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PREFACE

This report was prepared as part of the contract
DOT-TSC~1149. It is a partial result of a research effort
whose aim is to create a basis for the rational desién, construction,
and maintenance of railroad tracks. This research program was
sponsored by the FedgraljRailroad Administration, Office of Research
and DgVeIOPemnt, with the Transportation Systems Center'as program
manager. Dr. Andrew Kish, was the technical monitor.

| The present report cdntains an experimental and analytical

study of the lateral response of the rail-tie structure. The

.purpose of this study is to determine the proper equations needed

for the analysis of the lateral track response.
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1. INTRODUCTION

The early analyses of the response of railroad t:acksjin,the lateral
plane were based on the assumption that the rail-tie structure responds like

a beam in bending. The corresponding equation is

4 2 ) .
ET ———d:+N-—d‘2’=‘q(x) o I (1.1)
dx ax

.where v(x) is the lateral displacement of the track axis at point x, N is

the axial compression force and q(x) is the lateral resistance and/or the
lateral lecad, as shown in Fig., 1. A review of several track analyses which
used eql (1.1), is contained in Ref, [1], Sectf§n£3;;-}.?. -

If the bending rigidity is chosen as the sum of the rigidities of the
two rails with respect to their vertical centroidal axes, namely EI = E(2Ir),
then this implies that the torsional resistance the fasteners exert on the
rails is neglected, Although this may be justified for tracks with cut-spike
fasteners which were subjected to extensive traffic, this is definitely not
the case for tracks with the more rigid K-type fasteners or the spring-type
fasteners. To remedy this situation a number of investigations [2 - 4] used
a "substitute” bending rigidity for EI, which was chosen to be higher than
the 2EIr-value.

A more recent approach is to split the first term in eg. (l.1l) into two
or more terms. The first term representing the bending rigidity of the two
rails with respect to their vertical cent;oidal axes and the remaining terms
representipg the "continuous" effect the fasteners exert on the rails in the
lateral plane. So, for example, some authors (5 - 8] assumed that these
continuous effects are resistance moments, which are propertional, at each

point x, to the angle of rotation of the track axis,as shown in Fig. 2 and



under formed
track axis

LA

' FIG. 1 SIGN CONVENTION FOR EQ: (1.1)

-
L

b

FIG, 2 SIGN CONVENTION FOR EQ. (1.2)



proposed, instead of eq. (l1.1), the equation

4

d'v
- 4 -
ZEIr Z (N 2s

dzv
) 2
dx dx

= gq(x} . . (1.2)
In eq. (1.2),5 is the proporticnality constant between the resistance
moment {per unit length of rail) and the rotation of the track axis at
x. Theé parameter s was determined experimentally by a number of investi-
gators [5, 6, 9] by rotating a section of rail mounted by a fastenér
to a rigid;zed tie and then by recording the dependence of the applied
torsiohal momént to the angle of rotation of the rail at the fastener,
as ‘shown in Fig. 3.

Recently it was noted by Kerr [l]‘that‘equ. (1.2) in .conjunction with

‘this method of détérmining the s coefficient, does not include the effect
of the gauge on the lateral track response,which is mechanically incorrect,
For example, according torthis formulation the lateral rigidity of a
rail-tie structure, consistiné of two rails fastened to closely spaced
crosé-ties, will be the.same regardless of the gauge. This situation
takes'place, indeed, when the torsional'regidity of the fasteners is
nonéexis#ént,'since then' the cross-ties act merely as spacers and a
bending moment of the rail-tie structure is- carried by the bending
.strésses of the two rails. However, when the'fast?ners exert a resist—
ahbé'against rotation, the bending moment is _‘gar;iéd‘not only by the
béﬁdiﬁg stresses of each rail, but also by axiaikﬁoféEs-in the rails,
as shown in Fig. 4. Note,that for lateral deformations also the effect of

‘the tie figidity has to enter the analysis of a track ;tructure.

Thislconsideration led to a study aimed at the derivation of
the b;oper differential equations for the response of the rail=-tie

structure in the lateral plane [10]. 1In this study, at first, the
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difference equatioﬁs for the rail-tie structure were formulated and then,
through a limiting process, the differential equations were obtaiﬁed. This
approach yielded equations with well defined coefficients, )

Uding this procedure, it was found that the rail-tie structure shown.
in Pig. 5 is governed (for N = 0) by.two simultaneous differen£ial

equations

_ l2as _, _ 240s .

w = . .

