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STUDY OF NEW TRACK STRUCTURE DESIGNS
PHASE II

by

H., C. Meacham, J., E. Voorhees,
G. J, Eggert, and J. J. Enright

INTRODUCTION

Phase I of this research investigation was undertaken in September,
1966, for the Office of High-Speed Ground Transportation (OHSGT) of the Depart-
ment of Commerce by Battelle Memorial Institute for the purpose of conceiving
new and improved track structures for high-speed trains., The need for improved -
track structures was recognized as being one of the leading technical and
economic problems involved with the development of safe, comfortable, high-
speed passenger train service,

Specific features to be incorporated in such improved track structures
included provisions for accurate leveling and aligmment of the rails at the time
of construction; long-term dimensional stability and freedom from the require-
ment for maintenance in spite of heavy, high-speed traffic and various soil
conditions; and provisions for positive readjustment of rail alignment and
elevation should the need develop. The ground rules under which this program
was conducted specified only that the standard railhead contour and gaugé
should be retained, so that standard rolling stock could operaté on all new
track systems recommended,

As a result of the Phase I program, a number of track structures and
fasteners were devised which met the specified requirements.

Followfng the conclusion of the Phase I program, the OHSGT requested
additional studies and computer analyses of track structures and rail fasteners.

The additional track structures of interest were chosen by OHSGT from many
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SUMMARY

Eight additional track structures were analyzed using methods pre-
>usly described in the Phase I report, including both hand calculations and

sital and analog computer analyses to determine their functional performance.

sse structures are shown in Figures 1 through 6. Note that the eight struc-

res ranged from conventional rail supported on wood ties to heavy concrete
am-supported structures such as might be used for elevated construction., The

ructure shown in Figure 6 was the only one not supported continuously on the

bgrade; it was supported periodically on piers. As shown in Figure 5, a con-

nuous beam structure supported by soil was also included, and an evaluation was
de to determine the effect of joints in the beams of this otherwise continuous

ructure., Variations of several of the structures (for example, 21- and 30-inch

e spacing with and without resilient pads for the structure shown in Figure 2)

re also analyzed,
The comparison of various structures was made on the basis of their

.rformance under both static and dynamic load. The static load-deflection

ssponse is analogous to the response from rolling wheel loads if the track and

jeel are perfectly smooth and speeds are low enough to keep roadbed damping

yads to a negligible value, ‘Only functional ~-aracteristics were considered;

conomic factors were not considered during this Phase II work.
All of the structures which were supported periodically by ties or

heir equivalent were compared with each other and with the twin longitudinal

cam-type structure, which approaches conventional structures in terms of bearing

rea per unit length, overall spring rate, etc. This comparison for the case

here all the structures are loaded by a 22,500-pound wheel load (45,000=pound

xle load) is shown in Table 1. The structures are listed in order of increasing

verall spring rate (wheel load divided by rail deflection).
its stiffness was approxi-

In cases where a

~n Fie-supported structures,
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Subgrade*¥*
Pressure, psi
5.9
4.6
4.7
4.2
4.2
3.5
3.6
5.85%

5.7
7.7
5.4
6.4
4.4
5.8
7.5%%%
4.8

10,5600
10,100
9,800
10,000
10,000
9,300
8,500
6,280
8,000
8,100
6,800
6,600
7,300
6,600
6,415
6,300

Rail Bending
Stress, psi

psi

Tie Bearing
27
17.2
17.6
20.8
21.1
13.0
13.4
21.4
35.4
27.4
24.0
16.6
28.8
18.2

Pressure,

Overall
Stiffness,
1b/inch
168,000
200,000
212,000
215,000
228,000
263,000
280,000
314,000
415,000
422,000
480,000
535,000
540,000
562,000
640,000
700,000
132 1b/yd.

3

Subgrade

Modulus

1b/inch
100
100
100
100
100
100
100
100
500
500
500
500
500
500
500
500

ie
Spacing,
inches
30
30
30
21
21
21
21
Pads at 30
30
30
21
30
21
21
Pads at 30
21 .

:

RESPONSE OF SEVERAL TRACK STRUCTURES TO SINGLE AXLE LOAD*

Pad
Stiffness,

1b/inch
700,000
700,000
‘700,000
750,000
700,000
700,000
700,000
750,000

‘TABLE 1.
45,000 1b (22,500 1b/wheel), rail weight
At base of 24—dinch ballast denth.

Description
x 7" % 102" Wood Ties

x 7" x 102" Wood Ties
"x 7" x 102" Wood Ties
* Axle load

dede

9" x 7" x 102" Wood Ties

Dutch Zig-Zag

9"

Twin Longitudinal Beams
Twin Longitudinal Beams

MR-3 Concrete Ties
MR-3 Concrete Ties
MR-3 Concrete Ties
MR-3 Concrete Ties
MR-3 Concrete Ties
MR-3 Concrete Ties
MR-3 Concrete Ties
MR-3 Concrete Ties

Dutch Zig-Zag

9"

One of the first items of interest is the ranking of various structures
with regérd to overall stiffness., 1In addition to the obvious effect of the
"gtiffer soil increasing stiffness, the not=-so-obvious effect of tie bearing area

(per unit length) is primarily responsible for the differences in overall track
spring rate. Thus, the concrete~tie track is stiffer than a wood-tie track not
because concrete ties themselves are much stiffer than wood ties, but because
their bearing area is considerably greater than that of wood ties (assumed to be
50 percent of the total tie area for wood ties, although values as high as 80

percent are sometimes quoted), This results in lower bearing pressures, less

deflection, and a correspondingly higher spring rate.

If the data in Table 1 is plotted, it will be found that, in general,
the subgrade pressure (24 inches beneath the ties at the ballast-subgrade inter=-

face) for a given soil decreases as overall stiffness increases, and rail bending

stress decreases as 6vera11 stiffness increases. These are desirable trends which

tend to favor the stiffer track construction.

Longitudinal beam~type structures, such as the commercially available
Liberty track design (39-foot precaét beams) or any of several continuous beam

designs developed by Battelle in the Phase I report, are quite stiff and show a

marked reduction in bearing pressure. Note that for the beam structure listed

in Table 1 (continuous reinforced concrete beams having the same cross section
as the Liberty track beams were assumed) the bearing pressure directly beneath

the beam is nearly as low as that in the subgrade 2 feet beneath the ties for

the tie-supported structures. The net result is that the peak roadbed pressure

is 10 to 20 psi less than for tie-supported structures.
Another point which should be noted is that

This should result in

a much more stable track structure.

for the tie-supported structures calculations are based on the assumption that
each tie bears load equally; in practice this condition is rarely achieved for
long. For the beam-type structures, calculated pressures are much more likely

to be obtained in practice because the beam stiffness minimizes local deflection

with the associated load concentration.




10

Calculations for the more complex structures, including the twin longj
tudinal beams (with joints at 39-foot intervals) and the pier-supported Klauder
Structure No., 8, were made‘with the aid of a digitalycomputér progfam, with the
loading representing a loaded truck--that is, two adjacent axles each carrying
45,000 pounds. The rail deflections for this case are different (nbt necessari]

greater) than for the single axle loading, since the deflection of each wheel 1is

influenced by the deflection of the adjacent wheel, The response of several

track structures under double axle loading is shown in Table 2, again listed in

order of overall stiffness to applied wheel loads.

