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I. INTRODUCTION 

This report provides an overview of the pub­
lications on rail .ystem dynamici which have ap­
peared a, the producta of FaJ.-Iponlored renarch 
in the decade from 1971 to 1981. Then include 
FaJ. contract report. and technical papers pre.en­
ted through the profellional locietiea. In gen­
eral, report. publilhed lince 1971 and paper. 
publi.hed .ince 1975 have been included. The 
end of 1981 haa been cholen a. the cut-off date 
for more recent work. 

The technical lubject matter which falll 
under the category of rai 1 Iy,tem dynamici doel 
not fit entirely into well-d'efined clanifica­
tionl. The deei.ionl about what aubject area. 
to include {and exclude' have of necenity been 
judgemental. A good .ummary of the .ubject mat­
ter which i. covered here can be gained by re­
viewing the outline of the remaining chaptera of 
this report: 

II. Sources for Overview Information 

Ill. Wheel-Rail Interface PhenOlllena 

IV. Vehicle-Track Dynamics 

4.1 Track Characteristic. 

4.1.1 

4.1.2 
4.1.3 

Track Geometry Mea.urement 
and Characterization 
Track Mechanic. {Compliance' 
Maintenanc.e of Way 

4.2 Vehicle Dynamic. for Given Track Geome­
try 

4.2.1 Analytical Rail Vehicle Dyna­
mics 
Experimental Rail Vehicle 
Dynamic. 
Combined Analytical and Ex­
perimental Rail Vehicle Dyna­
mic. 

4.3 Vehicle-Track Interaction. 

V. Longitudinal Train Dynamic. 

VI. Other Application. of Rail Sy.tem Dynamics 

6.1 Fuel Con.umption/Re.i.tance 
6.2 Lading Re.ponae 

The text of the report include. a brief dia­
cunion of each of the documenta which ha. been 
obtained in the .earch through FRA-.pon.ored 1'1'0-

. ject., with citation. to a complete bibliogra-
phy. In addition, t_nty "pre.entative papera 
were lelected for incorporation into Volume 2 of 
thi. report to dilplay .ome of the re.ultl which 
have been achieved during thi. decade of FaJ. 
.pon.orahip. The.e papera have been cho.en for 
inclu.ion becaule tlken together they live the 
reader an effective picture of the breadth of the 

1 

accompli.hment. in rail ayatem dynamic. which the 
FaJ. haa promoted. Thi. aelection va. baaed on 
the author'a judgment, and .hould not be inter­
preted a. an official endor.ement of the.e paper. 
to the exclu.ion of othera. 

It i. the author'. hope that thi. anthology 
i. aa complete aa ponible vithin the defined 
categoriea of .ubject .atter, yura of publica­
tion and aponaorahip. Work which w .. not apon­
.ored by the FRA i a not inc luded here. Some 
univeraity projecta are particularly affected by 
thi. re.triction, in that only the document a 
which re.ulted from FaJ. .pon.orahip are covered 
here, vhile other. produced exclu.ively under the 
.ponaorahip of the DOT Office of tlniveraity Re­
.earch are not covered. Some vork apon.ored 
joint ly by FaJ. and Jo». in the Track-Train Dyna­
.ic. (TTD) pro Ira. i. included, but the .ajority 
of the TTD report. and paper., particularly tho.e 
produced by the Jo». .taff, are not included. 

The citltion. for the document. vhich are 
covered in thi. report vere a .. embled fro. aev­
eral .ource.. The Ie.rch va. initiated u.ing 
the bibliolraphiea and contra·ct deacription. in 
the FRA'. 1980 directory, "Improving Railroad 
Technology" and the Railroad Re.earch Information 
Service· (RRIS) File Search of Augult 22, 1979 
prepared for the FaJ. Office of Re.earch and De­
velopment. U.ing the name I of authora of FRA 
report. found in both of the.e .ourcea, new com­
puterized Ii terature learche. vere performed on 
the Engineering Index and RRIS data bale. to 
identify additional document.. Some of the 
author. who.e work. appeared mo.t frequently vere 
provided vith lilting. of the citation. to their 
work. and were a.ked to indicate which were per­
formed under FRA .pon.orahip. They allo .up­
plied citation. to additional document. vhich 
were not found in the computerized aearche •• 
The document. were then obtained from a variety 
of .ourcu, including SCT'. collection of rail 
dynamic. literature, the DOT and FRA/RRD librar­
ill in Waahington, D.C., the Engineering Socie­
tie. Library in New York and the librarie. of the 
Ka .. achulettl In.titute of Technology, hinceton 
and Stanford tlniveraitie., and the tlniveraity of 
California. 



II. SOURCES FOR OVERVIEW INFORMATION 

FRA Iponsorahip of work in railrold .y.tem 
dynamica hll tlken two different form.: 

(1) .upport of individuII re.elrch projectl 

(2) ,upport of conterenc.. and lyaapo.ia 
which di •• eminate information Ibout 
project. conducted under both public 
Ind private .pon.or.hip. 

Thil nction includu namplea Which fit in both 
of thele cltegorie.. Several FRA-.ponlored pro­
jectl hive been de.igned in whole or in part to 
review the .tltU' of .ome .. pect. of exiating 
rail dynamic. work, rather thin performing new 
Inaly.e. Ind te.t.. Theee project. have led to 
the development of .ome unful reference report •• 
which can help leld relders to the originll .our­
cea for more detliled informltion. I. well I' 
nrving .. good introduction. to their .ubject 
mltter in their own right. The conference. Ind 
.ympo.il which FRA h ... pon.ored hive been valu­
able foruml for the exchange of idea. on the 
Itate of the art of railrold technology among the 
participant •• while the proceeding' report. which 
have resulted have provided effective overviewa 
for thon who were not able to participate in 
perlon. 

The first interim report of the "Freight Car 
Truck Delign Optimization" project by the South­
ern Plcific Transportation Company 10111 a three­
volume literature review [1). Thil review waa 
an annotlted bibliography. including abltracts 
and lome copies of teChnical papen or lection. 
of reportl. providing a comprehenaive overview of 
the (largely dome.tic) literature on railroad 
truckl prior to 1975. The reporU were organ­
ized into five leparate .ection.: 

• the history of the freight car truck 
• truck design 
• truck component. 
• track-train dynamic. a. related to truck 

performance 
• truck performance 

The Battelle-ColUlllbu. I..boratorie. have pre­
pared an exten.ive bibliography on rail technol­
ogy for TSC. under FRA Ipon.or.hip [2). Ho.t of 
the material in Reference 2 101 .. oriented toward. 
i •• ue. which are .pecific to the rail. them­
.elvel. but .ome lola. related to the influence of 
the rail. on vehicle performance. 

The Univer.ity of Virginia. with the a •• i.t­
ance of .ome out.ide authoritie., ha. completed a 
review of the computer program. which have been 
developed to repre.ent railroad vehicle dynamic. 
[3). The exi.ting programa vere found to have 
been developed for very apecific uae. in malt 
can •• and vere infrequently found to be und by 
organization. other than their developer.'. 
Malt of the program. vere not .ufficiently vell 
documented or validated for general u.e. and the 
input data requirement. vere often found to be 
deterrents to the ir u'e. The work reported in 

2 

Reference 3 .hould ,Ive .ignificant effort for 
other rail dynamics retelrchera who are interes­
ted in finding ni.ting computer programs which 
they can uae. 

The FlA'. .pon.or.hip of conferences on 
railroad .y.tem dynamic. haa been mo.t vi.ible in 
the annual Railroad Engineering Conference. be­
tween 1975 and 1979. the proceeding. of which 
vere publi.hed I. FRA report. (4-7). Prior to 
1975. the.e conference. were conducted under pri­
vate .pon.orahip and there 10111 no conference in 
1978 to avoid conflicta vith that year '. lnter­
a.tional Wheel.et Congre... which va. held in 
Colorado Spring •• 

Some of the vork reported in Iteference. 4-7 
va. .pon.ored by FRA. but much of it lola. conduc­
ted overae .. or under private .pon.orahip. The 
FRA-.pon.orld paper. are di.cua.ed by .ubject 
area in the appropri.te later lection. of this 
report. The conference proceedings in their 
entirety aerve .. u.eful .urvey. of the signifi­
cant railrold research work accompli.hed during 
the four year. of their coverage. 

The FRA alao .erved a. co-.pon.or of the 
Sympo.ium on hilroad Track Mechanic. and Tech­
nology at Princeton in 1975 (8) and the Confer­
ence on Advanced Technique. ia Tr.ck Train Dyna­
mic. at Chicago in 1977 [9). The track 'ymPOI­
ium proceeding. contain •• ignificant papers on a 
wide range of track i •• ue., .erving aa an excel­
lent overview of the international .tate of the 
art in track mechanic ... of 1975. The papen 
found in Iteferences 8 and 9 which are related to 
rail vehicle dynamic. and were prepard under FRA 
.pon.or.hip are covered in later .ection. of this 
report. Iteference 9 i. a broader overview of 
the entire field of track-train dynamic ... of 
1977. focu.ed on work conducted in the joint FRA­
AAlt-ltPI Track Train Dynamic. Program. 

Three more recent conference. co-.pon.ored 
by the FRA al.o deaerve mention here. Thele have 
been reported in the following proceeding. vol­
ume.: 

"Accompli.hments in the 70' •• Goala for the 
80'. : A Track Train Dynamic. Conference." 
AAlt Report 1t-400. November 27-29. 1979. 
Chicago. IL 

"FAST Enaineering Conference - 1981 Proceed­
ina .... November 1981. Denver. CO, Iteport 
FRA/ TTC-82/0l. 

''Proceeding. : International Conference on 
Wheel/hil 

Load and Di.placement Mea.urement Techni­
que .... 

Janu.ry. 1981. Cambridge. MA. Iteport OOT­
TSC -UHTA-82-3. 

The fir.t of the.. three reporU 101" con­
cerned with the accompli.hment. of the Track­
Tr.in Dynnic. Program in lIany IIpect. of 



rai 1 road technology, not only dynamic.. The 
dynamics issues addres.ed in that conference were 
principally train action and wheel/rail load,. 
The second report was largely concerned with the 
wear-related issues addrelled at the FAST track 
in Pueblo, rather than with dynamic. a • • uch. 
The third report contains a collection of paper. 
which provide detailed description. of lUte of 
the art technique. for measuring wheel/rail for­
ce. and displacement., .ome of which were devel­
oped under FRA .ponlorship and .ome of which were 
not. The proceedings a •• whole i. a valuable 
reference on international development. in wheel/ 
rail instrumentation .y.tem8, which can help 
provide important information about rail vehicle 
dynamic performance. 

3 



Ill. WHEEL-RAIL INTERFACE PHENOMENA 

Among the most challenging problem. to con­
front researchers in rail vehicle dynamic. il 
the difficulty of determining precilely what hap­
pen. at the interface between the ateel wheel and 
.teel rail. Extremely high .trelleos are gener­
ated within a nall contact pat.:h in order to 
transmit the large forces needed to .upport. 
guide. and propel rail vehiclel. A thorough 
underltanding of the wheel-rail interface i. 
needed in order to be able to predict the dynamic 
re.ponle of rail vehiclel. Unfortunately. the 
interface phenomena are very difficult to obaene 
and mealure empirically. impeding the development 
of fully lit i1factory theoriel to explain thele 
phenomena. The physici at work in the wheel­
rai 1 interface are extraordinarily complex for a 
variety of reasons. including: 

• mixture of eilltic and pl .. tic deforma­
tion of materials 

• extremely high Itrelles. which change 
rapidly in time and Ipace 

• nonlinear wheel-rail contact geometry 

• creep force .aturation 

• abrupt change. in contact .ngles .nd 
force vectors for lmall change I in wheel­
nt pOlition. 

