B

i

[PBBO 42656

REPORT No, FRA/GRD-78/41

RAIL-WHEEL GEOMETRY ASSOCIATED
WITH CONTACT STRESS ANALYSIS

TECHNICAL REPORT NO. 6

By B, PAUL AND J, HASHEMI

SEPTEMBER 1979

DOCUMENT IS AVAILABLE TO THE PUBLIC
THROUGH THE

NATIONAL TECHNICAL INFORMATION SERVICE

PREPARED FOR THE
FEDERAL RAILROAD ADMINISTRATION

- R

REPRODUCED BY: A _m_L'
U.S. Department of Commerce
National Technical Information’ Service
Springﬁ(_eldr‘Virginia 22161
v/

TS






GENERAL DISCLAIMER

This document may be affected by one or more of the following statements

This document has been reproduced from the best copy furnished by
the sponsoring agency. It is being released in the interest of making
available as much information as possible.

- This document may contain data which excéeds the sheet
parameters. It was furnished in this condition by the sponsorlng
agency and is the best copy available.

This document may contain tone-on-tone or color graphs, charts
and/or pictures which have been reproduced in black and white.

This document is paginated as submitted by the original sourcé.
Portions of this document are not fully legible due to the historical

nature of some of the material. However, it is the best reproduction
available from the original submission.






1. Report No. 2. Government Accession No. 3. Recipient’s Cotelog No.

FRA/ORD-78/41

4. Title and Subtitle 5. Report Date

RAIL-WHEEL GEOMETRY ASSOCIATED WITH CONTACT
STRESS ANALYSIS, Technical Report No. 6 recptember 1979
8. Perlorming Organization Report No.v

7. Aushor's) )

B. Paul and J. Hashemi MEAM 79-6
9. Porforming Orgenizotion Name and Address 10. Work Unit No. (TRAIS)
Department of Mechanical Engineering and Applied )
Mechanics - University of Pennsylvania 11 Contiact or Grant No.

Room 111 Towne Building/D3, Philadelphia, PA 19104 __ DOT-0S-60144

13. Type of Report and Period Covered

*-‘2 Soommllnp Ag-ncy Nems ond Address ) s
U. S. Department of Transportation. Technical Report

Federal Railroad Administration

Office of Research & Development 14, Sponsoring Agency Code
Washington, DC 20590

15. Supplementary Netes

16. Abstract

This report records the der1vat1on of a number of resu]ts perta1n1ng
to wheel and rail geometry that are needed for the analysis of contact
stresses and rolling-creepage phenomena. In particular, results utilized in
the authors' computer programs COUNTACT (for COUNTerformal contACT problems)
and CONFORM (for CONFORMal contact problems) are given.

It is shown how the profile curves specified by engineering draw1ngs
for standard wheels and rails may be ana]yzed to find appropriate parameters
needed to express the pertinent equations in the various coordinate systems
utilized in contact stress analysis. For arbitrarily selected points of
initial contact on the wheel tread and on the railhead, it is shown how to
determine the feasibility of such contact, and how to determine the mutual
separation of points on the two surfaces. It is also shown how to determine
the curve of interpenetration which is used as an initial estimate of the
contact patch boundary associated with a given relative approach (due to
elastic deformation) of the loaded wheel and rail. The basis of a computer
program (MIDSEP) to determine this separation is described.

7

17. Hey Words 18. -Distribution Stotement /
Rail-wheel ‘interaction, contact Document is available through the
stress, elasticity, non-Hertzian National Technical Information
contact ‘ Service, Springfield, Virginia 22161
19. Security Classll. (of li,il roport) 2. Security Clossil. {of this page) 21. No. of Pages 22. Price
UNCLASSIFIED UNCLASSIFIED 27

Ferm DOT F 1700.7 (®-72)






e

Table of Contents

Introduction
Statement of the Problem
Rail and Wheel Profiles

Feasibility of Initial Contact Point

Qutline of Computer Program MIDSEP

Initial Separation for Rail and Wheel.

