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ABSTRACT 

This report presents a survey and d<•scription of work pcrforrnccl in the area 
of rail overturning. It includes analytical work, as well as test results~ both field 
and laboratory. Comparisons be tween diff cn•nt tests and their results arc made. 
The various causes and re lated phenom ena arc discussed, tog<'th<.>r with suggested 
techniques for dealing with this prohlcm. 
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INTRODUCTION 

The 111ainlc.:nance of the track slrnclme is an area of great conct'rn throughout 
the railroad industry. Hec<'nt data have s hown track-n·latccl problems make up the 
greatest percentage of accident causes ( 35). 0 

According to a former chief engineer of the Caua<lian National Hailways ( 17) 
the interface between the rail ancl the lie rl'prcsc11ts the weakc·st J)Oint in conven­
tional track structure. Likewise, accide11t analysis has shown that prohlc.•ms c.:ornwcted 
with mainline gage wi<lcning, tics, and tit• lllatcs consis tently rank among the top 
ten categories of track-related accidt'nt causes (35). It thus becomes evident that 
the problem of h olding gage and preventing rail owrturning is one of serious 
magnitude . 

The probl<.•m of gage wi<lt•ni ng an<l rail overturning consis ts of many inte r­
acting causes. Hail roll contrib11t<'s to the gage-widening prohl<'m even in the case 
where the rail cl<><.•s not overturn. J low<'Vt•r, lllHch confus ion has come about clue 

to interchangeable use of te rminology. This leads to a nec<•ssary definition of terms. 
In the following text: 

"Ga,ge \Vide11i111..(' reprcs<'nls any incrt'ase in U1c standard tra<.:k gage of 4 ft 8Jf 
in., m easured % in. bdow the top of the rail head. \Vi<lcr gages arc permitted for 
curves: 

"Rail Roll" is <lcfinecl as any rotation of a rail section from the "original" 
vertical axis of the rail , or any lateral deflection of the rail head w ith rcsp<'ct to 
the rail has<.'. 

"Rail Ovcrt11r11i11g or Rvllvrcr" is defined to occur when the rail scclion actually 
turns over onto its side. · 

"Rail 'frm1slation" is clcfiiwd as any lateral clisplacc111e11t of the base• of the: rail 
relative to the tie . 

Thus, according lo the abo\'e clefi11ilio11, rail overturning is a limiting t·asC' of 
rail roll. Furthermore, it can be seC'n that gage widc-ning may consis t of combinations 
of mil roll together with ra il translation . 

0 N umbers in parc•nthcst•s i111l il.;at ,· Ht•fc·rt•nt·c-s at c-ml of paper. 
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Rail ro ll appears to h e due to ~cvc ral dist inct causes such as rail twisting, rail 
rigid hody rotation, and in the case o f large axial forces, even local buckJing of the 
rail ( as opposed to gross track h11ekling which is a n alignment, not a gage-wide ning 
problem). Furtherm o re, rail roll is a c umulative- result, whereby initial rail twist 
g ives a greater eccentricity to vertical wheel loads, which w he n combine d with hig h 
late ral or combination of hig h lateral and longitudinal loncls, result in spike pullout, 
tic c n1shing, rail head bending, and ultimately rail overturning. 

It is the purpose of the following sections to p resent a survey of the analy tical, 
oxperimcntal, and fie ld investigations p erforme d in the area of rail roll , in o rder to 
establish the state of the art in this proble m area. Read ers desiring more specific 
d e tails are referre d to the refe re nced pape rs. 

HISTORICAL BACKGROUND 

The historical evolution of the railroad track is well docullle ntc<l ( 20). During 
the 19th Century, the cross-tic track gradually cam e into its own, an<l with the 
cons tantly increasing wheel load s a n<l train speeds the problem of lateral an<l vertic al 
movement o f the rail re lative to the tic b ecam e importa nt. 

In 1875, E. Winkle r ( 46) presented test data o n the resis tance of spikes, of 
various shap~s and patte rns, to pullout. H e the n postulated a relationship between 
the pullout force P and the surface area of the spike e mbedded in the tic, f , as: 

P=A · f 

where A is an experimentally dt>tcrminc<l <:ons tant ( for oak, A = 50 kg/cm !!) . 
Winkler also presente d results of gage-wide ning tests conduc te d on loadc<l and 
unloade d trac k fo·r various spike ancl plate configurations by M. ?vi. \Ve hc r in the 
mid 19th Century. T he displaceme nt m easurements, h ow ever, were restricte d to 
the gage widening at the rail head. 

In 1899, A. Wasiu tynski ( 45) pointed out tha t the Jatl'ral deflec tio n o f the rail 
head is due to two in<lc p c ndc nt causes: rail rotation and rail translation. ~ ' as iutynski 
s tated that rail ro tation is <luc to c rushing of the tic along the field e d ge of the tic 
plate, whic h results in rigid hody rotation of the rail. Latc rnl displacem ents at the 
rail h ead, of up to 1.5 nun ( 0.06 in.) were attributed to th is rotatio n. 