Several facts can be noted from this table. One is that the piler~
supported structure is quite soft, even for the case of stiff pier support. Alg
rail stresses are high due to the bending of the rail over the piers. Conversel
the slab~type structure is the stiffest, giving low bearing pressures and rail
bending stresses. With respect to the twin longitudinal beams, the most inter~
esting result is that joints increase the beam deflections and bearing pressures

only slightly. However, the presence of the joint increases the rail bending

stress noticeably,

In summary, then, the continuously supported beam-type structures show
the desirable attributes of lower bearing pressures and rail stresseé, and joiﬁm
in the beams have a surprisingly small effect, The'pier-supported structure com
pares favorably with the continuously supported structures only if the piers are
relatively stiffa The low beam stresses and shape of the deflection curves (see
text) indicate that the beams in the pier-supported structure have an excessive

bending stiffness, meaning that a smaller (and cheapef) structure would actually
be a better one,

The dynamic response of several of the tie-supported track structures
was determined from an analog computer simulation, using as inputs sinusoidal
and step-type track profiles. Track structures and a Budd 100-ton passenger car

were represented by lumped parameter systems, Table 3 shows typical response

RESPONSE OF SEVERAL TRACK STRUCTURES TO DOUBLE AXLE LOADS*

TABLE 2.

Beam or Tie
Deflection,

Overall
Stiffness,

Subgrade

Resilient

inches

Bearing Rail Bending Beam Bending
1b/inch  Pressure, psi Stress, psi  Stress, psi

3

Modulus
1b/inch

Pad Spacing,
inches

0.500

49

11,340

305.0

43,300

30

0.088

9,300

13.4

196,000

100

30

'S

. Beams

0.095

282

7,478

100 204,200 9

30 .

0.090

342

5,974

100 225,000

30

. Beams

11

225,000 320 7,028 48 0.090

Ex

30

)

0.041

30 500 430,000 16.1 7,350

]

527,000 4,2 7,350 165 0.042

100

30

-udinal

)

020

211 0.

5,502

500 608,000 10.0

30

| Beams

0.020

608,000 10.4 6,300

500

30

0.010

112

4,140

500 2,210,000 5.1

30

132 1b/yd

Resilient Pad

b

8.5 ft.; Rail Weight

+5,000 1b (22,500 1b/wheel); Axle Spacing

750,000 1b/inch.

s =7 x 104 .]_b/inCh.
s = 42 x 10% 1b/inch.

3

3
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Plotting the data for dynémic response shows, in general, the fol-

I lowing trends:
o) (1) For step inputs, the peak impact wheel~-rail force
VO (o) . :
éé E ° < % ~ © =) & increases as overall track stiffness increases
Na it ) . . . . A A a ! g o
B o " . . a
R E n 3 e % ~ S N ~ ? (2) For step inputs, car body accelerations increase as
| ] - .
(V] 9 . .
a - ~ overall track stiffmness increases
£
E‘z) §4-: o (3) Tie-ballast peak pressures decrease as overall track
]
[ LG ] . .
nop 5 stiffness increases
= 5 E N - 0 I~ ) o ™~ (e} "y o ; . .
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o >0 B e — — o o 3 S 3 S S 3 4 For sinusoidal inputs, vehicle-track structure
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% Wa ° ° ° @ frequency response did not vary appreciably for any
o o -
| & =7 o of the tie-supported structures except the Dutch
| D“ v
‘ . “ 5 "zig-zag' type.
| [ >
‘ O > 3 I3
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[ & g
| . i i 1 i i sures were the
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5 et o
o = :
- e length. v ,
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greater stiffness of the beam-type structures makes it potentially more serious
for them, Fortunately, this problem can be minimized in either type of structure
by the use of resilient pads between the rail and the support, whether it be a
tie or a beam,

In addition to their shock isolation function, resilient members may
serve three other basic functions:

(1) They act as a load distribution element to provide
a good seating surface (minimizing stress concentra-
tions) on the potentially rough concrete beam surface;

(2) They can be designed to electrically insulate the rail
from the support structure;

(3) They provide some noise attenuation, the amount being
variable, depending upon other design features.,

The range of 700,000 to 750,000 pound/inch per pad used in this study
was based on two factors., First, in the Phase I study the upper value was
chosen as being desirable for use with the massive beam-type structures, and
secondly, this value is fairly close to the stiffness of many of thq commercial
resilient pads now in service both here and abroad. The results of this analysis,
however, indicate that softer pads are needed with the tie~-type structures to
make a significant difference in their performance (as opposed to having no pad).
The resiliency of the pad also is important to the characteristics of the rail
fastener, as discussed below.

"In addition to the analysis of the track structures, the general
problem of rail fastener design was also studied, Originally, four rail fasteners
were chosen for analysis. These are shown in Figure 7, and are as follows:

(1) English Pandrol rail clip

(2) Swedish fist clip

(3) German Delta clip

(4) Rigid-type clips designed for American MR-3 concrete ties.

15

Pandrol
clip

“—Resilient pad
Concrete tie’ A

PANDROL FASTENER (ENGLISE)

~-Two-piece concrete tie :

~2‘Resilient pad

Fist elip

FIST FASTENER (SWEDISH)

LDelta clip

Resiiient pad

Concrete tie

" DELTA FASTENER (GERMAN)

R | i
"\ Concrete |
tie

Insulating
pad ____/
RIGID-TYPE FASTENER FOR AMERICAN MR-3 TIE

FIGURE 7. FOUR TYPES OF RAIL FASTENERS FOR CONCRETE CROSSTIES
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However, information for the Swedish and German fasteners required

or representing them in a computer program (to determine stresses and deflectiong

s a function of the load) was not received in time to be included in the study,
nd as a result a more general study of fastener design was made,

The Pandrol clip was, however, represented on the computer, and good
orrelation of computer results with measured stresses and deflections was
btained, indicating the analysis technique to be a valid one and applicable
o other fasteners.

vAlthough there are enough rail fasteners of seemingly different design
n the market to make an analysis appear formidable, from a functional stand-
oint they can all be represented by a relatively simple model. Since their
urpose is to resist gross rail movement under loads induced by the environment
nd by train passage, and in practice they do this by supplying a downward re-
training force on the rail, a basic criterion for functional effectiveness is
ow consistently the hold-down load is applied, The three most important factors
hich determine this are the initial hold-down force, the spring rate of the
ail clip itself, and.the spring rate of the resilient pad (if any). If the
1lip spring rate is‘low, a more constant clamping force will be maintained than
f the spring rate is high; furthermore, the cyclic stress variation will be
iinimized, a factor contributing to longer life. Life, of course, depends on
he ratio of applied stresses to allowable stresses, and no attempt was made to
redict the life of any of the fasteners analyzed,

Of the four clips examined, three can be classified as low spring-
ate types and the fourth (including several of the same general design) as a
iigh spring-rate type. Table 4 summarizes pertinent characteristics of these
‘our fasteners, and points out the sensitivity of the high spring-rate type
:1ip to dimensional variations, Therefore, while with this clip the initial
:lamping force is high, dimensional changes due to wear, yielding, or other
:auses can quickly relieve the preload, The stress levels are such that it

jould seem that yielding could easily occur,

RAIL FASTENER CHARACTERISTICS

TABLE 4.