6.1 Rail Shape Function and Unit Normal Components
6.2 Wheel Shape Function

Initial Candidate Contact Boundary (Interpenetration Curve)

References

Appendix 1. Smooth Rail and Wheel Profiles

List of Re1at§ddReDorts and Publications

l
I
=~

12

14
14

19

22
23

- 26






1. INTPODUCTION

The purpose of th1s report is.to. prov1de the der1vat1on for a number of
results pertaining to wheel and rail geometry that are needed for the analysis
of contact stresses and friction-creepage phenomena. In particular, we wish
to record here results that are utilized in the computer programs COUNTACT
(Paul and Hashemi, 1977-a,b) and CONFORIM, (Paul and Hashemi, 1978, 1579).

2. STATEMENT. OF THE PROBLEM

The geometry of the wheels and rails for railroad vehicles are usually
specified in drawings of so-called profile curves “-in the plane of symmetry
of the wheel or the rail. In Sec. 3 and in Appendix 1 we show how these
drawings can-be used to provide ‘parameters and.equations required for stress
analysis purposes. ‘ o | | 7

Rails and wheels can have one or more contact points, reférred‘toias
initial contact points, prior to any deformation. .The initial contact
points depend on the orientation of the wheelset relative to the track.

For sufficiently small yaw angles of the wheelset, the initial‘contact points
are located in a midplane.* Only the case of a single initial contact point:
is discussed in this paper.** | ' SR

For a given pos1t1on of the wheel re]at1ve to the ra11, 1t is requ1red
to determine the initial contact po1nts. This is discussed in Sections
4 and 5. " | . -

. For a feasible initial contact point, the distance between two points;
in the direction of the normal to the rail or wheel at the initial contact
poiht,'on thelrai1‘and wheel, is required. This distahce is ca11ed the

initial separation, discussed in Sec. 6.

The plane which passes throuch the wheel axis and the contact point
will be referred to as the midplane.
x
For a discussion of how the injtial contact points (single or mu1t1p1e)
are influenced by lateral wheelset motions see Cooperrider, et. a] (1975)
and Heller and Cooperrider (1977). ‘ ‘ :



The region where the rail and wheel touch, after load is applied, is
called contact patch. The determination of an initial estimate for the

“'boundary of the contact patch is:dischsaed:‘inmSec. 7.

3. RAIL AND WHEEL PROFILES

The railhead profile is the curve intersected by the rail surface and a
plane normal to the rail axis [see Fig.(Ta)]. The wheel profile. is the curve
of intersection of the wheel surface and a pTane‘through tHe=WheeT axis.

- Standard American wheels and rails are manufactured with profiles consisting-'
exclusively of straight line segments and: circular arc segments. To write
algebraic expressions for rail and wheel. profiles, the fol]bwing pakameters,
-associated with a coordinate system (x,z) fixed in the wheel (or rail),

are needed (see Figs. 2 and 3):

1. -The slope af-and z-intercept bi of straight line segment:i‘
2. The radius Rirand arc-center coordinates (ai, bi) of circular
arc segment 1.

3, The "e'nd‘poiritfl coordinatesa(Xi, yi) of the right hand end of .

segment i

_ Ih any specific case, informatfoh must be provided‘to'éa1cu1ate the_
above ment1oned parameters (see Append1x 1 for derivation of the parameters
associated with the wheel and rail of Figs. 2and 3).,

In the segment i, defined by ‘
*i-1

< X <‘xi’ | ‘ . _(3,1)‘
the““profi1e‘eqﬁetiqns“ (fdr' whee1 or fai]) are: .

Z

by + [Riz - (x - a1)z]]/2 (arc segment) o ‘(3.2-a)>

N
t

a;x + bi (straight segment) ‘ ' .(3.2—b)
Hhen necessary, a sUperécript‘R'or;M‘wiTT.be used to distinguish between the

coOrdinates (xR, zR) of the rail and the coordinates (x“, zw)'of the wheel,
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For the usual case of symmetric rails, it is convenient to locate the
z-axis parallel to the axis of symmetry of the cross-section (see Fig. 3).
The x-axis of the rail is conveniently chosen to be transverse to the rail.

4. FEASIBILITY OF INITIAL CONTACT PATCH

The rail and;wheel‘gaq hauewoné qrfmdré'fnit?al contact points prior to
deforming under the”dtfion of the applied loads--depending upon the orienta-
tion of the wheelset relative to the rails. For sufficiently small yaw
angles of the wheelset, the initial contact points are located in a plane
which passes through the wheel axis and is normal to the rail surface.

This nlane coincides with  the midplane, defined in Sec. 2.
This discussion is Timited to the case where there ex1sts a single point

of initial contact between wheel and rail.