Much rele.rch effort hal been devoted to 
theae wheel-rail interface phenomena within the 
past decade. under a v.riety of different aource. 
of Iponsorship. Thi. concentration of effort 
h .. beell bued on the fact th.t the wheel-r.il 
interface must be modeled correctly before the 
responeea of railroad vehiclea to diverae condi­
tion. can be predicted with confidence. 

FRA support of wheel-r.il interf.ce reae.rch 
dates back to the work of liIay.k .t Bolt. Ber.nek, 
and NeWlllan. reported in 1972 [10]. Thia work 
dealt with aome of the fund.ment.l propertiea of 
rolling contact between bodiel which are IIOt 
ideally nooth. relaxing aome of the aimplifying 
aalumption. of earlier work. Beference 10 w •• 
concerned with two-dimenlion.l rolling cont.ct, 
.nd did not extend to con.ider.tion of the prob­
lem •• pecific to r.ilro.d wheell 011 r.il •• 

The high-.peed tuting of the Line.r Induc­
tion Motor Belearch Vehicle (LIMRV) provided .n 
opportunity to mellure the .v.il.ble .dhelion of 
• rlil vehicle .1 • fUllction of .peed over • very 
wide .peed unge. The.e empiric.l relulu vere 
compared with publi.hed d.ta for moder.te apeed 
te.tl in Reference 11. indic.ting th.t the .tt.in 
.ble .dheaion on unpowered .teel wheell v.a more 
dependent on the running r.il .urf.ce th.n on the 
vehie Ie speed. 

In conjunction with the DOT Office of Uni­
versity Be .. arch. FR.A h .. lupported • long-term 
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reaearch inveatig.tion into wheel-rail contact 
phenomena at the University of Pennsylvania. 
Thi. work. under the direction of Profenor Bur­
ton Paul. h.1 been reported in a aeries of p.pers 
.nd reporU aince 1975 [12-23]. The .. riea be­
gan with. comprehen.ive review. including .n ex­
tensive bibliogr.phy. of the liter.ture which v •• 
.v.il.ble prior to 1975 [12-13]. Thil review 
aerve •••• n excellent reference on the phYlic.l 
proce.le. .t work in the cont.ct p.tch. .nd 
point I to the need for development of methodl of 
.nalyzing the non-HerUi.n cont.ct phenomena 
which .re pre.ent .t the wheel-r.il interf.ce. 

Reference 14 pr ••• nted numeric.l aolution 
aethodl for three-dimenlion.l. frictionl •••• con­
form.l el.ltic cont.ct. with ex.mplel for • 
.ph.re indenting • Ipherical ... t .nd • cylinder 
indenting • cylindric.l le.t. A method for de­
fining the three-dimensional cont.ct patch WII 

.110 pre.ented in thil report. The vork contin­
ued with numeric.l .olution. of the counterformal 
cont.ct Itre.. problem [15-17], including • 
u.er'. manu.l for the computer progr.m which v.s 
developed [16] .nd .n example for non-Hertzi.n 
conUct of • railro.d wheel .nd rail [15, 171. 
!lItenlionl to the .nalYlit _thod .nd computer 
progr.m for conformal cont.ct vere documented in 
Reference. 18-20., .nd improved aolution method I 
vere then covered in Referencel 21-23. Reference 
17 i. reprinted in Volume 2 .. documentation of 
.ome of the .ccompli.hmentl of thil progr.m. 

Although the work docu_nted in Reference. 
12-23 h .. not been pruented in the form of a 
vehicle dyn.mic model, it. relult. will be u.eful 
in helping to develop more .ccur.t. model. of the 
forcea and momenU tr.nlmitted .croll the vheel­
r.il interf.ce. In contr .. t to th.t work, the 
lecond .. jor FRA progr.m on vheel/rail conUct 
ch.r.cteriz.tion took • more m.crolcopic appro.ch 
to the problem, foculed on developing relation­
.hip. which could be .pplied directly in vehicle 
dyn.mic modeh. Thie proar.m, led by Profellor 
Neil 1. Cooperrider .t Arizon. State tJniver.ity 
.nd Profellor E. Harry Law at Clem.on Univeraity, 
h.a .ho produced .n extenaive .et of document.­
tion [24-31]. It haa had two principal foci, 
the development of .n.lytic.l de.criptiona of 
nonline.r (rigid) whe.l-r.il geometric con.tr.int 
r.l.tion.hip. [24-28) and the development of 
trenlfer.ble FORTRAN coeputer program. to imple­
_nt the creep th.orie. origin.lly formulated by 
Profellor J.J. lalker at the Delft Univeraity of 
T.chnololY [29-31). 

Th. analytical .nd .xp.rimental determin.­
tiona of the .. cro.copic vheel-rail leometric 
con.tr.iDta Cincludinl u •• ra· •• nu.la for compu­
t.r prolram.) were de.cribed iD det.il in Refer­
enc. 24 for a~trical vheela .nd raila, vhile 
the .xtenaion to •• ~tric.l c •••• v.a reported 
in RefereDc. 28. In thi. work, .cale modele of 
vheel .nd rail cro •• -.ection.l profile. were uled 
to .xperi_nt.lly v.lid.te the .D.lytical method 
(a computer progr.m) vhich calculate I the effec­
tive conicity .nd IrevitatioDal .tHfne .. of • 
vheelaet for .rbitr.ry wheel .nd r.il he.d pro-



filel (a.luming negligible deflections due to 
contact .treuel). Thele relationihipi were 
baled on a nWllerical evaluation of the geometric 
constraint functions for rolling radii, angle of 
wheel/rail contact and wheellet roll angle 
(27). Those three nonlinear geometric con­
Itrainta were exprelled al delcribing function:. 
for application to a quali-linelr analYlil of the 
hunting stability of rail freight vehiclel (25, 
26). Thil analYlil, which included a delcribing 
function repreleDtatioD of IUlpenlion dry 
friction, illultrated the dependence of hunting 
behavior (critical Ipeed) on wheel profile and 
the amplitude of vehicle reaponle (limit 
cycles). Reference 26 ia included in Volume 2 
to provide a more detailed overview of thil work. 

References 29 and 30 are documentation of 
the converaionl of Profelsor Kelker'l original 
Algol program. for calculation of a nonlinear 
creep force-c:reepage relationlhip into FORTRAN. 
These reporta were de.igned a. detai led u.er.' 
.anuall to enable other analYlt. to generate the 
creep force-c:reepage relationehip. needed for 
many rail vehicle dynamici model.. Reference 31 
is the users' manual for aD additional FORTRAN 
program which ules Kelker'. linearized creep 
theory and the Hertz theory of rolling contact to 
determine contact patch geometry and linearized 
creep force •• 

A parallel effort to that deacribed in Ref­
erencea 24-28 waa conducted under FRA Iponaorahip 
at TSC at about the lame time. ReferencII 32 
and 33 delcribed the work of D.P. Garg in augmen­
ting the realilm of frequency domain modeling of 
wheel.et dynamics u.ing de.cribing function •• 
He .howed the dependence of wheel.et critical 
Ipeed on a variety of parameterl, luch al primary 
luepenlion yaw and lateral Itiffnell and axle 
load. Aa part of the .. me general effort, a 
preliminary analYlis of truck performance in 
curv.. (with nonlinear creep and flange contact 
forcel) wa. al.o developed (34). 

A third major FRA-.ponlored program of uni­
versity research on wheel-rail interface phenOlD­
ena has been led by Profellor Sudhir Kumar et the 
Illinoi. lnltitute of Technology (lIT). Much of 
the work in thil program ha. been oriented toward 
wear, rather than dynllllicl, but many of the re­
.ulta are .till epplicable to rail vehicle dyna­
mica probleml (35-40]. 

Reference 35 de.cribed the .cale model fric­
tion-c:reep te.t facility at lIT, which waa u.ed 
to measure coefficienta of friction and creep 
(longitudinal) in braking. Reaulta were pro­
duced for clean rail and rail contllllinated by 
water and oil. 

leference 36 covered continuationa of thi. vork, 
including inveltigationa of the aize and ahape of 
the contact patch, vhich val .hoWD to change 
rather quickly frOID an elliple to a rectangle. 
One key relult of thia vork VII the empirical 
demonstration that the product of the contact 
area and creep il a con.tant for a given normal 
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load and coefficient of friction, with the con­
tact area increa.ing and creep decreaaing al wear 
progre .... (38). A .. cond n.ult, which pro­
ceeded from that, val the development of a lingle 
nondiaeneionalized curve for adhelion aa a func­
tion of creep (37). Thil curve, which demon­
.tratea the laturation of creep force for in­
crealing creepage., wal Ihown to fit Kelker'. 
theory for very .mooth vheela. leference 37 i. 
included in VolWlle 2 to provide a more complete 
deacription of the.e finding •• 

Reference 39 provided a broad overviev of 
the work pre.ented in (35-38) and then added a 
new treatment of the lateral friction-c:reep rela­
tion.hip, vhich VII found to have a higher peak 
value than the longitudinal relationlhip, follov­
ed by a fa.t drop (not merely a monotonic .atura­
tion). Reference 40 continued thi. vork into 
the realm of vear, demonltrating the effectl of 
worn vheel. on the contact patch (uling FAST 
data) and lugleltinl the need for a Ipecial wheel 
profile <a. yet undefined) to minimize the lever­
ity of the effectl of wear on huntinl Itability. 



IV. VEHICLE-TRACK DYNAMICS 

The =ajority of the attention which haa been 
devoted to rail ayate= dyna=ic s comes under the 
c.tegory of vehicle-track dyn.mics. For better 
underst.nd i ng of thia review, thi a category has 
been aubdi vided further. Track characteriat ic a 
are covered firat, in Section 4.1. The.e are 
followed by vehicle dynamica for e.aenti.lly 
fixed track geometry, in 4.2, and fin.lly 
vehicle-tr,ck interaction. in 4.3. 

4.1 TRACK CHARACTERISTICS 

The =oat aianificant inputa (forcea) which 
.ct on rail vehiclu are thoae i=poaed by the 
track. Thia =.kea it futile to try to under­
aUnd the vehicle 'a dyna=ic beh.vior without un­
derlt.nding the ch.racteristici of the track 
which aupporte .nd guidu it. The aeometry of 
the track c.n be H8Iured in either • lo.ded or 
unlo.ded condition, aivina different reaulta. 
The differences .re attributable to the compli­
.nce of the track. Both geometry .nd compliance 
ahould be known in order to be able to predict 
the reaponsea of a vehic Ie tr.veraing the 
tr.ck. These relponae. c.n in turn be u.ed to 
he Ip direct =ainten.nce-of_ay planning .0 that 
the tr.ck i. .lw.y. maint.ined in a condition 
which ia both aafe .nd economic. 1 for vehicle 
oper.tions. 

Baaed on the .bove dilcu.aion, Section 4.1 
haa been lubdivided further into three cateaor­
i .. : 

4.1.2 
4.1.3 

Track Geometry HeaaureHnt and Char­
acteristics 
Track Mech.nic. (Compliance) 
Kaintenance of Way 

4.1.1 Track Geometry Hea.urement and 
Characterization 

FRA has invelted con.iderable re.e.rch 
effort in the meaaurement and analytical charac­
terization of track aeometry, in tupport of the 
development and updating of itt Track Safety 
Standards. Huch of thi. effort ha. been devoted 
to the delign .nd in.tall.tion of .pecial in.tru­
.. ntation in te.t carl, known a. the Track Geome­
try cara and then the Track Geometry Mea.urement 
Sy.tem (TGHS). This in.trumentation ha. been 
deacribed in a number of teChnical papera (41-
45) •• tartina in 1973. 