American for MR-3 Ties

Swedish Fist German Delta

Pandrol

10,000 1b

© 3000 1b 4500 1b

11led

(5,000 per clip)

(1500 per clip)

per rail)

rate of

- 8500 1b/in.

> 70,000 1b/in.

5000 1b/in.

6000 1b/in.

ress at

wn force,

361,000 psix*

156,000 psi
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variation
, 500-1b

43,400 psi

5510 psi

wn force
1 varia-

(due to
yield-

. 4370 1b

530 1b

375 1b

312 1b

of clip
uring

600 1b

150 1b

100 1b

53 1b

Either the clip yields, or it is considerably stiffer, meaning a higher

s level camnot exist.

- lower stress.
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The numbers shown in the table were based on a rail pad stiffness
of 700,000 pound/inch. Lower pad stiffnesses (which are desirable to minimize
impact effects on the tie-supported structures) increase the clamping force
loss for a given clip stiffness; however, with the low-rate clips this loss
is still small (see text).

While data on the Delta clip was not available, similarities indicate
stresses to be comparable to those in the Swedish fist clip.

In addition to fastener resistance to applied vertical loads, their
performance under lateral load and their electrical insulation properties
were considered briefly. These two properties are sometimes interrelated; for
example, the clips for MR-3 ties provide positive lateral restraint to the
rail base in the form of a shoulder on the steel clips. Insulation would be
obtained only if the clip-to-tie bolt or tie bolt-to-tie connection were in-
sulated, On the Swedish clip, the longitudinal pins through the tie beneath
each rail is insulated from the tie, while in the Pandrol clip a small in-
sulating pad is used between the clip and rail at the hold-down location.

While there are many other factors which must be considered in
fastener design--for example, bolt stresses, elongation, stress and chemical
corrosion, etc.--they were not considered in this analysis of basic load-de-

flection-stress relationships,

CONCLUSIONS

The results of the static and dynamic analyses showed that in general
(within the limits mentioned later) a soft rail spring rate at the rail is
desirable to minimize wheel-rail dynamic forces caused by wheel and rail profile
irregularities, while a stiff support structure is desirable to minimize the
pressures and deflections transmitted to the ballast and subgrade.‘

While these are conflicting requirements, they can be met by the use
of resilient pads between rail and support--whether the support is provided by

ties or longitudinal beams. The proper resilience of the pads is a function

increasing tie bearing area or decreasing tie spacing, or both.
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of the stiffness of the other components, which will vary from one installation
to another. However, computer studies such as those described in this report
enable the proper resilient pad stiffness to be obtained as a fﬁnction of these
other factors, including rail size, rail fastener stiffness, tie spacing and

bearing area, and ballast and subgrade properties,

To obtain the required stiff support structure which will minimize
ballast and subgrade pressure, increased effective bearing area per unit length
along the track is required. For tie structures, this is accomplished by
The advantage
of, say, a concrete tie with increased bearing area, can be lost by excessive

tie spacing.

Longitudinal slab or beam-type structures have the advantage of
distributing load longitudinally, so that even if their actual bearing area per
unit length were the same as for a tie structure, the bearing pressures would
be lower because of the increased longitudinal stiffness (compared with that of
the rail alone) and'the greater uniformity of pressure beneath the continuous

beam~type structure.

From an examination of the basic functional requirement of rail
fasteners--that is, providing a consistent clamping force to the rail-~it was
concluded that the vertical spring rate of the rail fastener assembly is a
most important characteristic, and that this spring rate should be low rather
than high. To determine whether any specific fastener will maintain its original
clamping force over long time periods with repeated loadings, load-stress~
deflection characteristics of all fastener components should be determined;
stresses should be low enough to provide the required number of load cycles,
For spatially complex three-dimensional rail clips now available commercially,

digital computer beam programs can be used for quickly determining load-stress=-

deflection characteristics.

Only after these basic functional requirements have been met should
other fastener criteria such as cost, simplicity, and ease of installation and

removal, etc., be examined. The point here is that a cheap fastener which does
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not fulfill the basic functional requirements will cost more in the long run, and

the first consideration should be an examination of the functional requirements.

To carry on the general program of track structure analysis, a con-

siderable amount of additional work needs to be done. Specifically, the fol-

lowing is suggested:
(1) Conduct a series of field measurements on various
railroads to obtain actual track response for cor-
relation with calculated response. Static response

(overall spring rates) as well as dynamic response

would be obtained, both vertical and lateral.

(2) Using the data obtained above, refine and validate
the computer model of the track structure and investi-

gate track structure response further.

(3) Consolidate information obtained above into the form
of design data which could be used for the design of

high-speed track structures,

TECHNICAL WORK

The technical work was divided into two categories-~analysis of par-

ticular track structures, and the analysis of four rail fasteners.

Analysis of Track Structures

The eight track structures which were analyzed are listed below, and

were illustrated in Figures 1-6,

(1) Conventional track structure (rail-wood ties~ballast, as shown
in Figure 1)

(2) Conventional track structure with resilient pads between rail

and wood ties
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(3) Conventional track structure (rail-concrete ties-ballast, as
éhown in Figure 2)

(4) Conventional track structure with resilient pads between rail
and concrete ties

(5) Conventional rail supported by bearing plates on precast
concrete pads connected diagonally by steel tie-bars (Dutch
"zig-zag'" configuration, as shown in Figure 3)

(6) Conventional rail supported by resilient pads and oak stub
ties on a continuous cast-in-place concrete slab (Louis T.
Klauder Stfucture No. 1, shown in Figure 4)

(7) Conventional rail:s@pported by resilient pads on precast
10ngitudiﬁa1 reinforced concrete beams joined laterally at
10-foot intervals by concrete tie beams and through-bolts
(shown in Figure 5) _

(8) Conventional rail supported by resilient pads and bearing plates
on precast, prestressed concrete beams of 18-foot length, which,
in turn, are supported at 18-foot intervals by precast hollow
cylindrical concrete piles\and lateral precast concrete tie
beams (Louis T. Klauder Structure No, 8, shown in Figure 6).

Analys{s of fhese track structures included their representation on

analog and digital computer programs, and calculation of stresses, deflections,

soil pressures, etc., under applied static and dynamic loads.

Mathematical Representation of Track Structures

In order to. represent the five track structures on the analog computer,
it was necessarybto convert them from actual track structures to distributed
parameter systems and finally to lumped-parameter systems in which .each track
structure was represented by springs, dampers, and masses in series.

The steps involved in this conversion are indicated in Figure 8. For
the track structures invoiv1ng tie-supported track, the support for each tie can
be represented as a spring whose spring rate is a function of the ballast and

subgrade properties, As the calculation of this ballast-subgrade spring rate is
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not straightforward, a considerable effort was devoted to the development of a
rational method for calculating the overall track stiffness from known properties

of the ballast and subgrade, Unfortunately, the area of soil mechanics is one

where precise answers usually cannot be obtained, and this case was no exception.