The -initial contact point C on the wheel is determ1ned by its x- coord1nate
xg (see Fig. 2). Similarly, the initial contact point on the rail is
determined by XE (see Fig. 3). o '

For given 1ocations of C on the wheel and on the rail, let
(£,n,z) be a coordinate’ system with origin at point C, with the ¢- axis along
the common normal, and w1th .the. n-axis normal to the midplane, as iTlustrated
in Fig. 4. The 1n1t1a1 contact point C is feasible if, and only if, the
distance between any two points on the rail and wheel pkofi]es;which have the

same values of &£ and n s positive; i.e. when
sz (g -NEmy o0 (6.1)

We now need to write the transformation equations between the wheel and rail
coordinates (x,z) and the ¢lobal coordinates (£,z) for an arbitrary point P.
If 8. is the angle through which the £-axis is rotated (pos1t1ve counterc]ockw1se)
with respect to the x-axis and (x_, z_) are the coordinates of po1nt C, in the

¢’ “¢
x-z coordinate system, then it follows from Fig. 5 that:



Kig. 3. Rail protile R R
(a) in rail reference system (x",z")
(

b) i global reference system (&,¢)

8
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-x Y ecos  “1“” 22 ) sing
(¥.¥C) cgs 8. (z zc) sin,ﬁc

c

L EF
r = (zjzc):cos 8, - (x-xc),smn-ec |
or
= + , ’: _'
X=XV E cos.ec‘ ‘& sin )

. =  + £ 'sj +
Z 'ZC . S1In E:)CNVECOS Bc

‘(4-273)

(4.2-b)

(4.3-b)

{SubStituting Egs. (4.3) into Egs. {3.2) and solving for ¢, we obtain

the transformed equations (4.5-a,b)‘of the profile, in the range

-1 <8 <&

(—31 + [Riz - (E—ai)zjl/2 {arc segments)
c=i | S | |
| a; €+ e{- { (straight seaments)
where:
(ai-xc) cos o + (bi-zc) sin 8 (arc)
a].= ‘
a, Cos ec—sin ec
a. sin 6 _+cos o (straight)
i c c :
similarly;
( (bi—zc)lcps 0. (aifxc) 5j".®¢‘ . - ‘ (arc)
Bfi -
(a; x, +.b-z ) (cos 8, +a; sing.) (straight)

and
£; = (xi'xc) cos_eC + (zi;zc)‘Sih,ec_n
51‘15 the segment end point abscissa in the (£,z) system.

10
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(4;5-a),
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For a given value of xc, the appropriate segment-number i is found
from the range restriction

BRIE R N S SR ¥ ' - : (4.9)

and the corresponding ya]ue,of,zc is given by Egs. (3.2) in the form

P R B V7 S ’
f b, + [Ri -(xc-ai) 10 ‘ (arc) | (4.10-a)
)‘ .
ZC: 3 o ‘ .
La, x + b, (straight) (4.70-b)
From Figure 5, we see that the profile slope at pdint C is given by

dzy, _ .. . ' ' ‘
‘v(a;)c -_tan Bc E - ‘ (4.]])
_Hehce‘the angle ec is given by

-~

=(x-as)
—— V172 (arc)

- (4.12-a)

!
| IRy (xgmag) 1Y

L2 - o (straight)' -(4.12-5)

Thérefore,'with (ai, bi)’ R;, xi énd'xC given for‘the rail (wheel),
. i 1 .

cR(tw) is obtained, for a given value of § , by the following procedure:
(a) . calculate z, and éc using ‘Egs. (4.10) and (4.12) respectively.

_ (b) . From Eqs. (4.6), (4.7) and (4.8), ca1cu1ate”(a{, Bi).and'gi~‘
respectively, . ‘ - |

| (c) Finally, calchlate CR (Cw) from Eqs. (4.5).



5. OUTLINE OF COMPUTER PROGRAM MIDSEP =~

Based on the above equations and procedures, a FORTRAN program*
called MIDSEP (I'IDplane SEParation)-was written to provide the following

%k
as output:

(a) Transformed rail and wheel paEEmeters azs By § (see Figs. 2 and 3).

i *i
(b) Value of the separation. funct1on Ag =M -gR on the plane n = 9,
at equaily spaced values of R
The program is organized as shown in Fig., 6. A brief deschiption of
each program block follows.

