstrates
that the FSI effect increases the relative displacements
by approximately 7%, while it has little influence on the
shearing force and bending moment. The exception is
that the shearing force of pier 2 increases up to 15% and
bending moment of pier 2 decreases up to 22% when
considering the FSI effect. The reason may be that the
hydrodynamic added mass caused by the FSI effect
decreases the natural vibration frequencies of structure,
which causes more modal contribution to the shearing
force and less modal contribution to the bending moment
of pier 2 than that of the other piers.

It can be concluded that the incoherence effect has
a beneficial influence on the seismic responses of the
bridge that it decreases the responses with a maximum
percentage of 75%. This may be because the incoherence
effect increases the pseudo-static component and
decreases the dynamic component in Eq. (21), and the
decrease exceeds the increase due to the existance of the
dynamic amplification factor.

5.2 Influence of wave passage effect

The mean peak values of the responses with different
values of v aop that represents the wave passage effect is
shown in Figs. 9 and 10. Figure 9 shows the results that
only consider the wave passage effect and Fig. 10 shows
the results that consider the wave passage effect and FSI
effect simultaneously with water depth of 20 m.

Figures 9 and 10 stated that the relative displacement,
shearing force, and bending moment increase with
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increase of the surface apparent wave velocity, which
means the wave passage effect becomes weak. The
responses are not changed when the v o exceeds 2000 m/s. In
some extreme cases, such as vapp=40 m/s, the responses
show a significant decrease, especially the relative
displacement that is close to zero. The shearing force for
V.o, €XCeeds 2000 m/s and can be 7.0 times larger than
that for Voo of 40 m/s, and the shearing force for Vi
exceeds 2000 m/ s, which can be 6.0 times larger than that
for Vi of 40 m/s. Comparing the results without water
with that considering the FSI effect, it can be observed
that FSI effect increases the relative displacements by
approximately 7%, while it has little influence on the
shearing force and bending moment. The same exception
is found in pier 2; the shearing force of pier 2 increases
up to 53% and its bending moment decreases up to 34%
when considering the FSI effect. The reason is same as
that stated in Section 5.1.

Therefore, the wave passage effect has a similar
effect with the incoherency effect analyzed in Section
5.1. It can decrease the seismic responses of the bridge
up to 86%.

5.3 Influence of FSI effect

Four cases are considered when studying the
influence of the FSI effect. Case 1 considers the FSI
effect and uniform support motion. Case 2 considers
the FSI effect and incoherence effect with v /o=600 m/s.
Case 3 considers the FSI effect and wave passage effect
with vapp=400 m/s. Case 4 considers the FSI effect,

incoherence effect with v /a=600 m/s, and wave passage
effect with V=400 m/s. Figures 11-14 show the results
of the four cases. Table 3 lists the values of the various
responses of piers 1-3. The following can be observed:

(1) The relative displacements increase with water
depth. The reason is that the water increases the inertia
force of the bridge, which then acts as added mass on the
pier. There is little variation between displacements of
different piers. For instance, the relative displacements
of different piers in case 1 are approximately 128 mm
when 4 = 0, while it is 129 mm, 136 mm, and 145 mm
for 2 = 10 m, 20 m, and 30 m, respectively. FSI effect
increases the relative displacement by approximately
1%, 7%, and 14% when water depth is 10 m, 20 m, and
30 m, respectively. The relative displacement decreases
when considering the incoherence or wave passage
effect. Therefore, the relative displacements in case 1 is
the biggest, which is 18%, 25%, and 32% larger than
those in case 2, case 3, and case 4, respectively.

(2) FSI effect has little influence on shearing force,
except for pier 2, which increases up to 14%. The
shearing forces of pier 2 and 5 are 7%—-10% less than
those of other piers. The incoherence effect and wave
passage effect decrease shearing force. For example, the
shearing forces of pier 1 in case 1 are around 4.0x10°kN,
while it is 3.6x10° kN, 3.5x10° kN, and 3.3x10°kN in
cases 2, 3, and 4, respectively. The shearing forces in
case 2, 3, and 4 approximately decrease by 11%, 15%,
and 20%, respectively, when compared with that in case 1.

