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A b s t r a c t  
 

O n  t h e  b a s i s  o f  a u t o m a t e d  f l a w  d e t e c t i o n  o f  r a i l s ,  t h e  b a s i c  d e p e n d e n c i e s  
d e s c r i b i n g  l o c a l i s a t i o n  a n d  d i m e n s i o n s  o f  o b j e c t ’ s  i n n e r  d e f e c t s  t r a c e d  
w i t h  u l t r a s o n i c  p u l s e -e c h o  m e t h o d  h a v e  b e e n  g i v e n  i n  t h e  p a p e r .  T h e  
f o r m u l a s  f o r  s y s t e m a t i c  e r r o r s  a n d  l i m i t i n g  e r r o r s  e s t i m a t i n g  m e a s u r e m e n t  
a c c u r a c y  h a v e  b e e n  d e t e r m i n e d .  T h e  i n v e s t i g a t i o n  h a s  b e e n  i l l u s t r a t e d  w i t h  
r e s u l t s  o b t a i n e d  b y  n u m e r i c a l  s i m u l a t i o n  a n d  w i t h  e x p e r i m e n t a l  t e s t  r e s u l t s  
a c q u i r e d  f r o m  f l a w  d e t e c t i o n  v e h i c l e  t r a c k  t e s t i n g .  
 
K e y w o r d s :  m e a s u r e m e n t  e r r o r s ,  u l t r a s o n i c  f l a w  d e t e c t i o n ,  r a i l w a y  r a i l .  
 
D ok ł a d n oś ć  z a u tom a ty z ow a n y c h  p om ia ró w  
w a d  w  s z y n a c h  k ol e j ow y c h  m e tod ą  
u l tra d ź w ię k ow ą  – w y b ra n e  z a g a d n ie n ia  

 
S t r e s z c z e n i e  

 
Po d a n o  p o d s t a w o w e  z a l e ż n o ś c i  o p i s u j ą c e  p o ł o ż e n i e  i  w y m i a r y  
w e w n ę t r z n y c h  w a d  o b i e k t u  b a d a n y c h  u l t r a d ź w i ę k o w ą  m e t o d ą  e c h a  n a  
p r z y k ł a d z i e  z a u t o m a t y z o w a n e j  d e f e k t o s k o p i i  s z y n  k o l e j o w y c h .  
W y z n a c z o n o  w z o r y  d l a  b ł ę d ó w  s y s t e m a t y c z n y c h  i  b ł ę d ó w  g r a n i c z n y c h  
j a k o  m i a r  d o k ł a d n o ś c i  t y c h  p o m i a r ó w .  R o z w a ż a n i a  p o p a r t o  w y n i k a m i  
o t r z y m a n y m i  z  s y m u l a c j i  k o m p u t e r o w e j  o r a z  z  b a d a ń  t o r u  k o l e j o w e g o  
w a g o n e m  p o m i a r o w y m .  
 
S ł o w a  k l u c z o w e :  b ł ę d y  p o m i a r o w e ,  d e f e k t o s k o p i a  u l t r a d ź w i ę k o w a ,  s z y n a  
k o l e j o w a .  
 
1 .  In trod u c tion  
 

T h e t ec h n i c a l  c on d i t i on  a ssessm en t  of  ra i l s i n  t h e ra i l w a y  t ra c k  
i s b a sed  on  t h e a ut om a t ed  f l a w  d et ec t i on  t est i n g . S p ec i a l i sed  
eq ui p m en t  i n c l ud i n g  ul t ra son i c  d ev i c es i s used  i n  t h e t est s. T h e 
eq ui p m en t  i s p l a c ed  ei t h er i n  f l a w  d et ec t i on  v eh i c l e or i n  t h e  
g o-d ev i l  [ 2 , 4  a n d  6 ]. T h e p osi t i on  a n d  c on t ours of  i n n er f l a w s a re 
d et erm i n ed  w i t h  t h e h el p  of  i n t eg ra t ed  p rob e set s, w h i c h  a re 
m ov ed  a l on g  t h e ra i l  h ea d  surf a c e. T h e ob t a i n ed  resul t s sh oul d  b e 
c red i b l e, si n c e t h ey  a re used  t o c l a ssi f y  t h e d ef ec t s.    

