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STUDIES FOR RAIL VEHICLE TRACK STRUCTURES
by

H. C. Meacham, R. H. Prause,
D. R. Ahlbeck, and J. A. Kasuba

July 15, 1970

INTRODUCTION

In the fall of 1966, Battelle was awarded a contract for a study
of new track structure designs. The objective of this study was to generate
new ideas and designs for railroad truck structures which could (1) provide
an inherently more stable ride for a train, and/or (2) be more easily and
cconomically installed or maintained in alignment than existing track struc-
ture designs., The only design limitations were that standard gage and rail
head contour be maintained.

This study was completed in spring of 1967, and is now referred to
as Phase I. Phase II, a continuation of research relating to track struc-
ture analysis and development, covered the time period from November, 1967
to February, 1968. This phase included additional analyses of conventional
tie-type track structures, and more detailed studies of existing fasteners
designed mainly for concrete tie application.

Phase III was a further extension of this research program, cover-
ing the time period from September, 1969 to February, 1970. Emphasis during
the Phase III research was placed on validation of the computer programs
developed during the previous two phases, and on writing performance or
functional specifications for non-conventional track structures to be
included in a proposed DOT-Santa Fe test track somewhere in the Southwest.

Although separate summary reports were published for both the

(1,2)*

Phase I and Phase II studies » DOT requested that the summary report

* Numbers refer to references listed in the back of this report.



written at the end of the Phase III research program be a comprehensive
document covering all three phases of the track study. Therefore, this
report covers all three phases of the study, although the Phase III work

is covered in more detail.

SUMMARY AND CONCLUSTIONS

Early in this study of track structures, it was concluded that
a more stable track structure could be obtained by changing the ''pressure
signature" of the track elements bearing on the ballast or subgrade. A
conventional track is very flexible longitudinally--having only the rail
itself to provide bending stiffness. Also, with conventional track, the
bearing area is only a portion of the tie base area, as the ballast usually
is purposely tamped to prevent "center-binding' which can cause tie breakage.
The net result is that cyclic pressures of relatively high magnitudes are
exerted on the ballast/subgrade support, and as speeds and loads of rail
traffic increase, the roadbed is unable to maintain dimensional stability.

In the Phase I studies of new designs, then, emphasis was placed
on those structures which would produce not only lower pressure pulses,
but fewer pulses as well., This was based on studies using passenger-type
vehicles, considering the Northeast Corridor as the most likely area of
application for nonconventional track structures. A "soil deterioration
factor" was defined, based on the settlement of soil under cyclic loading,
and this was used to define track structures that would support 160 mph
traffic with no greater roadbed settlement than conventional tie-type
structures with 60 mph traffic. These track structures were longitudinal
beam and slab type structures, constructed of steel or steel-~reinforced
concrete.

An important component of such structures is the rail fastener
which suﬁports the rail and is supported, in turn, by the beams or slabs.
Therefore , considerable analysis effort was devoted to fastener requirements,

particularly the effect of resilience in the fastener. The analysis ineluded
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an analog computer simulation in which the dynamic characteristics of the

track structure as well as the vehicle were included. The conclusion drawn
from this analysis was that wheel-rail impact loads generated by the inev-
itable imperfections in both rail profile and vehicle components can be
greatly reduced by providing resilience in the rail support. Also, to
minimize construction and maintenance costs, it was considered mandatory

to include vertical and lateral adjustment capabilities in the fasteners
themselves.

At the end of Phase I, then, four specific nonconventional track
structures were recommended for serious consideration. Three nonconventional
rail and fastener designs were included, though their use with the structures
was not necessary. Being of relatively massive construction, (for example,
twin beams each approximately 2 feet square in cross-section) the estimated
initial costs of the four structures ranged from $385,000 to $514,000 per
single track mile.

The Phase II studies covered various types of tie-type track,
three types of longitudinal track structures, and a study of existing rail
fasteners designed mostly for concrete ties. It was shown that the tie bear-
ing area is a very important parameter, as the bearing pressures are nearly
directly proportional to the bearing area per length of track. Any increase
in stability expected from the use of concrete ties, with their larger bear-
ing areas, can be lost if tie spacing is excessive. However, if bearing area
per length is increased, the track structure becomes stiffer and impact loads
will increase unless resilient rail pads are used. In the fastener analysis,
it was also shown that a consistent clamping force on the rail is desirable,:
and that this objective is better achieved with typical foreign rail clips
having lower spring rates, than with the relatively stiff clips normally
used in domestic installations. A computer analysis of a particular clip,
the English Pandrol, showed the potential of computer programs for analyzing
rail fasteners; excellent correlation of computer and measured load-deflection

characteristics were obtained for this complex three-dimensional clip.
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The static load analysis of the longitudinal beam-type structures
-showed that the effects of joints in an otherwise continuous beam was sur-
prisingly small, although a definite relative motion at the ends of adjacent
‘beams occurred as the wheel passed over. The fact that longitudinal beams
and slabs reduce direct bearing pressures significantly was again shown in
the analysis of three other structures of this type.

Even more interesting were the results of the Phase III study, as
this phase included field measurements of the track response on the C&0/B&O
mainline track near Columbus, Ohio, and on the Penn Central-DOT high-speed
track running between Washington, D.C., and New York City. In addition to
controlled speed runs of the DOT test cars at speeds from 15-135 mph, track
response was also measured under normal freight and passenger traffic, the
latter including several Metroliners at épeeds up to 115 mph. The measure-
ment of a 33,000-pound individual tie plate load under a freight locomotive
going over a newly-tamped tie, or a rail acceleration of 347 g's at a joint
as a 115-mph Metroliner passed over, were extremely interesting, as was the
verification that pressure pulses were transmitted by individual axles to
‘the subgrade pressure cells buried three feet below the base of the tie.

However, perhaps the most important point emphasized by the
feasurements (and also by the computer studies) was that there is no such
thing as a standard track to be used as a reference. This does not mean,
‘however, thét computer simulations or other analyses which assume some
degree of uniformity in the physical systems cannot be used to advantage.
.0fi the contrary, the measurements showed that the computer programs which
were developed and refined throughout the study produced results quite
§imilar to thosé recorded. In the case of rail joints, the absence of the
rail gap (5/8-inch) in the computer program was sufficient to change the
fesponse noticeably. However, now that this is known, it can be modified
accordingly.

Throughout the Phase III program, the main emphasis was on the
- writing of performance specifications for nonconventional track sections,

and associated rail fasteners. In a sense, then, the results of the track
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structure study are included in the four sets of specifications included as
Appendices to this report. These cover rail fasteners and reinforced con-
crete track structures of three types--precast twin beam, cast-in-place twin
beam, and cast-in-place slab. The specification of bending stiffness was
based on the Phase IIT studies devoted to reducing the cost of the track
structures of the type suggested during Phase I, without seriously downgrad-
ing their stability. The success of these efforts can be judged only when
structures are designed according to these specifications and tested in a

field installation such as the proposed DOT-Santa Fe test track.

TECHNICAL WORK

Analysis of Conventional Tie-Type Structures

The basic function of any track structure is to support and guide
trains. 1In order to perform this function, the track structure must with-
stand repeated vertical, lateral, and longitudinal loads which are developed
at the wheel-rail interface during train passage. In addition to these
loads imposed by the wheels, the track structures must withstand thermal
expansion and contraction forces which act on it continuously.

The need for advanced track structures comes about because con-
ventional tie-type track and roadbed deteriorate under the action of these
loads. The definition of an advanced track structure, then, is one that is
more stable, meaning it can withstand these loads for longer periods of time
with less deterioration of vertical profile and lateral alignment.

To obtain more insight into the problems with conventional tie-
type track, and to provide reference points for evaluating advanced track
structures, an analysis of conﬁentional track was undertaken as the first
step of the research. During the Phase I concept study, then, an abbreviated
force and stress analysis of conventional track was made, using a representa-

tion of the track structure as a continuous beam on an elastic foundation.
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Calculations were made to determine forces imposed on the rail structure by

a 180,000 pound passenger car (22,500 pound wheel load) representing the

Budd cars ordered for the Northeast Corridor Demonstration. Of particular
interest were the tie bearing pressure and ballast-subgrade dynamic pressures,
since the ballast-subgrade support was assumed to be the '"weak link' in the
track structure, moving and shifting under the influence of the cyclic
pressures produced by wheel loads. An approximation of the time-varying
pressure at a point in the ballast directly beneath a tie is shown in

Figure 1. The pressure increases to some maximum value as a wheel approaches
and then decreases after the wheel has passed--this pattern being repeated
for every wheel in the train. The frequency at which this rise and fall of
pressure occurs is, of course, directly proportional to the train speed; at
high train speeds the frequency of soil ﬁressure cycles is proportionately
higher.

The typical pressure curve shown in Figure 1 is quite fundamental
to the development of advanced track structures., Consideration of this
"pressure signature' indicated the importance of studying the ballast-
subgrade properties under dynamic--rather than static--applied loads; it
also led to the realization that the stability of the roadbed would be
improved by reducing not only the pressure amplitudes, but also the number

of pressure cycles.

Development of Mathematical Models

To facilitate the analysis of conventional tie-type structures,
3 more detailed‘model of the track structure was developed, with the end
objective being a realistic representation of typical track structures.
What was required was a procedure for converting track parameters--such as
weight of rail, tie spacing and type, ballast depth and type, etc.--into
mathematical models which could be used to determine track response to both

static and dynamic loads.
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The models of conventional track structure which were developed
were based on the classical beam-on-elastic-foundation theory that was
originally developed to calculate stresses and deflections of railroad
track(3’4). In this theory the rail deflection y for a single wheel load

P at a distance x from the wheel is

P

r

y = e—BX(COS BX + gin BX) . (1)

~

and the bending moment in the rail is

M -P

R = 48 e-BX(cos Bx - sin Bx), (2)

where Kr is the rail stiffness for a single point load given by

K, = 2K/8 3)

B = (K/4EI)1/4 .

&)
K is an overall foundation modulus representing a continuous elastic
support under the rail, and EI is the rail bending stiffness.

The steps involved in this model development are indicated in
Figure 2. For the track structures involving 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 not straightforward, a considerable
effort was devofed to the development of a rational method for calculating
the overall track stiffness from known properties of the ballast and sub-
grade. 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:
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(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 appli-
cable 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 pressure-loaded area, and the other gives the uniform deflection
under a rigid plate load. The main drawback of these equations is that two
layers (ballast and soil) are not easily handled, and calculations based on
a single layer yield results which do not agree with actual measured values.
Equations accounting for two 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 afea, and
neglects the material outside the pyramid. The equation for stiffness is
the same form as that given by the theory of elasticity, but is simpler and
can account for two or more layers of different materials. The stiffness
of the pyramid is highly dependent on the angle of its sides (the "angle
of internal friction" of the soil), which determines the rate at which the
load is assumed to spread out as it is transmitted downward (see Figure
2a). 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.

It was concluded that the pyramid method was the most applicable
one. Figure 3 is a plot of the stiffnesses of the soil and ballast cal-

culated by the pyramid method, for a given bearing area 9 in. x 25.5 in.,

10
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corresponding to a conventional wood tie with half its area acting in bearing.
(The spring rate is a function of the shape of the bearing area, as well as
its size.) Thé depth of the ballast was assumed to be 2 feet, and the angle
of internal friction was assumed to be 20 degrees. {sing values of Eb and ko
in this figure, the overall spring rate of the ballast and soil in series may
be found, based on the expression:

kb ks

ks = F, Tk, )
b s

The most uncertain factor involved in the determination of the
overall spring rate is the so-called subgrade modulus of the soil beneath
the ballast (ko). It is affected by the size and shape of the area loaded,
the moisture content and the degree of compaction of the soil, as well as
the basic material, and so is not truly a material property. In general,
however, it varies between 100 and 500 psi/in. for undisturbed earth, and
for prepared subgrades such as those beneath new highways and railroads an
average value is probably on the order of 150 psi/in. to 200 psi/in. Values
of ballast Eb are generally on the order of 29,000 to 40,000 psi,.

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 supported on a continuous elastic foundation (Figure 2¢). Straight-
forward methods are then used to convert this distributed parameter system
into a lumped-parameter system necessary for the analog computer repre-
sentation (Figure 2d).

Considering the load on one rail, the spring rate of the half
tie, tie plate, resilient pad, ballast, and soil in series is approximately

k., k
k=_b_S_P___. (6)

kbs + 2kp

The factor of 2 is introduced in Equation (2) to account for the

)

continuity of the ballast and soil deflection between adjacent loaded ties

12
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This continuity is neglected in the elastic foundation model and experiments
indicate that each of the ties supporting a loaded rail is approximately
twice as flexible as when it is loaded alone.

Knowing kyg, the overall spring rate (kR) of a rail supported on
a row of these springs (Figure 2a) can be calculated. TFor example, Figure
4 shows overall spring rates for three different rails and four different
tie spacings. The equations used for these calculations are given in

Appendix A, and are based on the classical beam-on-elastic=foundation theory.

