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1. INTRODUCTION 

S ince  about 1925 most o f  t h e  movable b r i d g e s  b u i l t  f o r  Un i ted  S ta tes  
highways have been o f  t h e  bascu le  type,  where t h e  opening l e a f  i s  balanced by 
a  coun te rwe igh t  (2) .  i n  t h e  t r u n n i o n  t y p e  o f  bascu le  t h e  combined l e a f  and 
coun te rwe igh t  s t r u c t u r e  p i v o t s  about f i x e d  t r u n n i o n  bear ings,  and t h e  c e n t e r  
o f  g r a v i t y  o f  t h i s  r o t a t i n g  p a r t  i s  a t  o r  near t h e  a x i s  o f  r o t a t i o n  (2,3). 
Accumula t ion o f  p a i n t ,  d i r t ,  s t r u c t u r a l  a d d i t i o n s  and o t h e r  changes o f t e n  l e a d  
t o  excess ive  imbalance and inc reased  motor  t o r q u e  and power requirements.  I n  
1980 t h e  U n i v e r s i t y  o f  F l o r i d a  began a  s tudy o f  bascu le  b r i d g e  b a l a n c i n g  under 
a  c o n t r a c t  w i t h  R o r i d a b  Department o f  T r a n s p o r t a t i o n  (DOT). A t  t h a t  t ime,  
t h e  F l o r i d a  DOT operated and ma in ta ined  194 movable b r idges  w i t h  an average 
age o f  3 1  years.  T h i r t y - n i n e  o f  t h e  b r i d g e s  had been i n  o p e r a t i o n  more th3n  
50 years .  C o s t l y  re fu rb i shments  n e c e s s i t a t e d  by t h e  wear out  o f  machine 
elements i n  t h e  d r i v e  systems o f  bascu le  b r idges  p r o v i d e d  an impetus f o r  
m i n i m i z i n g  unnecessary l o a d i n g  o f  t h e  machinery, 

Lea f  b a l a n c i n g  o f  t r u n n i o n - t y p e  bascu le  b r i d g e s  i n  F l o r i d a  had p r e v i o u s l y  
been accompl ished by eng ineer ing  judgment based on o b s e r v a t i o n  o f  t h e  downward 
d r i f t  r a t e  o f  an open span w i t h  no power, o b s e r v a t i o n  o f  motor c u r r e n t  d u r i n g  
opening, and t o r q u e  wrench measurements. I n  1977 Eca le  e t  a l .  ( 1 )  r e p o r t e d  a  
new b a l a n c i n g  technique.  S t r a i n  gages on t h e  f i n a l  p i n i o n  d r i v e  s h a f t  
measured t h e  t o r q u e  t h a t  was r e q u i r e d  t o  h o l d  t h e  span i n  two o r  more 
p a r t i a l l y  open p o s i t i o n s .  The t r i a l  and e r r o r  c o r r e c t i o n  was then  performed 
m a t h e m a t i c a l l y  on a  cos ine  cu rve  r e p r e s e n t i n g  t h e  t o r q u e  versus opening ang le  
i n s t e a d  o f  p h y s i c a l l y  w i t h  t h e  movable weights.  T h i s  has t h e  advantage o f  
reduc ing  t r a f f i c  i n t e r r u p t i o n  t ime. A m o d i f i c a t i o n  o f  t h e  techn ique  o f  Eca le  
e t  a l .  (1) was developed a t  t h e  U n i v e r s i t y  o f  F l o r i d a  and i s  r e p o r t e d  here. 

The m o d i f i c a t i o n  c o n s i s t e d  f i r s t  o f  con t inuous  r e c o r d i n g  o f  t h e  s t r a i n -  
gage o u t p u t s  r e p r e s e n t i n g  d r i v e s h a f t  t o r q u e  d u r i n g  opening and c l o s i n g  o f  t h e  
l e a f .  I n  t h e  f i r s t  a p p l i c a t i o n s  o f  t h e  r e v i s e d  procedure t h e  a m p l i f i e d  
s i g n a l s  were recorded by p l o t t i n g  t o r q u e  versus a n g l e  o f  opening o f  t h e  span 
on an x y - p l o t t e r  f o r  'subsequent a n a l y s i s .  Because o f  a  l a r g e  amount o f  
superimposed mechanical no ise  on these con t inuous  records,  t h e  imbalance 
a n a l y s i s  was made on two p a r a l l e l  smooth curves drawn through t h e  opening and 
c l o s i n g  curves i n s t e a d  o f  on t h e  o r i g i n a l  curves. A  cos ine  cu rve  r e p r e s e n t i n g  
t h e  impalance s t a t e  was f i t t e d  t o  t h e  average cu rve  ha l fway  between t h e  
opening and c l o s i n g  smooth curves. The b a s i s  f o r  t h e  a n a l y s i s  w i l l  be 
e x p l a i n e d  i n  S e c t i o n  2. D e t a i l s  o f  t h e  procedure have been r e p o r t e d  i n  a  
handbook f o r  t h e  DOT (4)  and a  b r i e f  account o f  t h e  a n a l y i s i s  i n  a  p u b l i s h e d  
paper (5 ) .  

The procedure was f u r t h e r  r e v i s e d  by t h e  a u t h o r s  under another  F l o r i d a  
DOT c o n t r a c t  (6 )  completed i n  March 1985. The r e v i s e d  procedure i n c l u d e s  
automat ic  da ta  a c q u i s i t i o n  w i t h  a  microcomputer and da ta  s to rage  on f l o p p y  
d i s k s  f o r  subsequent ana lys i s .  Wi th  t h e  f i r s t  p rocedure t h e  cos ine  cu rve  was 
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f i t t e d  t o  f i v e  t o  t e n  d a t a  p o i n t s  on each o f  t h e  smoothed open ing  and c l o s i n g  
c u r v e s ,  s e l e c t e d  a t  t h e  same open ing  ang les  on t h e  open ing  c u r v e  and t h e  
c l o s i n g  c u r v e .  W i t h  t h e  a u t o m a t i c  d a t a  a c q u i s i t i o n  equipment  t h e  f i t  i s  made 
t y p i c a l y  t o  some 250 p o i n t s  chosen on each o f  t h e  o r i g i n a l  unsmoothed c u r v e s ,  
n o t  n e c e s s a r i l y  a t  t h e  same open ing  ang les  on t h e  two  cu rves .  A computer  
program de te rm ines  t h e  impa lance  s t a t e  and t h e  average e f f e c t i v e  f r i c t i o n a l  
t o r q u e .  B r i d g e  i n s t r u m e n t a t i o n  and r e c o r d i n g  p rocedures  a r e  d i scussed  i n  
S e c t i o n  4 f o l l o w i n g  t h e  d i s c u s s i o n  o f  a n a l y s i s  and c o r r e c t i o n  p rocedures .  The 
computer-based system i s  d e s c r i b e d  i n  S e c t i o n  5 and C o n c l u s i o n s  and References  
a r e  g i v e n  i n  S e c t i o n s  7 and 8. 

2. BASIS FOR THE ANALYSIS 

F i g u r e  I shows s c h e m a t i c a l l y  a  t r u n n i o n - t y p e  b a s c u l e  l e a f :  ( a )  i n  t h e  
c l o s e d  p o s i t i o n  where 0 = 0, and ( b )  opened t o  a n g l e  0 ( T H E T A ) ,  A s i m i l a r  
i l l u s t r a t i o n  f o r  a  r o l l e r - t y p e  b a s c u l e  i s  shown i n  F i g u r e  2, The d i s t a n c e  L 
f r o m  t h e  a x i s  O t o  t h e  c e n t e r  o f  g r a v i t y  G has been g r e a t l y  exagge ra ted .  { F o r  
a  l e a f  o f  w e i g h t  W = 500,000 l b  w i t h  maximum imba lance  moment o f  o r d e r  WL = 
100,000 l b - f t ,  t h e  d i s t a n c e  L would be about  0.2 f t  o r  2.4 i n c h e s , )  The 
a n g l e  a (ALPHA)  i s  t h e  a n g l e  o f  e l e v a t i o n  o f  6 above t h e  a x i s  O when t h e  span 
i s  c l o s e d .  The h o r i z o n t a l  moment arm X o f  t h e  w e i g h t  W w i t h  r e s p e c t  t o  t h e  
a x i s  0 ( o r  w i t h  r e s p e c t  t o  t h e  p o i n t  o f  r o l ? i n g  c o n t a c t  C o f  t h e  r o l l e r  
bascul  e )  i s  

X = L c o s ( a +  8) 

when t h e  span i s  opened t o  a n g l e  8. The imba lance  moment i s  t h e r e f o r e  
WL c o s ( a  + 8). The t o t a l  r e q u i r e d  b r i d g e - o p e n i n g  t o r q u e s  T w i t h  r e f e r e n c e  t o  
t h e  t r u n n i o n  a x i s  ( t a k i n g  i n t o  accoun t  t h e  f r i c t i o n  t o r q u e  T f  b u t  assuming 
c o n s t a n t  speed and t h e r e f o r e  no t  i n c l u d i n g  i n e r t i a )  d u r i n g  open lng  and c l o s i n g  
a  re 

T  i s  c o n s i d e r e d  p o s i t i v e  when i t  t e n d s  t o  open t h e  span. P o s i t i v e  T  d u r i n g  
c l o s i n g  means a  t o r q u e  oppos ing  t h e  c l o s i n g  m o t i o n .  S i n c e  f r i c t i o n  a lways  
opposes t h e  mo t i on  i t  adds t o  t h e  r e q u i r e d  T d u r i n g  open ing  and s u b t r a c t s  f r o m  
t h e  amount o f  a p p l i e d  t o r q u e  T r e q u i r e d  t o  oppose t h e  m o t i o n  d u r i n g  c l o s i n g .  
I n  t h e  a n a l y s i s  t h e  f r i c t i o n  t o r q u e  T f  i s  assumed t o  be c o n s t a n t  d u r i n g  t h e  
open ing  o r  c l o s i n g  and t o  be o f  t h e  same magn i t ude  d u r i n g  c l o s i n g  as d u r i n g  
open ing .  

The same e q u a t i o n s  (1 )  a l s o  a p p l y  t o  t h e  r o l l e r  b a s c u l e  o f  F i g u r e  2 i f  
t h e  b r i d g e - o p e n i n g  t o r q u e  i s  r e f e r e n c e d  t o  t h e  p o i n t  o f  r o l l i n g  c o n t a c t  
( d i r e c t l y  unde rnea th  t h e  a x i s  O o f  t h e  r o l l e r s  and d r i v e  s h a f t ) .  The  f r i c t i o n  
t o r q u e  i s ,  however ,  much s m a l l e r  f o r  a  r o l l e r - t y p e  b a s c u l e  t h a n  f o r  a  
t r u n n i o n - t y p e .  
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LEAF 

( a )  Span closed, 8 = 0. f b )  Span open t o  ang le  8. 

F igure  1. Schematic drawing o f  counterweight  and 
p a r t  o f  l e a f  o f  t r u n n i o n - t y p e  bascule. 

COU 

TRACK 

(a) Span c losed, e = 0. b) Span open t o  ang le  8. 