T h eref ore i t  i s n ec essa ry  t o a ssess t h e a c c ura c y  of  p a ra m et ers 
m ea sured  b y  t h e eq ui p m en t , i n  p a rt i c ul a r i n  c a se of  v a l ues v erg i n g  
on  t h e c ri t i c a l . I f  t h e f l a w  i s c l a ssi f i ed  a s h a z a rd ous, t h en  t h e ra i l  
sec t i on  m ust  b e rep l a c ed . W ron g  c l a ssi f i c a t i on  or n on -d et ec t i on  of  
f l a w  m a y  c a use h ug e ec on om i c  l osses a n d  ex p ose p eop l e t o 
d a n g er. L esser f l a w s a re sub j ec t ed  t o f urt h er m on i t ori n g .   

T h e a c c ura c y  of  m a n ua l  ul t ra son i c  m ea surem en t s b y  p ul se-ec h o 
m et h od  h a s b een  d i sc ussed  i n  [ 1 ]. H ow ev er, l ot s of  i m p ort a n t  
i ssues rel a t ed  t o t est  a ut om a t i on  h a v e n ot  b een  c on si d ered . 
A n a l y si s of  f l a w  i m a g i n g  a c c ura c y  i n  ra i l w a y  ra i l s h a s b een  g i v en  
i n   [ 3 ].  

T h i s p a p er g i v es t h e out l i n e of  a c c ura c y  of  f l a w  l oc a t i on  a n d  si z e 
d et erm i n a t i on  i n  ra i l w a y  ra i l s. F or rea son s rel a t ed  t o f l a w  d i m en si on  
c l a ssi f i c a t i on  resul t s, t h e l i m i t i n g  errors w ere a d op t ed  a s t est  resul t s 
a c c ura c y  m ea sures. T h e d i sc ussi on  i s sup p l em en t ed  b y  c om p ut er 
si m ul a t i on  a n d  ex p eri m en t a l  ra i l w a y  t ra c k  t est s resul t s. 

2 .  M e a s u re m e n t p rin c ip l e  - b a s ic  d e p e n d e n c ie s  
 

D uri n g  a ut om a t ed  ra i l  m ea surem en t s, ul t ra son i c  p rob e m ov es 
a l on g  t h e ra i l  h ea d  a t  V v el oc i t y . O w i n g  t o g ood  a c oust i c  c oup l i n g  
( c on t i n uous w a t er b a t h ) , t h e p rob e em i t s ul t ra son i c  w a v e b ea m  
i n t o t h e ra i l  a t  ∆Te t i m e p eri od . W a v e em i ssi on  f req uen c y  1 / ∆Te   i s 
d i rec t l y  p rop ort i on a l  t o p rob e m ov em en t  v el oc i t y  V, so t h a t  i t  
oc c urs a t  c on st a n t  i n t erv a l s ∆X,  e.g . ev ery  2 ,5 , or 1 0  m m , w h i c h  
c on st i t ut e si n g l e sc a n n i n g  m esh  l en g t h  - see f i g . 1 a . 

I n  c a se of  a n g ul a r p rob e, t h e t ra n sv erse w a v e T  p rop a g a t es 
i n si d e t h e ra i l  a t  TC  v el oc i t y  a n d  i n  d i rec t i on  β  – f i g . 1 a ;  a f t er 
b ei n g  ref l ec t ed  f rom  t h e f l a w  i t  p a rt i a l l y  c om es b a c k  t o t h e h ea d . 
T o a n a l y se m ea surem en t  a c c ura c y , i t  i s n ec essa ry  t o b e f a m i l i a r 
w i t h  f orm ul a s rel a t ed  t o m ea surem en t s. T h i s i s eq ui v a l en t  t o 
sol v i n g  a  p l a n a r 2 D  i m a g e i n  v ert i c a l  ra i l  c ross-sec t i on  a l on g  t h e 
p rob e h ea d  m ov em en t  p a t h . R a i l  h ei g h t  i s m ea sured  w i t h  
m a x i m um  8 -b i t  resol ut i on , w h i c h  d et erm i n es m esh  h ei g h t  ∆Y.  
F or i n st a n c e, i n  c a se of  S 4 9 -t y p e ra i l  w i t h  a p p rox i m a t e h ei g h t   
1 5 0  m m , t h e m esh  h ei g h t  i s c a l c ul a t ed  a s 6.0≈Y∆  m m . T h e 
m esh  h ei g h t  i s c l osel y  rel a t ed  t o w a v e b ea m  p a ssa g e t i m e i n  t h e 
m esh  ∆T, si n c e βcosTCY T ∆=∆ . I f  t h e v ert i c a l  resol ut i on  i s 
d i m i n i sh ed , w h en  βtgYX ∆=∆ , t h en  w a v e b ea m  a x i s i s p a ra l l el  
t o m esh  d i a g on a l   [ 2 ]. 