The equation 

0 ' 
[ II ] = iS ( 1 + 6 ( a [ + l h/ 2 0) 

b 

) 

was presented fo r the determination of the maximum tie plntc crushing ( o', o") 
duo to a vertical wheel load applied to tlw field [gage] side of the rail h ead. ~ re pre­
sents the c rushing of the tic <lue to a uniformly dis tribut<..•d tic p late pressure . l> is 
the w idth of the tie plate ( with 1 :20 cant), h is the rail h e ig ht and a is the distance 
between the cente r of the rai l and th e point of loading. Observations were made 
on the Warsaw-Vienna Railroad in 1894. Using a location where the rail h ead 
wear pattern was well established, so tha t the load appl ication point on tJ1c rail 
h ca<l could ht.• a ccurately d educed , rotation and lateral ra il head clisplac.:emcnt 
measurements were found to b e in g<..•ncral agreem e nt w itJ1 values calculated from 
tltc above equations. 

The awarcnC'ss h y e arl y rai lroad t·ngin(·crs o f th<· rail ro ll pro ble m is eonfirmc<l 
by the Knee Brace, sh own in Fig-. 1, which, a ccordin j.! t o an 1886 U.S. track manu:11 
(31) sh ould h e Hsccl for , ·<•ry sharp c urves ancl "all rails w hich have to resist n 
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FIGURE 2 

s t rong side thrust." Another device was Lhc G uba Hail Fastene r show n in Fig. 2 
w h k-h , according to A. Birk ( 8), makes nny spreading of the gage and canting of 
the rail (rotation) impossible . 

Another early investigation of gage wide n ing and ra il roll was conduc ted by 
G. Cuenot ( 12) on the Paris, L yons and ~lcditerranean Hailroa<l at the turn of the 
century. From field observations, Cuenot noted that on tangent track, the rails tended 
to deform inwar<l, while on curv<:'cl trac.:k they tended to deform outward. This he 
attributed to the corresponding diffe rcn<.:c·s i11 the loads applied h y the vehicle to the 
rail head and to a corresponding bending of the wood cross ties. Tie p late c rushing 
was also observed. T ests were conductecl for spike p ullo ut, using the extrah ometer 
( Fig. 3) and for rail roll, using the d cclimeter ( Fig. 4a) . The results a re presented 
in Reference 12. It was found that doubling the n umber of gage side fasteners ( to 
two spikes) resulted in a d o ubling of the corresponding rail rollover resistance. 
Additionally, usin g a tic p la te with a reinforced shoulder ( Fig. 4b ), so that the 
screw spike ( which w as the fastener used in these tests) rested completely on the 
sh ould<.' r, resulted in a 20% increase in roll resis tance. This was because , wi th the 
non-re inforced sh oulder the screw h cacl was only partially supported and thus h ad 
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FIGURE 3 

a tt.•nde ncy to o verturn in the e mpty space ( Fig . 4 h ) while w ith the reinforce d 
!--houlcle r supporting the h ead, this tende ncy is reduced. 

I n l 9 0 9, E. E . S te tson in an AREA Re p ort ( 38) presente d the concept o f an 
L / \' ratio w h e re L is the la te ral force and V is the vertical force applie d to the r ail 
h ead. Assuming that the forces arc applie d as shown in Fig. 5 , this con cept d e fines 
an unstable condition a s existing w hen the (vector) resultant o f the late ral and 
\'ertical force s falls o uts ide the edge a t the rail base. The dl'cct of the rail fas tc 1wrs 
a nd of the r ail segm ent le n g ths arc n cglcctN l ; ho w ever, the e ffect of the r a il can t 
is included. { The a c tual pm11ose o f the rail c ant, h o w ever, is to m a in tain an im­
pro ve d contac t b e tween the whc<'l tread and the n1il h ead. ) A s a result o f this 
uns ta ble conditio n, tho ques tio n o f what prc n .•nb, the rail fro m overl11rning is broug ht 
up. S te tson the n points o u t tha t th(' Imig le ngths of rail, ri g iclly c o1mectcd, and 
h t>lcl d own h y track fas te ne rs ·along Lhl'ir e ntire }C"ng th . l ogdh <.'r with the , ·c rtil'a l 
loads a p p li<><l by the train nway from the uns ta ble p o int, arc m o re than s uffic:il'nt 
to hold I h e rail in plac:l'. 1 n fa ct, S l<.•tson s ta tes that in o rd<.'r to overturn a rail, it is 
nc<.:<.'ssary to fracture the rail in two places a nd pull out all the spikes on the inne 1· 
s ide o f the ra il b e tween the- fractures. C onseque ntly, tho u g h h e clocs raise the qucs-
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l io11 of the i11s tabilit y o f the rail s u b jl'd to Ct'rt a in L / \' ra t ios, lw th1: n p r<X:l'<.·ds 
lo d isco11nt the p ossibili ty of rai l on:rt11ruing. 

