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ABSTRACT

The newly developed Multiple-Support Response Spectrum (MSRS) method (Der

Kiureghian and Neuenhofer 1992) is reviewed and applied to the analysis of the Golden

Gate Bridge. The MSRS method properly accounts for the effects of wave passage and

incoherence of the support motions, the effect of local site conditions, and the effects of

correlation between the support motions and between the dynamic modes of the structure.

In the MSRS method, the peak: response is given in terms of a combination rule

involving the peak: ground displacements and mean response spectra associated with the

support ground motions, and a set of cross-support and cross-mode correlation

coefficients that are determined in terms of the individual spectra and the coherency

function describing the nature of the spatial variability of the ground motion.

Contributions of the pseudo-static and dynamic components of the response, as well as

their covariance, are explicitly included in the combination rule. New results concerning

the properties of influence coefficients and modal participation factors involved in the

combination rule are derived in this report.

The Golden Gate Bridge is a three-span suspension bridge connecting San

Francisco and Marin Counties in California. The main span is 1280m long and the two

side spans (from main tower to pylon support) are each 343m long. A 3-dimensional

model with a total of 4,074 degrees of freedom and 6 pairs of support points is used for

the response analysis. Site-specific response spectra consistent with a set of artificially

generated accelerograms are used for the three components of ground motion at each

support point.

The mean peak values of selected displacement and bending moment responses of

the two tower structures of the bridge are computed by the MSRS method, including the

first 100 modes and using an appropriate wave velocity and a coherency function for the

region. Parametric studies demonstrate the effect of wave passage and incoherence on

the dynamic and pseudo-static components of the response. The computed results by the

MSRS method are compared with values computed by time history analysis using the

artificial time histories. The results by the MSRS method show a consistent trend with

the results by the time history analysis; however, a close agreement between the two sets

of results cannot be claimed. Reasons for the apparent discrepancy are discussed.
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It is found that the new response spectrum method offers a simple and viable

alternative for seismic analysis of multiply supported structures subjected to spatially

varying ground motions. The method is particularly effective when a comprehensive

understanding of the spatial variability effect, through parametric studies, is required.

Due to inherent uncertainties in models describing wave passage, incoherence and site

response effects, such parametric studies are imperative in design of critical structures

having long spans, such as bridges and viaducts.
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CHAPTER 1

INTRODUCTION

Observations during recent earthquakes, notably the Lorna Prieta earthquake of

October 17, 1989 have clearly demonstrated that seismic ground motions can vary

significantly over distances of the same order of magnitude as the dimensions of some

extended structures, such as bridges. This phenomenon can give rise to differential

support motions for multiply supported structures. The effect on most structures is

beneficial, i.e., the response is reduced compared to the case where the supports move

uniformly. However, there are situations where such differential support motions may

actually increase the response. The failure of several bridges during the Lorna Prieta

earthquake has highlighted the need for a better understanding of this phenomenon, and

for the development of simple and accurate analysis tools for use in engineering practice.

Three phenomena are responsible for variations of ground motions in space: (1) the

difference in the arrival times of seismic waves at different stations, known as the "wave

passage" effect; (2) loss of coherence of the motion due to reflections and refraction of

the waves in the heterogeneous medium of the ground, as well as due to the differences in

the manner of superposition of waves arriving from an extended source, collectively

known as the "incoherence" effect; and (3) the difference in the local soil conditions at

each station and the manner in which they influence the amplitude and frequency content

of the bedrock motion, known as the "site response" effect.

Presently, dynamic analysis with spatially varying input motions is performed either

by the time history approach, or by the method of random vibrations. For the former

approach, one is required to define the input accelerations at the various support points in

terms of their complete time histories. The primary disadvantage of the time history

approach is that the results produced from the analysis are specific to the set of selected

time histories. Often the results vary significantly when an alternative set of records with

equal validity is considered. A further disadvantage is that the analysis requires extensive

amounts of computation, thus precluding the possibility of analysis with alternative sets

of records.

The random vibration approach is based on a statistical characterization of the set of

motions at the support points, usually in terms of auto- and cross-power spectral

densities. The primary advantage of the random vibration approach is that it provides a

statistical measure of the response, which is not controlled by an arbitrary choice of the
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input motions. This approach is particularly appealing from the viewpoint of design,

where consideration should be given to entire families of potential ground motions at the

stations of interest.

Der Kiureghian and Neuenhofer (1991) have recently developed a new multiple

support response spectrum (MSRS) method based on the principles of random vibration

theory. The MSRS method can be seen as an extension of the well known complete

quadratic combination (CQC) rule, developed by Der Kiureghian (1981), which is now a

recommended rule of practice by several codes. The MSRS method properly accounts for

the effects of wave passage and incoherence of the support motions, the effect of spatially

varying site response, and the effects of correlation between the support motions and

between the dynamic modes of the structure.

In the MSRS method, the peak response is given in terms of a combination rule

involving the peak ground displacements and mean response spectra associated with the

support ground motions, and a set of cross-support and cross-mode correlation

coefficients. The latter are determined in terms of the individual response spectra and a

coherency function, which describes the nature of the spatial variability of the ground

motion in the region. Contributions of the pseudo-static and dynamic components of the

response, as well as their covariance, are explicitly included in the combination rule.

The object of this study is to demonstrate the validity and practicality of the MSRS

method by its application to the Golden Gate Bridge, which is a three-span suspension

bridge connecting San Francisco and Marin. Liu and Imbsen (1990) developed a three

dimensional model of the bridge and carried out time history response analysis for

support ground motions artificially generated to be compatible with a set of target

response spectra. The MSRS results generated in this study are compared with the results

of the time history analysis by Liu and Imbsen.

Following this introductory chapter, Chapter 2 deals with the review of the

equations of motion for a multiply-supported structure, and definition of terms that enter

into the MSRS modal combination rule. New results concerning the properties of

influence coefficients and modal participation factors that are involved in the

combination rule are derived. Chapter 3 describes the model of the Golden Gate Bridge

and the support excitations. Chapter 4 presents a parametric study of the cross

correlation coefficients of the Golden Gate Bridge for the specified input. Chapter 5

presents the results of multiple-support response spectrum analysis of the Golden Gate

Bridge and the comparison with the time history analysis results. Finally, Chapter 6

presents a summary. of the report and major results of the study.
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CHAPTER 2

THE MULTIPLE-SUPPORT RESPONSE SPECTRUM METHOD

2.1 Introduction

This chapter reviews the equations of motion of multiply-supported structures and

the multiple-support response spectrum (MSRS) method developed by Der Kiureghian

and Neuenhofer (1991). In addition to these reviews, new results concerning the

properties of an influence matrix, effective influence coefficients and effective modal

participation factors are derived in this chapter.