2EIrV 6ats © h(6a+ts) - ,q (1.3

EAau" - 3 24as u - h(éi::) vi=0 (1.4)-
h™ (6ats)

where u and v are the axial and lateral displacements, respectively, and

g =2 ~
P a=g ‘ (1.5)

n
f
o jn

Note that without the third term in egqg. (1.3), this equétionlis identical,
except for the coefficient in the second term, with eq. (1.2) for N = 0.
However, it should be noted that,whereas the coefficient in eqg, (1.3) contains
the effect of the rotaticnal fastener resistanée; the gauge, and the effect of
tﬁe cross~ties, the correéponding coéfficien£ in eq., (1.2) represents only the
rotational fastener resistance. Note also that for the case of infinite
fastener resistance, that is for s = =, eq. (1.2) reduces to an quation

~of second order, whereas eq, (1.3) and eq. (l.4j, reduce to
2EIer - 12av" - (240/h) u' = g | (1.6)
Eau" - (24a/h2) u - (12a/h) v' =0 {1.7)

thus, they retain their order. This point will be of interest in Section 3,
when interpreting the test data for a test structure with "rigid" fasteners.

A track analysis which is based on the two simultaneous eguations
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(1.3) and (l1.4) is more involved than an aﬁalysis based on fhe one
equAtion (1.2). Therefore, it is désirable to establish the effect
the third term in eq. (l1.3) has on the track response and, if small,
whether it could be neglected in track analyses,

‘As a step in this direction, a model test track, with adjustable
fasteners, was built and then subjected to lateral loads. The 1§tera1"
deflections were recorded for a variety of fastener rigidities. The
obtained test results were then compared with cor;espondiné analytical

results, This study is described in the following sections.



2, TEST PROGRAM

The test structure used is shown in Fig. 6, It consists of two
aluminum rails (about 1 inch high) which were attached to wooden cross-
ties. (oak, 3.5 x 3.5 x 50.8 cm) by means of custom made fastene:s.*)
Eéch of the fasteners, shown in Fig. 7, consists of twopa elements,
The larger element is attached rigidly‘to the cross-tie and the smaller
inner element is free to rotate about a pin. The desired tbrsional
rigidity of the fastener is established by inserting ;gctangular pads
of prescribed material properties.between the 4 elements, as shown
.in Fig. 7.
The test structure is 3.1 meters 1ohg. The used cente; to center
tie spacing was 7.6 centimeters.
The fail-tie structure rested on a rigid horizontal base,  Tb
eliminate the friction between the rail-tie structure and the base,
two "frictionless" ball bearings were attached to the bottom su?féce
of every second tie. The "simply supported” end conditions for the test
structure wéfe created by drilling a hole through the center of the firét
and last tie and by inserting a pin which was attached to the base |
through each of these two holes. Thus, the length of the test section
is equal t§ the distance between the piqs. For the used test it was 3.03 meters.
The simply supported test structure was subjected at the center
of the span to a concentrated force, by means of a aynamometer which

automatically recorded the force, as shown in Fig. 6. The lateral

*) This rail-tie structure was built originally for demonstration purposes,
Its construction was sponsored by a grant from the Association of American
Railroads (AAR), Washington, D.C. '

8



i ' FIG. 6 RAIL~TIE STRUCTURE USED IN TESTS
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FIG. 7 FASTENER OF TEST STRUCTURE
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displacements were recorded by mechanical dial gages. Dial gages were
also placed-at both ends of the test structure to record possible support

displaceméh%é.ﬂ J
Preliﬁinary tests showed no notipéable time dependent deformations
of the test‘structure, when the fasténérs had hard rubbef or met$1 inserts.
quthgr group of tests established that'for the range of caused deflections,
the ;oad—displacemgnt relations were nearly linear as shown in Fig. 8.
This finding was .an indication that a linear formulation.may be used to
describe the response of the test structure. |
The recorded‘deflections norméliéed with respect to:their deflection
at thé center, for four different fastener rigidities and for different
load intensities are shown in Fig. 9. Thé four fastengr ;iéidities
corresPénélto:(l) no inserts, (2) hard rubber inserts,.£3) two screws
thf;ugh both i shapes, andu(4) ﬁetaliiﬁserts. Each test point is a result
of several_measuremenés which showed very little scattef. ‘No£e that
only the ﬁormalized déflgétions‘are shéwn , sinée'for thégpresent
study only the comparison of the deformation characteristics of the curves

is of interest . and not the magnitude of the deflections.
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3. ANALYSIS OF TEST TRACK AND COMPARISON OF RESULTS

Because of symmetry of the anticipated deflection curves, the origin
of the reference axis x, was placed at midspan, as shown in Fig., 10.