 
a)  

  
b )  

  
F i g . 1 .  a)  U l t r ason i c  t e st i n g  of  i n n e r  f l aw  Φ m m  l on g  b )  f l aw ’ s d i sc r e t i se d  i m ag e    

 
T h e l oc a l  c o-ord i n a t es X,Y of  t h e f l a w ’ s p osi t i on  a re d et erm i n ed  

i n  rel a t i on  t o t h e p rob e p osi t i on  Xm a t  t h e t i m e i n st a n t , w h en  t h e 
w a v e i s b ei n g  em i t t ed . F or t h e p oi n t  ref l ec t i n g  t h e b ea m  a x i s t h e 
f ol l ow i n g  g eom et ri c a l  d ep en d en c i es a re t rue:     

 ( ) ββ sin5,0sin ' gnTn ttCLX −==    ( 1 a )  
 ( ) ββ cos5.0cos ' gnTn ttCLY −==   ( 1 b )  

 
w h ere:  −+= gnn ttt '  t ot a l  ret urn  t i m e of  t h e ref l ec t ed  b ea m  ( b ea m  

t ra v el l i n g  t ow a rd s p rob e t ra n sd uc er) , 
T
n

n C
Lt 2

= , 
L
g

g C
L

t
2

=  – w a v e 
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passage time – w ith in  th e rail  an d th e probe,  respectiv el y    gn LL ,  - 
w av e path  l en gth s in  th e rail  an d th e probe,  −LC  l on gitu din al  w av e 
L v el ocity  in  th e probe.   

W h en  th e measu remen ts are discretised w ith in  Y ax is,  th en  in  
accordan ce w ith  ( 1 a, b)  it is seen  th at th e l ocal  co-ordin ates of  th e 
mid-mesh  poin t at nth  l ev el  are eq u al  to:    

 

β∆β tgYntCX nTn )5,0(sin5,0 +≈=      ( 2 a)  
an d 

YntCY nTn ∆β )5,0(cos5,0 +≈=                 ( 2 b)  
 
w h ere:  βcos

)12(
T

C
Yntn

∆+≈ . 

T h e u l trason ic w av e beam ru n n in g th rou gh  th e rail  is div ergen t. 
T h e div ergen ce of  beam cross-section  in  th e f ar-f iel d is 
determin ed by  2 ∆β  an gl e – see f ig. 1 a. T h is an gl e depen ds on  th e 
probe tran sdu cer diameter D an d w av e f req u en cy  f an d adopted 
coef f icien t ku,  rel ated to rel ativ e ampl itu de drop in  th e direction  
tran sv erse to β ax is ( e.g. f or 6  dB ,  ku = 0 , 5 )   an d w av e v el ocity  CT,   i.e.    

 

Df
Ck

Tuarcsin=∆β                ( 3 )  

 
W av e ampl itu de becomes dimin ish ed al on g w av e’ s path ,  du e to 

dampin g an d dissipation . I n  order to obtain  retu rn  w av e sign al s 
in depen den t of  f l aw  depth ,  au tomatic correction  is u sed,  ach iev ed 
by  so-cal l ed distan ce gain  con trol . T h e f ormu l as describin g f l aw  
dimen sion s are simpl if ied,  if  w av e retu rn  times are measu red f or 
ampl itu de w ith  drop coef f icien t ku = 0 .5 . T h en  it may  be assu med 
an d w ith  su f f icien t accu racy  too,  th at f l aw  dimen sion s may  be 
determin ed by  w av e beams measu remen ts,  f or beam ax es ru n n in g 
th rou gh  f l aw  con tou rs as seen  f rom β direction  – f ig. 1 a. T h is greatl y  
simpl if ies geometrical  f ormu l as,  sin ce it is n ot n ecessary  to con sider 
th e in f l u en ce of  beam div ergen ce an gl e ∆β an d its v ariation s.  

T h e f l aw ’ s edges co-ordin ates can  be cal cu l ated f rom simpl e 
geometric f ormu l as:     

 
βsin1101 LXXw += ,   βsin2202 LXXw +=           ( 4 a)  

 
βcos11 LYw = ,   βcos22 LYw =                ( 4 b)  

 
w h ere:  X10,  X20 – actu al  co-ordin ates of  probe cen tre du rin g f l aw  
edges measu remen ts,  L1 = CT t1,  L2 = CT t2 – th e beam path  l en gth s 
f rom th e probe to both  f l aw  edges,  determin ed by  measu rin g t1,  t 2  
time in terv al s w ith  f l aw  detector.     