Regponse to Static Loading

To determine such factors as overall spring rate, rail stress,
ballast pressure under ties, etc., the response of various tie-type track
structures to a single wheel load of 22,500 pounds (single axle load of
45,000 pounds) was calculated. These track structures are shown in Figures
5, 6, and 7, and the values which are calculated are shown in Table 1.

Some observations can be made from this table. First, it is
seen that the concrete tie track with resilient pads has a greater overall
stiffness than the wooden tie track without péds, when the tie spacing is
the same. The reason for this is not that the concrete ties themselves are
very much stiffer than wooden ones, but that they have a larger bearing
area, which results in a higher ballast-soil spring rate. Actually, con-
sidering only the ties themselves, 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 ties under the rail;

the ballast and soil pressures increase because less total area must carry
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TABLE 1,

RESPONSE OF SEVERAL TRACK STRUCTURES TO SINGLE AXLE LOAD¥*

Pad Tie Subgrade  Overall
pescription Ib/ineh T inches’  1o/inend 1b/men | Pressure, pei  Strese. po Proomeer pet

Dutch Zig-Zag © 30 100 168,000 27 10,600 5.9
MR-3 Concrete Ties 700,000 30 100 200,000 17.2 10,100 4.6
MR-3 Concrete Ties @ 30 100 212,000 17.6 9,800 4.7
9" x 7" x 102" Wood Ties 700,000 21 100 215,000 20.8 10,000 4.2
9" x 7" x 102" Wood Ties © 21 100 228,000 21.1 10,000 4.2
MR-3 Concrete Ties 700,000 21 100 263,000 13.0 9,300 3.5
MR-3 Concrete Ties ® 21 100 280,000 13.4 8,500 3.6
MR-3 Concrete Ties 700,00Q 30 500 415,000 21.4 8,000 5.7
Dutch Zig-Zag ® 30 500 422,000 35.4 8,100 7;7
9" x 7" x 102" Wood Ties 700,000 21 500 480,000 27.4 6,800 5.4
MR-3 Concrete Ties L 30 500 535,000 24.0 6,600 6.4
MR-3 Concrete Ties 700,000 21 500 540,000 16.6 7,300 4.4
" x 7" x 102" Wood Ties © 21 500 562,000 28.8 6,600 5.8
MR-3 Concrete Ties @ 21 500 700,000 18.2 6{300 4.8

* Axle load = 45,000 1b (22,500 lb/wheel), réil weight = 132 1b/yd.

#% At base of 24-inch ballast depth.



the same load. The rail stress increases because the rail has to span a
greater distance, and therefore, bends more under the same load.

A comparison of the conventional track structures with the Dutch
Wzgg—zag” track design shows that the latter's combination of low bearing
@g@g&aﬁd widely spaced tie blocks results in a system with the highest soil
amnd ballast pressures, the highest rail stress, and the lowest spring rate,
@x@@:though no resilient pad is used. Because of the high pressures and

stresses, this structure appears to be inferior to conventional track from

ghe standpoint of long-term stability.

During Phase III, the static analysis of conventional track con-
timued, using new input data pertaining specifically to the proposed DOT-
Sant

enyisioned earlier. It was desired to define the response of conventional

:a- Fe experimental track, rather than the Northeast Corridor application

track specifically for the Santa Fe installation, thereby providing a quanti-

tative reference for the design of "advanced" track sections to be installed
im. this track, along with conventional track sections.

To facilitate this analysis and enable the effects of different
parameters of conventional track to be evaluated more easily, the equations
desgribing conventional track (see Appendix A) were programmed for a digital
eomputer, and a plotting routine was specified to give plots of rail vertical
deflection versus distance along the rail as a direct computer output.

A series of computer runs was then made to define track response
under the heavy freight traffic (35,000 pound wheel loads with six foot
truck axle spacing) expected by the Santa Fe. These runs included wood
ties - and MR-3 concrete ties, with and without resilient tie pads. The
range of values’used for inputs and the results of the runs using the lower
s0i1: modulus, 100 1b/in.3, are shown in Table 2. Typical computer plots
are iliustrated'in Figures 8 and 9, for soil modulii of 100 and 500 1b/in.3,
respectively (note difference in vertical scales), and a condensed summary

of results is shown in Table 3.
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TABLE 2. RESPONSE OF TIE-TYPE TRACK STRUCTURES TO HEAVY FREIGHT~CAR LOADING*

Input Data Qutput Data
Ties Ballast/Subgrade Rail rIl].?:allast/Subgrade
: ie-

Ballast Ballast Overall ~Ballast Ballast-

Comp. Spacing, © Bearing Modulus EB’ Depth, Foundation |} Deflection, Bending Bearing Subgrade

Areg Modulus Stress, Pressure, Pressure,

Run Type _inches . in.z’ lb/in.2 inches psi ’ inches psi psi psi |
1 Wood 30 2(229.5) 40,000 24 1675 0.275 12,000 60.0 12.1
2 " 18 n " " 2792 0.172 10,450 37.6 7.6
3 " 30 " " 12 965 0.456 13,800 5746 21.8
4 " 18 " " n 1609 0.284 12,100 35.9 13.6
5 " 30 " 20,000 24 1500 0.303 12,350 59.5 12.0
6 " 18 " " " 2500 0.190 10,750 37.2 7.5
7 " 30 " " S 12 922 0.476 14,000 57.4 21.7
8 " 18 " " " 1538 0.296 12,250 35.7 13.5
17 MR-3 30 2(396) 40,000 24 2223 0.211 11,100 35.5 9.5
18 " 18 " " " 3705 0.133 9,700 22.4 6.0
19 " 30 " " 12 1381 0.327 12,600 34.3 15.7
20 " 18 ] ] " 2302 {|  0.204 11,000 21.4 9.8
21 " 30 " 20,000 24 2015 0.231 11,400 35.2 9.4
22 n 18 " n " 3353 0.145 9,950 22,2 5.9
23 " 30 " " 12 1325 0.340 12,700 34,2 15.6
24 " 18 A " " " 2209 0.212 11,100 21.3 9.8

* Two 35,0004 Wheel Loads at 6' Truck Axle Spacing, 136#/yd Rail, Subgrade Modulus = 100 1b/in.3
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TABLE 3. AVERAGE RESPONSE OF CONVENTIONAL TRACK TO STATIC LOADS¥*

Rail Peak Tie
Track Deflec- Rail Bearing Subgrade
Modulus, tion, Stress, Pressure, Pressure,
1b/in./in.  inches psi psi psi
Wood Tie Track 1687 0.306 12,213 47.6 13.7
(K, = 100 1b/in.3)
Wood Tie Track 5760 0.098 8,831 53.5 15.4
(K, = 500 1b/in.3)
Concrete Tie Track 2314 0.225 11,206 28.3 10.2
(X, = 100 1b/in.3)

Concrete Tie Track 8178 0.071 8,116 32.3 11.6
(K, = 500 1b/in.?) |

* 35,000 1b wheel loads, 136 1b rail, 6 ft axle spacing

These results brought out two important points. The first is
the difficulty in defining (the response of) conventional track, since this
is a function of so many variables, one of which varies with time and
weather (the subgrade modulus). Therefore, to make valid comparisons of
different types of track structure, care must be taken to define the terms
of the comparison.

The second point is that, because of the closer axle spacing on
the freight car truck (6 feet instead of 8.5 feet on the passenger car),
in almost all cases the pressure pulses (or rail deflections) from individual
wheels (or axles) merge into more of a single pressure pulse--although there
is enough perturbation in the trace to detect individual wheel locations.
The lack of individual pulses is most pronounced for the lower soil modulus
(K, = 100 1b/in.3). In surveying the computer results, it was found that
of all the variables, changes in the modulus or stiffness of the subgrade
had the greatest effect on track response. While values of subgrade modulus

of 100 1b/in.3 and 500 1b/in.3 had been used in all computer runs to date,
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covering the complete range to be expected for almost any type of subgrade,
it became obvious that an estimate of the modulus in the proposed Santa Fe
experimental track roadbed was needed.

To determine a typical value which could be expected for well-
prepared compacted fill such as should be used with a track structure,
engineers with the State of Ohio Highway Department were contacted. These
discussions led to the conclusion that a value of 200 1b/in.S was the
highest that would be expected, particularly with a lime-stabilized soil
such as that in the Santa Fe Kansas territory, and that a typical value
would be on the order of 150 1b/in.3 Tt was also learned that the modulus
of the prepared fill is not measured (for example, using a loaded plate
test) prior to building a highway, but rather its value is "inferred" from
laboratory soil test data on core samples taken from the initial soil survey.
Based on this information, it was concluded that the response of conventional
(wood and concrete ties) track on the subgrade with the 100 1b/in.3 modulus
would be the better reference for the Santa Fe installation. Also, future
runs were made with modulii in the range of 150-220 1b/in.3,

At this point, then, it was possible to define certain criteria
for advanced track structures for the Santa Fe installation in some detail,
based on these studies of the response of conventional track to static loads.
The following criteria were considered to be important for increased track

stability with the actual values based on the response shown in Table 3.

® Lower direct bearing pressure (less than 30 psi)
® lower subgrade pressure (less than 10 psi)
® Lower rail bending stresses (less than 11,000 psi)

® One pressure pulse per truck on ballast and subgrade.

The design of track structures meeting these and other criteria
is discussed in the later section entitled "Development and Analysis of

Advanced Track Structures'.
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Response to Dynamic Loading

No dynamic analyses of conventional track structures were made
during Phase I; during Phase II dynamic analyses of conventional tie-type
track were made, and these were continued during Phase III, with particular
emphasis on the proposed Santa Fe test track installation.

The derivation of the track structure models for analysis of
dynamic loading is given in Appendix B. TFor the dynamic analyses conducted
during Phase II, several tie-type track structures were modeled on the
analog computer. These included wooden~tie-track with and without rail
pads; MR-3 concrete-tie-track with and without rail pads (ties on 21-inch
centers); and the Dutch "zig-zag'" track design. The lumped parameters
defining these structures are shown in Table 4, together with selected com-
puter results. Two types of dynamic analysis were made: steady state fre-
quency response to a sinusoidal rail profile input, and transient response
to a 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 continuous track structure associated with the support of
one truck, as shown in Figure 10. 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 acceleration, and the deflegtions of
the car body, axle, and bolster, all taken in the vertical direction.

In the transient analysis, the deflection of a 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
coeffiéient 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 pdint 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
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TABLE 4.

SUMMARY OF LUMPED PARAMETERS DEFINING TIE-SUPPORTED TRACK STRUCTURES

Rail Load, P, = 22,500 pounds

A.R.E.A., 132-pound rail

Crushed Rock Ballast (Eb = 35,000 psi)
Ballast Depth, L = 24 inches

Weak Soil (ko = 100 psi/fin.)

Structure Parameter
(See Figure 7)

21-Inch Tie Spacing

30-Inch Tie Spacing

Standard Wooden Ties MR-3 Concrete Ties

MR-3 Concrete Ties

Without Pad With Pad* Without Pad With Pad* Without Pad With Pad™*

Dutch Zig-Zag
Without Pad

Track Structure Overall
Spring Rate,

kg (103 1b/in.) 228 215 280 263
Equivalent Lgmped Mass,

mp (1b-sec/in.) 2.20 2,22 2.97 3.05
Natural Frequency of .

Lumped System, f (cps) 51.2 49.5 48.9 46.8
Average Ballast Pressure

Beneath Tie, p, (psi) 21.1 20.8 13.4 13.0
Average Subgrade Pressure

Beneath Ballast, pL (psi) 4.2 4.2 3.6 3.5
Peak Rail Bending Stress - ’

s i1 (psi) 10,000 10,000 8,500 9,300

rai

212

3.21

40.9

17.6

9,800

200

3.32

$39.0

17.2

10,100

168

3.73

33.7 .

27.0

5.9

10,600

#* Individual pad stiffness = 700,000 1lb/in. vertically,
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coefficient was obtained from the curves for the static deflection of the
continuous rail structures.

Three parameters in these analyses were considered to be parti-
cularly important: (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 align-

ment, deterioration, and failure).

Sinusoidal Frequency Response. The results of the steady-state

analysis are shown in Figure 11, where peak-to-peak car body acceleration
per inch of (peak-to-peak) rail waviness'amplitude is plotted versus fre-
qﬁency of input. The dashed lines indicate that the rail Wavinéss ampli-
tude, ¢, was decreased because the wheels began to lift off the rail. The
first conclusion that can be drawn from this graph is that exchanging con-
crete 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 frequency, reduced the car body acceleration amplitude
by 35 percent.

