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PREFACE.

This report was prepared as part of a research program sponsored 

by the Federal Railroad Administration, Office of Research and Develop­

ment, contract DOT-TSC-1149, The program is being managed by the 

Department of Transportation, Transportation Systems Center, Dr. Andrew 

Kish, technical monitor. The research effort is aimed at creating a 

basis for the rational design, construction, and maintenance of railroad 

tracks,

The present report is written mainly for the practicing railroad 

engineer. It explains the phenomenon of thermal buckling of straight 

tracks, shows how to analyse it, and describes measures for preventing 

it. The report is the outcome of a study which was initiated by 

A. D. Kerr in the critical survey "Lateral Buckling of Railroad Tracks! 

due to Constrained Thermal Expansions" (Princeton University/FRA Report 

75-SM-8, Sept, 1975), and which led to the development of a new analysis 

presented in "An Analysis of Thermal Track Buckling in the Lateral Plane" 

(Report No. FRA-OR&D-76-285 Sept. 1976).

The author wishes to thank Stuart B. Bassler and W. Alex Dallis,Jr.r 

students and undergraduate research assistants at Princeton University, 

for performing the,numerical evaluations presented in this report.
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1 ,  IN T R O D U C TIO N

■■ s l A  r a i l r o a d  t r a c k  c o n s i s t s  o f  tw o  p a r a l l e l  m e ta l  r a i l s  a t t a c h e d  t o  

c l o s e l y  s p a c e d  c r o s s - t i e s  w h ic h  a r e  em bedded  i n  a  c r u s h e d - s to n e  l a y e r  

c a l l e d  t h e  b a l l a s t .  I n  a  c o n v e n t io n a l  t r a c k  t h e  r a i l  e n d s  a r e  j o in e d  

b y  b a r s  a n d  b o l t s  w h ic h  fo rm  a n  e x p a n d a b le  j o i n t .

E x p a n d a b le  r a i l  j o i n t s  w e a ke n  t h e  t r a c k  s t r u c t u r a l l y ,  t h e y  

in c r e a s e  t h e  m a in te n a n c e  c o s t ,  o f  t r a c k s  a n d  r o l l i n g  s t o c k ,  a n d  t h e y  

in c r e a s e  t h e  p o w e r  c o n s u m p t io n  o f  a  r u n n in g  t r a i n .  T h e r e f o r e ,  i t  i s  o n l y  

n a t u r a l  t h a t  s in c e  t h e  e a r l y  d a y s  o f  r a i l r o a d  t r a c k  c o n s t r u c t i o n  t h e r e  

w as a  d e s i r e  t o  e l im in a t e  m any o f  t h e  j o i n t s  b y  in c r e a s in g  t h e  le n g t h  o f  

t h e  r a i l s ;  w i t h  e l i m i n a t i o n  o f  a l l  j o i n t s  ( i . e .  w i t h  t h e  u s e  o f ‘ c o n t in u o u s l y  

w e ld e d  r a i l s )  a s  a  f i n a l  g o a l ,

A  s u c c e s s f u l  t e c h n iq u e  t o  w e ld  r a i l s  ( t h e  T h e r m i t  m e th o d )  w as i n t r o ­

d u c e d  a t  t h e  t u r n  o f  t h e  c e n t u r y .  T he  m a in  r e a s o n  w h y  c o n t in u o u s l y  w e ld e d  

r a i l s  w e re  n o t  i n s t a l l e d  a t  t h i s  e a r l y  s ta g e  w a s  t h e  b e l i e f  t h a t ,  d u e  

t o  t h e  e l i m i n a t i o n  o f  t h e  e x p a n s io n  j o i n t s ,  h ig h  a x i a l  c o m p r e s s io n  f o r c e s  

w o u ld  b u i l d  u p  d u r in g  t h e  h o t  sum m er d a y s  a n d  b u c k le  t h e  t r a c k , .

The  p o s s i b i l i t y  o f  b u c k l in g  o f  j o i n t l e s s  t r a c k s ,  d u e  t o  c o n s t r a in e d  

t h e r m a l  e x p a n s io n s  w as d is c u s s e d ,  a s  e a r l y  a s  1 9 0 2 , b y  A . H a a rm a n n  [ l ] . » ^  • 

H o w e v e r , e x c e p t  f o r  a  fe w  a n a l y t i c a l  a t t e m p t s ,  t h i s  p r o b le m  d i d  n o t  g e t  

t h e  f u l l  a t t e n t i o n  o f  r a i l r o a d  r e s e a r c h  e n g in e e r s  u n t i l  a b o u t  t h i r t y  y e a r s  

l a t e r .  B a s e d  o n  t h e  e x p e r ie n c e  g a in e d  s in c e  th e n ,  w i t h  lo n g e r  r a i l s ,  a n d  

s u p p o r te d  b y  f i n d i n g s  o f  t r a c k  b u c k l in g  t e s t s  a n d  r e s u i t s  o f  r e l a t e d  t r a c k  

a n a ly s e s ,  t h o u s a n d s  o f  m i le s  o f  c o n t in u o u s l y  w e ld e d  r a i l s  w e re  i n s t a l l e d

1) N u m b e rs  i n  b r a c k e t s  r e f e r  t o  r e f e r e n c e s  l i s t e d  a t  t h e  e n d  o f  t h i s  r e p o r t .
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s in c e  W o r ld  W ar I I  i n  t h e  U . S . A .  a n d  a b r o a d .  " H o w e v e r , t h i s  d e v e lo p ­

m e n t  h a s  in c r e a s e d  t h e  o c c u r r e n c e  o f  t r a c k  b u c k l in g  d u e  t o  c o n s t r a in e d  

t h e r m a l  e x p a n s io n s .
E x a m p le s  o f  b u c k le d  t r a c k s ,  j o i n t e d  a s  w e l l  a s  w e ld e d ,  a r e  show n  

i n  F i g .  1 .  I n  1 9 2 7 , A . W o h r l [ 2 ]  r e p o r t e d  t h a t  c a s e s  o f  b u c k l i n g  o f  

c o n v e n t io n a l  t r a c k s  came t o  h i s  a t t e n t i o n ,  a l t h o u g h  h e  c o u ld  n o t  f i n d  

r e f e r e n c e s  t o  i t  i n  t h e  l i t e r a t u r e .  A d e t a i l e d  d e s c r i p t i o n  o f  t h r e e  

d e r a i lm e n t s  c a u s e d  b y  b u c k le d  c 6 n t in u o u s l y  w e ld e d  t r a c k s ,  w h ic h  t o o k  

p la c e  d u r in g  h o t  sum m er d a y s  i n  1 9 6 9  i n  E n g la n d ,  w as p r e s e n t e d  i n  1 9 7 0  

b y  C . F .  R ose [ 3 ] .  D e s c r i p t i o n s  o f  t r a i n  d e r a i lm e n t s  i n  t h e  U . S . , 

c a u s e d  b y  th e r m a l ,  t r a c k  b u c k l i n g ,  a r e  c o n t a in e d  i n  v a r io u s  a c c id e n t  

r e p o r t s  o f  t h e  O f f i c e  o f  S a f e t y - F e d e r a l  R a i l r o a d  A d m i n i s t r a t i o n  (F R A ).

S in c e  t h e  e a r l y  n in e t e e n  t h i r t i e s ,  m any t r a c k  s t a b i l i t y  

a n a l y s e s  a n d  r e s u l t s  o f  t r a c k  b u c k l i n g  t e s t s  w e re  p u b l i s h e d .  I n  s p i t e  

o f  t h i s  e x t e n s iv e  e f f o r t  b y  m any i n v e s t i g a t o r s  a n d  r a i l r o a d  r e s e a r c h  

i n s t i t u t e s ,  t o  d a te  n o  g e n e r a l l y  a c c e p te d  a n a ly s i s  i s  a v a i l a b l e  f o r  

c o m p u t in g  t h e  b u c k l in g  t e m p e r a tu r e  o f  a  r a i l r o a d  t r a c k  ( [ 4 ]  p .  1 0 4 ) .

A c r i t i c a l  s u r v e y  o f  t h e  a n a ly s e s  o f  t h e r m a l  t r a c k  b u c k l i n g  a n d  

o f  r e l a t e d  t e s t s  w as r e c e n t l y  p r e s e n t e d  b y  A .  D . K e r r  [ 5 ] .  T h is  

s u r v e y  r e v e a le d  t h a t  t h e  m a j o r i t y  o f  t h e  p u b l is h e d  c a l c u l a t i o n s  a r e  

n o t  s u i t a b l e  f o r  a n a ly z in g  t h e r m a l  t r a c k  b u c k l i n g  p r o b le m s ,  b e c a u s e  

t h e y  a r e  b a s e d  on  f o r m u la t i o n s  w h ic h  d o  n o t  d e s c r ib e  c o r r e c t l y  t h e  

p h y s i c a l  p r o b le m  u n d e r  c o n s i d e r a t i o n .  T h o s e  fe w  a n a ly s e s  w h ic h  a r e  

c o n c e p t u a l l y  o n  t h e  r i g h t  p a t h ,  e x h i b i t  a n a l y t i c a l  s h o r t c o m in g s  w i t h  

a n  u n kn ow n  e f f e c t  o n  t h e  f i n a l  r e s u l t s .
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( S c h w e iz e r is c h e  B a u z e i t u n g ,  1 9 2 5 )

F IG . 1 BUCKLED RAILROAD TRACKS
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To e l im in a t e  some o f  th e s e  s h o r t c o m in g s ,  i n  1 9 7 6  A . D . K e r r  p r e ­

s e n te d  a n  im p ro v e d ' a n a ly s i s  f o r  t r a c k  b u c k l i n g  in '  t h e  l a t e r a l  p la n e

[ 6 ] .  The m a th e m a t ic a l  l e v e l  o f  t h i s  a n a l y s i s  i s ,  h o w e v e r ,  r e l a t i v e l y  

h i g h .  I n  o r d e r  t o  s i m p l i f y  i t s  u t i l i z a t i o n ,  t h e  f i n a l  r e s u l t s  w e re  

e v a lu a t e d  n u m e r ic a l l y  f o r  a  w id e  r a n g e  o f  t r a c k  p a r a m e te r s  a n d  t h e  

o b t a in e d  r e s u l t s  w e re  p l o t t e d  a s  g r a p h s .  T h e s e  r e s u l t s  a r e  p r e s e n t e d  i n  

S e c t io n  4 o f  t h i s  r e p o r t .

The p u r p o s e  o f  t h e  p r e s e n t  r e p o r t  i s  t o  d is c u s s  t h e  o c c u r r e n c e  o f  

a x i a l  f o r c e s  i n  t h e  r a i l s  d u e  t o  c h a n g e s  i n  r a i l  t e m p e r a tu r e ,  t o  d is c u s s  

t h e r m a l  b u c k l i n g  o f  s t r a i g h t  t r a c k s ,  t o  p r e s e n t  a  s im p le  m e th o d  f o r  

t h e  a n a ly s i s  o f  t h e r m a l  b u c k l i n g ,  a n d  t o  s u m m a riz e  some o f  t h e  m e a s u re s  

d e v e lo p e d  b y  v a r io u s  r a i l r o a d s  f o r  i t s  p r e v e n t io n .
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2 .  THE D IS T R IB U T IO N  OF R A IL  COMPRESSION FORCES 

, CAUSED BY A UNIFORM TEMPERATURE INCREASE ,,,;

As i s  w e l l  k n o w n , w hen a  s t r a i g h t  u n c p n s t r a in e d  r a i l ,  o f  le n g t h  

L  i s  s u b je c t e d  t o  a  u n i f o r m  te m p e r a tu r e  r i s e  TQ , i t s  l e n g t h  in c r e a s e s

by .

AL = a  L  Tq ,  ( 2 . 1 )

w h e re  a i s  t h e  c o e f f i c i e n t  o f  l i n e a r  t h e r m a l  e x p a n s io n .  I f  t h i s  

e lo n g a t i o n  i s  p r e v e n t e d ,  a s  i s  t h e  c a s e  i n  a  lo n g  s t r a i g h t  j o i n t l e s s  

t r a c k ,  a  c o m p r e s s io n  f o r c e

Nfc =  E A a  T0  ( 2 . 2 )

b u i l d s  u p  i n  t h e  r a i l s ,  a s  show n i n  F i g .  2 .  I n  e g .  ( 2 . 2 ) , ,  E i s  Y o u n g 's  

m o d u lu s  o f  t h e  r a i l  m a t e r i a l  a n d  A i s  t h e  c r o s s - s e c t i o n  a r e a  o f  t h e  

tw o  r a i l s  i n  a  t r a c k .

