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S U PlM A R Y 

F o r  t h e  improvement o f  r a i l  s e r v i c e ,  The Depar tment  of Trans-  
p o r t a t i o n ,  F e d e r a l  R a i l  A d m i n i s t r a t i o n ,  i s  s p o n s o r i n g  a t e s t  t r a c k  
o n  t h e  A tch i son ,  Topeka, and Santa Fe Ra i lway .  The t e s t  t r a c k  
w i l l  c o n t a i n  n i n e  s e p a r a t e  r a i l  s u p p o r t  s t r u c t u r e s ,  i n c l u d i n g  one 
c o n v e n t i o n a l  s e c t i o n  f o r  c o n t r o l  and t h r e e  r e i n f o r c e d  c o n c r e t e  
s t r u c t u r e s  o n  grade,  one s l a b  and two beam s e c t i o n s .  The a n a l y s i s  
and d e s i g n  of  t h e s e  l a t t e r  s t r u c t u r e s  ( r e f . 1 )  was accomp l i shed  by  
means of  t h e  f i n i t e  e lement  method, NASTRAN, and  i s  p r e s e n t e d  
h e r e i n .  

I N T R O O U C T I  ON 

I n  order t o  p r o v i d e  f a s t ,  economica l  r a i l  s e r v i c e ,  t h e  
development o f  improved,  l o w  maintenance t r a c k  s u p p o r t  systems i s  
r e q u i r e d .  N h i l e  seeming ly  a s i m p l e  problem, t h e  system o f  r a i l -  
f a s t e n e r - s t r u c t u r e - s u b g r a d e  poses complex i n t e r a c t i o n  problems.  
I n  a d d i t i o n ,  a random d i s t r i b u t i o n  o f  asymmet r ic  l a t e r a l  l oads  i s  
a p p l i e d  by moving r a i l  t r a f f i c .  

I n  an  e f f o r t  t o  p r o v i d e  t e s t  d a t a  f o r  use i n  d e v e l o p i n q  such 
s u p p o r t  systems, t h r e e  n o n - c o n v e n t i o n a l  t r a c k  s t r u c t u r e  systems 
a r e  t o  be i n c l u d e d  a s  p a r t s  of  t h e  approx ima te  two m i l e  l e n g t h  o f  
t e s t  t r a c k  t o  be c o n s t r u c t e d  by t h e  U.S. Depar tment  o f  T ranspor -  
t a t i o n  a n d  t h e  Santa Fe R a i l w a y  Company. The t h r e e  non-conven- 
t i o n a l  t r a c k  s u p p o r t  s t r u c t u r e s ,  each 244 me te rs  i n  l e n g t h ,  a re :  
t w i n  c a s t - i n - p l a c e  c o n t i n u o u s l y  r e i n f o r c e d  c o n c r e t e  beams j o i n e d  
by g a g i n g  ( c r o s s )  members; a c o n t i n u o u s l y  r e i n f o r c e d  c o n c r e t e  
s l a b ;  and a system o f  t w i n  p r e c a s t  beams made c o n t i n u o u s  a t  
a b u t t i n g  ends and j o i n e d  by gag ing  members. 

