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", I ~1o DE L. I NG 
IS ABSTRACT: Tr ;' ck irregul ;Hity is c()lISi d c r~hlv i'"l'orta nt in track-I·e hi cle studies . . Re co rded data ~f these 
c  irr egu l;lrities form", basis to dcve lop tr:lck ~t;l1l1lar<ls . ·1 Iri s ~I"', hclps spccify tr~ck, IIlputs to the veh,cles . III 

tlri s p"per T<JI,d o l11 fi e ld nJ(,dels fllr ve rl ica l irrq!nl:rriI Y d:rt~ o(l i;llll ed fr"111 Intl'~n milIV,.1Y s h~ s oeenprese ntt;d , 
It is sho wn th :'1 irregularity ill tir e vertic:rl pwlik can I'e Il""IL-led as stali, ' ,,:rry (l;l1,ss '~n l~ndol1llre ld , wlllcn 
can be defined in terms of the powe r spectral dell ,i ly (I'S D) (u' 1I: li o ll, Such a model can predict the values of 
penk amplitudes in u gi ven tr~ck lell!?th . Further, lire absolute ve rt ic lll profile 01 the lelt and right rails belong 
to lire Iwtrorlc rnndOI11 lIeld , " he 111'r"cntlofl of tlri~ Ifl descrlblflg the Input motr", 01 multlaxle vehicles I, 
discusscd . 

( 	 INTRODUCTION 

Among th e va riou s causes th"t influen ce th e dynal11i cs u f l 	 Irack -tra in s)'ste ms. Irack irregul :lIity is perhaps Ihe l110st illl

portant o ne. Irr egul<trity is th e vil ri<ltio n frolll a long·terlll 

average level in Ihe verlical and I<lter<ll profiles . These v;Hi

alions in geometry gel developed due to th e se lliemeill o f 

subgrade, age ing, and ball <1st loose ning . The heterogelleily 

of malerials wilh deplh nnd nonuniforlllily of Sl ifln es'> <llollg 

th e length m~kes it unnaturnl to expec t n tr <lck free of irr rg 

ularilies . Pro l'ile irregularities m~ke the vehicles vib r<l le, lI· hich 

in turn indu ce stochastic for ces on the tr :lck. Untler Ih cse 

forces the Iracks may yield, leadillg to furth er d e terior :llil1" 

of the Irack and redu cti OIl of co m forI. Thus, e ngine e rs are 

lefl with o nly the o ption o f llI;1inlailiing th e Ira ck irre!'. u l ~trili es 


wilhin acceptable lil1lil s. 1 he spec ifi c: lli ,) " o f Ihese li,"it s for 
pr ac tic<ll use demands rand u l1I proce" (I1r field) 1I1Olk lillf:\ I1f 
irregularities . Track irr egu lar ities includ e four rall(I OIII P:I
rameters, nam ely , vertical profile, ali!!llillent. cross level. :lIld 
gauge (Fi g. I) . These four r ~ ncl ()l ll field s <Ire correlated . 11011
ever . in prac ti ce the vcrlical irr egu larit y is use d nll'lIsivc l) . 
(III Fi g. I , )'l = abso lul e ve rti ca l pr u lil e o f left rail,,I' /I = 
absolute ve rtica l profil e of right rail. G = gauge , "'/. = ce ll 
lerline assignmenl, <lnd)'/I - J' ,/ g = cro,s leveL) 

In Ille p~st Ihere ha ve he e n several sludies Oil qU:llllifyill g 
track irr egu larities . ·1 be Office of I~L'SC: II ( II :rlld Expcl Llllcnl '> 
(ORE) repo rl ( 116 ("Powe r" IlI7 1) de sc rib es pUIVcr spec lr a l 
den sily (PSD ) fun ction s o f I':niou s tr<l ek profiles o\ll:li ned 
fr om four different r<l il w<lYs . l3al7.er (llI7 R) cO lllp ;n e tllh c I'S lJ 
of rail wa y Ir acks wilh the PSI) o f rO :l ds, runwa ys, CI1\\" I'a s· r ture s, et c. He e mphasize d Ihe need for ruu gb ncs s cla ss ili 

l calion based o n Ihe PSD . Corhill alld K:iufll1;)n (llIH3) ;IJI;) 
I)'zed Ih e r SD o f Irn ck -irr egu lil rity d<lla obl<lill c d frolll 
Americ~ n rai lways. They sc par<lted the pe ri nuic co rllfHlIlc llt , 
in the PSI) and used il as;1 diagllostic lo( >! to cla ssi fy tr ;ILks . 
The y alsosuggesled a nal Yli ca l fOrill S for Ihc PSI) Ih'~h (I')K ~) 
analyzed the ve rtical Ullevellness data ohtaillcd fr o lll Indi :11I 
rail ways. This dala was nleaslJred on 3.n 111 <llId 9(, 'II chnrd 
base len gl hs . lie compured the PSI) fUllcti ons of Ihi s d:r t;1 