F igu re  2. Schematic drawing o f  counterweight  and 
p a r t  o f  l e a f  o f  r o l l e r - t y p e  bascule. 
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I f  a c o r r e c t i o n  b lock  o f  we ight  WB i s  p laced  a t  B i n  a coun te rwe igh t  
pocket  w i t h  coord inates ,  H h o r i z o n t a l l y  from 0 i n  t h e  counterweight  d i r e c t i o n  
and V v e r t i c a l l y  down from 0 when t h e  span i s  c losed,  t h e  h o r i z o n t a l  moment 
a n  d w i t h  respec t  t o  t h e  a x i s  0 ( o r  w i t h  respec t  t o  t h e  r o l l i n g  c o n t a c t  p o i n t  
C o f  a r o l l e r  bascule)  i s  

d = H cos 6 - V s i n  8 

when t h e  span i s  opened t o  ang le  8. P l a c i n g  one b lock  a t  B t h e r e f o r e  
decreases t h e  r e q u i r e d  br idge-opening t o r q u e  T by an amount D g i v e n  by 

D = WB ( H  cos e - V s i n  8) 12) 

Equa t ion  (2)  has been programmed t o  g i v e  t h e  one-block c o r r e c t i o n  (1 BL D) as 
a f u n c t i o n  o f  8 when t h e  1 BL WT (= WB) and t h e  c o o r d i n a t e s  H and V DOWN a r e  
entered.  

2.2. R e l a t i o n s h i p  o f  D r i v e  Sha f t  Torque t o  Bridge-Opening Torque T 

I n  t h e  t r u n n i o n - t y p e  bascu le  o f  F i g u r e  I ,  i f  M i s  t h e  t o r q u e  i n  one f i n a l  
d r i v e  s h a f t  o f  a span w i t h  two d r i v e  s h a f t s ,  t hen  i t  p rov ides  h a l f  t h e  t o t a l  
T, so t h a t  

(T runn ion - t ype ]  

where R i s  t h e  rack r a d i u s  and C1 i s  t h e  p i t c h  r a d i u s  o f  t h e  p i n i o n  gear P I  
d r i v i n g  t h e  rack. 

COUNTERWEIG 

F i g u r e  3. Opera t ion  o f  p i n i o n  gear P (shown en la rged)  
lb and f i x e d  rack o f  a r o l l e r  ascu le .  

For t h e  r o l l e r - t y p e  bascu le  t h e  r e l a t i o n s h i p  i s  s l i g h t l y  d i f f e r e n t .  
F i g u r e  3 shows s c h e m a t i c a l l y  t h e  t o o t h  f o r c e  F e x e r t e d  by t h e  f i x e d  upper rack  
on a r e p r e s e n t a t i v e  p i n i o n  gear t o o t h  a t  d i s t a n c e  C1 above 0. H a l f  t h e  t o t a l  
a p p l i e d  br idge-opening moment T about C i s  t h e r e f o r e  
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I n  t h e  r o l l e r  bascu le  t h e  motor and d r i v e  s h a f t  a re  mounted on t h e  morabie 
l e a f  and move w i t h  it, As t h e  r o l l e r  r o i l s  t o  t h e  l e f t  d u r i n q  opening 
( c o u n t e r c l o c k w i s e )  i n  F igu re  3 t h e  d r i v e  s h a f t  and p i n i o n  gear Pa r o t a t e  
c l o c k w i s e  as shown, The f o r c e  F exe r ted  by t h e  f i x e d  rack  on a  r e p r e s e n t a t i v e  
gear t o o t h  i s  r e l a t e d  t o  t h e  f i n a l  d r i v e  s h a f t  t o r q u e  M by 

When t h i s  i s  s u b s t i t u t e d  i n t o  Equat ion (4)  t h e  r e l a t i o n s h i p  

( R o l l  e r - t y p e )  T  = 2[j4/Clj + 1 I M  (51 

i s  obtained.  

I f  t h e  f i n a l  d r i v e  s h a f t  i s  t h e  one t h a t  i s  ins t rumented and i t  i s  a  
s o l i d  s h a f t  o f  r a d i u s  C t hen  GJ M = --v C .  

where G i s  t h e  shear modulus, y i s  t h e  e n g i n e e r i n g  shear s t r a i n  on t h e  s u r f a c e  
o f  t h e  s h a f t ,  and 1 4  J = -nC 

2 

i s  t h e  p o l a r  moment o f  i n e r t i a  o f  t h e  c r o s s - s e c t f o n a l  area, Thus 

6 2 For s t e e l  G = 12 x 10 i b / i n  . With C i n  inches and r i n  rad ians  we o b t a i n  

6 3 M = +n(12 x 10 )C y I D - i n  

1 3.,3 M = ? . l r ( lO  j, y k l  b - f t ,  
L 

When t h i s  i s  s u b s t i t u t e d  i n  o Equat ions (3 )  and (5 )  and t h e  u n i t s  o f  u a r e  8 .  changed t o  m i c r o s t r a i n  (10- r a d ~ a n j ,  t h e  r e s u l t s  a r e  

[T i n  k i b - f t  f o r  y i n  m i c r o s t r a i n  ( p s ) l .  

The f a c t o r  m u l t i p l y i n g  y i n  Equat ions (8) and (9) i s  t h e  MECHANICAL 
FACTOR ( k l b - f t / p s )  i f  t h e  F i n a l  s h a f t  i s  ins t rumented.  i f  an i n t e r m e d i a t e  
s h a f t  o f  r a d i u s  C i s  ins t rumented,  i t  i s  necessary t o  i n t r o d u c e  an a d d i t i o n a l  
f a c t o r  equal t o  t h e  gear r a t i o  ( g r e a t e r  than  u n i t y )  between t h e  f i n a l  s h a f t  
and t h e  ins t rumented  s h a f t .  

N o t i c e  t h a t  t h i s  d e r i v a t i o n  has assumed t h a t  t h e r e  a r e  two d r i v e  s h a f t s  
on each span. The f a c t o r  2 i n  Equat ion (3 )  o r  ( 5 )  was cance led by the 
f a c t o r  i n  t h e  formula  (6)  f o r  d r i v e - s h a f t  to rque.  I n  t h e  e x c e p t i o n a l  case 
where t h e r e  i s  o n l y  one d r i v e  s h a f t ,  t h e  result should  be d i v i d e d  by 2. 
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2.3 A n a l y s i s  o f  Imbalance S t a t e  

Equat ions (1)  o f  Sec t ion  2.1 a r e  t h e  b a s i s  f o r  t h e  imbalance a n a l y s i s .  
S u b t r a c t i n g  them and adding them g ives  t h e  two equat ions 

f o r  t h e  f r i c t i o n a l  to rque  Tf,and t h e  average imbal ance t o r q u e  AVT (ha1 fway 
between t h e  opening and c l o s ~ n g  c o s i n e  curves. The f o l l o w i n g  procedure was 
used when t h e  records were ob ta ined  on an x y - p l o t t e r  as  desc r ibed  i n  t h e  
i n t r o d u c t i o n .  F i g u r e  4 shows an example o f  t h e  two p a r a l l e l  smooth curves 
drawn through t h e  recorded curves on t h e  x y - p l o t t e r .  

The two parameters WL and a c h a r a c t e r i z i n g  t h e  imbalance s t a t e  a r e  
determined as fo l l ows .  I n  o r d e r  t o  use a  l i n e a r  r e g r e s s i o n  procedure, t k e  
c o s i n e  f a c t o r  i n  Equat ion (11) i s  expanded 

c o s j a  + 0) = cos a cos 0 - s i n  a s i n  0. 

Then w i t h  
A = WL cos a, B = WL s i n  a 

Equa t ion  (11) becomes 

AVT = A cos B - B s i n  B ,  (131 

Data a r e  entered f o r  a sequence o f  ang les  e k ,  k = 1,2,..,,N by r e a d i n g  
t h e  data  from srnooth curves l i k e  t h o s e  o f  t h e  example i n  F i g u r e  4  and 
averag ing t h e  two va lues read from t h e  Lipper and lower  curve t o  get  t h e  
measured AVT. L e t  

Tk = measured AVT a t  Ok 

T; = AVT by Equat ion (13) a t  Ok (14) 

c = cos e k k '  Sk = s i n  e k S  

The leas t -squares  r e g r e s s i o n  procedure chooses A and B t o  m in im ize  t h e  sum 



Maivern e t  a l .  P .  7 



Haive rn  e t  a l .  D. 8 

Necessary c o n d i t i o n s  f o r  a  ~ninimum a r e  a f / a A  = 0 and af /aB = 0 ,  which y i e l d  
two s imul taneous l i n e a r  a l g e b r a i c  equat ions t o  so lve  f o r  A and 5, namely 

where a l l  summations over k run f rom I t o  M, 

A  programmabl e  c a l c u l a t o r  program "AVF:T1' so l  ves these  two equat ions f o r  
A and B, and then  c a l c u l a t e s  

wL = (A2 , B2jl!2 ( 17 )  

and 

E R R O R  = (F/N)?/~/WL (18) 

t h e  root-mean square e r r o r  i n  Equat ion (15) as a f r a c t i o n  o f  WL, i t  a l s o  
c a l c u l a t e s  t h e  parameter a , choos ing t h e  c o r r e c t  va lue  between -180' and 
+180° t o  s a t i s f y  both  o f  t h e  equa t ions  (12). 

in t h e  r e v i s e d  procedure u s i n g  a  microcomputer, a  menu cho ice  c a l l s  a 
program which makes a  leas t -squares  f i t  o f  two p a r a l l e l  cos ine  curves t o  two 
reco rds  (opening and c l o s i n g )  f o r  one open ing -c los ing  sequence s e l e c t e d  by t h e  
o p e r a t o r  f rom a d i s p l a y e d  d i r e c t o r y  o f  t r a n s l a t e d  da ta  f i l e s -  it f i r s t  p l o t s  
on t h e  screen a l l  t h e  t r a n s l a t e d  data  p o i n t s  f o r  t h e  opening and t h e  c l o s i n g ,  
w i t h  success ive p o i n t s  j o i n e d  by s t r a i g h t  l i n e s ,  T h i s  i n c l u d e s  a l l  t h e  l a r g e  
t r a n s i e n t s ,  e s p e c i a l l y  a t  t h e  beg inn ing  and t h e  end o f  t h e  opening and c l o s i n g  
reco rds  and t h e  automat ic  s top near t h e  end o f  t h e  c l o s i n g ,  as we31 as t h e  
v i b r a t i o n s  and no ise  d u r i n g  t h e  whole event, V e r t i c a l  s c a l e  o f  t o r q u e  i n  k l b -  
f t  and h o r i z o n t a l  s c a l e  of ang le  i n  degrees a r e  shown, T h i s  p l o t  remains on 
t h e  screen w h i l e  t h e  f i t t i n g  program runs. See t h e  example i n  F i g u r e  5. 

