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At the present ti,nr+, s€¡vêra1 problerrs confroni the Canadian
Ra.ilways dev*olopn*nt, which demand the f u11 und*rstanCi ng of t.he
stresses in th* railway t¡ack" The analysis of these stress*s is
of a particul-ar diffi.cul-t. nature and srmplt practical netho,ls are
always needed. The lack of publicatioris in Canada. about- somâ of
'"hese procedures and thei-r usa in solving some Ca.na-dian planninq
a¡.d design difficulties, brought aboui' the necessit-v for a
self-contained r¡uid,e oa that. concÊrn,

Sone of th : p¡ cblems conf ronti¡g t.he Cariad.i-an rail$ays todaV
and in the f;uture, and the usÊ of the study of t,he track stiesses
in the propÊr decísion-making for a solution t.o these problems'
is the srrbiec+- of Chapter 9, the last chaptar, Tt is to be
pointed Ðut, however, thet of necÊssity, this st.u'ly has been
timit'ad in its scope, and only some obvious + xamples have been
studied as fully as possible. Chapter B ill-ustrat*s th+ applica-
tion of the track stress analysis to a. specific problem relaced
to the grain movnnent economy in Car¡ada.

The othor parts of this thesi-s deal r*ith th+ theories and
thê procædur*s for +stj-natinq ihe railway track stresSês. Th¿
research in this field has heen far more advanced and- dynarnic in
Enrope than in Nori:.h America. Irr the last four decades, for
exanple, series of publÍcations have appea¡*d in cernany uhich
deal wit h thes* fundamentals anrl r+hich concl-udcl with usef ul
formrrl-as. SonÊ of- these have never been intro,luced irr Nonth
Ameriea, althouqh they are now i.n major use in the Eu¡opËan
Bailwav administrations. After a presentation of varicus
theories and. formulas that hav+ k¡een kno¡+n since th+ beqinnì ng of
the rail+ravs il¡ th+ worl-d, and briefly dealj-nq r¡it.h the ttreoret-
ical and çxperj.mental- analysi s, in Chapi.eqs 2 to 6, Chapter 7
riiscusses the technieal evaluation of the clifferent proced.ures,
and eomparisons are made bet¡q'een the differenÈ methorls. A u.sef ul
table is establ-ished in the appendix for t.he conv+nience of the
plannar or d.esignsr, to give calculaàed vaLues accordinq to the
recommandeil formr:1as. Chapter 2 ðeaIs h'riefly with a simplífierl
elastic morlel- of the Èrack system as a irasis for Chapt.*r 3, which
discusses the practical procedures of estimating the static
hendinq moment exerted on railroad tracks. Chapter 3 a1 so
inclrlrles a h j-storical re view of the development cf thase
technigues,

Chapter 4 complemen.ts Chapter 3, as it considers the d.ynarnic
eff ects resultinq fron train motion and vibrat ion, rxhích musf- be
adderl to the benrlíng momenl equations presented in Cha pter 3.
Follosinq the t-heoretical antl imperical model-s in Chapter 3 an'1
Chapter 4, Chapter 5 p::esent*s ihe analysis of st::esses in each of
the railway !ra-ck elements. Chapte r 5 a'l so includ*s sÐme
relationships h*tween different prop*rties of th* rai1 s+ction,
ryhj-ch may be usef ul to the railt¡ay enginÊer.

In Chapter 6 a brief discussion of the usÊ of *xperineftral
technigues is p¡:esented r.lith hroa,l esrphasi "s upÕlz experj.mer¡is that



lead to succpssful experimeatal stress analysis.
Thj-s study, in oeneral, cân be a use f,ul gr:id* fr¡r hoLh +-be

pract'i cinq ç¡qi3eÐr and thÊ stud*nt or r*search+r j n th+ sub j';ct
of si,ressÊs in railway tra.cks and its applicetion to the Canad.j-an
Railway problems,

. j-"_i +:¿.:": ¡:ì;j.:-i'
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Eailways betong t.o the early technoloqies wl¿ich
founded the m.assive industrialization of l,rester:l
Europe and played a ma jor rcle i-n the de'¡elopment
of Nortb America. From a status of near- monopol-y
until the beginninq of, this century, railways
have been relegated to only onÊ among several
conpet,ing morles cf transportation. This drastic
ctrange which camçi abÐut as a result- of technolog-
ical innovation" has been recognieed in !lÐst+rn
Europe anð Japan over the past 20 Y€ars, but - as
nâ shall seê has Yc;t to bs faced ìlp to ín
Canad-a.

J. tu ka siewicz i-n rhÊ-IsqÈllpÈåqsqlleeiiea*g5

Çesadias_8ei¿:Ë*Qþçglesse n ce .

1..-_*9e gÈ r g J_c o¿ si4e¡a!!en g

The near future of the Canadj-an Baili{ays is most likely to

be ful-1 of, acti,vity. Th* Èxpanding economy of, Cana,åa has callei

upon those j-n control of railroads and other forms of transport

to exert €vêry effort to meet the demand for carrvinq fr+iqht and.

passangÊrs.

Railrays are È,he most importar:t mêans of surface tran,sporta-

tion in agricultrtral--indusÈrial countries such as Canada.

Ðespite the groHth of other nodes of transportation, all indica-

lions point to railroad-q as contir:uirrg i-o be the backbone of the

transportatj-on industrY j-n thæ future of thi's collntry. The

dynarnically developing railroad industry, in kecpinq pace ryith

the currênt tfstate af the arttr, sçrves the qrowing economy and

populatio¡ of Canada. For this reason, the decisicns of desiqn

1...
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and practice nust be based on f u1l- economic cost-S r

only t¡here safety governs'

an d- modif ierl

ThÊ st-eel r¡heel. on steel rai1, which is thp- princi-p1* of

quided surface transpr:rt, has four el6ments in it; the track'

rolling stock, traet-ion, and sj-gnallinq. In all of -"hese f our

elements of basíc railway engi¡Êerinq, th+re are jndications that

a trasis f or noôernÍzation exj-sts in Canada. The pract ices an'å

proccdures no$ in use ars not the ul'"j-mate, for every ohase of

raílroad engineering is subiect to further siudy and improvâment.

flonevÈr, th+ r{uestions irrvol-ved- in the development in the -first

three of t-he el-ements ment"-i- one<1 ahov+ ' arÊ ,qt,il1 basically:

{a} what rail speeds can be attain*d and what, vil-l- they

tienand j-n traek elements, rollinq stcck, and traction ? ,

{L¡) what raj.l- tonnages can b* carried arrrl what ef fect wil-1

they ha ve on track elemçnts, rol-1ir,g sì:ock r and traction ?

The ansuer to these two quest.ions is deeply related to the

undçrstandinq of tbe stresses exçrted on i'he railr'¡ay track by the

weiqht of the rol-ling stock, and the ef fect of i-he speed on such

a stress. thus, the study of these stresses forms th+ malor part'

of the work reported here.

This study nay furthermore be of partÍcular interest at the

present time, as the discussion cf the national railway pol-icV

has been qaininø monentum in Canada, Ðaily rêpCIrts speak of:

- The railr¡ay electrification of tlie Canadian main línes,

The eonstant- t.endencr/ i n rai lway practice to increase the

loading and the speæd'

- The overloading or ovêrstrcssing in SomÐ railway 1ines,

t.....:
lt.: :.r:i.

i:
: -.. ì. .r

j;1..:.r:.1



Thi¿ speed limit-arions or ¡est¡ictions in cert-ain railway lin+s,

The intf otluctíon of passsngêr fa.st service trains,

2. Traclc Elements Considerati-ons

The entirç subiect matter

comprçhensive trçatment, r*h ich is

The t¡ack strueture of lcda Y is t

and of trial anrl €fror. The

structural un:-t has nct evolvetl t-

foruard design, unlike other bra

such ãsr l:rirlqes and. other st-eel

undetermined cha¡acter of thc

for this situation. V+rY 1ittlc

tr ack strqrcture

r+inforced cor¡crçte ties in Canada'

{tiqht,Rapid,Confota-ble} train in

in 'tlie structure af l-oconotives and

is eurmanently suitable for a

lhe aim of the presÊnt work.

he result of vealrs of experienee

railroad track as a complete

hrouqh any process of s-craiqirt

nches of structural enqine+::ing,

structur+s, for instance. The

track components larqely account

is knoryn of the streùqth and

The al¡andonmçrt cf the li qht branch I ínes r

The relocation oî. soTne rail¡say lin+s '
Cp Railrs qractinq 1/2. million dollars for

research,

The placement, of the first

The introduction of ihe IRC

Canada, usino liqht al.loys

passenger câES.

- The introductíon of the Graån Hopper Aluninum Cars'

Thus r a maioË nart of this ihesis is devot.erl to brinqinq

together the information availabl+ j-n the world on track stress+s

and rel-ated Þrob1ens, and shou how ihis inforuiation rnay t¡e

applíed to Canadian Problems.
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forces in

uni forn ì ty

:roadbçd. r/¿het is knor+rr, indicat.es somË lack of

its stnength, and ci-her characi<=rist-ics. Th* same

holds true for the i:allast. The ballast cônsi s',-s of randomlY

arrange d stones with cnly 1íuiíted grad j-ng, without any rnatrix or

filler to keep each stone j-n constant relation to i"s nej-ghi:ors.

The ballast provide support to the tie by a v€ry rudimentarv form

of nech anical interloeking of the stonÊs the mselves , r¡h ich brirrqs

point-loading, friction, and indepd :n* shape of the stones into

p1a v. This interlockinq -sloirly breaks down under traf f ic.

Furthermorê, the en'1less variat.icns ir¡ the nature of ihe subgrad+

and the ballast materials, the methods used in their construc-

tion, the different topographicatr- sit-uations, t-he differences af

rainfal1, snowfall and tlrouqht from place t.o place anrl frc¡m year

to year, leads to uncÈtrtainities which are rrtt surprising.

Concerninq t,hç tie pr*ssurÈs dj-stributerl to ''-he ballast anrl

subgrade, it is kncwn that ties possÐss th* variability of all

wood and are sub'jçct t,o f rrrther changes r*j-th v¡eathering and use.

The non-uniformity of ballast -q+ctions furt,hermore makes f-Íe

nechanies in<leterminate.

The rail jts+lf is dj-fficult to analyzë¡ esp*cially in view

of the non-uniformity of support anrl variahl-e loadi-nq aoplied to

it. Another gr+at difficultv of railroad structure, is that one

urust deal- uíth movinq 1oar1s, especially wj-th tr¡o 1oarl-kintls; th+

repeatj-ng load and the shcck-type load. îhe effect. of these

loads can only be understood r¡ith great dj-ffi-culty. Al-thouqh the

wheel loads of statio¡:ary vehi-cl-es arê known quite accurat+1y,

thev can cnly be estimated approxiniately for vehj-cles in motioll.

â

l_n



Thns, rsncertainty already prevails wi*"h regard to forces exerterl

upon and stresses inducerl in the raíls. The ôetermjnatì on of th¿

stre.sses caused in the tails by the varåorr.s f orces, howevel,

depends on values t¡hích fI uctrrate withir¡ uicl e lini'"s anrl in 
,,i.,,i.,,,,

certain cases are knoryn onlv by their order of,. maqni.tr:de. This :-::::':;:

applies especially to the elastic deflection cf the tie caused

und*r the vertical loads transmittÊd throught the rails.

Bearinq in mind aLI the dif f iculties repo¡teð abov* ahout ." '1r., ;

th* railroad track stress analysis, cne can rinderstand r¡ot only

the dif ference bçtwçen the rail-road track arrd any other engj-neer-

inq structure, but also the great uncertainty prevailing in È'hâ

railrlay track structure vh.en the action of its sûvÊral- eleincnts

work as a complete structural unit.

A great deal of research has l¡een done on the dif,ficulties

meniioned above, and while nany theories have Lreen pìit f,orth' the

maiorif-y of Èhem have not been recognized as 1.¡holly applicable.

In adðitj,on, the computaÈion methods shouLd be as simple as 
l

possible for practical a"pplicaticn. The lack of information in i: .

the canadian litirarie-s about sone of t.he conputation of th+ ':'l':'

railway track stresses lras a motive f csr' 'Lhç present uork. The ::': ,':,:,

nrimary concÊrn of almost all papers publishcd so far on the

suh ject in the .IlriitÊd statÊs cr Europe has been restricted to the

consideration of the technical tletail-s. In the present ¡sork , ',',,',':,;,.,': .,,',',
i.:.:,j.;::.1.::r.;i

howevêr, a ryirl*r horizon is attempted and. the practícal use.of

this inf ormation is i.llustratçrd.

This thesis is tberefore Cesi-qned, not to fill a gap in the

experiencs. of the line-engineer, bui f or a1l- those ccnc*rned i¡ith



i:,¡':¡.rl

ptactical $i ork in the field cf concern j-n Canad.a, specif ically

tle p1a nnçrs anrl ,Jesiqners wt'o are responsible f or ihe i m prove-

ment af- our railway network. Moreov€'r, in dealinq with thesc

factors, the thes j-s r,¡i11 point to the di-rection in which

subseguent research may continua. Mcst of the problems of t¡ack

stress analysís are dealt r¡¡ith f ron a practi cal viewpoint in th*

liqht of the most up'to-date knowledqe available, in addit'íon to

the devtllopment of this knowledge. Furthermor+' some pEoblems

confronÈing Canadian rail-waYs today, and in the fuÈr.rre' âDd th*

use of tbç study of the track stress in t.he DropÊr <jecìsion-

naki-nq for a sol ution of these problems, is tl:re secondary concer¡

of this work.

Th is st.ud.y concerns itself primarily with standard gauge

railltays, rails with expansion ioints over wood.en or .concrete

ties. The loads considered are only the vertical loads on the

track elem€nts. The si.udv dcals only with th+ track- superstruc-

ture lrail-.s, ti+s and bal-1ast) in addj-tion tc the '¡ertical
pressure distri hrrrti-on on the subgrade underneath. The focm of

the track discussed ís the intercity rail transport track. The

effect of the traffic volume on the stresses is left for other

papêl:s and rÊsearch.

In the coursÊ of this r+ork, na jor help ÞIas deriv+,1 from thc

nunercus publíca.tions on the sui:ject in t,he Uniitd. States and

oversça-s, includinq sevÊra1 monoqraphs i:: German. fn attenptiug

to forn a comprëhensive unit of atl- this material, it has treen

founû convenient to .stat€ thc units of the trhysical terms use'i in

the study in the t¡¡o i-nrernational systems of uníts accorC.ing to



precis€ conversion factors. HowËvëi, f.ot Lhe convEnience of the

reader, a conversion table is pi'ovidr:rl at the back of the

Anpendix, especially f-ox the compourrrl terms, such as bendinq

nOment, Str+sS , . .,åtC. It is i¡nporfan,t that- i:he reaCer n,:t-ice

that. the unit of t¡eiqh,t ItTONtr, is neani in Europ* as 1000

Kilograms, while in North Arnerica it is 2000 Pounds.

Tn the Þlathematical Notatj-cn of this text, tr¡o mínor 11Êpar-

tures $ere nade from the existi-nc, practicê, in '"hat Gre€k letters

¡{etre avoided aad also that subscripts lder,¿ nat us*d' The ne+d

for this arose from two fac-t.s;

f1) the entire manu*ccript rdas filed anrl print+d by r-he CompìltÊr

and thc+se characters are not available in its erli+-inq faciliti+s.

121 t.he varj.abil-ity of thê notatj-ons used by dif fercnt enqinear-

inq backgrounds.

The use of -"he Ðnqlistì letters, ¡shet,her ind.ivirlually or compoun,l,

hor.lev€r', !{as found to be a simole and ef fective }ray to achieve

the purpose,
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The analvsis presentêd in this chaptër is rêstrict*d to the

analysis of beans cf unlimitêd lenqth {the infinite beam} ' and

loadinq ís restricteC. to that, of concent¡atet1 Load.ing. The above

restrictions are j-mpos*d because they ar€ the closest theoreltical

assunptions to the reality of the case of rol ling stock loadínq

on a railr*ay track. In addition' a brief analvsis is givcn a.t

the enð of the chapter for heams of finite lenqth ¡+ith free *nds,

vhich are loaded by tllo sYmmetrical forcesr âs is Èhe casê which

exi.sts in a tie undçr the action of rail pressure.

Another assumptio:r whj-ch is inportant for the mathematical

analysås, is that the elasti-c f ounclation j-s conti.nuous(2 ) 
' 
so

that when the lream is d.eflecterl, th* intEnsity of the continuous-

ly distributed teaction at any secÈion is proportional to i.he

def l"ection at that. seciion , Hathem atical 1y ,

p=k. v

(tlThÊ naterial covered in thi.s chapter is fairl-y standard
nstrenqth of l{aterialsrr text book information. IE ïras foand
convenient to rerrort it here,becaùse of the extensive rlependsnce
of th* followinq chapters on this theory.
(a)fþs consis+,-ency of such an assuslpt.i-on ç¡it-h r*a.l-ity is dis-
cussed in Chapter'7.



u herÊ

fl is -r.hq rÊactic!l Þ*t uni t 1e.:lr¡¡h ol th¿ 'nq:¡ n r

y j5 à-he ðeflacticn,

änd

k is a cons+-ani c4111:d th= fou!ì¿ati-on constãLt.

Tllis assumption is eguival¿nt io t,hê casè cf a beam resi-inq Ò¡ì a

continucusly 4iGt:ibìltËd sÊt çf springs' ih€ stif fn{'ss oÍ w}riciT

is d,;fined by th+ 'rfou¡dâtion cÕnstã¡lt" f 4l. Îhe letlêl: cônstant

can b* +xþressed ¿rs +,ho :ëactiÕn ¡."¡r nní t lcngth, prnvi43d that

tl¡e d€¡f lec+_icn is egual t,ô unj.iy.

Thê assumption that ihé *uppor:inq ms4i1]m is .IäÈtic,

impli+s that it-s maf.*:ria1 f ollrqrs HôÕkÊts La$" Its elastic j.'-y,

therêfor€, can h¡: d'¡firìed. as tÌìÊ stress $hich '!úi1l caus+ a

def 1.rciion ëqual tÛ un!Ly. 'lhis consialt cf t.hr suppÕItinq

nsdirr¡ro k 1 {lbs,zín: ôr kqs/cm3} is ca}led l*he "nodultts ôf f Õun.!a-

tion¡rJ 1l. For a beêllì Hi+-h a unifcr¡r cross-sÊctioÌl , which is lhe

casê i l': railsa.¡ tracks, th;: relation bÈi"t{€*t the iwo cÕnst-aåts

entionr:d abovë {k and k'1 }{r}ca¡ b+ statei as,

k = kl

uhè ¡:c

L ís the fc¡uniation corstânt !71:/!nz or kqlcnz)

k1 ís the qrodulus ôf fcurCaticB {1trlin3 o¡ kglca3l

and

{ I ) rhâsë t}¡Õ ccÌìsta:ìi:s k' arìd k'l ' îi11 ¡+ usef, trhel:€ aÞpropriat*
thrÕ¡ri¡t out +his *.hesis.



b j-s t.he constant r¡idth of tlie bean (in or cm)

The well-knoun,lifferential eguation cf defleciion io be

applÍed is l3l:

ET d.+v /d.x+ =q ,o...12-11

t,'here,

E is the nodnlrrs of elasticity of the beam

T j-s the moment of ine::tia of t.he beam'

and

dx i-s the distance between tlro vertical cl:oss -sections on

the beam under consid-eration.

For an unloafleð pgrtion of the beam, the only actj-ng forc* will

he a continuousl y distributerl reaction from the foundation of

intensity ky. then q =-ky whtrç g is àhe intensity of the load

acting cn the t¡eam"

fleac* the çquatj-on {2-11 becones;

ET fl+y/fly+ =-ky . r, r . 12-21

and represents the deflçciion c urve of a beam support.ed cn an

elastic foundation, The gÊnÊIa1 solution of Esuatåon {2-2\, can

be derÍved usj-nq the boundary con,l"itions i,¡hich uêrÊ, intraduc+d at

the beclinninq of this cha pt.er a s re strictions, llh j-ch are shoun j-n

Fis. 12-1) below.

10
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A.sinqle concentrated Ioad on
lonq bar, taking the oriqin of

at the point of aoplication

an infinjt.ply
the coordinatâs
of the load

wt ,1,

Only part of the bar to the riqht of the load
need. to be considered, tlue to symmetry.

Fiq. (2- 1\
A sinqle eoncentrated load on ani:finitelv l.onq har

In this qeneral solution,

represented by [ 1 ],121' l- 3 l:

the def 1êc-uion can he, f inaIlYr

-vx
y= IP.v /2k) . (e ). (cos vx +sin vx) ... o. (2-3)

where,

r----
v=H k/4Fr

e is the exponential.

Takinq the suceessive clerivatives of Y t with respect to x in

Equation (2-3lr rrê obtain the exprÈssions for the slope(s)r the

benrlinq moment (M) , and the shearing f orcelQ) on the riqht sicle of

the beam as;

-vx

11

cly,/dx= s =- (P.v2,/kl . (e ) . (sin vxl ..... (Z-tt¡



i: .: .:.. r: -l

_vx
-EI.ñzy/d.xe= ¡t1 =(p/4v1 ,4 .{cos vx-sin vn) .....12-51
and

-vx
-AI .flty/Q.yz= O =-{P/2\.e .CoS rJX ¡r..r {2-6)

-Tn order to make th* calculatj,on sr deflections, benrlinq i1,,,,'::'-'
mom€nt,ç, and shearinq forces as simple as possíT>le, \,tÊ ì ntrotJr.rcg

the symbol-s;

-vx
B1 = e (cos vx + sin vx) ..r.. {2-7X

-vx
82 = e . si-n vx .ÐÐ.. {2-8)

-VX
B3 = e {cos vx - sin vx) ..r r. t2-91

-vx
B4 = e . cos f/x ...'. {2-10) l

l

l

Hence, Equations {2-3\ , l2.-4) , 12-51' and t2-6\ cari. be vrittnn as 
:

i

y = {Ðv /2k} . 81 . , ,, r (2-11} 
i

i

l

s = lÐvz/k) .82 ¡ ., . . (2-12\ 
I

l1l = {P/4v) .83 ' ' ' . ' {2-13}

Q = - {P/2\ .84 ..., . t2-14\

In ord€r to facilita*-e the af,plicatio¡r of the four functÍons of
. i... :.

TX¡ lB 1, 82, 83, and B4) , nunêrica1 tablE s '*ere first given by i,,,,.,:,,:..,,,,

l

H. zj-mmermann !' 'l lrT 21r[ 3 -], in his principal book on t.his sub ject 
i''..';',,,;,,1
.:t::_::t :: 

i::_::j

1261. These tables lor a conputer programmÉ) can be rlsed to

calculaÈe the valuês of thc strêssËs in the track due to Èrain

static loa,1ing, HÐ¡{ever, in t}re third chepter of the thesi,s' 
;,; ;,'., :,,:

much- simpler t.echniques will bç íntroduced for determining such :;:'':t;t:1:::;::

str€sses.

Equations l2-'l 1ì , (2-12) | {2-131 , and (2'14J each have a

Have forn with qraduall.v d.iminishing anplittrde, as shor+n in Fig'

t2-2\. ?he lr:nqth a , of t-hes+ ilavês is given by the period oi ',

12



the f unctions cos vx and sin vx Í 2'|,. i. ê.

a = 2çç /v = z¡ç 'Ftt/;

v= P' gì
2k

,=-ff -32

n= {" as

o= -j--rc

Fiq. 12-21

The deflection, angle of slope, trenclinc nonent,

shearing force, cliagrans of an infinite bean on

elastic founclation, under a single concentratecl

load.

lnfinitety close to the riqht of the point of application of the

load (x = 0) , we have the value-c:

v = Pv/zk ..... (2-161

s = 0 ..... (2-1-71

È'l = P/4v .. t.. (2-18)

Q = .-P/2 .... o (2-19)

The rleflection, bencling moment, and shearing force rbich aopearecl

ir':.

13



above in

va1 ues .

(2- 16t ? (2-18ì, anil (2-191 are seen to be maximum

Further points to he observerl,

the functi-ons 81, 82, 83, anrl Il4

(2-131. and (2-1U) respectively. In

ancl 83 are shown graphically Í21.

are the charactari.stics of

in Equations (2-111 r (2-121 ,

Fig. (2-31 the functions B1

o.2

o.4

o.ó

o.8

t.o

Flg. (2-3)

Graphica1 representatinn of the functions

81 and 83 for t he tletermination of the deflection

and the bending moment of the beam.

Given that n is anv posi.tive intecer, the ztro points for 81 are

locatecl at vx = (3/4 +n) TT, for B2 at vx = nTT, for B3 at v:( =

(1/4 1nÌfi, anil for Bq at vx = (1/2 + n),ff. Similarlyr the

extreme values (maximum or minimuurI of these functions are

located, for 81 at. vx = n,¡fr fo¡ 82 at vx = (1/4 + n),¡f , for 83

l'
!o
-t
6

o

14



.t

at vx

These frrnctions are rapirlly d:creasing in anrplitu<1e.

vx

0.01 This neans if the t'r:am is supported for a distance

1.5.¡ /v f ron t-he point of applicati-on, the load wi 1I have only a

small effect on the formation of the <leflection line after this

ilistance N. i. e. a beam of the' lerrÇth [,= 3'¡ /v loaded with a

concentrated force D at the middle, will have apÞroximately the

same cleflection curve as the infinitely long beam shown in Fig.

12-21. This inrlicates, thon, that it is possible to analyze

railway track r¡sinq infinit,e hean theory.

Prissi ole_ef_stp etpgsi!åe!_ a nd _tIÊ._8eqlpiag r!y_3 hgggem

From Eqrrat.jons (2-111 , (2-121 , (2-131 , and (?.-1ul it can be

seen that y t s, lY, and A are dire ctly proportional to the load P.

