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INTRODUCTION 

I n  c u r r e n t  p r a c t i c e ,  t h e  d e s i g n  of highway b r i d g e s  commonly b e g i n s  
w i t h  t h e  s e l e c t i o n  of a  s t r u c t u r e  t y p e ,  b a s e d  on g e o m e t r i c ,  f u n c t i o n a l ,  
a r c h i t e c t u r a l ,  e n g i n e e r i n g  and economic  c o n s i d e r a t i o n s .  A p r e l i m i n a r y  
d e s i g n  i s  p r e p a r e d  and u sed  a s  t h e  b a s i s  f o r  i n i t i a t i n g  a  g e o t e c h n i c a l  
i n v e s t i g a t i o n .  A program of s u b s u r f a c e  e x p l o r a t i o n s ,  s a m p l i n g  and t e s t i n g  
i s  t h e n  u n d e r t a k e n ,  a n d ,  b a s e d  on t h e  r e s u l t s  of t h e s e  s t u d i e s  and t h e  
p r a c t  i c e  of  t h e  h ighway agency  i n v o l v e d ,  a p p r o p r i a t e  g e o t  e c h n i c a l  a n a l y s e s  
may b e  c o n d u c t e d .  T h e s e  can  i n c l u d e  an  e v a l u a t i o n  of b e a r i n g  c a p a c i t y  and 
e s t i m a t e s  of immed ia t e  and long-t  erm t o t  a1  and d i  f f e r e n t  i a l  movements.  The 
r e s u l t i n g  e s t i m a t e s  c a n  t h e n  b e  used  a s  a  b a s i s  f o r  d e c i d i n g  how t h e  
s t r u c t u r e  s h o u l d  b e  founded  i n  o r d e r  t o  p r o v i d e  t h e  b e s t  c o m b i n a t i o n  of 
s a f e t y  and economy. O f t e n ,  one  of t h e  m a j o r  c o n s i d e r a t i o n s  i n v o l v e d  i n  
m a k i n g  t h i s  d e c i s i o n  i s  w h e t h e r  o r  no t  t h e  p roposed  s t r u c t u r e  can  t o l e r a t e  
t h e  e s t i m a t e d  t o t a l  and d i f f e r e n t i a l  movements .  

I f  i t  s h o u l d  b e  d e t e r m i n e d  t h a t  t h e  b r i d g e  s t r u c t u r e ,  a s  o r i g i n a l l y  
d e s i g n e d ,  i s  u n a b l e  t o  t o l e r a t e  t h e  a n t i c i p a t e d  f o u n d a t i o n  movements,  t h e n  
a  v a r i e t y  of  d e s i g n  a l t e r n a t i v e s  c o u l d  be  c o n s i d e r e d .  T h e s e  i n c l u d e  t h e  
u s e  of p i l e s  o r  o t h e r  d e e p  f o u n d a t i o n s ,  t h e  u s e  of p r e c o m p r e s s i o n  o r  o t h e r  
s o i  l  improvement  t e c h n i q u e s  t o  m i n i m i z e  o r  e l i m i n a t e  p o s t - c o n s t r u c t i o n  
m o v e m e n t s ,  m o d i f i c a t i o n  o f  t h e  s t r u c t u r e  t o  a  d e s i g n  c a p a b l e  o f  
w i t h s t a n d i n g  t h e  e s t i m a t e d  movements ,  o r  some c o m b i n a t i o n  of  t h e s e  
a 1  t e r n a t i v e s .  I d e a l  l y ,  a  c o o p e r a t i v e  e v a l u a t i o n  of t h e  v a r i o u s  d e s i g n  
a l t e r n a t i v e s  by b r i d g e  d e s i g n e r  and g e o t e c h n i c a l  e n g i n e e r  s h o u l d  l e a d  t o  an 
o p t i m i z a ' t i o n  of  t h e  d e s i g n  of t h e  s u p e r s t r u c t u r e  and i t s  s u p p o r t i n g  
s u b s t r u c t u r e  a s  a  s i n g l e  i n t e g r a t e d  s y s t e m  o f f e r i n g  t h e  b e s t  c o m b i n a t i o n  of 
l o n g - t e r m  p e r f o r m a n c e  and economy. The i n v e s t i g a t i o n  d e s c r i b e d  h e r e i n  was 
i n i t i a t e d  a s  p a r t  of a  b r o a d  r e s e a r c h  e f f o r t  d e s i g n e d  t o  e s t a b l i s h  d e s i g n  
m e t h o d s  and c r i t e r i a  t h a t  w i l l  p e r m i t  t h i s  s y s t e m s  a p p r o a c h  t o  t h e  d e s i g n  
o f  b r i d g e s  and t h e i r  f o u n d a t i o n s  t o  b e  u t i l i z e d  r o u t i n e l y .  I t  i s  c o n c e r n e d  
w i t h  t h e  d e v e l o p m e n t  of r a t i o n a l  c r i t e r i a  f o r  d e t e r m i n i n g  whe the r  a  
p r o p o s e d  b r i d g e  s t r u c t u r e  c a n  t o l e r a t e  t h e  e s t i m a t e d  t o t a l  and d i f f e r e n t i a l  
movemen t s  t o  which  i t  may b e  s u b j e c t e d .  

A g r e a t  d e a l  of d a t a  h a s  been  c o l l e c t e d  and u sed  a s  t h e  b a s i s  f o r  
e s t a b l i s h i n g  c r i t e r i a  f o r  t o l e r a b l e  movements  o f  b u i l d i n g s  and some 
i n d u s t r i a l  s t r u c t u r e s .  Among t h e  most  s i g n i f i c a n t  p u b l i s h e d  a c c o u n t s  of  
t h i s  work a r e  p a p e r s  by Skempton and MacDonald ( 1 1 ,  P o l s h i n  and Toka r  ( 2 ) ,  
F e l d  ( 3 1 ,  G r a n t ,  C h r i s t i a n  and Vanmarcke ( 4 1 ,  and B u r l a n d  and Wroth ( 5 ) .  
U n f o r t u n a t e l y ,  t h e  c r i t e r i a  p r e s e n t e d  i n  t h e s e  p a p e r s  a r e  n o t  a p p l i c a b l e  t o  
h i g h w a y  b r i d g e s .  B e c a u s e  of t h e  l a c k  of w e l l  f ounded  c r i t e r i a  f o r  
t o l e r a b l e  movements  of b r i d g e s ,  t h e  d e s i g n e r  i s  commonly f o r c e d  t o  r e l y  on . 
s e e m i n g l y  c o n s e r v a t i v e  r u l e s  of thumb o r  o t h e r  g u i d e l i n e s  c o n t a i n e d  i n  
t e x t b o o k s ,  b u i l d i n g  c o d e s  o r  s p e c i f i c a t i o n s .  One s u c h  r u l e  of thumb 
r e q u i r e s  t h a t  a l l  c o n t i n u o u s  b r i d g e s  b e  founded  on r o c k  o r  p i l e s .  Ano the r  
l e s s  r e s t r i c t i v e  s e t  o f  g u i d e l i n e s  h a s  been  s u g g e s t e d  by T h o r n l e y  ( 6 1 ,  who 
recommended  t h a t  d i  f f e r e n t i a l  and t o t a l  s e t t l e m e n t s  u n d e r  work ing  l o a d s  be  
r e s t r i c t e d  t o  1 / 4  i n c h  (6.4mm) and 3 / 4  i n c h  ( 1 9 . 1  mm), r e s p e c t i v e l y ,  and 
t h a t  t o t a l  s e t t l e m e n t  u n d e r  200  p e r c e n t  of t h e  work ing  l o a d  be  r e s t r i c t e d  



t o  l e s s  t h a n  1  112 i n c h e s  ( 3 8 . 1  mm). The c u r r e n t  AASHTO " S t a n d a r d  
S p e c i f i c a t i o n s  f o r  Highway ~ r i d g e s "  ( 7 )  s t a t e s ,  " I n  g e n e r a l ,  p i  l i n g  s h a l l  
b e  c o n s i d e r e d  when f o o t i n g s  c a n n o t ,  a t  a  r e a s o n a b l e  e x p e n s e ,  be founded on 
r o c k  o r  o t h e r  s o l i d  m a t e r i a l . "  R e g a r d l e s s  o f  t h e  i n t e n t  of t h e s e  
g u i d e l i n e s ,  t h e i r  employment i n  p r a c t i c e  h a s  o f t e n  l e d  t o  t h e  d e c i s i o n  t o  
u s e  p i l i n g  o r  o t h e r  c o s t l y  deep  f o u n d a t i o n s ,  w i t h o u t  d e t a i l e d  c o n s i d e r a t i o n  
o f  o t h e r  d e s i g n  a l t e r n a t i v e s ,  such  a s  t h o s e  men t ioned  above ,  t h a t  migh t  
h a v e  r e s u l t e d  i n  s a t i s f a c t o r y  pe r fo rmance  a t  a  l ower  o v e r a l l  c o s t .  

I t  was r e c o g n i t i o n  of  t h e  need f o r  t h e  development  of more r a t i o n a l  
c r i t e r i a  f o r  t h e  t o l e r a b l e  movements of b r i d g e s  t h a t  l e d  t h e  F e d e r a l  
Highway A d m i n i s t r a t i o n  t o  award C o n t r a c t  No. DOT-FH-11-9440 t o  West 
V i r g i n i a  U n i v e r s i t y  t o  conduc t  t h e  r e s e a r c h  d e s c r i b e d  i n  t h i s  r e p o r t .  
A l t h o u g h  t h i s  r e s e a r c h  was d i v i d e d  i n t o  a  s u b s t a n t i a l  number of formal  
t a s k s  and s u b t a s k s ,  b a s i c a l l y ,  t h e  work f e l l  i n t o  t h r e e  g e n e r a l  s t u d y  
c a t  e g o r i e s :  ( a )  a  s t a t e - o f - t h e - a r t  a s s e s s m e n t  of  t o l e r a b l e  b r i d g e  
movements  b a s e d  on a l i t e r a t u r e  r e v i e w ,  an a p p r a i s a l  o f  e x i s t i n g  d e s i g n  
s p e c i f i c a t i o n s  and p r a c t i c e ,  t h e  c o l l e c t i o n  and a n a l y s i s  of f i e l d  d a t a  on 
movements ,  s t r u c t u r a l  damage and t h e  t o l e r a n c e  t o  movements f o r  a  l a r g e  
number  of  b r i d g e s  i n  t h e  U n i t e d  S t a t e s  and Canada ,  and an a p p r a i s a l  o f  t h e  
r e l i a b i l i t y  o f  t h e  me thods  c u r r e n t l y  used  f o r  s e t t l e m e n t  p r e d i c t i o n ;  ( b )  a  
s e r i e s  of  a n a l y t i c a l  s t u d i e s  t o  e v a l u a t e  t h e  e f f e c t  of  d i f f e r e n t  m a g n i t u d e s  
a n d  r a t e s  o f  d i f f e r e n t i a l  movement on t h e  p o t e n t i a l  l e v e l  o f  d i s t r e s s  
p r o d u c e d  i n  a  wide  v a r i e t y  of  s t e e l  and c o n c r e t e  b r i d g e  s t r u c t u r e s  of  
d i f f e r e n t  span  l e n g t h s  and s t i f f n e s s e s ;  and  ( c )  t h e  development  of  a 
m e t h o d o l o g y  f o r  t h e  d e s i g n  of  b r i d g e s  and t h e i r  f o u n d a t i o n s  t h a t  would 
embody a  r a t i o n a l  s e t  o f  c r i t e r i a  f o r  t o l e r a b l e  b r i d g e  movements. 

A s u b s t a n t i a l  amount of  t h i s  work was c o m p l e t e d  by September  of  1 9 8 2 ,  
a n d  a  three-volume I n t e r i m  R e p o r t  c o v e r i n g  t h a t  p o r t  i o n  of  t h e  r e s e a r c h  h a s  
b e e n  p u b l i s h e d  ( 8 , 9 , 1 0 ) .  A1 t h o u g h ,  f o r  c o m p l e t e n e s s ,  t h i s  r e p o r t  d e a l s  
w i t h  a l l  p h a s e s  of t h e  r e s e a r c h ,  t h e  c o v e r a g e  of some a s p e c t s  of  t h e  work 
r e p o r t e d  e a r l i e r  i s  somewhat a b b r e v i a t e d .  F o r  g r e a t e r  d e t a i l  w i t h  r e s p e c t  
t o  t h e  e a r l i e r  p h a s e s  of t h e  r e s e a r c h ,  t h e  r e a d e r  i s  r e f e r r e d  t o  t h e  
I n t e r i m  R e p o r t  ( 8 , 9 , 1 0 ) .  



2. STATE-OF-THE-ART ASSESSMENT OF TOLERABLE BRIDGE MOVEMENTS 

2 . 1  L i t e r a t u r e  Review 

The i n i t i a l  approach t o  t h e  l i t e r a t u r e  review was t o  u t i l i z e  
p u b l i s h e d  i n d i c e s  and a b s t r a c t s  t o  i d e n t i f y  a p p r o p r i a t e  r e f e r e n c e s  
r e l a t i n g  t o  b r i d g e  movements and t h e i r  e f f e c t s .  These i n c l u d e d  t h e  
Highway Research A b s t r a c t s ,  t h e  Road Research Labora to ry  A b s t r a c t s ,  t h e  
B r i t i s h  Technology Index,  t h e  Applied Science  and Technology Index,  t h e  
E n g i n e e r i n g  Index,  t h e  Geodex S t r u c t u r a l  and Geo techn ica l  In fo rmat ion  
S e r v i c e ,  and t h e  Highway Research In fo rmat ion  S e r v i c e  (HRIS). Each of t h e  
p e r t i n e n t  r e f e r e n c e s ,  i d e n t i f i e d  i n  t h i s  manner, was o b t a i n e d ,  reproduced 
and p laced  i n  t h e  l i t e r a t u r e  rev iew notebooks .  Th i s  p r o c e s s  was con t inued  
u n t i l  no a d d i t i o n a l  p e r t i n e n t  r e f e r e n c e s  o r  c r o s s - r e f e r e n c e s  could  be 
i d e n t i f i e d  . 

As an outgrowth of t h i s  r a t h e r  comprehensive p r o c e s s ,  a  s u b s t a n t i a l  
number of r e f e r e n c e s  were c o l l e c t e d  d e a l i n g  wi th  t h e  i n v e s t i g a t i o n  of 
approach  embankments and b r i d g e  foundat  i o n  movements . These r e f e r e n c e s  
a r e  c i t e d  i n  Volume I of t h e  I n t e r i m  Report (8) and a r e  d i s c u s s e d  i n  some 
d e t a i l  i n  Volume 111 (10)  of t h a t  r e p o r t .  However, it was found t h a t  u n t i l  
r e c e n t l y  t h e r e  was v i r t u a l l y  no th ing  of a  s p e c i f i c  n a t u r e  i n  t h e  
l i t e r a t u r e  wi th  r e s p e c t  t o  t h e  t o l e r a b l e  movement of b r i d g e s .  

I n  an e f f o r t  t o  g a i n  some i n s i g h t  i n t o  t h e  a b i l i t y  of  highway b r i d g e  
s t r u c t u r e s  t o  w i t h s t a n d  foundat  i o n  movements, Commit t e e  SGF-B3 of the  
T r a n s p o r t a t i o n  Research Board conducted a  survey of b r i d g e  movements i n  
1967,  and l a t e r  Committee A2K03 (Foundat ions  of Br idges  and Other 
S t r u c t u r e s )  conducted a  more comprehensive s t u d y ,  which began i n  1975. 
The r e s u l t s  of t h e  1975 s u r v e y  were p resen ted  i n  1978 i n  papers  by Grover 
( l l ) ,  Keene ( 1 2 ) ,  Walkinshaw (13)  and Bozozuk ( 1 4 ) .  Based on t h e  r e s u l t s  
of  t h e s e  s t u d i e s ,  Grover ( l l ) ,  Walkinshaw (13)  and Bozozuk (14)  each 
s u g g e s t e d  c r i t e r i a  f o r  t o l e r a b l e  v e r t i c a l  movements. I n  a d d i t i o n  
Walkinshaw (13)  and Bozozuk (14)  both  suggested c r i t e r i a  f o r  t o l e r a b l e  
h o r i z o n t a l  movements. However, t h e  suggested c r i t e r i a  were v e r y  g e n e r a l  i n  
n a t u r e  and d i d  not  i n c l u d e  c o n s i d e r a t i o n  of t h e  b r i d g e  t y p e ,  wid th ,  span 
l e n g t h  and type  of movement ( i . e . ,  t o t a l  o r  d i f f e r e n t i a l )  . l  

Thus,  i n  s p i t e  of t h e  p i o n e e r i n g  e f f o r t s  of T r a n s p o r t a t i o n  Research 
Board Committee A2K03 and t h e  l a r g e  amount of d a t a  t h a t  i t  c o l l e c t e d  on t h e  
i n f l u e n c e  of movements on t h e  performance of b r i d g e  s t r u c t u r e s ,  no wel.1- 
d e f i n e d  s e t  of c r i t e r i a  f o r  t o l e r a b l e  b r i d g e  movements was g e n e r a l l y  agreed 
upon. 

l ~ h e  r e a d e r  i s  r e f e r r e d  t o  Volume I of t h e  I n t e r i m  Report ( 8 )  f o r  
t h e  d e t a i l s  of t h e  sugges ted  c r i t e r i a .  



2.2 E x i s t i n g  Des ign  S p e c i f i c a t i o n s  a n d  P r a c t i c e  

I n  an  e f f o r t  t o  e s t a b l i s h  t h e  e x t e n t  t o  which e x i s t i n g  d e s i g n  
s p e c i f i c a t i o n s  and p r a c t i c e  a d d r e s s  t h e  i s s u e  of t o l e r a b l e  b r i d g e  
movements ,  a  d e t a i l e d  r e v i e w  was made of  t h e  e x i s t i n g  AASHTO " S t a n d a r d  
S p e c i  f i c a t  i o n s  f o r  Highway Br idges"  ( 7 1 ,  and c u r r e n t  d e s i g n  p r a c t i c e s  were 
d i s c u s s e d  w i t h  a  number of  s t a t e  h ighway b r i d g e  e n g i n e e r s  a round  t h e  
c o u n t r y ,  b o t h  by t e l e p h o n e  and t h r o u g h  p e r s o n a l  i n t e r v i e w s .  

I t  was found t h a t  t h e  c u r r e n t  AASHTO " S t a n d a r d  S p e c i f i c a t i o n s  f o r  
Highway B r i d g e s "  ( 7 )  d o e s  no t  c o n t a i n  any p r o v i s i o n s  o r  c r i t e r i a  f o r  
i n c o r p o r a t i n g  c o n s i d e r a t i o n  o f  t o l e r a n c e  t o  f o u n d a t i o n  movements i n t o  t h e  
d e s i g n  of  highway b r i d g e s .  However, a  p r o p o s a l  t o  mod i fy  t h e  e x i s t i n g  
AASHTO S p e c i f i c a t i o n s ,  t o  i n c l u d e  c o n s i d e r a t  i o n  of d i f f e r e n t i a l  s e t t l e m e n t  
s t r e s s e s ,  when i t  was d e t e r m i n e d  t h a t  t h e y  would exceed  t o l e r a b l e  l imi t s ,  
w a s  i n t r o d u c e d  a t  t h e  f o u r  r e g i o n a l  m e e t i n g s  of t h e  AASBTO Subcommit tee  on 
B r i d g e s  and S t r u c t u r e s  d u r i n g  t h e  S p r i n g  o f  1982 .  T h i s  p r o p o s a l  met w i t h  
m i x e d  r e a c t i o n ,  w i t h  some b r i d g e  e n g i n e e r s  f a v o r i n g  i t s  a d o p t i o n  b u t  t h e  
m a j o r i t y  o p p o s i n g  t h e  p r o p o s a l  a s  p r e s e n t e d .  A l though  t h e  p r o p o s a l  was no t  
a d o p t e d  a t  t h e  1982  m e e t i n g s ,  i t  was r e f e r r e d  t o  t h e  T e c h n i c a l  Committee 
f o r  Loads  and Load D i s t r i b u t i o n  f o r  r e v i e w  a s  a  p o s s i b l e  agenda  i t e m  f o r  
t h e  1 9 8 3  m e e t i n g s .  

The  d i s c u s s i o n s  w i t h  S t a t e  highway b r i d g e  e n g i n e e r s  s u g g e s t e d  t h a t  t h e  
d e s i g n  p r a c t i c e  o f  m o s t  a g e n c i e s  d o e s  n o t  r o u t i n e l y  i n v o l v e  t h e  
c o n s i d e r a t i o n  of t o l e r a b l e  b r i d g e  movements. A l though  a  r e l a t i v e l y  s m a l l  
number  o f  h ighway a g e n c i e s  do d e s i g n  t h e i r  b r i d g e s  t o  accommodate 
a n t i c i p a t e d  d i f f e r e n t i a l  s e t t l e m e n t s ,  t h e  m a j o r i t y  employ p i l e  f o u n d a t i o n s  
a s  a  means of m i n i m i z i n g  p o s s i b l e  s u b s t r u c t u r e  movements. I n  g e n e r a l ,  t h e  
d e s i g n  p r a c t i c e s  of t h o s e  S t a t e s  s u r v e y e d  d o  no t  i n c l u d e  t h e  c o n s i d e r a t i o n  
o f  any t o l e r a b l e  movement c r i t e r i a  i n  t h e  d e s i g n  of t h e i r  b r i d g e s .  

2 . 3  F i e l d  S t u d i e s  

2 . 3 . 1  D a t a  C o l l e c t  i o n  and A n a l y s i s  

2 . 3 . 1 . 1  S o u r c e s  o f  D a t a .  The p r o c e s s  of c o l l e c t i n g  f i e l d  d a t a  on 
b r i d g e  movements and t h e i r  e f f e c t s  began  w i t h  t h e  a c q u i s i t i o n  of  t h e  s u r v e y  
d a t a  i n  t h e  f i l e s  of  T r a n s p o r t a t i o n  R e s e a r c h  Board Committee A2K03. As 
n o t e d  e a r l i e r ,  a  g r e a t  d e a l  o f  i n f o r m a t i o n  was o b t a i n e d  from t h e  1975 
s u r v e y  c o n d u c t e d  by Committee A2K03 a n d  from t h e  p r e v i o u s  s u r v e y  conduc ted  
i n  1967 by Commit tee  SGF-B3. Both  s u r v e y s  c o n s i s t e d  o f  s e n d i n g  
q u e s t i o n n a i r e s  t o  highway a g e n c i e s  t h r o u g h o u t  t h e  U n i t e d  S t a t e s  and Canada 
I n  a d d i t i o n  t o  i d e n t i f i c a t i o n  i n f o r m a t i o n ,  t h e  q u e s t i o n n a i r e s  r e q u e s t e d  
i n f o r m a t i o n  on t h e  y e a r  of  c o m p l e t i o n ,  t h e  t y p e  and number of  s p a n s ,  t h e  
t y p e  of  a b u t m e n t ,  s o i l  and f o u n d a t i o n  c o n d i t i o n s ,  e s t i m a t e d  and o b s e r v e d  
movements ,  and t h e i r  e f f e c t s  on t h e  s t r u c t u r e .  The 1 9 7 5  q u e s t i o n n a i r e  
a d d r e s s e d  t h e  q u e s t i o n  o f  t o l e r a n c e  t o  m o v e m e n t ,  w h i l e  t h e  1 9 6 7  
q u e s t i o n n a i r e  d i d  n o t .  I n  a d d i t i o n  t o  i d e n t i f i c a t i o n  i n f o r m a t i o n  
r e q u e s t e d  b y  t h e  s u r v e y s ,  some o f  t h e  h i g h w a y  a g e n c i e s  s u p p l i e d  
i n f o r m a t i o n  such  a s  s o i l  r e p o r t s  and d e s i g n  d r a w i n g s .  



I n  a n  e f f o r t  t o  s u p p l e m e n t  t h e  d a t a  i n  t h e  f i l e s  o f  C o m m i t t e e  A2K03, 
v a r i o u s  h i g h w a y  a g e n c i e s  w e r e  a s k e d  t o  s u p p l y  a d d i t i o n a l  i n f o r m a t i o n ,  
i n c l u d i n g  b o r i n g  l o g s ,  s e t t l e m e n t  d a t a ,  a s - b u i  l t  p l a n s ,  and  t o l e r a n c e  
r a t i n g s  f o r  t h o s e  b r i d g e s  t h a t  h a d  b e e n  i n c l u d e d  i n  t h e  1 9 6 7  a n d  1 9 7 5  
s u r v e y s .  I n f o r m a t i o n  was a l s o  r e q u e s t e d  on a n y  b r i d g e s  t h a t  h a d  
e x p e r i e n c e d  movement t h a t  w e r e  n o t  i n c l u d e d  i n  t h e  1 9 6 7  a n d  1 9 7 5  s u r v e y  
r e s p o n s e s .  I n  r e s p o n s e  t o  t h i s  r e q u e s t ,  s u p p l e m e n t a r y  d a t a ,  i n c l u d i n g  a s -  
b u i l t  p l a n s ,  w e r e  s u p p l  i e d  by  1 7  S t a t e s ,  i n c l u d i n g  C o n n e c t i c u t ,  I d a h o ,  
I n d i a n a ,  I o w a ,  K a n s a s ,  M i c h i g a n ,  M i n n e s o t a ,  M i s s o u r i ,  New J e r s e y ,  New 
Y o r k ,  N o r t h  D a k o t a ,  O r e g o n ,  V i r g i n i a ,  W a s h i n g t o n ,  W i s c o n s i n ,  West V i r g i n i a  
a n d  Wyoming. I n  a d d i t i o n ,  d a t a  w e r e  a l s o  o b t a i n e d  f o r  a  s u b s t a n t i a l  
n u m b e r  o f  b r i d g e s  t h a t  w e r e  n o t  i n c l u d e d  i n  t h e  o r i g i n a l  s u r v e y s ,  
i n c l u d i n g  2 8  b r i d g e s  i n  t h e  S t a t e  o f  W a s h i n g t o n  t h a t  w e r e  c o n t a i n e d  i n  a  
F e d e r a l  Highway  A d m i n i s t r a t i o n  s t a f f  s t u d y  r e p o r t e d  by  DiMi l  l i  o  ( 1 5 ) ,  8 9  
b r i d g e s  i n  O h i o ,  9  i n  M a i n e ,  5 i n  S o u t h  C a r o l i n a  and 3  i n  U t a h .  O v e r a l l ,  
d a t a  a r e  now a v a i l a b l e  on a  t o t a l  o f  3 1 4  b r i d g e s  d i s t r i b u t e d  a c r o s s  39  
S t a t e s ,  t h e  D i s t r i c t  o f  C o l u m b i a  and 4  C a n a d i a n  p r o v i n c e s .  A s - b u i l t  p l a n s  
h a v e  b e e n  o b t a i n e d  f o r  1 1 5  o f  t h e s e  s t r u c t u r e s .  

D u r i n g  t h e  d a t a  c o l l e c t i o n  p r o c e s s ,  f i e l d  t r i p s  w e r e  made t o  t h e  
S t a t e s  o f  C o n n e c t i c u t ,  O h i o ,  M a i n e ,  M i c h i g a n ,  S o u t h  C a r o l i n a ,  U t a h  and 
W a s h i n g t o n .  D u r i n g  t h e s e  v i s i t s ,  b r i d g e  f o u n d a t i o n  d e s i g n  a n d  p e r f o r m a n c e  
w e r e  d i s c u s s e d  w i t h  c o g n i z a n t  S t a t e  o f f i c i a l s ,  and s e l e c t e d  b r i d g e s  w e r e  
v i s i t e d  and  p h o t o g r a p h e d  i n  C o n n e c t i c u t ,  M a i n e ,  U t a h  and W a s h i n g t o n .  

2 . 3 . 1 . 2  L i m i t a t i o n s  o f  t h e  D a t a ,  A s s u m p t i o n s  and  D e f i n i t i o n s .  The  
d a t a  t h a t  w e r e  a v a i l a b l e  f o r  a n a l y s i s  h a v e  c e r t a i n  l i m i t a t i o n s  t h a t  must  b e  
r e c o g n i z e d .  S i n c e  some of  t h e  d a t a  was o b t a i n e d  b y  q u e s t i o n n a i r e s ,  t h e  
q u a l i t y  o f  t h e  d a t a  was d e p e n d e n t  on t h e  i n f o r m a t i o n  r e q u e s t e d  i n  t h e  
q u e s t i o n n a i r e  a n d  t h e  c o m p l e t e n e s s  and a c c u r a c y  of  t h e  i n f o r m a t i o n  s u p p l i e d  
b y  t h e  r e s p o n d e n t .  T h i s  was a l s o  t r u e  w i t h  r e s p e c t  t o  t h e  s u p p l e m e n t a r y  
d a t a  s u p p l i e d  by  t h e  v a r i o u s  h i g h w a y  a g e n c i e s .  I n  some i n s t a n c e s ,  t h e  d a t a  
w e r e  i n c o m p l e t e  o r  u n c l e a r ,  and t h e r e  was a  g e n e r a l  l a c k  o f  common 
t ermi n o l o g y  . C o n s e q u e n t l y ,  a  number  o f  d e f i n i t i o n s  and s i m p l i f y i n g  
a s s u m p t i o n s  w e r e  a d o p t e d  i n  o r d e r  t o  g e n e r a l i z e  t h e  d a t a  f o r  c l a s s i f i c a t i o n  
a n d  a n a l y s i s .  F o r  t h e  s a k e  o f  b r e v i t y ,  a  c o m p l e t e  d e s c r i p t i o n  o f  a l l  o f  
t h e s e  d e f i n i t i o n s  and s i m p l i f y i n g  a s s u m p t i o n s  h a s  b e e n  o m i t t e d  f rom t h i s  
r e p o r t .  H o w e v e r ,  many o f  t h e s e  a r e  s e l f - e x p l a n a t o r y  o r  w i l l  b e  o b v i o u s  
f r o m  t h e  m a n n e r  i n  w h i c h  t h e  d a t a  a r e  o r g a n i z e d  and p r e s e n t e d  b e l o w .  
T h e r e f o r e ,  t h i s  r e p o r t  i n c l u d e s  o n l y  t h o s e  d e f i n i t i o n s  t h a t  a r e  n e c e s s a r y  
f o r  a n  u n d e r s t a n d i n g  o f  t h e  v a r i o u s  a n a l y s e s  t h a t  w e r e  p e r f o r m e d  and  t h e i r  
r e s u l t s .  T h e  r e m a i n i n g  d e f i n i t i o n s  and s i m p l i f y i n g  a s s u m p t i o n s  a r e  
p r e s e n t e d  i n  d e t a i l  i n  t h e  t h r e e  v o l u m e s  o f  t h e  I n t e r i m  R e p o r t  ( 8 , 9 , 1 0 ) .  

A l t h o u g h  m o s t  o f  t h e  t e r m s  u s e d  t o  d e s c r i b e  s t r u c t u r a l  damage i n  t h i s  
r e p o r t  a r e  s e l f - e x p l a n a t o r y ,  some e x p l a n a t i o n  i s  r e q u i r e d  f o r  t h e  terms 
" v e r t i c a l  d i  s p l a c e n i e n t  , I 1  " h o r i z o n t a l  d i s p l a c e m e n t  , I t  " d i s t r e s s  i n  t h e  
s u p e r s t r ~ c t u r e "  a n d  " d a m a g e  t o  b e a r i n g s  . I '  T h e  t e r m  " v e r t i c a l  
d i s p l a c e m e n t  , I 1  when a p p l i e d  t o  s t r u c t u r a l  damage ,  i n c l u d e s  t h e  r a i s i n g  o r  
l o w e r i n g  o f  t h e  s u p e r s t r u c t u r e  a b o v e  o r  b e l o w  p l a n n e d  g r a d e  o r  a  s a g  o r  
h e a v e  i n  t h e  d e c k .  S t r u c t u r e s  r e q u i r i n g  sh imming  o r  j a c k i n g  a s  w e l l  a s  
t r u s s  s t r u c t u r e s  w i t h  i n c r e a s e d  c a m b e r  a r e  a l s o  i n c l u d e d .  T h e  t e r m  



" h o r i z o n t a l  d i sp lacement , "  when a p p l i e d  t o  s t r u c t u r a l  damage, i n c l u d e s  t h e  
misa l ignment  of b e a r i n g s  and t h e  s u p e r s t r u c t u r e  o r  beams jammed a g a i n s t  t h e  
abu tments .  Also inc luded  i n  t h i s  c a t e g o r y  of damage a r e  b r i d g e s  where t h e  
s u p e r s t r u c t u r e  extended beyond t h e  abutment ,  where beams r e q u i r e d  c u t t i n g ,  
o r  where t h e r e  was a  h o r i z o n t a l  movement of t h e  f l o o r  sys tem.  " D i s t r e s s  i n  
t h e  s u p e r s t r u c t u r e ' '  c o n s i s t s  of c r a c k s  o r  o t h e r  ev idence  of e x c e s s i v e  
s t r e s s  i n  beams, g i r d e r s ,  s t r u t s ,  and diaphragms a s  we1 1 a s  c r a c k i n g  and 
s p a l l i n g  of  t h e  deck.  Other t y p e s  of damage inc luded  i n  t h i s  c a t e g o r y  a r e  
t h e  s h e a r i n g  of anchor b o l t s ,  t h e  open ing ,  c l o s i n g  o r  damage of deck j o i n t s  
and c a s e s  where t h e  c u t t i n g  of r e l i e f  j o i n t s  were r e q u i r e d .  "Damage t o  
b e a r i n g s "  i n c l u d e s  t h e  t i l t i n g  o r  jamming of r o c k e r s  a s  we l l  a s  c a s e s  where 
r o c k e r s  have p u l l e d  o f f  b e a r i n g s ,  o r  where movement r e s u l t e d  i n  an improper 
f i t  between b e a r i n g  shoes  and r o c k e r s  r e q u i r i n g  r e p o s i t i o n i n g .  Also 
i n c l u d e d  under t h i s  c a t e g o r y  a r e  deformed neoprene b e a r i n g  pads ,  shea red  
anchor  b o l t s  i n  t h e  b e a r i n g  shoes  and t h e  c r a c k i n g  of c o n c r e t e  a t  t h e  
b e a r i n g s .  

The s u b j e c t i v i t y  of t h e  term " t o l e r a b l e "  may be one reason  f o r  t h e  
l a c k  of g e n e r a l l y  accep ted  t o l e r a b l e  movement c r i t e r i a .  Movements t h a t  a r e  
c o n s i d e r e d  t o  be t o l e r a b l e  by one e n g i n e e r  may be c o n s i d e r e d  t o  be 
i n t o l e r a b l e  by a n o t h e r .  I n  an a t t empt  t o  e l i m i n a t e  some of t h i s  
s u b j e c t i v i t y ,  T r a n s p o r t a t i o n  Research Board Committee A2K03 d e f i n e d  
i n t o l e r a b l e  movement a s  f o l l o w s :  "Movement i s  - not  t o l e r a b l e  i f  damage 
r e q u i r e s  c o s t l y  m a i n t e n a n c e  a n d / o r  r e p a i r s  - and a  more  e x p e n s i v e  
c o n s t r u c t i o n  t o  avoid t h i s  would have been p r e f e r a b l e . "  For t h e  sake of 
c o n s i s t e n c y ,  t h i s  d e f i n i t i o n  was a l s o  adopted f o r  t h e  s t u d y  r e p o r t e d  
h e r e i n .  

It shou ld  be recogn ized  t h a t  t h e  d a t a  on f o u n d a t i o n  movements 
p r e s e n t e d  h e r e i n  a r e  b i a s e d  i n  t h e  s e n s e  t h a t  t h e y  r e p r e s e n t  t h e  observed 
b e h a v i o r  of o n l y  t h o s e  b r i d g e  f o u n d a t i o n s  t h a t  have exper ienced  some type  
o f  movement. No e f f o r t  h a s  been made i n  t h i s  s t u d y  t o  compile d a t a  t h a t  
would permit  t h e  comparison of t h e  r e l a t i v e  performance of d i f f e r e n t  
f o u n d a t i o n  systems e . ,  p i l e s  v s .  sp read  f o o t i n g s ) .  Consequent ly ,  no 
i n f e r e n c e s  of t h i s  type  should  be drawn from t h e  d a t a  p r e s e n t e d  wi thou t  
p r o p e r  r e c o g n i t i o n  of t h e i r  l i m i t a t i o n s .  Fur thermore ,  i t  shou ld  be 
recogn ized  t h a t ,  a l though  t h e  t o t a l  number of b r i d g e s  t h a t  r e p o r t e d l y  
e x p e r i e n c e d  founda t ion  movements i s  s u b s t a n t i a l ,  o n l y  a  r e l a t i v e l y  small 
number of b r i d g e s  were r e p o r t e d  t o  have moved i n  most of t h e  S t a t e s  t h a t  
c o n t r i b u t e d  d a t a .  Thus, t h e  r e s u l t s  of t h i s  l i m i t e d  s t u d y  of b r i d g e  
movements and t h e i r  e f f e c t s  should  not  be cons t rued  a s  implying t h a t  the  
o c c u r r e n c e  of b r i d g e  founda t ion  movements is  widespread and t h a t  it 
c o n s t i t u t e s  a  major problem. 