In 19 18, the Talbo t <.·om mi tl <•<· o f tlw AH l-:.•\ l'xamirn: cl , ·arious asp l·<.:ts of t ral'k 
lo ad in g and respon se. E arly tes ts o n th<• I llinois Central Ha ilroa cl in clica t('d that 
o utward bending of tlw rail was o hsern•d ( ::m) . I lo \\'e vcr , the o h sl'rva ti o ns w ere- n o t 
purs 11e <l in t lwsc l<'sts. S u bseque nt tests wen • carri<'d o u t o n tlw L<•hig h Vall<·y 
Ha ilroad a nd o thers, whc 1-e the t rack w as load<·d h y a locon 1otin: a n d ca rs travelling 
a t 5 and 4 0 m ph ( 4 0 ) . r-.. k asur<.·nwnts o f t lw rail tiltin g ( rai l roll ), la teral ra il head 
cldk<:tions, and m il h <•1Hl in.~ s tn•ss<·s were n •conkd ( F ig . G ) . E xa m in ation of t angent 
track, b o th cante d ( I : 2.0 ) :HHl w·rt ic-al, sho w<'cl a m a rked increase in avc1·ag<.' lat<.• ral 
h cnding s tresses fo r tlw vc•rt ic:a l rail, hu t l ittl e• c,·id en<.T o f a n y significan t <.'ffcct o n 
gage w idc•n in g. It was noted t hat t h<' til t ing o f tlw ra il n•sult<'d in la t<- ra l cl<•fl c·<.· t ions 
a t the rail h e ad of 11p lo 0 .0(-; in. ( l .. 5 111111 ). Th is was a lt r ihu tl'd to a largt·r l)('a r ing 
p1·<.'ss11 re o n one 1·d g<' of t he t ic pla te• t h an 0 11 tlw o tlw r. The use of an 1111sy111nwt r i<"a l 
t ie pla te, h av ing a larg<'r p roj<'<: t ion o n the o u tside of the rai l , was n•con 111w nded 
as a <.·<>rr<·cti v<' 111<.•a s 11 n• . ~ l ost 11 wd1· rn li<' p late d <"signs incorp ora te this foatnr('. 

S 11hscq11cnt i11vcstig al io11 into tlw prol>l<'lll of w<•:1 1· u n dernea th the ra il seat, a n d 
r a il r o ll, k<l to th e cJ('q• lopnw nt, by several Jo:11ro1wan ra i lroa ds, of the h ooke d or· 
brim m e d tic p la te ( Fig. 7 a) . T his plate, whi<"li w as dl'scrilwd by 1--'. . B ranning in 
lD:?.O ( 10 ) and h y .-\ . Bloss in 1~)27 (D). 11tiliZl'S t lw fad that t he nH,11H•11t ar111, 
throug h w hic h tlw ra il fo s tPners n ·act a g ainst la t<·ra l o r c·<x·c• nt ric V<"rt ical w lwl'l 
load, is s ig n ifkn ntl y incn: asc·cl through t lw 11s1• o f a h ook or hri11 1 o n t h<' p late \\"hic·h 
rest rains th e rail base on the g ag<: sick. a n d a ser)a ra te I ie pla tt•- tk fas ten<'r. 

T h e dist r ibution o f pressu re· 1111cle rn<:ath an c•cc:ent ric n·rtical lo ac.1 ( Fig. 7a) 
was giv1'n b y Brauning as: 

X 

y 
; + (k 
;-:_:· fie~-

w h e re x, y arc t he <'1Hl p n•ss 11 res hencath the ti t• p la ll ' , 1 1s t lw I it• p la lt' w id th . a nd 
c is the dis tanct.~ hct w<'<' ll tlw platt~ c:e11 lc 1· a 11d the point o f loacli11g. T h us, as t lt<: 
p late w idth inc r<.•ascs, the pressu re ra t io clc·crca:..<'S, pro,· id ing for a more cY<.·n dis­
trilmtio n o f pwss11rc b <.'n ea th the ra il Sl'at a nd d ecreas ing t h e a mou n t o f rai l ro ll. 

I n tests u sin g t wo ~h ort pi<'<:<.'S o f ra il fas te n e d to a t ic•, Bloss notes th at a la t<'ntl 
force of 14 ,300 lb ( <->,50 0 kg) w as required to fo il a hooked tic p ink anang<•m _1·n t, 
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wl1i lc a forc:c of only 7,700 lb (3,500 kg) was needed to fail a damp-fastener type 
arrangement ( Fig. 7b) . Even greater sc~urity is provided, according to nloss, if 
lateral play is di111i11atcd from the sys t<.•m by m e.ms of a wedge inserted between 
the hook of the plate and the mil has<.' ( Fig. 7c). It is notecl that by using this 
hooked p late ,Hra11gemcnt, it is suflic:icnl to u se c ut spike fns tc 1wrs on the field 
sido of the rail ( Fig. 7d). llowev<·r, Bloss suggests that it may he d esi rable to 
st•parate the rail-tic plate (gage) fasteners anc.l the tie plate-tie ( hold down) 
fastt.-ncrs altogetlwr, which allows a mai11l(•rnm<.·c crew to remove a rail section 
without disturbing the tic plates and ties. It is interesting to observe that this featme 
is pn.•st"nt in most of the clasti<: fastener system s presently being used. 

FIELD TESTS 

Fol1owing these early in\'cstigations of rail roll, this problt•m merged into and 
he<.:amc subordinate to the larger problem of gage widening. Field tests a nd investi­
gations wc,·c carried out in the United States hy the Association of American Rail­
roads (AAH), in 1951 (5), 1966 (2, 3), and 1975 (1, 44); in France by the 
French National Railways (SNCF) in 1955 (3G); and in Canada by CN Railways 
in 1972 ( 25, 34) ancl CP Hail in 1972 ( 29, 30). These tests, though aimed pri­
marily at tht' gage-widening proble m, clicl observe rail roll. A summary of these 
tt•s ts is prest'nt<.'d in Appendix A. 