For this problem eg. (1.3) without the third term reduces to

iv 12a s n '
2EIrV_ - EE;:T; v —10 Oéxil/Z (3.1)
where ( )' = d/dx)etc. The corresponding boundary conditions are
v'(0) =0 , v(l/2)y =0
. (3.2)
v" (Q) = P/4EIr v'(l/2) =0

The general solution of (3.1) is

X + A_ cosh (yx) + A, sinh (yx) . (3.3)

vix) = a_ + 32 3 4

1

where
_ ‘( " 3as
Y= EIr(6a+s) - (3.4)

. Determining the constant Al to A4

tpe solution to (3.1) and (3.2) may be written as

from the boundary con&itions in (3.2),

P ' :
vix) = — [%E-— Yx - tgh(%éé cosh (yx) + sinh (qu (3.5)

4EI Y
r
Normalizing the deflection expression with respect to v{0) we obtain

v (X) %l - yx/2 - tgh(Y1/2) cosh{vyx/2} + sinh (Yx/2)
V(o) ~ yl/2 - tgh (y1/2) (3.6)

Note that yl is the only parameter which enters éq. (3.6); Yl = 0 being

‘14
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FIG. 10 SIGN CONVENTION FOR ANALYSIS OF TEST STRUCTURE.
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the case of zero rotational resistance of the fasteners,

For zero fastener resistance, eq. (3.6) reduces to

<
X

= 1— 6/ 2 + ax/D)> (3.7)

<
o}

Equations (3.6) and (3.7) were evaluated numerically for yZ = 0, 5, 10, 15,
20, 40 and the results are presented as graphs in Fig. 9.

From Fig. 9 it follows that the analytically obtained deflection'
curve for v = 0, i.e. from eq. (3.7),and the recorded deflections of the
test structure with ho inserts in the fasteners; agree closely. This
was to be anticipated, since for this fastener case the two rails act
independently as single beams. Note, however, that with increasing
rotational resistance of the fasteners the deviations from the y = 0
case increase. Thus, for these cases the classical beam equation (1.1)
is not suitable for describiﬁg the lateral response of the test strﬁcture.

Of great interest is the finding that, when the fasteners exert
a rotational resistance, the recorded deflections agree with those of the
analytical results for y # 0. Namely, when the fasteners had rﬁbber inserts
the measured deflections agree with the analytical curve fdr vYZ=5. When
the fasteners werelrigidized by means of two s¢rews sunk through both
‘ashapes into the tie, the test results agree with the analytical curve
for yl=16, Furthermore, when the fasteners were made "rigid" by locking
the fasteners with metal inserts, as shown in Fig. 7, the measured
deflection shape agrees with the analytical curve for yI1=40.

For a better interpretationof the above test results, let us also
consider twe limiting cases. When the fastener is rigid'then s = o,

and eq. (3.1) reduces Eo

16
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APt

=) v' =0 (3.8)

v
wherzas eq. (1.2), reduces to a differential equation of second order.
Thus, when the rails are rigidly attached to the ties, eg. (1.2) is
not suitable for track analyses. However, when the rotational rigidity
of the fasteners is small compared to the stiffness of the cross-ties,
namely when s<<a (but.not zero), then eq. (3.1) reduces to

2ET_ v'V o 25 v =0 (3.9)

which is identical with eq. (1.2} for N=0 and g=0.

17



4. CONCLUSION AND RECOMMENDATIONS

The comparison of the analytical and the test results presented
in Fig. 9 shows‘that fof the tested rail-tie structure:(l) the
classical beam bending equation closely represents the lateral deflection
shape when the torsional resistance of the fasteners is nearly zero
(2) fhe nature of the test curves noticeably deviates from the zero
case with increasing fastener resistance, thus when the fasteners
" exhibit a torsicnal resistance the classical bending equation, even
with a modified EI value, are not suitable for -the analysis of the
rail-tie structure, and (3)"£he measured deflection shapes for a
variety of fastener rigidities agree closely with the deflectién shapes
.based on eq. (1.3) without the third term. The close agreement, for
~all four types of fastener rigidities, suggests tﬁat an eguation éf
the type (1.3) may.be suitable for the analfsis of railroad traéks
in the lateral plane. This is an indication of a possibility.. T§
establish whether this is true in general, will require additional tests
{also on fulllscale‘track structures), corresponding analyses, and

comparisons.

18"
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APPENDIX:

REPORT OF INVENTIONS

The purpose of this project was to study the lateral response
of the rail-tie structure, experimentally and analytically, in order
to establish the proper equations for the lateral track response,
After a review of the work performed under this phase of the contract,

it was determined that no technical innovation or invention has been

made.
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