The second conclusion from the frequency response is that on the
Dutch ''zig-zag' track the frequency at which wheel 1ift occurs is almost
three times as high as on the other four types of track investigated.
Wheel-hop is delayed 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 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. Practically speaking, this means that a
softer, more resilient .track (such as the Dutch "zig-zag' design) permits
a train to maintain a higher speed over a wavy rail profile while maintain-

ing a more constant level of wheel-rail force, resulting in better tractive,
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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 dynamic motion of the track structure itself is plotted in
Figure 12 as a function of frequency. This can be interpreted as one measure
of long-term track stability, since the ballast directly under the ties must

"

move an equal amount; the curve shows the Dutch 'zig-zag' ties move more

than conventional ties.

Response to Step Inputs. For the mathematical representation of

vehicle and roadway commonly used for computer studies, the vehicle is
represented by a spring-mass system supported by another spring-mass system
representing the roadway, as in Figure 10. 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 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. 4

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 measurements of track structure response must be obtained by apply-
ing 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 computer data 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 com-

puter study.
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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 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 the inertia and damping
effects associated with speed (that is, the rate at which the track is dis-
placed 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 wheel-
base and a track structure with a natural frequency of 50 cps, this 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 properties 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 pro-
perties along its length.

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 conven-
tional representation of vehicle and track, including track profile errors
as 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 distance of this force away from the rail. Obviously, the

coefficient is one when the (wheel) force is directly over the fixed point,
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and drops to zero at some distance away from the point, this value depending
on the track structure design.

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. Soil modulii of 100 1b/in.3 and 500 1b/in.3 were
used. Typical response data are shown in Figure 13 for concrete-tie and
Dutch "zig-zag' structures; selected data are shown in Table 5.

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 & 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 different impact forces, but with
the stiffer soils the wheel-rail forces were less sensitive to the differ-
ences in the five 'track structures.

The data for dynamic response showed, in general, the following

trends:

(1) For step inputs, the peak impact wheel-rail force
increased as overall track stiffness increased

(2) For step. inputs, car body accelerations increased as
overall track stiffness increased

(3) Tie-ballast peak pressures decreased as overall track

stiffness increased
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TABLE

5. DYNAMIC RESPONSE OF TRACK STRUCTURES TO 1/4-INCH STEP-TYPE PROFILE INPUTS

Structure Car Body Wheel Overshoot Rail Overshoot Peak Wheel-
(See Table 5 Subgrade Overzall Acceleration, Displacement, Displacement, Rail Force,
for More Complete Modulus3 Stiffness, in../.sec2 in. in. 1b
Description) ib/in, 1b/in,. Xg X1 Yy Fy9/1060
Wood Ties @21", 100 228,000 66.4 0.105 0.102 50.4
No Pad
Wood Ties @21", 100 215,000 65.0 0.106 0.111 51.6
Resilient Pad
MR-3 Ties @21", 100 280,000 68.0 0.088 0.083 60.0
No Pad
MR-3 Ties @21", 100 263,000 65.0 0.088 0.087 60.0
Resilient Pad
Dutch Zig-Zag 100 168,000 52.8 0.083 0.083 84.6%
Wood Ties @21", 500 562,000 75.2 0.070 0.053 71.4
No Pad
MR-3 Ties (@21", 500 700, 000 76.0 0.062 0.047 78.6
No Pad
MR-3 Ties @21", 500 540,000 74,4 0.068 0.060 78.0
Resilient Pad
Dutch Zig-Zag 500 422,000 73.6 0.079 0.075 72.0

* On all structures the wheel-rail forces went to

subgrade, vhich bounced about & times.

zero 2X (bounced twice) except Structure 5 on a soft



(4) For sinusoidal inputs, vehicle-track structure

frequency response did not vary appreciably for
any of the tie-supported structures except the

Dutch "zig-zag" type.

The Dutch "zig-zag" structure proved to be quite an anomaly,

Under static load railtstresses, tie-ballast pressures, and soil pressures
were the highest, while natural frequency and overall spring rate were the
lowest. All of these characteristics can be attributed to the low bearing
area per unit length,

The dynamic response of this structure was also unique, giving a
lower amplitude of vibration with sinusoidal excitation but higher rail dis-
placements and wheel-rail forces for the step-type input. These character~
istics result from the relatively high-mass, low-spring rate characteristics
of this dynamic system. In summary, the Dutch 'zig-zag'" track structure
appears to offer no advantages.

With respecf to the other tie-supported structures, including
variations of tie spacing and use of a stiff resilient pad, dynamic per-
formance differences were minor rather than substantial, with the trends
noted above making the choice of overall track stiffness somewhat of a com-
promise, depending on whether the ballast, wheels and rails, or vehicle are

to be favored.

Dynamic_Analysis Related to Computer Program
' Validation and Santa Fe‘Installéﬁiop

Computer Studies

Analyses of conventional track continued during Phase III, with
specific emphasis on thg Santa Fe installation and the anticipated valida-
tion runs on the Penn Central high speed track between Washington, D. C.
and New York City., Several basic improvements were incorporated into the
computer program described earlier. One of the changes was the use of the

exact (theoretical) curves, rather than a sinusoidal approximation, for the
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static rail deflection that was included in the portion of the program for
generating the dynamic track deflections at a fixed location along the rail.
Computer analysis was divided into two tasks: (1) generation of
response data simulating the DOT test car on the Penn Central high speed
track for validation of the computer program, and (2) preliminary analyses
of track structures under consideration for the DOT-Santa Fe test track.
For the first task the DOT test car was simulated (rather than the heavier
Metroliner, which has an entirely different truck design) to allow compari-
son with controlled test runs to be made in the future. Since little was
known of the track vertical profile at the site proposed for trackside
measurements, analyses were made for both smooth track and also for a
track with joints. A track joint was chosen as a "disturbance function'
for computer simulation to provide a response with a reasonably high signal-
to-noise ratio. Each track joint was simulated as having both a reduced
stiffness and a profile error (a low spot) due to permanent set of the rail
by traffic action. For the validation work, computer runs at simulated
speeds of 30, 60, 90, 120, and 150 mph were made for the following conditions:
(1) smooth track profile, no joint, (2) smooth track profile, joint:with 75
percent and 50 percent of nominal track stiffness, (3) joint with 75“percent
of nominal track stiffness, profile errors of 0.1, 0.2, and 0.3 inch. These
were run on a simulated conventional track structure with an overall stiff-
ness of 221,000 1b/in. per rail, representing a track with 140 1b/yd rail,
7 x 9 x 102-inch wooden ties on 2l-inch spacing, 18 inches of ballast with
an elastic modulus of 30,000 1b/in.2, and a subgrade modulus of 100 1b/in.3.
In addition, runs were made using a stiffer (389,000 1b/in. per vrail) track.
Both nominal and ballasted car weights were simulated. Curves showing typi-
cal response of the vehicle and track structure are presented in Figures
14 and 15, and are discussed further in later sections covering the computer
program validation.
For the second task, the evaluation of track structures proposed
for future tests on the Santa Fe, a simulation of a 100-ton freight car

was used. The basic parameters describing this car were : 72-inch truck
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wheelbase, 8640-pound truck unsprung weight, 45,000 1b/in. springs
(3-11/16"-travel) per truck, 8000 pounds vertical friction damping per
truck, and a static wheel load of approximately 32,500 pounds. For con-
sistency, a rail joint with 75 percent of nominal stiffness and a 0.2-inch
profile error was used throughout as a disturbance function.

Tie-type track structures simulated were: (1) conventional
wooden-tie structure, (2) conventional wooden tie structure with plastic-
impregnated ballast (ballast-brittle), (3) MR-3 concrete tie structure with
21-inch and 30-inch spacing, with rail pads of 200,000, 400,000, and 700,000
1b/in. stiffness.

Characteristics of ballast and subgrade (effective mass and damping)
were estimated from recent work by the AAR(S) and others in the field of
ballast and soil mechanics. All runs (with the exception of the conventional
wooden-tie track structure) assumed a subgrade modulus of 150 lb/in.3 and (in
the case of the concrete ties) a 24-inch depth of high-grade ballast.

Seve;al interesting facts were brought out by the results of these
runs. First, the "ballast-brittle" caused a slight increase in the vehicle
unsprung mass accelerations, and approximately 10 percent increase in the
tie accelerations. The other response variables were essentially unchanged.
The small changes in response cited above must be attributed to the slight
reduction in damping (167 lb-sec/inch rather than 261 1b-sec/inch equivalent
viscous damping with conventional ballast; Cpg in Figure 10) resulting from
the treatment of the ballast, since this was the only change made in the pro-
gram to represent the treated ballast.

Also of interest were the results for the runs using different
rail pad stiffnésses. The wheel-rail impact loads at the joint were almost
direct}y proportional to the rail pad stiffness; at 40 mph the dynamic
impact factor increased from 1.068 to 1.095 as the pad stiffness was
increased from 200,000 1b/in. to 700,000 1b/in., and at 80 mph the impact

factor increased from 1,15 to 1.19 over the same range of pad stiffness.
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Again, the importance of providing resilience in the stiffer track struc-
tures was demonstrated,

Computer runs were made for speeds up to 150 mph for the case of
a perfectly smooth track with uniform characteristics. For this condition
computer response showed no discernible effect on dynamic loads and deflections
of the track with increased speed. As noted earlier, this is to be expected

at speeds below about 250 mph.

Validation Measurements Made on the C&0/B&) Railroad

Validation of the computer program was desirable for a number of
reasons. First, there are known discrepancies between the classical beam-
on-an-elastic~foundation model and an actual railroad track. For example,
in the mathematical model, the rail support springs are assumed to be linear
and to resist upward as well as downward motions of the rail and ties. 1In
the actual case, there is no resistance to normal uplift motions of the
rail, since the spikes are usually loose. Also, preliminary spring rate
measurements indicated the roadbed support to be nonlinear rather than
linear. Also, in development of the dynamic models, lumped masses, spring
rates, and damping values are calculated, but the damping in particular is
somewhat questionable in actual track.

The computer runs described previously were made in February of
1969; to validate the computer program, a series of field measurements was
made later in the year. Two different tracks were instrumented; and the
track structure dynamic response was recorded during the passage of both
passenger and freight traffic. For this program, specialized instrumenta-

tion was designed and built to measure the following parameters:

(a) rail vertical acceleration
(b) rail-tie vertical and angular displacement

(¢) rail-ground absolute displacement
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{(d) tie plate vertical load

(e) ballast-subgrade vertical pressure.

The measurement program consisted of two parts. The first part
was conducted on the mainline C&0/B& track near Columbus, Ohio, in March,
1969, and was basically for checking out the new instrumentation. The
second part was conducted in December, 1969, on the high-speed Penn Central
track near Washington, D.C., using the DOT research cars to give a series
of controlled-speed runs,

Figure 16 shows some of the trackside instrumentation as installed
on the C&0/B&0 track for checkout. Of particular interest was the special
tie plate for measuring vertical load; this unique design employed a stan-
dard tie place so that it could be moved-to a different location in the
track quickly without disturbing the tie on which it was installed.

Traffic on the track consisted mainly of heavy coal trains
(northbound) and empty coal trains and time freights (southbound). The
"Sportsman', a passenger train, made one round trip per day, usually pass-
ing the measurement site at a speed of approximately 80 mph. This mix of
traffic enabled a good range of data to be obtained.

Typical track response data is shown in Figure 17. It was inter-
esting to find that the shapes of the tie plate load and rail absolute dis-
placement traces were considerably different; the former showed more dis-
tinct pulses for individual wheels than the latter. This indicated a non-
linear roadbed spring rate, as opposed to the linear vertical spring rate
used in the computer program and the classical-beam-on-elastic-foundation
problems. The ﬁresence of a nonlinear spring rate was verified by plotting
simultaneous vertical load and displacement values, giving the curve shown
in Figure 18. Other significant points about the data were the distinct
presence of rail uplift (''wave action') which was evident, and the fact
that a flat wheel on an.80 mph train was easily detected by the tie plate
load cell, indicating the effectiveness of such instrumentation for moni-

toring traffic.
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FIGURE 16, TRACKSIDE INSTRUMENTATION

(Rail lateral and vertical displacement transducers, rail vertical,
lateral, and longitudinal acceleration package, rail absolute dis-
placement transducer, and tie plate load transducer.)
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Validation Measurements Made on the Penn Central High-Speed Track

The Penn Central high-speed track was chosen for the measurements
to validate the computer vehicle-track model. Track #3 (continuously-
welded rail) at milepost 121,95, immediately north of the Springfield Road
crossing, Bowie, Maryland, was the designated site; one reason this location
was chosen was because it was the (south) end of a long section of welded
rail, providing a location where data could be taken at a rail joint as well
as away from the joint., 1Ideally, a location where two rail joints were
directly across from each other was required for validating the computer
data, since the computer model was of the so-called '"bicycle'" type in which
motions of the vehicle and track components in a vertical longitudinal
plane were described. Inherent in this representation is the assumption
that left and right wheels on a given axle are excited simultaneously and
identically, so that there is no component of roll motion involved.

Because the railroads purposely do not allow two joints to occur side-by-
side, no such location was available; the staggered-joiﬁt location was
chosen as one which would most nearly approach the condition assumed earlier
for the computer runs. The stagger between joints on opposite rails was
about 3 feet.