Main Program _ (MIDSEP):

The purpose of the main program is to manage input and output, to call
appropr1ate subprograms as needed, and: to interlink the various components
needed for overall program logic. It cal]s‘upon subroutines RAILO and WHEELC -
to calculate z., 8, oy, B;s &> for rail and wheel. Then it will continue

I ‘ ‘ ‘
to calculate gR and gh for equal,increments of & , by calling subroutines

RAIL and WHEEL. Finally it calculates Aé = cw - rR.

»

Subroutine RAILO: Calculates the z-coordinate of the injtiél contact point

on the rail, and the transformed parameters (ai’ B{,'gi)-needed for the rail.

Subroutine WHEELC: Calculates the z-coordinate of the initial contact

point on wheel and the transformed parameters (ai’ B, £1) needed for the wheel.

Subfunetion RAIL: Ca]cuTates the ;R for any £ ; i.e. the rail profi1e'
in the g]oba] coordinate system (£,z) of the m1dp1ane ‘ | -
Subfunct1on WHEEL: Calculates. the cq for any E ; i.e. the whee1‘pfofi1e in
-the globa] coordinate system (£,z) of the m1dp1ane
~ A numerical example which fully: 111ustrates the use of Program MIDSEP

~is given in Appendix 2 of Paul and Hashemi [1978].

N ‘ o

A complete User's Manual for program MIDSEP, including the FORTRAN
listing is given in the "User s Manual for Program CCNFORM", Paul and
‘Hashem1 [1978].

‘ The output described. here serves as input. for the ca]cu]at1ons of
Section 6.

12
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Fig. €. Orcanization of orogram MIDSEP. Arrows point-7rom

callinc -to called pragram,
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6. NUMERICAL DETERMINATION OF INITIAL SEPARATIbN FUﬂCTION’

The initial separation function is the distance between two points in
the ¢-direction. It is obtained from the equation
AL = ;J -'cR ‘ ' L (6.1)

where Cw is the wheel shape function and [CR}fs the rail shape function, both
corresponding to the same value of £. = | e

6.1 Rail Shape Function and Unit Normal Vector .

The rail is a cylindrical surface. Therefore, in the global coordinate
system (£,n,z) its shape function will be the same‘as‘its profile function
given by equations (4.5), i.e. '

8+ R - (g -ap?ME (are)
gR=[ (6.2)_

y o
‘Lai £ + Bi 7 ‘ (straight)

where a;, By and g, are given by Egs., (4,.6-4.8). The componénts-of the unit
vector m,  normal to the rail surface,are obtained as follows:

n (ng, noon) = (%gw 0, %E)/N | o | (6.3)
- where
| e 2 2 1/2
n= &)+ () (6.4)
and ‘
L2 ). 172 \
By Ry - eyt - e (are)
i ’ ‘ a
F(E,c)=j . (6.5)
l;ai £+ Bimt | - (straiaht)

Theréfore,

14



. i - |
: S - (arc)
3. (6.6)
R o (straight)
3F
A \
R. ‘
(= (arc)
i LRi‘-(g-ai) 1T o . (6.7)
N =3
'l [1 + a12]]/2 ST i(strajght)
- -di)/R1 ‘(aré)
Hg - ' | e _— (6.8)
‘ ai[] +‘a12]_]/2 ‘ ~ (straight)
[(c- B4 )/R; : | (arc)
n,o= ) | - | (679)
L [1+ aiz]f1/2 ‘ - ‘(straight)‘

6.2 Wheel Shape Function

The wheel s a surface of revolution with nominal radius‘Rw (the distance:
- from the wheel axis to the origin 0). Its surface equation in the wheel

coordinate system (x“, y”, zH) in the domain Xio] S XX is (see Fig. 7):

‘2'

| i - > ' ‘ ‘
| N N P N 3 o (6.10)
where B '
. / - .
‘ RY (v Ri2 - (x-a )2 + bi) (ar;)
. ‘ | E
p =Rk—ZOL=':ﬁ_ “‘ . ’ o ‘.‘;” - (6.11)
vORN (a; x + by) (straicht)
Therefore,

15
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Fig. 7 Rail and wheel profile functions
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R Rt (/Ri2 g (x-ai)z ¥ bi)}z-y2}1/2 (are)

M - O (ea2)

wl - {[vaf (ég X ;'bi)12'_=y2}1/21' .  : (straigit)

e nay express'zu in terms of £ and n jf;we'note~that'y =n .,
and x is given by Eg. (4.3-a)‘_
. From Fig. 7 , it is apparent that
. ’ g 2 PO |
F(emc?) = -y - (0P -nf) =0 (6.13)
")

where F(£,n, ¢") is, by definition, the "wheel shape function."

