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DYNAMIC PROPERTIES OF LIONS1 GATE SUSPENSION BRIDGE 

by 

I J . H .  Ra iner  and A .  Van S e l s t  I I 

INTRODUCTION 

The Lions '  Gate Suspension Bridge c ros se s  t h e  F i r s t  Narrows o f  Burrard I n l e t  
a t  Vancouver, B r i t i s h  Columbia. The br idge ,  which opened i n  1938, c a r r i e s  t h r e e  
lanes  of  v e h i c u l a r  t r a f f i c  and two s idewalks.  Because o f  t h e  need f o r  ex t ens ive  
r e p a i r s  t o  t h e  b r i d g e  deck and requirements f o r  wider t r a f f i c  l anes ,  a  complete 
r ebu i ld ing  of t h e  deck s t r u c t u r e  i s  planned. This w i l l  r e s u l t  i n  t h e  sidewalks being 
moved from i n s i d e  t h e  s t i f f e n i n g  t r u s s e s  t o  t he  o u t s i d e .  A new o r t h o t r o p i c  road 
s u r f a c e  i s  t o  r e p l a c e  t h e  p r e s e n t  concre te  and s t e e l  g r i d  supported on s t e e l  beams 
and g i r d e r s .  S ince  changes i n  geometric and s t r u c t u r a l  p r o p e r t i e s  could i n f luence  
t he  behavior  o f  t h e  modif ied br idge  under wind loading,  an aerodynamic i n v e s t i g a -  
t i o n  i s  be ing  undertaken which inc ludes  wind tunnel  s e c t i o n  t e s t s  and a  f u l l  aero-  
e l a s t i c  model. To o b t a i n  some guidance i n  e s t a b l i s h i n g  the  dynamic parameters f o r  
the  model t e s t s  and t h e  des ign  c a l c u l a t i o n s ,  measurements on the  e x i s t i n g  s t ruc:  
t u r e  were c a r r i e d  o u t  t o  determine i t s  dynamic p r o p e r t i e s .  This paper  desc r ibes  
t h e  measurement program and t h e  r e s u l t s  ob ta ined ,  a s  well a s  comparisons between 
the  observed va lues  o f  n a t u r a l  f requenc ies  and those  from two d i f f e r e n t  methods of 
ca l cu l a t i -on .  

DESCRIPTION OF THE BRIDGE I - 
I The b r idge  c o n s i s t s  o f  a  main span of  1550 f t  (473 m) and two s i d e  spans,  
I each o f  614 f t  (187 m) . The tower he igh t  i s  361.5 f t  (110 m) from top of conc re t e  
I 
i foo t ing  t o  t h e  s add le  p o i n t s ,  with the  road deck pass ing  a t  mid-height .  An e leva-  

t i o n  is  p re sen t ed  i n  Fig.  1, and a  t y p i c a l  c ros s - sec t ion  with some s t r u c t u r a l  
p r o p e r t i e s  i n  Fig.  2 .  

I 
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I 

A t  t h e  b r idge  c e n t e r  and a t  t h e  n o r t h  and south  ends of  t h e  suspens ion  b r idge ,  
t r a c t i o n  rods cbnnect t he  cable  t o  the  top  chord of  t h e  s t i f f e n i n g  t r u s s .  However, 

t h e s e  t r a c t i s n  rods were found t o  be somewhat loose .  The two s t i f f e n i n g  t r u s s e s  
a r e  jo ined  a t  t h e  lower chords by f l o o r  beams t h a t  suppor t  t h e  road deck, and by 
h o r i z o n t a l  c ros s  brac ing  t h a t  decreases  i n  s t i f f n e s s  toward t h e  c e n t e r  of  t h e  
b r idge .  The t r u s s e s ,  t e g e t h e r  with t h e  c ros s  b rac ings  and t h e  decking, thus  e f f e c -  
t i v e l y  form an open channel s e c t i o n .  The t r u s s e s  r e s t  on f i x e d  bea r ings  a t  t h e  N 
and S  suppor ts  o f  the  b r idge  and have s l i d i n g  bea r ings  a t  t h e  towers .  The g i r d e r  
has a  v e r t i c a l  curve wi th  r i s e  o f  22.3 f t  (6.8 m) from the  tower t o  t h e  b r idge  
c e n t e r  l i n e .  

MEASUREMENT PROGRAM 

The measurements were performed i n  two main s t a g e s :  Phase I  was c a r r i e d  o u t  
during t h e  win te r  of  1974-75, and Phase 11, i n  September 1975. The subsequent  
d e s c r i p t i o n  and r e s u l t s  ob ta ined  r e f e r  t o  Phase 11, except  where o the rwi se  noted .  