A grid of 8 soil pressure cells was buried in the subgrade 3 feet
beneath the base of the ties, approximately 30 feet north of the first rail
joint (for a southbound train). The location of the pressure cells and all
other instrumentation is shown in Figure 19. The pressure cells were
installed on December 5, and the first data was recorded just 5 days later.
A longer period of track stabilization and consolidation would, of course,
have been desirable. Snow and heavy rain thoroughly soaked the subgrade on
the 6th and 7th, and again on the 10th. With the prevailing weather con-
ditions and periedic tamping of the ballast by the track crew, the degree
of stabilization of the.subgrade around these cells could not be accurately
judged.

The majority of the data was recorded during the three-day period

of December 10--December 12. As can be seen from the data-traffic log in
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Table 6, data was obtained from nearly 50 trains, including not only the
controlled speed runs of the DOT research cars, but also regular freight

and passenger funs, including Metroliners.

Resulté of Track Measurements

Selected data from the field measurements are given in the text;
additional data are included in Appendix C. A typical CEC recorder trace
obtained during the first day of measurements is shown in Figure 20, in
which the track response to passage of the DOT test train at 55 miles per
hour is given. One interesting deviation from the typical computer response
shown in Figure 15 was immediately apparent: due to a joint gap of roughly
5/8" (plus some chamfer, or batter), the tie plate load was instantaneously
relieved before the dynamic "spike'" load, unlike the sudden increase in
load produced by the ''gapless' computer model. Also, in the computer simu-
lation, the decay of the joint transient persists for a period of time
amounting to several feet of travel along the rail, whereas the actual
recorded force pulse died out more quickly, and appeared to be a much
higher frequency impulse. '

During the first day of tests, a series of five runs was made
with the DOT test train at progressively higher speeds (from 8.4 to 67.5
mph) over a time span of 2-1/2 hours. Regular traffic (Metroliners, GGI,
and heavy E44 freight locomotives) were interspersed throughout this period.,
A steady rain beginning 3 to 4 hours prior to the first test train run
resulted in a gradual change in track conditions, so that the last two
(highest speed)lruns resulted in lower tie plate loads and reduced subgrade
pressures. This phenomenon can be seen in the abbreviated data for runs on
12-10-69, Table 7. Apparently the tie was tamped such that the tie plate
at the joint was supporting very nearly 100 percent of the wheel load on
this first day--the load cells managed to survive a shocking 33,100 1b
peak load under an E44 locomotive. The tie plate was removed at the end

of the day's testing, and when replaced the following day supported a more
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TABLE 6, RECORD OF TRAFFIC FOR WHICH TRACKSIDE RESPONSE WAS RECORDED

Date Time Irgin Description Speed Direction

Run
12/10 9:15 a.m. Passenger, GG~1 & 5 Cars  78.3 South 1
" 1:30 p.m, Passenger, GG-1 & 14 Cars 82,6 South 2
" 2:05 p.m., Passenger, #172 Unkn.  North 3
" 2:13 p.m, DOT Test Train - 8.4 South b
" 2:25 p,m, Metroliner 116 South 5
" 2:30 p.m, Passenger, GG~1 & 6 Cars 77.2 South 6
" 2:38 p.m., - DOT Test Train 27.0 - South 7
" 3:00 p.m, DOT Test Train 38.5 South 8
" 3:25 p.m, Freight, 2 E44's 46,6 " South 9
" 3:48 p,m, Metroliner, 6 Cars 114 South 10
" 3:50 p.m, DOT Test Train 54,7 South 11
" 4:38 p,m, DOT Test Train 67.5 South 12
12/11 11:45 a.m. DOT Test Train Slow 13
" 1:12 p.m, Metroliner 95.8 North 14
" 1:19 p.m, Passenger, GG-1 & 14 Cars 79.5 South 15
#135
" 1:23 p.m, DOT Test Train 55.6 South 16
" 1:38 p.m., DOT Test Train : 74.6 North 17
" 2:05 p.m, Passenger, GG~1 & 16 Cars 73.3 North 18
#172
" 2:23 p.m. Metroliner 115 South 19
" 2:35 p.m, DOT Test Train 88.0 South 20,
" 2:37 p.m, Passenger, GG~1 & 6 Cars 80.9 South 21
" 2:48 p.m, DOT Test Train 36.3 North 292
" 3:30 p.m. DOT Test Train 115 South 23
" 3:50 p.m. Metroliner 114 South 24
" 4:01 p.m. DOT Test Train . 101.5 South 25
" 4:14 p.m, DOT Test Train 12.4 North 26
" 4224 p.m, Freight, 2 E44's, 33 Cars 53.0 South 27
" 4:34 p.m, Passenger, Blue GGsl,10 Cars 77.6 South 28
" 4:38 p,m, DOT Test Train 71.8 South 29
" 4:48 p.m. DOT Test Train 43.1 North 30
" 5:01 p.m. DOT Test Train 40.0 South 31
" 5:18 p.m, DOT Test Train 26.4 North 32
" 5:28 p.m. DOT Test Train 54.1 South 33
12/12 9:13 a.m. Passenger, GG~1, 10 Cars 79.5 South 34
" 10:18 a.m, Metroliner, 6 Cars 115 South 35
" 10:20 a.m, Passenger, GG-1, 9 Cars 80.4 South 36
" 10:30 a,m. DOT Test Train 25.1 South 37
" 10:40 a.m. DOT Test Train 28.6 North 38
" 11:00 a.m. DOT Test Train 24.3 South 39
" 11:59 a.m. Passenger, GG~l, 9Cars#133 77.6 South 40
" 12:29 p.m. DOT Test Train 13.4 North 41
" 12:38 p.m. DOT Test Train 86.2 South 42
" 1:21 p.m. Passenger, GG-1, 16 Cars 84.6 ‘South 43
#135 :
" 1:30 p.m Freight, 2 E44's 47.7 South L
n 1:47 p.m DOT Test Train 120.1 South L5
" 2:03 p.m DOT Test Train 44,1 North 46
" 2:15 p.m DOT Test Train 55.2 South
" 2:55 p.m DOT Test Train 125.7 South Zg
" 3:30 p.m DOT Test Train 54,2 South
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TABLE 7.

SUMMARY OF DATA TAKEN DECEMBER 10, 1969

e e

Tie Plate Loads Subgrade Press.* Rail Abs. Displ.
(Joint) (over static)
#2 #15 #8 #11 NRVDT SRVDT
Speed Run Peak/ Peak/ Peak/ Peak/ Compress/ Compress/
MPH No. p-p p-p p-p p-p Extend Extend
82.6 2 >14,500 30,900 1.68 4.40
(GGL) 3,000 15,200 1.40
116 5 10,950 22,400 2.08 5.05 0.366
(spikes to 0.420)
(Metro) 2,600 12,600 2,24 0.134
8.4 4 8,400 13,300 1.6 4.8 0.030 0.210
(DOT) 3,450 0.008 0.035
77.2 6 14,500 26,200 2.48 5.52 0.285
, (spikes to 0.349)
(GG1) 2,250 16,600 1.76 0.116
27.0 7 8,500 14,200 1.4 3.6 0.035 0.204
(DOT) 6,900 0.004 0.058
38.5 8 8,250 16,900 1.6 3.6 0.030 0.192
(DOT) 1,000 10,700 0.004 0.070
46.6 9 >14,500 33,100 2.64 6.87 0.280
(E44) (off scale) 19,500 0.72 0.088
114 10 11,000 19,000 1.75 4.5 0.068 0.337
(spikes to 0.420)
(Metro) 1,800 13,800 0.6 - 0.011 1.16
(spikes to 0.046)(spikes to 0.145)
54.7 11 8,100 15,600 1.2 3.2 0.030 0.195
(DOT) 1,000 10,700 0.023 0.093
67.5 12 7,950 14,800 1.2 3.1 0.030 0.198
(spikes to 0.244)
(DOT) 1,100 10,200 0.011 0.105
e
* Static pressure: #8 -- 2.49 psig
#11 -- 2,88 psig
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reasonable 40 percent of the load. (It should be borne in-mind:that through-
out the test period, the track condition was changing in response to action
of both the track crew and the rainy weather.)

Tests on the second day provided a wide range of useable data,
in terms of speeds and types of traffic; test train runs as high as 115 mph
were recorded. A summary of the data is given by Table 8. A plot of tie
plate load versus speed (away from the joint) will show that the load
increases linearly in the speed range of 15-90 mph, then starts to increase
at a higher rate.

From this data the vertical stiffness of the test track was
obtained as shown by Figure 21. The track stiffness away.from the joint
was found to be very nearly linear: a 500-750 1b preload was recorded on
the tie plate, and an average 46 percent-of the static wheel load was sup-
ported by the instrumented tie plate. The overall stiffness of 351,000’to
492,000 1b/in, (calculated by dividing a single wheel load by maximum rail
deflection) was significantly higher than the 221,000 1b/in. used in preVion
computer runs., '

At the joint a decidedly nonlinear characteristic was found, wifhv
an average stiffness under higher loads (the steeper slope) of 140,000
1b/in., about one-third of the stiffness away from the joint. The use of
a 75 percent joint stiffness (166,000 1b/in.) and a ''geometric error' of.
0.1 to 0.3 inch in the previous computer program was, then, coincidentally
quite close to the test conditions measured nearly a year later.

Rail vertical acceleration data using a high frequencyfresponse
recording system were obtained on December 12, as well as tie plate load
and pressure ceil data. For this day's runs both tie plate load cells were
located away from the joint, opposite one another on the same tie. The tie
plate newly-located under the west rail was found to carry roughly 40-42
percent of the wheel load, slightly less than the 46 percent carried under
the east rail. Data from runs on December 12 are given in Table 9. Of
particular note are the rail accelerations at the joint, reaching well over

300 g's with the 115 mph Metroliner.
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TABLE 8. SUMMARY OF DATA TAKEN DECEMBER 11, 1969

Tie Plate Load Subgrade Pressure Rail Displacement

Train Run  Speed Time Direc- No Joint Joint Cell #9 Cell #11 No Jeint Joint
No. (MPRH) (12/11/69) tion Lb Peak Lb P-P Lb Peak Lb P-P  Peak P-P  Peak P-P  Peak P-P Nom. Spike

39

DOT Test 13a slow 11:45 a.m. N 6,850 5,800 1.77 0.27 0.030 0.250
"o 26 12.4 4:14 p.m. N 8,520 315 8,180 3,410 1.24 0.36 1.77 0.23 0.033 0.256
o 32 26.4 5:18 p.m. N 8,470 580 7,670 3,410 1.29 0.40 1.78 0.18 0.038 0.081 0.280 0.315
oo 22 36.3 2:48 p.m. N 8,630 685 7,340 3,410 1.38 0.29 1.91 0.27 0.048 0.075 0.270 0.310
roon 31 40,0 5:01 p.m, S 9,000 700 8,800 5,110 1.20 0.09 1.91 0.14 0.048 0.085 0.262 0.310
oo 30 43.1 4:48 p.m. N 8,670 530 8,700 4,100 1.24 0,31 1.91 0.25 0.049 0.087 0.280 0.321
"o 33 54,1 5:28 p.m. S 8,840 8,700 6,100 1.15 0.22 1.91 0.27 0.045 0.095 0.268 0.308
"o 16 55.6 1:23 p.m. S 8,320 1,000 7,850 4,260 2,13 0.50 0.077 0.112 0.290 0.330
"o 29 71.8 4:38 p.m. S 9,210 1,160 9,050 5,630 1.33  0.31 2.14 0.55 0.053 0.105 0.286 0.370
oo 17 74.6 1:38 p.m. N 9,480 1,300 8,350 5,300 . 2,18 0.73 0.075 0.110 0.286 0.342
noon 20 88.0 2:35 p.m. S 9,590 1,160 10,250 7,000 1.60 0.49 2.05 0.77 0.045 0.098 0.274 0.370
voon 25 101.5 4:01 p,m, S 9,950 - 1,350 11,100 8,180 1.60 0.67 2.45 1.00 0.065 0.118 0.274 0.357
"o 23 115 3:30 p.m, S 10,700 13,300 8,860 1.73 0.71 2.54 1.00 = 0.056 0.140 0.286 0.357
"o 37 25.1 Next Day S 7,100 790 1.26 0.30 1.67 0.17 0.043
10:30 a.m.
Pass. (GGl) 15 79.5 1:19 p.m. S 17,200 8,900 14,800 8,900 4.22 1.77 0.150 0.130 0.374 0.428
" " 18 73.3 2:05 p.m N 15,300 2,900 11,800 5,500 3.33 1.20 4.45 1.59 0.070 0.090 0.327 0.387
" " 21 80.9 2:37 p.m S 16,000 8,900 15,700 9,900 2.80 1.56 3.91 2.09 0.135 0.182 0.316 0.411
" " 28 77.6 4:34 p.m S 16,300 7,200 15,500 9.050 2.54 1.29 3.73 1.87 0.105 0.140 0.345 0.416
Metroliner 14 95.8 1:12 p.m, N 11,600 1,840 11,100 7,700 3.7¢ 1.14 0.075 0.115 0.380 0.500
" 19 115 2:23 p.m. S 13,250 1,850 15,400 10,600 2.22 0.84 3.32 1.32 0.053 0.160 0,298 0.399
" 26 114 3:50 p.m. S 13,900 3,320 15,200 10.750 2.26 0.93 3.41 1.50 0.068 0.143 0.357 0.435
Freight (E44) 27 53.0 4:24 p.m. S 18,700 7,900 21,800 15,000 3.11 0.50 4.63 1.00 0.090 0.178 0.335 0.430

(over static pressure)
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TABLE 9.