Tt follows therefore, that the rtprir¡ciple of superoositionrr ancl

the rrreciproci-t.v theoremtr ere rli-rectly applicable to the system

f 1 J. Tt is significant for studies of stresses in track that the

reciprocity theorem arrplies to def lection, angular clef lection,

bendinq noment, ancl shearing forcer pârticularly for the applica-

tion to particular problems, when, in addition to the lateral

forces clue to wheel loading r axial forces or t,wistinq moments may

aet on the beam. If we have forces P1, ancl PZ actinq at points 1

and 2 resr¡ectively, it is apparent either from the curves or from

the eguatlons mentioned above that:

llhen

than

x=+

15
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{v1r21 = {ï2,1),

{s1,2) =1 (s2,1},

ln1 ,2\ =+ (V.2,1) t

{Q1 ,21 =x (Q2 ,1} "

ilhêre,

I'f 1 ,2), {s 1 ,21 , (Ñ11 ,2\ , and (81,2i are the def lection' i-he slope '
the bendinq moiaent, and the sþearinq force at påint- 2 due to e

force P 1 acting at point 1.

and

{y2,11 , ls2,1l , {N2,11 , and (Q2,1) are the de,flection, the slrrpe,

the bendinq nomênt, and the shearirrg force at point 1 due to a 
i

force P2 actinq at point 2. i

ì

i

Thus the curves of Yr s' H, and 0 àn Fíg. t2-21 arÐ at' the sam+ 
i

i

tirne ,f inf lrlence linesrr f or y t s , Y., and Q.
i

l

gþg*Aqpgcximgt ign-!g-t hg-rþÊtrï 
I

Tlìeforeqoingana1Ysis}'asÊntire1ybaser1oIlthcasSümption
i,.,. ,.

that the elastic forrndat-1on is conti"nuous, so that wh+n the bean i,,,,,:,:,,.',

is def lected, the intensity of the cont inuously distributed .,',','i:,:,

reaction at any sêct-ion is proportional to che deflection ât that, 
""' 

"'l':

secti-on. Têry s+l-dom., ho1lev€r, does it happen that th+ founda-

tion is actually constitu',-ed in this \'¡ay. 
,,;.;;.,,

A serious objecrion ca.n be rrade to 
"hÊ 

si-rnp1j-fyi-ng assurllp- i'i"¡i 1:

tion on which ihis elenenta ry theor y is basetl, because it j-s

obvious that the reactioa q of t.hs foundation on t,he beam d.oes

not ð.ep*nd upon the local- ,1ef lectioli y alone, llut is also a 
,., ,,,, ,

f uncti-on of a11 the other def lecticns of t.he foundatíon su¡facrj i:,';'',,

16



occurinq a+- that moment.

comprehensive solution for

a spect. IIe carrie,l out

two-râimensiona I foundation

Riot l'41 attempteil r-e qive a more

deformario¡¡s, taking into account this

analyses, based on assumptions of a

anrl of a tt¡ree-d.imensional foundation,

Fig. (2-41 a. an ll h.

.lx

írl -- y

Fi g. Q' 4l

Graphical representations of a two-dinensional

foundation anri of a thrce-dimensional foundation

The two analyses of Biot'riíffer quite fundamentally from

one another. From the analysis of two-<limensional founilation '
the maximum bendinq moment was fortnd to be proportional to the

one- thircl porler of the beam stiffness EI, white from the analysis

of three-ilimensional founclation it was fountl proportional to the

(a)

(h)

17
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0,?"77 poI,Jer Ð4t the san+ qua-ntitY.

The naximum hrend.inq momÊnt by the use of the a-pproximate

f-heory of îtinkler and fli mmermann was found çarlier j-n thi-s

chapter t.o be propcrtional to the 0'25 power of ET. This

benrlinq moaênt. i.s, howevær, close Ènôugh to tbe reslrlts of Bici I s

exact t heory f or three-dine nsior¡a I f oundaticn, wherêas ir- is not

in agrÊement 'rith t he exact theory for two-di mensional

foundation.

Beans of Finite Lenqàh

An aspect of importa nc* in -"he stud y of str+ss*s and

deformations in track is the specj-al case of a bea-m nf finite

lenqth havinq f r*e ends, wh ich is l-oaded r+ith tsa symmetr j-ca1

forces P, Fig. l2-5-a\. The d.escribed conrS.ition exists j-n thæ

casa of a tie r¡nder tlie act,ion of rail pressures'

i..
i.a.:t.

The solution for stress€s in a finite beam can bc obtained

by solyi,nq t.he bendinq eguation, Alterna',-ivel-y' and moIÈ easil-yt

a sotrui-ion can be obt-aj.ned using t.he rnethods of superposition if

the system. nay b+ assumed linear, Thusr iìs sho{n ín Fiq. {2-5'a.

and b) ' the infi'nite bea¡n equation can be used if the appropri-ate

equivalent force-coupl* systÊIIìs are placed at points l\ and B, the

end points of the finit+ beam.

Thís ís a straiqht forward proc+ss end,

detailed d+scriprion is -!ustified here.

no

1B

hëncâ, f u rth,er
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Fig. 12- 5l

Ànalysis of a bean of finite length

using the nethods of superposition

The theory presentecl above in this chapter' with its tro

special cases of interest, ¡.as the key for all the researeh

conductect in the area of railçay-track stress-analysis. As we

shall see in Èhe followinq chapter, further sinplifications for

the use of the theory in ¡ailway engineerinq had been introtlucecl

over the years.
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CHAPTER 3: ÀN¿,1YSÏ S OT, STÀTTC BE}IÐING

ilOMENTS AbIÐ DEYL NCTTONS TN TRACK

The analysis of, bendiilq nnone nts and dr*flectioris in a rai lway

track has been r1,*velopcd ov+;r s,everal decades ' one early

assumption, in which tha rail is consídered as e ïieam on a

continuous elastic f ou¡rdat j..on, h as been connon to a11 the

succ*ssf.u1 investigati-ons. This broughr about the applicai¡ili-ty

of the theorv report-ed in the pr*vious chap',-er to th* analysis of

rail'¡ay track" fn th.e present chapie¡ a revieror of tbe relevant

l-iterature j-s presented. The tso calculation p¡ocedures current-

ly in use are presented thereafter.

1 *EC yic 1r_9t_,Ë!!e ra! U rË

Thë analysis of stresses produccd in rails has attracted the

attention of enqineers €ver since the firsi ra"ilroads lters built,

In L817, Barlow l 5 l wrote a book about his own frStrength of

llaterial Exp+rim+ntsrr, in which h* d*scribed his experiments çrith

iron rails to meesure ihe rlef lectioris under rapidly novinq lcads

for tb+ first time and compared these meâsurements urit-h static

results. He considered ttie ¡ai1 as a bea¡i on two supoorts ancl sb

{PL/4) r{ras the value for the rnaximun bendinq noment I5l.
'l 86?, E. 'dinklerl 271 publi"shed a book on tb e strength of

materials , in which the bending

Ì r.j -.::- :.'
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foundation is rliscussed for the first t'i mç and the applicability

of the iheory t,o the analysis of stresses in rai'l roarl iracks is

indicated. The r¡aluÊ of {0 .189 Pt) f or the maxim.um krendinq

moment- !ùas forrnd. ThÊ formula of !íinkler ldas scientifically

rigorou*q ¡sith.in the assunpt'ì ons made, and j-t strrviv*rl for over

on€ hundred years, inspite of a rrumber of object,i ons raised

aqainst it. The ma jor ob jecti-ons were, f 6 l:
'1. The support points F¡ere not f,astened, âs he assuneð, but

ileflect under the loadr

Z.Tlte d.istances of axl-es are in realicy r¿ot Êqual and not as

calculation prêsumes them.

the

3.often, in practice, the sizes of the axlçr loads are not equal.

Theref ore, when calculating the bendinq nomÈnt, ê- r1j-f f erent

i.nf,luence of one axle load on anoÈher exists.

flinkler uas th+ fírst to íntroduce ihe assump¡ion thar. the

reaction f r:rces of t.he f oundat i ons are proportional at {åvery

point to t.he rlef lection cf th+ bçan at that poi nt il- 1 l. Thi-s

assunption, a few years later, formed the basis of H.zimnermannts

classícal r.¡ork ,f 261{ published in l BBB) on the analysís of th+

rail-road. track strcsses. zímmêrmann prepared tables for sinpli-

fyinq th': Iùinkter analysis of a hean on arl elast j-c forlpdation anà

applied the theory in calcul.atinq the deflection of the ti*s ani

the rai1, which he consirlered to be a continuous beam on elastic

supports; Fíth co¡ventional distances hetween' the ties, lhe

vertical rail l-cað was distribuÈed ovÊr several tì es so thal the

isolate<l e1a*stic suppcrts cculd be replac+d by an eguivarent

cc¡ntinuous elastic foundation.
r ::r.:::.:: ,:::
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theorv, althouqh soil ¡ras thouqht to be the chief supporting

meilium, an,l the theory ap pliect by Zi nmernann nainly to raílroatl

tracks, it yas later founcl that there ïere other fielcls rhere

their assunptions ltere nuch more applicable. In partieular, tro

other fielils of application, ïere successful; the first flas

eoneerned sith networks of beams for floor systens of ships,

buililinqs anil briclqes, ancl the secon:l clealt uith thin shells of

revolution for pressure vessels, boilers' contairers, anil rein-

forcect concrete halls ancl dones of large spans f 1 1. The theory

held ¡iqidlv for these other applications; but the railroarl track

appl ication hail to be considered as only a rtp¡actical

aprlroxinat ionil .

Â. Foppl, in 1898, puhlishecl a sork on one of his classical

experirrents Í 28 l from which it flas proveß' that for a large

variety of soiÌs one inportant assumption of Finklerrs is true,

that the found.ation cleforms only along the portion ctirectly untler

loadinq.

Fig. f 3- 1)

The founclation

portion di

deforns only along the

rectly uncler loacling.

In 1899, À. IJaqiutynskil-5I ilevised an optical methocl for stress
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enal.ysj"s end succeÊdÊd in sÊ'"tinq photographic r*ccrds of bending

st-rains and rleflections in a rail under the wheels of a novinq

loc.omotive . He had a book putrlished cn ihe ela.st ic ð eÈormation

of track f 29 l' 
'."".'i"' :

fn 1913, the train administra+.ion of olrlenburg, Germany, put i-::-:::: :::':::

fort,h a proposal to introrluce a unj-fierl and simplified stanðard

ca1culationmethodoftracksupersiructurowork,?he'seefforts
' ,; t't;

!¡ere ínterr upted hy the First World flaI. On the basis of ,:,i:,:,,t,

experinents carried out by the N*the¡1ands Railways in '1923 
' the 

,:,.,1,.,,::,

railroact administrati-on l:eqari to usË the so-calIed axle formula' :r:::::::

l

in the calculation of the track superst.ructu.¡a. The hasic 
,

assumpticn for th+ seltinq up of this fcrnula t{as that the
:

cross-tie in the unloaded fields l¡as not regarderl a,s b+inq 
]

i

present an d the track in this reqion 1i-fted it.self without 
]

i

lreiqht, Alt,hough the Netherlands formula yielded a maximum 
i

bendinq moment of 0.1875 Pl, ¡Ehích is v€ry close to the work of

T.tinkle¡ arrd %i mmernann, the results of +-he Netherlan'1 Railway

axle formula re¡¡ained unsati-sfactory for the followinq rÊasÐns

f6l.
1. The influences cf onÊ axle load on the a-ctions at a .''1"'"'. ''

secon¡l paint are not egual to thosç: of a second loaC on t-he first

point, since the tço loads themselves arÉ) unËqual.

2. Not considerinq the deflectian af the cross-tie, led Lo 
,,,',1.,.,,,,,..
i':: : : ;

assunptions r¿hich iüere siqnificantly inconsistent with realitY.

3. The effect r:.f the neighLroríng loarl.s on th* moment

appeare'1 smalI as compared tc the rêsul-ts of actual m+asur*mÊnts.

Af ter the va"E, in cernany again, in the nieetinq of the
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Technical Cammittet ín Heidelbero, 1922, it Ha.s decided to

f urthcr pursue the proÌ:Iem. trt uas d.eterminç:d that- one had to

reqard the unifie,l track sup€r-sÈructurt: calculati ons throrrgh

experiments; that is, onê coulê not approacti't.he prohlem of crack

sur¡Èr-structr:re calculation with th*ory a1one. Stress measure-

ments !{ere carrj.+d out by the Netheriands Railroad and the Gernan

Railroari. Administrati,ons of Dresden., ioint.ly. The::esults wêre

reported in Septenber 1930 [6], The experinental results were

r¡ot a succÊss, but they indi-caÈed iri which directj.on the re-sea¡ch

had to continue. The fol-losing Þoínts ffere r€cognized l6l:

1. The stresses of egual axl-e loads in different positions

ilíverge essenàia_tly fron one another and. it is to hrs taken as

cerùaín- that the basic reason for this iiivergÊncë is to be foun.d

in th+ recíprocal influence cf tb+ neighborinq'ax1e loads'

2, The ¡eciproeal j nfluences of the ¡teighboring loads are

much qreater than that- u¡hich had ireen calculateð by all the

previous met"horis.

3. The influence of varj-ous cross-tie iiistances on ths

track stresses is signíficant. A variat.ion of cross-tie spacinq

chanqes consirlerably the profile of the recíprocal inf,luetrce of

the neiqhborinq a.xl+ loaris.

According tn the resoluticn of the lechnical. Conmittee of

Septemher 1930" it \.ras decided to investigate the rlçtermination

of the ,lmodulus of f,oundationtf . The r¡orlç tqas carried out by a

ioint-comm ittee of l-he ra il rcad of tLie irlethe;rl-ands, t he ll'tat iona.I

Railroad of Sr+ritzerland. , th e German Cerrtral Traì n Of f i.ce

lReichsbahn) of turrnich, the GÊrman Train Adninistrat.ion of,
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Ka¡lsruh.e and the cerman Central Train Office cf BerIin, knor'rn

co1lectívelv as the Ilnited Hiddle Eurcpean T¡ain ACniin istration.

For t-h+ standertlizaiion af their cxÐ€:rim€nis, they agreerl on a

vehicle, vhich harl ireen d+signed by the Neth*r1an11s.Railroa11, and

the track elenents werê st,andardized as uell. Throuqh experi-

ments, in y¡hich the invcstigatc¡s set up ex'"ensive measureaën1:s

for the investigaiion of modulus of four¡datj-on, ¡tk1tr, Ít lgas

hoped to attain a certain basis for the track-superstructure

calcrrlations. In these hopes they werÈ disappointed, since the

mÊa.sured value of k1 oscillated betwe*n wide linits; narnely,

between 5 and 40 kgs,/cms 1181 - 1445 lb/ínt1 ,

va lue in even ap parantly sirn i lar bal-last an d

tions proved to hæ vei.y different. Tlius,

Ind.eedn thre ki

subgrade comJrina-

it did not seEm

possibl e , according to th.¿rs* measurÊmeni's, to assiqn a definite

nodulus cf foundation t-or a qirrrn track s+ctior,.. The llniteü

Hiddl-e European lrain A<lrni nistration recomm€nrled, therefor¡*" that

the so-called axle- position formula, be used, This formula

cr:mp1etely rlisrcgards the elastic oeflection of the track and in

regard to the stre.ss distribution, rests uÐon ful1y a.rbitrary

assumptiortrsr ïlith thi s decision, ho'¿ever, as Schramn states I 1 1 I
rrthe bal-'ry ¡{as thrown out with the bath-waterrf . No::mal1y, during

experimentation " when one gets differ*nt r+sults for similar

cases, ihe experimenter shculd set a ranqe of valid values rather

than sr,¡itchinq tc ano'i:hcr theory , which from the heqinning

neglects aceurat-e assunptions. ¡{easurements, in the meantime,

hav* proyed that t,hË axle-posit.ion formula,loes not* accuratEly

attaín the true stresses, especíally in reqard to the influences

1:
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of the neiqhboríng axles.

The Gsrman Train Ariminist¡atiorr {Eej.chsbah,n) at- i-his tirn+

did not introduce the axle-position fornula, but instead intro-

rluc+d t.he calcula¿ion proeedure of Jaehn, which can be reqard+rl

as a simplif ied calculaiion of Zirînermann f 141, [ 11 l, I 12f , |- 151.

Jae hn I s proced ure sat j-sfact o¡i1y aqreed with the l-atest measure-

ment results at that tiure I 11 1, [ 14 l.

During this period, the ¡Eç11-kno¡¡n structural enqineer,

Stephen Timoshenko, had al-readv published i-n Zrrrich his pepêr on

1-h+ sr:biect f 71. Tn hís uork" he follot,ted ZirnnsrmanntF analysis,

indicatinq a r+narkal:le a.gre€ment hetween ihe calculations and

the experi-nestal re su1ts. Tj-çro,shenko I s experiment lla-s reallv

more of an inverse problen, i,e. the calculatinq of the vertical

f orces Èroduced hv locc motive whe+l.s oD the rai1. prov j-ded that,

+i-ther the deflections ùr the stresses in the rail have been

det errnj- ned by êxper in*nt . lhe rl.ifferencc betrveen the surì of the

calculated f orees anrl th+ actual- weiqht of ih* locomot i,ve usÉrå,

never €xceedÐd B percent 171, Timoshenko had a'lso been Èh+ f irst

to extend the simplifi+d thecry of Zi¡nmermann for the Russj-an

rai-lroad system in l-915 I51, Simne::mann ts analysis rdas also used

on the Polish raj-lroad systen by A. llasiutynski [ 51.

In the tinited States, Timo*shenko conl:inue d his re search Ðn

the subiect in a stirdy nad-e by the engineers of the t¡estinghous*

Electric and Hanufactrrij-nq Conpa.nv. He publisherl a m.aìor papÊl ,

co-authored hy B,Ð, Langer in L932 fBl. A fer years earlier in

1913, the lack of knoi.rledqe concerning the track structur+ had.

been recoqnizÊd ån t"he United StatËs. As
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conrni-ttee under t-he auspices cî the'rA.mÊrican Railroad Ilnqi:reer-

ing Assocj.aticntt, $ ArRe::ican society of Civil Engineersfr , and the

rtÀssociation of American Railroad,sn, !{as f orn+d to stttdv the

action of the track as one uni t and the action af each of its

compon*nt el+me nts indiviCually [ 91. Íh,'e Commit-tee carried out

their research un,der the leadership of Prof essor A. lll. Talbot.

Thâ Committee reported its st-udy in sèven progress reports, the

first. of which llas rru}:lished in 1918 and the last in 1941 f 301 o

The study of th+ special comnrittee af A.H.E.A', A.s.c.E. ¡ A'R. A. '
however, added. almcst not.hing te the theory of I'línk1er anrl

Zinmernann, but it l¡as successf,ul *speci a1ly 1n ol¡taining the

nost stable valuçs fo¡ the foundation constant, k, for dj-ffe¡+nt

casÊs llst and 6th Progress Repor:tsl 9l,) . Up to th prescnt

va luab letime, the report of the said ìoint Committee ha*s heen

design manual for t he Amarícan Rai lTrays.

Meanwhil-e, i-n Europe in 1935, Robgrt Hanker tried to ss] ve

the problen of ttre,simulation of the rail to an infinite b*an on

continuous elastic support, since the dj-stance bet'*een each lwo

ties ',ras b*li-aved to violate th+ continuity assumption, In ordcr

to solve this dif f j-cu1ty, Hanker imaqined, for tbe sake of

ca.lculation, a turninq around of. th* cross-tiÊs to form coa-

tinuous lonqi*"udinal- t*ies. Hankerr s analysis is worthr¡rhile f-o be

ref ered to as a rrÐesiqn llc thod.rt. HÊ titled his publication,
tt{lniforn tonqit-udinal Calcu lation of the Bailway Track Super-

strucÈure ttf 311 His work also appeared in tlro r:ther puhlica-

tions [6], f101.

A consequênce of the ì nformation

a

IN
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present*d, is thaà there a-rê ar¡lY three methods for track

super-structure strass cal-eulation i anÈ by Zimmermann' on* by

Jaehn, and a third by Hankçr, The method uhich was introduceC hy

Jaehn, is currently beínq used in parts of Enrope {especially in

Germany) l1tll, l-111, ?his nÉt.hod ilas introduc+râ later to t.he

Middle East as well f 12 l. Thê cther method, which could. be

referreil to as a ttmore direct applicationrr of ?inmernann f s

ana!-ysis, is current.Ty beinq used in No¡i,h America [ 9l and oarts

of Europç. In the next sections , a presentation of .both Jaehnrs

and the Joint Commi.tteer s methori.s is mader ârd then later,

Chapter ? will deal j-n qreatÊr riepth ¡+ith technical comparisons

bstr*een the two methods.

2" -*TbÊ--Uq!þ9É--of --The-- JOi¡!--ceggll!Êe--JA¿$' E. A' ¿A . 5 . C. E . ¿4Fd

t:,

A'À*B.I

As l¿as menti-oned earl

A,R,E.A. r A,S.C.E" r and A.À

some part.s of Europe as

urethod, with straiqht-f orwa

for lhe railroad engineer.

ier in this chapter,

.8. jointly , which

we 1l.r' is tìo $ore

rd simplj-ficatiori to

the method of th+

is beinq used in

than Zi mnermann t s

make it pracÈical

1-j.:.:
li :,

i:: :.: :r.l

l.:::,;::
l:l .:

The spocial committee on stresses in

A.l.E,À., A"S,C.E.r and A'R.4., had qiven

nents, values for the foundat.ion eonstant'

and depths of ba llast" The r¡a1u*s of

description of tj-es, roadbed sEction, and

Table {3-1,| helor¡ l9J:

railroad track of the

r âs results of experi-

k, for various typ+s

k anâ the corresponding

rails are given in

| '.- . -.:
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'lå¡1c l3-1) Vã1üÉ,s ûf k f rorì
i_li+ Firsi ãr4 rh,: _i j.ï-Lh PrcCrå_ss ÊÈpoJi..s cf t_h¡,, SpÊcial-

cÕnEitt?+ oÌì s:rê3s:,:s i¡, tìailrúôd r:ack

I _________T-____________**1--*- .r-----_-_---_]
I Fài1 I Ti{:s I Traci( enrl Bellast I k I

I I I I {ih.,/!r.'\ I

-+--------------+---- +----------J
átt Fin: ciI:^1r L..li?:L,
i¡r Þoor car¡rlitiür. on
loan a.¡ d clay subgrade.
6'l Cind,ã¡ bã11åst, in
fai:'ccrdi:.io¡: ctr loa n

e34 clË y subgrad¿,
6rt Li-m¡..stcfrËr on 1cå:Tr
a. rd cl,a./ rcadl:ed.
GÕÐd bÈfôr3 ta [ìFin.] "6¡i Lin+stc,ne r']n l-oa¡:r
a nri clay ro adbåd.
Àftêf !ân pi n g.
1 2,! L:$i+stône oi' 1ÕaB
erd cl.ly rÕadh¿d" Gûô,1
b+fÕrÊ iampinq.
12tt Lin€ÉtÕnè on 1caûr
enil clãy roâ¿b¡d.
Af l4jr t ¿rn pi :: g.
2¿r', C¡u¡ih*d lime si or:e
on 10 am årld c1ay.

2 4,r çrav€1 B.al Las t
p.1us 8rr cf h€avy
I ine ston¿ û:: wÈ11-
cômÐactêd rÖadb¿d.
F1i ni qravê1 ballås+-
or uidç, s; t ab1ê
¡oa dbpd,

1,i- ç:s t¡f rt e ballast o¡:
lriCçì, s t â l,.l+ ¡oàdbârl .

{1} 85 1b

t2t 85 lb

l3t 85 1b

{lr} 85 th

{5) 85 1b

{6) 85 lb

{7ì B5 tb

lB) 130 lb

lq) 1 1iì l_h
811

?rrr.{o,r)a8.-6rr
sOa cêd 2 2rtc.
Ì*o c.
?D.'¡qrryâr-6ll
sÞac+C 22trc.

6r|xSrrvar-0'l
sÞâ c.:.d ?2Ì'c.
to c.
6llxgrrxRr_aìir
sÞac+d 2 2 ttc.

JrlXqttXSl-nr!

Ttrre!ryâr-0¡

?,lxqùxRl-Ãn
spacÈd 22t' c.
tÕ c.
Trrxgll](ar-rììÌ
s rra c,ed 22t c 

"t(f, c.

7trx9r!Y8.-0rr
spac+d 22tt c.
tô c.
G.E,O.
fasf€ning-ç-7!!X9t¡ï8r-0tt

spa cc-jd 22t, c.
ç.8.C.
fast+ni n..r ri

53t

?50

410

1084)

1C65

109C

1210

2900-300C

2500,2600
3600

4vF. 2qil0

ì-7nn 55ôf]
62qû

.4vq" 510t

(101 -1 1C 1b1
tsE I

I
I

Àssurning that thr ¡ã j.1 i.s ¡.r inii¡líte1v lonq b.:,e.p o:r

continuous elastic srrÐÞort cf fou¡öäriolì co¡ste¡t k, aÞd usinq
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the same notations qhich hrerr? used in Chapter 2, Þ r Y t ancl l't are

the upwarcl pressure per unit of rail lenqth, the deflection of

the rail r ãn¿l t-he bendinq monent at point of wheel loacl where x=0

respectively, a.nd P is the applied wheel load. The distance frout

the wheel loarl to the first point of zero upelarrl hendinq is taken

as (x1) , ancl the rlistance f rom the wheel load to the f irst point

of zeto rrpwarrl pressure (zero deflection as well) is taken as

(x21. Fig. (3-21 shovs the above coordinates pl.otted on typical

cteflection and moment curves extracted from Fiq. (2-21 in the

second chapter cf t-hi. r¿ork,

Oeflectibn a¡rd Pressure Curve

Moment Curve

Fis. (3-21

Sinql e-r* hee 1 loa d cle f lections

ancl bend inq distri bution

T-
bL
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The clerivation of the fornulas used in the rJoint Cornmit-

tee¡s l'lethocl'r are hased on those shoun in Chapter 2 l¡quations
2-11 a¡cl 2-131 , namel_y,

y=Pov.B1/2k

lll .= P . B3/4v .

These are the two eguaticns representinq the two curves in

or

anfl

Fig' (3'21 above 
": '::

ft ras shown that the zero points for 81 are Jocateil at vx = ,.,',.,,

(3/4 + n)1.f, and for B-l at vx = (1/4 + n)Tf .

Therefore, the distance fron the vheel loacl to the first
point of zero noment, (x1), can be expressetl as

(x 1) = 1a/4v
chere

" =.J- */ro;

lx1¡ = I ¡¡/ul ..J--*ñ ..... (3-1)

and the clistance from the wheel loaÉl to the first point 
, .: .

zeEo upr.ard pressure (zero ileflec'-ion) , lx2) , can he s:(pressed as i',"-,., ¡,',,.'