1n the 197.5 AAR Track-Train Dynamics investiga tion of wide gage ( 4 -1 ), 
tlw meas11rt•cl data were pn•scntccl as probability histogrnms ancl cumulative prob­
ability distribution c·111vt·s. Additional data on speed c.lcpern.le11c:e ancl dynamic gage 
were also pn.•scnted. It was noted that dynamic rail ro ll occurred hut that n o 
1wrmanent deformation of the track was observed. A s imilar observation was 
m ade on thP SNCF test ( 3G), where elast ic track fasteners were used. Tests con­
duetecl hy th<.' J apanese National Hail ways (JNH) ( 32) showed that track c.lcfonna­
tion causecl hy d ynamic lall'ral load was not as severe as that caused by the 
identical static load. Consequently, it would appc·ar that d ynamic rail roll is not 
the most severe condition. 

Hail roll was also ohsern•d c.l11ring the winter tests cond11ctccl hy the AAH. 
( 4-l) and by the C 1 ( 34). The fact that the winter condi tions produce d more 
significant rail roll aml gage widening was attributed to larger h\tt•ral loads <luring 
the winter b ecause of frozen roadb ed conditions. 

Static gage-widening tests were conductec.l hy the CN in 1972 (25). Using a 
50-ton hydraulic c:ylinder mounted in a spec.:ial c:radle to a1)ply the lateral loads at 
the rail h ead, and using freight cars at various gross weight conditions to inh·o­
dm:c vertical loads, the lateral dcflc.•ction of the rail heacl was recorded for fi ve 
dissimilar test sections of tange nt track. During the course of these tests, H was 
observed thnt lateral loading at th<' gage face caused the rail hend to move out 
m o re rapidly than the base, forcing the rail to twist. As it twisted an<l rotated 
about the outer edge of the rai l base, spike pullout occurred nt the inne r edgc.•. 
This pullout, it was noted, was continuous in some cases, nnd in others occurred 
as a series of ·'stic:k-slip'' cyc:lcs. Crushing of the tie on the field edge of the plate 
was also observe d. Ilo\\·e-ver, there was 110 pl'rmancnt track cbmngc other than the 
spike pullout and local lie c rushing. After plugging- the holes in the tie and re­
spiking to gage, the rail was straight. This indicates that any h ending thnt occurred 
in the rail was elastic, an o b serva tion that is suppo rted hy the other fie ld tests 
as we ll. 
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In t c.•sls co11duc tcd h y the Elcdro-;\ fo tivc Div is ion of Gene ral ~lotors Corpora­
tion in 197 l ( 22) , large late ral loadin~s around c tirvt•s, w h ich resulted in gage­
widc n.il1g and ra il- ro11ovc-r prohl(•m s, were mcasurt·c.1. In th<·se ll·sts w h e n L / V ::::::::... 
0 .5° , the resultant load falls 011tsidc tlw ra il base, thus making the b asic rail 1111-
stahlc and rcstrai n<.•d h y the faslt•ncrs and vertkal loads of ad jacent wheels. A C P 
Hail r<' port (29, 30 ) indicated that th is condition occurre<l wi th L / V :::::,,,_ 0.68 fo1· 
115-11, HE and 132-Jh HE rail. Tho re med y su 1.u.~cst<.•d h y this rc1mrt wns to rc•ducc 
lateral lo:Hlins.{ on tlH· track h y improv ing trai11-handli11 j.{ techniques. This approach, 
w h ich is s ug~cstc<l by seve ral of these flc-ld lest repo rts, w ould ke<'P th<.· L / \' 
ratio hclow a c ritical valt1G necessary for rnil rollon.•r. 

T he o the r ntlit11dc is that of improvins.{ tlic track s truc tu re to inc rease its 
Jntc ral and torsion a l resis tance. This approach was take n h y th<."' Louisvi11c & Nash­
\'illc Railroad afte r it had cxp c ri<..·nced gagc-widl'ning ancl rail rollove r proble ms 
around c u rves ( 13, 24 ). Dy instalJing compn_•ssion clip anc h ors on tlw gage s ide 
of the rails, rail o verturning was prc ,·entl'd. Use of washe r-lwad scr<.•w s pikl's, 
w h ere the unde r s ide of the wash e r h ead is tape red lo conform to the slope of 
the ra.il bnsc, was also m entioned ( 13, 24) as a possible re m ed y to the rnil O\'cr­

t.urning proble m s. The use of d as ti<: compressio n d ips l.'Orrespon<ls to the results 
of t'hc SNCF tests ( :lG) w hi<:h sh owed that elastic fas lt'll('rs 1wrmit :<.•d con siderahlt· 
dastic movement of the h cnd of the rail. Thus, the tests show that \1S(' of t·lastic 
fas te ne rs wou]cl red uce the occ11.n-<·nce o f spike p111lo11t on the gagt• side of the rnil 
ancl const•qucntly rail rollover. Newly desigm•d Japanese National Hailwars fas ten­
t•rs sh own i11 Fig. 8 provide for hoth v<.•rti<:a l and la t<.•ral clast i<.: ily, so that st·,·<•ral 

0 L / V valm:s of approximately O .. =; tu 0 . .'; .5 we-re ~ivc-n as th() v a l11l'S n·11rc-.e11tativ1• ,,r rail 
t·ommo nly u:o;t•d in the U niktl Stah's. 
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causes of p c rmauent gage w idening are e liminated ( 28). These fasteners are 
pn•s('11tly liei11g 11sed 011 th (' J N H high -sp <-cd line~. 