A g r a p h i c a l  p r e s e n t a t io n  o f  t h e  a b o v e  e q u a t i o n ,  f o r  E =  2 .1 x 1 0

k g /c m 2 ( 2 9 . 8 7 x l 0 6 l b / i n 2 ) a n d  a = 1 .1 5 x 1 0  5 1 /C ° ,  i s  show n  i n  F i g .  3 .

F o r  e x a m p le ,  f o r  a  r a i l r o a d  t r a c k  w i t h  132 l b .  r a i l s  a n d  a  u n i f o r m

t e m p e r a tu r e  in c r e a s e  i n  t h e  r a i l s  o f  50°C  ( 9 0 ° F ) , t h e  a x i a l  c o m p re s s io n
1).

f o r c e  in d u c e d  i n  b o t h  r a i l s  i s  P =  202  to n n e s  (2 22  t o n s )  . T h is  f o r c e  

may b e  s u f f i c i e n t  t o  b u c k le  t h e  t r a c k .  N o te  a l s o  t h a t ,  f o r  t h e  same 

t e m p e r a tu r e  in c r e a s e ,  t h e  a x i a l  f o r c e  in d u c e d  i n  a  t r a c k  in c r e a s e s  w i t h  

in c r e a s in g  r a i l  w e ig h t  (b e c a u s e  o f  in c r e a s in g  a r e a  A ) , b u t  t h e  s t r e s s  

r e m a in s  t h e  sam e.

I t  s h o u ld  a l s o  b e  n o te d  t h a t ,  a l t h o u g h  d u r in g  u n i f o r m  h e a t i n g  ( o r  

c o o l in g )  o f  an  i n f i n i t e l y  lo n g  CWR t h e  a x i a l  f o r c e s  i n  t h e  r a i l s  v a r y ,  

t h e  r a i l s  do  not m ove a x i a l l y .

" ^ N o te :  1 , 0 0 0  k g  =  1 t o n n e ;  2 , 0 0 0  l b  = 1 t o n ;  a n d  1 to n n e  = 1 .1 0 2 3  t o n s .
The  te r m  k g  m eans k i lo g r a m  f o r c e .
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F I G . 2 A X IA L  FORCE D IS T R IB U T IO N  IN  THE R A IL S  
OF A  STRAIG HT JO IN T LE S S  TRACK
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F IG .  3 R A IL  TEMPERATURE INCREASE V S . A X IA L  FORCE IN  R A IL S .
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F o r  t h e  u n d e r s t a n d in g  o f ' t r a c k  b u c k l in g  i t  i s  a l s o  n e c e s s a r y  t o  

e s t a b l i s h  t h e  d i s t r i b u t i o n  o f  a x i a l  f o r c e s  i n  a  r a i l  o f  f i n i t e  le n g t h  L ,  

t h a t  i s  p a r t  o f  a t r a c k .  When t h e  ends o f  t h e  r a i l s  a r e  p r e v e n t e d  

f r o m  m o v in g  a x i a l l y ,  t h e  s i t u a t i o n  i s  t h e  sam e a s  w i t h  v e r y  lo n g  r a i l s .  

N a m e ly j  t h e  a x i a l  f o r c e  Nt  i s  c o n s t a n t  t h r o u g h o u t  t h e  t r a c k  s e c t io n  f o r  

a  g iv e n  t e m p e r a tu r e  in c r e a s e ,  a n d  t h e  r a i l s  d o  n o t  m ove a x i a l l y .  N e x t  

c o n s id e r  t h e  c a s e  w hen  t h e  r a i l  ends a r e  n o t  c o n s t r a in e d  a x i a l l y .  I f  

i t  i s  a ssu m e d  t h a t  t h e  a x i a l  r e s is t a n c e  b e tw e e n  t h e  r a i l - t i e  s t r u c t u r e  

a n d  t h e  b a l l a s t  i s  c o n s t a n t ^  , s a y  r Q , th e n  t h e  a x i a l  f o r c e  d i s t r i b u t i o n  

i n  t h e  r a i l s  ( w h ic h  a r e  w e l l  a n c h o re d  t o  t h e  c r o s s - t i e s )  c a u s e d  b y  a 

t e m p e r a tu r e  in c r e a s e  TQ i s  a s  show n i n  F i g .  4 .

T he  e n d  r e g io n s ,  w h e re  t h e  a x i a l  f o r c e  in c r e a s e s  f r o m  z e r o  t o  Nt , 

a r e  r e f e r r e d  t o  i n  t h e  l i t e r a t u r e  a s  t h e  r a i l  " b r e a t h i n g "  r e g io n s .

T he  d i s t r i b u t i o n  o f  t h e  a x i a l  f o r c e s  i n  t h e s e  r e g io n s  i s  d e te r m in e d  

f r o m  t h e  f r e e  b o d y  d ia g r a m  show n i n  F i g .  5 .  E q u i l i b r i u m  o f  f o r c e s  i n  

t h e  a x i a l  d i r e c t i o n  y i e l d s

N ( x )  =  r Qx  , ( 2 . 3 )

T h u s ,  N v a r i e s  l i n e a r l y .  The l e n g t h . o f  t h e  b r e a t h in g  r e g io n  i s  d e t e r ­

m in e d  f r o m  t h e  c o n d i t i o n  t h a t  a t  x = b ,  t h e  a x i a l  f o r c e  i s  N =  Nt . S u b ­

s t i t u t i n g  t h i s  c o n d i t i o n  i n t o  e q . ( 2 . 3 )  y i e l d s

b  = Nt / r Q . ( 2 . 4 )

N o te  t h a t  b  d e p e n d s  o n  r 0  a n d  a l s o  o n  t h e  m a g n i tu d e  o f  Nt , h e n c e  o n  

t h e  t e m p e r a tu r e  in c r e a s e  T0 , a s  i n d i c a t e d  (b y  a  d a s h e d  l i n e )  i n  F i g .  4 .

T j
T e s ts  f o r  t h e  d e t e r m in a t io n  o f  t h e  a x i a l  r e s i s t a n c e  r ,  w i l l  b e  

d e s c r ib e d  i n  S e c t io n  5 .
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F I G . 4 A X IA L  FORCE D IS T R IB U T IO N  IN  A TRACK OF LENGTH L  
(b a s e d  o n  t h e  s i m p l i f y i n g  a s s u m p t io n  r Q =  c o n s t )
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F IG . 5 FREE BODY DIAGRAM FOR THE DETERMINATION OF THE 
A X IA L  FORCE IN  THE "BR EA TH IN G " REGION.
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A s e x a m p le ,  c o n s id e r  a  t r a c k  o f  le n g t h  L  =  8 0 0  m e te r s  ( 2 ,6 2 5  f t )  

w i t h  c o n t in u o u s l y  w e ld e d  132  l b  r a i l s 5. A t  b o t h  e n d s  t h e  t r a c k  

, i s  f r e e  t o ,  e x p a n d  a x i a l l y .  A ssum e t h a t  t h e  r a i l s  a r e  s u b je c t e d  

t o  a  t e m p e r a tu r e  in c r e a s e  T0  =  5 0 °C . As show n  b e f o r e ,  t h e  c o r r e s p o n d ­

in g  a x i a l  c o m p r e s s io n  f o r c e  i s  Nfc =  202  to n n e s  (2 2 2  t o n s ) . W i t h  r Q =

8 0 0  k g /m  (5 3 8  l b / f t ) ,  i t  f o l l o w s  f r o m  e q . ( 2 . 4 ) t h a t  t h e  c o r r e s p o n d in g  

b  i s  252  m e te rs  (8 2 8  f t ) .  T h u s ,  f o r  t h e  p r o b le m  u n d e r  c o n s i d e r a t i o n ,  

t h e  d i s t r i b u t i o n  o f  t h e  a x i a l  f o r c e s  w i l l  b e  a s  show n  i n  F i g .  4 , w i t h  

b  =  252  m e te r s  (8 2 8  f t )  a n d  L *  = 296  m e te rs  (9 7 0  f t ) .

F ro m  F i g .  4 i t  f o l l o w s  t h a t  f o r  a n y  r a i l  l e n g t h  L  l a r g e r  t h a n  2 b ,  

t h e  tavgest a x i a l  f o r c e  t a k e s  p la c e  i n  t h e  L *  r e g io n  a n d  i s  e q u a l  t o  Nt>  

T h e r e f o r e ,  i n  t h e  a b o v e  t r a c k  e x a m p le ,  w h e th e r  t h e  r a i l  l e n g t h  i s  800  

m e te r s  o r  8 ,0 0 0  m e t e r s , t h e  l a r g e s t  a x i a l  c o m p r e s s io n  f o r c e  d u e  t o  

Tq =  50°C  w i l l  b e  t h e  sam e, n a m e ly  Nt  = 202 t o n n e s .  I t  i s  e s s e n t i a l  t o  

r e a l i z e  t h i s  s i t u a t i o n  w hen c o n s id e r in g  t h e  p o s s i b i l i t y  o f  t r a c k  b u c k l i n g  

a n d  w h e n  a s s e s s in g  t h e  n e e d  t o  in c lu d e  e x p a n s io n  j o i n t s  i n  CW  R 's  .

F ro m  F i g .  4 i t  a l s o  f o l l o w s  t h a t ,  i n  o r d e r  t o  l i m i t  t h e  l a r g e s t  

c o m p r e s s io n  f o r c e  i n  a  t r a c k  r a i l ,  f o r  an  a n t i c i p a t e d  t e m p e r a tu r e  i n ­

c r e a s e  Tq , t h e  r a i l  l e n g t h  L  h a s  t o  b e  s m a l le r  t h a n  t h e  c o r r e s p o n d in g  2 b .

I t  s h o u ld  a l s o  b e  n o te d  t h a t  t h e  a x i a l  m o ve m e n ts  c a u s e d  b y  te m p e ra ­

t u r e  v a r i a t i o n s  a r e  c o n f in e d  t o  t h e  " b r e a t h i n g "  r e g io n s .  T h u s ,  t h e  

i n n e r  p a r t  o f  t h e  r a i l  s t r a n d  o f  le n g t h  L  n e i t h e r  e x p a n d s  n o r  c o n t r a c t s . 

I n  t h e  e x a m p le  d is c u s s e d  a b o v e  (To = 5 0 ° C ) , t h e  r a i l  e n d s  w i l l  m ove b y  

t h e  same a m o u n t w h e th e r  t h e  r a i l  le n g t h  i s  8 0 0  o r  8 ,0 0 0  m e te r s  .

T he  c o r r e s p o n d in g  d is p la c e m e n t  o f  e a c h  r a i l  e n d  i s  .

r  b 2 (EAaT ) 2aT bo o o
U =  —------o 2EA 2 2 r  EA ( 2 .5 )

o

w h e re  A i s  a r e a  o f  b o th  r a i l s .  T h u s , f o r  a  t e m p e r a tu r e  in c r e a s e  T  = 2 5 ° C (7 7 ° F )o
t h e  e n d  d is p la c e m e n t  i s  1 . 8 ' cm ( 0 . 7  i n ) .
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3 .  RESULTS OF THERMAL TRACK BUCKLING TESTS

I n  t h e  e a r l y  t r a c k  b u c k l i n g  t e s t s  b y  O . Ammann a n d  C. v .  G ru e n e w a ld t

[ 7 ]  a n d  b y  J .  N em csek  [ 8 ] f h y d r a u l i c  ja c k s  w e re  u t i l i z e d  t o  in d u c e  com ­

p r e s s io n  f o r c e s  i n  t h e  r a i l s  o f  a  t r a c k .  A s  show n  b y  A .  D . K e r r  i n  

R e fe r e n c e s  [ 5 ]  a n d  [ 9 ] ,  t h i s  i s  g e n e r a l l y  n o t  a  s u i t a b l e  m e th o d  f o r  

s im u la t i n g  t h e r m a l  c o m p re s s io n  f o r c e s  ( i n  p a r t i c u l a r  d u r i n g  b u c k l in g )  

a n d  h e n c e  t h e  r e s u l t s  o b t a in e d  i n  [ 7 ]  a n d  [ 8 ]  a r e  o f  q u e s t io n a b le  v a lu e  

f o r  t h e  d e t e r m in a t io n  o f  t r a c k  b u c k l i n g  t e m p e r a tu r e s .

