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EXECUTIVE SUMMARY

This paper presents analytical equations for estimating the amount of energy dissipated in the
track foundation due to the action of a steadily moving wheel load. The principle track model used
is that of a single infinite beam supported by a Kelvin foundation.

First, a non-dimensional formulation of the steady state problem is given. The method of
Fourier expansion is then used to solve for the amount of energy dissipated per unit length of the
foundation (track damping resistance). By considering speeds lower than 100 MPH only(operational
speeds) and an assumed track damping range, the obtained solution was further reduced to a simpler
formula for estimating the damping resistance from few non-dimensional model parameters. Based
on this formula, graphs of the track damping resistance versus wheel load and speed for a track on
wood ties and a track on concrete ties were presented. Effective use of these results required the
availability of realistic estimates of the amount of damping in a typical railway track.

For this purpose, an experimental method for determining the required track damping ratio
was proposed and examined. The method was based on vibrating the track structure with a vertical
harmonic load, By comparing the phase shift between the input forcing function and the resulting
rail deflection, with the corresponding shift obtained from analytical results, the damping ratio was
determined. The method was then applied to a 39-foot long section of a full scale railway track and
three different tie-fastener arrangements. These were concrete ties with pandrol fasteners, wood ties
with pandrol fasteners, and wood ties with cut spikes. The determined damping ratios were within
the damping range for which the simplified resistance equation was valid. This served as a validation
for using the proposed simplified formula. In addition, the results indicated the suitability of the
"beam on Kelvin's foundation" model for representing the steady state response of the tested tracks.

Finally, variations in track damping with loading level and frequency were examined. It was
shown that the viscous track damping ratio increased as the amplitude of the applied harmonic load
increased. Near the fundamental frequency, the damping ratios for the three tracks tested were of
the same order of magnitude. The damping ratio stabilized or slightly increased as frequency
increased for the wood tie tracks. For track on concrete ties, the damping ratio significantly
decreased as frequency increased.
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1.0 INTRODUCTION

Material damping is a measure of the energy dissipated when a structural member is
subjected to one or more loading cycles. If a solid member is subjected to cyclic deformation
(vibrations), energy will dissipate due to internal friction between the individual molecules. If
vibrations are imposed on an earth foundation, energy will dissipate as a result of friction
between the soil particles. Such frictional forces resist the externally imposed forces and will

cause deformation to "damp out" once the loading source is removed.

For a railway track structure, damping represents the energy dissipated below the rail
surface due to the dynamic action of a moving wheel. The dissipation is due in part to the
friction in the ballast and sub-ballast. Additional friction at the tie-ballast interface, or internal
friction in the rail and tie materials, may also contribute to the total dissipation. The term "track
damping resistance (or loss)", as used in this paper, refers to the amount of energy dissipated
in a track per unit length (of track) due to a moving wheel load. This resistance is only a part
of the total resistance encountered by a moving train [1]. In general, the damping resistance
will vary according to variations in track conditions. Track response, including its damping

resistance, may also vary with train related factors such as weight and speed.




In a comparative study by Chelliah and Bielak [2], track damping losses due to a
steadily moving wheel load were estimated for a wide range of stiffness and damping
parameters. Their principle model was that of an infinite beam resting on an elastic foundation.
Their study considered a variety of elastic foundations. These were Kelvin's model, the two-
layered Vlasov model, an elastic halfspace model, and a non-linear 2-D finite element model.
Their work presented a systematic method of solution based on the Fast Fourier Transform
technique. Only general formulations and numerical solutions were presented. These
solutions were for the damping losses in a railway track with 136 1b/yd rail under a 32.5-Kip
wheel load. Their parametric study revealed that the various models produced losses which
were of the same order of magnitude. Based 611 these findings, the following work will focus

only on the simplest of these models, i.e., Kelvin's foundation model.