Instrumentat ion 

The motions o f  t h e  b r idge  were monitored wi th  bat tery-powered se rvo -d r ive  
accelerometers  o f  5  V/g s e n s i t i v i t y .  These were mounted on b r a s s  bases  and p l aced  
on t h e  top  f l ange  of  t h e  c ros s  beam c l o s e  t o  t h e  i n s i d e  o f  t h e  s t i f f e n i n g  t r u s s  a t  
t h e  numbered loca t ions  shown i n  F ig .  1. Cables c a r r i e d  t h e  s i g n a l s  t o  t h e  record-  
i ng  s t a t i o n  i n  t h e  observa t ion  cab in  a t  t h e  b r idge  c e n t e r .  D-C compensation was 
a p p l i e d , > t h e  s i g n a l s  passed through 1 Hz low pass  f i l t e r s  and 20 dB a m p l i f i e r s  and 
were recorded on a  7-channel FM tape  r eco rde r .  The t r ansduce r s ,  s i g n a l  cond i t i on -  
ing  and record ing  channels were c a l i b r a t e d  i n  t h e  l abo ra to ry  and a  s t a t i c  i n v e r s i o n  
check of  t h e  t ransducers  was performed a t  t h e  r eco rd ing  s i t e .  

S t a t i o n  1N was used a s  a  r e f e rence ;  t he  remaining s t a t i o n s  were covered by 
succes s ive ly  moving the  t ransducers  t o  those  s t a t i o n s .  A s p e c i a l  run  was made 
with t r ansduce r s  placed a t  S t a t i o n s  2 N  and 2s.  

Ambient Vibra t ions .  - Ambient v i b r a t i o n s  dur ing  Phase I 1  c o n s i s t e d  o f  v e h i c u l a r  
t r a f f i c  only,  mainly passenger  c a r s  and t r a n s i t  buses.  Wind speeds ranged from 
zero t o  about 5 mph (8 km/h). During Phase I ,  measurements were a l s o  made under 
var ious  wind condi t ions  during e a r l y  morning hours  when t r a f f i c  was minimal o r  
absent .  One l i m i t e d  s e t  o f  measurements was ob ta ined  a t  winds g u s t i n g  t o  50 mph 
(80 km/h). For each s e t u p  the  motions were monitored f o r  approximately 45 min. 

Vehicle Impacts. - A s e r i e s  of s imula ted  impacts were a p p l i e d  t o  t h e  b r idge  from a  
s i n g l e  r e a r  a x l e  sand t ruck  and a  small passenger  c a r .  The t r u c k  was d r i v e n  i n  
t he  o u t s i d e  l ane  a t  about  10 mph, swerved normal t o  t h e  b r idge  and brought  t o  a 
sudden braking s top .  This  produced t o r s i o n a l  and l a t e r a l  responses o f  t h e  b r i d g e .  
Another s imula ted  impact t e s t  f o r  t o r s i o n a l  and l a t e r a l  v i b r a t i o n s  c o n s i s t e d  o f  a  
small  c a r  d r iven  normal t o  t he  roadway and brought  t o  a  sudden braking  s t o p .  
V e r t i c a l  impact responses were induced by s lowly d r i v i n g  t h e  r e a r  wheels of  t h e  
t ruck  o f f  a  6- in .  (15-cnl) ram?. However, t h i s  proved t o  be s u c c e s s f u l  i n  only  one 
of t h r e e  a t tempts .  Driving t h e  t ruck  from t h e  main span onto  t h e  s i d e  span a t  
approximately- 40 mph (64 km/h) produced some s a t i s f a c t o r y  v e r t i c a l  motions. 



Analys i s  o f  .Data 

Ambient U b r a t i o n s .  - The ambient v i b r a t i o n  d a t a  were analyzed on a  500 - l i ne  r e a l -  
t ime spectrum a n a l y z e r  u s i n g  t a p e  speeds  o f  8 ,  10,  and 16 times t h e  record ing  speed 
and wi th  2 and 4 spectrum averages .  Phase r e l a t i o n s h i p s  between two s t a t i o n s  were 
ob t a ined  by a d d i t i o n  and s u b t r a c t i o n  o f  t h e  r e s p e c t i v e  s i g n a l s .  The ampli tude and 
phase r e l a t i o n s h i p s  were a l s o  confirmed by c r o s s - s p e c t r a l  d e n s i t y  c a l c u l a t i o n s  
u s ing  512 p o i n t s  and f o u r  spectrum averages .  

