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ABSTRACT

At the present +time, several problems confront *the Canadian
Rzilways development, which demand the full understanding of the
stresses in the railway track. The analysis of these stressas is
of a particular difficult nature and simplse practical methods are
alwavs needed., The lack of publications in Canada about some of
these procedures and their use in solving some Canadian planning
and design difficulties, brought about the necessity for a
self~contained guide on that concern,

Some of the prchlems confronting the Canadian railways today
and in the future, and the use of the study of the track stresses
in the proper decision-making for a sclution to these probleas,
ig the subdect of Chapter 9, the last chapter., It is to be
pointed out, however, that of necessity, this study has been
1imit=d in 4i+s scope, and only some obvicus examples have bhesn
studiad as fully as possibls. Chapter 8 illustrates the applica-
+ion of +the track stress analysis to a specific problem ralated
to the grain movement sconomv in Canada.

The other parts of +this thesis deal with the theoriss and
the procedures for estimating the railwavy track stresses. Ths
research 1in this field has been far more advanced and dynamic in
Fnrope than in North America. In the last four decadss, for
example, seriss of publications have appearsd in Germany which
deal with these fundamentals and which conclude with useful

formulas. Some of these have never been introduced in North
America, althouagh they are noy in major use in the European
Railway administrations. After a presentation of various

theories and formulas that have been known since thes beginning of
the railwayvs in the world, and brisefly dealing with the theorst-
ical and experimental analysis, in Chapters 2 to 6, Chapter 7
discusses the technical svalnation of the diffsrent procedurss,
and comparisons are made between the different methods. A useful
table 1s established in the appendix for the convenience of the
planner or designer, to give calculated values according to the
recommnended formulas. Chapter 2 deals briefly with a simplifiezd
elastic model of the track system as a basis for Chapter 3, which
discusses the vpractical procedures of estimating the static

bending moment exerted on railroad tracks. Chapter 3 also
inclundes a historical review of +the development of these
technigues.

Chapter 4 complements Chapter 3, as it considers the dynamic
effects resulting from train motion and vibration, which must be
added to the bending moment equations presented 3in  Chapter 3.
Following +he +theoretical and imperical models in Chapter 3 and
Chapter 4, Chapter 5 presents the analysis of stresses in each of
the railway track elenments. Chapter 5 also includes sons
relationships betwesn different properties of the rail section,
which may be useful +to the railway enginser,

In Chapter 6 a brief discussion of the use of experimental
technigues is presented with broad emphasis upon experiments that




1ead *to successful experimental stress analysis

This studv, in ageneral, can be a useful qulﬂw for both the
practicing engineer and the student or rssearcher in ths subiisct
of stresses in railway tracks and its application +o the Canadian
Railwav problens.
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Railways belonrng to the early technologies which
founded +the massive industrialization of western
Europe and play=d a maijor rcle in the development
of North America. From a status of near-monopoly
until the beginning of this century, railwavys
have bean relesgated +to only one among several
competing modes of transportation. This drastic
change which came about as a result of techrolog-
ical ipnovation, has been recognized in Westsarn
Burope and Japan over the past 20 vears, but - as
we shall ses - has yet to be faced up *o in
Canada.

- J. Lukasiewicz in The Institntionalization of

1. . Geperal Considerationsg

The near future of the Canadian Railways is most 1likely +to
he full of activitv. The expanding economy of Canada has called
upon those in control of railrocads and other forms of transport
to exert every effort to meet the demand for carrying freight and
PassS2ngers. |

Railways are the most important means of surface transporta-
tion in agricultural~industrial ¢ountries such as Canada.
Despite the growth of other modes of transportation, all indica-
tions point to railroads as continuing to be the backbone of the
+ransportation industry in the future of this countrv. The
dynamically developing railroad industry, in keeping pace with
the current Vstate of the art?, serves fhe growing economyvy and

population of Canada. For this reason, the decisions of design




and practice must be based on full economic costs, and modified
only where safsty governs,

The steel whael on steel rail, which is the principle of

1]

gquided surface transport, has four elements 1in itj; +the track,
rolling stock, traction, and signalling., In all of these four
elements of basic railway endgineering, thsre are indications that
a basis for modernization s&xists in Canada. The practibes and
procedures now in use are not the ultimate, for every Dhase of
railroad engineering is subdect to further study and improvement.
However, the guestions involved in the development in +the first
three of the elements mentioned above, are still basicallys

{a)ywhat rail speeds can Dbe attained and what will they
demand in track elements, rollinq stock, and traction ?,

{b)what rail tonnages can be carried and what effact will
thev have on track =lements, rolling stock, and traction ?

The answer +o +these two gusstions is deeply related to the
understanding of the stresses exerted on the railway track by the
weight of the rolling st?ck, and the effect of the speed on such
a stress. Thus, the study of these stresses forms the madjor part
of the work repotted here.

This study mav furthermore be of particular interest at the
presaent time, as the discussion ¢f the national railway policy
has been gaining monentum in Canada. Daily reports spsak of:

- The railway electrification nf the Canadian main lines,
- The constant tendency in railway practice to increase the
loading and the spead,

- The overloading or overstressing in some railway lines,




- The speed limitations or restrictions in certain railway lines,

- The inttrodnction of passengsr fast service trains,

- The abhandonment of the 1light branch lines,

- The relocation of some railwav linss,

~ CP Rail's granting 1/2 nwmillion dollars £for +ftrack structure
research,

~ The placement of the fi:st reinforced concrete ties in Canada.

- The introduction of +he LRC {Light,Rapid,Comfotable) train in
Canada, usinq 1ight alloys in ‘the structure of locomotives and
passenygar cars.

- The introduction of the Grain Hopper Aluminum Cars.

Thus, a major part of this thesis is devoted %to bringing
together the information available in the world on track stresses
and related problems, and show how this information may b2

applied to Canadian problems.

2. _Track Elements Considerations

The entire subiject matter 4is emmanently suitable for a
comprehensive treatment, which is the aim of the present work,
The track structure of todav is the result of vears of experience
and of trial and error. The railroad track as a complete
structural unit has nect svolved through any procéss of straight
forward design, unlike other branches of structural enginesring,
such as, bridges and other stsel structuraes, for instance. The
nndetermined character of +the track components largely account

for thig situation., Very little is known of the strength and

v




forces in a roadbéd. What dis known, indicates some lack of
uniforrity in its strength, and cther characteristics. Ths sans
holds +rue for +he ballast. The ballast consists of randonmly
arrange 4 stones with only limited grading, Qithout any matrix or
filler to keep esach stone in constant relation to its neighbors,
The ballast provide support to the tie by a verv rudimentary form
of mechanical interlocking of the stones themselves, which brinags
point-loading, friction, and indeed the shape of the stones into
plav. This interlocking slowly breaks down under traffic.
Furthermore, the endless variations ir the nature of the subgrads
and the ballast materials, the methods used in their construc-
tion, the different topographical situations, the differences of
rainfall, snowfall and drought from place to place and from vyaar
to year, leads to uncertainities which are not surprising.

Concerning the tie pressures distributed to the ballast and
subgrads, it is known that ties possess the variability of all
wood and are subject to further changes with weathering and use.
The non-uriformity of ballast sections furthermorzs makes *tis
mechanics indeterminate.

The rail itsalf is difficult to analyvze, especially in view
of the non-uniformitvy of support and variable loading aprlied to
it. Another great difficulty of railrecad structure, is that ons
must deal with moving loads, especially with two leocad~kinds: the
repeating load and the shock-type load. The effect of thess
loads can only be understood with great difficunlty. Although the
wheel loads of stationary vehicles are known gquite accurately,

thev can only be estimated approximately for vehicles in motion.
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Thns, uncertaint§ already prevails with regard to forces exerted
upon ard siresses induced in the rails. The determination of the
stresses caused inm +the rails by the various forces, however,
depends on values which fluctuate within wide 1limits and in
certair cases are known onlyv by their order of magnitude., This
applies especially to the elastic deflection of the tie caused
nnder the vertical loads transmiited throught the rails.

Bearing in mind all the difficulties reported above about
+he railroad track stress analvsis, cne can understand not only
the difference between the railroad track and any other enginser-
ing structure, but also the great uncertainty prevailing in ths
railway track structure wvhen the actiqn of its =saveral elements
work as a complete structural unit,

A great deal of research has been done on the difficulties
mentioned above, and while many theories have been put forth, the
majority of them have not bean recognized as wholly applicable.
In addition, the computation methods should be as simple as
possible for practical applicaticn. The lack of information in
the <Canadian 1libraries about scme of the computation of the
railway track stresses was a motive for the present work. The
primary concern of almost all papsrs published so far on the
subiect in the United States or Europe has been restricted to the
consideration of the technical details. In the presert work ,
however, a vwidsr horizon is attempted and the practical use of
this information is illustrated.

This thesis is therefore designed, not to fill a gap in the

experience of the line-engineer, but for all those concern=ad with




practical work in the field of concern in Canada, specifically
the planners and designers who are responsible for the improve-
ment of our railway network., Moresover, in dealing with fthese
factors, +the +thesis will point to the direction in which
subsequaent research may continue. Most of the problems of track
stresé analysis are dealt with from a practical viewpoint in ths
1ight of the most up-to-date knowledge available, in addition to
the development of this knowledqe. Furthérmore, seome problems
confronting Caradian railways today, and in the future, and ths
use of the study of the track stress- in the ©proper decision-
making for a solution of these problems, is the secondary concern
of this work.

This study concerns itself primarily with standard gauge
railwavs, rails with expansion djoints over wooden or .concrete
tises, The 1loads considered are only the vertical loads on the
track elements. The study deals only with the track superstruc-
ture {rails, +tiss and ballast) in addition to the vertical
pressure distribution on the subgrade underneath. The form of
the +track discussed is the intercity rail transport track. The
effect of the traffic volumé'on the stresses igs left for other
papers and research.

Ir +he course of +his work, maior help was derived from the
numerocus publications on the subiject in the United States and
overseas, including several monographs in German. In attempting
to form a comprehensive unit of all this material, it has Dbeen
found convenient to state the units of the physical terms used in

the study in the two international systems of units according %o




precise conversion factors. Howéver, for the conveniance of the
reader, a conversion tabls 1is vprovided at +the back of the

Appaendix, especially for the compound terms, such as bending

e

moment, stress ...ztc, It is important that the reader notice
that the unit of waight "TON", 1s meant in Furops as 1000
Kilograms, while in North America it is 2000 Pounds.

In the Mathematical ¥Wotaticn of this text, two minor depar-

tures were made from the existing practice, in that Greek letters

were avoidéd and also that subscripis were not used, The nesd
for this arose from two facts;

{1) the =entire manuscript was filed and printed by ths Computer
and these characters are not available in its editing facilities.
{2) the variability of the notations used by different engineer-
ing backgrounds.

The use of the English letters, whéther individually or compound,

however, was found *o be a simple and effective way to achieve

the purpose.




CHAPTER 23 _PRELIMINARIES

The analvsis presented in this charpter is restricted to the

analyvsis of beams c¢f unlimited length {the infinite beam), and
loading is.restrictéd o that of concentrated loading. The above
restrictions are impossd because they are the closest theoretical
assunptions +o the reality of the case of rolling stock loading

on a railway track. 1In addition, a brief analysis 1is given at

the end of the chapter for beams of finite length with free ends,
which are loaded by two symnetrical forces, as is the case which
exists in a tie under the action of rail pressure.

Another assumption which is important for the mathematical

aralysis, is that the elastic foundation is continunus(2? ,so

that when the bean is deflected, the intensity of the continuous-
1y distributed reaction at any section is proportional to the
deflection a+ that section, Mathematically,

p=k.¥y

(1)The material covered in this chapter is fairly standard
nstrength of Materials® +text ©book dinformation. It was found
conveniant to report it here,because of the extansive dspsndence
- : of the following chapters on this theory.
(2)7he consistency of such an assumption with reality is dis-
cussed in Chapter 7. :
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b is +he constant width of the beam {(in or cm)

The well-known differential equation of dsflection

applied is {37z

BI a4V/dX4 =q 00-0012“1)
where,
B is the modulus of elasticity of the bsan

T is the moment of inertia of the beanm,

dx is the distance between two vertical cross sections on
the beanm under consideration.
Tor an unloaded portion of the beam, the only acting force will
be a continuously distributed reaction from the foundation of
intansity kv. +then g =-kv where g is the intensity of the load
acting on the bean.

Hencs the eguation ({2-1) becomes;

EI a!’V/qu =‘3,§V I EE R {2_2)

and represents the deflection curve of a beam supported on an
elastic foundation. The general scolution of Eguation (2-2), <can
be derived using the boundary conditions which were intrcduced at
+he beqginning of this chapter as restrictions, which are shown in

Fig. {2-1) below.
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Y

Y

A sinale concentrated load on an infinitely
long bar, taking the origin of the coordinates
at the point of avpplication of the load

P/2
Only part of the bar +to the right of the load

need to be considered, due to symmeiry.

Fiq- (2"’1) X
A single concentrated load on aninfinitely long bhar

In this general solution, ths deflection can be, finally,

represented by 111,121,731z

-vX
v= {P.v/2k). (e }. (COos vx +sin vXx) evees {2-3)
where,

Y Py
e is the exponential.
Taking the successive derivatives of y, with respect to x in
Equation (2-3), we ohtain the expressions for the slope(s), the
bending moment (M), and the shearing force(Q) on the right side of
the bean ass
-vx

dV/dX“ s == (P.Va/k) - (e )o (Sin VX) ee e e (2""')

1"




~-VX

-FI,42y/dx2= M =(P/4v).e . {cos vx-sin v¥) seeee [2-5)
and

-V
~EX.d3y/4x3= Q =={(P/2).e . COS VX s s es {2=56)

In order to makas the <calcnlation of deflections, bending
moments, and shearing forces as simple as possible, we introduce

the symbols:

-vX

Bt = ¢ (cos vxXx + sin vx) venes {27
-vX

B2 = e . Sin vx svsas (2-8)
-vX .

B3 = e {cos vx - sin vx) senss {2-9)
-vX

Bl = e . COS VX evese {(2=10)

Hence, Equations (2-3), (2-4), {2-5), and {2-6) can be written as

y = (Pv/2k).B1 senres (2-1T1)
s = {Pv2/k).B2 seree (2-12)
M = {P/8v).B3 seaee {2-13)
0 = —-{P/2).B4 ceeans (2-70)

In order %o facilitate the application of the four functions of
v, {81, B2, B3, and B4), numerical tables were first given by
H.Zimmermann 11,727,731, in his principal book on this subiject
267, These *ables {or a computer programme) can be used to
calculate the values of the stresses in the track due to train
static loading. However, in the third chapter of the thesig,
much gimpler techniques will be introduced for determining such
stresses.,

Egquations {2-11), (2-12y, {2-13)y, and (2-14) each have a
wave Fform with gradnally diminishking amplitude, as shown in Fig,

{2-2). The 1length a, of these waves is given by the period of

12




the functions cos vx and sin vx [27. i.e.

a = 21’"‘ /V = 21;1' ‘JuEI/k onoo'(2‘15’
P
—_—X
qaen - (17014 74 P -
— g
(a) ﬁ_‘l Y'—‘L—zk B1
\ +
. Pv g2
S=-
(b) iN—§ — "k
) L m N /—.\_1 - P
(c : ~— M_-Isz

ta__

Fig. (2-2)
The deflection, angle of slope, bending moment,
shearing force, diagrams of an infinite beam on
elastic foundation, under a single concentrated

load.

Infinitely close to the right of the point of application of the

load (x = 0), we have the values:
v = PV/2K ceees (2-16)
s =0 sesee {2-17)
M = P/Uv seses (2-18)
0 = ~-P/2 ssess {2=-19)

The deflection, bending moment, and shearing force which appeared

13




above in (2-16}, (2-18), and (2-19) are seen to be maximum
values.

Further points to be observed, are the characteristics of
the functions B1, B2, B3, and B4 in Equations (2-11), (2-12),
{(2-13y, and (2-14) respectively. 1In Fig., (2-3) the functions B1

and B3 are shown graphically 27,

-0.2 -

VX

002

0.4

B1and B3

°.6

0.8

+ 1.0

Fiq. (2"3)

Graphical representation of the functions
B1 and B3 for +he determination of the deflection

and the bending moment of the bean.

Given that n is anv positive inteqer, the zero points for B1  are
locatad at vx = (3/4 +n) T for B2 at vx = DT - for 33 at vy =
(/4 + nYyqpr , and for B4 at vx = (1/2 + n) gy Similarly, the
extreme valuses (maximum or winimum) of +these functions are

located, for‘B1 at vx = DT, for R2 at vx = (1/4 + Ny » for B3

14




Ineahatead = - = b el i e Tl 2

at vx = {1/2 + “)TT , ard for B4 at vx = {3/4 + D’TT .

These functions are rapidly décreasinq in amplitude. When
vx > 1'5TT , the value of any of the four functions is less than
0.01 . This means if the beam is supported for a distance x = #
1.STT /Q from the point of application, the load will have only a
small effect on the formation of the deflection line after this
distance x, 1i.e. a beam of the length L= 344 /v loaded with a
coﬁcentrated force b at the middle, will have approximately the
same deflection curve as the infinitely long beam shown in Fiqg.
(2-2y, This indicates, then, that it 1is ©possible to analyze

railway track using infinite beam theory.

From Equations (2-11, (2-12), (2-13), and (2-14) it can be
seen that v, s, M, and Q are directly propeortional to the load P.
It follows therefore, that the "principle of suvervosition® and
the "reciprocity +*heorem" are directly applicable to the systen
1. Tt is significant for studies of stresses in track that the
reciprocity theorem applies to deflasction, angular deflection,
bending moment, and.shearinq force, particularly for the applica-
tion to particular problems, when, in addition to the lateral
forces due to wheel loading, axial forces or twisting moments may
act on the beam., If we have forces P1, and P2 acting at points 1
vand 2»reSpective1v, it is apparent either from the curves or from

the equations mentioned above that:

15
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v1,2) = (yv2,1),
{s1,2) =%(s2,M),
(M1,2) =+(m2,1,
(01,2) =+(02,1).

whers,

&

vi,2y, {s1,2y, {(M1,2y, and (01,2) are the deflection, the slops,
the bending moment, and the shearing force at péint 2 due to a
force P1 acting at point 1.

and

y2,1, {(s2,1Y, (M2,1), and (Q2,1) are the deflection, the slope,

+he bending moment, and the shearing force at point 1 due to a

forca P2 acting at point 2.

Thus the curves of v, s, ¥, and Q in Fig. {2-2) ars at the sane

~time "influence lines" for v, s, ¥, and Q.

The Approximaticn in the Thecory

The forasgoing analysis was entirely based on the assumption
that +he elastic foundation is continuous, so that when the Dbean
is deflected, the intensity of +the continuously distributed
reaction at any section is proportional to the deflection at that
section., Very seldom, however, does it happen that +the founda-
tion is actually constituted in this wav.

A serious objectior <c¢an be made to the simplifying assump-
tion on which this slementary theory is Dbassd, because it is
obvious +that the reaction ¢ of the foundation on the beanm does
not depend upon thé local deflecticn v alonpe, but is also a

function of all the other deflections of the foundation surface

16




occuring at+ that moment. Riot T[41 attempted ¢to aqive a more
comprehensive solution for deformations, takindvinto account this
aspect, - -He carried out analyses, based on assumptions of a
two-dimensional foundation and of a three-dimensicnal foundation,

Fig. {2-4) a, and h.

|
| ’/////////////'y/////////g& o

(b)

Fiq. (2"“)

Graphical revresentations of a two-dimensional

foundation and of a threse-dimensional foundation

The two analyses of Biot  differ quite fundamentally fron
one another. From the analvysis of two-dimensional foundation ,
the maximum bending moment was found to he proportional to the
one-third power of the beam stiffness EI, while from the analysis

of three-dimensional foundation it was found proportional to the

17




0,277 power of +the sams gquantity,

The maximum bendinag moment by the use of the approximate
theory of Winkler and Zimmermann was found earlier in this
chapter to be proportional +*o +the 0.25 power of BRI . This
bending moment is, howsver, close enough to the results of Biot's
exact theory for three-dimensional foundaticn, whereas it is not
in agreemnent with the exact theory for +two-dimensional

foundation,

Beams _of Finite Lengih

An aspect of importance in the study of stresses and
deformations in +track is the special case of a beam of finite
length having free ends, which is loaded with two symmetrical
forces P, Fiqg. (2-5-a). The described condition exists in the
case of a tie under the acticn of rail pressures.
| The solution for stresses in a finite besam can be obtained
by solving the bending eguation., Alternatively, and more easily,
a solution can be obtained using the metheods of superposition if
the system mav be assumed linear. Thus, as shown in Fig. {(2-5-3
and b), the infinite beam eguation can be used if the appropriats
eguivalent force~couple systems are placed at points A anrnd B, the
end points of thé finite bean.