Our objective will be to find ¢ for given values of £ and n
However,we cannot-solve Eq. (6.13) directly because X annears in it implicitly
in a highly nonlinear fashion. Therefore, we will use-the Jewton-Raphson
iterative method [ see Hamming, 1971, pp. 45-51] which requires that we

Juess at an initial va]ue:of ';N ahd;then-find an- improved value

e (6.12)
where the incremental correction is given by

s = - RNy (§5w> - (6.15)
all |

wheré F is the wheel shape function defined by Eq; (6.13). Since z

enters Eq. (6.13) through the terms zH and p, anq p is a functipn of x,

W

we can evaluate dF/chAin the forn

.
g
[P
-
(o
N

Q
x|
o>
>

dF . 3F 9z , 9F 30 -
SH 323" 5 i 3t (6.76)
4 ‘ .
The procedure is as follows:
W W

a. Guess a value Tor ¢ (for example, use Eq. (4.5) to find ¢
corresponding..ton = 9). .



‘:b- Find F(Cw) from.equatioﬁ.(é.i3).
c. Find gé, gé, and 22 from Eqs. (4.3) and (6.11), in thg_fo}m
22 - cos o, T  f; ( O (e
(arcj
(819
. (straight) '
| d. Find p ffom'Eq.‘(6-11). then’%g b& différentiétjhg qu”(6.13), 1;e.
%E" 2. S (6.29)-

e. Find g% from Eq. (6.16)

f. Find Az from Eq. (6.15) R
g. Find the new value for ¢ from; |
| ;new»= G1d TAC o - (6.21)
h. Repeat steps'a through g, with the new value of  , until a desired
tolerance is reached for |Az| . N

With ;R and cw determined at any point of the £-n plane, the

‘separation is calculated from _

“ s=¢g -7 ‘“:_ﬂ" . .- (6.22)
' Subroutine INSEP - Sl L

The subroutine INSEP--which stands for "INITIAL SEParation" -- has been based

. on the analysis just discussed. Its purpecse is to supply the initial separation

between rail and Whéel (and the unit normal components only for program CONFORM),

18



to the calling program. It calls upon subprogram RAIL and MIDWEL to find
cR and cw when n = 0; then INSEP calculates s = ;w - cR. For n # 0, gR_
remains the same and INSEP calls upon WHEEL to calculate Cw.

The organization of subroutine INSEP is shown‘in Fig. 8 ., where the

. various subprograms have the fo110w1ng purposes

Subrout1ne INSEP calculates s 'y ‘the 1n1t1a1 separat1on between ra1]

.and wheel

Subroutine RAIL: calculates ;R for any given ¢ (also components
of unit normal vector when used with CONFURM)
Subroutine MIDWEL: calculates ;w‘when n =‘Ol '
~ Subroutine WHEEL: calculates gw when n # 0

Subroutine WHEELO: calculates z" and dz¥/dx.

7. INITIAL CANDIDATE CONTACT. BOUNDARY . . .

An initial estimate of the contact patch is essential for the numerical
solution of contact stress problems. The projection on the &-z plane of
the intersection curve of the‘two rigid surfaces, obtained by their interpene-
tration through a distance & , along z-axis is a good first approximation
to the actual region of contact for a rigid body approach  § . This region
is called the initial candidate contact patch and its boundary is called
the interpenetration curve (see Fig. 9). The interpenetration curve is

‘given by

cw-cRs(an)= | (7.1)

In general, it will not be poss1b1e to get an ana]yt1ca1 express1on for

f(g,n) Therefore, we use g as the. independent variable, and find the value
of n(=y) which satisfies Eq. (7. 1) by means of the following procedure

Procedure to find interpenetration curve
a. Ca]culate;atR from Eq. (6.2) for a given g.
~ b. Calculate cw from Eq. (7.1) as;

w K

c. Ca]cu]ate X from Eg. 4 3—a)) using £ and ¢

Note that the subprograms named RAIL WHEEL and WHEELO used with Subrout1ne
INSEP are different from similarly named subprograms used with program MIDSEP -
(Sec., 5). A complete FORTRAN Tisting of INSEP and all its associated subroutines
is included with the 1isting of CONFORM in Paul and Hashemi [1978].