(x2l = (3/4 + Olfî lu ,. 
',.',:,,,,..:,:.; r:: :

or

r---
= (3fT /ul . T t¡ff ,zk

; -:::.:t :'.:: : ::;:Pro:n Eq':ation (3-1l abovt-, therefore i::::.::':'

(x2l = 3(x1) ..... (3-2)

Fron pquation l2-18) , the naxi mun hend.inc monìent at +,he

ooint ef uheel lcad (shere x = 0), Ëo, l*as expr€ssed as

üo = P/4v or
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r----Mo-P tl Er/ 64k ... . . (3-3t

Substitr¡tinq from Eguation l3-1) into Fqrration(3-3)

therefore,

lilo = 0.318P . (x1) ... . . (3-4¡

From Eqtlation (2'161 , the maximum def lecticn at t.he ooint of

cheel load (wherr: x = 0) , yo, was exptressed as

yo =. P , v,/Zk or r

yo = ,/-{6r=;-. *- .....(3-5¡
Suhstitutinq from Esuation (3- 1) int.o Equation f3-5)

therefore,

yo = 0.393P/{k " x1) ..... (3-6)

Goinq back t-o the basic assunption r or¡ which t he theory of

beam on elastic foundation was brrilt, i. È. ¡

P=k.V

where p is the uoward reaction DÈr unit l+nqth of t-he beam,

It is apparent that thc upward reactior¡ Der unit- of rail lenqth i

at the point of vheel load (where x = 0), pot can he expressed as

po=k.vo . .. . . (3-7)

where yo can be Ceterminerl f rom Equation (3-6¡ above.

The sairl special committee thereafter rrlotted Equations

(2-11) and (2-1il accurat ely as the so-called ff Master Diagram,, 
;; ::,::.::

[ 91, as shown in Fíg. (3- 3) helou. Recallinq these two j,r,,'.r''.:

equations to plot the naster diaqran 3

Eguation (2''11) v = P . v , B1/2k and,

Eguation(2-131M=P.83/4v

considering the maximum values as unity, i.e.¡ ia'.:,.:.,:.':.:la:
l:ìi.:rr:ì:;.i:t :ì;

l: :.: r'
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yo=P.v/Zk=1and,

l,lg= P/l+v = 1 .

In other uor¿ls, the plottect eguations flere

y=1Bl ancl t{ = 1 83.

The peaks of the curves (ordinate ctirection) rere therefore'

assignerl a value of unity, antl the ordinate conseguently ïas as a

fraction of unity. l{eanwhile, the unit of scaling on the

horizontal axis, was taken as the distance (,¡ /\, calletl (x1),

frour the ortlinate, âs shown in Fig. {3-3) belov.
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Usinq the Fis. (3-31 and Esuations (3-11 , 13-21, (3-4) '
(3-6) , and (3-7), the calculation proceclure for benclinq nonent of

tnc neighboring wheels can be sunmarizecì in the following steps:

fll 'Deternine k value fron Table (3-1) above, using the charac-
..-:_.:.,:..-:-

teristics of the rail' ties, ba11ast, and roadbetl.

(21 Àssuming the two vheel loaðs are Pl and P2 as shown in Fiq.

(3-4) antt the bentling noment is to be deternineil untler the larger 
..,,,,;,,,,-,;,,,:,

load Ð1 , cletermine the value of (x1) fron Equation (3-1). . ",',,
.:,i

l: l:, ::': .: :

Fig. (3-4)

Trr¡o neighborinq sheel-Ioacls.

(3) Deternine the naxinUn ben'3ing moment uncler eaCh of the ïheel 
,,,,,.,.,,,,,
,:; ì ., 1.-.;: :

loads, l,io1 ancl È1o2, using Eguations (3-4) , once for each load. , ,,,,,,, ,,,,:.,,
.'-''.'.' -..' '.'':

(qì The henrtinq noment under the ryheel load P1 will be = Þ1o1 + "'::":'::

the benclinq effeet of P2 under the load P1. Àssuninq that the

distance fron P2'-o Pî is x, calculate the rati-o of x.l(x1} .
,...:,:--t-

(5) Fron Fig. (3-3) above, enter fOr the abSCiSSa value of i.',,,",;,.,,,-,,

ß/ (x1l I anil de+-ernine the corresponding orclinate representing

the noment ratio
(6) The ben:li-nq nonrent unrler P1 = uo1 + the nonent rat-io x l1o2

¡':'i""3.-Jaehn r s !{etÞoÈ-ef-Àgalgsig
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Ja ehn I s m-othod is a,n empirical relatio¡i I '!5 l, which is also

based on zimmermann's analysis I 1 1 l, { 121, [ 14 I' Th* method is
qenÊ¡a1ly simpler than '*he ItJoj.nt Committee rs i{ethorl'r in th+

amount cf calcul-ati ons i.nvolved and in i.ha procÉdurÊ itself . The

method proved i:o be suf f icierrtly accurate for stan dard track
gausês of 1435 mn {4.-707 ft} and under the f ollo¡¡i nq

conditions[11],f121:

1. Rail r+ei-qht,s exceedinq 30 kq/n {20,16 Lh/ft)
2. Tie spacing of t¡ætween 50 and B0 cn {23.6 and 31,5 in)
3. Tie bearins arêas of 4000 to 60û0 cmz {62A to 930 inz}

4. Modulus of foundai.ion k1, of 10 to 2tkq/ens {361 to 722 
r

Ih/íns )

iJa+hn'sm'ethod,urhendea}inqr¡iththee.ffectcfth'¿adiac+nt
1oadsunderthecOnS!r1eredîdhee11oad'aSsuneSi'hatthetwo

'

ar1.iacent].oa<jsar€e{'tla1totheconsideredoßê¡Thisa.Ssuntion
l,ùas found not to eause any percèptj-b1* ir:accuracy in a-ctuaI 

i

results r âs lonq as ihe dif f enences bet,*een the ad jacent loarls '

and the considered one are withi n 20 per cent of the conså,1cred :::
:1,:,:,,¡,i:,one f 121. The methocL also disreqards the effect of any ¡¡heel 
:.:;:,:.

loads except the t¡ro ad-ìacent loads from both sides of the ,'i.¡.';11'

considered one, wh j-ch is of ten th<l case in practice.

The fornula for th+ bendinq moment is
Itl=.H.P.a .., . . {3-8) ì:- -::l:I

fihere

1,1 is the hendinr¡ noment under the niddle load p

H is the coefficient cf th+ wheel base

P is the middle vheel load consi-clareo.
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a is the tie spacinq

The coefficient

base as follows' Fig.

C¡r = (Ca +

of the wheel base clepends on the mean whael

(3-5) :

cbl /2 ..... (3-9)

Yj

lig.

Hheel-loacls anil

(3-5)

loao clistances.

The methocl further resuires that, nhen applyino Equation

(3-9¡ above, if either Ca or Cb or both is sreater than 280

centinetres (110.24 in), then the value of 280 i-s to be inposed

in the equaticn (instead of the greater value). This impliecl

'conrlition holits always, even if one of the adiacent wheels i5 in

an infinite distanee. For exampl-e, in the case of an outer load

(first or last in the train) ' two adiac¿nt loads ril-I be

consiilerecl r orÌ€ of which is in a distance of 280 centimetres'

instead cf infir¡itY. From t'he ahove:nolieo conC'ition, the mean

distance, cF, r¡i-1 l- never b¿ grta*Êr tha:': 280 c+nìine'-res'

Havj-nq determined the ne3:ì'¡is-'aEc€' Cil, òL= coefficient- of

tì:e uheel base , H, can be ìeternileo by u¡'-€ of the follorinq

thr=e egua'"ions:

For Cn grea-'er than olr €qua1 ta 140 ccni-imetres.

lÌ = 0.057'+ (Cn/12n01 .o...(3-'10)

Fo¡ Cn smaller lhan 1t¡0 celtinet¡es end qreater than or

1.

-16

2.



egual to

30

equal to

Cm

plot ted

112 centimetres"

H = 0.174 .o..c(3-11)

For Cm snaller than 112 centime+-res and greater than

62 eentimetresc

H = 0.434 - (Cm,Z430l .. . .. (3-121

versus k representeri by the t hree equa*,ion s above

in Fis. (3 -6) bel-o ''d [ 121, t 1 4 l.

MEAN WHEEL B/\SE, CM

Fiq. (3-6)
Coef ficient of wheel base, H C+penrl.ent

on the mean wheel i:ase, Cn.

or

l-s

u¡

l-
¡L?o-
r- ui

EÉU.
r!u¡
rL lU
¡¡¡f:

8ì.
I

An easier

plotted in Fig.

(orclina tes) to

Equation (3-e¡

gra phi ca1

(.3-7) below

H (diaqona

to obtain the

representation"

l'11 l, relates Ca

1) , directlv

mean distance.

however, which is
( abscissa) ancl Cb

without the use of
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EFFECTS o_N_-E E_N!rrÊ_ g ggE u! s

The numerous êxpêrimental r*su1ts takeri since i.he ínvestiga-

tåons of railroa,1 track strâsses heqan, i:ave shown that in
general the strësses of the track gror¡r larger with íncreasinq

speed, It lras reaì-ized , theref ore, ihat the dynamic deflection

of the rail anC the dynamíc stresses unclçr th* acticn of the

moving whc+ls of a vehicle iliffer from those calculat.e,å on the

basi-s of the statíc f ornulas tliscussed in thË orevious chap+-er.

Ths most irnpoltant of tbe va:ious causËs which may produce

such an increase in deflect.ion and stress arË t.he followinq ones

I?1, rBl.
{1} varj.ation in the forc+s actinq on the rail- caused iiy vari.able

spring f,orces on the whee1.

{21 Vibrati.on of the rails unrler moving loads.

{31 Dif ferent kinds of irreqularities in t he s}:ape of the 
"¡h+el

or rail, suct¿ as flat spots on the rim, 1o'o¡ spots on the rail,
ancl di-scontinuities et the rail ioínts,

The problem !ras appËoached someti mes krv ç:stabI'i shinq

theoret j-cal oriented, anal ysis and applyinq e xperirnental results
to it thereafter, as in the work of S. Tinoshenko and B. - Langer

| 71, I S l; (Timoshsnko establish.ed ân eguation fo:: tl¡+ Cyna¡nic

deflection and concluded, that. the diff erence batr¡een its use and.
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the usg of the static one will always be less than 1/2 ÞÊrc,..=nt

l'71) . The other app::oacli to the problen is tl:c attenpt to relate
the rlynamic influencÊ i.n the strçss to the spe+d linearly, d}he

Joint Comnj.tte* of A.R.E.A", A, S.C. E, ¡, A.R.A. conclu,åad experi-
m+ntally that the stress inc¡erases Ct.?5 percent for ea.ch mile pÊr

hour increase of. srreed) . A thj-rri approach r¡hich prov+d to he the

most successful one, was a trial to relate emnirically *,-he

i-ncrease in stresses to some spÊed

cuhic polrçr .

functions of quadratic or

1. _*Spee d_!agtg¡r_g

The spç*d facto:: intro rJnce C

be multíplieri by the benrlinq

method in the pre'¡ious chapter.

lished by E. Winkl-er and H.

theoretical- considerations, The

ü = 1l {t _ y"_ /355fJ0)

in the following section, is to

moment value obt-aine¿ by either
The first fr:rmula tdas êstab-

Pihera I 1S1 on the basis af

formula is:

.. , . r {4- 11

where

U is the speed factc¡r

and

v is thæ speed in km/hr

Th.is formula is not valj-d, however, except for speeds less

than 1BB km/hr (117 mile/hr) , Reachins 188 kn/hx., rhe spead

factor wi.l1 incr+ase to ínfinity, and th¿n will he rev+rsed

tlier*after. The German Central Train of f ice in Berlj_n, hâ.s fron

a qreat nunber of observations calculated the followinq flìean

40
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valiles for U,I 6 l:

V in kmlhr. 45 B0

U, accordinq'"Ð 1.00 1.13 1,34

expçrinents of

the German Train

í\d.¡nin istration,
Dresd en

tJ, accordinq to 1"00 1.05 1.20

t.he experinents

of the Netherland

Railway

Àccordinq to the ahove speed factors, which were calculatef,
,

fro¡n stress mÐasurÊments, Formula (4-1) rdas adopÈçd I 10 I lat.*r on ì

as"

U = 1/î1 1r1,000000C)7"P.a,vz /Il 1 ,,r.,{l+-2ì
t¡here

P is the wheel load in ks,

a is the distance c. to c, betw+sen ties in cm

V is the spÊcd j-n kn/hx

and

T i-s the monent of inçrtia of lhe ¡ail
The Formula {l}-2) sti11 produced the samÉ r¡roblen'¡hich r¿as

raised in the previous one. For nediun tie distance, a, and

common monent of inertia of rail, I, at speed 1¡ of about 2AA

kmlhr {124 mile/hr) " the speeñ facÈor, u is expec.Lc:d to reach

infinit y.

Such speed factors, stand in opposition l¡íth'lhe e-.xperience,
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it/-::: '1

since sp€eds of 2DA u^n/ht can cccur'*lithorrt damaqe f.or the track,
and withou+. special increase in strenqth o€ the rail l 6 l,
Experiment.al trips bv lhe Gërman Train Ad ministration ',r€rÊ

carried out- num€r:ous times above tlLis spêËd i+itb olrt excessívç

stresses, rail breaks, or similar thir¡gs beinq notìced.

The lInion of the ¡{idd1E Furopean Train Arlmin istrations
iutroduced thereaf,ter, atte mpts for the cl-e.rification of the

range of l, on an international scale I 151. A tof-al of over

21r0$0 stress n€a.sì-¡rements wÊrÈ taken, in order to find out- the

speËd factor, in tire yëars 1930 to 1935 inclusively. It r¡as only

poss j-þ¡le at- that time, tÐ ce rry out the measuremçnts uith low

spe€ds. ThË stress+s ãêrê measured at speeds of 5, 45, 90, and

X00 kn/kt 162 mile,/hr), and. the valu+s for the hiqher speerls hrêre

extrapolatçrd.

In 1936, the IJniterl. Middl-e European Train [d"nrinistrations,

on the basis of thç results for the above-mentionetl e xperì mr-:nts"

nade knoçn a neu fornula for thrc calculation of the spe+d factor,
which i s

{J= 1+

The above

to 100 krn,/hr. ,

guadratically.

lonqer correct.

applied to a

reached durinq

(va /-30000) ,.,,r {4-3)

eguation 1ras found very neasonable for .speeds up

.which i-s the range in which. the sp+ed qro'ds

For hiqher speeds, Ìrobr*verr'"his equation is no

For 5-nsta nce, if thi s eguation wÊrÊ t o c

"spee.d of -3 30 kn/hr {205 ¡ni}c':/hr} , which had bo+n

test ruDS cn ordinary tracks in Francs(1) , lJ =

(r)$uçþ a speed has been exceed+d ir¿ parts of the ItTokaido Linêtt
in Japan.
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l¿.63 woìl1d result. This neans rlzat t,he incrçase of bend'i nq

moment l.loul-rl he 4,63 times as much as static bending momen*.,

whieh is incorrect as had b+en shr:¡sn experirnerr"all.y. Appa¡:airtlV,

IJ, eannot be an ever-j-ncreasing guadratic function of spe+d [ 141.

In 1943, {;. Schramm prcposed a formula which el"iminai.ed the

ahove defect, and whictr had real correspondence to actual fac';s

t 14 1. SchrammI s formu1a is :

[J = 1+ {4,5V2 /100,000) l1,5Vs /10,000,000)

The formula al:ove app¡oach€s a maximum value of il =

f = 200kny'hr {124 mile/hr).
Since the estnblishment of Schrammrs fornula, ít

the German Republic Bailroad {ÐB rail} and still i.s i.

pres,ent time ['! 11, f 141, { 151. This fo¡mu.]-a is also

Enqlanrl { 1'11, ând it was recantly introd.uced tc somÊ

the tliddl-e East as well { 121.

1.â at

(4-4)

spe*d

lriAS Used by

n usË ai the

in ìf,.s+ in

raílways j-n

:: ..; i,:...i:...:

A discussion of the practical valne and siqnificanc*

these formulas for sneed facton is qiven lateî.

?r-jhe- JE€J-uÊ 4çË-eÉ_!hc- I¿ hse 1l s-EIs! - s pp! s

The shock eff*ct cf unrounded wheels on the track have been

investiqated under empiricaI consj-deraiions in the 1950|s, The

heiqht of . i-he fl-at spot an'1 the speed krêre believed to be

governing in this critçrion l',l1 l. In a mainienencs statistical

st.udy which took plaee in t{*st Germany over a period of sev€n

months, out of 10, q?8 wheel rims in¡¡estigateô , 171 {or 1 .56

percent) were rlisco¡¡ered to have f lat spots, Tahl-e {4- 1) hçlow

shours the percentage of each b.aight.

of
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I

I

I

I

I
I

I

I

I
I

I
I

f - oto 1

f over

f over

f over

l to2nur

2t"a3mm

3to4mur

------t-
mm 64 percent

23 perceni

7 percent

2 percent

4 percentf over 4 mm

Table {4- 1)

In tuo cases, f tlas found = Bmm, and once Ðven reached 31 flH.

Ir 1952 and. '1953, Poprr 1321 and Ëuhin 133 I of Gêrmany

carried out detailed the oretical investj-gations, !rhich lrfere

approvÈrl as beinq correct throuqh measurêment hy both th+ Gêrnan

anrl thç American Rail-ways t3tll å l-111. ?he invest.i.qations

mentioned at¡ove, proved that throtrqh a f lat spr:t r*ith he j-qht f ,

additional bend.inq moment" ilf , r,rhich increas+s as a f rrnction of

f, will be exected, Furthermor:e, the said. additional bentling

monent Has fount1, to a certain extenÈ, d+perrdent- on th,e springs

of the vehicle, the wheel loaCsr â.Dd the speed V. Th€ dr:p<"ndence

on the speerì V, llas found to h+ very important, ând the typ* of

'Sepend.ence was d.j"fferent for different springs and various

heiqhts of spots, f. On th+ avÊrage, Fiq. l4- 1 ) b'eloi¡, was

ns, ilf, depen-founC reliable for the adrlitíonal bending monent

dence on speed [111.
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i:':!¿:r"

o to2030

Fis. {4-1¡

Influence of speed on the hencling monents

as a result of rrheels wiih flat spots.

Fiq. (4-1) atrove gives a factor, n, (smaller than or egual
'to 1) r versrrs speed. The aclditional bendinq monent, llf , rill

increase rith the increase of the factor ' n, ãs will be

explainedl.

The relation of the heiqht of the flat spot, 1., ancl tbe

sheel load, P, to '"he additional bencting ¡noment , l7f , is shown in

Fis. (q-21 beloç. After obtai-ning the adclitional bencling monent

from Fiq. (4-21 below, the value is tc be multipliecl by the

value of n, obtained from Fio. 14-1) above.

,o
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Ê.
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ê
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nonent as a result of

flat spots.
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ADDITIONAL BENÞING I.IOMENT,
Mf , in qn.:ton

l":: ¡1: .

wheels uith

In other ¡rords, in orcler to estimate tbe aclditional bencling

monent, one first enters Fig. (4-1) by the speect v' antl

cleterurines the factor rr, ancl then entérs Fig. (4-21 rith the

flat spot heiqht and the wheel loacl to obtain t,he actclitional

benctinq nonent, I{f , which nust be multipliecl by the factor Il.

3. --Igglu s ige-IcE!! la

Àccorcling to the discussecl clynamic ef fects i n the tvo

sections above, the total benilinq moment, Ì{t, can be cleterurined

fron the fo1loíi-nq for¡nula:

È!t = l{ . TJ + n . ê . llf . U ...,.(4-5}

rhere

Ët is the total benclinq

46
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all the dynamic influe¡ces.

H -ì s the staiic h*nclinq moment as d+te¡miried from Chapt-er 3.

U is thc speed factor as rletc'rmi ned f ¡on eguatj.on {4-4}

- n is en additional- moment factor as determi ned from Fiq' 
:,,:r ,,,

(4- 1) .

- a is the dístance c¡ to c, of the ti-e.

- l{f is the addítional ben,tinq nomer¡t du= t-o flat spots as

d.etermì ned hy Fiq. {4-2) .
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Cornbininq t"he methods demonsf-rated in Cha.pter 3 and Chapter i,,t'.,"'.,

i
4 of this tork, the maxi¡num benriing moment. i-ndueed dynamically hy :

lvertical movinq wheel loads can be estimat,e<1.

The maxinum stress induced. in the rail rlur+ t'o th+ ahovs 
i

i

urentioned hendinq moments r,¡ill oÇcur at Þoints af. tlie rail :

cross-seci-ion f arthest f rom the nËutral axi-s. Th-is stress is I

isinply qivçn by the formula:

S = Y1/Z ,..., {5-1)

where

5 is the naxímum bending stress in the rail {kq/cnz Ðr 1blinz ) i:.:t,i:,:;.

', , ,i,, ',"l'{ i,s the naximum- benrlinq noment induced by vertical moving loads ,1,',','
' '.:t-

lkg. cm or lb. j-n )

Z is the section modulus of the rail {cm3 or in3 }

The rail section modulu-s is usually listed for the differeni 
,1,¡,-,,,,,

rail sections used. in tables of steel Cesiqn nanuals anå the l:i;-ì:':'::'

stanrlard specifications. Tt is important somet-iines, however , ta

calculate the section modulusrz, in casês r'lhen a check- of stress

is to be rlone for a rail which harl been ûiornr oE a rail for which

the value, z, cannot be obtained from tabl-*s for anv Both+r ii'i'i..i
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reason. For sinple and fairlv accurale calcuLa+-ions, som*

empíricaI r*la.tions hetween t-h+ s:ecticn mcdulus, the hei.qhf- of

rai1, and thç weiqhi r:f rail {in m¿tric uni-"s) exists [ 141, { 121.

The fírst relation assunÊs that the weíght of rail a:rd its

hdiqht are both known,

I = h.\tr /30.5 ..... (5-2)

llher e

h is the rail heiqht in mm. ,ìi,',.''-: ; ::

$ is the rail weiqht in kq/n. ,....,.,,

v, is in cm = 
iì''t":

If only the heiqht is known, ll€ can us-r* ihe f ormula

Z = 5"2h - 533 ..rr, {5-3)

In the ooposite casÊ when th+ weigl:.t is known" the r+lation i

isi
iZ = (i'12 /35t + 3.6ff ¡.r.¡ {5-¿+) 
;

AreIation,therefore,existsbetw€entheweiq1rtandt}re
hei-qht of rail

'd - 156 - {160C0,/h) ..¡.. f5-5) ;:;.,...:

rn casÊ a check of, stress is to t¡e done for a rail which is 
j't.'t'i

,'i,, .,, 
.

ürorn, say thc heiqht of lEear ís dh mrirr the formula to b+ used j-n ;'i'r:'

order to determi-ne th+ seclion modulus af the rrorn '-sectionr Z1

cR3, is

7,1 = Z ldhil301 . {W + 0.53{h- dh)) r,. Ð. {5-6) 'r,.,.:,..
i i:t.:.:.:,,.,

z and !l in the al:ove r+l-ation r€,pr'"tserri:s th* oriqinal

section modulus and weight of t-he new ra j-1, ¡{hich can h,e obtained

either f¡om the tables or by using Equarions {5-3) and {5-5}

ahove.
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Ecruation l5-1) fo¡ calculatíng nhe stress in
he nsed to check whether ã. vehicl+ i*e indrrcíng

allowable limits in an existing track, the followi
stresses are to be considered l'11.l, t 121, [ 141,

1500 kq/"^, or 21335 Lb71çz- for all thr:cuqh

sustain hiqh speerls

loa<is, an d to a

other very heavilv

like tho-ce at. humps

allinq yard.s,

the rail-, if t-o

stresses within

ng pernissj-ble

n a"i n'Iines v¡hich

anrl carry heavy

lesser Êxtent,

l-oaded tracks,

of larqe marsh-

160 0 kct,/cnz or 22757 lb/ínz f or t racks includin q t.hrough branch

1j-n,es (throuqh ¡unning lines anrl

passir'g loops etc. ) and r¡j-th heavy

or meoiun-heavy raìls.
1800 kqlcnz or 25602 Ih/inz for tracks from the abova

br:t nrith liqhte¡ rails
catÊgâ r y

2000 kq/cnz or 28447 Ih/ir¿z industrial iracks and all other

tracks which are not included ín

the above caiegory, for examÞle,

shuntinq, loadj-nqs storaqe sidings,

and catch sidinqs.

l,Ihi-Ie lhe above p€rmissible slresses arÐ usÊd to check for
an existinq track, the criteri-on i-s a little bit dif ferent , ,,

1.

whenever the selection of a rail section is concerned. An

ínitial quj-de aluays can he obtained hy f he empirica'l relatj-on

r 141,

l: .:

:jr.:l-:i'

-:1. : -..:-:.- :.:'

1{ - 4P
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lrhêre

tl is th* weiqht of f-he reguired ¡ai1 in kq/n

P j-s the wheel loa,i in ton 11000 kq)

Another more accurat+ calcnlation is possiL¡le by the usÈ

Esuation 15-1) in the form

Z = t(/S

ThÊ value of I{ hsre is to he evaltraterl f rom ei-ther the

nef.hod of the American Joint Committ'ee {4,R.E.}..,A.S,C.E.,and

A.A,R.) or the nethod of Ja.ehn menti oned in chap'l€r 3 of this
work, ut. u3-tiolieð by th+ speed coef f icient U of tbe: pre viou.s

chapter, It is qood practice, howevËr, to rrsÊ a d*sign factor of

safety, i.eo thro¡rgh consid+reticn of the future ¡rrear of rai-1.

Such a factor of safet,y LIas sussested i 1tl1 by using 0.8 times ¿he

permissible sttrË;=eses only, and. bl neglectj-nq the ef fect of the

nçighborin q wheels whích d.ecrÊase the hend.inq momçnt. f n other

words' uhen using the A.B.E.À.¡A.S.C.E. ¡êrld A.À"8. metho'tr,

sirnplv usÊ the l{o value, Equatíon (3-3), for the heaviest whee1.

ùleanwhile, î{hen usinq Jaehnrs. method, consid.er both ca and cb are

egual to 280 cfl. in Equation (3-9).

llaving determined tho sectj-on modulus, Z, the, wsi-ght antl Èhe

heiqht of th+ requíred secticn can be detærmined bv the .*mpirical

r+lations given abo,/e in this chapter.

Another empirical relation Îras believ*d tcr

[ 141 to give the w+iqht of t.he rai]- di¡ectly:

Lre sa Èi sfactory

fi = 156 - (1060A0/{2P TJ + 67))

where

U is the speed coef f icierrt

ì.r:
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P is the wheel load in ton 11000 kq)

I,l is the rail weiqht in kq/n

2o__Sttesses in_t-he_Iie

îhe function cf the tiesr â,s memb*rs in th* railroad ',-râck i.,-,.,'
.::::::

structure is:

-To maintain the traek qauge.