(3) The bending moments slightly increase with
water depth with a maximum percentage of 12%. The
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Table 3 Specific values of the various responses of piers 1-3

Case number

Relative displacement (mm)

Shearing force (x103kN)

Bending moment (x10°kN-m)

10 20 30 0 10 20 30 0 10 20 30

Pier 1 1 126.8  127.8 1351 1443  4.02 4.04 4.07 4.09 4.53 4.53 459 484
2 103.3 1042 1104 1182  3.60 3.62 3.64 3.67 4.03 4.04 4.09 430

3 94.6 954 101.3  108.7  3.45 3.46 3.49 3.52 3.85 3.87 391 4.12

4 85.4 86.1 91.4 97.8 3.25 3.27 3.29 331 3.64 3.64 3.69  3.87

Pier 2 1 127.8 1287 136.1 1454  3.75 3.70 4.28 4.03 5.45 6.16 399 513
2 1047 105.0 111.2  119.1 3.34 3.31 3.76 3.55 4.83 5.40 3.65 454

3 953 96.1 102.1  109.6  3.20 3.16 3.56 3.37 4.60 5.08 356 433

4 86.0 86.8 92.1 98.6 3.01 2.98 3.36 3.19 4.34 4.80 339 411

Pier 3 1 1284 1294 136.8 1462  4.01 3.99 3.97 4.02 4.53 4.54 4.66 4.74
2 104.6 1055 111.9 119.8  3.58 3.57 3.55 3.60 4.04 4.05 4.17 423

3 95.9 96.7 102.7 1104 343 3.41 3.40 3.45 3.86 3.88 4.00 4.05

4 86.5 87.3 92.7 99.3 3.23 3.22 3.20 3.25 3.64 3.65 3.77 382

bending moments of pier 2 and 5 are 19%-26% larger
than those of the other piers. The bending moment
decreases when considering the incoherence effect or
wave passage effect. Taking the shearing force of pier 1
as an example, the shearing forces are around 4.6x10°kN-m,
4.1x10° kN-m, 3.9x10°kN-m, and 3.7x10° kN-m when
considering uniform support motion, incoherence effect,
wave passage effect, and incoherence and wave passage
effects, respectively. The bending moment in cases 2, 3,
and 4 approximately decrease by 11%, 15%, and 20%,
respectively, when compared with that in case 1.

In addition, the responses of bridges considering
combined effects of FSI and incoherence or wave passage
is not the simple superposition of that considering the
individual effect. For instance, the relative displacement
of pier 2 in case 1 is 127.8 mm without water and 145.4 mm
with water depth of 30 m, which increases 17.6 mm
caused by the FSI effect. The relative displacement of
pier 2 in case 2 is 104.7 mm without water and 119.1 mm
with water depth of 30 m, which decreases 23.1 mm
caused by the incoherence effect and decreases 8.7 mm
caused by the coupling effect of FSI and incoherence, and
8.7 is not the difference between 23.1 and 17.6. A similar
conclusion can be obtained for the responses of bridges
considering that the coupling effect of incoherence and
wave passage is not the simple superposition of that
considering the individual effect.

6 Conclusions

Based on the radiation wave theory, the original
MSRS method is extended to consider the FSI effect
for seismic analysis of bridges in deep water, called
the FSI-MSRS method. The method is then verified
by comparison with the results in the reference (Der
Kiureghian and Neuenhofer, 1992). The influence of FSI
effect on the related coefficients is investigated. Finally,

a five-span steel-concrete continuous beam bridge is
adopted to examine the influence of the GMSV effect
and FSI effect on seismic responses of the bridge. The
following conclusions are drawn:

(1) The effective modal participation factor (b,)
slightly increases with water depth with a maximum
percentage of 8%. The cross-correlation coefficient
of Poisi increases with water depth with a maximum
percentage of 24%. The cross-correlation coefficients of
P TEmMains unchanged at the different water depths.

(2) FSI effect and GMSV effect have the opposite
influence on the seismic responses of the bridge. The
incoherence effect decreases the responses up to 75%,
the wave passage effect decreases the responses up to
86%, and the FSI effect increases the responses up to
26%. The three effects need to be considered in the
seismic design of deep-water bridges.

(3) The responses of bridges considering the coupling
effect of FSI and incoherence or wave passage is not the
simple superposition of that considering the individual
effect. And the responses of bridges considering the
coupling effect of incoherence and wave passage is
not the simple superposition of that considering the
individual effect.

In general, the proposed FSI-MSRS method
can be used to study the seismic responses of deep-
water bridges considering the GMSV effect and FSI
effect simultaneously. The method can be extended
to investigate the performance of bridges subjected
to multi-dimensional earthquake excitations coupled
with certain other excitations, such as waves or ocean
currents.
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