In all cast•s mentioned h t•re the e fft·l'l o{ axial fo1Tes in the rail, whctlwr due 
to temperature change (20) or vd 1idc hrnki11g (7), \\'as not c.lirt•<.:tly taken in~o 
t·onsi<kratinn a11<l const·quently n o rail axial fort·<• measun.•111ents were taken. 

RA IL RO LL TESTS 

Though the gag<"-wiclening tests providt•d 11sdul informatio n on rail ro ll and 
r,ii l ov<'rh1rn i11g, thl• need for mor<.· s1wdfit- t<•sts was appare nt. 

111 H)Gl (:32) and lUG-1 (3:3), Y. Sato of the J N H c_,ondueted a series of tes ts 
011 the bt<·ral s tr<"ngth o f the trac.:k. I le c01u.:l11decl that the rails in the track s tru c­
ture ca11 he considen •d to h e s11pporlt•d hy three distinct spri11gs: a spring repre­
se11t ing the transverse <lisr,la<Tnwnt of the rail base 011 the tic, a spring represent­
ing the lateral displacem e nt of the tic: in the hallast, and a to rsiona l spring repre­
senting the n •a<:tio11 of the tie and fasteners to the tw is ting of the n1il. These 
springs arc illustrated in Fig. 9. Corresponding to these springs, three forms of 
track fai lure are idl'nli fi l'd. Thl' fa ilu re m ode ,\ssocialt•d with mil roll, pullout of 
spikes 01· fail u re of elastic ra il fasll'11crs, was staled to b e the one that de fines the 
limit o f the lateral pr<•ssure that can lw applied to the track ( 33). 

A similar approach was 11st•d hy the AA ll in HJG7, where s ta tic laboratory 
lC's ls, using a short pi<•<.·e of rail, \\ 'ere conducted lo determine the overturnin g 
n•sista11c:c of a ra il fastened to a wood or prcstrcsst'd concrete tie ( Fig. 10a). 
Tlwst, lt•sts, wl1icli were C'ond 11 c ted for di ff<·rc.·nt L / V ratios, were carriNl out 
1111til failun.·, which was tl<·(i ne d as spike or faslt'nl.·r pullout. The n·sult showed 
that cmu.:ret<' ties, u s ing bolts antl t"lastie clips, \\'l'n ' capab le of c arrying c_,onsid t•r­
a hly gn·ate r late ral loads than tlic \\'ood ti<·s with cut spikes (Fig. I0h). Dctailetl 
results of the les:s, i11d11di11g cl<'llc.:dions of tlw rail head and b ase, art' p n·st· ull'd 

in lkfrrl.'n(·c 4. 

:\ more r L'Cl' llt sl'ries of tests, eonduct<'cl h y D . K. H eron and A. Flass ig 
( 18, I ~J), was aimed s p <·c i£ica ll y at tht• prohl<.•m of ra il roll. 111 thest' tests, whi<.:h 
wer<.' cond11ctl'd on track in a fit•ld c·n vironment, vertical an<l lat<.' ral load s of up 
to 40 kips were a pplied th rougli hydraulie jacks, and longitudinal compressive 
loads of up to 200 kips were input with a hydraulic rail pnlle.r/expandcr. Although 
110 adual overturning was observed, ga ge wide11i11g la rg-e enough to d erail a wheel 
set was observed. The trnc k s truc ture, except for tlie pulled out spikes, appeared 
to Lehave elasti<.:ally; however, it was ohscrvccl at the e ncl of the series that a 
permane nt kink in the rail had developed. This is in contrast to the results of the 
CN Hail ways test ( 25) men tinned previously. The only majo r d ifference in · t he 
test procedu re was the absenc<' of axia l forces i11 the CN tests. 

These rail roll k sts n'1m·s<·nt the only m a jor test series lo include axial 
loatling or measure m e nt of axial fon:t·s ( fo r the ftekl tests). As ean he seen in 
Fig. 1 J, w hich is Fig. 7 of the l kron-Flassig rcporl ( 19), the presence of axial 
fo rc.:t's cm the rail caused s ig niftcn11t increases in t he magnitude of the ga ge wide n­
ing in the trn<:k ( gage widening here represents hoth rail roll and mil translation). 
The question n ow arises as to the effect of axial loading on rail roll. l11 the I krun­
Flassig tests the nx ial fo rce aptx-ars to he causing an inc rea se in the b ending of 
the rail , working in eo11j unclio11 with the vertieal and latNal forces at the rail 
head. For very large axial force><;, the question of local h u ckling of the rnil ( as op-



Hail Hollover- Thc State of the Art 13 

<,') 

~ 

A A A/ H 2S. A .A 

9Lx 
JNR Fastener Spring Model 



I -I 

)0 

20 · 

1 0 -

0 

. ·· · ·- -- ----- -- --- ·- - --------
B11lk1 in Cxi-1- :\11 w r ic.•.1n Ha1l w:1y E n ~Jll<•t•ri 11g i\ss1><:i:1ti• 111 