T h e dif f eren ce of  rectan gu l ar co-ordin ates of  f l aw  edges is 
cal l ed f l aw  spread an d f or a discretised tw o beams path  dif f eren ce  
∆L = L1-L2 βcos

Yn∆∆≈  it is eq u al  to,  respectiv el y :  
 

ββ tgYnXmLXXLwX ∆∆−∆∆=∆−−= sin1020
,   YnLwY ∆∆=  ( 5 a, b)  

 
T h e f l aw  l en gth  Φ an d th e an gl e of  in cl in ation  of  th e segmen t 

j oin in g its edges ζ  may  be deriv ed f rom ( 5 a, b) :    
 

 ( ) ( )
β

∆∆β∆∆∆∆∆∆ 2

2
222

cos
2 YntgYnXmXmLLΦ wYwX +−=+=  ( 6 a)  

 




 −∆∆

∆∆== βξ tgYn
XmtgarcL

Ltgarc
wY

wX      ( 6 b)   
 
A t th e same time,  th e probe „ sees”  a f l aw  image w ith   

eq u iv al en t l en gth  ( ) ( )ξββ +=−=Φ sincos1020 ΦXXL ,  perpen dicu l ar 
to propagation  direction   β ( f ig. 1 a) . 

I n  measu remen t practice th e spread of  f l aw  is measu red. I t is 
recon stru cted on  th e basis of  sign al s w ith  ampl itu de greater th an  
th e comparison  l ev el  set in  th e measu remen t dev ice.    

T h e mesh es w h ich  h av e been  el imin ated f rom th e recon stru cted 
f l aw  image in  accordan ce w ith  th e abov e meth od,  at ampl itu de 
drop coef f icien t ku = 0 .5 ,  are mark ed in  f ig.1 b w ith  l igh ter col ou r. 
 
3. D i s c r e t i s e d  f l a w  m e a s u r e m e n t s  a c c u r a c y  
 

T h e X an d Y co-ordin ates of  beam ref l ection  poin t are 
determin ed l ocal l y ,  i.e. in  rel ation  to actu al  probe position  at th e 
emission  time in stan t. T h ey  are cal cu l ated f rom f ormu l a ( 1 a,  b)  on  
th e basis of  total  w av e retu rn  time t’n measu remen t. I f  th e time t g  
( eq u al  to beam propagation  time in  th e probe)  is n ot su btracted,  
th en  th e resu l ts are ex cessiv e;  in  oth er w ords,  error of  meth od 
occu rs,  w ith  absol u te v al u es f or both  co-ordin ates eq u al  to,  
respectiv el y :   

βsin5,0 gTX tC=∆ ,   βcos5,0 gTY tC=∆      ( 7 )  
 
T h e rel ativ e error of  meth od f or both  co-ordin ates is th e same,  or:   
   

n

g
YX t

t
== δδ     ( 7 a)  

 
T h e error is el imin ated du rin g measu remen t dev ice cal ibration ,  

an d th eref ore n eed n ot be tak en  in to accou n t.   
I f  th e f l aw  spread in  th e X direction  is cal cu l ated approx imatel y  

on l y  as a dif f eren ce of  th e probe position s Xm+1,0-Xm,0,  w h ere th e 
f l aw  edges are in v estigated,  th en  th e error of  meth od is eq u al  to:     

 
( ) βsin21 ttCTLx −=∆            ( 8 )  

 
M easu remen t accu racy  u n der n omin al  con dition s is described 

w ith  b a s i c  e r r o r s . F or th e l ocal  poin t co-ordin ates X, Y th ey  are 
deriv ed f rom total  dif f eren tial  of  f ormu l as ( 1 a,  b) ,  f or f l aw  edges 
seen  in  β direction  - f rom ( 4 a,  b)  dif f eren tial ,  an d f or eq u iv al en t 
dimen sion s – f rom ( 5 )  an d ( 6 a) .  