Impact Response. - The impact  response  s i g n a l s  were d i g i t i z e d  and analyzed on a  
d i g i t a l  computer u s ing  FFT r o u t i n e s .  The t ime decay curve f o r  va r ious  modes o f  
v i b r a t i o n  was ob ta ined  by i n v e r t i n g  i n t o  t h e  time &main t h e  f i l t e r e d  spectrum f o r  
a  p a r t i c u l a r  modal f requency band. From t h i s  decay, modal damping was computed 
us ing  t h e  l o g  decrement r e l a t i o n s h i p .  

CALCULATIONS OF MODAL PROPERTIES 

Two methods were used t o  c a l c u l a t e  t h e  modal p r o p e r t i e s  o f  t h e  b r i d g e :  a  
continuum model, where t h e  s o l u t i o n s  t o  t h e d i f f e r e n t i a l  equa t ions  d e s c r i b i n g  t h e  
v i b r a t i o n  problem a r e  e v a l u a t e d ,  and a  lumped mass, l i n e a r  s t i f f n e s s  model, f o r  
which eigenmodes were found. 

Continuum model. - The theory  f o r  v i b r a t i o n  o f  suspens ion  b r idges  a s  
p re sen t ed  by S e l b e r g  ( 3 )  was u t i l i z e d  i n  c a l c u l a t i n g  t h e  mode shapes and frequen-  
c i e s  f o r  t h e  e x i s t i n g  b r i d g e .  The fo l l owing  assumptions a r e  made t o  s i m p l i f y  t h e  
t r ea tmen t  o f  tlie mathematical  t heo ry :  a )  a x i a l  deformations o f  towers and 
g i r d e r  a r e  neg lec t ed ;  b) t h e  i n d i v i d u a l  hangers  a r e  r ep l aced  by an e q u i v a l e n t  
membrane having  no s h e a r  r e s i s t a n c e ;  c)  dead load  i s  uniformly d i s t r i b u t e d  a long  
t h e  span ,  implying a  p a r a b o l i c  c a b l e  p r o f i l e ;  d) g i r d e r  has  cons t an t  s t i f f n e s s  
w i t h i n  each span;  e )  c u r v a t u r e  o f  g i r d e r  i s  n e g l i g i b l e  compared t o  c a b l e  s ag ;  
f )  s h e a r  deformation i n  g i r d e r  i s  n e g l i g i b l e ;  g) d e f l e c t i o n s  a r e  sma l l ,  i . e . ,  
l i n e a r  d i sp lacement  t heo ry  i s  used. The s o l u t i o n  o f  t h e  d i f f e r e n t i a l  equa t ions  is  
a  r a p i d l y  converging i n f i n i t e  s e r i e s .  A g e n e r a l  computer program was w r i t t e n  t o  
s o l v e  t h e  s e r i e s  by a  t r i a l  and e r r o r  method u t i l i z i n g  t h e  f i r s t  5 terms f o r  t h e  
s i d e  spans and 7 terms f o r  t h e  main span.  The t o r s i o n a l  modal p r o p e r t i e s  were 
o b t a i n e d  ana logous ly  t o  t h e  v e r t i c a l  ones by r e p l a c i n g  t h e  v e r t i c a l  s t i f f n e s s  and 
mass wi th  t h e  t o r s i o n a l  s t i f f n e s s  and mass moment o f  i n e r t i a  o f  t h e  g i r d e r .  The 
f u l l  t o r s i o n a l  s t i f f n e s s  o f  t h e  roadway i s  assumed t o  be  a c t i v a t e d  and t h e  t r a c -  
t i o n  rods  a r e  assumed t o  be  u n s t r e s s e d .  

The above method i s  s i m i l a r  t o  t h e  theory  p re sen t ed  e a r l i e r  by Bleich e t  a l .  
(1) b u t  i s  more r e f i n e d .  