0 

1 

1-- --

Pv 
RAT I O : Pl ~ 1 . oo 

LOAD P 

- -· --
r-

0 WOOD TIES 
• CONCRETE TIES 

FAILURE --.. _ 

--·. 
• 

I 
• 

I 

.-
/ 

--- --_ F·-
-

- FAILURE 

-----+---- ··- I ------ +--- - ·- +--- ---
0 . 20 o. 4o 0 . 60 0 . 80 1 . 00 

LATERAL DEFLECTION OF RA.IL HEAD-INCHES 

RAIL OVERTURNING INVESTIGATI ON DEFLECTION OF RAIL HEAD 

fl CUR ( 10 



-en 
µl 
X 
u 
;z 
H 

H 
H 
< 
0:: 

E-t 
en 
~ 
e-,. 

~ 
X 
E-< 

ra.. 
0 

0 
:z 
H 
2: 
w 
Cl 
H 
3:: 

µl 
0 
::> 
< 
0 

4 

J 

2 

1 

0 

Gauge Widening I n One Rail Versus 
D i stance Along the Rail: 
Vertical and l ateral load Jr c 
ma i ntained constant (0 lb and 
20,000 l b respectively) While 
long it ud i nal load i s increased 
in increments. 

~~:?oo lo H 
H 
~ ex: 
8 

NOTE: These data val i d only 
for worn 100-l b ra i l under the 
static load conditions of this tes t. 

---lr---=- ~ •M--- ----r:7 U -··v-'+,:: 
- 8 ~ 

2 1 

en 
~ 
8 

0 

This 11 zero 11 ax i s can be considered 
to be the test rai I under zero load 
conditions. 

1 2 J 4 

NUMBER OF TIE S EITHER DIRECTION 
FROM CENTRELINE 
(Tie c en tre s are 19 ~ inches) 

Gage Widening Tests(ref . 18) 

FICL'RE 11 

5 

--;:. ! 

' 1 --• ~ I 

,,. 
r; 

d , 

r.r. 

-,., 

-re 

> 
~ 

Is; 



--------- ·-
Bul11·ti11 fi(i4-.-\nH'rican Hailway Engi1w<'rin~ .-\ssodation 

posed to trac:k hu<.:kling) is now raisc<l. This question w ill he discussed in more 
detail in the analytical methods section. 1 lowcvcr, the fact that large axial forces 
do appear in the rail suggests that their mcas11remt•11ts must he includc<.l in any 
fit·ld or Jahoratory testing program. 

T,,·o conclusions were presentt•d in the J lcron-Flassig report ( 19) . The first, 
thnt a lateral load at a single point would 11ot be likely to overturn a rail, appears 
to be in disagreement with the r<!sults of several field tests, discussed earlier, 
where it was condndcd that dt•railments clue to rail ovc1tuming arc commonly 
c-aused hy high lateral loading between the wheels of one truck and the rail 
(27, 29). The second conclusion is that actual failure-mil overturning-may be 
due to dynamic gage widening caused 1,y extreme lateral an<l longitudinal Ioa<ls, 
whew one or more wheels drop inside the gage, nm along the insi<le of the rail 
web, and cause the mil to 0H~rtun1. J Jowevcr, whe the r this latter exr>lanation 
suitably a ccounts for all or even most of the instances of rail overturning is a 
c1nestion that 11111st s till he investigated. 

A bri<'f summary of the rail roll l<'s ls is given in App<'ll(lix ll. 

RAIL TORSIONAL STRE SSES 

ln 1932, Timoshenko and Langtir ( 42) conducted a set of analyses to de­
termine the stress dis tribution in a rail and lo examine the e ffect of lateral nncl 
<-ceeulrically applied vertica l loads on the rail. T he results showed that the rail 
n•sponds to these two t}1)CS of loading in entirely diffe rent manners. For lateral 
loads applied at the rail head, the torsional ri~itlity of the mil head prevents rota­
tion. of the top of tlae weh, so that the rail deforms as in Fig. 12a. For eccentric 
vertical loading, the d eformation of the rail is dcpict<'d i11 F ig. 12h. 

(a) 

F I GURE 1 2 
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and (b)Eccentric Vertical 
load 
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A s imil ar i n ves tigation was c.:ond u c te<l h y C.. ~Janey in HM,5 ( 26). Using h oth 
nnaly tic:nl a n d e xpe rime ntal inves t ig ations, ~1an <'y <.:oncl11Cl c cl t h nt torsion npplic <l 
to n rail hy m e ans of eccentric vC'1·t ic a l lon<ling is rcs is tc-d a lmos t c-ntirc-ly hy tl1c 
h e ad nnc.l uppe r pol"tion of the w c h , " ·h ilc ptll"c tors ion is r esiste d hy the cut.i re 
rnil sectio n. 

The resu lts of thC'se two inves tiga tions s u g g e s t that i t may not he• s uffic i<·11t 
to d e fine the rnil, nna lytically, a s a sin~le h eam , but rathe r the w eb nncl h e ad 1nus t 
he trcn t<'d as separate, thoug h interacting, entities. 