In addition to its simplicity and apparent adequacy, Kelvin's model is an extension of
the widely accepted Winkler's foundation model for dynamic analysis. Modeling the track as a
beam on Winkler's foundation allows a variety of analyses to be conducted regarding track
design and its overall structural performance. Examples are the study of vertical track stability
and the determination of internal forces (stresses) in rails from a known set of wheel loads [3].
The "beam on Winkler's foundation" model also provided the basis for the "track modulus"

concept, primarily used for quantifying track's vertical stiffness [4].

This paper presents experimental and analytical results in which the relationships
between track damping and some of these factors are examined. The purpose of this study is
to provide simple analytical tools which may be used to estimate track damping resistance. In
addition to this, the paper provides results of damping measurements on a 39-foot long section
of a full scale railway track. These measurements were intended to provide realistic ranges for
the damping parameter used in the analytical model. Values of this damping parameter, which

are presented here, may also guide future inputs into programs that deal with track dynamics.

The analytical model adopted in this study is that of a beam which is continuously
supported by a Kelvin-type foundation (Exhibit 1). In this model, the beam is an idealization
of a rail segment and Kelvin's foundation is an idealization of its entire support. Kelvin's
foundation consists of a continuous layer of linear elastic springs in parallel with a continuous
series of linear viscous dash-pot dampers. One aspect of this foundation model is its relative
simplicity when compared to other dynamic foundation models. The simplicity is due to the
continuity assumption, and the fact that only two parameters, one for stiffness and one for
damping, are needed for its full description. This is an important point to consider since
practical use of any model requires the determination of its input parameters for actual railway

tracks.




2.0 ANALYTICAL MODEL FOR ESTIMATING THE DAMPING LOSS

2.1  Problem Formulation

As outlined in the introduction, the model considered here is that of an infinite beam

which is continuously supported by a "Kelvin" foundation (Exhibit 1). Its purpose is to
calculate the damping loss due to a steadily moving wheel load. The wheel load is idealized

here by a concentrated force P which is moving at a constant horizontal speed V. The

Beam E] _, m T governing differential equation for this problem is ([5]):
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§X+ma;g,+ca‘atv+uW=P5(x-Vt) (1)

EI

in which EI is beam's (rail's) bending stiffness, W is the downward vertical deflection of

beam's axis, X is the distance along beam's longitudinal axis from some fixed reference, m is

the mass per unit length of beam (for application to track, m, in addition to unit mass of rail,
should include the mass of the ties and portions of the ballast and subgrade that are likely to
move vertically when the track is vibrating), C is foundation's viscous damping coefficient per
unit length, u is foundation's vertical stiffness per unit length (track modulus), £ is the time,

and Jis the Dirac-delta function.
Exhibit 1: Analytical model : Beam on Kelvin's foundation.




Of interest here is to rewrite the above differential equation in a non-dimensional
format. This allows conclusions to be made with respect to generalized non-dimensional

parameters that are associated with this model. For this purpose, the following parameters are
introduced:

(2)

4
W C
/1,:1/ K ; D= =
4EI W, P Y4um

In the above equations, V., is calculated from the study of wave propagation in this model [6].
It is the speed above which elastic waves begin to propagate in the longitudinal direction. W,
is the maximum static vertical deflection of beam's neutral axisdueto P. @ is the normalized
beam deflection. A appears in the solution to the static problem and is related to the ratio of the
foundation stiffness to the beam stiffness, Qand f are non-dimensional speed and damping
parameters, respectively. Consideration of the steady state nature of the problem allows the

time dependency to be eliminated. This is done by assuming that;
§=A(-V) (3)

Using the parameters in equation (2) and the transformed variable of equation (3), the

governing differential equation in (1) may be reduced to:

T o
: I I 3 jl i ‘!% I? I 1 74 g ii e i] ! i’
‘ v ' | k | ' ! — —— p—— EE
Ei i E ’I ;I J;i : ’ K N [