-To lrork as an elastíc media bêtlreÉn the rail and the ballast t ',.

r*hich absorbs shoclcs anð vibrations. 
j"

-To distribute the l-oad on a larger area af the ballast.

!ühen studyirrq the stress*s ì ¡ 'll6s( r) , sêrious att*ntåon 
r

shoulrl be qiven espocially to ihe ti* lenqth, *hich shorrltl he 
l

determined accordj-nq to a suitable lcad clistrit¡ution from the tie 
i

ì

on the ballast, which allows the track gaugÊ to remain alr^rays 
I

ì

constant. Tnadeguate tie lenrlt-h can lead to serious {fsmoo-,*h- 
i

runningtr prohlems in addi'"ion to sêverÈ strç;sses in the tie. rf i

i

a tiç: is too snall, the irack qaug+ l¡ilI elongat-e anrl caìrse 
l

rrpvard def l*ction on the tie I Fiq, (5- 1-a) l. Mëanwhile, a tie
I

which is too long llill shorten t.hÊ track gauq€ with e dcwnward i;,',:,,.,,'

t:
defLection tend.encv IFig" {5-1-bl ]" For these r@asÕns, there is ,;,,',,,¡,',

':':' |.::

a zsne at the mid'11e of th* tie undet which tìre l:al1ast has t'o be

left without. conpactíon so that ro ìlpward pressure ¡vould result

ån this zone. Thi"s uncompacied length is mainly a trial to mak,e 
;,,,,,,.

the resu'l tant of the upr¡ard pressure f rom the ba11a*qi- on i:h+ ':':5:':

hottour of the tie coinci de r¡ith the cÊntêr line of the lail- as

shown in Fiq. {5-1-c). This nratter vilI protect aqainst any

( 1, This study vil1 deal only víth conventional cross-tíes ,: :j;l
{trooilen ot concrete asi used in Canada) . ,',t',':,

i::,:: -:
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bendinq in the tie, rhich can cause a change in the gauqe Ienqt.h.

This unconpaeted length, 9¡ as shown in Fig' (5-1-c) can be

expressed as;

o' = L - 2(L'tl

or

..... (5-91=2L L

I

+
sl{.oRT TtE

GAUGE INCREASE

T
t

\

Fig.

Effect of stresses on

a tie vhich is ei+-her

I
I

j! rono t,,
!

(5- 1)

track gauqe, in case

too short or too long.

L
,

I

\
I

\

I
I

l
,
,

of

lrhere

t is the

L is the

clistance

lenath of

between the

the tie
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The ratio lq/r-l $es ínvestj-gated

nost suitabl-e as ',A.27", T121, f 141.

r:sj-ng Er¡uation 15-9) , therefore,
(q/t.l=2-{L/t\

Êxpkrri{lentallr¡ and fotrntl ,

fron i,¡hich se can reach

f = (Z-q/t).t

f" = 1,73 t ' '... {5-10)

ê.

=T"P ..¡.r (5-11)

Ir\thg f e

T is a factor depend+nt upon

-Frodulus of elasticity of mat+rials of ]¡oth the rai I and th* tie.

-Iulonent of inertia of both the rail and the tåe

-Distance cent.=r to eenter af. the ties

-l{odulus of foundation, k'1

-Speed qf the passing trains
The factor, T, ría,s possible to be calculated th*oretical

and f ound to be between . 5 a nd .7 I 12ll, I 1+ 1, hrrt aÇcÐrdinq

The above i-s

r¡it h respect to

rn addition, the

lû.271 times the

If He assume

which the raí I

fraction of P, i.

the eûuation for the most suitahle ti'e lenqth

a qiven rlistance betl¡een cenj:er-l-ines of rails,
unconpacted l+ngth, g, can then be obtaineC es

cli-stance between the cËnt*r-lines of the rails.
nr)w that tlie wheel load i s = P, then thË f orce

wil I effect upon the ti*, F, will- be only a

tr

ly

to

54



experine¡t's( 1) nhich rere done in Englancl in 1942, it vas f ouncl

that afteE omittj-nq some itivergent results, the value of I lies

between 0.tl ancl 0.8: therefore Equation (5-11) can be usecl as

F - .8P ..... (5-121

The maxinum bencling nonent resulting in a tie , rill be

accorclinq to Fiq. (5-21 as follows:

Fis. 15-21

Load ôistribution ancl bendinq monent cliagranr

of a loaclerl tie.

llt = ?/2 . c,/2 Y/2 . b/4

or

( t ) These experiurents ïere tlone under noving loacls, therefore the
value of the faetor T, resultinq from the experinents' inclutle
the dlynanic faetor effect as vel1 .
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Itt =

substitutinq
r,lt =

shere

ut is the maxinum bending noment in the tie

b is the íiclth of the rail base

Havisq rleterminecl the maxinun beniling

naxinun benclinq stress St, can therefore be

the formula

St = Ylt/Zl

where

Z,t is t he m oclulus

calculatecl as

7't = L3.L22

r/2 (e/2 b/41

for c from Piq. (5- 1-c)

r,/B (L-t-bl . ... . (5- 13)

/6

,"1
* L3-

Fig. (5- 3)

Tie clinrensions.

b, in Equatiorr (5-13)

are neeclecl by acldinq

moment in the tie, the

cleterninecl by using

the i.ie section, rhich can beof

Tbe vidth

safer stresses

the rai1 base.

a bove, can

a sider base

be increasecl if

plate untlerneath
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The. assunption, that the tie is only loailed on the ballast

oyer length 4e. excluilinq a length q at the miilclle, see Fig.

15-1), oD rrhich the foregoinq bendj-ng nonent and stress analysis

rere basetl, is only a. practical approxination. So too, is the

assrrmption that the pressure acting at a l-ength 2c at each sitle

of the tie as being unifornly distributetl, a practical approxima-

tion. In reality, the ctistrihution of ballast pressures uniler a

tie is as shocn in Fig. (5-4) belou.

Pig. {5- 4¡

Distribution of ballast
pressures under a tie.

Fiq. l5-4) nas incticatetl by Professor Talbot, accorclinq to 
,,1,.

his experiments [9J. This clistribution given by Talbot .' is nore 
.,,,

realistic than the one assumeil for the purpose of the rnathenatie- 
i :

al analysis above and is more realistic than the classical

assuurptions oi rrniform pressure tiistribution over the entire 
j: ,

length of the tie. tlotever, the naxiu¡un bending mo¡nent- obtaineil ,r-.,.

by Equation 15-131 above, would stilt be very close to the real

case.

3. --Pre ggu re-Ð¿slgiÞu!igs-!!--!h€ -- Þe!las!--segt i gg--a gtl--gn --!bg
;;;;;;;"
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The f unctions of the balla*st arÊ:

-Ðist.::ibut j-nq t j-* loads r*it h uri j-f orm prÉssur6. to subqrad.e

-supportinq and anchoring the ctack structure

-providinq drainaqe and rcducinq f¡cst action

-providing rësilience for the track

-Facilitatj-nq maintenance opçrations

Of these functions, the first two, especìaIlV the first, are

of the greatest importance. If ballast pressurÉ ís not fairly
uniformly àistribrrted on l-he subqrade, somÉ ballasr particle s

will penetrate i-ntE: i-hc, sutrgrade causing t.he formaÈion of
pockets. In the field of railïâysr the uiliformity of the suoporÈ

offer+cl hy the soil: i*= considered morÊ ímportant than .,he

supporting valr:e itself l- 13 I, I 16 J.

As early as any other fiel-d of track strcss research beqan,

the ballast section was given a qreat deal of attention, The

most inportant. guastion to be answered ïras t.he depth bf ballast
needed to get a reasonal:,ly unif orm prÉssure d j-stribution on the

subqrade at any particular tie spacinq. Schubert in 1890,

recomnended, throngh a series of tests, that the depth cf ballast
equal the clear distance t¡ç-:tween the ti.es plrrs B inches, The

PennsYlvania Railroad tests in L97-2t usinq prctotype size experi-

ments, put forth a reconrnenrlat.íon t:hat the .lepth of hallast un,ler

th+ t.ies must- not b+ less than ihe center to cent.er +-ie spacino.

Professor Talbot" with the American Joint Committ-*e on Track,

throuqh their ext.ensiver strrdies a¡rd expË¡inents, recomflìenr1*r1 a

depth of, ballast equal- to tic spacing plus t.hree to four

5B



r.".ìrI

addj-tional inch+s. This is nserl.ecl to qet a reasonablv uniform

pressurê on a sut¡qrade" Th+ ioi nt commitLee also f ound i.ha"t at

depth of 6 inches hslow the eenter-line cf a tie, th¡ vtrr-uical

pressurê is 1'lB Der cent af the average prËssure or¡Çr th+: ti-e.

Ín 1966, Selem f 13 l, I 16 I analyzed. ihe probl*m erp+Ðimental-

l-y aqain" usinq much more developad prÊssure ce1Is for his

BêasurÊnents and conclurlcd that the depth of bal-1ast section

needed to qet a fairly uniform pressure rn the subgrade equals

the tie spacinq, minus tbree inches, and that the increasing of,

the depth more than this uill not adc vÊry much nore to the

unifornity of pre-ssure on the subqrade. Furthermore, he intro-
duce d two +guations to deterni n* the vertical pressure distri.brr-

ticn belos and to the riqht and treft cf the center-1ine of a ti+.
Onc of these two equat-ions r¿ill b* introduced ín this sêc!i6¡.
l{oreover, hê rêcommended the use of a composite t¡a-1.last section

*¡it.h t he inf eri or an,l l*ss expensi ve type beírrû used as a

suh-ballastr Þrovided that ihe ballast used will not deteriorate

in the lonq run. This r€rcemnÊndation was basical-l y marle after he

realized that the three types cf trallast whích he used {chat, pii

run gravel, âñd crushed slaq), hehaved in a sj-milar nann*r as far
as the magniturle of vertì cal pressures wÊre concerned. One

further inportant result of Salemfs work was that thç v+rtical-

: l:f:

t:: l:

pressure decreases rapidly with depth. Tt rias founrl tha'u the

pressur€r at a depth of 6 inches is more than three ti mes that ai.

a depth of 18 inches and morË than ssven tines that- at à d+pth of

30 inches.

59



gg-:À-r¡!ireÉ-SbeeEe! ica 1'-Eupiglge-I-BeIa!isg-fqf-!be-Ðg!erglna!!ee

ot- ! he - Er 
-a 

n s m i sSi oU- gf 
- ! he-Pre s su rs 

- ! h gg us h-!þ 9--Eê11êst - u sln g-! be

rÞeegy_gÊ_ElaslieiÈy

Àssum pt ions:

-[he tie loacl is assunecl to be uniformly distributecl on

of the ballast seetion.

-The ballast section is a perfectly

solicl, which obeys Hookrs Law.

the top

honogeneous ancl elastic
:

-:
' :'

ft is knorn fron the theorv of elasticity tbat if a portion

Xy of the bounitary of a serni-infinite nass is loatlecl ryith a strip

of an intensity Pa per unit arear ês shovn in Fiq. {5-5}, the

vertical pressure at point o is:
p - Pa/fr ( i + sin i . cos2 w ) ....'(5-14)

Fis. (5- 5)

Transmissicn of the pressure throuqb

the ballast.
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wheEe

Pa = pressure per unit area on the top of the loaclecl mass

í = angle XoY

H,=ang1eZOOl

Because the assumDtions on rthich the above analysis Yas

basecl, are not perfecr-ly true, a corf,ection factor r CF, nust be

introclucecl to Equa+-ion (5-14) as follovs 
,,::::i:

p = CF . Pa/ç¡ ( i + sin i . cos 2 w ) .....(5-15) "'i,..:

where 
;''.: '..'

cF = p(experimentally) / p {theoretically},
in which p (experimentally) is thç vertical pressure below the

center-1ine of the tie determined bv test, ancl p (theoretically) 
j

is the vertical Dressure below the center-li-ne of the tie i
;

cleterninert by Equation number {5-14) . ., 
i

Sa}em f131, [16], after olotting the test results ancl the 
ì

I

corresponcling calculated values, courluclecl an average value of 
1

the correction faetor, CFr as

çP = (48 hl /22 
i,,ir:,'.:¡

Althouqh it rras notieecl that the values of CF decrease rith 
.i.¡.¡r-.,:
.,... 

",.jt,"t,'.¿lepth and at any particular depth the value of CF increases cith rr i:

tie loatl, the averaging effect 6f nç¡rr had a naximun error in the

value of Þc of only plus or minus ten peE cent' if, the general
i.::,.i.: 1_;

averaqe value is to be usetl only when the depths ranging fron $ ¡..;::;'.',,:'

to 30 inehes.

Eguation (5-15) , therefore becones:
'1.

D = Pa.(148 - kl/221 ( i + sj-n i . cos2 e l/lf .....(5-16)

The above equation, rith the guiclance of Fiq. (5-5) is a i:-.'.',''¡:¡
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very simplifie'l procednre to estimate rhe pr€ssurû distribution
anywhere in th+ ballast seciioit or on th+ sub{Trade. The

restriction af dept-h ranging 6 ';o 30 i nches in that equat.ion is
not limitinq aûy prac'"ical us.* the equation, as will he

discus,s+d in a lat*r chapÈer.
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The fielrì of railt¿ay track stressÊs í nvolves e strong

relationship bet$een Êxperime.atal str*ss analysís, and -t.heoretic-

al anal-ysis. For every theor+tíce1 analysis whícli wa,s done about

this topic, somâ assumptions wÊrê really nÊcëssarv to sinplify
the comp3-icated track structure a.nd the diff,erent plope::ties of

its natcrials. Ii-- !Ías nÊc€ssar y, theref ore, i.o provç tha+. such

assunptions arë cl osç to realit.y. Such a proof is only possitrle

hy experimentation. ThE next step uas to compare the thÊoË+tical

results ¡qith the experinental onÈs, and hence try to fånd reasons

for anv diffçrence a.nd åntroduce correction factor,s if possiÌ:le.

In an ar.+a like the sf.rr"ìss analysis of, railwav t-rack, t.h.*

research should be as complet.e as possible, Onê can nêver

realize sueh an obìective except by a propêr nÉ+.hod of the
truaking of experrmentsrt. Such an elenent is the th*me of the

fo11oryinq diseussion.

ThÊ trac1c stress experíments caÞ always be classified as

static tlt dynamic experiments, Each cne of th*se can be ¿ither
prototype size anrl circumstaDces cr model size ancl ci¡cumstances.

A1-though th+ dynamic experiments arÊ the most consistent

r¡ith the reality of raí1road track, the resul-t.s a.re alway*c

inpossible to interpr:et unless the stress crit-eria arè tc hE

divideC. into si.atic stresses and d.ynarnic influÊnce. This often

brouqht about the necessity of the static êxperimen+-s. Oth*r
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factor.s involved in dynamic vêrsus "static expcríment clo'i ce, arÊ

the lcr+er costs of stat'i c e xptiriine.nts, as compare '1 to d ynanic

ones, and the lack of effici+nt instrumen ts for d ynanic

experi. m€nts .

fn prototvle versus notlel +xperiments, the €:xÞ{:ns*s and the

sizç of a p¡ototyp+ exp€rin€nt arc trÈmÊndous. on the other

hanr1, the si mulation of. ihe çxisting prope::ties inio a model

could n ot alt+tays l¡e cornpleto a n d correct.

Thê argunenÈs above may be understood from thc followinq

illustra tions of sonÐ of tbe siqnif j-cant prs-,vious works' of

railroad track Êxperj-mæntal t+chnigues.

The actíon of a force on the rail can geûÐrally bê +xpress*d

with an eccêntríc vert.i-ca.1 l-oac. and a 1a .era1 loacl. By rrplacÍnq

the couples resulting f¡om these loads arourid the centre of the

rail base by trlo equal fo¡:e¿qs acting at th* tr¡o points on the

opposite edges of the basç of tho raii- swction, and takinq +-h*

strain gaugê m€asurements at t-he two poinÈs, the avaraqâ of tlaesø

Lwo readings can be used for.determini-ng the magnitude of the

vertical load. In orðer to gët greãtê.r accuracy, uj-thout usi ng

any stress +quation to ohtain the load from the str*ss mÊasurerl,

a preliminary cal-ihration of the track can hc mad.p by applying ã

known vertical loatl anrl taki-nq rsarlíngs ai the tr¡o points. Th*

effect of the adiac*nt vertical loaðs oll the readings at the tlro

ment-ioned points of a rail section can be d.eterminctl by using a

curva obtain*od- by calibratirrn ir:stead of using any theoretical
curvÐ, such as th,+ ftlla-ster Ði aqramtt irr Chaptcr 3 or il83-cu-vÊil j.n

Chapter 2.

ìr'

f-
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In the fielrl experiments, ii is possíb]e to attach magneitic

st¡a.in gauses !-o the base of the rail j-n al-i t.h.e differeni
positions I I J. va¡i-abIe electric - rÊsisi.anc+ ga.uqes r{rërê also

tt*s+d f o¡ !h+ sane purpostr l- 1S l. A rather in terest j-nq technique

ffas the measuring of the thrust fo¡:ces actir¡g on r:ivets connect-

í¡q the rail base to the ties, throuqh the f rict"i on betr¡¡r*n the

rivet and. its ïrc1e 1- 1B l. These thrust forces can l:e used as

indicators for the stressÈs ín the t¡ro edges of the raír base.

In orrler to have an idea of the way in whích these stresses,

exerted on a raj-l bv vertical loa<ls, can be d.ist-ri-buteil throuqh

the dif ferent pari:s of the rail section, one cari measr:r{? in the

fiel,io the str+sses in the raj.l t s web, f or instance. pho+-oelast-

ic nethods can then b+ ÊmployËd. to find tiie r*lation betwçen the

web stress and the stresses in the other parts. Such phctoelast-

ic techniques ar*. not considered as being very rçliab1e, This is
esp,ecially true when we try to a.nalyze the stresses in th,s ragion

of the base and the fillet at the bcttom of t.i¿e uleb, because the

method of attachment of the base of the cell-uloid {or Rlastíc)
model could be i-n nÐ ?ray simj.l-ar to t,hat of an actual rail [8J.

On the basis of the infarnatìan obtained f¡om such static
tests, methcd s can al-ways he dsvised whsreby stra in gauctË

neasurenents could be taken under cl ynamic conãit j-ons.

The apparat.us to be used for Èhe stetic cali bration i.n ordçn

to deternine th* relationship between the vËrr,ical load and the

averege hase stress, ce"n be a loa,1ed car to which hydraulic jack.s

woul-rl be riqidly attach+d. This is done in a i,{ay so that by

moving the can' the iacks could quickly Ï.¡e spotted over rhe point
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on the track vhere t-!ie calibration ís to be made. The car and

the iacks can be first placed directly over the ûegnÊt,ic strai n

gaugês and then later can be movçd to diffarr'nt. locations from

the gauqes.

In consj-dering other +lements of the irack, when mea.surinq

static stresses on the ties cr nêasurinq the v+rt"ícal pressure i.n

the ballast sectì on or oF. ibe suhqrade, prc>t.ûtype size experi-

ments can easily h€ preparpd j-n the lai:oratory, i . ê. not

necessarily in the field as is the casÇ ivhen dealinq with

str:esses in the rail or tþ.e track as a rrnit. satisfactosy
result*e can always be obtained fron such expÊriments, r+hich are

not dynami-c' bv sj.mul.atinq the actual field conCitions in thê

lab. For instance, the vertical pressure d'i stribution on the

subcrrade and i-n thc balla.st secti-on câr¿ be Êxperimentally

determinecl j-n thr+ labcra.torr tr-v usinq the samç: types anri depths

of ballast userl in the fir;1d, placiug t.íes on top fron tir+ sam*

size and material. as used- in the field, at same standa¡d spacing

as used in the field" The hall-ast section thereafter, can he

placed on suff icj-ent depth of subgrade uraterial. The static load

can always be applied by a hydraulic iack wh'ich can he ussd r¿ith

a calil:rated dVnamometer to determin* the load which is to hc

applied cn a tie or set of ties in a qroup. Such a t+-qt can b+

done for different depths beneath the ties in the ballast-

section.

ver t ica 1

a1+¡avs be

thereafter

Prê.ssure cel-ls can bc used i-n order to determine the

pressure distribution I 161. Such prÊssure ce1ls can

calibra-tçd und+r sand- c:: air pressurÊs and. be place'l

on the srrbqrade or in the hallast sect-ion. Ttì
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qÊnÊr41, pressur+ cÊI1.s ar€ used to d+te¡mine ',*he pressrtrâ

d"istribution within earth struelurç:s and f oundari ç¡s, it is
considered an accuratç Ðr,¿ssure m+asuring d.¿vi c+. It must he

smal-l enough to ninimize its ef f e ct on the actions of i.h+:

materiatrs but la:ge ênough to mêasurÊ av*ragÊ str*ss r:ather t,han

.1oca1iz+d stresses [ 16 ]. Salem, useC. in his st udv on the Jrallas'"

and subqrade, thin cvlindrical cel1s with paral1el- faces which

arÊ compressj-b1.e al-ong the cy1-intlrical axis and harre forrr strain
gauqes attached to the diaphram, in ord*r to respond t.o tha

straÍns produced in it by the pr€,ssurä l- 16 I

Hhen daalirrq with ballast and subgrade soi ls, al1 thei_r

physical properties and classifications should. be ÊxpÊrimenrally

studied with the known soil mechanics exp+rinents. Soi1 proper-

ties of special importance to this study ar€ ¡Eater content,

resul-ts of standarrl compaction tests, Liquid limit, plaståc

1init, organic or inorganicn optimum moisture content, t.he

maximum dry density, and soil classif,icaiion accordinq to any onÊ

of the th¡ee standard classi-fications. Hçanwhil-e, lhe ballast
sieve analysj-s must be done to check the uniformity of the

gradation. å11 the abovç laboratory tests arË of much. siqnifi-
cance to the - topic of this study, since alt the mentioned

phVsical properties have defínite contribution to the soil and

ballast strength, ehich cons€qupntly clefine the amoun.t of prÊ-

ssurÐ they can take.
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The stresse.s, internal forc*s and d.isplacenents, r¿hich lrere

introdnceri in Chapt-ë¡s 2, 3, and 4 of Èhis i+ork, are not the only

forces exerted on a rail. Acccmpanyinq the v+rtical st-resses on

a rail. cf a track, ar* the lateral stressÈs exerted against the

rail, and longiturlinal stresses ca"used by tÊüpÈraturre chanqes.

As far as th* lateral stressÉs are cÐncernÊd-, they ürer+

foun,l orcportional- to t.he vertical stres-qÊs, The special joint

conmitts,'e of A.R.E.A.¡ A.S.C.E,, and A,R.A, recomm+n,3ed use of

14 percent inerease in vçrtical si-ress owing to lat*ral bendinq

d'ue ?o the horizontal conponent of wheel loadinq l 9 l" The

lonqitndinal sÈrêss+s, due to st-arting arrd. hraking, ar¿:J only

small and nay therefcre be disregarded f141. The lonqitudj.nal

forces cause,l by tenperature chanqes ar€ accura.tely k.nor,¡n for
long uelded raj-ls, but on ly -,-Õ a lirnit.erl degree c'f accuracy for
tracks with txpansion ioints f 141, SucÞr a tempÐratura st,¡ess ís

siqnifì eant, hcwever, wh€n compared to the normal- stresses

exerted by vertical l-oads.

From the ahovç rliscussion !¡ë can sÐe, thal if erÊ can set i-he

permissj-ble stresses in a way t"o covëT a 14 percent inclea.se in

^'he normal stresses due t.o the vertical loads, which ai.Ð

cal-cul-a-ted by an1l of the procedures prevj-ously pr*sÊnr+d, th*n

l::,:
t-.
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nnly the st¡Ésses due t-o ¡¡ertical load s ar+ to be userl, This

approri-matì on is verv possible, howe vßr, especial l v if +¡,? rea Li zE

that some uneertainties alreadv exist in the calculati on Droce-

dures due to the dependence cn sömê imperf+ct assumptions and

some r¡alues which fluctuate within wide l-i-mirs and in somç cases

are kno¡¿n only by the o::der of maqriitude, lik+ tl."e val-ues of the

notlulus af f oundation , k1, ït would b+ il nii-stake, however , Lo

êxpect more accuracy to be attained by aÐy improvene¡.t, in any

method of, bending rnoment calcrrl-ations. Ti¡* rail-ray track is not

an ord.inary structure like ô, l:rídq* or e br:ildinq, in which

stresses can simply be esiimated hy very qeneral rules and

formulas. Th* railway track eorrsists of several e1+ments oi
compl-æte1y dif feren t materials, sha pes and arrangêment,s. Th-ose

el*nents altogether interact and affect *ach otbc,r anri form the

t¡ack strength" Furthetrmcre, th+ track is not oerfrctlylta b*a-m

on elastic foundationrr, and if ii is so, the foundation is not

eontinuous {tlue to ths spaces betroreen the tj-esl . Hoi¡ close is a

track to these very ideal connlitions, which completel-v diff+:
from one ease to another d.ue to various círcums-tances of the

track components?

In raí1 and track strêss calculations, it j-s alviay*s ìnor'ê

inportant to obtain a rÊa,sonable approximation of qÊnara1 vafi-di-
ty, than to deÈermine an accuracy ¡'rith a strictly lårnited

valì dit y. Calculations as an aid to intelligent compe.ri.son and

loqical deduc*-ion arÊ the best l.¡e can gÊt out. of ..hÐ rrreviously

mentioned techniques and fornr¡1as.

Iiow the rail can be considered contínuously elasticall.v

ì-l

1ìl
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supported, hofi far each of th+ previausly pres*nted stress

analysís mei-hods is accurate i-f compared to each other, which

ones to use, the¡:ef ora, an,1 hor¡ to go about ¿hem, will be the

tl':eme of the discussion*s tc fol1ow.

1o__ 4s Þgmpli pn s_ef*!iee_!up plyin q_çsg!a euo u s_s uppoat_io_lbe_Bail

In the cross-tie svst+n, only the ties arÊ sr:pported con-

tinuously by the ballast, while the rail is only supporterl by t.he

ties, i.Ê. closely spaced elastic support. À continuous elastíc
support htas prÐvën to tre howÊver, a gcod enoug-h app¡:oximation, to

replace the ties for calculation Þurposås [ 1 l. In t.his wayr the

theory of, boans on continuouslt elastíc supports can be applic-
able tc the rail-s thçmse1vÊs.

Assumi.ng that the rail prÊ€is.nrË {drfÊ to toad P) on th* -"iÈ

is egual to F, and it causes a ðeflection Y-' in +-he ti*^ point. of

applicä.tion, then thæ elasticitv of suppcrt which resr-llts fron

one tie to the rai-l can be +xpressed as,

SC = FlYi ..... t7-11

where

SC is th': spring eonstant.