The first step was to examine various methods of calculating the
stiffness of the ballast and subgrade when loaded by a rectangular area such as

a railroad tie. Three methods were considered:

(1) Boussinesq equations
(2) Elasticity theory for plate loading

(3) Approximate method considering the affected volume of soil to

be a pyramid of uniform pressure.
It was concluded that Boussinesq equations are not directly applicable

for spring rate calculations because they assume point or line loading and yield

infinite deflections under the point of load application. They are mainly useful

for calculating stresses or pressures in the vicinity of a localized load.
Elastic theory predicts practically the same spring rates for two

ideal cases of area loading: one case gives an average deflection of a uniform

ure-loaded area, and the other gives the uniform deflection under a rigid

press
The main drawback of these equations is that two layers (ballast

plate load.
and soil) are not easily handled, and calculations based on a single layer yield
results which do not égree with actual measured values. Equations accounting
for tho layers of different homogeneous materials or increasing stiffness with
depth are more realistic, but are much too complex to be generally useful,

The pyramid approximation assumes uniform (but different) pressure at
every depth to infinity and uniform deflection of the loaded area, and‘néglects

the material outside the pyramid, The equation for stiffness is the same form

as that given by the theory of elasticity, but is simpler
The stiffness of the pyramid is

internal friction" of

and can account for

two or more layers of different materials.

highly dependent on the angle of its sides (the '"angle of

the soil), which determines the rate at which the load is assumed to spread out

as it is transmitted downward (see Figure 8-A), With a particular choice of

this angle, the stiffness is the same as that predicted from the theory of

elasticity; if a steeper angle is chosen, the stiffness will be less.
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It was concluded that the pyramid method was the most applicable one.
Figure 9 is a plot of the stiffnesses of the soil and ballast calculated by the

pyramid method, for a given bearing area 9" x 25.5", corresponding to a tie with
half its area acting in bearing.

s : /E F=R P
(The spring rate is a function of the shape b

of the bearing area, as well as its size.) The depth of the ballast was assumed

to be 2 feet, and the angle of internal friction was assumed to be 20 degrees.

Tie bearing
area = 229,0

\ i<
\ .
A BN
\

in -

, 40,000 pei :
24” ) | ‘rz“ e P

I Ep \, ballast depth uk;bbp pal

E o f\_' / " ‘ v
kg k, +k 1) 5 7 \ ' . ‘
° D o 20°\  Soil 7
]
The most uncertain factor involved in the determination of the overall et . - /////’

spring rate is the so-called subgrade modulus of the soil beneath the ballast 5

k)

Using values of kb and ks from this figure, the overall spring rate of the
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h()
ballast and soil in series can be calculated from the expression

20,000 pei
It is affected by the size and shape of the area loaded, the moisture con-

200
tent and the degree of compaction of the soil, as well as the basic material, and

so is not truly a material property.

—

Soil in

In general, however, it varies between
100 and 500 psi/in. for undisturbed earth, and for prepared subgrades such as 10,000 psi
those beneath new highways and railroads an average value is probably 150 psi/in.=-

with 200 psi/in. being on the high side.
the order of 20,000 to 40,000 psi.

150

Values of ballast Eb are generally on 4—’4?”"‘—"

/4
1001 //// ’/’//’

Values of ballast-soil stiffness obtained from the equation above can

then be used in the representation of the track structure as a continuous beam

Spring Rate of Ballast and

5000 psi
supported on a continuous elastic foundation (Figure 8-C)., Straightforward methods ,//////f ,,———"—*‘“‘—”——-—__———-
are then used to convert this distributed parameter system into a lumped-parameter ) ””””,,—"
system necessary for the analog computer representation (Figure 8-D). -3 / = - _
Considering the load on one rail, the spring rate of the half tie, o7 90 // ' ' 2000 pe
tie plate, resilient pad, ballast, and soil in series is approximately L — - Ey :'elasticity of ballast = 1000 psi
i k., k '
ks ihee @) — -
bs P OO 00 . 200 200 400 500
: k. = Modulus of Subgrade'Reaction for Soil, 1b/in.®
The factor of 2 is introduced in Equation (2) to account for the con- ° :

tinuity of the ballast and soil deflection between adjacent loaded ties. This

Sp— AL ‘SPRING RATE CF BALLAST AND SUBGRADE
continuity is neglected in the elastic foundation model and experiments indicate FIGURE 9. OVERALL VERTICAL PRING X
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that each of the ties supporting a loaded rail ig appfoximately twice as flexible
as when it is loaded alone.

; Knowing kbs’ the overall spring rate (kR) of a rail supported on a

row of these springs (Figure 8~A) can be calculated, For example, Figure 10

shows overall spring rates for three different rails and four different tie
spacings,

The track structures having continuous longitudinal-beam type support

are not amenable to this type of model; for them a digital computer program for
general structures was used,

In this computer program, structures were representg

by a series of beams connected together at rigid node points, Deflections of the

node points, together with axial forces, shear forces, bending moments, and stress;

in the beams, are calculated for any type of loading condition. Both bending de- -

flection and shear deflection of the beams are taken into account.
Figure 11 shows the longitudinal twin-beam track structure and the

model used to represent it on the computer, A total of 97 node points and

129 beams were used in order to obtain an adequate representation (more than
two 39-foot beams and three joints) of the track

5

s including the resilient

fasteners and the resilient soil beneath the structure., Each fastener‘was

represented by a vertical beam sized to give a vertical spring rate of

750,000 1b/in, each and spaced at 30-inch intervals to give a resilience of

25,000 1b/in, per inch of length along the rail., This value was determined

earlier from the analog computer analysis to be an optimum value for a r

elatively
stiff longitudinal-beam type structure,

based on wheel-rail dynamic forces re-

sulting from track profile irregularities, The bending rigidity of the vertical

beams representing the fasteners was deliberately made small to allow complete
angular and longitudinal freedom between the rail and the concrete support beam,
It was determined by hand calculation that the vertical beams used to represent

the soil could be placed at intervals of 60 inches without significantl

y affectingf
the accuracy,

These beams were then sized to represent two different soils., The i

two soils were assumed to have bulk moduli of 100 psi/in., and 500 psi/in., re-
spectively, and these values in conjunction with the 24-
foundation stiffnesses of 2400 and 12,000 1b/in.

beam respectively,

inch wide beam gave

per inch of length along the
A 132-pound rail was used, and a concrete beam having an

kR': Overall Spring_Rate of Rail on Continuous Elastic Foundation,

1b/in. x 10°
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— Beams Represedting Rail

(
<

(b) Digital Computer Model of Track Structure

Beams Representing Fasteners

(

[,—Node Point

Beams Representing Soil

Beams Representing Concrete Beam

REPR
RESENTATION OF TWIN LONGITUDINAL BEAM STRUCTURE ON DIGITAL GOMPUTER

FIGURE 11.

area of 305 inoz and an area moment of inertia of 686O-in.4 was used (JPI Drawing

No. JP67-48-A, dated August 14, 1967, and August 29, 1967).

e to Static Wheel Loads

Respons

To determine such factors as overall spring rate, rail stress, ballast

pressure under ties, etc., the response of the various track structures to a
wheel load of 22,500 pounds (assuming one axle is loaded to 45,000 pounds) was
calculated., Values which were calculated for the tie-supported track structures

are shown in Table 5, and were summarized previously in Table 1.