' Dir . Cen lr ~1 Uuild . I ~es . I"" . . I ~"l)(kcc 2 ~7 6('7, I,,<li ,,: 1(I (ll 'Clly. 
Pro !. . Dc r!. of Civ. Engrg ., Illui 'IT' 111 '1. pr Sci .. U;rllg:TI ",c ~(,11 1112 . 
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o\)lained before <lnd afler rnilinten nllce to study the ra te or 
trnck de le riornlioll , He highlighted the effect of moisture con
te lll in Ihe slIbgrad e on !rnck delerioration. 

1 line nre tllnlly si milariti es betwee n track and road irreg
ul<lril ies . Douus <llld Robso n (1913) an d Kam ash and Robson 
(1978) h:1I'e discussed the PSI) de sc rip tion of road roughness. 
1 he ir ililpOrl;]1l1 ohservalion was that road surface roughness 
C<lll he Ilinlir1c ll <lS an iso tropic r<lnd om field. This co nsid 
erahly silliplili es the inptll specili cat ions of vehicles , Ho nda 
el ~1. (1 9H 2) de lerrnined PSI) funclions of the road pr.o f ~les 
011 hridL\e~. uSillg the m ~ ~illlll/n -e llir opy method . In a ,SimIlar 
\\"olk. tvl:lIC()I1llL-S et al. (19l1l) compuled th e PSD of highway 
r(1I1 ~I III(:SS 1'1 ()Iiles . . 

I\s 11I c ilti ll ll ed , irr eglll :nilies hav e to he modele d for track 
111 :l illll'II :IIICC, IT liiele llyn :1 l11i cs, <llld tr ack dyn"tn i c~ , AI 
IIi""plt tli e al1,,,lute vcrti cnl profil e (AVP) is neede d (o r ve 
Itide hl>llllLT ;lIld track d YIl ;lIlIics, (or m ai lltclI :mce Indi<ln 
rail \l": 'y ~ !-,-ellcl:dly use in cgul ;lIily data lIIeasured on a slidin g 
clwrd ~.ri III or ':I . (llll Ill llg ·1 his d~t a, defined as une venness, 
is tire 1\ V I' data fill e red ill <l p~ r!i c ul<ll fashion . For track 
1I1:liI IICII :lII C( , allcntioll is foc IIscd Oil remov ing Ihose wa ve 
lcllglhs ill Ihe il reglliarit y tll<lt predominatel y affect th e \·e 
hi ck rid e l(1I<llily . In cho rd ·hosed measurements. AVP da la 
ge ls liller ed so IIInl Ilie se wal'elc llglhs are correctly renecled . 
I hc 11I ; lilllcn :l llc ~ crilcrioll is h;]sed on Ihe se chor d-b<lsed mea
~UI(IIIl'lIl'> ·1 li e le ll glli of Ihe chord depends on the wave 
1c1l~lh of ililcr esl, which in turn depe nd s o n the vehicl e I pe 
:lIld I·clncill' . \\'ilh thi s in view , this paper presents bo th Iypes 
of tr :lck d;; t;J ill th e verlic<ll direction . n<lmel y, une venness 
all d 1\ \'1' . \\'ilh Ihe IIn t:ve I1l1CSS d3t;t, the Cliterin n for main
lellall ce \V iii he based on th e pe<lk <Jrllplilude and number o f 
pc;!ks. -lire srqllel UelliOllslriltes th a t oo lh data can be mod
eled :I~ (i:l1lssi;1I1 1;111(10 111 field s . furth er, the 1\ VP d<lta 01 
lefl :11111 rigltl r;dls he lllll!, to <I n isotropic random field. T he 
ill 'l' liL: lli ll ll .. f liti s ill dcsc riliill g tlte !rack input matrill 01 
1II1II1ia .~k Iclricles is discusse d he re. 