SUMMARY OF DATA TAKEN DECEMBER 12, 1969

Tie Plate Loads

Subgrade Pressures¥*

Acceleration at Joint

Pressure Cell #9

Pressure Cell #11

Speed  Run #2 #15 (over static) (over static)

MPH No. Peak Peak Peak P-p Peak P-P P-pP + -

115 35 10,200 8,900 2.22 0.91 3.04 1.17 590 310 280
metro to to to

670 324 346
80.4 36 11,400 10,600 2,48 1.52 3.58 1.95 436 171 265
GG1
25.1 37 7,100 5,620 1.26 (1st axle) 0.30 1.67 0.17 89 (both axles) 24 65
DoT 1.04 (2nd axle) * max (94 20 74)
ééi6 40 14,300 10,250 2.35 1.43 3.50 1.79 576 228 348
86.2 42 7,800 6,150 1.26 0.44 1.42 (1st axle) 0.71 369 (1st axle) 130 239
DOT 1.96 (2nd axle) * 331 (2nd axle) 121 210
13.4 41 6,900 5,800 0.91 (Ist axle) 0.39 1.62 0.21 41 (both axles) .15 26
DOT 1.26 72nd axle) ‘
44,1 46 7,250 5,970 0.96 (1lst axle) 0.39 1.74 0.25 212 (1st axle) 88 124
DOT 1.22 (2nd axle) ‘ 177 (2nd axle) 59 118
55.2 47 7,260 6,140 1.31 (1st axle) 0.31 1.75 0.27 304 (1st axle) 98 206
DOT 1.13 (2nd axle) * 274 (2nd axle) 59 215
* Static pressure: #9 -- 2.43 psig
#11 -- undetermined
Tie plate galvo 2 -- east rail
" " 15 -- west rail



Comparison of Predicted Response with Measured Response

The purpose of the field measurements was to validate the com-
puter programs for predicting vehicle-track response, and /or to indicate
areas where refinements or changes to the programs were needed. Although
there were many differences in the conditions of the comparison (for
example, rail joint in one rail only), a good idea of the degree of correla-~
tion was obtained.

Considering first the case where no rail joint was present, the
question of roadbed spring rate was paramount. The measurements on the
C&0/B&0 (judged to be a well-maintained track) showed that the spring rate
was nonlinear, with a value of 250,000 1b/in. for a tie plate load of
around 8000 pounds. On the other hand, the Penn Central track away from
the joint gave a more linear spring rate, with an average value of approx-
imately 400,000 1b/in. These facts, combined with the fact that the spring
rate at the Penn Central joint was very nonlinear, led to the conclusion
that "looseness'" in the track such as rail-tie plate and tie-ballast
clearancesvproduced the nonlinear effect; once these clearances are taken
out the basic roadbed spring rate is more nearly linear, However, the
degree of nonlinearity may be different for each tie. In fact, for both
mainline tracks it was noted that the traces of tie plate load were not
symmetrical about a vertical centerline. This could be caused by the
presence of damping or of different spring rates on either side of the
particular tie that was instrumented. A check of the data showed the
latter to be true; runs were made in both directions and the data showed
the same side was always softer. This illustrates the difficulty in
defining a standard or uniform track with which to validate computer results.

Another point of validation concerns the subgrade pressures:
the presence of individual pulses for the longer wheelbase cars was con-
firmed, and the data indicated the pressure profiles were not changed

appreciably as the speed increased from 15 mph to 135 mph. While ideally
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all of the pressure cells would show nearly identical readings, the actual
range of dynamic pressures for the DOT car was from around 1.0 to 2.5 psi,

once again illustrating the nonuniformity of a conventional track., (Whether
or not the outputs become closer as the roadbed stabilizes remains to be seen.)
For the 10,000-pound tie plate load measured, the subgrade pressure calculated
by the 20° pyramid method is 6.4 psi at a depth of 3 feet, so thé quantitative
correlation is not particularly good. 1If a 30° angle is assumed, the calcu-
lated pressure is reduced to 3.2 psi, much closer to the measured value.

One final point here concerns roadbed dampirg. With the computer
simultation of the smooth track, the degree of damping in the structure was
low enough that the peak wheel-rail (or tie plate) load was essentially
unchanged with speed. The measured loads, on the other hand, showed a very
gradual but definite increase with speed. Unfortunately, the DOT research
car equipped to measure track profile was not available at the time the runs
were made, but it is believed that it was the imperfect track profile, ‘
rather than the presence of more damping than was simulated, that caused the
wheel-rail load to increase with speed. '

Considering response now at the rail joint, a comparison of com-
puted and measured response is shown in Table 10. 1In this table the computer
data for the runs with a ''geometric error'" of 0.2 inch are compared with the
field data. A good comparison between peak wheel loads is found, but the
measured '"spikes' or impulse loads are much higher, in spite of the fact that
both "computer rails' had joints side-by-side. As mentioned before, the com-
parison of data traces showed that ghe gap in the actual rail changed the
response qualitatively as well as quantitatively. The inclusion of the rail
gap is relativeiy easy to do in the computer program, and would improve the
simulation; the ''megative spike' will be introduced and computed accelerations
will be increased. However, to increase the frequency 6f the force transient
to correspond with measurements, it may also be necessary to decrease the
effective mass of the rail,

The computer traces (see Figure 15) of the simulated "standard”
track at a fixed point during passage of one truck of the model DOT test car
showed two distinct frequencies: a higher-frequency response seen in the

force and acceleration traces (160-170 Hertz) and a lower-frequency response
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TABLE 10. COMPARISON OF COMPUTED AND MEASURED TRACK RESPONSE DATA

Rail
Tie Plate Load Wheel Load* Displacement Acceleration, G
.Lb Lb Lb b In., Max
Speed Peak P-P Peak pP-P Nom "Spike" + -

Computer 30 16,800 2,700 0.278

Test 26.4 7,670 3,410 16,700 7,410 0.280 0.315
Computer 60 20,400 4,850 0.289

Test 55.6 7,850 4,260 17,100 9,270 0.290 0.330
Computer 90 22,700 7,800 0.299

Test 88.0 10,250 7,000 22,300 15,200 0.274 0.370
Computer 120 24,300 11,800 0.310

Test 115 13,300 8,860 28,900 18,900 0.286 0.357
Computer 30 3.7 17

Test 25.1 _ 24 65
Computer 60 12 34

Test 55.2 98 206
Computer 90 12 49 .

Test 86.2 130 239
Computer 120 13 67

Test 120.1 290 335

* Assuming tie plate supports 46 percent of wheel load.



(26 Hz). The higher frequency results from the rail effective mass oscillat-
ing on the tie stiffness, while the lower frequency represents the sum of the
unsprung masses {(test car truck, rail, and ballast effective masses) oscillat-
ing on the overall track spring rate. An even higher frequency (roughly 800
Hz) was present, but not evident due to the slow chart speed: this represents

the '"contact resonance' of the rail mass on the wheel-rail contact stiffness.

In examining the test traces, the 26 Hz was found to be quite distinct

in subgrade pressures and occasionally in rail absolute displacement. A pot
pourri of higher frequencies were generated by the test train, varying in
distinctness from run to run. The more prominent frequency bands noted were:
25-30 Hz, 50-70 Hz, 100-130 Hz, 150-170 Hz, 250-260 Hz, 450-500 Hz, and (with
the high chart speed) 800 Hz. The actual track structure appears to be non-
linear enough to generate harmonics and subharmonics, depending on the type
of excitation.

In summary, the field measurements indicated definite areas in
which refinements could be made to improve the computer simulations. On the
other hand, they also revealed the degree of nonuniformity that exists on
conventional tie-type track--even between two adjacent locations on a given
track. Therefore, it appears that the errors in simulation are no greater
than the degree of nonuniformity of a conventional track. As is true in many
cases, then, the computer programs should be viewed not as sources of
data which will compare quantitatively with measured data with an accuracy
of a few percent, but as analytical tools for studying various track designs
and the effects of changes in the many parameters involved in a conventional
track structure. For these purposes, the computer simulations are considered

to be very suitable.
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Development and Analysis of Nonconventional Tragk Structures

In the previous section of this report, research relating to con-
ventional tie-type track was described. These studies, including computer
analyses validated by data from trackside measurements obtained at speeds
up to 120 mph, fulfilled the basic objectives of (1) furthering the under-
standing of conventional tie-type track, particularly its dynamic response
at high speeds, and (2) providing a bench mark, or reference, for evaluating
concepts for advanced track structures.

Throughout the entire track structure program, particular emphasis
was placed on the tie-ballast interface, regarding this as the area having
the most potential for improving track stability. Therefore, the "pressure
signature" of the tie on the ballast was considered most carefully. As pre-
dicted by calculations (Figure 1) and verified by the field measurements
(Figure 17), individual pressure or load pulses may or may not be transmitted
into the roadbed each time an axle passes over, depending on the specific
vehicle and track parameters--particularly the axle spacing and the subgrade
modulus., Therefore, for vehicles with larger axle spacings, including most
locomotives and passenger cars, there is one definite pressure pulse per
axle; this was noted even in the signals from the subgrade pressure cells
located in the ballast 3 feet below the base of the ties (see Figure C-1).
For freight car trucks with wheelbases on the order of 5-1/2 to 6 feet, the
individual pulses usually do not occur, depending on the roadbed modulus.

Following the basic approach that an "advanced" track structure
is one that will be more stable because of reductions in pressure at the
critical ballast area, early in Phase I it was realized that the number of
pressure pulses exerted on the subgrade, as well as the magnitude of the
pressure pulse, was an important parameter. It was further postulated that
if the track structure could be made stiff enough that a single pressure
pulse were developed beneath a truck (two axles) instead of beneath each
individual axle, a doubling of the speed of the train--for example, from 80
miles an hour to 160 miles an hour--could occur without an increase in the

number of pressure pulses transmitted into the subgrade. These requirements--
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that is, reducing the magnitude of the pressure transmitted into the ballast/
subgrade, and reducing the number of pressure pulses developed on the ballast/
subgrade support--were considered to be the key requirements for a more stable
track,

Considering first the basic requirements of reducing ballast/subgrade
pressures, this requirement can, of course, be met with conventional track
construction by increasing the bearing area of the ties, decreasing the tie
spacing, or both. (Unfortunately, with the advent of the concrete tie which
has a larger bearing area, tie spacing has been increased in order to keep
the cost consistent with that of wood tie construction, with the net result
that in many installations the bearing pressures are not reduced and track
stability is not improved.)

On the other hand, the requirements of reducing the number of
pressure pulses can be met only by providing a track structure with sub-
stantially increased bending stiffness along its length, requiring some type
of continuous longitudinal rail support. Thus, the intuitive thought of
replacing the lateral ties in conventional track by a continuous slab or
longitudinal beam-type structure became a necessity in order to meet these
stability criteria. '

Attention then was devoted to the development of a design criterion
for continuous longitudinal beam or slab-type track structures, based on tie-
type track as a reference. Included in this development was the restriction
that the pressure between wheels on one truck could not be less than that
directly under a wheel--another way of saying that individual pressure pulses
per wheel were eliminated. This design criterion was based on the settlement
rate of soil under dynamic loading--unfortunately a subject about which little
is known. The development of this design criterion is fully described in
Appendix D, taken from Reference 1. A parameter called the Soil Deterioration
Factor (SDF) was defined, and the SDF was then calculated for beams and slabs
of various sizes and stiffnesses, giving a quantitative measure of stability.
For example, Figure 22 shows the bearing pressure versus time curves calcu-

lated for five different track structures carrying a 100,000 pound car
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(based on the Budd-built Silverliner passenger cars). The SDF's calculated
for structures I, II, and III were the same, and were equal to that calcu-
lated for ”typical” conventional track. However, the speeds were different,
being 53 mph for the conventional track and 160 mph for the others. 1In

other words, this indicated that structures I, IT, and ITITI would provide the
same stability with trains running at 160 mph as would the conventional track
with trains running at 53 mph. (Structure IV was "disqualified' because of

the presence of an individual pressure pulse per wheel.)