I n  l a t e r  t r a c k  b u c k l in g  t e s t s  ( s in c e  a b o u t  1 9 3 4 ) c o n d u c te d  b y  

v a r io u s  r a i l r o a d s ,  t h e  a x i a l  f o r c e s  w e re  in d u c e d  b y  h e a t i n g  t h e  r a i l s .  

T h e i r  t e s t  s e t - u p s  c o n s is t e d  o f  a  t r a c k  s e c t i o n  w h o s e  m o v e m e n ts  w e re  

c o n s t r a in e d  a t  b o t h  e n d s  b y  tw o  h e a v y  c o n c r e t e  p i e r s  [ 1 0 ,  1 1 ,  1 2 ]  o r  

b y  lo c o m o t iv e s  w h ic h  w e re  p la c e d  o n  b o t h  e n d s  o f  t h e  t e s t  s e c t i o n  

[ 1 3 , 1 4 , 1 5 ] .  i n  a l l  th e s e  t e s t s  t h e  h e a te d  t r a c k  s e c t io n  b u c k le d  

l a t e r a l l y  l i k e  h e a te d  t r a c k s  i n  t h e  f i e l d ,  a s  show n  i n  F i g .  1 .

A s u r v e y  o f  t h e s e  t e s t s  a n d  a  d is c u s s io n  o f  t h e  o b t a in e d  t e s t  r e s u l t s  

i s  p r e s e n te d  i n  R e fe re n c e  [ 5 ] .  T y p i c a l  b u c k l i n g  m odes o b s e rv e d  i n  

t h o s e  t e s t s  a r e  show n  i n  F ig .  6 .  C e r t a in  r e s u l t s  o f  t h e s e  t e s t s ,

n e c e s s a r y  f o r  t h e  u n d e r s t a n d in g  o f  t h e r m a l  t r a c k  b u c k l i n g ,  a r e  d e s c r ib e d

b e lo w .

R e s u l t s  o f  a  s e r ie s  o f  t r a c k  b u c k l i n g  t e s t s  c o n d u c te d  f o r  t h e  

F e d e r a l  G erm an R a ilw a y s  (DB) w e re  r e p o r t e d  b y  F .  B irm a n n  a n d  F .  R aab

[ 1 0 ]  i n  1 9 6 0 . The t e s t  f a c i l i t y  w as l o c a t e d  a t  t h e  T e c h n ic a l  U n i v e r s i t y  

o f  K a r l s r u h e .  T he  t r a c k  s e c t io n  w as 4 6 . 5 0  m e te r s  (1 5 3  f t )  lo n g  a n d  

w as c o n f in e d  a t  b o th  e n d s  b y  r e i n f o r c e d  c o n c r e t e  b lo c k s  ( 6 2 4  to n n e s  e a c h )  

a s  show n i n  F ig .  7 .  The a x i a l  c o m p r e s s io n  f o r c e  i n  t h e  r a i l s  w as in d u c e d  

b y  e l e c t r i c  r e s is t a n c e  h e a t in g .  A t o t a l  o f  21  t e s t s  w e re  c o n d u c te d .
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(b )  N e a r ly  s y m m e t r ic a l  b u c k l in g  mode [ 1 2 ] .

F IG .  6 BUCKLING MODES OBSERVED IN  TESTS
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E lG . 7 THE TRACK BUCKLING FACILITY AT KARLSRUHE [1 0 ]

(a )  K - t y p e  f a s t e n e r (b )  C u t - s p ik e  f a s t e n e r

F IG .  8 R A IL - T IE  FASTENERS USED IN  TEST TRACKS
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T he  w ooden  c r o s s - t i e  t r a c k  K49 (Hh) w a s  u s e d  i n  12  t e s t s .  T h is  t r a c k  

c o n s i s t e d  o-f. S 4  9 r a i l s  a t t a c h e d  t o  w o oden  c r o s s - t i e s  b y  m eans 

o f  K - f a s t e n e r s ,  a s  show n i n  F i g .  8 a .  The t i e  s p a c in g  w as 6 2 . 5  cm 

( 2 1 . 5  i n ) .  To s i m p l i f y  c o m p a r is o n s ,  t h e  e s s e n t i a l  p r o p e r t i e s  o f  t h e  

r a i l s  u s s d a r e  l i s t e d  i n  A p p e n d ix  A. N o te  t h a t  t h e  l a t e r a l  s t i f f n e s s  o f  

t h e  S49 r a i l  ( I  =  3'20 cm^ = 7 . 6 6  i n ^ )  i s  l e s s  th a n  t h e  s t i f f n e s s  o f  t h e  

1 1 5  l b  r a i l .

I n  a l l  t e s t s  [ 1 0 ] ,  t h e  t r a c k  b u c k le d  l a t e r a l l y .  T h e  b u c k l i n g  

m odes e x h i b i t e d  2 ,  3 ,  o r  4 n o t i c e a b le  h a l f - w a v e s . I t  w a s  o b s e rv e d  

t h a t  a  t y p i c a l  h a l f - w a v e  w as a b o u t  5 t o  6 m e te r s  (1 6  t o  20 f t )  lo n g  

a n d  t h e  l a r g e s t  a m p l i t u d e  o f  l a t e r a l  d is p la c e m e n t  w a s  a b o u t  2 5  c e n t i ­

m e te r s  (1 0  i n ) .

F o r  t h e  t w e lv e  t r a c k  t e s t s  w i t h  w o oden  t i e s ,  K 4 9 ( H h ) ,  b u c k l i n g  

t o o k  p la c e  f o r  t e m p e r a tu r e  in c r e a s e s  65 °C  < Tq < 1 4 0  ° C . T h e  m e a s u re d  

a x i a l  c o m p re s s io n  f o r c e s  ( i n  b o t h  r a i l s )  ra n g e d  f r o m  177  t o n n e s  (1 9 5  

t o n s )  t o  340  to n n e s  (3 7 5  t o n s ) .

B irm a n n  a n d  R a a b I1 0 ] o b s e rv e d  t h a t  t h e  s t r a i g h t  t r a c k s ,  w h ic h  d i d  

n o t  e x h i b i t  n o t i c e a b le  im p e r f e c t io n s ,  b u c k le d  a t  m uch h ig h e r  te m p e r a tu r e  

in c r e a s e s  t h a n  t h o s e  t r a c k s  w i t h  n o t i c e a b le  l a t e r a l  im p e r f e c t i o n s .

T h e y  a l s o  o b s e rv e d  t h a t  b u c k l in g  o f  " s t r a i g h t "  t r a c k s  o c c u r r e d  s u d d e n ly # 

w i t h  a  lo u d  b a n g ,  w h e re a s  t h e  im p e r f e c t  t r a c k s  b u c k le d  g r a d u a l l y  a n d  

q u i e t l y .  T h is  r e s p o n s e  c h a r a c t e r i s t i c  i s  v e r y  im p o r t a n t  a n d  h a s  t o  

b e  t a k e n  i n t o  c o n s id e r a t io n  w hen c h o o s in g  t h e  a n a l y t i c a l  f o r m u l a t i o n  

f o r  l a t e r a l  t r a c k  b u c k l in g  [ 6 ] ,  T h is  f e a t u r e  w i l l  b e  d is c u s s e d  

f u r t h e r  i n  S e c t io n  4 .
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B irm a n n  a n d  R aab [ 1 0 ]  a l s o  o b s e r v e d  t h a t  b y  u s in g  d i f f e r e n t  

f a s t e n e r s  i n  some t e s t s ,  t h e  c o r r e s p o n d in g  b u c k l i n g  lo a d  d i f f e r e d  b y  

a s  m uch  a s  25%.

A  v e r y  e x t e n s iv e  s e r i e s  o f  t r a c k  b u c k l i n g  t e s t s  w as c o n d u c te d  a t  

t h e  C e n t r a l  R a i l r o a d  R e s e a rc h  I n s t i t u t e  ( C N I I )  i n  t h e  USSR. A d e s c r i p ­

t i o n  o f  th e s e  t e s t s  a n d  a  d i s c u s s io n  o f  t h e  o b t a in e d  r e s u l t s  i s  c o n t a in e d  

i n  a  b o o k  b y  E . M . B ro m b e rg  [ 1 2 ]  p u b l is h e d  i n  1 9 6 6 . T h e  t e s t  s ta n d  f o r  

s t r a i g h t  t r a c k s  w a s  1 0 0  m e te r s  ( 3 2 8  f t )  lo n g .  T h e  t r a c k  s e c t io n  w as 

m o u n te d  b e tw e e n  tw o  c o n c r e t e  p i e r s .  T he  c o m p r e s s io n  f o r c e  i n  t h e  t r a c k  

w a s  in d u c e d  b y  e l e c t r i c  r e s i s t a n c e  h e a t i n g .

T he  t e s t e d  t r a c k s  c o n s is t e d  o f  j o i n t l e s s  P50 o r  P 65  r a i l s  o n  w o oden  

o r  r e i n f o r c e d  c o n c r e t e  t i e s  u s in g  a  v a r i e t y  o f  f a s t e n e r s .  M any o f  t h e  

t e s t s  w e re  c o n d u c te d  w i t h  w e a k ly  c o m p a c te d  b a l l a s t  i n  o r d e r  t o  s im u la t e  

t h e  c o n d i t o n s  o f  n e w ly  c o n s t r u c t e d  o r  r e n o v a t e d  t r a c k s .  I n  a l l  t e s t s  

t h e  t r a c k s  b u c k le d  i n  t h e  h o r i z o n t a l  p la n e ,  e x h i b i t i n g  3 ,  4 ,  o r  5 h a l f ­

w a v e s  o f  t h e  t y p e  show n  i n  F i g .  6 .

I n  o r d e r  t o  s i m p l i f y  c o m p a r is o n s  w i t h  U. S . t r a c k s ,  t h e  e s s e n t i a l  

p r o p e r t i e s  o f  t h e  t e s t e d  r a i l  s iz e s  a r e  g iv e n  i n  A p p e n d ix  A .  N o te  t h a t  

t h e  P50 r a i l  i s  a b o u t  16% l e s s  s t i f f  l a t e r a l l y  t h a n  t h e  115  l b  r a i l
A  A

( I  = 9 . 0 5  i n  v e r s u s  1 0 . 8  i n  ) a n d  t h a t  t h e  P65 r a i l  i s  s l i g h t l y  le s s  

s t i f f  th a n  t h e  132  l b  r a i l  ( I  =  1 3 . 7  i n ^  v e r s u s  1 4 . 6  i n ^ ) .

D u r in g  t e s t s  i n  w h ic h  t h e  t e m p e r a tu r e  w a s  c o n t in u o u s l y  in c r e a s e d ,

i t  w a s  o b s e rv e d  t h a t  u p  t o  a n  in c r e a s e ,  s a y  T ^ , t h e r e  w e re  n o  n o t i c e a b le

d is p la c e m e n ts .  F o r  Tq > T-ĵ t h e  t r a c k  s t a r t e d  t o  d e fo r m  l a t e r a l l y .  T he

r a te  o f  deform ation increased w ith  in c reas in g  T . A t a tem perature in -o

c r e a s e  T  =  T „ , t h e  t r a c k  b u c k le d .  T he  c o r r e s p o n d in g  lo a d  d is p la c e m e n t  
o *•
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g r a p h  i s  show n i n  F i g .  9 ( a ) .  I t  i s  s i m i l a r  t o  t h e  o n e  o b s e rv e d  b y  

B irm a n n  a n d  R aab t [ l 0 ] ,  F i g .  1 6 ) .