Some observations can be made from this table. First, it is seen

tie track with resilient pads has a greater overall stiffness

that the concrete
The

than the wooden tie track without pads, when the tie spacing is the same,
reason for this is not that the concrete ties themselves are very much stiffer
but that they have a larger bearing area, which results in a

than wooden ones,
Actually, considering only the ties themselves,

higher ballast-soil spring rate.
a concrete tie with a typical resilient pad is much softer than a bare wooden
tie. However, when the ties are placed on the same ballast and soil, the overall
spring rate of the concrete-tie structure is higher due to its higher bearing

area. The larger bearing area of the concrete tie results, of course, in lower

ballast and soil pressures. Rail bending stresses are also lower due to the

higher stiffness (and lower rail deflections). Note that this discussion assumes

the spacing of wood or concrete ties is the same.

When the tie spacing is increased from 21 inches to 30 inches, the
overall stiffness drops because there are fewer spfings under the rail; the
ballast and soil preésures increase because less total area must carry the same

load. The rail stress increases because the rail has to span a greater dis-

tance, and therefore, bends more under the same load.,
A comparison of the conventional track structures with the Dutch

"zig-zag" track design shows that the latter's combination of low bearing area

and widely spaced tie blocks results in a system with the highest soil and
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Dutch Zig-Zag
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Without Pad
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500
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pallast pressures, the highest rail stress, and the lowest spring rate, even

though no resilient pad is used,
e appears to be inferior to conventional track from the standpoint

Because of the high pressures and stresses,

this structur

of long-term stability.

For the beam-type track structures having continuous support from the
soil, two loading cases were investigated, as shown in Figure 11-A. 1In each
the loads imposed by one four-wheel truck (two loaded axles) were used,"

case,
raddling the joint, and the second

The first case considered the truck axles st

considered one axle of the truck directly over the joint. It is believed that

two cases bracket the range of variables. Wheel loads were 22,500 pounds.

The four deflection curves resulting from the two soils and the two
The deflection of the concrete

these

loading cases are shown in Figures 12-A and 12-B,

s the same as the deflection of the supporting soil beneath the beam, and

beam i
The

is, therefore, proportional to the bearing pressure exerted on the soil.

difference between the rail and beam deflection represents the deflection of the

resilient rail fasteners.,
The stiffness of the overall track structure is only slightly lower

at the joint, as indicated by the maximum deflection of the rail when a wheel

load is applied directly above the joint.
wheel loads near one joint in the beam do not significantly affect the de-

Further shown in the curves is that

flections or pressures at the adjacent joints.

Figure 12-C shows the deflection curve for an identical but' continuous

track structure for the same wheel loading used on the nonc
d for this continuous structure, namely,
t in

ontinuous structure,

Only one soil modulus was considere

100 lb/ins., and the two separate loading cases discussed above resul

jdentical deflection curves for the continuous structure; therefore, only one

case is shown in the figure, Comparing this curve with that of the noncontinuous

structure in Figures 12-A and 12-B shows the effects of a joint

beam,
tatic

The point which is brought out by the curves is that for the s
case and for the values of soil and pad stiffness considered here, the rail does

the beam. This is evidenced by

a fairly adequate job of bridging the joint in

in .the longitudinal
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the fact that the deflection of the beam with the joint is only slightly

greater than the deflection of the continuous beam (about 11% greater) There

at the joints, par-
ticularly for the case shown in Figure 12-B where a considerable amount of

will, of course, be a '"soil stress-concentration factor"

vertical shear is present at the soil in thevvicinity of the joint.

In addition to the deflections of the rail and concrete beam, the
computer program calculates the stresses in these components., The important
peak stresses for the three different structures and soil combinations are
included in Table 2., The peak bending stress in the rail for the two noncon-
tinuous structupéé occurs when one axle is directly over the joint (loading
case two in Figure 11-A), On the other hand, the peak bending stress in the
concrete beam occurs when the axles straddle the joint (loading case one in
Figure 11-A), Assuming a 1000-psi precompression in the concrete, the total
peak compressive stresses are 1282 psi and 1330 psi for the beams,

The Louis T. Klauder structure No. 8 was analyzéd on the computer in
o similar manner., The beam model used to represent the structure consisted of
124 beams and 92 node points, and represented approximately 72 feet of track,
including &4 complete 18-foot beams and 5 pile foundations. From the available
information, the concrete beams were estimated to have an area of 2110 inz. and
an area moment of inertia of 750,000 in4. A 132-pound rail was again used. The
stiffness of the 1nd1v1dua1 pads was 1ncreased slightly, because of the larger
spacing, in order to maintain the re5111ence of 25,000 1b/in., per inch of.length
along the rail., The vertical stiffness of piles is dependent on many factors
and is difficult to calculate éccurétely° The fact that there was no detailed
design of the pile foundation made ﬁhe choice of the vertical stiffness of the
piles even more grbitréry. A specific stiffness was not calculated, but xrrom
data in soil mechanics texts stiffnesses of 7 x 104 1b/in. and 42 x 104 1b/in.
per pile were chosen to cover a reasonable range., The lower value is quite
low; however, due to economlc con51deratlons and the vast number of piles

needed it is expected that eventually a pile of this 1ow stiffness might be

encountered, The upper value may be considered more as a typical stiffness.
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The same two axle loading cases were considered for this structure
as for the beams supported on the ground, and the four resulting deflection
curves are shown in Figure 13. Because of the high bending stiffness of the

beams they remain essentially straight compared to the overall deflection, and
the rail is subjected to considerable bending at the joints in the beam. Quite
large deflections (about 0.5 inch) occur under the wheels for a pile stiffness

of 7 x 10 1b/in. All

of these peak stresses occur for the loading condition where one axle is

The peak stresses calculated are shown in Table 2.

directly over a joint in the concrete beam,
Finally, the Louis T, Klauder structure No, 1 was analyzed, and data
This structure is almost identical to th

for this structure is shown in Table 2.
Note that it

Battelle slab-type structure discussed in the Phase I report.
is by far the stiffest structure, and has the lowest bearing pressures and rail

and beam stresses.

Response to Dynamic Wheel Loads

The dynamics of several track structures were investigated on an
analog computer. Track structures modeled on the analog computer included
wooden-tie~track with and without rail pads; MR-3 poncrete-tie-track with and
without rail pads (ties on 2l-inch centers); and the Dutch "zig-zag' track
design. The lumped parameters defining these structures are shown in Table 6.
Two types of dynamic analysis were made: steady state frequency response to a

sinusoidal rail profile input, and transient response to a sudden 1/4-inch

step~-down in rail profile., For the steady-state analysis, the total system

consisted of that portion (one-half) of a 50-ton Budd rapid-transit railcar
body supported by one truck, the truck itself, and that length of a contiﬁuous
track structure associated with the support of one truck, as shown in Figure 14,
The vertical deflection response of the wheel-rail contact point was recorded
along with the input rail profile, the wheel-rail force, the car-body accelera-

tion, and the deflections of the car body, axle, and bolster, all taken in the

vertical direction.
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In the transient analysis, the deflection of d fixed point on the rail

in response to passing wheel-rail forces was determined., The system in this

case consisted of a model of the track structure alone, and the input consisted
of the continuous wheel-rail force multiplied by an influence coefficient
function to compensate for the changing distance between the wheel and a point
on the track. With this method, full force is applied to the track when the
passing wheel is directly over the fixed point of interest, zero force to the
track when the wheels are a certain distance away, and a varying fraction of
the force during the time the wheel is approaching and then leaving a fixed

point on the track., The influence coefficient was obtained from the curves for

the static deflection of ‘the continuous rail structures.