Replacinq the sufficj.enf,ly closely spaceC ti*s bV a con-

tinueusly di-stritrutod foundation of constant,k, the foundation

constant,k, r,¡i11 thçrefore be:

lç = SC/a ...¡. (7-2\

where

a is tÌre spacinq t¡etween thê tiE*s C. to C,

fn general, separate alastìc suppo¡ts may be repl-ac*d by an

ímarÍinary continuou.s foundation íf lùe have at loast- four of the
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P = SC[vi

or

SC = P/>Vi .. . .. (7-3)

Fhere

yi represents the rleflection of the tie number i,

substituting the value of Sc above into Equation 17-21,

therefore

supports in the characteristic ïave length of the deflection line

clefinecl in chapter 2 of the this wcrk as ( 'n/vl ' The fornula'

therefore, rhich must be satisfiecl, is

+af 6U. as . SC,/EI (ç¡

The fornula vas obtaineil by substituting Eguation (7-21 into the

valrre of

'=dtAEi, which uas used

corresponiling to the

rrsprinq constantrr, SC,

the founclation constant' k

follows:

Àssu¡rinq that the

ancl applying a loatì

the rleflection of

equilibriuur of the

in the analysis in ChaPter 2 .

above assumptions, the value of the

which conseguently defines the value of

, nust be experinentally cleterninecl as

spring constant, SCris the

P to one of the ties, and.

the rail at every tie, it

systen, that

same for every tie,

also if re neasure

is otrvious from the

k = p/ (a.>yil

This analysis r sho¡¡s how one

cleternination of the founilation

usecl approxi¡nation of the theorv

(7- 4l

about the experinental

k, in orcler to get the

as possible to reality.

can qo

cor:stant,

as close i:':1::
1., :': l
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Al+-hough th+ p¡eviou*c al l-owance of

spaced ties as continuous -qupport

Tiuroshenko, in St . Petersburq in 1915,

bv A. ãasiut,ynski- in f'{arsat¡ in 1937,

[6]'l'10], went a.bout deal-i¡q with such

different wav.

consiCering r-he closely

vlas first intror3uc*d by S.

and proved,sxÐerinental-ly

Ro beri. Han ker , in 1 I 3 5

a Þrob'lem in a conipl*t+ly

. llanker assuned, t-heoretically, that rhe cross tips cae he

replacÊd t¡y an imaqinary pair of longi-tudinal ties supporiinq

each rail continuously. Thre b+aring erëa of each lonq-ì-turlinal
Ittioil ',¡as one half of th* bearir¡g are a of th+ actual rai lway

tåes. Thus the actual hearing area pËr uriir lenqth was used to

calcula te f-he '¡idttr o f tle i.maqinary cont inuo r-ls t iç. This

assumption led to the possibj.lity Ðf using the 3¡6'ì y,så-< of a

cc,ntinuous bean on elast-i c suppoît f or the rail a n d tíe syst?m.

Ílavinq j-ntroduccd such an imaginary assumption , LL ?ras nÉcÊssary

for Flanker to '1eal with the d.if,ferËnce between his imaqinary

lonqitudinal-tie and. the real cross-ties. Iianker fher*fore, in
effect assttrnÊri +*hat the lonqitudinal-tie would provide more

stif fness for the track than that actually provitled by i.he cro,ss

ties. To account for this, Ilanker proposed an adjustment

coefficient t.o b+ r:s+r1 in the classj-cal bean on elastic fcunda-

tion formula to r+duce- the calcul_ated stiffness. Although the

above is a rather intere.sting idea, the author heliev'es that the

formulas bçcame so compl-ica teti. that thÞ y !rÊ!È not reall y siqnif i-
cant for practical r1sÊr especially sinca thCI assumpiions'¡,rere

somewhat unrealistic.
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2. __Ja.ehn I s_l-letlod_geËsuç_ihg_Ug!þqd_gf_4. R. E. A. ¿__A . S. C. Ð,,__a nd

A"A.Rr

The two ¡ne. thods of analvsíne th* str*s.ses in rai-1-s, which

Ìlterê introducerl in Chaptçr 3 r¿eire both established on the basis

of Zimmermannrs wo¡k. Jaehnrs nÊthod, ho'¡*ver, include.,rl some

Êmpiri ca'l rÊductì ons of th* calculai.iolr proced.ures, r*hi1-e the

method of the ioint Connit-tee of A.lì.8.4,,A,S.C.E, ¡ anrj A.A.n.

is no nore than a d,ireet simplification of Zímmermânnrs analysis.

Tt can be argu*,1 against Jaehnrs nÊthod, tÌrat ii -has limited
validity for cerÈain conditions, such as ranges of ti*s ûnd

bal-last and rail charaeteri-stj-cs, as listed j-n Chapter 3, If onê

looks el-osely, horcever, one will find that the ranges of validity
set hv Jaehn are reallv coverinq the most commcn condii.ions

exist j-nq in any -urâck elemr-.nts, witl¿ t he exception of dístance

betr¡reen the cent::es of the ties, which Has limited b'r 60 B0 cn

{23,6 31 ,5 in} by Jaehn, while in North America, thÐ mo*qt

commonly used tj-es spacing are 22 and 24 inch+s. The second 124

inchl will- excee,ä. 60 cms, Theref,ore, it is in the riqht range

anvwaY, trhi 1e the spacing of 22 inches i-q, when converted,

egu j-valent to 56 cfi. The author l'¡elieves that *suctr a sliqht
difference is i.nsiqnificani:, especially, as rras meniionêd a-t the

beqinninq o-f th.: s chapter, that any nsÊ f or any of the two

fo¡mulas is oaly a practical approxiniation t ànd that th* best rde

can get out of them arê intelligent com parisons. I-r rras proved,

houever, throuqh analysis of d.ifferent vehicles I 1gl, that using

the t,-r,¡o methods would result in different stresses fr:r similar
cases, but almr:st the san€ relative value-q of stresses of one

Ì::::
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vehicle to a clifferent one. fn the next chapter,

sons will be presentecl numericallv.

such compari-

Furthernore, the followino argument can always be a helpful

clefense of Jaehnrs method. The euthor believes that the simpli-

city óf Jaehnrs methocl does not causê any loss of aceuraey. For

instance, one of the clisatlvantaqes of Jaehnrs methocl is that it

sirrply inclucles tro naior terms: one is .the cheel loail ancl the

other is the tiers spacins in acldition to tuc enpirieaì- factors

lfor the acliacent wheels ancl the speecl), with no mention at all

for the founclation constant, k. Is ignorinq the foundation

constant really a severe loss of accuracy? Let us Iook at the

naxinun stress, which can be deternined fron the naxinum benclinq

noment as was tlone in the ¡rethod of A. R. E. A. , A. S. C. E. ¡ ancl

À.À.R. jointly anfl in Zinnermannrs analysis, Esuation (2-18)

llmax = P/4v

or P/4

Tf ¡re put in such

instead of k' He

moment is onlv

4EI

eg

ncl t

.^l

an

fi

/k
uation the foundation ccnstant = 2k

hat the deviation or- the naximun bending

(1-12+4 ?t

, i.e. -100 DÊrcen-.- clifferenc€ irtroduc':d i:. k causes cnlv 16.5

oercent deviation in the value of the maximum h.enl:nc nonent.

Erom the above example, cn-: ean -ec'€ ti:a-" -"hÈ wi+-hdrar¡al- of k from

a monent for¡nu1a is not reallv sjc¡r:ificent. f':or€oveir:o', havinq

introclueed any value for the none::t cf ir.ertia of the rail, is in

fact one of the advantages of Jaehlrs mçthoð. f,lsino th-- nethod
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of A. R . E. Ä. ' A. s. c. F. , an d A' A. R. joinlly nav be possihle, for
the sake of lime, i f tr: be lr"sed f or Itcheck of stressËsrr , in vhich

casê the raí l- {nomen t of inertia is known, while if used f or

design, this value has to be assumed. until the delerminalion of
the bendinq moment and the modulus of section ¡¿hich is rËguired

thereaf ter. Very seldom will +.*he assumed value of t he noment of
inertia be the same onê as the calculaÈed, which would 1*ad to
several tj-rne consuninq iterations.

Basetl on t-Ïie previou.s rliscussions in this chapter, the

ry¡:iter reconmend.s the íntroducticn af Jaehn rs mæihod i-n the

railways administ,rations, eit-her as a single alternative or
paralleI with the method of the ioint Committee of A.R. E.,4.7

A. S. C. E. ' and Ã.ll . R. , ffhe n usinq any stress f ormul-as f or desiqn

purposÊs, how+ver, theï can be in no lJay onË hundred perc-onr

reliable.
Jaehnts met-horl was, therefore, us*d together ¡¡il,h Schrammrs

formula of the spee-d factor, to writ* a computer proqrannc which

+stimatgs the hendinq monent li¡cludinq the dynamic effcct) on a

railuay track exerÈed hy any particular train running at any

particular speed. This prcgrammÈ was usc.rl thereafter for the

deterrnination of the sai-ð bendinq moü€nt dus to âvÊryone of the

200 locomotives opçrat.inq on the CNR 1ine.s. The locotrolivçs I

particulars and thei¡ dynamic bentli¡g mom+nt were tabulated, The

tables, and. the source of the nece*ssary rlata ar+ listed i¡r th*
Appen¿J i r.

J._-,IbÊ_ Spee d_IA cteq

Àssumi-ng that ne have a pêrfÊctly elastic track with dampinq
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characteristics and a p€rfoc'. vehiclc, the rail be,ndinq stress+s

wir-l- decre,asç as t-he speerl of tbe vehicle i s increased. Th'i s is
due tc the fact t.hat a certain amount of tim+ j-s necessaiy for
the complete ,levelopment of the d+f lection oi the tíes and the

hendinq of t.he rail, which may cccur under a stati.onarv vehiclç.

A decreasing fractì on of that t.ime is only pr,rsent. with increas-

inq the speeri- cf the vehi-cle. This samê assumption may furth+r-
morê suggest that at a speed of infinity there is no stress at

all on the rail.

The actual track is not perfectly elastíc, neither is the

actual- vehicle perfect and variation from the predictir:ns of a

simple theoretical approach are to be expected. The formulas

presented. in Chapter 4 excluded t-he fact i,hat the stress r:nCer a

moving vehicle nay ¡¡ot excead the stress unds¡ the stationary
vehicle. Schrammrs formula, hower,rer', shows that he realize-d this
fact for speeds exce+ding 300 km/hr. Às this dee¡ease in st¡*oss

i-s expected to happÊlr at verv hiqh speeds, ft may also occur at

very low speeds. Noae of the investigaiors had seemeC to realize
this matter in any of t.he f ormulas, althouqh [{ankerf 6 l had

stated, rrThe observation of thç Empire Trai¡ Administration of
Ðresden is to be adhçred to; that the strsssÉs at restirrg load

arâ about 15S qreater than at a speed of 5 kn/hr, and that only

at a speed of about 40 km/hr do the stresse:s again becomâ as

great as those at t.he resti¡q loarlrr. liowevÊr, r'rit h the two

impirical f ormula.s present, it can he d ecided which is nore

srrí+-abla,

introd.uced bv the ttni-t.ed I'tid.dle Huropean TrainThe fornula
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Adnin-i stration, Equation {4-3), }res ba.seä statistical-1y oD 21 ,A0D

stre"ss mÊasuremeni-s. I{hç-D Schramm l- 11 I , I 1t11, introduceâ his
f or mula ' wbich is sti1l use d in somÐ paris of +-h+ 'r¡or1r1, on{¿

wond:rs, how a formr:la like Schramrrrs can be correct by havinq

the speed factor as a qrradratic f unction minrrs a crrbic function

of the speed. l{êanr¡hi1e, the said uniont s f ormula is only e

quadrati-c function. It l+as nêcLjssary, therefore, tÕ plot t-h+

values of the speeti factor, correspondj-nq to each speed" using

each of the two formulas between speeds zero and 350 km/hr, Fiq.

{7-1}. Frcm conparison of ih* two curvÊs, se can sÊê that therq

is sone simi-Iaritv bêtweÊn thê. values from speed zèro and up to
100 km."/hr. Tbis ranq+, hor¡¡€ver, was the only fielc for th'a

experiments af the m+ntioned Uni.on. Th* results of the Unionts

formuLa diverqed from loqic ì n a vÉry quicklv increasi¡cr þray for
I

speeds from 100 km.,/hr. on, whích shows that such speeds'+¡Êr+

not taken into consirårrat-ior. [I+an whi]-e , Schra-nm I s f or mu ]-a {Tives

fairry reasonabl-e values for the speed factor, Êven when th*
speeil goês up as hiqh as 200 kn/hx. Schramm, ho¡rovÊr, rlid not

nention anything about the speeds beyond.200 k¡ulhi:I 111 E I14.l.
ïJhen considerinq the currçrrt and t-he future sp*edsr wÇ can sëe

from the fiqure that at very hiqh spesds Schrammts Formrrla is nc)

longer valid as we11. It is rêconnended, however, that Schrannr *s

formula be used, untÍl further evidence i 5 available f,rom

experinental results at hiqher speeds. Fiq. (?- 1) far Schrammr s

fornula can b+ usetl to measure the speerl fact.or for practical
purposes. The fiqure is al-so provid+d with a convÊrsicn axis for
!:he speed in mph.
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TO A SPECTFIC PEOBTEM

Traditionally it vas thouqht that the type of study report,ed

in the previous chapters, is only useful for designj-nq track
elements" Hocever, the power and general usefulness of the track

stress analysis wil"l be clem.onstrer,-ed by a specif ic example f 191 ¡

This example ís of particular interest because of its reler¡ance

t-o the qrain movement economy in Canada.

ÊBÀII*-ëQTE$EIE--gU - 
gE AUÇ H: X"f lE-EÀM l Iå-:IH.E*EEIEÇ SÞ-qX-12=9ËEEL

GEAÏ}i HOPPAA CARS :

In Canada, one of the maior costs in grain handling is t.hç

cost of movinÇ the grain from rural elevaiors to j-nland markets

or tarminals by the raílways. This ccst pÊr bushel- of qrain is
sensitive to the size {or the capacity) cf the railroad cars

used.

The wheat capacity of the stan<lard 40-foot boxcars us+d in
grain sçrvi,ce is from 1330 t-o 2160 bush*ls. To i-mprove i-ts grain

moving facili-ties, the Ca nadian Wheat Baard purchas*11, in 1971 ,

nÊw grain honper cars, with a capaci-'y of 100 tons {200000 lbs),
or 3365 bushels of- wheat. The op*ratinc ccst of thu- boxcars an<1

hopper cars are similarr ââd thu*s the savinq in us'i ng t.h+ 1atÈer

is sut'stanti_al. The increase j-n the qr.aj_n capacit_v hetlçe€n the

stancarrl boxcars and the 100-ton qrain hopper cars is 50 to 150
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perc.ânt, r+hí1-e the inc¡ëas+ in tire

percent. Furthermore, the lcarling and

the 100-ton graj-n h<lnper car-s arÊr much

standaid boxcars.

car pri.cÊ is only 20 to 35

unloadinq capal:,il.iti*s of

imprcv+d over thos+ of the

In ll+stern Canacla, howe ver, many of tÌ¡+ branch 1in.;s were

built with liqht rail-s v,rhich are siíll ia place anrl do not havÊ

the capa.cíty to suTrport t.h+ 100-tor¡ hoppe¡ cars. Thj-s fact would

causç an axpensi-v-- rehanrlling procË,d.ure het.ween ttre main lines
and the branch 1ines.

0ne solution to this problem of liqht-capacity braneh l-ines

is to rebu'i-ld tÞrem to a hea vi.er st.andard, r+placing both the rail
and f.he associated roadbed. The cost of so doinq is -significan';.
Tt wâs esti-nated to rð.nqe from 13 Cents to 1.03 dol-lars pËr

hushel of grain ¡noved f 191"

An alternative to this costl.y change is that of modi-fving

the hcpper cars such that tli+ir weiqht is more uniformly

distribrrted. orrer the track, Tn this t+êy, their ext::a t¿Éi ght can

be carried vithout exceÊìdinq safe stresses in the branch lin+
tracks. The study proposedn therofore, a nodification of 100-ton

qrain hopper cars by the provision of 6-whee1+c1 trucks in place

of the s+.and.ard 4-wh+e1 trucks used on reqular freiql:i -=guipnent.

This proposed mr¡dif i cati-on, whieh has been Esti mated to cost only

0, 5 cÊnts pçr bushel of qrain moved , ís shov¡n in Fig . {B- 1}

he1ow.

Tn testinq the feásil:iIitv of the nodifj-caiion proposed for
Çrain hopper cars, th* most importani factors to be examine.d,

vere: the 1i-ve load stresses induced. i¡ brid.ges, the track, the , r,.,
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ballast ancl tiesr âs veIl a s the track ileflections tot be

encounterecl. fD addition, an estinate of the increasect cuEve

resistance, ilue to the longer, 6-wbeeled trucks is require¿l,

EXISTING WHEAT HOPPER CAß

þras'{.--æ.tz' 

--.},5.s.{ 

l-s.zs'

PROPOSED .MODIFICATION

Eþ'+ {._3t.88- 

--trfs-* 

l--g.z¡,

Fis. 18- 1)

The existing sheat hoppêr car

and its proposed modification.

|'.::..:::'
_...._: i-..:

1. Bri tlqe stresses

B1



The live l-oad shears and inomÈ;nrs have bçen calculatcd for
l

bridges of vatious span length for the following four cases:

la) A strinq of "standard boxcars i load crì track = 11'7 ,0A0 lblcar;

{b) A strinq of Canadian I'rlheat Board Hopper Cars; load on ttack =

263 , 000I]r/ca¡;

{c} A st.ring of morlif ied hopp+r carsi load

Ib/car. âDd

on tra ck 263,000

{d) A pair of GUÐ- 1 diçse1 el-*ctric locomotives (CN1000 to 1016)

used on lictht hranch lines; J.oari. on rrack = 240,000 lbs .

The l"ive 1oarls so obtaincd #åre then conv+rt*d to equivalent

Cooperts fE" values, which is the conventional live loadinq used

on Can adian railroad hrids+s, It was f ound that- the modi- f ieri

hopper car applies livç loadinq to bridqes v¡hich is 118 perc+nt

of that applied bV 17?r000 lb, boxcars pul1e,l by iìt{D-1fs. Srrch

overstr+ssing can norrnallv be handletl tÌlrouqh a spe+d- l-imitation
r¡hich is suf ficient to comper,sate f or th,: train I s rtstatic

overw*i shtt' on the brid ge" The pract.icÉ of speed restriction is
ioll-owed on many f.iqht w*stern Canadian branch lines.

fn the vorst case, hç:r¡¡GvÐl', when the practice of speed

limitation cannot be usedr ïÊ have to reduce the.modj-fi+d. hopp*r

cars ''¡e'íght bv 1B percent throuqh d.ecreasing its capacity.

Tlo¡pev=r, each r:eduction in speed by 5 miles pçr hour rcsults in
an additional capacity of 1 35 bushels of vhea+- p*r car.

Neerìless to sð-yr that evën ¡¡ith t.he reduced capacity, the savinq

due to usi¡g the morlified grain hopper cars is still substantial.
The modified hopp+r cars with rerluc+d wciqht, will have a loarj oÐ

t,rack = 224,00 0 lbs. instead of 253,000 j_bs.
i.rr': i::::,r.:,: ì

tli:,..i. : ::t.
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2. Stresses in ?rack

The cases of loadinq t-o hs conpared, are the boxcar, tha

wheat hopper catr, the modified ¡¡heat hopp*:r cars fu11, and the

morlif ied wheat hopper cars liqh.t. {reduc+d ueiqht) . Usi nq va l-uçs

of physical properti*s repEesentative of those fi kely to h+

encountered on typical liqht branch 1ines, the valuç^s of the

track stre,sses for thc four casês of loadínq l iste ,i abave have

been calculatetl twice. )lirst, they lusr€ calculated by Ja*hnr s

methodr eqr¡ation-. (3-8) , l3-9) , (3- 10) , t3-11) and (3-12) . Then

they sere ealculated by th* methorl of the A.R.n. A., A.S,c,E., and

A.À.R.¡ Tablç., {3-11 and *guaii.ons {3-1¡, (3-41 unA Fiq. l3-3),
Thcse values arÇ summa¡iz+cl j-n Table l8-1) be1ou, and ar€ also

shoryn {in oare.nthesi-s) as a proportion of the vaI ues p,lrt-a5.ni nÇ

to loaded boxcar.s.

3:._*!e€l eç ti qns_ i-g_!rA C-h

Static ûeflections ín the track under the fou¡ casës of

loadinq wer* calculated using eguai.ions {3- 1} , {3-2\ , {.3-61 |

Table {3-1) and Fiq, (3-3). Agaín, values of physåcal. quanta-

ties ty pically eaco un t-ereri on pra-ir-ri+ branch lin es rÀr+re selecterì ,

and the results sunmarized in gable {B-1), ¡,qain, values have

been compared i.o those for loarled boxcars.

4.__stressgs_!g_liee

As r'¡as shown in Chapter 5, the stresses in the ties are

consi,lered to b+ proportional to the i¿hae1 load applied directlv
to then, and a functj-on of rail, subgrarlc, balla.st, anrJ ti+
stiffness, ín add.ition, the dimensions of both th* rail and th*
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tíe . Th eref or* , f or a.n y

stresses relate tl ir+ctl_ y

ind icated i"n Table {8 - 1) aga

uni ty.

particular lrack seciion, t-he t.ie
+,-o the axlu j,oads. Thi-s has bee:-¡

in, t¡i-ih the loadecl boxcars'Laken as

5r._ _ Þ!ÐeË e ê s_i n* Ea ]*1As È

It was shown" in Chapt.er 5, that the str:e sses in hallast are

directly dependent on t"he wheel or axle loadr âs well as on somÊ

propÊrties for the ballast prof i1e and the titis, Hollr¡ væT, like
tie stresses, for a particular s*cti-on of branch line track, the

rel-ative ballast stresses will ðepend only on the çheel or axl*
loadinq, Thus, this is also inriicated 'ì n Taþ¡l-+ {B-1} , with lhe
ballast stress under load*d boxcars con.siderecl as untiy.

É -.-- lurYe--8ceiq!e&çÊ

The increaserl lenqth of 6-wheeled trucksr âs compared to
stan,åar11 4-wheel erå truclcs leads to somË inc::ease in cutrvÊ

resistance of tho nodif,ied cars. Several st,udies have been marle

of this prohlem. The mixed theoretical-empi-rica 1 rela+.-icnshi-p

t¡hich seems tc be the most usef u1 in this sturLy j-s as folloirs
f- 14 l, f 121::

Rc = {232,2 + 103.4a}/r

where

Rc = curve res j-stance (kq/i on or kq /1Q 00kq) .

a = distance betr¡e*n the farthest 2 axl*s in on+ truck, (m*i-res) ;

and

r = radius of curvatur* {metres).
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FACTOA

Loatl
linit (1b¡

Wheat
Cap a cit- y
{bush els }

Load pet:
Àxle {ki pl

Track
Stress
l.Taehn) in.

Track
Stress
laaR-¡,R EÀ-
ASCE) j-n.kip

Track
Ðeflections
¡i-n. )

Tie .stresses {1.00)

Ba1 I ast
Stressçs

CUE ve
Resistance
{kq per ton
or lb,zkip)

Cur ve
Fesista nce
{per bushell

kí

1-7'7 ,00A

2, 000

44,2
{1.00)

117
11,00)
p

19'7
1 1, û0)

0"29
(1,00ï

(1,00)

405 /r
(1,00)

35. 9/r
(1.00!

263,000

3,365

65. B

{ 1.49)

176
{1.50}

291
11,48)

0"4,1
11.421

11.49)

(1.4e)

416/x
{1,03)

32" 5/r
{0. e 1}

| | t{HEAT I LT.CDIFTED r,EHEÀT Il'lCDIFIEÐ 'dHIlATl
I BOXCAR I HOPPER I TIOPPER {rUII,) IHOPPER {TTCiIT) I

263,0AA

3,265

43. B

(0. 9 g)

91
{0.77tr

176
{0,89)

0" 36
{1 ,241

{0.991

{0. 99)

541 /x
11.351

44.
{'r.

o/t
23)

224 ,000

2, 610

37, 3
(0.84)

77
{0, 6 6}

149
{D .7 6l

0.31
11.051

{0. B 4)

10.84)

547 /r
{1.:5)

46. B/r
11.30)

Tahle lB- 1)
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Applyinq this expression to *ach of itre four cases un,la¡

consideration Iearls to the t¡aluËs of curve resistance in kq pÊr

ton {or pounds Dêr kip) shown iri Table {B-1), However, for
comparative cost ptltposes, it is morÉ mçaninqful f-o comparê

resistance in terms of currÊr resistance pêr bushel. This has

also l:een shovn in Ta bl,e t8- 1l , arid. is dari ve'l f ro¡n the

*xpression:

Rch = {F"cl (Ioad Lj-mitl /Ru,shel Capacit.y

where, Rcb = the curvë resistance pi:r bushel,

À1-thouqh the curve resistanee per bushel i.s 30 perceni- qreater

for thc liqhtl-y l oaded nodi f Íed hopper than f or a con vent j-ona1

boxear, the cost additj-on due +-o i-hi-s factor can ï:re shown I1e1 to
be less than 1/10 cents pÊr bushel in haulinq qrain fron the

rural elevator to ocêan terminal, evÊn with very seyere assutnp-

tíons of total eu¡vature +ncountered on a round trip.
Tt ütas concluried that the rnodifi"cation i s a vÊry oconornieal

possibility for moving wh*at. on the prairíes, ¡rhen com-pared *uo

branch-line upgrading, and i.ha+. the benefit-cost rat-io to the

railways of nakinq the modif icati.on is b+tweçn 10 and 20, ¡¡hich

is sufficientlv hiqh.

SIII!gAEg

InÈroducÍng hiqher capacity cars ancl ones which arê more

efficient in the loading and unloading procedures, is a feasj-b1e

inprovement for the freiqht rail opÐratÍon. This inprov+ment is
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of Þarti-ctilar i¡ter:esf- when i+,- comÊs to the qrain movemenr frorn

rural el-evators to inla.nd mark+ts or {,:ermina,ls. The liqht branch

lines in canad.a are a maìo¡ problem f,acinq such a- type of

operation. ?he fact that t"he.se h*avier cars can be modified, as 
,:,,.,,,,,.,,,shown above, to run on t-hç liqht- branch lin.-s, mean,s that these

lines do not necÊssarily need maior upqrading or at¡and"onment.