DATA 

IlI d i:1 1l 1:li lll":I\, rout ille ly 11I eaS llre tlie Ulle Ven lle s, and AV I 
of irll[,(rrl ;t lllll:lli o ll<ll roul es . T wo IOlIles.Delhi - fvla dras ani 
D elhi - C: ,1clllla , we re se lec ted fo! furlher analysis. FOll r kn 
lllllncI CIIII(S' dala ilnd 5 ~In 011\ V I' lb t<lw<lS obt<1ined fr o r 
c :(clt III th e 1111' rOll les. lltc lellers U anu R \I·ere used t 
;licnlify <;;lIl1 l,I l' S Iroll1 rOlll es Dellii - ~I;tdr;ls ;lncl De lhi - Ca 
rlltl;l. re<I'cr liH h· . . , hc dal a is re «1 rdeu (\'r o lll h le ll <In 

I il!lrl I :'il s. ·11 ,,: III1 CI e llIH'SS 1\;,1:1 s:lIl1l'l es sele cted are suc 
11; :11 Ilr r il ~ I ;r lltl:l ld dCl'i al i" ll s :111' allH>lI~ the t\' 1' ) ':} of th 
r,,"l e ~ il " llI ~'Il'1S ·1 hc sa lll!,l ill!'. illlnl'al i, lUi III for the ur 
e \TllllL' SS dala ;11,d () . ,II)) 111 !e'r 1\ VP d<lta . . [ he se data al 
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95'1'. sigYfo...:e ieom 

di"idcd ililo ~; lllIl'k, I kill "'II).'. . '1 Yl'il';d ,;lIllples 01 1I11(\l' lI
ness and A VI' nre sl1\)"'11 in Fig. 2. 

STATI STICAL PROPERTIES 

The 1I10si dc sir<JI,le properly in a ralld()lll !,rlllTss is il s 
(jaussi~n nailire. The simplesl way 10 verify thi s IlIllpert)' is 
hy cornpulin['. s;lnlple nIClilICiliS and s:lIl1l'k plol!al,ilill'-dclI
sil)' funcliolls (1'1)1'). Accordillgly, ill T ,lllles I allu 2 Ille filSl 
four momenls of tile ullevellness data ,IIIV AVI' vata are 
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FIG _ ,_ Track Irregularity Parameters 
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FIG , 2, Typical Data Samples 

TABLE 1. Sla!ls!lcs of Unevenness Data 

Siandard 
Mean deviation 

Sample (mm)Imm) Skewness Kurtosis 
II) (2) (3) (4) (5) 

- (J (,~GLI - IR .1l7 2.31 1 ~5 
(j 1\ 1 I) 721) -II 711 4 1122. I ~ 
(;r . 2 2 1') ~ .\1- 17 .X2 II 1.S 
(; It 2 ,. ] I 2 '1(, II 711" .:; 7 
(jL) 2 (,7- IX .14 1.1<;- II .1 

(J~2GIU 29) (,10- I III 
2 )(J- IR II) - (J 112G'-4 ~ ' s 

(j 1,4 I)(>J(J - (J (,22.(,7 5 'J(, 
HLI R. I7J U~ 1) .2 1 1 J I 
I,R I - I (,III I) II2.71 :I I') 

R.II(,RL2 II (, 'i2.2') ) II 
R 1\ 2 - Ih.ll~ 2,,17 ~ 71,tl ~ 
1<1.3 -2IJill 2 I~ II·I'J ~ .111 

-IU(,1\1<3 2 (,2 11 .1 Ie, 3 ~II 
HU - 211 (,~ I '1_1 () .11 1 .11 
I\IU - lUll ~5 (1 1 I>,~II. 2~ 
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MC(ln 

(""n) 
(2)
-- -
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- 11112 
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- (1 .211 
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-11111 
- 0 lit 

1I11~ 

tUJ2 

Statistics ot AVP Data 

Siancl"rcl 
clevl;\lion 

(nlln) 
(3) 

7.R2 
o.R(, 
6 R7 
5 ~) 
7 ~) 
61K) 
7.2.1 
5 1>11 
577 
502 
7.95 
R2J 
(,.(,6 

6tl 
6W 
6U8 
4 32 
448 
6.27 
0.22 

Skewness 
(4) 

0. 18 
\l 15 
lUI 
II. \3 

-0 .16 
0 . 2~ 

-tl.t I 
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-0. \3 
-U.09 
-0.35 
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o 2 3 4 
U 