As p a r t  o f  t h e  r e s e a r c h  program r e l a t e d  t o  d e v e l o p i n g  p r a c -  
t i c a l ,  l o w  maintenance,  h i g h  q u a l i t y  t r a c k  s t r u c t u r e s ,  s t u d i e s  
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were c a r r i e d  o u t  ( r e f s .  2 a n d  3 )  t o  p r o d u c e  p e r f o r m a n c e  c r i t e r i a  
a n d  s p e c i f i c a t i o n s  f o r  s u c h  s t r u c t u r e s .  A n a l y s e s  a n d  t e s t s  s h o w e d  
t h a t  d i s t i n c t  s u b g r a d e  p r e s s u r e  p u l s e s  a r e  i m p a r t e d  by e v e r y  
p a s s i n g  a x l e  l o a d ,  a n d  t h a t  s u b g r a d e  d e t e r i o r a t i o n  is  r e l a t e d  t o  
t h e  number  o f  i m p u l s e s .  A s  a r e s u l t  o f  t h o s e  s t u d i e s  i t  was 
c o n c l u d e d  t h a t  t r a c k  s u p p o r t  s t r u c t u r e s  h a v i n g  a h i g h  s t r u c t u r a l  
r i g i d i t y  w o u l d  e f f e c t i v e l y  r e d u c e  t h e  l o a d  c y c l e s  t o  o n e  p e r  
t r u c k .  A s p e c i f i c  s t i f f n e s s  was d e t e r m i n e d  a n d  s p e c i f i e d  a s  
d e s i g n  c r i t e r i a ,  a l o n g  w i t h  v e r t i c a l  a n d  l a t e r a l  w h e e l - r a i l  l o a d  
m a g n i t u d e s ,  T h e s e  c r i t e r i a  f o r m e d  t h e  b a s i s  f o r  t h e  s t a t i c  
a n a l y s e s  p e r f o r m e d  t o  d e s i g n  a n d  e v a l u a t e  t h e  s e c t i o n s  shown  i n  
f i g u r e  1, 

I n  t h e  d e s i g n  a n d  c o n s t r u c t i o n  o f  t h e  t e s t  s e c t i o n s  t h e  g o a l  
o f  r e m o v i n g  a l l  p o s s i b l e  s e c o n d a r y  v a r i a b l e s  a n d  " w e a k  l i n k s "  was 
p u r s u e d  i n  a n  e f f o r t  t o  c r ea t e  s t r u c t u r e s  whose  p e r f o r m a n c e  a n d  
s a f e t y  w o u l d  b e  u n i m p a i r e d .  A t e s t  embankmen t  was d e s i g n e d  a n d  
c o n s t r u c t e d ,  u n d e r  c lose  c o n t r o l ,  t o  create  u n i f o r m  s u b g r a d e  
c o n d i t i o n s  t h r o u g h o u t  t h e  e n t i r e  t e s t  t r a c k .  An u n u s u a l  r a i l  
f a s t e n e r  was s e l e c t e d  t o  i n s u r e  t h a t  it w o u l d  n o t  be  a c o n t r o l l i n g  
"weak l i n k , "  

T h e s e  i n s t r u m e n t e d  systems w i l l  be  i n t e g r a l  p a r t s  o f  t h e  
S a n t a  F e ' s  s i n g l e  t r a c k  m a i n l i n e ,  a n d  w i l l  c a r r y  b o t h  eastward 
a n d  westward t r a i n s  a p p r o a c h i n g  5 0 , O c ) O , O O O  g r o s s  t o n s  a n n u a l l y ,  
a t  s p e e d s  u p  t o  1 2 0  k i l o m e t e r s / h o u r .  T h u s ,  t h e  systems w i l l  b e  
s u b j e c t e d  t o  r i g o r o u s  s e r v i c e ,  a n d  i t  is a n t i c i p a t e d  t h a t  s i g n i f -  
i c a n t  r e s u l t s  f o r  f u t u r e  u s e  w i l l  b e  p r o d u c e d  t h r o u g h  t h e  i n s t r u -  
m e n t a t i o n  a n d  t h e  o b s e r v a t i o n  of  t h e  p e r f o r m a n c e  o f  t h e  c o m p o n e n t s  
o f  t h e  system. 

I n  o r d e r  t o  a c h i e v e  t h e  n e c e s s a r y  s a f e t y  i n  d e s i g n ,  a n d  
h a n d l e  t h e  c o m o l e x  i n t e r a c t i o n  a n d  b o u n d a r y  c o n d i t i o n s ,  t h e  
f i n i t e  e l e m e n t  m e t h o d  was c h o s e n  f o r  a n a l y s i s ,  a n d  N A S T R A N  was 
u s e d  a s  t h e  a n a l y t i c a l  t o o l .  D e s i g n  was a c c o m p l i s h e d  u s i n g  a 
c o m b i n a t i o n  o f  w o r k i n g  s t ress  a n d  u l t i m a t e  s t r e n g t h  m e t h o d s .  A l l  
work  was d o n e  i n  t h e  B r i t i s h  s y s t e m  o f  u n i t s .  