2.2 Equations of Motion of Multiply-Supported Structure

The equations of motion for a discretized, n-degrees-of-freedom linear system

subjected to m support motions can be written in the matrix form (Clough and Penzien,

1975)

(2.1)

where x = {xp ..... ,x"V is the n-vector of (total) displacements at the unconstrained

degrees of freedom; u = {u.. ,..... ,Um}T is the m-vector of prescribed support displacements;

M, C and K are nXn mass, damping and stiffness matrices associated with the

unconstrained degrees of freedom, respectively; Mg, Cg and Kg are the m xm matrices

associated with the support degrees of freedom; Mc ' Cc and Kc are the n xm coupling

matrices associated with both sets of degrees of freedom; and F is the m -vector of

reacting forces at the support degrees of freedom. Both x and u may contain translational

as well as rotational components.

In the analysis of such systems, it is common to decompose the response into

pseudo-static and dynamic components. Following the conventional procedure (Clough

and Penzien, 1975), we define

(2.2)

where the pseudo-static component, xS
, is the solution to Eq. 2.1 when the inertia and

damping terms are discarded, and is given by

(2.3)
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in which R = - K-1K e is denoted as the influence matrix. Substituting Eqs. 2.2 and 2.3 in

Eq. 2.1, the dynamic component of the response is obtained in the differential form

Mxd + Cxd + Kx d = -(MR +M)ii - (CR +C)it

:::: -(MR + Me)ii (2.4)

where the right-hand side is approximated by neglecting the damping forces, which are

usually much smaller than the corresponding inertia forces on the same side. This

approximation is exact when the damping matrix is proportional to the stiffness matrix. It

is noted that Me = 0 if a lumped mass model is used.

To formulate a response spectrum method, it is necessary to employ the normal

mode approach. Let cI> =[¢J ... ¢n]' wj and 'j, i =1,,,,,n, denote the modal matrix,

natural frequencies and modal damping ratios of the structure with its supports fixed.

Using the transformation x d = cI>y, y = [Yl''' o,Ynf in Eq. 2.4 and employing orthogo

nality of the mode shapes (assuming proportional damping), the decoupled equations of

motions are

m

Yj + 2'jWjYi + W;Yi =2J3kiUk(t)
k=l

i =1,,, ',n (2.5)

where the index k refers to the degrees of freedom associated with the prescribed support

motions, the subscript i denotes the mode number, and f3ki is the modal participation

factor given by

f3ki = ¢:(Mr k +Mei k )

¢:M¢j
(2.6)

where r k is the k-th column of Rand i k is the k-th column of an mxm identity matrix. It

is convenient to define a normalized modal response Ski(t), representing the response of a

single-degree-of-freedom oscillator of unit mass, frequency Wi and damping 'i' which is

subjected to the base motion uk(t). From Eq. 2.5, Ski(t) satisfies the equation

(2.7)

m

Obviously, Yj(t) = I.,f3kiSki(t).
k=l
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A generic response quantity of interest, let) (e.g., a nodal displacement, an internal

force, stress or strain component), in general can be expressed as a linear function of the

nodal displacements x, i.e.,

let) = qTx(t) = qT[ X
S (t) + x d (t)] (2.8)

where q is a response transfer vector which usually depends on the geometry and stiffness

properties of the structure. Substituting for the pseudo-static component of x from Eq.

2.3 and for the dynamic component in terms of the normalized modal responses, the

generic response let) is written as

in which

m m II

let) = LakUk(t) + LLbkhi(t)
k=\ k=\ i=\

(2.9)

bid. = qT </JJ3Jd.

k = 1,. ",m

k =1,. ",m; i =1,.· ',n

(2.10)

(2.11)

are denoted effective influence coefficients and effective modal participation factors,

respectively. It is important to note that ak and bid. are functions only of the structural

properties, and that sld.(t) is dependent only on the i-th modal frequency and damping

ratio and the k-th input motion. The first sum on the right hand side of Eq. 2.9 represents

the pseudo-static component of the response and the double-sum term represents the

dynamic component.

2.3 Properties of the Influence Matrix, Effective Influence Coefficients

and Effective Modal Participation Factors

(i) Influence Matrix

In the previous section, the influence matrix R was defined as

(2.12)

As defined by Eq. (2.3), the vector of the pseudo-static components, xS
, is given by
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XS u1I

XS
~

x
S = 2 =Ru =[r r ... r ] (2.13)12m

XS Um"

where u denotes the vector of support displacements. Now consider the case where all

the support displacements are unity, i.e., u = {II ... If. If all support motions are

translational, this condition corresponds to a rigid body motion of the entire structure by a

unit amount in each translational coordinate direction. Let xs,l denote the corresponding

vector of nodal displacements at the unconstrained degrees of freedom. If x includes

only translational degrees of freedom and the coordinate systems for x and u coincide,

then xs,l = {II... 1r. Otherwise, the elements of x
s
,l will not all be unity, but they can

be determined by observing the geometry of the structure. From Eq. 2.13, one has

1

1
[r1 r 2 ,,·rm ] :

1

m

=Irk =xs
,l

k=1

(2.14)

The above relation gives an expression for the sum of columns of R that is useful in

checking the accuracy of calculations.

Next consider the case where the k-th component of u is unity and the other

components are all zero, i.e., Uk ={o ... 0 i o... o}T • Let xs,k be the corresponding

solution of the nodal displacements. From Eq. 2.13, one has

(2.15)

Thus, the influence matrix can be expressed as follows

(2.16)

It follows .that one can obtain the influence matrix by solving for xs,k for each Uk,

k = 1, .. ·,m, instead of using Eq. 2.12. This approach is preferable when K-1 and K c are
m

not directly available. From Eq. 2.14, it is also clear that xs,l = I Xs,k •

k=1
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(ii) Effective Influence Coefficients

Using Eqs. 2.10 and 2.14, one obtains the following property of the effective

influence coefficients

m mIak = qTIr k = qT xs,1

k=! k=!

(2.17)

In particular, if the response quantity of interest is the nodal displacement at degree of

freedom I, then the response transfer vector q is

q={O ... OlO ... Of (2.18)

From Eq. 2.17, the sum of the effective influence coefficients ak (k = 1, .. ,m) for the

nodal displacement is found to be

m

~ a =xs ,lLJ k I
k=!

(2.19)

where X;,l is the l-th element of xs,l, which would be equal to unity under the conditions

specified earlier. The above identity can be used to check the accuracy of computed

effective influence coefficients ak'

(iii) Effective Modal Participation Factors

For a lumped mass model, the modal participation factor f3e for mode i and input

component Uk (Eq. 2.6) reduces to

(2.20)

f3ki can be interpreted as the participation ratio of the i -th mode in the shape vector -ric'

i.e.,

(2.21)

The above relation is verified by premultiplying Eq. 2.21 by t/J;M and using the orthogo

nality property of the mode shapes.

Premultiplying Eq. 2.21 by qT and using the definitions of ak and bki from Eqs.