2 .3 .1 .3  Methods o f  Data A n a l y s i s .  The o b j e c t i v e  of t h e  a n a l y s i s  of 
t h e  c o l l e c t e d  f i e l d  d a t a  was t o  d e l i n e a t e  g e n e r a l  t r e n d s  wi th  r e g a r d  t o  t h e  
n a t u r e  of b r i d g e  founda t ion  movements, t h e i r  e f f e c t s  and t h e  a b i l i t y  of t h e  
b r i d g e s  t o  t o l e r a t e  t h e s e  movements. I n  e f f e c t ,  t h r e e  s e p a r a t e  a n a l y s e s  
were conduc ted ,  each wi th  a  somewhat d i f f e r e n t  methodology.  

The f i r s t  a n a l y s i s  invo lved  t h e  i n v e s t i g a t i o n  of t h e  i n f l u e n c e  of 
s u b s t r u c t u r e  v a r i a b l e s  on b r i d g e  abutment and p i e r  movements. For t h e  



a b u t m e n t s ,  t h e  v a r i a b l e s  c o n s i d e r e d  were :  ( a )  g e n e r a l  s o i l  c o n d i t i o n s ,  ( b )  
t y p e  of abutment  ( f u l l  h e i g h t ,  perched  o r  s p i l l - t h r o u g h ) ,  ( c )  t y p e  of 
f o u n d a t i o n  ( s p r e a d  f o o t i n g s  o r  p i l e s )  and ( d )  h e i g h t  o f  app roach  
embankment .  A g e n e r a l  summary of t h e  s u b s t r u c t u r e  d a t a  t h a t  were 
i n c o r p o r a t e d  i n t o  t h i s  a n a l y s i s  i s  p r e s e n t e d  i n  t a b l e  1 .  I n  a d d i t i o n  t o  
c o n s i d e r i n g  t h e  e f f e c t  o f  each  of t h e s e  v a r i a b l e s  on abutment  movements, 
v a r i o u s  c o m b i n a t i o n s  of  v a r i a b l e s  were c o n s i d e r e d  i n  an e f f o r t  t o  d e t e r m i n e  
c o m b i n a t i o n s  t h a t  may o r  may n o t  r e s u l t  i n  f o u n d a t i o n  movement. A d d i t i o n a l  
v a r i a b l e s  c o n s i d e r e d  f o r  t h e  p i e r s  were :  ( a )  t h e  span  t y p e  ( s i m p l y  
s u p p o r t e d  o r  c o n t i n u o u s )  and ( b )  t h e  abutment-embankment-pier  geome t ry .  A 
g e n e r a l  summary of t h e  s u p e r s t r u c t u r e  d a t a ,  i n c l u d i n g  t y p e  of  s p a n ,  t h a t  
h a v e  been  i n c o r p o r a t e d  i n t o  t h i s  and o t h e r  a n a l y s e s ,  i s  p r e s e n t e d  i n  t a b l e  
2 .  Aga in ,  t h e  i n f l u e n c e  of e a c h  of t h e  s e l e c t e d  v a r i a b l e s  was c o n s i d e r e d  
s e p a r a t e l y  and i n  s e l e c t e d  c o m b i n a t i o n s .  A v a l u a b l e  by -p roduc t  of t h i s  
a n a l y s i s  was t h e  i d e n t i f i c a t i o n  of t h e  most common c a u s e s  of  f o u n d a t i o n  
movemen t s  f o r  t h e  b r i d g e s  s t u d i e d .  I n  a d d i t i o n ,  i t  was p o s s i b l e  t o  
e x p l o r e ,  i n  a  l i m i t e d  way, t h e  i n f l u e n c e  of  c o n s t r u c t i o n  s e q u e n c e  and 
p r e c o m p r e s s i o n  ( 1 6 , 1 7 1  on abutment  movements. 

T h e  second  a n a l y s i s  i n v o l v e d  t h e  i n v e s t i g a t i o n  of t h e  i n f l u e n c e  o f  
b r i d g e  f o u n d a t i o n  movements on t h e  b r i d g e  s t r u c t u r e s  i n  an e f f o r t  t o  
d e t e r m i n e  what t y p e s  and m a g n i t u d e s  of movements most f r e q u e n t l y  r e s u l t  i n  
d e t r i m e n t a l  s t r u c t u r a l  damage. The v a r i a b l e s  c o n s i d e r e d  i n  t h i s  a n h l y s i s  
w e r e :  ( a )  t y p e  of movement ( v e r t i c a l  o n l y ,  h o r i z o n t a l  o n l y ,  o r  v e r t i c a l  
a n d  h o r i z o n t a l  i n  c o m b i n a t i o n ) ,  ( b )  m a g n i t u d e  of  movements (maximum 
d i  f f e r e n t  i a l  v e r t i c a l  movements be tween two s u c c e s s i v e  a b u t m e n t s  o r  p i e r s  
a n d  maximum h o r i z o n t a l  movements ) ,  ( c )  t h e  span  t y p e ,  ( d l  t h e  t y p e  of  
s t r u c t u r a l  m a t e r i a l  ( s t e e l  o r  c o n c r e t e ) ,  ( e l  t h e  number of  s p a n s  and ( f )  
a b u t m e n t  t y p e .  A g e n e r a l  summary of  t h e  t y p e s  of s t r u c t u r a l  damage and t h e  
n u m b e r s  of b r i d g e s  t h a t  were  r e p o r t e d  t o  have  e x p e r i e n c e d  t h e s e  i s  
p r e s e n t e d  i n  t a b l e  3 .  I t  s h o u l d  be  n o t e d  t h a t  many of t h e s e  s t r u c t u r e s  
e x p e r i e n c e d  mu1 t i p l e  damaging e f f e c t s .  The imp1 i c a t  i o n s  of  t h i s  f a c t  w i l l  
b e  b r o u g h t  o u t  l a t e r  i n  t h i s  r e p o r t .  

T h e  t h i r d  a n a l y s i s  i n v o l v e d  t h e  i n v e s t i g a t i o n  o f  t h e  t o l e r a n c e  of t h e  
v a r i o u s  b r i d g e  s t r u c t u r e s  t o  movements .  The v a r i a b l e s  c o n s i d e r e d  i n  t h i s  
a n a l y s i s  were:  ( a )  t y p e  of s t r u c t u r a l  damage, ( b )  t y p e  of  movement, ( c )  
m a g n i t u d e  of movements  (maximum d i f f e r e n t i a l  v e r t i c a l  movements be tween 
s u c c e s s i v e  u n i t s s  of  t h e  s u b s t r u c t u r e ,  maximum l o n g i t u d i n a l  a n g u l a r  
d i s t o r t i o n  and maximum h o r i z o n t a l  movement) ,  ( d l  t h e  span  t y p e ,  ( e )  t h e  
t y p e  of s t r u c t u r a l  m a t e r i a l ,  ( f )  t h e  number of  s p a n s  and ( g )  t y p e  of 
a b u t m e n t .  

I n i t i a l l y ,  t h e  t h r e e  a n a l y s e s  d e s c r i b e d  above were  c o n d u c t e d  i n  g r e a t  
d e t a i l ,  u s i n g  a  manual  d a t a  r e d u c t i o n  and p r o c e s s i n g  sys t em ( 1 0 ) .  However, 
t h e s e  p r e l i m i n a r y  a n a l y s e s  were  begun a t  a  r e l a t i v e l y  e a r l y  s t a g e  of t h e  
d a t a  c o l l e c t i o n  p r o c e s s  and t h e r e f o r e  c o n s i d e r e d  d a t a  from o n l y  180 
b r i d g e s .  A l a t e r  s e r i e s  of a n a l y s e s  employed a  c o m p u t e r i z e d  d a t a  s t o r a g e  
a n d  r e t r i e v a l  s y s t e m  ( 9 )  and used  d a t a  from 204 b r i d g e s .  The r e s u l t s  of 
t h e s e  a n a l y s e s  were  r e p o r t e d  i n  t h e  I n t e r i m  R e p o r t  ( 8 ) .  S u b s e q u e n t l y ,  d a t a  
f r o m  110 a d d i t i t i o n a l  b r i d g e s  were  added t o  t h e  d a t a  b a s e  s o  t h a t  t h e  f i n a l  
a n a l y s e s  r e p o r t e d  h e r e i n  i n v o l v e d  a  t o t a l  of 314  b r i d g e s .  T h e s e  a n a l y s e s  
r e s u l t e d  i n  t h e  g e n e r a t i o n  of  a  v e r y  l a r g e  amount of  i n f o r m a t i o n  on t h e  



T a b l e  1 .  General  summary of s u b s t r u c t u r e  d a t a .  

- 

S u b s t r u c t u r e  V a r i a b l e s  Number of Br idges  

Genera l  S o i l  C o n d i t i o n s  

F i n e  G r a i n e d  S o i l  
G r a n u l a r  S o i l s  
F i n e  G r a i n e d  S o i l s  Over G r a n u l a r  S o i l s  
G r a n u l a r  S o i l s  Over F i n e  Gra ined  S o i l s  
I n t e r l e y e r e d / I n t e r m i x e d  S o i l s  
Bedrock 
P e r m a f r o s t  So i  1s  
S o i l s  C o n d i t i o n s  not g i v e n  

Foundat i o n  Type 

Spread F o o t i n g s  12 5 
P i l e s  9 5 
Abutments on Spread  F o o t i n g s / P i e r s  on P i l e s  2  1 
Abutments on P i l e s I P i e r s  on Spread F o o t i n g s  3  9 
Abutments and P i e r s  on Both Spread F o o t i n g s  and 

P i  l e s  20 
M i s c e l l a n e o u s  Combinat i o n s  of  Spread F o o t i n g s ,  

C a i s s o n s ,  e t c .  3  
Foundat ion  t y p e  not g iven  1 1  

Abutment Type 

F u l l  Height  
Pe rched  
S p i l l - t h r o u g h  
F u l l  He igh t  and P e r c h e d  
Perched and S p i  1  1- through 
Abutment t y p e  no t  g i v e n  o r  unknown 

Heigh t  of Approach Embankments 

Cut 
0  f e e t  t o  9 f e e t  
1 0  f e e t  t o  19  f e e t  
2 0  f e e t  t o  29 f e e t  
30 f e e t  t o  3 9  f e e t  
4 0  f e e t  t o  49 f e e t  
50 f e e t  t o  o v e r  100  f e e t  
Approach h e i g h t  not g i v e n  

Note:  1  f o o t  = 0.3048 m e t e r s .  



Table  2 .  Summary of t h e  s u p e r s t r u c t u r e  d a t a .  

S u p e r s t r u c t u r e  V a r i a b l e s  Number of Br idges  

Type of Span 

Simple 
Cont inuous  
Simple  and Continuous 
R i g i d  Frame 
C a n t i l e v e r  
M i s c e l l a n e o u s  o r  n o t  g iven 

Type of S t r u c t u r a l  Mater ia l .  

S t e e l  
C o n c r e t e  
S t e e l  and Concrete  
M a t e r i a l  no t  g i v e n  

Number of Spans 

One 
Two 
T h r e e  
Four  
F i v e  
More than  f i v e  
Number of spans  no t  g iven  

Tab le  3 .  General  summary of d a t a  on s t r u c t u r a l  damage. 

Type of S t r u c t u r a l  Damage Number of Br idges  

Damage t o  Abutments 
Damage t o  P i e r s  
V e r t i c a l  Displacement 
H o r i z o n t a l  Displacement 
D i s t r e s s  i n  t h e  S u p e r s t r u c t u r e  
Damage t o  R a i l s ,  Curbs ,  S idewalks ,  P a r a p e t s  
Damage t o  Bear ings  
Poor  Riding Q u a l i t y  
Not Given lCor rec ted  During C o n s t r u c t i o n  
None 



i n f l u e n c e  of s u b s t r u c t u r e  v a r i a b l e s  on b r i d g e  f o u n d a t i o n  movements ,  t h e  
i n f l u e n c e  of t h e s e  movements on b r i d g e  s t r u c t u r e s  and t h e  t o l e r a n c e  of 
b r i d g e s  t o  t h e s e  movements .  F o r  t h e  s a k e  of b r e v i t y ,  o n l y  a  l i m i t e d  
p o r t i o n  of t h e  r e s u l t s  can  b e  p r e s e n t e d  h e r e .  The d e t a i l s  o f  t h e  d a t a  
s t o r a g e  and r e t r i e v a l  sy s t em and t h e  p r e l i m i n a r y  a n a l y s i s  a r e  p r e s e n t e d  i n  
Volume I 1  ( 9 )  and Volume I11 ( 1 0 )  o f  t h e  I n t e r i m  R e p o r t ,  r e s p e c t i v e l y .  

2 . 3 . 2  I n f l u e n c e  of  S u b s t r u c t u r e  V a r i a b l e s  on F o u n d a t i o n  Movement 

2 . 3 . 2 . 1  Abutment Movements. T h e r e  were a  t o t a l  o f  580 a b u t m e n t s  
w h i c h  had  s u f f i c i e n t  d a t a  t o  b e  i n c l u d e d  i n  t h e  a n a l y s i s .  Over t h r e e -  
q u a r t e r s  of  t h e s e  e x p e r i e n c e d  some t y p e  of movement. A g e n e r a l  summary of 
t h e  movement d a t a  f o r  t h e s e  439  a b u t m e n t s  i s  p r e s e n t e d  i n  t a b l e  4 .  These  
d a t a  show t h a t  a  g r e a t  m a j o r i t y  of t h e  a b u t m e n t s  t h a t  moved e x p e r i e n c e d  
v e r t i c a l  movement, l e s s  t h a n  o n e - t h i r d  o f  them moved h o r i z o n t a l l y ,  and a  
s u b s t a n t i a l  number moved b o t h  v e r t i c a l l y  and h o r i z o n t a l l y .  T h i s  i s  f u r t h e r  
i l l u s t r a t e d  i n  t a b l e  5 ,  which shows t h e  f r e q u e n c y  of o c c u r r e n c e  of  t h e  
v a r i o u s  r a n g e s  of  v e r t i c a l  and h o r i z o n t a l  movements. The m a g n i t u d e s  o f  t h e  
v e r t i c a l  movements  t e n d e d  t o  b e  s u b s t a n t i a l l y  g r e a t e r  t h a n  t h e  h o r i z o n t a l  
movements .  T h i s  can  be  e x p l a i n e d ,  i n  p a r t ,  by t h e  f a c t  t h a t  i n  many 
i n s t a n c e s  t h e  a b u t m e n t s  moved inward  u n t i l  t h e y  became jammed a g a i n s t  t h e  
beams o r  g i r d e r s  ( s e e  f i g u r e s  1 and 2 1 ,  which a c t e d  a s  s t r u t s ,  t h u s  
p r e v e n t i n g  f u r t h e r  h o r i z o n t a l  movements. F o r  t h o s e  " s i l l "  t y p e  a b u t m e n t s  
t h a t  had n o  b a c k  w a l l s ,  t h e  h o r i z o n t a l  movements were  o f t e n  s u b s t a n t i a l l y  
1  a r g e r ,  w i t h  t h e  a b u t m e n t s  moving inward  u n t i l  t h e  beams o r  g i r d e r s  were ,  
i n  e f f e c t ,  e x t r u d e d  o u t  b e h i n d  t h e  a b u t m e n t s .  However, a  s i g n i f i c a n t  
number o f  a b u t m e n t s  ( a  t o t a l  of  3 9 )  d i d  move outward  away from t h e  b r i d g e  
s u p e r s t r u c t u r e  and toward  t h e i r  app roach  embankments ( s e e  f i g u r e s  3  and  4 ) .  
T h e s e  were  a l m o s t  i n v a r i a b l y  pe rched  a b u t m e n t s  founded on p i l e s  d r i v e n  
t h r o u g h  a p p r o a c h  f i l l s  p l a c e d  o v e r  deep  c o m p r e s s i b l e  s o i l s .  T h i s  t y p e  of 
movement h a s  b e e n  d e s c r i b e d  by S t e r m a c ,  D e v a t a  and S e l b y  ( 1 8 ) .  T a b l e  4  
a l s o  shows t h a t  t h e  v e r t i c a l  abutment  movements t e n d e d  t o  b e  l a r g e r  f o r  
t h o s e  a b u t m e n t s  t h a t  e x p e r i e n c e d  b o t h  v e r t i c a l  and h o r i z o n t a l  movements. 

Of t h o s e  a b u t m e n t s  w i t h  s u f f i c i e n t  d a t a  t o  b e  i n c l u d e d  i n  t h e  
a n a l y s i s ,  s u b s t a n t i a l l y  more p e r c h e d  a b u t m e n t s  were  r e p o r t e d  t h a n  e i t h e r  
f u l l  h e i g h t  o r  s p i l l - t h r o u g h  a b u t m e n t s .  Both  t h e  f u l l  h e i g h t  and pe rched  
a b u t m e n t s  t e n d e d  t o  move more f r e q u e n t l y  t h a n  t h e  s p i l l - t h r o u g h  abu tmen t s .  
However,  t h e  summary of abutment  movements i n  t e r m s  of  abutment  t y p e ,  
g i v e n  i n  t a b l e s  6 and  7 ,  shows t h a t  pe rched  and s p i l l - t h r o u g h  a b u t m e n t s  
t e n d e d  t o  unde rgo  a  w i d e r  r a n g e  of movements t h a n  d i d  t h e  f u l l  h e i g h t  
a b u t m e n t s .  T h i s  was t r u e  w i t h  r e s p e c t  t o  b o t h  v e r t i c a l  and h o r i z o n t a l  
movements .  The  l a r g e  number of pe rched  a b u t m e n t s  t h a t  d i d  move s u g g e s t s  
t h a t  i n  t h e  f u t u r e  g r e a t e r  a t t e n t i o n  n e e d s  t o  b e  d i r e c t e d  t o  t h e  d e s i g n  
a n d  c o n s t r u c t i o n  of t h e  f o u n d a t i o n  s y s t e m s  f o r  t h i s  t y p e  of abu tmen t .  

I n  t h i s  c o n n e c t i o n ,  i t  was a l s o  found t h a t  t h e  c o n s t r u c t i o n  sequence  
a n d / o r  t h e  u s e  o f  p r e c o m p r e s s i o n  (16 ,171  e x e r t e d  a  s i g n i f i c a n t  i n f l u e n c e  on 
t h e  movements of  pe rched  a b u t m e n t s  founded on s p r e a d  f o o t i n g s  on f i l l .  
T h i s  i s  i l l u s t r a t e d  i n  t a b l e  8 ,  which shows t h a t  t h e  r a n g e  and a v e r a g e  
m a g n i t u d e  of abu tmen t  movements were  s u b s t a n t i a l  l y  l ower  when a  p r e l o a d  



Table  4 .  General  summary of abutment movements. 

Frequency Magnitude 

Movement Number of P e r c e n t  Range i n  Average 
TY pe Abutments Moved Inches  i n  Inches  

Al l  Types 439 
V e r t i c a l  379 
H o r i z o n t a l  138 
V e r t i c a l  & 7 7 

H o r i z o n t a l  

- - - - -- -- - 

aTwo abutments ,  which r a i s e d  v e r t i c a l l y ,  a r e  not  inc luded  i n  t o t a l ,  range 
or a v e r a g e .  Note: 1 inch = 25.4 mm. 

Table  5 .  Ranges of magni tudes  of abutment movements 
i n  g e n e r a l ,  

- 

Type of Movement 

V e r t i c a l  Hor izon ta l  
Mov ernen t 
I n t e r v a l  Number of P e r c e n t  of Number of P e r c e n t  of  
i n  I n c h e s  Abutments T o t a l  Abutments T o t a l  

0 - 1.9 
2.0- 3.9 
4.0- 5.9 
6.0- 7 .9  
8.0- 9 .9 

10.0-14.9 
15 .O-19.9 
20.0-60.0 
T o t a l  

aTwo abutments ,  which r a i s e d  v e r t i c a l l y ,  a r e  no t  i n c l u d e d .  
Note:  1 inch = 25.4  mm. 



F i g u r e  1. I l l u s t r a t i o n  of i nward  h o r i z o n t a l  
d i s p l a c e m e n t  l e a d i n g  t o  abutment  
b e i n g  jammed a g a i n s t  beams.  

F i g u r e  2 .  Backwal l  o f  abu tmen t  jammed a g a i n s  
beam a s  r e s u l t  of inward  h o r i z o n t a l  
movement of  a b u t m e n t  . 



f i g u r e  3 .  T i l t e d  r c c k e r  c a u s e d  by backwerd 
h o r i z o n t a l  d i s p l a c e m e n t  of  a b u t m e n t .  

F i g u r e  4 .  D i s p l a c e d  b e a r i n g  and t i l t e d  a n c h o r  
b o l t  c a u s e d  by backward  h o r i z o n t a l  
d i s p l a c e m e n t  o f  a b u t m e n t .  



Table  6 .  Summary of movements i n  terms of abutment t y p e s .  

- - - -- - - -- - 

Frequency Magnitude 

Abutment Movement Number of P e r c e n t  Range i n  Average 
Type Type Abutments Moved Inches  i n  Inches  

1 A l l  Types 6 4  
g h t  Vert  i c a l a  5 6 

H o r i z o n t a l  32 
V e r t i c a l  & 2 4  

H o r i z o n t a l  

Perched A l l  Types 357 
V e r t i c a l  307 
H o r i z o n t a l  9 3 
V e r t i c a l  & 43 

H o r i z o n t a l  

S p i l l -  A l l  Types 2 1 
Through V e r t i c a l  16 

H o r i z o n t a l  13 
V e r t i c a l  & 8 

H o r i z o n t a l  

a ~ w o  f u l l  h e i g h t  abutments , which r a i s e d  3 i n c h e s ,  a r e  n o t  inc luded .  
Note: 1  inch = 25.4 mm. 



T a b l e  7. Ranges of magni tudes  of abutment movements 
i n  terms of abutment t y p e s .  

Type of Movement 

V e r t i c a l  H o r i z o n t a l  
Type of Movement 

Abutment I n t e r v a l  Number of P e r c e n t  Number of P e r c e n t  
i n  I n c h e s  Abutments of  Tot a1 Abutments of T o t a l  

Ful 1  Height  0 - 1.9 
2.0 - 3.9 
4.0 - 5.9 
6.0 - 7.9 
8.0 - 9.9 
10.0 -14.9 
15.0 -19.9 
20.0 -60.0 
T o t  a1 

Perched 0 -1.9 
2.0 - 3.9 
4.0 - 5.9 
6.0 - 7.9 
8.0 - 9.9 
10.0 -14.9 
15.0 -19.9 
20.0 -60.0 
Tot a1 

Spi 1 1- 0 -1.9 
Through 2.0 - 3.9 

4.0 - 5.9 
6.0 - 7.9 
8.0 - 9.9 
10.0 -14.9 
15.0 -19.9 
20.0 -60.0 
Tot a 1  

a ~ ~ o  f u l l  h e i g h t  a b u t m e n t s ,  which r a i s e d  v e r t i c a l  ly, a r e  not i n c l u d e d .  
Note:  1 i n c h  = 25.4 mm 



Table 8 .  Summary of movements of perched abutments on spread  
f o o t i n g s  on f i l l  i n  terms of c o n s t r u c t i o n  sequence.  

Freqitenc y Magnitude 

Cons t ruc t  i o n  Movement Number of  Percent  Range i n  Average 
Sequence Type Abutments Moved Inches  i n  Inches  

Pre load  A l l  Types 8 1  100.0 
and /or  V e r t i c a l  8 1 101). 0  0.2-5.2 1.8 
Waiting Hor i z o n t  a 1  2  2 .5  0.3-0.3 0 . 3  
Per iod  V e r t i c a l  & 2  2.5 4.0-5.0 4 . 5  

Hor izon ta l  0.3-0.3 0 . 3  

No Pre load  A l l  Types 6  3 100.0 
o r  Waiting V e r t i c a l  60 95.2 0.1-35.0 7 . 3  
Per iod  Hor izon ta l  13 20.6 0.3- 5 . 0  3  - 5  

Ver t i ca l .  & 10 15.0 0.1-35.0 18.2  
Hor izon ta l  0.3- 5 . 0  3.7 

Note: 1 inch = 25.4 rnm. 

Table 9 .  Summary of abutment movements i n  terms of founda t ion  t y p e .  

Magnitude 

Foundat i o n  Movement Number of Percen t  Range i n  Average 
Type TY pe Abutments Moved Inches  i n  Inches  

Spread A l l  Types 266 100 .O 
Foo t ings  V e r t i c a l  254 95.5 0.1-35.0 3.7 

H o r i z o n t a l  4 0  15 . O  0.1-8.8 2 .4  
V e r t i c a l  & 2 8 10.5 0.1-35 . O  6 . 1  

H o r i z o n t a l  0.1-8.0 2.2 
- 

P i l e s  A l l  Types 173 100.0 
Ver t  i c  a1  122 70.5 0.03-50.4 3 .9  
H o r i z o n t a l  9  9 57.2 0.3-14.4 2.7 
V e r t i c a l  & 4 8  27.7 0.3-50.4 5.6 

Horizontal .  0.3-14.4 2 . 3  
- 

Note: 1 inch = 25.4 m. 



a n d / o r  w a i t i n g  p e r i o d  was employed p r i o r  t o  c o n s t r u c t i o n  of t h e  a b u t m e n t s  
t h a n  when t h e  a b u t m e n t s  were  c o n s t r u c t e d  i m m e d i a t e l y  f o l l o w i n g  c o m p l e t i o n  
o f  t h e  embankments .  F o r  t h e  8 1  pe rched  a b u t m e n t s  where a  p r e l o a d  a n d / o r  
w a i t  i n g  p e r i o d  was u s e d ,  t h e  abutment  c o n s t r u c t  i o n  was d e l a y e d  f o r  one 
m o n t h  t o  s i x  mon ths  f o l l o w i n g  c o m p l e t i o n  of  t h e  app roach  embankments .  
U s u a l  l y  t h e s e  d e l a y s  permi t t e d  most of t h e  embankment and f o u n d a t  i o n  
movement  t o  t a k e  p l a c e  b e f o r e  t h e  b e g i n n i n g  o f  abutment  c o n s t r u c t i o n .  

I n  t e r m s  of  f o u n d a t i o n  t y p e ,  a b u t m e n t s  founded  on s p r e a d  f o o t i n g s  had 
a  s l i g h t l y  h i g h e r  i n c i d e n c e  of movement t h a n  a b u t m e n t s  founded on p i l e s ,  
w i t h  88.7 p e r c e n t  o f  300  a b u t m e n t s  on s p r e a d  f o o t i n g s  moving a s  compared 
t o  65.5 p e r c e n t  of  2 6 4  a b u t m e n t s  founded on p i l e s .  However, t h e  summary 
o f  abu tmen t  movements  i n  t e rms  of  f o u n d a t i o n  t y p e s ,  p r e s e n t e d  i n  t a b l e  9 ,  
s h o w s  t h a t  a b u t m e n t s  founded on p i l e s  a c t u a l l y  e x p e r i e n c e d  a  l a r g e r  r ange  
a n d  a s l i g h t l y  l a r g e r  a v e r a g e  v e r t i c a l  movement t h a n  d i d  t h o s e  founded on 
s p r e a d  f o o t i n g s .  T h i s  s i t u a t i o n  a l s o  e x i s t e d  w i t h  r e s p e c t  t o  h o r i z o n t a l  
movemen t s .  T h e s e  same g e n e r a l  t r e n d s  were  o b s e r v e d  i n  most c a s e s  when t h e  
d a t a  were f u r t h e r  b r o k e n  down i n  t e rms  of abutment  t y p e ,  a s  shown i n  T a b l e  
1 0 .  T h e s e  f i n d i n g s ,  c o u p l e d  w i t h  t h e  r e l a t i v e l y  l a r g e  number of p i l e  
s u p p o r t e d  a b u t m e n t s  t h a t  d i d  move, t e n d s  t o  s u g g e s t  t h a t  t h e  mere u s e  of 
p i l e  f o u n d a t i o n s  d o e s  no t  n e c e s s a r i l y  g u a r a n t e e  t h a t  abutment  movements 
w i l l  be  w i t h i n  a c c e p t a b l e  l i m i t s ,  p a r t i c u l a r l y  f o r  t h e  c a s e  of  pe rched  
a b u t m e n t s  on f i l l s .  I n  f a c t ,  t h e r e  i s  an e x i s t i n g  body of  e v i d e n c e  t h a t ,  
u n d e r  some c i r c u m s t a n c e s ,  b r i d g e s  founded  on p i l e s  o r  o t h e r  deep  
f o u n d a t i o n s  c a n  move, somet imes  s u b s t a n t i a l l y  (18 -24 ) .  I n  l i g h t  of t h i s  
i n f o r m a t i o n ,  i t  i s  s u g g e s t e d  t , h a t  i n  t h e  f u t u r e  t h e  d e s i g n  and c o n s t r u c t i o n  
o f  p i l e  s u p p o r t e d  a b u t m e n t s  s h o u l d  b e  p u r s u e d  w i t h  g r e a t  c a r e  and a t t e n t i o n  
t o  d e t a i l ,  i n  o r d e r  t o  a s s u r e  t h a t  t h e  p e r f o r m a n c e  of t h e s e  s u b s t r u c t u r e  
u n i t s  m e e t s  e x p e c t  a t  i o n s .  

With r e s p e c t  t o  f o u n d a t i o n  s o i l  t y p e ,  t h e r e  was a  h i g h  i n c i d e n c e  of 
v e r t i c a l  movement f o r  a b u t m e n t s  founded on s p r e a d  f o o t i n g s  on s o i  1 p r o f i l e s  
w i t h  s u b s t a n t i a l  q u a n t i t i e s  of  f i n e  g r a i n e d  s o i l s .  H o r i z o n t a l  movements 
o c c u r r e d  most  o f t e n  f o r  p i l e  f o u n d a t i o n s  i n  f i n e  g r a i n e d  s o i l s  o v e r l y i n g  
g r a n u l a r  s o i l s .  The  l a r g e s t  v e r t i c a l  movements t ended  t o  o c c u r  f o r  
a b u t m e n t s  on s p r e a d  f o o t i n g s  i n  f i n e  g r a i n e d  s o i l s  and on p i l e  f o u n d a t i o n s  
i n  g r a n u l a r  s o i l s  o v e r l y i n g  f i n e  g r a i n e d  s o i l s .  The l a r g e s t  h o r i z o n t a l  
movements  o c c u r r e d  f o r  p i l e  f o u n d a t i o n s  and s p r e a d  f o o t i n g s  i n  f i n e  g r a i n e d  
s o i l .  

A l though  some g e n e r a l  t r e n d s  were e v i d e n t ,  app roach  embankment h e i g h t s  
d i d  n o t  c o r r e l a t e  p a r t i c u l a r l y  w e l l  w i t h  t h e  f r e q u e n c y  and magn i tude  of  
a b u t m e n t  movements .  T h i s  t e n d s  t o  a g r e e  w i t h  t h e  f i n d i n g s  r e p o r t e d  by 
G r o v e r  (11) f o r  O h i o  b r i d g e s .  A s  m i g h t  b e  e x p e c t e d ,  t h e r e  was a  g e n e r a l  
t r e n d  toward  i n c r e a s i n g  m a g n i t u d e  of  v e r t i c a l  movements w i t h  i n c r e a s e  i n  
h e i g h t  of a p p r o a c h  embankments ,  a s  shown i n  t a b l e  1 1 .  However, a d d i t i o n a l  
a n a l y s e s  w i t h  r e g a r d  t o  embankment h e i g h t ,  i n  t e r m s  of abutment  t y p e ,  d i d  
n o t  show a g r e a t  d e a l  of  e v i d e n c e  of m e a n i n g f u l  t r e n d s .  

2  . 3 . 2 . 2  P i e r  Movements. The r e s u l t s  of t h e  a n a l y s i s  of p i e r  
movements  showed t h a t ,  i n  g e n e r a l ,  p i e r s  moved l e s s  o f t e n  t h a n  a b u t m e n t s .  
O n l y  25.2 p e r c e n t  of t h e  1 , 0 6 8  p i e r s  c o n s i d e r e d  i n  t h e  a n a l y s i s  showed any 
movement .  The  g e n e r a l  summar ies  of p i e r  movements g i v e n  i n  t a b l e  1 2  and  1 3  



Table 10. Summary of abutment movements in  terms of foundation 
type and abutment type. 

Spread Footing Foundat ions P i l e  Foundations 

Frequency Magnitude Frequency Magnitude 

Abutment Movement No. of Percent Range in  Avg. in No. of Percent Range in  Avg. in 
Type TY pe Abuts. Moved Inches Inches Abuts . Moved Inches Znche s 

Full A l l  Types 45 100 -0 19 100 -0 
Height Vert ical  3 9 86.7 0.4 - 11.4 3.4 17  89.5 0.2 - 17.0 4.8 

Horizontal 18 40.0 0.1 - 8.0 1.8 14 73.7 1.1 - 5.5 2.5 
Vert ical  & 12 26.7 0.5 - 11.4 3.8 12  63.2 0.3 - 17.0 5.7 

Horizontal 0.1 - 8.0 1.6 1.1 - 5.5 2.7 
I- 
03 

Perched A l l  Types 2 15 100.0 142 100.0 
Vert ical  211 98.1 0.1 - 35.0 3.8 96 67.6 0.03- 50.4 3.1 
Horizontal 19 8.8 0.3 - 5.0 2.6 74 52.1 0.3 - 14.4 2.9 
Vert ical  & 15 7.0 0.1 - 35.0 13.3 28 19.7 0.6 - 50.4 5 -0  

Horizontal 0.3 - 5.0 2.7 0.3 - 14.4 2 .5  

Sp i l l - .  A l l  Types 6 100.0 15 100 -0 
Through Vertical 4 66.7 3.6 - 8.0 6.4 12 80.0 1.2 - 24.0 8.8 

Nor izont a1 2 33.3 3.0 - 8.8 5.9 11 73.3 0.5 - 3.0 1.7 
Vert ical  b 0 0.0 8 53.3 1.2 - 24.0 7.8 

Horizontal 0.5 - 3.0 1.4 

Note: 1 inch = 25.4 mn. 



Table  11. Summary of abutment movements i n  terms 
of h e i g h t  of approach embankment. 

Embankment Frequency Magnitude 
Heigh t  

I n t e r v a l  Movement Number of Percent  Range i n  Average 
i n  Feet  Type Abutments Moved Inches  i n  Inches  

0 -  9.9 A l l T y p e s  16 100.0 
Vert  i c  a1  15 93.8 0 . 2  - 11.0 2  - 4  
H o r i z o n t a l  2  12.5  1 . 8 -  3.6 2.7 
V e r t i c a l  & 1  6 . 3  2 .4  2.4 

Hor izon ta l  1 .8  1 . 8  

1 0 -  19.9 A l l  Types 7  5  100.0 
V e r t i c a l  5  6  74.7 0 .3  - 18.0 4.4 
H o r i z o n t a l  4  1 54.7 0 . 3  - 9.1  2 .9  
V e r t i c a l  & 2  2  29.3 0 .3  - 18.0 5  - 8  

Hor izon ta l  0.3 - 9.0 2.8 

20 - 29.9 A l l  Types 18 7 100.0 
V e r t i c a l  161 86.1  0 .03 - 50.4 3 .3  
H o r i z o n t a l  5  1  27.3 0.1 - 14.4 2.6 
V e r t i c a l  & 2  5  13 .4  0.5 - 50.4 6.7 

H o r i z o n t a l  0.1 - 14.4 2.7 

30 - 39.9 A l l  Types 11 3  100.0 
V e r t i c a l  102 90.3 0 .1  - 24.0 3.7 
Hor izon ta l  2  5  22.1 0.3 - 4.0 1 .8  
V e r t i c a l  & 14 12 .4  0 .1  - 24.0 6 .9  

Hor izon ta l  0.3 - 4.0 1 .4  

40 - 49.9 A l l  Types 2  4  100 .O 
V e r t i c a l  2  1  87.5 0.7 - 18.0 4.0 
H o r i z o n t a l  9  37.5 0 . 3  - 8 .8  3 .3  
V e r t i c a l  & 6  25 . O  1.0 - 18.0 8 . 3  

Hor izon ta l  0 .3  - 5 .5  2.3 

50 - loo+ A 1 1  Types 24 100.0 
Vert  i c  a1 24 100.0 0 . 3  - 35.0 9 . 2  
H o r i z o n t a l  8  33.3 3.5 - 5.0  4 . 1  
V e r t i c a l  & 8 33.3 2 .1  - 35.0 14.7 

Hor izon ta l  3.5 - 5 . 0  4 .1  

Note: 1 f o o t  = 304.8 mm, and 1 inch  = 25.4 mm. 



T a b l e  12. General  summary of p i e r  movements. 

Frequency Magnitude 

Movement Number of P e r c e n t  Range i n  Average 
TY pe P i e r s  Moved Inches  i n  I n c h e s  

All Types 
V e r t i c a l  
Hor i  zont a1 
V e r t i c a l  & 

H o r i z o n t a l  

aThe number of p i e r s  w i t h  movement inc luded  7 p i e r s  which r a i s e d  
v e r t i c a l  l y .  These p i e r s  a r e  not  inc  luded i n  t h e  t o t  a1 wi th  v e r t  i c a  1  
movement. Note:  1 i n c h  = 25.4 mm. 