For purposes o f  f i t t i n g  t h e  c o s i n e  curves,  the l a r g e  t r a n s i e n t s  near t h e  
beg inn ings and ends a r e  ignored,  and t h e  leas t -squares  f i t  i s  made t o  p o i n t s  
o f  t h e  opening and c l o s i n g  curves between about 10° and 60" o f  opening. T h i s  
u s u a l l y  means about 250 opening p o i n t s  and about 250 c l o s i n g  po in ts .  The 
f i t t i n g  program determines t h e  t h r e e  parameters WL, BLPHA, and AVTF f o r  t h e  
two p a r a l l e l  cos ine  curves 

T = WL cos(THETA i ALPHA) i AVTF 

r e p r e s e n t i n g  opening, and 

T = WL cos(THETA + ALPHA) - AVTF 

r e p r e s e n t i n g  c l o s i n g ,  Here T i s  t h e  c a l c u l a t e d  t o r q u e  (moment about t h e  
t r u n n i o n  a x i s ) ,  acco rd ing  t o  t h e  f i t t e d  c o s i n e  curves r e p r e s e n t i n g  t h e  
imbalance s t a t e ,  when t h e  l e a f  i s  a t  ang le  THETA from t h e  c l o s e d  p o s i t i o n ,  
The parameter WL i s  t h e  t o t a l  l e a f  we igh t  W t i m e s  t h e  d i s t a n c e  L f rom t h e  
t r u n n i o n  a x i s  t o  i t s  c e n t e r  o f  g r a v i t y ,  ALPHA i s  t h e  ang le  o f  e l e v a t i o n  o f  t h e  
c e n t e r  o f  g r a v i t y  when t h e  l e a f  i s  c losed, and AVTF i s  t h e  apparent  average 
t o r s i o n a l  f r i c t i o n  about t h e  t r u n n i o n  ax is ,  The leas t -squares  f i t t i n g  
procedure i s  s i m i l a r  t o  t h a t  desc r ibed  above i n  Equat ions (12)  th rough  (181, 
except t h a t  t h e  sum o f  squares extends s i m u l t a n e o u s l y  over t h e  opening and 
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c l o s i n g  curves i n s t e a d  o f  be ing a p p l i e d  t o  t h e  average cu rve  ha l fway  between 
them, and i t  i s  not  necessary t o  choose p o i n t s  a t  t h e  same ang les  on t h e  
open ing cu rve  as on t h e  c l o s i n g  curve. 

A f t e r  t h e  parameters have been determined, t h e  f i t t e d  curves and t h e  
average t o r q u e  (AVT) curve hal fway between them a re  p l o t t e d  on t h e  screen f o r  
v i s u a l  comparison w i t h  t h e  recorded data  curves,  which a r e  s t i i l  on t h e  screen 
on t h e  same axes. The t h r e e  parameters WL, ALPHA and AVTF a re  then p r i n t e d  on 
t h e  screen, a iong  w i t h  A [ = WB cos(ALPHAjj and B  [ = WL sin(ALPHA)j,  A and B 
a r e  t h e  r e c t a n g u l a r  coord ina tes  o f  t h e  c e n t e r  o f  g r a v i t y  m u l t i p l i e d  by t h e  
weight .  A l so  p r i n t e d  i s  t h e  RMS e r r o r  o f  t h e  leas t -squares  f i t  t o  t h e  data 
between 10' and 60'. These s i x  p r i n t e d  va lues a r e  a l s o  appended t o  t h e  d i s k  
f i l e  which summarizes t h e  r e s u l t s  o f  a l l  t h e  b a l a n c i n g  da ta  t h a t  a r e  ob ta ined  
on an i n s p e c t i o n  t r i p .  

The program s tops e x e c u t i o n  w i t h  t h e  curves and p r i n t e d  parameters s t i l l  
d i sp layed .  I f  t h e  p r i n t e r  i s  connected, t h e  screen d i s p l a y  can be cop ied by 
depress ing  t h e  p r i n t - s c r e e n  key (PRTSC) a long  w i t h  t h e  s h i f t  key, An example 
o f  t h e  copy produced by t h e  p r i n t e r  i s  shown i n  F igu re  5, The t h r e e  p a r a l l e l  
f i t t e d  cos ine  curves ( i n d i c a t e d  by symbols r e p r e s e n t i n g  + s i g n s )  are extended 
a l l  t h e  way f rom 0° t o  90°, a l though  they  a r e  determined o n l y  by t h e  recorded 
data  between about 10' and 6D0, The number 505 near t h e  l e f t  margin i s  t h e  
number o f  ang le - to rque  data p a i r s  a c t u a l l y  used i n  t h e  f i t t i n g ,  The RMS e r r o r  
o f  t h e  leas t -squares  f i t  was 0.318 tSmes t h e  c a l c u l a t e d  WL. The upper cu rve  
i s  t h e  opening curve, and t h e  lower  one i s  t h e  c l o s i n g  curve,  The h o r i z o n t a l  
smal l  s teps i n  t h e  p l o t t e d  cu rve  come From t h e  d i g i t a l  n a t u r e  o f  t h e  data,  
combined w i t h  some small  pendul urn swing ing and s t i c k - s i  i p  i n  t h e  pendui urn-type 
a n g l e  t ransducer  mounted on t h e  l e a f  near t h e  t runn ion ,  Some o f  t h e  i n i t i a l  
t r a n s i e n t s  were o f f - s c a l e  ( g r e a t e r  than  300 k l b - F t  i n  magnitude) a t  t h e  
beg inn ing  o f  opening and aga in  a t  t h e  b e g i n n i n g  o f  c l o s i n g ,  The v i s u a l  
d i s p l a y  con f i rms  t h a t  t h e  f i t t e d  opening and c l o s j n g  cos ines a re  a  good 
r e p r e s e n t a t i o n  o f  t h e  imbalance s t a t e ,  d e s p i t e  t h e  l a r g e  o s c i l l a t i o n s  i n  t h e  

- 
recorded data. ihe o s c i l l a t i o n s  cause t h e  computed RMS e r r o r  t o  be l a r g e  
because so many o f  t h e  p o i n t s  i n  t h e  r e c o r d  are f a r  away f rom t h e  f i t t e d  
cosines.  The copy ing o p e r a t i o n  takes  about th ree  minutes;  i t uses a  GRAPHICS 
r o u t i n e  t h a t  i s  r e s i d e n t  i n  t h e  DOS 2 . l i  o p e r a t i n g  system and i s  a u t o m a t i c a l l y  
loaded by t h e  f i e l d  program d i s k  d u r i n g  t h e  i n i t i a l  s t a r t - u p  before  MENU i s  
d isp layed.  

2.4. C o r r e c t i o n  Block A n a l y s i s  

The decrease D  i n  t h e  r e q u i r e d  br idge-opening t o r q u e  produced by add ing 
one c o r r e c t i o n  b iock  i n  a  s p e c i f i e d  l o c a t i o n  has a1 ready been g i ven  i n  
Equa t ion  (2 ) .  When NA b l o c k s  each o f  we ight  MA a r e  added w i t h  t h e t r  c e n t e r  o f  
g r a v i t y  a t  (Hg, V A )  and NB b!ocks a r e  added a t  jHB, V a )  t h e  r e s u l t i n g  decrease 
D i n  AVT i s  g i v e n  as a  f l i n c t ~ o n  o f  9 by 

D = N W (H case - V s i n e )  + NB"WB cos5 - V B  s i n @ ) .  A A  A A (19) 

A computer program ' T G R Z i h v a l i r a t e s  t h i s  e q u a t i o n  f o r  any B a f t e r  t h e  

parameters NA, M A ,  H A ,  VA and NB, Wg, HE, VB have been entered,  Coord ina te  

d e f i n i t i o n s  f o r  (H, V) were g i ven  i n  F igu res  i and 2 ,  



Malvern e t  a l .  D. 10 

* * : r 

m  

a, M 

a .d U 
S C U  
0 a, .d 
U a h  

0 1 
W a ,  -- wG-- ... 

GI.- -- -- o m  2 
a, r  - : -- 

- A  
X m  3 ----- * are 

-----.z- = -a-L 0 0 
+ *- U O m  --=--"=-"=- --. - --- r i  m a C  

+. a, =*-- U W  ul 
* = * C  0 a, 

: r .i 2 .- t* h u h  
* --* +."f P, ri 0 U i -==? -- * C L .  --- :-xe 

.I--- - M VI -- - * - -G- -===---- .--.- A C C U  a, .d ri 

a , G I u l i  
r r o m  
i u r i  a, 
MV1 U cL 
.d 
FY 

. ?$-- e- 4. 

-;" -zzzz?? - ... 
* 

- - :  --==- + : /s- * &&= 
.c-lf-= 

& q=.-- --=-- -- * :-- 
-y-- - : 

g- * -=: 2 
--=======-..- - * iP" 

I_d) -- 
CP - * ---- 
-2. - + 7- - - 

ZC - * -1- zar 
-. --_ -- .s. -La=-. .-- _i-------===- --- - : * 

A. -a=--- **,- - 
---7- 

4 U 
m LC3 &-- z Q *7'd#eQ5CTC- 

m <2. gt* - - - -G 
C-3 

d E C I U  e m  s i--'3 
i;I B= -4 1 f  C ~ ~ ~ - - - - i ~  

wm -4 i - * .. p: - 1 l z = A  32 eP I 
I f c  - S C I J  R l l  l l  

0- ca = 4--443 
*- 2 LTJ = i a = ~ - -  r 

8 



Malvern e t  a l .  p. 11 

When two s u i t a b l e  c o r r e c t i o n  block p o s i t i o n s ,  A and B, are  a v a i l a b l e  i t 
may be p o s s i b l e  t o  t a i l o r  t h e  shape o f  t h e  AVT versus THETA curve by 
p r e s c r i b i n g  t h e  t o t a l  decreases Dl and D a t  two chosen opening anqles, as 

one b l o c k  a t  A o r  B. Le t  
2 fo l lows.  Equat ion (2)  i s  used t o  f i n d  t e decreases a t  B1 and B2 by add ing 

A1 = decrease a t  produced by adding 1 b lock  a t  A. 

A2  = decrease a t  e2 produced by adding 1 b lock  a t  A. 

B1 = decrease a t  produced by adding 1 b lock  a t  B. 

B2 = decrease a t  O2 produced by adding 1 b lock  a t  B. 

Then t h e  t o t a l  decreases, Dl a t  O1 and D2 a t  02, produced by add ing NA b l o c k s  
a t  A and NB b l o c k s  a t  B a r e  g iven  by 

D1 = AINA + BINB, D2 = A2NA + BENB. (20)  

To determine t h e  numbers NA and NB r e q u i r e d  t o  produce p r e s c r i b e d  
decreases Dl and D2, we s o l v e  Equat ion (20) f o r  NA and NBa Thus 

B ~ 5 ~  - B1D2 A D - A2D1 
NA = NB = 

1 2  
A B  -A2BlY 1 2  A1B2 - A2B1' 

(21) 

A computer program "NAB" f i r s t  c a l c u l a t e s  Al, A?, .B1, F+ by u s i n g  
Equat ion (2)  t w i c e  a f t e r  t h e  1-b lock weights  and p o s i t i o n s  and t h e  angles 
8 and 8 have been entered. Then i t  c a l c u l a t e s  t h e  r e q u i r e d  NA and NB by 
~ 4 u a t i o n P  (21).  The s o l u t i o n  i s  always p o s s i b l e  p rov ided  t h e  denominators 

r e  not  zero, but  t h e  r e q u i r e d  c o r r e c t i o n s  N and NB may no t  be 
economica l ly  f e a s i b l e .  Nega t i ve  values o ! t a i n e d  f o r  N denote 

b locks removed i n s t e a d  o f  added. Negat ive values f o r  t h e  decreases n denote 
inc reases  i n  AVT. See t h e  examples i n  Sec t ion  3.2. 