The inertial profi lometer (41) .... ure. 
track profile (vertical> deviationl by detectina 
the di.placement and acceleration of a maa. which 
i. free to .lide vertically relative to the truck 
journal on which it i. acunted. Appropriate 
.ianal proce •• ina produce. a vertical .pace curve 
deacription of IIch rail, lUitable for u.e in 
vehic Ie .imulation .tudie.. Track curvature it 
.. a.ured by u.ina a ayro.cope to .. a.ure the 
car'l yaw rate, an axle tachometer to mea.ure 
.peed and velocity tran.ducera for the relative 
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motionl between the car and trucks (42). Refer­
ence 43 delcribed an analy.i. of a ayroscopically 
compenllted vert ical pendulum 'Yltem for me8lur­
ina track luperelevation from a moving vehicle, 
althouah it did not refer to ita implementation 
on .ny of the FRA test cara. Referencu 44 and 
45 de.cribed aauge mea luring techniquel, aaain 
without reference to their implementation. 

Two aeneration. of intearated track aeometry 
_a.urement .yltem. were delcri bed in con.ider­
able detail in the FRA report. on the exten,ive 
.alid.tion teat proaram. to which they were .ub­
jected (46, 47). More compact and acceuible 
deecription. of the.e .y.tem. may be found in two 
teChnical papera, one on the T-6 car (48), and 
the other on the T-I0 car [49). The latter of 
the.e two paper. i. included in Volume 2 of thi. 
antholoay to provide aood documentation of the 
type of track aeometry data which can be made 
available for analytical inve.tiaation •• 

The p.eudo .pace-curve track aeometry dau 
produced by the FRA te.t cara are voluminou. and 
although they are ullble for time-domain .imula­
tion .tudie.. they cannot be readily u.ed for 
frequency domain modelina and analy.i. or for 
aeneral evaluation. of track quality. Appropri­
ate method. for reducina the.e track data into a 
manaaeable form were the .ubject of a .eries of 
report. and technical papera by John C. Corbin 
and other. at ENSCO (50-54). The concept of 
u.ina the power .pectral den.ity (PSD) w •• intro­
duced in Reference 50 and then expanded in Refer­
ence 51, which i. particularly valuable for ita 
di.cu •• ion of .ianal proce •• ina requirement., it. 
hiahliahtina of the inherent limitation. of the 
approach and the re.ulta it pre.enu, character­
izina .everal .ecment. of track data. Reference 
51 it included in Volume 2 of thi. antholoay to 
illu.trate how _aninaful information can be eX­
tracted from the track aeometry _a.urement •• 

The track aeometry Characterization work 
continued with a report (52) which relate. the 
.t.ti.tical .... ure. (.uch a. PSD) to acre tradi­
tional viaual _ .. ure. of track condition, luch 
a. photoaraph. and .pace curve.. The entire 
effort culminated in a larae two-volume report 
(53, 54) which de.cribed the u.e of a atationary 
random proce.. acdal for hoaoaenoua track atruc­
ture. and a acre complicated acdel for anomalie • 
.uch a. weldl and joint.. Thie report deecribed 
the data proceuina which auet be done in arelt 
detail and demen.trated the areat pain. the auth­
or took to enaure the .athematical correctnee. of 
each .tep of the analy.i •• 

4.1.2 Track Mechanici (Compliance) 

Sianificlftt efforta have alao been davoted 
to the determination of the compliance (or ita 
inverae, tha .tiffnell) of railroad track. 
The .. chancteri.tice are important to the .tudy 
of vehicle dynamici bec.uae they permit the aeom­
atry of the tr.ck to ch.nae when a vehicle pa •• ee 
over it, producina dynamic interactionl between 
the vehicle and track. The .. interaction. (cov-



ered in greater depth in Section 4.3) can be more 
ea.ily understood if the track compliance ia 
evaluated independently of interaction. with 
vehic lea. 

Although the large majority of the FRA .up­
ported work on track mechanicI hal been experi­
mentll, one of the earlier plpera on the lubject 
w .. concerned with the development of analytical 
IDOdela (55]. Although the track il in hct a 
complex di.tributed-parameter Iyatem, it ia much 
e .. ier. to work with lumped-parameter IDOdeli 'uch 
.. those which were developed and compared vith 
teat data in Reference 55, which it included in 
Volume 2. These modell include the eUecta of 
the rails, tie. and foundation (balla.t and aub­
grade), the di.continuitiea introduced by jointa 
and the further level. of detail needed to repre­
aent wheel-rail impact re'ponle, to leparate ver­
tical and lIteral effecta and to incorporlte 
track geOllletry variationl. Experimental relultl 
for tie plate vertical loadl plotted againlt rail 
vertical deflection were uled to validate the 
modell (Ihowing lignificant .Yltematic differen­
cea by seaeon, with winter'. fro:ten foundation. 
producing higher .tiffne •• e.). 

Mo.t of the literature on track mechanic. 
which ha. been produced under FRA .pon.or.hip haa 
focused on the experimental techniquea needed to 
measure track Itiffneaa (or compliance) (56-60]. 
Reference 56 explained how mid-chord offset and 
profilometer meaaurement. can be combined to pro­
duce .tiffne .. eltimate., including a proof telt 
at the Kenla. Teat Track. Reference. 57-59 del­
cribed technique. for me .. urinl the .tatic and 
dynamic compliance of railroad track, uling both 
conatant and time-varyinl preload •• 

Re.ult. of track _chanic. _a.urement pro­
ject. were reported in Reference. 61 and 62. The 
firat of thele two report. de.cribed the u.e of 
d.ta from .utic and dynamic te.tI of the Ken ... 
Teat Track to validate a dynamic track .tructure 
model .uitable for evaluation of non-conventional 
track .tructure de.ign.. The other report 
de.cribed t.at. con- ducted on mainline track of 
the Cheaaie Sy.tem to determine how lateral track 
• tiffne •• varie. with chanle. in the condition of 
~ie. and balla.t. 

4.1.3 Maintenance of Way 

Track characteri.tic. are continually cbanl­
inl under the influence of the load. imposed by 
",,)ving vehicl... Theae characteri.tic. mu.t be 
m.intained within appropriate tolerance. in order 
to avoid unllfe vehicle dynamic behavior. Be­
cauae of the very aubatantial coat. vhich the 
railroad indu.try incura for .. intaininl it. 
track, thi. area ha. been an important extenaion 
of FRA work on track characteri.tic •• 

The exi.tinl .y.tem. available for track 
maintenance (track renewal> in Europe and IIorth 
America were .urveyed in Reference 63, vhich al.o 
included review. of three .tudie. of the econom­
ic. of tr.ck reneval .y.tem. for V.S. rail-
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road.. Referencu 64-66 couidered the u.e of 
detailed track leometry data, .uch .. that ac­
quired by the FRA Track Geometry Car •• a. a main­
tenance management planning tool. The track 
leometry _ .. urementa were diatilled into a .et 
of "track quality indice." by appropriate data 
proc ... ing, and the.e indice. were then u.ed by 
railroad peraonnel to allocate .aintenance re­
,ource. to the track .ection. .o.t in need of 
vork. The mo.t u.eful indice. vere found to in­
clude alignment. laule (both roulhne.. and wide 
laule), .urface varp and .uperelevation. 

Thi. vork wa. extended (67] to con.ider what 
track leometry deviation. would b. acceptable to 
keep vehicle dynamic re.pon.e. from exceeding 
thre.hold. which would be unde.irable for rea.on. 
of .afety or v.ar and 1adinl damage. Th •• e .tan­
d.rd. were referred to •• perform.nce-b .. ed track 
leometry deacriptora. Reference 67 i. included 
in Volume 2 to provide •• ore complete de.crip­
tion of thi. innov.tive ull of track leometry 
d.t •• 

4.2 VEHICLE DYNAMICS FOR GIVEN TRACK GEOMETRY 

The l.rgut C.telory of vork which h .. been 
performed on r.il .y.te. dynamic. i. that devoted 
to the dynamic. of the r.il vehicle. the.­
.elve.. Bec.u •• of the .ize of thi. c.tegory, 
it h.. been further .ubdivided into programs 
which .re prim.rily an.lytical, tho.e which .re 
prim.rily experimental, and tholl which combine 
both .n.ly.i. and experi_nt. 

4.2.1 Analytic.l Rail Vehicle Dyna.ic. 

There .re only • few prolr.m. which FRA h •• 
.pon.ored in the purely .n.lytical c.telory. 
The.e c.n be .umm.ri&ed chronololic.1ly •• : 

(1) Line.r frequency dom.in modelinl tech­
nique. (DYNALIST 11) - TRW/J.H. Willin. 
Co./Tsc 

(2) Mathem.tic.l modelinl for comp.ri.on of 
frei,ht .nd p ... enler vehicle. - Bat­
telle Co1uabu. Labor.torie • 

(3) Mathematic.1 aode1inl of freilht c.r 
l.ter.l .t.bility .nd forced re.pon.e -
Arizon. St.te .nd C1.m.on Universities 

(4) App1ic.tion of qu •• i-1ine.ri:tation 
techniquea to rail vehicle dyn •• ic. -
M •••• chu.ett. In.titute of TechnololY, 
Arizon. St.te .nd Clemson VUiver.itie. 

(5) Analy.is of the deaian tr.de-off. be­
tween .tabi1ity .nd tr.ckinl .bi1ity 
for rail p ... eftger truck. - Ma ... chu­
aetta Inatitute of TechnololY' 

The e.rUeat of the.e .n.1ytic.1 project.,· 
the development of DYNALIST II, v •• reported in • 
four-vo1ume .et of report. (68-71] and two tech­
nic.1 p.per. (72, 73]. DYNALIST II u.e. the 



method of component mode Iynthelil to compute the 
responle of rail vehicle Iysteml to linuloidll or 
lutionuy random nil irngularitiel. This 
work hll been extended to include the clpability 
to repreaent periodic .nd tranlient time-hiltory 
nlponlel, but il Itill reltricted to ule on lin­
e.r or line.rized .Yltem.. The line.r frequency 
dom.in vehicle modeling .pproach w •• continued in 
reportl from TSC [74, 75], which reviewed lever.l 
computer program. developed .nd/or uled .t TSC 
for the .naly.il of rail vehicle dynamic I , in­
cluding DYNALIST 11. The TSC vork haa .ho in­
volved • review [76] of the .nalytical _thodl 
which have been u.ed to predict the lateral re­
IPOnial (including forcel) of rail vehiclel in 
curvel (both Iteldy .tate .nd tranlient). 

The Battelle Columbul Laboratoriel have de­
veloped computer modell to be uled to compare the 
dynamic performance of railroad freight and pal­
lenger whic lea. Thil comparative analYlil val 
undertaken to try to evaluate the difference I in 
trick geometry errorl and Ipeed limitl vhich 
Ihould be permitted for operationl by freight and 
pa .. enger whiclal. The evaluation criteria 
uled to rank the different clall of vehiclel vere 
ride quality, track damage potential (force.) and 
.tability (a bllic let of derailment quot­
ients). The concept of thit project, vith ita 
reliance on analysi. rather than experimentation 
.nd it. ule of lophilticated performance mea­
IUrel, vas innovative for it. time (early 1970',) 
in the rail dynamics field. Hovever, ita re­
lulta vere limited by the linearity of the 14 
degree-of-freedom vehicle model, and .ome of the 
track delcriptionl and performance mea'urel have 
been luperaeded by more recent vork. Delcrip­
tionl of thil .tudy can be found in tvo FlU. re­
portl [77, 78] and tvo technical paper. [79, 80]. 