This is a typical cost-benefit analysis prohlem, which 
..,...,.,

involves the railryay track stress formulas. The example of wlieat ,,',',t,,,,1 :
cars shous that an understand.inq of the str€ssês in the various 

.,...1,,, ,

element- s of the track is an inportant coinponen t in railway i:''r:::

planning as r¡ell as beinq of -u€chnícaj- int*rest. '

i..-:.ìtJ:.:::
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Since the h+ginninq of the Car:adian ra.ilroads in 1835, an

intensive development has been ma.de, and some advanced operation- ,,,

:.t.t.'11aI techniques have been regularly introduced. HowÊvÊr, o+he level
of modern high-soeed service which exists in r¡{est*rn Europe an,J ,,'.,.,i

l

Japan has not been reached in Canad.a. 
':The most irrportant techniguÉs, r¡hich must l¡e rJrgently consi- i,

ìder+d in Canada, are those r¡hich contribuÈe to hiqher operatì nq 
i

speerf : the upgrading of the road becls and tra f,f ic controls, ihe 1'
i

elimination of leve1 crossingsr âs ¡+pl1 as the electrification of I

imain1inesf201,r211.Sucht'echniquesarea1readyinmajoruSê

in sûnË countries ¡¡hich have less dernand f or them than Cauada. '

,

For ånstance, Canarla is helieved io have the s+rcond hiqirest.

ton-miles of freiqht per capita in the r+orld. In ad.dition, for 
",;,;-¡:: .:, .::

freiqht oPerations, +.he trains in Canada carrv 3 f-o 5 ti-mes thc ,,::,,i.,:,,

loarls common in {'testern Europe { 201, { 211, Such a type of

operation must- main'"ain t he st-r+ss#s on the track wit hin a llou-
able l.imits, and consult the stress estimatj-on procecures will he 

:,,,.,,.,:,increasinqly important in fntur:e developments. ì:':

Tt will nor¡ be shown tha+- '"h€ passenger rail in Canada

should plav a much larqe¡ rolo in the fut-ure transportation
spectrum than the sta'ue of its near ob-solesence which notnl exists.

Tn th+ previr:us chapter it !ùas shown that t-he application of
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strÊss €stimation procedurÊs j-n e specific problem, of,f+rs a

satisfaetory solutj-on rcsultinq in siqnificant cost- minimizar-ion.

This should be thr,: goal ì ¡ nlaaninq thc' f utur+ of thê rail-
transport in Canada. À erÊâ-,* dea'l of th+ Canadian rail--transport
problems m+ntioned above may irnply a variety of uses for the

infornation coll+cie,1 in this thçsi-s.

Some of the planni¡.9 aspects af the Cânadia,n ra.i.lways anri

the part which track stress estimatio* might plav in them ere

discrrssetl i-n the followinq sections,

J.__ InLeqcå!r_ ?ÊËãggser_EAi 1*I¡an spsr!a Èiq A_!a_ga nê de

If wÊ look at the Canadian interci-ty mcd.es of travel- t 'de-

find the automohi-l-e, ihe aircraf,t, and rai-l as na jor i*ransporta-

tion nodes. The fast pe.ssenger trains can be attractive relative
to other mod*s for disiancÊs ranginq between 150 anrJ 400 ¡niles

I20 I, The speed limitation s of the hiqhr^rays {average 6û mph) and

traffic congestios at both thc origin antl destination citi+s arê

unattractive features of the road node, whereas congestion,

especíally i-n the airport accêss, is the main disadvantage of the

air mode over the nen"iol¡ed dj-stances, Fron the point. of vier* of

the aj-rlines, s'¡ch short flights arÊ no longer profitable with

the increase in the fixed costs. ft sË*ms then, tha+. there is
delmand for passenger traì n trarrsportation íf hiqh speeds can he

att ai-ne d.

When speaking about hiqh

presentlv meant as 125 - 'l50mplr

like1y provide techniguçs pnab

mph, The question then arises ;

speed passenger trains, it is
. The n ea r f ut ur+ i¿i 11 very

lir¡g runriinq speeds of around 2C0

Can the existinq Canadian t'racks
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support such speeds inspite of all thc r+strictions of ä

stresses, curves, 1eve1 crossinqs and stations?
The an-swer is rlor and the onry tryo alt¿rnati-ve solutions
He build spæciaI traln5( r ) sf hi.qhe,¡ speeds and liqhter
that can travel oû the exi stinq tracks with a1l.

restricÈions,

-Íihat are t}le cosïs of buildinq special trai

capðble of travellinq on the existing tracks wit.h h

oilrle try to easê the srreed rcst-ij-cti-ons of the exi-stinq t.rack,

either by remodellinq ôf junctionsrcurves and rel_ayinq of the

traclcr or evËn rebuildinq it in soütë instances,

The investicrat-íons of the most economj-c anri useful solution
of such a problem produce en-qrÀsrs to many fund.anental 9uçstions t

the nost import-ant of which are:

-Ho'¡ will the denand for rail" transportation increas+ with
the increase of train speerl ?

-hlhat ere the costs of buildinq nelç tracks capable of
su'pporting the sr-res"ses induced by hiqh *speed trains ?

-lÌhat are the eosts of el_irni-natj-ng the speçd restrictions of
Èhe existincf track bv relocat-ions, aÐd hence, would the +xi-sting

or reloca-ted track be able to support the liqhtest avaj-lab1e hiqt
speed Èrains at the tlesired spe*d, fron the en,luced stress point
of view?

llowable

â rê.

we ights

their

which are

s peerls?

IrÞ

iqh l: :

( r ) S uch trains shor:1d ha ve hiqh
rate in order to ease som,e of the
exanple, in stations, yards and
take the form of mr:lti-pLe unit se.ts
of eurves, anil to be ljqht enouc¡'h
track.

acceleration and decel*ration
speecl ¡estrict=ions r âs for

level crossings. They hay* to
tc +asê the spe,*d restriction

to avoid over-stressing the
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As t¡e have se€n al,.ove" in alnc'si every singl+ or multipLe

study of the solut.ion alte¡natives, and in planninq or desiqnino

the solution, '"he ma jor part i s to ccnsult th+ sttr^:i--s estirnation

procedures, the subject af this uork.

Ncw, we can nevçr comÊ io t-hÊ stuoy of hiqh spced passenger

trains in Canada wj-thout beconing i-nvolved in thc rather int+r-
estinq argument of el*ctrificati on of the Canadian ¡ail trans-
port-. Tn o'Lher word.s, electric railway vèrsus exis'"inq diesel

railr¡Iays must be considered.

?. - _ 
-E 

1 e c! f åJåsA ! i qn _ o f _ t b s _ ç a Ee ëÈaa *e ai I *ra ys

B€itreen 1940 and 1960, the Canadian railr,ra-ys had graCuatly

replacêd the steam locomotives by dicsel locornotives, lagging

bchind the llnited States b,v about. sj,x yeers { 21 1. Thi,s dev+lop-

ment ín the rai3-roay traction technol-oqy which occur¿d in Canada

and the tlnit.ed States rdas very comparable with that wf¡ìch was

takinq place in the rest of the indrrstria !izç:ð worl,å, especially

in T'testÊrn Errrope and Japan.

The devel.opment continued. in I.{€,stern Europe and in Japan hy

the electri-fi.cation of the main lines. Canada and the {Jnited

States sÊën to h.ave stopped Èhere in the development of thr

traction technoloqy, alt-hough they developerl some of tht+ best

sYstems in t.he l¡orld in somÊ other railrcad technoloci+.s, suelr

as containerization, unit-train operatio¡, ccmpr"rterLzæd and arrto-

mated handlinq of yard operations a¡ld automatic car location
irlentif ication 1211. As importan't as the above tçchnologies aay

bê, therc are some other railroacl technologies in the.. inrlusi.ria-

lized worlcl in a¡hich the Canadian rail+¡ay-c arÐ stil.l laqqing
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The nost- important. of these techniguts is the electri fication
the nain iines.

The najor rÊasoÐs for the Canadian a¡o th+ Ail€rican railweys
ignoring a maior tractåon a<l-rranced. te,chnoloqy such as eloctrifi-
cati-on of nainlines, arÊ nc longer valid. tosically, these

rêa*sons $rerê the availahili'"v of oit, and thc costly rrfix*d

plantrr expenses of, the railway *lectrification, How+ver, as th+

oil_ of thç wor1r1 is vanishinq, and as new techniguËs hav* heen

reducad the fixed-plant costs of eleci.ric locomotj rrss, replace-
uent of, mainlíne diesel trains of Canada. r*ith electric tsains
becomes inceasinqly attractive.

The followinq are t.he factors favouring the

of the mainlin+s in Canada. ( r:)

e I+ctri- f icat-ion

-ThÊ useful life of el+ctric loconotiv+s is estimated tr: be

30-35 Years and exce+ds that of dic,sels t,y a factor of Z ar 3.

This is basically duÊ to the rotati-ng machinery of the .alectric

locomotivÊs' versus the reciproca ting or1Ê in th*- dies+l 'l ocomo-

tíves l- 211.

-Electri-c locomotir¡es have lower nai-ntenance costs than

diesels, for the samÊ rëasor ahove lrotatínq ve::strs reciprocat-
inq nrachinery) { 201,f 21tr.

-Th.e hiqlì 1*vç1 of nai-ntenance requj_red by diesel locomo-

tives, reduces their availabil_ity for servi ce bv about. 10

percent' if compared. to t-he clectrical locomotivefs availabilitv

of

( r ) Th is summary of, elec-"
Canaila is based on recent 1
Iuk ásiewicz in 19?,1 f 2 0 'l

Cass-Beqgs i-li 1975 { 241.

ric tracÈion versus díese1 t::action in
iteraturÊ - of particular use: J.
, J, f,ukasj-s wj-cz 1974 I 211, and Ð,
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l2a 1,1 211- also, 13.ue to j.t*. reduced maj.ntsnãnc+ reguirements, a

typical elect.ric locomotive can rllr! 50 percent more rni leaqe pêr

month than f.he diesel f 24 l.

-For the sanê wi:iqht, slect,ric locomstives exert 1arg+r pull
and d.evelop morÊ power than the di-sel- locomotives. The ¡atio of

the tract.ive ef fort per unit weight and ihe h.orse polrrer pÐr unii
veiqht b€tldeên the electric and dies¡¿I locomoti-ve' is in the ranqe

of 2:1 to Sl'i { 2A1,t 2l 1. This facc i-s one of thæ ma jor reasons

which led to havinq t.he eleetric uliits always liqhter than the

diesel ones.

-Due to the superior work capacity of the elect-::ic locono-

tive as compared to the diesel on+, substantj-al reduction in
capital costs wÈr+ al.so rea lized, f 20 1, { 211.

-The *lectric locomotives, due to iheir' liaht, rveight ha ve

Larqer pul1 on upqrades and bett*r acc*l-eration and dect;lçration
performance than the diesel,

-The applicat"ion of solirl-stat+ çlectronj-cs rvhich al1ows

direct use of A-C powËr at commercial frequencv and surooth

control- of traction currënt, throuqh the usê of hiqh-power

silicon rectifier on the trocclmotive, 1+d to a drastic re,luction

i-n the costs of the f,ixed plant {cat'enêry r srrbstations anrl

siqnallinq equ i omentl . s uch costs rde¡:e the maior counter-

argument point in the past against the railways electrificatioa
1241,1211,

-The probl+m of current colleci.ion ltas overcomË and in
France and Japan it has become practicar up to speeds of 190 mph

(about 30CI km,zh) , { 201, I 21 1.

'.1
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El.ectrification al"Iows fl"exibil-iiy on the use of primarv

energy source { 211, Of coursÊ, it i+ould ìrsç-' non-petroleurn

PrimarY ÊnÊrgY ¡êsourcês f24 l.
-A suf f icieni level of traf f i.c for *]ectri f ication exi sts in

Canarla. Rail$¡ays accounted for ov€r 4û percent of fr+iqht
ton-miles, which is the larcrest share among the va¡ious modes of

transport and four tirnes as much as that of trucks. Furthernore

, if we take the railroad utilizat.ion mÊasure known by the

dynani c d+n.sity, or gross ton-mi1e {irave 11ed) per mile {track
lenqthl , Canaria I s f igures arÊ vÊry sinilar to ihosc f ounrl in
slestern Europe {211. Hence, the old counter argum*nt of ihe
great extent of Canada I s ra j-lways and our srnall popula-t ion is no

longer valid I 241.

-Out of, total runninq track length of 23143 miles in Canada,

about 22 perceni carritls the hiqh density traffic, This peËcen-

taqe is a out tvpi-cal of the e:Iectriiied porti on in W*stern

Europe I 211.

-Electrj.c locomotives have smal1e+r environmental impact:

lnoise and. pollutj-on) I'20l, than the diesar. Tn. addi-tion, thev

urínimize the pol.lution exerted f ron the hiqhHays by môre a¡rcl nor+

pri vate autonobil-e travel- volume, This i¡cu1d be handl*d by rai1.
-AIthouqh the order books of mo*qt companies manrrf act-uring

electric railway equipment ere fult for years ahead, it lirâs

suqgested that, trCanaCa coul-d +xpand its rnanufact-urinq facilities
to mÊet the need. ït may be that conpanies in Europe should be

a-sked to develop facto:lj"es liere or providrr under líc-onse thc

teelinology we need. A Çrow j-nq railuay equiprnent ind ustry in
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Canad-a miqht well- takc ovêr somÊ. of thê labour ¡¡nd thç plan', of

the auto¡nobil* i ndu,siry t,ha',- the chanqing +nerqy sitnation mäy

1*ave rêdundant.'f { ztt1.

-It 1{a's fountl feasihle in som.s couni'ries durj"nq ra.i1¡ray

electrification, to use the exisi.ínq lrack, l24l anri hence,

construction of new l-ines may not alrr¡ays be needed,

-Statíc and dynamic loads in track and vehicles are r+rluced
.,:.::'-t-iwith electric traction hçcause of the hiqh adhesion, ."hë larqe :,:.11.,,,.,:,

power/wcliqht ratio, and the riístributi on of drive to a maxinum : :

number of wheels. , such liqhter lcads i ncrease i he e liqihi ri ty 
¡;"-';";;'';':"'

for hiqb speerl op*r:ation I211.

In parallel ¡¡ith the electrifì cati-on, other techni.ques nust

be ì ntroducetl, such as rrsuspÊnsionrt , rt i.s narÈicularl-y 
I

Isiqnificant r¿hen the use; of existing, standard, low quality 1i_nes

is desired f or fast pass€nger trains. Inpro vçmÉnts in suspensir:n i

Ì

cari con tri bute to such de sirable f eature s as Ìrigher maxi-inuut I

speeds, improved' passËngËr comf cri, and red.uced dynami c loarls on I

tracks and vehicles. The featur+s of the suspensicn that altow ,
;i ,.,

of these improvement's arer low unsprung mass, and full articula- ',.

' .,,t,tion {the vheels to be steere<1 by the car ahead in the rlirectian .::

of the curvel , 1211,

!ùith the increasing of spæe s after eiecirificat!-on, the

constructicrn of, new tracks mav be feasible and necessarï, ,:,,,.,',,,,la: ::'-.:' .':

Therefore, somÊ nêw inethods and mattrrials for track ccnstruction
maYhei.ntrod-uced,suchasc<rn-t'inuouSreinforcedconcretês1ab

road- bed, conerete tics, êrìd techniqu*s of cleaning and reinfor-
cínq conïentional batl-a.st 1 211, .,. : ,

I::.::. .l
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From the abcr¡e sumflìary ahout electrì ficati on and somË of its
expected conseguÉ:nces in Canad.a, we find that futur,Ë technical
challenges arè real-1y a capacity {r+eiqh¡) improvemen.t, âs werl es

a spÊÊd imDrov+nerrt. Such i¡oprovEments r¡¡il1 ::esrrlt if qe cen

mininize the unloadeC t¡ain r¡eiqhtr rnêximize the loadeC train
weight, maxímize the speed, whilst heepinq eosts to a minimrln.

These challÊnges arÐ complicated by thr: need f or sophisti-ca+-+rl

optinization modals. Thereforo, the deci-sion nak+r, the planner,

and thÊ rlesign*rr whether f or track or Êguirrment- r m3.y rcqulacly
need the knoç¡ledge of stresses in tracks.

3.- . rh e -!se-ef, *Slsese-Iståueti o¡- Ps sç c{ urÊs-!!. -!uå!4åqs-e Q!isise:
!ie¡_ Ap 4 $!U_u*lefi o0_ M odeJs

llhen introducinq any ner¿¡ t-ransportation systen {or service},
the plauner, or the decj-sion naker kncws, that- economåc optirniza-
ti-on will not necessarily call for maxiraum soeÊCs anC maxisrum

vchicle caoacitv, ?echnigues of 1j-nçar and nonljnç:ar proqramminq

and notlel buildinq arê often us+d for rnakj-ng such rlecísions, and

the minj-mization of, the total sy-<iem cosÈs is norrnally the goal

of the decision maker in such câsesr of course, the spe+tl and

the capacit y, in a,ldition to af fect inq the total system cost,
greatlV influêncÊ the trav*1 market share.

The total svsten eosts for any railway servíce can be looked

at fro¡r two differ-ont r¡iewpoints.

Eirç!_gie wpsln t__i-__ C gsÈ_!p_Syglg m_qpÊ¡a t of _a g d,_age n cI! 1 ) j.__

( r t In other transportation systeuis
ferent authorities, i"e, the operator
and t,he Agêncy -is Èhe tGovelnm*ntrt.

, these are uhrle:: two rlif-
is the il service carriertl

l.jr.. .

i.:'_,

l.:..,, uj.

l :i".'
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1, vchicle caÐi+-af. cost

2. vehicle operation and- maíntenance ëxÐens€s:

-f rrel and oil expçnsês

-vehicle cr€u allrl cal:in att+:nciants expËnses

-vehi-c1e naint.enance €xpÊns€:s

3. terminal constrÐcïion cost

4' permanent-li'av constructicn cost 
l'':;'"1'": ""5. stations construction cost ;,-, :,.,,,:.,.,,,,

_- 
:.r.: . 

:: il.:i

6, terninals opêratj-on and maint+nance ËxpÉnses: ;...:,.ì:.:,:i:.:r

l:'t:.: -.::.::.r:

-ê"ïpenses CIf operaåLion and naintenance of passenger (or i

ifreiqht) t+rrninal arÊa j

i

-vehicle servicinq expensÊs i

i-vehj-cle eontrol expensÊs 
I

i?. Dêrnanênt-way facilities naintenartce expensÊs | :

ì

Sgcgnrl viewpqin!:.__Çeet_lp_sygtem_gsegs 
i

l'1. Fare and other ont-of -pocket costs 
i

2. Cost of ti-me spent ån travel via the system 
:

. i.:.:-:.: r"::: :In most of the case*q, the d,ecision maker will take ihe abov* i,,,,,,,1,,':,,,1:.:,,

.. -.',.'.,,'...,'---.'
two vier¡points of the cost toq*ther, f orninq a societa.1 vier¡point ¡:"¡.1',;,:,,,,,',

: .': - :: : : t: :':': -'

{ 221. The technigu* of opti-mization is to try to define each of
the cost itçms abc¡ve in terms of speerl and capacity, All the

expressions resulÈíng t.here af Èer r+il1 be combi n*t1 to qether to :. ,j ..

i":.,.: ..'. ,r,:,,:r,.form tl-'re rtobjective funetionrr v¡hich is re,qui_red to be mini-mj_ze11. ir":' ;:"."r

The con*straínls for such en ohj+ctive funciion are the upper anå

lower linits for the speed, the capacityr ênd +"hat they he

noã-nêgative. The upper l-iurits of the speed and tire capacity are
l, ;:;':':'.' .:a:,,,...,.usually' eithcr manufacturi-ng restrictions or qeometry of the l,'i.ìi'f':,.'.'.,.,.,
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lin* restrictions,
ranrte known fÕt ''-hr:

formulation of the

r.¡hil-e t. he 1 owq:r Iimi ts arê rrsrrally s¡st in

ot!:er comp+tj-ncr mcdes of translrori,ation.

nodcl is th'¡refor+:

f lv, o)

lL¡.L{I=

Th,-'

I{i-ni mize

sub -iect to:
Vmi n

Omin S

and

CP{ =

Vma x

0ma x

5

o-<

Vr0 arÊ non-negatives

where,

CPti! is the cost p*r passeng6t-rnilÊ {or ton-mile) n

V is the speed in mph,

A is the capacitV {passengÊr Ðr .bon) .

The objective function is normalry non-linsar, and i-"s

optimization must be achieved by an iterati ve procedurc¡. Ons

technique frequent.'l y eilrployed f or solving such problems, is the
ttNer*ton-Raphson Techniqrlçtt T 221. The main id.ea of this t-echni-que

is takinq the partj-al- der-ivative of the cbjective function t¡,rro

times, once with resp€ct to the srreed and. then with respect t-o

àhe capaci-t.y. The result of th.is cpËration will b+ t'*ro simrrl-

taneous eguations, ,the sclution of which, wiLl determine th+

optimal values of the s peed and the capacity. This is âr.

iteratíve process which can he solverl by the usê of the ccruputer.

Among the cost ccmponents pr€viously tisted, there are two

compolìeDts in whìch the cost is really proporLional to the sÈr,*ss

induc*d by the vehicle on the trackr rìâme1y the Derrnanêltt-wav

construction cosÈ and t,he p*rmari€nt-iøay facititíes maintenanc*
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expenses. Therefore, for these twc componentsr T€ can sav that

the cost rill be a function of the stress, which is a function of

the speecl anct the capacity. To emphasize the meaning this,

the part of the motlel relatecl tc the permanent-vay construetion

òost trilt be cliscussetl.

ft is apparent that the construction cost of the supporting

track is proportional to the stress inducecl in the. rail, ancl

conseguently to the bending noment on the rail or to tbe vheel

1oatl, incluclinq the clvna nic effect (Chapters -l and 4) . Using

Equatigns (3-S) ancl (U-4) r yê can say that the construc'-ion costs

of the supportino trac\c(P . U), where P is the axle loait antl U

is the speed factor resulting fron a speecl V. The value of tbe

axle loatl P is directly proportional to the capacity of tbe

vehicle 0, ancl accorcling to Egnation (4-4) ,

[t = 1 + (4. 5vz /10s¡ ( 1 .5vs /1Az ¡

.Converting v into nÞh, Eguation 14-4) becones

[ = 1 + (111.5 vz ,/10s¡ (6.15 ¡¡3 /1Oz¡

The refore

Ç = Q.(1+(11.5v2 /1ns\
chere

C: the eonstruction cost cf

A: cost of psrlnane:rt-wa y

load,/uri le

(6.15vs /1071 ).4+B

+-he supporting tta

construcri onlton

ck,/n i-1Ê

of t.ra in d vna m ic

B: the fixed cosi- of the perman€ i:t-'*a y/mi1¡'

The d iscounted conS-.rtttction cost of

(doILar,/clavl

= C . !) . CRF,/N
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whÊre

c: the constructåon co-st of th+ su ppcrt inq track/mil-o

D: the lenqth cf i-he track in rnil+s

CBF; c apital l:ecov€ry factor f or perlnaûÊnt-way co:lstruction
costs.

N: number of utilization days per year

Dividinq this last eguation by the total daí1y expecteC 
.;.::.;:.::passènger-ní 1es, l'le ean q€t the construction cost of the suppört- :,i:.,:.i,i:

inq track per passenger mile,

similar express''i ons can he deríved f or each of th* cost

components li.sted ahove in iuÊrnS of the speed anrl the capacity
and putting ttrem toqether f,_hereafter, will result in t-he require,å

obiective function

The values of the two co¡stani.s A, and B, can be ohtainerl by

buildinq a special probabl-istic model for this purpose, âs

follov¡s:

-choose several other Canadian cxistir:q rail sçrvice"s where the

climate, the l-and use, and thç soi]. conditions are similar Èo

those for the syslem undçr cc,nsid*rati_on,

I -.- : : : ì -.
ir' :-';'::::

.l

-for each systern col-lect the data about t.he construcf--i-on cost of ,','

the supportinq track,zmile and the spe+d ancl the capacity of the

veh ic1es.

-trrinq the cost for 'each svsten from the price of the yÊar of ;,:.'l:,,
f:...:_.r,:. :

constructionuÐt-ot,h+prj.ceoft}¡*p1anninqyÈar'usinQCana,1ian
price i-ndices,

-havinq everythinq known in the Êquat.ion except' the values of the
parangters A and B, the ohservations can be f itned t"o a curve, ,.::,:.:!\.

i. .: _.r'
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usinq t,he mul¡ j-p1e reg¡+ssion t+chnique, arid h-once, the yalues

for A antl B can be determined.

The sysi,em desiqn cptimi zatlon mode1, â.s explained ebcv+1,

can be used successfllly to e xplore the i-mpli cations of a broad 
,,,,,,:,,.

range of desiqn and pol icV optiorrs. It can also providê a :: :

quantitative mçans of detarmininq ihe likely impabt of alterna-

tive designs or" each of. the varieiy of oft*:n conflictinq
-i: . -1.

vÍewpoints mentj-onærl above. 
i:,..:,,:.
. \.'-1.:

There hav+ heen a number of important studi+s on simil-ar 
,,,1,,
i.:...::,i

plob1ens" of narticular use, $as thë work of Sne1l t 23l, which i'-'''

rf,as of a more gÐneraL transporÈation system nature, and. of 
I

Hanzaerí t 221, which !úas applicable to a SToL -system {s}rort take j

off and landinqì , be+-ween t{ontræaI ancl Toronto, i

I

i

4:_ grl{ }tÀRY 
j

i

Throuqh the t,rack-elements stress estimatj-on procêd.ures, the 
,r,r,,;,,,

Canailian railuays car attain a very efficient quidance, not only '','':,
:.:.:.:.:-:

for nell track design purpose-s but also tor pl-anning, comparisons, 
",''ì','

and solvi-nq operati ona I problcms. In àhis cliapter threç examples

of planning and operational technisues which can make use of the

track--elenents stress estimaticn procedures, have bcen di scussed, i,.,',
l':: ,: i

Thev are:

First.1v, thê passrrnqer rail it Canada should play a much 
ir.,;1¡;_

largçr role in the fut ure transport ai.ion spectrum. For dist.anc*s i'i..'i

101



rangj-nq bet¡¡e+n 150 and 400 milas, fast passenq.3r trains can be

significantlv superior to hiqhway and aircraft transportaticn.
The pl anninq f or slrch a fast servíci: will lnclude a cost-benef it
analysis fc comparÊ betwe+n t-r+ro ma"ior alternativçs- layinq new

track o desicninq specíal trains that. worrld be capahle a-t

runnins at hiqh speeds on *xi,stinq track. Ths sturly of thes* two

alternatives will include a great d.eal of track stress analysis.