3. CORRECTION PROCEDURES 

3.1 D e s i r a b l e  Balance S ta tes  

There seem t o  be no e s t a b l i s h e d  standards f o r  what i s  t h e  optimum balance 
s t a t e  f o r  a drawbridge l e a f .  The conven t iona l  wisdom i s  t h a t  i t should be 
somewhat l e a f  heavy i n  o rder  t h a t  it can be c losed  manual ly w i t h o u t  t o o  much 
e f f o r t  i n  t h e  event o f  a power f a i l u r e .  I n  t h e  absence o f  q u a n t i t a t i v e  
measures o f  t h e  imbalance, some maintenance engineers  seek by t r i a l - a n d - e r r o r  
w i t h  t h e  c o r r e c t i o n  b locks t o  ach ieve a c o n d i t i o n  where t h e  l e a f  w i l l  d r i f t  
s l o w l y  downward w i t h o u t  power d u r i n g  t h e  major p a r t  o f  t h e  c l o s i n g  opera t ion .  
Power ( o r  manual e f f o r t )  may be r e q u i r e d  t o  overcome t h e  s t a t i c  f r i c t i o n  a t  
t h e  s t a r t  o f  t h e  c l o s i n g  opera t ion ,  and i t  may be needed again  a f t e r  t h e  
automat ic  s top  near t h e  c losed p o s i t i o n  i n  normal o p e r a t i o n  i n  o rder  t o  
complete t h e  c los ing .  Th is  i s  probably  a good procedure f o r  r o u t i n e  b a l a n c i n g  
o f  a wel l -des igned b r i d g e  t h a t  has no t  been s u b j e c t  t o  e x t e n s i v e  s t r u c t u r a l  
a1 t e r a t i o n s .  

It would appear t h a t  a d e s i r a b l e  balance s t a t e  would be one where t h e  
maximum leaf -heavy imbalance occurs i n  t h e  ha l f -open  p o s i t i o n  (around 8 = 35" 
t o  8 = 40' i n  most cases). I f  t h e  c o s i n e  curve r e p r e s e n t i n g  t h e  average 
imbalance moment (midway between t h e  opening and c l o s i n g  curves)  peaks a t  t h e  
ha l f -open p o s i t i o n ,  then it w i l l  have equal va lues a t  O = 0' and a t  



B = B  and t h e  cu rve  w i l l  n e i t h e r  r i s e  nor  f a l l  s t e e p l y  throughout  t h e  
openiR$$ F i g u r e  6 i l l u s t r a t e s  t h r e e  cases. The average imbalance t o r q u e  
(AVT) cu rves  a r e  shown. Curve 2 has approx ima te ly  t h e  opt imal  shape j u s t  
d e s c r i b e d  w i t h  maximum a t  about 45'. 

It i s  not  necessary t o  ach ieve t h e  opt imal  shape. For example, Curve 3 
i n  F i g u r e  6 was determined as r e p r e s e n t i n g  t h e  imbalance c o n d i t i o n  on a l e a f  
a t  South Br idge,  New Smyrna Beach. The shape i s  f a r  f rom o p t i m a l ,  bu t  t h e  
maximum imbalance ( a t  8 = 0') i s  so smal l  t h a t  t h e  span can be operated q u i t e  
s a t i s f a c t o r i l y  i n  t h i s  c o n d i t i o n ,  and y e t  i t  i s  s u f f i c i e n t l y  l e a f  heavy 
a t  e = 0° t h a t  t h e r e  i s  no 1 i k e l  i hood  t h a t  i t w i l l  open under i t s  own we igh t  
i f  c e n t e r  l o c k s  and brakes a r e  n o t  engaged. Because o f  t h e  l i m i t e d  c h o i c e  o f  
c o r r e c t i o n  b lock  pocket p o s i t i o n s  a v a i l a b l e  on most o f  t h e  b r idges  examined, 
t h e  op t ima l  shape c o u l d  no t  be ach ieved s imply  by adding o r  removing b l o c k s  i n  
t h e  e x i s t i n g  pockets. 

w 

'i too : C 

THETA (DEGREES)  

F i g u r e  6. Examples o f  AVT versus THETA. 
(1) Unacceptable because o f  n e g a t i v e  t o r q u e  a t  t h e t a  = 0. 

( 2 )  Near Optimal. ( 3 )  Acceptable.  

Curve No. 1 i n  F i g u r e  6 i s  a case t h a t  d e f i n i t e l y  r e q u i r e s  c o r r e c t i o n .  
The maximum imbalance i s  cons ide red  t o  be t o o  h igh ,  a l t h o u g h  s tandards f o r  
maximum imbalance i n  r e l a t i o n  t o  a v a i l a b l e  power have no t  been e s t a b l i s h e d .  
Note t h a t  t h e  t r u n n i o n  f r i c t i o n  t o r q u e  (about 35 k l b - f t )  must be added t o  t h e  
va lues shown t o  get  t h e  opening t o r q u e  values. More s e r i o u s l y ,  t h e  n e g a t i v e  
value,  -38.2 k l b - f t  a t  6 = 0°, p resen ts  a r e a l  p o s s i b i l i t y  t h a t  t h e  b r i d g e  
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m i g h t  open i t s e l f  i f  i n a d v e r t e n t l y  l e f t  unlocked. T h i s  case was n o t  one o f  
t h e  f i v e  b r idges  t e s t e d  by t h e  U n i v e r s i t y  research group. It was brought  t o  
ou r  a t t e n t i o n  a f t e r  t h e  imbalance was measured on t h e  Southeast  Span o f  t h e  
MacAr thur  Br idge i n  Miami by DOT personnel  t r a i n e d  under t h e  research program. 
It was ana lyzed by us because i t  i s  a  more s e r i o u s  case t h a n  any we 
encountered and p resen ts  a  b e t t e r  o p p o r t u n i t y  t o  demonstrate p o s s i b l e  
c o r r e c t i v e  procedures. Curve 2  i n  F i g u r e  6  i s  t h e  c a l c u l a t e d  s t a t e  t h a t  would 
occur  a f t e r  c e r t a i n  c o r r e c t i o n s  a r e  made. Th is  near-optimum c o n d i t i o n  c o u l d  
n o t  be ach ieved s imply  by adding o r  removing b l o c k s  i n  t h e  e x i s t i n g  pockets,  
b u t  c o u l d  be achieved by removing one o f  t h e  two 11,812-pound p i l e s  t h a t  had 
p r e e v i o u s l y  been mounted on t h e  bot tom o f  t h e  coun te rwe igh t ,  add ing conc re te  
t o  t h e  roadway near t h e  t r u n n i o n  a x i s  and add ing some b l o c k s  i n  t h e  e x i s t i n g  
pockets.  Three p o s s i b l e  procedures w i l l  be d iscussed i n  t h e  case s tudy o f  
S e c t i o n  3.2. 

3.2 Example: Case S tud ies  o f  C o r r e c t i o n  Block Analyses On Nor theast  Span o f  
MacArthur Causeway Br idge  

Measurement by DOT personnel  on June 22, 1982 on t h e  n o r t h e a s t  span o f  t h e  
MacArthur Causeway Br idge  i n  Miami showed t h e  i n i t i a l  imbalance s t a t e  p l o t t e d  
as  Curve 1 i n  F i g u r e  6, w i t h  t h e  average t o r q u e  AVT (midway between opening 
and c l o s i n g  to rques  r e f e r r e d  t o  t h e  t r u n n i o n  a x i s )  v a r y i n g  f rom -38.2 k l b - f t  
a t  B = 0  ( l e a f  c losed)  t o  181.2 k l  b - f t  a t  0 = 77'. T h i s  was deemed 
u n s a t i s f a c t o r y  because t h e  maximum t o r q u e  was t o o  h igh,  b u t  more i m p o r t a n t l y  
because t h e  n e g a t i v e  t o r q u e  o f  -38.2 k l b - f t  was so l a r g e  t h a t  t h e  recorded 
open ing t o r q u e  curve showed a  n e g a t i v e  d i p  a t  t h e  beg inn ing,  sugges t ing  t h a t  
t h e  span c o u l d  open i t s e l f  i f  l e f t  unlocked. The average f r i c t i o n  t o r q u e  was 
e s t i m a t e d  as o n l y  AVTF = 33.6 k l  b- f t .Three p o s s i b l e  c o r r e c t i o n  procedures w i l l  
be i l l u s t r a t e d ,  beg inn ing  w i t h  t h e  s i m p l e s t  procedure u s i n g  o n l y  t h e  e x i s t i n g  
c o r r e c t i o n  b lock  pockets. 

F i r s t  Procedure Us ing E x i s t i n g  Pockets 

Because a l l  f o u r  pockets  on t h i s  b r i d g e  a r e  i n  t h e  same l o c a t i o n  r e l a t i v e  
t o  t h e  t r u n n i o n  a x i s  (same H and V i n  F igu re  I ) ,  n o t  much c o u l d  be done t o  
change t h e  shape o f  t h e  t o r q u e  c u r v e  by u s i n g  o n l y  t h e  e x i s t i n g  pockets,  b u t  
t h e  t o r q u e  magni tude c o u l d  be a d j u s t e d  a t  t h e  most c r i t i c a l  p o i n t ,  namely 
a t  0 = 0. P o s i t i o n  A f o r  t h e  f o l l o w i n g  a n a l y s i s  i s  f o r  t h e  es t ima ted  c e n t e r  
o f  g r a v i t y  o f  a  group o f  b locks  t h a t  m igh t  be added o r  removed f rom t h i s  
l o c a t i o n .  Equat ion ( 2 )  was eva lua ted  t o  g i v e  t h e  decrease i n  t o r q u e  a t  
v a r i o u s  ang les  t h a t  would be produced by add ing one 77-pound b lock  a t  A. The 
c o r r e c t i o n  d e s i r e d  a t  0 = 0 i s  an i n c r e a s e  ( n e g a t i v e  D); t h e r e f o r e  b l o c k s  
shou ld  be removed i n s t e a d  o f  added. To b r i n g  t h e  AVT a t  0 up t o  t33.6 k l b - f t  
f rom i t s  uncor rec ted  va lue o f  -38.2 k l b - f t  would r e q u i r e  an i n c r e a s e  o f  71.8 
k l b - f t .  S ince  i t  was found t h a t  one b lock  produces a  change o f  1.386 k l  b - f t  
a t  0 = 0, t h e  number o f  b locks  r e q u i r e d  t o  be removed a t  A i s  g i ven  by 
71.8/1.386 = 51.8 b locks.  The proposed minimum c o r r e c t i o n  i s  t h e r e f o r e  

NA = -52 b l  O C ~ S  

( n e g a t i v e  t o  rep resen t  b l o c k s  removed). 

The c o r r e c t i o n  O(0) a t  va r ious  ang les  THETA produced by removing 52 b l o c k s  a t  
A was found by u s i n g  Equa t ion  (2 )  aga in  w i t h  W8 = ( -52) (77)  = -4,004 l b ,  
n e g a t i v e  t o  i n d i c a t e  we igh t  removed. 
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The p r e d i c t e d  CORRECTED AVT(6) va lues  range f rom t33.9 k l b - f t  a t  Go t o  
198.4 k l b - f t  a t  70'. The dangerous c o n d i t i o n  a t  B = 0' would be c o r r e c t e d  
s a t i s f a c t o r i l y ,  b u t  t h e  maximum AVT shown i n  t h e  t a b l e  would be inc reased  from 
181.2 k l b - f t  a t  77" t o  198.4 k l b - f t  a t  70°. The maximum would inc rease  o n l y  
about 17 k l b - f t  w h i l e  t h e  0" -va lue inc reased  by 72 -1  k l b - f t .  I f  t h e  maximum 
va lue  i s  cons idered t o l e r a b l e ,  t h i s  would be an acceptab le  c o r r e c t i o n  
procedure, 

Second Procedure For C o r r e c t i o n  

F u r t h e r  improvement i n  t h e  ba lance s t a t e  would r e q u i r e  some s t r u c t u r a l  
changes. The k i n d  o f  a d d i t i o n a l  c o r r e c t i o n  t h a t  would be most e f f e c t i v e  i n  
r e d u c i n g  t h e  t o r q u e  a t  l a r g e  opening ang les  w h i l e  s t i l l  n o t  making it t o o  
smal l  a t  B = Go i s  weight  added d i r e c t l y  over t h e  t r u n n i o n  a x i s  where i t  
e x e r t s  no moment about t h e  t r u n n i o n  a x i s  w i t h  t h e  l e a f  c losed, b u t  would e x e r t  
a  l e a f - o p e n i n g  moment i n  t h e  open pos i  t i o n ,  

It was a s c e r t a i n e d  t h a t  i t  would be p o s s i b l e  t o  pour up t o  about 20,000 
pounds of conc re te  i n  t h e  roadway w i t h  c e n t e r  o f  g r a v i t y  about 3,93 f t  above 
t h e  t r u n n i o n  ax is .  The computer program "NAB' was run t o  determine t h e  weight  
changes a t  two p o s i t i o n s ,  A  and 8 ,  t o  produce d e s i r e d  c o r r e c t i o n s ,  as f o l l o w s :  

P o s i t i o n A :  H = 1 8 f t , V = - l f t ,  1 B L O C K W T =  7 7 L B  

P o s i t i o n  B: H = 0  ft, V = -3.93 f t ,  1 BLOCK WT = 1,000 LB 

Des i red  C o r r e c t i o n s :  Dl = -98.2 k l b - f t  a t  6, = O0 - 
D2 = 120 k i b - f t  a t  b2 = 70° 

These c o r r e c t i o n s  would g i v e  AVT = 60 k l b - f t  a t  bo th  0 = O0 and 6 = 70' and 
would approach t h e  optimum c o n d i t i o n  w i t h  maximum AVT = 73.2 k l b - f t  a t  

= 35". The "NAB" program s o l u t i o n  was 

NA = -70,85, NR = 38.3. 