Ao

a2 q> do
4a2 -80f —+4d=88%¢ (4)
aeF T

in which

&) =f1-6(x-w) (5)

The rate of energy dissipated due to the movement of load P is:

g;(Ed) = g; [PW(x=vip)] (6)

The damping resistance (in units of force) is defined by the amount of energy dissipated per

unit length of track, or:

R=vg; @ =7 F[PWvey] (7)

and utilizing the parameters in (2) and (3), this resistance is rewritten in terms of @and & as:

_P2)2 o
= )
[ dé” € =0 (




2.2 1 luti

The method of Fourier expa_.nsion is used to solve for @ in equation (4). The
expansion is done with respect to the non-dimensional transformation variable & defined by
equation (3). The infinite domain of & is approximated with a finite domain of length p in each
direction, beyond which it is assumed that @ is of zero value. This is justified since @ is
expected to diminish as & increases in value. Any desired level of accuracy of the obtained

solution may be achieved by selecting a sufficiently large value of p. Based on this, it is

assumed that:
o0
D(E) =X Ay Cos(8,E) + By Sin(0,£) (9)
n=o0
in which
6, = "”/p (10)

and A, and B, are the Fourier expansion coefficients to be determined. This is done by

substituting from equation (9) above into equation (4), and solving, which gives:

8 0,4 - 4020,2 + 4
An="[
P (6,4 -4a20,2 + 4)? + (8aB6,)?
(11)
8 - 8af6,
B, ==
" p[(e,,"- 4020,2 + 4)2 + (Saﬁo,,)z]

Differentiating equations (9) with respect to 5 and substituting from (11), gives:

av; 64 o3 6n?
[dé ]5"‘0 =-( p Jop nEI[(O,,"- 4026,2+4) + (8a[39n)2] (12)

The above equation along with equation (8) provide the desired solution to the problem under

consideration. This solution may be expressed as follows:

P2A2

Ra= [~ oB S(a.p) (13)
where

Stof)=(—) 3 [ L ] (14)

The above expression is an exact solution to the presented formulation provided that the series

in (14) converges and the limit of P is taken to infinity. For a realistic range of parameters,

associated with typical tracks and operational speeds, it was found that the above series

converges with sufficient accuracy for values of p > 1000. Further consideration of the

practical ranges of model parameters led to an approximate, but simplified, form of this

solution.




2.3 i luti ical Considerati
The non-dimensional speed parameter (¢ was evaluated, using the relations in (2), for

track with a standard 136 1b/yd rail and a wide range of vertical track stiffness values. Exhibit
2 shows the resulting values of ¢ plotted versus speeds of up to 100 MPH. As indicated in

this figure, the speed parameter O/ is always below a value of 0.1. Therefore a range of & <

0.1 may be considered appropriate for typical track applications. Obtaining similar bounds for

the damping ratio B, from analytical considerations, is less obvious. Hardin [7], from

experimental measurements on a variety of soil types, found the upper limit of the damping

ratio to be equal to 0.25. Therefore a value of B = 1.0 is selected here as a limiting value for

tracks where most of the damping is expected to be due to friction in the ballast and the
supporting soil. The series expression in (14) was evaluated for these ranges of & and B and
the results are shown in Exhibit 3. These results indicate that for these practical ranges:

S(e.p) =1 (15)

Noting the above expression, equation (13) may be simplified to:

232
Ra=[55=] ap (16
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Exhibit 2 : Speed parameter vs. speed for typical tracks.
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This equation offers a relatively simple formula for estimating the amount of track damping
resistance from a few non-dimensional track parameters. It should be understood that this
formula is valid only for the ranges of & <0.I and 8 <1, which were considered to be
practical ranges of speed and damping in typical railway applications. Equation (16) was used
to evaluate the track damping resistance for two types of track and the results are shown in
Exhibits 4 through 6. The two different sets of track parameters that were selected are typical
of a softer wood tie track (4 = 1000 psi) and a stiffer concrete tie track (# = 6000 psi).
Exhibit 4 shows a plot of the damping resistance versus wheel load for both tracks considered
and for a speed of 50 MPH. As indicated by this figure, at this speed the damping resistance
for a typical wheel load of 32.5 Kips, ranges from 1 to 3 pounds for both types of track.
Notice that a lower damping resistance was associated with the stiffer (concrete tie) track.
Exhibits 5 and 6 show the damping resistance versus speed for a variety of damping ratios for

both types of track considered and for a wheel load of 32.5 Kips.