THE F I N I T E  ELEMENT MODEL 

The  f i n i t e  e l e m e n t  m o d e l s  f o r m u l a t e d  f o r  a n a l y s i s  are  shown 
i n  f i g u r e  2. T h e  m o d e l s  r e p r e s e n t  t h e  r a i l ,  r a i l  f a s t e n e r ,  
c o n c r e t e  s t r u c t u r e s  a n d  s u b g r a d e  . 

Rail  

C l a s s i c a l l y ,  l i t t l e  a t t e n t i o n  h a s  b e e n  g i v e n  t o  t h e  t o r s i o n a l  
a c t i o n  o f  t h e  r a i l  i n  t h e  t r a c k  system. H e n c e ,  o n l y  b e n d i n g  
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p r o p e r t i e s  were a v a i l a b l e  and t h e  membrane ana logy  was a p p l i e d  t o  
c a l c u l a t e  t h e  t o r s i o n a l  c o e f f i c i e n t  f o r  use i n  t h e  ana lyses .  
CBAR e lemen ts  were used  t o  r e p r e s e n t  t h e  r a i l  i n  t h e  NASTRAN 
model. 

F a s t e n e r  

The d i r e c t  f i x a t i o n  f a s t e n e r  s e l e c t e d  f o r  t h e  p r o j e c t  p r o -  
v i d e s  r e s t r a i n t  t o  t h e  r a i l  i n  each of  t h e  s i x  degrees o f  freedom. 
The s e l e c t e d  f a s t e n e r  has n o t  been i n  s e r v i c e ,  a l t h o u g h  a s m a l l e r  
s c a l e  v e r s i o n  i s  on  t h e  market .  P r e s t r e s s e d  e l a s t o m e r s  a r e  
u t i l i z e d  t o  p r o v i d e  r e s t r a i n t  c u s h i o n i n g .  The p r o t o t y p e  f a s t e n e r  
was t e s t e d  t o  d e t e r m i n e  an  o r d e r  o f  magn i tude f o r  t h e  l o a d -  
d e f l e c t i o n  r e l a t i o n s  used f o r  t h e  CEAR e lement .  The OFFSET 
p r o v i s i o n  was implemented t o  p r o v i d e  g e o m e t r i c a l  c o m p a t i b i l i t y  
f o r  t h e  r a i l - f a s t e n e r - s l a b  c o n n e c t i v i t y ,  

S l a b  and Beams 

S i n c e  t h e  d i s t r i b u t i o n  o f  subgrade p r e s s u r e s  was d e s i r e d  a s  
a r e s u l t  o f  t h e  ana lyses ,  and t h e  s l a b  and beams were o r t h o t r o p i c  
i n  n a t u r e ,  t h e  CQUAD 2 e lemen t  was used w i t h  a M A T  2 f o r m u l a t i o n  
( r e f  . 4)  t o  y i e l d  o r t h o t r o p i c  p r o p e r t i e s ,  L o n g i t u d i n a l  s t i f f -  
nesses Mere as s p e c i f i e d  by t h e  d e s i g n  c r i t e r i a ,  w h i l e  t r a n s v e r s e  
s t i f  fnesses  were t h e  r e s u l t  o f  t r a n s v e r s e  r e i n f o r c i n g  f o r  temper- 
a t u r e  and  c o n s t r u c t i o n  requ i remen ts .  A l l  d e s i g n  was based on  
c r a c k e d  s e c t i o n  p r o p e r t i e s .  