2.10 and 2.11, one has
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-a" =b"l + bk2 + .. ,+ b"n =I,bki
i=1

8

(2.22)

Hence, the sum of blci values for all modes is identical to -a". The above equation can

be used to check the accuracy of the computed effective modal participation factors, blci .

However, in practice, for structures with many degrees of freedom usually only a subset

of the modes are considered. In that case, unfortunately the above equation is not useful,

since the blci values for truncated modes will remain unknown. One can show that the

magnitudes of blci do not necessarily decrease with increasing mode number and,

therefore, the sum in Eq. 2.22 may not converge when terms for any subset of the modes

are neglected.

2.4 The Multiple-Support Response Spectrum Method

In this section, the multiple-support response spectrum (MSRS) method is briefly

reviewed without any derivation. The detailed development is given by Der Kiureghian

and Neuenhofer (1991, 1992).

The MSRS method properly accounts for the effects of variability in the support

motions that arises from the wave passage effect, the incoherence effect, as well as the

spatially varying site response effect. The method is based on the principles of random

vibration theory and accurately accounts for the cross-correlations that occur between the

support motions and modes of vibration of the structure.

The combination rule for the mean of the absolute peak response is given in the

form

(2.23)

in which a" and blci are effective influence coefficients and effective modal participation

factors defined by Eqs. 2.10 and 2.11, respectively, u",max denotes the peak ground

displacement at support degree of freedom k, D" (Wi' 'J denotes the displacement

response spectrum ordinate at support degree of freedom k for the frequency and

damping of mode i, and Pu"u/, Pu"slj and Pslcislj are cross-correlation coefficients between
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the support motions and the modes of the structure. The first term inside the brackets

with summations over the support degrees of freedom represents the pseudo-static

component of the response, the third term with double-summations over the support

degrees of freedom and the modes of the structure represents the dynamic component of

the response, and the second term represents the contribution arising from the covariance

between the pseudo-static and dynamic components.

The cross-correlation coefficients PUkuI' Puelj and PSkiSlj in Eq. 2.23 are defined by

1 -
Pu U = fGu U (iw) dw

k I a a k IUk UI-_

P = 1 f- H.(iw) H .(-iw) G.. .. (iw) dw
skislj a a ' J UkUI

Ski Slj-_

(2.24)

(2.25)

(2.26)

in which Hi(iw) = [Wi
2

- w 2 + 2isi wi wr represents the frequency response function of

mode i, and aUk and a Ski are the root-mean-squares of the ground displacementuk(t)

and the normalized modal response Ski(t), respectively, where i =.J:l denotes the

imaginary unit. These are given by the integrals

-
a;k = f GUkUk (w) dw

-
a 2 = f 1H.(iw)1

2
G.... (w) dwSki • UkUk

(2.27)

(2.28)

In which Gu U (w) andGu u (w) are the power spectral densities of the ground
k k k k

displacement and acceleration processes, respectively. In Eqs. 2.24, 2.25, and 2.26,

Gu u (iw), Gu u (iw),Gu U (iw) are cross-power spectral densities defined by
k I k I k I

[ ]

1/2

G.... (iw) = Ykl(iw) G.... (w) G.... (w)UkUI Uk uk . ulul

[ ]

1/2

G .. (iw) = _w-2 Ykl(iw) G.... (w) G.. .. (w)U/cUI UkU/c U,UI

(2.29)

(2.30)
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• -4. [ ]1/2G (1(0) = -m YL/(lm) G..., (m) G.... (m)
~~ . ~~ ~~

(2.31)

in which Yk/ (im) is the coherency function that characterized the spatial variability of the

ground motion.

For the purpose of the application In this study, the following model of the

coherency function is employed

(2.32)

In this model, a is an incoherence parameter, dk/ denotes the horizontal distance between

stations k and I, d~ denotes the projected horizontal distance in the longitudinal

direction of wave propagation, Vs is the shear wave velocity of the medium, and vapp is

the surface apparent wave velocity. It can be shown that the first term on the right hand

side accounts for the effect of incoherency, whereas the second term accounts for the

effect of wave passage.

The cross-correlation coefficients in Eqs. 2.24 - 2.26 can be interpreted in terms of a

pair of oscillators, representing modes i and j of the structure, which are respectively

subjected to the support motions uk(t) and u/(t), as shown in Fig. 2.1. Specifically, Pu u
k /

denotes the cross-correlation coefficient between the two support displacements, pue/j
denotes the cross-correlation coefficient between the displacement at support k and the

response of the oscillator at support I, and Pskis/
j

denotes the cross-correlation coefficient

between the responses of the two oscillators, all taken at the same time instant. These

coefficients incorporate the effects of cross-modal and cross-support correlations that

arise in the response of the structure to the spatially varying ground motion.

Most seismic design codes specify the earthquake motion in terms of the response

spectrum and not the power spectral density. Therefore, it is desirable to develop a

method that is based on the response spectrum specification of the input motion. To

compute the power spectral density consistent with a given mean response spectrum

D(m,'), the following approximation is used in this study

(2.33)
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In this expression, the term OJp+2 / ( OJP + OJ;) is a correction factor for low frequencies in

which WI and p are parameters, r is the strong-motion duration of the excitation, and

Ps(OJ) is the peak factor for the oscillator response (Der Kiureghian, 1980). In this

study, the following values are used: P = 3, OJJ = 0.705 rad / sec, r = 20 seconds, and,= 0.05.

The data flow diagram for MSRS analysis is shown in Fig. 2.2. This method

employs information that is commonly available in seismic· design applications. It is

important to note that the same set of cross-correlation coefficients are applicable to all

response quantities of interest.
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Fig. 2.1 Pair of Oscillators and Cross-Correlation Coefficients



R
es

po
ns

e
Sp

ec
tr

um
of

ea
ch

su
pp

or
tm

ot
io

n

M
ax

im
um

G
ro

un
d

D
is

pl
ac

em
en

t
o

fe
ac

h
su

pp
or

tm
ot

io
n

E
st

im
at

e
of

st
ro

ng
-m

ot
io

n
du

ra
tio

n

Su
pp

or
tC

on
di

tio
ns

:
•

in
te

rv
al

s
•

sh
ea

r
w

av
e

ve
lo

ci
ty

•
su

rf
ac

e
ap

pa
re

nt
w

av
e

ve
lo

ci
ty

•
in

co
he

re
nc

e
fa

ct
or

G
en

er
at

e
co

he
re

nc
y

fu
nc

tio
ns

au
to

-p
sd

au
to

-p
sd

w
Fr

eq
ue

nc
y

&
D

am
pi

ng
R

at
io

of
ea

ch
m

od
e

re
sp

on
se

sp
ec

tr
um

&
m

ax
.

gr
ou

nd
di

sp
la

ce
m

en
t

E
ff

ec
tiv

e
In

fl
ue

nc
e

C
oe

ff
ic

ie
nt

s
&

E
ff

ec
tiv

e
M

od
al

Pa
rt

ic
ip

at
io

n
Fa

ct
or

s

cr
os

s-
ps

d

cr
os

s-
co

rr
.c

oe
ff

.