Thig is a straight forward procass and, hence, no further

detailed description is <dustified here.
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Analysis of a beam of finite length

using the metheds of superposition

The theory presented above in this chapter, with its two
special casss of interest, was the key for all the Tresearch
conducted in the area of railway-track stress-analysis. As we
shall see in the following chapter, further simplifications fof

the 1use of the theory in railway enqineerind had been introduced

over the yvears.
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CHAPTER 3: ANALYSIS OF STATIC BENDING

MOMENTS AND DEFLECTICONS_IR_TRACK

The analyvysis of bending moments and deflsctions in a railway

(H

+rack has been developed over several dscades., One early

A

assumption, in which +the 1rail is considered as a beam on a
continuous elastic foundation, has besen common to all the
succassful investigations. This brought about the applicability
of the theorv reported in the previous chapter *to the analysis of
railway track. In the present chapter a review of the relevant
literature is presented. The two calculatiocn procsdures current-

ly in use are presented thereafter.

1l.Review of Literature

The analvsis of stresses produced in rails has attractad the
attention of engineers ever since the first railroads wers built,
In 1817, Barlow [5] wrote a book about his own "Strength of
Material Experiments", in which he described his 2xperiments with
iron rails to measure the deflections under rapidly moving 1locads
for the  first +time and compared these measurements with static
results. He considered the rail as a beam on two supports and so
{PL/84) was the value for the maximum bending mnmoment T[57, In
1867, E. #inklerf 277 published a book on the strength of

materials , in which +the bending of a beam on an elastic
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foundation is Adiscussed for the first time and the applicability
of the theorv to the analysis of stresses in railroad tracks 1is
indicated. The wvalue of {0.189 ©PL)Y for the maximum beanding
moment was found. The formula of Winkler was scientifically
rigorous within +he assunptions made, and it survived for over
one hundred vears, inspite of a number of objections raised
against it. The ma jor ob-dections were, [6171:

1.The support points Wére not fastened, as he assumed, but
deflect under the load,

2.The distances of axles are in reality not egual and not as the
calculation prasumes them.

3.0ften, in practice, the sizes of the axle loads are not egual.
Therefore, when calculating the Dbending monmnent, =2 different
influence of one axle load on another exists.

#inkler was the first +to introduce the assumption that the
reaction forces of the foundations are proportional at =very
point +o +the deflection of +the beam at that pvoint T17. This
assumption, a few vears later,‘formed the basis of H.Zimmermann's
classical work 1261( published in 1888) on the analysis of +ths
railroad track stresses. Zimmermann prepared tables for simpli-
fying the Winkler anralysis of a beam on an elastic foundation and
applied the theory in calculating the defléction of the tiss and
the rail, whichk he considered to be a continuous beam on =slastic
supports., ®ith conventional distances bstween the ties, the
vertical rail lcad was distributed over several ties so0 that the
isolated elastic suvpports ceuld be replaced by an equivalent

continuous =lastic foundation. In Zimmermannr and Winkler?s
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theoryv, although soil was thought to be the chief supporting
medium, and the theory applied by Zimmermann mainly to railroad
tracks, it was later found that there were other fields where

their assumptions were much more applicable. In particular, two

other fields of application, were successful; the first "was.

concerned with networks of beams for floor systems of ships,
buildinas and bridges, and the second dealt with thin shells of
revolution for ©pressure vessels, boilers, containeré,'and rein-
forced concrete halls and domes of large spans [17. The theory
held riqgidly for these other aoplications: but the railroad track
application had to be considered as only a ‘Wpractical
approximation". |

A. Foppl, in 1898, published a work on one of his classical
experiments {281 , from vwhich i£ was proven, that for.a large
variety of soils one important assﬁmption of Winkler‘é is .true,
that the foundation deforms only along the portion directly under

loading.

Fig. (3-1)
The foundation d=forms only along the

portion directly under loading.

In 1899, A. Wasiutynskil51 devised an optical method for stress
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analvsis and succeeded in geiting photcgraphic racerds of bending
strains and deflections in a rail under the wheels of a moving
locomotive . He had a book published on the elastic deformation
of track 7291.

In 1813, the train administration of 0Oldenburg, Germany, put
forth a proposal to introduce a unified and simplified standard
calculation method of track supersiructure work. These efforts
vere intérrupted by the First World War. On the basis of
experiments carried out by the Netherlands Railways in 1923, the
railroad administration began to use the so-called axle formula,
in the calculation of +the +track superstructure. The basic
assumpticn for the seiting up of +this fcrrula was that the
cross-tie in +the 1unloaded fields was not regarded as besing
present and the *track in this 1region 1lifted itself without
welaht, Although the VNetherlands formula vielded a maximun
bending moment of 0.1875 PL, which is very closs to the work of
Winkler and Zimmermann, the results of the Netherland Railway
axle formula remained unsatisfactory for the following <reasons
ré61.

1. The influences of one axle load on the actions at a
second point are not equal to those of a second load on the first
point, since the two loads themselves are unegual.

2. Not considering the deflection of the cross-tie, led +to
assumptions which were siagnificantly inconsistent with reality.

3. The effect of the neighboring loads on the moment
appeared small as compared to the results of actual measurements,

After the war, in Germany again, in the  meeting of the

23




Tachnical Committes in Heidelberqg, 1922, it was decided to
further pursue the problem. It was determined that one had +to
reqard +he unified +track super-structure calculations through
experiments; that is, one could not approach the problem of track
super-étructufe calculation with thesory alone. Str@ss measure-
ments were carried out by the Netherlands Railroad and the German
Railroad Administrations of Dresden, -+dointly. The results were
reported in September 1930 [67. The =experimental results were
not a success, but they indicated in which direction the research
had to continua., The following points were recognized (612

1. The stresses of egual axle loads in different positions .
diverge essentially from one another and it is to be taken aé
certain that the basic reason for this divergence is to be fonund
in the reciprocal influsnce of the neighboring axle loads.

2. The reciprocal influences of the neighboring 1loads are
much greater than +that which had been calculated by all the
previous methods.

3, The influence of various cross-tie distances on the
track stresses is significant, A variation of cross-tie spacing
changes considerably the prqfile of the reciprocal influence of
+he neighboring axle loads.

According to the resoluticn of the Technical Conmmittee of
. September 1930, it was decided to investigate the determination
of +the *"modulus of foundation®. The work was carried out by a
joint-committee of the railrcad of the Netherlands, the MNational
Railroad of Switzerland , the German Central Train Office

{Reichsbahn) of Munich, the German Train Administration of
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Karlsruhe and the German Central Train Office of Berlin, known
collectively as the United Middle European Train Administration.
For the standardization of their experiménts, éhev aqgreaed on a
vehicle, which had been designed by the Netherlands Railroad, and
the track slements were standardized as well. Through experi-
ments, in which the investigatcors set up extensive measurszments
for the investigation of modulus of foundation, Mk1", it was
hoped to attain a certain basis for the track-superstructure
calculations. In these hopes they were disappointed, since the
peasured value of k1 oscillated batwsen gide limits: namely,
between 5 and 40 kgs/cm3 {181 - 1445 1b/in3) . Indeed, the k1
value 1in even apparantl? similar ballast and subgrade combina-
tions proved to be very different. Thug, it did not seen
possible , according o these nmeasuremnents, to éssiqn a‘definite
mnodulus ¢f foundation for a qivan track section. The fnited
Middle Furopean Train Administration recommended, therefore, that
*he so-called axle- vposition formula, be used., This formula
completely disregards the slastic deflsction of the track and in

distribution, rests upon fully arbitrary

n

reqard to the sitres
assunptions. ®With this decision, however, as Schramn states 117
"the babv was thrown out with the bath-water® , VNormally, during
experimentation , when one gets different results for similar
cases, the experimentsr should set é range of valid values rather
than switching +%¢ another +theorv , which from the heginning
neglects accurate assumptions. Measursments, in +the meantime,
have proved that the axle-position formula does not accurately

attain the true stresses, especially in regard to the influsnces




of the neighboring axles.

The German Train Administration {Reichsbahn) at this timse
did not introduce the axle-position formula, but instead intro-
dnced +the calcnlation procedure of Jashn, which can be regarded
as a simplified calculation of Zimmermann 7147, (111, 7121, {157,
Jachn's procedure satisfactorily agreed with the latest nmeasure-
ment results at that time 7117, 7141,

During this period, the well~known structural engineer,
Stephen Timoshenko, had already published in Zurich his paper on
the snbject {71. 1In his work, he followed Zimmermann's analysis,
indicating a rsmarkable adgreemsnt between the calculations and
the experimental results, Timoshenko's experiment was really
more of an inverse problem, i.2. the calculating of the vertical
forces vproduced bv locomotive wheels on the rail provided that,
@ither the deflections or the stresses in the rail have been
determined by experiment. The difference between the sum of the
calculated forces and the actual weight of the locbmotive usa4d,
never exceed2d 8 percent [77. Timoshenko had also been the first
to extend +the simplified thecry of %Zimmermann for the Russiarn
railroad system in 1915 {57, Zinmpmermann's analysis was also used
on the Polish railroad svstenm bv A. Wasiutynski 57,

In the United States, Timoshenko continued his research on
the subiject in a study made by the engineers of the Westinghouss
Electric and Manufacturing Company. He published a major papsr ,
co-authored by B.F, Langer in 1932 I87. A few vears earlier in
1913, the lack of knowledge concerning the track structure had

been recognized in the United States. As a result, a djoint
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committee under the auspices of the "Amsrican Railroad Engineer-
ing Association®, "American Society of Civil Enginsers?, and the
“Association of American Raillrcads", was formed to study the
action of the track as one unit and the action of each of its
compohent elements individually 797. The Committee carried out
their resesarch under the leadership of Professor A. N. Palbot,
The Committee 7teported its study in seven progress reports, the
first of which wasvpublished in 1918 and the last in 1941 7307 .
The study of the special committee of A.R.E.BA., A.S.C.E., R,.R.A.,
however, added almost mnothing to the theory of Winkler and
Zimmermann, but it was successful especially din obtaining the
most stable values for the foundation constant, k¥, for differsnt
cases {lst and 6th Progress Reportsf91,). Up *0 +the present
time, +the report of the said joint Conmmittes has been a valnable
design manual for the American Railwavys. |

Meanwhile, in Furops in 1935, Robert Hamker *trisd +to solve
the problem of the simulation of the rail to an infinite bean on
continuous elastic support, since the distance between each two
ties was belisved to violate the continuity assumption., In order
to solve this difficulty, Hanker imagined, for the sake of
calcnlation, a turning around of +the <cross-tiss *o form con-
tinuous longitudinal ties. Hanker's analysis is worthwhile to be
refered to as a "hesign Method¥., He titled his publication,
"gniform Longitudinal Calculation of the FRailway Track Super-
structure " 311 . His work also appearéd in two other publica-
tions 61, 71017,

A consegunence of the information im the review so far
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presented, 1is that there are only three methods for track
super-structure stress calculation 3 one by Zimmermann, ons by
Jashn, and a third by Hankér. The method which was introduced by
Jaehn, is currently being used in parts of Europe {especially in
Germany) (141, 7117, This method was introduced later to the
Middle East as well [127. The other method, which conld be
referred to as a "more direct application® of Zimmermann's
apalysis, 1is currently being used in Worth America {97 and parts
of Europe, In the next sections , a presentation of both Jashn's
and the Joint Committee's nethods is made, and then later,
Chapter 7 will deal in greater depth with technical comparisons

between the two nmethods.

2.- The Method _of The_ _Joint _Compittee {A.R,E,A.,A.5.C.E,,and

e T 2 e s e e it e, e T i e s o e e e St s PSL AN A

As was mentioned sarlier in this chapter, the method of the
A.R.,E.A., A.S.C.E.,, and A.A.B., Jjointly , which is being used 1in
some parts of Europe as well, is no more than Zimmermann's
method, with straicght-forward simplification to make it practical
for the railroad enginesr.

The special committee on stresses in railroad track of the
A.,R,E.,A., A.S.C.E., and BA.R.A., hadvqiven, as results of experi-
ments, values'for +he foundation constant, k, for varicus typ=zs
and depths of ballast, The valuss of k¥ and the corresponding
description of ties, roadbed secticn, and rails are given in

Table {3-1) below 79732
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the same notations which were used in Chapter 2, v, YV, and M are
the upward pressure per unit of rail length, fhe deflection of
the rail, and the bending moment at point of wh=el load where x=0
respectively, and P is the applied wheel load. The distance from
the wheel load +o the first point of zero upward hendinq is taken
as (x1), and the distance from the wheel load to the first point
of zero upward pressure (Zero deflection as well) 1is taken as
- {x2}. PFiqg. {3-2) shows the above coordinates plotted on typnical
deflection and moment curves extracted from Fig. {2-2) in the

second chapter c¢f this work,

X2

e~ X
1 *! i
1 1 1

Deflectibn and Pressure Curve

" Moment Curve

Single~-wheel load deflections

and bending distribution
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The derivation of the formulas used in the "Joint Commit-
tee's Method"™ are based or those shown in Chapter 2 {Eguations
2-11 and 2-13), namely,

vy =P . v, B1/2k

© and ' E'M = P . B3/4v .,
o fﬁese are the two equaticns representing the two curves in
Fig. (3-2) above, |

It was shown that the zero points for 31 are located at vx =

(3/4 + n) 1y, and for B3 at vx = (1/4 + n)qr -

Therefore, the distance from the wheel load to the first
point of zero moment, (x1), can be expressed as '
(x1) = qp/bv

wvhere

v =~J k/UET
or

and the distance from the wheel load to the first point of

zero upward orassure (zero deflec+ion), (x2), can ba cxpress=24 as

(x2) = (3/4 + O)qp /v ’

or

='(31-r 78y L8 URI/k

From Eauation (3-1) above, therefore
(x2y = 3(x1) : “esses (3-2)
From Fguation (2-18), the nmaximum hendinc moment at the
point ¢cf whee2l 1lcad (vhere x = 0), Ko, was expreossed as

Mo = DP/4v or
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Mo = P 4] EI/6l4k | seess (3-3
Substituting from Equation (3-1 into Fguation (3-3)
therefore,
Mo = 0.318P . (x1) esess (3-4)
From Eguation (2-16), the maximpm deflection at the voint of

wheel load (where x = 0), vo, was expressed as

u

yo P . v/2k or,

P/‘*JM EI ., k3 ceees (3-5)

il

yo
Substituting fronm Equation (3-1) into Equation (3-5)

thereafore,

vo 0.393P/(k « X1 eeees (3-6)
Going back *o the basic assumption, on which the theory of
beam on eléstic foundation was built, i.e.,
p =k . v
where p is the uoward reaction per urit length of the beanm.
Tt is apparent that the upvard reaction ver uni* of rail lenath
at the point of whee2l load (where x = 0), po, can be expressad as
po = k . vo seees (3-7)
where vo can be determined from Equation (3-6) above.

The said special committee thereafter plotted Equations
(2-11) and (2-13) accurately as the so-called '"Master Diagran",
f91, as shown in Fig.  (3-3) below. Recalling these two
equations to plot the méster diagram ;

Equation (2-11) vy =P . Vv . B1/2k and,
Equation (2-13) M =P . B3/4v

considering the maximum values as unity, i.e.:
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yo = P_.-v/2k= 1 and,
Mo= P/4v =1 .
In other words, +he plotted 'eqguations were
vy = 1 Bl and‘M=1B3.
The peaks of the‘curves (ordinate direction) were therefore,
assigned a value of unity, and the ordinate conseguently was as a

fraction of unity. Meanwhile, the unit of scaling on the
horizontal axis, was taken as the distance (ry /#), called (x1),

from the_ordinate, as shown in Fig. {3-3) below.
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Diéta’nce‘ along rajl from load point
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deflection under a single-wheel load
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Using the Figqg. (3-3) and Eguations (3-1, (3-2), (3-4),
(3-6), and (3-7), the calculation procedure for bendinq‘moment of
two neighboring wheels can be summarized in the foilowinq steps:
(1) Determine Xk value from Table (3-1) above, using the charac-
teristics of the rail, ties, ballast, and roadbed.

(2) Assuming the two wheel loads are P1 and P2 as shown in' Fig.
(3-4) and the bending moment.is to be determined under the larger

load P1, determine the value of (x1) from Equation (3-1).

Two neighboring wheel-loads.

(3) Determine the maximum bending moment under each of the wheel
loads, Mol and Mo2, using Equations (3-4), once for each load.
(4)y The bending moment under‘the wheel load P1 will be = Mol +
the bending effect of P2 under the load P1. Assuming that the
distance from P2 *o P1 is x, calculate the ratio of x/(x1).

{5) From Fig. {3-3) above, eonter for the abscissa Qalue of
(x;(x1)) and determine the corresponding ordinate representing
the moment ratio.

(6) The bending moment under P1 = Mol + the moment ratio x Mo2

3, _Jaehn's Hethoa of Analysis
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Jazhn's method is an empirical relation {1517, which is also
based on Zimmermann?'s analvsis 71171, (121, [ 1417. The method is
generally simpler than the "Joint Conmittee's Method™ in +the
ampount of calculations involved and in %the procedure itself. The
method proved to be sufficiently accurate for standard track
ganges of 1435 mm (4.707 ) and under the following
conditionsf 113,712 =
1. Rail weights exceeding 30 kg/m (20.16 1b/ft)

2. Tie spacing of batween 650 and 80 cm {23.6 and 31.5 in)

3. Tie bearing areas of #000 to 6000 cm2 {620 to 930 in?2)

u, Modulus of foundation k1, of 10 to 20kg/cm?® {361 to 722
1b/in3)

Jaehn’s method, when dealing with the effect of the addacent
loads under the considered wheel 1load, assumes that the +two
adjacent loads are egual to\the considered one., This assumption
was found not to cause any perceptible inaccuracy in actual
results, as long as the differences between the adjacent loads
and the considered one are within 20 per cent of +the considered
one T127. The method also disregards the effect of any wheel
loads except the two adjacent loads from both sides of +the
congidered one, which is often the case in practice.

The formula for ths bending momanﬁ is

M=H,P.a vesee {3-8)
where
¥ is the bending momant undar the middle load P
H is the coefficient of the wheel base

P is the middle wheel load considered
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a is the tie spacing
The coefficient of the wheel base depends orn the mean wh=el

base as follows, Figqg. {3-5):

; Cm = (Ca + Cb) /2 ceses (3-9)
P
Ca 1' ch —-1

. Fiq- (3-5)

wheel-loads and load distances.

The method further recuires thaf, when ‘applvinq Equatién‘

(3-9) above, if either Ca or 'Cb'ot both is greater than 280

‘centimetres {110.24 in), then the value'of.280 is to be- imposed
in the equaticﬁ‘ {instead of the greater value). This imolied

“condition holds always, even if one of the adjacent wheels is in

an infinite distance. For example, in the case of an ogter-load
\ {first or lést in the train), twe aaiacent loads will be
considered,‘ one of which is in & distance of 280 centimstres,
_instead cf infiritv. From the above implizd cendition, the mean

distance, Cr, w31l never be qgrea+er than 280 ce=n*timetres,

Havirg Actermined the mean Aiszance, Cm, *h= coefficient of

thk2 wheel base, H, can be 2atermined by ore of the foecllowing
+hr=eo equatiocons:
1. TFor Cm greater than or =gual to 140 ccrntipetres.,

H o= 0,057+ (Cn/1200) ..., (3-70)

2. For Cmr smaller *+han 140 centimetres and agreater t+han or

36




equal to 112 centimetres.
H = 0.174 seese (3-17)
3, For Cm smaller than 112 centimetres and greater than or
equal to 62 centimetres.,

H = Oeu’;u - (Cm/U30) s e 9 08 (3"12’

Cm versus k represented by the three equations above is

plotted in Fiqg. (3-6) below [1217, [1417.