Thus, about 71 b locks  (5,467 i h )  shou ld  be removed f rom t h e  coun te rwe igh t  
pockets  and 38,300 l b  o f  conc re te  poured over t h e  t r u n n i o n  ax is ,  S ince  t h i s  
was judged t o  be more weight  than shou ld  be added over t h e  t r u n n i o n  ax is ,  t h e  
optimum c o u l d  no t  be ach ieved i n  t h i s  way. The second c o r r e c t i o n  cons ide red  
was t h e r e f o r e  made by p o u r i n g  o n l y  20,000 l b  a t  H = 0, V DOWN = -3.93 ft. The 
r e s u l t s  o f  t h e  two c o r r e c t i o n s s  reduced t h e  maximum imbalance f rom t h e  i n i t i a l  
181.2 k l b - f t  a t  77' t o  124.5 k l b - f t  a t  70' and removed t h e  dangerous c o n d i t i o n  
a t  R = 0. T h i s  i s  p robab ly  an accep tab le  c o r r e c t i o n  though no t  op t ima l .  

T h i r d  Proposed C o r r e c t i o n  Procedure 

The s t e e p l y  r i s i n g  i n i t i a l  t o r q u e  o f  Curve 1, F i g u r e  6, was l a r g e l y  
caused by two heavy conc re te  p i l e s  t h a t  had p r e v i o u s l y  been a t t a c h e d  
underneath t h e  coun te rwe igh t  t o  ba lance a  g u a r d r a i l  i n s t a l l a t i o n  on t h e  
l e a f .  These p i l e s  have a  l a r g e  moment arm when 8 = 0, b u t  a  much s m a l l e r  one 
a t  0 = 77O, so t h a t  t h e  b a l a n c i n g  e f f e c t  a t  t h e  open p o s i t i o n  i s  s m a l l e r  t h a n  
a t  t h e  c losed  p o s i t i o n .  The t h i r d  c o r r e c t i o n  approach i l l u s t r a t e d  he re  i s  t o  
beg in  by removing one o f  these  p i l e s ,  The r e s u l t  was a  near-optimum shape b u t  
f a r  t o o  h i g h  an imbalance magni tude (maximumum about  227 k l b - f t ) .  A d d i t i o n a l  
c o r r e c t i o n s  proposed were t o  add c o r r e c t i o n  b l o c k s  a t  A and t o  pour c o n c r e t e  
a t  a  new p o s i t i o n  B a t  H = -1 ft (one f o o t  i n  l e a f  d i r e c t i o n  f rom t r u n n i o n ) ,  
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and V = -3.93 ft. ( T h i s  new p o s i t i o n  B  w i t h  H  = -1 f t  was s e l e c t e d  a f t e r  some 
p r e l i m i n a r y  t r i a l s  w i t h  H  = 0.) The "NAB1>rogram was run w i t h  t h e  f o l l o w i n g  
data :  

P o s i t i o n A :  H = 1 8 f t , V = - l f t ,  1 B L W T = 7 7 L B  

P o s i t i o n  B: H = -1 f t ,  V = -3,93 ft, I BL WT = 1,000 LS 

Desi red Cor rec t ions :  Dl = 122.3 k l b - f t  a t  BI = 0' 

D2 = 113,3 k l b - f t  a t  e p  = 77" 

These c o r r e c t i o n s  ( i n  a d d i t i o n  t o  t h e  f i r s t  c o r r e c t i o n  removing t h e  p i l e )  
would g i v e  AVT = 60 k l b - f t  a t  bo th  8 = 0' and a t  8 = 77' and maximum AVT = 
76.7 k l b - f t  a t  8 = 38-5". The "NAB" program s o l u t i o n  was 

Thus 103 b locks  (7,931 l b) shou ld  be added a t  A and 20,387 l b  o f  conc re te  
poured a t  t h e  new p o s i t i o n  B. A second i t e r a t i o n ,  made w i t h  WB f i x e d  a t  
20,000 1 b  gave N  - 110. Removing t h e  p i l e ,  add ing 110 b locks  a t  A, and 
p o u r i n g  20,000 1% of conc re te  a t  t h e  new p o s i t i o n  B was p r e d i c t e d  t o  ach ieve 0 = 0  
t h e  near -opt imal  shape p l o t t e d  as Curve 2 i n  F i g u r e  6  w i t h  maximum imbalance 
t o r q u e  o f  69.4 k l b - f t .  

Whether e i t h e r  t h e  second o r  t h i r d  proposa l ,  o r  some o t h e r  a l t e r n a t i v e  
i n v o l v i n g  s t r u c t u r a l  changes, shou ld  a c t u a l l y  be adopted depends upon economic 
c o n s i d e r a t i o n s ,  and p o s s i b l y  s t r u c t u r a l  c o n s i d e r a t i o n s  about add ing we igh t  i n  
c e r t a i n  p a r t s  o f  t h e  s t r u c t u r e .  These i ssues  a r e  n o t  addressed here. What 
has been demonstrated i s  t h a t  t o  approach an op t ima l  s o l u t i o n  i t  i s  u s e f u l  t o  
be a b l e  t o  add weights  i n  more than  one p o s i t i o n .  P o s i t i o n s  near t h e  t r u n n i o n  
a x i s  o f f e r  cons ide rab le  p o s s i b l e  v a r i a t i o n  i n  t h e  a n g l e  o f  e l e v a t i o n  o f  t h e i r  
c e n t e r s  o f  g r a v i t y  as seen f rom t h e  t r u n n i o n  a x i s  and hence c o n s i d e r a b l e  
v e r s a t i l i t y  i n  t h e  q u a l i t a t i v e  n a t u r e  o f  t h e  c o r r e c t i o n  ach ieved as a  f u n c t i o n  
o f  opening ang le  the ta .  Because o f  t h e  s h o r t  moment arm, however, l a r g e  
we igh ts  may be needed a t  p o s i t i o n s  near t h e  t r u n n i o n  ax is .  I n  t h e  des ign  of 
new b r i d g e s  a t t e n t i o n  shou ld  be g i ven  t o  p r o v i d i n g  more v e r s a t i l e  c o r r e c t i o n  
b lock  pocket  p o s i t i o n s  than  a r e  a v a i l a b l e  on many o f  t h e  c u r r e n t  b r idges .  

The two f o l l o w i n g  s e c t i o n s  p r o v i d e  some a d d i t i o n a l  d e t a i l s  about t h e  
i n s t r u m e n t a t i o n  o f  a  b r i d g e  f o r  imbalance measurement and t h e  computer 
equipment and procedures now i n  use f o r  imbalance a n a l y s i s ,  

4. STRAIN-GAGE MEASUREMENT OF D R I V E  SHAFT TORQUE 

4.1 P r i n c i p l e s  o f  t h e  System 

The b r idge-ba lance  measurement system c o n s i s t s  o f  a  two-element s t r a i n -  
gage chevron, a  b a t t e r y  operated s t r a i n - g a g e  a m p l i f i e r ,  a  b a t t e r y  opera ted  
opening-angle t ransducer ,  s i g n a l  cab les  and an X-Y recorder .  F i g u r e  7  shows 
t h e  arrangement o f  p a r t s  i n  t h e  o r i g i n a l  procedure u s i n g  an x y - p l o t t e r  (4) .  
The s t ra in -gage  chevron and t h e  a m p l i f i e r  a r e  mounted t o g e t h e r  on e i t h e r  t h e  
f i n a l  d r i v e  s h a f t  o r  an i n t e r m e d i a t e  d r i v e  s h a f t ,  w h i l e  t h e  a n g u l a r  t r a n s d u c e r  
i s  a t tached  t o  t h e  s i d e  o f  t h e  movable l e a f .  D u r i n g  a  b r i d g e  open ing and 
c l o s i n g  cyc le ,  a  r e c o r d i n g  i s  made o f  t h e  t o r s i o n a l  shear s t r a i n  (and t h u s  t h e  
t o r q u e )  i n  t h e  d r i v e  s h a f t  as a  f u n c t i o n  o f  t h e  open ing angle. From t h e  shape 
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o f  t h e  c u r v e  produced i n  t h i s  way, t h e  s t a t e  o f  ba lance i n  t h e  bascu le  can be 
determined. I n  t h e  recen t  r e v i s i o n  o f  t h e  procedure ( 5 ) ,  t h e  xy- recorder  i s  
r e p l a c e d  by t h e  p o r t a b l e  computer used f o r  data  a c q u i s i t i o n .  

S t r a i n  gage 
J cbe-vron 

F i g u r e  7. Br idge-balance measurement system. 

P r e p a r a t i o n  o f  a  b r i d g e  f o r  t h j s  k i n d  o f  measurement i n v o l v e s  s e l e c t i n g  a  
s u i t a b l e  s h a f t  f o r  i n s t r u m e n t a t i o n ,  mount ing t h e  s t r a i n  gage chevrons and t h e  
a n g l e  t ransducer ,  connec t ing  t h e  r e c o r d i n g  i n s t r u m e n t s  and p e r f o r m i n g  a  s h o r t  
c a l i b r a t i o n  procedure. The var ious  s i g n a l  cab les ,  a m p l i f i e r ,  ang le  t ransducer  
and xy - reco rder  o r  computer form a p o r t a b l e  k i t  t h a t  i s  moved from s i t e  t o  
s i t e ,  w h i l e  t h e  s t r a i n  gages a r e  permanent ly welded t o  t h e  s h a f t ,  and a r e  
a v a i l a b l e  f o r  use aga in  a t  t h a t  s i t e  i n  t h e  f u t u r e ,  i f  necessary. 