Three important parameters in these analyses were considered: (1) the

car body acceleration--because it is a measure of ride comfort and -safety;

(2) the wheel-rail force--a measure of the severe localized stresses at wheel

and rail surfaces as well as a measure traction and braking potential; and

(3) track structure deflection--because this is a measure of basic track

stability (which relates to alignment, deterioration, and failure).

Sinusoidal Frequency Response., The results of the steady state
to-peak car body acceleration per

analysis are shown in Figure 15, where peak-
inch of (peak-to-peak) rail waviness amplitude is plotted versus frequency of

The dashed lines indicate that the rail waviness amplitude, €, was

inpu te
The first conclusion

decreased because the wheels began to 1lift off the rail.

that can be made from this graph is that exchanging concrete ties for wooden

ones, or inserting a relatively stiff resilient rail pad, or both, have little

effect on the car acceleration resonances resulting from steady-state sinusoidal

excitation., However, the Dutch "zig-zag" track with its lower natural fre-

quency, reduced the car body acceleration amplitude by 35 percent.

The second conclusion from the frequency response is that on the Dutch

s is almost three times

Wheel-hop is delayed

"zig-zag' track the frequency at which wheel lift occur

as high as on the other four types of track'investigated.

because the Dutch "zig-zag" track resonance condition (when the wheel forces

reach their maximum) occurs at a lower frequency and consequently is a lower
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amplitude oscillation, low enough that the rail acceleration does not exceed one
(1) G, meaning that the wheel force due to weight is not relieved. Praétically
speaking, this means that a softer, more resilient track (such as the Dutch
"zigezag' design) permits a train to maintain a higher speed over a wavy rail
profile while maintaining a more constant level of wheel-rail force, resulting

in better tractive, braking, and control characteristics. Unfortunately, in

the Dutch design, the lower spring rate is obtained by low bearing areas at
the expense of high roadbed pressures, rather than by the use of resilient pads,
The displacement of the track structure itself is plotted in Figure 16

as a function of frequency. This can be interpreted as a measure of long term

track stability, since the ballast directly under the ties must move an equal
amount, and the curve shows the Dutch '"zig-zag" ties move slightly more than
conventional ties, ‘

Response to Step Inputs. For the mathematical representation of

vehicle and roadway commonly used for computer studies, the vehicle is repre-

sented by a spring-mass system supported by another spring-mass system repre-

senting the roadway, as in Figure 14, The input to the system is usually a

displacement representing the vertical profile of the track, highway, or other
surface supporting the vehicle.

The wheel-roadway force generated in such a program then represents

a force traveling at vehicle speed and located at the wheel. For studies of

vehicle response, this is a perfectly proper system, giving as it does the
continuous force exciting the vehicle,
For a study of the roadway, however, it is obvious that this force
is a transient value with respect to any fixed point on the roadway. The
force directly over any point.reaches a maximum only when the wheel is directly

over that point. An important point to consider is that actual field measure-

ments of track structure response must be obtained by applying instrumentation

at one or more fixed locations along the track. It is desirable to validate

any mathematical representation of the track structure used on the computer
by comparing with measured data from stationary (with respect to length along

track) locations; the response of a fixed point on the track is, therefore, a

desirable output from the computer study.

Tie Deflection per Inch of Profile Error X;/¢, in./in.
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If the roadway were perfectly smooth and free from profile errors and
inconsistencies in the subgrade, etc., measurements show that the curve of
deflection versus length for static wheel loads would be approximately the
same as the curve of deflection versus time taken at any point on the track

(1)

structure for conventional train speeds. In the first case, a given distance
on the abscissa would represent the longitudinal distance between two wheels on
the vehicle, while in the second case this distance would represent the time

it takes for the vehicle to travel a distance equal to that between the two -
wheels, There is, of course, some difference between the static and dynamic
vertical deflection due to therinertia and damping effects associated with
speed (that is, the rate at which the track is displaced vertically by a
passing train), but this difference is negligible up to speeds at which the
frequency of wheel load application approaches the natural frequency of the
track structure, For a truck with an 8-foot wheelbase and a track structure
with a natural frequency of 50 cps, ;his speed would be 273 mph, Therefore,

for practical purposes, the static deflection curve can be assumed to represent
the dynamic deflection versus time curve ‘for the case where the rails are
perfectly straight, the wheels perfectly smooth, and the track structure has
perfectly uniform préperties along its length,

However, since this case is not one encountered in practice, the
question of practical interest is how to generate the deflection versus time
trace of a track having realistic profile errors and nonuniform properties
longitudinally.

This can be done by considering the problem as a two-step problem,

The first step is to generate the‘moving wheel-rail force using the conventional
representation of vehicle and track, including track profile errors das well as
factors such as reduced stiffness at joints, etc, The traveling wheel force
generated from this program then can be used as the input to a representation of
the track structure itself, using an influence coefficient function to modify
the effect of this force on a given point on the rail, according to the dis-
tance of this force away from the rail. Obviously, the coefficient is one when
the (wheel) force is directly over the fixed point, and drobs to zero at some

distance away from the point, this value depending on the track structure design.
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This procedure was used for the transient analysis of the track

structures, except that the wheel-rail force obtained as an input for the

vehicle-roadbed simulation was simultaneously multiplied by the influence
coefficient and used as the input to the (duplicate) track structure simula-
tion, all done at one time on the analog computer,

For the transient analysis, the car was assumed to encounter a
1/4-inch drop in rail level (such as a severely misaligned joint) as it moved
along at 50 mph, This transient analysis was done not only for a weak soil
(ko = 100 psi/in.), as in the steady-state analysis, but also for the stiff
soil (ko = 500 psi/in.). Typical response data is shown in Figure 17 for
concrete-tie and Dutch "zig-zag" structures; selected data were previously
shown in Table 3.

The peak car body acceleration was proportional to the overall track
stiffness, being highest for the concrete tie structure (without tie pads) and

lowest for the Dutch ''zig-zag'" track, for both weak and stiff soils. The

lowest wheel-rail force was obtained on the unpadded wooden-tie '"conventional
track'" for both weak and stiff soils, The highest wheel-rail force for a weak
soil condition was on the Dutch "zig-zag" track, but for a stiff soil condition
the concrete tie track had the highest force. Although the Dutch design has a
low spring rate, its high mass tends to increase the wheel-rail impact force.
With the soft soil, differences in the five structures gave considerably dif-
ferent impact forces, but with the stiffer soils the wheel-rail forces were
less sensitive to the differences in the five track structures. |

Further work with this simulation needs to be done, and in particular,
a validation of the computer program should be made by comparing computer data
with actual measured track response data. Roadbed damping should be investigated,
as well as the possible need for simulating the clearance which can exist be-
tweeh ties and ballast, the nonlinear effect due to lack of tension in the

ballast, etc,
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Rail Fastener Analysis

Just as a chain is no stronger than its weakest link, the track
structure can be no better than the rail fastener--composing, as it does, the
vital link between rail and supporting structure, In other studies during
this project the rail fastener was represented only in general form by a
spring acting in the vertical direction; in this analysis it was desired to
look at specific fasteners in detail and to use computer programs to aid in
fastener evaluation, Unfortunately, complete data on only one fastener was
obtained in time to be used in the computer analysis, but the good correlation
of computer results with the manufacturer's test data demonstrated the validity
of the analytical approach.