0,29
0.28
0.27
0.26
0.25
0.24 -
0.23
0,22
o1
0,20
0.19
018
017

Cm:60 100 150 200 250 300
—y . r

MEAN WHEEL BASE. Cm

COEFFICIENT O'f’ THE

WHEEL BASE,

Coefficient 0f wheel base, H dezpendent
on the mean wheel base, Cn.,

An easier graphical representation, however, which is
plotted in Fig. {3-7) below 111, relates Ca (abscissa) and Cb

(ordinates) to H (diagonal) , directly without the use of

Equation (3-9) to obtain the mean distance.
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horizontal lines. TFrom the point of intersection of these lines

, take a diagonal to r=sad H.




CHAPTER 4: SPEED FACTORS_ AND DYNAMIC

FFFECTS_ON_BENDING MOMENTS

The numerous experimental results taken sincs the investiga-
tions of railroad %rack stresses began, have shown that in
general the stresses of the track grow larger with increasing
speaed, It was realized, therefore, that the dvyvnamic deflection
of the r1ail and the dynamic stresses under the action of the
moving wheels of a vehicle differ from those calculated on %he
basis of the static formulas discussed in the previous chapter.

The most important of the various causes which may produce
such an increase in deflection and stress are the following ones
171, 187,

{1) variation in the forces acting on the rail caused by variable

1

spring forces on the wheel.

{2) Vibration of the rails under moving loads.

{3) Different kinds of irreqularities in the shape of +the whael
or rail, such as flat spots on the rim, low spots on the rail,
and discontinuities at the rail doints.,

The problem was approached sometimes by astablishing
theoretical oriented analysis and applving eXperimsntal results
to it thereafter, as in the work of S. Timoshenko and B. ~ Langer
{71, T87;: {Timoshenko established an equation for +the dynanic

deflection and concluded that the difference between itz use and
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the use of the static one will always be less than 1/2 percsnt
{71, The other apvorcach to the problem is the attempt to relate
the dynamic influence in the siress to the spe=d linsarly, {The
Joint Committes of A.,R.E.A., A.S.C.E., A.R.A. concluded experi-
mentally that the stress increases 0.75 percent for scach mile per
hour increase of speed). A third approach which proved to be the
nost successful one, was a trial to relate empirically thas
increase in stresses to some speed functions of gquadratic or

cubic power,

The speed factor introduced in the following section, is %o
be multiplied by +*he bending moment value ohtained by either
method in the previons chapter.  The first formula was> s2stab-
lished by E, Winkler and H. Pihera [ 151 on the basis of
theoretical considerations, The formula is:

U= 1/41 - v2 /35500) esses {4-1)
where

U is the speed factor
and

’ v is the speed in km/hr
"This formula is not valid, however, eXcept for speeds lsss

than 188 km/hr (117 nmile/hr). Reaching 188 km/hr., the speead
factor will increase to infinitv, and thern will he reverssed
thereafter., The German Central Train Office in Berlin, has fronm

a great number of observations calculated the following mean
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valunes for U,761:
VY in km/hr. 0 L5 80
U, according to 1.00 1.13 1. 34
experiments of
the German Train
Administration,
‘Dresden
U, according to 1,00 1.05 1.20
the experiments
of the Wethsrland
Railway
According to the above speed factors, which were caiculated

from stress measurements, Formula (4-1) was adopted {1071 later on

as
U=1/T1 - {0,00000007.P.5.,v2 /I)] soves (4-2)

where

P is the wheel load in kg,

a is the distance c¢. *to c¢. Dbetween ties in cn

¥V is the speed in km/hr
and

I is the moment of inertia of the rail

The Formula (4-2) still produced the same problem which was

raised in +the ©previous one. For medium tie distance, a, and

common moment of inertia of rail, I, at spsed V of about 200
km/hr {124 wmiles/hr), the speed factor, U is expected to reach
infinity.

Such speed factors, stand in opposition with the experiencs,
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since speeds of 200 km/hr can cccur without damage for the track,
and without special dirncreass in strength of  the rail T[67.
Fxperimental +trips by the German Train Administration vwere

carried out numerous times above +this speed without excassivs

stresses, rall breaks, or similar things being noticed,
The Union of the Middle TFuropean Train Administrations
introduced thereafter, attempts for the clarification of the

range of U on an international scale [157. A total of over

21,000 stress measurements were taken, in order to find out +the

- speed factor, in the vears 1930 to 1935 inclusively. It was only
possible at that time, +to cerry out the measuremsnts with low
speads., The stresses were measured at speeds of 5, 45, 90, and
100 km/hxr {62 mileshr), and the valuss for the highar speeds wers
extrapolated.

In 1936, the United Middle EBEuropean Train Administrations,

on the basis of the results for the above-mentioned experiments,

made known a new formula for the calculation of the gpead factor,
which is

The above equation was found very reasonable for spesds up
to 100 km/hr., which is the range in which the speed grows
guadratically. For higher sreeds, however, this equation is no

longer correct. For instance, if this eguation were +o be

applied to a speed of 330 km/hr {205 mile/hr), which had bean
reached durinq test rums on ordinary tracks in Francelild |, yg =

> - o 713 e o

C(13Such a speed has been exceeded in parts of the "Tokaido Line®
in Japan. :
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4,63 would result., This means that +the dincrease of bending
nopent would bhe 4.63 +times as much as static bending moment,
which is incorrect as had besen shown experimentally. Apparantly,
U, cannot be an ever-increasinag guadratic funciion of spe=d [ 147,

In 1943, 5. Schramm prcpesed a formula which eliminated the
above defect, and which had real correspondence to actual Ffacts
{1413, Schramm?!s formula is :

U= 1+ (4,5v2 /100,000% - {1.5V3 /10,000,000) ..... {4-4)
The formula above approaches a maxinmum valuge of 0 = 1.%6 at spesd
V = 20C0km/hr {124 mile/hr).

Since the establishment of Schramm?’s formula, it was used bhy
the German Republic Railroad {DB rail) and still is in use at the
presant time {117, 7147, T157. This formula is also in uses in
England {177, and it was recently introduced to some railways in
the Middle East as well [127.

A discussion of the practical valne and significanca of

these formulas for speed factor is given later.

2. __The Influence of the ¥heel's Flat. Spots

The shock effect of unrounded wheels on the track have bhsen
‘investigated under empirical considerations in the 19507'g, The
height of _the flat spot and +the speed were belisved to be
governing in this criterion 7117, In a maintenance statistical
study which +took nvlace in ¥West Germany over a period of sevean
months, out of 10,978 whesl rims investigated, 171 {or 1.56
percent) were discovered to have flat spots. Table (4-1) below

shows the percentage of each height.
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.
il

f 0 to 1 mm 64 percent

e}

over 1 to 2 mm 23 percent

7 percent

f over 2 to 3 unm

f over 3 to 4 mm 2 percent

v _ -
3 . ol
. y o

f over 4 mm 4 percent

Table {4-71)

In two céses, £f was found = 8mm, and once gven reachsd 31 mm.

In 1952 and 1953, Popp [321 and Rubin {3371 of Germany
carried out detailed theoretical investigations, which vwers
approved as being correct through measurement by both ths German
and +the American Railwavs [38437 & [111. The investigations
mentioned above, proved that through a flat spot with heiéht £,
additional bending moment, Mf, which increas=s as a function of
f, will be exerted, Furthermore, the said additional bending
momant was found, to & certain extent, dependent on the springs
of the vehicle, the wheel loads, and the speed V. The dependence
on the speed V, was found to he very important, and the +typs of
dependence was different for different springs and various
heights of spots, f. On the average, Figqg. {4-1) below, was
found reliable for the additional bending momentls, Mf, dspen-

dence on spead 7117,

by
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as a result of wheels with flat spots.

Fiqg. {4-1) above gives a'factor, n, (smaller than or equal
‘to 1), versus speead. The additional bending moment, Mf, will
increase with the increase of the factor, n, as will be
explained.

The relation of the height of the flat spot, £, and the
wheel load, P, to the additional bending moﬁent s Mf, is shown in
Fig. (4-2) below. After obtaining the additional bending mbment
from Piqg. (4-2) below, the value is tc be multiplied by the

value of n, obtained from Fiag. ({4-1) above.’
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In other words, in order to estimate the adaitional bending
moment, one first enters Figqg. (4-1) Dby the speed V, and
determines the factor n, and then enters Figqg. {4=-2) with the
flat spot height and the wheel 1load to obtain +he additional

' bending moment, Mf , which must be multiplied by the factor n.

3. _Inclusive_ Fcrmula

According to the discussed dvynamic effects in the tvo

sections above, the total bending moment, Mt, can be determined
from the following formula:

Mt =M . 0 +n.a. M ., D essse {(4-5)
where

- Mt dis the total bendinqvmbment exerted on the rail, including
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all the dynamic influences.
- M is the static bending moment as determined from Chapter 3,
- U is the speed factor as determined from equation (4-4),

- n is an additional moment factor as determined from Fig,

(4‘- 1) *
- & is the distance c¢c. to ¢, of the tie,
- Mf dis the additiornal Dbending moment duz to flat spots as

determined by Fig, {4-2y,
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CHAPTER 5 ANALYSIS CF_STRESSES

»
o e S i i 2T 2 i N SN R N3 44

1. _Stresses in Rail.

Combining the methods demonstrated in Chapter 3 and Chapter
4 of this work, the maximum bending moment induced dvnamically by
vertical moving wheel loads can be estimated.

The maximum stress induced in the rail due to the above

rail

B

mentioned bending moments will occur at points of th
cross-section farthest from the neutral axis. This stress is
simply given by the formula:

S = M/Z sesss {5-1
where
S is the maximum bending stress in the rail (kg/cm2? or 1b/in2 )
M ;s the maximum bending moment induced by vertical moving 1loads
{kg.cm or 1b,in)
Z is the section modulus of the rail {cm3 or in3 )

The Trail section modulus is ushally listed for the different
rail sections mnsed in tables of stesl design manuals and the
standard specifications. I%t 1s important sometimes, however, *o
calculate +he section modulus,Z, in cases when a check of stress
is to be done for a rail which had been worn, or a rail for which

the value, Z, cannot be obtained from tables for anyv ®other

43




T2ASON, For eimple and fairlvy accurate calculations, sone
empirical relations hetween ths gecticon modulus, +the haight of
rail, and the weight of rail {in metric units) exists [ 187, T1217.

The first relation assumes that the weight of rail and its
heéight are both known,

Z = h.¥/30.5 ceees (5-2)
whersa
h is the rail height in mm.
¥ is the rail weight in kg/m.
7 is in cm3
If only the height is knowrn, we can use the formula
7 = 5.2h - 533 ' cenaes {5-3)

In +he opposite case when the weight is known, the relation

is
Z = (W2 /35) + 3,6¥% sessa {(O=U)

A rtelation, therefore, exists Dbeéetween the weight and the

height of rail
¥ = 156 - {16000/h) vessse {5-5)

In casez a check of stress is to be done for a rail which is
worn, say the height of wear is dh mm, the formula to be used in
order to determine the section modulus of the worn 'section, %Z1
cn3, is

%21 = %2 = {dh/30) .« (¥ + 0.53{h= dh)) +sea.s {5-6)

7 and ¥ in the above <relation repressents the original
section modulus and weight of the new rail, which can he obtained
e2ither from the tables or by using Equations ({5-3) and {5-5)

above,
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Equation (5-1) for calculating the stress in the rail, if +o
he used +to -~ chack whether a vehicle is inducing stresses within
allowable limits in an existing track, the following pernissible
stresses are to be considered 7117, [121, [ 141,

1500 kg/cm?2  or 21335 1b/in? for all through mainlines which
sustain high speeds and carry héavy
loads, and to a lesser extent,
other very heavily loaded tracks,
like those at humps of large marsh-
alling yards.

1600 kg/cm? or 22757 1b/in2 for tracks including +hrough branch
lines {through running 1lines and
vassing loops etc.) and with heavy
or medium-heavy rails.,

1800 kg/cm? or 25602 1b/in2® for tracks from the above category
bhunt with lighter rails

2000 kag/cm2 or 28447 1b/in? dindustrial iracks and all other
tracks which are not dincluded in
the above category, for example,
shunting, loadings storage sidings,
and catch sidings.

While the above permissible stresses are used to check for
an existing track, the criterion is a 1little bit different
whenever the selection of a rail section 1is concerned. An
initial oguide always can be obtained by the empirical relation
{147,

W = 4p ooa--o(5-7)

50




whare
W is the weight of the reguired rail in kg/m
P is the wheel load in ton (1000 kq)

Another more accurate calculation is possible by the use of

Eaguation (5-1) in the form
7 = M/S

The value of M here is to be evaluated from either the
method of the American Joint Committee (A.R.E.2.,A.S.C.E.,and
1.2.R.) or the method of Jaehn mentioned in Chaptsr 3 of this
work, multipliad by the speed coefficiegt U of +he previouas
chapter, It is good practice, however, to use a dssign factor of
safety, i.e. through conside:gtion of the future wear of rail.
Such a factor of safety was suggested [ 147 by using 0.8 times the
permissible stresses only, and by neglecting the effect of the
neighboring wheels which decrease the bending momen:, TIn othér
words, when using +the A.R.E.A.,B.S.C.E.,and A.A.R. method,
simplvy uss the Mo value, Fguation (3-3), for the heaviest whesal.
Meanwhile, when using Jaehn's method, consider both Ca and Cb are
egual to 280 cm. in Egquation {3-9).

Having determined the section modulus, %, the wsight and the
height of thes reguired section can be determined by the empirical
relations given above in this chapt@r.'

Another empirical relation was believed to be satisfactory
f147 to give the weight of the rail directly:

# o= 156 - (106000/(2P . T + 67)) sesss {5=8)
where

U is the speed coefficient
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P is the wheel load in ton (1000 kqg)

W is the rail weight in kg/m

2. _Stresses in_the Tie

The function of the tiss, as members in the railroad track

structure is:
~-To maintain the track gauge.

-To work as an elastic media betwesn the rail and +the Dballast,

which absorbs shocks and vibrations.

-To distribute the load onrn a larger area ¢f the ballast.

When studving the stresses in tiesf1d , serious attention
should be given especially to the tiz length, which should be
determined according fto a suitable lcad distribution from the tie

on the ballast, which allows the track qaude to remain alwavs

constant., Tnadequate tie lenagth can lzad fto sericus Ysmooith-

tia,. If

ke

running” problams in addition to severe stresses in th
a tis is too small, the +track gauge will elongate and cause
upward deflection on the tie [ Fig. {5~1-a) ], Meanwhile, a tis

which 1is too long will shorten the track gauge with a downward

deflection tendency {Fiqg. {5-1-b) ], For these reasons, there is

a zone at the middle of the tie under which the hallast has to be
left without compaction s£o that no upward pressure would result

in +this =zone. This uncompracted length is mainly a trial to maks

the resultant of the upward pressure from the ballast on the
hottom of +he tie coincide with the center lines of the rail as
shown in Fig. {5-1-c)., Thig matter will protect against any

- - i T o

€1) Thisg study will deal only with conventional cross-ties
{wvooden or concrete as used in Canada).
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bending in the tie, which can cause a change in the gauge length.
This uncomvacted length, g, as shown in Fig. (5-1-¢) cén be

expressed as:

g=L - 2(L-t)

or
:2t-L . . oo.oo(s-g, 4
<\- _,/_. / ‘
SHORT TIE ? ] \
1
\ ! —> LONG TIE ‘*’
[} l .
) GAUGE DECREASE
' \
[ _‘
- l. ‘ \
w1 1
1t 11ttt et ’
[ hl——-o——+——“_,..
c
Effect of stresses on track gauge, in case
of a tie which is either too short or too long.
where

t is the distance bestween the center lines bf,the two rails

1 is the lenath of *he tie
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The ratio [g/t) was investigated experimsntally and found,
most suitable as "0,.27Y, (1273, T 1417,
nsing Eguation (5-9), thersfore,
(a/ty = 2 - (L/%)

from which we can reach

L (2 -g/t) . t
or

1

i

1,73 t sssss {5-10)

vThe above is the eguation for the most suitable +ie length
with respect +to a given distance bet&een center-lines of rails.
In addition, the uncompacted length, g, can then he obtained as
{0.27) times the distance between the center-lines of the rails.

If we assume now that the wheel load is = P, then the force
which +the rail will effect upon the +tie, ¥, will be only a
fraction of P, i,e.

F=T,07P seesn» {(5=-11)

where
T is a factor dependent upon
-Modulus of elasticity of materials of both the rail and the tie.
-Moment of inertia of both the rail and +the tie
~Distance centar to center of the ties
-Modulus of foundation, k1
-Speed of the passing trains

The factor, T, was possible to be calculated theoretically

and found to be between .5 and .7 {127, [ 147, but according to
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experiments(1) which were dore in Enqgland in 1942, it was found
that after omitting some divergent results, the value of T lies
between 0.4 and 0.8; therefore Eguation {5-11) can be used as
F = .8P .....(5-12). |
The m&ximum bending moﬁent resulting in a tie , will be

according to Fiqg. {(5~-2) as follows:

Nim

N
IO
10

N

)
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Load distributior ard bending moment diaqram

of a loaded tie.

Mt = F/2 . ¢c/2 - F/2 . b/

o —— - ———— T — -

(1) These experiments were done under moving loads, therefore the
“valus of the factor T, resulting from the experiments, include
‘the dynamic factor effect as well. :
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Mt = F/2 (c/2 - b/u)
substituting for ¢ from Fig. (5-1-cC)
Mt = F/8 (L-t-b) ese0ce (5_13)

where

Mt is the maximum bending moment in the tie
b is the width of the rail base

Having determined the maximum bending moment in the tie, the

- maxinum bending stress St, can therefore be determined by using

the formula
St = Mt/Zt
where

7+ is +the modulus of +the +tie section, which can be

calculated as

%t = L3 . L22 /6

)

~— 13—

Fiqo (5'3)

Tie dimensions.

The width b, in Equation (5-13) above, can be increased if

safer stresses are needed by adding a wider base plate underneath

t+he rail bass=s.



The assumption, that the tie is only loaded on the ballast
over length #c, excluding a length g at the middle, see Fig.
(5-1), on which the foreqoing bending moment and stress analysis

were based, is only a practical approximation. So too, is the

assumption that the pressure acting at a length 2c at each side
of the tie as being uniformly distributed, a practical approxima-

tion. 1In reality, the distribution of ballast pressures under a

tie is as shown in Fiq. {5-4) below.

| e 1
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Distribution of ballast

pressures under a tie.