F
ig

.2
.2

D
at

a
F

lo
w

D
ia

gr
am

fo
r

M
ul

ti
pl

e-
S

up
po

rt
R

es
po

ns
e

S
pe

ct
ru

m
A

na
ly

si
s



14

CHAPTER 3

DESCRIPTION OF THE GOLDEN GATE BRIDGE

3.1 Introduction

The object of this study is to demonstrate the validity and practicality of the

multiple-support response spectrum (MSRS) method for application to bridge structures.

The Golden Gate Bridge is selected for this study since a dynamic model and extensive

time-history analysis are available for this bridge from another study (Liu and Imbsen,

1990). This chapter presents a brief description of the Bridge, the structural model and

the support excitations.

3.2 Description of the Bridge

The dimensions of the Golden Gate Bridge are shown in Fig. 3.1. The main span is

1281m (4200ft) long and the two side spans (from the main towers to the pylon supports)

are each 343m (1125ft) long. The roadway and the floor system are a closed box

consisting of two stiffening trusses and the top and bottom lateral bracing systems. The

top and bottom lateral bracings are, respectively, in the planes of the top and bottom

chords of the stiffening trusses. The deck superstructure is suspended from two main

cables, 92.4cm (36.4in) in diameter, which are spaced 27.5m (90ft) apart.

(i) Main Cables and Anchorage

Main cables, each consisting of 61 strands, are supported on the top of the tower

shafts and anchored by gravity-type mass concrete anchorages at the ends. At the shore

ends of the side spans, the cables are tied down to the concrete pylons so that they are

maintained at the proper elevations. At the anchorages, each strand is held by a cast steel

strand shoe pinned between a pair of heat treated eye-bars.

(ii) Main Towers and Piers

The steel towers are each made up of two shafts that are connected by four

horizontal portal struts at upper levels and X-diagonal bracings below the roadway. The

towers are 21O.5m (690ft) high from the piers to the bases of cable castings, and rise

227m (746ft) above the mean water level to the intersection of the main and the side span

cable tangents. The tower shafts are built up of plates and angles arranged in cellular

form. The main towers are built on massive concrete piers which are founded on the rock

formation below. The tower shafts are anchored to the concrete pier through pairs of

steel angles.
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(iii) Pylons

The Pylons, located at the shore-ends of the side spans, are of concrete frame and

panel construction. Pylons contain anchorage steelwork that restrains the main cable

vertically at equal distances from the main towers. Pylons also provide vertical support

and transverse restraint to the stiffening trusses.

(iv) The Suspended Structure

The suspended structure consists of two parallel trusses, 7.6m (25ft) deep, spaced

27.5m (90ft) apart. The two trusses and the top and bottom lateral bracing systems form

a closed box configuration. The new orthotropic steel deck is carried on the floor beams

which occur at every truss panel point, 7.6m (25ft) apart, and is framed into the vertical

members of the stiffening trusses. The entire stiffening system is suspended every 153m

(50ft) by double suspenders of wire rope.

The main span truss is connected to the tower at each end through a hinge and

sliding joint located on the bridge centerline. This allows free longitudinal movement at

the centerline of up to 1m (39in) [43cm toward shore and 57cm toward channel]. Also,

rotation about the vertical and horizontal axes are unrestrained. At the curbs the total

longitudinal movement allowed is 1.44m (56.6in). Only transverse shear force is

transferred to the tower.

The side span trusses are pinned to the tower allowing only rotational movements.

All longitudinal forces applied to the side span are delivered directly to the tower.

At the pylons the ends of the side spans are free to slide longitudinally, restrained

transversely, and free to rotate in both vertical and horizontal planes.

3.3 Description of the Structure Model

An original 3-dimensional model of the main bridge was developed by T.Y. Lin,

International (TYLI). This model was used as a basis with substantial modifications

made by Imbsen & Associates, Inc. for use in the earthquake response analysis. The

original TYLI model included a total of 9,933 frame elements connecting 4,775 nodes.

This was substantially reduced by using a superelement formulation for the stiffening

trusses while maintaining the same level of refinement in the behavior modeling. The

final model has 2017 elements connecting 806 active nodes with a total 4,074 active

degrees of freedom making it more tractable for earthquake response analysis. The

detailed development of the structure model is given by Liu and Imbsen (1990).

Computed periods and damping ratios of the first 100 modes of the Bridge model

are shown in Table 3.1, and in Figs. 3.2 and 3.3. Ambient vibration measurements were

conducted by Abdel-Ghaffar and Scalan (1985). The computed periods show good
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agreement with the measured values. The first mode is the transverse vibration of the

main span deck with a natural period of 20.56 sec. The modes with significant

contributions to the response of the towers are the 62nd (1.86sec), 63rd (1.84sec), 81st

(1.41sec), 83rd (1.37sec), 91st (1.30sec), and 95th (1.29sec) modes (Liu and Imbsen,

1990).

3.4 Description of Support Excitations

The Bridge is located in the close vicinity of two significant fault systems. The San

Andreas fault is about 7 miles west of the Bridge and the Hayward fault is about 10 miles

east of the Bridge. Both are capable of generating large magnitude earthquakes.

The Golden Gate Bridge has 6 support locations; north anchor, north pylon, Marin

tower, S.F. tower, south pylon, and south anchor. The bridge model has two support

points (east side and west side) at each support location. During an earthquake the Bridge

is subjected to a three-component ground motion at each support location (identical for

east and west sides), i.e., longitudinal, transverse, and vertical ground motions. In all

there are 18 ground motion components, which are given numbers shown in Fig. 3.1.

To carry out time history analysis of the bridge response, Liu and Imbsen (1990)

used a set of artificial time histories which were generated to be compatible with the

target response spectrum while properly accounting for the wave passage and

incoherence effects. The target response spectrum corresponds to the "maximum

credible" earthquake occurring on the San Andreas fault for the site. Peak ground

acceleration is 0.65g and peak ground displacement is 100cm (40in) at the maximum

credible earthquake level. Maximum ground accelerations and displacements of the

generated time histories are listed in Table 3.2.

Displacement response spectra for each support motion computed from the

generated time histories are shown in Figs. 3.4 - 3.7, and they are used in the application

of the MSRS method to the Golden Gate Bridge. Seismic waves are assumed to

propagate in the direction of south to north. To estimate the value of the surface apparent

wave velocity vapp' longitudinal displacement time histories for six support locations

(Fig. 3.8) are used. Although the coherency function is defined for the ground accelera

tions, they include too many high frequency peaks to estimate vapp ' Computed time lags

between the deepest troughs in the displacement time histories indicate a value of vapp in

the range of 2000 to 3000 m/s. This, however, is a very crude estimate. Therefore, a

parametric study will be performed to examine the influence of this parameter.