Secondl-y' sevetal. factors favour th+ rerrlacement of main

line <1iesel trains of Canada with elect.ric trai ns at t.his time,

In paral-lel with t-h+ ælectrif ica:tion, other tecirnigues must be

Íntroduced. rf the existing tracks are to h* u.sedr v¡Ê should

introduce ff suspensiontt , On the other l¡and, i f the cons truction
of new track is thought åesirable, HÊ nay inÈroduce the use of
continuous reinforced concr+te slab road-Lredn concrete ties and

nÉu t.echnigrÌ+s of cl-eaninq and reinforcincl t.he ball-ast" The

chal-Lenges accoflpanying electrj fication wouId. nced a cos,t henefit
analysis involving speed- and/or wej-qht. of t,rains. Aqain, track
stress studies r+oul-d be involved in such analysis.

thirdly, economic maximization does not necessarí1v imply

speed and woight ¡raximization. There is always en optimum value

for each of t-he latter factors, depending on thæ obìective
functíon which is usually the minimization of certain costs. The

decision maker, in fcrrning an optìmizat.ion model tc determi!ìe the

optimal values of the speed and the w+iqht of the traìn, uhich
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tnintnizes the ccst-s,

manners in which

affect tt¡e stresses

rh+ formulast t+jlations,

spe*d and the wêiqht of

i n the t.r ack .
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br:t h i hç

nes ulti ng

and th*

the train
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I 231 Sne11,T,E", rrl! Simple transporta.tion System Desiqn Opti-
rnizat.ion ¡lodË1', Dept, of Civil an,i Geoloqical
HnqÍneerinq,Princeton Unj-versity ,Report No 100, 1970.

T 241 cass-beggsrÐevid, rt A vot,e f cr Railv¡ay Electrif ication-rrand rrChan g* in Railr+a y Cor-rcÉptsn , Ener gy S+st, EIC I s
second annua 1 lfesiarn Beqion conference, Enqine+ring
Jor¡rnal" v, 5B-No 2, I{av ,/June 1915.

{ 2s1 Datatt 1t{D23ì ,O f ice of
Enqi-neerinc, Canad-ian

T 261 Ei sen ba hno ?:erba uÇs tr ,

f 271 E. '¿Jinkler " 
ttDie te hr:e

keitrr , Prague, 1B 67 .
von der nlastieitat und Fe*ti-g-

{ 2S 1 A. Fop p1 , tr trIor lesu ngen
T,eipziq,1898,

uber technische H*chaniktr,

1 291 tfasiutynski, 4. , ilBÉ:ohachtungrn uber di.e elastischen
Formanderunqe¡ rles Ei-s*nbahnqleisesr,, Wieshaden, 1999.

Í 301 Repcrt.s o f the Speci a 1 Courrnittea f or the Stud y of Track
Stresses A.B.E,A. Proceeding*q, Vo1s. 19, 2L, 24, 26"
31, 35, 42 - in 1918, 1920, \923, l-925, 1930, 1C34" 19t11
respect j-vel v. See also Tra$s. A. S. C. E. Vols . 92, 83 ,86, BB, 94, 97, 106, in 1918 , !920, L923" 1!ì25, 19_30,
1934, 1941, resp+cti"vely.

r 3"1 I llanker, a. rrEinhejtliclie Langtragerbere chnuns des
Ei.senbahnoberbauÊstf, Crq.
1935, Heft 5.

ttÐ iesel iJn it Tdh+e 1" A x1e, Bearin g
the Chief of !{otive Power and Civil.
Nati onal- Railways, I{ontreal , 19'13"

H. Zimmermann, rrDiÊ B€rqchnunq des
Berlin , l8BB.
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l- 321 Popp: ìrLIber di+ Stassr+irkrr¡1ge¡r unrund.er Eisenbahn-
rader'r, Àrchiv fur Eisenhahntechnik-, Fcl-qe 1, Juli 1952,
Page 1 1.

f33l Rubin: rrBeitrag zur Frage der Schi*nenspannunqÐn
infolqe unrunder Rad+rt, Àrcbiv fur Eisenbahnf,.echnik,
Folge 1, Juli 1952r ÞãÇ* 28 "

l-341 Eubin: ttÀmerikanischr+ ,untersuchungen uber d+n Einf lussnnrunder BadÊr auf die schienenspannungen,r, Alchiv fur
Eisenbahntechnikn Folge 2, Januar 1953r pâÇë 51.
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seB!e_À:1

Canadian National Railwayts diesel unit axle tlata (extracteil fron
the iliagrams in reference f 251.

Each unit in the tatrle consists of 3 lines;

Line-1 The title of. the unit lBuilÉler-orcler Nr.-lloilel Nr.-Date Built)

Line-2 The axle loatls in

Line-3 The axle cli-stances

lb s.

i n ft*-X1-f y.24* X3 --+X4+ X5-+-

N. B. P1----Front (l.lax. )

P6----Rear {Hax.)

BÛITDERS:

.ì

G.ll .
B.Èl . D.
c.L.c.
¡t. t. H.
AIco
G. E.

-General l.lotors Ðiese1 Ltd.
-General Uotors {Electro-t{otive Dj-vision
-Canadian Locomotive ConpanY
-tfontreal Locomotive ÍIorks
-American Loco¡rotive Companv
-General Electric Company
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c,N.Rr B-1 TO B-15 196415r6
61750 61'750 61750 61750

B.CO 14.00 B.on
G. E, AEM 1 4857 1956

220A0 220A0 22000 22aa0
6.93 11.92 6.83

G.E. AE¡419674 44TON 195'7 ,, ,23045 23045 23045 23045 : ':'
6.83 11,92 6,83

G.E, 93297-Tt. 7OTON 1950
34900 34900 34900 34q00

6 . 83 12,58 6.8 3
C,N,R, 1-C64r5r6 300-314 :,. .,

61?50 61750 61750 61750 ,',',.'.ì',,'
8.00 14.00 8.00 "':,',G.¡{, C-313 GP-40 1966 ì.:...,1

660 00 66000 66000 66000 l,.,..,,..,,.,
9.00 31.50 9,00

TNT, GE, 1-65':,77 B-B-94194 4GE-?4? 1948
24450 24450 2U45û 2445A

7"50 9,50 7.50
G.fl. C-208 G-, 1956

27688 21 688 2?688 21954 27954 27954 l5.25 5.25 14,50 5,25 5.25 i

G.Itt. C-180 G-B 1C54 
l

28rlr¡0 2844A 28440 28440 2844t 2844Q
5.25 5. 25 1 4. 5 0 5,25 5, 25

G.tr, c-131 NF-110 1952 
i37030 37030 3?030 37030 3703C 3703A

6.58 6.58 15.84 6.58 6.58 |

G,l{. C- 153 NF- 110 'l 953 
l37102 37 1n2 371 02 371A2 37 1Ð2 37 102 ,6.58 6.59 15,94 6,5g 6.59 :

G.t'l , C-207 NF-210 195ñ _ ì;: ::::,:38008 3 B00B 380 0B 3788 B 37 SB B 3? BBg 1,,,,n,,,,.,,,..',16.58 6.58 15.84 6.58 6,58 ,,.'.,
Gol{. C-246 NF-210 1q5B i ,',',.,.,,¡,

3?793 3??93 3?793 38227 38227 3822,7 :,:::",:'.::

6. 5g 6.58 15, Br+ 6. 5g 6. 5g
G.M, C-271 NF-210 1960

37969 37969 37969 -38044 38044 38044
6,58 6.58 15. 84 6.58 6.59

G.l{. c-236 ç-12 1955r7
40500 40500 405t10 110500 

¡,,.....,'.r,,,8.00 17"00 8.00 :j'::.::'
G. t{. c-244 GI'10- 1 1 958

40009 40009 40009 39994 39994 399e4
5.25 5.25 20.50 5"25 5.25

G.$.0. C-255 Gtlr)-1 1959 l

.39658 ,3965S ,39658 3965 B 39658 39658 )

5.25 5"25 20,50 5.25 5.25
GHD C-258 GI{D-1 1959 

:.;,iÍì::i,i,ì,139S48 39948 39948 39949 39948 ,19948 ':.::.,,'::.,''.
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5 ,25 5. 25 20,50
cMD C-262 GMD-1 1959

40030 40030 4 C|03 0 40030
5,25 5.25 2CI.50

G.t!. c-27|t GHÐ-1 1963
3986q 3986e 39869 3çì757

5,25 5 .25 20.1:0
G.M. C-190 S¡I-1200 l12AL+-12161 1956

56250 56250 56250 56250
8.00 14.00 8.00

G.r{. c-190 sI{-1200 {1217-12211'
61500 61500 61500 615û0

8.00 14,00 8.00
t.M, c-198 sI{-1200 1q56

56090 56090 57585 57585
B.0c 1tr.00 8,00

G.M. C-215 Sl/il-1200 1956,7
56603 56603 5't2t+8 572.48

8.00 14,00 8.00
G.¡,1. c-228 s.!r-1200 1957

5658 B 56588 56 93 B 56 93 I' B. oo 'l ¡l. oo B .oo
G. H. C- 240 SW-1 200 1g5B

56978 569?B 57028 5?028
8,00 14"00 8.00

G,l:{. C-253 SI{-1200 1q58
5s9qB 55 9qB

5,25

5,25

5.25

40030

397 51

56390
8.00

5595 1

B.C0

5589 3
8.00

62095
8.00

6150ç)
8.00

6177 5
g.ß0

61980
9.0 0

38652. 38652
19.1? 5.42 5.

38592
5.

39 167

tr

Ã

,)<

40030
25

3975"7
25

.l

'lt

.i

irl,l

.I

8.00 14.00
GfltD C-264 Sff- 1 200 1 9 59

5595 1 5595 1

8.00 14,00
GPt C-2'l3 Sil- 1200 19,60

55818 55818
9.00 14.00

E,Pi.D 4270 Srú-1200 1955
62095 6209s 62A95

9.00 1 4. 0n
G,H. C-191 SE-1200 1955,6

6 1500 61 500 6150C
8.00 1tj.00

E.t{,D t¿376 s!{-1200 1957
61-t 25 617 2 5 6 1'7 '7 5

8.00 "14.0c)
E.t4D. 4437 S$r-12Ð0 1960

61970 6 1 970 61980
8.00 'l tt.00

c, t. c. c-6 ?-2 fi1c- 6tr 1951 ,2
38652 38652 38652

5 "42 5 .42
c.t.c, c-622 H'10-64 1951

i8592 385q2 38592 38592
5.42 1q,17 5.42

56390

5595 1

558e3

5,42
c.tr.c. c-625 H12-64 1952

38652
42

38 592
42

3q 15?391 673916? 39167
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5,42 5.42 1g,X'l 5,42 5.42
C, L, C . C-{)2.3 fl12- 6t1 1 953

38611 38611 38611 3861'l 38611 38611
5.42 5.42 19,17 5,42 5"42

c.t,c. c-633 H12-44 1955
5594 0 55940 55940 55e4 0

B"g3 16.67 g"B3
c.r,c. c-637 H12-44 1956

557 33 55?33 55?33 s573 3
B,g3 16.67 g.B3

t{,t.H. so.4202 rsc-13 1955
3e?36 j9'136 39736 _39736 39735 g9?36

5.50 5,50 18,33 5.50 5.50
M.t.lrl. SO,t1203 RSÀ-13 1955r6

3S663 39663 39663 39663 39663 39663
5.50 5,50 18.33 5.50 5.50

M.L.W. S0.¿12C4 PSA-13 1956,7
39958 39958 39958 39958 39958 39958

5.50 5.50 18"33 5.50 5,50

4C333 40333 40333 40333 40333 40333
5.50 5.5Ð 19.33 5,50 5.50

l{,L.H. 421'l RSC-24 1g5g
39742 39't42 39?42 3e742 i9142 39742

5,50 5,50 11.25 5,50 5"50
G.M. 1900-17 C-2t+5,54 G¡4D-1 195B

61763 61763 6 14c7 61497
8.00 23.0 0 8.0CI

ALCO SC.21072 BS-1 1957
6139 0 61390 62215 {}2215

9.33 21.67 9.33
t{.t,. I/{. so 4911 CENTIIRY 630 196'l

6416i 64167 64167 64167 64167 6r+ 167
5.58 5,58 31.83 5.59 5.59

M.L.td so 4912 caNTIIRY 630 1967,9
54667 64667 6t+667 64667 6466't 64667

5,58 5.58 31.93 5.58 5.58
C.L. C. C-632-H H-16-44 1955 i',:.:,::'ì,,,,,1':;61750 61750 61?50 61750 ' :'':

9.33 21 .6't 9,33
u. L,If . -w so-4q 1B L{ 636 1970

64750 64750 64750 64750 6t+75C 64750
5.58 5,58 32.2'1 5,58 5.58

t{rI,I-i{ sa-4922 $636 1971
647 50 64750 64750 ó475CI 64750 64150 iil:11.-:::1:'

5.59 s.5B 32.21 5"58 5.58 i.r'::':.,i.:'r'i

l{.tr. I'I. so-l+307 RS-3 1-953
6225Ð 62250 622s0 62250

9. 33 20 ,67 9.33
lui.L.fi so"4310 RS-1600 1954

6fi5\ 61750 61-750 61750
g. 33 2A .67 9.33

ALCO SO. 2094 1 RS-3 ',! 954 i.: ,,,.. ;ì:::
61623 61623 61623 61623 ,..:.i,..ti,,.',.t
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q.33 20,67 9.33
I{,t, I{. so.43'15 Rs-10 1955

6125A fr1250 6125A 61250
9.33 21.67 o ??

Pt,lt.{d, s/,431.5 RÐ-10 1955
61250 61250 6125A 61250

9.33 21 .6'7 9"3_?
l't. t" H. so. 4323 RS-1 n 1956 ,1

61C00 6 1000 61 000 61000
9.33 21 .67 9.33

Ì4,L!{,4310 RS-18 1C5g
57676 57676 57676 5767 6

B.g3 22,17 B.B3
Pl.L,ff. 4310 RSlg 1g59

58750 58?50 58750 58?50
9.33 21,67 9,33

t!.1.'d. 4812 Dl"-718 1960,8
59?50 5q750 59750 59750g.-33 21 .61 9.33

t!, t. il . 4904 cE¡tTüRY t)24 1 96 4
65110 65110 65060 65060

9.,33 23.1i 9,33
l,l.t.Id. 4907: It90B CENTIIRY 424 1966

650 00 6 5000 65000 6500c
9.33 23,1'7 9.33

t{,t.}t, 4909 cENTglY 424 1967
6s000 65000 6s000 6500c

9,33 23;1'7 9.33
ALCO SO.21A32 RS-11 1956

56500 56500 56500 56500
B.B3 22.1-l B.g3

ilt"L.I{. so,.4802 RS-11Pt 1957
62223 62223 61''t 48 61748

9,33 21 "67 9"33
i{.t,bt. so.4B05 ns-11M 1957

62223 62223 617rrB 61748g.-33 21,67 9.33
M.L.f¡I. SO.4B06 F.S-11H 1957,8

6',t953 61953 61833 61833
8,93 22.17 B.B-3

1t"1. ET. so. 4808 R.s-11M 1g5B
62200 622.0a 62393 62393

B.B3 22,17 B.B3
¡r,,L.fl. so.4317 FS-10 1955

570 00 5?000 57000 57000
B.B3 22.17 B,B3

ivt.tr, I{. so. 4317 as-1 0 1q55
57250 57250 57250 5725û

8.8"3 22,17 B.g3
u"t" td, so Ì1322 BS-10 1956

56955 56955 56955 56955
B.B3 22.1-7 g.B3

Í'I.t.tf ¿r810 RS-111{ 1959
58500 58500 5850 0 58500

i::.t:' :'- :'

r-':-:-::

...:. ..,,

lr.r: "
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9,33 21.67 9.33
t{.L.u. 4810 RS-11t{ 1g5g

5-t573 57573 5757 3 5757 3
B.g3 22,1-7 g.B3

t{,L, W. 4812 Ðt-?18 1960
586 50 58650 58650 58550

9.33 21.67 9.33
ÀrcO sû 20940 RS-3 1954

62318 62318 62318 62318
9,33 2A,67 9.33(ì.t{, c-301 cR-302 GP-35 1964

64524 64524 643 1 4 6431 4
9. 00 23 , 00 9,00

G,11, C-3',l5 GP-40 1966
65178 65178 651 78 6517 B

9.00 25,00 9"00
G.Pt. C-323 GP-40 1967

6500CI 65000 65000 65000
9.û0 25.CI0 9.00

G.I{. C-'235 GP-g 195-7
59250 59250 5925A 59250

9,00 22.A0 9.00
G. t{. c-235 cP-g 1957

59250 5925Ð 59250 5e250
9.00 2?.00 9.00

G. û1 . C- 235 cP- I 1g 5?
58680 58680 57910 5?910

8.00 23,09 B.Oc)
8.tI.Ð. 5584 GP-g 1g58

61823 61823 61595 61595
9,00 22.a0 9.00

c. _r.{ . r). c-263 GP- g 1 g 5g
5890 0 589CI0 58e00 5890 0

9.00 22,a0 q"00
{ì" tft, c-233 GP- 1 '! 957

58440 58440 57905 57905
8,00 23.00 8.00

G,H, C-239 GP-g 1g5B
5e000 59000 5821 0 5821 0

8,00 23 " 00 8,00
G,M, C-250 GP-g 1g5B

5830s 58305 57405 57405
8,00 23.00 8.00

G¡,ID C.258 GP9B 1959
5?s20 s752A 5152CI s7520

B. 00 23 " 00 8.00
G$D C-253 GP-g 1959

57505 57505 57505 5?505
B. 00 23. 00 8.00

G. t1. I). A-184 GP-ç 1 955
6203s 62035 62035 62035

9.00 22.0 0 9.CI0
E. t1t, D. 534 3 ËP-g 1q 54

62000 62000 62000 62ß00

l: . r, .i-,::

l j _ :'

l::':::f:¡_:t.

a i.j.:..-.ì_::,:
! " 1.'.. :
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9.00 22.00 9.00
E. rï. D, 5445 GP-9R 1956

61535 61535 62385 62385
9.00 22.00 c,00

G.t4,D, Ã.-195 cP-g 1955,5
62880 62880 62880 62880

9.00 22,A0 9.00
G.fl. C-214 GP-9 1956

60000 60000 60000 6cÐ00
9.00 22.00 9.00

G.t"l.D, c-215 cP-g 1956,7
62200 62200 61990 61q90

9.00 22,0 0 9.00
E. t{. D. 5513 GP-gR 1957

61398 613e8 61398 61398
9.00 22.00 9.00

E" t1I" D, 55'12 GP-gR-D 1957
61318 61318 61318 61318

9.00 22,0Ð 9.00
E. i{. D, 5--:11 GP-9R '!95?

610e5 61095 91095 61095
g .OCI 22,Ð 0 9.00

G.u. c-234 cP-g 1C57
62030 62030 62380 62380

9.00 22,00 g.û0
G. PL C-2-38 GP-g 195"7,B

62108 621Ð8 62258 62258
9,00 22.0û 9.00

E.t.D. 5612 tP'18 1960
618?0 61870 61540 61540

9.00 22 "0 0 9,00
G.¡1.D, À-168 A-169 çp-? 14800,19) 1953

60?50 60750 60750 60750
8.00 23.00 B.c)O

G.ry. Ð. À.- 168 A- 169 Gp-7 {4820,3 ) 1953
58913 58913 58913 5Bq13g.co 23.00 8.00

G" I9. Ð. E.-959-A4 GP- 7 1g4g
59950 59950 5995n 599s0

8"00 23.00 8"00
E,M,Ð, 5365 cPC 1954

63500 635{10 63500 63500
9.00 22,00 9"0CI

E. [q. D. 5444 GP-9R 1956
62855 62855 63215 6321 5

9.00 22,a0 9,00
E.11.D. 5514 GP-g 1957

63535 63535 62475 624'75
9.00 22.a0 9.00

11. M. D. 55 10 GP-g 1g 57
63295 63295 62535 62535

9.00 22.0û 9.00
E. H . Ð. 5 55I 5P- gR 195-7

63500 6 3500 $2260 6226A

lt.. :.
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9.00 22.00 9.00
E. t{. D. 55 85 cP-9 1958

62824 62820 6l¿r 00 6-3400
9.00 22.0a 9,00

E.lt.D, 5613 cP-18 1960
6 35 35 63535 ñ3"100 63100

9,00 22.00 9.00
G.H. C-322 SD-40 1957

64833 64833 64833 64833 64833 64833
6.79 6.79 26.42 6.79 6,79

G. t!, c- 324 c-325 so-4 0 1 967, B
5¿i58-3 6r¡583 64583 64583 64583 64583

6.79 6,'79 26.42 6,'19 6,79
G,M. C-328 SÐ-40 1g6g

6tx667 64667 64667 64667 646Í,7 6t1667
6,79 6.79 26.42 6.79 6,79

c" M. c- 330 sD-40 1 969
64667 64.66'7 64667 64667 6466? 64667

6,79 6,79 26,42 6.'tg 5.79
G.u. c-333 sD-40 1969,70,71

646{)7 64667 6466'1 64667 64667 6u66-t
6.79 6.79 26.42 6,79 6.79

G..t{. c-338 sD-40 1971
648-33 64833 6{1833 64833 64833 64833

6.79 6.79 26,42 6.79 6.79
G,t1!, C-345 SD-40 1971

64833 64833 64833 64833 64833 64833
6.?9 6.79 26.42 6.79 6,79

E"lvt.Ð, ?186 sÐ-40 1969
61167 61167 {}1167 61167 61167 61161

6.79 6.79 26.42 6.79 6.79
E"M. D, '1221 5D-40 1970

61167 6116? 61167 61167 61167 61167
6.?9 6.?9 26.42 6,79 6.79

E.M.Ð. 7289 SÐ-4Ð 1970
61167 61167 61167 61167 61167 61 167

6.79 6,79 26.42 6,79 6,79
G.I1t, A-183 FP9À 1954,5

64186 64't86 64186 64186
9,00 25, 00 9.00

G,S, C- 183 FPCA 1955
64186 64186 64186 64186

9.00 25, 00 g. c0
G. M. C-21-l FP- gA 1957

63991 63991 68674 68{}7 q

9.00 25.00 9,00
G. I'1, C-23 0 FP- 9A 1g 57

64275 642.75 64515 64515
9.00 25"00 9.00

G"1,,!. c-242 FP-gÀ 1g5g
6 4e55 64955 64776 6477 6

9.00 25.00 9.00
G,M. C-182 F-gB 1954,5

64218 64218 64218 6U218

i :,.. _ .-.
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ç.00 21.00 g.D0
G,M. C-182 F-98 1965

64218 6 42.18 64218 64218
9,00 21.00 9.00

G. tI" c-218 F-98 196'7
64215 64215 64025 6uA25

9.00 21"00 9.00
G.$. G-231 F-98 1957

64t+25 64425 64A25 64025
9.00 21,00 9.00

G.M. C-243 F-9-B 1S5B
63e35 63935 64315 6431 5g.Oc 21,00 9,00

c.t.c, c-651-A GPA-16-5 1954n5
59'129 5e7 29 597 29 59729 597 29

7 .75 -l .75 1 B,5g 9.33
ll . t , u. so , {14 0? FPA- 2 1955

64850 64850 64850 64850
9.33 19,93 9.33

['],T". W, 4407 FPA-2 1.9 55rB
65163 65163 6¿IBBB 64888'

g" 33 19, g3 9.33
l¡1.1. id, so. 4tt08 FPA- 4 1 g5B

65060 6506[} 64600 64600
9.33 19,83 9,33

M.¡'Iil. 4409 FPA-4 1959
66?39 66739 66739 66739

9" 33 19.93 9.33
c.t.c. c-65''l-B cPB-16-5 l954r5

60q57 60957 60957 60957 6A957"7.75 7 "75 18.58 g,33
l,t" r . n. so . 4504 FPB- 2 1956

6456 3 64563 64563 6456 3
9,33 19.83 9,33

l{.f,.f{, 4504 r'PR-2 1g55rB
65580 65580 64720 6 4720g._33 19.93 9,33

M.r,.H. so"4505 F?B-4 1959 1,,.,.'.:

64830 64830 611.535 64535 1,,''":;i",;:

9.33 19.83 9.33
u.l..!¡. 4506 FPB-4 1959

544 38 641138 54438 61143 B

9.33 19.93 9.33
{;. M. D. C- 1 38 Sr{- 9 1952,

62C115 62015 62Ð15 62A15 i,',:;t;:,:.:,

B. oo 1 4. oo B, oo i:'':';:i';:

g.ivt. D. 4c115 sa-g 1952
617 25 61725 61725 {}1125

9.0Ð 14.00 B.cO
G,llï,C, 4178 Stù-g 1953

61653 6 1653 61653 61653g.co 14.00 B.Oc
t.It.c.4300 s!{-g 1955

i,ì'i ,'¡¡:,::61635 61635 61635 61635 \i,:.:::.:.
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8.00 14"00 8.00
G.¡{. C-201 S}r-1200 -195662018 62018 61758 61758

9.00 1 4. 00 9.00
G.Ir!. C-216 Sit-12.00 1957

61768 61768 61688 51688
8,00 1t¡,00 9.00

G. lit . f). c-265 stf - 1 20 0 1 g5g
61465 61465 61465 61465

8.00 14.00 8.00
c.M.D. C-112 Sff-B 1951

58250 58250 58250 sB 25 0
8.00 14.00 8.00

G.I'1, D. C-\25 SÍù-8 1951
58000 5BrD0 s8000 58000

8,00 14.00 9.00
G.t!.0. C-173 Stt-900 1953,4

57250 5't250 57250 5-125u
8.00 14.00 8,00

E.PI.D, 45'77 SW-900 1956
58115 s8115 57705 57795

8.00 1¿t,00 8.00
G.P[. C-229 S{';-900 195-1

57755 5-7755 58615 58615
8,00 14,CI0 9"00

G.M, C-24 1 Sfl-900 1q5B
62250 62250 6225A 62250

8.00 14.00 B.C0
E.H.Ð t4424 STd-900 1958

58045 5804s 57960 57e60
8.00 14,00 8.00

G. t{. c-241 5i.{-900 1958
62254 6225A 6225A 62250

8.00 14.00 8.00
8.fll,D. E-445 NI.t-2 1941,2

61675 61675 616?5 61675
8.00 J4.00 B.C0

8,Pl.Ð. E-?61 $W-2 1946
62250 fr2250 62250 6 225A

8.00 14.00 8.00
E.t,I"coRP. ,E-B74 Nff-2 1947,8

61675 61675 6 16?s 61675
8.00 14.00 8.00

PI.L. til, SO-41C5 S-4 1951 ,2
5?500 57500 57500 57500' 8.00 14.50 8.00

Àr,co 20854 S-4 1953
57 425 51425 5''t 425 5i 425

8,00 14.50 8.00
lf ,L. Ít. so-4'108 s-lt 1954

5757 5 57 5?5 5'75'75 5757 5
8,00 14,50 9.00

Ar,co so-20959 s-4 1955
58475 58rr75 58475 58475

,!: : ; r,.
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..¡

8,00 '14.50 8.0CI
Pl,l,'vü. S0-41 10 .S-4 1955,6

57513 57513 5'7513 57513
8.00 14.50 ti.00

M.t. [{. so-41 10 s-4 1q55
5'7760 5716A 51760 5776C

8.00 14.50 8.00
A¿CO SO-20977 S- 4 1 I55 :,,,,, , ,,,.580 48 sBOrtB 58048 5804 B t ,

8.00 14"50 9.00
aLCO SO-20978 S-4 1C55

58098 580S8 58098 5809 S

8.00 14,5C 8.00
ÂICO 5-1948-3005-3035 s-2 1941 ,216,7 ,,,., ,,,,

5?5 00 57500 5750 0 5?50 0 :,r,r.,t,.,,,1
8.00 14,50 B.00

fl.L"Id" Dlt-556 s-2 1g4q
58575 58575 585?5 58575 i.,.,,ri.,.,',8"00 14"50 8.00

ilt.L. !i. Dlt-562 s-2 1949,50
58575 585?5 5S575 585?5

8,00 14"50 8.00
AI,CO 20737 S-4 1951 

,58500 58500 ss50 0 5Bs0 0
8.00 '14,50 8"00 i

l_{.1.tü, sû,4112 s-4 1956r7
5't175 57175 57175 5-7175 ;

9.00 14.50 g.0o 
I

:Atc0 so.21031 s-4 i956
57595 5?5q5 5-tg30 57930 i

8,00 14.5C 8.00 
l

1"1"L.1{. SO,4113 S-? 195'7
57085 5?flB5 5S025 58025 l

8,00 14.50 8.00
lì'1.L.[,I. 5Ð.4114 ÐL-410 1958

58380 58380 581 1 0 581 1 0 ','.,.',.,.','.. .