Fiq. {5-4) was indicated by Professor Talbot according to

his experiments [91. This distribution given by Talbot ., is more

realistic than the one assumed for the purpose of the mathematic-
al analysis above and is more realistic than the classical

assumptions of uniform pressure distribution over the entire

length of the tie. However, the maximum bending moment- obtained

by Equation (5-13) above, would still be very close to the real

case.
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The functions of the ballast are:

-Distributing tie loads with uniform pressure *to subgrade
-Supvorting and anchoring the track structurs

-Providing drainage and reducing frest action

-Providing resilience for the track

~Pacilitating maintenances operations

0f these functions, the first two, especially the first, are
of the greatest importance. If ballast pressure is not fairly
uniformly distributed on the subgrade, some ballast particles
will penetrate into the suborade causing the formation of
pockets, * In the field of railways, the uniform%tv of thes support
offered by the soil, is considered more important than +*he
supporting value itself [137, 167

As early as anyvy other fiesld of track stress research began,
the ballast section was given a great deal of attention. The
most important question t0 be answered was the depth 6f ballast
nesded to get 2 reasonably uniform pressure distribution on the
subgrade at any particular tie spacing. Schubert in 1890,
recommended, throngh a series of tests, that the depth of ballast
egnal the clear distance between the ties plus 8 inches, The
Pennsylvania Railroad tests in 1912, using prototype size experi-
ments, put forth a recommendation that the depth of ballast under
the +ties must not bz less than the center to center tie spacinag,
Professor Talbot, with the Awmericar Joint Committse on Track,
through their extensive studies and éxpeziments, raéommended a

depth of ballast egual to tie spacing plus three +to four
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additional inch=s. This is needed to get a reasonably uniform
pressure on a subgrads. The -Hoint committee also found that at
depth of 6 inches below the center-line of a tie, the vertical
pressurs is 178 vper cent of the average pressure over the tie,

In 1966, Salem 1373, 7161 aralyzed the problsem exp=rimental-
1y again, using much more developsd pressure cells for his
measurements and concluded that the depth of ballast ssction
needed to get a fairly uniform pressure on the subgrade eguals
the tie spacing, minus three inches, and that the increasing of
the depth more than thig will not add very much more %o the
uniformity of opressure on the subgrads. Furthermore, he intro-
duced two eguations to determins the yeztiCal pressure distribu-
tion below and to the right and left of the center-line of a tis.
One of these +two eguations will be introduced in this section.
Moreover, he recommended the use of a composite ballast section
with the inferior and less expensive type bheing used as a
sub~-ballast, proﬁided that the ballast used will not det@riorate
in the long run, ?his reconmendation was basically made after hs
realized that the three types of hallast which he used {(chat, pit
run gravel, and crushed slaqg), behaved in a similar manner as far
as the magnitude of vertical ©pressures wsare concerned. One
further important result of Salem's work was that +the vertical
pressure decreases rapidly with depthk. It was found that the
pressure at a depth of 6 inches 1s more than three times that at
a debth of 18 inches and more than ssven times that at a depth of

20 inches.
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4, - A Mixed Theoretical, Empirical Relation_for_ the_ Determination

— . —— e S . o s it S i W o o . e i i o e e . e S W s S e . W S S W S S oo e

of the Transmission of the Pressure_Through_ the Ballast using_the

i e e e e A D R I R e S e e e e e e L R L R WE R D ey St i = s e e it oo oo e

Assumptions:
-The tie load is assumed to be hniformly distributed bn the top
of the ballast section.
-The ballast section is a bperfectly homogeneous énd elastic
s0lid, which obeys Hook;s Lawv,

It is known from the theory of elasticity that if a portion
XY of the boundary of a semi-infinite mass is loadéd with a strip
of an intensity Pa per unit area, as shown in Fiq. {5-5), the
vertical pressure at point O is:

p = Pa/"T ( i *Sin i - C052 w ) 001.0(5‘10').

LOADED STRIP

i :‘T‘Pa
X Y iz
;bl i
1 * )
] \ w ;
1
. o |
| 1
Fig. (5-5)

Transmission of the pressure through

the ballast.
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where .

Pa = pressure per unit area on the top of the loaded mass

i angle XOY

W angle 2z 0 01
Because the assumptions on which the above analysis was
based, are not perfectly true, a correction factor , CF, must be
‘inttoduced to Egquation (5~-14) as follows:
p = CF . Pa/qy (‘i + sin i . COS 2 W ) eeeasa(5-15)
where
CP = p{experimentally) / p (theoréticallv),

~in which p (exoerimgntallv) is the vertical pressure below the
center-line of the tie determined by test, and p {theoretically)
is the vertical oressure below the center—liﬁe of the tie
determined by Eaguation number ({5-14). |

Salem 131, T16], after ovplotting the test results and the
corresponding calculated values, concluded an average value -of
the correction factor, CF, as

CF =.(ué = h) /22

Although it was noticed that_the‘valueé of CFP decrease with
depth and at any particular depth the value of CF increases with
.tie load, the averaging effect of "CF" had a maximum error in the
value of p, of only plus or minus ten per cent, if the general
average value is to be used only when the depths ranging from 6
to 30 inches.
Equation (5-15), therefore becomes:

p = Pa.((48 - W) /22)( 1 + sin i . cos2 v ) /qy .....(5-16)‘

The above equation, with the quidance of Fig., (5-5) is a
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~very simplified nvprocedure to estimate the pressure distribution
anyvhere 3in the ballast section or on the subgrade, The
restriction of depth ranging & fo 30 inches in that equation is
not limiting any practical uss of +the ‘egquation, as will be

discussed in a later chapter.
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The field of railway +track stresses involves a strong
relationship between cexperimental stress analysis, and theoretic-
al analvsis. For every theorstical analysis which was done about
this topic, some assumptions were really necesSsary to simplify
the complicated +rack structure and the different properties of
its materials. It was necessary, therefors, to prove +that such
assumptions are close to r=ality. Such a proof is only possible
by exverimentation. The next step was to compare the theorestical
results with the experimental ones, and hence try to find reasons
for anvy differencs and introduce correction factors if possible.

Irn an ar=sa 1like the stress analvsis of railwav track, the
research should be as conplete as possible. Onre can naver
:ealize such an obdective except by a proper method of thsa
Ymaking of experiments", Such an element is the +theme of +the
following discussion.

The track stress experiments can alwayé be classifisd as
static or dvnamicvexperiments. Each cne of these can be sither
prototype size and circumstances or model size and circumstancas.

Although the dynamic experiments are the most consistant
with the reality of railroad +*track, the results are always
impossible +o interpret unless +the stress criferia ars to he
divided into static stresses and dynamnic influence, This often

brought about *the necessity of the static experiments. Other
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factors involved in dynamic versus static experiment choice, are
the lowaer costs of gtatic experiments, a&s compared to dvnamic
ones, and the lack of efficient instruments for dynamic
experiments.

In prototype versus model ¢xperimenis, the expenses and the
size of a prototypz experiment are tremendous., On the other
hand, +the simulatiorn of the existing properties intc a model
could not always be complete and correct.

The arguments above may be understoocd from the following
illustrations of some of +the significant previons works of
railroad +rack experimental technicques,

The action of a férc@ n the rail can gensrally be sxpressed
with an eccentric vertical load and a lateral load. By replaciag
the couples resulting from these loads arcund the centre of +he
rail base by two egual forces acting at the two points on the
opvposite edges of the base of the rail section, and taking +ths
strain gauge measurements at the two points, the averags of these
two readings can be used for determining the magnitude of the
vertical load, In order tc get ;reater accuracy, without using
any stress =2quation to obtain the load fror the stress measured,
a preliminary calibration of +he track can be made by applving a
known vertical load and taking readings at the two points. The
effect of the addacent vertical loads on the readings at the two
nentionad points of a rail section can he determined by using a
curv2 oObtained by calibration instead of using any theoretical
curve, such as the "Master Diagram” in Chapter 3 or "B3-curve® in

Chapter 2.
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In the field experiments, it is possible to attach magnstic
strain gaugss to +the Dbase of the rail in all the differsnt
positions {81, Variable electric - resistance gauges w=zTre also
used for the same purpose [187. A rather interesting technigues
was the measuring of the thrust forces acting on rive+s connect~-
ing +the rail base to the ties, through the friction batwsen the
rivet and its hole T187. These thrust forces can be used as
indicators for the stresses in the two edges of the rail base.

In order to have an idea of the way in which these stresses,
exerted on a rail by vertical loads, can be distributed through
the different parts of the rail section, one can measure in the
field, the stresses in the rail's web, for instance. Photoelast-
ic methods can then b2 enploved to find the rslation batween the
web stress and the stressss in the other parts. Such photoelast-
ic techniques are not éonsidered as being very reliable. This is
espacially true when we try to aralyze the stresses in the region
of the base and the fillet at the bottom of the web, because the
method of attachment of the base of +he celluloid {or plastic)
model could be in no way similar to that of an actual rail [87.

On the basis of the information obtained from such static
tests, methods can always be devised whereby strain gauge
neasurements could be taken under dynamic conditions.

The apparatus to be used for the static calibration in order
to determine the relationship betwéen the vertical load and the
average base stress, can be a loaded car to which hydraulic dacks
would be rigidly attachad. This 1is done in a way so that by

moving the car, the jacks could guickly be spotted over the point
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1lab. For instance, the vertical pressure distribution on the

on the *rack where the calibration is +to be made, The car and
the Hacks «can be first placed directly over the magnetic strain
gaugses and then later can be moved to different locations from
the gauges,.

In considering ofther elements of the track, when measuring
static stresses on the ties or measuring the vertical pressure in
the ballast section or on the subhgrade, prototype size experi-
ments can easily bhe prepared in the laboratory, i.s. not
necessarily in the field as 1is the «case when dealing with
stresses in the rail or +the track as a unit, Satisfactory
results can always be obtained from such sxperiments, which are

not dynamic, bv simulating +the actual field conditions in the

i

subarade and in the ballast =section can bhe experimentally
determined in the laboratorvy by using the sane types and dJdepths
of brallast used in the field, placing ties on top from the sane
size and material as used in the field, at same standard spacing
as used in the field., The ballast section thereafter, can be
placed on sufficient depth of stubgrade material. The static load
can always be applied by a hydraulic jack which can bz used with
a calibrated dynamometer +to determine the load which is to be
applied cn a tie or set of ties in a group. Such a test can be
done for different depths Dbeneath +the +ties in +the ballast
section. Pressure cells can be used in order to determine +ths
vertical ©pressure distribution [ 1617. Such pressure cells can
alwavs be calibrated under sand or air pressures and be placed

thersafter on the subgrade or in the ballast section, In




termine +he opressure

]

genaral, pressure cells are used +to 4

distribution within earth structures and foundations, it i

n

. It must he

D

considered an accurate pressure measuring devic
small enough to minimize dits effect on the actions of the
materials but large 2nough to measure average stress rather than
lccalized stresses T167. Salem, used in his study on the ballast
and subgrade, thin c¢vlindrical cells with parallel faces which
are compressible alonq’the cylindrical axis and have four strain
gauges attached +o the diaphram, 1in order to respond to the
strains produced in it by the pressure [167.

¥hen de2aling with ballast and subgrade soils, all their
physical proverties and classifications should be experimentally
studied with the kno¥n soil mechanics experiments. Soil proper-
ties of special importance *o +this study are water content,
results of standard compaction tests, liquid 1limit, oplastic
limit, organic or inorganic, optimum moisture content, »ﬁhe
maximum drvy density, and soil classification according to any ons
of the three standard classifications., Meanwhile, +*he ballast
sieve analysis must be done +to check +the uniformity of the
gradation. A1l the above laboratory tests are of mnmuch signifi-
cance to the- topic of +this study, since all the mentioned
phvsical properties have definite contribution to the =so0il and
ballast strength, which conseguently define the amount of pre-

ssure2 they can take.,
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The stresses, internal forces and displacements, which weare

introduced in Chapters 2, 3, and 4 of this work, are not the only

forces exerted on a rail. Accompanying the vertical stresses on
a rail of a track, are the lateral stresses exsrted against the
rail, and longitudinal stresses caused by tenparature chénqes.

As far as the lateral stresses are concern=d, they wers
found proportional to the vertical stresses. The special Fjoint i'
committee of A.R.B.A., A.S.C.E,, and A,R.A. recommended use of
14 percent increase in vertical sitress owing to lateral Dbending
dne fo the horizontal component of wheel loading [97. The
longitndiral stressss, due to starting and braking,  are only
small and mav therefore be disregarded {147. The longitudinal

forces caused by temperature changes are accurately kxnown for

long w=alded rails, but only +o a limited deqree of accuracy for
tracks with sxpansion 4doints {147. Such a temperature stress is

sigpificant, however, when compared +to the normal stresses

exerted by vertical loads.
From the above discussiocn we can s=se, that if we can set the
permissible stresses in a way to cover a 14 parcent increase in

the normal stresses due +to the vertical loads, which are

calculated by any of the procesdures previously prssented, then
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only the stressss due to verticel loads are to be used, This
approximation is verv possible, however, especially if w2 realize
that some uncertainties already exist in the calculation oproce-

& on some imperfsct assumptions and

s

dures due to the dependenc
some values which fluctuate within wide limits and in some cases
are known only by the order of magnitude, like the values of the
modulus of foundation, k1, It would be a mistake, howsver, to
expect more accuracy to be attained by any improvement in any
method of bending moment calculations. The railway track is not
an ordinary structure 1like a bridge or a building, in which

stresses can simply be estimat=d by vervy general rules and

formulas. The railway track consists of saveral slements of
completely different materials, shapes and arrangemants, These

elements altogether dinteract aﬁd affect 2ach other and form thea
track strength. Furthermore, the track is not verfectly "a bz2an
on elastic fonndation”, and if it is sc, the foundation is not
continuous {dus to the spacesg between the ties)., How close is a
track to these very ideal conditions, which completaly differ
from one case to another due +to various circumstances of +the
track comnponents?

In rail and track stress calculations, it is alwavs more
important to obtain a reasonable appioximation of general validi-
ty, than to determine an accuracy with a strictly limited
validity. Calculations as an aid to intelligent comparison and
logical deduction are the best we can get out of the vpreviously
mentioned techniques and formulas.

How the rail can be considered continunously elastically
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" supported, how far each of +the ©previcusly pressentsd stress
analysis methods is accurate if compared to e=ach other, which
ones to uses, thsrefore, and how +0o go about +them, #ill be +the

theme of the discussions tc follow,

1. _Assumpiions_of Ties Supplyving Continuous Support to_ the Rail

In the cross-tie svystem, only the tieg arse supported con-
tinuously by the ballast, while the rail is only supported by the
ties, i.e. closely spaced elastic support. A continuous elastic
support was proven to be hovwsever, a gcod encugh approximation, to
replace the ties for calculation purposes [11. In +his way, <the
theorv of bheams on continuously elastic supports can be applic-
able to the rails themselves.

Assuming that the rail pressure {due to load P) on the +tie
is =2qual to F, and it causes a deflection ¥t in the tie point of
application, then the elasticity of support which resnlts fron
one tie *to the raill can bse expressed as,

SC = F/Yt seeas {7-1)
where
SC is the spring constant.

Replacing the sufficientlvy closely spaced tiss by a con-
tinuously distributed foundation of «c¢onstant,k, +the foundation
constant,k, will therefore be:

k = 8C/a seees {(7-2)
where
a is the spacing between the ties C. to C.
In general, separate =2lastic supports may be replacsd by an

imaginary continuous foundation if we have at least four of the
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supports in the characteristic wave lenqgth of the deflection line
defined in Chapter 2 of the this work as ( q¢/V). The  formula,

therefore, which must be satisfied, is

“.JGﬂ.a3 . SC/EI <1T
The formula was obtained by substituting Equation (7-2) into the

valua of

s o s

v =4]k/4Ei, which vas used ir the analysis in Chapter 2 .
Corresponding to the above assumptions, the value of the

“"spring cdnstént", sC, which conssquently definés the value of
the foundation constant, k, must be experimentally determined as
follovs: | |
Assuming that the spring constart, SC,is the same for every tie,
and applying a load P to one of the ties, and aiso if we vmeaSure
the deflection of the rail at every tie, it is obvious from the
~equilibrium of the system, that

P = SCZvi :
or

SC = P/3yi ’ eeses {7-3)
Where
vi revpresents the deflection of the tie number i,
substituting the value of SC above into Eguation (7-2y,
therefore

k = P/{a.zvi) seesa {7-4)
This analysis, shows how one can go about the experimental
determination of the foundation constant,k, in order to get the

used approximation of the theorv as close as possible to reality.
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Although ths previous allowance of considering the closely
spaced ties as continuous support was first introduced by S.
Timoshenko, in St, Petersbhurg in 1915, and proved sxperimentally
by A&, ¥asiutynski in Warsaw in 1937, @Robert Hanker, in 1935
61,1107, went about dealing with such a problem in a completaly
different wavy.

Hanker assumed, theoretically, that the cross ties «can bhs
replaced by an imaginary pair of longitudinal ties supporting
each rail continuously. The bearing area of each longitudinal
*tie" was one half of +the bearing area of the actual railway
ties. Thus the actual bearing area per unit length was 1used %o
calculate +*the width of the dimaginary continuous tiz. This
assumption led to the possibility of wusing the analysis of a
continuous bsam on elastic support fof the rail and tie systen,
Having introduced such ar imaginary assumption, it was necessary
for Hanker +to deal with +the difference between his imaginary
longitndinal-tie and the real cross-ties. Hanker thersfores, in
effect assumed that the longitudinal-tie would provide more
stiffness for the track than that actually provided by the cross
ties. To account for +this, Banker proposed an adjustment
coefficient to be used in the classical beam on elastic feunda-
tion formula to rTaduce the calculated stiffness. Although ths
above is a rather interesting idea, the author believes that +the
formulas became so complicated that they were not really signifi-
cant for practical use, especially since the assumptions were

scmewhat unrealistic,
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2. _Jaehn's Method Versus_the Method of A.R.E.A., A.S.C.E., and

The two methods of aralysing the stresses in rails, which
wers introduced in Chapter 3 were both established on *he basis
of Zimmermann?'!s work. Jaehn's method, however, included sons
empirical reductions of the calculation procedures, while the
method of the HJoint Committee of A.R.EF.A.,A.S5.C.E., and A.A.R.
is no more than a direct simplification of Zimmermann's analysis.

Tt can be arqued against Jaehn's method, that it -has limited
validity for certain conditions, such as ranges of +ties and‘
ballast and rail characteristics, as listed in Chapter 3. If one
looks closely, however, one will find that the ranges of validity
set by Jasehn are really covering the most commen conditions
existing in any track elements, with the exception of distance
between the centres of the ties, which was limited by 60 - 80 cnm
{23.6 - 31.5 in) by Jaehn, while in ©North America, the most
commdnlv used ties spacing ars 22 and 24 inches. The second {24
inch) will exceed 60 cns. Therefore, it is in the rTight range
anyway, while +the spacing of 22 inches 1is, when convertsed,
equivalent to 56 cm. The author believes +that such a slight
difference is insignificant, especially, as was mentioned at the
beginning of this chapter, that any use for anvy of the *two
formulas is only a practical approximation, and that the best we
can get out of them ar= intelligent comparisons. It was proved,
however, through analysis of different vehicles [197, that using
the *wo methods wonld result in different stresses for similar

cases,  but almost +the same relative values of stresses of one




vehicle to a different one. In the next chapter, such compari-
sons will be presented numericallv.
Furthermore, the followina arqument can always be a helpful

defense of Jaehn's m=2thod. The author believes that the simpli-

city of Jaehn's method does not cause any loss of accuracy. For
instance, one of the disadvantages of Jaehn's method is that it

simply includes two major terms: one is the wheel load and the

other is the tie's spacing in addition to twoc empirical factors

(for the adjacent wheels and the speed), with no mention at all

for the.foundation constant, K. Is ignorinaga the foundation

constant really a severe loss of accuracy? Let us look at the

maximum stress, which can be determined from the maximum bendiﬁq

moment as was done in the wmethod of A.R.E.A., A.S.C.E., and

A.A.R. Jjointly and in Zimmermanr's aralysis, Equation (2—18)
ﬂmax = P/UvV

or p/4y ﬁJ 4ET /k

~

If we'put in such an equation +the foundation constant = 2k

f "iﬁéfeaé of k, we fird that the deviation of the maximur bending

moment is onlvy

(1—1/~J—2)

s 1.2, 100 parcent difference irtroduced in k causes onlv 16,5

percent deviation in the value of the maximum bhenling moment.
From tk= above examvple, onc can see¢ tikat the withdrawal of k from

a moment formula is not reallv siauificen%t. Moreover, not having

irtroduced any value for the moment of irertia of thes rail, is ixn

fact ors of th2 advantaqes of Jaehn's m=athod. Usirg th2 mesthod




of A.R.E.A., A.S.C.F., and A.2.R. Jointly mav be possible, for
the sake of time, if to be used for "check of stresses", in which
case the rail moment of inertia is known, while 3if used for
design, this value has to be assumed until the determination of
fhe bending moment and the modulus of section which is required
thereafter, Very sesldom will the assumed value of +he moment of
inertia be the same one as the calculated, which would 1ead to
several time consuming iterations.