Extension. of thi. analytical vork at Bat­
telle led to application. on other FRA-.pon.ored 
projecta. Thi. included a .tudy of the rela­
tion.hip. among track geometry. vehicle 'U'pen­
lion characteri.tic. and pal.enger comfort for 
operation I in curve. and tran.ition. [81]. Thil 
Itudy. conducted for application to the North.a.t 
Corridor Project, .howed that for a Matroliner­
like vehicle vith high roll .tiffn.... the AREA 
.tandard for minimum .piral length va. con.erva­
tive. Battelle aho reported a parametric 
.tudy. uling I limilar linear vehicle model • 
• howing that reducing the tonional .tiUnell of 
a vheelaet can lignificantly reduce the critical 
.peed for hunting [82]. 

The Freight Clr Dynamic. relearch prolram 
conducted by Arizona State and Clemlon llIIiverai­
tiel ha. had a Itronl analytical orientation 
throuchout. aa well aa includina a _jor teat 
program (diaculled in Section 4.2.3). The two 
main thruat. of the .nalytic.l relulta reported 
from thil nlearch have been the dicital computer 
modeling and analYlil of hunting behavior and the 
• nalog/hybrid computer limulation of vehicle 
lateral dynamici' 
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The analytiCal modela 'lied to explore 
freight car hunting vere derived in Reference 83. 
beginning vith the model of a .ingle vheelaet. 
Tvo ,uct. vheehet models vere incorporated in a 
generll 9-degree--of-freedom truck model vhich can 
be 'lIed to reprelent I vide range of truck de­
lian.. Then. two luch truck mode h vere com­
bined vith • c.r body aodel vhich hal three rigid 
body degreal of freedom plul the fint lateral 
bending and torlional aode. to produce a 23-
degree--of-freedom full vehicle aodel. Thele 
modeh are .. ong the mOlt thoroughly documented 
of any vhich heve been developed for rail vehi­
clel. thank I to • detailed uler'l .. nual [84]. 

Extenlive paumetric Itudiel were conducted 
to determine hov the critical .peed for hunting 
il .ffected by different truck delign parame­
terl. The analYI.. vere ell linear. and the 
outputl vere the eigenv.luel and eigenvector. for 
the re.pective degreea of freedOlD. The resultl 
of the parametric Itudi .. vere dilculled in Ref­
erence 85. vhich ia reprinted in Volume 2 al an 
effective reprelentation of thil vork. The lame 
work VII later extended to cuea vith different 
vheel profilel on the •• me axle. and uyaaetric 
loadingl [86], revealing lome important differ­
encal frOID the relult, obtained vith lyalletric 
aodela (Iuch u a .trong lenaitivity to the di­
rection of motion). Thil extenlion required the 
introduction of delcribing functionl for quui­
linearization of the vheel-rail ceOlDetric con­
Itraint functionl (rolling radiul difference and 
contact angle difference). although the remainder 
of the vehicle model remained line.r. A general 
reviev paper [87]. delcribing the hunting phenOlD­
enon in terml of limit cycle •• val allo produced 
under the cener.l aacil of thil project. 

AIIaloc and hybrid li_Iation techniquea ap­
plied to rail vehicle dynamic. vere deacribed in 
three technical paper. [88-90] and one report 
[91]. Thele technique I • adapted from the aero­
'pace indultry. vere introduced for 'lie vith a 
5-c1egree-o£-freedom half-c.r model of a freight 
car (inc Iud inc three degreel of freedom for the 
truck) in Ieference 89. Nonlinear vheel/rail 
geometric conltrainta and coulomb IUlpenlion 
frietion vere included in the model. Ie.ult. of 
ltabiUty analYlal for individual vheelletl and 
the half-car IDOdel were Ihown in Reference 90 
(phaae plane trajeetoriel and time hiltoriea of 
limit cyclal, aa well al limit cycle bounda­
riel). loth refereneel indic.ted the .peed and 
running coat advantagea of the hybrid .illNlation 
approach. while noting the need for aubluntial 
analog eo.puter facilitiel to reprelent aore 
realiltic, larger Icale vehicle .odel.. One 
product of thia work V.I a report [91] which 
evaluated the performance of three different 
_thodl (two dicital. one analog) of aillNlating 
couloab friction for u.e in ceneral vehiele 'ul­
penlion aodela. Becaule of the prev.lence of 
coulo.b friction in rail vehiclal. thele relult • 
can be applied to .. ny typel of rail vehicle 
modeh. 



A third analytical product of the Freight 
Car Dynamic. project wa. • 9-degree-of-freedom 
linear frequency dom.~n model of a freight car, 
which hal been thoroughly documented in a u.er's 
_nual [92). Thi. model can be uled to calcu­
late vehicle lateral trander functionl and 
forced relpon.e Ipectral den.itiel. 

The Arizona State/Clemlon effort W.I later 
extended to include the p.rticip.tion of the 
Ha .. achuletta Inatitute of Technology. Thi. 
vork involved evaluation of the u.e of 
quasi-linearization technique. (d •• cribing 
functionl) to explore the limit cycle (hunting) 
behavior .nd forced re.pon.e of r.il vehicl.1 
[93-97). The first paper on thi. lubject (93) 
dealt vith the modeling of a .inlle vh.el.et, 
including three nonlineari tiea: (a) dry friction 
in parallel vith a .pring for lateral auapenaion, 
(b) fllnge clearance (deadband) and (c) dry 
friction in leriea vith a .pririg for yaw 
.u.penaion. The .table and unatable limit 
cyclea for the vheelaet were illu.trated and the 
influencea of the non- linearitie. on vheelaet 
.tability vere di.cu.- led. Thi. vork va. 
extended (94) to incorporate vheel-rail contact 
nonlinearitiea in a thorough .et of p.rametric 
.tudies of the influencea on hunting beh.vior. 
Reference 94 ia included in Volume 2 •• • 
repre.entative description of the import.nt 
producta of this vork, vhich .re covered in more 
detail in the complete project report (95). 

The de.cribing function method of lineariza­
tion Val .lao .pplied to the analyaia of freight 
c.r rock-.nd-roll reaponle to tr.ck cro.a-level 
vari.tiona, in parallel vith • nonline.r digital 
aimulation of the .Ule phenomenon (96). It v .. 
• hown to be an efficient method for conducting 
parametric .tudie. requiring the ev.lu.tion of 
• teady-atate relponle. for .. any cases. The 
qu .. i-linearization approach of Referencea 93-96 
il applicable for .pproxi .. ately .inu.oid.l inputl 
(croll-Ieve I inputa from IUllered rai 1 joint I) 
and for prediction of limit cycle. (hunting). 
The extenlion for forced re.pon.e. to track ir­
regularitiea made ule of Itatiatical line.riza­
tion methods vi th • 9-degree-of-freedo.. freilht 
car model (97). Reference 97 Ihowed hov thele 
method. (incorporating an efficient iterative 
frequency domain numerical algorithm) can be uled 
to .hov the effect. on vehicle re.pon.e .nd .tab­
ility of vheel profile geometry. tr.ck gauge .nd 
roughne •• and nonlinear .u.pen.ion v.ri.tion •• 

The FRA-.pon.ored vork on r.il vehicle dyn.­
mica vhich followed .t M.I.T. (evolving from • 
D.O.T. Univer.ity Re.earch and Tr.ining Cr.nt) 
v •• directed tov.rd the development of .implified 
.n.lytic.l tool. for de.iening r.il p •••• nger 
truck. [98-100). Thil vork v .. b .. ed in l.rge 
p.rt on the fund.mental trade-off. betveen .t.b­
ility and curve tr.cking perfoftll8nce of r.il ve­
hicles (en.uring • critic.l .peed camfort.bly 
.bove the m.ximum oper.ting .peed without produc­
ing exce •• ive fl.nle cont.ct in curve.). In 
• ddition, the tr.de-off. between v.rtic.l .nd 
lateral ride qu.lity .nd .u.pen.ion atroke. vere 
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con.idered in the de.ien procedure (98). The 
alternative truck deaign. vere characterized by 
their Ihear and bending .tiffnel.el. A. part of 
the ev.luation of the truck de.igna, • detailed 
nonline.r analyai. and aimulation atudy w •• per­
formed, incorporating the effect. of normal force 
v.ri.tion •• vheel/rail geometry .nd creep force 
a.tur.tion [100]. Thi •• n.ly.i •• hoved the .ig­
nific.nce of nonline.r vheel/rail forcea .nd the 
non-Caulli.n diltributi01l of vheehet excuraionl 
vhen the na .xcuraion. exceed 40% of the fl.nge 
cle.r.nce. leference 100 i. included in Volume 2 
to provide • IIOre thorough deacription of thi. 
.tudy. 

4.2.2 Experiment.l lail Vehicle Dyn.mic. 

rIA'. .pon.orahip of .xp.rimental rail ve­
hicle dynUlica projecta h.. involved more .nd 
l.rger progr.m. th.n vere covered in the previoua 
aection. The •• jor program. in thi •• re. h.ve 
included: 

• Development of the Rail Dyn.mic. Labora­
tory .t the Tr.n.port.tion Telt Center in 
Pueblo, CO. 

• Truck Duien Opti .. ization Project (TOOP) , 
Ph .. e. I .nd II 

• P ••• enger truck te.tine (Metroliner) 

• Locomotive te.t. (SDP-40F 
Che •• ie Sy.te.. tr.ck .nd 
tr.ck (PT!) .t Pueblo 

.nd E-8) on 
on perturbed 

.Sever.l .ddition.l t •• tine progr .... of ... ller 
acope .re .lao covered h.re. vhile tho.e program • 
vhich h.ve combined experimental .nd an.lytical 
work .re found in Section 4.2.3 • 

The RDL developtllent progra.. v.. largely • 
h.rdw.re procur .... nt. vithout exten.ive technic.l 
reportinl. The •• rlier vereion of the RDL in­
cluded • Vertic.l Sh.ker Sy.tem (VSS), which w .. 
de.cribed in • technic.l report [101] .nd tvo 
conference p.per. [102. 103). Bovever, thi. 
unit v.. quickly upgraded to the Vibr.tion Teat 
Uni t (VTU) , which v.. de.cribed in • l.ter con­
ference p.per (104]. The u.e of the VSS .nd VTU 
to v.lid.te dynUlic IIOdel. of r.ilc.r. i. covered 
l.ter, in Section VI. A ,ener.l overviev of the 
RDL. ita op.ration .nd c.p.bilitiu c.n be found 
in Ref.rence 105. 

Much .ore .Kten.ive docUlD8nt.tion v •• pro­
duced in the tvo ph •••• of the Truck' Deaien Opti­
aiz.tion Proj.ct (TOOP). Although.ome effort. 
wel'l d.vot.d to .naly.i. in thit project, the 
bulk of the vork v ••• xperiment.l .nd the entire 
projlct i. th.refore con.id.r.d here (except for 
the three-volU1D8 liter.ture ••• rch, l.ference 1, 
which v ••• lre.dy di.cu ••• d). 

The principal publi.hed producta of Ph .. e I 
of the TDOP progr.. vare ten t.chnic.l report • 
[106-115) .nd four technic.l p.per. [116-l19J 
(tvo of which .1'. virtu.lly identical). There 
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vere alao six supplementary reporte covering de­
tails of individual test. which would only be of 
use to a reader who wi.he. to analyze large quan­
titie. of data himself. 

The TOOP report. began with a general review 
of truck design con.ideration. and planninl for 
the te.t. to be done at a later time [106. 116] 
and continued with a de.cription of the truck de­
.ign modification. which were .ugge.ted for later 
evaluat ion by the Japan National bi1way. follow­
inl a teat program they conducted for the South­
ern Pacific bilroad. the TDOP Phaae I contractor 
H07]. Detailed teat plena were preaented in 
Reference 108. including the .. lection of varia­
tion. in .pring Iroup. and wheel profile. to be 
u.ed in the TOOP 1 te.t .atrix. A review of the 
.eventeen different Type II truck. conaidered for 
inclu.ion in the teat prOlralD [109] aerved .. a 
u.eful cOlDpendiulD of the diver.ity of freilht 
truck delign' and applicetion.. althoulh the.e 
truck. do not corre.pond to tho.e which were 
te.ted later in Pha.e II. 