4.2 I n s t r u m e n t i n g  t h e  Br idge  

A. Gage mount ing 

I f  s u f f i c i e n t  space i s  a v a i l a b l e  on t h e  f i n a l  d r i v e  s h a f t ,  t h e  gage i s  
mounted the re ,  s i n c e  c a b l e  wrapping and unwrapping a r e  l e s s  t r o u b l e  because of 
t h e  fewer t u r n s  o f  t h e  f i n a l  s h a f t  d u r i n g  opera t ion .  I f  an i n t e r m e d i a t e  s h a f t  
must be used, g r e a t e r  ca re  must be taken t o  ensure t h a t  t h e  s i g n a l  cab les  do 
n o t  become fou led.  The d e c i s i o n  whether t o  use one o r  two s t r a i n - g a g e  
chevrons i s  based on whether t h e  s h a f t  i s  s u b j e c t  t o  d i r e c t  shear i n  a d d i t i o n  
t o  t o r s i o n a l  shear. I f  t h e  segment o f  s h a f t  s e l e c t e d  between two bear ings  
does not  have a  gear mounted on t h e  segment, i t  w i l l  u s u a l l y  be f r e e  o f  d i r e c t  
shear and one chevron may s u f f i c e ,  I f  t h e  gage i n s t a l l a t j o n  must be between a  
gear and a  bear ing,  then  two chevrons shou ld  be mounted on o p p o s i t e  s ides  o f  
t h e  s h a f t  and connected so as t o  cancel  t h e  d i r e c t  shear, F i g u r e  8 shows an 
example where t h i s  was no t  done, so t h a t  t h e  smoothed opening and c l o s i n g  
curves were n o t  even approx ima te ly  p a r a l l e l ,  
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F i g u r e  8. U n s a t i s f a c t o r y  Non-Para l le l  Opening and C l o s i n g  Torque Records. 

For each gage p o s i t i o n  an area w i t h  a  minimum o f  obs tac les  t h a t  m igh t  
i n t e r f e r e  w i t h  t h e  a m p l i f i e r  o r  t h e  cab les ,  and so t h a t  t h e  gages w i l l  n o t  be 
near a  b e a r i n g  o r  a  gear i s  chosen. P a i n t  i s  removed from t h e  s h a f t  over  an 
area ( o r  areas) l a r g e  enough t o  accommodate t h e  s t ra in -gage  chevron ( o r  
chevrons) and t h e  t e r m i n a l  (see F igu re  9)- The bared area i s  p o l i s h e d  w i t h  
180 g r i t  S i c  paper t o  remove a l l  t r a c e s  o f  p a i n t  and pr imer.  Then t h e  s t r a i n -  
gage chevron and t e r m i n a l  a r e  p o s i t i o n e d  and t h e  t e r m i n a l  tabs  spot  welded t o  
t h e  d r i v e s h a f t .  The edge o f  t h e  s t ra in -gage  chevron i s  a l i g n e d  w i t h  a l a t h e  
t o o l  mark ( o r  a  t r u e  c i r c u m f e r e n t i a l  l i n e ,  i f  t o o l  marks a r e  n o t  v i s i b l e ) .  
When t h e  gage i s  comp le te l y  a t tached,  t h e  gage l e a d  i s  connected t o  t h e  "2 
a m "  a m p l i f i e r  ( o r  t h e  "4 arm" a m p l i f i e r  i f  2 chevrons a r e  used) and t h e  
a m p l i f i e r  i s  f as tened  t o  t h e  s h a f t  w i t h  double s i d e d  t a p e  o r  t i e d  w i t h  s t r o n g  
cord. Cable l i n k  #I i s  connected t o  t h e  a m p l i f i e r  and wrapped around t h e  
s h a f t  i n  a d i r e c t i o n  so t h a t  i t  w i l l  unwrap when t h e  span i s  opening, 
S u f f i c i e n t  t u r n s  a r e  wrapped so t h a t  some c a b l e  remains wrapped when t h e  span 
i s  f u l l y  open. The c o i l e d  l i n k  iY2 is connected t o  l i n k  #I and l i n k  #2 i s  t i e d  
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t o  a conven ien t  p l a c e  6 t o  8 f e e t  away so t h a t  the  c o i l e d  l i n k  i s  c o n s i d e r a b l y  
s t r e t c h e d  and i s  p u l l i n g  s t r a i g h t  away f rom t h e  wrapped cable.  F i n a l l y ,  t h e  
l o n g  l i n k  #3 i s  connected t o  t h e  end o f  l i n k  # 2  and s t r u n g  out  t o  t h e  l o c a t i o n  
o f  t h e  xy - reco rder  o r  computer, which i s  l o c a t e d  i n  a secure p l a c e  p r o t e c t e d  
f rom adverse environmental  e f f e c t s .  The bat tery-powered p r e a m p l i f i e r s  mounted 
on t h e  s h a f t  p r o v i d e  a h i g h - l e v e l  s i g n a l  For  t r a n s m i s s i o n  over t h e  l o n g  cab le ,  
so t h a t  any e l e c t r i c a l  no ise  p i cked  up i s  n e g l i g b l e  i n  comparison t o  t h e  
s i g n a l .  

F i g u r e  9. Placement o f  t h e  components on t h e  ins t rumented  s h a f t :  
a)  Where one chevron i s  used, 5) Where two chevrons a r e  used, 

B. The ang le  t ransducer  

The ang le  t r a n s u c e r  c o n s i s t s  o f  a pendulum-operated bat tery-powered 
po ten t iomete r ,  it i s  mounted i n  any conven ien t  p o s i t i o n  on t h e  s i d e  o f  t h e  
l e a f ,  as near as p o s s i b l e  t o  t h e  t r u n n i o n  ( o r  t o  t h e  c e n t e r  o f  t h e  r o l l e r  o f  a 
r o l l e r  bascu le)  and connected t o  t h e  r e c o r d e r  as shown i n  F i g u r e  7. The 
mount ing area i s  c leaned o f  any grease o r  o i l ,  and t h e  a n g l e  i n d i c a t o r  i s  
mounted w i t h  double s i d e d  tape, making su re  t h a t  t h e  p o i n t e r  is on zero  and 
t h a t  t h e  pendulum i s  f r e e  t o  swing a f u l l  90" i n  t h e  d i r e c t i o n  i t  w i l l  move 
d u r i n g  a b r i d g e  opening, 

C. C a l i b r a t i n g  and Zero ing t h e  Systems 

C a l i b r a t i o n  o f  t h e  ang le  t r a n s d u c e r  i s  per formed by moving t h e  pendulum 
t o  t h e  90' p o s i t i o n  and back t o  zero  severa l  t imes  w h i l e  t h e  b r i d g e  i s  c losed ,  
and r e c o r d i n g  t h e  r e s u l t s  by pen mot ion  on the xy - reco rder  o r  as v o l t a g e s  
recorded by t h e  microcomputer da ta  a c q u i s i t i o n  system. To c a l i b r a t e  t h e  
s t r a i n  gage c i r c u i t ,  t h e  c a l i b r a t i o n  s w i t c h  on t h e  amp1 i f i e r  i s  moved b r i e f l y  
t o  t h e  " c a l "  p o s i t i o n ,  and t h e  t o t a l  v e r t i c a l  pen t r a v e l  i s  recorded on t h e  
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x y - p l o t t e r  o r  s to red  i n  t h e  computer data a c q u i s i t i o n  system f o r  use i n  t h e  
c a l i b r a t i o n  program, The zero  ang le  p o s i t i o n  can be se t  on t h e  xy - reco rder  
and l e f t  unchanged i n  subsequent reco rd ings ,  o r  t h e  v o l t a g e  o u t p u t  
r e p r e s e n t i n g  zero ang le  s t o r e d  i n  t h e  computer. To e s t a b l i s h  a good zero 
t o r q u e  c o n d i t i o n ,  i t  i s  e s s e n t i a l  t o  re lease  t h e  brakes on t h e  d r i v e  system 
t e m p o r a r i l y  and manual ly  r o t a t e  t h e  d r i v e  system u n t i l  some back lash i s  
apparent  between t h e  gears. Otherwise some t o r q u e  way be l o c k e d  i n t o  t h e  
system. When t h i s  has been done, t h e  zero p o s i t i o n  i s  s e t  on t h e  xy- recorder  
o r  z e r o - p o s i t i o n  v o l t a g e  recorded, 

To i n t e r p r e t  t h e  s t r a i n  i n f o r m a t i o n  recorded by t h e  equipment desc r ibed  
i n  t h i s  s e c t i o n ,  i t  i s  necessary t o  determine a .number o f  mechanicdl (and 
e l e c t r i c a l )  f a c t o r s  s p e c i f i c  t o  t h e  b r i d g e  under study, The gear r a t i o  
between t h e  ins t rumented s h a f t  and t h e  rack  on t h e  movable l e a f  must be 
determined. Also, t h e  exac t  d iameter  o f  t h e  ins t rumented  s h a f t  must be 
measured t o  determine t h e  t o r q u e - s t r a i n  convers ion  cons tan t  o r  MECHANICAL 
FACTOR i n  k l b f t / m i c r o s t r a i n ,  The two a m p l i f e r s  a r e  each so designed t h a t  t h e  
b u i l t - i n  shut  r e s i s t o r  s imu la tes  a c a l i b r a t ' i o n  t o r s i o n a l  shear s t r a i n  o f  183 
m i c r o s t r a i n  when t h e  ?-arm a m p l i f i e r  i s  used w i t h  a s i n g l e  s t r a i n - g a g e  chevron 
o r  t h e  4-arm a m p l i f i e r  i s  used w i t h  two chevrons mounted on o p p o s i t e  s ides  o f  
t h e  s h a f t .  An ELECTRlCAL FACTOR i n  m i c r o s t r a i n  per  v e r t i c a l  u n i t  on t h e  xy- 
p l o t t e r  i s  determined by d i v i d i n g  100 by t h e  number o f  u n i t s  d e f l e c t i o n  on t h e  
p l o t t e r  produced by u s i n g  t h e  c a l i b r a t i o n  s w i t c h  on t h e  s t r a i n - g a g e  a m p l i f i e r ,  
The TORQUE CALIBRATION FACTOR i n  k l b - f t  pe r  v e r t i c a l  d i v i s i o n  i s  ob ta ined  by 
m u l t i p l y i n g  t h e  mechanical f a c t o r  by t h e  e l e c t r i c a l  f a c t o r .  C a l i b r a t i o n  da ta  
i s  s t o r e d  i n  a Mechanical Factors  Worksheet when t h e  xy - reco rder  i s  used and 
i n  da ta  f i l e s  on a f l o p p y  d i s k  w i t h  t h e  computer-based system, 

5. COMPUTER-BASED DATA ACQUISITION AND A N A L Y S I S  SYSTEM, 

5.1 O b j e c t i v e s  

Wi th  t h e  methods o f  imbalance a n a l y s i s  developed i n  DOT research programs 
by U n i v e r s i t y  o f  F l o r i d a  personnel ,  t h e  maximuin imbalance moment o f  a bascu le  
span c o u l d  be q u i c k l y  determined f rom s t r a i n - g a g e  da ta  measur ing t o r q u e  i n  t h e  
f i n a l  o r  nex t  i n t e r m e d i a t e  d r i v e  s h a f t ,  once t h e  s t r a i n  gages had been mounted 
on t h e  s h a f t  and t h e  s h a f t  d iameters  and gear r a t i o s  between t h e  p o i n t  o f  
measurement and span had been determined f rom drawings and/or From o n - s i t e  
d imension measurements. 

De te rm ina t ion  o f  t h e  optimum c o r r e c t i o n - b l o c k  placement o r  o f  s t r u c t u r a l  
m o d i f i c a t i o n s  t h a t  w i l l  reduce t h e  maximum imbalance and a l s o  d i s t r i b u t e  i t  as 
u n i f o r m l y  as p o s s i b l e  over t h e  opening-angl e range takes  c o n s i d e r a b l y  l onger. 