D u r in g  a  n u m b e r o f  t h e s e  t e s t s  i t  was o b s e r v e d  t h a t  w hen  a  t r a c k  

w as h e a te d  b y  a  t e m p e r a tu r e  in c r e a s e  < Tq < T2 , a t  w h ic h  l a t e r a l  d i s ­

p la c e m e n ts  o c c u r r e d ,  a n d  s u b s e q u e n t ly  t h e  r a i l  t e m p e r a tu r e  w a s  lo w e r e d  

t o  Tq < , t h e  l a t e r a l  d is p la c e m e n ts  d i d  n o t  v a n i s h e s  show n  i n  F i g .  9 ( b )  

P o in t i n g  o u t  t h a t  a n  a c t u a l  t r a c k  i s  u s u a l l y  e x p o s e d  d u r in g  t h e  sum m er 

t o  h o t  d a y s  f o l l o w e d  b y  c o o l  n i g h t s ,  B ro m b e rg  s u g g e s te d  t h a t  t h e  r e ­

s u l t i n g  t e m p e r a tu r e  v a r i a t i o n s  (TQ£ T ^ )  may c a u s e  a n  a c c u m u la t io n  o f  

u n d e s i r a b le  permanent l a t e r a l  t r a c k  d e f o r m a t io n s ,  f o r  t e m p e r a tu r e  i n ­

c r e a s e s  w h ic h  d o  n o t  c a u s e  a c t u a l  t r a c k  b u c k l i n g .

C i t i n g  t h e  n e e d  f o r  im p ro v e d  r i d e  q u a l i t y  a n d  f o r  r e d u c e d  t r a c k  

m a in te n a n c e ,  B ro m b e rg  s u g g e s te d  t h a t  t h e  a d m is s ib le  t e m p e r a tu r e  i n ­

c r e a s e  b e  s m a l l e r  t h a n  ( th u s  T ^ ) , a s  a  d e s i r a b le  c r i t e r i o n  f o r  

t h e  d e s ig n  o f  w e ld e d  t r a c k s .  I n  o r d e r  n o t  t o  r e s t r i c t  u n d u ly  t h e  a d ­

m is s i b le  t e m p e r a tu r e  in c r e a s e  T q (b e y o n d  n e u t r a l ) ,  B ro m b e rg  m o d i f i e d  

t h i s  c r i t e r i o n  t o

T < T *  ( 3 . 1 )o 1

w h e re  T *  i s  t h e  t e m p e r a tu r e  in c r e a s e  w h ic h  c a u s e s  a  l a t e r a l  d i s p l a c e -  
1

m e n t o f  0 .2  mm f o r  a  s t r a i g h t  t r a c k  (a s  show n i n  F i g .  9 a ) a n d  0 . 4  mm 

f o r  a  c u r v e d  t r a c k .  F o r  a d d i t i o n a l  com m e n ts  o n  t h i s  a p p ro a c h  t o  t r a c k  

s t a b i l i t y ,  r e f e r  t o  R e fe r e n c e  [ 4 ]  ( P a r t  I I ,  § 3 ) .

O f s p e c i a l  i n t e r e s t  f o r  U . S . t r a c k s  a r e  t h e  t e s t  r e s u l t s  o b t a in e d  

o n  t r a c k  s e c t io n s  w i t h  P50 r a i l s ,  w o oden  t i e s  (1 8 4 0  p e r  km , t h u s  c e n t e r -  

t o - c e n t e r  t i e  s p a c in g  o f  5 4 . 3  cm = 2 1 .4  i n ) ,  a r id  c u t - s p i k e  f a s t e n e r s  

o f  t h e  t y p e  show n  i n  F i g .  8 b .  R e s u l t s  f o r  tw o  o f  t h e s e  t e s t s  a r e  g iv e n  

i n  T a b le  1 .
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''ASS

. TABLE. 1: TEST RESULTS FOR P50 TRACK SECTIONS WITH WOODEN TIES AND
CUT-SPIKE FASTENERS (R ef. [12 ] p . 29) •

According to  R ef. [1 2 ] ,  th e  above re s u lts  f a l l  w ith in  th e  range r e ­

corded in  th e  te s ts  w ith  th e  same tra c k  sec tio n  bu t w ith  K4 fa s te n ers  

(N^ = 150 to  196 tonnes, and N2 = 200 to  240 to n n e s ).

The K4 fa s te n e r (o f the type shown in  F ig . 7a) is  g e n e ra lly  con­

s id ered  to  be a more r ig id  fa s te n e r than th e  c u t-s p ik e  fa s te n e r . There­

fo re ,  one would expect the  bu cklin g  tem peratures to  be h ig h er fo r  th e  

tra c k  w ith  K4 fa s te n e rs . One reason why th is  is  not th e  case fo r  the  

above t e s t  re s u lts  could be th a t  th e  c u t-s p ik e  tra c k  sections  were 

s p e c ia lly  prepared fo r  these te s ts  and were n o t exposed to  :the r o l l in g  

stock p r io r  to  b u ck lin g . As i t  is  w e ll known, moving t r a in s  have 

a tendency to  loosen the  connection between th e  c u t-s p ik e  and th e  t i e s ,  

which r e s u lts  in  a reductio n  o f th e  fa s te n e r r i g i d i t y  a lso  w ith  resp ec t 

to  :th e  v e r t ic a l  a x is . This suggests th a t  fo r  an actua l t ra c k  w ith  

c u t-s p ik e  fa s te n e rs , the  buckling  tem peratures w i l l  be low er than those  

shown in  Table 1 (assuming th a t  the  la t e r a l  re s is ta n c e  o f th e  b a l la s t

and th e  o th e r tra c k  p ro p e rtie s  remain e s s e n t ia lly  unchanged).
0
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For a d d it io n a l te s t  re s u lts  the  reader is  re fe rre d  to  References  

[1 0 -1 5 ]. For a discussion o f some o f these te s t  re s u lts  r e fe r  to  [ 5 ] .

The e f f e c t  o f  t e s t  t r a c k  l e n g t h ,  o n  t h e  o b t a i n e d  r e s u l t s ,  i s  
a n a l y s e d  a n d  d i s c u s s e d  i n  a  r e c e n t  p a p e r  b y  K e r r  [ l 6 ] .
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4 . ANALYSIS OF THERMAL TRACK BUCKLING 

A c r i t i c a l  survey o f the  analyses o f  therm al b u ck lin g  o f  s t r a ig h t  

tra c k s  was presented in  1975 by K err [ 5 ] .  Th is  survey re ve a le d  th a t  

th e  m a jo r ity  o f the  proposed analyses are  co n cep tu a lly  in c o rre c t and

hence unsu ited  fo r  an a lyz in g  therm al tra c k  b u ck lin g  problem s.

One e rro r  made by s ev e ra l authors was th e  assumption th a t  th e  

r a i l r o a d  tra c k  may be represented  by an e la s t ic  beam which is  co n tin u ­

ously  a ttach ed  to  a l in e a r  W in k ler foundation  b e fo re  and d uring  b u c k lin g . 

Another shortcoming was the f a i lu r e  by a number o f authors to  take  in to  

co n s id e ra tio n  th e  drop o f th e  a x ia l  fo rce  in  th e  buckled re g io n .

Those few analyses which a re  conceptu ally  on th e  r ig h t  pa th  e x h ib it  

a n a ly t ic a l  shortcomings w ith  an unknown e f fe c t  on th e  f in a l  r e s u lts .

To e lim in a te  some o f  these shortcomings, in  1976 K err presented  a new 

improved a n a ly s is  fo r  therm al b u ck lin g  o f s t r a ig h t  tra c k s  [ 6 ] .

The developed a n a ly s is  is  based on the  o b serva tio n  th a t  th e  b u ck lin g  

mode o f  a long s tra ig h t  tra c k  takes  p lace  u s u a lly  in  th e  la t e r a l  p lane  

and th a t  i t  co n s is ts  o f  a buckled region which e x h ib its  r e la t iv e ly  la rg e  

l a t e r a l  deform ations and two ad jo in ing  regions which appear to  deform  

o n ly  a x ia l ly ,  as shown in  F ig . 10. In  th e  buckled re g io n , a p a r t  o f  

the  co n stra in ed  therm al expansions is  re le a se d , which re s u lts  in  a 

re d u c tio n  o f th e  a x ia l  fo rc e . In  th e  a d jo in in g  re g io n s , because o f the  

b a l la s t  re s is ta n c e  to  a x ia l  displacem ents o f  the r a i l - t i e  s tru c tu re ,  

th e  co n stra in ed  therm al expansions vary , and so does the  a x ia l  fo rc e .

In  th is  a n a ly s is , th e  r a i l - t i e  s tru c tu re  was rep laced  by an e q u i­

v a le n t beam o f uniform  c ro ss -s e c tio n  c o n s is tin g  o f  th e  two separate  r a i l s  

each deform ing a x ia l ly  and in  bending. This assum ption, which neg lects
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(a )  A x ia l , ,c o m p r e s s io n  f o r c e  b e f o r e  b u c k l i n g

(b ) A x ia l  c o m p r e s s io n  f o r c e  a f t e r  b u c k l i n g
(N o te  t h a t  i n  a n  a c t u a l  t r a c k  a  i s  s e v e r a l  t i m e s  l a r g e r  t h a n  t )

FIG. 10 DISTRIBUTION OF AXIAL COMPRESSION FORCES BEFORE AND AFTER BUCKLING
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th e  to rs io n a l r i g i d i t y  o f  th e  fa s te n e rs , appears ju s t i f i e d  fo r  th e  tra c ks  

c u rre n t ly  used in  the USA. when the  fa s te n e r r i g i d i t y  is  not n e g l ig ib le ,  

th e  re s u lt in g  "safe  tem eprature increase" is  h ig h e r. Thus, th e  correspond­

ing  re s u lts  obta ined  in  Reference [6] are on the  safe s id e .

The la te r a l  resistance  exerted  by the  b a lla s to n  th e  r a i l - t i e  s tru c tu re  

(due to  l a t e r a l  d isplacem ents) co n s is ts  o f the  f r i c t io n  fo rc e s  between th e  

b a l la s t  and th e  bottom surface  and th e  two long sides o f  th e  t i e s ,  as w e ll  as 

o f th e  pressure th e  b a l la s t  e x e rts  a g a in s t th e  f r o n t  surface  o f  th e  t i e s ,  

as shown in  F ig . 1 1 (a ) .  For th e  developed a n a ly s is  i t  was assumed th a t  the  

re s u lt in g  la t e r a l  re s is ta n c e  is  pQ = const (per u n it  len gth , o f  t ra c k  a x is ) . 

The ju s t i f ic a t io n  fo r  th is  assumption is  suggested in  Reference [ l 7 ] .

The a x ia l resistance  exerted  by th e  b a l la s t  on th e  r a i l - t i e  s tru c tu re  

(due to  a x ia l  d isplacem ents) co n s is ts  o f the  re s is ta n c e  between th e  b a l la s t  

and th e  bottom surface  o f th e  t i e s ,  and th e  pressure on th e  v e r t ic a l  t i e  

surfaces exerted  by th e  b a l la s t  in  th e  c r ib s , as shown in  F ig . 1 1 (b ) .  For

th e  developed a n a ly s is  i t  was assumed th a t  th e  re s u lt in g  a x ia l  re s is ta n c e

1)
is  r Q = const (per u n it  len g th  o f  tra c k  a x i s ) .

Furtherm ore, i t  was assumed th a t  both tra c k  r a i l s  a r e >subjected  to  

a uniform  tem perature increase TQ, above in s t a l la t io n  (n e u tra l)  tem peratu re , 

and th a t  p r io r  and during  b u ck lin g  th e  response o f  th e  r a i l - t i e  s tru c tu re

is  e la s t ic .

T y p ic a l e q u ilib r iu m  branches fo r  a p e r fe c t ly  s t r a ig h t  t r a c k ,  based

on th e  above assumptions, a re  shown in  F ig . 12. Note th a t,e a c h  p o in t

on th e  e q u ilib r iu m  branch corresponds to  an e q u ilib r iu m  c o n fig u ra tio n

o f th e  tra c k :  Branch I  corresponds to  the  s tra ig h t  unbuckled e q u ilib r iu m

s ta te s  and branch I I  to  th e  l a t e r a l l y  deformed c o n fig u ra tio n s .