The re.ult. of TOOP Phaae I vere covered in 
a tvelve-volume final report. of vhich the fint 
.ix are couidered here. The .erie. began with 
a conci.e and probing Executive Su_ary [110]. 
which contain. the mo.t .ignificant content. 
Thi, report .u:aarized the l0al. of the program. 
the talk breakdown. te.t .erie •• nd d.t •• n.ly­
• i.. The conclu.ionl .nd rec~nd.tion. of 
Southern Pacific .nd of FRA wen both incorpor­
.ted here. along with an FItA ev.lu.tion of the 
project '. difficultiea. In addition, • cOlDpre­
hen.ive li.ting of the report. .nd d.t. t.pe. 
generated by TDOP Iw •• included for reference. 
The report. continued with very det.iled documen­
t.tion of the te.t prOlram [Ill] (equipment. in­
atrument.tion, te.t tr.ck, vehicle .nd auapen.ion 
characteri.tic.) and of the frequency domain 
mathematical model which v.. .lao developed 
[112]. The .. were followed by ev.lu.tion re­
port. from the Mitre Corporation di.gnoaing prob­
lem. with the m.thematic.l model [113], re-deriv­
ing the model'. equation. of motion •• cle.rly •• 
po •• ible [114] •• nd revieving the entire !DOP 
Phue I effort [115], with rec_nd.tion •• bout 
how to m.ke uae of it. re.ult •• 

The technic.l paper. prep.red under the !DOP 
Phaae I program followed .everal of the project 
reporta quite clolely. The fint p.per [116] 
de.cribed the field te.t teChnique •• Dd data pro­
ceiling procedure. for the project vhile the .e­
cond [117, 118] pre.ented aOllle of the "aulCa of 
the tutinl of Type I truck •• moatly iD the tiae 
dom.in •• nd with no interpret.tion of their .il­
nific.nce. The fin.l p.per [119] con.idered the 
u.e of the 13-degree-of freedOlD lineerized mathe­
.. tical _del to predict huntinl beh.vior, but 
vithout v.lid.tion. 

Ph •• e II of the TOOP prolr.m iDvolved an.ly­
.i. of .ome of the Ph •• e I te.t d.t., a. veIl a. 
extenlive addition.l te.tinl. Thi. pha.e va. 
documented in ten technic.l report. [120-129] .nd 
four technic.l p.per. [130-133]. The earlier 
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report. were • direct exten.ion from Ph •• e I. be­
linning with the development of the d.ta ba.e 
.y.tem for handling the voluminou. Phaae I d.ta, 
plu •• oftw.re enh.ncement •• nd the d.t. reduction 
.nd .nely.i •• pproach [120]. Thi. waa followed 
by a .~ry .nd evaluation of the Phaae I d.ta 
1121], deacribing how it would be u.ed in the 
Ph.ae II .naly.ea end how it would be .upplemen­
ted with .dditional tut ca ... (fillinl I.P' in 
the •• trix of te.t condition.> and .ddition.l 
..... urement. (l.ter.l vheel/rail force., improved 
ALD .... urement •• nd friction 'Dubber force.). 

The Phue 11 Introductory Report 1122] in­
cluded a very lood ,eneral introduction to 
freilht truckl, their de.ign and evolution. It 
.lao provided a previev to the re.t of Pha.e II, 
includinl future plana, a ,lou.ry. definition 
of perfo~.nce reli... .nd ..... ure •• nd con.ider­
.tion of the illue. of truck te.tinl, .naly.ie, 
component we.r .nd po •• ible de.ian ch.nge.. The 
one .n.lytic.l report in thia .erie. [123] v ••• 
review of modele .v.il.ble frOll prior .ource., 
.nd .n evalu.tion of the fea.ibility of v.lid.t­
inl them in TOOP Ph •• e II. It i •• u.eful com­
pendium of the.e model., .Dd al.o fe.ture •• n .p­
pendix which de.cribe •• ome of the .imple.t .n.l­
ytic.l model. .v.il.ble in r.il vehicle dyn.­
mic.. Thi •• ppendix ia included in Volume 2 •• 
one of the only known reference. for the .imple.t 
_dele • 

Reference 124 provided • thorough de.crip­
tion of the te.t prolr.m on the Friction Snubber 
Force Me •• ure .. nt Sy.tam (FSFMS) developed in 
conjunction vith !DOP. The report .hoved how 
the.. te.t. vere u.ed to e.timate .n effective 
coefficient of vi.cou. <lineer) friction for the 
friction .Dubber (ba.ed on equiv.lent eDerlY 
diuipation) for e .inlle te.t cODdition on two 
Type I truck.. 'lbia coefficient vu intended 
for u.e in .n.lytical .odel •• 

The re .. ininl !DOP Phue 11 report. vere 
directed tow.rd ch.racterizinl the Type 1 end II 
freilht truck •• nd developinl performance .peci­
ficationa for the.. The ADaly.i. Plan [125] .et 
forth the procedure. to be followed, vhile the 
later reporU [126-129) included the "lulu. 
Reference 126 v.. Dotable for the diacullion of 
the uD.ucceuful _del validation attempta, in­
cludinl probleml with the av.ihble tut data, 
the aodel formulationl (elpecia11y for friction) 
aDd .alidatioD criteria. 'lbe ch.racterization. 
of Type 1 and II truck perfo~.nce [127, 128) in­
cluded .any fieurel dilpl.yinl the r.nlel of v.l­
ue. experieDced in the telt pro Ira. , covering 
four dynamic reli.... The .. diapl4lyed the len­
erd trends and the relative Itrenlthl of the 
diUereDt influenc.. on truck performance (load­
inl provinl to be IIOre important than wheel pro­
file). Reference 127 alao included a 100d len­
erel ._ry of the telt condition. and equip­
Mnt, to lerve a. a Rference for the entire pro­
Ir... The Type II truck characterization .howed 
the leneral trends of pe~fo~ance for r.di.l ver­
.u. rilid fr... and primary verlu. .econdlry IU'­
penlion truCkl, while the Ipecificationl vere de-
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fined a. perf onll8nce bands. vi thout ellplanat ion 
or justification (128). The final report in the 
series (129) pres~nted a luggested telt Ipecifi­
cation to be uled in evaluating Type 11 trucka. 

The technical paper. produced al p.rt of 
TDOP Pha.e 11 beg.n with a prelimin.ry di.cuI.ion 
of the technicd .ppro.ch .nd • review of the 
typea of freight trucka being atudied (130). 
Evdu.tion. of the lateral It.bility of the Type 
1 truck. b .. ed on the Ph .. e 1 d.t ••• ppe.red in 
the nellt p.per (13l). Thil demonltrated the 
effectl of wheel wear .nd c.r loading on the 
.... ured l.teral .cceleration of the c.r body 
(which v.. lelected .. the performance .... ure 
for hunting). A di.tinction W.I dravn between 
"no.ing" and "£i.htailing" tr.nlitionl to hunting 
(re.pectively the initi.tion of hunting .t the 
leading .nd trailing truckl). With the .ddition 
of lome of the Ph .. e 11 curving telt d.t.. per­
form.nce chiracteriitici of Type 1 truch in the 
four chosen perfonD.nce regimel were then Ihovn 
in Reference 132. which il inc luded in Volume 2 
.. In ellimple document.tion of the TDOP Ph .. e 11 
method •• nd relult.. A more limited .et of TDOP 
reault. for Type 1 truckl c.n be found in Refer­
ence 133. 

Another m.jor FiA te.t progrlm wal conducted 
on the LTV/SIC p ••• enger truck uled on the Metro­
liner. The.e te.ta were de.igned to en.ure th.t 
thi. new truck deaign would provide good ride 
comfort at the then-contemplated Ipeedl of up to 
160 mph. The telt. are documented in • three­
volume let of reporu [134-136). while the re­
.ultl of comparing thele telt re.ult. with an.ly­
tical predictionl are dilcuued later. in Section 
4.2.3. 

The l .. t of the .. jar FlA-.ponlored telt. 
covered here wa. the .. riu of telt. on the SDP-
40F and E-8 locomotive •• which were conducted on 
m.inline track of the Cheuie SYltem and on a 
.peci.l perturbed tr.ck at the Tran.port.tion 
Te.t Center in Pueblo. The Chellie telt. were 
documented in three technic.l reporu (137-139) 
.nd a technicd p.per (140J. while the Perturbed 
Tr.ck Telt. (PTT) were delcribed in an additional 
technical report (141J .nd paper (142). 

The principal di.cu .. ion of the Chellie 
tute (138) h .. been 'UlIID&rized very effectively 
in iu "Executive Brief" report (137) .nd the 
p.per [140), while the detaila of the telt pro­
cedurel .nd inltrument.tion. plul • prob.biliatic 
.n.ly.i. of locomotive der.ilment. .ppe.red in 
Reference 139. These te.ta were very aignifi­
c.nt bec,ule of the gre.t c.re with which they 
were conducted .nd the qu.lity of their in.tru­
ment.tion (p.rticul.rly the pl.te in.trueented 
wheel.et. for .... uring vertic.l .nd l.ter.l 
wheel/rail force ••• upplemented by w.y.ide tr.ck 
force .... ur_nt.). Thi. _unt of C.re v •• 
needed to produce v.lid cOlllp.ri.on. between the 
perfonunce of the two, type. of 10cOlDOtive •• one 
of which h.d been involved in .n unu.u.l nUllber 
of derailment.. On the b.li. of the te.t re­
.ulu •• 0000e very .pecific and det.iled ,ulge.-
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tiona were prelented to help .void future locomo­
tive derailmenca. Reference 140 i. enclosed to 
illu.tr.te the methodology .nd the re.ult. of 
thi. te.t progr.lI. 

One of the rec_end.tion. of the Cheuie 
te.t progr.m w.. th.t the "lIe locomotive. be 
telted on • .pecid tr,ck containing .pecified 
ge01Mtric perturb.tion.. in order to .void .0000e 
of the problell, .1I0ei.ted with tuu on revenue 
tr.ck. The PTT program re.ulted. ducribed in 
,reat detail in [141}. Di fferent cOlllbinat ion. 
of vehic Ie .u.pen.ion da.ping. coupler .hi_ing • 
.peed .nd tr,ck geometry were te.ted in .n .t­
tellpt to identify the f.ctor. which contribute to 
derailmenta. loa in the Che .. ie te.tt. the d.ta 
,.thered h.re were of .xception.lly high quality. 
.nd in thi. ca.e the tr.ck ,eOlDetry w.. .1.0 
.... ur.d .. verd ti ... during the conduct of the 
te.t.. Although the .. tuU were well documen­
ted in [141} •• lIore conci.e de.cription of their 
illport.nt re.ulta ha. not b.en publilhed. Rather. 
the experience g.ined in the PTT progr.m w •• uled 
to develop de.ign procedure I for other perturbed 
track telting. .. reported in • tater technic.l 
p.per [142}. 

Sever.l other ilol.ted reportl .nd paperl 
h.v. relulted from FIlA .upport in the .re. of 
rail d)'1l.mic. te.ting. Some of the b .. ic prob­
lem. faced by rail vehicle in.trumentation (e.­
peci.lly .hock .nd vibration) •• nd ,olle c.ution­
ary .dvice .bout rail vehicle te.t planning in 
,.ner.l were r.ported in Reference 143. Another 
p.per (144) demon.tr.ted the .imilaritie. .nd 
differencu .mong the force. lIe •• ured in truck 
.ide frallea .nd .ide b •• ring. in four different 
te.tl conducted on revenue tr.ck. The p.per 
iUultr.ted the different W'YI of proceuing the 
d.t. (different .tat ht ic.) but could not drav 
.ny conclu.ion •• bout vehicle d)'1l.micl bec.u.e of 
the diveraity of vehicle typea .nd telt condi­
tion. which were con.idered. 