Based on the previous discussions in +this chapter, the
writer recommends the introduction of Jaehn's method in the
railways administrations, either as a single alternative or
parallel with the method of the dJoint Committee of A.R.E.A.,
A.5.C.FE., and A.A.R.. When using any stress formnlas for daesiqgn
purposes,howaver, thevy can be ir no way one hundred percent
reliable.

Jaghn's method was, therafore, usad together with Schramnm's
formula of the speed factor, to writs a computer progranme which
estimates the bending moment {including the dynamic effect) on a
railway track exerted by any particular +train <running at any
particular speed, This programme was used thereaftaer for the
determination of the said bending moment due to everyone of the
200 locomotives operating on  the CNR lines. The locomotives!?
particulars and their dynamic bending moment were tabulated. The
tables, and the source of the necessary data are 1lis*ed in +the

Appendix.

3.. The Speed Factor

Assuming that we have a perfectly elastic track with damping
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characteristics and a perfect vehicle, the rail bending stresses

will decrease as the speed of the vehicle is increased. This is

ot

due to the fact that a certain amount of time is necessary for
the complete development of the daflection of the ties and the
bending of the rail, which may occur under a stationarv vehicle.
A decreasing fraction of that time is only present with increas-
ing the speed of the vehicle. This same assumption may furthser-
mora suggest that at a speed of infinity there is no stress at
all on the rail,

The actual track 1is not perfectly elastic, neither is the
actual vehicle paerfect and variation from the predictions of a
simple theoreticél approach are to be expected. The formulas
presented in Chapter 4 excluded the fact that the stress under a
moving vehicle may not exceed the stress under the stationary
vehicle. Schramm?'s formula, however, shows that he realized this
fact for speeds axceeding 300 km/hr. As this decrease in' stress
is expectedi to happen at very high speeds, it may also occur at
very low speeds. None of the investigators had scemed to realize
this matter in any of +the formulas, although Hanker{61] had
stated,"The observation of +he ZEmpire Train Administration of
Dresden is to be adhsred to; that the stresses at resting 1load
ara about 15% greater than at a speed of 5 km/hr, and that only
at a speed of about 40 kn/hr do the stresses again become as
great as those at the resting load", However, with the two
impirical formulas present, it can be decided which is wmore
suitabla,

The formula introduced by the United Middle Furopean Train




Administration, Eguation {(4-3), was based statisticallv on 21,000
stress measurements, When Schramm (117, 1147, introduced his
formula, which 4is still used in some parts of *the world, on=
wonders, how a formula like Schramm's can be correct by having
the speed factor as a quadratic function minus a cubic function
of thes speed. Meanwhile, the said Union's formuola dis only a
guadratic function. It was nsacessary, therefors, to plot the
values of the speed factor, corresponding to each spzed usinq“
each of the two formulas between speeds zero and 350 km/hr, Fig.
{7-1), Frcm comparison of the two curves, we can see that thers
is some similarity between the values from speed zero and up to
100 km./hr. This range, however, was the only field for +the
experiments of the mentioned Union. The results of the Union's
formula diverged from logic in a very quickly increasing way for
spe%ds from 100 km.,/hr. on, which shows that such speeds werse
not taken into consideration. Meanwhile, Schramm's formula gives
fairly reasonable values for the speed factor, even when +the
speed goes up as high as 200 kxm/hr. Schramm, however, did not
mention anything about the speeds bevond 200 km/hrf 117 & T1417.

When considaring the current and the future speeds, we can see
from the figure that at verv high speeds Schramm’s Foramula is no
longer valid as well. It is recommended,however,that Schramm's
formula be used, until further evidence is available fron
experimental results at higher speeds. Fig. {7-1)Y for Schramn's
formula can be used to measure the speed factor for pfactical
purposes., The figures is also provided with a conversion axis for

the speed in mph.
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Comparison of speed factors (Schramm and U.M.E.T.AR)
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Traditionally it was thought that the type of study reported
in the previous chapters, is only useful for designing track
elements., However, the power and general usefulness of the track
stress analysis will be demonstrated by a specific example 197 .
This example is of particular interest because of its relevance

to the grain movement economy in Canada.

GRAIN _MOVEMENT _ON BRANCH-LINE RAILWAYS--THE EFFECTS OF 12-¥HEEL

GRAIN_ HOPPER CARS :

In Canada, one of the major costs in grain handling is +the
cost of moving the grain from rural elevators to inland markets
or terminals by the railwavs. This cost per bushel of grain is
sensitive to the size {or the capacity) of the railroad cars
used,

The wheat capacityv of the standard 40-foot boxcars us=24 in
grain service is from 1330 to 2160 bushels. To improve its grain
moving facilities, the Canadian Wheat Beard purchassd, in 1971,
new grain hopper cars, with a capacity of 100 tons (200000 1bs),
or 3365 bushels of wheat. The operating cost of the boxcars and

lat

¥

(]

£
=

£

hopper cars are similar, and thus the saving in using ths

{

is substantial., The increase in the grain capacitv betwean +the

standard boxcars and the 100-ton grain hopper carsvis 50 to 150
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percent, while +the incrzasse in the car price is only 20 to 35
percaent. Furthermorsa, the lcading and urloading capabilitiss of
the 100-ton arain hopper cars are much improved over thqs& of thse
standard boxcars.

In Western Canada, however, many of the branch lines were
built with ligh* raile which are still in place and do not have
the capacity to support the 100-tor hopper cars. This fact would
cause an expensive rehandling procedure between the main lines
and the branch linss.

One solution to this problem of light-capacity branch lines
is to rebuild them to a heavier standard, replacing both the rail
and the associated roadbesd., The cost of so doing is significant.
It was estimated to range from 13 Cents to 1.03 dollars per
hushel of grain moved 1197,

An alternative to this costly change is that of modifving
the hopper «cars such that their weight is nmors uniformly
distributed over the tréck. In this way, their extra weight can
be carried without exceeding safe stresses in the branch line
tracks., The study proposed, therafore, a modification of 100-ton
grain hopper cars bv the provisien of 6-wheeled trucks in place
0f the standard 84-wheel trucks dsed on reqular freight sgunipment.
This proposed modification, which has been estimated to cost only
0.5 cents per bushel of qrain moved, is shown in Fig. {8-1
below.

In testing the fedsibility of the modification proposed for
grain thopper cars, the most important factors to be examined

~were: +the live load stresses induced in bridges, the track, the
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ballast and ties, as well as the +track deflections to .Dbe
encountered. -In addition, ‘an estimate of the increased .curve

resistance, due to the longer, 6-wheeled trucks is required.

EXISTING WHEAT HOPPER CAR

TRAYAYAWAW/ours

ksedf—a017" —— —J583 325

PROPOSED .MODIFICATION

frered

T T AYAY AW

SpEp f——————a188" ——————p 545+  b—3.25°

The existing wheat hopper car

and its proposed modification.

1. __Bridge_ stresses
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The live load shears and momenis have been 3alculated for
briﬂqes of wvarious span length for the following four cases:

{a) A string of standard boxcars; load on track = 177,000 lb/car;
{bY A string of Canadian Wheat BRoard Hopper Carss; load on track =
263,0001b/cary

{cy A string of modified hopber cars; load on track = 263,000
1b/car. and

{d) A pair of GMD-1 diesel electric locomotives (CN1000 +o 1076)
us2d on light branch lines; load on track = 240,000 1bs.

The live loads so obtained ware then converted to squivalent
Cooper's "BY values, which is the conventional live loading used
on Caradian railroad bridges., It was fcound that the modified
hopper car applies live loading to bridges which is 118 percent
of that applied by 177,000 1b. boxcars pulled by GMD-17s, Such
overstressing can normally be handled through a spesd limitation
which 1is sufficient +to compensate for the train's "static
overwaight" on the bridge. The practice of speed Testriction is
followed on many light western Canadian branch lines.

In the worst case, however, when the practice of speed
limitation cannot be used, we have to reduce the modified hopper
cars wedight bv 18 percent through decreasing its capacity.
However, sach reduction in speed bv 5 miles per hour re=zults in
an additional <capacity of 135 bushels of wheat per car.
Needless to sav, that even with the reduced capacity, ths saving
due to using the modified grein hoppsr cars is still substantial.
The modified hopper cars with reduced weight, will have a load on

track = 224,000 1bs. instead of 263,0001lbs.
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2. _Stresses in Track

Tha cases of loading +to bhe compared, are the boxcar, the
wheat hopper car, the modified wheat hopper cars full, and the
modified wheat hopper cars light (reducad weiqght). Using values
of phvsical propertiss representative of +those likely %o bhe
encountered on typical 1ight branch iines, the values of the
track stresses for the four cases of loading 1listed &abcve have
been calculated twice. First, they were calculated by Ja=hn's
method, eguations (3-8), (3-9), (3-10), {3-11) and {(3-12). Then
they were calculated by the method of the A.R.E.A., A.S.C.E., and
A.A.R., Table (3-1) and squations {3-1), (3-%) and Fig. (3-3) .
These values are summarized in Table {8-1) below, and are also
shown {in parenthesis) as a proportion of the values partaining

t0o loaded boxcars.,

3. _Deflections in Track

Static deflections in the track under the four cases of
loading were calculated wusing s2gquations (3-1Y, {(3-2), {3-6},
Table {3-1) and Pigqg. {3-3y., Bgain, values of phvsical guanta-
ties typically encountersd on prairiz branch lines were selected,
and the resul+ts summarized in Table {8-1). Aqain, values have

been compared to those for loaded boxcars.

4, _Stresses ip Ties

n}
Y

As was shown in Chapter 5, the stresses in the ties a
considered +o be proportional to the wheel load applied directly
to them, and a function of 7rail, subgrade, ballast, and tis

stiffness, in addition, the dimensions of both the rail and the
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tie. Therefore, for any vparticular track section, +he ti=
stresses relate dirsctlvy +o the axle loads, This has been
indicated in Tabkle {8-1) again, with the loaded boxcars taken as

unitv.

It was shown, in Chapter 5, that the stresses in hallast are
directly dependent on the wheel or axie load, as well as on sons
properties for the ballast profile apnd the ties. However, like
tie stresses, for a particular section of branch line track, the

relative ballast stresses will depend only orn the wheel or axle

loading, Thus, this is also indicated in Table {(8-1), with the

ballast stress under loaded boxcars considered as untiv.

6. . Curve Resistance

The increased length of 6-whesled +trucks, as compared +o
standard U4-wheeled +trucks leads to scme increase in curve
resistance of the modified cars. Several studies have besn  nade
of +this problemn. The mixed theoretical~empirical relationship
whichrseems tc be the most usgeful in this study is as follows
147, 1127

Re = (232,2 + 103.4a) /¢
whers
Rc = cﬁrve resistance {(kg/ton or kg/1000kqg).
a = distance between the farthest 2 axles in one truck, (metres):
and

T = radius of curvaturs (metres).
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| i WHEAT | MODIFIED WHEAT |MODIFIED WHEAT|
FACTOR { BOXCAR | HOPPER |- HOPPER{FULL) | HOPPER{LIGHT) |
"R i 3 3. 3
Load }177,000 i 263,000 1 263,000 ] 224,000 i
limit (1b) | i | H i
! i i ] i
{ i ] ] |
Wheat 12,000 1 3,365 { 3,265 1 2,610 {
Capacity | [ | ] |
{bushels) { 1 1 | |
] i ] ] i
i | ] i ]
Load per 144, | 65,8 ] 43.8 ] 37.3 |
Axle {kip) 1(1. OO) { {1.49) { {0.99) 1 {0.84) 1
| 1 ] H |
1 [ 1 J i
Track 1117 ) 176 i 91 1 77 ]
Stress 1{1.00) 1 {1.5M § {0.77) { {0.658) i
{Jachn) in.kip ] | ] ]
| ] i | |
i | i } ]
Track 1197 ] 291 {176 i 149 i
Stress 1(1,00) | (1. 48) i {0,89) { {D.76) {
{AAR-AREA- | B | ] 1 i
ASCE)in.kip{ | i { i
i i | | i
| i i i |
Track 0. 29 ] 0.41 1 0.36 ] 0.31 i
Deflections! (1.0 I (1. 42y H {1.24) i {1.05) {
{in.) 1 i i | |
{ i { | i
i i { | ]
Tie Stresses(1.00) ! {1.49) ] {0.99) { {0.84) H
i | i ] {
] 1 L , ] ]
Ballast 1 (1.0 i {1.49) i {0.99) i {0.81) {
Stresses 3 | i ! 1
! 1 { 1 ]
| i | { 1
Curve 1405 /r | 416 /r { 547/t { S547/r ;
Resistance | (1.00) H {1,03) i {1.35) 1 {1.35) |
{kg per ton| ] i ] i
or 1lb/kip) | ] 1 | i
| ! { ] 1
i | | i !
curve 135.9/v i 32.5/r { 44,0/t ] d46.8/r |
Resistance | (1.00) { {0.91 | {1.23) ! {1.30) H
{par bushel) i ] | 1
Table (8-1)
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Applving this expression to <each of the four cases under
consideration leads to the valnes of curve resistance in kg per

ton {or pounds var kip) shown in Table (8-1). However, for

comparative cost purposes, it 1is wmore meaningful to compare
resistance in terms of curve resistance per bushel. This has
also been shown in Table {8-1), and 4is derived from +he
axpression:

Reh = {Rc) {Load Limit) /BPushel Capacity

where, Rcb = the curve resistance per bushel.

Although <the curve resistance per bushel is 30 percent greater
for the lightly loaded modified hopper than for a conventional
boxcar,. the cost addition due %+o this factor can be shown [197 to
be less +than 1/10 cents per bushel in hauling grain from the
rural elevator to ocean terminal, even with very severe assump-

tions of total curvature encountered on a round trip.

It was concluded that *the modification is a very =conomical
‘possibility for moving wheat on the prairies, when compared %o

branch-line upgrading, and +that the benefit-cost ratio to the

railways of mwaking the modification is between 10 and 20, which

is sufficiently high,

SUMHARY
Introducing hiqher <capacity cars and ones which are more
efficient in the'loadinq and unloading procedures, is a feasible

improvement for the freight rail operation. This improvement is
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of particular interest when it comes to the grain movement from
rural elevators to inland markets or terminals. The light branch

tyvpe of

[o)]

lires din Canada are a madjor vproblem facing such
operation. The fact that these heavier cars can be modified, as
shown above, +to run on the light branch lines, means that thase
lines do not necessarily need madjor upgrading or abandonment.,
This is a typical cost-benefit analysis problem, which
involves the railway track stress formulas. The example of wheat
cars shows that an understanding of the stresses in the various
elsments of the +track is an important component in Tailway

planning as well as being of technical intarest.
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CHAPTER_9_: _IMPLICATIONS OF_ TRACK STRESS ANALYSIS

Since the Dbeginning of the Canadian railroads in 1835, an
intensive development has been made, and some advanced operation-

al techniques have been regularly introdunced. However, the lavel

of modern high-speed service which exists in Western Furope and
Japan has not been reached in Carada.

The most important technigues, which must be urgently consi-
dersd in Canada, are those which éontribute to higher operating
speed: the upgrading of the road beds and traffic controls, +the
elimination of level crossings, as well as the electrification of

main 1lines [2017, 1217, Such techniques are already in major use

in some countries which have less demand for them +han Canada.
For instance, Canada is Dbelieved to have the second highest
ton-miles of freight per capita in the world. 1In addition, for

freight operations, the trains in Ceanada carrv 3 +o0 5 times the

loads common in Western Europe {207, T211. Such a type of
operation must maintain the stresses on the track within allow-

able limits, and consult the stress estimation procedures will bhe

increasingly important in fuature developments.
I+ will now be shown +that the passenger rail in Canada
should play a much larger role in the future transportation

spactrum than the state of its near obsolesence which now exists.

In the previous chapter it was shown that the application of
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stress estimation procedures in a specific problem, offers a
satisfactory solution resulting in significant cost minimization.,
This should be the qgoal 3in vplanning the futurs of the rail-
transport in Canada. A great d=al of the Canadian rail-transport
problems m=ntioned above mavy imply a variety of uses for +ths
infermation collescted in this thesis. |
Some of the nplanning aspects of the Canadian railwavs and
the part which track stress estimatior might play in +hen are

discussed in the following sections,

If we look =at the Canadian intercityv modes of travel, we
find the automobile, the aircraft, and rail as maijor +transporta-
tioh nodes, The fast passenger trains can be atiractive relative
to other modes for distances ranging between 150 and 400 miles
7207, The speed limitations of +he highwavs {average 60 mph) and
traffic congestion at both the origin and destination cities ars
unattractive featnres of the road wmode, vwhereas congestion,
especially in the airport access, is the main disadvantage of ihe
air mode over the mentioned distances. From the point of view of
the airlines, such short flights are no 1longer ©profitable with
the increase in +the fixed costs. It seems then, that there is
demand for passenger train transportation if high speads can be.
attained.

When speaking about high speed passenger trains, it is
presently meant as 125 - 150nph,. The near future will very
likxely provide technigues enabling running speeds of around 200

mph., The gquestion then arises 7 Can the existing Canadian tracks
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support such speeds inspite of all the restrictions of allowable
stresses, curves, level crossings and stations?
The answer is no, and the only two altsrnative solutions are:

we build special trains(1)of higher speeds and lighter weights

that c¢an +travel on the existing tracks with all t%eir

restrictions,

or we try to ease the speed restrictions of the existing track,

either by remodelling of junctions,curves and relaying of +ths

track, or even rebuilding it in some instances.

The investigations of the most economic and useful solution
of sguch a problem produce answsrs to many fundamental guestions R
the most important of which are: i

-How will the demand for rail transportation increases with
the increase of train speed ?

-What are the costs of building new tracks capable of -

supporting the s*resses induced by hiqh speed trains ?

-What are the costs of eliminating the speed restrictions of
the existing track by relocations, and hence, would the existing

or relocated track be able to support the lightest available high

speed trains at the desired speed, from the enduced stress point
of view?

~¥hat are the costs of building special +rains which are

capable of travelling on the existing tracks with high speeds?

(1)such trains should have high acceleration and decsleration
rate in order to ease some of the speed restrictions, as for
example, in stations, vards and level crossings. Thev have to
take the form of multiple unit sets to case the spead restriction
of curves, and to b2 light enough to avoid over-stressing the
track. :
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As we have seen above, in almost every singls or multipls
study of the solution alternatives, and in planning or designing

ss astimation

L

the solﬁtion, the madjor pvart is +o consult thes sir
procedures, the subject c¢f this work.

New, we can never come fo the study of high speed vpassenger
trains 1in Canada without becoming involved in the rather inter-
esting argument of electrification of the Caradian rail +trans-
port. In other words, electric railway versus existing diesel

railwayvs must be considered.

A TR e e or Nt i S e ST o o T, T T T s ST ot . o S ey s 2 4 o e s S e T T et B e, e e T P, g S

Between 1940 and 1960, the Canadian railwavs had gradually
replaced +the steam locomotives by diesel locomotives, lagging
behing the ﬁnit@d States by about six yesars {217. This develop-
ment in the railway traction technology which occur=d in Canada
and the United States was very comparable with +hat which was
*taking place in the rest of the industrialized world, esﬁécially
in Western Europe and Japan,

The development continued in Western Europe and in Japan by
the electrification of +the wmain lines. Canada and the United
States seem to have stopped there in the development of ths
traction technology, although they developed some of the best
systens in the world in some other railroad technoleoaies, such
as containerization, unit-train opsration, computerized and anto-
mated bhandling of yvard opsrations and automatic car location
identification 71217. As important as the above technologies may
be, there are some other railroad technologies in the. industria-

lized world in which the Canadian railways are still lagging .
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The most important of these techniguss is the electrificatrion of
the main lines.
The major reasons for the Canadian and the American railwavys

ignoring a maijor traction advanced technology such as electrifi-

cation of mainlines, are no longer valid. Logically, thess
reasons were the availabilitv of o0il, and the costly "fixed

plant" expenses of the railway slectrification. However, as th=a

0il of the world is vanishing, and as new technigques have heen

reduced the fixed-plant costs of electric locomotives, replace-

ment of mainline diesel +trains of Carada with electric trains
becomes inceasingly attractive,

The following are the factors favouring the electrification
of the mainlines in Canada. (1) |

~The usefnl life of electric locomotives is estimated *to be

30-35 vyears and excesds that of diesels by a factor of 2 or 3.‘

This is basically due to the rotating machinery of the solectric

locomotives, versus the reciprocating one in the dies=1 locomo-

tives T217.