Lumped mass, l i n e a r  s t i f f n e s s  model. - The s t i f f n e s s  ma t r ix  f o r  t h e  d i s c r e t e  
model o f  some 750 members and 400 j o i n t s  hav ing  o v e r  1,000 degrees  o f  freedom was 
assembled w i t h  a  space-frame a n a l y s i s  program. Symmetry p r o p e r t i e s  a long  t h e  
l eng th  and t h e  width o f  t h e  b r i d g e  were u t i l i z e d  s o  t h a t  o n l y  one q u a r t e r  o f  t h e  
s t r u c t u r e  needed t o  be encompassed. The e igenva lue  problem wi th  t h e  d iagonal  mass 
m a t r i x  was s o l v e d  by a  sweeping technique .  _ - - - - 

- .- 

The method o f  a n a l y s i s  o f  t h e  problem imp l i e s  l i n e a r  d i sp lacement  t heo ry .  
'Ihe t o r s i o n a l  r i g i d i t y  used f o r  t h e  b r i d g e  g i r d e r  i n c l u d e s  f u l l  p a r t i c i p a t i o n  of  
t h e  roadway and s t r i n g e r s  and t h e  assumption t h a t  t h e  expansion j o i n t s  have s e i z e d .  



Girder  bea r ings  a t  t h e  towers a r e  taken  a s  f i x e d  and t h e  t r a c t i o n  rods  a r e  assumed 
t o  be i n e f f e c t i v e .  These assumptions were found t o  b e s t  f i t  t h e  experimental  d a t a .  

RESULTS * 

The r e s u l t s  o f  t h e  measurements and c a l c u l a t i o n s  a r e  p re sen ted  i n  Tables 1, 
2 and 3 f o r  each i d e n t i f i e d  mode. The measuring p o i n t s  on t h e  i n t e r p o l a t e d  modes 
shapes a r e  shown by c i r c l e s  f o r  t he  v e r t i c a l  and t o r s i o n a l  displacements ,  and tri- 
angles  f o r  h o r i z o n t a l  g i r d e r  displacement .  Damping va lues  a r e  given where poss ib le ,  
as we l l  a s  t h e  computed f requencies  from t h e  two mathematical models a l r e a d y  des- 
c r i b e d .  The damping va lues  from ambient v i b r a t i o n s  were c a l c u l a t e d  us ing  t h e  
method o f  half-power hand width.  Dampine va lues  c a l c u l a t e d  from t h e  f i l t e r e d  decay 
curves vary s l i g h t l y  over  t h e  length  o f  t h e  decaying v i b r a t i o n  r eco rd  and conse- 
quen t ly  the  va lues  n e a r  t h e  beginning o f  t h e  impact and those  a f t e r  about  15 c y c l e s  
a r e  given. A c o r r e c t i o n  was appl ied  t o  t h e  ampl i tudes .o f  t h e  decaying s i g n a l  o f  
t he  Phase I  measurements by s u b t r a c t i n g  the  ampli tudes of  t h e  ambient s i g n a l  due t o  
wind e x c i t a t i o n .  

Cateeor i  za t ion  of  Modes 

The normal modes i d e n t i f i e d  i n  t h e  measurement program have been ca t egor i zed  
i n t o  v e r t i c a l ,  h o r i z o n t a l  and t o r s i o n a l  modes. However, t h e  usual  c l e a r  d i s t i n c -  
t i o n  between ho r i zon ta l  and t o r s i o n a l  modes becomes obscured because both t o r s i o n  
and h o r i z o n t a l  motion i s  p r e s e n t  i n  most o f  t h e s e  modes. Consequently,  on ly  t h e  
lowest mode, which is  c l e a r l y  i d e n t i f i a b l e  a s  a  h o r i z o n t a l  mode, was des igna ted  a s  
a  ho r i zon ta l  mode, and a l l  o t h e r  modes wi th  t o r s i o n a l  components were des igna ted  
a s  t o r s i o n a l  modes. 

V e r t i c a l  Modes. - A sample s e t  o f  Four i e r  s p e c t r a  of  v e r t i c a l  s i g n a l s  monitored a t  
S t a t i o n  1N a r e  shown i n  Fig. 3 .  The modes a s s o c i a t e d  wi th  t h e  v a r i o u s  spectrum 
peaks a r e  i n d i c a t e d  near  the top o f  t h e  f i g u r e .  

The v e r t i c a l  mode shapes, t o g e t h e r  wi th  r e l e v a n t  damping va lues ' and  t h e  c a l -  
c u l a t e d  f requencies ,  a r e  presented  i n  Table l .  The modes a r e  p r e s e n t e d  sequen- 
t i a l l y  according t o  i nc reas ing  frequency.  I t  i s  be l i eved  t h a t  i n  t he  v e r t i c a l  
d i r e c t i o n  the  modes i d e n t i f i e d  r ep re sen t  a  complete s e t  o f  t h e  major n a t u r a l  modes 
o f  v i b r a t i o n  f o r  the  suspension b r idge .  