T h e rel ativ e errors of  f l aw  l ocation  rel ated to actu al  v al u es of  
both  l ocal  co-ordin ates X, Y are eq u al  to:    

 
βδδ β ctgt nT t

n
CX ∆+∆+= 1 ,   βδδ β tgt nT t

n
CY ∆−∆+= 1      ( 9 )  

 
A d d i t i o n a l  e r r o r s  arise,  w h en  th ere is a discrepan cy  betw een  

in n er rail  parameters an d dev ice parameters an d n omin al  
measu remen t con dition s. W ith  rail s f l aw  detection ,  th ese 
parameters are Lg ( w av e path  l en gth ) ,  CL ( w av e v el ocity  in  th e 
probe)  an d CT  ( w av e v el ocity  in  th e rail ) .    

U sin g S n el l ’ s l aw  ex pressed as αβ sinsin
L
T
C
C

=  an d assu min g 
th at probe w edge   α = con st,  f or w av e v el ocity  rel ativ e errors   

LT CC δδ ,  th e f ol l ow in g ch an ge in  β an gl e is obtain ed:    
 ( ) tgβ

LT CC δδ∆β −=       ( 1 0 )  
 

w h ere:  
LCδ  - error f or f orecasted max imu m temperatu re rise in  th e 

P l ex igl as probe w edge ( c .  2 0 0 C- con tin u ou s w ater cool in g) ,  it is 
eq u al  to c .  2 % ,  

TCδ  - error depen ds mostl y  on  acou stic properties 
of  th e material  an d its h omogen eity  ( e.g. in  case of  rail s,  
depen din g on  th e ty pe of  steel  th e v ariation  is c .  ± 2 0 0  m/ s,  in  
particu l ar in  w el ded j oin ts) .  T h e impact of  temperatu re is abou t 
1 0  times l ess th an  f or th e probe casin g.  

 T h en ,  it is obtain ed f rom ( 9 ) :  
 




 −+



 +−= Lg

n

g
t

n
C

n

g
CX t

t
tt

t
Y

LT
δ∆δδ∆ 112           ( 1 1 a)  
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( ) 


 −−++−= Lg
n

g
C

n

g
t

n
CY t

t
t
ttgttgY

LT
δδβ∆δβ∆ )(11 22  ( 1 1 b )  

 
w h e r e :   Y = 0 , 5 CT tn co sβ ,  ∆t – t i me  me asu r e me nt  ab so l u t e  e r r o r  ( f o r  
t h e  f l aw  d e t e ct o r  u se d  t h i s e r r o r  w as e q u al  t o  610.133,0 − s) ,   Lgδ - 
r e l at i v e  d i sp e r si o n e r r o r  f o r  w av e  p at h  i n t h e  p r o b e ;  e . g .  i f  t h e  p r o b e  
w e ar  i s 1  mm,  t h e n f o r  T 7 0  h e ad  ( p at h  l e ng t h  i n t h e  w e d g e  b e i ng  
e q u al  t o  c .  1 5  mm)  t h e  e r r o r  w as c .   7 % ,  and  f o r  T 4 5  h e ad  ( p at h  
l e ng t h  i n t h e  w e d g e  b e i ng  e q u al  t o  c .  1 0  mm)  t h e  e r r o r  w as c .  1 0 % .    

W h e n d i scr e t i sat i o n i s t ak e n i nt o  acco u nt ,  t h e n t h e  ab so l u t e  
l i mi t i ng  e r r o r s ar e  cal cu l at e d  o n t h e  b asi s o f  ( 1 1 a and  b ) :    

 
( ) X

C
LC

TC
C
LC

YnYn Lg
L

gT
tTC

L
gT

CgrXn LT
∆δβ∆∆βδβ∆δ∆∆ ++++





++++= cos5,0)(coscos5,0)5,0()12(
 

   ( 1 2 a)  
 

( ) ( ) ( ) ( ) YδC
LCTCδC

LCβtgYnδβtgYn LgL
gT
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( 1 2 b )  
and  b o t h  r e l at i v e  e r r o r s grXnδ ,  grYnδ  ,  r e l at e d  t o  f l aw  me sh  
p o si t i o n ( 2 a and  b ) ,  r e sp e ct i v e l y .   T h e y  can al so  b e  r e l at e d  t o  t h e  
me asu r e me nt  r ang e  o r  r ai l  h e i g h t .    