~Electric locomotives have lower nmaintenance costs than

diesels, for the same reason above {rotating versus reciprocat-
ing machinery) 7201,7217.
-The high level of maintenance required by diessl locomo-

i tives, reduces their availability <for service by about 10

percent, if comparsed to the slectrical locomotivel's availability

(1) 7This summary of electric traction versus diesel traction in
Canada is based on recent literature - of vparticular use: J.
Lukasiewicz in 1973 [207, J. Lukasiewicz 1974 7211, and D.
Cass-Beqggs in 1975 72417,
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F201,7211. Also, due to its reduced maintenance reguirements, a
typical electric locomotive can runp 50 percent more mileage per

month than the diesel T247,

the tractive effort per unit weight and the horse power psr unit
weight between the electric and diesel locormotive is in the range
of 221 to S:i 12017,71217. This fact is one of the major reasons
which 1led +o having the electric units always lighter than the
diesel ones.

~Due to the superior work capacity of the electric locomo-
tive as compared +to the diesel one, substantial reduction in
capital costs wers also realized, [207, [211.

-The electric lbcomotives, due to their light, weight have
larger pull on upgrades and better acceleration and decsleration
performancé than the diesel.

-The application of =solid-state electronics which allows
direct use of A-C vpower at commercial frequency and smooth
control of +traction «current, thiouqh the uée of high-power
silicor rectifier on the locomotive, lsd to a drastic reduction
in the costs of +the fixed ©plant (catenary, substations and
signalling eguipment). Such c¢osts were the madjor céunter-
arqument point in the past against the railwayvs electrification
1201, 1217,

-The problem of current collection was overcome and in
France and Japan it has become practical up to speeds of 190 mph

{about 300 km/h), 72017, T217.
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-Electrification allows flexibility on the use of primarv
energy source {217, 0f course, it would wuse non-petrolsunm
Primaryv energy resources T24];

~A sufficient level of traffic for electrification exists in
Canada. Railways accounted for over 40 percent of fraight
ton-miles, which is the larcgest share among the various modes of
transport and four times as much as that of trucks. Furtharmore
» if we take the railroad wutilization measure known by the
dynamic density, or gross ton-nmile {travelled) per mile {track
lenagth), Canada's figures are very similar +to those found in
Westarn Europe {217, Hence, the o0l1d counter argumasnt of the
great extent of Canada's railways and our small population is no
longar valid [247.

—0ut of total running track length of 23143 miles in Canada,
about 22 percent carries the high density traffic. This percen-
tage is about tvpical of +the electrified vportion in Wastern
Europe [217.

-Electric Jlocomotives thave smaller environmental impact
{noise and pollution) 7201, thaﬁ the diesel. ‘In addition, they
minimize the pollution exerted from the highways by more and more
private automobile travel volume, This wcould be handled by rail.

-Although the order books of most companies manufacturing
electric railway equipment are full for vyears ahead, it was
suggested that, "Canada could sxpand its manufacturing facilities
to meet the nesd., It mav bhe that companiss in Europe should bz
asked to develop factories herse or provide under license the

technology we need, A growing vrailway eguipment industry in

94




TITTITOTUS NSS4 SR e d ke &b i i sl S e S o e o T A T T Tl P B e e

Canada might well take over some of the labour and the plant of
the automobile industry that the changing enerqgy situation may
leave redundant.” {247,

-1t was found feasible in soms countries during railway
electrification, +to use +the existing +track, T[241 and hance,
construction of new lines mayv not alwayvs be needed.

-Static and dynamic loads in track and vehicles are reduced
with electric iraction because of the high adheéion, +he largs
powar/weight ratio, and the distribution of drive +to & maximunm
number of wheels.  Such lighter lcads increase the 2ligibility
for high speed operation [217.

In parallel with the electrification, other techniguss must
be introduced, such as Msuspension® ., It 1is vparticularly
‘siqnificant when the use of existing, standard, low quality lines
is desired for fast passenger trains., Improvements in suspension
can contribute to such desirable features as higher waximunm
speeds, improvedfpaésenqer comfort, and reduced dvnamic loads on
tracks and vehicles., The features of the suspension ‘that allow
of these improvements are: low unsprung mass, and fuli articula-
tion ({the wheesls to be steered by the car ahe=ad in the direction
of the curve), 7217,

With the increasing of speeds after electrification, the
construction of new tracks may be feasible and necessary.
Therefore, some new methods and materials for track construction
may bhe introducsd, such as continuous reinforced concrete slab
road~ bed, concrete ties, and techniguss of cleaning and reinfor-

cing conventional ballast {2171.
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From the above summary abonut selectrification and some of its
axpected consegusences in Canada, we find' that futurszs +technical
challenges are really a capacity (weight) improvement, as well as
a spesed improvament, Such improvements will resunlt if we can
minimize the unloaded train weight, maximize the loaded +rain
weight,  maximize +the speed, whilst keeping costs to a minimunm.
These challenges are complicated by the need for sophisticatad
optimization models., Therefore, the decision maker, the planner,
and the designer, whether for track or eguipment, may reqularly

nead the knowledge of stresses in tracks.

When introducing anvy new transportation systen {or service),
the planner, or the decision maker knows, that economic optimiza-
tion will not necessarily call for maximum speeds and maximun
vehicle cavacityv., Techniqgues of linesar and nonlinear programming
and model building are often used for making such decisions, and
the minimization of the total svstem costs is normally the goal
of the decision maker in such cases.  Of course, the spe2d and
the capacity, in addition to affecting +the total system cost,
greatly influence the travel market share.

The total svstsm costs for any railway service can be looked

at from two differ=nt viewpoints,

- — " - — o 1

€1> 7TIn other +transportation systems, these are under two dif-
ferent authorities, i.e. the operator is the ‘Mservice <carrisr®
and the agancy is the "Government®,
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1. vehicle capital cost

2., vehicle operation and maintenance expenses:
~fuel and oil expenses
-ve2hicle crev and cabin attendants expenses
-vehicle maintenance expenses

3. terminal construction cost

4, permanent-way construction cost

5. stations construction cost

6. terminals operation and maintenance expenses:
~expenses of operation and maintenance of passenger (or

freigh+) terminal area

"-vehicle servicing expenses
-yvehicle control expenses

7. permanent-way facilities maintenance expenses

Second viewpoint: _Cost to_system users

1. Fare and other out-of-pocket costs
2, Cost of time spent in travel via the systen

In most of the casSes, the decision maker will take the abovs
two viewpoints of the cost together, forming a societal viewpoint
{227. The technique of optimization is to trv to define each of
thé cost items above in terms of speed and capacity, All the
expressions resulting thereafter will be combined together <o
form +the M"objective function" which is required to be minimized.
The constraints for such an obijective function are *he upper and
lower 1limits for the speed, the capacity, and that they bhe
non-negative. The upper limits of the spesed and +the capacity ars

usually, either manufacturing restrictions or geometry of +the
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line restrictions, while the lower limits are nsually set in the

range known for the other compating modes of transportation. The

]

formulaticn of the wmodel is therefors:
Minimize CPM = £1{v,Q)

subijact to:

Vmin < v < Vmax
Omin < 0 < omax
and

V,0 ar2 non-negatives
vhere,
CPM is the cost per passenger-mile {or ton-mile),
V is the speed in nph,
0 is the capacityv {(passenger or ton).

The obdective function is normally non-linear, and its
optimization must be achieved by an iterative procedure. One
technigue freguently emploved for solving such problems, is the
"Newton-Raphson Technigue®™ 7227, The main idea of this technigue
is taking the vartial derivative of the objective function two
times, once with respect to the speed and then with respect to
the capacityv. The result of this cperation will be +two sinmnul-
taneous equations,\the‘solutiOE of which, will determine <ths
optimal values of the speed and +the capacity. This is an
iterative process which can be solved by the use of the computer.

Among the cost cemponents previously listed, there are +two
components in which the cost is really proportional to the stress
induced by +the vehicle on the track, namely the parmanent-wav

construction cost and the permanent-way facilities maintenance




expenses. Therefore, for these twc components, we can sav that
the cost will be a function of the stress, which is a function of
the speed and the capacity. To emphasize the meaning of this,

the part of the model related tc the permanent-way construction

cost will be discussed.
It is apparent that the construction cost of the supporting
track is proportional +to the stress induced in the rail, and

consequently to the bending moment on the rail or to the wheel

load, dincluding the dynamic effect (Chapters 3 and 4). Using
Fquations (3-8) and (4-8), we can sév that the construction costs
of the supporting tracke(P . U), where P is the axle load and U
is the speed factor resulting from a speed V. The value of the
axle 1oad»§ is directly proportional‘ t+0o +the cavacity of the
vehicle 0, and accordirg to Equation (4-4),

0= 14 (B.SvZ 105) - (1.5v3 /107)

.Converting v into mph, Equation (4-4) becomes

U=14+ (11.5 v2 /10S) - (6.15 v3 /107)
Therefore

C = 0.(1+{11.5v2 /105) - (6.15v3 /107)) .A+B

where
C: the consitruction cost of the supperting track/mile

As cost of permanant-way constructior/ton of +rain dvnamic

load/mile

B: +he fixed cost of the pe:manént-wav/mile

The discount=d construction cost of the per manent-wavy
{dollar/dav)

=C . D . CRF/N
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where

C: the construction cost of the supporting track/mils

D: the length of the track in miles
CRF; capital recovery factor for permanent-wayv construction
costs.

N: number of utilization days per vear

Dividing this last eguation by the +total daily expected
péssenqer-milas, we can det the construction cost of the support-
ing track per passenger mile,

Similar expressions c¢an be derived for each of the cost
components listed above in terms of the speed and +the capacity
and putting them together thersafter, will result in the reguired
obijective function.

The values of the two constants A, and B, can be obtained by
building a special probablistic model for +this purpose, as
follows:

-choose several other Canadian existindg rail services where +the
climate, the land wuse, and the soil conditions are similar to
those for the system under consideration.

-for each svstem collect the data about the construction cost of
the supporting track/mile and the spzed and the capacity of +tha
vehicles.

-bring the cost for =ach svstem from the price of +the y2ar of
construction up to the price of the planning y=ar, using Canadian
price indices.

-having everything known in the eguation except the values of the

parameters A and B, the observations can be fitted *to a curve,
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using the multiple regression technigus, and hence, +the valnes
for 2 and B can be determined,

The system desion optimization modzl, as explained above,
can be used successfully to explore the implications of a broad
range of design and policy options. It «c¢an also providzs a
guantitative means of determining the likely impact of alterna-
tive designs on each of the variety of often conflicting
viewpoints mentioned above.

There have been a number of important studies on similar
problems., 0f varticular use, was the work of Snell 7231, which
was of a more general +ransportation system nature, and of
Hamzawi {227, which was applicable to a STOL system {short take

off and landing), between Montreal and Toronto.

4, - SOMMARY

e T . o o oo e e, o

Through the track-elements stress estimation procedures, the
Canadian railwavs can attain a very efficient guidance, not only
for new track design purposes but alsc for planning, comparisons,
and solving operational problems. In this chapter three examples
of planning and operational technigues which can make use of the
track—-elements stress estimation procedures, have been discussed,

Theyvy are :

Firstly, the passendger rail in Canada should play a nuch

larger role in the future transportation spectrum. For distances
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ranging between 150 and 400 piles, fast passenger irains can be
significantly superior to highway and aircraft +transportation.
The planning for such a fast service will include a cost-benefit
analysis tc compare bhetwesn two major alternatives- laving new
track or designing special +trains that would be capable of
running at high speeds on existing track. The study of thsse two

alternatives will include a great deal of track stress analysis.,

Secondly, several factors favour the replacement of main
line diesel trains of Canada with electric trains at this time.
In vparallel with +the electrification, cther technigues must be
introduced. If the existing tracks are to be used, we should
introduce "suspension” . On the other hand, if the construction
of new track is thought desirable, we mav introduce the use of
continuous reirforced concrete slab road-bed, concrete ties>and
new tachnigques of cleaning and reinforcing the ballast. The
chailenqes acqompanvinq electrification would need a cost henefit
analysis involving speed and/or weight of trains, Again, track

stress studies would be involved in such analysis,

Thirdly, sconomic maximization does not neéessarilv imply
speed and weight maximization. There is alwavs an optimum value
for each of the latter factors, depending on the obijective
function which is usually the minimization of certain costs. The
decision maker, in ferming an optimization modal *to determine the

optimal values of the speed and the weight of the train, which
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minimizes the costs, needs +he formulas, relations, and
manners in which Dboth +he speed and the weight of the

affect the stresses resulting in the track,
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TABLE A-1

. s iy S g s S

Canadian National Railway's diesel unit axle data (extracted from
the diaqrams in reference [ 2517.

Fach unit in the table consists of 3 lines;

Line-1 The title of the unit (Builder-Order Nr.-Model Nr.-Date Built)

Line-2 The axle loads in 1bs.

Line-3 The axle distances in ftaX1- X2 X3 X044 X

N.B.

P1----Front (Max.)

P6—--—-Rear {(Max.)

BUILDERS:
G. M.
E.MO Dl
C.L.C.
M.Ll W.
Alco
G.E.

109

—Canadian Locomotive Company

P1 P2 P3 P4 P5

1 |

P6
|
5f—

-General Motors Diesel Ltd.
~-General Motors(Electro-Motive Division.

-Montreal Locomotive Works
-American Locomotive Company
-General Electric Company -




C.N.R. B-1 TO B-15 1954,5,6
61750 61750 61750 61750
8.00 14,00 8.00
G.E. AEM14857 1956
22000 22000 22000 22000
6.83 11.92 6.83
G.E. AEM19674 44TON 1957
23045 23045 23045 23045
6.83 11,92 6.83
G.E. 93297-TA 70TON 1950
34900 34900 34900 34900
6.83 12.58 6.83
C.N.R. 1964,5,6 300-314
61750 61750 61750 61750
8.00 14,00 8.00
G.M. C-313 GP-40 1966
66000 66000 66000 66000
9.00 31.50 9,00
INT. GE. 1-65777 B-B-94194 U4GE-T47T 1948
24450 204450 241450 24450
7.50 9,50 7.50
G.M. C-208 G-, 1956
27688 27688 27688 27954 27954 27954
5.25 5.25 14,50 5.25 5.25
G.M. C-180 G-8 1954
28440 28440 28440 28440 284140 28440
5.25 5.25 14,50 5.25 5.25
G.M. C-131 NF=110 1952
37030 37030 37030 37030 37030 37030
6.58 6.58 15.84 6.58 5.58
G.M., C-153 NF-110 1953
37102 37102 37102 37102 37102 37102
6.58 6.58 15,84 6.58 6.58
G.M. C-207 NF-210 1956
38008 38008 38008 37888 37888 37888
6.58 6.58 15,84 6.58 6.58
G.M. C-246 NF-210 1958
37793 37793 37793 38227 38227 38227
6.58 6.58 15.84 6.58 6.58
G.M. C-271 NF-210 1950 :
37969 37969 37969 38044 38044 38044
6.58 6.58 15,84 6.58  6.58
G.M., C-236 G-12 1955,7
40500 40500 40500 80500

8,00 17.00 8.00
G.M., C-244 GMD-1 1958
40009 40009 40009 39994 39994 39994
5.25 5.25 20.50 5.25 5.25
G.MN.D. C-255 GMD-1 1959
39658 398658 39658 39658 39658 39658
5.25 5.25 20,50 - 5.25 5.25
GMD C-258 GMD-1 1959
39948 39948 39948 39948 39948 39348
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5.25 5.25 20.50 5,25 5.25
GMD G-262 GMD-1 1959
40030 40030 40030 40030 40030 40030
5,25 5,25 20.50 5,25 5.25
G.M., C-274 GMD-1 1960 '
39869 39869 39869 39757 39757 39757
5,25 5.25 20.50 5.25 5.25
G.M, C-190 SW-1200 (1204-1216) 1956
56250 56250 56250 56250

8.00 14.00 8.00
G.M. C-190 S®W-1200 (1217-1221Yy
61500 61500 61500 51500
8.00 14,00 8.00
G.M., C-198 SW-1200 1956
55090 56090 57585 57585
8.00 14,00 8.00
G.M. C-215 SW-1200 19556,7
56603 56603 57248 57248
8.00 14,00 8.00
G.M., £-228 S¥-1200 1957
56588 56588 56938 56938
8.00 14.00 8.00
G.M. C-240 S5¥W-1200 1958
' 56978 56978 57028 57028
8.00 14,00 8.00
G.M. C-253 sSW-1200 1958
55998 55998 56390 56350
8,00 14,00 8.00
GMD C-264 S¥-1200 1959
55951 55951 55951 55951
8.00 14,00 8.00
GM C-273 sw-1200 1960
55818 55818 55893 55893
8.00 14.00 8.00
E.M.D 4270 SW-1200 1955
62095 62095 62095 62095
8,00 14.00 8.00
G.M. C-131 SW~-1200 1955,%6
61500 £1500 61500 61500
8.00 14,00 8.00
E.M.D 4376 SW-1200 1957
61725 61725 61775 61775
8.00 14.00 8.00
E.MD, 4437 S¥-1200 1980
61870 61970 51980 51980
8.00 12.00 8.00
C.L.C. C~-622 H10-64 1951,2 _
38852 38652 38652 38652 | 38652 38652
5,42 5.42 19.17 5.42 5.42
C.L.Cy C=622 H10-64 1951
38592 38592 38592 38592 38592 38592
5.42 5.42 19.17 5.42 5.42
C.L.C. C-625 H12-64 1952 _
391867 39167 39167 39167 39167 38167
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5.42 5.42 19,17 5.42 5.42
C,L.C, C-523 H1Z-64 1953
38611 38611 38611 38611 38611 32611
5.42 5.42 19.17 5.42 5.42
CiL.C. C-633 H12-48 1955
559490 559490 55940 55940
8.83 16.67 8.83
C.1.,C. C-637 H12-44 19558
55733 55733 55733 55733
8.83 16.67 8.83
M,L.W, SO0.4202 RSC-13 1955
39736 39736 39736 39736 39736 39736
5.50 5.50 18,33 5.50 5.50
M.L.W. S0.4203 RSA-13 19855,6
39663 396563 39663 39663 39663 39663
5.50 5,50 18,33 5.50 5.50
MeL.W., S0.4204 BRSA-13 1956,7
39958 33958 39958 39958 39858 39958
5.50 5.50 18.33 5.50 5.50
M.L.¥. SO.4205 RSA-13 1957 ,
40333 40333 40333 40333 40333 40333
5.50 5.50 18.33 5.50 5.50
M.L.¥W. 42711 RSC-24 1959
39742 39742 39742 39742 39742 39742
5.50 5.50 11.25 5.50 5.50
G.M. 1900-17 C-245,54 GHD-1 1958
51763 61763 61497 61497
8.00 23.00 8,00
ALCO SC. 21072 RS=1 1957
651390 61390 62215 62215
9.33 21.67 9.33
M.L.W. SO 4911 CENTURY 630 1967
64167 64167 64167 64167 64167 64167
5.58 5.58 31.83 5.58 5.58
MoL.W SO 4912 CENTURY 630 1967,8
54667 64667 64667 64667 U667 64667
5.58 5.58 31.83 5.58 5.58
C.L.C. C-632-H H-16-48 1955
61750 61750 61750 61750
9,33 21,567 9.33
M.L.W.=-¥% 50-4918 M 636 1270
64750 64750 64750 64750 64750 BUT50
5.58 5.58 32.21 5.58 5.58
MLW-¥ S0-8922 M636 1971
64750 64750 64750 64750 64750 64750
5.58 5.58 32.21 5.58 5.58
M.L.W. SO-4307 RS-3 1953 :
62250 62250 62250 62250
9.33 20,67 9,33
M.L.¥W S0.43710 RS-1600 1954
51750 61750 61750 61750
9.33 20.867 9.33
ALCO S0.20941 RS-3 1954
61623 61623 615623 61623
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9.33 20.67 9.33