Subgrade 

The subgrade was r e p r e s e n t e d  by t h r e e  grounded CELAS 1 
e lements  connec ted  t o  each G R I D  p o i n t  h a v i n g  CWUAD c o n n e c t i v i t y ,  
One s p r i n g  was i n  t h e  v e r t i c a l  p l a n e  t o  r e p r e s e n t  a W i n k l e r  
f ounda t ion .  P r o p e r t i e s  used  f o r  t h e s e  s r i n g s  were o b t a i n e d  f rom 
f i e l d  p l a t e  b e a r i n g  t e s t s  ( r e f s .  1 and  5 P a s  shown i n  f i g u r e  3. 
C o r r e l a t i o n  f o r  t h e s e  p r o p e r t i e s  were o b t a i n e d  u s i n g  V i b r o s e i s m i c  
methods ( r e f s .  6, 7 and 8 ) ,  and c o n s t r u c t i o n  c o n t r o l  t e s t s  
o b t a i n e d  d u r i n g  c o n s t r u c t i o n  o f  t h e  t e s t  embankment ( r e f s .  9 and 
10).  Two s p r i n q s  were used i n  t h e  h o r i z o n t a l  p l a n e  ( l o n g i t u d i -  
n a l l y  and  t r a n s v e r s e l y )  t o  r e p r e s e n t  t r a c t i o n s  on  t h e  c o n c r e t e -  
subgrade i n t e r f a c e .  The e l a s t i c  p r o p e r t i e s  were d e r i v e d  f r o m  
f i e l d  t e s t s  ( r e f .  1) u s i n g  l a r g e  s l a b s  w i t h  su rcha rge  p ressu res ;  
t y p i c a l  r e s u l t s  a r e  p r e s e n t e d  i n  f i g u r e  3. 
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ANALYSIS PROCEOURES 

A s i n g l e  p r e p r a c e s s o r  was w r i t t e n  t o  g e n e r a t e  t h e  b u l k  d a t a  
r e q u i r e d  f o r  t h e  s t r u c t u r e s ,  v a r y i n g  geometry,  m a t e r i a l  p r o p e r -  
t i e s ,  and c o n n e c t i v i t y  as  r e q u i r e d ,  A l l  a n a l y s e s  were pe r fo rmed  
on t h e  C o n t r o l  Data  C o r p o r a t i o n  Cyberne t  System u s i n g  NASTRAN 
and, f o r  s i m p l e  p a r a m e t r i c  s t u d i e s ,  EASE, R i g i d  Format  1, w i t h  
RESTART, was used f o r  a l l  NASTRAN a c t i v i t y .  

EASE models  o f  a r a i l - f a s t e n e r  system o n  an  i n f i n i t e l y  s t i f f  
s u p p o r t i n g  s t r u c t u r e  were a n a l y z e d  t o  de te rm ine  t h e  i n f l u e n c e  o f  
r a i l  t o r s i o n a l  p r o p e r t i e s ,  and t h e  e f f e c t  o f  v a r i a t i o n  o f  f a s t e n e r  
p r o p e r t i e s ,  on t h e  d i s t r i b u t i o n  o f  l o a d  t o  t h e  s t r u c t u r e s ,  

I n f l u e n c e  L e n g t h  S tudy  

A s i n g l e  a x l e  and s i n g l e  t r u c k  l oad ,  f i g u r e  4, were a p p l i e d  
t o  l o n g  models o f  h o t h  s t r u c t u r e s  (2220 G R I D ,  520 CBAR, 5550 
CELAS 1, and 1272 o r  1440 CQUAD 2, h a v i n g  a b o u t  5.2 degrees o f  
f reedom average p e r  G R I D )  t o  o b t a i n  i n f l u e n c e  l e n g t h s  and  approx-  
i m a t i o n  e r r o r s ,  R e s u l t s  o f  t h e s e  s t u d i e s  i n d i c a t e d  t h a t  o n e - h a l f  
c a r  l e n g t h  models  wou ld  be s a t i s f a c t o r y ,  b u t  l a t e r a l  l o a d  p o s i -  
t i o n i n g  r e q u i r e d  a n a l y s i s  o f  c a r  l e n g t h  models  u n t i l  t h e  occu r rence  
o f  d e f l e c t e d  s t r u c t u r e  symmetry was v e r i f i e d .  