K-S Test Results 

presenled . The KollTlognrov-Sl1Iirnov (K-S) lest to verily Ihe 
G;1l1ssi;1l1 )wtllle of s;1l11ple cUlllul;1tive-frequency distribu
lions is presentev in Fig . 3. The K-S test is performed on Ihe 
pOllled dal~. ·1 he skewness o[ the uata is nearly zero and the 
kurl(l~is is ;1[(lllll(\ Ihree . This inuic;11es that the uata may be 
("I1I1siliercli nurnwlly tlislrihuteu. This observation is fu·ther 
SUI'i'0rleJ hy Ihe K-S test (Fig . 3) . A zero-mean 110rmal or 
(;;lliss iall rallllllll) field call be vescrihed in terms of ils PSU 
f11l1C1i1l11 '1 hus, Ih~ l1111dclillg eHort reduces to the compu
lalillll III I'SI) lunclions. 

PSD FUNCllONS 

( '(' IIlI'III ;lliun (If Ihe PSI) ,functilln is now routine lor sto· 
ch:lstic 11 ;11;1 '1 here ,He I';IriUlis ;dg.mithl1ls availGble lor Ihe 
elliciellt l(1111)1l1talii111 of Ihe I'S\) . ror the presenl data it has 
l'lT Ii f"lllIrI . I,,' Ilial ~lId error. th~t the Ulacknwn-Tukey 
all!milll111 (Ilelld:!) :llId Pi ers(,1 1(171), usillg. the Parlell win· 
rill'" g.il es fhe 11IIlst I(liluq estilllal(' of PSI). Such a I'SI) has 
l'l'CIl CIIlIlI'II/c11 1m all ~:lIl1pl es (II the two mules . Fig . 4 ShOI\5 
a f)I'i c: d S; lllIl'ie I'S1) fllr UIIC''CIlIll'SS alld AVP Jain . ·Ihese 
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FIG . .5. Siandard PSD for Unevenness 

are further aver<Jged ill the wavelength dOlnaill to ;]rri\'e <It 
the standard roule PSI) fUllctiuns shown in Figs. 5 <lnd 6. 1 he 
dat<l has been normalized by removing the Ineall <Ind ~caled 
\\'ilh res pect to the ~t:Jnd<Jrd devi ,rlioll. Tlrll~. tire re~ults in 
Figs,S and 6 refer 10 lire ~t3nd:Jrd PSI) slrapes unly, 

For Ihe unevenness data one would be irlterested in tire 
information un level crussing ;lIld peak statistics. lire !'SO 
function was lI~ed to ohlairl tlri s inforillatiun , 

\ 
\ G Rovte 

o 
[f) 
(L 

10 2 

\ n "Me 
Eq (12) 

10 3 L-__~~~~~L-__L-~~~~~ 

0.01 0.02 0.1 0.2 
FREQ ICYCIM) 

FIG. 6. Standard PSD tor AVP 

LEVEL CROSSINGS IN UNEVENNESS 

Sill!:C lire d:rt;r call be taken as <1 G<1ussinn r<Jndom fi eld, 
tire cl:lssic:rI level-crossing ami renk-statistics theory (Ni gam 
1983) (;'lIr he eXl'luited to rel<1te the sample standard devia tion 
to Ihe highesl peak v<1lue . The PSI) of Ihe unevenness process 
I1(x). "hieh is a 7CTO-llleall G:lussian sl~tion;ITY rand om fi eld , 
is dcnlltcd as S",,(j). wherefis Ihe spalial frequency in cycles/m. 
It lollons Ilral 

J . S"..(f) ,If; "I = 1" f'S ",,(f) cif; 
II II 

u l = f J 5",,(f) cifL 
(I) 

\\lrerl' ,,~ ,!lId (r ~ = variance of Ihe first and secon d deriva tive 
process ;)( I'V), respectively. The average number o( z.eros 
in a lengt h L will be 

N,,(L) = (a, /ar)L (2) 

Similarly. Ihe average number of peaks in a length L will be 

(3) 

Furlher . lire prohabililY of a peak being greater than a level 
a = (alar) at any point is 

Pta) = U.5{1 - erf[a/(Y2j3)]} + U.5(1 J3')0' e~p( - O. Sa l) 

'{I ~ ellln(1 - P'),,'/(Y21.1)ll (4) 

where 13 = handwidth parameter 

13 = II - al /(ujal)j° ' (5) 

'Ilre \'allll'S ", . " .1 • <1nd j3 for all tire unevenness dnta samples 
,rre presented ill Tahle ) . The comparison between observed 
ami esti111:lled aver<l!'-e nllmper of level crossing and peaks is 
presented in '!<1ble 4 (or four samples . 