Development of Longitudinal Beam and Slab-Type Track Structures

Examination of the structures shown in Figure 22 will reveal that
all of them are quite massive and have a.high bending stiffness. The next
step in the Phase I concept study was to consider the various types of con-
tinuous longitudinal type track support structures which might be used, in
an attempt to translate the design criteria into the most practical structures.
On one extreme a relatively wide but shallow slab structure (very analogous to
a modern highway or runway) was considered, while on the other extreme a struc-
ture having two individual narrow but deep continuous beams--one beneath each
rail--was considered. Many designs within these extremes have been proposed,
and while a detailed cost analysis was not within the scope of the limited
concept study, a simplified cost analysis was made in an attempt to determine
the most economical structure within the wide range of limits mentioned above.

For any of these structures, the engineering materials which were
considered to be appropriate for the application were steel and concrete.
Relative costs ﬁere calculated, considering such factors as the amount of
excavation and the volumes of material required to build track structures
ranging in design from slabs to deep, narrow beams, but with bending stiff-
ness kept constant. The conclusion of this limited cost study was that an
intermediate structure consisting of two beams having roughly square cross-

sections would be the most economical to construct.
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Further engineering analyses of the range of structures showed.
that while the deep, narrow beams provide the stiffness required to reduce
the number of pressure pulses transmitted into the scil--in fact, one
pressure pulse per two trucks of adjacent cars can be obtained with this
type of structure--the bearing area of two deep but narrow (say 6 inches)
beams resulted in an overall bearing pressure higher than that obtained
with conventional tie-type construction. On the other hand, a wide slab
which was relatively shallow (say 6 inches) met the requirement of reduced
pressure magnitude, but was not necessarily stiff enough to eliminate the
individual pressure pulse per wheel unless uneconomical amounts of steel
reinforcement were used.

Based on these considerations, further design optimization of the
twin-beam type structure was carried out; considering the trade-off between
the cost of the steel reinforcement and concrete, in an effort to define the
most economical design for a cast-in-place reinforced concrete twin-beam
structure that would meet the stiffness criterion.

As with most engineering problems, there are often conflicting
design requirements which in the end must be compromised in the most prac-
tical manner to obtain a final design. The track structure was no exceptiom,
for the stiff beam-type structure which was required to reduce ballast/subgrade
pressures and thereby improve stability was not necessarily desirable from the
standpoint of wheel-rail loads and vehicle ride. This was the subject of a
dynamic analysis which was performed concurrently with the static analysis;
this is described in a later section of the report.

Based. on the considerations just discussed, at the end of Phase I
four 1ongitudinél beam and slab-type structures were recommended for further
consideration; the two preferred ones are shown in Figures 23 and 24. Rough
cost eétimates indicated that the costs would range from $250,000 to $300,000
per single track mile, exclusive of rails and fasteners. Thus, at the end of
the Phase I study, a good understanding of the design requirements had been

gained, specific criteria governing the design of longitudinal beam or
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slab-type structures had been developed, the effect of resilience in the
fasteners had been defined, and four specific structures were suggested as
possibilities for serious consideration for further analysis and eventual
installation.

Phase II of the research covered the period from October, 1967 to
March, 1968, and was directed at a comparative analysis of eight other track
structures, five of which were conventional or semi-conventional, and three
of which were specific nonconventional designs suggested by others. No
effort was devoted to the refinement of the basic structures recommended
earlier.

Work on Phase III of the project started in November, 1968, and
shortly after this, DOT and the Santa Fe Railroad announced the possibility
of proceeding with a cooperative experimental track installation somewhere
west of the Mississippi. Intensive analysis of the longitudinal beam and
slab structures was then renewed, with the emphasis shifted from the high-
speed passenger application in the Northeast Corridor presumed up to that
time, to application in a heavy freight railroad in the west or southwest.

Although the longitudinal beam-slab concepts developed during
Phase I showed great promise technically, economically they were considered
to be too expensivé. Attention was, therefore, devoted to the tradeoff
between bending stiffness (EI) and cost. Both the cost and the bending
stiffness are, of course, directly related to the amount of steel and con-
crete used in the structures, and it was decided that a careful study of
the implications of using smaller (therefore cheaper) and more flexible

beams and slabs was needed.

Response to Static Wheel Loads

At the start of Phase III, a digital computer program was written
to facilitate the static analysis of the nonconventional track structures.
In this program, a longitudinal track structure was represented as a contin-
uous beam (rail) on a continuous uniform support (resilient fasteners) in

turn resting on another continuous beam (support beam or slab) resting on
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another continuous uniform support (rocadbed). Inputs to the program were
the rail EI, fastener spacing and resilience, beam EI and width, subgrade
modulus, wheel.spacing, and wheel vertical load. Outputs from the program
included rail deflection and bending moment (convertible to stress),
fastener deflections and loads, beam deflections and bending moment, and
subgrade deflection and bearing pressure. The program assumed linear spring
characteristics for roadbed and fasteners.,

A series of runs were made with this program to determine the
static load-deflection characteristics of slab and beam-type structures
having a wide range of geometries and bending stiffnesses. The range of
geometries that were included are shown in Figure 25, together with a plot
of the bearing pressure as a function of distance along the track (with
Station O representing the coupler, and axle loads at Stations 54 and 126).
These results quickly illustrated the fact that all structures except the
deep narrow beams had bearing pressures lower than conventional track,
while the narrow beams had much higher bearing pressures. A direct computer
output plot for a 12 inch deep slab is shown in Figure 26, while Table 11
shows a summary of the results of the computer runs. The bending stiffnesses
for the various cross-sections were calculated on the assumption that the
concrete was resisting both tension as well as compression. Therefore, they
represented either prestressed beams or cast-in-place steel-reinforced beams.

Note that the upper curve in Figure 26 is the beam deflection,
while the lower curve is the rail deflection. The vertical differences
between the two curves represent the resilient fastener deflection. By
multiplying the maximum difference in deflection by the fastener spring
rate, the maximum fastener load can be obtained. For the particular case
shown, the maximum fastener load was 18,200 pounds, or just over half the
35,000 pound wheel load.

The results of these computer runs showed several interesting
facts. First of all, for even the most flexible slabs (6 inches deep),

individual wheel pulses in the bearing pressure were not obtained with the
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TABLE 11. RESPONSE OF REINFORCED CONCRETE SLAB AND BEAM-TYPE
STRUCTURES TO STATIC VERTICAL LOADS*

Slab Slab
Slab EI Rail Peak or Beam Slab or Beam
Beam (One Slab Deflec- Rail Deflec~- or Beam Bearing
Depth, or Two Beams) tion, Stress, tion, Stress, Pressure,
inches 1b-in. inches psi inches psi psi

Case I - 8-ft Slab, K = 100 1b/in.3, Fastener Spacing = 30 in.

6 516 x 107 0.117 11,150 0.099 2,340 9.9
12 4,140 x 107 0.113 9,940 0.088 1,940 8.8
18 13,380 x 10; 0.111 9,400 0.085 1,520 8.5
24 32,240 x 10 0.107 9,260 0.083 1,250 8.3

Case IT - 8-ft Slab, K, = 100 1b/in.3, Fastener Spacing = 18 in.

6 516 x 10/ 0.111 10,650 0.099 2,610 9.9
12 4,140 x 107 0.106 9,260 0.088 2,000 8.8
18 13,380 x 10/ 0.103 8,680 0.085 1,550 8.5
24 33,240 x 107 0.099 8,550 0.083 1,240 8.3

Case III - 8-ft Slab, K, = 500 1b/in.3, Fastener Spacing = 30 in.
6 516 x 10/ 0.047 9,600 0.022 1,025 10.85 -
18 13,380 x 10/ 0.044 9,150 0.018 800 9.15
Case IV - Twin Beams, 2-ft Wide, K, = 100 1b/in.3,
Fastener Spacing = 30 in.
15.1 4,140 x 10’ 0.199 10,300 0.172 3,190 17.2
22.7 13,380 x 107 0.190 9,650 0.168" 2,640 16.8
Case V - Twin Beams, 6-in. Wide, K, = 100 1b/in.3,
Fastener Spacing = 30 in. _
24 4,140 x 10/ 0.671 11,650 0.661 9,580 66.1
36 13,380 x 10/ 0.599 10,850 0.590 9,800 59.0
48 33,240 x 107 0.523 10,300 0.521 8,800 52.0

* 35,000 1b wheel loads, 136 1b rail, 6 ft axle spacing
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6 foot freight car axle spacing. Note that in Figure 26 the rail deflection
shows the individual pulses, but the slab deflection does not. Even for the
longer 8-1/2 foot passenger car wheelbase, all but the most flexible slab
showed just one pulse. On the basis of the soil pressure pulse criterion,
then, any of the structures would be acceptable except the shallow slab 6
inches deep. The deep beams, 6 inches wide, were unacceptable from the
pressure amplitude criterion., Also, bending stresses were 3-4 times higher
than with the other structures. |

The bearing pressures for the other beams was about 17 psi, and for
the slabs--about 9 psi. This compares with approximately 25-30 psi for con-
ventional concrete tie track, so this in itself should give a great increase
in stability. An interesting point here_is that the bearing pressure.is
virtually unaffected by the subgrade modulus, being basically a functioen of
bearing area and vehicle weight. The deflection, on the other hand, is
nearly proportional to the modulus. Rail stresses ranged from about 11,000
psi down to 9500 psi for the highest stiffness slabs or beams, and were,
therefore, somewhat less than conventional track.

Calculations of bending stiffness and material costs were then
made for cast~in-place beams and slabs of various geometries, assuming all
tension was taken by the steel reinforcing rods, and that equal amounts of
reinforcement were used at top and bottom of the beams., The results are
shown in Figure 27; they indicate that the cost increases rapidly as increas-
ing amounts of steel reinforcement are used. Thereforé, it is more economical
to increase the bending stiffness by using more concrete (deeper sections) to
allow a given number of reinforcing rods to be spaced further apart. The
lower limit on the cross-sectional area of reinforcing required to control
cracking is 0.55 percent of the concrete cross-section; this is indicated
by the lines so marked in the figure. The bending stresses in the steel
and concrete, of course, impose limitations on the minimum amounts used.

Reviewing all the results, it was concluded that bending stiffness
values as low as 2000-4000 x 107 1b-in.2 per track structure might be
acceptable. Note that this is considerably lower than the value of 9000 x

107 lb-in.2 recommended at the end of Phase I, The latter was based on
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strict adherence to the '"pressure-pulse criterion' such that the pressure
between two truck axles could never be less than the pressure at each axle.
The more economical lower-stiffness structures will not méétﬂthis criterion
under the wider axle spacings found on passenger cars, but do, in fact, meet
it for freight traffic (excluding the locomotives).

When an estimate of the subgrade modulus expected on the Santa Fe
experimental track (220 1b/in.3) was obtained in the fall of 1969, a final
series of computer runs was made to evaluate the response of the more flexible
structures. A typical output plot is shown in Figure 28 (Run 56), and a

summary of results is shown in Table 12.

Response of Jointed Structures to Static Loading. In the previous
discussions, structures were considered ﬁo be continuous 1ongitudinally;'
However, even with cast-in-place structures, whether beams or slébs, ghere
will be joints due either to construction requirements or expansion ré&ui}e-
ments., While joints destroy the continuity of load support, and, therefoie,
are considered to be undesirable, it was necessary to determine the effect
of joints in both the beam and slab-type structures, since they are inevitable.
This was done through an analysis of two noncontinuous structures. One of
these structures was a precast twin beam; the second was a jointed concrete

slab track structure. The analysis of these two structures is discussed below.

Analysis of Precast Twin-Beam Structure. Figure 29 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 adequéte representation (more than two 39-foot beams and three
joints) of the track, including the resilient fasteners amd the resilient
soil beneath the structure. Each fastener was represented by a vertical

beam sized to give a vertical spring rate of 750,000 lb/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 relatively stiff longitudinal-

beam type structure, based on wheel-rail dynamic forces resulting from track
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TABLE 12.