8.00 14"25 8.00 . ,, ,

l{. t. tf' S0. 4002 S-3 1951 ,2 ;, ;' ;:,.'
49375 493?5 493?5 r+9375 :::':::::;..-

9.00 1t+.1J0 8.00
t{.I,,1ü. so.4007 s-3 1953

49675 49675 tr9675 49675
8.00 14,00 8.00

Pt.I. !{. S0.4009 S-3 1954
4C775 497'15 497'15 49775 .,...',.| :..8.00 14,00 g,00 r::::::']:::-1'

Pi,L,I,I. 4122 Dr.-rr11 1g5g
58455 58455 58455 58455

8,0û 14,25 8.00
I{,t.!t. 11123 Dt-r+11A 1g5g

61763 61763 61?63 61753
8.00 14"25 9.00

E.Il 'D. E 958 A !'3À 1948 r::,::..,,.
56450 55I+5 0 57900 57900 i.,.,,-.,.,,: ,ìr:.

1tr9



9,00 21.00 q.00
G,Iï. E 958 B F3B 1948

53605 53605 57555 57555
9,00 21.a0 9.00

G. i4. E- I33 F3A 1 948
56450 56450 -:'7900 57900

9.00 21.00 q.00
G,t'l. c-114 F?A 1951

577 0 5 57?0s s7705 57705g,DO 21.00 9.00
G.lY" C"114 F7B 1C51

580?3 580?3 58073 58073
9.00 21,00 9.00

G.t4. C-137 F?A 1951 ,2, 58235 58235 58235 58 235g,00 21 .00 9.00
G. t{ . c- 137 F7 B 1951 ,2

57718 51718 5"7718 57718
g, c0 21 ,00 9.CIo

r_;,fl, c-145 y--7h 1952
62C00 ñ2000 6200a 620a0g,co 21.Ð0 9.00

c. t, c. c-625 1952
62525 62525 62525 62525

g" 33 24 .67 9.33
c,T," c" c-625 cFB- 16-4 1952

61263 61263 61263 61263
9,-33 24.67 9.33

c"t.c. 9312r148t12 G.8,752 1952r3
62500 62500 62500 62500

g" 33 24.67 9.33
l1l.T,.!1, D.{',I.568 F-1500 1950

61750 6 1?s0 6115A 61750
g. 33 17. 83 g" 33

i!], r. fr. so 44 00 F- 160 0 1 951
60425 60425 60425 60425

9.33 19. 83 9.33
tl.L" [l. SO 4500 F-1600 1951

6030c 60300 6030CI 60300
9.33 19,83 9,33

u. t " ft. so 4t+02 F- 16 0 0 1952
61e25 61925 61925 6 1e25

9.33 19.83 9..J3
t4.1" H. so 4501 T-1600 1952

61-t50 61750 61?50 51750
9.33 19.83 9"33

lnl,T," tr{ SO 440_l F-1600 1953
61925 61 925 6 1925 61925

9.33 19.83 9,33
G.l{. c-313 cP-4CI TC 1C66

66000 66000 66000 66000
g. 00 31 .50 9.00

12t



SABIE-À:2

I{axinum bendinq
(A- 1t

moment exertçd on thE track by ih CN units listef, i_n Iable
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iINTT

c.N"R. B-1 tO B-15 1964,5r5
G, E. AEIl1 4857 1956
G.E. ÀEI{19674 44TON 1q57
G. E, 93297-TA 70TO\f 1950
c, N, a, 1964,5,6 300- 31 4
G. t.vl. c-313 GP-40 1966
INT, GE" 1-65777 B-B-941C4 4GE-7U
G" tr. c-20I G- , 1 956

lG.t[. c-180 G-B 1954
fc,t{. c-131 NF-110 1952
G.i{. c-153 Nr-110 1953
G , t{. c-247 NF- 21 0 1956
#. Hl. c-246 NF-210 1959
G,Fl. C-271 NF-210 1960
G. f{. c- 23 6 G- 12 19 55, ?
GnM. C-244 GHD-1 195g
c.t4.Ð, c-255 GnD-1 1g59
cMD C-258 GrvtD-1 1959
Gt{D c-262 GtlD-1 1959
G.i{. c-274 Gt{D-1 1960

{nL]-e /h,r\ 1 u

I

I

I

19561
I

I

I

I

I
I
I
I

I

I
I

I
I
I

I

I

I

I

I

122

40
35
35
55
40
B3
50
60
65
60
60
60
60
60
60
55
65
65
65
65
65
65
65
65
65
65
65
65
65
65'65
65
65
60
60
60
60
60
60
60

I

I

I
I

I

I

I

I

I

I

7 1948
I

I

I

t
I

I
I

I

I

I
I

I

c, r{. c-190 sTü- 1200 N1204-12161
G. 11. C- 19 0 ST{- 12Q0 {1217- 1221)
G,1{. C-198 Sfir- 12A0 1955
G. [1t. c-215 SF-1200 1956,7
G. flt. c-228 str-1200 1957
G.M. C-240 SW-1200 1958
G.M. C-253 SÞt-1200 1958
ÊtlrÐ c-26¿r s!ü- 1200 1959
Gr1 c-273 sn-1200 ''t960
E. r'!. Ð 427 0 sti- 1 200 1 955
G.u. c-191 s[{-1200 1955,6
E, 11. Ð 4376 S¡f - 1200 195?
E.¡{D. 4t|37 SI,f-12C0 196A
c"t,c. t-622 H10.-6¿¡ 1951,?-
C.t.C. C-f)22 H10-64 1951
c.I,,c. c-625 H12-64 1952
c,L.c. c-623 H12-6t) 1953
c.L,c. c-633 H12-44 1955
c.t.c" c-6=17 H12-1t4 1,956
l,l.,L, fu'. s0,42ß 2 Rsc-13 1955

ivlax.Speed lspeed Coef, ¡{ax.

1. 1465
1 . 1 160
1 . 1 160
1.2485
1. 1J+65
1.4454
1.21 32
1.2845
'1.3207
1 .2845
1.2845
1.28r+5
1. 2845
1.2945
1 .28t|5
1 .3207
1" 320'7
1.3207
1 .3207
1" 320'l
1.3207
1 .320-7
1.320?
1 ,320"7
7 ,3207
1 .3207
1 "3207
1.320'7
1 .3207
1,320'7
1.3207
1 .32Ð7
1 .324'7
1 ,2845
tr,2845
1"2845
1.2845
1.2945
1.2845
1.28{15

Bend inq
illone nt
11h. in )

230160
7 5511
-7 9 A97

134015
230160
324458

94212
'101q23
106621
144508
1 4 4792
14S-128
149180
1118466
169131
149qBc
1486?5
149?66
15CI072
149468
24 1523
264062
247260
24 581 1

2t14 4'16
244B5rl
242129
240235
239989
2{} 6 518
264C62
?.65245
2661 26
1 4224 1

1t+ 19 82
1 4 4091
1 420 47
242552
24 1 663
1lt67 96

lI nder
Ax 1r

4
4
4
4
4
tl
4
ç,

{,
6
6
3
6
tl
4
3
5
6
6
3
4
4
4
4
4
4
tt

4
4
4
1+

4
4
6
6
o
6
4
4
6



Cont. TABIE A.-2
r---------
I'NÏT

t.1.L. Id, S0,4203 RSC-13 1955,6

H"L.!'1. st.420.5 RSC-13 1957
tf"r.w. 4211 BSC-24 1g59
G,M, '!900*17 C-245,54 GtSD-1 i95B
ALCO SO.21472 RS-1 1957
Pt. L. ff. SO 4911 CENTITRY 63 0 1967
fi" t. s so t+912 CENTI'RY 6.30 1967 ,8
C.f,"C. C-632-H I{-16-4lt 1955
¡,1.L.tf.-I,I so-4919 M 636 1970
¡it{!I-¡ü so-4922 u636 1971

lM.t,td. so-4307 ns-3 1953
M. t, ü s0, 4 31 0 BS- 1600 1 954
ALCO SO.20941 RS-3 1954

| ( mi.l.Ê,/hr )

I

I

60
60
65
B9
60
75
75
70
75
'75

75
75
75
?4
75
75
BO
80
92
75
-t5

75
65
-75

75
75
75
75
?5
75
75
"75
't5
75
65
65
65
B9
B9
B9
B3
65
65
65
65
65

iltr .L.
l!1 , T,,

Il"
W.

so.4315 RS-10 1955
s,/,4315 nD-10 1q5,5

H. tr, $. SO. 432,3 PS- 1 0 1956,'7
H,LH. {i310 RS-19 1g5g
M.lnüt, ft310 RSlB 1g5C
t{.L"tr{. 4812 llt-?18 1960,8
lt,t. ti. 4904 cENTURY r+24 1964
lol"L. H. 4907:4908 CENTURY 424 1966
tit"r. ft, 490s cENT{IBY 424 1967
AT,CO SO. 21Ð32 RS-'t 1 1956
11.L"W. SO.4B02 RS-11U 1957
$"t"Ic, so,4B05 gs-11ilr 195?
14,I,.fi. so,4805 pS-11t{ 195?,8
M.L.ÍI. S0,4808 AS-11M 195B
H"t.ft, s0.4317 Rs-10 1955

l¡1,1.Ð, 50.4317 RS-10 1955
Pt.t.$" 50 t1i22 BS-10 1956
ti.t"ti lt810 Bs-11}{ 1g5g
flt.Í".!t. rt810 RS-11M 1g5C
M.t.F. 4812 Ðt-719 1960
Arco so 20940 RS-3 1954
G. t{. c-301 cR-302 GP-35 1961¡
c,1{. c-315 tP-40 1966
G.rf. c-323 GP-4C 1967
G. ,trI. C-235 GP-g 1957
G. M. C-2.35 cP-9 1957
G, ût. c-235 cP-9 1957
8,Î,t.0. 5584 GP-g 1g5B
G, ilt, D. (-26 3 GP-g 1g5g
G, M. C-233 GP-1 1957
G.tr. C-239 GP-g 1g5B
G.11. C-250 GP-g 1g5B
G¡{Ð C-258 çPgR 1959

123

lHax.Spee-d lSpeetl Co'-,f . l,lax.
LI

r---------t-----_ -----+------__+----1 60 | 1.2845 I 14652'7 t 6
1.2845
1.2945
1 .32A"7
1.4821+
1 ,2845
1._3918
1. 3918
1 .31¡6 6
1.3918
1. 39 1B
"1. 39 1B
1.3918
-l .3919
1.3849
1. 3918
1. 39 1B
1.4258
1.4258
1.4996
i.3918
1"3918
1.3918
1.3207
1. 3918
1.3918
1"39'lB
1,3918
i.3g'lB
1.3919
1"3918
1.39'.l8
1.3918
1, 3918
1.3918
1 ,3247
1 .3207
1.3207
1.4924
1"4824
1, 4824
1.4454
1 " 3207
1 .3207
1.320-l
1.3207
1.320?

Besdinq
l{oment
(1b. in)

+-------l
ryn11+ r

Ax 1e
lrl ¡

--{
l6
l6
l6
t6
t2
t4
t6

6
4
6
6
4
t!
¿t

4
4
tl
{t
i+

4

2
4
4
4
a

2
)
4
4
t+

4
4
.tl

tl
i,
2
4
4
lt

4
2
2
4
2
2

l+

1 117 619
149004
15D957
297 668
27 4040
257931
2599tt3
287260
26Q280
260280
291 098
29471t
294Ð99
290860
292321
291132
277589
287 234
3t 7 252
310745
31 0219
310219
251 B82
296961
?.9 6961
?.9 1t 6e
29 3130
261794
268975
267 587
27 92Ð0
2'7 0488
27 99 16
297 41 4
28e8-32
2927"74
29 1971
298730
298730
2828A3
303920
264570
254923
25 3327
250345
2t169'76



Cont. TABT.E A-2

ITN TT

{mÍle,/hr)

fGHD C-263 GP-9 1959
1G,il.Ð. c-18/1 GP-g 1955
E.t{,D. 5343 GP-g 1954
E, FI. D. 5tl45 cP-gR 1956
G.11.Ð, C- 195 GP-g 1955"6
G. ¡[. C-214 GP-9 1956
ü. M. D. C-215 GP-g 1956 11
E.!!t,Ð, 5513 GP-gB 1957
E. t{. D. 5512 cP-qF-D 1957
8,ilt,Ð, 5511 GP-gR 1957
G" M, C-234 GP-g 1957
{;.M. t,-238 cP-9 1957,9
E.lvj.D, 5612 cP-18 1g6C
G,-M,.D" C-168 C-169 Gp-7 {4800"1q)
G.t1t.D, C-168 c-1,69 GP-? {¿+920,3 )
G. M, D. E-958-A4 cP-7 ',l 94g
E. i'1. D. 5365 GPg 1954
E. lf , D, 5444 cP-gF. 1956
E,tit.D. 5514 GP-g 195?

fn.[.0. 551û GP-g 1957
I E. ilt. D. 5558 cP-gR 195-7
E.ü.Ð, 5585 GP-9 1g58
8.flt.Ð, .561"3 cP-18 1960

G" t{t" c- 32 4 c- 325 so-4 0 1 q6 7, B
G.r{. c-328 .sD-40 1969

lc.¡{. c-330 sD-40 1g6g

I
I

i
I

I
I

I

I
I
I
I
I
I

1953
195 3

I

I

I

1

I

I
I

I

I

{

I

I

I

I

f,5
65
65
65
65
65
65
B3
65
65
65
65
65
55
r)5
65
65
65
{'5
65
65
B3
B3
65
65
55
65
65
65
65
65
65
65
B9
B9
B9
89
B9
89
B9
89
B9
B9
92
Y¿
92
92

| 1. 324-7
| 1,3201
I 1. 3207
| 'l, 32A7
I 1.32A7
I 1"3207
| 1. 320-7
| 1, 4454

1 .3207
1.3207
1 .3207
1 .320-1
1.320?
1 , 32A'7
1.3207
1.320?

Ë" flÍ, c-_333 sD-r+0 1g6g ,70,'11
c,Þ1, c-338 sD-40 197'l
G.t{. c-345 sD-40 1971
E.t-{"D, 7196 SD-40 196g
E.[![.D, 7221 SD-40 1970
E.¡,l,rJ, 7289 sD-40.',l970
G,Il. C"1B:3 FP9À 1954,5
G. I{, C-183 FP gÀ 1g 55
G. l{. c-217 FP-9A 1957
t. tit. c"230 FP-gA 1957
G, t!, c-242 FP- gÀ 1g5B
G.1{, C-182 9-98 195+,5
G.UI. C-182 F-98 1965
G. ,!1. C-218 F- 9B 1C6?
G.t{. G-231 F-98 1957
G,t{, c-243 F-g-B 1959
c.t.c. c-651-À cPA- 16-5 1954,5
t{.L"T{, SO.¡¡40? FPA-2 1955
¡[,t. IÍ. 440? FPA-2 1g55rB
lt.r.fi. s0.tl40B FPA-4 1q5B

1 ,3207
1, 320 ?
1 " 320-7
1 .3201
1 .32A'7
1 . 4451¡
1.4454
1.32A7
1 .3207
1.3207
1 ,3207
1 .320'7
1 .3207
1 .320 ?
1.3207
1.. 320 7
1.320?
1.4824
1.4824
1. 482 4
1 .4824
1.4824
1.4824
1.4824
1.482¿+
1.4824
1. 4824
1,4996
1,l+gg6
1.4996
1.1¿996

124

tl

Bend i-ng
Moment
{1b. in)

246949
27 8652
27 8493
280226
2824 4f:
269 51 1

2'l9 394
30 1 B2B
2't stt33
409184
2BA2A7
279652
27 7 9A9
26C844
252958
257 4Ð7
285237
28 39 50
28 53 86
284316
2852i7
31 1669
312330
262835
261825
26?.164
2621 64
2621 64
262835
262835
247 97 1

2t11971
247 9"71
323618
323618
3tt 623B
325274
327 4e7
3237?_l
323773
323'162
324818
324262
3071 3C
333475
-335084
3345s2

Àx le
Nr.

4
4
4
4
2
2
2
4
2
b
6
6
6
b
6
6
6

6
4
q

4
4
2
4
4
2
2
J¡

5
4
a
L

2

4l
4l
I¿I
4l
4l
4l
2t
4l
rtl
3t
4t
4l
2l
4t

I

I

I
I

I

I

I

I

1

I

I

I

I

I

I

I

I

I

I

I

I

I

I

N

I

I

I

I
I

I

I

I

I



Cont. TABI,E A-2

UNTT

t{,r. H. 4409 FPÀ-4 1g5g
c. L. c. c-651-B cpB- 16-5 1 954,5
H.L, W: SO,4504 FPB-2 1956
flI" l. T,l. q504 FPB- 2 19 55" B

È1.1,"fi. S0.4505 FPB-4 1g5B
Ivl.t"H. 4506 FPB-4 1g5g

f c,t!"Ð. c-138 s}¡-g 1952
E . tÌ. D, 40 45 S il-g 1952
G.H.C. 4178 SI{-g 1953
G,11¡. C. 4304 SId-9 1955
G,M, C-241 SW-12AÐ 1956
G.II. C-2'16 SW-1200 1951
G"Þ1,D. C-265 SI,¡-1200 1959
G,¡{.Ð. C-112 S[ù-B 195'.|
G. ¡{. Ð. C-125 SI^l-B 1951
G.H,Ð, C-173 Str-900 1953r4

G, t{. t-229 shr-g00 1957
G.t¡t, c-?.t+1 sI,I-900 1g5B
E. t{. Ð 442tJ SI,ü-900 1958

lG.t'Î , c-21t1 sH-900 195B
E,lvl.D. E-445 NId-2 1941,2
E. N. Ð, E-161 ÞIW-2 1946
E,It. C0RP. E-874 NÞt-2 19r11 ,g
H,L.W. SO-4105 S-4 1951 ,2
Atco 2085r+ s-4 1953

{ mile,zhr)

Iet,t. F. s0-4108 s-4 1954
AICO SO-20C59 S-4 1q55
Íf ,r.ü. sÐ-4110 s-4 1955,6
flt,t.w. so-fI110 s-4 1955
al,co so-209?? s-4 1955
ÀLCO SO-20978 S-4 1955
Atco s-1848-3005-3035 s-2 1941,2,
tÌt,L, fù, Dt{-556 s-2 1g49
M.L,t{, DI!-562 S-2 1949,50
Ar.co 2073 7 s- 4 1951
¡1.L,TC. SO.41'12 S-4 1956r7
Atcci so " 21 03 1 s- 4 1956
I'1.L.Íü. SO,4'113 S-7 1957
u.I. $. so, 4114 Ðt-41 0 1 95g
I*1.L.!1. SO.4002 S--3 1951,2
i{.T,,td. so,400? s-3 1953
M. L. F, SO. 4009 S-3 1 954

M"t,H" 412-3 Dr,-411A iq59
E.fg.D, E 958 A F3A 1g48
G,I{, E 958 B F3B 1gtr8

6, 't
I

I

I

I

I

I

I

I

I
I
I
I

I

I

92
92
92
92
92
92
40
40
40
40
40
40
40
40
4û
40
q0
40
40
40
40
40
40
40
40
40
40
q0
40
40
40
40
40
40
f+0

60
40
40
40
40
40
40
40
40
40
65
65

125

l{ax.SpêÊd lspeed Coef. fiax. f tlndsr
U I Bend.inglAxIe

I lllomiìnt- I Nr.
I (lb.inl I

1.4996
1.4996
1,4996
1.4996
1.49C6
1.4996
1.1465
1.1465
1.1465
1.1465
1 ,1465
1.1465
1.1465
1" 1465
1 . 14 65
1. 1465
1 , ',l465
1 . 1tl65
1, 1465
1.1465
1.1r+65
1. 1465
1,1465
1. 1 465
1.1465
1" 1465
1,1465
1.1465
1.1465
1,1465
1, 1465
1.1465
1.1465
1.1465
1. 1465
1,2845
1.1465
1 . 1{+55
1. 14 55
1.1465
1,1465
1,1465
1.1465
1.1465
1.1465
1 .3207
1 .3207

3¿r3190
313454
332û01
337 ?.27
_?33373
331355
231 1 46
23 00 61
22,97 98
2297 32
231154
2.30225
22e1 00
217111
21 61 82
21 33 BB

21 66A9
21BtJ75
232025
21 6346
232025
22988A
232C25
229880
214317
21 4031
21 4596
21 7c 49
21 4 366
21 5286
21 6363
21 65 44
214311
21832'7
21 8327
244305
213109
215919
21 6272
21'7 595
184036
185153
1 B 5523
217 875
23020e
2.64414
258529

4
5
4
2
2
4
4
4
4
4
2
2
tt+
4
rJ

tl
2
4
4
2
4
4
4
¿+

,r

lt'T

4
4
1t

4
4
4
4
4
4
4
4
4
4
2
ll

4
4
4
4
t4

4 ì.i



Cont. TÀBLE A-2 lr

I t(mi1e,/hr) | U lBcndj-ncrlAxl¡EI I I I {oment lNr:.
I t I I ll.b.in)__-------+ +_________+________+___-__{G.M. E-833 F3A 194g
G,M. C-114 t'7À 1951
c.11, c-114 y7B 1951
G. t{. c-13? F7A 1951 ,2
G. M. C- 137 F7B 1951,2
G. H. C-145 F-7A 1952
c.L.c, c-625 1952
c"t.c. c-625 cFB-16-4 1952
c,L. c, 9312,148t12 G.8.752 1952,3
t{"t. tù, D,l{"568 F-1500 1950
M,t. H, SCI 440CI F-1600 1951
M.L.W, SO 450û F-1600 1951
II..t.ht. so 4402 r'-1600 '1952
H.T,"T,i. SO 4501 F-1600 1952
M.t, til so 4403 F-1600 1953
G.'tifn c-313 GP-40 Tc 1966

I 6s¡
I 6sl
I 6sI
I 6s I

I 6s I

T 6s I

I ?0¡
| 70 I

I 70 |

t 7sl
I 75 1

I ?si
I 7sI
I 75 1

I ?5 I

I 83 I

1.3207
1 .32.07
1,3207
1.3207
1 .3207
1,3207
1.3566
1 ,3566
1.3566
1.3919
1,39'lg
1. 39 1B
1, 3q 18
1.3918
1"3918
1"4454

2.60074
259202
264856
2615'19
259262
2V B4 =o3
2 90860
284993
2907 47
2947 1A
288386
287?86
29 5541
2941 10
29 55tr1
324458

,t

4
,t

lr

4
4

4
4
4
4
4
4
4
¿t

4
4
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tlnit or, I lletrìc I Anqlo-Amerícan I Sf
Ph ysi ca1 te rm I I I

I ltonne ) I

| 1 short ton I 907" 1 85 kq
ll kq
t11b

I

| 0.4536 kq
I

I
| 1.6093 k¡n
I

1 30,4 800 cm
| 2.5400 cm
I

t

I

I
1 ins (modulus I

of sectìonl 116.3872 cn,B
'l cm3 { tt ) I

I

I
1i.n+ lmoment I

of inertia) 141,1522 cm+
1 cma I " ) I

I

I

1 nile,zhr | 1,6093 km,zhr
l km,zhr

1 1l¡. in {bending
lnoment)

1 kg. ctlt
1"1521 kg.cm

1 lh/ínz
{stress }

1 kqlslgz 1 it )

'l bushel

Ð.0?03 kq/.*n

35.2381 litre
35238.0 cm3

1 mile
1kn
1ft
1in
1em

fÀElI-À:3
convÊrsion f actors of uni ts of the physi.cal trìrms r:se d in t h+ s,irr,3v:

2040 1b
2.2046 1b

C , 6214 uril *

0. 3937 in
0 .032 B fr

0,0610 in¡

0. 0240 ì na

Q ,6214 mile,/hr

fJ " B6B 0 lb. in

14,223 3 1b/inz

B dry gallons
1.24456 ft3
2154.42 in3

---------l
I

I

9. 80 69 newton
4. ¿t484 newton

0.1130 *e¡¡ton.mêter
0,0981 nevton.meter

6 895 nswt.onlrnetere
9 8069 newton,/n*terz
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