ORDER STATISTICS OF PEAKS 

Wilh leference 10 Fig. 7_ let there he N number of peaks 
ill :r l'"rliclll:rr tr:lck streich of length L. These peaks are 
ticIHlled as ",_ n, . ...• "N ami are <Jrrallged in descending 
o r dcr :IS 

",>", >",> (6) 
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TABLE 3. "" II .. and Il Values lo r Unevenlless Dala 
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(mrn - ') IISample ff ~ 

(~)(3)(2 ) (II 
(i ll 
GHI 
(j1.2 
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TAB LE 4. Crossing Statlsllcs lor Unevenness 

Number 01 Number 01 
Upward zeros Upward zeros peaks peaks 

Sample observed eslimaled observed estimaled 
(I) (4)(2) (3 ) (5) 

(if( I 
GR2 
RLI 
RL4 

.-- - 
0.11\1(,5 II 5~H0. 15 
11. 110(,) II ~ ·I<)111 4 

II 5%0.14 011055 
II 111)(,7 II ~ 71 11 Iii 

11.(,240.1113 I11 .24 
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FIG . 7. Peak Amplitudes 01 Va ri ous Order 

Tlie pro babili ly lliat tli e Jth -orde r peak will exceed th e lev e l 
a = (a la i) is 

F, (a ) = Prub(a, > 0) 

= Prob (a t leas t i number of a, ;He greater llian ex) (7) 

Now . assuming Ihe peaks are statisti cally illdepe nd e llt. (7) is 
equiva lent to 

F,(a ) = P (unly j peaks > 0 ) + JI (ollly j + I peaks > 0) 

+ I' (orlly j + 2 peaks > a) 

+ ... + J> (unly N peaks:> 0) 

.Y:z P (only i out o f N peaks > 0) 
, -I (8) 

From probability th eu ry 

P (Old y i uul o f N pe;d.;s > 0) = ,.,.C, I"(nJi I - 1'(11) 1" (ll) 

wh e re ,J- i = (N') /lil(N - i) 11 (10) 

and Pt a ) is g.iven by (4 ). Thus. fill ;il ly 
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N 

f i (o) = z: NC,I"(a)[1 - P(a)jN-' (II) 
, -I 

i~ Ih e I'IOI"Ibilily liI " t thejth -o rd rr I'e<lk nlllung Ihe N number 
(I f p e:lk ~ ill " Ir :t~ k length /, will exceed n given level a ~ 
(/ 1", . 1hll~. il a low probOlbilily 01 exceetlnnce. ~OIy 1%. IS 

l" esc, il !(' tI , I i I") = U.UI,(II)callbcsolve tltofilltlthccor· 
respolldillg v;duc o f ex. OIt allY ~ pe c if ied order j. In Table 5. 
for Ihe 11lICV(,I\lleS~ ~;)lIIple \lbserv('d peOlk . va lues are com
p ;lIed with th e prcdicled vOllue~ OIt the 1% exceedance level. 
PSl) sa lllpie s .are use d 10 evalual e various quantities in (I). 

HIGHEST PEAK AMPLITUDE 

Th e c011ll'arisolls sh\llVn in Table 5 are very favOl"ble and 
s"ppl'rl the I'fl'l'l' se d (1 allssi~n lII oLlel. This inliic,,[cs Ihal 
fro", Ih (' kllowledge \If I'SlJ fun ct ion 01 a streich of track. 
inlo rl1lali o l1 Oil pe"k al11pliluLles in that stre tch can be ob· 
I ;Iin eu . Il uIVever, lor rouline pr ac ti ca l application one would 
li ke tn measure the si mplest statistics and re late it,to the peak 
a111plitude o f Ille unevenness in a give n le ng th , e.g .• 20U m 
\If th e tr:lck. It :lppe"rs Ih"t st"nLl a rtl Lleviation can be reliably 
<lnLl qui ck ly I1l casu red in the field . H e nce, a maintenance 
engin e er wUllld like to h,,~e the decision on this quantity. 
nl\l lle . '1 his (lbservation clnrifies that if standard PSl) shape~ 
"rt: av;,;t;d,k. till' a~II1:11 l'SI) lor" given s tretch C<lll be ob
1;'; lI ed bv lIIultiplyillg sla11dard I'Sl) shOlpes by th e ~amrle 
s l:l lld ;"Ll dcvi" , i(l l!. Wilh the he lp 01 this PSD one can eSli
11I:llc lh e hip-hest l'en k <l1 11 l'litud e "lid decisio ns 0 11 Ihe track 
qllality ~;111 he I""dc . III Fip-s . R nile! 9. the predicled <lverage 
v;du c (If tht: hi ~h c s t peak is plotted as a fun c tion of the stan-