RESULTS FROM COMPUTER RUNS REPRESENTING SANTA FE TRACK STRUCTURES

Input Data*

Qutput Data

Bending
Stiffness, Stiffness Soil

lblin.2 Fastener Fastener Per Unit Subgrade Soil Max Max %

Maximum Beam Bearing (2 beams Spacing, Stiffness Length Reaction Modulus}] Fastener Fastener of
or Slab Positive yuiarh joeh o 1 slab) inches 1b/1a. ®./1) 16/in.>  psi |Deflection, Load Wheel

Computer Bending Moment, ] £t s

Run in.-1bs w E12 l.c Kf Kl’ psi Kol K2 inches pounds Load
51 286,000 2(24) 2,000 x 107 18 400,000 22,200 100 2400 .025 10,000 28.6%
52 286,000 " 4,000 x 107 18 " " 220 5280 .028 11,200 32.0
53 282,000 " " 24 " 16,670 " " .035 14,000 40.0
54 278,000 " " 30 " 13,320 " " .043 17,200 49.2
55 274,000 " " 18 200,000 11,100 " " .050 10,000 28.6
56 260,000 " " 30 " 6,670 " " .077 15,400 44.0
57 211,000‘ " 2,000 x 107 18 400,000 22,200 " " - .027 10,800 30.9
58 202,000 " " 30 " 13,320 " " .042 © 16,800 48.0
59 151,000 -2(48) " 24 " 16,670 " 10,560 .035 - 14,000 40.0
60 212,000 " 4,000 x 107 24 " " " " .036 ‘ IQ,AOOA l;l..Z

* Wheel Loads = 35,000 1b, Wheel Spacing = 6 ft, Rail = 136 lb/yd



LL

22,500 1b. 22,500 1b,

l l jLoading Case Two
Fastener 22,500 1b 22,5001b

Spaced Every v
132-1b. raill 30 Inches l l Loading Case One

y e yaaye / ////// /:/// // // // o/ /,'// L P // e //-//////
/// /Q/// / / / / / / JNS S S S S s
39-ft. Concrete I{uﬂbgrade Joint
Beam

(a) Longitudinal Beam Track Structure

Beams Representing Rail

(Node Point Beams Representing Fasteners

Beams Representing Soil

Beams Representing Concrete Beam

(b) Digital Computer Model of Track Structure

FIGURE 29, REPRESENTATION OF TWIN LONGITUDINAL BEAM STRUCTURE ON DIGITAL COMPUTER



profile irregularities. The bending rigidity of the vertical beams repre-
senting 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 repre-
sent the soil could be placed at intervals of 60 inches without significantly
affecting the accuracy. These beams were then sized to represent two dif-
ferent soils. The two soils were assumed to have bulk moduli of 100 lb/in.3
and 500 1b/in.3, respectively, and these values in conjunction with the 24-
inch wide beam gave foundation stiffness of 2400 and 12,000 1b/in. per inch
of length along the beam, respectively., A 132-pound rail was used, and a

2 and an area moment of inertia of

concrete beam having an area of 305 in.
6860 in.4 (EI = 4116 x 107 1b-in.2 total for two beams).

Two loading cases were investigated, as shown in Figure 29. 1In
each case, the loads imposed by one four-wheel truck (two loaded axles) were
used. The first case considered the truck axles straddling the joiﬁf, and
the second considered one axle of the truck directly over the joint. It Wés
considered that these two cases bracketed the range of variables. Wheel
loads were 22,500 pounds.

The four deflection curves resulting from the two soils and the
two loading cases are shown in Figures 30a and 30b. The deflection of the
concrete beam is the same as the deflection of the supporting soil beneath
the beam, and is, therefore, proportional to the bearing pressure exerted
on the soil, The'difference between the rail and beam deflection represents
the deflection of the resilient rail fasteners.

The stiffness of the overall track structure was only slightly
lower at the joint, as indicated by the maximum deflection of the rail when
a wheel load was applied directly above the joint. The curves also showed
that wheel loads near one joint in the beam did not significantly affect the
deflections or pressures at the adjacent joints.

Figure 30c shows the deflection curve for an identical but contin-

uous track structure for the same wheel loading used on the noncontinuous

78



inch

Deflection,

inch

Deflection,

inch

Deflection,

FIGURE

st

0. 000

“\\\\;éiifif—lbé;:;;7?7¢’//:;///,

0. 025

\ \4:}3\/ /

0.050

\\ / k=100 1b/in,?

0. 075

0.100

30!

30"

N7

(a) Jointed Structure; Loading Case One - Wheels Straddling Joint

0.000

0.025

N4

Rail

/\
W= 500 1b/in,° /

0.050

0.07%

0.100

\ £8%8 N A =100 1b/in.5 —

BO' P

/.

30!

0.000

0,025

0,050

0.075?

0.100

(b) Jointed Structure; Loading Case Two - One Wheel Over Joint

—-—-—\ | ——————

N /
N\ /

>

K =100 1b/in. 3 \ Beam _\ /
) ‘ \\— Rail
30

]

30" -

(¢c) Continuous Track Structure

30. RAIL AND BEAM DEFLECTION FOR LONGITUDINAL BEAM TRACK,
STRUCTURES WITH AND WITHOUT JOINTS (Ipa7r.= 88.6 in.”,
IpEAM = 6,860 in.%, Kpapg = 25,000 Tb/in.2, WHEEL LOAD = 22,500 1b)

79



structure. Only one soil modulus was considered for tﬁiéﬁgbhtinuous struc-
ture, namely, 100 1b/in.3, and the two separate loading cases discussed above
dentical 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 30a and 30b shows the effects of a joint
in the longitudinal beam. This was evidenced by the fact that the deflection
of the beam with the joint was only slightly greater than the deflection of
the continuous beam (about 11 percent greater). There will, of course, be
a ''soil stress-concentration factor'" at the joints, particularly for the
case shown in Figure 30b where a considerable amount of vertical shear is
present at the soil in the vicinity of the joint. A shear tie at the joint
would eliminate this relative deflection, which is expected to be aggravated
by repeated dynamic loading.

The peak bending stress in the rail occurs when the axle is directly
over the joint. This was calculated to be 6280 psi for the soil having a
modulus of subgrade reaction of 100 1b per cubic inch.

The peak bending stress in the concrete beam occurs when the axle
straddles the joint, and assuming a 1000 psi precompression in the concrete,
the total peak compressive stresses was calculated to be 1330 psi.

Note that these values are for passenger-car loading, and not for
the more severe freight car loadings used later when the Santa Fe track was
proposed. A good approximation of the response can be obtained by muitiply-
ing by the ratio of wheel loads, 1.55 (35,000/22,500), since the program was

linear.

Analyéis of Nonreinforced Jointed Concrete Slab Track Structure.

The proposed slab-type track structure used 11 £t 8 in.-long reinforced
concrete slabs 9 feet wide and 18 inches thick. The slabs were to be sup-
ported on a prepared granular base graded to provide adequate drainage. The

rails were to be attached to the slabs with rail fasteners using resilient
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rail pads spaced 35 inches apart. The joints between the chcrete slabs were
designed to transmit shear but have no bending stiffness.

A finite-element stiffness matrix computer progfém (similar to
that shown in Figure 32) was used to determine maximum‘deflections, stresses,
and soil pressures for a 6 foot truck wheelbase with wheel loads of 35,000
pounds. The computer model included six of the slab sections and an equal
length of 136-pound rail to represent a continuous track structure. A
modulus of 200 1b/in.> was assumed for the prepared subgrade, and a stiffness
of 750,000 1b/in. was assumed for the resilient rail pad.

A total of 85 node points and 107 beam elements was used for this
analysis. The rail pads and the prepared subgrade were represented by verti-
cal beams sized to have the required axial stiffness but with negligible
bénding stiffness. The bending and axiai stiffness of the elements represent-
ing the rail and the concrete slabs were determined from the physigal dimen-
sions. Because the concrete slabs were relatively thick, shear deflections
were also included. Calculations were made with the truck centéred over a
joint with one wheel on each of the adjacent slabs (symmetrical loading) and
with the truck entirely on one slab with a wheel very close to the:joint
(asymmetrical loading). '

Plots of the output data indicated that the high stiffness of the
slabs distributed the wheel loads so that only one pressure peak was trans-
mitted to the subgrade for each truck. To determine the importance of shear
restraint at the joints, runs were made with the same loadings but without
any shear tie at the joints. Maximum deflections were not changed signifi-
cantly by eliminating shear ties; however, there was considerable relative
motion between slabs at the joints, as shown in Figure 31.

Therefore, the use of shear ties at the slab joints (as proposed
by PCA) appeared necessary to eliminate the large relative motion between
the slab ends. However, even with shear ties, the lack of bending rigidity
at the joints caused a 16 percent variation between the track stiffness at

the middle of the slab and at the slab joint. This would produce the same
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effect as a sinusoidal vertical track profile error, causing undesirable
train vibrations. With the short slabs, at a train spééd of 80 hph the
vertical excitation would be at 10 cps, which could excite secondary reso-
nances in car suspensions. Lower train speeds would produce lower frequency
excitation, resulting in a magnification of the track profile error when the
excitation frequency coincided with the primary resonant frequency of the
suspension system. However, the actual displacements ére small because this
type of track is very stiff; for freight car service the vibrations might
not be significant,

Consideration of the results of the analyses of two typical track
structures--twin beam and slab--led to the conclusion that the shearing
action on the subgrade (or bearing material) was not consistent with the
basic objective of optimizing the subgrade ''pressure signature'. The effect
of continued dynamic loading would tend to accelerate the undesirable action
at the joints; also, the rapid force reversal on the fasteners is undesirable.
Therefore, in the preliminary performance specifications for the track struc-
tures, joints having shear restraints were specified. Joints of this type

(6)

are common in pavements and appear to be justified from the standpoint of

long-term stability and lowered maintenance requirements.

Analysis of Asphalt Concrete Track Structures. The asphalt concrete

track structure selected for analysis consisted of a continuous asphalt con-
crete roadbed. This design concept proposed was quite similar to the type of
~asphalt track structure that has been evaluated on the Japanese National
Railway(7). Figure 32 shows the track structure with the asphalt roadbed and
the rail fastenéd to the roadbed but supported on resilient pads. The dimen-
sions shown were recommended by the Asphalt Institute as approximate sizes
for their proposed roadbed for the Santa Fe evaluation study.

Figure 32a shows the loading condition from two trucks of adjacent
cars. The cars were sufficiently long so that track deflections at the rear

truck of a car were independent of the deflections caused by the front truck

of the same car. The 6-foot truck wheelbase and 9-foot separation between
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trucks of adjacent cars was representative of the expected traffic on the
Santa Fe evaluation track. The wheel loads of 35,000 pounds represented

only the evenly distributed static car weights, and did not include any
factor for dynamic effects from speed, car rolling, or track irregularities.
However, all of the static analysis was linear, so that a dynamic load factor
could be readily included to determine the changes in track stresses and
deflections from those calculated using the static wheel loads.

The static analysis of the asphalt track structure again was made
by using a digital computer program to calculate the stresses and deflections
of both the rail and roadbed. The model of the track structure used in this
program was similar to that described previously. The rail size was 136
pounds per yard, and rail pads were spaced 30 inches apart. Values of

asphalt modulus of 0.25 x 106 and 2.5 x 106 psi for temperatures of about

®) Values of the

100 F and 30 F, respectively, were used for this analysis.
modulus of soil subgrade reaction of 100 1b/in.3 and 500 1b/in.3 were used
in initial calculations to include the maximum possible soil variation.
However, in a final set of calculations an average soil modulus of 150
1b/in.3 was assumed to approximate a prepared roadbed subgrade condition.
Figure 33 shows a typical computer plot of both the rail deflection
and the asphalt roadbed deflection. The graph only shows the deflection
under one truck, starting from the car coupling, because the loading from
the two adjacent trucks are symmetrical with respect to the car coupling.
Note that while the rail deflection shows peak deflections in the vicinity
of each of the wheel loads, the asphalt roadbed shows only a single peak
deflection for the truck. All of the asphalt roadbed configurations con-
sidered in this analysis with the exception of a 12-inch thick roadbed on
500 lb/in.3 soil, effectively distributed the loads so that the soil subgrade
was subjected to only one pressure pulse per truck. As mentioned previously,
this was considered to be an important factor in reducing the rate of soil
settlement under a track structure.
Table 13 summarizes all of the analysis results for the asphalt

track structure. Figures 34 and 35 show the influence of asphalt thickness
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TABLE 13. RESPONSE OF ASPHALT TRACK STRUCTURE TO STATIC VERTICAL LOADS

Maximum Maximum Maximum Maximum ‘Maximum Maximum Effective *
Asphalt Asphalt Rail Rail Asphalt Asphalt Soil Rail Track Track
Thickness, Temperature, Deflection, Stress, Deflection, Bending Stress, Pressure, Seat Load, Modulus, Stiffness
inch OF inch - psi inch psi psi 1b psi (105 1b/1n.)

L8

Soil: 100 1b/in3., Rail Pad: 700,000 1b/in.