19
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Fig. 8 Organization of subroutine INSEP

INTERPENETRATION —
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0 of surfaces
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d. Calculate 2% from Eq. (4.3-b) and p(x) from Eq. (6.11).
e. Calculate n(=y) by solving (Eq. 6.10)
y=n=1+ bP-Mp)11/2 (7.3)
 Withn calculated for any value of”é;;ﬂthé‘interpénetration curve is
- determined. ‘Based on the above procedure, a FORTRAN program called INTERPEN

E was written to determine .the interpenetration curve for.any given rigid body

‘displacement. For Step a, INTERPEN calls the same subroutine RAIL, as that
called by program MIDSEP, For step e, INTERPEN ca]Tsfafsubroutine‘named YRW.
‘ A complete User's Manual and sample problem for Program INTERPEN ‘
will be found in Appendix 3 of Paul and Hashemi [ 19781 A FORTRAN listing
of INTERPEN and its associated subroutines is also ‘given in that reference.

21
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APPENDIX A. SMOOTH RAIL AND WHEEL PROFILE

It is desired to be able to write the algebraic equation of each segment
- of a wheel or rail profile from the information supplied on an engineering
drawing. These drawings usually show circular arcs which are joined smoothly
to straight lines. | _

Smooth transition from one segment to a following segmeht in a rail
or wheel profile may occur in the following ways: '

a. Froma straighf line segment to a circular arc segment;

b. From a circular arc segment to another circu]ar arc segment;

c. From a circular arc segment to a straight Segment.

. In most cases the slope of straight segments,'radius of a circular

arc segment, and coordinates of segment end points are given,

Smooth Transition from a Straight Line to a Circu]ar-Arc Segment [Fig;A-](a)]

If the slope of the line is ai;],vits y-interceptis b, ,. let xz_i
be the greatest abscissa on segment (i-1), also let Ri be the radius of the
circular arc segment i with the end point abscissa x& [see Fig.A-1(a)].Then;

‘ - PR C
. -] '
AC =R, sinf = — R. (A-1)
1 ’1+a"‘%_1 1
- 1
AB = R, cos & = R. (A-2)
1 /“—_‘1+a?i-] 1 _ .
o %1
a; = X; .+ = R, (A-3)
i i-1 jﬁ:git; i
‘ Ri : ‘
b, =z, ;- (A-4)
j i-1 J’T:E?f]
where .
Zj1 T80 X Y by (A-5)

23



”Xféi

(a) Transition Trom ST L _‘<¢Bw,‘i,
straight line
- to circular arc

(b) Transition from .
circular arc to
a difrerent
circular arc

(c) Transition from
a circular arc
to a straight line 0

o - ' o T d', b‘a' .
Fig.A-1 Profile transitions (D7-4,P] 1)‘
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Smooth Transition from a Circular Arc_Segment to Another Circular Arc
Segment [ Fig. A-1(b)

If we are given the arc[center,coordinates (ai-T’ bi—l)” the radius
Rj_], the greatest end point coordinate Xi.1 of segment i-1, and Ri then:
radius of arc segment i is given, then:

| . XiTaily
' EC =(R_i_-] - R'I) sin 6. = (R'l-] - R'I) -—R—]-:']——— ‘ (A-6)
ED =(R. . - R,) cos 6 = (R, , - R -[_(b1-1‘21-1)] (A-7)
i1 N i-1 7 Ry) T
Ry
5 Tt (- g) g - ay) (A-8)
R, |
by =65y = (1 ) ﬁ:t;) (b;_y - 21f1) (A-9)
where 12 2172
oz by H IRy - (g ey T (A-10)

Smooth Transition from a Circular Arc Segment to a Straight Line Segment [Fig;A—](c)]

If we are giVen the arc center coordinateé (ai-1’b1-1)’ radius Ri?]’ 7
and end . point abscissa xi_]‘of segment i-1, then the slope of the straight

~segment is:

X -a. .
a1=-Mne=-;'t 1-] . (A-11)
i-1774-1 | |
and ‘ ‘ - _
b, f Zi 9 A5 X5, - (A-12)
~where C |
L 2 2.1/2
iy = byt Ry - gy - ey q)] (A-13)

e



‘Al.