The basic function of the rail fastener is to transmit loads applied
to the rail (by the train, by temperature contraction and expansion, etc.,) to
the supporting structure (ties, beams, etc,) without allowing any permanent
motion of the rails. Although there are enough rail fastener designs on the

market to make a general analysis appear formidable, the common element to all

is that their contact with the rail is frictional, meaning that their holding
power cannot exceed the combined frictional force exerted by all elements
contacting the rail, including the rail clips ‘and the tie pad or tie plate
beneath the rail. These friction forces must prevent permanent vertical, lateral,
and longitudinal rail motion.,

Therefore, the basic criterion for functional effectiveness is the
magnitude of this holding force and the consistency with which it is main-
tained during wheel passage and over long periods of time. Regardless of
other attributes, this fundamental requirement must be met,

The rail displacements which occur during train passage are im-
portant to the dynamics of the train, so the vertical and lateral spring rates

of the rail as restrained by the fastener are important. Furthermore, the

dynamic loads transmitted into the support structure by the rail fastener are

important measures of fastemer performance. Other features, such as noise and
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vibration isolation and electrical insulation, are desirable in many applica-
tions. If a resilient pad is used, these functional characteristics are highly
dependent on the properties of the resilient pad so this is an important part
of the rail fastener., Loads and stresses developed within the various fastener
components and support structure are, of course, very important, in that they
determine whether yielding or fatigue failure will occur, either of which means
a loss of holding power,

Cost of the rail fasteners is also very important, However, during
this study of fasteners, only their functional effectiveness was analyzed. No
attempt was made to compare them from a cost standpoint,

Originally, four rail fasteners were chosen for analysis, These
were shown in Figure 7, and are as follows:

(1) English Pandrol rail clip

(2) Swedish fist clip

(3) German Delta clip

(4) Rigid-type clips designed for American MR-3 concrete ties,

However, information for the Swedish and German fasteners required
for represehting them in a computer program (to determine stresses and de-
flections as a function of the load) was not received in time to be included

in the study, and as a result a more general study of fastener design was made,

Mathematical Representation of Rail Fasteners

Although there is a wide variation in rail fasteners, most of them
can be represented by the general model shown in Figure 18-A,

Combining some of the spring rates, the model shown in Figure 18-A
can be reduced to that shown in Figure 18-B, There is some equivalent vertical
stiffness, Kc, exhibited by the hold-down device which usually is simply the
spring rate of the clip itself. The rail pad is represented by a vertical
spring with rate k_, and a torsional spring with rate Kpt’ acting at the

center of the base of the rail.

pplied vertical lcad

'|<F;A
|
ty

Applied lateral load

Spring clip and attachment to studs

‘r,,Stud, pin, ete.
= Bage

Resilient pad

18-A

Kﬁt - torsional stiffness of pad

kp - vertical stiffness of pad

18-B

FIGURE 18, REPRESENTATION OF RAIL FASTENER
FOR LOAD-DEFLECTION ANALYSIS
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Since a continuous rail acts as a beam and distributes the wheel
load longitudinally, the vertical load transmitted to the tie or other support
is only a portion of the applied wheel load. For example, Table 5 shows that
with a 22,500-pound wheel load, the tie load is around 7,000 pounds, or ap-
proximately one-third of the wheel load, This distinction must be kept in
mind when discussing spring rates, and in this discussion the spring rates of
an individual fastener are considered,

The fastener vertical and torsional spring rates will now be written.
The vertical spring rate is equal to the sum of the two clip spring rates and

the pad spring rate. Referring to Figure 18,
K = k_ +2K . (3)
v P c

The deflection y for any vertical load Pv transmitted through the

fastener can be written as follows:

Py . %)

k + 2K
P c

«
i

The loss of holding force, or preload, of the two clips under an
applied wheel load is equal to the vertical deflection times the spring rate
of each clip times two, or

ZPV(KC)

Mor = T2k )
P c

. Loss of frictional holding power of the clips tends to be compensated
by the gain in frictional holding power of the tie plate or resilient pad as
the wheel passes over, However, if a resilient pad is used and the clip pre-
load force is completely lost, shear movement of the pad may alloﬁ permanent
longitudinal motion of the rail, depending on the restraint offered by ad-

jacent clips.
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The problem of lateral load or deflection of a rail is somewhat
similar to the problem of the vertical deflection of a beam on an elastic
foundation, but it is complicated by a number of things. Since the lateral
force is applied by the wheel flange at the head of the rail, but resisted by
the fastener at the base of the rail, torsion as well as lateral displacement
is involved,

The torsional deflection of the rail at the section where the wheel
loads are applied is difficult to determine precisely, due to the noncircular
cross section of the rail and the manner in which the torsion is applied to the
rail, Lateral'bending of the head and flange further complicate the problem,
The torsional restraint offered by typical fasteners appears to be substantial
compared with the torsional stiffness of the rail. For this reason, the
torsional deflection of the rail was calculated by assuming that only one fas-
tener resists the torsional loads introduced by the wheel, With this assumption,
the calculated stresses in the fastener will be higher than in the actual case
where there is some load distribution,

Considering now the torsional spring rate of the fastener, it can be
shown that the torsionalyspring rate Kpt’ of the resilient pad is equal to
kpw2/12, where kp is the vertical spring rate and w is the width of the pad.
The torsional deflection of the rail cross section due to a lateral wheel load

Pz (assuming one fastener with two clips takes the full lateral load) is then

n o= P,@ 22 ] ’ | (6)
KPt + 2z1 Kc
where
N = angular deflection of rail cross section, radians
ﬂl, 22 = distances as shown in Figure 18-B,

The vertical deflection at the clips due to the rail angular de-

flection is

(7
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The total clip deflection under combined vertical and lateral load is

Looking now at the various commercial rail fastener assemblies, data
indicated that the spring rate of the clips was on the order of 3000 to
8500 1b/in. for the foreign clips and 70,000 to 100,000 1b/in. for the rigid-
type clips designed for the MR-3 ties. Spring rates for the foreign clips were
based on published data, while for the rigid-type clips that portion of the clip
extending from the bolt centerline to the rail contact point was assumed to be
a steel cantilever, 1,5 inches long, 2 inches wide, and 1/4=inch thick, The
calculated spring rate for such a cantilever is 69,400 1b/in., and since some
of the rigid-type clips are stiffened by flanges, the range of 70,000 to
100,000 1b/in., was not considered to be excessive.

A resilient pad vertical spring rate of 700,000 to 750,000 1b/in, was
chosen, based on two factors. First, in the Phase I study the upper value
was chosen as being desirable for use with the massive beam-type structures, and
secondly, this value is probably on the low side of many of the commercial
resilient pads now in service both here and abroad.

Using these numbers, the lateral spring rate of a section of rail

held by two fasteners was calculated to be as follows:

Installed Rail

Fastener Lateral Spring Rate
English Pandrol (K = 5000 1b/in.) 43,700 1b/in.
Swedish Fist (K, = 6000 1b/in,) 43,900 1b/in,
German Delta (K, = 8500 1b/in.) 44,300 1b/in,
Typical American
Fastener for
MR- 3 Ties (l(.u = 70,000 1b/in,) 54,300 1b/in.