In .upport of the FIlA' I pro~ram to improve 
high-.peed p ... enger train .. rVlce. the Budd 
Comp.ny .... lIbled • cOlDpendiUID [145} of the in­
form.tion .vail.ble to it de.cribing the deaign 
of a wide variety of high .peed truckl from 
.round the world. The.. d.t. inc luded .chem.­
tic. of the II ••••• pring .nd damp in, ch.r.cteril­
tic. of the truck ••• well •• numerical v.lue. of 
the para .. tera needed to de.cribe the truck. in 
aatheutical eocIeta. A very diff.rent type of 
docu .. nt.tion v.. provided by .n FIlA-.pon.ored 
tran.l.tion of • au •• i.n report on the te.t 
proc.durel .nd in.tru_nt.tion uled to .... ure 
wheel/rail force. on freight c.r· trucka in the 
USSR. (146). Thie report w.. .pecifically 
concerned with the u.e of .poked in.trumented 
(.tr.in-g.uged) wheel.et. for truck force 
.... urellent. .i_d .t d.fining L/V force 
ratio.. 'l'tIe final report ill thi •• ection [147} 
de.cribed • te.t de.isned to inveltig.te the 
effect. of vehicle component we.r .nd tr.ck 
dear.d.tion on the ride qu.lity of r.ilc.rs 
(high-.nd-lov"IDileage hoppen in.trumented for 
l.teral .nd vertical vheel/rail forcel .nd truck 
.nd c.rbody .ad.l vibr.tion •• 



4.2.3 Combined Analvtical and Experimental Rail 
Vehicle Dynalllics 

The document. delcribed in the preceding 
section. were respectively focused on the mathe­
matical .nalysis and the teating of r.il vehicle 
dyn.mics. with relatively little interaction be­
tween the two. Tho.e con. ide red here have com­
bined the .nalytical and empirical approache. in 
an attempt to learn more about the dynamic. of 
rail vehicles. in .000e c .. e. including attempt. 
to v.lidate mode 11 for further un. A .ignifi­
cant fraction of thi. work h .. been _tivated by 
efforts to develop rail vehicle. capable of oper­
ating at higher .peed •• e.pecially for providing 
pa •• enger .ervice. 

The earlie.t of theae project. wa. the atudy 
of the dynamics of the Linear Induction Motor 
Te.t Vehicle (LIMTV) conducted by the Britiah 
Railw.ys Rese.rch Department under. contract to 
FRA [148. 149). Thia work waa necea •• ry to en­
.ble the vehicle to operate aafely .t apeeda up 
to 250 mph on ita teat track. The report (148) 
contains det.iled p.r.metric an.ly.ea. both 
line.r .nd nonline.r. of hunting. curving and 
r.ndom-input reapon.e of the vehicle to track 
inputs. le.ding to deaign recommend.tiona for 
truck .nd sU8pension atiffneaa. wheel profile •• 
.nd tr.ck construction toler.nce. Thi. work 
.ppean to h.ve been the fint U.S. .pplication 
of at.te-of-the-.rt rail vehicle modeling tech­
nique •• incorpor.ting Kelker's creep model. The 
empiric.l .apect of thia work. in .ddition to the 
.n.lyaia. w.a covered in the l.ter technic. 1 
p.per [149). Comp.riaona between theory .nd 
experiment were diacuaaed there. .long with com­
p.ri.ona of me .. ured vehicle ch.racteristica to 
thoae which were recommended in the origin.l 
.nalytic.l atudy. Reference 149 ia included in 
Volume 2 .a document.tion of thia pioneering work. 

The next m.jor project of intereat w.. the 
Hetroliner Ride Improvement Progr.m [ISO-ISS). 
intended to le.d to better ride qu.lity on the 
high-Ipeed tr.ina in the Northe.at Corridor. 
Mathem.tic.l modela [15lJ .nd l.bor.tory .nd ro.d 
teatl (150) were uaed to determine the effecta of 
changes in truck configur.tiona. lbi. work wa' 
de.cribed very effectively in • pair of technical 
papera [152. 153 J. which .re unfortun.tely too 
lengthy to inc lude in this .nthology. lbe road 
te.t.. with tr.ck leametry .... urement.. and 
laboratory .haker te.t. were u.ed to try to vali­
d.te the vehicle .imulation _del (line.r. fre­
quency domain. lumped parameter). lbe _del wa. 
then u.ed to develop rec_ndation. for IDOdify­
ing the Hetroliner truck. and .u.pen.ion to re­
duce ride vibration. which cau.ed pa .. enger dis­
camfort ne.r the 1 H& peak [152J. lbe new truck 
de.ign by LTV and SIC provided for the adju.tab­
ility of mo.t .u.penaion p.rametera in order to 
permit ride quality "optimization" in teat •• 
Both frequency damain and time damain analy.e. 
were u.ed to .elect de.ign characteri.tic. for 
the new trucks [153J. 
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lbe road teat program .nd d.ta an.ly.i. for 
the new truck duign were diacuaaed in • later 
p.per [154 J, with the emph .. ia on load (force) 
me •• urement. r.ther than ride qu.lity. lbe data 
reduction reported here [154J w ... imed at pre­
diction of fatigue life of camponent ••• nd there­
fore de.lt with puk load counta under v.riou. 
condition. r.ther th.n with .pectr.l den.itie •• 
lbe end product wa •• de.cription of the load en­
vironment which the Metroliner truck would be 
expected to experience in revenue .ervice, for 
u.e .a a truck de.ign tool. 

A wide-r.nging .tudy of freilht car dyn.mic. 
va. conducted by Ariaona State and Clemlon Uni­
ver.itie., in cooper.tion with the AAR, under FRA 
.pon.onhip. lbi. work, vhich h.. been de­
.cribed in two report. [156, 1571 and three tech­
nical paper. [158-1601, repre.ent. the mo.t ambi­
tiou. effort yet reported to develop a quantita­
tive cOlDp.ri.on between lateral dynamic theory 
.nd experimental re.ults. lbe theoretical re­
.ultl u.ed for the.e campari.on. were di.cuued 
in Section 4.2.1 (Referencn 83-82), while the 
field te.t procedure. and re.ultl were pre.ented 
in con.iderable detail in Reference 156. lbi. 
report alao inc luded thoroulh compari.on. of the 
theoretical and experimental re.ult., with valu­
.ble in-depth explan.tion. of the rea.on. for the 
di •• greement. which were found. lbe author.' 
conclu.ion. included the very .ignificant ob.erv­
ation, 

"conclu.ive validation of the exi.ting 
theory for rail car lateral dynamics wa. not 
obtained in thi. project. lbis .hould not 
'ulleat th.t the exhting theory i. inade­
quate, but rather that the campari.on pro­
ce •• i. exceedingly difficult. Uncertain­
tie. in vehic Ie and roadbed parameters. ex­
perimental uncertainty in the dat., the 
.tronlly nonlinear behavior of the te.t car, 
•• well •• uncertain and v.riable quantitie. 
in the wheel-rail force law. prevented de­
finitive conclu.ion. concerning the validity 
of the theory." 

lbe three technical papera which de.cribed 
the experimental .ide of the Clem.on/Ariaona 
State Freight car Dynamic. Project [158-160J dif­
fer ._what in their emph .. iI and their tim­
ing. lbe e.rlie.t of the three [158J attempted 
to provide an overview of both the analytical and 
axperimental a.pect. of the project, prior to it. 
completion, while the latter two [159, 1601 were 
.ore directly focu.ed on the experimental work 
.nd it. camparilon with theory. Reference 160 
iI included in VollIIM 2 .. the be.e conci.e des­
cription available to date of thi. important 
work, it. accompli.~nt. and limitation •• 

C10.ely related to the project just de.­
cribad vaa an additional report [1611 which dea­
cribed an attempt to validate a line.r frequency 
damain _del of the vertical dynamics of a rail­
car u.ing the TDOP Pha.e I te.t data. lbi. 
valid.tion w .. found to be fe .. ible for a middle 
frequency range, in which the track input .pectra 



were well defined .nd the .imple line.r model 
included .11 the .ignific.nt re.pon.e mode •• 
Truck .u.pen.ion nonline.ritie. (e.peci.lly dry 
friction) m.de it more difficult to valid.te • 
IIlOdel of the .u.pen.ion. The limit.tion. of the 
direct .pectr.l .n.ly.i. .ppro.ch .nd the d.t. 
collection requirement. for IIlOdel v.lid.tion were 
pointed out for .pplic.t ion to the larg.r 
"Freight Car Dynamic." program. 

The FRA "Improved P .... ng.r Equipment Evalu­
ation Program" (IPEEP) produced 10lIl. cOlllbin.d an­
alytic.l/experiment.l vehicle dynamic. vork (162-
165) .ven though thi. w .. not iu principal .m­
pha.i.. Thi. program v •• intend.d to revi.w the 
.dv.nced p ••• enger tr.in. and 'quipment .v.ilabl. 
outlide the U.S. for po ... ible u .. ill the U.S. 
One p.rt of the progr.m va •• n ev.lu.tion of rid. 
qu.lity .nd curving p.rform.nce. u.ing the mod.l. 
d •• cribed in Appendic.. C .nd D of Ref.renc. 
162. Th •• e an.ly... v.r. applied u.ing the 
p.rameter valuu vhich d •• crib. .everal of the 
c.ndid.te v.hicle. to eatim.te their ride quality 
and L/V force ratio. in curve. (163). 

Some of the analytical work vhich v.. not 
publi.hed in the IPEEP reporU appeared in tvo 
technical papers [164. 165). The first of th.ae 
vaa an an.lyai. to cOlllpare the performance of 
conventional and aeU-.teering radial truck. for 
high-.peed p .. aenger truck.. Thi. modeling 
exerci.e .howed that the radial truck. could 
improve curving performance (reducing wear) by a 
factor of two. while an improvement in the .te.r­
ing characteri.tic. of conventional truck. (low 
primary longitudinal .tiffne •• and high .econdary 
y.w .tiffne •• ) could reduce w.ar by a factor 
greater than four (164). The .econd paper u.ed 
.imple qua.i.tatic curving analy.e. to d.fine 
con.erv.tive crit.ria for the .p.ed limit. of 
rail vehicl .. in curve.. in order to avoid de­
railmenta. track d.form.tion. exce •• iv. we.r and 
rid. quality degr.dation (165). 

A variety of IIIlIller-acale FRA project. have 
aleo be.n conducted in thi. area. In conjunc­
tion vith AAR'. Track-Train Dynamic. proj.ct. FRA 
.pon.ored •• v.ral analytical/.xp.ri_ntal charac­
t.rizationa of fr.ight c.r. and truck. by Martin­
Mari.tta [166-168). Referenc. 166 i. includ.d 
in Volume 2 a. a good .x.mpl. of the u.. of lab­
oratory t •• ting method. to d.fin. the dynamic 
characteri.tic. of a freight car for uae in a 
IIlIthemat ical mod. 1 (al thou,h the IIOdel had not 
yet be.n validated in a field t .. t of hunt in, 
re.pon •• ), Tvo teChnical report. includ.d a 
camp.ri.on of the nonlinear characteri.tic. of 
two .tand.rd freight truck. (167) and a later 
.tudy vhich c_pared lIOdel and te.t re.pon.e. of 
an 80 ton open hopper car (168). 