1) The e f f e c t  o f  th is  assumption is  determ ined in  a forthcom ing  
re p o rt "An improved a n a ly s is  fo r  therm al tra c k  b u ck lin g " by 
A. D. K e rr .
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F o r  s u c h  a  TQ, w hen  t h e  t r a c k  i s  p u s h e d  s id e w a y s  a t  a  p o i n t  i t  w i l l  

r e t u r n  t o  i t s  o r i g i n a l  s t r a i g h t  p o s i t i o n  o n c e  t h e  l a t e r a l  lo a d  i s  re m o v e d  

(a s s u m in g  t h a t  t h e  t r a c k  re s p o n s e  i s  e l a s t i c ) . N o te ,  h o w e v e r ,  t h a t  t o  

a  t e m p e r a tu r e  in c r e a s e  TQ > TL  t h e r e  c o r r e s p o n d  t h r e e  s t a t e s  o f  e q u i l i b r i u m :  

T h e  ( s t a b le )  s t r a i g h t  s t a t e  ( T ) ,  t h e  ( u n s t a b le )  c o n f i g u r a t i o n  ( ? )  o n  b r a n c h , 

A L ,  a n d  t h e  ( s t a b le )  c o n f i g u r a t i o n  ( ? )  o n  b r a n c h  LB  [ 9 ] .  T h u s ,  w h en  t h e  

s t r a i g h t  t r a c k  b u c k le s  a t  a  t e m p e r a tu r e  in c r e a s e  Tq > TL , i t  w i l l  m ove 

t o  t h e  l a t e r a l l y  d e fo rm e d  e q u i l i b r i u m  c o n f i g u r a t i o n  ( ? )  o n  b r a n c h  L B . t.„ , 

F ro m  t h e  a b o v e  d i s c u s s io n  i t  m ay b e  c o n c lu d e d  t h a t  a  temperature . . .  . 

increase f o r  a  s t r a i g h t  t r a c k  i s  safe against buckling w hen

Tq  < TL  .  < ( 4 .1 )

B e c a u s e . r a i l r o a d  t r a c k s  a r e  u s u a l l y  n o t  " p e r f e c t l y "  s t r a i g h t , . i t  i s  

n e c e s s a r y  t o  know  t h e  e f f e c t  o f  g e o m e t r ic  im p e r f e c t io n s  o n  t h e , t r a c k  r e r  

s p o n s e .  T he  c o r r e s p o n d in g  e q u i l i b r i u m  b r a n c h e s  [ 9 , 1 7 ]  f o r  r e l a t i v e l y  s m a l l  

l a t e r a l  t r a c k  im p e r f e c t io n s  a r e  show n  s c h e m a t i c a l l y ,  a s  d a s h e d  l i n e s , ,  i n  

F i g .  1 3 .  N o te  t h a t  t h e  TL ~ v a lu e  f o r  e a c h  o f  t h e s e  b r a n c h e s  i s  v e r y  c lo s e  

t o  t h e  T ^ - v a lu e  o f  t h e  p e r f e c t l y  s t r a i g h t  t r a c k .  H e n c e , t h e  c r i t e r i o n  s t a t e d  

i n  ( 4 . 1 ) ,  w i t h  a  T ^ - v a lu e  f o r  a  " s t r a i g h t "  t r a c k ,  i s  a l s o  v a l i d  f o r  a. t r a c k  

w i t h  s m a l l  l a t e r a l  im p e r f e c t io n s .

I t  s h o u ld  be  n o t e d ,  t h a t  w hen t h e  g e o m e t r i c a l l y  im p e r f e c t  r a i l s  . 

a r e  h e a te d  a n d  T0 re a c h e s  t h e  v a lu e  T c r , t h e  t r a c k  w i l l  b u c k le  

s id e w a y s  a n d  w i l l  a d o p t  a n  equilibrium c o n f i g u r a t i o n  o n  b r a n c h  L B . T h e ; 

b u c k l i n g  phenom enon  i t s e l f  i s  dynamic i n  n a t u r e ,  a n d  h e n c e  i s  n o t  i n c lu d e d . i n  

th e s e  g ra p h s  (w h ic h  show  e q u i l i b r i u m  c u r v e s ) . N o te  t h a t  w i t h  in c r e a s in g

im p e r f e c t io n s  T , a n d  h e n c e  v  , d e c r e a s e .  I t  m ay b e  show n  t h a t  t h ec r  ITlclX

e n e rg y  r e le a s e  a ls o  d e c r e a s e s .  T h e s e  f i n d i n g s  a g re e  w i t h  o b s e r v a t io n s  made 

b y  B irm a n n  and  Raab [ l o j , a s  d e s c r ib e d  i n  S e c t io n  3 .

According to  F ig , 1 2 ,.when the track  i s  su b jected  to  a temperature

in crease  Tc  < TL there e x is ts  on ly  the s tra ig h t equ ilibriu m  con fig u ra tion .
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A buckling analysis of a railroad track subjected to thermal com­

pression'forces consists of two parts; (1) the determination of all 

equilibrium states and (2) the inspection of the determined equilibrium 

states to establish which are stable and which are not. The above 

discussion suggests that the safe temperature increase for preventing 

track buckling may be determined solely from.the post-buckling equilibrium 
branches. This’concept was adopted in Reference [6] and is used in the 

following.

To in s u r e  a n  a n l y t i c a l  f o r m u la t i o n  t h a t  i s  m e c h a n ic a l ly  r e a s o n a b le  

a n d  m a t h e m a t i c a l l y  c o n s i s t e n t ,  t h e  equilibrium equations f o r  t h e  r a i l - t i e  

s t r u c t u r e  w e re  d e r i v e d  b y  u t i l i z i n g  t h e  n o n l i n e a r  t h e o r y  o f  e l a s t i c i t y  

a n d  t h e  p r i n c i p l e  o f  v i r t u a l  d is p la c e m e n ts .  To a v o id  t h e  d i f f i c u l t i e s  

e n c o u n te r e d  b y  o t h e r  i n v e s t i g a t o r s ,  w h en  m a tc h in g  t r a c k  r e g io n s  w h ic h  a r e  

g o v e rn e d  b y  d i f f e r e n t  d i f f e r e n t i a l  e q u a t io n s  a n d  w h o s e  m a tc h in g  p o i n t s  

a r e  n o t  f i x e d  a  p r i o r i  a lo n g  t h e  t r a c k  a x i s ,  u s e  w as m ade o f  v a r i a t i o n a l  

c a l c u lu s  f o r  v a r i a b l e  m a tc h in g  p o i n t s  [ 1 8 ] .

T he  t y p i c a l  b u c k l i n g  m odes show n i n  F i g .  6 s u g g e s te d  t h e  a n a ly s i s  o f  

a n t i s y m m e t r i c a l  a n d  s y m m e t r ic a l  b u c k l in g  s h a p e s .  The a n a ly s e s  f o r  t h e  

s h a p e s ,  show n  i n  F i g ,  1 4 ,  a r e  c o n t a in e d  i n  R e fe r e n c e  [ 6 ] .  I n  t h e  f o l l o w i n g  

o n l y  t h e  r e s u l t s  o f  t h e i r  n u m e r ic a l  e v a lu a t i o n  a r e  p r e s e n t e d  a n d  d is c u s s e d .

A s e x a m p le ,  t h e  r e s u l t s  o f  t h e  n u m e r ic a l  e v a lu a t i o n  f o r  a  132  l b

t r a c k  w i t h  r  = 1 0 0 0  kg/ni(.672 ' l b / f t )  a n d  p = 9 0 0  k g /m  (6 0 5  l b / f t )  a r e  show n  o O '

i n  F i g .  1 5 .  T h e  s o l i d  l i n e  c o r re s p o n d s  t o  t h e  a n t i s y m m e t r i c a l  S -s h a p e  

(Mode I I  i n  R e fe r e n c e  1 6 ] ) .  The d a s h e d  l i n e  c o r r e s p o n d s  t o  t h e  s y m m e t r ic a l  

d e f o r m a t io n  s h a p e  (M ode I I I  i n  R e fe re n c e  [ 6 ] ) .  ,
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a) Antisymmetrical mode

F i g .  14 BUCKLED TRACK SHAPES OBTAINED FROM ANALYSIS FOR T = 50°C  (9 0 ° F )o
FOR r  = 1 0 0 0 k g /n i a n d  p = 9 0 0  k g /m .  o '  o
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F IG .  15  E Q U IL IB R IU M  BRANCHES AND CORRESPONDING A X IA L  FORCE CURVES 
OBTAINED FROM AN A LY S IS .
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tempevatuve 'inevease i s  T ^  =  4 3 .5 ° C  ( 7 8 ° F ) . N o te  a l s o  t h a t  i f  t h e  t r a c k
. - ‘ •

s h o u ld  b u c k le  f o r  a  te m p e r a tu r e  . in c r e a s e  T  =  5 0 ° C , t h e n  i t  w i l l  com e t oo
r e s t  a t  t h e  e q u i l i b r i u m  c o n f i g u r a t i o n (3) o n  b r a n c h  LB w i t h  t h e  l a r g e s t

l a t e r a l  d e f l e c t i o n  v  = 3 2  cm ( 1 2 .5  i n ) .  T he  c o r r e s p o n d in g  a x i a l  co rn -m ax

p r e s s io n  f o r c e s  a r e :  I n  t h e  s t r a i g h t  e q u i l i b r i u m  c o n f i g u r a t i o n ( l )  Nt =EActTQ=

202  t o n n e s ,  i n  t h e  stable e q u i l i b r i u m  c o n f i g u r a t i o n (3 ) N =  8 0  t o n n e s ., * ✓ t
T h u s ,  f o r  a r a i l  t e m p e r a tu r e  in c r e a s e  o f  T  =  5 0 ° C , t h e  a x i a l  t r a c k  f o r c eo

d r o p s ,  d u e  t o  b u c k l i n g ,  t o  l e s s  th a n  a  h a l f  o f  i t s  o r i g i n a l  v a l u e .  F o r

T  =  6 0 ° C t h e  t h e r m a l  f o r c e  N. =  242  t o n n e s  d r o p s  t o  65 t o n n e s ;  a b o u t  a

q u a r t e r  o f  i t s  o r i g i n a l  v a lu e .  T h is  f i n d i n g  c o n t r a d i c t s  t h e  a s s e r t io n s

m ade b y  v a r io u s  a u t h o r s  t h a t  t h e  d r o p  o f  t h e  a x i a l  f o r c e  i s  n e g l i g i b l e .

A c c o r d in g  t o  F i g .  1 5 ,  f o r  a  g iv e n  t r a c k ,  a l s o  t h e  m a g n i tu d e  o f  v m ax

d e p e n d s  u p o n  t h e  t e m p e r a tu r e  in c r e a s e  Tq  a t  w h ic h  b u c k l in g  w i l l  t a k e  p la c e .  

To show  t h i s  p o i n t ,  t h e  c o r r e s p o n d in g  v a lu e s  a r e  p r e s e n te d  i n  T a b le  2 .

According to  F ig . 15, fo r  the above track  and the S-shape7the sa fe

TABLE 2 .  DEPENDENCE OF v m ay a n d  Nfc ON TQ , FOR THE 132  l b  TRACK

T . °C 4 3 .5 45 50 60 70 80

v m ax. cm 15  > 22 32 48 63 78

Nt  tp n n e s ,175 181 202 242 282 323
Nt  to n n e s 115 96 80 65 57 52

Nt  % o f  Nfc 66% 53% 40% 27% 20% 16%

O'
N o te  t h a t  v maJc a n d  Nfc d e p e n d  a l s o  o n  t h e  t r a c k  p a r a m e te r s ,  e s p e c i a l l y  t h e  

r e s is t a n c e s  r ^  a n d  pQ.