Horizontal  Modes. - Because t h e  h o r i z o n t a l  motions a r e  coupled wi th  t h e  t o r s i o n  of  
t h e  deck and towers and v i ce  v e r s a ,  a  pure  h o r i z o n t a l  mode i s  u n l i k e l y  t o  occu r .  
I n  f a c t ,  only t h e  lowest h o r i z o n t a l  mode a t  0.12 Hz p re sen ted  i n  Table 3 was wi th-  
o u t  measurable r o t a t i o n s  under ambient v i b r a t i o n s .  Only dur ing  t h e  s e v e r e s t  impact 
t e s t s  could r o t a t i o n a l  components be de t ec t ed  f o r  t h i s  mode. 

Tors iona l  Modes. - The h o r i z o n t a l  components of  t h e  modes shown by dash-dot ted  
l i n e s  i n  Tables  2 and 3 z i v e  t h e  modal amplitude on t h e  t o p  f l a n g e  o f  t h e  f l o o r  
beam, i . e . ,  j u s t  below t h e  roadway l e v e l .  The p l o t t e d  t o r s i o n a l  component shown 
by s o l i d  l i n e s  r e p r e s e n t s  t he  sum o f  t h e  v e r t i c a l  motions a t  t h e  i n s i d e  o f  t h e  
s t i f f e n i n g  t r u s s .  

Since t h e  acce lerometers  i n  t he  h o r i z o n t a l  d i r e c t i o n  a r e  s e n s i t i v e  t o  angu la r  
movements, a  c o r r e c t i o n  has t o  be a p p l i e d  t o  t h e  measured h o r i z o n t a l  component o f  

f 

t. 



Table I :  Dynamic P rope r t i e s  o f  Ver t i ca l  Modes 

L 

Item No. 1 2 3 4 5 6 7 8 

Measured 

Mode 

Shape 

Measured 
Frequency, Hz 0.200 0.225 0.30 0.358 0.420 0.590 0.760 0.845 - 

-0 

2 $ Lumped 0.199 0.214 0.298 0.343 0.422 
2 % ~  Parameter 

2 u= 
Continuum 

Mode 1 
0.185 0.214 0.273 0.345 0.408 

Four ier  
# 0-4 1 .7  1 .6  1 .7  1 .0  0.7 0.6 0.6 

. ~ m p u l s e  0.9+,0.6' 0.9*,0.Sf 
n e : u u  Decay 1.1'+,0.9**1.05**,0.95** 

+ Uncorrected **  Corrected f o r  ambient v ib ra t ions  

Table 2: Dynamic P rope r t i e s  o f  anti-symmetric Torsional Modes - 
Item No. 1 2 3 4 5 6 

Measured 
Mode Shape - Difference o f  

Ver t i ca l  Motion 
(East  + up) 

-.+- Horizontal  
(+ t o  West) i 

I 

Measured 
Frequency, Hz 

0.310 0.32 0.495 0.515 
0.600 0.745 0.765 (0.33) 0.507 

'0 - 
4) X .y 0 

Lumped 0.317 0.463 0.568 m F -4 4) 
Parameter 

3 1 N '  
w f  Continuum 

3 4) 
m &4 

0 ., 31 H* 
C' u. Model 0.411 

Damping Ratio from 
Four ier  Spec t r a  1.25 0.79 
% c r i t i c a l  

Calcula ted  ho r i zon ta l  mode 

t h e  mode shape .  This  c o r r e c t i o n  depcnds on t h e  modal frequency and t h e  ampli tude 
o f  t h e  angu la r  motion a t  t h e  measuring p o i n t .  No c o r r e c t i o n  could  be a p p l i e d  t o  
t h e  modal ampli tudes a t  t h e  tower tops  f o r  t h e  v e r t i c a l  and t h e  t o r s i o n a l  modes. 
Consequently,  t h e  p l o t t e d  tower ampli tudes a r e  t o o  l a r g e .  