TABLE 5. Peak Amplitud es at 1% level 01 Exc eedance 

Peak Order 

5I 

(mill) 

45S 
7.03 

(mrn) 

()"sCll cd 4.5U 
ESli"t;lIl'U 6.7) 

O"sCl\cd 6.26 
[ s,i lll .. ' cu 7.57 

OhICi\'cd 6.66 
[sli"'~l c u 7.44 

Oil'cl\ cu 5 RS 

Eslilll;\rcu 600 
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dard devialion, for a Irack lenglh of 2(1) m . The O.OS :l1ld (l1}S 
percenlile lines are ~Iso dr~ w n to show the 90% confidence 
band in which the prediction of the highest peak shuuld li e. 
Also sho\ln <Ire actu~1. ohserved highe st pe :lk <I1\I(llilude s of 
sneral sample Irack stretches no t included in the ori",inal 
database of Table \. Once the PSt) 01 a rOule is standardi ze d , 
Ihe highest pe~k amplilude (,Ill he estilTlaled for engineering 
purposes , fr o m charls similar to Figs . Hand LJ, using only the 
slandard dev ialion value. 

PSD OF AVP 

The unevenness data analyzed e:lll ic r docs no l conlain ill
lormalion at a ll wavelenglhs . AVI' dal :1 cOlltaifling infor 
malion at all Ihe wavelenglhs is useful in tr ac k and ve hicl e 
~)'n~mics . I\s eX fJl a ined ea rli e r . I'S\) S:l1 11Pic ' :Ire cn't:llIhk
i1 vcr :lgnllo arrive:11 slalld :ll u 1\ VI' :Illd I'SIJ 11I11l.:li!lI1S.· 1 hest: 
arc shown in Fig .. n lor tht: (j alld It roules; \Joth I' S IJ~ arc 
sif11 il ~ L There is a co nce nlralio n of energy :It a wave!cnglh 
of aboul 14 n1. which corresponds wilh the dis lance het\l ee n 
successive welus on Ih e r:lil s. If Ihe st: I'e:lks arc ol'erlookeu 
and smoolhened. th e PSl) can b~ dt:scribed IllIough a po\\ e r 
law of Ihe Iype 

S( n II{, ", 0 < f < /, ( 12r1 ) 

S(n (If ',f, < f <f, ( 12/,) 

S(j) = t) , f > f, ( 121') 

lIere. fl nnu f2 = suita bl e culoff frequellcie s: ,1I1d (/, /> = 
(onslanls . In Fig . Ci. tllis function has al~o heen plott ed for II 

" O.UUI, b = 3.2. Vulues of [I and f~ arc l;lk e ll to he () .fU 
Clcies/m and U.7 cyc\es/m. These values are for standard I'SI) 
shape lunclions o f the two route s. For the actllall'SIJ (ll :Iny 
slrclch, (12) wilillave to be 1l1ultiplieu by tile varial1ce of Illat 
slrctch. 1 he standaru ueviatioJl of 1\ VI' is Ii nl111 to H 11 1111 f(lr 
various sa mpl es . At greute r c0ll1put;ltio11al crfmt, (lJle e lll lit 
olhe r t~pes of function s . One lI1a y alstl use the stallti :mli lcd 
PSI) 01 1\ VI' (Fi g. (j) uir cc ll y il1 stead "f filling:1 l11all1cl11:.li<':OII 
oprcssion. 