I n a si mi l ar  w ay ,  ab so l u t e  e r r o r s L w X ,  L w Y  o f  f l aw  sp r e ad  
d i me nsi o ns can b e  o b t ai ne d :    

 
( ) ( ) ( ) β∆βδδ∆∆∆ sinsin2 211020 ttTCCXXLwX CL

LT −−
−−−=  ( 1 3 a)  

 
( )[ ] ( ) β∆δδβ∆∆ cos1cos 21

22
ttTCCLwY CβtgβtgL

LT −
++−=  ( 1 3 b )  

 
I f  d i scr e t i sat i o n i s u se d ,  t h e n l i mi t i ng  e r r o r s w i l l  b e  e q u al  t o :    
 ( ) ( ) β∆∆ββδδ∆∆∆∆∆∆ ∆ tgYCtgYnXm ttTCCXgrLwX LT

+++++=
− 21sin2  

( 1 4 a)  ( ) ( )[ ]1cos1 21
22 +++−=

−
β∆δδ∆∆∆ ttTCCgrLwY CβtgβtgnY

LT
 ( 1 4 b )  

 
w h e r e :  ttttt ∆∆∆∆ 221)21( =+=

−
,  X∆∆  - ab so l u t e  e r r o r  o f  p r o b e  

p at h  al o ng  t h e  r ai l ,  me asu r e d  w i t h  e nco d e r .  F o r  a r ai l w ay  t r ack  
t h i s e r r o r  av e r ag e s 1  m p e r  1  k m.  
 
4. S i m u l a t i o n  t e s t s  o f  l i m i t i n g  e r r o r s  
 

F i g s.  2  - 4  sh o w  si mu l at i o n t e st s r e su l t s o f  f l aw  me asu r e me nt s 
l i mi t i ng  e r r o r s.  T h e  t e nd e ncy  o f  f l aw  p o si t i o n e r r o r  i ncr e ase  
co r r e sp o nd i ng  t o  i ncr e ase  i n p r o b e  ang l e  may  b e  o b se r v e d  – f i g s.  
2 a,  b  and  3 b .  S i nce  t h e  q u ant i sat i o n e r r o r  i s p r e se nt ,  al l  t y p e s o f  
e r r o r s at t ai n max i mu m v al u e s f o r  i ni t i al  me sh  l e v e l s – f i g .  3 a.  I n 
p r act i ce ,  ano t h e r  l i mi t at i o n o f  t e st s co nd u ct e d  aw ay  f r o m t h e  
r o l l i ng  su r f ace  o f  r ai l  h e ad  w i t h  si ng l e  t r ansd u ce r  p r o b e s i s 
t r ansd u ce r ’ s d e ad  z o ne .  T h at  i s w h y  sat i sf act o r y  r e su l t s ar e  u su al l y  
o b t ai ne d  ab o v e  t e n o r  mo r e  mi l l i me t r e s ( d u r i ng  si mu l at i o ns i t  w as 
assu me d  t h at  n ≥  2 5 ) .  

T h e  i mp act  o f  w av e  v e l o ci t y  TC  i s i nsi g ni f i cant  - f i g .  3 a and  b ,  t h e r e f o r e  i t s d e p e nd e nce  o n t e mp e r at u r e  can b e  ne g l e ct e d  d u r i ng  
r ai l  se r v i ce  t e st s.   

I f   w e  mu st  asse ss,  w h e t h e r  t h e  f l aw  i s d ang e r o u s,  t h e n l i mi t i ng  
e r r o r  o f  t h e  f l aw  sp r e ad  ar e  si g ni f i cant  – f i g s.  4 a and  b .     

M o r e o v e r ,  f i g .  5  p r e se nt s v al u e s o f  f l aw  sp r e ad  me asu r e me nt  
l i mi t i ng  e r r o r s,  f l aw  l o cat e d  at  n = 2 0  l e v e l ,  p r o b e  ang l e  70=β  at  
w av e  v e l o ci t y  3200=TC m/ s and  a se t  nu mb e r  o f  p r o b e  st e p s ∆m.  
W h e n  ∆m = 4  ( f i g .  4 b ) ,  t h e  l i mi t i ng  e r r o r  o f  t h e  f l aw  h e i g h t  i s  
2 3  mm,  and  w h e n ∆m i ncr e ase s,  t h i s e r r o r  al so  i ncr e ase s.   T h e  
r e aso n f o r  t h i s e f f e ct  i s d i mi ni sh i ng  f l aw  i ncl i nat i o n ang l e  ξ ,  
w h i ch  l e ad s t o  f l aw ’ s r e d u ce d  e mi ssi o n cap aci t y .  I n p ar t i cu l ar ,  
u si ng  p r o b e s w i t h  b i g g e r  ang l e s i s u nf av o u r ab l e ,  si nce  t h e  p l anar  

p at h  o f  t h e  w av e  b e am i n t h e  r ai l  l e ad s t o  i ncr e ase  i n f l aw  
e nv e l o p e  ( f i g .  4 b ) .    