Effective application of such results requires knowledge of the values of P, 4, i, @,
and 3 which best describe the characteristics of the load and the track under consideration. In
general, values of P and V are either known or may be selected to predict losses associated
with any desired load/speed combination. The value of rail bending stiffness, E7, is usually

either readily available or easily determined from rail's cross-sectional properties.
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Troack Damping Resistonce (lbs.)

y Unit | Rail |Speed
(psi) Wt type Vv B o
(Ib/in) | (tblyd) | (MPH)
A l1ooo | 10 | 136 | 50 |o025 |0.0771
/A 6000 | 20 | 136 | 50 o025 [0.0696

\\/B’

/

B
_—

/
/

S

30 33

Wheel Load (Kips)

Exhibit 4 :

Damping resistance vs. wheel load.
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TracK Domping Resistonce (lbs.)

100
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N
: /
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w Wheel Load = 32.5 kips :
D //
o -
/ / p=0y 1
. / : e //
é/ B=0.1
//
® 20 40 60 8@
SPEED V (MPH)
Exhibit 5: Damping resistance vs. speed (Soft track).




Trock Damping Resistonce (lbs.)

Q
o
N
u = 6,000 psi /
Unit Weight = 20 Ib/in
Rail type = 136 Ib/yd
® Wheel Load = 32.5 kips
w
/ Mg 10
n /
- / /
- / B =05 /
| \ //'
o 2&
0 / / /
- / —— - 0 1
® _————"”"""——’ﬂ—’w—'—’——‘
N 20 40 60 8@ 100
SPEED V (MPH)

Exhibit 6 : Damping resistance vs. speed (Stiff track).

A lower bound of track's unit mass, 7, may be obtained by adding rail unit mass to an
effective tie unit mass which may be calculated by distributing the mass of each tie along its
crib length. It should be noted, however, that dynamic or moving wheel loads may cause
some of the ballast and foundation material to move vertically, thus effectively increasing the
track unit mass. For the foundation stiffness, &, values of the track modulus may be used.
Determination of track's modulus may follow any of a number of methods which require actual
load-deflection test measurements to be made on the track of interest [4]. Its value may range
between 500 psi for 'a wood tie track in poor condition to 10,000 psi for a high quality concrete

tie track.

The value of the remaining damping parameter, C (or B) , is generally not available.
Its determination must involve a similar approach to that used in determining , i.e. matching
analytical predictions with test-measured data. The purpose of the following section is to
present one such approach in which actual measurements were made in order to determine

values of 3.
3.0 A METHOD FOR DETERMINING TRACK DAMPING RATIO

3.1 I lyti luti
The concept of this test is to introduce a vertical concentrated harmonic load into the
track structure. Once the force is introduced, and a steady state response is maintained, a
measurement of the phase shift between thé applied load and the vertical response in the rail is

made.
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The phase shift is then compared to that predicted by the analytical solution, and values of B
which produce a comparable shift are determined. Exhibit 7 shows a scheme for the proposed
test and the corresponding analytical model. The analytical model is based on the same

dynamic track model of beam on Kelvin's foundation. The differential equation governing this

problem is:

4 2 2
E13W+3W ow ‘W

= +m—=7+C3 +uW=[POSin.Qt-M—-ét—2—(O)]8(x) (17)

in which P, is the maximum amplitude of the applied harmonic load, £2is the frequency of that

load, and M is a concentrated mass which represents the weight of the loading system. The

solution to this equation is assumed to be of the following form:
W(x.t) = X(x) Sin [$2 + &(x)] (18)

in which g(x) is the phase shift between the deflection W and the applied load P(z). Note that

the assumed shift is variable along the x-axis. The above expression may be rewritten in an

alternative form in order to simplify the solution. This is done as follows:

| Py A
W(&t) = 5= [ ) Sinx + g(£) Coss | (19)
in which
E = Ax (20)
18

System capabie of
applying vertical
harmonic load.

- Scheme for proposed track damping_test

X

P(t) = P, sin((t)

Exhibit 7 :

Corresponding_analytical model

Analytical and test models.
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and A is as previously defined in (2). By comparing the two forms

(19) it may be easily verified that:

B(x) = tan “1 {g(E)HAE)
(21)

and therefore, the phase shift at the point of load application is:

Bo = tan-! {go/fol

in which
fo =f(0)
8o = 8(0)

Substituting from (19), noting (23), equation (17) reduces to:

y : a4 2 Q=
[%+4(1-e2)f- 8efg] Sinx + [;i%-f'”(] e? )g + 8eff ] Cos

[ 8 Singx + 4ee? (f, Sin&x + 8o Coss)] 8% (&)
in which

1
e=.(2'\}—’3- ; =—M-!- ; 5*(§)=I5(x)

m

20

of solution in (18) and

(22)

(23)

(24)

(25)

and ﬂ is as previously defined in (2). The differential equation in (24) is solved using the
method of Fourier expansion in which the expansion is done with respect to 6 Similar to the
approach of solving the previous problem, the infinite domain of § is replaced by a finite

domain of length p in both directions. For this purpose it is assumed that:

fi¢)= X Ap Cos(6,5) + By Sin (6,5)

n=o
g(&) = néocn Cos(6,8) + Dy Sin (9,,5) (26)
in which
6,, = nnlp (27)

and A,,, By, Cy,, D,, are expansion coefficients to be determined. This is done by substituting

the expansion terms in (26) in equation (24) and solving, which gives:

(0,414 +1-€2)(2 +€e2f,) + 2ePeg, ]
(6,414 +1-€2)2 + (2ef)?

An=gl

ge2g (0p414+1-€2) - 2e}(2 +eef,,) ]

2
(0,414 +1-€2)2 + (2ef)? (28)

1
an-d_;

and B,=D,=0

21




where

2p
dy =

p

; n=20

s B= 1, 2, 3,...

Therefore, noting (23) and (26):

Substituting from (28) in (30) and solving for f, and g it can be shown that:

Bo = tan'l{

-Ze[)’I]

(I3 - €2I;)(1+ee?l; - ee2l;) - 4get B2I,2

in which
0o
1
-3
1= % rd
00
1
=X ;7'[-
n=0 n
Ir=I;+1

! )]

(0,274 +1-€2)2 + (2¢B)?

(8,4/4+1-€2)2 + (2eB)?

)]
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(29)

(30)

(31)

(32)

ﬁﬁﬁﬁﬁgﬁﬁﬁ-‘

Equation (31) gives the solution to the phase shift between the applied load and the resulting
deflection at the point of load application. Values of the phase shift, as computed by equation
(31), will be compared with those measured experimentally in order to determine values of B.
This is done by assuming a value of ﬂ and comparing the phase shift as computed by equation
(31) with the corresponding shift measured in the test. The test description and its results are

presented in the following section.