Exper ience i n  t h e  p rev ious  research programs and i n  t h e  DOT ba lance 
maintenance program t h a t  had been implemented based on t h e  research  programs 
had a l s o  shown t h a t  t h e  s t ra in -gage  t o r q u e  measurements f u r n i s h  d i a g n o s t i c  
i n f o r m a t i o n  about t h e  b r i d g e  machinery o p e r a t i o n ,  such as l a r g e  t r a n s i e n t  
to rques  and b e a r i n g  d e t e r i o r a t i o n  as determined f rom f r i c t i o n ,  For example, 
i n s t r u m e n t a t i o n  used i n  b a l a n c i n g  t e s t s  o f  MacArLhur Causeway B r i d g e  i d e n t i -  
f i e d  an i m p r o p e r l y  c o n s t r u c t e d  b e a r i n g  t h a t  was causing d e t e r i o r a t i o n  o f  
machinery; t e s t s  on Moore Haven Br idge  i n d i c a t e d  d r i v e  t o r q u e  on one span t h a t  
was approx ima te ly  doub le  t h e  t o r q u e  on t h e  o p p o s f t e  span; i n s t r u m e n t a t i o n  o f  
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Jewf ish  Creek Br idge  showed t h a t  suspect  t r u n n i o n  bear ings  were o p e r a t i n g  
s a t i s f a c t o r i l y ,  p r o v i d i n g  a sound t e c h n i c a l  bas is  f o r  a v o i d i n g  a c o s t l y  
t r u n n i o n  b e a r i n g  rep1 acement. 

A new program was i n i t i a t e d  whose p r imary  o b j e c t i v e  was t o  deve lop 
automated a n a l y t i c a l  computer programs and a c q u i r e  equipment t h a t  would 

(a)  ana lyze t h e  imbalance s t a t e ,  u s i n g  t h e  s t ra in -gage  measurements and 
a u t o m a t i c a l l y  p l o t  t he  c h a r a c t e r i s t i c  moment-versus-angle cu rve ,  

(b) q u i c k l y  determine t h e  optimum c o r r e c t i o n  b lock  placement i n  e x i s t i n g  
pockets and p l o t  t h e  r e v i s e d  c h a r a c t e r i s t i c  curve,  and/or ,  

( c )  determine t h e  r e v i s e d  c h a r a c t e r i s t i c  cu rve  t h a t  w i l l  be caused by 
s p e c i f i e d  s t r u c t u r a l  modi f i c a t i o n s ,  

T h i s  o b j e c t i v e  was achieved, Equipment and procedures were demonstrated and 
equipment t r a n s f e r r e d  t o  t h e  DOT i n  March o f  1385, I t s  use has a l r e a d y  been 
implemented by t h e  DOT, beg inn ing  w i t h  a f i e l d  t r i p  i n  A p r i l ,  1985, 

5.2 

Two t ypes  o f  equipment were needed, an automat ic  da ta  a c q u i s i t i o n  system 
f o r  use i n  t h e  f i e l d  and a base system f o r  data-base s to rage  and a n a l y s i s  a t  
t h e  DOT o f f i c e  i n  Tal lahassee, The f i r s t  concept cons idered was t o  use a 
ded ica ted  data a c q u i s i t i o n  system f o r  f i e l d  work and a microcomputer f o r  t h e  
base system, Some c o n s i d e r a t i o n  was g i v e n  t o  b u i l d i n g  t h e  f i e l d  u n i t  a t  t h e  
U n i v e r s i t y  o f  F l o r i d a .  Two commerc ia l ly  a v a i l a b l e  d a t a - a c q u i s i t i o n  u n i t s  were 
demonstrated a t  t h e  U n i v e r s i t y  o f  F l o r i d a ,  Both were rugged u n i t s  t h a t  c o u l d  
be preprogrammed t o  do s p e c i f i c  t a s k s  and r e c o r d  da ta  on d i sks .  They were 
heavy and expens ive and no t  conven ien t  f o r  communication w i t h  t h e  base 
system, Recorded data  w i t h  e i t h e r  o f  them c o u l d  be t r a n s m i t t e d  i n  ASCI! 
fo rmat  by te lephone modems, b u t  d i r e c t  t r a n s f e r  of d i s k  da ta  "L a s u i t a b l e  
microcomputer would not  be easy because o f  expected i n c o m p a t i b i l i t y  o f  t h e  
d i s k  formats,  

P re l  i m i n a r y  c o n s i d e r a t i o n  o f  t h e  a v a i l a b l e  microcomputers led  t o  t h e  idea 
t h a t  a microcomputer c o u l d  a l s o  be used For t h e  F i e l d  u n i t  and would a c t u a l l y  
c o s t  l e s s  than  t h e  ded ica ted  push-but ton systems, a l though  i t  would n o t  be as 
rugged. The f i e l d  u n i t  microcomputer c o u l d  be preprogramrned so t h a t  i t  would 
opera te  a lmost  as a push-but ton u n i t  f o r  data  t a k i n g ,  b u t  i t  c o u l d  a l s o  do 
some data  a n a l y s i s  i n  t h e  f i e l d  i n  a more conven ien t  manner, us ing  programs on 
f l o p p y  d i s k s  i n s t e a d  o f  s e q u e n t i a l  push-but ton commands. It would a l s o  be 
more q u i c k l y  and e a s i l y  adaptab le  t o  d i f f e r e n t  k i n d s  o f  da ta  a c q u i s i t i o n ,  
e i t h e r  f o r  imbalance a n a l y s i s  or f o r  d i a g n o s t i c  i n f o r m a t i o n  about machinery 
opera t ion .  A f t e r  c o n s u ? t a t i o n  w i t h  DOT personnel  i t  was dec ided t o  purchase 
two p o r t a b l e  microcomputers t h a t  c o u l d  be m o d i f l e d  t o  se rve  as f i e l d  da ta -  
a c q u i s i t i o n  u n i t s  and one l a r g e r  desk- top microcomputer f o r  t h e  base system. 
The most conven ient  and r e l i a b l e  way t o  send t h e  da ta  t o  Ta l l ahassee  would be 
t o  send t h e  d i s k e t t e ,  Th is  r e q u i r e d  t h a t  t h e  two computers have compat ib le  
d i s k  systems. The F i e l d  u n i t  would have a dua l  d i s k  d r i v e ,  one f o r  programs 
and one f o r  data. The base u n i t  would ha re  one f l o p p y  d i s k  d r i v e  and one 
i n t e r n a l  ha rd  d i s k  f o r  data-base s torage,  The s t o r e d  da ta  shou ld  be backed up 
by cop ies  on f l o p p y  d i sks ,  

A f t e r  f u r t h e r  study o f  t h e  r a p i d l y  changing computer market  i t  appeared 
t h a t  t h e  o n l y  p o r t a b l e  then  a v a i l a b l e  t h a t  met t h e  requ i rements  and was 
capable of runn ing  a DOS 2 o p s r a t j n g  system was t h e  Columbia VP, To ensure 
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complete compatibility between the f ie ld  system and the base system, a 
Columbia MPC 1600-4 with a 12 megabyte hard disk was chosen for the base 
unit.Additiona1 equipment purchased included a printer and a plot ter  for use 
with the  base system, one smaller printer that  could be used with a f i e ld  
system, a 16-channel data-acquisition board for each f ie ld  uni t ,  and modems 
for communication between the units when time does not permit waiting for the 
disket te  t o  be sent, 

5.3 

As currently programmed, only %wo channels of the Data Translation board 
in each f ie ld  unit are used. These channels are u s ~ d  for input of e lect r ical  
analog signals representing opening angle and drive shaft torque for a bascule 
bridge leaf .  One of the floppy disk drives i n  the portable microcomputer i s  
used for  the f ie ld  system program disk, which could be used O n  any brfge, and 

one i s  used for a data disk dedicated not only t o  t h e  part icular  bridge being 
examined bu t  also t o  the part icular inspection t r i p .  One data d i s k  f i l e  
contains mechanical factors for the various ~ o ~ l b i e  spans of the bridge, such 
as driveshaft diameters, gear ra t ios ,  e t c , ;  these ordinari ly wi l l  not change 
between inspection t r i p s  t o  the same bridge and could be copied from a 
previous t r i p ' s  data disk before the t r i p  begins, When mechanical factors 
data i s  entered in t h i s  f i l e  i t  overwrites and replaces previously entered 
data, All the other data f i l e s  pertain t o  a single t r i p ,  and the programs 
append data t o  these other f i l e s  without erasing previously entered data, 

The f ie ld  system program disk contains the operating system commands 
(DO5 2.11) for the microcomputer and seven programs written in BASlCA language 
for controlling the data acquisition and storage i n  data f i l e s  on the data 
disk and for some data processing i n  the Field, The actual data acquisition 
operation makes use of a machine- language subroutine whlch i s  called by the  
BASICA programs, The f ie ld  system program operates in the AVTCEXEC mode, so 
that  i f  the f ie ld  system program disk i s  placed i n  Drive A before the computer 
i s  turned on, then when the power i s  turned on the computer skips some of the  
usual i n i t i a l  key-entry steps,  boots np automatically and d-isplays on the 
built-in screen of the portable computer a M E N U  o f  seven choices, A choice i s  
made by typing a one-digit number and then depressing the carriage-return key. 

1. In i t i a l  Setup, This choice i s  used only i f  the  mechanical factors for 
the bri n entered before the t r i p ,  i t s  use involves responding 
to a ser ies  of questions that appear an the screen by typing i n  the required 
information. The other choices require only a minimal push-button sor t  of 
keyboard ac t iv i ty ,  

2. Calibration, This choice will be used a t  ? ea s t  once for each leaf 
examined on the t r i p ,  and will  probably be repeated one or more times for each 
leaf t o  ensure that  the calibration i s  s t i l l  sa t is factory.  Mhen used t h i s  
program directs  the computer t o :  

A. Accept voltages from the angle transducer in two positions representing 
O0 and 90° of opening (leaf opening i s  not required for t h i s ) ,  and cal- 
culate the angle-vol tage calibration factor,  

a. Accept voltages from the torque transducer with the calibration switch 
se t  in two dif ferent  positions, access the mechanical factors data f i l e  
for the required information, and calculate the torque-voltage ca l i -  
bration factor,  
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C. Append t h e  two c a l c u l a t e d  c a l i b r a t i o n  f a c t o r s  t o  t h e  data  f i l e  
n:CAL.DAT and r e - d i s p l a y  t h e  MENU. Any one o f  t h e  c a l i b r a t i o n  s e t s  i n  
t h e  f i l e  can be s e l e c t e d  f o r  use i n  subsequent analyses,  a l t h o u g h  
u s u a l l y  t h e  most recen t  one w i l l  be se lec ted.  

3. B r i d g e  Balancing. T h i s  cho ice  c a l l s  t h e  main d a t a - a c q u i s i t i o n  
program. It i s  used t o  accept and s t o r e  i n  two sequen t ia l  data f i l e s  t h e  
e l e c t r i c a l  s i g n a l s  r e p r e s e n t i n g  (1) t h e  opening t o r q u e  and ang le  data,  and (2 )  
t h e  c l o s i n g  to rque  and ang le  data  f o r  one d r i v e  s h a f t  d u r i n g  one opening and 
c l o s i n g  sequence. It c r e a t e s  t h e  two new f i l e s ,  and it a l s o  l i s t s  t h e i r  names 
i n  t h e  b a l a n c i n g  data  d i r e c t o r y  f i l e  "B:BALDAT.DIRU. It a l s o  makes a  rough 
p l o t  o f  t o r q u e  versus opening angle,  w i t h o u t  sca les ,  which appears on t h e  
computer screen w h i l e  t h e  opening and c l o s i n g  a re  proceeding.  The rough p l o t  
l o c a t e s  e v e r y  t e n t h  data  p o i n t  and j o i n s  t h e  success ive p o i n t s  by l i n e s  on t h e  
screen. 