A sample spectrum of  t h e  r o t a t i o n a l  component f o r  S t a t i o n  1N i s  shown i n  
F i g .  4 .  The an t i - symet r i c  and symmetric t o r s i o n a l  modes t h a t  could  b e  i d e n t i f i e d  
a r e  presented i n  Tables 2 and 3 ,  r e s p e c t i v e l y ,  t o g e t h e r  wi th  damping va lues  and 
theore t ica l  f r equenc ie s  where a v a i l a b l e .  A s  can be seen ,  every  t o r s i o n a l  mode 



= 
Item No. 1 2 3 8 

Measured 
Mode Shape - Difference o f  

V e r t i c a l  Motion 
(East  + up) 

-.- Horizonta l  
(+ t o  West) 

Measured 0.38 
Frequency, Hz 0.12 0.36 (0.37, 0.39) 0.44 0.465 0.475 0.525 0.535 

-0 - 
a A Lumped 
w u Parameter 0.125 0.364 0.441f 0.477 0.533 
m c 
4 al 

3 s2" 
4 al 
m k 

Continuum 
u ~ r .  Model 0.12 [ I * *  0.347 0.593 0.646 

we .;;; Four ie r  
c - u S p e c t r a  3.3 1 .7  0.9 0.34 0.63 0.57 

.PI 0 .d 

B3 .': 
a I-, El Impulse 3.0 1 .3 ,  1.6 cr Decay 3.9 

I tem No. 9 10 11 12 13  14 15 

Measured 

Mode , 
Shape 

Measured 
Frequency, H z  0.555 0.615 0.635 0.65 0.715 0.94 1 .OO 

Ca lcu la ted  
Frequency, lumped 0.575 0.618 0.654 
Parameter Model, Hz 

* Mainly s i d e  span motion * *  Computed h o r i z o n t a l  mode 



is a l s o  accompanied by a  h o r i z o n t a l  component. 

I d e n t i f i c a t i o n  o f  Modes 
I 

Although t h e  i d e n t i f i c a t i o n  o f  t h e  v e r t i c a l  mode shapes was f a i r l y  s t r a i g h t -  
I folward,  t h e  i d e n t i f i c a t i o n  o f  t h e  t o r s i o n a l  modes proved t o  be a d i f f i c u l t  t a s k .  

Some of t h e  reasons a r e :  f i r s t ,  t h e  coupling of  t o r s i o n  and hor izor l ta l  motion 
I obscured t h e  usua l  c l e a r  d i s t i n c t i o n  between h o r i z o n t a l  and t o r s i o n a l  modes; 

secondly ,  a  i a r g e  number o f  c l o s e l y  spaced modes appeared i n  t h e  s p e c t r a ,  which t o  
some e x t e n t  i n f luenced  each o t h e r ' s  s p e c t r a l  ampli tudes;  and t h i r d l y ,  some o f  t h e  
modes had such smal l  ampli tudes t h a t  t h e  l i m i t s  o f  r e s o l u t i o n  o f  measurement and 
a n a l y s i s  equipment b:cre approached. 

The l a r g e  number of  t o r s i o n a l  modes can be t r a c e d  t o  t he  asymmetric s t i f f n e s s  
p r o p e r t i e s  o f  t h e  U-section formed by t h e  s t i f f e n i n g  t r u s s e s  and t h e  road deck 
wi th  h o r i z o n t a l  c ros sb rac ing .  S ince ,  conceptua l ly  a t  l e a s t ,  va r ious  combinations 
o f  independent  r o t a t i o n a l  and h o r i z o n t a l  motions o f  s i d e  spans and main span a r e  
p o s s i b l e ,  t he  appearance o f  a l a r g e  number of  independent modes i s  perhaps n o t  
s u r p r i s i n g .  The c l o s e  spac ing  o f  t h e  modes r e q u i r e s  high r e s o l u t i o n  spectrum 
a n a l y s i s  and consequent ly long recording s e s s i o n s .  No n o t i c e a b l e  d i f f e r e n c e s  were 
found i n  t h e  s p e c t r a  o f  t h e  s i g n a l s  recorded  under t r a f f i c  e x c i t a t i o n  o r  predomi- 
nant  low speed wind e x c i t a t i o n s  o r  t h e  s t r o n g  wind e x c i t a t i o n ,  a l though a  more 
d e t a i l e d  examination of  t h e  l a t t e r  has  y e t  t o  be  undertaken.  

Some o f  t h e  unreso lved  a s p e c t s  on t h e  i d e n t i f i c a t i o n  o f  t o r s i o n a l  modes a r e  
t h e  fo l lowing .  

1. blul t i p l e  f requencies  wi th  s u b s t a n t i a l l y  t h e  same mode shapes were found near  
0 .32 ,  0 .38,  0.51 and 0.94 Hz. Whereas some o f  t h e s e  modes had d i f f e r e n t  phases o f  
s idespan  and tower motions, o t h e r s  e x h i b i t e d  no n o t i c e a b l e  d i f f e r e n c e s .  