In this study, we assume that the longitudinal, transverse and vertical components of

the ground motion at each support point are mutually statistically independent.
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Table 3.1 Computed Periods and Damping Ratios of the Golden Gate Bridge

Mode T f l;; Mode T f l;;
(sec) (Hz) (sec) (Hz)

1 20.563 0.0486 0.0200 51 2.183 0.4580 0.0367
2 12.639 0.0791 0.0161 52 2.166 0.4617 0.0370
3 12.619 0.0792 0.0160 53 2.164 0.4621 0.0370
4 11.763 0.0850 0.0158 54 2.064 0.4845 0.0386
5 8.942 0.1118 0.0156 55 2.027 0.4933 0.0393
6 8.338 0.1199 0.0158 56 2.010 0.4974 0.0396
7 7.843 0.1275 0.0160 57 2.005 0.4987 0.0397
8 7.800 0.1282 0.0160 58 1.997 0.5007 0.0398
9 6.477 0.1544 0.0169 59 1.973 0.5068 0.0403

10 6.350 0.1575 0.0171 60 1.889 0.5294 0.0419
11 6.147 0.1627 0.0173 61 1.884 0.5307 0.0420
12 5.927 0.1687 0.0176 62 1.858 0.5382 0.0426
13 5.178 0.1931 0.0189 63 1.838 0.5441 0.0430
14 5.150 0.1942 0.0189 64 1.789 0.5589 0.0441
15 5.116 0.1955 0.0190 65 1.767 0.5661 0.0446
16 5.073 0.1971 0.0191 66 1.704 0.5867 0.0462
17 4.939 0.2025 0.0194 67 1.693 0.5907 0.0465
18 4.846 0.2064 0.0196 68 1.662 0.6015 0.0473
19 4.832 0.2070 0.0196 69 1.654 0.6048 0.0475
20 4.691 0.2132 0.0200 70 1.644 0.6083 0.0478
21 4.571 0.2188 0.0203 71 1.644 0.6084 0.0478
22 4.470 0.2237 0.0206 72 1.606 0.6227 0.0488
23 4.329 0.2310 0.0211 73 1.586 0.6305 0.0494
24 4.020 0.2488 0.0222 74 1.569 0.6375 0.0499
25 3.880 0.2577 0.0228 75 1.540 0.6494 0.0508
26 3.755 0.2663 0.0233 76 1.516 0.6595 0.0516
27 3.729 0.2682 0.0234 77 1.487 0.6725 0.0526
28 3.714 0.2692 0.0235 78 1.477 0.6769 0.0529
29 3.641 0.2746 0.0239 79 1.462 0.6841 0.0534
30 3.514 0.2845 0.0245 80 1.413 0.7075 0.0552
31 3.262 0.3065 0.0260 81 1.413 0.7077 0.0552
32 3.233 0.3093 0.0262 82 1.371 0.7293 0.0568
33 3.233 0.3093 0.0262 83 1.365 0.7326 0.0571
34 3.151 0.3174 0.0267 84 1.361 0.7349 0.0572
35 3.131 0.3194 0.0269 85 1.357 0.7372 0.0574
36 2.936 0.3406 0.0283 86 1.347 0.7424 0.0578
37 2.935 0.3407 0.0284 87 1.343 0.7445 0.0579
38 2.902 0.3446 0.0286 88 1.328 0.7532 0.0586
39 2.816 0.3551 0.0294 89 1.327 0.7536 0.0586
40 2.747 0.3640 0.0300 90 1.327 0.7537 0.0586
41 2.617 0.3821 0.0313 91 1.300 0.7692 0.0598
42 2.593 0.3856 0.0315 92 1.296 0.7714 0.0600
43 2.507 0.3989 0.0325 93 1.293 0.7733 0.0601
44 2.389 0.4186 0.0339 94 1.290 0.7755 0.0603
45 2.386 0.4190 0.0339 95 1.286 0.7774 0.0604
46 2.360 0.4238 0.0342 96 1.272 0.7862 0.0611
47 2.303 0.4343 0.0350 97 1.271 0.7868 0.0611
48 2.301 0.4346 0.0350 98 1.234 0.8104 0.0629
49 2.250 0.4444 0.0357 99 1.230 0.8128 0.0631
50 2.192 0.4563 0.0366 100 1.225 0.8166 0.0634
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Table 3.2 Ground Motion Parameters

Maximum Ground Maximum Ground
Acceleration (g) Displacement (em)

Support Long. Trans. Vert. Long. Trans. Vert.

North Anchor 0.54 0.69 0.56 32.77 43.69 27.43

North Pylon 0.60 0.50 0.56 32.77 44.96 29.21

Marin Tower 0.73 0.65 0.60 34.29 47.75 23.37

S.P. Tower 0.70 0.60 0.74 37.34 45.97 20.57

South Pylon 0.58 0.60 0.83 38.35 44.45 28.96

South Anchor 0.68 0.58 0.76 37.85 44.20 25.65
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CHAPTER 4

CROSS-CORRELATION COEFFICIENTS OF THE GOLDEN GATE BRIDGE

4.1 Introduction

In this chapter we investigate the significance of the cross-correlation coefficients

PUku/' Puku/ and PS/dslj for the Golden Gate Bridge defined by Eqs. 2.24 - 2.26. To

compute the cross-correlation coefficients, Eq. 2.33 is used to generate the power spectral

densities consistent with the displacement response spectra at each support point, as

shown in Figs. 3.4 - 3.7. For the coherency function, the model in Eq. 2.32 is assumed

with a, Vs and vapp representing average values for the entire region. We consider

ranges of values of the quantities a 1Vs and vapp for a parametric study. The parameter

a 1Vs is varied between 0 and 1/1500 (sec/m), and vapp is varied between 1000 and 3000

(m/sec). These ranges are believed to be representative for the Golden Gate Bridge area

and for the simulated time histories. As a matter of curiosity, the effect of reversing the

wave direction, Le., waves propagating from Marin to San Francisco instead of the San

Francisco to Marin direction, on the three cross-correlation coefficients is investigated.

This direction might be representative of waves emanating from an earthquake on the

north segment of the San Andreas fault.

In the following sections, we investigate each of the three cross-correlation

coefficients required in the combination rule of Eq. 2.23.

4.2 Cross-Correlation Coefficient Between Ground Displacements

at Station k and 1

Fig. 4.1 shows plots of the cross-correlation coefficient Pu u between the longi-
k /

tudinal ground displacement at south anchor, u6 (t), and the longitudinal displacement at

other locations along the bridge. Fig. 4.2 shows similar plots for the longitudinal ground

displacement at the S.F. tower, u4 (t), and other locations along the bridge. In these

figures, the horizontal axes represent the distance from the south anchor to each location

along the bridge. Figs. 4.1(a) and 4.2(a) include only the wave passage effect and neglect

the incoherence effect, Le. alvs =0, whereas Figs. 4.1(b) and 4.2(b) include the

incoherence effect. Results for other stations or ground motion components show similar

trends and are not shown here.