SOllIe additional .n.lytical/experiment.l rail 
vehicle dynamic. proj.ct. included the evalua­
tion. of a li,htveight intermodal flatcar (169) 
and a hi,h-capacity, hi,h-center-of-cravity DODX 
railcar (170). The former includ.d both _dal 
analy... and te.t re.ulU for on. cOftventiona1 
and on. n.w d •• icn flatcar (169). vhile the 
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tatter cOlllpared a nonlinear 22-degr •• -of-fr.edom 
.odel and full-.cale field tuta for d.termining 
the roll .tability characteri.tic. of four v.hi­
cle. (170). 

The final thr.. doculllent. di.cu •• ed her. 
(171-173) were focu •• d .ore on the IIlethodololY 
for validating vehicle IIlOd.l. u.in, t •• t data 
than on the re.ultl of the validation.. Refer­
.nc. 171 di.cu •• ed the u.. of non-traditional 
.pectral analy.ia techniqu.. for lin.ar .y.t ... 
(appli.d to an FIA T-2 re .. arch car). In con­
tr .. t ... f.rence 172 conc.ntrat.d on the d.fini­
tion of the t.rm. the author. pref.rr.d to u •• to 
de.cribe the validation proc.... and then pro­
ceed.d to apply laye.i.n .tati.tical para •• ter 
..ti .. tion to the validation of a nonlin.ar .odel 
of fr.i,ht car "rOCk and roll." In both thit 
pap.r and Ref.rence 173, th.r. wa. a urong elll­
phaai. on e.tabli.hin, the adequacy of the baaic 
te.t data availabl. for the validation proc •••• 
lef.r.nce 173 d.fined the g.n.ral .tructure of a 
.od.l validation proc.dur •• ba.ed on .y.t.1II iden­
tification technique., and appli.d it to a .alllpl. 
c ... for 10cOlllotiv. te.t data frOID the Perturbed 
Track Te.tI. 

4.3 VEHICLE-TRACK INTERACTIONS 

The .o.t challenginl cIa .. of vehicle dyna­
.ic. proble.. are tho.. for vhich the track ,.0-
Mtry cannot b. a .. _d to rellllin fix.d. but in 
which the cOlllpliance of the track produc.. an in­
t.raction with the dyna.ic. of the vehicle. The 
track cOlllplianc. lIII.t be condd.red whenev.r the 
forc .. between whe.ta and raU. are to be .... -
ur.d or .odel.d and when derail .. nt phenomena are 
to be predict.d. The document. de.crib.d in 
thb .ection cover the FRA-.pon.or.d e£forta to 
inve.tigate wheel/rail force. and pot.ntial 
cau.e. of derailment •• 

Th. lar,e.t .ingle body of work in thi. 
cat'lory i. that conducted by the Jatt.lle Colum­
bu. Laboratori.. ulld.r FRA .pon.orahip at TSC 
aince 1975. Althoulh a larle portion of the 
Jattelle work haa been involved with track •• ch­
anica, the documenta di.cua •• d here are concern.d 
with the int.ractiona betve.n vehicl.a and 
track.. Th. first interilll report in thit pro­
Ira. (174) explained the objective of developing 
a .tatiatical characterizaton of whe.l/rail load. 
on U.S. railroad. with the eventual ai. of d.vel­
oping .. thod. to reduce th •• e load. in order to 
prolOftg track lif.. leferenc. 174 included com­
prehen.ive review. of the available te.t data on 
wheel/rail load. a. veIl a. the analytical .. th­
od., in.truMntation (way.ide and Gn-board) and 
data proce •• inl proc.dur •• which could be u •• d to 
obtain further information about th... load •• 
It can thu. ..rva a. a valuable review of the 
.tate-of-the-art of track technololY aa of 1976. 

Later work on the JatteUe project produc.d 
additional teChnical papera and report. on 
v.hicl.-track interaction (175-181). The fir.t 
of th ••• (175, 176) de.cribed how v.hicle dynalllic 
re'polI... call produce lal._id.ning deformation. 

", ·r ._ 



of tangent track. Field teat. were conducted on 
revenue track, uaing a .pecial track-mounted .ys­
tem for me .. uring rail diaplacement. a. well •• 
the vert ical load and tran.verse moment on the 
tie plAtea. The level. of load and di.placement 
were correlated with the types of vehicle. P"­
.ing over the in.trumented tie plate, demonnra­
ting that the mo.t severe gage widening input. 
were .. aociated with hunting II apeed. increued 
.nd vehie Ie loading decreued. The load. were 
.ubatantially higher durins the vinter, vhen the 
frozen ballaat va. un.ble to .hift in re.pon.e to 
the vehic le' s p .... ge. Another p.per produced 
a. p.rt of thi. project (177] de.cribed the tr.ck 
inatrument.tion (.train gase circuit in r.il veb) 
and data reduction method. u.ed to determine the 
vheel/r.il force •• 

A further report (178] and technical papen 
(179, 180] provided more complete de.cription. of 
the wheel/rail lo.d environment, inCluding joint 
imp.ct load. mellured by instrumented wheelaets 
and wheel-fl.t lo.ds _ .. ured by special w.y.ide 
in.trumentation. Both t.ngent .nd curved track 
and bolted-joint and continuou. welded rail were 
included in the.e .tudie •• St.ti.tic.l ch.r.cter­
izations of the lateral .nd vertical wheel/rail 
loads (.mplitude di.tribution., frequencie. of 
exceed.nce) experienced under mixed freight traf­
fic were Ihown for different train .peed., and 
teChnique. for extrapol.ting the.e relultl to 
other tr.ck, tr.ffic .nd oper.ting conditions 
were described (179). The vertic.l imp.ct lo.d. 
produced by anomalou. rail jointa or fl.t .pot. 
on wheela were alao _ •• ured and comp.red to the 
predicti01ll of a mathem.tical model [180]. The 
tr.n.ient ch.r.cteri.tici of the lo.d. (time hi.­
torie.) were di.pl.yed, •• well u the trend. in 
the .. ximWll .nd minimum lo.d. with ch.nge. in 
train .peed .nd length of wheel fl.t. Thi. work 
wa. extended with the development of • very l.rge 
d.t. b •• e on wheel/rail lo.ding .t the FAST Tr.ck 
in Pueblo (181). Th.t comprehen.ive .et of d.t. 
permitted the deriv.tion of .ome powerful .t.ti.­
tical deacription. of the wheel/rail force envi­
ronment .t FAST, including lo.d amplitude (joint 
vertic.l .nd l.ter.l di.tribution>, and both load 
.nd L/V force ratio exceed.nce di.tributiona. 
Reference 181 i. included in Volume 2 II one of 
the more comprehen.ive .v.il.ble de.cription. of 
the vheel/rail lo.d environment. 

De.cription. of the inatrumented wheel.et. 
which .re u.ed to ..... ure vhee 1 /rai 1 force. .re 
found in tvo different FlA-.pen.ored report. 
[182, 183]. Bec.u.e of the eapen.e of the •• 
direct me •• urement technique., there h.. been 
con.ider.ble intere.t in developinS acre indirect 
v.y. of IItim.tins vheell r.il force. from other 
..... urement.. A de.cription of • teChnique for 
e.tim.ting l.ter.l force •. from ..... urement. of 
.cceler.tion .nd diapl.ceMnt on the c.rbody .nd 
truck component. i. found in leference 184. 
During the Perturbed Tr.ck Teata de.cribed prev­
iou.ly, thi. teChnique VII tea ted by comp.ring 
ita IIti_tll of locomotive truck lateral force. 
vith the direct .... ur .... nt. _de by co.tly pl.te 
in.trumented wheeheta. Iy u.ing c.reful e.ti-
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m.tea of the locomotive physic.l psrametera in a 
12-degree-of-freedom model of l.teral dyn.mica, 
it v ••• hewn th.t the .cceler.tion .ea.urement. 
could be u.ed to calculate the truck force time 
hi.toriea to within a very cloll .greement with 
the direct .e •• urements (including pe.k force. to 
within 101). Although thi •• ethod permits iden­
tific.tion of the contribution. to total truck 
force. from the •• jor vehicle •••• e., it c.nnot 
be u.ed to e.ti_te the l.ter.l force. on indivi­
du.l vheel.et. bec.u.e of unknown longitudin.l 
creep force. (184]. 

The re .. lnlng reference. covered in thi. 
.ection deal vith the prediction of deraUmenta 
b •• ed on vheel/r.il cont.ct phenomen.. The 
fir.t two of the.e [185, 186) vere report. by the 
Nav.l Surface We.pon. Center de.cribing in.tru­
ment.tion vhich c.n be u.ed to predict 
der.il.ent. c.u.ed by • v.riety of different 
.. ch.ni.... The other. were .ore directly con­
cerned with the di.tinct mech.ni.m. of derail_nt 
u .tudied by TSC !l87, 188) .nd Princeton Uni­
venity (189-192). The TSC work hu been bued 
entirely on .naly.it, vhile the Princeton vork 
b.. combined .n.ly.i. vith .c.le-aodel experimen­
t.tion. 

The earlier TSC p.per (187) u.ed • quaai­
line.r frequency domain .imul.tion of • p ••• enger 
c.r oper.ting over t.ngent tr.ck delcribed by 
.pectr.l den.ity repre.ent.tion. of geometric 
devi.tion.. The L/V force r.tio v.s u.ed to de­
fine •• fety for vheel-climb derailment., .nd the 
.n.ly.i. .hoved how different combin.tion. of 
.peed .nd tr.ck deviation. vould produce equiv.­
lent .... fety... '1'IIo-.nd three-dimen.ion.l con­
tour. of permi •• ible oper.ting condition. vere 
.hown in thi. p.per for the b •• eline p ... enger 
c.r (187). II l.ter exten.ion to thi. vork [l88J 
con.idered the probability of derailment a .cro .. 
• divene fleet of rail vehicle., divided into 
generic car f •• ilie. defined on the b •• i. of dy­
n •• ic ailllil.rity. Thi •• tudy .usgeated the u.e 
of .t.ti.tical de.cription. of the vehicle .nd 
tr.ck ch.racteriatic., which could then be .p­
plied in • qu •• i-line.r cov.ri.nce prop.g.tion 
an.ly.i. to e.tim.te the prob.bilitie. of five 
different modea of derailment (wheel lift, c.r­
truck .ep.ration, vheel climb, r.il deflection 
and .udden component f.ilure). Reference 188 is 
included in Volume 2 to illu.trate thi. unu.ual 
.tati.tic.l .ppro.ch to the .naly.is of rail ve­
hicle dynamic., although it unfortun.tely in­
clude. only hypothetic.l re.ult., .nd not re.ult. 
b •• ed on .ctu.l d.t •• 

The FRA-.pon.ored Princetoll vork on deve lop­
_nt of improved criteria for predicting whee1-
cli.b derailmentl (189-192) ia .n eaten.ion of 
vork begun under • DOT Univenity ae.earch .nd 
Tr.ining Cr.nt. The fir.t of the.e p.per. (189) 
propo.ed vheel-cliab derailment criteria for a 
.ingle vheel.et on the b •• i. of nonline.r .imul.­
tion re.ult., .nd included eaperiment.l verific.­
tion of the.e criteria for quaai.teady rollins 
conditioll'. The qu •• i-.teady derail.ent .naly.i. 
conaidered tbe L/V force r.tio for an individu.l 



wheel or for the entire axle (which required in­
clusion of the axle roll lIIolllent). The analYlis 
and Icsle lIIodel experi1lH!nti were found to be in 
reasonable agreement, producing derailmentl under 
comparable condition" and the Ltv derai11lH!nt 
limitlwere found to be very con.iatent. 