T w o  o t h e r  e x amp l e s o f  f l aw  sp r e ad  l i mi t i ng  e r r o r s ar e  sh o w n as 
a mat r i x  i n f i g .  6 .  T h e y  h av e  b e e n o b t ai ne d  f o r  t y p i cal  
me asu r e me nt  p r o b e s.  T h e  l i mi t s i ncr e ase ,  as d i st ance  n g r o w s.  F o r  
i nst ance ,  i n case  o f  1 2  mm h i g h  f l aw ,  t e st e d  w i t h  a p r o b e  70=β ,  
t h e  l e ng t h  i ncr e ase  w i l l  b e  2 1  mm,  o r  at  l e ast  t w o  me sh e s al o ng  
t h e  r ai l .  T h i s may  si g ni f i cant l y  ch ang e  f l aw  cl assi f i cat i o n.  T h e  
assu me d  f l aw  l e ng t h  d o e s no t  mat t e r  h e r e ,  as o p p o se d  t o  i t s h e i g h t  
and  p r o b e  ang l e  – t h i s can al so  b e  se e n f r o m f i g .  4 a.     

 
a) 

  
b ) 

 F i g .  2 .   R e l at i v e  l i m i t i n g  e r r o r s  c al c u l at e d  f o r  f l aw  p o s i t i o n  n ,  a) d e p t h  o f  t h e  f l aw ,  
b ) p o s i t i o n  o f  t h e  f l aw  al o n g  t h e  r ai l   - v s .  p r o b e  an g l e  β an d  l e v e l  n u m b e r  n 

 
 a) 

  
b ) 

 F i g .  3 .   R e l at i v e  l i m i t i n g  e r r o r s  o f  f l aw  d e p t h  v s .  w av e  v e l o c i t y  i n  t h e  r ai l  CT an d   
a) l e v e l  n u m b e r  n ,  b ) p r o b e  an g l e  β     
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a) 

  
b ) 

 
F i g .  4 .   A b s o l u t e  e r r o r  o f  t h e  f l aw  s p r e ad  v s .  p r o b e  an g l e  β an d  a) s t e p  i n c r e as e  ∆m o f  

t h e  p r o b e  al o n g  t h e  r ai l  at  a g i v e n  f l aw  h e i g h t  e q u al  t o  ∆n = 1 0 0  m e s h e s ,  an d  
as  a f u n c t i o n  o f   b ) f l aw  h e i g h t  ∆n at  a c o n s t an t  p r o b e  s t e p  i n c r e m e n t    ∆m = 4   

 

  
F i g .  5 .   F l aw  h e i g h t  s p r e ad  l i m i t i n g  e r r o r s  m at r i x    

 
 

  
F i g .  6 .   E x am p l e s  o f  f l aw  h e i g h t  s p r e ad  l i m i t i n g  e r r o r s  m at r i c e s    

 
A  s i g n i f i c an t  i m p r o v em en t  c an  be ac h i ev ed  by s c an  m es h  

c o n d en s i n g  d ep en d en t  o n  f l aw  d et ec t i o n  v eh i c l e s p eed  – a s o f t w ar e 
p r o c ed u r e u s ed  i n  n o v el  m eas u r em en t  d ev i c es  em p l o yed  by P K P  [ 4 ]. 

 

5. R a i l w a y  t r a c k  m e a s u r e m e n t s  – e x a m p l e s  
 

M eas u r em en t  w i n d o w  o f  t h e r ai l  f l aw  d et ec t i o n  v eh i c l e s o f t w ar e 
i s  s h o w n  i n  f i g . 7 . U s i n g  t h e p r o be w i t h  an g l e β = 4 5  an d  em i s s i o n  
ev er y ∆X = 5 m m ,  a f l aw  i n  t h e S 6 0  t yp e r ai l  h as  been  d et ec t ed  
(l o c at i o n  2 3 , 7 7 3  k m  at  o n e r ai l w ay t r ac k ) . T h e f o l l o w i n g  s p r ead s  h av e 
been  o bt ai n ed :   l en g t h  wXL  = 3 5 m m  (∆m = 7 ) ,  h ei g h t  wYL  = 1 0 m m  
(∆n ≅ 1 5 )  an d  f l aw  d ep t h  (l o c at i o n )  nY  = 1 1 5 m m  (l ev el  n = 1 7 3  at  