C o m p a r in g  t h e 'e q u i l i b r i u m  b r a n c h e s  i n  F i g .  1 5 ,  i t . f o l l o w s  t h a t  t h e  TL
v a lu e s ,  f o r  t h e  s y m m e t r ic a l  a n d  a n t i s y m m e t r i c a l  d e f o r m a t io n  m o d e s , a r e  a lm o s t

the same, whereas the v value fo r  the symmetrical mode is  la rger  (about 50%)max
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N o te  a l s o  t h a t ,  f o r  t h e  r a n g e  o f  t e m p e r a tu r e  in c r e a s e s  s h o w n , t h e  d r o p  o f  

t h e  a x i a l  f o r c e  d u e  t o  b u c k l in g  i s  a b o u t  t h e  same f o r  b o t h  m odes  o f  

d e f o r m a t io n .  F o r  e x a m p le ,  f o r  Tq =  5 0 ° C t h e  a x i a l  f o r c e  i n  t h e  s t r a i g h t  

s t a t e  ( a c c o r d in g  t o  F i g .  2 ) i s  N ^ =  202 to n n e s  w h e re a s  t h e  c o r r e s p o n d in g
fO  _
N ^ v a lu e s  f o r  t h e  s t a b le  d e fo rm e d  s t a t e Q )  a r e  a b o u t  8 0  to n n e s  e a c h .

T h e  a n t i s y m m e t r i c a l  a n d  s y m m e t r ic a l  t r a c k  s h a p e s  w h ic h  c o r r e s p o n d  t o  

t h e  te m p e r a tu r e  in c r e a s e  Tq =  50°C  a r e  show n i n  F i g .  1 4 .

I n  o r d e r  t o  e s t a b l i s h  t h e  e f f e c t  o f  rail section a n d  ballast 
condition o n  t h e  p o s t - b u c k l i n g  t r a c k  r e s p o n s e ,  e s p e c i a l l y  o n  t h e  

safe tempevatuve increase T ,, t h e  s o l u t i o n s  p r e s e n te d  i n  R e fe r e n c e  

[ 6 ]  w e re  n u m e r i c a l l y  e v a lu a t e d  f o r  th e  s ta n d a r d  r a i l  s t e e l  c o n s t a n t s

E -  2 .1  x l o 5 k g /c m 2 = 3 x l 0 ? l b / i n 2 , 

a  =  1 .1 5  x l o ' 5 l / c ° ,
( 4 . 2 )

a n d  a  r a n g e  o f  t r a c k  p a r a m e te r s .  The g ra p h s  f o r  t h e  o f t e n  u t i l i z e d  132 l b

r a i l s  a n d  t h e  S -s h a p e  o f  d e f o r m a t io n  a r e  show n i n  F i g .  16  a n d  F i g .  1 7 .

The e f f e c t  o f  r a i l  s i z e  a n d  o f  t h e  t i e - b a l l a s t  r e s is t a n c e s  r  a n d  p ono o
t h e  s a f e  t e m p e r a tu r e  in c r e a s e  T w e re  c a l c u la t e d  a n d  a r e  s u m m a riz e d  i nL
F i g .  1 8 .  • . . . . . .  .... . ,

The graphs in Fig, 18 were obtained for the antisymmetrical S-shape 

of deformation. The corresponding graphs for the symmetrical deformation 

shape were found to be very close to those of the S-shape. Therefore, for 

engineering purposes, the graphs in Fig. 18 may be considered' ,valid for 
both modes of deformation.
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5 .  THE TRACK PARAMETERS NEEDED FOR THE PRESENTED AN ALYSIS

T h e  g r a p h s  i n  F ig s .  14  t o  18  a r e  b a s e d  o n  t h e  E a n d  a  v a lu e s  f o r  

r a i l  s t e e i ,  g i v e n  i n  ( 4 . 2 ) .  The  u s e  o f  t h e s e  g ra p h s  f o r  a n a ly z in g  

t r a c k  b u c k l i n g  r e q u i r e s  a l s o  t h e  k n o w le d g e  o f  t h e  t r a c k  p a r a m e te r s  A ,  I ,  

p0 , r Q . A s  p o in t e d  o u t  i n  t h e  p r e v io u s  s e c t i o n ,  A  a n d  I  a r e  t h e  g e o m e t r ic  

p r o p e r t i e s  o f  t h e  r a i l  c r o s s - s e c t i o n ;  A i s  t h e  c r o s s - s e c t i o n a l  a r e a  o f  b o t h  

r a i l s  a n d  I  =  2 l r  i s  t h e  m om ent o f  i n e r t i a  o f  b o th  r a i l s  w i t h  r e s p e c t  t o  

t h e i r  v e r t i c a l  c o n t r o i d a l  a x e s .  T h e s e  v a lu e s  a r e  l i s t e d  f o r  v a r io u s  r a i l  

t y p e s  a n d  s iz e s  i n  A p p e n d ix  A . . N o te ,  h o w e v e r ,  t h a t  i f  t h e  r a i l s  o f  a  t r a c k  

t o  b e  a n a ly s e d  a r e  e x c e s s i v e l y  w o r n , ' th e n  t h e  l i s t e d  A a n d  I  v a lu e s  h a v e  

t o  b e  r e d u c e d  a c c o r d i n g l y .

T h e  m e a n in g  o f  r Q a n d  p Q w as a l s o  d e f in e d  i n  t h e  p r e v io u s  s e c t io n .

T h e s e  p a r a m e te r s  a r e  d e te r m in e d  b y  m eans o f  f i e l d  a n d / o r  l a b o r a t o r y  t e s t s ,  

i n  w h ic h  a  r i g i d i z e d  t r a c k  p a n e l  i s  m oved  a x i a l l y  o r  l a t e r a l l y  b y  a n  in c r e a s in g  

f o r c e  a n d  t h e n  t h e  c o r r e s p o n d in g  lo a d - d is p la c e m e n t  v a lu e s  a r e  r e c o r d e d ,  a s  

show n i n  F i g .  1 1 .  r Q o r  p Q i s  t h e  r e s i s t a n c e  v a lu e -  f o r  w h ic h  t h e  c o r ­

r e s p o n d in g  c u r v e  l e v e l s  o f f .

When c h o o s in g  t h e  length o f  t h e  t r a c k  t e s t  p a n e l ,  n o t e  t h a t  t h e  r Q , pQ 

v a lu e s  t o  b e  d e te r m in e d  b e  s u c h  t h a t  t h e  a n a l y t i c a l l y  o b t a in e d  v a lu e s  (T L , Nfc, 

v m a x ' e t c - )  b e  a s  c lo s e  a s  p o s s ib le  t o  t h e  a c t u a l  q u a n t i t i e s  i n  t h e  f i e l d .

To a c h ie v e  t h i s  o b j e c t i v e  t h e  le n g t h  o f  t h e  t e s t  p a n e l  h a s  t o  b e  s u f f i c i e n t l y  

lo n g ,  s a y  1 0  m e te r s  (32  f e e t ) .

T he  u s e  o f  o n l y  o n e  t i e ,  f o r  t h e  d e t e r m in a t io n  o f  r Q o r  p- , a p p e a rs  

t o  b e  i n a d m is s i b le .  The  r e a s o n s  a r e  s i m i l a r  t o  t h o s e  p r e s e n t e d  i n  R e fe re n c e  [1 9 ]  

S e c t io n  3 ,  i n  c o n n e c t io n  w i t h  t h e  d e t e r m in a t io n  o f  t h e  t r a c k  m o d u lu s  i n  t h e  

v e r t i c a l  p la n e .  N a m e ly , i n  t e s t s  o f  t h i s  t y p e  o n e  t i e  r e s p o n d s  d i f f e r e n t l y

i n  t h e  b a l l a s t  b a s e  th a n  d o  t h e  c l o s e l y  s p a c e d  t i e s  o f  a lo n g  p a n e l .
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F u r th e r m o r e ,  b e c a u s e  o f  t h e  g r a n u la r  c h a r a c t e r  o f  t h e  b a l l a s t ,  t h e  l o a d in g  

o f  o n e  t i e  a t  d i f f e r e n t  l o c a t i o n s  w i l l , n e c e s s a r i l y , s h o w  a  w id e  s c a t t e r  i n  

t h e  o b t a in e d  d a t a .

D e t a i le d  d e s c r i p t i o n s  o f  t e s t s  a n d  o f  o b t a in e d  t e s t  r e s u l t s  w e re  p r e s e n te d  

b y  B irm a n n  [ 2 0 j ,  [ 2 l ] ,  B irm a n n  a n d  R aab  [ 1 0 ] ,  t h e  P e rm a n e n t Way S o c ie t y  o f  

J a p a n  [ 2 2 ] ,  B a r t l e t t  [ l l ] ,  P ru d 'h o m m e  [ 2 3 ] ,  I .  A .  R e in e r  [ 2 4 ]  a n d  o t h e r s .  A 

s u r v e y  o f  r e s u l t s  o b t a in e d  b y  m any i n v e s t i g a t o r s  w as p r e s e n te d  i n  19 6 5  b y  

J .  W. K la r e n  a n d  J .  C . L o a c h  [ 2 5 ]  ( C h a p te r  3 ) a n d  m o re  r e c e n t l y  b y  P . D o g n e to n  

[ 2 6 ] .  A c c o r d in g  t o  t h e  c o n d u c te d  t e s t s ;

(1 ) The  r e s i s t a n c e  v a lu e s  d e p e n d  u p o n  t h e  t y p e  o f  t i e s  a n d  b a l l a s t ,  a s  w e l l  

a s  u p o n  t h e  t i e  s p a c in g .

(2 )  T he  r e s is t a n c e  v a lu e s  in c r e a s e  w i t h  in c r e a s in g  w e ig h t  o f  t h e  r a i l - t i e  

s t r u c t u r e  ( th e y  a r e  a l s o  h ig h e r  f o r  t h e  v e r t i c a l l y  lo a d e d  t r a c k ) .

(3 ) T he  r e s is t a n c e  v a lu e s  in c r e a s e ,  u p  t o  a  p o i n t ,  w i t h  i n c r e a s in g  to n n a g e  

p a s s e d  o v e r  t h e  t r a c k  (b e c a u s e  o f  b a l l a s t  c o m p a c t io n )

(4 )  T r a c k  r e n o v a t io n  w o rk ,  w h ic h  in v o lv e s  b a l l a s t  d is t u r b a n c e  ( a ls o  b y  s h o v e l  

p a c k in g  o r  t a m p in g ) , r e d u c e s  t h e  r e s i s t a n c e  v a lu e s .

(5 )  The r e s i s t a n c e  v a lu e s  d e p e n d  o n  c l i m a t i c  f a c t o r s ,  s u c h  a s  h u m id i t y  a n d  

t e m p e r a tu r e ,  ( e . g .  f r o z e n  v e r s u s  w e t  b a l l a s t  a n d  s u b g ra d e )

R e s u l t s  o f  t e s t s . ,  w h ic h  d e m o n s t r a te  some o f  t h e  a b o v e  p o i n t s ,  a r e  show n  i n  

F ig u r e s  1 9  a n d  2 0 .

F o r  e x a m p le ,  a c c o r d in g  t o  B irm a n n  [ 2 0 , 2 1 ] ,  d e p e n d in g  o n  t h e  t r a c k  c o n ­

d i t i o n s ,  f o r  a  w o oden  t i e  t r a c k  r Q r a n g e s  f r o m  4 0 0 k g /m  (2 7 0  l b / f t )  t o  1 8 0 0  

k g /m  (1 2 0 0  l b / f t )  a n d  pQ r a n g e s  f r o m  4 0 0  k g /m  (2 7 0  l b / f t )  t o  15 0 0  k g /m  

(1 0 0 0  l b / f t ) .
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6 .  EXAMPLES

The p u rp o s e  o f  t h i s  s e c t i o n  i s  t o  show  how  t h e  g r a p h s  p r e s e n t e d  i n  

S e c t io n  4 c a n  b e  u s e d  f o r  a n a ly z in g  t h e r m a l  t r a c k  b u c k l in g  o f  t a n g e n t  

t r a c k s .

P ro b le m  1 .  For an e x is t in g  tangen t t ra c k , determ ine the range o f  

te m p e ra tu re 'in c re a se s  above n e u tra l w hich w i l l  n o t  

cause b u c k lin g .