2 .  From an  examination o f  va r ious  Four i e r  and c r o s s - s p e c t r a l  c a l c u l a t i o n s ,  it i s  
suspec ted  t h a t  ano the r  symmetrical t o r s i o n a l  mode e x i s t s  very c l o s e  t o  t h e  symme- 
t r i c  mode a t  0.465 Hz and ano the r  one n e a r  tl7.e asymmetric mode a t  0.507 Hz. HOW- 
e v e r ,  they  could  n o t  be i d e n t i f i e d .  I t  i s  thought  t h a t  t h e  p l o t t e d  mode a t  0.465 
Hz i s  a c t u a l l y  a  composite o f  two modes, one a  dominant s i d e  span mode, and t h e  
o t h e r  a  dominant main span mode. 

A p o s s i b l e  reason  f o r  t he  presence o f  m u l t i p l e  f r equenc ie s  n e a r  0.32, 0.38, 
0 .51  and 0.94 Hz might be t h e  changing r e s t r a i n t s  a s  t he  t i e  rods begin  t o  t i g h t z n  
and the  bea r ings  s l i p  owing t o  changing loading  cond i t i ons  on the  b r i d g e .  

Comparison o f  Measured and Calcula ted  

A s  t h e  r e s u l t s  i n  Table 1 i n d i c a t e ,  t h e r e  i s  gene ra l ly  e x c e l l e n t  agreement 
between t h e  measured and c a l c u l a t e d  f requencies  f o r  t h e  v e r t i c a l  modes f o r  both t h e  
continuum model and t h e  lumped parameter  model. The s l i g h t l y  lower c a l c u l a t e d  
f requencies  f o r  t h e  continuum model may i n  p a r t  be  due t o  t h e  necessary  s i m p l i f i c a -  
t i o n s  i n  t h e  theory ,  such a s  c o n s t a n t  mass and s t i f f n e s s  p r o p e r t i e s  of  t h e  g i r d e r  1 and n e g l e c t i n g  t h e  camber. 

I 



The frequency f o r  t h e  lowest  h o r i z o n t a l  mode, Item I i n  Table 3, a l s o  shows 
good agreezent  between c a l c u l a t i o n s  and measurements. A s  t he  continuum theory  f o r  
t h e  h o r i z o n t a l  modes does no t  take  account  o f  coupled ho r i zon ta l -  t o r s i o n a l  motion, 
t h e  agreement f o r  the  h ighe r  modes can be  expected t o  become l e s s  s a t i s f a c t o r y .  

For t h e  f requencies  o f  t h e  t o r s i o n a l  modes p re sen ted  i n  Tables  2 and 3, t h e  
c a l c u l a t e d  va lues  f o r  t he  continuum model show s u b s t a n t i a l  d i f f e r e n c e s  from 
measured ones.  Reasons f o r  t h i s  may be t h e  d i f f i c u l t y  i n  achiev ing  r e a l i s t i c  
e s t i m a t e s  f o r  t o r s i o n a l  s t i f f n e s s  o f  t h e  g i r d e r  and t h e  assumptions of  cons t an t  
p r o p e r t i e s  i n  each span.  Furthermore, a s  mentioned previous ly ,  s i n c e  t h e  continuum 
theory  does n o t  account f u l l y  f o r  coupled t o r s i o n a l - h o r i z o n t a l  motion, a  c o n s i s t e n t  
agreement between measurements and c a l c u l a t i o n s  cannot be expected.  

Damping 

The s imp les t  method o f  ob ta in ing  modal damping values i s  t o  c a l c u l a t e  them 
from t h e  half-power bandwidth o f  power ( o r  Four ie r )  spectrum peaks.  Unfor tuna te ly  
t h i s  method has some p o t e n t i a l  shortcomings when app l i ed  t o  t h e  s t r u c t u r e  under  
cons idera t ion .  First, changing loading  cond i t i ons  on the  b r idge  cause small  v a r i -  
a t i o n s  i n  t h e  f requencies .  These r e s u l t  i n  a  widening of t h e  resonance peak and 
thus y i e l d  damping values t h a t  may be too  h igh .  Averaging a  number of  s e q u e n t i a l  
s p e c t r a  i s  h igh ly  d e s i r a b l e  f o r  a  proper  d e f i n i t i o n  of t h e  spectrum peaks,  b u t  t h i s  
accentua tes  t he  p o t e n t i a l  problem o f  g e t t i n g  wider  peaks due t o  s l i g h t  f requency 
s h i f t s .  Secondly, f o r  some o f  t h e  modes i t  is  d i f f i c u l t  o r  imposs ib le  t o  f i n d  a  
spectrum peak whose width can be p rope r ly  measured. Where two modes n e a r l y  coin-  
c i d e  an e n t i r e l y  erroneous p i c t u r e  may emerge i f  t h i s  i s  n o t  recognized.  F i n a l l y ,  
amplitude dependence of  damping cannot be  d e l i n e a t e d  from t h e  half-power bandwidth. 