ANALYSIS OF RAIL ROLL 

T h e fi rs t atte mpt l o ,lllalyti(·ally (le-fine tl H· probl e m of rail roll was made hy 
S. Timoshenko in 1926 ( 41 ) . Tren t in~ t h e mil as a h C'n m suhjcctcd t o a const.,nt 
)nle ral loa d applic-cl at the rnil h e a <l ( Fig. 13), Timoshc nko presents nn e quatio n 
for the combine d bending a n d twis ting of a r:1il: 
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where 

IJ is the angle of twist o f the rail 

y 1s the lat<.•ral ddh·dion of th<: <.Tiller of twist of the rail 

K1 is the modulus of foundation with respect to twist ( torsional resistanC(' of 
the rail fast<:ni11gs and foundation) 

K, is the modul us of foundation with respect to lateral deflections of the rail 
( late:·.tl rcsista11cc of the rail fasten ings and foundation) 

Au ahhreviated vcrsiou of this derivation is prcsentc<l in the paper hy Timoshcnko 
an<l Langer ( 4:2). l3ase<.l on his analys is, Timoshenko eondu<le<l that the lateral 
bendi11g and twist of the rail ,\re of loealizcd character, eonscque ntly the effect of 
several laternl forces, such ns produce<l by locumo~ive wheels, is not substantially 
g reater thn n tha t of one of these forces ( 42). 

In response to this paper, H. Eksergian ( 14) brought up the question of the 
validity of the coutilluity assu mption for the torsional and lateral suppor ts, K1 and 
K~. In a similar vcill, F. Ivl. C:raha1n ( 15 ) brought up the fa<.:t ·that, in actuality, 
bolh thu torsiona l resistall(.;C of the spike fasteners and lhe lateral resistance of the 
spike fastc1wr-tic plal('---tie sys tcrn arc 11011-lincar and probably inc~hlstic i11 na­
ture. In answer to these objections, Tirnoslic11ko antl La11gcr ( 4:3) state that their 
sh1dics have shown these ass11m1)tions to he hoth n•ason,tble a11d very useful. 
H. Gnurn1wl ( l(j), in his comments on tlic paper, discussed the effect of the 
vert ical dcllc<:tion of the rnil and its inte rre la tion w ith the rail twisting . Ile pro­
posed that an additional lt:rm, Kaz, be added to the right l1aml s ide of eq . .'.2.; 
where z is the vertical defle("tion of the track obtained from a beam on dastic 
f onnc.lation a11alysis, and K:1 is a coefncient of "bedding." A more complex inter­
action l>el\\'(X'n tlicsc two 1nocles was nlso prnpose<l. 

In 1U6-1, Y. Sato ( 33) also sugges tc•d llial the rail roll prohlern he analyzed 
us tl1e torsion of a b eam supported by a spring against inclination (rotation), in 
or<lcr to obtain the condi tions under which s1)ike pullout occurs. llowcn'r, no 
ccJu at ions were presented. 

I n 1969, 11. Srinivasan ( 37) cxau1ined t·lic problem of eccentric vertical load­
ing of the rail, and the resulti11g ra il twist, a nd obtained a set of eqna lion s which 
correspond, quite closc .. ly, with those of Timoshcnko. The differential C'CJtiatio11 
for the rail twist is givc:n hy 

where 

2M, is the tor<1uc moment applied to the rail 

O is the angle of twist 

(3) 

I t shoul<l be ob served that in a ll of the above analyses, the axial force in the 
rail was 1H.~glcete<l. However, Timoslwnko's c<1uatio11 can be readily modified to 

cFy 
include axial loading by the addition of a P --1· :;- t erm to the left-hand side of < x~ 
eq. 1. The sol utio n of this prohlc:m would then consist of three cases 

(a) P<Pcr 
(b) P=Pcr 
(c) P >P.-. 
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whPrc P ,. r n•presents a e riti<.:al value of the axial force.•. For the ease P < P er' the 
rail rollover analysis would be concerned with the b e nding and twisting of the 
mil. For the case P :::::::,._ Per' the question of rail buc kling arises. Because of the 
pn.·se11c-c• of extremely large axial forces in one or both rails, this proble m ( as 
opposed to the trac k buckling problem) shoultl he given additional eonsidc-ration. 
Up to the present time, however, this aspect of the problem has not been ade­
quately treated . 

In 1974, A. Kish ( 21) prcsc.•nte<.l a set o f non-linear b ending torsional equa­
tions for a railroad track, subjected to constrained non-uniform thermal expansion. 
His results, which arc in the form of non-linear three-dimensional equatio ns for the 
track , were not applied to the problem of raiJ roll. 

J. J. La bra ( 24), in 1974, examined the problem of an axially loaded linear 
incluetion motor (LIM) reaction rail ( Fig. 14), subjected to a moving lateral load. 
In <loin.I-! so, h e consiclcrccl the rail we b to he a plate in hcncling, with the equation 

D V11 
;) ? w 

+ rl h = 1::, • I~ . .>F " ( y -c t) • ,'i (x-a) ( 4) 

whe re 
\\. is the Jntc.ral <lc flcclion of the rail 
p is the a pplic<l lateral load 

~ is the axial load 

TI1b analysis docs not consider the conventional rail section, and docs no t 
take into consideration rigid hocly rotation or translation of the rail. It docs 
examin(', however, lhc rail be nding of the LIM reaction rail. Furthermore, the 
dynamic e ffects of a m oving Joad arc examined, and it is shown that a c ritical 
velocity cloes exist which is d ependent upon the a.-<ial loading of the rail. 
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Seve1·al recent attempts to solvl' the prnhlcm of rail roll have been mac.le with 
the use of Finite Element and F'i11itc Difference tccbnic1t1cs. 