These results indicate that both the wave passage effect and the incoherence effect

reduce the value of the correlation coefficient Pu u. As will be shown in subsequent
k /
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sections, this is not necessarily the case for the effect of wave passage on cross

correlation coefficients Pu sand Ps s •
/c Ij Jci Ij

The results in Figs. 4.1 and 4.2 are for the wave direction S.F. to Marin. Reversing

this direction (Le., replacing d~ by -d~ ) only changes the sign of the imaginary part of

the coherency function (Eq. 2.32) or the cross-power spectral density function Gu u (iw)
/c I

in Eq. 2.24. Since the imaginary part of this function is anti-symmetric, this change does

not affect the integral in Eq. 2.24 and Pu u remains unchanged with the reversal in the
/c I

direction of wave passage. This lack of dependence on the direction of wave passage

does not apply to Pu/cslj and PsJcislj' due to the presence of the complex response function

Hj(iw) in Eqs. 2.25 and 2.26.

In application to the Golden Gate Bridge, the cross-correlation coefficients Pu u are
/c I

large, and one cannot neglect the contributions of the cross terms in the first sum of the

combination rule (Eq. 2.23), which represents the pseudo-static component of the

response.

4.3 Cross-Correlation Coefficient Between Ground Displacement at Station k

and Oscillator Response at Station I

Figs. 4.3 and 4.4 show plots of the cross-correlation coefficient Pu/cslj between the

longitudinal ground displacement at south anchor and the oscillator response to the

longitudinal motion at the S.F. tower. Fig. 4.5 shows similar results for the longitudinal

ground displacement at south pylon and the oscillator response at the S.F. tower. Figs.

4.6 - 4.8 show similar results for the longitudinal ground displacement at the S.F. tower

and the oscillator response at the Marin tower. In these figures, the horizontal axes

represent the oscillator frequency, and the points in each curve correspond to the first 100

modes of the bridge (Table 3.1). In each figure, part (a) includes only the wave passage

effect, and part (b) includes both the wave passage and the incoherence effects. Figs. 4.3,

4.5,4.6 show the results for the wave direction S.F. to Marin, and Figs. 4.4 and 4.7 show

the results for the wave direction Marin to S.F. Fig. 4.8 compares the results for both

wave directions. Although the wave direction from Marin to S.F. is not realistic for the

simulated time histories, the results here are generated for the purpose of curiosity and for

better understanding the influence of wave passage on the bridge response. For the

purpose of comparison, the coefficient P"3
S
4j for the wave direction S.F. to Marin is also

plotted in Fig. 4.8. Compared to PU
4S3j' the coefficient PU3S4j represents the case where

the location of the oscillator has been changed from station 3 (the Marin tower) to station

4 (the S.F. tower). It is seen that PU3S4j for the wave direction S.F. to Marin is almost

identical to PU
4 S

3j for the wave direction Marin to S.F. Hence, plots with the wave
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direction Marin to S.F. may also be considered as values of the coefficients p with the
uks/j

oscillator position switched (i.e., Pu/skj) but with the wave direction S.F. to Marin.

For the first mode of the bridge, which has a long period T =20.563sec, PUkS/j has a

relatively large negative value. For other modes with shorter periods, PUkS/j is relatively

small, particularly when the oscillator is placed at the station where waves arrive at a later

time. When waves arrive first at the station where the oscillator is placed and then arrive

at the station without the oscillator, PUkslj has relatively large positive values (e.g.,

compare P"'lS4j and PU
4 S3j in Fig. 4.8 for the wave direction S.F. to Marin). The reason for

the higher positive correlation is that the time required for the oscillator to respond

coincides with the time for the waves to travel to the second station and, hence, the

oscillator response is directly related to the motion at the second station at the same time

instant.

The incoherence effect always reduces PUk'Ij' but the wave passage effect does not

necessarily reduce PUk'/j' Furthermore, for the value of the parameters considered, the

wave passage has a more pronounced effect than the incoherence (see Fig. 4.7(a». Fig.

4.8 clearly indicates that the direction of wave passage has a significant influence on

4.4 Cross-Correlation Coefficient Between Responses of Oscillators

at Station k and I

Figs. 4.9 - 4.18 show typical results for the cross-correlation coefficient PSkjs/j.

Each plot shows the results for a single mode i (either mode 62 with frequency

f 62 = 0.538 Hz, or mode 81 with frequency f 81 = 0.708 Hz) verses a variable oscillator

frequency Wj' The selected modes are the ones which have dominant contributions to the

responses of the two towers. In each figure, part (a) includes only the wave passage

effect, whereas part (b) includes both the wave passage and the incoherence effects. The

selected support points (subscripts k and I ) are indicated in the caption for each figure.

Figs. 4.9 - 4.14 are the results for the wave direction S.F. to Marin, and Figs. 4.15 and

4.16 are the results for the wave direction Marin to S.F. Figs. 4.17 and 4.18 compare the

results for both wave directions. It can be shown that switching the wave direction is

nearly equal to switching the locations of the two oscillators.

From Figs. 4.9 - 4.18, it is seen thatpskjs/j has a positive or negative peak when the

frequencies of the two oscillators at stations k and I are close, and decays with increasing

distance between the two frequencies. However, the decay of PS
k
//

j
is not necessarily

monotonous, and the curves can be oscillatory and take on positive as well as negative

values. It is seen that the incoherence effect always reduces the magnitude of PSkjslj' but
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the wave passage effect does not necessarily reduce the magnitude. One noteworthy

point is that PS/cis/j can be significantly different from zero even for well spaced modes.

Figs. 4.17 and 4.18 clearly indicate that the direction of wave passage has a

significant influence on PS/cis/j' It is notable that the plots for the two directions intersect

when the oscillators at two stations are identical, i.e., when (OJ = (OJ, and ~j = ~j. PS/ciSlj is

independent of the direction of wave passage for identical oscillators at two stations,

because the term HJiw) H/im) in Eq. 2.26 is then real valued and the imaginary part of

Gu u (im) does not contribute to the integral. As indicated earlier, the plots for the Marin
k I

to S.F. direction are nearly identical to the plots for the S.F. to Marin direction when the

locations of the two oscillators are switched.

4.5 Concluding Remarks

From the results in this chapter, the following main conclusions can be derived for

the cross-correlation coefficients of the Golden Gate Bridge.

(I) The cross-correlation coefficient Pu u between the ground displacements at stations
k I

k and I is large, and its contribution to the pseudo-static component of the response

cannot be neglected.

(2) The cross-correlation coefficient Puelj between the ground displacement at station k

and oscillator response at station I has a relatively small value, except for the first

mode.

(3)

(4)

(5)

The cross-correlation coefficient PS/cis/j between the responses of two oscillators at

stations k and I depends on the separation between the two frequencies. PS/ciSlj can

be significant even for well spaced modes if there is not a strong incoherence effect.