T a b l e  13. Ranges of magni tudes  of p i e r  
movements i n  g e n e r a l .  

Type of Movement 

V e r t i c a l  H o r i z o n t a l  
Movement 
I n t e r v a l  Number of P e r c e n t  of Number of P e r c e n t  of 
i n  Inches  P i e r s  Tot a1 P i e r s  Tot a  1 

0 - 1.9 
2.0- 3.9 
4.0- 5.9 
6.0- 7.9 
8.0- 9.9 
10.0-14.9 
15.0-19.9 
20.0-60.0 
T o t a l  

a s e v e n  p i e r s ,  which r a i s e d  v e r t i c a l l y ,  a r e  not  i n c l u d e d .  
Note:  1 i n c h  = 25.4 mm. 



shows t h a t  v e r t i c a l  movements tended t o  be  s u b s t a n t i a l l y  l e s s  than f o r  
a b u t m e n t s .  Un 1  i k e  t h e  abutment movements, a v e r a g e  h o r i z o n t  a1 p i e r  
movements tended t o  b e  l a r g e r  than  t h e  v e r t i c a l  movements. 

Al though  many more p i e r s  were founded on p i l e s  than  on s p r e a d  
f o o t i n g s ,  55.8 p e r c e n t  of t h e  p i e r s  t h a t  moved' were founded on sp read  
f o o t i n g s .  When compared w i t h  c o r r e s p o n d i n g  d a t a  f o r  abu tments ,  t h e s e  d a t a  
s u g g e s t  t h a t  t h e  r a t e  o f  s u c c e s s  i n  f o u n d i n g  p i e r s  on p i l e s  i s  
s u b s t a n t i a l l y  g r e a t e r  t h a n  t h a t  o f  f o u n d i n g  a b u t m e n t s  on p i l e s ,  
p a r t i c u l a r l y  f o r  pe rched  and s p i l l - t h r o u g h  abu tments .  Tab le  1 4 ,  which 
summarizes  t h e  p i e r  movements i n  terms of f o u n d a t i o n  t y p e ,  shows t h a t  t h e  
a v e r a g e  magni tude of v e r t  i c a l  movement was s u b s t  a n t  i a l  l y  g r e a t e r  f o r  p i l e  
f o u n d a t i o n s  than  f o r  s p r e a d i n g  f o o t i n g s .  However, t h e  v e r t i c a l  movements 
f o r  t h e  p i e r s  on s p r e a d  f o o t i n g s  had a  wider  r ange  than  f o r  t h o s e  founded 
o n  p i l e s .  

Very few t r e n d s  were e v i d e n t  wi th  r e g a r d  t o  p i e r  movements i n  terms of 
s o i l s  and f o u n d a t i o n  c o n d i t i o n s .  As would b e  e x p e c t e d ,  t h e  most f r e q u e n t  
movements f o r  b o t h  s p r e a d  f o o t i n g s  and p i l e  founda t  i o n s  were a s s o c i a t e d  
w i t h  f i n e  g r a i n e d  s o i l s .  

P i e r s  l o c a t e d  i n  o r  n e a r  t h e  t o e  of approach embankments exper ienced  
movement more t h a n  t w i c e  a s  f r e q u e n t l v  a s  p i e r s  t h a t  were l o c a t e d  awav from 
t h e  embankment, a s  shown i n  t a b l e  1 5 .  These  d a t a  show t h a t ,  c o n t r a r y  t o  
wha t  might be  e x p e c t e d ,  t h e  magni tudes  of v e r t i c a l  movements tended t o  be 
l a r g e r  f o r  p i e r s  l o c a t e d  away from t h e  embankments, w i t h  an average  
movement of 3 . 3  i n c h e s  (83.8  mm), a s  compared t o  1 . 9  i n c h e s  (48.3  mm) f o r  
p i e r s  l o c a t e d  i n  o r  n e a r  t h e  embankment. The magni tudes  of h o r i z o n t a l  
movements, however, were s i g n i f i c a n t l y  l a r g e r  f o r  p i e r s  l o c a t e d  i n  o r  n e a r  
t h e  embankment w i t h  an a v e r a g e  of 3 . 2  i n c h e s  ( 8 1 . 3  mm) a s  compared t o  on ly  
1 .5  i n c h e s  (38.1  mm) f o r  t h e  p i e r s  l o c a t e d  away from t h e  embankment. T h i s  
would  s u g g e s t  t h a t ,  i n  d e s i g n i n g  b r i d g e  p i e r s  i n  o r  nea r  t h e  t o e  of 
embankments, more c o n s i d e r a t i o n  needs t o  be g i v e n  t o  t h e  i n c r e a s e d  l e v e l  of 
h o r i z o n t a l  s t r e s s e s  t h a t  e x i s t  i n  t h e s e  a r e a s .  

2 . 3 . 2 . 3  Causes o f  Founda t ion  Movements. The i n v e s t i g a t i o n  of t h e  
i n f  l u e n c e  of s u b s t r u c t u r e  v a r i a b l e s  on b r i d g e  abutment and p i e r  movements 
a l s o  r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  of t h e  c a u s e  o r  causes  of t h e s e  
movements f o r  t h e  m a j o r i t y  of t h e  b r i d g e s  s t u d i e d .  The primary c a u s e s  of 
s u b s t r u c t u r e  movements u s u a l l y  f e l l  i n t o  t h r e e  g e n e r a l  c a t e g o r i e s :  ( a )  
m o v e m e n t s  o f  a p p r o a c h  embankments  a n d / o r  t h e i r  f o u n d a t i o n s ;  ( b )  
u n s a t i s f a c t o r y  pe r fo rmsnce  of p i l e  founda t  i o n s ;  and ( c )  i n a d e q u a t e  
r e s i s t a n c e  t o  l a t e r a l  e a r t h  p r e s s u r e s ,  c a u s i n g  h o r i z o n t a l  movements of 
a b u t m e n t s .  

The movements of approach embankments were commonly caused by ( a )  
c o n s o l i d a t i o n  s e t t l e m e n t s  of c o m p r e s s i b l e  f o u n d a t i o n  s o i l s  u n d e r l y i n g  t h e  
e m b a n k m e n t s ,  ( b )  p o s t - c o n s t r u c t i o n  s e t t l e m e n t s  o f  t h e  embankments  
t h e m s e l v e s ,  o r  ( c )  s l i d i n g  caused by s l o p e  o r  f o u n d a t i o n  i n s t a b i l i t y .  
Among t h e  most commonly i d e n t i f i e d  c o n d i t i o n s  t h a t  l e d  t o  s l o p e  o r  
f o u n d a t i o n  i n s t a b i l i t y  were e x c e s s i v e l y  s t e e p  s l o p e s ,  low s h e a r  s t r e n g t h  
o f  embankment o r  u n d e r l y i n g  f o u n d a t i o n  s o i l s  and s c o u r  a t  t h e  t o e  of t h e  
s  l o p e .  The movements of perched and s p i l l - t h r o u g h  abu tments ,  which were 



Table  14. Summary of  p i e r  movements i n  terms of f o u n d a t i o n  Type. 

Frequency 
Foundat i o n  Movement Number of Pe rcen t  

Magnitude 
Range i n  Average 

Type Type P i e r s  Moved I n c h e s  i n  Inches  

Spread A l l  Types 145 100.0 
F o o t i n g s  V e r t i c a l  134 92.4 0.1-42.0 1.8 

H o r i z o n t a l  19 13.1 0.5-20.0 3.1 
V e r t i c a l  & 7 4.8 0.8-9.00 3.8 

H o r i z o n t a l  0.6-20.0 4.9 

P i l e s  A l l  Types 115 100 .O 
V e r t i c a l  92 80.0 0.03-18.0 3.6 
H o r i z o n t a l  33 28.7 0.1-16 .O 3.2 
V e r t i c a l  6 10 8.7 0.3-18.0 6 .O 

H o r i z o n t a l  0.6-4.04 1 . 3  

a ~ u m b e r  of P i e r s  wi th  movement i n c l u d e s  7 p i e r s  which r a i s e d  v e r t i c a l l y .  
These a r e  not  inc luded  f o r  v e r t i c a l  movements. Note: 1 inch  = 25.4mm. 

Table  15. Summary of p i e r  movements i n  t e rms  
of  p i e r  l o c a t i o n .  

P i e r  
Frequency Magnitude 

Movement Number of  Pe rcen t  Range i n  Average 
Loca t ion  Type Abutments Moved Inches  i n  Inches  

I n  o r  Near A l l  Types 198 100.0 
Embankment V e r t i c a l  17 5 88.4 0.06- 42.0 1.9 

H o r i z o n t a l  4 1 20.7 0 .1  - 20.0 3.2 
V e r t i c a l  & 18 9.9 0.3 - 18.0 3.9 

H o r i z o n t a l  0.4 - 20.0 2.9 

Away From A l l  Types 86 100 .O 
Embankment V e r t i c a l  79 91.9 0.03- 18.0 3.3 

H o r i z o n t a l  8 9.3 0.1 - 4.0 1.5 
V e r t i c a l  & 1 1.2 18.0 18.0 

H o r i z o n t a l  2.0 2 .O 

Note: 1 inch  = 25.4 mn 



c a u s e d  by movements  of app roach  embankments ,  were n o t  l i m i t e d  t o  t h o s e  
a b u t m e n t s  founded on s p r e a d  f o o t i n g s .  I n  f a c t ,  a  s u b s t a n t i a l  number of  
t h e s e  t y p e s  of  a b u t m e n t s  t h a t  moved a l o n g  w i t h  t h e i r  u n d e r l y i n g  embankments 
w e r e  founded on p i l i n g ,  a s  shown i n  t a b l e  1 0 .  

A l t h o u g h ,  a s  n o t e d  e a r l i e r ,  a  s u b s t a n t i a l  number of p i l e  s u p p o r t e d  
f o u n d a t i o n s  were  r e p o r t e d  t o  have  e x p e r i e n c e d  movements, t h u s  s u g g e s t i n g  
u n s a t i s f a c t o r y  p e r f o r m a n c e  of  t h e  p i l e s  i n  r e s i s t i n g  a p p l i e d  l o a d s ,  i n  many 
i n s t a n c e s  i t  was d i f f i c u l t  t o  p i n p o i n t  t h e  r e a s o n s  f o r  t h i s  poo r  
p e r f o r m a n c e .  T h i s  i s  b e c a u s e  many of t h e  c a s e  h i s t o r i e s  s t u d i e d  l a c k e d  
s u f f i c i e n t  d e t a i l  w i t h  r e s p e c t  t o  t h e  d e s i g n  and c o n s t r u c t i o n  of t h e  p i l e  
f o u n d a t i o n s  t o  p e r m i t  a  r e l i a b l e  e v a l u a t i o n  t o  b e  made. Of c o u r s e ,  i n  
t h o s e  c a s e s  where  p i l e  s u p p o r t e d  pe rched  o r  s p i l l - t h r o u g h  a b u t m e n t s  moved 
a s  a  r e s u l t  o f  embankment s l i d i n g ,  i t  i s  o b v i o u s  t h a t  t h e  p i l e  f o u n d a t i o n s  
w e r e  n o t  d e s i g n e d  t o  r e s i s t  t h e  l o a d s  imposed by t h e  embankment movements .  
I n  f a c t ,  i t  would b e  u n r e a s o n a b l e  t o  e x p e c t  a  p i l e  f o u n d a t i o n  t o  r e s i s t  t h e  
l o a d s  imposed by an u n s t a b l e  embankment u n l e s s  i t  was s p e c i f i c a l l y  d e s i g n e d  
t 0 do so .  

I n  t h o s e  i n s t a n c e s  of  f o r w a r d  h o r i z o n t a l  abutment  movement, e i t h e r  by 
s l i d i n g  o r  r o t a t i o n  o r  b o t h ,  where  s l o p e  s t a b i l i t y  was not  a  f a c t o r ,  i t  was 
a p p a r e n t  t h a t  t h e  abu tmen t  f o u n d a t i o n  c o u l d  not  a d e q u a t e l y  r e s i s t  t h e  
a p p l i e d  l a t e r a l  e a r t h  p r e s s u r e s .  However, i n  most  of  t h e s e  c a s e s  i t  was 
n o t  r e a d i l y  a p p a r e n t  w h e t h e r  t h e  l a t e r a l  e a r t h  p r e s s u r e s  had  b e e n  
u n d e r e s t i m a t e d  o r  t h e  f o u n d a t  i o n  d e s i g n  d i d  n o t  p r o v i d e  a d e q u a t e  r e s i s t a n c e  
a g a i n s t  s l i d i n g  and o v e r t u r n i n g .  

2 . 3 . 3  I n f l u e n c e  of  Founda t  i o n  Movements on  B r i d g e s  

A s  i n d i c a t e d  i n  t a b l e  3 ,  t h e  most  f r e q u e n t l y  o c c u r r i n g  t y p e s  o f  
s t  r u c t u r a l  damage were  d i s t r e s s  i n  t h e  s u p e r s t r u c t u r e ,  damage t o  
a b u t m e n t s ,  h o r i z o n t a l  d i s p l a c e m e n t ,  v e r t i c a l  d i  s p l a c e m e n t  and damage t o  
b e a r i n g s .  Those  s t r u c t u r e s  w i t h  o n l y  abutment  movements had a  h i g h  
f r e q u e n c y  of  d i s t r e s s  i n  t h e  s u p e r s t r u c t u r e  and a  somewhat lower  i n c i d e n c e  
o f  h o r i z o n t  a1 d i s p l a c e m e n t  and abutment  damage. D i s t r e s s  i n  t h e  
s u p e r s t r u c t u r e  a l s o  o c c u r r e d  v e r y  f r e q u e n t l y  f o r  b r i d g e s  w i t h  o n l y  p i e r  
movemen t s  and f o r  b r i d g e s  w i t h  b o t h  abu tmen t  and p i e r  movements. T a b l e  
1 6 ,  which r e l a t e s  s t r u c t u r a l  damage t o  t y p e  of  f o u n d a t i o n  movement, shows 
t h a t  t h e  most  t y p e s  of  s t r u c t u r a l  damage a p p e a r  t o  o c c u r  f o r  t h o s e  b r i d g e s  
w i t h  b o t h  v e r t i c a l  and h o r i z o n t a l  movements o c c u r r i n g  s i m u l t a n e o u s 1 y .  
H o r i z o n t a l  d i s p l a c e m e n t ,  a b u t m e n t  d a m a g e  a n d  d i s t r e s s  i n  t h e  
s u p e r s t r u c t u r e  o c c u r r e d  r e l a t i v e l y  f r e q u e n t l y  f o r  b r i d g e s  w i t h  b o t h  
v e r t i c a l  and h o r i z o n t a l  movements .  I n  c o n t r a s t ,  s t r u c t u r e s  f o r  which o n l y  
v e r t i c a l  movement was r e p o r t e d  had t h e  l o w e s t  f r e q u e n c y  of  damaging 
s t r u c t u r a l  e f f e c t s ,  w i t h  7 7  s t r u c t u r e s  h a v i n g  no damage a t  a l l .  

T h i s  same g e n e r a l  t r e n d  was e v i d e n t  i n  t e r m s  of  m a g n i t u d e s  of  
movemen t s ,  i n  t h a t  even  m o d e r a t e  d i f f e r e n t i a l  v e r t i c a l  movements t e n d e d  t o  
p r o d u c e  a  r e l a t i v e l y  low i n c i d e n c e  of  s t r u c t u r a l  damage. Of t h e  1 5 5  
b r i d g e s  w i t h  maximum d i f f e r e n t i a l  v e r t i c a l  s e t t l e m e n t s  o f  l e s s  t h a n  4 
i n c h e s  ( 1 0 1 . 5  mm), 7 9  e x p e r i e n c e d  no damage w h a t s o e v e r .  The m a j o r i t y  of  
t h e  r e m a i n i n g  7 6  s t  r u c t u r e s  e x p e r i e n c e d  p r i m a r i l y  abutment  damage, i n  t h e  



T a b l e  16. Types of s t r u c t u r a l  damage a s s o c i a t e d  w i t h  t y p e s  o f  movements. 

Type of Movement 

V e r t i c a l  H o r i z o n t a l  V e r t i c a l  and H o r i z o n t a l  

Number of  P e r c e n t  of  Number of  P e r c e n t  of Number of  P e r c e n t  of  
S t r u c t u r a l  Damage B r i d g e s  c a t e g o r y a  B r i d g e s  Ca tegory  B r i d g e s  Category 

Damage t o  Abutments 
Damage t o  P i e r s  
V e r t i c a l  Disp lacement  
H o r i z o n t a l  Disp lacement  
D i s t r e s s  i n  S u p e r s t r u c t u r e  
Damage t o  R a i l s ,  Curbs,  

S i d e w a l k s ,  P a r a p e t s  
Damage t o  B e a r i n g s  
P o o r  R i d i n g  Q u a l i t y  
Not Given o r  C o r r e c t e d  

Dur ing  C o n s t r u c t  i o n  
None 
T o t a l  B r i d g e s  i n  Ca tegory  

a P e r c e n t  of  b r i d g e s  i n  t h i s  c a t e g o r y  w i t h  i n d i c a t e d  s t r u c t u r a l  damage. 



form of minor c r a c k i n g ,  open ing  o r  c l o s i n g  of c o n s t r u c t i o n  j o i n t s ,  e t c . ,  
and  r e l a t i v e l y  minor d i s t r e s s  i n  t h e  s u p e r s t r u c t u r e  ( s e e  f i g u r e s  5 and 6 ) .  
F o r  d i f f e r e n t i a 1  v e r t i c a l  movements i n  e x c e s s  of 4  i n c h e s  (101.5  mm), 
d i s t r e s s  i n  t h e  s u p e r s t r u c t u r e  tended t o  be t h e  predominate  s t r u c t u r a l  
e f f e c t .  There  was an i n c r e a s e d  i n c i d e n c e  of v e r t i c a l  d i sp lacement  and 
p o o r  r i d i n g  q u a l i t y  f o r  d i f f e r e n t i a l  v e r t i c a l  movements of 8 i n c h e s  (203.2 
mm) and g r e a t e r .  However, i t  shou ld  be  p o i n t e d  ou t  t h a t  t h e r e  were on ly  12  
b r i d g e s ,  o u t  of t h e  314 c o n s i d e r e d ,  f o r  which poor r i d i n g  q u a l i t y  was 
r e p o r t e d .  T h i s  m a t t e r  w i l l  b e  g iven  f u r t h e r  c o n s i d e r a t i o n  l a t e r  i n  t h i s  
r e p o r t  . 

B r i d g e s  t h a t  e x p e r i e n c e d  e i t h e r  h o r i z o n t a l  movement a l o n e ,  o r  
h o r i z o n t a l  movement i n  c o n j u n c t  i o n  w i t h  d i f f e r e n t i a l  v e r t i c a l  movement, had 
a  h i g h  f requency  of damaging s t r u c t u r a l  e f f e c t s ,  even f o r  r e l a t i v e l y  smal l  
h o r i z o n t a l  movements, s u g g e s t i n g  t h a t  h o r i z o n t a l  movements a r e  much more 
c r i t i c a l  t h a n  v e r t i c a l  movements i n  c a u s i n g  s t r u c t u r a l  damage. For t h o s e  
s t r u c t u r e s  w i t h  h o r i z o n t a l  movements a l o n e ,  movements of from 1.0 t o  2.0 
i n c h e s  (25.4  t o  50.8 mm) caused d i s t r e s s  i n  t h e  s u p e r s t r u c t u r e  v e r y  
commonly, o c c u r r i n g  i n  more t h a n  t w o - t h i r d s  of t h e  c a s e s .  The b e a r i n g s  
w e r e  a l s o  a f f e c t e d  i n  more t h a n  a  t h i r d  of t h e s e  s t r u c t u r e s .  Abutment 
damage and h o r i z o n t a l  d i s p l a c e m e n t  appeared t o  beg in  o c c u r r i n g  w i t h  g r e a t e r  
f r e q u e n c y  f o r  h o r i z o n t a l  movements of 2  i n c h e s  (50.8  mm) and g r e a t e r .  

I t  was more d i f f i c u l t  t o  c o r r e l a t e  s t r u c t u r a l  damage wi th  magni tudes  of 
s u b s t r u c t u r e  movements f o r  t h o s e  c a s e s  where v e r t i c a l  and h o r i z o n t a l  
movements o c c u r r e d  s i m u l t a n e o u s l y  , because  of  t h e  p o s s i b l e  i n t e r a c t  ion  of 
t h e  two t y p e s  of movements. However, a  d e t a i l e d  review of t h e  a c t u a l  
c a u s e s  of t h e  v a r i o u s  t y p e s  of d i s t r e s s  i n  t h e  b r i d g e s  r e v e a l e d  t h a t  i t  was 
mos t  commonly t h e  h o r i z o n t a l  component of t h e  movement t h a t  was r e s p o n s i b l e  
f o r  t h e  r e p o r t e d  damage. Thus,  a s  s u g g e s t e d  e a r l i e r ,  h o r i z o n t a l  movements 
a p p e a r  t o  b e  much more c r i t i c a l  than d i f f e r e n t i a l  v e r t i c a l  s e t t l e m e n t  i n  
c a u s i n g  most t y p e s  of s t r u c t u r a l  d i s t r e s s .  T h i s  t e n d s  t o  conf i rm t h e  
f i n d i n g s  of Walkinshaw ( 1 3 )  and Bozozuk ( 1 4 ) .  

I n  t e r m s  of  span t y p e  ( s imply  suppor ted  o r  c o n t i n u o u s ) ,  t h e  d a t a  
p r e s e n t e d  i n  t a b l e  1 7  show t h a t  d i s t r e s s  i n  t h e  s u p e r s t r u c t u r e  was t h e  most 
common s t r u c t u r a l  e f f e c t  r e p o r t e d  f o r  bo th  c o n t i n u o u s  and s imply suppor ted  
b r i d g e s ,  a l t h o u g h  t h i s  t y p e  of d i s t r e s s  was r e p o r t e d  f o r  43.5  p e r c e n t  of 
t h e  s imply s u p p o r t e d  b r i d g e s  and on ly  31.2  p e r c e n t  of t h e  c o n t i n u o u s  
b r i d g e s .  The d a t a  i n  t a b l e  17 a l s o  show t h a t  abutment damage and 
h o r i z o n t a l  d i  s p l  acement were t h e  second most common e f f e c t s  f o r  t h e  s imply 
s u p p o r t e d  b r i d g e s ,  o c c u r r i n g  i n  30 .4  and 27.2 pe rcen t  of t h e  c a s e s ,  
r e s p e c t i v e l y ,  w h i l e  t h e s e  t y p e s  of damages were r e p o r t e d  f o r  on ly  1 4 . 2  and 
1 8 . 8  p e r c e n t ,  r e s p e c t i v e l y ,  of t h e  c o n t i n u o u s  b r i d g e s .  Moreover, 37.0 
p e r c e n t  of t h e  c o n t i n u o u s  b r i d g e s  e x p e r i e n c e d  no damage whi l e  on ly  15.2  
p e r c e n t  of t h e  s imply s u p p o r t e d  b r i d g e s  were r e p o r t e d  t o  be undamaged. 
T h u s ,  c o n t r a r y  t o  what might have been e x p e c t e d ,  i t  a p p e a r s  t h a t  t h e  
c o n t i n u o u s  b r i d g e s  were l e s s  s u s c e p t i b l e  t o  many t y p e s  of s t r u c t u r a l  
damage a s  a r e s u l t  of  s u b s t r u c t u r e  movements t h a n  were t h e  s imply  
s u p p o r t e d  b r i d g e s .  For  b o t h  t y p e s  of s p a n s ,  however, t h e  most f r e q u e n t  
and most s e r i o u s  t y p e  of  s t r u c t u r a l  d i s t r e s s  seemed t o  be  r e l a t e d  t o  
h o r i z o n t a l  movements. 





T a b l e  17.  Types o f  s t r u c t u r a l  damage a s s o c i a t e d  w i t h  span t y p e .  

Type o f  Span 

Simple  Cont inuous  

Number of P e r c e n t  of  Number of P e r c e n t  of 
S t r u c t u r a l  Damage B r i d g e s  c a t e g o r y a  B r i d g e s  Ca tegory  

Damage t o  Abutments 
Damage t o  P i e r s  
V e r t i c a l  Disp lacement  
H o r i z o n t  a 1  Disp lacement  
Distress i n  S u p e r s t r u c t u r e  
Damage t o  R a i l s ,  Curbs,  

S i d e w a l k s ,  P a r a p e t s  
Damage t o  B e a r i n g s  
Poor  R i d i n g  Q u a l i t y  
Not Given o r  C o r r e c t e d  

Dur ing  C o n s t r u c t i o n  
None 
T o t a l  B r i d g e s  i n  Category 

b 

a P e r c e n t  of  b r i d g e s  i n  t h i s  c a t e g o r y  w i t h  i n d i c a t e d  s t r u c t u r a l  damage. 



T a b l e  18. Types of s t r u c t u r a l  damage a s s o c i a t e d  w i t h  m a t e r i a l  t y p e .  

Type of M a t e r i a l  

S t  e e l  Concre te  

Number of  P e r c e n t  of Number o f  P e r c e n t  of  
S t r u c t u r a l  Damage B r i d g e s  c a t  egorya  B r i d g e s  Ca tegory  

Damage t o  Abutments 
Damage t o  P i e r s  
V e r t i c a l  Displacement  
H o r i z o n t  a 1  Disp lacement  
D i s t r e s s  i n  S u p e r s t r u c t u r e  
Damage t o  R a i l s ,  Curbs,  

S i d e w a l k s ,  P a r a p e t s  
Damage t o  B e a r i n g s  
P o o r  R i d i n g  Q u a l i t y  
Not Given o r  C o r r e c t e d  

Dur ing  C o n s t r u c t  ion  
None 
T o t a l  B r i d g e s  i n  Category 

a ~ e r c e n t  of b r i d g e s  i n  t h i s  c a t e g o r y  w i t h  i n d i c a t e d  s t r u c t u r a l  damage. 



T a b l e  19. Types of s t r u c t u r a l  damage a s s o c i a t e d  w i t h  t y p e s  of  movements 
f o r  d i f f e r e n t  t y p e s  o f  c o n s t r u c t i o n  m a t e r i a l s .  

C o n s t r u c t  i o n  

Type of  Movement 

V e r t i c a l  H o r i z o n t a l  V e r t i c a l  and 
H o r i z o n t a l  

Number of  P e r c e n t  of Number of  P e r c e n t  o f  Number of  P e r c e n t  of  
M a t e r i a l  S t r u c t u r a l  Damage B r i d g e s  Categorya B r i d g e s  Category B r i d g e s  Category 

S t  e e l  Damage t o  Abutments 2 1 17.9 6 27.3 2 0 45.5 
Damage t o  P i e r s  0 0 .O 4 18.2 4 9.1 
V e r t i c a l  Disp lacement  25 21.4 0 0 . O  4 9.1 
H o r i z o n t a l  Displacement  I I 9.4 12 54.5 2 1 47.7 
D i s t r e s s  i n  S u p e r s t r u c t u r e  19 16.2 16 72.7 2 1 47.7 
Damage t o  R a i l s ,  Curbs ,  

S i d e w a l k s ,  P a r a p e t s  5 4.3 0 - 0 .O 5 11 -4 
Damage t o  Bear ings  1 0.9 11 50 .0 11 25.0 
P o o r  R i d i n g  Q u a l i t y  2 1.7 0 0.0 2 4.5 
Not Given o r  C o r r e c t e d  

During C o n s t r u c t i o n  2 1.7 0 0.0 2 4.5 
None 5 7 48.7 0 0 .O 2 4.5 
T o t a l  B r i d g e s  i n  Ca tegory  117 2 2 44 

C o n c r e t e  Damage t o  Abutments 7 12.3 1 8.3 3 37.5 
Damage t o  P i e r s  3 5.3 1 8.3 2 25.0 
V e r t i c a l  Disp lacement  5 8.8 0 0 -0 3 37.5 
H o r i z o n t a l  Displacement  0 0 .O 6 50 .O 4 50.0 
D i  s t r e s s  i n  S u p e r s t r u c t u r e  2 9 50.9 7 58.3 5 62.5 
Damage t o  R a i l s ,  Curbs,  

S i d e w a l k s ,  P a r a p e t s  10 17.5 3 25 -0 4 50 -0 
Damage t o  Bear ings  0 0 .O 5 41.7 0 0.0 
P o o r  R i d i n g  Q u a l i t y  4 7.0 0 0 .O 0 0 .O 
Not Given o r  C o r r e c t e d  

Dur ing  C o n s t r u c t i o n  2 3.5 1 8.3 0 0 -0 
None 15 26.3 0 0 .O 0 0.0 
T o t a l  B r i d g e s  i n  Ca tegory  5 7 12 8 

a P e r c e n t  of b r i d g e s  i n  t h i s  c a t e g o r y  w i t h  i n d i c a t e d  s t r u c t u r a l  damage. 



The d a t a  on t h e  f r e q u e n c y  of  o c c u r r e n c e  of t h e  v a r i o u s  t y p e s  of  
b r i d g e  damage i n  t e r m s  of  s t r u c t u r a l  m a t e r i a l ,  p r e s e n t e d  i n  t a b l e  1 8 ,  show 
t h a t  d i s t r e s s  i n  t h e  s u p e r s t r u c t u r e  was r e p o r t e d  much more f r e q u e n t l y  f o r  
c o n c r e t e  s t r u c t u r e s  t h a n  f o r  s t e e l  s t r u c t u r e s .  However, t h e  s t e e l  
s t r u c t u r e s  had a  h i g h e r  f r e q u e n c y  of abutment  damage, v e r t i c a l  and 
h o r i z o n t a l  d i s p l a c e m e n t  and damage t o  b e a r i n g s .  I n  t e rms  o f  v e r t i c a l  and 
h o r i z o n t a l  movements ,  t a b l e  19  shows t h a t  t h e  s t e e l  b r i d g e s ,  w i t h  
d i f f e r e n t i a l  v e r t i c a l  movement a l o n e ,  had a  lower  i n c i d e n c e  and s e v e r i t y  
o f  s t r u c t u r a l  damage t h a n  d i d  t h e  c o n c r e t e  b r i d g e s .  Of t h e  117  s t e e l  
b  r i d g e s  which  e x p e r i e n c e d  o n l y  v e r t i c a l  movements ,  o n l y  16 .2  p e r c e n t  
e x p e r i e n c e d  d i s t r e s s  i n  t h e  s u p e r s t r u c t u r e ,  w h i l e  t h i s  t y p e  of damage was 
r e p o r t e d  i n  5 0 . 9  p e r c e n t  of  t h e  5 7  c o n c r e t e  b r i d g e s  w i t h  t h e  same t y p e  of  
movement .  I n  add i  t i o n ,  t h e r e  were  s u b s t a n t i a l l y  more s t e e l  b r i d g e s  t h a t  
w e r e  undamaged by v e r t i c a l  d i f f e r e n t i a l  s e t t l e m e n t s .  N e v e r t h e l e s s ,  t h e r e  
w e r e  a  s u b s t a n t i a l  number o f  c o n c r e t e  b r i d g e s  t h a t  were s u b j e c t e d  t o  
m o d e r a t e  d i  f f e r e n t  i a l  s e t t  I e m e n t s  w i t h o u t  e x p e r i e n c i n g  any s t r u c t u r a l  
damage a t  a l l .  Two such  b r i d g e s  a r e  shown i n  f i g u r e s  7  t h r o u g h  1 1 .  
However,  b o t h  s t e e l  and c o n c r e t e  b r i d g e s  e x p e r i e n c e d  a  h i g h  i n c i d e n c e  of  
s t r u c t u r a l  damage f rom h o r i z o n t a l  movements o r  h o r i z o n t a l  movements i n  
c o m b i n a t i o n  w i t h  v e r t i c a l  movements. Aga in ,  i t  was found t h a t  even  
r e l a t i v e l y  s m a l l  h o r i z o n t a l  movements, on t h e  o r d e r  of 2  i n c h e s  ( 5 0 . 8  mm), 
p r o d u c e d  more f r e q u e n t  and more s e v e r e  s t r u c t u r a l  damage t h a n  d i d  much 
l a r g e r  d i f f e r e n t i a l  v e r t i c a l  movements, r e g a r d l e s s  of  t y p e  o f  s t r u c t u r a l  
m a t e r i a l .  

R e l a t i v e l y  few p o s i t i v e  c o n c l u s i o n s  can  b e  drawn w i t h  r e s p e c t  t o  t h e  
i n f l u e n c e  of number of  b r i d g e  s p a n s  on t h e  e f f e c t s  produced by f o u n d a t i o n  
movements ,  b e c a u s e  of  s ample  s i z e s .  However, t h e  d a t a  do t e n d  t o  i n d i c a t e  
t h a t  m u l t i s p a n  s t r u c t u r e s  had a  h i g h e r  f r e q u e n c y  of  more s e v e r e  s t r u c t u r a l  
e f f e c t s  t h a n  d i d  s i n g l e  span  b r i d g e s .  

T h e  d a t a  on t h e  f r e q u e n c y  of o c c u r r e n c e  of each  of t h e  v a r i o u s  t y p e s  
o f  s t r u c t u r a l  d i s t r e s s  i n  t e rms  of abutment  t y p e ,  p r e s e n t e d  i n  t a b l e  2 0 ,  
show t h a t  s t r u c t u r e s  on f u l l  h e i g h t  a b u t m e n t s  t ended  t o  have  t h e  h i g h e s t  
o c c u r r e n c e  of abu tmen t  damage, b u t  a  r e l a t i v e l y  low o c c u r r e n c e  of  d i s t r e s s  
i n  t h e  s u p e r s t r u c t u r e ,  damage t o  b e a r i n g s  and v e r t i c a l  and h o r i z o n t a l  
d i s p l a c e m e n t .  A l t h o u g h  t h o s e  b r i d g e s  on pe rched  a b u t m e n t s ,  i n  g e n e r a l ,  had 
t h e  h i g h e s t  o c c u r r e n c e  of  t h e  more s e r i o u s  t y p e s  of  s t r u c t u r a l  damage, t h e y  
a l s o  had ,  by f a r ,  t h e  l a r g e s t  number t h a t  e x p e r i e n c e d  no s t r u c t u r a l  damage. 
T h i s  i s  somewhat of  a  p a r a d o x  s i n c e ,  a s  r e p o r t e d  e a r l i e r ,  p e r c h e d  a b u t m e n t s  
t e n d e d  t o  unde rgo  a  l a r g e r  and a  w i d e r  r a n g e  of  movements t h a n  d i d  t h e  f u l l  
h e i g h t  a b u t m e n t s .  However, a  d e t a i l e d  e x a m i n a t i o n  of  t h e  d a t a  r e v e a l e d  
t h a t  i t  was p r i m a r i l y  d i f f e r e n t i a l  v e r t i c a l  abutment  movements i n  e x c e s s  of 
4  i n c h e s  (101 .6  mm) t h a t  c a u s e d  damage t o  t h o s e  b r i d g e s  w i t h  p e r c h e d  
a b u t m e n t s .  The most  damaging e f f e c t s  were  produced  p r i m a r i l y  by h o r i z o n t a l  
movements  be tween one  i n c h  (25 .4  mm) and 4  i n c h e s  (101 .6  mm) i n  m a g n i t u d e ,  
a n d  t h e s e  e f f e c t s  were  p a r t i c u l a r l y  s e r i o u s  when t h e s e  h o r i z o n t a l  movements 
w e r e  a c c o m p a n i e d  b y  l a r g e r  d i f f e r e n t i a l  v e r t i c a l  m o v e m e n t s ,  i . e .  
d i f f e r e n t i a l  s e t t l e m e n t s  i n  e x c e s s  of 4  i n c h e s  (101 .6  mm). The r e l a t i v e l y  
h i g h  v e r t i c a l  movements  e x p e r i e n c e d  by t h e  s p i l  I - t h rough  a b u t m e n t s  ( t a b l e  
6 )  were  found t o  b e  l a r g e l y  r e s p o n s i b l e  f o r  t h e  h i g h  i n c i d e n c e  of  
s u p e r s t r u c t u r e  d i s t r e s s  r e p o r t e d  f o r  b r i d g e s  w i t h  t h i s  t y p e  of  a b u t m e n t ,  



F i g u r e  7 .  C o n t i n u o u s  c o n c r e t e  box  g i r d e r  b r i d g e -  
l e f t  abutment  s e t t l e d  a p p r o x i m a t e l y  
1 . 5  i n c h e s  (38.1 mm) r e l a t i v e  t o  t h e  
p i e r .  

F i g u r e  8 .  C l o s e u p  of  b r i d g e  shown i n  f i g u r e  10  
showing no s i g n s  of d i s t r e s s  i n  s p i t e  
o f  d i f f e r e n t i a l  s e t t l e m e n t  o f  a b u t m e n t ,  



NOTES: PIERS No. I e 2 FOUNDED ON SPREAD FOOTINGS ON NATURAL GROUND 
WITH MAXIMUM ALLOWABLE BEARING PRESSURE OF 5 TONS/SO. FT. 
PIERS No.3.4.AND 5 FOUNDED ON SPREAD FOOTINGS ON FILL WITH 
MAXIMUM ALLOWABLE BEARING PRESSURE OF JTONS/SO. FT. 
I INCH = 25.4 mm.. I FOOT = 0.305 METERS 

Figure 9. Elevation view of curved concrete box girder bridge showing the settlements experienced 
following construction. 