F. Arhahi-Kanjoori ( G) used the fo rnH'r technique lo inv<:stiga tc the proh­
]em. R epresentin ~ tho rail clement as a hc:1111 restrained 1,y vertical, lateral, and 
torsional springs ( Fig. 15), axial, latC'ral and vertical loads arc intrndU<.:ccl i11ln his 
analysis. The formulation of the pmhl<·m, and a sol vc1l n111nciical cxamplo arc 
presented. 

K. II. Chu and Y. S. \Vang ( 11) utilizl'd a Fi11itc: Differe nce sol11lio11 of 
Timoshcnko's crpiations, \\'hich was moc.lifl<'c-1 lo ind11dc.' constant axi.il load ing and 
non-linear e ffects of int1•radin.!.!: 111C>1.1JC•11ts. Tlic.· r<' -.;111ls, which were compared with 
the test cln ta o[ ITcron ancl Jr'lassi.!.!: (] 8) , were in modl·ratc• agrc0mcnt. Jlo\\'ever, 
in orcll'r to obtain this agn::e111Pn t, Chu and \\'a11g varivd the torsional resistance 
of •the fasten e rs with the different loa(ling conditions in an unc.ldhwcl 1nanncr. 
Furthcnnore, because of the large com1rntcr operation time rc(luired for thc>ir 
anal ysis, Chu ·a nd VVang rc•commf'1Hl<'d th,-. use of a Finite~ Elemf'nt approach for 
fn rt her analysis. 
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CONCLUSIONS 

Though nume rous investigations, both lest ancl aualy tic.:al. h ave ht'l'H L'arri<•d 
o ut in ordt'.r to cl<"finc a nd solve t lw rnil rol l problems, the basic n a ture of the 
proble m is still not ful ly und<'rstood. It is k11ow11 , howev<·,-, that the m ec:hani<:s of 
rail roll indudcs spike pullout, spik<> hendin!-!, tic <.:rush ing b e neath the o u ter edge 
of t he tic p late, and bending o f t h e rail head and wC'b. 

Various approac:hcs have h e1:>n u tilized l,y tlw raih·oads i11 au att<.•mpt to <:011-

ta in th e ra il roll l)rohlem. Use of improvecl tn1in-hanclli11g l<·chniq11es a nd redt•sign 
of locomotive su spen s ions, to reduce th e L /\' ra tio , h as been o ne ,q)proaeh. In­
c reasing tht• torsional resistanc·e of the tnH:k hy means of improvnl spiking pat­
terns a nd mon! e fficient c•lastic fasteners has ht•<·n another. Use of _t{a.~e rods, par­
ti<.:11lar1y those w ith gage side c:lamps. is s till auotlwr. 

However, jt is not c-nou g h s imply lo contain lit<• prohh·n1. F11 r llil'r study is 
111·c<lP<l lo <.·h a rnc tcrizc n-1ore folly the na ture of Llw prnhh·m a11cl to drt•l"t 11wrc 

pcrma11 e n t" sol 11l ions. It has bc•(·n the• int<"nt· o f tit is pap1•r lo present the n'adt•r 
wilh lh<' \\'ork tha t has already l><.·<·11 1w rforn H·d a 11d to .sti1111 tlal<· f11rlher a11alytit·a l. 
experimenta l, and fic·ld inv(•stigations in this important area. 
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t~~g0~t t:~ck sectio~s 

Spcci~ l 3 Jxl e tr~ck 
-::asting ~0~!cle W!S used 
o~ ~ai!1 li~e tra~k . ~id­
~l c axle of this vc~iclc 
w .1 s the t ::-a -:k lo.1-:l i nsi 
c..!evi~l'. 

7cs'.: t rJ i:1 ~.:is d::-i~cn on 
c~ r~cd (3°), i nstr~~e~t~d 
t c s~ sccl ion, m1in li~e 
tri c k 

I~s ~ru~c~t~d test c~~s 
::lJ : c,l i:1 rc •,en•;c scr·,icc 

St.it i: tes':.s . 
Fixed h~drJulic c1linde r 
~s~<l t~ ~?P~Y 11~~ ~~ 1 
l .1.!s 1-:: r .1i l ~,~:i:! . T.0,1•-:-

•::: ._,.-. ;!: ;~.:: f,:."0'."i f.~•.:.-S ,_. ._,~ -

~ :...· .1 l t :) J. ... '1 i '.'":. .. ! -

Data 
Recorded 

Vertical force on r l il 
Lateral !orce on rail 
Lnteral deflection o: 
rail heJd 
Rail bending stressas 

Best 
Objectives 

!<.esults 

St'.ldy locomot ive design 
~nd its ef:cct on curved 
sc~tions of track , (empha­
sis on lateral loading) 

Lateral rail hea; ~~ - Dcter::iine reisitance o f 
flection tra~i. to vehicle l ateral 
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Investiqate effects of 
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br dynamic braking on 
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~casure static lateral r c ­
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ucd0r ~nntrolled conditions . 
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