3.2  Test Procedure and Results

The track damping test was conducted on a 39-foot long section of a full scale railway
track. The track section is housed inside the TRACK LABORATORY building near the
Technical Center of the Association of American Railroads at Chicago. The procedure
consisted of loading the track section, at a mid-point along its length, with a harmonic vertical
force. The force was induced in the track structure using a hydraulic actuator with a variable
weight attachment. The actuator was mounted vertically on both rails, in an inverted position,
using a symmetrically shaped loading frame designed for this purpose (see photo in Exhibit 8).
The loading frame was secured to both rails using especially designed and fabricated rail-head
clamps (see photo in Exhibit 9). A control panel connected to the actuator allowed for
generating the harmonic signal and adjusting the actuator's stroke and operating frequency.
The test covered a frequency range of 10-80 Hertz and the weights, which were attached to

actuator's piston rod, were of magnitudes of 50, 120, and 265 pounds.
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Exhibit 8 :

Test track and loading frame.
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Exhibit 9 : Loading frame rail-head clamp.
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Once a weight was chosen and attached to the piston rod, the control panel was used to
operate the actuator at a desired frequency. For each frequency run, data was collected from
each of two accelerometers attached to the moving weight and the base of one rail,
respectively. The accelerometers were used to measure the vertical accelerations only. Exhibit
10 shows a photograph of the accelerometer attached to the rail base. The acceleration signals
were collected using a Zonics data acquisition system equipped with a tecktronix terminal.
This system provided the necessary signal conditioning, filtering and amplification. Exhibit 11
shows a sample of a complete set of data collected for each frequency run. The left upper
corner shows a sample menu, produced prior to each run, summarizing the control parameters
selected for that specific run. The right upper corner shows a plot of the two signals collected
in real time. The signals were also analyzed for their frequency content through the built-in
Fast Fourier Transform capabilities of the Zonics microprocessor. This analysis generated two
functions which are shown in the left lower corner. These are the cross spectrum of the two
signals topped by the phase shift between them. The right lower corner shows a list of the
values of these functions for a range of frequencies centered around the driving frequency.
This frequency is indicated by the peak of the cross spectrum function. For this particular
sample, the list indicates that the driving frequency was 60.35 Hertz, and the phase shift at this

frequency was -135.9 degrees.
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Exhibit 10 :

Accelerometer for measuring vertical rail response.
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Sample of data collected.

Following this procedure, a number of phase shift measurements were made for tracks
with three different tie fastener arrangements: concrete tie with Pandrol fasteners, wood tie
with Pandrol fasteners, and wood tie with cut spikes. Exhibit 12 summarizes the basic
properties of each tested track. Track modulus values, given in this table, were rounded off to
the nearest 100 psi. These values were computed from static load/deflection data where rail
was loaded, in both upward and downward directions, at the same mid-pint where the
harmonic load was applied. The modulus values were computed using the equation of beam
on elastic (Winkler) foundation [8]. The phase shift measurements corresponding to each track
type are summarized in Exhibit 13. Values of the driving frequency are rounded to the nearest
1 Hz. It is of interest to note that the effects of the boundary conditions, at the ends of the
tested track Sections, were found to be negligible. The values of the phase shift in Exhibit 13
did not vary when variations in the end conditions were introduced to each track section.
Therefore, it was concluded that the tested tracks behaved in a similar fashion to the infinitely
long analytical model and that the steady state vibrations introduced in the track constituted a
local dynamic response. A comparison between the phase shift values in Exhibit 13 and those
predicted by equation (31) forms the basis on which values of track damping ratio were

determined. Results of this comparison are presented next.
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Summary of Properties of Tested Tracks

Concrete ties Wood ties Wood ties
(Pandrol) (Cut Spikes) (Pandrol)
Rounded half unit weight
(rail+ties) (Ib/in) 22 10 8
Track Modulus' (downward) 6,000 2,400 1,600
(psi)
Rail Type (Ib/yd) 136 136 136
Tie Spacing (in) 24 19 24
Track Modulu‘s (upward) 1,000 2.000 1,000
(psi)
Exhibit 12 : Test track properties.
30
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Tie Type Concrete Wood Wood