66.0≈Y∆ m m ) . W i t h o u t  an al ys i n g  m eas u r em en t  er r o r  t h i s  f l aw  h as  
been  c l as s i f i ed  as  o n e t o  be m o n i t o r ed  (m ar k  „ O ”  at  f i g . 7 ) . T h e 
l i m i t i n g  er r o r s  h er e ar e eq u al  t o ,  r es p ec t i v el y:   grYn∆  = 4 , 8 m m   
(n ≅ 7 ) ,  grLwX∆  = 9 , 3 m m  (∆m ≅ 2 ) ,  grLwY∆  = 0 , 9 m m  (∆n ≅ 2 ) . 

T h es e er r o r s  m ay c o n s t i t u t e t h e bas i s  f o r  a c h an g e i n  c l as s i f i c at i o n  – 
f l aw  m ay be g r ad ed  as  h azar d o u s  (m ar k  „ W ” ;  t h i s  t yp e o f  f l aw  h as  
al s o  been  r ec o r d ed  i n  t h e m eas u r em en t  w i n d o w  – s ee f i g . 7 ) ,  s i n c e 
t h e ex t er n al  al l o w abl e d i m en s i o n s  h av e been  ex c eed ed ,  w h en  t h e 
l i m i t i n g  er r o r  h as  been  ad d ed  t o  t h e m eas u r ed  l en g t h  v al u e.  

 

  
F i g .  7 .   E x am p l e  o f  f l aw  m e as u r e m e n t  r e c o r d i n g  ( r ai l w ay  t r ac k )    
 

6 . C o n c l u s i o n s  
 

A n al ys i s  o f  g i v en  f o r m u l as ,  s i m u l at i o n  t es t s  an d  ex p er i m en t al  
t es t s  c o n d u c t ed  s o  f ar  s h o w s  t h at ,  w h i l e as s es s i n g  t h e d i m en s i o n s  
o f  i n n er  d i s c o n t i n u i t i es  o f  r ai l w ay r ai l s ,  t es t ed  by u l t r as o n i c  p u l s e-
ec h o  m et h o d s ,  i t  i s  abs o l u t el y i n d i s p en s abl e t o  t ak e i n t o  ac c o u n t  
m eas u r em en t  ac c u r ac y. T h i s  m ay be ac h i ev ed  by w o r k i n g  o u t  t h e 
l i m i t i n g  er r o r  m at r i c es  f o r  d i f f er en t  p r o bes  u s ed  i n  f l aw  d et ec t i o n  
v eh i c l e an d  u s i n g  t h em  i n  au t o m at ed  t es t s  t o  as s es s  m eas u r em en t  
r es u l t s . I n  p ar t i c u l ar ,  t h e f l aw  s p r ead  er r o r s  l ead i n g  t o  i m p r o p er  
f l aw  c l as s i f i c at i o n  (h azar d o u s  o r  n o n -h azar d o u s )  ar e v er y 
i m p o r t an t . F l aw  d ep t h  er r o r s  m ay l ead  t o  t h e c h an g e i n  f l aw  t yp e 
as s es s m en t  ac c o r d i n g  t o  U I C  c l as s i f i c at i o n  [ 5 ]. T h e er r o r s  o f  f l aw  
l o c at i o n  al o n g  t h e r ai l  ar e s i g n i f i c an t  o n l y i n  t h e c as e w h en  t h e 
f l aw  i m ag e i s  c o n s t r u c t ed  by s u p er i m p o s i n g  m eas u r em en t s  t ak en  
f r o m  s ev er al  p r o bes ,  s i n c e t h e f l aw  t o t al  s p r ead  m i g h t  t h en  be 
i n c r eas ed .   

A  m o r e c o m p l et e p i c t u r e o f  r el i abi l i t y an d  ac c u r ac y o f  
c o n d u c t ed  m eas u r em en t s  m ay be o bt ai n ed ,  i f  t h e s t at i s t i c s  o f  
r an d o m  er r o r s  o c c u r r i n g  i n  p r ac t i c e i n  g i v en  m eas u r em en t  c yc l es  
an d  u n d er  s p ec i f i ed  c o n d i t i o n s  ar e t ak en  i n t o  ac c o u n t .  

 
T h e  a u t h o r  w i s h e s  t o  e x p r e s s  h i s  g r a t i t u d e  t o  d o c .  Z y g mu nt  

W a r s z a  f o r  h i s  v a l u a b l e  a d v i c e .   
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