F i g u r e  1 0 .  View of s i d e  o f  c u r v e d  c o n c r e t e  box g i r d e r  
b r i d g e  shown i n  f i g u r e  1 2  showing  n o  s i g n s  
o f  d i s t r e s s  i n  s p i t e  o f  t h e  s e t t l e m e n t s  
t h a t  t o o k  p l a c e .  

F i g u r e  1 1 .  View of b o t t o m  of c u r v e d  c o n c r e t e  b o x  
g i r d e r  b r i d g e  shown i n  f i g u r e s  1 2  and  1 3  
showing  n o  s i g n s  o f  d i s t r e s s  i n  s p i t e  o f  
t h e  s e t t l e m e n t s  t h a t  t o o k  p l a c e .  



T a b l e  20. Types of s t r u c t u r a l  damage a s s o c i a t e d  w i t h  t y p e s  of abu tments .  

Type of Abutment 

F u l l  H e i g h t  Perched S p i  1 1-Through 

Number of P e r c e n t  of Number of P e r c e n t  of  Number of  P e r c e n t  of 
S t r u c t u r a l  Damage B r i d g e s  Ca tegorya  Br idges  Category Br idges  Category 

Damage t o  Abutment s 
Damage t o  P i e r s  
V e r t i c a l  Displacement  
H o r i z o n t a l  Disp lacement  
D i s t r e s s  i n  S u p e r s t r u c t u r e  
Damage t o  R a i l s ,  Curbs,  

S i d e w a l k s ,  P a r a p e t s  
Damage t o  B e a r i n g s  
P o o r  R i d i n g  Q u a l i t y  
Not Given o r  C o r r e c t e d  

During C o n s t r u c t i o n  
None 
T o t a l  B r i d g e s  i n  Ca tegory  

a ~ e r c e n t  of b r i d g e s  i n  t h i s  c a t e g o r y  w i t h  i n d i c a t e d  s t r u c t u r a l  damage. 



2 . 3 . 4  T o l e r a n c e  of  B r i d g e s  t o  F o u n d a t i o n  Movement 

O v e r a l l ,  o f  t h e  2 8 0  s t r u c t u r e s  where d a t a  on t o l e r a n c e  t o  f o u n d a t i o n  
movements  were  a v a i l a b l e  o r  c o u l d  r e a s o n a b l y  b e  assumed,  t h e  movements were  
c o n s i d e r e d  t o l e r a b l e  f o r  1 8 0  b r i d g e s  and i n t o l e r a b l e  f o r  1 0 0 .  The d a t a  i n  
t a b l e  2 1  show t h a t ,  o f  a l l  t h e  s t r u c t u r a l  e f f e c t s  a s s o c i a t e d  w i t h  
f o u n d a t i o n  movements t h a t  were  c o n s i d e r e d  t o l e r a b l e ,  damage t o  a b u t m e n t s  
a n d  d i s t r e s s  i n  t h e  s u p e r s t r u c t u r e  a p p e a r  most  f r e q u e n t l y .  I n  most  
i n s t a n c e s ,  t h e  r e p o r t e d  damage i n v o l v e d  r e l a t i v e l y  mino r  c r a c k i n g  a n d / o r  
t h e  o p e n i n g  o r  c l o s i n g  o f  c o n s t r u c t i o n  j o i n t s  i n  t h e  a b u t m e n t s ,  a s  shown i n  
f i g u r e s  5 a n d  6 ,  and c r a c k i n g  and s p a l l i n g  of  c o n c r e t e  d e c k s .  O f  c o u r s e ,  
a s  would b e  e x p e c t e d ,  t h e  f o u n d a t i o n  movements a s s o c i a t e d  w i t h  a l l  o f  t h e  
8  1  b r i d g e s  which e x p e r i e n c e d  n o  s t r u c t u r a l  damage were  c o n s i d e r e d  a s  b e i n g  
t o l e r a b l e .  

F o r  t h o s e  1 0 0  b r i d g e s  w i t h  i n t o l e r a b l e  movements ,  t a b l e  2 1  shows t h a t  
a l m o s t  ha1  f  we re  r e p o r t e d  t o  have  d i s t r e s s  i n  t h e  s u p e r s t r u c t u r e .  
H o r i z o n t a l  d i s p l a c e m e n t ,  v e r t i c a l  d i  s p l c e m e n t  and damage t o  b e a r i n g s  were 
a  l s o  r e p o r t e d  q u i t e  f r e q u e n t l y .  I n  a d d i t i o n ,  a l m o s t  o n e - q u a r t e r  of  t h o s e  
b r i d g e s  w i t h  i n t o l e r a b l e  movements had abu tmen t  damage. A s  might  have  been 
e x p e c t e d ,  a  l a r g e r  number of  b r i d g e s  h a v i n g  i n t o l e r a b l e  movements e x h i b i t e d  
mu1 t  i p l e  damaging  e f f e c t s  t h a n  d i d  t h e  b r i d g e s  h a v i n g  t o l e r a b l e  movements. 
T h e  most  f r e q u e n t l y  o c c u r r i n g  c o m b i n a t i o n s  of  i n t o l e r a b l e  s t r u c t u r a l  
e  f f e c t  s were  d i s t r e s s  i n  t h e  s u p e r s t r u c t u r e ,  h o r i z o n t a l  d i s p l a c e m e n t ,  
v e r t i c a l  d i s p l a c e m e n t ,  damage t o  a b u t m e n t s  and damage t o  b e a r i n g s .  A 
d e t a i l e d  s t u d y  of t h e  b r i d g e  damage d a t a  r e v e a l e d  t h a t ,  i n  t h e  m a j o r i t y  of 
t h e  c a s e s ,  t h e r e  was a  d i r e c t  i n t e r r e l a t i o n s h i p  be tween t h e s e  most  
f r e q u e n t l y  o c c u r r i n g  c a t e g o r i e s  of s t r u c t u r a l  damage,  and t h a t  most were 
r e l a t e d  t o  h o r i z o n t a l  movements  o r  h o r i z o n t a l  movements i n  c o m b i n a t i o n  
w i t h  v e r t i c a l  movements .  A l though  t h e r e  were  a  v a r i e t y  of  damaging 
i n c i d e n t s  r e p o r t e d ,  by f a r  t h e  most  f r e q u e n t l y  o c c u r r i n g  sequence  of  e v e n t s  
i n v o l v e d  t h e  i nward  h o r i z o n t a l  movement of  a b u t m e n t s ,  jamming t h e  beams o r  
g i r d e r s  a g a i n s t  t h e  b a c k  w a l l  o f  t h e  a b u t m e n t s ,  c l o s i n g  t h e  e x p a n s i o n  
j o i n t s  i n  t h e  deck  and c a u s i n g  s e r i o u s  damage t o  t h e  b e a r i n g s .  

B e c a u s e  of t h e  r a t h e r  common problem of poo r  r i d i n g  q u a l i t y  a s s o c i a t e d  
w i t h  t h e  a p p r o a c h e s  t o  b r i d g e s  (11 ,25 -271 ,  r i d i n g  q u a l i t y  was i n i t i a l l y  
i d e n t i f i e d  a s  one  o f  t h e  m a j o r  a r e a s  of e m p h a s i s  w i t h  r e s p e c t  t o  t h e  
e v a l u a t i o n  of t o l e r a b l e  b r i d g e  movements. However, a s  shown i n  t a b l e  2 1 ,  
w i t h  r e s p e c t  t o  t h e  b r i d g e  s t r u c t u r e  i t s e l f ,  poor  r i d i n g  q u a l i t y  was o n l y  
r e p o r t e d  f o r  1 2  b r i d g e s ,  and i t  was r e p o r t e d  a s  b e i n g  i n t o l e r a b l e  i n  1 1  o f  
t h e s e .  However,  f o r  t h e s e  1 1  s t r u c t u r e s ,  t h e  maximum d i f f e r e n t i a l  v e r t i c a l  
s e t t l e m e n t  r a n g e d  from 2.4  i n c h e s  ( 6 1 . 0  mm) t o  3 5  i n c h e s  (889  mm), w i t h  an 
a v e r a g e  o f  1 4 . 0  i n c h e s  ( 3 5 5 . 6  mm). More i m p o r t a n t ,  however ,  i s  t h e  f a c t  
t h a t  t h e  maximum l o n g i t u d i n a l  a n g u l a r  d i s t o r t  i o n  ( d i f f e r e n t i a l  v e r t i c a l  
s e t t l e m e n t  d i v i d e d  by t h e  span  l e n g t h )  r a n g e d  from 0 . 0 0 7 7  t o  0 . 0 6 3 ,  w i t h  an 
a v e r a g e  of  0 . 0 2 1 .  A s  i l l u s t r a t e d  by d a t a  p r e s e n t e d  b e l o w ,  even  t h e  
s m a l l e s t  of t h e s e  v a l u e s  i s  l a r g e r  t h a n  what migh t  r e a s o n a b l y  b e  e x p e c t e d  
t o  b e  t o l e r a b l e  e i t h e r  from a  s t r e s s  o r  s e r v i c e a b i l i t y  s t a n d p o i n t .  I n  
o t h e r  w o r d s ,  t h e  d a t a  a p p e a r  t o  i n d i c a t e  t h a t  t h e  f o u n d a t i o n  movements , 

w o u l d  become i n t o l e r a b l e  f o r  some o t h e r  r e a s o n  b e f o r e  r e a c h i n g  a  m a g n i t u d e  
t h a t  would c r e a t e  i n t o l e r a b l e  r i d e r  d i s c o m f o r t .  C o n s e q u e n t l y ,  i t  a p p e a r s  



T a b l e  21. T o l e r a n c e  of  b r i d g e s  t o  s t r u c t u r a l  damage. 

Movement Category 
-p 

T o l e r a b l e  I n t o l e r a b l e  

Number of P e r c e n t  of Mu1 t i p l e  Number of  P e r c e n t  of ~ u l  t ip le  

S  t r u c  t u r a l  Damage B r i d g e s  Ca tegorya  ~ a m a ~ e ~  B r i d g e s  Ca tegory  Damage 

Damage t o  Abutments 3 7  20.6 17 24 24.0 23 
Damage t o  P i e r s  8 4.4 7  8 8 .O 8 
V e r t i c a l  Disp lacement  3 1.7 2 4 2 42.0 2 1 
B o r i z o n t  a 1  Disp lacement  2 2 12.2 17 37 37 .O 3 1 

w Distress i n  S u p e r s t r u c t u r e  
0.- 

49 27.2 28 46 46.0 39 
Damage t o  R a i l s ,  Curbs  

S idewalks ,  P a r a p e t s  17 9.4 16 8 8 .O 8 
Damage t o  B e a r i n g s  8 4.4 6 17 17  .O 1 7  
P o o r  R i d i n g  Q u a l i t y  1 0.1 1 11 11 .0 4 
Not Given o r  C o r r e c t e d  

Dur ing  C o n s t r u c t i o n  6 3.3 0 2 2 .O 0 
None 8 1 31.1 0 0 0 .O 0 
T o t a l  B r i d g e s  i n  C a t e g o r y  180 100 

a P e r c e n t  of  b r i d g e s  i n  t h i s  c a t e g o r y  w i t h  i n d i c a t e d  s t r u c t u r a l  damage. 
b ~ u l t i p l e  damage r e f e r s  t o  t h e  number o f  b r i d g e s  i n  t h i s  c a t e g o r y  t h a t  had s t r u c t u r a l  damage i n  

a d d i t i o n  t o  t h e  i n d i c a t e d  e f f e c t s .  



t h a t ,  i n  t e r m s  of  s t a t i c  d i s p l a c e m e n t ,  r i d i n g  q u a l i t y  w i l l  p robab ly  not 
have  t o  b e  g i v e n  s e r i o u s  c o n s i d e r a t i o n  . i n  t h e  e s t a b l i s h m e n t  of t o l e r a b l e  
movement c r i t e r i a  f o r  highway b r i d g e s .  

The  r e s u l t s  of t h e  a n a l y s i s  of t o l e r a n c e  t o  b r i d g e  f o u n d a t i o n  
movements i n  t e rms  of type  and magnitude of movement a r e  p r e s e n t e d  i n  
t a b l e s  22  and 23 .  T a b l e  22 g i v e s  a  summary of movement c h a r a c t e r i s t i c s ,  
i n c l u d i n g  t y p e  of movement, range of movements and average  movements, whi le  
t a b l e  23 g i v e s  t h e  f requency  of o c c u r r e n c e  of t h e  v a r i o u s  ranges  of 
m a g n i t u d e s  of  b o t h  t o l e r a b l e  and i n t o l e r a b l e  movements. With regard  t o  
movements i n  g e n e r a l ,  i t  i s  e v i d e n t  from t a b l e  2 2 ,  a s  might have been 
e x p e c t e d ,  t h a t  t h e  i n t o l e r a b l e  movements  g e n e r a l 1  y  t e n d e d  t o  be  
s u b s t a n t i a l l y  l a r g e r  than  t h e  t o l e r a b l e  movements. Tab le  2 3  shows t h a t  
m o d e r a t e  m a g n i t u d e s  of  d i f f e r e n t i a l  v e r t i c a l  movements o c c u r r i n g  by 
t h e m s e l v e s  were most of t e n  c o n s i d e r e d  t o l e r a b l e ,  whi le  h o r i z o n t a l  movements 
were  most commonly c o n s i d e r e d  t o  be  t o l e r a b l e .  Almost 98  p e r c e n t  of t h e  
d i f f e r e n t i a l  v e r t i c a l  s e t t l e m e n t s  l e s s  than  2 . 0  i n c h e s  (50 .8  mm) and 91.2 
p e r c e n t  of t h o s e  l e s s  t h a n  4 . 0  i n c h e s  (101.6  mm) were  c o n s i d e r e d  t o  be 
t o l e r a b l e .  However, a l though  t h e r e  were some l a r g e r  d i f f e r e n t i a l  v e r t i c a l  
s e t t l e m e n t s  t h a t  were c o n s i d e r e d  t o l e r a b l e ,  g e n e r a l l y  t h e  t o l e r a n c e  t o  
d i f f e r e n t i a l  v e r t i c a l  movements d e c r e a s e d  s i g n i f i c a n t l y  f o r  v a l u e s  over  4 . 0  
i n c h e s  (101 .6  mm). Only 23.5 p e r c e n t  of t h e  d i f f e r e n t i a l  v e r t i c a l  
s e t t l e m e n t s  between 4 . 0  i n c h e s  (101.6 mm) and 8 i n c h e s  (203.2 mm) and 17.6 
p e r c e n t  of t h o s e  o v e r  8  i n c h e s  (203.2 mm) were  r e p o r t e d  a s  b e i n g  t o l e r a b l e .  
I n  terms of h o r i z o n t a l  movements a l o n e ,  of t h o s e  b r i d g e s  w i t h  maximum 
movement l e s s  t h a n  2 . 0  i n c h e s  (50.8  mm), t h e  movements were c o n s i d e r e d  
t o l e r a b l e  i n  8 8 . 8  p e r c e n t  of t h e  c a s e s .  However, a  l a r g e  m a j o r i t y  ( 8 1 . 8  
p e r c e n t )  of  t h e  maximum h o r i z o n t a l  movements of 2 . 0  i n c h e s  (50 .8  mm) and 
g r e a t e r  were found t o  b e  i n t o l e r a b l e .  Fur the rmore ,  t a b l e  23 shows t h a t  
e v e n  h o r i z o n t a l  movements l e s s  than  2 .0  i n c h e s  (50 .8  mm) were  on ly  r e p o r t e d  
a s  b e i n g  t o l e r a b l e  i n  60.0  p e r c e n t  of t h e  c a s e s ,  when accompanied by 
d i f f e r e n t i a l  v e r t i c a l  movements. In  f a c t ,  a  more d e t a i l e d  a n a l y s i s  of t h e  
d a t a  r e v e a l e d  t h a t  f o r  t h e  s i m u l t a n e o u s  h o r i z o n t a l  and v e r t i c a l  movements 
o f  t h i s  t y p e ,  t h e  h o r i z o n t a l  movements were on ly  r e p o r t e d  a s  b e i n g  
t o l e r a b l e ,  i n  t h e  g r e a t  m a j o r i t y  of c a s e s ,  when t h e i r  magni tudes  approached 
o n e  inch  (25 .4  mm) and l e s s .  

Al though  t h e  sample s i z e s  were s m a l l e r ,  t h e  same g e n e r a l  t r e n d s  wi th  
r e s p e c t  t o  t h e  magni tudes  of t o l e r a b l e  and i n t o l e r a b l e  founda t ion  
movements, shown i n  t a b l e  2 3  and d e s c r i b e d  above,  were observed t o  h o l d ,  
r e g a r d l e s s  of span t y p e  ( s imply  s u p p o r t e d  o r  c o n t i n u o u s )  and s t r u c t u r a l  
m a t e r i a l s  ( s t e e l  o r  c o n c r e t e ) .  T h i s  i s  i l l u s t r a t e d  i n  t a b l e s  24 and 25 .  
However, t h e r e  was a  tendency f o r  t h e  simply suppor ted  s t r u c t u r e s  and 
c o n c r e t e  b r i d g e s  t o  b e  more t o l e r a n t  of  v e r t i c a l  d i f f e r e n t i a l  movements. 

The i n f l u e n c e  of span l e n g t h  on t h e  t o l e r a n c e  of b r i d g e s  t o  f o u n d a t i o n  
movements was s t u d i e d  i n  terms of maximum l o n g i t u d i n a l  a n g u l a r  d i s t o r t i o n  
( d i  f f e r e n t  i a l  v e r t  i c a l  s e t t l e m e n t  d i v i d e d  by span l e n g t h ) .  There  were 204 
o f  t h e  280 b r i d g e s  w i t h  t o l e r a n c e  d a t a ,  where t h e  d a t a  were s u f f i c i e n t l y  
c o m p l e t e  t o  p e r m i t  t h i s  type  of a n a l y s i s .  Of t h e s e  204 b r i d g e s ,  t h e  
movements were r e p o r t e d  t o  be  t o l e r a b l e  f o r  144 and i n t o l e r a b l e  f o r  60 .  
T a b l e  26 p r e s e n t s  a  summary of t h e  f r e q u e n c y  of o c c u r r e n c e  of t h e  v a r i o u s  



Table  22. Summary of t o l e r a n c e  t o  movements i n  g e n e r a l .  

Tolerance 
t o  

Frequency Magnitude 

Movement Number of Percen t  Range i n  Average 
Movements Type Bridges  Moved Inches  i n  Inches  

T o l e r a b l e  A l l  Types 173 100 .O 
V e r t i c a l  135 78 . O  0.03- 24.2 1.6 
Hor izon ta l  11 6 . 4  0 .1  - 7.0  1 .5  
V e r t i c a l  & 2 8  16.2  0 .1  - 1 1 . 4  2.1 

Hor izon ta l  0.1 - 20.0 1.6 

I n t o l e r a b l e  A l l  Types 89 100 .O 
V e r t i c a l  3 9 43.8 0 . 2  - 21.6 4.9 
Hor izon ta l  19 21.3 0 .5  - 12 .0  . 3.8 
V e r t i c a l  & 3 1 34.8 0.6 - 50.4  10.2 

Hor izon ta l  1 .0  - 14.4  3 .5  

- -- -- - -- - - - - - - - - - - - - - -  - 

Note: 1 inch = 25.4 rn 



Tab1 e 2 3 .  Range of movement magnitudes considered tolerable or intolerable. 

Number of Bridges with the Given Type of Movement 
- - - -  pp 

Vertical and Horizontal Component 

Vertical Only Horizontal Only Vertical Component Horizontal Component 
I ntervala 
in Inches Tol. Intol. Tol. Intol. Tol. Intol. Tol. Intol. 

0 . 0  - 0 .9  
1 . 0  - 1.9 
2 .0  - 3.9 
4 . 0  - 5.9 
6 .0  - 7.9 
8 . 0  - 9.9 

10.0 - 14.9 
15.0  - 19.9 
20.0 - 60.0 
Tot a1 

aFor vertical moments, magnitudes refer to maximum differential vertical movement. For 
horizontal movements, magnitudes refer to maximum horizontal movement of a single foundation 
element. Note: 1 inch 25.4 mm. 



Table  24. Range of movement magnitudes considered t o l e r a b l e  o r  i n t o l e r a b l e  i n  
terms of span type.  

Number of Bridges With t he  Given Type of Movement 

V e r t i c a l  and Hor i zon ta l  

V e r t i c a l  Only Horiz.  Only Vert i c a l  Component Hor i z .  Component 
Type of I n t e r v a l a  

Span i n  Inches  To le rab l e  I n t o l .  T o l e r a b l e  I n t o l .  To le rab l e  I n t o l .  To le rab l e  In to1  . 

Simply 
Suppor 

0.0 - 0.9 
. t  ed 1.0 - 1.9 

2.0 - 3.9 
4 .0  - 5.9 
6.0 - 7.9 
8.0 - 9.9 

10.0 -14.9 
15.0 -19.9 
20.0 -60.0 
Tot a1 

Con t i nuous 0.0 - 0.9 
1.0 - 1.9 
2.0 - 3.9 
4 .0  - 5.9 
6.0 - 7.9 
8 . 0  - 9.9 

10.0 -14.9 
15.0 -19.9 
20.0 -60.0 
Tot a1 

a ~ o r  v e r t i c a l  movements, magnitudes r e f e r  t o  maximum d i f f e r e n t i a l  v e r t i c a l  movement. For ho r i zon ta l  
movements, magnitudes r e f e r s  t o  maximum h o r i z o n t a l  movement of a  s i n g l e  foundat ion element.  
Note: 1 i nch  = 25.4 mm. 



Table 25. Range of movement magnitudes considered t o l e r a b l e  or  i n t o l e r a b l e  i n  
terms of cons t ruc t ion  ma te r i a l .  

Number of Bridges With the  Given Type of Movement 

V e r t i c a l  a n d  H&rizontal - 

Ver t i ca l  Only Horizontal  Only Ver t i ca l  Component Horiz . Component 
Construct ion I n t e r v a l  a 

i 

Material  i n  Inches Tolerable  I n t o l .  Tolerable  I n t o l .  Tolerable  In to1  . Tolerable  In to1  . 

S t e e l  0.0 - 0.9 
1.0 - 1.9 
2.0 - 3.9 
4.0 - 5.9 
6.0 - 7.9 
8.0 - 9.9 

E- 10.0 -14.9 
I- 15.0 -19.9 

20.0 -60.0 
Tota l  

Concrete 0.0 - 0.9 
1.0 - 1.9 
2.0 - 3.9 
4.0 - 5.9 
6.0 - 7.9 
8.0 - 9.9 

10.0 -14.9 
15.0 -19.9 
20.0 -60.0 
Tota l  

a For v e r t i c a l  movements, magnitudes r e f e r  t o  maximum d i f f e r e n t i a l  v e r t i c a l  movement. For ho r i zon ta l  
movements, magnitudes r e f e r s  t o  maximun ho r i zon ta l  movement of a s i n g l e  foundat ion element.  
Note: 1 inch = 25.4 mm. 



Table 26. Ranges of magnitudes of longitudinal  angular  
d i s t o r t i o n  considered t o l e r a b l e  or  in to le rab le .  

Number of Bridges of t h e  Given Type and Tolerance 

Angular Span Type 
Dis to r t ion  Al l  Bridges 
I n t e r v a l  Simple Continuous 
( x 10-3) 

Tolerable I n t o l e r a b l e  Tolerable  In to le rab le  Tolerable I n t o l e r a b l e  

0  - 0.99 
1.0 - 1.99 
2.0 - 2.99 
3.0 - 3.99 
4.0 - 4.99 
5  .O - 5.99 
6.0 - 7.99 
8.0 - 9.99 

10.0 - 19.99 
20.0 - 39.9 
40.0 - 59.9 
60.0 - 79.9 
Tot a1 



r a n g e s  of magni tudes  of  a n g u l a r  d i s t o r t i o n  c o n s i d e r e d  t o l e r a b l e  and 
i n t o l e r a b l e  f o r  a l l  t y p e s  of b r i d g e s  i n c l u d e d  i n  t h i s  p o r t i o n  of t h e  s t u d y  
and f o r  a  s u b d i v i s i o n  by span t y p e .  When a l l  of t h e  b r i d g e s  i n  t h e  
a n a l y s i s  a r e  c o n s i d e r e d ,  t a b l e  26 shows t h a t  97 .7  p e r c e n t  of t h e  44  a n g u l a r  
d i s t o r t i o n s  l e s s  t h a n  0 .001  and 94.6  p e r c e n t  of t h e  132 a n g u l a r  d i s t o r t i o n s  
l e s s  t h a n  0 .004  were  c o n s i d e r e d  t o  be  t o l e r a b l e .  However, o n l y  42.9 
p e r c e n t  of t h e  v a l u e s  of  a n g u l a r  d i s t o r t i o n  between 0.004 and 0 . 0 1 ,  7.1 
p e r c e n t  of t h o s e  o v e r  0 . 0 1 ,  were c o n s i d e r e d  t o  be  t o l e r a b l e .  T h i s  would 
s u g g e s t  t h a t ,  on t h e  b a s i s  of a l l  t h e  a v a i l a b l e  f i e l d  d a t a ,  an upper l i m i t  
o n  a n g u l a r  d i s t o r t i o n  of 0 .004 would be  r e a s o n a b l e .  However, when t h e  d a t a  
a r e  s u b d i v i d e d  by span t y p e ,  t a b l e  26 shows t h a t  t h e  s imply suppor ted  
b r i d g e s  tended t o  b e  l e s s  s e n s i t i v e  t o  a n g u l a r  d i s t o r t i o n  t h a n  t h e  
c o n t i n u o u s  b r i d g e s .  While t h i s  r e s u l t  was e x p e c t e d ,  i t  was a n t i c i p a t e d  
t h a t  t h e r e  would b e  a  more d r a m a t i c  d i f f e r e n c e  than  t h a t  shown i n  t a b l e  26 .  
F o r  t h e  c o n t i n u o u s  b r i d g e s ,  93.7 p e r c e n t  of t h e  79 a n g u l a r  d i s t o r t i o n s  l e s s  
t h a n  0 .004 were  c o n s i d e r e d  t o  be t o l e r a b l e ,  w h i l e  on ly  25.0 p e r c e n t  of  
t h o s e  o v e r  0 .004 were  c o n s i d e r e d  t o  b e  t o l e r a b l e .  T r a n s l a t e d  i n  terms of 
d i f f e r e n t i a l  s e t t l e m e n t ,  t h e s e  d a t a  s u g g e s t  t h a t ,  f o r  s imply suppor ted  
b r i d g e s ,  d i f f e r e n t i a l  s e t t l e m e n t s  of 3 .0  i n c h e s  (76.2  mm) and 6 .0  i n c h e s  
(152 .4  mm) would most p robab ly  be  t o l e r a b l e  f o r  spans  of 50 f e e t  (15.2 
m e t e r s )  and 1 0 0  f e e t  (30 .5  m e t e r s ) ,  r e s p e c t i v e l y  . However, f o r  c o n t i n u o u s  
b r i d g e s ,  i t  would a p p e a r  t h a t  d i f f e r e n t i a l  s e t t l e m e n t s  of 2.4 i n c h e s  (61.0 
mm) and 4 .8  i n c h e s  (121.9  mm) would be  more r e a s o n a b l e  t o l e r a b l e  l i m i t s  f o r  
s p a n s  o f  5 0  and 1 0 0  f e e t  (15.2  and 30.5 m e t e r s ) ,  r e s p e c t i v e l y .  

When t h e  d a t a  i n  t a b l e  26 were  broken down i n  terms of m a t e r i a l  t y p e ,  
a s  shown i n  t a b l e  2 7 ,  t h e y  sugges ted  t h a t  t h e  c o n c r e t e  b r i d g e s  might be 
s l i g h t l y  more t o l e r a n t  t o  a n g u l a r  d i s t o r t i o n  than  t h e  s t e e l  b r i d g e s .  For  
t h e  c o n c r e t e  b r i d g e s ,  97 .4  p e r c e n t  of t h e  3 8  a n g u l a r  d i s t o r t i o n s  l e s s  than  
0 .005  were  c o n s i d e r e d  t o  be  t o l e r a b l e ,  whi le  f o r  t h e  s t e e l  b r i d g e s ,  o n l y  
9 1 . 3  p e r c e n t  of t h e  1 0 3  a n g u l a r  d i s t o r t i o n s  l e s s  than  0 .005 were r e p o r t e d  
t o  be t o l e r a b l e .  Thus ,  t h e  r e p o r t e d  t r e n d  f o r  t h e  c o n c r e t e  b r i d g e s  t o  
e x p e r i e n c e  more f r e q u e n t  and more s e v e r e  s u p e r s t r u c t u r e  damage than  t h e  
s t e e l  b r i d g e s  a s  a  r e s u l t  of founda t ion  movements d i d  not show up i n  t e rms  
o f  t h e  t o l e r a n c e  d a t a .  T h i s  i m p l i e s  t h a t  t h e  f r e q u e n t l y  r e p o r t e d  d i s t r e s s  
i n  t h e  s u p e r s t r u c t u r e  of  c o n c r e t e  b r i d g e s  was q u i t e  o f t e n  c o n s i d e r e d  t o  b e  
t o l e r a b l e .  A d e t a i l e d  breakdown of t h e  d a t a  i n  t a b l e  2 1 ,  i n  t e rms  of 
m a t e r i a l  t y p e ,  a s  shown i n  t a b l e  2 8 ,  p rov ided  v e r t i f i c a t i o n  f o r  t h i s  
o b s e r v a t i o n .  

2.4 R e l i a b i l i t y  of  S e t t l e m e n t  P r e d i c t i o n s  

One of t h e  most common i s s u e s  r a i s e d  by t h e  v a r i o u s  b r i d g e  e n g i n e e r s ,  
who were c o n t a c t e d  t h r o u g h o u t  t h e  c o u r s e  of  t h i s  s t u d y ,  p e r t a i n e d  t o  t h e  
r e l i a b i l i t y  of t h e  c u r r e n t  methods used f o r  ~ r e d i c t i n g  s e t t l e m e n t s .  I n  an 
e f f o r t  t o  a d d r e s s  t h i s  i s s u e ,  a  d e t a i l e d  rev iew of t h e  l i t e r a t u r e  was made 
t  o  d e t e r m i n e  t h e  s t a t e - o f - t h e - a r t  of s e t t l e m e n t    re diction f o r  b o t h  
g r a n u l a r  and c o h e s i v e  s o i l s .  A s e a r c h  was then  made of t h e  s e t t l e m e n t  
r e c o r d s  and s o i l  p r o p e r t i e s  d a t a  c o l l e c t e d  d u r i n g  t h e  f i e l d  s t u d i e s ,  i n  an 
e f f o r t  t o  s e l e c t  some c a s e  h i s t o r i e s  of b r i d g e  f o u n d a t i o n  movements t h a t  
would p e r m i t  a  compar ison t o  be made between measured and p r e d i c t e d  
s e t t l e m e n t s .  
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Table 27. Ranges of magnitudes of longitudinal  angular d i s t o r t i o n  
considered to lerable  or into lerable  in  terms of 
construction material .  

Number of Bridges of Given Material and Tolerance 
Angular 

D i s tor t  ion 'Concrete S tee l  
Interval 
(~10'~) Tolerable Intolerable Tolerable Intolerable 

0.0 - 0.99 
1 .O - 1.99 
2 .O - 2.99 
3.0 - 3.99 
4.0 - 4.99 
5.0 - 5.99 

. 6.0 - 7.99 
8.0 - 9.99 
10.0 -19.99 
20.0 -39.9 
40 .O -59.9 
60.0 -79.9 
Tot a1 



Table 28. Tolerance  of b r i d g e s  t o  s t r u c t u r a l  damage i n  t e r m s  
of  c o n s t r u c t i o n  m a t e r i a l .  

Movement Category 

Cons t ruc t ion  
To1 e r a b l e  I n t o l e r a b l e  

Number o f  Percent  o f  Mul t i p l e  Number of Percent  of  Mul t i p l e  
b  Ma te r i a l  S t r u c t u r a l  Damage Br idges  Cat egorya Damage Bridges Category Damage 

S t e e l  Damage t o  Abutments 29 25.4 10 19 29.7 18 
Damage t o  P i e r s  
V e r t i c a l  Displacement 
Hor i zon ta l  Displacement 
Distress i n  S u p e r s t r u c t u r e  
Damage t o  R a i l s ,  Curbs, 

Sidewalks,  P a r a p e t s  
Damage t o  Bearings 
Poor  Rid ing  Q u a l i t y  
Not Given o r  Corrected 

During Cons t ruc t  ion  
None 
T o t a l  Br idges  i n  Category 

Concrete  Damage t o  Abutments 8 15.7 7 2 13.3 2 
Damage t o  P i e r s  4 7.8 3  1 6.7 1 
V e r t i c a l  Displacement 2 3.9 1 7 46.7 4 
Hor i zon ta l  Displacement 2 3.9 2 5 33.3 4 
D i  stress i n  S u p e r s t r u c t u r e  27 52.9 14 7 46.7 5 
Damage t o  Rai ls, Curbs 

Sidewalks,  P a r a p e t s  11 21.5 11 2 13.3 2 
Damage t o  Bearings 0 0 -0 0 2 13.3 2 
Poor Rid ing  Q u a l i t y  1 2 .O 1 3 20 .O 1 
Not Given o r  Corrected 

During Cons t ruc t ion  7 13.7 0 0 0.0 0 
None 10 19.6 0 0 0 .O 0 
T o t a l  Br idges  i n  Category 51 15 

aPercent  of b r i d g e s  i n  t h i s  ca tegory  with i n d i c a t e d  s t r u c t u r a l  damage. 
b ~ u l t i p l e  damage r e f e r s  t o  t h e  number of b r i d g e s  i n  t h i s  ca tegory  t h a t  had s t r u c t u r a l  damage i n  add i t i on  

t o  t h e  i n d i c a t e d  e f f e c t s .  



2 .4 .1  S e t t l e m e n t  of G r a n u l a r  S o i l s  

F o r  g r a n u l a r  s o i l s ,  i t  was found t h a t  t h e r e  a r e  a  wide v a r i e t y  of 
m e t h o d s  c u r r e n t l y  i n  u s e  f o r  s e t t l e m e n t  p r e d i c t i o n .  F o r  t h e  most  p a r t ,  
t h e s e  methods  a r e  e i t h e r  e n t i r e l y  e m p i r i c a l  o r  t h e y  c o n t a i n  some e l e m e n t s  
o f  e m p i r i c i s m .  I t  a p p e a r s  t h a t  t h e  most p o p u l a r  o f  t h e s e  methods  f a l l  i n  
t w o  g e n e r a l  c a t e g o r i e s :  ( a )  e m p i r i c a l  me thods  b a s e d  on t h e  T e r z a g h i  and 
P e c k  a p p r o a c h  ( 2 8 ) ,  w i t h  m o d i f i c a t i o n s  by Teng (291 ,  Meyerhof (30 ,311 ,  
B a z a r a a  ( 3 2 ) ,  Peck and B a z a r a a  ( 3 3 ) ,  Peck  e t  a l .  ( 3 4 1 ,  Alpan ( 3 4 ) ,  and 
o t h e r  a u t h o r s ;  and  ( b )  s e m i - e m p i r i c a l  m e t h o d s ,  which a r e  b a s e d  on t h e  
t h e o r y  o f  e l a s t i c i t y  and u s e  s t a n d a r d  p e n e t r a t i o n  t e s t  r e s u l t s ,  o r  t h e  
r e s u l t s  of cone  p e n e t r o m e t e r  t e s t s ,  t o  e s t i m a t e  t h e  e l a s t i c  c o n s t a n t s  f o r  
t h e  f o u n d a t i o n  s o i l s ,  F a l l i n g  i n  t h i s  l a t t e r  c a t e g o r y  a r e  t h e  methods  
d i s c u s s e d  by DeBeer and M a r t e n s  ( 3 6 ) ,  DeBeer ( 3 7 1 ,  D 'Appo lon ia  e t  a l .  ( 3 8 ) ,  
Webb ( 3 9 ) ,  Schmertmann ( 4 0 ) ,  S c h u l t z e  and S h e r i f  ( 4 1 )  and Oweis ( 4 2 ) .  An 
e x c e l  l e n t  summary of  many of  t h e  i n s i  t u  measurement  t e c h n i q u e s  r e q u i r e d  t o  
p r o d u c e  t h e ' d a t a  needed  t o  u t i l i z e  t h e s e  methods  h a s  been  p r e s e n t e d  by 
M i t c h e l l  and G a r d n e r  ( 4 3 ) .  Al though some v e r y  good ag reemen t  i s  r e p o r t e d  
i n  t h e  l i t e r a t u r e  be tween  p r e d i c t e d  and measured  s e t t l e m e n t s  of g r a n u l a r  
s o i l s ,  e f f o r t s  t o  compare t h e  v a r i o u s  s e t t l e m e n t  p r e d i c t i o n  methods f o r  t h e  
same c a s e  h i s t o r y  a p p e a r i n g  i n  t h e  l i t e r a t u r e  were  n o t  p a r t i c u l a r l y  produc-  
t i v e ,  e i t h e r  b e c a u s e  o f  a  l a c k  of  s o i l  p r o p e r t y  d a t a ,  l o a d i n g  d a t a  o r  b o t h .  
However,  o v e r a l l ,  t h e  d a t a  e x t r a c t e d  form t h e  l i t e r a t u r e  d i d  i n d i c a t e  t h a t  
t h e  s e t t l e m e n t  o f  s a n d s  c o u l d  u s u a l l y  b e  p r e d i c t e d  w i t h i n  5 0  p e r c e n t  of  t h e  
m e a s u r e d  v a l u e  ( 4 4 ) .  An e x c e l  l e n t  compar i son  of t h i s  t y p e  h a s  been  p re sen -  
t ed  by Schul  t z e  and S h e r i f  ( 4 1 )  and i s  r e p r o d u c e d  h e r e  a s  f i g u r e  1 2 .  The 
d a s h e d  l i n e s  i n  f i g u r e  1 2  r e p r e s e n t  a  5 0  p e r c e n t  d e p a r t u r e  from p e r f e c t  
a g r e e m e n t  be tween  c a l c u l a t e d  and measured s e t t l e m e n t s .  