Fa_?)tlgger Pandrol Cut Spikes Pandrol

AL 50 | 120 | 265 | s0 | 120 | 265 [ 50 | 120 | 265
10 |-23.31]-24.79(-25.41]-17.13[ -6.59 | -13.01| -5.52 | -10.58 |-11.96
15 | -35.6 |-27.67|-31.35]-16.30 | -14.97[-19.29] -12.47|-15.60 | -31.24
20 |-38.59|-41.55|-46.88] -18.6 |-25.11|-30.23|-10.13[-21.11|-45.17
25 |-40.59[ -42.0 |-59.34]-21.84 | -32.99|-48.91]-22.72|-60.40 | -87.20
30 |-45.72(-71.58|-77.39|-34.87 | -50.69|-76.54| -63.27|-123.6 |-114.0
35 |-73.56|-93.74|-96.82]-55.41-80.61(-100.3)-129.9|-136.5|-122.8
40 |-95.83]-113.6-106.1|-90.27 | -110.5|-116.9] -136.4|-147.2]-128.5
45 |-119.0-124.0|-121.6]-112.0| -130.9|-130.6{-144.1|-148.6 |-133.7
50 |-127.6|-133.1|-129.9]-132.4-137.1]-139.7|-146.3|-146.2|-137.7
55 |-133.6]-139.2|-135.4|-140.7|-140.8|-136.3|-149.9]-149.7|-134.6
60 |-135.9]-137.2-141.1]-144.7| -137.4|-133.9] -142.2|-141.2|-131.1
70 |-144.0]-148.5|-148.7|-146.4 | -120.9| -131.2| -141.6|-142.9 | -130.3
80 |-147.1]-156.1-153.8|-148.9| -130.8 -144.2 -137‘

Exhibit 13:

Summary of phase shift measurements.
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3.3 ison of Analytical and Experimental Ph hif;

Test measurements of the lphase shift, from Exhibit 13, were compared with
analytically computed values, using equation (31), and the results are shown in Exhibits 14
through 22. In these plots, the solid lines represent the analytical data while the circular points

correspond to test measurements. The analytical data were based on the following model

parameters:
E =30x 106psi
I1=94.9 in?t ' (33)

M = 200 pound weight

The above elastic properties correspond to the 136 1b/yd rail used, and the weight of M is half

of the measured weight of the loading frame.

Values of m and # used in analytical data were varied for each figure and their values
were printed on each corresponding figure. Values of % used in the analysis were the average
of the two track moduli (downward and upward) values given in Exhibit 12. The downward
modulus values were computed from downward rail deflection where rails were pushed against

the ties and the ballast. This is the conventional direction in which modulus values are

computed.
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(Hz. )

Driving Frequency

Phase shift vs. frequency.

Exhibit 14 :
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The upward modulus values were computed from load/deflection data in which rails were'
pulled upward. They represent the ballast resistance to track lift-off and gravitational force
acting on the track Z. They are lower than the corresponding downward modulus values as
expected from the weaker support in that direction. Average modulus values were used to
approximate the single uniform # values assumed by the analytical model. Values of m were
adjusted in order to produce analytical curves which are closest to the experimental data. All
values of m used were higher than the values given in Exhibit 12 which were based on the
weight of rail, ties, and fastening system only. The rationale behind adjusting values of m is
to incorporate any increases in the effective unit weight due to vibrating ballast and foundation
particles. Indicated on the figures, also, is the weight attached to the hydraulic piston rod.
This is the vibrating weight which produces, through its inertia, the required harmonic load.

These values, therefore, reflect the relative difference in the level of track loading.