To a n a ly z e  t h i s  p r o b le m  f i r s t  d e te r m in e  e x p e r im e n t a l l y  ( o r  e s t im a t e )  

t h e  a n t i c i p a t e d  r e s is t a n c e  v a lu e s  p Q a n d  r Q . F o r  t h e  p r e s e n t  e x a m p le  

assum e t h a t  f o r .  an  u n d is t u r b e d  t r a c k  t h e s e  v a lu e s  w e re  fo u n d  t o  b e  

r Q =  1 0 0 0  k g /m  (672  l b / f t )  

p0. =  12.00 k g /m . (8 0 0  l b / f t )

T h e n , a c c o r d in g  t o  F ig .  1 8 ,  f o r  a  t r a c k  w i t h  132 l b  r a i l s  a  s a fe  te m p e r ­

a t u r e  in c r e a s e  i s  T ^  = 4 8 .5 0 ° C  = 8 7 .5 ° F .

When u t i l i z i n g  t h e  a b o v e  r e s u l t ,  i t  s h o u ld  b e  n o te d  t h a t  Tt =  4 8 .5 ° C; , 1j
i s  n o t t h e  t e m p e r a tu r e  in c r e a s e  a t  w h ic h  t h e  a b o v e  t r a c k  w i l l  u s u a l l y  

b u c k le  o u t ,  b u t  r a t h e r  t h e  v a lu e  w h ic h  d e f in e s  a  r a n g e  o f  s a fe  te m p e r a tu r e  

in c r e a s e s .  I n  o t h e r  w o rd s ,  a s  lo n g  a s  TQ < TL  t h e  t a n g e n t  t r a c k  u n d e r  

c o n s id e r a t io n  i s  s a fe  a g a in s t  l a t e r a l  b u c k l i n g .  T he  t e m p e r a tu r e  in c r e a s e  

w h ic h  c a u s e s  b u c k l in g  i s  u s u a l l y  h i g h e r  th a n  TL . As d is c u s s e d  i n  S e c t io n  

4 ,  i t  d e p e n d s  o n  g e o m e t r ic  im p e r f e c t io n s  (a n d  d y n a m ic  i n p u t s ) ; n a m e ly ,  t h e  

l a r g e r  t h e  im p e r f e c t io n s  t h e  s m a l l e r  t h e  t e m p e r a tu r e  in c r e a s e  w h ic h  c a u s e s  

b u c k l i n g .  I n  t h i s  c o n n e c t io n  n o t e  t h a t ,  a c c o r d in g  t o  t h e  t e s t  r e s u l t s  

p r e s e n te d  i n  S e c t io n  3 ,  t h e  t e m p e r a tu r e  in c r e a s e s  a t  w h ic h  t h e  e q u iv a le n t  

t e s t  t r a c k s  b u c k le d  o u t  w e re  l a r g e r  t h a n  4 8 .5 ° C .

3 6



W hen a n a l y z i n g  t r a c k s ,  i t  s h o u l d  a l s o  b e  t a k e n  i n t o  c o n s i d e r a t i o n

t h a t »  a c c o r d in g  t o  f i e l d  o b s e r v a t io n s ,  h e a te d  t r a c k s ,  h a v e  a  te n d e n c y  t o  

b u c k le  s h o r t l y  a f t e r  c o m p le t io n  o f  t r a c k  m a in te n a n c e  w o rk ,  w h ic h  in v o lv e d

b a l l a s t  d i s t u r b a n c e .  The  m a in  re a s o n  f o r  t h i s  i s  t h e  r e s u l t i n g  r e ­

d u c t io n  o f  t h e  b a l l a s t  r e s is t a n c e  v a lu e s  r_. a n d  p , a s  d e s c r ib e d  i no 'o
S e c t io n  5 . I n  o r d e r  t o  d e te r m in e  t h e  c o r r e s p o n d in g  - T t e m p e r a tu r e ,  t h eJj '•

/

r e d u c e d  v a lu e s  o f  r Q a n d  p Q h a v e  t o  b e  u s e d .  A s s u m in g  t h a t  t h e  e x p e r i ­

m e n t a l l y  d e te r m in e d  v a lu e s ,  f o r  a  f r e s h l y  ta m p e d  t r a c k ,  a r e

r Q = 5 0 0  k g /m ;  p Q = 600  k g /m  '

t h e n ,  a c c o r d in g  t o  F i g .  1 8 ,  TL  =  3 3 . 5 ° C (6 0 ° F ) . T h u s , a  d r o p  o f  15°C  

( a b o u t  a  t h i r d  o f  4 8 .5 ° C ) .

N e x t  c o n s id e r  t h e  c a s e  w hen t h e  r e p a i r  w o rk  i s  l o c a l ,  e x t e n d in g  f o r  e x a m p le  

o v e r  o n l y  15 m e te r s  ( a b o u t  50 f t )  o f  t h e  t r a c k .  I t  i s  r e a s o n a b le  t o  e x -  * 

p e c t  t h a t  i f  t h e  h e a te d  t r a c k  w i l l  b u c k le  o u t  l a t e r a l l y ,  i t  w i l l  d o  s o  i n  

t h i s  r e g io n .  F o r  t h e  c o r r e s p o n d in g  a n a ly s i s  o n l y  t h e  l a t e r a l  r e s is t a n c e  

PQ i s  r e d u c e d ,  s in c e  a c c o r d in g  t o  t h e  made a s s u m p t io n s  t h e  m a in  e f f e c t  

o f  t h e  a x i a l  r e s i s t a n c e  r ^  i s  i n  t h e  r a t h e r  lo n g  a d j o i n i n g  r e g io n s ,  a n d  

t h e y  a r e  n o t  a f f e c t e d  b y  t h e  r e p a i r  w o rk .  A s s u m in g  t h a t  f o r  t h i s  c a s e

r Q= 1 0 0 0  k g /m  ; p Q = 600  k g /m

t h e  g r a p h s  i n  F i g .  18  y i e l d  TL  = 37 °C . T h u s , a  d r o p  o f  o n l y  1 1 .5 ° C .

T he  a b o v e  n u m e r ic a l  e x a m p le s ,  i n  a d d i t i o n  t o  s h o w in g  how  e a s i l y  TL 

m ay b e  d e te r m in e d  b y  u s in g  F i g .  1 8 ,  a l s o  d e m o n s t r a te  t h e  e f f e c t  o f  t r a c k  

m a in te n a n c e  w o rk  o n  t h e  s a fe  t e m p e r a tu r e  in c r e a s e .
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P ro b le m  2 . For a tangent track,determine the installation (neutral) 
temperature in order to prevent track buckling by tem­

perature increases and rail breaks by temperature drops.

The i n s t a l l a t i o n  t e m p e r a tu r e  o f  a j o i n t l e s s  t r a c k  d e p e n d s  o n  t h e  

te m p e r a tu r e  v a r i a t i o n s  i n  t h e  t e r r i t o r y  t h e  r a i l s  a r e  t o  b e  l a i d .

A m e th o d  f o r  c h o o s in g  t h e  i n s t a l l a t i o n  t e m p e r a tu r e  i s  show n i n  F i g .  2 1 .

I n  t h i s  p r o c e d u r e ,  f i r s t  d e te r m in e  f r o m  l o c a l  r e c o r d s  t h e  h ig h e s t  a n d  t h e  

lo w e s t  a m b ie n t  t e m p e r a tu r e s  w h ic h  o c c u r r e d  i n  t h e  p a r t i c u l a r  t e r r i t o r y  

d u r in g  t h e  p a s t  s e v e r a l  d e c a d e s .  T h e n , in t r o d u c e  on  a te m p e r a tu r e  s c a le  

t h e  h ig h e s t  t e m p e r a tu r e  e x p e c te d  i n  t h e  r a i l s  (=  h i g h e s t  r e c o r d e d  a m b ie n t  

t e m p e r a tu r e  i n  r e g io n  + t e m p e r a tu r e  in c r e a s e  i n  r a i l s  a b o v e  a m b ie n t )  a n d  

t h e  lo w e s t  t e m p e r a tu r e  e x p e c te d  i n  t h e  r a i l s  (= lo w e s t  r e c o r d e d  a m b ie n t  

t e m p e r a t u r e ) .  N e x t ,  i n t r o d u c e  on  t h e  t e m p e r a tu r e  s c a le  t h e  T i n t e r v a lLi
d e te r m in e d  a n a l y t i c a l l y  ( f o r  t h e  t r a c k  u n d e r  c o n s id e r a t io n )  a n d  t h e n  a 

T f  i n t e r v a l ,  a s  show n i n  F i g .  2 1 ( a ) .  The o v e r la p  r e g io n  o f  t h e  TL a n d  

Tf i n t e r v a l s  i s  t h e  ra n g e  o f  s a fe  i n s t a l l a t i o n  t e m p e r a tu r e s .

The T f  v a lu e  i s  t h e  safe temperature drop w h ic h  w i l l  n o t  c a u s e  r a i l  

b r e a k s  d u r in g  t h e  lo w  w i n t e r  t e m p e r a tu r e s .  T h is  v a lu e  d e p e n d s  o n  t h e  

m e t a l l u r g y  o f  t h e  r a i l s  a nd  o f  t h e  w e ld s ,  t a k in g  i n t o  c o n s id e r a t io n  

a ls o  t h e i r  f a t i g u e  s t r e n g t h  a t  lo w  t e m p e r a tu r e s .  F o r  a m e th o d  t o  d e t e r ­

m in e  th e  T ^  v a lu e ,  u s e d  i n  t h e  USSR, r e f e r  t o  [ 2 7 ] .

As a n u m e r ic a l  e x a m p le ,  c o n s id e r  a t e r r i t o r y  w h e re  t h e  h ig h e s t  a n d  

t h e  lo w e s t  r e c o r d e d  a m b ie n t  t e m p e r a tu r e s  a r e  + 1 1 0 ° F  a n d  - 3 0 ° F ,  r e s p e c t i v e l y .  

T h e n , t h e  h ig h e s t  t e m p e r a tu r e  e x p e c te d  i n  t h e  r a i l s  i s  1 1 0 ° + 3 5 o= 1 4 5 ° F , 

w h e re  35°F  i s  t h e  assum ed  in c r e a s e  o f  r a i l  t e m p e r a tu r e  a b o v e  a m b ie n t .

The lo w e s t  te m p e r a tu r e  e x p e c te d  i n  t h e  r a i l s  i s  - 3 0 ° F .  I f  f o r  a 132 l b
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t r a c k  t h e  a n a ly s i s  y i e l d s  =  6 5 ° F a n d  t h e  T f  v a lu e  w as f o u n d  t o  b e  . . 

1 2 0 ° F , t h e n ,  a c c o r d in g  t o  F i g .  2 1 ( b ) ,  t h e  r a i l  i n s t a l l a t i o n  t e m p e r a tu r e  

s h o u ld  b e  c h o s e n  f r o m  t h e  r a n g e  o f  8 0 °  t o  9 0 ° F .

When t h e  TL  a n d  T f  i n t e r v a l s  d o  n o t  o v e r la p ,  t h e  s i t u a t i o n  i s  m oire 

c o m p l ic a t e d .  T h is  may o c c u r  i n  t h e  p r o b le m  d is c u s s e d  a b o v e  w h e n , f o r  

e x a m p le ,  t h e  lo w e s t  r e c o r d e d  t e m p e r a tu r e  i s  - 5 0 ° F  a n d  T f  =  9 0 ° F ,  a s  

s h o w n  i n  F i g .  2 2 ( a ) .

One w a y  t o  p r o c e e d  i n  t h i s  s i t u a t i o n , ,  e s p e c ia l l y  i n  s i g n a l  t e r r i t o r y ,  

i s  t o  i n s t a l l  t h e  r a i l s  a t  8 0 ° F  i n  o r d e r  t o  p r e v e n t  t h e  o c c u r r e n c e  o f  

t r a c k  b u c k l i n g ,  r e l y i n g  o n  t h e  s i g n a l l i n g  S y s te m  t o  d e t e c t  r a i l  b r e a k s .

A n o th e r  a p p ro a c h ,  u t i l i z e d  i n  t h e  USSR [ 2 7 ] ,  i s  show n i n  F i g .  2 2 ( b ) .  