Des ign  Ana lyses  

Car l e n g t h  models  were used t o  a n a l y z e  b o t h  t h e  i n f i n i t e  and  
f i n i t e  (end  o f  t e s t  s e c t i o n )  cases. S i v g l e  P o i n t  C o n s t r a i n t s  
were used t o  c r e a t e  a c o u p l e r  t o  c o u p l e r  model w i t h  p l a n e  o f  
symmetry c o n d i t i o n s  i n  t h e  d e f l e c t e d  s t r u c t u r e ,  w h i l e  M u l t i - P o i n t  
C o n s t r a i n t s  were used t o  g i v e  a m id -ca r  t o  m id -ca r  model w i t h  
a n t i s y m m e t r i c  c o n d i t i o n s  i n  t h e  d e f l e c t e d  s t r u c t u r e ,  Models w i t h  
' 'sof tzner!"  subgrade were a l s o  a n a l y z e d  f o r  t h e  i n f i n i t e  case. 
R e s u l t s  o f  t h e s e  a n a l y s e s  a r e  shown i n  f i g u r e s  5 and  6. 

The f i n i t e  s t r u c t u r e s  were modeled by a l l o w i n g  i n p l a n e  
v e r t i c a l  d i s p l a c e m e n t s  w i t h  no r o t a t i o n s  o f  t h e  GRIDs on  one 
boundary,  w h i l e  a l l o w i n g  comp le te  f reedom on t h e  o t h e r  boundary 
f o r  a l l  b u t  t h e  r a i l  GRIDs.  R a i l  G R I D s  were a l l o w e d  t o  d i s p l a c e  
i n  t h e  v e r t i c a l  p l a n e  w i t h  no r o t a t i o n ,  A compar ison  o f  t h e  
sp read  o f  t h e  beam s t r u c t u r e s ,  o b t a i n e d  f o r  t h e  i n f i n i t e  and 
f i n i t e  cases, i s  shown on f i g u r e  6. 
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DESIGN 

ELFDRCE o u t p u t  was used t o  v e r i f y  t h e  adequacy o f  t h e  des ign 
c r i t e r i a ,  t o  a p p o r t i o n  r e i n f o r c i n g  f o r  t h e  s l a b  and beam s t r u c -  
t u res ,  and t o  des ign  t i e - r o d s  t o  r e s t r a i n  beam spread. The beam 
s t r u c t u r e s  were r e i n f o r c e d  f o r  combined b i a x i a l  bending and 
t o  r s i o n  . Su bg r a de p r e  s su r e d i s  t r i bu t i o n s  an d s t r u  c t u  r e - su bg r a de 
shears were evaluated,  and v a l i d i t y  o f  p r o p e r t i e s  v e r i f i e d .  
Regions o r  i t e m s  o f  probable " h i g h  maintenance'' were l o c a t e d  and 
i n s p e c t i o n  procedures formulated.  

r e i n f o r c i n g ,  and embankment; f o r  s t r e s s e s  i n  t h e  subgrade; and 
f o r  l o a d s  t r a n s m i t t e d  t h r o u g h  t h e  f a s t e n e r s .  I n  a d d i t i o n ,  a 
c a l i b r a t i o n  s e r i e s  o f  s t a t i c  l oads  has been recommended t o  a l l o w  
v e r i f i c a t i o n  o f  t h e  des ign  procedures and a n a l y t i c a l  methods, and 
t o  a l l o w  a c o r r e l a t i o n  base f o r  dynamic readouts and subsequent 
analyses. 

The p r o j e c t  w i l l  be i ns t rumen ted  f o r  s t r a i n s  i n  t h e  r a i l s ,  

CONCLUSION 

The a v a i l a b i l i t y  o f  P!ASTRAN was i n v a l u a b l e  i n  c a r r y i n g  o u t  
t h i s  p r o j e c t  s i n c e  the  sponsor had s p e c i f i e d  t h a t  no new codes 
were  t o  be created.  A more r e a l i s t i c  des ign was achieved than 
would have been accompl ished u s i n g  c o n v e n t i o n a l  methods ( r e f .  111, 
o r  more s i m p l i s t i c  models, which would n o t  have d e f i n e d  t h e  t h r e e -  
d imensional  n a t u r e  o f  t h e  s t r u c t u r e  and would have r e s u l t e d  i n  
an inadequate design. 
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SLAB STRUCTURE 

FIGURE 2: ELEMENT CONNECTIVITY 
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