The extenlion to dynalllic wheelclimb of a 
wheeleet {190, 191] and to a cOlllplete truck [192] 
reprelented later Itagel of thil work. Refer­
ence 191 i. included in Volume 2 al the IIIOlt COlll­
prehenlive preaent.t ion of thele whee lc lilDb cri­
teria, complete with the validation uling experi­
mental data and an evaluation relative to the 
widely und JNll Criterion. Reference 191 in­
cluded dilcullionl of leveral different typea of 
derai llllent criteria baaed on time hiltoriel of 
wheel loads, and Ihowed the re.ults of 112 de­
raillllent experilllentl plotted againlt the JNR cri­
terion and a re.caled modification to that cri­
terion. It waa concluded that additional 1IH!aa­
Ure1lH!ntl, beyond the LtV ratio tillle historin, 
would be needed to di.crilllinate deraillllent events. 

15 



V. LONGITUDINAL TRAIN DYIWIICS 

The FItA has not .ponlored a. much work on 
longitudinal train dynamici al it halon the dy­
namic. of individual rail vehiclel. Much of the 
work in thia area w .. performed by the AAB. with 
FItA .upport. Thi. aection review •• ome aaaorted 
longi tudinal dynamica projectl which were apon­
.ored at leaat in part by the FlA. Two aeparate 
univeraity efforta [193, 194) in longitudinal dy­
namica are included here, the firlt of which waa 
funded in cooperation with the AAB. Track-Train 
Dynamica Program, the aecond with the DOT Office 
of Univeraity Re.earch. 

The draft gear i. the malt critical element 
in determining longitudinal dynamic relponae, and 
becauae of itl highly nonlinear .pring-damper 
characteristic I (coulomb friction, deadband, 
etc.) [193] it h .. not been ealY to model. It:n 
improved model of draft gear dynamic reaponae 
would greatly facilitate the analysis of the dy­
namic interactions among carl in a train, leading 
to a better understanding of the cauaea (and pOI­
lible prevention) of many derailmenta. llefer­
ence 193 waa an application of an equation error 
technique of aYltem identification to define the 
parameters of a nonlinear draft gear model. The 
draft gear w.. aubjected to a aeries of impact 
tests and the force-displacement trajectoriel 
(croll-plots) were c01llpared with aimulationa of 
the draft gear model under the aame input condi­
tion. The identified model predicted peak force 
and energy diuipstion to within cloae agreement 
with the teat reaulta. lleference 194 delcribed 
a .imulation model for predicting the longitudi­
nal-vertical motion of railroad cara in impact 
lituationa, al part of a Itudy of the coupler by­
p .. s (override) phenomenon in collilionl. Each 
car v.. represented .. an idealized IYltem with 
up to .ix degrees of freedom (including lading 
and truck motionl>, and including a variety of 
friction effectl. 

It:n ilolated report with lignificant implica­
tionl for longitudinal train dynamic I va. the 
delign atudy for the Relearch Locomotive and 
Train Handling Evaluator (195). Although thi. 
three-volume report did not in it.elf contribute 
to the undeutanding of train dynamic I , it de­
fined the requirementa and Ipecificationl for a 
major new FIA telt facility which will be uaeful 
for evaluating the effecta of train operator per­
formance on train dynamica. 

The aingle moat concentrated FRA-aponaored 
effort on longitudinal dynamica hal been at 
TSC. The reporta on thia work began with a de.­
cription of a generalized computer program [196J 
uaed to evaluate the buckling of traina in buff 
conditions. A later report [197J ducribed the 
development of a ''Draft-Buff Indicator" Iy.tem to 
senae, di.play and record .lack action in 
trainl. Thia Iyatem w •• deligned to provide a 
real-time dilplay .a a train-handling aid, as 
well a. a recording for later analy.i., of the 
di.tribution of draft and buff within a movinl 
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train. The TSC work al.o led to a patent appli­
cation (198) for a derailment warning aYltem 
which u ... multiple .enaora and a real-time on­
board microproce •• or analYli. to live a train en­
lineer advance warning of a potential derail­
aent. The .en.orl .. a.ure train .peed, imbal­
ance in curve., track curvature and locomotive 
drawbar force, which .erve a. input. to the train 
.tability analy.ia which w.. compiled when the 
train wa. aa.embled in the yard. The train 
atability analYli., which i. aho u.ed to help 
cuide the yardmalter in confiluring the train, i. 
deacribed in leference 199. Thie paper i. in­
cluded in Volume 2 to illu.trate the .imple qua.i 
atatic analy.ie which can quickly determine the 
ability of a COllliat to withltand the buckling 
and .tringlining forcea which could produce de­
railment. in curve.. The potential applications 
of the analy.ie method by the yardmalter and the 
train engineer are demon.trated in Reference 199. 



VI. OTHER APPLICATIONS OF RAIL SYSTEM OYNAHICS 

This nction covers some FRA-Iponsored work 
in rail Iystem dynamici which did not fit neatly 
into the previous categoriea. The two main aub­
ject areas covered here are fuel conaumption (or 
train resistance) and lading response, which 
could also be regarded aa a aubaet of vehicle dy­
namics. 

6.1 FUEL CONSUMPTION/RESISTANCE 

Beclun fuel WII a relatively inaignificant 
expenn for railroads prior to 1974, fuel con­
aumption and re.iatlnce of train. received very 
little attention at that time. The firat FRA­
Iponsored Itudy of railro.d fuel conlumption ap­
pears to have been a two-volume TSC itudy conduc­
ted between 1973 and 1977 [200, 201 J. The ana­
lytical part of thil .tudy demonltrated the con­
tributions to fuel conaumption (Le. energy di.­
lipation) from rolling and aerodynamic re.i.t­
ance, braking, idling and locomotive power gener­
ation and conversion 10lles [200J. Graphl were 
uled to illustrste parametrically the effecta of 
apeed, grlde, power/weight, load factor, etC. 
The results derived from 80 nparate teltl on 
line-haul freight movements, performed in cooper­
ation with lix different railrolds, were und to 
demonstrate the con.iatency of the analytical e.­
timetes with operating experience [20lJ. 

A more inten.ive .tudy by the Mitre Corpora­
tion produced a four-volume report [202-205 J on 
freight train reai.tance aimed at determining how 
fuel could be connrved. Thi. work ahowed the 
dependence of fuel .avinga on train operating 
procedure., which could make it difficult to 
achieve .aving. comparable to the theoretical re­
duction. in train resi.tance. It al.o evaluated 
the .aving. effected by un of light_eight hop­
per car. in unit coal train .ervice. Both com­
puter prediction. and field mea.ure.ent. were 
di.cuI.ed in the.e reporta. 

With the inc relied un of intermodal unit 
train. and their higher than average operating 
Ipeeds al important motivation., an inten.ive 
experimental study of the aerodynamic re.i.tance 
of then traina waa .ponaored by the FRA [206-
210 J. Carefully controlled teaU of modele in 
wind tunnel. were compared again.t full-.cale 
field teaU for variou. TOFe and COFe configura­
tion., and the effect. of rolling and aerodynamic 
dr.g were .eparated out. The effect. of differ­
ent gap 'plcing" new intermodal car deailna, car 
loading orientation, change. in trailer frontal 
are.. and .pecific aerodynamic treatmenta (fair­
inga) were inve.tigated in thi •• tudy. 

6.2 LADING RESPONSE 

Hoat analyaea of rail vehicle dynamic. have 
ignored the dynamic effecu a .. ociated with lad­
ing reapon.e by a .. uming the ladina to be a .im­
pIe masa rigidly connected to the car body. 
Several FRA-.pon.ored .tudie. have taken a clo.er 
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look at lading re.ponn in an attempt to gain a 
better underatanding of how lading i. damaged and 
how the lading can interact with the rail vehicle 
to modify it. rigid-body dynamic re'poD.e. 

The firat atudy in thia category waa a uni­
versity project under the joint aponaorship of 
FRA, AAR, General Motora and the OOT Office of 
Univeraity lea .. rch [211, 2l2J. Thia involved 
the develop.ent of a nonlinear 27-degree-of­
freadom model of the freight car, truck and 
freight element, which WII uaed for time domain 
ailllllation nd frequency domain analyaia. The 
freiaht element va. a .. umed to have three trana­
lational degree a of freedom, each of which vas 
connected to the carbody center of maas by a 
parallel linear aprina and damper. Time hiatory 
outpuU of the ailDUlation vere c_pared with the 
output. of a .imilar model by the A. Stucki Com­
pany, but field te.t data were not available for 
model validation. The .. me model vas u.ed to 
evaluate a ".ix point au.pen.ion .y.tem" [212J, 
vhich introduce. additional .pring/damper .ets 
betveen the bol.ter. and carbody of a freight car. 

The IDO.t concentrated FRA .upport of lading 
dynamic. vork haa been in the development and 
validation of a model known a. FRATE (Freight ear 
Re.pon.e Analy.i. and Te.t Evaluation). Thi. 
model began vith the vork of Battelle [77J, vhich 
vaa then adapted by H.J. Healy of Wyle [213] and 
extended by HITRE [214-217]. The basic ll-and 
17-dearee of freedom vehicle modele, upon vhich 
flexible body mode. can be .uperimpo.ed, vere 
pre.ented in Reference 213. A preliminary at­
tempt to validate the model vith teat dau vaa 
al.o de.cribed there [213J, but the model did not 
yet incorporate an explicit treatment of lad­
ina. The extended model [214 J included 31 
dearee. of freedom, to allow repre.enUtion of 
tvo trailera IDounted on a flatcar, vith up to 
four flexible carbody normal mode.. Althouah 
the u.er'. manual [2l4J VII re.tricted mainly to 
the _chani" of u.inl the FRATE program, the 
.eparate technical paper on thi. vork [215J pro­
vided a good de.cription of the model and the at­
tempt to validate it u.ing te.ta of a TOFe con­
figuration on the Vertical Shaker Sy.tem in the 
Rail Dynamics Laboratory at Pueblo. That paper 
it included in Volume 2 to illultrate the FRATE 
program and the attempt to validate it. The 
model prediction. and ta.t re.ult. (rea.onant 
frequencies, deflection .hape. and amplitudea at 
re.onance.) vere not found to be in complete 
agreement, .ven with .ome manual adju.tmentl of 
par_ter value.. and the authora therefore IUI­
,e.ted includina nonlinear .pring repre.entation. 
and additional d.ar... of freed~ for trailer 
flexibility. 

111. later eat.n.ion. to FRATE included the 
addition of compliant ledina (tvo .prinlllounted 
...... in aach trailer, l.ading to a total of 43 
degreea of fre.dom) [216 J and a conversion to a 
rigid boacar vith compli.nt ladinl [2l7J. The.e 
reporta included .imvlation .tudiea of rock and 
roll, hunting and vertical forced re.ponle (track 
irreaularitie.). The.e .tudie. indicated the 



relltive aeriouene .. of the different operating 
conditions for lading acceleration. aDd wheel­
rail forcel (combination. of apeede. track geo­
metry. trailer mounting and vehicle auapenlion 
characteriatic.l. Recommendationa were offered 
for vehicle operation and auapenlion changes 
which could reduce the undeiirable reapoDaea. 

A final example of a lading reapODae project 
w .. Reference 218. which delcribed aD experimen­
tal program to characterize the ahock and vibra­
tion environment of TOFC trailera carrying aenai­
tive equipment. The lading. trai lera and flat­
car. vere inatrumented for teat runa during typi­
cal revenue operationa. Accelerationa vere 
found to be moat IIvere near the kingpin. and 
lea.t levere near the middle of the trailer 
floor. Relatively minor difference. were found 
between the vibration environment I on leaf-.pring 
and air-Iu.pension trailer.. and in both ca.ea 
the acceleration. were con.idered mild enough to 
be acceptable for vibration-Ien.itive equip­
ment. Vibration spectra and amplitude di.tribu­
tiona were included a. deacription. of the vibra­
tion environment experienced in a typical over­
the-road telt. 
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