Although a  forced resonance t e s t  would p o s s i b l y  y i e l d  t h e  most r e l i a b l e  
va lues  o f  damping, i t  i s  imprac t i ca l  f o r  t h i s  type o f  s t r u c t u r e .  However, t h e  
v i b r a t i o n  decay from a  s imula ted  impulse can be  used t o  o b t a i n  damping va lues .  
A t t en t ion  should be pa id  t o  t h e  fo l lowing  a s p e c t s :  a )  t h e  presence  o f  ambient 
v i b r a t i o n s  should be  recognized and p o s s i b l e  c o r r e c t i o n s  made; b) ampli tude depen- 
dence o f  damping can be taken i n t o  account  by c a l c u l a t i n g  damping va lues  a t  v a r i o u s  
p o i n t s  a long the  decay curve; and c)  when two o r  more modes f a l l  very  c l o s e  t o  
each o t h e r ,  t h e  v i b r a t i o n  decay curve may be a f f e c t e d  by modal i n t e r f e r e n c e  and 
t h e r e f o r e  t h e  damping values ob ta ined  have t o  be  i n t e r p r e t e d  wi th  cau t ion .  This  
a p p l i e s  t o  t he  t o r s i o n a l  mode a t  0.38 Hz, where t h e  damping va lues  de r ived  from t h e  
impulse curve a r e  thought t o  be somewhat h i g h e r  than  i f  t h e  i n d i v i d u a l  f requency 
components could have been sepa ra t ed .  

The damping va lues  determined f o r  t h i s  b r idge  a r e  gene ra l ly  lower than  t h o s e  
r epo r t ed  f o r  two o t h e r  suspension b r idges  (2) . 
CONCLUSIONS 

Both the  ambient v i b r a t i o n  survey and t h e  impact t e s t s  proved use fu l  and 
complementary i n  ob ta in ing  dynamic p r o p e r t i e s  o f  t h e  b r i d g e .  For t h i s  p a r t i c u l a r  
s t r u c t u r e ,  however, n e i t h e r  method by i t s e l f  appears  t o  be a b l e  t o  provide  e n t i r e l y  
c o n s i s t e n t  va lues  of  damping. Fu r the r  e f f o r t s  toward ob ta in ing  b e t t e r  damping 
values f o r  suspension b r idges  a r e  i n d i c a t e d .  



The modal f r e q u e n c i e s  and mode shapes  computed from t h e  continuum model and 
' t h e  lumped parameter  model showed e x c e l l e n t  agreement wi th  t h e  measured va lues  f o r  

t h e  v e r t i c a l  -and t h e  lowest  h o r i z o n t a l  modes. Larger  d i f f e r e n c e s  were encountered  
f o r  t h e  t o r s i o n a l  modes, p a r t i c u l a r l y  f o r  t h e  continuum model. This  is  a s c r i b e d  
i n  p a r t  of, t h e  u n c e r t a i n  c o n s t r a i n t s  t h a t  e x i s t  i n  t h e  s t r u c t u r e .  The assumptions 
i n h e r e n t  i n  t h e  cont inurn  model do n o t  appear  t o  r e p r e s e n t  adequa te ly  t h e  t o r s i o n a l  
behav io r  of  t h i s  p a r t i c u l a r  suspension b r i d g e .  
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FIGURE 1 

ELEVATION OF BRIDGE SHOWING MEASUREMENT STATIONS 

Data for Bridge: 

Total Cable area = 144.9 in  2 
Bridge weight - 4.336 kiplR for side span 

= 4.732 kiplR for main .span 

Inertia about 
Center of Gravity = 31.0 kip sec2 for side span 

= 37.0 kip sec2 for main span 

FIGURE 2 

CROSS SECTION AND STRUCTURAL CONSTANTS 

FIGURE 3 FIGURE 4 

FOURIER AMPLITUDE SPECTRUM FOR FOURIER AMPLITUDE SPECTRUM FOR 
VERTICAL M O T I O N  AT STATION 1 N TORSION AT STATION 1N 
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