A r e v i e w  of  t h e  d a t a  c o l l e c t e d  f o r  a l l  3 1 4  o f  t h e  b r i d g e s  i n c l u d e d  i n  
t h e  f i e l d  s t u d i e s  r e v e a l e d  t h a t  t h e r e  were  no b r i d g e  f o u n d a t i o n s  on granu-  
l a r  s o i l s  whe re  t h e  d a t a  was s u f f i c i e n t l y  c o m p l e t e  t o  p e r m i t  a  compar ison  
b e t w e e n  measured  and p r e d i c t e d  s e t t l e m e n t .  While  t h i s  f i n d i n g  was d i s a p -  
p o i n t i n g ,  i t  s h o u l d  e  p o i n t e d  o u t  t h a t ,  f rom a  p r a c t i c a l  s t a n d p o i n t ,  t h e  
r e l i a b i l i t y  of  p r e d i c i t o n  of  t h e  s e t t l e m e n t s  of g r a n u l a r  s o i l s  i s  s u b s t a n -  
t i a l l y  l e s s  i m p o r t a n t  t h a n  t h a t  of c o h e s i v e  s o i l s  a s  f a r  a s  b r i d g e  founda- 
t i o n s  a r e  c o n c e r n e d .  T h i s  i s  b e c a u s e  t h e  s e t t l e m e n t s  of  g r a n u l a r  s o i l s  a r e  
u s u a l l y  r e l a t i v e l y  s m a l l  ( s e e  f i g u r e  1 2 )  and o c c u r  v e r y  r a p i d l y ,  s o  t h a t  a t  
e a c h  s t a g e  of  l o a d i n g  d u r i n g  t h e  p r o c e s s  of b r i d g e  c o n s t r u c t i o n ,  t h e  s e t -  
t l emen t  i s  e s s e n t i a l  l y  comple t ed  b e f o r e  t h e  nex t  . s t a g e  of  l o a d i n g  i s  ap- 
p l i e d .  Thus ,  a d j u s t m e n t s  i n  g r a d e  can  b e  made d u r i n g  c o n s t r u c t i o n ,  and 
t h e r e  a r e  no p o s t - c o n s t r u c t  i o n  s e t t l e m e n t s  of s i g n i f i c a n c e  t o  c o n t e n d  w i t h .  

2 . 4 . 2  S e t t l e m e n t  o f  C o h e s i v e  So i  1 s  

F o r  c o h e s i v e  s o i l s ,  i t  was found t h a t ,  a l t h o u g h  t h e r e  a r e  some f a i r l y  
s o p h i s t i c a t e d  methods  o f  s e t t l e m e n t  p r e d i c t  i o n  a v a i l a b l e ,  i n c l u d i n g  compu- 
t e r  me thods ,  ( e . g .  s e e  t h e  d i s c u s s i o n  and r e f e r e n c e s  i n  TRB S p e c i a l  Repor t  
1 6 3  ( 4 5 )  1, most  commonly t h e s e  p r e d i c t i o n s  a r e  made w i t h  t h e  T e r z a g h i  
t h e o r y  of  o n e - d i m e n s i o n a l  c o n s o l i d a t i o n  ( 4 6 ) ,  u s i n g  t h e  T a y l o r  m o d i f i c a t i o n  
f o r  g r a d u a l  r a t e  of l o a d i n g  ( 4 7 ) .  The Casag rande  method o f  p r e d i c t i n g  
maximum p a s t  ( p r e c o n s o l i d a t i o n )  p r e s s u r e  ( 4 8 )  i s  w i d e l y  used a l o n g  w i t h  
S c h m e r t m a n n ' s  p r o c e d u r e  ( 4 9 )  f o r  c o r r e c t i n g  f o r  sample  d i s t u r b a n c e .  I n  
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Note: 25.4 mm = 1 inch - 

Measured Settlement (mm) 

Figure 12. Comparison between calculated and 
measured settlements of sands, after 
Schultze and Sherif (41). 



imp lemen t ing  t h e s e  me thods ,  t h e  s t r e s s  i n c r e a s e s  i n  t h e  f o u n d a t i o n  s o i l s ,  
c a u s e d  by t h e  l o a d s  a p p l i e d  a t  t h e  f o u n d a t i o n  l e v e l ,  a r e  commonly e s t i m a t e d  
u s i n g  t h e  t h e o r y  of e l a s t i c i t y  ( 4 5 ) .  The d a t a  e x t r a c t e d  from t h e  l i t e r a -  
t u r e  and t h a t  c o l l e c t e d  d u r i n g  t h e  f i e l d  s t u d i e s  f o r  b r i d g e s  founded on 
c o h e s i v e  s o i l s  we re  s u f f i c i e n t l y  c o m p l e t e  i n  a  number of  c a s e s  t o  p e r m i t  
t h e  compar i son  of  measu red  and p r e d i c t e d  s e t t l e m e n t s .  Compar isons  be tween  
c a l c u l a t e d  and measu red  s e t t l e m e n t s ,  e x t r a c t e d  from t h e  l i t e r a t u r e ,  f o r  
n o r m a l l y  l o a d e d  c l a y s  a r e  p r e s e n t e d  i n  f i g u r e s  1 3  and  1 4  ( 4 4 )  and s i m i l a r  
d a t a  f o r  o v e r c o n s o l i d a t e d  c l a y s  a r e  p r e s e n t e d  i n  f i g u r e  1 5  ( 4 0 ) .  F i g u r e  13 
shows t h e  c o m p a r i s o n  be tween c a l c u l a t e d  and measured  s e t t l e m e n t s  up  t o  300  
mi I  l i m e t e r s  ( 1 1 . 8  i n c h e s )  f o r  n o r m a l l y  c o n s o l i d a t e d  c l a y s ,  w h i l e  f i g u r e  1 4  
p r e s e n t s  a  s i m i l a r  compar i son  f o r  s e t t l e m e n t s  up  t o  1150  m i l l i m e t e r s  ( 4 5 . 3  
i n c h e s ) .  The dashed  l i n e s  i n  f i g u r e s  1 3 ,  1 4  and  1 5  r e p r e s e n t  a  2 5  p e r c e n t  
d e p a r t u r e  from p e r f e c t  ag reemen t  be tween  t h e  c a l c u l a t e d  and measured  
s e t t l e m e n t s .  

The  r e s u l t s  of  two t y p i c a l  c o m p a r i s o n s  be tween  c a l c u l a t e d  and measured  
s e t t l e m e n t s  c o l l e c t e d  d u r i n g  t h e  f i e l d  s t u d i e s  a r e  p r e s e n t e d  i n  f i g u r e s  
1 6  and  1 7 .  F i g u r e  1 6  shows t h e  compar i son  be tween measured  and c a l c u l a t e d  
s e t t l e m e n t s  b e n e a t h  t h e  c e n t e r  of t h e  n o r t h  abutment  of t h e  Main S t r e e t  
C o n n e c t o r  b r i d g e  o v e r  R o u t e  2  i n  E a s t  H a r t f o r d ,  C o n n e c t i c u t ,  f o r  t h e  f i r s t  
s e v e n  months  f o l l o w i n g  t h e  s t a r t  of c o n s t r u c t i o n .  T h i s  b r i d g e  i s  a  two- 
s p a n  s imp ly  s u p p o r t e d  s t r u c t u r e  founded on 1 3  f e e t  (4 .0  m e t e r s )  o f  f i n e  t o  
medium s a n d  u n d e r l a i n  by 8 6  f e e t  ( 2 6 . 2  m e t e r s )  o f  v a r v e d  c l a y .  The f i n a l  
c a l c u l a t e d  n o r t h  abu tmen t  s e t t l e m e n t  of 3 . 1  i n c h e s  ( 7 . 9  cm) compared q u i t e  
f a v o r a b l y  w i t h  t h e  f i n a l  o b s e r v e d  abutment  s e t t l e m e n t ,  which v a r i e d  from 
3 . 0  t o  3 . 5  i n c h e s  ( 7 . 6  t o  8 . 9  cm).  

F i g u r e  1 7  shows t h e  compar i son  be tween  measured  and c a l c u l a t e d  s e t t l e -  
m e n t s  b e n e a t h  t h e  c e n t e r  of t h e  n o r t h  abutment  o f  t h e  U.S. Route  1  b r i d g e  
o v e r  t h e  Bos ton  and  Maine R a i l r o a d  a t  W e l l s ,  Maine,  f o r  t h e  f i r s t  2 3  mon ths  
f o l l o w i n g  t h e  s t a r t  o f  c o n s t r u c t i o n .  T h i s  b r i d g e  i s  a  s i n g l e  span  s t r u c -  
t u r e  whose a b u t m e n t s  a r e  founded on a p p r o a c h  embankments s u p p o r t e d  by r e i n -  
f o r c e d  e a r t h ,  a s  shown i n  f i g u r e  1 8 .  The f o u n d a t i o n  s o i l  c o n s i s t s  of  3 0  
f e e t  (9 .1  m e t e r s )  o f  l o o s e  t o  medium d e n s e  sand  o v e r l y i n g  5 0  f e e t  (15 .2  
m e t e r s )  o f  s e n s i t i v e  s i l t y  c l a y .  The r e i n f o r c e d  e a r t h  s u p p o r t e d  embankment 
was  c o n s t r u c t e d  f i r s t  a s  a  p r e l o a d  and was a l l owed  t o  s e t t l e  f o r  abou t  a  
y e a r ,  a s  shown i n  f i g u r e  1 7 ,  b e f o r e  t h e  b r i d g e  was c o n s t r u c t e d .  The f i n a l  
c a l c u l a t e d  s e t t l e m e n t  a t  t h e  n o r t h  abutment  i s  31 .0  i n c h e s  ( 7 8 . 8  cm). 
However,  a  compar i son  w i t h  t h e  f i n a l  measured  s e t t l e m e n t  i s  n o t  p o s s i b l e  a t  
t h i s  t i m e  b e c a u s e  t h e  s e t t l e m e n t  i s  i n c o m p l e t e .  

O v e r a l l ,  t h e  r e s u l t s  of t h e  compar i sons  be tween p r e d i c t e d  and measured  
s e t t l e m e n t s  f o r  c o h e s i v e  s o i l s  showed t h a t  r e a s o n a b l y  r e l i a b l e  p r e d i c t i o n s  
o f  t h e  u l t i m a t e  f o u n d a t i o n  s e t t l e m e n t  can  b e  made, u s u a l l y  w i t h i n  2 5  pe r -  
c e n t  of  t h e  measu red  v a l u e ,  a s  shown i n  f i g u r e s  1 3 ,  1 4  and 1 5 ,  a s  l o n g  a s  
good  s u b s u r f a c e  i n f o r m a t i o n  and c o n s o l i d a t i o n  t e s t  d a t a  a r e  a v a i l a b l e .  
However,  i n  g e n e r a l ,  p r e d i c t i o n s  of  t h e  t i m e  r a t e  of s e t t l e m e n t  were  l e s s  
s a t i s f a c t o r y  t h a n  p r e d i c t i o n s  of  f i n a l  s e t t l e m e n t ,  a s  i l l u s t r a t e d  i n  
f i g u r e s  1 6  and  1 7 .  
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Note: 25.4 mm = 1 inch - 

Measured Settlement (mm) 

Figure 13. Comparison between calculated and 
measured settlements up to 300 mrn for 
normally consolidated clays, after 
Wahls (44). 
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Note: 25.4  mm = 1 inch - 

Measured Settlement (m) 

Figure 1 4 .  Comparison between calculated and measured 
settlements up to 1500 mm for normally 
consolidated clays, after Wahls ( 4 4 ) .  
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Note: 25.4 mm = 1 inch - 

Measured Settlement (mm) 

Figure 15. Comparison between calculated and 
measured settlements of overconsolidated 
clays, after Butler (50). 



Figure 16. Comparison between measured and calculated settlements 
of north abutment of.,the Main Street connector bridge 
over Route 2 in East Hartford, Connecticut. 
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Note: 1 Foot = 0.305 Ileters 



Second Loading - Construction of Bridge 

First Loading - Construction of Reinforced Earth Supported Embankment 
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Note: 1 Foot = 0.305 Pleters 

Figure 17.  Comparison between measured,and calculatecl settlements 
of north abutment of U.S.  ~ o u t e  1 ~ r i d ~ e  over Boston 
and Maine Railroad a t  'wel ls ,  Maine. 



F i g u r e  18. Rein fo rced  e a r t h  suppor ted  embankment t h a t  
s e r v e s  a s  founda t ion  f o r  abutments  of 
r a i l r o a d  b r i d g e  a t  Wells, Maine. 



3 .  ANALYTICAL STUDIES 

The pr imary o b j e c t i v e  of t h e  a n a l y t i c a l  s t u d i e s  was t o  e v a l u a t e  t h e  
e f f e c t s  o f  d i f f e r e n t i a l  v e r t i c a l  movements of v a r i o u s  magni tudes  on 
two-span and four-span c o n t i n u o u s  b r i d g e s  of s t e e l  and c o n c r e t e  f o r  a  wide 
v a r i e t y  of  span l e n g t h s .  The t o l e r a n c e  of t h e  b r i d g e  s u p e r s t r u c t u r e s  t o  
t h e  s e t t l e m e n t  of t h e i r  f o u n d a t i o n s  was i n v e s t i g a t e d  as  a  f u n c t i o n  of span 
l e n g t h ,  s t i f f n e s s  and o t h e r  problem paramete r s .  For t h e  most p a r t ,  s t a t i c  
l o a d i n g  c o n d i t i o n s  were used i n  t h e  a n a l y s i s ,  a l t h o u g h  f o r  t h e  s t e e l  
b r i d g e s  a  l i m i t e d  i n v e s t i g a t i o n  of t h e  e f f e c t  of dynamic l o a d i n g  was 
conduc ted .  The r e s u l t s  of t h e  a n a l y s e s  were p r e s e n t e d  i n  g r a p h i c a l  and /o r  
t a b u l a r  form showing t h e  i n c r e a s e s  i n  s t r e s s e s  caused by d i f f e r e n t i a l  
s e t t l e m e n t s .  I n  a d d i t i o n ,  a  ma themat ica l  model f o r  t h e  behav io r  of 
m u l t i s p a n  c o n t i n u o u s  s t e e l  s l a b l s t r i n g e r  systems was developed and used t o  
p r e p a r e  a  s e r i e s  of d e s i g n  a i d s  t h a t  cou ld  be used t o  e s t i m a t e  t h e  s t r e s s  
i n c r e a s e s  r e s u l t i n g  from t h e  d i f f e r e n t i a l  s e t t l e m e n t  of abutments  o r  p i e r s .  
Only a l i m i t e d  d i s c u s s i o n  of t h e s e  a n a l y s e s ,  t h e i r  r e s u l t s  and o b s e r v a t i o n s  
a r e  p r e s e n t e d  h e r e ,  and t h e  r e a d e r  i s  r e f e r r e d  t o  t h e  I n t e r i m  Report ( 8 )  
f o r  t h e  d e t a i l s  of t h e  a n a l y s e s  and t h e i r  r e s u l t s .  

3 . 1  S t e e l  Br idges  

3.1.1 Cont inuous  S l a b I S t r i n g e r  Systems 

3 .1 .1 .1  S t a t i c  Loading.  The a n a l y s i s  of t h e  e f f e c t  of suppor t  
s e t t l e m e n t  f o r  s t a t i c  l o a d i n g  was accomplished wi th  t h e  a i d  of t h e  ICES- 
STRUDL-I1 computer package (51). The b r i d g e  s u p e r s t r u c t u r e s  were des igned  
a c c o r d i n g  t o  t h e  "Standard S p e c i f i c a t i o n s  f o r  Highway Bridges"  ( 7 )  of t h e  
American A s s o c i a t i o n  of  S t a t e  Highway and T r a n s p o r t a t i o n  O f f i c i a l s  
(AASHTO) f o r  bo th  dead and l i v e  l o a d s .  The l i v e  l o a d i n g  c o n s i s t e d  of t h e  
AASHTO HS-20-44 wheel l o a d i n g  o r  i t s  e q u i v a l e n t  l a n e  l o a d i n g  ( 7 ) ,  depending 
on span l e n g t h .  G e n e r a l l y ,  t h r e e  l o a d i n g  c o n d i t i o n s  were i n v e s t i g a t e d :  
( a )  dead l o a d ;  ( b )  l i v e  load and dead l o a d ,  wi th  l i v e  load p o s i t i o n e d  t o  
produce maximum n e g a t i v e  moment; and ( c )  l i v e  load and dead l o a d ,  wi th  t h e  
l i v e  load  p o s i t i o n e d  t o  produce maximum p o s i t i v e  moment. 

The s e t t l e m e n t s  of t h e  b r i d g e  s u p p o r t s  were v a r i e d  from ze ro  up t o  
t h r e e  i n c h e s  (76.2  mm) i n  inc rements  of one-half  inch  (12 .7  mm) o r  one inch  
( 2 5 . 4  mm),  depending on b r i d g e  type  and span l e n g t h .  For t h e  two-span 
b r i d g e s ,  two s e t t l e m e n t  c a s e s  were s t u d i e d :  ( a )  s e t t l e m e n t  of  t h e  e x t e r i o r  
s u p p o r t  (abutment)  and ( b )  s e t t l e m e n t  of t h e  c e n t e r  s u p p o r t  ( p i e r ) .  For 
t h e  four-span b r i d g e s ,  t h r e e  s e t t l e m e n t  c a s e s  were s t u d i e d :  ( a )  s e t t l e m e n t  
o f  t h e  e x t e r i o r  s u p p o r t ;  ( b )  s e t t l e m e n t  of t h e  i n t e r i o r  s u p p o r t  immediately 
a d j a c e n t  t o  t h e  e x t e r i o r  s u p p o r t ;  and ( c )  s e t t l e m e n t  of t h e  c e n t e r  
s u p p o r t .  

The b r i d g e s  i n v e s t i g a t e d  i n c l u d e d  con t inuous  two-span and four-span 
s l a b / s t r i n g e r  systems c o n s i s t i n g  of r o l l e d  beam spans  up t o  60 f e e t  (18 .3  
m e t e r s )  i n  l e n g t h ,  r o l l e d  beams wi th  cover  p l a t e s  up t o  150 f e e t  (45.7  
m e t e r s )  i n  l e n g t h ,  and p l a t e  g i r d e r  spans  up t o  250 f e e t  (76 .2  m e t e r s )  i n  



l e n g t h .  A v a r i e t y  of s t r i n g e r  s i z e s  and s p a c i n g s  were i n v e s t i g a t e d .  A l l  
s l a b l s t r i n g e r  systems u t i l i z e d  an 8  inch (203.2  nun) c o n c r e t e  deck,  and 
composi te  a c t i o n  was assumed between t h e  s l a b  and t h e  s t r i n g e r s .  I n  each 
i n d i v i d u a l  b r i d g e ,  e q u a l  span l e n g t h s  were used i n  o r d e r  t o  reduce t h e  
number of v a r i a b l e s  c o n s i d e r e d .  

The computer a ided  a n a l y s e s  r e s u l t e d  i n  g r a p h i c a l  r e p r e s e n t a t i o n s  of  
t h e  e f f e c t s  of suppor t  s e t t l e m e n t s  on t h e  moment and d i sp lacement  d iagrams 
f o r  each s t r u c t u r e ,  a s  i l l u s t r a t e d  f o r  t y p i c a l  b r i d g e s  i n  f i g u r e s  19,  20, 
and 21. From moment d iagrams ,  such a s  t h o s e  shown i n  f i g u r e s  19 and 21, 
t h e  e f f e c t  of d i f f e r e n t i a l  s e t t l e m e n t  on t h e  member s t r e s s e s  was 
de te rmined .  The r e s u l t s  of t h e s e  a n a l y s e s  showed t h a t  two s e t t l e m e n t  
c o n d i t i o n s  were c r i t i c a l .  For t h e  two-span b r i d g e s ,  t h e  maximum n e g a t i v e  
s t r e s s  occur red  a t  t h e  c e n t e r  s u p p o r t ,  wi th  s e t t l e m e n t  of t h e  e x t e r i o r  
s u p p o r t ,  under c o n d i t i o n s  of load ing  t h a t  would produce maximum n e g a t i v e  
s t r e s s .  The maximum p o s i t i v e  s t r e s s  occur red  n e a r  t h e  mid-point  of t h e  
f i r s t  span of t h e  s t r u c t u r e ,  wi th  s e t t l e m e n t  of t h e  c e n t e r  s u p p o r t ,  under 
c o n d i t i o n s  of l o a d i n g  t h a t  produces  maximum p o s i t i v e  moment. For t h e  four -  
span  b r i d g e s ,  t h e  maximum n e g a t i v e  s t r e s s  occur red  a t  t h e  c e n t e r  s u p p o r t ,  
w i t h  s e t t l e m e n t  of t h e  f i r s t  i n t e r i o r  s u p p o r t ,  under c o n d i t i o n s  of l o a d i n g  
t o  produce maximum n e g a t i v e  moment. The maximum p o s i t i v e  s t r e s s  o c c u r r e d  
a t  approx imate ly  t h e  mid-point of t h e  second span ,  wi th  s e t t l e m e n t  of t h e  
c e n t e r  s u p p o r t ,  under c o n d i t i o n s  of load ing  t o  produce maximum p o s i t i v e  
moment i n  t h a t  span .  

A s tudy  of t h e  d a t a  r e s u l t i n g  from t h e  a n a l y s e s  of t h e  two-span and 
four-span b r i d g e s  showed t h a t  t h e  e f f e c t  of a l t e r i n g  t h e  s t r i n g e r  spac ing  
was n e g l i g i b l e .  Although reduc ing  t h e  s t r i n g e r  spac ing  reduced t h e  load on 
each  s t r i n g e r  and t h u s  reduced t h e  moments, t h e  e f f e c t  of t h e  d i f f e r e n t i a l  
s e t t l e m e n t  of t h e  s u p p o r t s  on t h e  moments was v e r y  n e a r l y  t h e  same f o r  t h e  
s t r i n g e r  spac ings  i n v e s t i g a t e d .  However, t h e  d a t a  show t h a t  suppor t  
s e t t l e m e n t s  of up t o  t h r e e  inches  (76.2 mm) can have a  v e r y  impor tan t  
e f f e c t  upon t h e  s t r e s s e s ,  depending upon t h e  span l e n g t h  and r i g i d i t y  (EI) 
o f  t h e  s l a b l s t r i n g e r  sys tem.  T h i s  e f f e c t  is  p a r t i c u a r l y  s i g n i f i c a n t  f o r  
s h o r t  span b r i d g e s ,  up t o  60 f e e t  ( 1 8 . 3  m e t e r s )  i n  l e n g t h ,  a s  i l l u s t r a t e d  
i n  f i g u r e s  22 and 23, which show t h e  e f f e c t s  of changing span l e n g t h  on t h e  
p e r c e n t a g e  i n c r e a s e  i n  s t r e s s e s  i n  two-span con t inuous  b r i d g e s  f o r  t h e  two 
c r i t i c a l  s e t t l e m e n t  c o n d i t i o n s  d e s c r i b e d  above.  It should  be recogn ized  
t h a t  t h e s e  a r e  t h e o r e t i c a l  s t r e s s  i n c r e a s e s ,  c a l c u l a t e d  on t h e  b a s i s  of  
assumed e l a s t i c  b e h a v i o r ,  and t h a t  y i e l d i n g  would occur  b e f o r e  t h e  h i g h e r  
t h e o r e t i c a l  s t r e s s  l e v e l s  (shown dashed i n  f i g u r e s  22 and 23) a r e  r eached .  
S i m i l a r  d a t a  f o r  four-span b r i d g e s  showed t h a t ,  f o r  a  g iven  span l e n g t h ,  
t h e  t h e o r e t i c a l  p e r c e n t a g e  i n c r e a s e  i n  s t r e s s  caused by d i f f e r e n t i a l  
s e t t l e m e n t  was s u b s t a n t i a l l y  g r e a t e r  than  f o r  t h e  two-span b r i d g e s .  T h i s  
i s  because  t h e  c o n t i n u i t y  of t h e s e  s t r u c t u r e s  i n c r e a s e s  t h e i r  e f f e c t i v e  
s t i f f n e s s .  However, a s  t h e  span l e n g t h s  i n c r e a s e ,  the  s t r e s s e s  caused by 
d i f f e r e n t i a l  s e t t l e m e n t s  d e c r e a s e  s u b s t a n t i a l l y ,  a s  i l l u s t r a t e d  i n  f i g u r e s  
22 and 23 and by a  comparison of t h e  t y p i c a l  moment diagrams g iven  i n  
f i g u r e s  19 and 21. Th i s  i s  f u r t h e r  i l l u s t r a t e d  by the  t y p i c a l  r e s u l t s  of  
t h e  a n a l y s e s  g iven  i n  t a b l e  29, where t h e  c a l c u l a t e d  maximum l e v e l s  of t h e  
s t r e s s e s  produced by d i f f e r e n t i a l  s e t t l e m e n t s  up t o  t h r e  inches  (76.2  m) 
a r e  compared t o  t h e  d e s i g n  s t r e s s e s  f o r  t h e  ze ro  s e t t l e m e n t  c a s e .  The low 



Figure  19. T y p i c a l  moment diagram f o r  two-span cont inuous  b r i d g e  
logded w i t h  deaa l o a d ,  l i v e  load  and s e t t l e m e n t  of 
l e f t  abutment. 

F igu re  20. T y p i c a l  d isp lacement  diagrams f o r  two-span cont inuous  
b r i d g e  loaded w i t h  dead l o a d ,  live load  and s e t t l e m e n t  
of l e f t  abutment.  
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Figure 21. 'Typical moment diagram for two-span continuous bridge, 
with 1QO foot spans, loaded with dead load, live load and 
settlement of left abutment. 
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Table 29. Typical Values of Maximum Negative Stresses at the 
Center Support of Two-Span and Four-Span Continuous 
Steel Bridges Caused by Differential Settlements 

Maximum Calculated Stresses(ksi) 

Two-Span Bridges Four-Span Bridges 
Span Length Settlement With Settlement With Settlement of 
in ~ e e t ~  in Inches of Exterior Support First Interior Support 

aThe 30 and 50 foot spans were designed with W36 stringers, the 100 foot 
span was designed with W36 sections and cover plates, and the 150 to 250 
foot spans consist of plate girders. 
Note: 1 inch = 25.4 mm, 1 foot = 0.305 meters and 1 ksi = 6.9 MPa. 



s t r e s s e s  f o r  t h e  ze ro  s e t t l e m e n t  c a s e  f o r  the  30 f o o t  ( 9 . 1  m e t e r s )  a r e ,  i n  
p a r t ,  t h e  r e s u l t  of t h e  overdes ign  produced by u s i n g  W36 s t r i n g e r s  f o r  t h i s  
s h o r t  span.  The d a t a  i n  t a b l e  29 show t h a t  f o r  l o n g e r  s p a n s ,  i . e .  spans  i n  
e x c e s s  of 100 f e e t ,  t h e  c a l c u l a t e d  i n c r e a s e s  i n  s t r e s s  caused by 
d i f f e r e n t i a l  s e t t l e m e n t s  up t o  t h r e e  inches  (76 .2  mm) were v i r t u a l l y  
n e g l i g i b l e .  

The i n f l u e n c e  of t h e  r i g i d i t y  of t h e  s l a b / s t r i n g e r  systems on t h e i r  
r e sponse  t o  d i f f e r e n t i a l  s e t t l e m e n t s  was q u i t e  a p p a r e n t  when t h e  d a t a  
c o n t a i n e d  i n  f i g u r e s  22 and 23 f o r  t h e  W36 - composi te  d e s i g n  were compared 
w i t h  s i m i l a r  d a t a  developed f o r  d e s i g n s  us ing  W33 and W30 s t r i n g e r s .  These 
d a t a  showed t h a t  t h e  lower r i g i d i t y  of t h e  W33 and W30 s t r i n g e r s  l e d  t o  a  
s i g n i f i c a n t l y  lower l e v e l  of  s t r e s s  i n c r e a s e  a s  a  r e s u l t  of d i f f e r e n t i a l  
s e t t l e m e n t  . However, t h e  combined i n f l u e n c e  of span l e n g t h  and r i g i d i t y  
( s t i f f n e s s )  i s  b e s t  i l l u s t r a t e d  by comparing t h e  t h e o r e t i c a l  s t r e s s  
i n c r e a s e ,  caused by d i f f e r e n t i a l  s e t t l e m e n t ,  w i t h  t h e  r a t i o  of t h e  moment 
of i n e r t i a ,  I, t o  t h e  span l e n g t h ,  R ,  a s  shown i n  f i g u r e s  24 and 25 f o r  t h e  
two-span b r i d g e s .  These d a t a  show t h a t ,  f o r  s t i f f  s t r u c t u r e s  w i t h  s h o r t  
s p a n s ,  t h e  s t r e s s  i n c r e a s e  caused by d i f f e r e n t i a l  s e t t l e m e n t  is  much 
g r e a t e r  t h a n  f o r  more f l e x i b l e  s t r u c t u r e s  wi th  long spans .  Again, s i m i l a r  
d a t a  f o r  t h e  four-span b r i d g e s  showed g r e a t e r  p e r c e n t a g e  i n c r e a s e s  i n  
s t r e s s  l e v e l s  t h a n  f o r  t h e  two-span s t r u c t u r e s .  O v e r a l l ,  however, t h e  
r e s u l t s  of  t h e  a n a l y s i s  showed t h a t ,  f o r  d i f f e r e n t i a l  s e t t l e m e n t s  up t o  
t h r e e  i n c h e s  (76 .2  ma), t h e  s t r e s s  i n c r e a s e s  would most l i k e l y  be  q u i t e  
modes t ,  a s  long a s  t h e  r a t i o  of moment of i n e r t i a  t o  span l e n g t h  ( I /R)  was 
20 i n 3 .  (327,741 mn3) o r  l e s s  f o r  b o t h  two-span and four-span b r i d g e s .  

3 .1 .1 .2  Dynamic Loading.  The v i b r a t i o n s  induced by t r a f f i c  a r e  
g e n e r a t e d  by f l u c t u a t i o n s  of wheel c o n t a c t  l o a d s  a s  v e h i c l e s  t r a v e l  over  
b r i d g e  deck-  i r r e g u l a r i t i e s .  These i r r e g u l a r i t i e s  can be t h e  r e s u l t  of ( a )  
b r i d g e  deck d e t e r i o r a t i o n  a n d / o r  g e n e r a l  roughness  caused by poor 
c o n s t r u c t i o n  c o n t r o l ,  o r  ( b )  a  "bump" o r  "ramp" caused by t h e  d i f f e r e n t i a l  
v e r t i c a l  movement of abutments o r  p i e r s .  The dynamic e f f e c t s  of b o t h  t y p e s  
o f  i r r e g u l a r i t i e s  on two-span c o n t i n u o u s  s t e e l  b r i d g e s ,  w i t h  spans  of from 
30 t o  250 f e e t  ( 9 . 1  t o  76.2 m e t e r s )  were i n v e s t i g a t e d  i n  an e f f o r t  t o  
e s t a b l i s h  t o l e r a b l e  l i m i t s  on f r e q u e n c i e s ,  a m p l i t u d e s ,  and human response  
l e v e l s .  The a n a l y s i s  of each s t r u c t u r e  c o n s i d e r e d  t h e  e f f e c t  of t h e  weight 
o f  t h e  l o a d ,  t h e  s t i f f n e s s  of t h e  s t r u c t u r e s ,  t h e  v e l o c i t y  of t h e  moving 
l o a d ,  and t h e  t r u c k  a x l e  s p a c i n g ,  a s  d e s c r i b e d  i n  t h e  I n t e r i m  Report  ( 8 ) .  
Computer methods were u t i l i z e d  t o  perform t h e s e  a n a l y s e s .  

a 

The r e s u l t s  of t h e  a n a l y s i s  of s l a b / s t r i n g e r  sys tems under dynamic 
l o a d i n g  i n d i c a t e d  t h a t  e x c e s s i v e  dynamic d e f l e c t i o n  and f requency i n c r e a s e s  
might  occur  a s  t h e  "resonance f a c t o r t ' ,  i . e .  t h e  r a t i o  of fo rced  (wf) t o  
t h e  n a t u r a l  (wn) f r e q u e n c i e s ,  approaches  one.  T h i s  i n f o r m a t i o n  was used 
t o  e s t a b l i s h  a  c r i t e r i o n  t h a t  can  be used by t h e  d e s i g n e r  t o  de te rmine  i f  a  
proposed b r i d g e  s t r u c t u r e  h a s  s u f f i c i e n t  mass and s t i f f n e s s  t o  p reven t  
e x c e s s i v e  dynamic d e f l e c t i o n .  The r e a d e r  i s  r e f e r r e d  t o  t h e  I n t e r i m  Report 
( 8 )  f o r  f u r t h e r  d e t a i l s .  

3 . 1 . 1 . 3  Mathematical  Model f o r  t h e  Behavior o f  S l a b / S t r i n g e r  Systems.  
Although t h e  r e s u l t s  produced by t h e  a n a l y s i s  of t h e  v a r i o u s  s t e e l  b r i d g e  
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sys tems ,  a s  i l l u s t r a t e d  i n  f i g u r e s  22 through 25, were v e r y  i n f o r m a t i v e  
w i t h  r e s p e c t  t o  t h e  i n f l u e n c e  of suppor t  s e t t l e m e n t s  on s t r e s s  i n c r e a s e s ,  
t h e y  a r e  not  ~ a r t i c u l a r l y  u s e f u l  from a  d e s i g n  s t a n d p o i n t .  I n  an e f f o r t  t o  
remedy t h i s  s i t u a t i o n ,  a  mathemat ica l  model f o r  t h e  b e h a v i o r  of m u l t i s p a n  
c o n t i n u o u s  s t e e l  b r i d g e s  was deve loped ,  u s i n g  t h e  macro f l e x i b i l i t y  
approach ( 5 2 ) ,  a s  d e s c r i b e d  i n  t h e  I n t e r i m  Report ( 8 ) .  The e x p r e s s i o n s  
t h a t  were produced were s i m p l i f i e d  f o r  computa t iona l  e a s e  and put i n  a  form 
t h a t  would permit  r e l a t i v e l y  s imple  checks  t o  be made on t h e  maximum s t r e s s  
i n c r e a s e  produced by t h e  s e t t l e m e n t  of any b r i d g e  suppor t  ( e i t h e r  abutment 
o r  p i e r s ) .  The r e s u l t i n g  e q u a t i o n s  were then  used t o  deve lop  a  s e r i e s  of 
s i x  d e s i g n  a i d s  t h a t  would permit  t h e  e s t i m a t i o n  of t h e  maximum p o s i t i v e  
and n e g a t i v e  s t r e s s e s  i n  s t e e l  b r i d g e s  r e s u l t i n g  from d i f f e r e n t i a l  
s e t t l e m e n t  of abutments o r  p i e r s .  These d e s i g n  a i d s ,  which a r e  p r e s e n t e d  
i n  f i g u r e s  26 through 31, p rov ide  s o l u t i o n s  f o r  c o n t i n u o u s  s t e e l  b r i d g e s  
w i t h  up t o  f i v e  spans  and wi th  span l e n g t h s  up t o  250 f e e t  (76 .2  m e t e r s ) .  

I n  p r a c t i c e ,  t h e  d e s i g n e r  would e n t e r  t h e  a p p r o p r i a t e  d e s i g n  a i d  wi th  
t h e  span l e n g t h ,  R , and t h e  number of s p a n s ,  n ,  and p i c k  o f f  t h e  v a l u e s  of 
Aoc / fo (+)  and A o f 0 - ,  f o r  t h e  c a s e  of abutment s e t t l e m e n t s ,  o r  
v a l u e s  of A,c/fa(+) and AaE/f,(-), f o r  t h e  c a s e  of p i e r  s e t t l e m e n t .  
These v a l u e s  could  then  be used wi th  t h e  a n t i c i p a t e d  abutment s e t t l e m e n t ,  
A , ,  o r  p i e r  s e t t l e m e n t ,  A,, and t h e  e s t i m a t e d  d i s t a n c e s  from t h e  
n e u t r a l  a x i s  t o  t h e  o u t e r  f i b e r ,  c  o r  F ,  t o  c a l c u l a t e  t h e  maximum p o s i t i v e  
s e t t l e m e n t  s t r e s s e s ,  f o ( + )  o r  f a ( + ) ,  o r  t h e  maximum n e g a t i v e  s e t t l e m e n t  
s t r e s s e s ,  £,(-I o r  f&(-) . 