The incoherence effect reduces the magnitudes of all three cross-correlation coeffi

cients P ,p , and Ps S . The wave passage effect reduces only Pu u , and has a
UkUI Uelj /ci Ij k I

significant influence on PS/cis/j'

The wave direction does not affect Pu u , but has a significance influence on Pu S
k I k Ij

and PS/cis/j' However, because of symmetric terms involved in the modal combi-

nation rule in Eq. 2.23, the cumulative effect of the wave direction on the response of

the bridge may not be significant.
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CHAPTER 5

RESULTS OF ANALYSIS OF THE GOLDEN GATE BRIDGE

5.1 Introduction

This chapter presents the results of multiple-support response spectrum (MSRS)

analysis of the Golden Gate Bridge, and investigates the effects of differential support

motions on selected responses of the Bridge. The mean peak longitudinal displacements

of the mid-height points (on the east and west side shafts) of the S.F. and Marin towers

and their mean peak base moments are computed by the MSRS method (Eq. 2.23),

including the first 100 modes. To investigate the effects of incoherence and wave

passage, parameter a I Vs is varied between 0 and 1/1500 (sec/m), and vapp is varied

between 1000 and 3000 (m/s). In all cases, the direction of propagation of seismic waves

is assumed to be from S.F. to Marin (i.e., south to north). Finally, the results of the

MSRS analysis are compared with the results of the time-history analysis by Imbsen and

Associates (1990).

To compute the mean peak response by Eq. 2.23, the ordinates of the mean

displacement response spectra for the first 100 modes (Table 3.1) are necessary. These

modes have variable damping ratio, as shown in Table 3.1. The displacement response

spectra used in this analysis were given only for the damping ratio '=0.05 (Figs. 3.4 

3.7). To simplify the analysis, an approximation of the displacement response spectrum
for mode i , D( OJi , (), is obtained from a form ula of the form

(5.1)

whereH(')is a decreasing function of , normalized such that H = 1 when' =0.05.

Rosenblueth and Elorduy (1969) suggest obtaining the damped response of an oscillator

by modifying the undamped response by the function

(5.2)

where 't' is the duration of the ground motion. Normalizing this with respect to '=0.05

gives a formula for H(S)in the form

( J
I12

H(')= l+a
1+ 20a'

(5.3)
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where a is a constant. SEAONC (1990) suggests that a good fit to the amplification

factors by Newmark and Hall can be obtained by using a = 4. Kawashima and Aizawa
(1986) suggested the following H(S) based on regression analysis of spectra for 103 sets

of strong accelerograms (206 records)

H(~) = 1.5 + 0.5
40~+ 1

(5.4)

These forms of H(~) are reasonably consistent with one another for damping values up

to ~ =0.50. In the present study, the Kawashima-Aizawa relation, which is incorporated

into the Japanese seismic code for bridges, is adopted.

5.2 Results

Figs. 5.1 - 5.6 show the squared displacements of the mid-height point (east side) of

the S.F. and Marin towers in the longitudinal direction. In these figures, 'pseudo-static',

'cross' and 'dynamic' terms represent the double-sum term, the triple-sum term and the

quadruple-sum term inside the brackets in Eq. 2.23, respectively. In Figs. 5.1 and 5.2, we

include only the wave passage effect as a parameter and neglect the incoherence effect.

In Figs. 5.3 and 5.4, we include both effects and use the incoherence effect as a varying

parameter. Figs. 5.5 and 5.6 compare the MSRS results with the results for two extreme

cases: (a) the "uniform excitation" case, which assumes no wave passage or incoherence

effects (vapp = 00 and a = 0), i.e., Ykl(icu) = 1, (b) the "independent excitation" case,

which assumes statistically independent motions at all supports, i.e., Ykl(iCU) = 0 for

k"#l.

In all cases for the displacement response, the cross term (between the pseudo-static

and dynamic parts arising from their covariance) has a relatively small negative value, but

it is not small enough to be neglected. This indicates that all terms in the combination

rule must be retained for the displacement responses of the Golden Gate Bridge. Among

the three terms, the dynamic term is relatively large, particularly for the Marin tower.

The pseudo-static term for the S.F. tower is larger than that for the Marin tower, and the

dynamic term for the S.F. tower is smaller than that for the Marin tower.

Figs. 5.1 - 5.4 indicate that both the wave passage and incoherence effects slightly

decrease the pseudo-static and cross terms, and have a large influence on the dynamic

term of the response. The wave passage effect (which is inversely related to vapp)

decreases the dynamic term for the Marin tower, but does not necessarily decrease the

dynamic term for the S.F. Tower. It is noteworthy that a small incoherence effect
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increases the dynamic term, but a larger incoherence effect decreases that term.

For the moment responses at the bases of the two towers, the pseudo-static term and

the cross term are negligible and the response is primarily due to the dynamic term. This

is due to the flexible nature of the bridge structure. For this reason, plots similar to Figs.

5.1 - 5.6 are not presented for these responses.

Figs. 5.7 - 5.9 show the total values for the mean peak longitudinal displacements of

the mid-height points of the S.F. and Marin towers. In Fig. 5.7, only the wave passage

effect is included, and in Fig. 5.8, both the wave passage and incoherence effects are

included. In Fig. 5.9, the computed responses by the MSRS method for vapp = 3000 m/ s

and a./vs = 0.0 are compared with the two extreme cases described before. These values

of the parameters for the coherency function are chosen, since they are believed to be

most consistent with the generated time histories. Figs. 5.7 - 5.9 indicate that the

displacement responses of the mid-height points of the Marin tower are larger than those

of the S.F. tower in all cases. As mentioned earlier, the wave passage effect decreases the

displacement responses of the Marin tower, but not those of the S.F. tower. It is again

noted that a small incoherence effect increases the displacement responses of both towers,

but a larger incoherence effect decreases these responses. The increase is due to the

elimination by the incoherence effect of certain negative cross-correlation terms arising

from the wave passage effect. Fig. 5.9 shows that the assumption of uniform excitation

results in increased estimates of the displacement responses by 31% and 12% for the S.F.

and Marin towers, respectively, whereas the assumption of independent excitations

results in decreases of 4% and 16% in the estimated responses of the two towers,

respectively.

Figs. 5.10 - 5.12 show the mean peak base moments of the S.F. and Marin towers.

In Fig. 5.10, only the wave passage effect is included, and in Fig. 5.11, both the wave

passage and incoherence effects are included. In Fig. 5.9, the assumption of uniform

excitation is seen to result in increased estimates of the base moment responses by 35%

and 10% for the S.F. and Marin towers, respectively, whereas the assumption of

independent excitations results in a decrease of 16% in the Marin tower moment and

practically no change in the S.F. tower moment.