ISOTROPY OF AVP FIELD 

f or any r;,il way Ir ac k . the 1\ VI' d:II;1 1I , " :1i1\' C(1 ll'l" I' ''lH ls 
10 Ihe lefl a11u right ra il s. In ea rlier I'S IJ :In:1il sis. di"iI1Cli " lI 
\\~snoll11<lde hetwee n Ih ese Iwo se ls of t\;lla . Fionllhl" 11 :ltk 
engineering pOill1 (1[ I' iell' Ih is 111:11' 11111 he si!!llilic:llll . hili fllr 
Ichide d~II;1111ic slud ic' it i, Il cn:ssary 111 ' pc ri ll' Ihe il1l1l1ls 
al all wht:e l COIII;lct poilllS . ·111U <; . I" r a Sil lll'k t ll'(1 ' :IX\c I (' hi lk 
(Fig . 10) Oil a Ira\.'l, Il f p.:l uge (j . Ihe il ll' lIl PS I) 111: lIr i, lIi ll 
be,\ . (i.j = 1.2. J . -1). In gc m:r;J! Ihis 111 ;llr ix will hl" tllll l)1ln 
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hCC :IIl se Ihl" cross-I'SIJ fUII Cti o ll S III the le I! and right ra ils are 
illl·llh·ed. Forlullalely, for the d a l~ cOllsidered her e , o ne can 
dl'l11PllSlrale Ihe c.xislence 01 isolrup), (V all lllarcke 1983) . This 
greally sinl)llilie s the ve hicle input PSI) mal ri x . In Fig . II the 
S: l111l'\c CToss-cllrrc\alioll function s (l l Ihe \ell a nd righ t A VP 
u;lIa arc ;\lcr:lgrd and p\olteu, Illr oo th the 0 amI R roules. 
'1 he intcIl'qil\g featur e is th e apl',lrent symmelry of the ligu re. 
I\llIilHlg" illdi l" idll :tI tr<l ck stretches show u epa rture Iro m this 
Sl1l11l1cII \' . fp r pra ctical fJurpll ses . il is propose d thaI the cross 
corrclatioll luncti o ll is such tll;]t 

R.. (.I) = R,.( -5) ( 13) 

\\ hl· rl' .1 ~ spatial b!;! (ill mcte rs ) . For this c;]se , the ("[(lSS

PSI) tl"rlllS ill Sij will hc real. Furlher. lor such a random 
field. Ihe ullss ·C\1rrelatioll IlIl\ctioll oetween a pair o f points 
ucp c llds (lll'" 1111 Iht: di stallce oetween the two points an d not 
(lll Ihl"ir rl' l;lli."l: oril'lllatioll. II:; " sillg this pr(lperly , (lne (" an 
casil\' II Til l' th e C I(l ~ s ·c orrl'l;\til1l\ fUllctions, fm e xci tat ions at 
\';lIi ,;tlS I'"illis hH t:.x:lI1lI'I~ , with relerence 10 Fig . IU 

R,,(T) ~ 1I,,(Tt = /I,,(T) = R ,,(, ) = R,,(VT' + G' ) ( 144 ) 

/1, ,(1) 

~ lI"t \ T: + (;: + L ' ) ll .tb) 

1'111 Ihn . IlIr a I L"ilick 11I0\'ill l'- :I I ;1 unihH11I veillcit y V , lor 
I'"illts "11 Ihl' S:l l1ll' rail. the illptlt cross-correlatiollterms ar e 

(150) 

II . ,(T) - II,,(T) II" (T UV) (1 51) ) 

1:[('111 11 ·1) ;11111 11') . ;111 CI(lss-l'p rl l' \; llill ll terlllS call he 00
I:lilll"d 11;1'L'd " 11 klllll1kdgl' (ll lit e PSI) or ClHrel:lIillilS fun c
lil1l1 " f Ih l' , \ \ ' 1' . 1 hil S. Ihe Iralk illl'\lt mat rix ca n be lully 
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r\I'lc~<cd ill IC'IIII' pi IIIL' I'SlJ Ilincli"11 1>\ , \ \ I'. II ''",' "'l" 
lite [unclional furlll [lroposcu ill (12).lhe cxprcs,ion for 11 11 (1) 

C]lulOl be wlillen in closed fOII11 . Il owever. if (liher IUIlCliIJlI:" 
fIJIIII' .SUcll ns eX[lonellli:lllullcli'lns art: IIscd. ou" can leX!,'''SS 

:t1llilc cruss 1'5U, in ;l1l:1Iytk:tI 1(11111. 