For example, c o n s i d e r  a  two span c o n t i u o u s  b r i d g e  w i t h  70 f o o t  (21 .3  
m e t e r )  s p a n s ,  a  seven inch (177.8 mm) deck s l a b ,  assuming composi te  a c t i o n  
f o r  bo th  p o s i t i v e  and n e g a t i v e  moments, and a  2  inch  (50.8  mn) d i f f e r e n t i a l  
s e t t l e m e n t  of one abutment.  I n  t h e  p o s i t i v e  movement r e g i o n ,  where i t  i s  
assumed t h a t  t h e  l i v e  load moment is  r e s i s t e d  by t h e  composi te  a c t i o n  of 
s t e e l  and c o n c r e t e  wi th  a  modular r a t i o  of 8 ,  a  W36 x 160 beam wi th  a  10 
i n c h  x  1 inch (254 m x 25.4 m) bot tom cover  p l a t e  was chosen t o  r e s i s t  
t h e  p o s i t i v e  moment. In  t h i s  r e g i o n ,  t h e  e f f e c t  of t h e  d i f f e r e n t i a l  s e t -  
t l e m e n t  of t h e  abutment i s  a  n e t  r e d u c t i o n  ( d e c r e a s e )  i n  t h e  p o s i t i v e  ben- 
d i n g  moment and,  t h u s ,  i n  t h e  maximum p o s i t i v e  s t r e s s .  However, i n  t h e  
n e g a t i v e  moment r e g i o n ,  where t h e  d e s i g n  r e s u l t e d  i n  t h e  u s e  of 10 inch  x  1 
i n c h  (254 mm x 25.4 m) cover  p l a t e s  bo th  t o p  and bottom, t h e  d i f f e r e n t i a l  
s e t t l e m e n t  of t h e  abutment would produce an i n c r e a s e  i n  t h e  maximum nega- 
t i v e  s t r e s s .  Th i s  can be e v a l u a t e d  by e n t e r i n g  f i g u r e  27 wi th  R = 70 and n  
= 2, g i v i n g  AoF/fo(-) = 17.0.  Thus,  f o r  an abutment s e t t l e m e n t  of 2  
i n c h e s  (50 .8  nun) and a  v a l u e  of F = 17.55 inches  (445.8 mm), it is  found 
t h a t  t h e  maximum n e g a t i v e  s e t t l e m e n t  s t r e s s  i s  f -  = 2(17 .55) /17 .0  = 
2.06 k s i  (14.19 MPa) . 
3 . 1 . 2  Continuous Truss  Systems 

I n  a d d i t i o n  t o  t h e  i n v e s t i g a t i o n  of t h e  e f f e c t  of d i f f e r e n t i a l  
abutment and p i e r  s e t t l e m e n t s  on c o n t i n u o u s  two and four-span s l a b l s t r i n g e r  
sys tems ,  two-span con t inuous  p a r a l l e l  chord t r u s s  sys tems ,  wi th  spans  up t o  
680 f e e t  (207.3  m e t e r s ) ,  and two-span con t inuous  n o n - p a r a l l e l  chord t r u s s  
sys tems ,  wi th  spans  up t o  880 f e e t  (268 .2  i n c h e s ) ,  were a l s o  i n v e s t i g a t e d .  
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For t h e  two-span p a r a l l e l  chord t r u s s e s ,  span l e n g t h s  of 480, 600 and 
680 f e e t  (146 .3 ,  182.9 and 207.3 m e t e r s ) ,  wi th  pane l  d e p t h s  of 50, 60 and 
70 f e e t  ( 1 5 . 2 ,  18.3  and 21.3 m e t e r s ) ,  r e s p e c t i v e l y ,  were i n v e s t i g a t e d .  A 
c o n s t a n t  panel  width  of 40 f e e t  (12.2  mete r s )  was used i n  a l l  c a s e s ,  and 
t h e  chord dimensions  were kep t  c o n s t a n t  f o r  a l l  spans  i n  o r d e r  t o  reduce 
t h e  number of v a r i a b l e s  c o n s i d e r e d .  For the  n o n p a r a l l e l  chord t r u s s e s ,  
span  l e n g t h s  of 720, 800 and 880 f e e t  (219 .5 ,  243.8 and 268.2 m e t e r s )  were 
a n a l y z e d .  Again, t h e  panel  width  was he ld  c o n s t a n t  a t  40 f e e t  (12.2  
m e t e r s ) ,  b u t  t h e  d e p t h  of each t r u s s  v a r i e d  from a  maximum of 80 f e e t  ( 2 4 . 4  
m e t e r s ) ,  a t  t h e  c e n t e r  suppor t  t o  a  minimum of 40 f e e t  (12.2 m e t e r s )  a t  
e a c h  q u a r t e r  p o i n t .  As t h e  span 1.ength i n c r e a s e d ,  t h e  s i z e  of t h e  chords  
was i n c r e a s e d  t o  i n c r e a s e  t h e  c a p a c i t y  of t h e  s t r u c t u r e .  For bo th  t y p e s  of 
t r u s s  sys tems ,  t h e  l o a d s  were a p p l i e d  a t  t h e  panel  p o i n t s  on t h e  assumption 
t h a t  t h e  f l o o r  beams would t r a n s f e r  t h e  l ane  l o a d i n g s  t o  t h e  t r u s s e s  a t  
t h e s e  p o i n t s .  A l l  t r u s s e s  were analyzed a s  frames i n  o r d e r  t o  account  f o r  
any  "secondary" s t r e s s e s  t h a t  might deve lop .  

The r e s u l t s  of t h e  a n a l y s i s  of  t h e  two-span c o n t i n u o u s  t r u s s  systems 
showed t h a t  d i f f e r e n t i a l  s e t t l e m e n t s  up t o  t h r e e  i n c h e s  (76 .2  ma) of e i t h e r  
p i e r  o r  abutment do not  s i g n i f i c a n t l y  a f f e c t  t h e  i n t e r n a l  member s t r e s s e s  
f o r  long span t r u s s e s .  For t h e  p a r a l l e l  chord t r u s s e s ,  a  maximum s t r e s s  
i n c r e a s e  of about  9 p e r c e n t  was produced by a  t h r e e  inch (76 .2  m )  
s e t t l e m e n t  of t h e  p i e r  of  t h e  70 f o o t  ( 2 1 . 3  mete r )  deep t r u s s  w i t h  spans  of 
480 f e e t  (146.3  m e t e r s ) ,  and t h e  s t r e s s  i n c r e a s e s  f o r ' t h e  longer  spans  and 
s m a l l e r  pane l  d e p t h s  were s u b s t a n t i a l l y  lower .  The s t r e s s  i n c r e a s e s  caused 
by a  t h r e e  inch  (76.2  m) d i f f e r e n t i a l  s e t t l e m e n t  of  t h e  abutment were a l s o  
v e r y  low. For t h e  nonpara1, le l  chord t r u s s e s ,  a  maximum s t r e s s  i n c r e a s e  of 
a  l i t t l e  o v e r  t h r e e  p e r c e n t  was produced by a  t h r e e  inch (76.2  m )  
s e t t l e m e n t  of  t h e  abutment of t h e  s t i f f e s t  t r u s s  w i t h  spans  of 720 f e e t ,  
and a g a i n ,  t h e  s t r e s s  i n c r e a s e s  f o r  t h e  longer  spans  and lower s t i f f n e s s e s  
were  s u b s t a n t i a l l y  l e s s .  The s t r e s s  i n c r e a s e s  caused by a  t h r e e  inch  (76 .2  
mm) d i f f e r e n t i a l  s e t t l e m e n t  of t h e  p i e r  were v i r t u a l l y  n e g l i g i b l e .  

3 .2  Concrete  Br idges  

The a n a l y s i s  of c o n c r e t e  highway b r i d g e s  f o r  t h e  e f f e c t s  of suppor t  
movement i s  an ex t remely  complex problem. During t h e  c o u r s e  of t h e  
i n v e s t i g a t i o n  r e p o r t e d  h e r e i n ,  t h e  n a t u r e  of l e s e  c o m p l e x i t i e s  was more 
f u l l y  a p p r e c i a t e d ,  and,  a s  t h e  work p r o g r e s s e d ,  i t  became apparen t  t h a t  t h e  
r e s e a r c h  o r i g i n a l l y  proposed i n  t h i s  s t u d y  could p rov ide  o n l y  a  p a r t i a l  and 
f ragmented answer t o  t h e  q u e s t i o n  of what s u p p o r t  movements may be  
t o l e r a b l e  f o r  c o n c r e t e  highway b r i d g e s .  The c o m p l e x i t i e s  of t h e  problem 
l i e  i n  s e v e r a l  pr imary a r e a s :  m a t e r i a l  p r o p e r t i e s ,  e s p e c i a l l y  t h e  c r e e p  
b e h a v i o r  of c o n c r e t e ;  s t r u c t u r a l  c o n f i g u r a t i o n ;  sequence of c o n s t r u c t i o n ;  
and a n a l y t i c a l  methods and s i m p l i f i c a t i o n s .  Each of t h e s e  c o n s i d e r a t i o n s  
l e a d s  t o  problems no t  encoun te red  i n  t h e  a n a l y s i s  of s t e e l  b r i d g e s .  

The c r e e p  b e h a v i o r  of c o n c r e t e  m a t e r i a l s  i s  i n f l u e n c e d  by p r o p e r t i e s  
and p r o p o r t i o n s  of t h e  c o n c r e t e  mix c o n s t i t u e n t s ,  a s  we l l  a s  environmental  
f a c t o r s  a s s o c i a t e d  w i t h  c u r i n g  c o n d i t i o n s .  





C o n s i d e r a t i o n s  of s t r u c t u r a l  c o n f i g u r a t i o n  a r e ,  i n  p a r t ,  s i m i l a r  t o  
t h o s e  of s t e e l  b r i d g e s  wi th  comparable span l e n g t h s .  However, some 
s i g n i f i c a n t  d i f f e r e n c e s  occur  i n  t h e  c a s e  of b r i d g e s  c o n s t r u c t e d  w i t h  
p r e c a s t ,  p r e s t r e s s e d  c o n c r e t e  I - type g i r d e r s .  For s t e e l  beams, t h e  
d e s i g n e r  may make a  r e f i n e d  c h o i c e  of c r o s s  s e c t i o n  by inc rement ing  t h e  
o v e r a l l  h e i g h t  of t h e  s e c t i o n  and i n c r e a s i n g  the  s i z e  of t h e  f l a n g e s .  I n  
c o n c r e t e ,  t h e  c h o i c e  may be reduced t o  s e l e c t i n g  one of two s t a n d a r d  
s e c t i o n s ,  and p r o v i d i n g  an a p p r o p r i a t e  p r e s t r e s s i n g  f o r c e .  For example, i n  
t h e  c a s e  of  a  composi te  b r i d g e  wi th  two equal  spans  of 100 f e e t  (30.5  
m e t e r s ) ,  made con t inuous  f o r  l i v e  l o a d s ,  t h e  d e s i g n e r  might choose e i t h e r  
an  AASHTO-PC1 s t a n d a r d  Type I V  o r  a  Type V I - g i r d e r .  The moment of i n e r t i a  
o f  t h e  Type V s e c t i o n  i s  about t w i c e  t h a t  of the  Type IV, yet  t h e  s e c t i o n  
i s  o n l y  17 pe rcen t  deeper .  Accord ing ly ,  t h e  r e q u i r e d  p r e s t r e s s i n g  f o r c e  
w i l l  be  l e s s  f o r  t h e  Type V s e c t i o n ,  and t h e  i n f l u e n c e  of c r e e p  due t o  a  
combina t ion  of dead load  and p r e s t r e s s i n g  f o r c e  w i l l  be s m a l l e r .  However, 
t h e  se t t l ement - induced  s t r e s s e s  w i l l  be l a r g e r  f o r  t h e  deeper  Type V 
s e c t i o n .  Thus, t h e  o v e r a l l  comparison of t h e  two s e c t i o n s  shows t h a t  t h e  
Type V s e c t i o n  would be s u b j e c t e d  t o  g r e a t e r  s t r e s s e s  due t o  s e t t l e m e n t ,  
b u t  t h e  e f f e c t s  of  c r e e p  (and p o s s i b l y  c r e e p  r e l i e f  of s e t t l e m e n t - r e l a t e d  
s t r e s s e s )  w i l l  be l e s s .  Th i s  i s  b u t  one example of t h e  i n t e r a c t i o n s  of 
s t r u c t u r a l  d e s i g n  pa ramete r s  which c o m p l i c a t e  t h e  a n a l y s i s  f o r  c o n d i t i o n s  
o f  s u p p o r t  s e t t l e m e n t .  These pa ramete r s  i n c l u d e  number of s p a n s ,  span 
l e n g t h ,  g i r d e r  t y p e ,  p r e s t r e s s  l e v e l ,  and p r o f i l e  of t h e  p r e s t r e s s i n g  
s t r a n d .  

The sequence of c o n s t r u c t i o n  i s  p a r t i c u l a r l y  important  i n  t h e  a n a l y s i s  
o f  b r i d g e s  c o n s t r u c t e d  of p r e c a s t  e l e m e n t s ,  made con t inuous  t o  r e s i s t  l i v e  
l o a d s ,  and a c t i n g  composi te  wi th  a  c a s t - i n - p l a c e  deck.  The c r e e p  b e h a v i o r  
o f  p r e c a s t  e l e m e n t s ,  s u b s e q u e n t l y  made c o n t i n u o u s ,  i s  s i g n i f i c a n t l y  
d i f f e r e n t  t h a n  t h a t  of a  beam i n i t i a l l y  made c o n t i n u o u s .  Three e v e n t s  can 
be  i d e n t i f i e d  a s  s i g n i f i c a n t  wi th  r e s p e c t  t o  t h e  c o n s t r u c t i o n  sequence:  
( a )  t h e  f i r s t  load ing  of t h e  c o n c r e t e ,  ( b )  t h e  t ime a t  which c o n t i n u i t y  i s  
imposed, and ( c )  t h e  t ime when s e t t l e m e n t  o c c u r s .  The o r d e r  i n  which t h e s e  
l a s t  two e v e n t s  occur  i s  a l s o  i m p o r t a n t ,  p a r t i c u l a r l y  where a  g r a d u a l  
s e t t l e m e n t  i s  c o n s i d e r e d .  Each of t h e s e  a s p e c t s  of c o n s t r u c t i o n  i s  
impor tan t  i n  de te rmin ing  t h e  s i g n i f i c a n c e  of c r e e p  e f f e c t s ,  and a l s o  t h e  
p o s s i b i l i t y  of c r e e p  r e l i e f  of se t t l ement - induced  s t r e s s e s .  

Each of t h e s e  c o n s i d e r a t i o n s ,  i . e .  c r e e p  p r o p e r t i e s  of t h e  c o n c r e t e ,  
s t r u c t u r a l  c o n f i g u r a t i o n  and t h e  sequence of c o n s t r u c t i o n ,  can be  accounted 
f o r  by u s i n g  a  s o p h i s t i c a t e d  t ime- inc rementa l  s o l u t i o n  employing computer 
methods ( 5 3 , 5 4 ) .  Th i s  procedure  i s  v e r y  expens ive  t o  implement, because  of 
t h e  l a r g e  amount of computer t ime r e q u i r e d  t o  ana lyze  any p a r t i c u l a r  c a s e .  
It r a p i d l y  becomes i n f e a s i b l e  when t h e  number of c a s e s  f o r  a  meaningful  
p a r a m e t r i c  s t u d y  i s  l a r g e .  However, o t h e r ,  l e s s  s o p h i s t i c a t e d ,  methods a r e  
a v a i l a b l e  f o r  a n a l y s i s  e i t h e r  manual ly  o r  on t h e  computer,  b u t  t h e y  a r e ,  of 
c o u r s e ,  more approximate  i n  n a t u r e .  Both t y p e s  of s o l u t i o n s  were employed 
f o r  t h e  s t u d i e s  r e p o r t e d  h e r e i n ,  and a  d e t a i l e d  d e s c r i p t i o n  o f  t h e s e  
methods i s  inc luded  i n  t h e  I n t e r i m  Report  ( 8 ) .  

The b r i d g e s  i n v e s t i g a t e d  inc luded  composi te  and non-composite two-span 
con t inuous  AASHTO-PC1 s t a n d a r d  I - g i r d e r s ,  Types 111, I V  and V I ,  f o r  spans  
of  75, 100 and 125 f e e t  (22 .9 ,  30.5 and 38.1 m e t e r s ) ,  r e s p e c t i v e l y .  These 
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same g i r d e r s  and spans  were a l s o  i n v e s t i g a t e d  f o r  t h e  non-composite c a s e ,  
where t h e  beams were made c o n t i n u o u s  by means of a  c a s t - i n - p l a c e  j o i n t  over  
t h e  c e n t e r  s u p p o r t .  In a d d i t i o n ,  two-span con t inuous  c a s t - i n - p l a c e  box 
g i r d e r  b r i d g e s  wi th  spans of 100 and 200 f e e t  (30.5  and 61.0 m e t e r s ) ,  and 
a  four-span con t inuous  post  t e n s i o n e d  box g i r d e r  b r i d g e  wi th  spans  of 200 
f e e t  (61.0  m e t e r s )  were a l s o  s t u d i e d .  For t h e  two-span b r i d g e s ,  t h e  e f f e c t  
o f  sudden and gradual  s e t t l e m e n t s  of t h e  c e n t e r  suppor t  were c o n s i d e r e d ,  
w h i l e  f o r  t h e  four-span b r i d g e ,  sudden and g r a d u a l  s e t t l e m e n t s  of  t h e  f i r s t  
i n t e r i o r  suppor t  were c o n s i d e r e d .  The d i f f e r e n t i a l  s e t t l e m e n t s  of t h e  
s u p p o r t s  were v a r i e d  between one inch  ( 2 5 . 4  mm) and t h r e e  i n c h e s  (76.2  mm). 

3 .2 .1  AASHTO-PC1 Standard I -Girder  Br idges  

3 .2 .1 .1  Continuous I -Girder  Br idges .  The a n a l y s i s  of a  two-span 
c o n t i n u o u s  I - type g i r d e r  p rov ided  a  u s e f u l  s t a r t i n g  p o i n t  f o r  t h e  
d i s c u s s i o n  of . b ; i d a e s  wi th  ;pans of 75 t o  125 f e e t  (22 .9  to 38.1 m e t e r s ) .  
Although t h i s  is  n i t  a  p r a c t i c a l  type  of c o n s t r u c t i o n ,  i t  i s  a  conven ien t  
way t o  i s o l a t e  e f f e c t s  of s e t t l e m e n t .  Using m a t e r i a l  p r o p e r t i e s  
c o r r e s p o n d i n g  t o  5000 p s i  ( 3 4 . 5  MPa) c o n c r e t e ,  t h e  e f f e c t  of a  3  inch  (76 .2  
mm) s e t t l e m e n t  a t  t h e  c e n t r a l  s u p p o r t  was c o n s i d e r e d .  G i r d e r  t y p e s  11, I V  
and V I  were used f o r  spans of 75, 100, and 125 f e e t  (22 .9 ,  30.5 and 38.1 
m e t e r s ) ,  r e s p e c t i v e l y .  Comparing t h e s e  1-sec t i o n s ,  t h e  approximate  
r e l a t i v e  moments of i n e r t i a  f o r  t h e  75, 100 and 125 f o o t  ( 2 2 . 9 ,  30.5 and 
38.1  mete r )  spans  i n c r e a s e  a s  1 :2:6  and t h e  r e l a t i v e  s e c t i o n  d e p t h s  a s  
1 :1 .2 :1 .6 .  

Tab le  30 p r e s e n t s  time-dependent moments and s t r e s s e s  i n  t h e s e  
c o n t i n u o u s  I - g i r d e r  b r i d g e s  f o r  b o t h  sudden and g r a d u a l  s e t t l e m e n t .  For 
t h e  s h o r t e s t  span,  a  sudden 3  inch  (76 .2  m) s e t t l e m e n t  produces  bending 
moments s i g n i f i c a n t l y  l a r g e r  than  dead load o n l y .  Even a  s e t t l e m e n t  of 
o n l y  1 inch (25.4  m) would produce an e f f e c t  on t h e  o r d e r  of  44 p e r c e n t  of 
t h e  dead load moments. 

I n  s t u d y i n g  t h e s e  r e s u l t s ,  i t  i s  impor tan t  t o  remember t h a t  t h e  c r o s s  
s e c t i o n  and span l e n g t h  a r e  v a r y i n g  a t  t h e  same t ime .  An i n c r e a s e  i n  span 
l e n g t h ,  when o t h e r  parameters  a r e  h e l d  c o n s t a n t ,  r e s u l t s  i n  a  more f l e x i b l e  
s t r u c t u r e  and lower e f f e c t s  of s e t t l e m e n t ,  s i n c e  s e t t l e m e n t  moments a r e  
p r o p o r t i o n a l  t o  ~ E I / R ~ ,  where E  i s  t h e  modulus of e l a s t i c i t y ,  I i s  t h e  
moment of i n e r t i a  of t h e  c r o s s - s e c t i o n ,  and R i s  t h e  span l e n g t h .  However, 
l o n g e r  spans  a l s o  have g r e a t e r  e f f e c t s  of dead and l i v e  l o a d ,  so a  l a r g e r  
c r o s s  s e c t i o n  i s  r e q u i r e d .  

For t h e  75, 100 and 125 f o o t  (22 .9 ,  30.5 and 38.1 mete r )  I - g i r d e r s  
c o n s i d e r e d ,  t h e  f a c t o r  1 / R 2  and,  hence ,  t h e  s e t t l e m e n t  moments, i n c r e a s e  
w i t h  i n c r e a s i n g  span,  a s  1 :1 .2 :2 .1 .  However t h e  r a t i o  of s e t t l e m e n t  
s t r e s s e s  t o  dead load s t r e s s e s  v a r i e s  a s  l / R L ,  s i n c e  dead load moments 
i n c r e a s e  a s  t h e  square  of t h e  span l e n g t h .  For t h e s e  I - g i r d e r s  and spans ,  
t h e  term I / R ~  v a r i e s  a s  1 :0 .66:0 .75.  Thus, t h e  r e l a t i v e l y  e f f e c t  of 
s e t t l e m e n t  d r o p s  o f f  and then  i n c r e a s e s  a g a i n  a s  span l e n g t h s  i n c r e a s e ,  a  
r e s u l t  of t h e  p a r t i c u l a r  c h o i c e  of g i r d e r  s e c t i o n .  

3 .2 .1 .2  P r e c a s t  G i r d e r s  Made Continuous With a  F i e l d  J o i n t .  A 
s i m i l a r  ana1,ys is  t o  t h a t  of  t h e  p r e v i o u s  s e c t i o n  was performed f o r  two-span 



Table 30. Time-dependent moments and s t r e s s e s  i n  two-span I-Girder 
b r i d g e s  c a u s e d  by 3 i n c h  s e t t l e m e n t  of  c e n t e r  s u p p o r t .  

Bending Moments i n  S t r e s s e s  i n  k s i  a t  Given E l a p s e d  Time a t  Given 
F o o t - k i p s  a t  Given  L o c a t i o n  (Top o r  Bottom o f  G i r d e r )  

E l a p s e d  Time 
Span  L e n g t h  Locat  ion of Zero  Days 180 Days 1800 Days 

i n  F e e t  Moments and S e t t l e m e n t  Z e r o  180 1800 - 
( G i r d e r  Type) S t r e s s e s  R a t e  Days Days Days TOP Bottom Top Bottom Top Bottom 

7 5 At Midspan Sudden +459 +281 +262 -1.00 +0.89 -0.66 +0.54 -0.62 +0.50 
--I (111) Gradua l  +I98 +271 +282 -0.46 +0.38 -0.64 +0.52 -0.66 +0.54 
o At P i e r  Sudden -125 -229 -268 -0.30 +0.24 +0.54 -0.44 +0.63 -0.52 

Gradual  -396 -249 -227 +0.93 -0.76 +0.59 -0.48 +0.53 -0.44 

100 At Midspan Sudden +805 +597 +574 -1.08 +0.90 -0.80 +0.68 -0.70 +0.60 
( IV) Gradua l  +500 +585 +598 -0.67 +0.57 -0.78 +0.66 -0.80 +0.50 

At P i e r  Sudden -389 -806 -851 +0.52 -0.44 +1.08 -0.90 +1.10 -0.96 
Gradua l  -1000 -839 -803 +1.30 -1.10 +1.10 -0.94 +1.08 -0.90 

125 At Midspan Sudden +I624 +I249 +I208 -0.94 +0.96 -0.72 +0.74 -0.70 +0.71 
(VI) Gradua l  +I074 +I228 +I251 -0.62 +0.64 -0.71 +0.73 -0.72 +0.74 

At P i e r  Sudden -1048 -1798 -1879 +0.61 -0.62 +1.04 -1.07 +1.09 -1.10 
G r a d u a l  -2148 -1840 -1794 +1.20 -1.27 +1.07 -1.09 +1.04 -1.06 

P o s i t i v e  moment c a u s e s  p o s i t i v e  s tress ( t e n s i o n )  i n  b o t t o m  f i b e r s .  
No te :  1 k s i  = 6.9 MPa, 1 k i p - f o o t  = 1.37 kN - m, 1 i n c h  = 25.4 mm, 1 f o o t  = 0.305 m e t e r s  



c o n t i n u o u s  s t r u c t u r e s  made from two p r e c a s t  beams w i t h  a  c a s t - i n - p l a c e  
f i e l d  j o i n t .  Spans and g i r d e r  s i z e s  a r e  t h e  same a s  b e f o r e ,  and t h e  
r e s u l t s  a r e  shown i n  t a b l e  31. For t h i s  type  of s t r u c t u r e ,  s t r e s s e s  f o l l o w  
t h e  1/22 r e l a t i o n s h i p  d e s c r i b e d  p r e v i o u s l y .  In a l l  c a s e s ,  c r a c k i n g  may 
r e s u l t  a t  t h e  c e n t r a l  suppor t  due t o  t h e  e f f e c t s  of sudden s e t t l e m e n t .  The 
e f f e c t s  of sudden s e t t l e m e n t  a r e  reduced wi th  t ime due t o  c r e e p  r e l i e f  of  
t h e  s e t t l e m e n t  moment i n  c o n j u n c t i o n  wi th  t h e  c r e e p  r e d i s t r i b u t i o n  of dead 
l o a d  moments. I n  t h e  c a s e  of g r a d u a l  s e t t l e m e n t ,  moments induced by 
s e t t l e m e n t  , and those  r e s u l t i n g  from moment r e d i s t r i b u t i o n ,  o f f s e t  one 
a n o t h e r .  

Because of r e d i s t r i b u t i o n  of dead load movements due t o  c r e e p ,  t h e  
s t r e s s e s  r e s u l t i n g  from s e t t l e m e n t  i n  a  c o n t i n u o u s  s t r u c t u r e  made 
c o n t i n u o u s  by a  c a s t - i n - p l a c e  j o i n t  a r e  c o n s i d e r a b l y  lower than  f o r  a  c a s t -  
in -p lace  con t inuous  b r i d g e .  

3 .2 .1 .3  G i r d e r  Composite With Cast - in-Place  Deck. I n  t h e  a n a l y s e s  
r e p o r t e d  i n  t h i s  s e c t i o n ,  composi te  a c t i o n  was i n t r o d u c e d  by c a s t i n g  a  
c o n c r e t e  deck over  c a s t - i n - p l a c e  I - type g i r d e r s .  The m a t e r i a l  p r o p e r t i e s  
assumed i n  a n a l y s i s  a r e  t y p i c a l  of 5000 p s i  (34.5  MPa) c o n c r e t e  i n  t h e  
g i r d e r ,  and 4000 p s i  (27.6 MPa) c o n c r e t e  i n  t h e  deck .  A maximum sudden 
s e t t l e m e n t  of 3  inches  (76.2  m) a t  t h e  c e n t r a l  suppor t  of t h e  r e s u l t i n g  
two-span con t inuous  composite beam was assumed. G i r d e r  s e c t i o n s  and spans  
were  t h e  same a s  i n  p rev ious  examples .  S e t t l e m e n t  was assumed t o  occur  
when t h e  g i r d e r  age was 28 days  and t h e  s l a b  was one day o l d .  

R e s u l t s  f o r  t h e  t h r e e  span l e n g t h s  a r e  shown i n  t a b l e  32. A 
compar ison is  provided f o r  composi te  a c t i o n ,  bo th  accoun t ing  f o r  and 
i g n o r i n g  t h e  e f f e c t s  of s h r i n k a g e  and c r e e p .  Deck s t r e s s e s  change o n l y  
s l i g h t l y  due t o  s e t t l e m e n t ,  s i n c e  t h e  s e t t l e m e n t  o c c u r s  when t h e  deck 
c o n c r e t e  i s  v e r y  weak and h a s  low s t i f f n e s s .  Consequent ly ,  g i r d e r  s t r e s s e s  
a r e  comparable t o  t h o s e  of c a s t - i n - p l a c e  b r i d g e s .  Creep and s h r i n k a g e  t end  
t o  reduce  t h e  e f f e c t s  of s e t t l e m e n t ,  a s  i l l u s t r a t e d  i n  f i g u r e  32, which 
shows t h e  time-dependent v a r i a t i o n  of s t r e s s e s  a t  midspan of t h e  100 f o o t  
( 3 0 . 5  m e t e r )  span b r i d g e  r e s u l t i n g  from a  3  inch (76 .2  mm) sudden 
s e t t l e m e n t  of t h e  c e n t e r  s u p p o r t .  

To c o n t r a s t  t h e  e f f e c t s  of sudden and g r a d u a l  s e t t l e m e n t s ,  t h e  same 
100 f o o t  (30.5  mete r )  span b r i d g e  was analyzed f o r  a  t o t a l  s e t t l e m e n t  of  3  
i n c h e s  (76 .2  m )  , assuming a  time-dependent v a r i a t i o n  of t h e  s e t t l e m e n t .  
Equal  inc rements  of 1  inch ( 2 5 . 4  m )  s e t t l e m e n t  were a p p l i e d  a t  93 d a y s ,  
453 days  and 1553 days .  Time-dependent s t r e s s e s  f o r  t h e  g r a d u a l  s e t t l e m e n t  
a r e  shown i n  f i g u r e s  33 and 34 f o r  midspan and t h e  c e n t r a l  s u p p o r t ,  
r e s p e c t i v e l y .  In  t h i s  c a s e ,  a  g r a d u a l  s e t t l e m e n t  r e s u l t s  i n  e v e n t u a l  
h i g h e r  s t r e s s e s  a t  t h e  c e n t r a l  s u p p o r t  than  does sudden s e t t l e m e n t .  
Maximum s t r e s s e s  occur  d u r i n g  t h e  a p p l i c a t i o n  of t h e  second increment of 
d e f l e c t i o n  a t  453 days .  Thus, a  slow g r a d u a l  a p p l i c a t i o n  of s e t t l e m e n t  
d o e s  not  c r e a t e  h igh  i n i t i a l  s t r e s s e s ,  b u t  t h e  l a c k  of c r e e p  r e l i e f  c a u s e s  
t h e  s t r e s s e s  t o  u l t i m a t e l y  be h i g h e r  than  t h o s e  caused by sudden 
s e t t l e m e n t .  

3 .2 .1 .4  Composite S e c t i o n  With P r e s t r e s s i n g .  To supplement t h e  
s t u d i e s  d e s c r i b e d  above, a  s e r i e s  of a n a l y s e s  were conducted f o r  two-span 



Tab 1 e 31. Time-dependent moments and s t r e s s e s  i n  two-span b r i d g e s  made c o n t i n u o u s  
w i t h  a f i e l d  j o i n t ,  caused  by 3 i n c h  s e t t l e m e n t  of  c e n t e r  s u p p o r t .  

Bending Moments i n  S t r e s s e s  i n  k s i  a t  Given E l a p s e d  Time a t  Given 
F o o t - k i p s  a t  Given L o c a t i o n  (Top o r  Bottom o f  ~ i r d e r )  

E l a p s e d  Time 
Span Leng th  L o c a t i o n  of Zero  Days 180 Days 1800 Days 

i n  Fee t  Moments and S e t t l e m e n t  Zero  180 1800 
( ~ i r d e r  Type)  S t r e s s e s  R a t e  Days Days Days Top Bottom Top Bottom Top Bottom 

7 5 At Midspan Sudden +657 +344 +310 -1.55 +1.27 -0.81 +0.66 -0.73 +0.60 
(111) Gradua l  +396 +334 +330 -0.93 +0.76 -0.79 +0.64 -0.78 +0.64 

u 
N, At P i e r  Sudden +522 -103 -171 -1.23 +1.01 +0.24 -0.20 +0.40 -0.33 

Gradual  0 -124 -131 0 0 +0.29 -0.24 +0.31 -0.25 

100 At Midspan Sudden +I305 +756 +696 -1.75 +1.48 -1.01 +0.86 -0.93 +0.75 
( 1V) Gradual  +I000 +744 +720 -1.34 +1.13 -1.00 +0.84 -0.87 +0.82 

A t  P i e r  Sudden +611 -488 -607 -0.82 +0.69 +0.65 +0.68 +0.81 -0.69 
Gradual  0 -511 -599 0 0 -0.55 -0.58 +0.80 -0.68 

125 A t  Midspan Sudden +2684 +I760 +I710 . -1.56 +1.59 -1.02 +1.04 -0.99 +1.01 
(VI) Gradual  +2134 +I637 +I524 -1.24 +1.27 -0.95 +0.97 -0.88 +0.90 

At P i e r  Sudden +I100 -748 -847 -0.64 +0.65 +0.43 -0.44 +0.49 -0.50 
G r  adu-a 1 0 .  -992 -1218 0 0 +0.57 -0.59 +0.70 -0.72 

P o s i t i v e  moment c a u s e s  p o s i t i v e  s t r e s s  ( t e n s i o n )  i n  b o t t o m  f i b e r s .  
Note:  1 k s i  = 6.9 MPa, 1 k i p - f o o t  = 1.37 kN - m ,  1 i n c h  = 25.4 mm, 1 f o o t  = 0.305 m e t e r s  
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p r e c a s t  p r e s t r e s s e d  I - g i r d e r s ,  made c o n t i n u o u s  f o r  l i v e  l o a d s  by a  c a s t - i n -  
p l a c e  j o i n t ,  a c t i n g  composi te  wi th  c a s t - i n - p l a c e  deck.  The p r e s t r e s s i n g  
f o r c e  was chosen t o  e x a c t l y  b a l a n c e  t h e  t e n s i l e  s t r e s s  a t  midspan f o r  t h e  
l o a d i n g  c o n d i t i o n  which produces  maximum p o s i t i v e  moments. A p a r a b o l i c  
s t r a n d  p r o f i l e  was assumed, so  t h e  e f f e c t s  of p r e s t r e s s i n g  c a n  be accounted 
f o r  by means of an e q u i v a l e n t  d i s t r i b u t e d  l o a d .  I n  t h e  a n a l y s i s ,  i t  was 
assumed t h a t  g i r d e r  and deck had i d e n t i c a l  p r o p e r t i e s  and t h a t  t h e  
s e t t l e m e n t  occur red  j u s t  a f t e r  c o n t i n u i t y  was imposed. 

The r e s u l t s  of t h e s e  a n a l y s e s  f o r  spans  of 75 and 125 f e e t  (22 .9  and 
38.1  m e t e r s ) ,  wi th  Type I11 and Type V I  g i r d e r s ,  r e s p e c t i v e l y ,  a r e  shown i n  
t a b l e  33. These r e s u l t s  show t h e  same g e n e r a l  t r e n d s  a s  f o r  composite 
s e c t i o n s  where p r e s t r e s s i n g  was n e g l e c t e d ,  w i t h  t h e  s t r e s s e s  mere ly  s h i f t e d  
b y  t h e  e f f e c t  of p r e s t r e s s .  As b e f o r e ,  t h e  t o t a l  e f f e c t s  of  s e t t l e m e n t  a r e  
reduced t o  about one- th i rd  of  t h e  i n s t a n t a n e o u s  v a l u e  due t o  t h e  e f f e c t s  of  
c r e e p .  Ana lys i s  shows t h e  s t r e s s e s  t o  remain w i t h i n  t h e  a l l o w a b l e  range 
f o r  dead ,  load s e t t l e m e n t  and p r e s t r e s s ,  b u t  l i v e  load w i l l  c a u s e  t h e  
a l l o w a b l e  compress ive  s t r e s s  t o  be exceeded.  