61250 51250 61250 61250
9.33 21.67 9,33
4,L.¥. S/,4315 RD-10 1955
61250 61250 61250 61250
9.33 21.87 9.33
M.L.¥. 50,4323 RS-10 1956,7
61000 651000 61000 61000
9.33 21.67 9.33
M.L¥. 4310 RS-18 1959
57676 57676 57676 57676
8.83 22,17 8.83

M.L.¥W. 4310 RS18 1959
58750 58750 58750 58750

9.33 21.67 9.33
M,L.W. 4812 pL-718 1960,8
59750 59750 59750 59750
9.33 21.67 9.33
M.L.%W. #4904 CENTURY 424 1964
65110 65110 65060 65060
9,33 23,17 9,33
MuL.W, 490724908 CENTURY 424 1966
65000 65000 65000 6500C
9.33 23.17 9,33
MoL.¥W. 4909 CENTURY 424 1967
65000 65000 65000 65000
9,33 23417 9.33
ALCO S50.21032 RS-11 1956 :
56500 56500 56500 56500
- 8.83 22.17 8.83
M,L.W, S0O.,4802 RS-11M 1957
62223 62223 51748 61748
9.33 21.67 9.33
M.L.W., SO,4805 RS-11M 1957
62223 62223 61748 61748
9.33 21.67 9.33
M.L.W. S0.4806 RS-11M 1957,8
61953 61953 61833 61833
8,83 22.17 8.83
M.L.¥. S0.4808 R5-11M 1958
62200 62200 £2393 62393
8.83 22.17 8.83
M.L.¥. 50.4317 BRS-10 1955
57000 57000 57000 57000
8.83 22.17 8.83
M.L.W. S0.,4317 RS-10 1955
572590 57250 572590 57250
8.83 22,17 8.83
M.L. ¥, SO 8322 RBRS5-10 1956
56955 56955 56955 56955
8.83 22,17 8.83

M.L,W 4810 RS-11M 1959
58500 58500 58500 58500
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9,33 21,67 9.33
M«.L.¥. 4810 RS-11M 1959
57573 57573 57573 57573
8.83 22,17 8.83
M.L.,W, 4812 DL-718 1960
58650 58650 58650 58650
5.33 21.67 9.33
ALCO SO 20940 RS-3 1954
62318 62318 62318 62318
9.33 20.67 9.33
G.M, C-301 CR-302 GP~-35 1964
64524 64524 64314 64314
9.00 23,00 9.00
G.Y. C-315 GP-40 1966
65178 65178 65178 £5178
9.00 25,00 9.00
G.M, C-323 6P-40 1967
65000 65000 65000 65000
9.00 25.00 9.00
G.M. C-235 GP-9 1957
59250 59250 59250 59250
9.00 22.00 5.00
G.M. C-235 GP-9 1957
59250 59250 59250 59250
9.00 22.00 9.00
G.M. C-235 GP~-9 1957
58680 58680 57910 57910
8.00 23.00 8.00
E.M.D, 5584 GpP-9 19358
61823 51823 61595 51595
9,00 22.00 9.00
G.M.D. C-253 GP-9 1959
58900 58900 58900 58900
9.00 22.00 9.00
G.M., C-233 GP-1 1957
58440 58440 57905 57905
8,00 23,00 8.00
G.M., C-239 GP-9 1958
58000 53000 58210 58210
8.00 23.00 8,00
G.M, C-250 GP-9 1958
58305 58305 57405 57405
8,00 23,00 8.00
GMD C-258 GPYR 1959
575290 57520 57520 57520
8.00 23.00 8.00
GMD C-263 GP-9 1959
57505 57505 57505 57505
8.00 23.00 8.00
G.¥.D. A-184 Gp-9 1955
62035 62035 62035 62035
9.00 22.00 9.00
E.M.D. 5343 5pP-9 1954 :
62000 62000 62000 62000
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9.00 22,00 9.00
®.M.D. 5445 GP-9R 1956
61535 61535 62385 62385
9.00 22.00 9.00
G.M.D. A-195 GP-9 1955,6
62880 62880 62880 62880
9.00 22.00 9.00
G.M. C-214 GP-9 1956
60000 60000 60000 60000
9.00 22.00 9.00
6.M.D. C-215 GP-9 1956,7
62200 62200 61990 61990
9.00 22,00 9,00
E.M.D. 5513 GP-9R 1957
$1398 61398 61398 61398
9,00 22,00 9.00
E.M.D, 5512 GP-9R-D 1957
61318 61318 61318 61318

9.00 22,00 9.00
E.M.D. 5511 GP-9R 1957 . |
61095 61095 91095 61095 ' g
9.00 22.00 9.00 |
G.M., C-234 GP-9 1957 E
62030 62030 62380 62380 |
9,00 22,00 9.00 o

G.Y¥. C-238 GP-9 1957,8
62108 62108 62258 62258
9.00 22.00 9.00 |
E.¥.D. 5612 GP-18 1950 ;
61870 61870 61540 61540 |
9.00 22,00 9,00
G.M.D. B-168 A-169 GP-7 (4800,19) 1953
60750 60750 60750 60750

8,00 23.00 8.00
G.M.D. A-168 A-169 GP-7 (4820,3 ) 1953
58913 58913 58913 58913
8.00 23.00 8.00
G.M.D, E-958-34 Gp-7 1948
59950 59950 59950 59950
8.00 23,00 8,00
E.M.D. 5365 GP9 1954
63500 . 63500 63500 63500
9.00 22,00 9,00
E.M.D. 5444 GP-9R 1956
62855 62855 63215 £3215
9.00 22.00 9.00
E.M.D., 5514 Gp-9 1957
63535 63535 62475 62475
9.00 22.00 9.00
E.M.D., 5510 GP-9 1957
63295 63295 62535 62535
9.00 22,00 9.00

E.M.D. 5558 GP-9R 1957
63500 63500 62260 62260

115



9,00 22,00
5585 GP-9 1958
62820 62820

9,00 22.00
5613 GP-18 1960
63535 63535

9,00 22.00
C-322 SD-40 1957
54833 64833
6.79 6.79
C-324 €-325 S0-40 1967, 8
64583 64583 64583
6.79 6.79
€-328 SD-40 1969
61667 64667 64667
6.79 6.79
C-330 SD-40 1969
64667 64667 64667
6.79 6.79
C-333 SD-40 1969,70,71
64667 64667 64667
6.79 6.79
C-338 SD-40 1971
64833 64833 64833
6.79 6.79
C-345 SD-40 1971
654833 64833
6.79 6.79
7186 SD-40 1969
61167 61167 61167
£.79 6.79
E.M.D. 7221 SD-40 1970
61167 61167 61167

6.79 6.79
7289 SD-40 1970
61167 61167 61167

6.79 6.79
A-183 FP9A 1954,5
64186 64186
9.00 25,00
Cc-183 FPY92 1955
64186 64186
9,00
€-217 FP-92 1957
63991 63991
9,00 25,00
C-230 FP-92 1957
64275 64275
9.00 25,00
C-242 FP-9A 1958
64955 64955
9,00 25.00
C-182 P-9B 1954,5
64218 64218

E.M.D.
63400

E.M.D.
53100

G.M.
64833

'GnMn

G.M,

G. M.

G.M.

G.M.

G'M.
64833

E.M.D.

E.M. D,

G'M‘
64186

G. M.
64186

G.Ma
68674

G’M.
64515

G’M.
64776

G-’M.
64218
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9.

9.

26,

26,

26,

26,

26.

26,

26,

26.

26,

26.

9.

25’00 9.

9.

9.00

634800
00

63100
60

64833
6.79

64833
42

64833
6.79

64583
a2

64583 64583
6.79 6.79

64667
42

64667 64667
6.79 6,79

6U667T
42

64667 64667
6.79 6.79

64667
42

54667 6UB6T
6.79 6.79

64833
u2

64833
6.79

64833
6,79

64833 54833
6.79 6.79

64833
42

61167
42

61167 61167
6.79 6.79

61167 61167
6.79 6.79

61167
42

51167
42

61167 61167
6.79 6.79

64186
00

64186
00

68674

9.00

64515
00

647756

9.00

64218




9,00 21.00 9,00
G.M. C-182 F-9B 1965
64218 654218 64218 64218
9.00 21,00 9.00
G.M. C-218 F~98B 1967
64215 64215 64025 64025
9,00 21.00 9.00
G.M. G-231 F-9B 1957
6L 25 puL25 64025 64025
9,00 21.00 9,00
G.M. C-243 F-9-R 1958
63935 63935 64315 64315
9.00 21,00 9.00
C.L.C. C-651-A GPA-16-5 1954,5
59729 59729 59729 59729
7.75 7.75 18.58
M.L.¥. SO.4407 FPA-2 1955
64850 64850 614850 64850
9,33 19.83 9,33
M.L.W. 4407 FPA-2 1955,8
65163 65163 64888 64888
9,33 19.83 9.33
M.L.W. SO.4808 FPA-4 1958
65060 65060 64600 64600
9.33 19,83 9.33
M.B.W. 4409 FPA-4 1959
66739 66739 66739 66739
9,33 19.83 9.33
C.L.C. C-651-B CPB-16-5 1954,5
60957 60957 60957 60957
7.75 7.75 18,58
M.,L.W. SO.4504 FPB-2 1955
54563 64563 64563 64563
9,33 19.83 9,33
M.L.W. 4504 FPB-2 1955,8
65580 65580 64720 64720
9,33 19.83 9.33
M.L.H, SO.4505 FPB-4 1958
64830 64830 64535 64535
9,33 19.83 9.33
M.L.¥W., 4506 FPB-4 1959
611438 64438 64438 64438
9.33 19.83 9,33
G.M.D. C-13B SW-9 1952
62015 62015 62015 62015
8,00 14,00 8.00
E.M.D. U40#5 SW-9 1952
61725 61725 61725 61725
8.00 14,00 8.00
G.M.C. 4178 SW-9 1953
61653 61653 61653 61653
8.00 14,00 8.00
G.M.C., 4300 SW-9 1955
61635 61635 61635 61635
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8.00 14.00
C-201 SW~-1200 1956
62018 £2018 61758
8.00 14,00
C-216 S4-1200 1957
61768 61768 61688
8.00 14,00
C-265 S¥-1200 1959
614865 61465
14,00
1951
58250

G'M.
G.M.

G.M.D,
61465
8.00
C-112 SW-8
58250 58250
8,00 14,00
C-125 SW-8 1951
58000 58000
8.00 14.00
G.M.D. C-173 S¥-900 1953,4
57250 57250 57250
8,00 14,00
4577 SW-900 1956
58115 58115 57705
8.00 14,00
C-229 S¥-900 1957
57755 57755
8,00 14,00
C-241 S¥-900 1958
$£2250 62250
8.00 14,00
B.M.D 4424 SW-900 1958
58045 58045
8.00 14.00
C-241 S¥-900 1958
62250 62250
_ 8.00 14,00
E.M.D. E-U445 NW-2 1941,2
61675 61675 61675
8.00 14,00
E.M.D. E-761 MW-2 1945
62250 62250
8,00 14,00
E-874 N§-2 1947,8
61675 51675 61675
8.00 14,00
SO-4105 S-4 1951,2
57500 57500
8.00 14,50
ALCO 20854 S-4 1953
57425 57425
8,00 14.50
SO-4108 S-4 1954
57575 57575 57575
8,00 14,50
ALCO S0-20959 s-4 1955
58475 58475

G.M.D,

G.M’VD.
58000

E.M.D.

G.M.
58615

G, ¥,
62250

57960

GoMa
62250

62250

E.M,CORP,

M.L. ¥,
57500

57425

MaL. W,

58475

61758
8.00

61688
8.00

61465
8.00

58250
8.00

58000
8,00

57250
8,00

57705
8.00

58615
8,00

62250
8.00

57960

8.00

62250
8.00

61675
8.00

62250
8.00

61675
8.00

57500
8,00

57425
8.00

57575
8,00

58475
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2,00 14,50
MoeL,W. SO-8110 S-4& 1955,4
57513 57513 57513
8,00 14.50
M.L.W. SO-47110 S-4 1985
57760 57760 57760
8.00 14,50
ALCO S0-20977 5-4 1955
58048 58048 58048
8.00 14,50
ALCO 50-20978 sS-4 1955
58098 58098 58098
8.00 14.50

8.00

57513
8.00

57760
8.00

58048
8,00

58098
8.00

ALCO 5-1848-3005-3035 s=-2 1941,2,6,7

57500 57500 57500
8.00 14,50
M.L.W. DM=-556 S-2 1949
58575 58575 58575
8.00 14. 50
M.L.¥. DM-562 S—2 1949,50
58575 58575 58575
8.00 14,50
ALCO 20737 S-4 1951
58500 58500 58500
8,00 14,50
M.L.W, SO.4112 S-4 1956,7
57175 57175 57175
8.00 14,50
ALCO S0.21031 S-4 1956
57595 57595 57930
8,00 14,50
M.L.W. S0.4113 S-7 1957
57085 57085 58025
8.00 14,50
M.L.W. SO.%7114 DL-410 1958
58380 58380 58110
8.00 14,25
M.L.W. SO.4002 S-3 1951,2
49375 49375 . #9375
8.00 15,00
M.L.¥., SO,4007 s-3 1953
49675 49675 49675
8.00 14,00
M.L.W. SO.U4009 S-3 1954
49775 49775 49775
8.00 14,00
M.L.W. 8122 DL-411 1959
58055 58455 58455
8.00 14,25
M.L.W. 4123 DL-411A 1959
61763 61763 61763
8.00 14,25
E.M.D. E 958 A F3A 1948
56450 56150 57900

57500
8,00

58575
8.00

58575
8.00

58500
8.00

57175
8.00

57930
8.00

58025
8.00

58110
8.00

49375
8.00

49675
8.00

49775
8,00

58455
8.00

61763
8.00

57900
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9.00 21,00 $.00
G.M. E 958 B F3B 1948
53605 53605 57555 57555
9.00 21.00 9.00
G.M. ®-833 F3An 1948
56450 56450 57900 57900
9.00 21,00 9.00
G.M. C-114 773 1951
57705 57705 57705 57705
9,00 21.00 9.00
G.M. C-114 F7B 1951
58073 58073 58073 58073
9.00 21,00 9.00
G.M. C-137 P78 1951,2
58235 58235 58235 58235
9,00 21.00 9.00
G.M. C-137 F7B 1951,2
' 57718 57718 57718 57718
9.00 21.00 9.00
G.M, C-145 F-7p 1952
62000 52000 62000 62000
9.00 21.00 9.00
C,L,C., C~625 1952
62525 62525 52525 62525
9.33 24,67 9,33
" C.L.C. C-625 CFB-16-4 1952
51263 61263 61263 61263
9,33 24,067 9.33
C.L.C, 9312,14842 6,E.752 1952,3
62500 62500 62500 62500
9.33 24,67 9.33
M.L.¥W. D.M.568 P-1500 1950
51750 61750 61750 61750
9, 33 17.83 9.33
M.L.®. 50 4400 F-1600 1951
60425 60425 60425 60425
9.33 19.83 9.33
M.L.HW. SO 4500 F-1600 1951
60300 60300 60300 60300
9,33 19.83 9.33
M.L.®W. SO 4402 F-1600 1952
61925 61925 51925 61925
9,33 19.83 9.33
M.L.¥. SO 4501 F-1600 1952
61750 61750 . 61750 617506
9,33 19.83 9.33
MuaL.W SO 4403 P-1600 1953
61925 61925 61925 61925
9.33 19.83 9,33
G.M. C-313 GP-40 TC 1966
56000 66000 66000 . 66000
9.00 31.50 9,00
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) 3
Max. { Under|
Bendingiixls
Moment {WNr.

(1b.in) i

{Max.Spsed
{ {mile/h1)