5.3 Comparison with Time-History Results

The results generated by the response spectrum method should be viewed as statistical in

nature. Specifically, they represent approximations to the mean peak response over an

ensemble of input motions, provided the spectra employed in the analysis themselves
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represent the mean spectra over the same ensemble. On the other hand, a time-history

analysis produces the deterministic response to a single realization of the input motions.

A comparison between the response spectrum and time-history results, hence, is not a

proper comparison for the purpose of validating the response spectrum method. The

proper comparison should involve the averages of peak responses over an ensemble of

time-history results, as was done by Der Kiureghian (1981) in the validation of the

original CQC method. In the present case, results from such ensemble time-history

analyses are not available and they would be prohibitively costly to generate for the

bridge structure with more than 4,000 degrees of freedom.

In spite of the above shortcoming, a comparison between the results of time-history

analysis with a single realization of the input motions, and the results of response

spectrum analysis with spectra generated from the same input time histories is often used

as a means of validation of the response spectrum method. According to Der Kiureghian

(1981), errors of order up to 30% may be expected from such comparison without

invalidating the response spectrum method.

Further complication in the present analysis arises from the specification of the

coherency function. The time histories for the 18 support motions of the bridge unfortu

nately were generated without the specification of a coherency function. On the other

hand, for the MSRS method, an analytically defined coherency function that describes

both the wave passage and incoherence effects is required. For the present application,

the coherency model in Eq. 2.32 was used. Values for the two parameters a / Vs and vapp

of this model were selected by examining the cross-power spectral density of the

longitudinal motions at bases of the S.F. and Marin towers. On this basis, as well as

considerable amount of judgment, the values a / Vs =0 and vapp =3000 m / s were

chosen. Unfortunately there is no way to ascertain that these values are consistent with

the spatial variability inherent in the generated time histories.

One additional problem in the present application is the unavailability of response

spectra for damping values other than 5%. Eqs. 5.1 and 5.4 provide only a crude

approximation and significant errors relative to time-history results may arise from this

approximation.

It should be clear from the foregoing that the comparison presented below should

not be taken as proof of validation or invalidation of the multiple-support response

spectrum method. The proof of validation of the MSRS method lies in its analytical

derivation from the basic principles of random vibration theory, and the fact that it is an

extension of the well-tested CQC method (Der Kiureghian and Neuenhofer, 1992).
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Fig. 5.13 and 5.14 compare the results of the MSRS and time-history analyses for

the peak displacements and base moments of the S.F. and Marin towers of the bridge.

Both methods of analysis indicate that the Marin tower response is about 30% larger than

the response of the S.F. tower. However, the results based on the MSRS analysis are

smaller than the time-history results by 30-35% for the displacement responses and 20

30% for the base moment responses. To better understand the nature of this discrepancy,

the MSRS results for the displacement responses are superimposed on the time-history

results ofLiu and Imbsen (1990) in Figs. 5.15 and 5.16 for the S.P. and Marin towers,

respectively. In each figure, the top set of curves are for the dynamic component of the

response alone, and the bottom set of curves are for the total displacement. Note that the

curves for the mid-height point B of the towers should be compared with the MSRS

results.

It is noted in Figs. 5.15 and 5.16 that the MSRS results are in close agreement with

the time-history results, if the large negative peak occurring at approximately 12 seconds

is neglected. Unfortunately the cause of this peak could not be determined since the indi

vidual modal time histories were not available to the investigators. It is noted, however,

that this peak has an uncharacteristically large magnitude relative to the neighboring

peaks, particularly in the case of the Marin tower (Fig. 5.16), where the peak magnitude

is almost twice that of the neighboring peaks in the dynamic component of the response.

This kind of response may not be well predicted by the response spectrum method which

works best when the response includes a quasi-stationary strong-motion phase. Beyond

this, no conclusions are derived from the comparison of the MSRS and time-history

results.

5.4 Concluding Remarks

From the results in this chapter, the following main conclusions can be derived:

(1) The MSRS method provides a practical means for dynamic analysis of the bridge,

accounting for the effects of wave passage and incoherence. The method is particu

larly convenient for parametric studies to investigate the influences of input

parameters and the contribution of the pseudo-static and dynamic components of the

response.

(2) For the displacement responses of the bridge, the dynamic component is dominant,

although the contributions of the pseudo-static component and the cross term are not

negligible. The base moment responses of the bridge are primarily contributed by

the dynamic component. This is due to the flexible nature of the bridge.
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(3) The influence of wave passage and incoherence effects are stronger on the dynamic

component of the response, than on the pseudo-static component or the cross tenn.

Compared to the MSRS results, the assumption of unifonn support excitation results

in increased responses of both the S.P. and Marin towers, whereas the assumption of

independent excitations results in decreased responses for the Marin tower and

insignificant change in the responses of the S.F. tower.

(4) The MSRS estimates of the two tower responses show trends which are consistent

with the trend observed in the time-history results. However, there is a significant

discrepancy between the two sets of results. This discrepancy is attributed to several

factors, including: (a) the statistical nature of the MSRS results versus the time

history results which represent a single realization, (b) the uncertainty in specifying

the coherency function for the generated time histories, (c) the error in the assumed

response spectra for modal damping values other than 0.05, and (d) the appearance

of an uncharacteristically large peak in the time-history results.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The newly developed Multiple-Support Response Spectrum (MSRS) method is

reviewed. This method properly accounts for the effects of wave passage and

incoherence of the support motions, the effect of local site conditions, and the effects of

correlation between the support motions and between the dynamic modes of the structure.

New properties concerning the influence matrix, effective influence coefficients, and

effective modal participation factors that are required in the modal combination rule are

developed.

The MSRS method is applied to the Golden Gate Bridge, which is a three-span

suspension bridge connecting San Francisco and Marin counties. A 3-dimensional model

with a total of 4,074 degrees of freedom and 6 pairs of support points is used for the

analysis. Response spectra obtained from generated time histories are used for the three

components of the ground motion at each support point.

The significances of the modal and support cross-correlation coefficients of the

Golden Gate Bridge are investigated. It is found that the cross-correlation coefficients

involved in terms representing the pseudo-static and dynamic components of the response

are significant and are influenced by the wave passage effect and the incoherence effect.

The cross-correlation coefficients involved in the covariance between the pseudo-static

and dynamic contributions of the response are relatively small.

The mean peak longitudinal d~splacements of the mid-height points of the S.P. and

Marin towers and their mean peak base moments are computed by the MSRS method.

The method provides a convenient means for parametric study, which is performed to

determine the influences of the wave passage and incoherence effects, as well as the

influences of assuming uniform or statistically independent support motions. Results

indicate that the assumption of uniform support motion increases the response estimates

for both towers of the bridge, whereas the assumption of independent motions decreases

the Marin tower response but has little effect on the S.P. tower response.

Comparison of MSRS results with results generated by a single time-history

analysis show consistent trends, although relatively significant discrepancies between the

two sets of results are observed. Possible reasons for the discrepancy are discussed.
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