The results in Exhibits 14 through 22 provide the variation of phase shift values with
respect to the driving frequency, which is the frequency of the applied harmonic load. Of
particular interest is the range of frequency which is centered around the fundamental natural
frequency of the track structure. The fundamental frequency is indicated on each curve by the
value at which the phase shift is (-90) degrees. This range of frequencies is also characterized
by the sharper rise in the plotted curves. Values of 8, which produced good agreement
between the analytical results and the test data in this frequency range, are summarized in

Exhibit 23.
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As indicated in this table, the damping ratio increased as the loading level, implied by the
attached weight, increased for each track type. Values for track on concrete ties were higher
than those for wood-tie tracks. Values for track on wood ties were higher when using cut
spikes than when using Pandrol elastic fasteners. It should be noted however that the test track
on wood ties with cut spikes was considerably stiffer than the one on wood ties with elastic
fasteners as probably due to the difference in tie spacing. The obtained damping ratios, in
Exhibit 23, fall within the range of B < I that was suggested in a previous section in relation to
track damping losses. This supports the suitability of using the simplified formula in equation
(16) for calculating these losses. In fact, all the damping ratios indicated by Exhibits 14
through 22 fall within this range.

Indicated by these figures also is the full range of  which produced good comparison
for each track type. This is summarized in Exhibit 24 by the maximum and minimum values of
B. The widest gap between the maximum and minimum values were for track on concrete ties.
A minimum value of 8 = 0.0 was determined for both wood and concrete tie tracks with
Pandrol fasteners, while a minimum value of 8 = 0.1 was determined for the wood tie track
with cut spikes. This may suggest that the elastic Pandrol fastener has the effect of reducing
track damping. This reduction in track damping may be directly related to the reduction in
friction at the rail seat/tie interface due to the more solid connection provided by the Pandrol
fastener. Another significant criterion is the variation of track damping with the frequency of

the applied load (driving frequency).
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Concrete ties Wood ties Wood ties
(Pandrol) (Cut Spikes) (Pandrol)
Att. Wt.(Ibs) 50 120 265 50 120 265 50 120 265
Measured
Fundamental 37.5 34 34 40 36 33 31.5 26.5 25
Frequency (Hz.)
Values of 8 0.25 0.25 0.4 0.25 0.25 0.3 0.1 0.1 0.25

Exhibit 23 : Summary of measured values of the damping parameter.

Concrete ties Wood ties Wood ties
(Pandrol) (Cut Spikes) (Pandrol)
Min Max Min Max Min Max
B - Values 01 | 1.0 01 | 08 | 001 | 05
Approximate Z‘;f‘)”ency Range | 60.80| 5-20 | 45-65| 5-10 | 40-55| 65-80
Attached Weight 120 &| 50 & | 120 & 120 &
(Ibs) 265 | 120 | 265 | °0 | 265 | 265

Exhibit 24 : Maximum and Minimum values of the damping parameter.
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Exhibit 14 through 22 show that the track damping ratio for both tracks with wood ties
stabilized or slightly increased as the driving frequency increased. However, for the track with

concrete ties, the damping ratio decreased considerably as the driving frequency increased.

4.0 CONCLUSIONS

The "beam on Kelvin foundation" model presented in this paper may serve as a
dynamic model for typical railway tracks. Based on this model, a simple formula for the
determination of track damping losses was obtained. According to this formula, graphs
showing the variation of track damping resistance with wheel load and speed were provided.
The graphs utilized model parameters typical of both wood and concrete tie tracks. Effective
use of these results required the determination of realistic ranges of the damping ratio
associated with this model. A method for determining the damping ratio for a typical railway
track was then introduced. The method was based on comparing the analytically predicted
track response to an applied harmonic vertical load with corresponding test measurements.
Results of this method yielded the desired ranges of the model damping ratio for tracks with
three different tie/fastener arrangements. The obtained damping ratios, near the fundamental
track frequencies, ranged from 8 = 0.1 to B = 0.4 for the three types of tracks tested. The
damping ratios increased as the maximum amplitude of the applied harmonic load was
increased. Values of the damping ratios, also changed as the frequency of the applied load was
varied. Variations with frequency were more’significant for track on concrete ties. This track

showed lower damping ratios at higher frequencies (60-80 Hz.).
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