Note that it is the resilient pad which provides the bulk of the lateral stiff-
ness, and large changes in clip vertical stiffness do not affect the overall

lateral stiffness greatly,

S
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To illustrate the importance of both the clip‘spring rates and the
resilient pad spring rate on the loss of preload or holding force, calculations
were made for a range of spring rates, It was assumed that 7500 pounds (one-
third of a 22,500 wheel load) was transmitted through the fastener. The
results are plotted in Figure 19, and show that the loss of preload or holding
power increases as the clip spring rate increases, but decreases as the

resilient pad spring rate decreases.

Resilient pad spring rate:

“"“"#’_’,;—r+ kp = 200,000 1b/in.
N -

2000

i

Loss of ﬁbld—Dovn Force, 1lb/clip

.;——;:=ﬂﬂdﬂn,u——f+kp - 700,000 1b/in.
1000 : ek = 1,000,000 1b/in. .

\+

. \ | 1 |
0 0,000 - 100,000 - 150,000 200, 000 250, 000
' Clip Spring Rate, 1b/irn.

FIGURE 19, RELATIONSHIP OF CLIP HOLD-DOWN FORCE TO
CLIP AND RESILIENT PAD SPRING RATES




52

The curves show that with a pad stiffness of 700,000 1b/in,, any of
the clips having spring rates of 10,000 pounds per inch or less lose very little
holding power under this 22,500-pound wheel load., However, when the clip spring
rate approaches 100,000 pounds per inch, the loss approaches 1,000 pounds .per
clip, a significant amount,

Horizontal lines could be drawn on the curve to show various pre-
loads, For example, the dashed line shown represents a 1200-pound preload, and
the figure shows that this load is completely lost with a pad stiffness of
700,000 pounds if the clip spring rate is 160,000 1lb/in. or more,

Perhaps even more meaningful is a calculation of the dimensional
error necessary to produce load loss., It can be assumed that eventually=--if
not initially--some dimensional error will exist in the load stackup, This
could be produced by wear of the clip or rail at the contact point, by yielding
of the clip or extension of the holddown bolt, etc. For a fairly rigid clip
(100,000 1b/in,) the loss of preload due to a 1/16-inch dimensional change is
(105) (1/16), or 6,250 pounds, This is, perhaps, the most significant point
of the fastener analysis--that is, it is very difficult to maintain a constant

holddown force on the rail with high spring-rate fasteners,

Pandrol Rail Clip Stress Analysis

The Pandrol rail clip was anaiyzed using a Battelle structural
analysis digital computer program, This program is based on the stiffness
matrix method. A structure (in this case the rail clip) is represented by a
finite number of béam elements that can be either straight beams with or
without shear deflection, or curved beams,

Figure 20 shows a sketch of the Pandrol rail clip and the node
points for the finite element model. A total of fifteen beam elements in-
cluding both straight and curved segments was used, An XYZ coordinate axis
is shown on the sketch with the Z-axis corresponding to the vertical direction
of the clip in the installed position. The node point coordinates are listed

in Table 7., The clip restraints consisted of displacement restraints in the

Clip toe

Clip
heal

Clip center —

leg
o X
‘Z
us ]
UK \ l
\ Clip - /
G /oo L’,/.l( toe
i = Rail
Clip heel— K - X
T | '

l TS~Kail prolead

FIGURE 20. PANDROL RAIL CLIP
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However, the measured load-deflection data indicates a significant nonlinear
TABLE 7. NODE POINT COORDINATES FOR ANALYSIS MODEL OF PANDROL RAIL CLIP >

£ i 14 tiffness at the manufacturer's
stiffening effect so that the effective clip sti

estimated installation load of 1550 pounds is considerably higher than that

Node X, inch © Y, inch Z, inch calculated using the linear analytical model, As shown in Figure 21, the
measured clip stiffness is 5000 1b/in. in the vicinity of the jinstalled load
: 165 &e05 0.40 of 1550 pounds whereas the calculated stiffness from the linear analysis is
2 1.65 1.42 0.40
4 2,32 0.32 1.22
5 3.23 0.90 1.92
6 3.48 1.95 1.57 TABLE 8, PANDROL RAIL CLIP DEFORMATION (INCHES)
7 3444 2.75 0.76 WITH 1000-POUND VERTICAL LOAD AT NODE 8
8 3.29 3.50 0.48
9 3.20 3.98 0.76
10 2.74 4,46 1.33
11 2,32 4,52 1,60 X Y Z
12 1.90 4,56 1,70 Node
13 1.11 4,25 1.63
14 0.58 3.63 1.18 1 0,00 0.00 0.00
15 0.38 3.03 1.04 2 0.00 0.00 0.00
16 0,38 2.43 0.94 3 -0,038 -0,002 0.023
' 4 -0.112 -0,009 0.082
5 -0.23 -00026 002].2
6 -0,164 -0,013 0-3?2
0.
X, Y, and Z directions at Nodes 1 and 2 and in the Z direction at Node 16. A 7 -8.332 g-gég 0.319
. 8 =U, * -
vertical load of 1000 pounds was applied at Node 8, and the resulting de= 9 -0.067 0.016 ' 8.3%2
flections and dominant stresses were computed, These are listed in Tables 8 10 -8-1%3 ' :g'ggg 0. 241
11 =U. .
and 9, respectively, 12 -0.173 -0,017 8.}?;
‘ -Ue 6 .
At the completion of the stress analysis, a set of manufacturer's 13 -g'i?g g 837 0.040
| 14 =Ue "V °
load-deflection curves was obtained from Evans Products Company. Figure 21 15 -0,095 -0,005 . 8.832
- -0,003 .
shows these data for both the British and United States installation configura- 16 0f087 0.0

tions, The difference in the two configurations is a slight rotation of the
clip about its center leg., The British assembly locates the base of the clip
heel 9/32-inch below the top of the center leg. In the United States the

- clip is used with the base of the heel 3/16-inch below the top of the center
leg,

The stress analysis model corresponds to the British configuration

and the calculated toe deflection with a load of 1000 pounds was quite accurate.
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TABLE 9.. PANDROL RAIL CLIP STRESSES WITH 1000-POUND

VERTICAL LOAD AT NODE 8

Maximum

) v Maximum ) o
Node ' Shear Stress, psi Bending Stress, psi

2 2,300 64,090

3 12,040 93,240
oo 28,930 104,000

5 50,360 60,870

6 46,010 34,370

7 30,810 55,880

8 39,840 28,250

9 34,910 44,560
10 31,010 49,660

11 26,590 50,228

12 29,720 34,450

13 20,170 33,010

14" 9,200 26,610

15 5,140 13,480

16 2,740 0

From a stress standpoint, the calculated stress of 156,000 psi
which would be obtained from the 11near computer program is quite close to
measured values of 140,000 psi, quoted by the manufacturer.
the maximum stress found in practice and computed is also identical.

fore, it was concluded that the computer program is an effective tool for

analyzing fasteners.

The location of

Load Applied at Clip Toe, pounds
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FIGURE 21. COMPARISON OF ANALYTICAL AND MEASURED LOAD-DEFLECTION DATA

~ OF THE PANDROL RAIL CLIP
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