=
4
-3

SRR G AN MR ke e S e e

.
|
i i |
] { i ]
! i { l
+ : 4 + i
] I ] 1 i
! 1 ! ] i
i | ! | i
] | : ! ! 1
{C.N.R. B-1 T0 B-15 1964,5,6 ] 40 | 1.1465 | 230160 | 4 |
1G.E. AEN14857 1956 i 35 | 1.1160 § 75511 4§ 4 |
1G.E. AEM19674 84TON 1957 ! 35 { 1.1160 | 79097 } 4 |
1G.E. 93297-TA 70TON 1950 1 55 4 1.2885 § 138015 | 4 |
" JC.N.R. 1964,5,6 300-314 ! 40 { 1.1465 ] 230160 § &4
{G.M. C-313 GP-40 1966 | 83 | 1.4454 | 324458 | 4 |
{INT, GE. 1-65777 B-B-94194 LGE-747 1948 50 3 1.2132 | 94212 | 4 |
1G.M, C-208 G-, 1956 1 60 | 1.2845 | 101923 1 6  f
{G.M. C-180 G-8 1958 | 65 | 1.3207 § 106621 4 &
1G.M, C=-131 NF-110 1952 ! 60 | 1.2845 | 144508 | 6 |
1G.M., C-153 NF-110 1953 1 60 | 1.2845 | 144792 | 6 |
1G.M. C=-207 NF-210 1956 ; 60 1 1.2885 | 148328 | 3 |
16.M. C-246 NFP-210 1958 i 60 § 1.2845 1 149180 | 6 |
|G. M., C-271 NF=210 1960 i 60 1 1.2845 | 148466 ] & |
1G.M, C-236 G-12 1955,7 1 60 | 1.2845 ] 169131 1 4
1G. M, C-244 GMD-1 1958 | 65 | 1.3207 § 149989 H 3 i
1G.M.D. C=-255 gHD-1 1959 1 65 1 1.3207 § 148675 | 6 |
1GMD C-258 GMD-1 1959 i 65 { 1.3207 | 149766 1 6 |
{1GMD G-262 GMD-1 1959 | 65 1 - 1.3207 1 150072 1 & |
1G.M. C-274 GHD-1 1960 | 65 1 1.3207 | 149468 { 3 |
{G.M. C-190 SW-1200 {1204-1216) 1956 65 1 1.3207 | 241523 1 4 |
{6.M., C-190 SW-1200 (1217-1221) i 65 1 1.3207 § 268062 | 4
1G.M. C-198 SW-1200 19556 i 65 | 1.3207 | 287260 ] 4 |
16.M. C=215 SW-1200 1956,7 | 65 | 1.3207 | 285811 1 4 |
1G.M, C-228 S§W-1200 1957 i 65 1 1.3207 | 244476 § 4 1
1G.M. C-240 SW-1200 1958 i 65 | . 1.3207 | 204864 | 4 |
1G.M. C-253 SW-1200 1958 | 65 1 1.3207 1 242129 | 4 |
]GMD C-264 SW-1200 1959 i 65 | 1.3207 } 240235 § 4 |
16M C-273 SW-1200 19560 ! 65 1 1.3207 | 239989 { & |
JE.M.D 4270 SW-1200 1955 ! 65 | 1.3207 | 266618 | 4 |
{G.M. C-191 SW-1200 1955,6 i 65 1 1.3207 | 264062 | 4 |
|E.M.D 4376 SW-1200 1957 ] 65 | 1.3207 ] 265245 { 4 |
JE.MD, 4437 SW-1200 1960 i 65 | 1.3207 | 266126 1 4  {
{C.L.C. C-622 H10-64 1951,2 i 60 | 1.28485 | 142201 1 & |
1C.L.C. C-622 H10-64 1951 i 60 | 1.2845 | 141982 | 6 |
IC.L.C. C-625 H12-64 1952 ] 60 | 1.2845 | 144091 1 6 1§
1C.L.C., C~623 H12-64 1953 1 60 | 1.2845 | 142047 { 6 |
{C.L.C. C-633 H12-44 1955 | 60 | 1.2845 | 242552 | 4 |
1C.L.C. C-637 H12-44 1956 i 60 | 1.2845 ] 281663 | 4 |
{M.L.¥W. SO.4202 RSC-13 1955 | 60 1 1.2845 | 146795 § 6 |
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Cont, TABLE A-2 { | ! i |
r 4 + } 1
JONIT iMax.Speed |Speed Cosf. HMax. i Underi
1 { {mile/hr) | U { Bendingidxle |
| | i | Moment {Nr. i
! 1 ] { (1bh.in) | ]
r }- + 1 + 1
JM.L.¥, 50,4203 RSC-13 1955,4 1 60 | 1.2845 § 146527 } 6 |
§M.L.%, S0,4208 RSC-13 1956,7 ] 60 | 1.2845 1 147619 1 6 ]
PM.L.W., SGC.U205 RSC-13 1957 | 60 | 1.2845 | 149004 § 6 ]
iM.L.¥, 42711 RSC-24 1959 -1 &5 | 1.3207 ¢ 150957 § 6 {
iG6. M, 1900~-17 C-245,54 g¥MD-1 1958 | 89 i 1.48284 1 297668 | 2 |
§ALCO S0.21072 RS-1 1957 b 60 | 1.2845 | 274040 1 4 i
{M.,L.%. SO #4911 CENTURY 630 1967 ] 75 1.3918 1 257931 1 & |
{M.L.¥ SO 4912 CENTURY 630 1967,8 ] 75 | 1.3918 | 259943 ] 6 ]
1C.L.C, C-5632-H H-16~-44 1955 { 70 | 1.3566 1 287260 1 4 i
M. L. ¥.~W S0-4918 M 636 1970 i 75 t  1.3%918 | 260280 y & 1
JMLW-W S0~-4922 M636 1971 | 75 1§ 1.3918 § 260280 } &6 |
fM.L.W. SO-4307 RS~3 1953 H 75 1 1.3918 | 2970983 1 4§ {
J¥M.L.¥% S0,4310 RS-1600 1954 | 75 1§ 1.3918 § 294710 1 4 i
JALCO S0.20941 RS~-3 1954 | 75 1 1.3918 | 294099 | 4 ]
18.L.%. S0.4315 RS-10 1955 | 74 1.3849 | 290860 | &4 {
JM.L.%¥. S/.4315 RD-10 1955 i 75 | 1.3918 | 292321 1 4 i
{M.L.%., S0.4323 R5-10 1856,7 { 75 | 1.3918 1 291132 1 4 |
1M.L¥. 4310 RS~18 1959 i 80 | 1.4258 | 277589 § 4 1
JM., L. W, 4310 RS18 1959 1 80 | 1.4258 { 287234 1 4 ]
{M.L. ¥, U812 DL~718 19€0,8 | 92 | 1. 4996 1,307252 1 4 ]
{M.L.¥., 4904 CENTURY 424 1964 i 75 | 1.3918 } 310745 1 2 ]
{M.L.W. 490738908 CENTURY 424 1966 | 75 1 1.3%18 | 310219 | & |
fH.L. ¥, 4909 CENTURY 424 1967 i 75 i 1.3918 { 310219 | 4 {
JALCO S0,21032 RS~-11 1956 ] 65 | 1.3207 | 251882 | & i
{M.L.%W. S0,4802 RS-11M 1957 | 75 | 1.3918 | 2956961 | 2 i
tM.L. ¥, S0.4805 BRS-11M 1957 i 75 | 1,3918 § 296981 | 2 ]
{M.L. ¥, SC.4806 RS~-11M 1957,8 i 75 1 1.3918 § 291069 } 2 i
i¥.L.%. SO.U4B08 R5-11M 1958 | 75 1 1.3918 | 293130 1 4 i
{#.L. ¥, 50,8317 BRS-10 1955 . 75 | 1.3918 | 267794 1 4 |
19.L. %, 50,4317 RS-10 1955 1 75 1 1.3918 { 268975 | & |
{M.L.¥W, S0 4322 RS-10 1956 1 75 | 1.3%18 | 267587 | &4 |
{M.L.¥ 4810 RS~-11M 1959 i 75 i 1.3918 § 279200 § 4 ]
{M.L.W, 4810 RS~11M 1959 i 75 | 1.3918 | 270488 | 4 ]
M. L.%. 4812 DL-718 1960 { 75 1 1.3918 § 279916 § 4 1
}ALCO SO 20940 RS-3 1954 } 75 1 11,3918 § 297414 § 4 1
1G6. M., C-301 CR-302 GP-35 1964 | 65 1 11,3207 { 289832 | 2 |
1G.4, C-315 GP-40 1965 | 65 1§ 1.3207 292774 1 4 ]
{G.M. C-323 GP-40 1967 i 65 | 1.3207 § 291971 1 4 1
]G.M. C-235 GP-~9 1957 [ 89 | 1.4824 § 298730 ¢4 4 i
}G. M, C-235 GP-9 1357 i 89 | 1.4824 | 298730 | 4 |
{G.¥, €-235 GP-9 1957 ] 89 | 1. 4824 ) 282803 § 2 ]
1E.M.D. 5584 gp~-9 1958 | 83 1 1.4454 § 303920 1 2 H
{1G.4.D., C-263 GP-9 1959 { 65 | 1.3207 | 264570 1 4 1
{G. M, C-223 @ap-1 1957 i 65 1 1,3207 | 250923 ¢ 2 i
1G.M, C-239 GP-9 1958 { 65 | 13207 253327 { 2 {
1G. M. C-250 GP-9 1958 ] 65 | 1.3207 § 250345 § 2 i
1GMD C-258 GPY9R 1959 { 65 | 1.3207 | 246976 | 4 i




Cont. TABLE A-2

LI WO
-IP).“.
[EERTOR S

] ]
4 3
¥ Kl 1
JUNIT iMax.Speed {Speed Coef Max, | Under{
1 { {mile/hr) | U | Bendingildxle |
1 { i ] Moment 1NWNr. ]
i 1 { I {1b.in) | U
- } + : } 1.
}GMD C-263 GpP-9 1959 ] 65 | 1.3207 | 246809 | 4 1
1G. M. D, C-184 GP-9 1955 ! 65 | 1.3207 | 278652 1 4 |
{E.M. D, 5343 gp-9 1954 i 65 § 1.,3207 | 278493 { & |
{E.¥M.D. 5845 GP-9R 1956 | 65 | 1.3207 | 280226 ] &4 |
iG.M,D, C-195 GP-9 1955,4 ] 65 § 1.3207 { 282445 | 4 I
1G. M. C~=214 GP-9 19556 i 65 1 1.3207 § 269511 1 4 1
]5.M4.D. C-215 GP~-9 1956,7 i 65 | 1.3207 { 279394 2 | L
|E.M.D, 5513 GP-9R 1957 i 83 | 1.4454 1 301828 { 4 i
JE.M.D. 5512 GP~9R~-D 1957 i 65 | 1.3207 { 275433 { 4 ]
1E.M.D. 5511 6P-9R 1957 1 65 | 1.3207 { 409184 | 3 i
{G.M, C-234 GP-9 1957 i 65 1 1.3207 § 280207 { 4 }
{G.M. €-238 6pr-9 19%57,8 i 65 | 1.3207 } 279652 | 4 ]
1E.M.D. 5612 GP—-18 1960 : { 65  1.3207 § 277909 | 2 |
|G.M.D, C-168 C-169 GP-7 (4800,19) 1953 65 1 1.3207 | 260844 | 4 |
1G.M.,D., C-168 C-169 GP-7 (#4820,3 ) 1953 65 { 1.3207 { 252958 ] 4 |
iG.M.D. E~-958-A4 GP-7 1948 ] 65 § 1.,3207 | 257407 { 4 i
1¥.M, D, 5365 GP9 1954 1 65 1 1.3207 { 285237 } 4 {
jE.M,. D, 5444 GP~9R 1956 1 65 { 1.3207 | 283950 } 4 {
|E.M.D, 5514 GP-9 1957 1 65 { 1,3207 | 285386 | 2 1
{E.M.D. 5510 GP-9 1957 | 65 1§ 1.3207 { 284316 | 2 i
jE.¥.D. 5558 GP-9R 1957 1 65 1 1.3207 '} 285237 | 2 |
JE.M.D. 5585 GP-9 1958 | 83 3§ 1.4454 1 311669 | 4 |
JE.M.D. 5613 GP-18 1950 | 83 § 1.4454 | 312330 | 2 1
1G. M. C-322 SD-40 19487 ] 65 1 1.3207 | 262835 § 6 i
{G. M. C-324 C-325 S0~40 1967,8 i 65 1 1.3207 | 261825 | & Voo
{G.M., C-328 SD-40 1959 | 65 § 1.3207 | 262164 | 6 1
{G.M, C-330 SD-40 1989 ] 65 | 1.3207 1 262164 | 6 |
{G. M, C-333 SD-40 1969,70,71 i 65 § 1.3207 | 262164 | & ]|
1G.¥, C-338 SD-40 1971 i 65 1 1.3207 { 262835 {1 6 ]
16. M. C-345 sD-40 1971 | 65 | 1.3207 | 262835 1 &b i
{E.M.D., 7186 SD-40 1969 i 651 1.3207 | 247971} 6 [
{E.M.D., 72271 SD-40 1970 1 65 1  1.3207 | 247971 1 & t
JE.¥.D., 7289 SD=-40 1970 { 65 | 1.3207 1 2479711 6 ]
{G.M, C-183 FP9a 1854,5 1 89 { 1.4824 1 323618 | 4 |
jG.M, C-183 FP9a 1955 | 89 § 1.4824 | 323618 | 4 |
jG.M, C-217 FP-9A7 1957 ] 89 | 1,4824 | 346238 | 4 |
{G. ¥, C-230 FP-9A 1957 { 89 1 1.4824 § 325274 | 4 {
{G.M, C-242 FP-92 1958 i 891 1.4824 | 327497 1 2 1
1G6.M, C-182 ®-9B 1954,5 1 89 | 1.4824 } 323773 { 4 i
1G.M, C-182 F-9B 1955 { 89 | 1.4824 y 323773 { 4 |
{G.¥. C-218 F~-9B 19487 i 89 | 1.48248 } 323762 { 2 I
“{G.M. G-231 FP-9B 1957 ] 89 1 1.4824 § 324818 | 2 (I
{G.M, C-243 F-9-B 1958 ] 89 { 1.4824 | 24262 | 4 1
jC.L.C. C-651-A GPA~16-5 1954,5 | 92 1 1.4%96 | 307139 3§ 5 P
IM.L.¥. 50.4407 FpPR-2 1955 H 92 § 1.4996 | 333475 { 4 1
{M,L. ¥, 8407 FPA-2 1955,8 i 92 { 1.8996 § 335084 | 2 |
{M.L.¥, SO,4408 FpPA-4 1958 i 92 § 1.4996 1 334552 | 2 b
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Cont. TABLE A-2 ] | | ] ]
r } } + + 1
JUNTIT I¥ax,Speed (Speed Coef, HMax. | Under|i
1 {{mile/hr) | 1] { Bendingi{ixle |
i I i } Moment INr. i
i i { { (1b.in)y ]
r b + } + i
M. L. W, 4409 FPA-~-4 1959 i 92 + 1.4996 | 343190 1 4 1!
ICsL.Ce C-551-8 CPB~-16-5 1954,5 i 92 {1 1.4996 | 313454 § 5 1
{M.L. ¥, S0,4504 PFPPBR-2 1956 | 92 1 1.499%6 { 332001 ¢t 4 ;
in.L,¥. 4504 FPB-2 1955,8 { 92 { 1.4996 | 337227 § 2 !
jM.L.¥., SO,4505 FPB-4 1958 1 92 § 1.4996 ] 233373 { 2 1
fM.L.¥., 4506 FPB-4 1959 { 92 | 1.4996 | 331355 { 4 |
{G.M.D. C-13B SW-9 1952 H 40 1 1.17465 | 231146 § 4 i
{E.M.D, 4045 SE-9 1952 4 40 1 1.1465 | 230061} 4 | ¢
§G. M. C, 8178 S¥~-9 1953 i 40 { 1.1465 | 229798 1 4 i
16.M.C., 4300 3¥-9 1955 | 40 {1 11,1465 | 229732 1 4 Lo
1G6. M4, €C~-201 S%¥-1200 19586 i 40 1 1.1465 | 231154 3 2 i !
jG.M. C=-216 SH-1200 1957 i 40 1 1.1465 | 230226 § 2 |
1G.M.D. C-265 SW~-1200 1959 ] 40 §  1.1465 § 229100 § 4 |
16.M.D. C-112 SW-8 1951 { 40 § 1.1485 | 217111 1 4 |
jG. M. D, C-125 S¥W-8 1951 i 40 1 1,1485 1 216182 1 4 }
{G.M. D, C-173 SW~900 1953,4 ] 40 §y 1.1485 |} 213388 1 & |
{E.M.D. 4577 SW-900 1956 ] 40 1 1,17465 § 216609 | 2 1
}G. M. C—-229 S¥-900 1957 | 40 1 1.1465 1 218475 1 4 1
1G.M., C-2841 S¥~-9D0 1958 ] 40 + 1,1865 | 232025y & |
{E.M.D 4424 Sw-900 1958 i 40 1 1.1465 | 218346 | 2 !
1G.M, C-241 S¥-900 1958 1 40 y 1.1465 { 232025 1 4 {
|E.M.,D, E-445 NW§~2 1941,2 { 40 1 1.1465 { 229880 | 4 ]
{E.M.D. E-T761 M¥-2 1946 i 40 |+ 1.17465 1 232025 1 4 i
{E. M, CORP, E-874 N¥~-2 1947,8 1 40 1 1.1465 § 229880 { 4 i
jM.L.W. SO-4105 S-4 195%1,2 1 40 1 1.1465 ] 214317 | u 1
}ALCC 20854 sS-4 1953 { 40 1. 1465 § 214037 § 4 |
IM.L,¥. SO~-4108 s-4 1954 ] 40 + 1.17885 | 214596 | 4 I
|ALCO S50-20959 s-4 1955 1 40 | 1,1465 | 217949 { 4 1
8, L.%. S0-8110 S-4 1955,56 ] 40 § 1.7465 {1 214366 | 4 ]
IR.L.%. SO-#4110 sS-4 1955 ] 40 § 1.1465 | 215285 | 4 ]
{ALCO 3506-20977 S-4 1955 i 40 § 1.1465 | 216363 4 ]
{ ALCO 50-20978 S-4 1955 { 40 t 1.1865 | 216544 4 i
JALCO $5-1848-3005-3035 s~-2 1941,2,6,7 40 § 1.1465 | 214317 | &4 |
fM.L.%W. DM-556 S-2 1949 i 40 1 1.1465 ] 218327 { 4 {
| M. L, ¥, DM-562 S-2 1949,50 1 40 { 1.1465 § 218327 § 4 |
{ALCO 20737 S-4 1951 ! 60 1.2845 244305 1 4 1
fM.L. ¥, SO.4112 S~4 1956,7 1 40 § 1.%1465 213109 § 4 }
JALCO S50,21037 s~-4 195% H 40 y 1.,14865 | 215919 1 4 {
jM.L. ¥, S0.47113 5-7 1957 | 40 1 1. 1465 | 216272 | 4 ]
| ¥.L.¥. SO,4118 DL~410 1958 § 40 1 1.17465 } 217595 § 2 .
{M.L. W, SO,.4002 s-3 1951,2 i 40 1 1,1465 | 184036 | 4 i
{M.L.W. SO,4007 S-3 1953 i 40 § 1,1465 } 185153 | 4 ]
M,L.¥, S0.4009 s5-3 1954 i 40  1.,1465 { 185523 | 4 P
M.L.¥. 4122 DL-411 1959 } 40 § 1.1465 | 217875 1 4 (R
M.L,¥%. 4123 DpL-4112 1859 i 40 § 1.1465 | 230209 § 4 i
E.M.D. E 958 A F3p 1948 ] 65 1 1.3207 y 260074 | 8 |
G.M, E 958 B F3B 19483 | 65 § 1.3207 | 258529 { 4 |




Cont, TARLE A-2

i

!
]
¥

i i H
r + + i
JONIT IMax.Speed |Speed Coef Max., { Under|
1 {{mile/hr)y | - U© 1 Bendingiaixle |
E i i | Momant {Nr. i
! | | | (1b.in)| !
r { { 4 } { .
]G.M, E-833 F3A4 1948 | 65 | 1.3207 | 260074 { 8 | -
1G.M, C-114 ¥7a 1951 1 65 {  1.3207 | 259202 | 4 |
“J1G.M., C-114 F7B 1951 : 65 | 1.3207 § 260856 | 4 ;
1G.M., C-137 F7A 1951,2 | 65 | 1.3207 | 261579 | 4 1
JG.M., C=-137 F7B 1951,2 { 65 §  1.3207 | 259262 | 4 ]
16, M, C-145 P-7A 1952 3 65 { 1.3207 | 278493 | 4. |
{C.L.C., C-625 1952 ] 70 1 1.3566 { 290860 | &4 I
1C.L.C, C-625 CFB-16-4 1952 i 70 11,3566 { 284993 | 4 i
{1C.L.C. 9312,14842 G.E.752 1952,3 1 70 §  1.3566 | 290747 § &4 ] -
iM.L.¥, D.M.568 F-1500 1950 | 75 ) 1.3918 } 294710 § 4 |
{M.L.¥%. SO 4400 F=1600 1951 ] 75 { 1.,3918 | 288386 | 4 | -
IM.L. ¥, SO 4500 F-1600 1951 { 75 | 1.3918 | 287786 | 4 ;
jM.L. W, SO 4402 F-1600 1952 i 75 § 1.3918 ] 295541 | 4 i
IM.L.%., SO 4501 F-1600 1952 ! 75 1 1.3918 { 294710 § 4 i
{M.L.¥ SO 4403 FP-1600 1953 i 75 1 1.3918 1 295541 1 4 1
16.M. C-313 GP-40 TC 1966 i 83 | 1.4454 | 324458 § 4}
i 3 A =} E | i
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TABLE A-3

Conversion factors of units of the physical terms used in +the studv:

1 k] 1 3 3
{Unit of i Metric { Anglo-American | ST 1
{Physical term | ] | 1

) 1 ] )
] 3 1 T 1
41 metric ton 1 1000 kg i 2204.622 1b i ]
|  (tonne) ! | { ]
11 short ton 1907.185 kg 1 2000 1b ] ]
11 kg i ’ { 2.2046 ib { 9.8069 nawton i
11 1b ] 0.U536 kg i i 4,4484 newton ]
{ | ] | H
] 1 ! | !
11 mile | 1.6092 kn | { ]
11 km 1 { 0.6214 mile | ]
11 £+ 130.4800 cnm ] | |
11 in ] 2.5400 cm 1 1 [
11 cn 1 1 0.3937 in { 1
] 1 { 0.0328 ft | |
i ! ] { |
H . i i I ]
11 in3 (modulus | 1 i {
i of section) 116.3872 cm3 | : { 1
1Ttem2 ¢ i 10,0610 in3 i ]
i ! | ] ]
i { ] i ]
i1 in% (moment | i { i
} of inertisa) 141.7522 cn% | : ] |
i1 cm# AL i 10.0240 in#4 { |
H ' H i ] i
| 1 1 i ]
11 mile/hr | 1.6093 km/hri i {
11 Xm/hr | 1 0.6214 mile/hr | |
! i | { i
i 1 i i i
i1 1lb.in (bending | { ]
{ i{moment) 1 1.1521 kg.cni 10.1130 newton.meter]
11 kg.cm i ! 0.8680 1b.in §10.0981 newvton.meter]
i | 1 i 1
i ] H | |
{1 1b/in2 | | i ]
{1 {strass) i 0.0703 kg/cmz? { 5895 newton/meter?2|
11 ka/cm2 ( n { 114,2233 1b/in2? |98069 newton/meter?|
i i H | 1
H ] i | |
11 bushel 135.2381 litre} 8 dry gallons| ]
1 135238,0 cm3 | 1.24456 ft3 i 1
i { j 2150,42 in3 10.035238 neter3 ]
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