CO MM ENT 

I~anU()1I1 [Jrocess 'lloueling ha, fouluJ widcspre:ld ;ICC"I" 
1;"lce in areas of modern engilleerillg :lpplic:llioIlS such as 
earthquake. winu, anu ofrshore eugincerillg . I~ailw"y cllgi. 
'Icer> ale also u,ing st;,tislic;tI conccpls eX!c.:nsivcly 10 Ulllkr· 
,Ianu Irack anu vehicle hehavior. ' I'he cOllccpl of I'SI) 10 
uescrihe Ihe Irack anu inpuls l() vehicles 11:1S beell in V('gllc 
for quile some lime . In tltis stuuy, tlte theury of randol11 fields 
ilas heen useu IOllblain level-crossing q;llislics ;lilt! pe;lk dis
IriiJution for uncvellncss uata. It is shown I"at :I slation;lI)' 
(jaussia" ranuom model can very well Illudel the peak ~Ill

plituues. Further, it is shown thai for engilleering purposes. 
front the knowledge of stunu:trd ueviation over <I gi\en tr:lck 
stlctch. one can [lreuict tlte v:1Iue uf the highest pe;lk ;ulll'li
tuue. The santple values of skewness anu kurtosis indicate 
ueparlures from the Gaussi:lll n~ture. Thus. tlte preselll 
Gaussian 1110uel is only an ;)pprO;dntalion. p<lrticul:Jrly for lire 
unevenness dat~. It is natural to queslion how Ihis C~1l he 
ill1[lroved 10 include nonzero skewness anu large deviations 
of kUriosis from three. Random fiekl/process modeling ,1lso 
has 10 illcluue second-oruer moment properlies, wlricil are 
currently li'niteu to autocorrel<Jtion or the PSD function . 1\ 
non·Gaussian mouel, wlrich h«s <I Gaussianl'rocess as ils firsl 
krm and C3n exactly simulate the lirsl four rnolTlenls. was 
rccelltly proposed by Iyengar <Jnd Jaiswal (1',l',l3). An advan
tage of this model is similar 10 Ih~t of a Gaussian process: il 
can alo;o be c()nlpietely uescrihed ill terllls of the PS I) IUllc, 
tion. Tile application of such nl<ldels 10 track uata w()uld 
significantly improve Ihe estirnation of peak <lnlplitudes. 

I\n interesting properly of lire U<lt<l ~n;tlvzeu here is tlte 
isolropy of the 1\ VP . The cross-correlation function hetwecn 
Ihe left anu right tracks exhihits sYlTlmetry with respecl to the 
13g distance, as shown in Fig . II . "I his properly c<ln he e~· 
ploited 10 Silllplify the track inpul specific:1tion of vehicles. 

111 this paper the randolll field theory has been used to 
Inodel irregularity in the vertic~1 track profile. A si,nil<lr ~nal· 
ysis need s to made for irregularities in the lateral uirection . 
In the field of transport<ltiOI1 engineering there are p;lfarnetcrs 
such <IS for ces on vehicles. material properties. and darn:1ge 
along pavements/tracks , which are stochastic in nature. 

CONCLUSIONS 

llaseu on Ihe analysis of two Inuian railw~y tr<Jcks, the 
following conclusions can be nr;lde. 

lJolh track unevenness and AVP dat<J can he nlOdelcu ;IS 
st<lliollary Gaussian fielus. 

Pe<lk values in the unevenness can be estilll<1ted fro 111 slall 
uard devi<Jtion. 

'! he vel tical irregularity (1\ VI') correo;pClllcling wilh the Idt 
anu right rails belongs to all isutropic r:tnU()nl lidd. 
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II,,· " ' lli e; 1I c·.\c·il:tli,,11 I'SIJ lll:\t,ix !)I Illulli:txk vchiclc\ 
Illll\'ill!,! (Ill :lll is!)lr"pic ralldolll !ielu can be specifieu in ter ms 
of oilly olle Ir:lck PSI) funclion. 
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APPENDIX. II NOTATION 

7lte jul/()J(lirg .1)'I7IIJO/s are used ill rlris paper: 

con5t~rlls in (12);
If . " 

. (/ ," peak amplilude>; 


(,(0 ) plohahililY of jlb -o ruer peak> 0 ; 


f frequency in cycles/m; 

i j indexing parmlleters; 


I. length of track 5lretcb; 
N tot;)1 numher of peaks: 


N, .(l) ~verage n\llllber (II pe~ks; 


,,',,( I.) ;1\'('1 ;lge n1l111l>cr Ilf lero crossings: 

1'( (1) proh;l\1ilily·distribution lunction of peaks; 


S ~p~li;J! lag: 

11('<) llneVerl11eso; process; 

o = 11011uimcllsiollal level; 
r~ hand width p:lr~meter: 

"I stalld~f(1 devi~lioll of II(X): 
IT, st;lIHlard de\'i~tioll of first derivative process; 
0, slalld<l"\ de v i~tiol1 01 second derivalive PIO

rrs,: :tlld 

1 = time I;lg. 
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