3 .2 .1 .5  Summary. The a n a l y s e s  d e s c r i b e d  above have c o n s i d e r e d  t h e  
combined  e f f e c t s  o f  s e t t l e m e n t  and c r e e p  f o r  v a r i o u s  s t r u c t u r a l  
c o n f i g u r a t i o n s  wi th  AASHTO-PC1 s t a n d a r d  I - g i r d e r s .  It was found t h a t  
s t r e s s e s  r e s u l t i n g  from sudden s e t t l e m e n t  a r e  p r o p o r t i o n a l  t o  t h e  
s e t t l e m e n t  i t s e l f ,  t h e  modulus of  e l a s t i c i t y  of t h e  c o n c r e t e  when loaded ,  
and t h e  dep th  of  t h e  c r o s s  s e c t i o n ,  and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  span 
l e n g t h .  The overa l .1  r a t i o  of s e t t l e m e n t  s t r e s s e s  t o  t h o s e  caused  by dead 
l o a d s  v a r i e s  a s  t h e  term 1 /44 .  T h e r e f o r e ,  a  d e s i g n e r  f aced  w i t h  a  c h o i c e  

t o s s i b l e  c r o s s  s e c t i o n s  should  choose t h e  s e c t i o n  wi th  a  lower r a t i o  of 
I/$ t o  minimize t h e  r e l . a t i v e  e f f e c t s  of  s e t t l e m e n t .  

The e f f e c t s  of s e t t l e m e n t  and c r e e p  a r e  i n  opposing s e n s e s  i n  t h e  c a s e  
o f  p r e c a s t  e lements  made c o n t i n u o u s  f o r  l i v e  l o a d s .  T h i s  doe0 n o t ,  
however,  e l i m i n a t e  t h e  need t o  i n v e s t i g a t e  s e t t l e m e n t - r e l a t e d  s t r e s s e s  i n  
t h e s e  s t r u c t u r e s .  G e n e r a l l y ,  f o r  t h e s e  s t r u c t u r e s ,  t h e  e f f e c t s  of a  3 inch  
(76 .2  m) sudden s e t t l e m e n t  a r e  unaccep tab ly  high when span l e n g t h s  a r e  on 
t h e  o r d e r  of 100 f e e t  (30.5  m e t e r s )  o r  l e s s .  The e f f e c t s  do d r o p  o f f  w i t h  
i n c r e a s i n g  span l e n g t h ,  and w i t h  125 f e e t  (38 .1  m e t e r s )  s p a n s ,  s t r e s s e s  may 
b e  c o n t r o l l e d  by a d d i t i o n a l  r e i n f o r c e m e n t .  

Limited i n v e s t i g a t i o n  o f  t h e  e f f e c t s  of p r e s t r e s s i n g  shows a  need t o  
s t u d y  a d d i t i o n a l  e f f e c t s  of  span p r o f i l e ,  age a t  l o a d i n g ,  and g r a d u a l  
l o a d i n g .  

3.2.2 Box Gi rde r  Br idges  

The r e s e a r c h  o r i g i n a l l y  planned invo lved  t h e  s t u d y  of t h e  e f f e c t s  of 
sudden and g r a d u a l  s e t t l e m e n t s  of up t o  3  inches  (76.2  mn) f o r  b r i d g e s  
c o n s t r u c t e d  of p r e c a s t  box s e c t i o n s  f o r  spans  of 100, 125 and 150 f e e t  
( 3 0 . 5 ,  38.1 and 45.8 m e t e r s ) ,  and c a s t - i n - p l a c e  box g i r d e r s  f o r  span 
l e n g t h s  from 100 t o  300 f e e t  (30.5 t o  91.5 m e t e r s )  i n  inc rements  of 25 f e e t  
( 7 . 6  m e t e r s ) .  However, upon e v a l u a t i n g  t h e  p i l o t  s t u d y  accomplished as  a  
p a s t  of  t h i s  i n v e s t i g a t i o n  (551,  i t  was f e l t  t h a t  t h e  a d d i t i o n a l  s t u d i e s  of 
p r e c a s t  box s e c t i o n s  i n  t h e  span range of 100 t o  150 f e e t  (30.5  t o  45.8 



Table  33. Time-dependent s t r e s s e s  f o r  two-span precas t  p r e s t r e s s e d  I-Girders  made 
cont inuous  f o r  l i v e  loads by cast- in-place j o i n t ,  a c t i n g  composite with 
cast- in-place deck. 

s t r e s s e s a  i n  k s i  a t  t h e  Given Locat ion f o r  t h e  Given 
Loading Condition and Elapsed  Time 

Se t t lement  Dead Load+Pres t ress  Dead Load + P r e s t r e s s  Dead Load + P r e s t r e s s  
Span Length Loca t ion  of Cent ra l  Zero Days +Set t lement ,  Zero Days +Set t lement ,  10,000 Days 

i n  Feet o  f Support - 
( ~ i r d e r  Type) S t r e s s e s  i n  Inches  TOP Bottom TOP TOP Bottom Bottom 

7 5  A t  Midspan 0 -1.53 -1.76 -1.53 -1.76 -1.61 -1.45 
(111) 3 -1.53 -1.76 -1.74 -0 -96 -1.61 -1.48 

A t  P i e r  0  -1.58 -1.58 -1.58 -1.58 -1.55 -1.69 
3 -1.58 -1 -58 -2.00 0.00 -1.73 -1.02 

100 A t  M i  ds  pan 0 -1.40 -1.37 -1.40 -1.37 -1.39 -1.38 
( IV) 3 -1.40 -1 -37  -1.57 -0.97 -1.44 -1.27 

A t  P i e r  0  -1.39 -1.39 -1.39 -1.39 -1.39 -1.40 
3 -1.39 -1.39 -1.73 -0.58 -1.47 -1.18 

aNegat ive s t r e s s e s  a r e  compression. 
Note: 1 k s i  = 6 .9  MPa, 1 f o o t  = 0.305 meters ,  1 inch  = 25.4 mm. 



m e t e r s )  would be redundant i n  t h e  l i g h t  of  t h e  r e s u l t s  of t h e  a n a l y s i s  of 
t h e  AASHTO-PC1 s t a n d a r d  I - g i r d e r s ,  s o  a d d i t i o n a l  a n a l y s e s  were not  
conduc ted .  . 

The o r i g i n a l  i n t e n t  f o r  t h e  many span l e n g t h  combina t ions  t o  be  
a n a l y z e d  f o r  t h e  c a s t - i n - p l a c e  box g i r d e r s  was t o  c o n s i d e r  t h e  p o s s i b i l i t y  
o f  tun ing  t h e  s u p e r s t r u c t u r e ;  t h a t  i s ,  ad j u s t  ing  t h e  p o s t - t e n s i o n i n g  f o r c e  
o v e r  a  pe r iod  of t ime t o  keep t o t a l  s t r e s s e s  w i t h i n  some a c c e p t a b l e  r ange .  
A f t e r  some p r e l i m i n a r y  a n a l y s i s  of  two- and four-span c o n t i n u o u s  box 
g i r d e r s ,  a d d i t i o n a l  e f f o r t s  d i d  n o t  seem p r u d e n t .  The a n a l y s e s  were q u i t e  
e x p e n s i v e ,  and a d d i t i o n a l  pa ramete r s  o t h e r  than  span l e n g t h  should  have 
b e e n  c o n s i d e r e d  f o r  comple teness .  The b a l a n c e  of t h i s  s e c t i o n  w i l l  r e p o r t  
t h e  p r e l i m i n a r y  a n a l y s i s  made f o r  two- and four-span box g i r d e r s  wi th  span 
l e n g t h s  of  100 and 200 (30 .5  and 61.0 m e t e r s ) .  

3.2.2.1 Two-Span Continuous Box G i r d e r s .  The e f f e c t s  of  sudden 
s e t t l e m e n t  were i n v e s t i g a t e d  f o r  symmetrical .  two-span, c o n t i n u o u s ,  c a s t - i n -  
p l a c e  box g i r d e r  b r i d g e s  w i t h  span l e n g t h s  of 100 and 200 f e e t  (30 .5  and 
61.0 m e t e r s ) .  These s t r u c t u r e s  were a n a l y z e d ,  a s  d e s c r i b e d  i n  t h e  I n t e r i m  
Repor t  ( 8 ) ,  us ing  an in-house computer program. The box g i r d e r s  had an 
o v e r a l l  deck width of 27 f e e t ,  4 i n c h e s  ( 8 . 3  m e t e r s ) ,  and a  c e l l  width of 
1 3  f e e t  ( 4 . 0  mete r s )  a t  t h e  bottom. Deck t h i c k n e s s  was 7 i n c h e s  (177.8 
mm), t h e  webs were 12 inches  (305.2 nun) t h i c k ,  and t h e  bottom of  t h e  c e l l  
was 8 inches  (203.2 mm) t h i c k .  O v e r a l l  dep th  of t h e  box s e c t i o n  was 90 
i n c h e s  (2 .4  m e t e r s ) .  Concrete m a t e r i a l  p r o p e r t i e s  assumed f o r  purposes  of 
a n a l y s i s  inc luded  a  compress ive  s t r e n g t h  of 5000 p s i  (35  M P ~ ) ,  a  modulus of 
e l a s t i c i t y  of 4500 k s i  (31 .5  GPa), a  normal c r e e p  c o e f f i c i e n t ,  v ,  of  1 .9  
and an u l t i m a t e  sh r inkage  of  210 mic ro  s t r a i n s .  

For s i m p l i c i t y ,  s e v e r a l  a s sumpt ions  a r e  n e c e s s a r y  r e g a r d i n g  t h e  
sequences  of  c o n s t r u c t i o n  and l o a d i n g .  F i r s t ,  a l l  c o n c r e t e  i n  t h e  box 
g i r d e r  was assumed t o  be placed a t  t h e  same t ime ,  so  e l a s t i c  and time- 
dependent  m a t e r i a l  p r o p e r t i e s  would be t h e  same th roughout .  Second, t h e  
g i r d e r  was assumed t o  b e  shored u n t i l  t h e  c o n c r e t e  had reached an age  of  28 
d a y s ,  when s h o r i n g  was removed. A t  t h a t  t ime ,  t h e  g i r d e r  must s u p p o r t  i t s  
own weigh t ,  and t h e  c o n c r e t e  b e g i n s  t o  c r e e p .  F i n a l l y ,  a sudden s e t t l e m e n t  
o f  3 inches  (76.2  mn) a t  t h e  c e n t r a l  s u p p o r t  was assumed t o  o c c u r  j u s t  
a f t e r  t h e  s h o r i n g  was removed. 

R e s u l t s  of t h e  a n a l y s e s  a r e  shown i n  f i g u r e s  35 and 36 f o r  t h e  b r i d g e  
w i t h  100 f o o t  (30 .5  mete r )  spans ,  and f i g u r e s  37 and 38 f o r  t h e  b r i d g e  wi th  
t h e  200 f o o t  (61 m e t e r s )  spans .  I n  each of t h e s e  F i g u r e s ,  t h e  combined 
e f f e c t s  of  dead l o a d ,  s e t t l e m e n t ,  s h r i n k a g e  and c r e e p  a r e  shown by a  s o l i d  
l i n e ,  w h i l e  t h e  combined e f f e c t s  of dead load and s e t t l e m e n t  a c t i n g  wi thou t  
c r e e p  r e l i e f  a r e  shown by a  dashed l i n e .  

A t  t h e  mid-span s e c t i o n ,  s t r e s s e s  due t o  s e t t l e m e n t  have t h e  same 
s e n s e  a s  s t r e s s e s  due t o  dead l o a d s .  In  d o u b l i n g  t h e  span l e n g t h  it can be 
s e e n  t h a t  dead load s t r e s s e s  i n c r e a s e  by a  f a c t o r  of f o u r ,  w h i l e  t h e  
s e t t l e m e n t  s t r e s s e s  a r e  desc reased  by a  f a c t o r  of f o u r .  Thus, t h e  r a t i o  of 
s e t t l e m e n t  t o  dead load s t r e s s e s  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  f o u r t h  
power of span l e n g t h .  For bo th  span l e n g t h s ,  t h e  e f f e c t  of  c r e e p  i s  t o  



Creep and Shrinkage Considered --- Creep and Shrinkage Not Considered 

Note: 1 ksi = 6.89 MPa - 

Figure 35. Time-dependent stresses at midspan for two-span continuous 
concrete box girder with 100 foot spans - sudden 
settlement of center support. 
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Creep and Shrinkage Considered --- Creep and Shrinkage Not Considered 

bc stress due to 3 inch sudden settlement of center support 

Note: 1 ksi. = 6.89 MPa 

-------------- -- - -  it--- 

Figure 36. Time-dependent stresses at center support for two-span continuous 
concrete box girder bridge with 100 foot spans - sudden settlement 
of center support. 
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Creep and Shrinkage Considered -- - Creep and Shrinkage Not Considered 

ab s t r e s s  due t o  girder dead load 
bc s t r e s s  due t o  3 inch sudden sett lement of center  support 

Note: 1 k s i  = 6.89 MPa - 
Figure 37. Time-dependent s t r e s s e s  a t  center support f o r  two-span concrete box girder  bridge 

with  200 foot  spans - sudden sett lement o f  center  support. 



Creep and Shrinkage Considered - ,- Creep and Shrinkage 3 o t  Considered 

ab s t r e s s  due t o  girder dead load 
bc s t r e s s  due t o  3 inch sudden sett lement of center  support 

Note: 1 k s i  = 6.89 MPa 

Figure 38. Time-dependent s t r e s s e s  a t  midspan f o r  two-span concrete box girder  bridge with  
200 f o o t  spans - sudden settlement of center support. 



reduce  t h e  s e t t l e m e n t - r e l a t e d  s t r e s s e s  t o  about  one- th i rd  of t h e  
i n s t a n t a n e o u s  v a l u e .  

For s t r e s s e s  a t  t h e  c e n t e r  s u p p o r t ,  t h e  c o n c l u s i o n s  a r e  s i m i l a r ,  
w i t h  one impor tan t  d i f f e r e n c e .  A t  t h i s  s e c t i o n ,  t h e  s e n s e  of s t r e s s e s  
induced by t h e  e f f e c t s  of dead load and s e t t l e m e n t  a r e  o p p o s i t e .  For 
example a t  t h e  bottom f l a n g e ,  compress ive  s t r e s s e s  r e s u l t  from t h e  e f f e c t s  
o f  dead l o a d ,  w h i l e  t e n s i o n  e f f e c t s  a r e  induced by s e t t l e m e n t .  Th i s  is  
shown t o  be  q u i t e  s i g n i f i c a n t  f o r  t h e  s h o r t e r  span,  a s  shown i n  f i g u r e  36. 
I n  t h i s  c a s e ,  a  s t r e s s  r e v e r s a l  o c c u r s  a t  t h e  c e n t r a l  s u p p o r t ,  l e a v i n g  a  
s i g n i f i c a n t  n e t  t e n s i o n  i n  t h e  bottom f l a n g e .  S ince  a l l  of t h e  a n a l y s i s  
h a s  assumed an uncracked e l a s t i c  s e c t i o n ,  t h i s  f i g u r e  l i k e l y  o v e r e s t i m a t e s  
t h e  a c t u a l  v a l u e  of t h e  t e n s i l e  s t r e s s .  However, a  s i g n i f i c a n t  amount of 
c r a c k i n g  i s  c e r t a i n  t o  occur  i n  t h e  v i c i n i t y  of t h e  s u p p o r t .  Th i s  s t r e s s  
i s  m i t i g a t e d  by t h e  e f f e c t s  of c r e e p  and s h r i n k a g e ,  and a  compress ive  
s t r e s s  i s  e v e n t u a l l y  r e s t o r e d .  

I n  t h e  c a s e  of  t h e  c e n t e r  suppor t  s t r e s s  i n  t h e  l o n g e r  span c a s e ,  t h e  
e f f e c t s  of s e t t l e m e n t  a r e  l e s s  d r a m a t i c .  Immediately a f t e r  t h e  s e t t l e m e n t  
o c c u r s ,  t h e  immediate e f f e c t  i s  a  s t r e s s  r e l i e f ,  With t ime ,  t h e  e f f e c t s  of 
c r e e p  r e s t o r e  t h e  s t r e s s e s  t o  approx imate ly  t h o s e  due t o  dead l o a d  a l o n e .  

3 .2 .2 .2  Four-Span P o s t  Tensioned Box G i r d e r .  As an example of t h e  
e f f e c t s  of span l e n g t h  on se t t l ement - induced  s t r e s s e s ,  a  pos t - t ens ioned  box 
g i r d e r  b r i d g e  was -analyzed f o r  t h e  e f f e c t s  of  sudden s e t t l e m e n t .  Th i s  
s t r u c t u r e  assumed t h e  same box s e c t i o n  a s  used i n  t h e  p r e v i o u s  example, 
w i t h  f o u r  c o n t i n u o u s  spans  of 200 f e e t  (61 .0  m e t e r s ) .  For t h i s  a n a l y s i s ,  
dead l o a d ,  p r e s t r e s s i n g  f o r c e  and s e t t l e m e n t  were assumed t o  a c t  on t h e  
s t r u c t u r e  when t h e  c o n c r e t e  reached an age of 28 days .  Draped s t r a n d s  
p rov ided  a  p r e s t r e s s i n g  f o r c e  t o  b a l a n c e  approx imate ly  75 p e r c e n t  of t h e  
dead load e f f e c t .  

For t h i s  s t r u c t u r e ,  t h e  maximum e f f e c t s  of  s e t t l e m e n t  a r e  produced by 
s e t t l e m e n t  a't t h e  f i r s t  i n t e r i o r  s u p p o r t .  By c o n s i d e r i n g  v a r i o u s  l o a d i n g  
p a t t e r n s  f o r  l i v e  l o a d s ,  it was de te rmined  t h a t  t h e  maximum o v e r a l l  
s t r e s s e s  occur  a t  t h e  second i n t e r i o r  s u p p o r t .  In  f i g u r e  3 9 ,  s t r e s s e s  a t  
t h e  second i n t e r i o r  suppor t  a r e  shown f o r  a  3  inch (76 .2  m) sudden 
s e t t l e m e n t  a t  t h e  f i r s t  i n t e r i o r  s u p p o r t .  A "spike" on t h e  c u r v e s  shows 
t h e  maximum l i v e  load e f f e c t  a t  t h i s  s e c t i o n .  

The four-span s t r u c t u r e  i s  i n h e r e n t l y  s t i f f e r  t h a n  t h e  two-span 
s t r u c t u r e ,  so t h e  r e s u l t i n g  s e t t l e m e n t  s t r e s s e s  a r e  somewhat h i g h e r  f o r  
b r i d g e s  w i t h  t h e  same span l e n g t h .  However, f o r  t h i s  200 f o o t  (61.0  
m e t e r s )  span ,  t h e  o v e r a l l  magnitude of s e t t l e m e n t  s t r e s s e s  i s  s t i l l  
r e l a t i v e l y  s m a l l .  

3 .2 .2 .3  Summary. For two- and four-span con t inuous  box g i r d e r s  w i t h  
200 f e e t  ( 6 1 . 0  m e t e r s )  s p a n s ,  t h e  e f f e c t s  of a  sudden suppor t  s e t t l e m e n t  of  
up t o  3  i n c h e s  (76 .2  m) a r e  v e r y  s m a l l ,  and may be ignored  f o r  p r a c t i c a l  
purposes .  For spans  of 100 f e e t  (61.0  m e t e r s ) ,  t h e  r a t i o  of s e t t l e m e n t  t o  
dead load s t r e s s e s  i s  s i g n i f i c a n t l y  h i g h e r .  I n  t h i s  c a s e ,  midspan s t r e s s e s  
a r e  more t h a n  doubled j u s t  a f t e r  t h e  s e t t l e m e n t  o c c u r s ,  and a  s t r e s s  
i n c r e a s e  of a1.most 70 p e r c e n t  remains a f t e r  s t r e s s e s  a r e  r e l i e v e d  by c r e e p .  

8 4 
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A s i g n i f i c a n t  amount of t e n s i o n  c r a c k i n g  may be  expec ted  a t  midspan.  A t  
t h e  c e n t e r  s u p p o r t ,  a  3 inch ( 7 6 . 2  mn) sudden ly  a p p l i e d  s e t t l e m e n t  r e s u l t s  
i n  a  s t r e s s  r e v e r s a l ,  producing a  h i g h  t e n s i o n  s t r e s s  and t e n s i o n  c r a c k i n g  
i n  t h e  bottom f l a n g e  of t h e  box s e c t i o n .  S ince  t h e  r a t i o  of s e t t l e m e n t  t o  
dead load s t r e s s e s  v a r i e s  i n v e r s e l y  a s  t h e  f o u r t h  power of span l e n g t h ,  
t h i s  s t r e s s  r e v e r s a l  might be  expected i n  s i m i l a r  two-span con t inuous  box 
g i r d e r s  w i t h  spans  l e s s  t h a n  about 125 f e e t  (38.1 m e t e r s ) .  



4 .  DEVELOPMENT OF D E S I G N  METHODOLOGY 

The r e s u l t s  of t h e  f i e l d  s t u d i e s  and a n a l y t i c a l  s t u d i e s  d e s c r i b e d  
above were used i n  t h e  c o n s i d e r a t i o n  of a  number of p o s s i b l e  methodo log ies  
f o r  t h e  d e s i g n  of  highway b r i d g e s  and t h e i r  f o u n d a t i o n s  t h a t  would embody a  
r a t i o n a l  s e t  of c r i t e r i a  f o r  t o l e r a b l e  b r i d g e  movements. This  r e s u l t e d  i n  
t h e  s e l e c t i o n  of a  methodology t h a t  e n t a i l s  a systems approach t o  t h e  
d e s i g n  of highway b r i d g e s ,  whereby t h e  b r i d g e  s u p e r s t r u c t u r e  and i t s  
r e s u l t i n g  s u b s t r u c t u r e  a r e  not  des igned  s e p a r a t e l y ,  but  a s  a  s i n g l e  
i n t e g r a t e d  sys tem o f f e r i n g  t h e  b e s t  combinat ion of economy and long-term 
low-maintenance performance.  T h i s  d e s i g n  methodology and some of t h e  
t o l e r a b l e  movement c r i t e r i a  t h a t  have been developed f o r  use wi th  t h i s  
p rocedure  a r e  p r e s e n t e d  below. 

4 . 1  Basic  Design Procedure  

The methodology f o r  t h e  d e s i g n  of b r i d g e  sys tems t h a t  evolved from 
t h i s  r e s e a r c h  i s  p r e s e n t e d  s c h e m a t i c a l l y  i n  f i g u r e  40. It is  e n v i s i o n e d  
t h a t  i n  p r a c t i c e  a  t r i a l  s t r u c t u r e  type o r  t y p e s  would be s e l e c t e d  and a  
p r e l i m i n a r y  d e s i g n  o r  d e s i g n s  of t h e  s u p e r s t r u c t u r e  would be p r e p a r e d ,  
based  upon geomet r i c  c o n s t r a i n t s  and a  p r e l i m i n a r y  assessment  of s u b s u r f a c e  
c o n d i t i o n s ,  a s  i l l u s t r a t e d  i n  f i g u r e  40. A d e t a i l e d  program of s u b s u r f a c e  
e x p l o r a t i o n ,  sampling and t e s t i n g  w u l d  t h e n  be  under taken ,  and, based upon 
t h e  r e s u l t s  of t h e s e  s t u d i e s ,  a  t r i a l  f o u n d a t i o n  system o r  sys tems would be 
s e l e c t e d .  A t  t h i s  s t a g e ,  it appears  r e a s o n a b l e  t h a t  sp read  f o o t i n g  
f o u n d a t i o n s  should  be  c o n s i d e r e d  a s  one v i a b l e  a l t e r n a t i v e ,  pending f u r t h e r  
a n a l y s i s ,  u n l e s s  t h e r e  i s  some compel l ing r e a s o n  f o r  t h e  e x c l u s i v e  use of 
d e e p  f o u n d a t i o n s ,  such a s ,  f o r  example,  t h e  p o s s i b i l i t y  of streambed scour  
o r  t h e  p resence  of compress ib le  founda t ion  s o i l s  t h a t  could  l e a d  t o  v e r y  
l a r g e  d i f f e r e n t i a l  s e t t l e m e n t s .  

Appropr ia te  g e o t e c h n i c a l  a n a l y s e s  would t h e n  be conduc ted ,  a s  
i n d i c a t e d  i n  f i g u r e  40. In  t h e  c a s e  of sp read  f o o t i n g s ,  t h e s e  a n a l y s e s  
s h o u l d  i n c l u d e  an e v a l u a t i o n  of b e a r i n g  c a p a c i t y ,  e s t i m a t e s  of long  term 
t o t a l  and d i f f e r e n t i a l  s e t t l e m e n t s  and some a p p r a i s a l  of t h e  p o t e n t i a l  f o r  
h o r i z o n t a l  movements, i n c l u d i n g  an e v a l u a t i o n  of l a t e r a l  e a r t h  p r e s s u r e s  
and t h e  s t a b i l i t y  of  approach embankments. S i m i l a r  a n a l y s e s  shou ld  be  
conducted i n  t h e  c a s e  of deep f o u n d a t i o n s .  A t  t h i s  p o i n t  i n  t h e  d e s i g n  
p r o c e d u r e ,  i t  i s  e n v i s i o n e d  t h a t  t h e  t o l e r a n c e  of  t h e  b r i d g e  
s u p e r s t r u c t u r e (  s )  t o  t h e  e s t i m a t e d  foundat  i o n  movements would be  e v a l u a t e d  
u s i n g  t o l e r a b l e  b r i d g e  movement c r i t e r i a  such a s  t h o s e  d e s c r i b e d  below. 

I f  it i s  determined t h a t  t h e  o r i g i n a l  s u p e r s t r u c t u r e  d e s i g n ( s )  could  
t o l e r a t e  t h e  a n t i c i p a t e d  foundat ion  movements, then  t h e  d e s i g n e r  would 
proceed t o  perform a p p r o p r i a t e  c o s t  compar isons  and s e l e c t  t h e  most 
economical  b r i d g e  system ( s u p e r s t r u c t u r e  and s u p p o r t i n g  f o u n d a t i o n ) .  On 
t h e  o t h e r  hand, i f  i t  i s  found t h a t  t h e  o r i g i n a l  s u p e r s t r u c t u r e  d e s i g n ( s )  
c o u l d  no t  t o l e r a t e  t h e  a n t i c i p a t e d  foundat  i o n  movements, then  t h e  d e s i g n e r  
c o u l d  c o n s i d e r  a v a r i e t y  of d e s i g n  a l t e r n a t i v e s ,  a s  shown i n  f i g u r e  40.  In 
t h e  c a s e  of spread f o o t i n g  f o u n d a t i o n s ,  t h e s e  cou ld  i n c l u d e  ( a )  t h e  use  of 
p i l e s  o r  o t h e r  deep f o u n d a t i o n s ;  ( b )  t h e  use of a  number of a v a i l a b l e  s o i l  
and s i t e  improvement t e c h n i q u e s  (16,17,56-591,  i n  an e f f o r t  t o  minimize 
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p o s t  c o n s t r u c t i o n  movements; ( c )  t h e  m o d i f i c a t i o n  of t h e  s u p e r s t r u c t u r e  
d e s i g n  t o  one t h a t  could  b e t t e r  t o l e r a t e  t h e  a n t i c i p a t e d  founda t ion  
movements; o r  ( d )  some combination of t h e s e  methods.  Th i s  procedure  w i l l  
o f t e n  l ead  t o  one o r  more new o r  r e v i s e d  d e s i g n s ,  o r  an a l t e r a t i o n  of t h e  
s u b s u r f a c e  c o n d i t i o n s ,  r e q u i r i n g  a  r e t u r n  t o  an i n t e r m e d i a t e  s t e p  i n  t h e  
d e s i g n  and a n a l y s i s  p r o c e s s ,  a s  i n d i c a t e d  i n  f i g u r e  3 7 .  I n  t h e  c a s e  of 
d e e p  foundat i o n s ,  t h e  c o n s i d e r a t  i o n  of d e s i g n  a1 t e r n a t i v e s  i s  somewhat 
l i m i t e d .  N e v e r t h e l e s s ,  t h e  d e s i g n e r  cou ld  c o n s i d e r  a l t e r n a t e  t y p e s  of p i l e  
f o u n d a t i o n s ,  e . g .  s t e e l  H-piles r a t h e r  than  c a s t - i n - p l a c e  c o n c r e t e  p i l e s ,  
o r  a l t e r n a t e  t y p e s  of deep f o u n d a t i o n s ,  such a s  d r i l l e d  p i e r s  o r  c a i s s o n s  
r a t h e r  than  some t y p e  of d r i v e n  p i l e  f o u n d a t i o n .  Th i s  p rocedure  could  a l s o  
l e a d  t o  a  new o r  r e v i s e d  d e s i g n  r e q u i r i n g  a  r e t u r n  t o  an i n t e r m e d i a t e  s t e p  
i n  t h e  d e s i g n  and a n a l y s i s  p r o c e s s .  U l t i m a t e l y ,  i t  i s  a n t i c i p a t e d  t h a t  
t h i s  p rocess  w i l l  l e a d  t o  two o r  more d e s i g n s  t h a t  can be expec ted  t o  
p r o v i d e  s a t i s f a c t o r y  long-term performance,  t h u s  p e r m i t t i n g  a  s e l e c t  i o n  of 
t h e  f i n a l  d e s i g n  based on c o s t  e f f e c t i v e n e s s .  

4 .2  T o l e r a b l e  Movement C r i t e r i a  

As a  r e s u l t  of bo th  f i e l d  and a n a l y t i c a l  s t u d i e s ,  i t  became c l e a r  t h a t  
t h e  c r i t e r i a  f o r  t o l e r a b l e  b r i d g e  movements should  i n c l u d e  c o n s i d e r a t i o n  of 
b o t h  s t r e n g t h  and s e r v i c e a b i l i t y .  The s t r e n g t h  c r i t e r i a  must i n s u r e  t h a t  
any s t r e s s  i n c r e a s e s  i n  a  b r i d g e  system caused by t h e  p r e d i c t e d  founda t ion  
movements do no t  a d v e r s e l y  a f f e c t  t h e  long term load c a r r y i n g  c a p a c i t y  of 
t h e  s t r u c t u r e .  The s e r v i c e a b i l i t y  c r i t e r i a ,  on t h e  o t h e r  hand,  must i n s u r e  
r i d e r  comfort  and t h e  c o n t r o l  of f u n c t i o n a l  d i s t r e s s .  The f a c t  t h a t  t h e  
p r e d i c t e d  f o u n d a t i o n  movements do not  immediate ly  j e o p a r d i z e  t h e  load 
c a r r y i n g  c a p a c i t y  of t h e  b r i d g e  does  no t  n e c e s s a r i l y  i n s u r e  t h e  long term 
u s e f u l n e s s  and s a f e t y  of t h e  s t r u c t u r e .  I f  t h e  founda t ion  movements 
s i g n i f i c a n t l y  reduce  t h e  a b i l i t y  of a  b r i d g e  t o  s e r v e  i t s  in tended  
f u n c t i o n ,  then  t h e s e  movements may be i n t o l e r a b l e ,  even though t h e  load 
c a r r y i n g  c a p a c i t y  of  t h e  b r i d g e  i s  not  s e r i o u s l y  impa i red .  For example, 
movements t h a t  could  l e a d  t o  poor r i d i n g  q u a l i t y ,  reduced c l e a r a n c e  a t  
o v e r p a s s e s ,  deck c r a c k i n g ,  b e a r i n g  damage, and o t h e r  k inds  of f u n c t i o n a l  
d i s t r e s s  t h a t  r e q u i r e  c o s t l y  maintenance must be c o n t r o l l e d  p r o p e r l y  f o r  
s a t i s f a c t o r y  long term b r i d g e  performance.  Th i s  c o n t r o l  can be provided by 
a d o p t i n g  a p p r o p r i a t e  t o l e r a b l e  movement c r i t e r i a  based on s e r v i c e a b i l i t y .  

I n  t h e  f o l l o w i n g  d i s c u s s i o n  of t o l e r a b l e  movement c r i t e r i a ,  t h e  
emphasis  h a s  been p l a c e d ,  f o r  t h e  t ime b e i n g ,  on s t e e l  b r i d g e s ,  and o n l y  
l i m i t e d  c o n s i d e r a t i o n  of t o l e r a b l e  movement c r i t e r i a  f o r  c o n c r e t e  b r i d g e s  
h a s  been inc luded  u n t i l  some of t h e  c o m p l e x i t i e s  a s s o c i a t e d  wi th  t h e  time- 
dependent  b e h a v i o r  of t h e s e  s t r u c t u r e s  can be r e s o l v e d .  

4.2.1 Strength C r i t e r i a  

From a  s t r e n g t h  s t a n d p o i n t ,  c o n s i d e r a t i o n  of d i f f e r e n t i a l  s e t t l e m e n t s  
w i l l  not  r e q u i r e  any change i n  t h e  c u r r e n t  d e s i g n  procedure  f o r  s imply 
s u p p o r t e d  s t e e l  b r i d g e s  wi th  r e c t a n g u l a r  deck s h a p e s .  Th i s  i s  because  of 
t h e  f a c t  t h a t  no s i g n i f i c a n t  i n t e r n a l  s t r e s s e s  w i l l  deve lop  i n  simply 
suppor ted  b r i d g e  members a s  a  r e s u l t  of d i f f e r e n t i a l  s e t t l e m e n t s .  However, 
f o r  con t inuous  b r i d g e s ,  t h e  s u p e r s t r u c t u r e  d e s i g n  must embody some 



cons ide ra t ion  of t he  poss ib l e  increase  in  s t r e s s  t h a t  could r e s u l t  from 
d i f f e r e n t i a l  movement of the  foundation elements.  

4 .2.1.1 Based on Allowable Overs t ress .  Both f i e l d  and a n a l y t i c a l  
s t u d i e s  have shown t h a t ,  depending upon span length and s t i f f n e s s ,  many 
cont inuous br idges  may experience r e l a t i v e l y  modest i nc reases  i n  s t r e s s  
because of foundation movements. These f ind ings  suggested t h a t  one b a s i s  
f o r  the  establ ishment  of s t r e n g t h  c r i t e r i a  might be t o  de f ine  l i m i t s  of 
o v e r s t r e s s  t h a t  would be acceptab le  f o r  var ious  br idge  systems without 
r i s k i n g  se r ious  damage. There a r e  m p l e  precedents f o r  such c r i t e r i a  i n  
e x i s t i n g  American Associat ion of S t a t e  Highway and Transpor ta t ion  O f f i c i a l s  
(AASHTO) standards f o r  design and maintenance (7,60) and i n  o the r  bu i ld ing  
codes and design s p e c i f i c a t i o n s .  However, t hese  c r i t e r i a  gene ra l ly  involve 
temporary o r  t r a n s i e n t  over loads .  For continuous br idges  t h a t  experience 
d i f f e r e n t i a l  s e t t l emen t s ,  t he  induced s t r e s s e s  might be permanent, un less  
remedial jacking ope ra t ions  a r e  undertaken t o  r e l i e v e  t h e  o v e r s t r e s s .  
Moreover, t he  increased  s t r e s s  l e v e l s  could conceivably reduce the  o v e r a l l  
s a f e t y  of t he  s t r u c t u r e  with respec t  t o  i t s  u l t ima te  load ca r ry ing  capa- 
c i t y ,  and the  r i s k  of damage from f a t i g u e  could increase .  Nevertheless ,  
t h e  design on the  b a s i s  of a  r e l a t i v e l y  small o v e r s t r e s s  might c o n s t i t u t e  
an  a t t r a c t i v e  a l t e r n a t i v e  t o  t he  use of c o s t l y  deep foundat ions t o  prevent 
d i f f e r e n t i a l  movements. 

In order  t o  explore  t h i s  a l t e r n a t i v e ,  an ex tens ive  l i t e r a t u r e  search 
was conducted i n  an e f f o r t  t o  f ind  published accounts of research  dea l ing  
wi th  t h e  measured behavior  of br idges  under load. It was found t h a t  t he re  
was a  s u b s t a n t i a l  body of l i t e r a t u r e  desc r ib ing  measurements of t h e  s t r a i n s  
i n  a  wide v a r i e t y  of highway br idges  i n  t he  United S t a t e s  and Canada under 
a c t u a l  highway loading o r  simulated highway loading using t e s t  t rucks1  . 
In  f a c t ,  measurements were a v a i l a b l e  on over seventy such b r idges .  In  
g e n e r a l ,  t he  i n t e r p r e t a t i o n  of these  measured s t r a i n s  i n  terms of s t r e s s  
h i s t o r y  showed t h a t ,  under t y p i c a l  highway loading cond i t i ons ,  t he  peak 
l i v e  load s t r e s s e s  occurred r e l a t i v e l y  in f r equen t ly ,  and t h e i r  magnitude 
was usua l ly  below t h e  l e v e l  t h a t  would have been expected based on cu r ren t  
des ign  c r i t e r i a .  