T h is  s y s te m  r e q u i r e s  tw o  t e m p e r a tu r e  a d ju s tm e n ts  p e r  y e a r ;  o n e  i n  th e .  

s p r in g  a n d  t h e  o t h e r  i n  t h e  f a l l .  N o te  t h a t  i n  F i g .  2 2 ( b )  i t  w as assum ed  

t h a t  a r a n g e  o f  i n s t a l l a t i o n  t e m p e r a tu r e s  i s  1 0 ° F . T h e re fo r e ^  t h e  show n 

te m p e r a tu r e  schem e i s  s a fe  i f  a f t e r  t h e  s p r in g  a d ju s t m e n t  t h e  r a i l  te m ­

p e r a t u r e  d o e s  n o t  d r o p  b e lo w  0 ° F, a n d  a f t e r  t h e  f a l l  a d ju s t m e n t  t h e  r a i l  

d o e s  n o t  e x c e e d  9 5 ° F .
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7 . MEASURES FOR PREVENTING THERMAL BUCKLING OF TANGENT TRACKS

From the discussion presented  in  the previous sections i t  

may be concluded th a t  in  order to  reduce the p o s s ib i l i t y  o f  tra c k  

buckling

( I )  t h e  t r a c k  c o m p r e s s io n  f o r c e  s h o u ld  b e  a s  s m a l l  a s  

p o s s ib le  ( w i t h o u t  c a u s in g  r a i l  b r e a k s  d u r in g  t h e  w i n t e r ) , a n d

( I I )  t h e  r i g i d i t y  o f  t h e . t r a c k  s t r u c t u r e  ( w h ic h  c o n s i s t s

o f  t h e  r a i l - t i e  s t r u c t u r e  a n d  t h e  b a l l a s t )  s h o u ld  b e  a s  h ig h  a s  p o s s i b l e .

A im  ( I )  may b e  a c h ie v e d  b y  i n s t a l l i n g  a n d  m a in t a i n in g  t h e  r a i l s  

a t '  a  n e u t r a l  t e m p e r a tu r e ,  a s  d e te r m in e d  p r e v i o u s l y  i n  P ro b le m  2 .  T h is  • 

m e th o d  f o r  d e t e r m in in g  t h e  t e m p e r a tu r e ,  u t i l i z e d  b y  t h e  r a i l r o a d s  o f  

t h e  USSR [ 2 7 ] ,  a p p e a rs  t o  b e  m o re  a p p r o p r i a t e  th a n  t h e  m e th o d  u s e d  b y  

v a r io u s '  E u ro p e a n  r a i l r o a d s  w h ic h  s t i p u l a t e  " t h a t  t h e  r a i l s  s h o u ld  b e  

f r e e  f r o m  s t r e s s  w i t h i n  te m p e r a tu r e  l i m i t s  n e a r  t h e  mean o f  t h e  

e x t re m e s  e x p e r ie n c e d "  ( [ 2 5 ] ,  p . 1 7  a n d  F i g .  1 ) .

A n o th e r  m e a s u re  f o r  a c h ie v in g  a im  ( I )  i s  t o  r e d u c e  t h e  h ig h  

r a i l  t e m p e r a tu r e s  b y  p a i n t i n g  t h e  r a i l s  w h i t e .  A c c o r d in g  t h e  K la r e n  

a n d  L o a c h  ( [ 2 5 ]  p .6 0 )  t e s t s  w e re  c o n d u c te d  i n  H o l la n d  i n  w h ic h  t h e  

te m p e r a tu r e s  o f  w h ite w a s h e d  a n d  r e g u l a r  r a i l s  i n  s e r v i c e  w e re  c o m p a re d .

I t  w as fo u n d  t h a t  o n  a  h o t  s u n n y  d a y  t h e  t e m p e r a tu r e s  o f  t h e  w h ite w a s h e d  

r a i l s  w e re  5 °  t o  7 ° C (9 °  t o  1 2 .5 ° F )  lo w e r  t h a n  th o s e  o f  t h e  u n p a in t e d  

r a i l s .  A l t h o u g h ,  p r e s e n t l y ,  t h e  p a i n t i n g  o f  r a i l s  d o e s  n o t  a p p e a r  t o  

b e  p r a c t i c a l ,  t h i s  a p p ro a c h  m ay b e  u s e f u l l  i n  s p e c ia l  s i t u a t i o n s .

Aim (ii)m a y  be achieved by in c re a s in g  the  r i g i d i t y  o f  the  

r a i l - t i e  s tru c tu re  and by in c re a s in g  the  b a l la s t  res is tan ces  r  and pQ.

To increase the  r ig id i t y  o f  th e  r a i l - t i e  s tru c tu re , many ra ilro a d s  

abroad a re  using s t i f f e r  fa s te n e rs , such as th e  K -type and th e  sp rin g  

c l ip  fa s te n e rs . To achieve a h igh  r Q v a lu e , th e  c r ib  between th e  t ie s
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h a v e  t o  b e  f i l l e d  w i t h  w e l l  c o m p a c te d  b a l l a s t .  A ls o  h e a v ie r  ( c o n c r e te )  a n d  

d e e p e r  t i e s  in c r e a s e  t h e  a x i a l  t r a c k  r e s is t a n c e  r Q . H ig h e r  v a lu e s  m ay 

b e  a c h ie v e d  b y  i n c r e a s in g  t h e  b a l l a s t  s h o u ld e r  w i d t h ,  b y  r a i s i n g  t h e  b a l l a s t  

s h o u ld e r ,  b y  in c r e a s in g  t i e  w e ig h t  a n d  c r o s s  s e c t i o n a l  a r e a ,  b y  u s in g  s a f e t y  

c a p s  ( w h ic h  in c r e a s e  t h e  t i e  a r e a  l a t e r a l l y )  a s  show n  i n  F i g .  2 3 ,  a n d  b y  com ­

p a c t i n g  t h e  b a l l a s t .  T e s t  r e s u l t s  w h ic h  d e m o n s t r a te  t h e  e f f e c t  o f  th e s e  

m e a s u re s  o n  w e re  p r e s e n t e d  b y  D o g n e to n  { 2 6 ] .

To p r e v e n t  t r a c k  b u c k l i n g ,  m any r a i l r o a d s  a b r o a d  f o u n d  i t  n e c e s s a r y  

t o  in c r e a s e  t h e  w id t h  o f  t h e  b a l l a s t  s h o u ld e r .  F o r  e x a m p le ,  f o r  t a n g e n t  

t r a c k s ,  t h e  DB a n d  t h e  r a i l r o a d s  o f  t h e  USSR in c r e a s e d  t h e  w id t h  t o  35cm 

(1 4  i n c h e s ) . The s ta n d a r d  p r a c t i c e  o n  US r a i l r o a d s  i s  t o  u s e  a  s h o u ld e r  

w id t h  o f  6 in c h e s  [ 2 8 ] ,  P r e s e n t l y ,  i t  a p p e a rs  t h a t  t h e  m o s t  e c o n o m ic a l a n d  

s im p le s t  w a y  t o  r e d u c e  t h e  o c c u ra n c e  o f  t r a c k  b u c k l i n g  o n  US t r a c k  i s  t o  

in c r e a s e  t h e  s h o u ld e r  w i d t h ,  s a y  t o  15 in c h e s  o n  t a n g e n t  t r a c k s .  I t  i s  

r e a s o n a b le  t o  e x p e c t  t h a t  t h i s  in c r e a s e d  s h o u ld e r  w id t h  w i l l  a l s o  r e d u c e  t r a c k  

d e g r a d a t io n ,  a n d  t h u s  m a in te n a n c e .

T r a c k  m a in te n a n c e  p r a t i c e s  s h o u ld  be  s u c h  a s  n o t  t o  v i o l a t e  t h e  a im s  

l i s t e d  i n  ( I )  a n d  ( I I ) . F o r  e x a m p le ,  t h e y  s h o u ld  n o t  a f f e c t  t h e  e f f e c t i v e  

n e u t r a l  t e m p e r a tu r e  o f  t h e  r a i l s ,  n o r  s h o u ld  t h e y  lo w e r  t h e  b a l l a s t  r e s is t a n c e s  

e x c e s s iv e l y ,  d u r in g  o r  b e f o r e  p e r io d s  o f  la r g e  t e m p e r a tu r e  in c r e a s e s .  I n  

t h i s  c o n n e c t io n  n o te  t h a t  some r a i l r o a d s  ( f o r  e x a m p le ,  t h e  SNCF) do  n o t  

s c h e d u le  t r a c k  r e n o v a t io n  w o rk  d u r in g  t h e  sum mer m o n th s  w h e re a s  o t h e r s  ( f o r  

e x a m p le ,  t h e  DB) a l l o w  i t  o n l y  f o r  s m a l l  s p e c i f i e d  t e m p e r a tu r e  in c r e a s e s  a b o v e  

n e u t r a l .  I t  a p p e a rs  t h a t  r e n o v a t io n  o f  a  t r a c k  i s  a d m is s ib le  w h en  t h e  h ig h e s t  

e x p e c te d  r a i l  t e m p e r a tu r e  in c r e a s e ,  a b o v e  n e u t r a l ,  i s  lo w e r  th a n  T ,

■ ^The  o p t im a l  w id t h  o f  t h e  b a l l a s t  s h o u ld e r ,  f o r  p r e v e n t i n g  t r a c k  b u c k l in g  
a n d  r e d u c in g  t r a c k  m a in te n a n c e ,  s h o u ld  be  d e te r m in e d  f r o m  t e s t s .
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APPENDIX A: RAIL PROPERTIES

Rail
type

Weight Area

Moment of 
with respe 
centroid a

horizontal

inertia 
ct to 
xis
vertical

Distance 
of centroid 
from base

Height
of

rail

kg/m
(lb/yd)

cm2
(in2)

cm^
(in4)

4cm
(in)

cm
(in)

cm
(in)

100 RE
50.35
(101.5)

64.19
(9.95)

’ 2040 
(49.0)

• 6.98
(2.75)

15.2
(5.98)

115 RE
56.89
(114.7)

72.58
(11.25)

2,731
(65.6)

450
(10.8)

7.57
(2.98)

15.2
(5.98)

119 RE
58.93
(118.8)

75.16
(11.65)

2,972
(71.4)

454
(10.9)

7.92
(3.12)

15.2
(5.98)

132 RE
65.53
(132.1)

83.55
.(12.95)

3,671
(88.2)

607
(14.6)

8.12
(3.20)

17.8
(7.01)

136 RE
67.56
(136.2)

86.12
(13.35)

3,950 
. (94.9)

612
(14.7)

8.51
(3.35)

17.8
(7.01)

140 RE
69.75
(140.6)

89.03
(13.8)

4,029
(96.8)

616
(14.8)

8.56
(3.37)

17.8
(7.01)

P 50
51.5l’ 
(103.83)

65.8
(10.20)

2,037
(48.94)

377
(9.05)

7.09
(2.79)

15.2
(5.98)

P 65
64.93
(130.89)

82.8
(12.83)

3,573
(85.84)

572
(13.74)

8.17
(3.22)

18.0
(7.09)

P 75
75.1
(151.39)

95.8
(14.85)

4,597
(110.44)

771
(18.52)

8.41
(3.31)

19.2
(7.56)

49.43 62.97 1,819 320 7.29 14.9
S 49, (99.65), (9.76) (43.70) (7.69) (2.87) (5.87)

S 54
54.54
(109.95)

69.48
(10.77)

2,073
(49.80)

359
(8.63)

7.50
(2.95)

15.4
(6.06)

S 64
64.70
(130.42)

82.70
(12.82)

3,252
(78.13)

604
(14.51)

8.06
(3.17)

17.2
(6.77)

UIC 54
54.40

(109.66)
69.34
(10.74)

2,346
(56.36)

418
(10.04)

7.49
(2.95)

15.9
(6.26)

UIC 60 60.34
(121.64)

76.86
(11.91)

3,055
(73.40)

513
(12.32)

8.09
(3.19)

17.2
(6.77)

(The P50, P65, and P75 data are those of 1961)
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APPENDIX B .:

REPORT OF INVENTIONS

The work involved the presentation of an improved analysis for 

predicting the safe temperature increase in the continuously welded rails 

of a railroad track, in order to prevent thermal track buckling, and a 

discussion of preventive measures. After a review of the work performed 

under this phase of the contract, it was determined that no discovery, or 

invention has been made, however the work did result in a better under­

standing of the determination of safe installation temperatures for 

continuously welded rail.

*  U.S. GOVERNMENT PRINTING OFFICE, 1979 -622-564 /549
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