Torque and ang le  v o l t a g e  p a i r s  a r e  taken  and immedia te ly  s t o r e d  on d i s k  
a t  t h e  r a t e  o f  about 10 p a i r s  pe r  second between i n t e r r u p t i o n s  f o r  t h e  screen 
p o i n t  p l o t s .  Dur ing  a  normal opening o r  c l o s i n g  some 300 t o  400 data  p a i r s  
a r e  recorded t h a t  can be used i n  t h e  subsequent a n a l y s i s .  When t h e  c l o s i n g  
raw da ta  r e c o r d  ( v o l t a g e s )  i s  completed, c o n t r o l  i s  t r a n s f e r r e d  back t o  t h e  
MENU. 

A t  any conven ient  t ime, w i t h  o r  w i t h o u t  i n t e r v e n i n g  o p e r a t i o n s  and o t h e r  
menu cho ices,  o r  even a f t e r  t h e  computer has been t u r n e d  o f f  and r e s t a r t e d ,  
t h e  n e x t  cho ice  may be made, e i t h e r  i n  t h e  f i e l d  o r  a t  t h e  base system. 

4. Data T r a n s l a t i o n .  Th is  cho ice  c a l l s  a  program t h a t  t r a n s l a t e s  t h e  
raw da ta  reco rds  ( r e p r e s e n t i n g  v o l t a g e s )  i n t o  numbers r e p r e s e n t i n g  d r i v e  s h a f t  
t o r q u e  i n  k i l o p o u n d - f t  ( k l b - f t )  and ang les  i n  degrees. It f i r s t  d i s p l a y s  a  
l i s t  o f  t h e  raw data  f i l e s  on t h e  d i s k ,  whose i d e n t i f y i n g  names i n c l u d e  t h e  
t i m e  t h e y  were recorded. When t h e  d e s i r e d  f i l e  has been s e l e c t e d  (and t h e  
most a p p r o p r i a t e  c a l i b r a t i o n  f o r  t h a t  r e c o r d i n g  s e l e c t e d  f rom ano the r  
d i s p l a y ) ,  t h e  program t r a n s l a t e s  t h e  data,  s t o r e s  i t  i n  ano the r  d i s k  f i l e  w i t h  
a  s i m i l a r  bu t  n o t  i d e n t i c a l  name ( w i t h o u t  e r a s i n g  t h e  o r i g i n a l  raw da ta  
reco rd )  and r e t u r n s  c o n t r o l  t o  t h e  main MENU. 

5. Curve F i t t i n g .  T h i s  menu c h o i c e  c a l l s  a  program which makes a  l e a s t -  
squares f i t  o f  two p a r a l l e l  c o s i n e  curves t o  t h e  open ing and c l o s i n g  c u r v e  
data. The b a s i s  f o r  t h i s  program has been desc r ibed  i n  Sec t ion  2.3. 

6. Balance Block Analys is .  T h i s  menu c h o i c e  c a l l s  program "CORR.BAS", 
which p r e d i c t s  t h e  e f f e c t  o f  a  c o r r e c t i o n  b lock  placement. It accesses t h e  
n ~ : ~ ~ ~ D ~ ~ . ~ ~ ~ "  data  f i l e  t o  i n p u t  t h e  va lues o f  WL and ALPHA t h a t  c h a r a c t e r i z e  
t h e  i n i t a l  imbalance s t a t e  o f  t h e  l e a f .  When prompted, t h e  o p e r a t o r  s p e c i f i e s  
t h e  h o r i z o n t a l  l o c a t i o n  H ( f t  i n  t h e  coun te rwe igh t  d i r e c t i o n  f rom t h e  t r u n n i o n  
a x i s )  and v e r t i c a l  l o c a t i o n  V ( f t  below t h e  t r u n n i o n  a x i s )  where a  s p e c i f i e d  
weight  ( l b )  i s  added. Negat ive  va lues i n d i c a t e  t h e  o p p o s i t e  d i r e c t i o n s  o r  
we igh t  removed, r e s p e c t i v e l y .  The program p l o t s  b o t h  t h e  i n i t i a l  s t a t e ' s  
average t o r q u e  (AVT) versus ang le  THETA cu rve  and t h e  c o r r e c t e d  AVT cu rve  t h a t  
would be ob ta ined  a f t e r  t h e  c o r r e c t i o n  b l o c k  placement. It a l s o  p r i n t s  on t h e  
screen both  t h e  i n i t i a l  and c o r r e c t e d  va lues o f  WL, ALPHA, A and B and s tops  
w i t h  these  va lues and bo th  curves s t i l l  kn  t h e  screen, so  t h a t  t h e y  can be 
cop ied t o  t h e  p r i n t e r  i f  des i red.  T h i s  program and a l s o  a  v a r i a n t  ve rs ion ,  
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"CORR1.BASM t h a t  p r o v i d e s  f o r  t y p i n g  i n  t h e  i n i t a l  WL and ALPHA i n s t e a d  o f  
r e a d i n g  f rom "B:BALDAT.SUM" a r e  on t h e  ha rd  d i s k  of t h e  o f f i c e  base system. 

7. - Quit .  T h i s  cho ice  ends o p e r a t i o n  f rom t h e  MENU and leaves  t h e  
computer i n  c o n t r o l  o f  BASICA, so t h a t  i t  can be used as a  computer, e i t h e r  i n  
c a l c u l a t o r  mode o r  w i t h  a d d i t i o n a l  BASICA programs from ano the r  d i s k e t t e .  

Program "NAB.BASU i s  no t  accessed by t h e  MENU bu t  i s  on t h e  f i e l d  system 
d i s k  and a l s o  on t h e  ha rd  d i s k  o f  t h e  base system. It i s  c a l l e d  i n  t h e  usual  
way f o r  a  BASICA program and can be used t o  c a l c u l a t e  t h e  numbers NA and NB o f  
c o r r e c t i o n  b locks  o f  s p e c i f i e d  weight  t h a t  must be added a t  two s p e c i f i e d  
p o s i t i o n s  A and B ( o r  removed i f  t h e  number i s  n e g a t i v e j  i n  o r d e r  t o  l o w e r  t h e  
average to rque-ang le  cu rve  by s p e c i f i e d  amounts a t  two s p e c i f i e d  ang les  THETA1 
and THETA?. The numbers c a l c u l a t e d  may no t  be execu tab le  w i t h  t h e  a v a i l a b l e  
c o r r e c t i o n  b lock  pockets. By s p e c i f y i n g  a  b lock  we igh t  o f  1 l b ,  t h e  program 
can be used t o  c a l c u l a t e  t h e  t o t a l  we ight  t h a t  must be added i n  s p e c i f i e d  
p o s i t i o n s  i n s t e a d  o f  t h e  number o f  b locks.  

6. CONCLUSIONS 

The d a t a - a c q u i s i t i o n  system, based on t h e  p o r t a b l e  microcomputer w i t h  an 
i n s t a l l e d  Data T r a n s l a t i o n  board, has been demonstrated t o  pe r fo rm w e l l .  Wi th  
one data  d i s k e t t e  f o r  each i n s p e c t i o n  t r i p ,  t h e  system can accumulate a l l  t h e  
data  d e f i n i n g  t h e  c u r r e n t  imbalance s t a t e .  The f i e l d  system programs can 
e v a l u a t e  t h e  b r i d g e  performance and imbalance s t a t e ,  and d i s p l a y  t h e  recorded 
opening and c l o s i n g  t o r q u e  versus ang le  curve,  as w e l l  as t h e  f i t t e d  c u r v e  
r e p r e s e n t i n g  t h e  imbalance s ta te .  

Another program can be run, which w i l l  p r e d i c t  t h e  r e s u l t s  o f  c o r r e c t i o n  
b lock  placement and p l o t  t h e  b a s i c  imbalance curves ( b e f o r e  and a f t e r  t h e  
proposed c o r r e c t i o n )  d i s p l a y e d  t o g e t h e r  f o r  comparison. Any g r a p h i c a l  d i s p l a y  
on t h e  screen can be cop ied by t h e  p r i n t e r .  The parameters c a l c u l a t e d  t o  
rep resen t  t h e  imbalance s t a t e  a r e  s t o r e d  on t h e  d i s k e t t e .  

The cont inuous r e c o r d i n g  procedure,  even w i t h  an x y - p l o t t e r  i n s t e a d  o f  a  
computer, i s  a  good procedure f o r  d e t e r m i n i n g  t h e  imbalance s t a t e .  It i s  
cons ide red  f a r  s u p e r i o r  t o  measuring t h e  t o r q u e  r e q u i r e d  t o  h o l d  t h e  stopped 
span a t  s e l e c t e d  angles. There a r e  two advantages t o  t h e  cont inuous r e c o r d i n g  
system, one t e c h n i c a l  and one p o l i t i c a l .  The t e c h n i c a l  shor tcoming o f  t h e  
s t a t i c  method i s  a  consequence o f  t h e  f a c t  t h a t  t h e  t o r s i o n a l  f r i c t i o n  i s  o f  
t h e  same o r d e r  o f  magnitude as t h e  imbalance t o r q u e  ( o f t e n  as much as h a l f  o f  
t h e  imbalance to rque) .  Because t h e  s t a t i c  f r i c t i o n  a c t u a l l y  m o b i l i z e d  i n  t h e  
stopped p o s i t i o n  i s  unknown, l a r g e  e r r o r s  may be induced i n  t h e  e s t i m a t i o n  o f  
t h e  imbalance moment by t h e  s t a t i c  method. The p o l i t i c a l  d isadvantage o f  t h e  
s t a t i c  method q u i c k l y  becomes obvious when you watch a  l o n g  l i n e  o f  i r a t e  
m o t o r i s t s  caught i n  backed-up t r a f f i c  w h i l e  t h e  s t a t i c  measurements a r e  
made. The cont inuous r e c o r d i n g s  can be made d u r i n g  r e g u l a r  openings f o r  s h i p  
t r a f f i c  w i t h o u t  any a d d i t i o n a l  openings o r  l o n g e r  openings. 

The cont inuous openings can a l s o  f u r n i s h  i n f o r m a t i o n  about span 
v i b r a t i o n ,  about t h e  c o n d i t i o n  o f  t h e  d r i v e  machinery,  and about t h e  adequacy 
o f  c o n t r o l  o p e r a t i o n  by t h e  b r i d g e  tender  o r  by an au tomat i c  c o n t r o l  dev ice.  
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The computer system has some a d d i t i o n a l  advantages. It i s  n o t  dependent 
upon t h e  judgment o f  t h e  person who draws t h e  smooth curves th rough  t h e  
reco rded  xy -p lo ts .  T h i s  i s  e s p e c i a l l y  advantageous when t h e  a n a l y s i s  i s  done 
i n  t h e  f i e l d  where work ing c o n d i t i o n s  a r e  seldom conduc ive t o  c a r e f u l  
d r a f t i n g .  The computer can do t h e  work and determine t h e  imbalance s t a t e  i n  a 
few m inu tes  a f t e r  t h e  r e c o r d i n g  i s  made. I t  can a l s o  t r a n s m i t  t h e  da ta  
q u i c k l y  t o  t h e  Ta l lahassee DOT o f f i c e ,  where a d d i t i o n a l  t e c h n i c a l  e x p e r t i s e  
can be c a l l e d  upon t o  dec ide upon c o r r e c t i o n  procedures. 
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