However, i n  order  t o  i n v e s t i g a t e  t h i s  general  f ind ing  i n  g r e a t e r  
d e t a i l ,  s i x  of these  case  h i s t o r i e s  t h a t  were p a r t i c u l a r l y  well  documented 
(61) were se l ec t ed  f o r  f u r t h e r  s tudy .  These included f i v e  three-span 
cont inuous s t e e l  b r idges  and one four-span continuous s t e e l  s t r u c t u r e .  A 
s p e c i a l l y  prepared computer program was then used t o  compute the  l i v e  load 
s t r e s s e s  i n  t he  t e s t  b r idges  under AASHTO HS20-44 t ruck  loading a t  t he  same 
l o c a t i o n s  a t  which the  s t r a i n  measurements had been recorded i n  t he  f i e l d ,  
The r e s u l t s  of t hese  computations permit ted d e t a i l e d  comparisons t o  be made 
between l i v e  load s t r e s s e s  based on f i e l d  measurements and computed 
s t r e s s e s  based on AASHTO HS20-44 t ruck  loading.  Five of t hese  comparisons 
a r e  presented i n  t a b l e s  34 through 38. For t he  s i x t h  b r idge ,  a  three-span 
cont inuous s t r u c t u r e  with end spans of 60 f e e t  (18.5 meters)  and a  cen te r  

l ~ o r  the  sake of b r e v i t y ,  t he  b ib l iog raph ic  re ferences  t o  t h i s  l i t e r a t u r e  
have been omitted from t h i s  r e p o r t .  However, t h i s  l i s t  of r e f e rences  can 
be suppl ied upon reques t .  

9 0 



T a b l e  34. Comparison between measured and computed 
l i v e  load s t r e s s e s  f o r  Br idge  No. 1, a  

K hree-spana c o n t i n u o u s  s t e e l  b r i d g e .  

-- - 

Live Load S t r e s s e s  i n  k s i  
Loca t ion  of  
P o i n t  a t  Which Measured 
Measurement 
was  Made S t r e s s  Frequency Cornput ed Using 

Range i n  P e r c e n t  HS20-44 Loading 

Span No. 1 0 - 2.0 73 .O 
2 - 2.5 9 .O 

2.5 - 3.0 10.5 
3.0 - 3.5 5.2 
3.5 - 4.0 1.8 

> 4.0 <<1 .O 

Span No. 2 0 - 2.0 67 .O 
2 - 2.5 12 .O 

2.5 - 3.0 10.0 
3.0 - 3.5 7 .O 
3.5 - 4.0 3.2 

> 4.0~ <<1 .O 

Edge of Cover 0 - 2.0 
P l a t e  2.0 - 2.5 

> 2.5 

A t  P i e r s  No. 1 0 - 2.0 98.5 
and No. 2 2.0 - 2.5 1 .O 

> 2.5 <<1 .O 

a s p a n s  l e n g t h s  a r e  44, 63 and 44 f e e t  (13.4, 19.2 and 13.4 m e t e r s ) .  
b ~ a x i m u m  measured s t r e s s  l e v e l  i n  Span No. 2 was 4.5 t o  5.0 k s i  a t  

a  0.2 p e r c e n t  f r equency  of o c c u r r e n c e .  
Note :  1 k s i  = 6.9 MPa. 



Tab1 e  35. Comparison between measured and computed 
l i v e  load s t r e s s e s  f o r  Br idge No. 2, a  t h r e e -  
s p a n a  c o n t i n u o u s  s t e e l  b r i d g e .  

-- -- - 

L i v e  Load S t r e s s e s  i n  k s i  
L o c a t i o n  of 
P o i n t  a t  Which Measured 
Measurement 
was Made S t r e s s  Frequency Computed Using 

Range i n  P e r c e n t  HS20-44 Loading 

Span No. 1 0 - 2.0 
2 - 2.5 

2.5 - 3.0 
3.0 - 3.5 
3.5 - 4.0 
4.0 - 4.5 

> 4.0 

Span No. 2 0 - 2.0 80 .O 
2 - 2.5 12 .O 

2.5 - 3.5 6.0 
3.5 - 4.0 1 .O 

> 4.0~ <<1 .O 

Edge of  Cover 0 - 2.0 98 .O 
P l a t e  2.0 - 2.5 1.8 

> 2.5 < < 1  .O 

a s p a n s  l e n g t h s  a r e  37'-3", 46'-6" and 37'-3" f e e t  (11.5, 14.3 and 11.5 
m e t e r s ) .  

b ~ a x i m u m  measured s t r e s s  l e v e l  i n  Span No. 2 was 5.5 t o  6.0 k s i  a t  a  
0.2 p e r c e n t  f r equency  of o c c u r r e n c e .  
Note:  1 k s i  = 6.9 MPa. 



Tab1 e 36. Compar ison  be tween measu red  and computed 1 i v e  
l oad  s t r e s s e s  f o r  B r i d g e  No. 3, a  fou r - spana  
c o n t i n u o u s  s t e e l  b r i d g e .  

-- 

L i v e  Load S t r e s s e s  i n  k s i  
L o c a t i o n  o f  
P o i n t  a t  Which Measured 
Measurement  
w a s  Made S t r e s s  F r e q u e n c y  Computed U s i n g  

Range i n  P e r c e n t  HS20-44 Loadi n g  

Span  No. 1 0 - 2.0 81 .2 
2 - 2.5 12.4 

2.5 - 3.0 4.8 
3.0 - 3.5 1 .O 

> 3.5 <<1 .o 

Span  No. 2 0 - 2.0 77.5 
2 - 2.5 18 .O 

2.5 - 3.0 3.2 
3.0 - 3.5 1 .O 

> 3.5'' <<1 .o 

A t  P i e r s  No. 1 0 - 2.0 
a n d  No. 3 > 2.0 

A t  P i e r  No. 2 0 - 2.0 
> 2.0 

a s p a n s  l e n g t h s  48,60,60 a r e  48 f e e t  (14.8,18.5,18.5 a n d  14.8 m e t e r s ) .  
b ~ a x i m u m  measu red  s t r e s s  l e v e l  i n  Span No. 2 was 4.0 t o  4.5 k s i  a t  

a  0.06 p e r c e n t  f r e q u e n c y  o f  o c c u r r e n c e .  
N o t e :  1 k s i  = 6.9 MPa. 



T a b l e  37. Comparison between measured and computed l i v e  
load s t r e s s e s  f o r  Br idge No. 4 ,  a  th ree -spana  
c o n t i n u o u s  s t e e l  b r i d g e .  

-- 

Live Load S t r e s s e s  i n  k s i  
Loca t ion  of 
P o i n t  a t  Which Measured 
Measurement 
was Made S t r e s s  Frequency Computed Using 

Range i n  P e r c e n t  HS20-44 Loading 

Span No. 1 0 - 2.0 91.2 
2  - 2.5 6.8 

2 .5  - 3.0 1 . 5  
> 3 . 0 ~  <<1 .O 

Span No. 2  0  - 2.0 93.8 
2  - 2.5 5.4 

2.5 - 3.0 <1 . O  
> 3.0  <<1 .O 

Edge of Cover 0  - 2.0 99  .O 
P l a t e  > 2.0 <<1 .O 

A t  P i e r s  No. 1 0 - 2.0 100 .O 
and No. 2  

a s p a n s  l e n g t h s  4 1 , 6 6  and 4 1  f e e t  (12 .6 ,  20.3 and 12.6 m e t e r s ) .  
b ~ a x i m u m  measured s t r e s s  l e v e l  i n  Span No. 1 was 5 . 5  t o  6 .0  k s i  a t  

a  0 . 0 3  p e r c e n t  f requency  of o c c u r r e n c e .  
Note: 1 k s i  6.9 MPa. 



Tab 1  e  38. Compari son be tween measu red  and  computed l i v e  
l o a d  s t r e s s e s  f o r  B r i d g e  No, 5, a  t h r e e - s p a n a  
c o n t i n u o u s  s t e e l  b r i d g e .  

L i v e  Load S t r e s s e s  i n  k s i  
L o c a t i o n  o f  
P o i n t  a t  Which Measured 
Measurement  
was  Made S t r e s s  F requency  Computed U s i n g  

R angeb  i n  P e r c e n t  HS2 0-44 Load i ng 

Span  No. 1 0 - 2.0 98 .O 
2 - 2.5 1.5 

2.5 - 3.0 0.5 

Span No. 2 0 - 2.0 
2 - 2.5 

2.5 - 3.0 
- - - -- - - 

a s p a n s  l e n g t h s  a r e  64,80 and  46 f e e t  (19.7, 24.6 and  19.7 m e t e r s ) .  
b ~ a x i m u r n  m e a s u r e d  s t r e s s  l e v e l  was 3.0 t o  3.5 k s i  a t  
< < 1  p e r c e n t  f r e q u e n c y  o f  o c c u r r e n c e .  
N o t e :  1 k s i  = 6.9 MPa. 



span of 80 f e e t  (24.6 m e t e r s ) ,  t h e  maximum measured l i v e  load s t r e s s  caused 
by  a  t e s t  t r u c k  was 4.0 k s i ,  whi le  t h e  cor respond ing  computed s t r e s s  wi th  
HS20-4 4 load ing  was 11 .5  k s i .  It is c l e a r  from t h e s e  d a t a  t h a t  t h e  
maximum computed l i v e  load  s t r e s s e s ,  based on c u r r e n t  d e s i g n  c r i t e r i a  ( 7 ) ,  
a r e  s u b s t a n t i a l l y  h i g h e r  t h a n  t h e  s t r e s s e s  based on f i e l d  measurements.  

For  t h e  b r i d g e s  i n c l u d e d  i n  t h i s  s t u d y ,  it appears  t h a t  a  modest 
i n c r e a s e  i n  s t r e s s  l e v e l ,  a s  a  r e s u l t  of d i f f e r e n t i a l  s e t t l e m e n t ,  could  be 
t o l e r a t e d  wi thou t  r e s u l t i n g  i n  t h e  s t r u c t u r e  b e i n g  s e r i o u s l y  o v e r s t r e s s e d .  
Although, i n  terms of t h e  e x i s t i n g  d e s i g n  s p e c i f i c a t i o n s ,  t h e s e  a d d i t i o n a l  
d i f f e r e n t i a l  s e t t l e m e n t  s t r e s s e s  would t h e o r e t i c a l l y  c o n s t i t u t e  an 
o v e r s t r e s s ,  t h e  d a t a  sugges t  t h a t  t h e  a c t u a l  s t r e s s e s  cou ld  be kep t  a t  
t o l e r a b l e  l e v e l s  by s e t t i n g  a p p r o p r i a t e  l i m i t s  on t h i s  t h e o r e t i c a l  
o v e r s t r e s s .  The e s t a b l i s h m e n t  of such l i m i t s ,  of c o u r s e ,  w i l l  r e q u i r e  
f u r t h e r  s t u d y .  

4 .2 .1 .2  Based Upon Working S t r e s s  Design For S e r v i c e  Loads.  A more 
c o n s e r v a t i v e  approach t o  t h e  e s t a b l i s h m e n t  of a  t o l e r a b l e  movement 
c r i t e r i o n  based upon s t r e n g t h  would be  t o  adopt a  d e s i g n  procedure  t h a t  
i n s u r e s  t h a t  t h e  s t r u c t u r e  can accomodate t h e  a n t i c i p a t e d  founda t ion  
movements wi thou t  exceeding t h e  a l l o w a b l e  s t r e s s e s  provided by e x i s t i n g  
AASHTO s p e c i f i c a t i o n s  ( 7 ) .  Although, i n  t h e  c o n t e x t  of t h e  r e s e a r c h  
d e s c r i b e d  h e r e i n ,  t h i s  approach e s t a b l i s h e s  one type  of t o l e r a b l e  movement 
c r i t e r i a  based upon s t r e n g t h ,  it a l s o  c o n s t i t u t e s  one of t h e  d e s i g n  
a l t e r n a t i v e s  (modifying s u p e r s t r u c t u r e )  i n  t h e  d e s i g n  procedure  i l l u s t r a t e d  
i n  f i g u r e  40. As  such,  it should p robab ly  be c o n s i d e r e d  i n  c o m p e t i t i o n  
w i t h  o t h e r  p o s s i b l e  d e s i g n  a l t e r n a t i v e s  i n  terms of e f f e c t i v e n e s s  and 
economy . 

One method of implementing t h i s  approach f o r  bo th  s t e e l  and c o n c r e t e  
b r i d g e s  would be s imply t o  d e s i g n  t h e  b r i d g e  t o  accomodate t h e  a n t i c i p a t e d  
s e t t l e m e n t s .  For c o n c r e t e  b r i d g e s ,  t h e s e  d e s i g n s  should  i n c l u d e  
c o n s i d e r a t i o n  of c r e e p  and s h r i n k a g e ,  and,  i n  t h e  c a s e  of spans  i n  e x c e s s  
o f  200 f e e t  (61.0  m e t e r s ) ,  d i f f e r e n t i a l  s e t t l e m e n t s  up t o  t h r e e  inches  
(76 .2  nxn) can be  s a f e l y  ignored .  

Another method of implementing t h i s  approach f o r  s t e e l  b r i d g e s  would 
b e  t o  adopt a  d e s i g n  procedure  based on working s t r e s s  d e s i g n  f o r  s e r v i c e  
l o a d s ,  r educ ing  t h e  a l l o w a b l e  s t r e s s  by a  v a l u e  e q u i v a l e n t  t o  t h e  s t r e s s  
i n c r e a s e  caused by t h e  p r e d i c t e d  d i f f e r e n t i a l  s e t t l e m e n t s .  T h i s  d e s i g n  
p rocedure  would invo lve  t h r e e  b a s i c  s t e p s :  ( a )  t h e  d e s i g n  of t h e  b r i d g e  
under  t h e  assumption t h a t  no movement w i l l  t a k e  p l a c e  us ing  t h e  AASHTO 
working s t r e s s  d e s i g n  p rocedures ,  bu t  us ing  reduced a l l o w a b l e  s t r e s s e s  i n  
t h e  t o p  and bottom f i b e r s  t o  a d j u s t  f o r  a n t i c i p a t e d  s e t t l e m e n t ;  ( b )  t h e  
comparison of t h e  p r e d i c t e d  movements wi th  t o l e r a b l e  movements e s t a b l i s h e d  
on t h e  b a s i s  of s e r v i c e a b i l i t y  c r i t e r i a ;  and ( c )  t h e  m o d i f i c a t i o n  of t h e  
o r i g i n a l  d e s i g n  i n  o r d e r  t o  s a t i s f y  minimum s t r e n g t h  and s e r v i c e a b i l i t y  
c r i t e r i a .  Of c o u r s e ,  t h e  t h i r d  s t e p  might no t  be n e c e s s a r y  i f  t h e  
compar isons  embodied i n  s t e p  (b )  show t h a t  t h e  o r i g i n a l  d e s i g n  can  s a f e l y  
t o l e r a t e  t h e  a n t i c i p a t e d  movements. It should  be noted t h a t  t h e  use  of t h e  
p rocedure  con ta ined  i n  s t e p  ( a )  w i l l  produce t h e  same r e s u l t s  a s  i f  t h e  
b r i d g e  were des igned from t h e  beg inn ing  t o  accommodate t h e  a n t i c i p a t e d  
s e t t l e m e n t s ,  a l though  t h e  a v a i l a b i l i t y  of d e s i g n  a i d s  such a s  t h o s e  g iven  
i n  f i g u r e s  26 through 31 make t h e  former method somewhat e a s i e r .  I n  



p r a c t i c e ,  t h e  d e s i g n e r  could  use t h e  a p p r o p r i a t e  d e s i g n  a i d s ,  a long  wi th  
p r e d i c t e d  v a l u e s  of  founda t ion  s e t t l e m e n t s ,  t o  s o l v e  f o r  maximum p o s i t i v e  
and  n e g a t i v e  s e t t l e m e n t  s t r e s s e s .  The r e s u l t i n g  v a l u e s  could  then  be 
s u b t r a c t e d  from t h e  AASHTO l i m i t  o f  0 .55 f y  i n  o r d e r  t o  o b t a i n  a l l o w a b l e  
s t r e s s e s  f o r  use i n  d e s i g n .  The p r imary  advantage t h a t  t h i s  method h a s  
o v e r  a l t e r n a t e  p rocedures  i s  t h a t  i t  p r o v i d e s  a  uniform method of d e s i g n  
t h a t  i s  a p p l i c a b l e  r e g a r d l e s s  of whether o r  not  any founda t ion  movement i s  
a n t  i c i p a t e d  . However, t h i s  procedure  w i l l  l ead  t o  somewhat h e a v i e r  
s e c t i o n s  t h a n  t h e  d e s i g n  based on an a l l o w a b l e  o v e r s t r e s s  a s  d i s c u s s e d  - 
above .  - 

4 . 2 . 1 . 3  Based on Load F a c t o r  f o r  S e t t l e m e n t  S t r e s s e s .  I n  an e f f o r t  t o  
overcome some of t h e  l i m i t a t i o n s  of t h e  approaches  t o  e s t a b l i s h m e n t  o f  
t o l e r a b l e  movement c r i t e r i a  based upon s t r e n g t h ,  d i s c u s s e d  above,  t h e  
p o s s i b l e  a p p l i c a t i o n  of a  d e s i g n  p rocedure  based upon t h e  load f a c t o r  
c o n c e p t  was s t u d i e d  i n  some d e t a i l .  Such p rocedures  have become wide ly  
a c c e p t e d  and a r e  recognized a s  be ing  more r e a l i s t i c  t h a n  working s t r e s s  
d e s i g n .  The r e s e a r c h  e f f o r t s  t h a t  were under taken i n  t h i s  connec t ion  
c o n c e n t r a t e d  on t h e  development of a  load f a c t o r  f o r  s e t t l e m e n t  s t r e s s e s .  
However, it was recogn ized  t h a t  t h e  e s t a b l i s h m e n t  of a  load f a c t o r  f o r  
s e t t l e m e n t  s t r e s s e s  on a  s t r i c t l y  t h e o r e t i c a l  b a s i s  r e q u i r e d  a  knowledge of 
t h e  s t a t i s t i c a l  r e l i a b i l i t y  of t h e  s e t t l e m e n t  p r e d i c t  i o n .  A1 though,  a s  
n o t e d  e a r l i e r  i n  t h i s  r e p o r t ,  r e a s o n a b l y  r e l i a b l e  s e t t l e m e n t  p r e d i c t i o n s  
c a n  be made a s  long a s  good s u b s u r f a c e  in fo rmat ion  and l a b o r a t o r y  t e s t  
r e s u l t s  a r e  a v a i l a b l e ,  a f t e r  some s t u d y  i t  was concluded t h a t  t h e r e  were 
i n s u f f i c i e n t  f i e l d  d a t a  a v a i l a b l e  upon which t o  de te rmine  t h e  s t a t i s t i c a l  
r e l i a b i l i t y  o f  s e t t r e 3 e n t  p r e d i c t i o n s  f o r  b r i d g e  f o u n d a t i o n s .  
Consequen t ly ,  i t  was not  p o s s i b l e  t o  deve lop  a  load f a c t o r  f o r  s e t t l e m e n t  
s t r e s s e s  on a  r a t i o n a l  b a s i s .  However, i t  does  appear t h a t  i n  t h e  l i g h t  of 
t h e  l o a d  f a c t o r s  and c o e f f i c i e n t s  u s e d  i n  t h e  e x i s t i n g  AASHTO 
S p e c i f i c a t i o n s  ( 7 1 ,  it may be p o s s i b l e  t o  e s t a b l i s h  a  r e a s o n a b l e  e m p i r i c a l  
l o a d  f a c t o r  f o r  s e t t l e m e n t  s t r e s s e s .  In  f a c t ,  a f t e r  some s t u d y ,  i t  was 
conc luded  t h a t  t h e  p r o p o s a l  c o n s i d e r e d  a t  t h e  four  r e g i o n a l  mee t ings  of t h e  
AASHTO Subcommittee on Br idges  and S t r u c t u r e s  d u r i n g  t h e  Spr ing  of 1982 
( s e e  Sec t  i o n  2.2jNwas q u i t e  r e a s o n a b l e .  Th i s  p roposa l  i n c l u d e d  t h e  
a d d i t i o n  of  a new a r t i c l e  t o  t h e  AASHTO S p e c i f i c a t i o n s  a t  t h e  end of  
A r t i c l e  1 . 2 . 2 1  a s  f o l l o w s :  

"1 - 2 . 2 2  - D i f f e r e n t i a l  S e t t l e m e n t  S t r e s s e s  

D i f f e r e n t i a l  s e t t l e m e n t  s h a l l  be c o n s i d e r e d  i n  d e s i g n  of  r i g i d  frame 
o r  c o n t i n u o u s  s t r u c t u r e s  where i t  i s  a n t i c i p a t e d  from l o a d i n g  t , e s t s  
ar  s o i l  a n a l y s i s  t h a t  i t  exceeds  on a l l o w a b l e  s e t t l e m e n t  t o l e r a n c e . "  
- -- 

+- _. 

I n  a d d i t i o n ,  it---was proposed t o  add a  new column, 3B, t o  t a b l e  1 . 2 . 2 3  of  
t h e  AASHTO S p e c i f i c a t i o n s ,  a s  i l l u s t r a t e d  i n  t a b l e  39. Thus,  a s  shown i n  
t a b l e  39 ,  i t  was proposed t h a t  d i f f e r e n t i a l  s e t t l e m e n t  be c o n s i d e r e d  i n  a l l  
l o a d i n g  combinat ion groups  f o r  c o n t i n u o u s  b r i d g e s ,  when load f a c t o r  d e s i g n  
was used .  

4 . 2 . 2  S e r v i c e a b i l i t y  C r i t e r i a  
- 

S e r v i c e a b i l i t y  c r i t e r i a  d e a l  w i t h  t h e  maintenance of r i d e r  comfort  and 
t h e  - c o n t r o l  of f u n c t i o n a l  d i s t r e s s .  The t y p e s  of movements t h a t  were 





identified as being sufficiently important for consideration with respect 
to serviceability are: (a) vertical displacements, including total, 
settlement, differential settlements, longitudinal angular distortion, and 
transverse angular distortion; (b) horizontal displacements, including 
translation, differential translation, and tilting; and ( c )  dynamic 
displacements. 

The establishment of realistic limits on these movements can only be 
accomplished if sufficient and relevant field data are available. Based 
upon the data accumulated during this study, limits cou1.d only be 
established on some of these movements. The establishment and 
implementation of criteria for limiting the remaining types of movements 
will have to await the accumulation of additional relevant field data on 
these movements and their effects. For example, based on the existing 
field data presented above, it is clear that horizontal movements of 
abutments and piers, either by translation or tilting, must be very 
carefully control led in order to avoid structural damage. Although setting 
tolerable limits on these horizontal movements has not been difficult, at 
present we do not have well established procedures for predicting these 
horizontal movements with reasonable reliability. 

On the basis of the data that were assembled during the course of this 
research, tolerable limits were established on (a) differential 
settlements, both in terms of angular distortion and deck cracking; (b) 
horizontal movement of abutments; and ( c )  bridge vibrations. 

4 . 2 . 2 . 1  Differential Settlements. The field data assembled during the 
course of this project indicated that structural damage requiring costly 
maintenance tended to occur more frequently as the longitudinal angular 
distortion (differential settlementlspan length) increased. In order to 
evaluate this phenomenon, the frequency of occurrence of the various ranges 
of tolerable and intolerable angular distortions was studied for both 
simply supported and continuous steel bridges. The results of this study, 
presented earlier in this report, showed that, for continuous steel 
bridges, 9 3 . 7  percent of the angular distortions less than 0.004 were 
considered to be tolerable. In contrast, for simply supported steel 
bridges, 9 7 . 2  percent of the angular distortions less than 0.005 were 
reported as being tolerable. Similar results were reported for the 
concrete bridges. It was found that the tolerance of both types of bridges 
to angular distortions dropped very rapidly for values greater than these. 
A statistical analysis of these field data showed that there was a very 
high probability that angular distortions less than 0 .004  and 0.005 would 
be tolerable for continuous and simply supported bridges, respectively, of 
both steel and concrete. Tolerable limits on angular distortion were thus 
established at these values. 

The potential for deck cracking as a result of differential. settlement 
is normally restricted to continuous bridges. This is a function of the 
tensile stress developed over the supports (i.e., in the negative moment 
region), the allowable tensile stress in the deck concrete, and the spacing 
and size of negative reinforcement. The maximum negative stress (tension 
at the top of the bridge deck) due to anticipated vertical differential 
settlement of abutments or piers can be determined analytically, or by the 
use of appropriate design aids, such as figures 26-31. The total maximum 



n e g a t i v e  s t r e s s  i s  then  ob ta ined  by adding t h i s  v a l u e  t o  t h e  n e g a t i v e  
s t r e s s  produced a t  t h e  same po in t  by t h e  d e s i g n  l i v e  and dead l o a d s .  This 
t o t a l  maximum n e g a t i v e  s t r e s s  i s  l i m i t e d  t o  t h e  a l l o w a b l e  v a l u e  given by 
Equa t ion  6-30 i n  S e c t i o n  1 .5 .39  of the  AASHTO S p e c i f i c a t i o n s .  In e s s e n c e ,  
t h i s  comparison,  between t h e  t o t a l  maximum n e g a t i v e  s t r e s s  and t h e  l i m i t i n g  
s t r e s s  provided f o r  i n  t h e  AASHTO S p e c i f i c a t i o n s ,  c o n s t i t u t e s  a  check on 
t h e  t o l e r a n c e  of t h e  b r i d g e  t o  t h e  a n t i c i p a t e d  d i f f e r e n t i a l  s e t t l e m e n t s  i n  
terms of deck c r a c k i n g .  I f  it  i s  found t h a t  t h e  computed t o t a l  maximum 
n e g a t i v e  s t r e s s  exceeds  t h e  AASHTO requ i rement ,  t h e n  some adjus tment  may be 
r e q u i r e d  i n  t h e  s i z e  and /o r  spac ing  of t h e  deck r e i n f o r c e m e n t .  

4 . 2 . 2 . 2  H o r i z o n t a l  Movements o f  Abutments. A s  noted e a r l i e r  i n  t h i s  
r e p o r t ,  b r i d g e s  t h a t  exper ienced e i t h e r  h o r i z o n t a l  movement a lone  o r  
h o r i z o n t a l  movement i n  c o n j u n c t i o n  wi th  d i f f e r e n t i a l  v e r t i c a l  movement, had 
a  h igh  f requency of damaging s t r u c t u r a l  e f f e c t s ,  s u g g e s t i n g  t h a t  h o r i z o n t a l  
movements a r e  much more c r i t i c a l  than  v e r t i c a l  movements i n  caus ing  
s t r u c t u r a l  damage. In  terms of h o r i z o n t a l  movements a l o n e ,  movements l e s s  
than  2 .0  inches  (50 .8  mm) were cons ide red  t o  be t o l e r a b l e  i n  88.8  p e r c e n t  
of  t h e  c a s e s .  When accompanied by v e r t i c a l  movements, h o r i z o n t a l  movements 
l e s s  t h a n  2.0 inches  ( 5 0 . 8  mm) were c o n s i d e r e d  t o  be t o l e r a b l e  i n  on ly  60.0 
p e r c e n t  of t h e  c a s e s .  However, h o r i z o n t a l  movements of 1 .0  inch  ( 2 5 . 4  mm) 
and l e s s  were almost  always r e p o r t e d  a s  b e i n g  t o l e r a b l e .  On t h e  b a s i s  of 
t h e s e  d a t a ,  i t  appeared t h a t  a  l o g i c a l  t o l e r a b l e  l i m i t  on h o r i z o n t a l  
movements could be e s t a b l i s h e d  a t  a  v a l u e  somewhere between 1 . 0  and 2.0 
i n c h e s  ( 2 5 . 4  and 50.8  mm). Consequent ly ,  i t  i s  recommended t h a t  h o r i z o n t a l  
movements of abutments be l i m i t e d  t o  1 .5  i n c h e s .  However, i t  i s  e v i d e n t  
t h a t  more c o n s i d e r a t i o n  needs t o  be d i r e c t e d  t o  t h e  p o s s i b i l i t y  of 
h o r i z o n t a l  movements and t h e i r  p o t e n t i a l  e f f e c t s  d u r i n g  t h e  des ign  s t a g e .  
A s t u d y  of t h e  f a c t o r s  c o n t r i b u t i n g  t o  h o r i z o n t a l  movements of abutments 
and methods f o r  l i m i t i n g  t h e s e  movements would a l s o  be  d e s i r a b l e .  

4 . 2 . 2 . 3  Bridge V i b r a t i o n s .  As no ted  e a r l i e r  i n  t h i s  r e p o r t ,  i t  was 
found t h a t  a  s u b s t a n t i a l  i n c r e a s e  i n  dynamic d e f l e c t i o n s  l e a d i n g  t o  
uncomfor table  l e v e l s  of  human response  were l i k e l y  t o  occur  i f  t h e  
I I reasonance f a c t o r " ,  i . e .  t h e  r a t i o  of t h e  fo rced  (wf) t o  n a t u r a l  (wn) 
f r e q u e n c i e s ,  approached one. Th i s  r e l a t i o n s h i p  can be used t o  de te rmine  i f  
a  proposed b r i d g e  h a s  s u f f i c i e n t  mass and s t i f f n e s s  t o  p reven t  e x c e s s i v e  
dynamic d e f l e c t i o n s .  The d e t a i l s  of t h i s  procedure  were p r e s e n t e d  i n  t h e  
I n t e r i m  Repor t .  



5. SUMMARY AND CONCLUSIONS 

5.1 Field Studies 

The data resulting from the field studies showed that a rather wide 
range of both vertical and horizontal movements of substructure elements 
has been experienced by a substantial number of highway bridges throughout 
the United States and Canada. Generally, abutment movements occurred much 
more frequently than pier movements. Although both the frequency and 
magnitude of vertical movements were often substantially greater than 
horizontal movements, the horizontal movements generally tended to be more 
damaging to bridge superstructures. The data suggest that more 
consideration needs to be directed to the potential effects of horizontal 
movements during the design stage, particularly for perched and spill- 
through abutments on fills and piers located near the toe of approach 
embankments. Furthermore, care should be exercised in the design and 
construction of approach embankments in order to eliminate this important 
potential source of damaging post-construction movements. The data show 
that precompression and/or the use of a waiting period, following 
embankment construction and prior to abutment construction, can be helpful 
in this regard. 

The field studies also showed that, for both abutments and piers that 
experienced foundation movements, substantially more were founded on spkead 
footings than on piles. However, the average magnitude of the movements of 
pile foundations were slightly longer than those of the spread footing 
foundations. Since the data included in these field studies represent the 
observed behavior of only those bridge foundations that experienced 
foundation movements, no inferences can be drawn with respect to the 
relative performance of the different foundation systems (i.e. piles vs. 
spread footings). However, these findings do suggest the need for a more 
detailed examination of those cases of pile foundation movement, in order 
to determine the reasons for the failure of the pile foundations to serve 
their intended function of eliminating or minimizing substructure 
movements. 

The results of this study have shown that, depending on type of spans, 
length and stiffness of spans, and the type of construction material, many 
highway bridges can tolerate significant magnitudes of total and 
differential vertical settlement without becoming seriously overstressed, 
sustaining serious structural damage, or suffering impaired riding quality. 
In particular, it was found that a longitudinal angular distortion 
(differential settlementlspan length) of 0.004 would most likely be 
tolerable for continuous bridges of both steel and concrete, while a value 
of angular distortion of 0.005 would be a more suitable limit for simply 
supported bridges. 

It was found that the field settlement data for bridges founded on 
sands was insufficient to permit a valid assessment of the reliability of 
settlement prediction techniques for sands. However, data obtained from 
the literature showed that the settlement of sands could be predicted 
within 50 percent of the measured value. Morever, it was shown that 
reasonably reliable predictions of the settlement of bridges founded on 



clays could be obtained, usually within 25 percent of the measured values, 
as long as adequate subsurface information and laboratory test data were 
available. 

5.2 Analytical Studies 

The data resulting from the analytical evaluation of the effects of 
support settlements and dynamic vibrations on continuous steel bridges show 
that the tolerance of any given bridge to movements of these types is 
dependent upon a number of structural and geometric parameters of the 
system, such as flexural rigidity (EI) , stiffness (I/ R) , magnitude of 
differential settlement, number of spans, span length, vehicle velocity, 
axle spacing and structural mass. 

For the continuous two- and four-span steel bridges included in this 
study, it was found that differential settlements of one inch (25.4 nun) or 
more would be intolerable for span lengths up to 50 feet (18.3 meters) 
because of the rather significant increase in stresses caused by these 
settlements (see table 29). However, for span lengths between 100 and 200 
feet (30.5 and 61.0 meters), the stress increases caused by differential 
settlements up to 3 inches (76.2 mm) were found to be quite modest, and for 
span lengths in excess of 200 feet (61.0 meters), the stress increases 
caused by 3 inch (76.2 mm) differential settlements were negligible. For 
span lengths ranging from 50 feet (18.3 meters) to 200 feet (61.0 meters), 
it was found that a 3 inch (76.2 mm) differential set lement would mo t 5 S likely be tolerable if the stiffness (I/R) were 20 in . (327,742 mm ) 
or less. However, care should be exercised in implementing these findings, 
since the stress increases in continuous steel bridges caused by 
differential settlement are very sensitive to the stiffness (I/R), and it 
is not uncommon for a design to result in a stiffness that is in excess of 
20 in3 (327, 742mm3). 

The stress increases produced in the two-span continuous parallel and 
non-parallel chord steel trusses by differential support settlements up to 
3 inches (76.2 m) in magnitude were less than 10 percent and, in most 
instances, were negligible. 

A limited analytical study of the effects of instantaneous and time- 
dependent support settlements on continuous concrete bridges was performed 
considering the influence of dead loads, live loads, prestressing loads and 
the effects of shrinkage and creep. It was found that consideration of 
time-dependent material properties is absolutely necessary to accurately 
assess the effects of support settlements on concrete bridge 
superstructures. 

"Real world" settlements are most likely to be gradual in nature. 
However, sudden settlements are much easier to analyze, and the stresses 
calculated on the basis of assumed sudden settlement do provide a guide to 
the overall significance of settlement effects on concrete bridges. Creep 
may reduce the effect of settlement to about one-third of its initial 
value, if the settlement occurs early in the life of the structure. 
Settlements occuring after a few months cannot be reduced as 
significantly. 



The analyses reported herein tend to confirm intuitive estimates of 
the effects of support settlements on continuous concrete bridges. For 
example, as expected, it was found that settlement effects increase with 
overall stiffness of the structure. Thus, a two-span continuous structure 
has settlement stresses about 43 percent less than a four-span structure 
with the same cross section. In terms of structural configuration, 

2 settlement-induced stresses increase approximately as the ratio of d/R , 
where d is the overall depth of the cross section and R is the span length. 
However, the ratio of settlement stresses to dead load stresses increases 
as the ratio 1/k4, where I is the moment of inertia for the cross 
section. Overall, the span length was found to be the most significant 
term governing settlement stresses. Continuous concrete bridges with span 
lengths less than 100 feet (30.5 meters) are very sensitive to differential 
foundation movements, while those with span lengths of 200 feet (61.0 
meters) or more can tolerate differential settlements as large as three 
inches (76.2 mm) with only a relatively small change in total stresses. 

5.3 Design Methodology 

A basic design procedure has been suggested which will permit a 
systems approach to be used for the design of highway bridges. In this 
procedure, an initial design is prepared on the assumption that no 
foundation movement will take place. The potential foundation movements 
are then estimated and the tolerance of the structure to these movements is 
evaluated using tolerable movement criteria based upon both strength and 
serviceability. If the original design will not tolerate the estimated 
movements, then a variety of design alternatives can be considered in order 
to reduce the potential movements or increase the tolerance of the 
structure to these movements. It is anticipated that this procedure will 
result in the optimization of the design of the superstructure and its 
supporting substructure as a single integrated system offering the best 
combination of long-term performance and economy. 

The results of both field and analytical studies were utilized in an 
investigation aimed at developing tolerable movement criteria based upon 
both strength and serviceability. Because of the complexities associated 
with the time dependent behavior of concrete bridges, this investigation 
concentrated on steel bridges, and only limited consideration was given to 
tolerable movement criteria for concrete bridges. It was found that a 
basis does exist for the establishment of strength criteria for steel 
bridges based on defining limits of "overstress", caused by differential 
foundation movements, that would be acceptable for various bridge systems 
without risking serious damage. An alternate, more conservative, procedure 
that was investigated involves the design of bridges under the assumption 
that no settlement will take place, using the AASHTO working stress design 
procedure, with the allowable stress being reduced to compensate for 
anticipated settlements. The resulting design is then checked for 
compliance with serviceability criteria based on limiting longitudinal 
angular distortion, horizontal movement of abutments, deck cracking and 
bridge vibrations. Convenient equations and graphical design aids were 
developed to facilitate these operations. This procedure may lead to the 
modification of the original design in order to satisfy minimum strength 
and serviceability criteria. Another approach that was studied was the use 



of load factor design, which has been increasing in popularity in recent 
years. Although it was found that there was insufficient data presently 
available on the statistical reliability of settlement predictions to 
permit the development of a load factor for settlement stresses on a 
strictly theoretical basis, it was concluded that the selection of a 
reasonable empirical load factor for settlement stresses may be possible 
within the existing framework of the current AASHTO design procedure. 
Serviceability criteria were developed based on limiting longitudinal 
angular distortion, horizontal movement of abutments, deck cracking and 
bridge vibrations. 
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