2.
A3.
AG.

A5,

6.
AT.

A8,

LIST OF RELATED REPORTS AWD PUBLICATIONS - .

"FRA Technical Reports (Available from National Technical Information Service)

Pau?, B.. "A Review of Rail-Wheel Contact Stress Problems,“ Technical Report -
No. 1, April 1975, FRA/ORU-76 141, PB 251238/AS, Contract DOT-0S-40093.

woodwara; ., and Paul, B., "Contact Stresses for C]ose]y Conform1ng

‘Bodies - Application to Cylinders and Spheres," Technical Report io. 2,

December 1976, DOT/TST/77-48, PB 271033/AS, Contract DOT-0S-40093.

Paul, B., and Hashemi, J., "An Improved Numerical Method for
Counterformal Contact Stress Problems," Technical Report No. 3, July
1977, FRA/ORD-78/26, Contract DOT-0S-60144, PB 286228/AS. ‘

‘Paul, B.,and Hashemi, J., "User's Manual for Program COUNTACT COUNTer-.

formal contACT stress problems ", Technical Report No. 4, September 1977,

'FRA/ORD -78/27°, Contract DOT-0S-60144. PB 286097/AS

Paul, B.,and Hashemi, J., "User's Manual for Proagram CONFORM (CONFORMa]
contact stresses between wheels and rails " Techn1ca1 Report No. 5, June ]978
.. FRA/QORD- -78/40, Contract DOT-0S-60144, PB 288927/AS

Paul, B., and Hashemi, J., "Rail-Wheel Geometry ‘Associated with Contact
Stress Analysis," Technical Report No. 6, September 1979, FRA/ORD-78/41.
Contract DOT-0S-60144. :

Paul, B., and Hashemi, J., "Contact Stresses in Bodies with Arbitrary ,
Geometry, Applications to Wheels and Rails," Technical Report No 7, Aprt1'
1979, FRA/QORD/79-23, Contract DOT- OS 60144, L

Paul, B., and Hashemi, J.‘"Numer1ca1 Determ1nat1on of Contact Pressures
Between Closely Conforming Wheels and Rails", Technical Report No 8. July,

1979, FRA/ORD-79/41,

Contract DQT-0S- 60144

26



B1.

B2.

'B3.

B4,

Related Papers Published in Various Journals and Proceedings

S1ngh K. P., and.Paul, B., "A ilethod for So1v1ng - Posed Integral -
Equation of the First K1nd “ Computer ilethods in Applied HMechanics
and Engineering, Vol. 2, 1973, 339-348.

Singh, K. P., and Paul, B.,"Humerical Solution of Non- Hertz1an Elastic
Contact Prob]ems," Journa] of Applied Mechanics, Vol. 41, o
Trans. of ASME, Series E, Vol. 96, June 1974, pp. 48&4-490.

Singh, K. P., and Paul, B., "Stress Concentration in Crdwned'Ro1!e;§,"
Journal of Engineering for Industry, Trans. ASME, Series B, Vol. 97,

No. 3, ]975; pp. 990—994

- l;‘
Paul, B., K. P. Singh.; and Woodward, W., "Contact Stresses for

Multiply-Connected Reg1ons--The Case of Pitted Spheres," Proceedings

--~ of the Symposium on the Mechanics of Deformab]e Bodies, De]ft Un1vers1ty ,

B5,

B6.

Press, 1975, pp. 264-281.

Paul, B., "A Review of Rail-Wheel Contact Stress Prob]ems," in
Proceedings of Symposium on Railroad Track Mechanics, Pergamon Press,

1978, Ed. by A. Kerr, pp; 323—351.(Based on Report Al).

‘Pau] B., and Hashemi, J., "An Improved Numerical Method for Counterformal

Contact Stress Problems," in- Computat1ona1 Techniques for Interface Problems,
AMD-Vol, 30, Ed. by K. C. Park and D. K. Gartlung, American Society of

: Mechanical~£ngineers, N.Y., 1978, pp. 165—180 (Same as Report A3).

27 .



I . - - - - . N
o N s . -
: . . , i .
. B
v - - N o
- . -
" v N -
' . .