(18,000
12 100 0.101 10,950 0.082 46,2 8.2 + 500 5,300 4.03
12 30 0.097 9,850 0.072 154.0 7.2 6,790 4.86
18 100 0.098 10,400 0.078 39.3 7.8 " 5,900 4.38
18 30 0.095 9,350 0.069 112.3 6.9 " : 8,300 5.65
Soil: 500 1b/in>., Rail Pad: 700,000 1b/in.
( 8,000
12 100 0.043 9,530 0.018 20,6 8.8 + 500 13,900 8.33
12 30 0,042 9,280 0.017 83.8 8.3 14,900 8.76
18 100 0,043 9,400 0.017 20,2 8.7 " 14,400 8.55
18 30 0.041 9,150 0.015 58.7 7.5 " 17,600 9.46
Soil: 150 1b/in3., Rail Pad: 700,000 1b/in,
( ( 8,000
12 100 0.079 10,460 0.056 39.0 8.4 + 500 7,070 5.0 -
12 30 0.074 9,480 0.050 129.0 7.5 8,700 5.84
15 100 0.077 10,200 0.055 37.5 8.3 " 7,320 ¢ 5.15
15 30 0.073 9,170 0.047 111.0 7.1 " 9,500 5 6.25
18 100 0.076 10,000 0.054 34.8 8.1 " 7,780 - . 5,38
18 30 0.072 8,970 0.046 95,7 6.9 " 10,200 6.61
Soil: 150 1b/in3., Rail Pad: 350,000 1b/in.
(16,200 »
12 100 0.098 11,500 0.056 31.7 8.4 + 500 5,360 4.07
12 30 0.094 10,800 0.049 118.7 7.4 6,070 &4.48
15 100 0.097 11,330 0.055 30.8 8.3 " 5,550 4,17
15 30 0.093 10,540 0.047 105.2 7.1 " 6,550 4.73
18 100 0.096 11,180 0.053 28.8 8.0 " 5,730 4.27
18 30 0.093 10,380 0.046 92,2 6.9 " 6,950 4.9

* Total stiffness for single vertical load on rail
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on rail and roadbed bending stresses, rail seat loads, and soil pressure

for an average soil modulus of 150 1b/in.3. As expected, both the rail and
the roadbed bending stresses were reduced by increasing the roadbed thickness;
however, the approximately 10:1 change in elastic modulus of the asphalt for

a temperature range of 30 F to 100 F had a much greater effect on the roadbed
stresses than the thickness changes. It was also significant that rail seat
loads were virtually independent of any change in the roadbed structure. The
rail seat loads were only affected by changes in the rail pad stiffness or
spacing (assumed constant at 30 inches for this analysis), Rail seat loads
will be a particularly important design parameter, as a suitable attachment
between the rail fastener and the asphalt roadbed must minimize local stresses
and maintain a rigid connection between.the fastener and the roadbed. The
maximum soil pressures shown in Figure 35b indicate that even the 12-inch
thick roadbed adequately distributed the wheel loads.

From these results it appeared that a 12-inch thick asphalt road-
bed was adequate, and that little advantage was gained by increasing the
thickness. However, this conclusion was based on the assumption that the
bending stresses shown in Table 13 could be tolerated at the indicated
temperatures. Asphalt is a complex material, and limits on bending stress
are not readily available and are difficult to determine. Present highway
and runway design procedures make use of extensive experience and empirical
relations to determine pavement thickness and do not use bending stress
predictions--at least in any fecognizable manner,

The Japanese National Railway tested three configurations of con-

(7)

tinuous asphalt roadbed and compared the results with a control section
of conventional ballast. The asphalt sections were all 12 inches thick and
varied only in the composition of the asphalt. Both the asphalt and ballast
control sections used concrete ties spaced 24 inches apart; deflection and
stress measurements indicated the effective modulus of all of these sections
was about the same, from 2850 to 3450 psi. Vibrations produced by impacting

the rail also indicated there was little difference in the dynamic response
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of the asphalt and ballast roadbeds. However, there was a significant dif-
ference in track settlement under repeated loading. The ballast control
section settled five times as much as the best asphalt section and more
than two times as much as the worst asphalt section. These results indicate
that a primary advantage of an asphalt roadbed is that the bending stiffness
(which cannot be obtained from ballast) significantly reduces subgrade pres-
sures, thereby increasing track stability by reducing settlement.

An important point of concern is the long-term stability of the
material itself~-an area in which asphalt concrete would be expected to
have a disadvantage relative to conventional concrete. On the other hand,
asphalt concrete is cheaper than Portland Cement concrete; the relationships
of these two factors were not predicted by the computer analyses developed

in this project.

Analysis of Wirand Concrete Track Structure. The analysis of a

Wirand* track structure was originally included within the scope of the
Phase III contract. This track structure, as described in Reference 9, was
to consist of two deep but narrow beams--one beneath each rail--formed by a
special pressurized-slurry method to eliminate the use of forms. Presumably
the use of Wirand (a concrete having tensile as well as compressive strength
by virtue of being reinforced throughout with finely chopped steel wire) in
this structure would eliminate the need for locating reinforcing rods in

the trenches--perhaps a necessity for the proposed construction method.
However, the results of analyses discussed earlier indicated that bearing
pressures were excessive (although shear on the sides of the beams was
neglected), and at the suggestion of DOT, no further analysis of Wirand

track structures was made.

* Registered Trademark of Battelle Development Corporation.
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Response of Twin Beam Track Structures to Lateral Loads. While

the track structure response to vertical loeds was of prime importance,
lateral response characteristics were also consideréd, gince substantial
lateral loads are generated by the passage of trains and by changes of
temperature in the absence of trains. The lateral loads are particularly
important in the case of twin beam type structures where lateral gage beams
must be placed along the longitudinal beams at regular intervals to maintain
gage of the track structure.

To establish design specifications for the gage beams and for the
torsional-lateral characteristics of longitudinal beams, a digital computer
program was developed to relate factors such as beam stfength and spacing
to the gage spread of the track under load. A representative portion of
the track and the computer models used té represent if are shbwn in Figure
36. In this representation, one beam was considered fixed in space while
the other beam (shown in the figure) moved laterally and torsionally in
response to the lateral loads applied at the rail head. The lateral dis-
placements calculated as outputs, then, represented the spread in gage, rather
than the actual track alignment., For these calculations it was assumed that
the beam was embedded in soil having a modulus of 150 1b/in.3. Four lateral
wheel loads of 14,000 pounds each were applied to 136 pound rail, at spacings
representing the axles of the end trucks of two adjacent cars. Using assﬁmed
lateral gage beam spacings of 12-1/2 or 25 feet, the gage spread was éalcu-
lated for various stiffness of both the longitudinal and the lateral beams.

A summary of these results is shown in Table 14, and typical output
data is shown in Figure 37, which shows that the gage spread‘is reduced from
value of 0.118 inch with no lateral beams to about 0.078 inch with '"weak"
gage beams at 25 foot intervals. A more detailed description of this
analysis is given in Appendix E.

Based on these results, it was concluded that under the assumed
loading it would not be difficult to keep the gage spread within allowable
limits on the twin beam structures, and in the performance specifications
a gage beam spacing of 25 feet was specified, of sufficient stiffness to

keep bending stresses in the beam itself within allowable limits.

92



g R
P N o
CROSS
REAM
W\L_a—«

RALL

FIGURE 36,

x
~
%N
jﬁ

RENDING
MIbR L

MAww B am

TORSIQN
MoDEL

o

KT 22

;1’1\%

TRACK STRUCTURE MODEL USED TO DETERMINE

RESPONSE TO LATERAL LOADS

93



%6

TABLE 14. SUMMARY OF GAGE SPREAD CALCULATIONS

Input Data Output Data
Cross-Beam Properties Gage Spread

25-Foot Spacing of Gage Beams 12.5-Foot Spacing of Gagé Beams
K, . KT, KTQ, Bending, Torsion, Total, Bending, Torsion, Total,
(1b/4in.) (1b-in./rdd) (1b-in./rad) (in.) (in.) (in.) (in.) (in.) (in.)
0 0 0 0.0607 0.0580 .1187 0.0607 0.0580 0.1187

0.5 x 106 0 0 0.0536 0.0580 .1070 | 0.0391 0.0580 0.0960
1.0 x lO6 0 0 0.0526 0.0577 .1051 0.0337 0.0577 0.0903
1.0 x 106‘ 0.266 x 109 0.38 x 109 0.0526 0.0265 .0791 0.0310 0.0165 0.0475
1.0 x 10°  0.532 x 10° 0.76 x 10° 0.0526 0.0237 .0763 | 0.0299 0.0131  -0.0430
1.0 = 106' 0.798 x 109 ; 1.14 x lO9 0.0526 0.0226 .0752 %"010294 0.0119 0.0413
1.0 x 106 1.065 x 109 : 1.52 x lO9 0.0526 0.0221 .0747 é 0.029q 0.0liz : 0.0402
1.5 x 106 0 : 0 %0.0526 0.0580 - L1044 % 0.0312 0,9580f 0.0880

3.0 x 10° 0 0 | 1035 | 0.0282

10.0523

0.0580

1 0.0580

0.0845
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Response of Nonconventional Track Structures to Dynamic Loading

Duriﬁg Phase I, an important part of the conceptual study was a
computer analysis of the effects of resilience between the rails and the
relatiﬁely stiff longitudinal beam and slab-type structures. The computer
model of the vehicle was identical to that described earlief ip the section
on conventional track, and a lumped parameter simulation of the various track
structures was developed (see Appendix B). The program simulated relatively
light passenger cars (100,000 pounds) travelling on relatively stiff beam
and slab-type structures. A series of computer runs was ﬁade, with thé
basic objective being to determine the effects of resilience (in the fasteners)
between the rail and the track structures. One'of thelpdst significant results
was the fact that impact loads between the wheel and rail for a steﬁ-tybe track
profile input decreased appreciably as the rail pad stiffness was decreaéed.
From this it was concluded that there was an advantage to be gained by delib-
erately introducing a resilient member between the rail and its support, in
terms of significant reductions in Wheel;rail dynamic forces generated as a
result of (inevitable) wheel or track irregularities. For the strucfﬁtes
being considered at that time, it was found that a stiffness on the ordef of
25,000 1b/in./in. of longitudinal length per rail was reasongble.~ In ﬁfacti-
cal terms, this would represent, for example, fésteners haﬁing a vertical
stiffness of 500,000 1b/in. spaced at 20-inch intervals. Further details of
this analysis are given in Reference 1.

During Phase II, dynamic analysis was limited to conventional-
type track structures. During Phase III, however, the effects of dynamic
loadings on 1onéitudina1 beam and slab structures was continued, with parti-
cular emphasis on the proposed Santa Fe test track installation. Therefore,

a simulation of a 100-ton freight car typical of traffic to be expected there
was used. TFor consistency with the dynamic analyses of conventional track
conducted concurrently,-a rail joint with 75 percent of nominal stiffness

and a 0.2-inch profile error was used as a disturbance function for these

runs.
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Nonconventional track structures evaluated were (1) concrete slabs

7 2

with EI values ranging from 4140 x 10 1b-in.2 to 13380 x 107 1b-in.” with

three pad stiffnesses, and (2) concrete twin beam structures also with these
values of bending rigidity and pad stiffness. All runs were made using a
subgrade modulus of 150 lb/in.3 beneath the beams or slabs.

Results of this analysis are shown in Figures 38 and 39. 1In Figure
38, the dynamic response of various structures is shown for the case of the
100-ton car going over a joint at 80 mph. In Figure 39, peak wheel-rail
impact loads are plotted as functions of pad stiffness and speed.

These results show that the wheel-rail force for the beam and slab
structures has a frequency range of 80-90 cps, rather than the 40 cps for
the concrete ties, although the rail pad stiffness is the same in all cases.
The oscillatory nature of the wheel-railAforce indicates the need for higher
damping in the rail pads used on the stiffer structures, although the overall
disturbance time period is about the same as for concrete ties. The results
also show that the wheel-rail force is fairly insensitive to changes in beam
and slab stiffness, and can be controlled more by changing the resilient pad
characteristics.

Also shown is the significant decrease in deflection and accelera-
tion of the beams or slabs compared to the concrete ties, tending to deteri-
orate the underlying roadbed less rapidly.

In summary, the dynamic analyses indicated the importance 6f
resilient pad design for controlling the wheel-rail impact forces, and
showed that the highest values of beam and slab bending stiffness could not

be justified in terms of improvements in dynamic response.

Rail Fastener Analyses

An integral part of all three phases of the project was the
analysis of rail fasteners, particularly for the nonconventional track
structures. The results of the fastener studies during Phases I and II are

reported in References 1 and 2. During Phase III, further analyses were
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made, and the results were incorporated into a set of performance-type
specifications for the rail fasteners. These specifications, together
with a discussion of all aspects of the specifications, are. included as

Appendix E of this report.

Track Structure Costs

In the final analysis, it is the cost that determines whether an
improved track structure will be adopted. Unfortunately, the nonconventional
"advanced' track structures will be more expensive initially than conventional
tie-type track, even though maintenance costs are expected to be much lower.
Costs which are discussed here, however, are the estimated construction costs.

Costs were specifically considéred during Phases I and IIT of the
project. During Phase I, relative costs for beams and slabs of different
geometries were calculated as part of the optimization of the variops designs
for continuous beams and slabs. The results of this analysis (see Reference
1) indicated that twin beams having roughly square cross-sections wéuld be
most economical, although slabs had the possibility of more mechanized con-
struction methods, with the potential for reducing costs. In the Phase I
final report, then, four beam and slab-type track structures were recommended;
the estimated costs were from $254,000 to $309,000 per single track mile,
exclusive of rails and fasteners, and from $385,000 to $514,000 per single
track mile, complete.

Admittedly these costs were high, the basic reasoﬁ'being the large
amounts of steel and concrete required for structures stiff enough to meet
the design criterion of one pressure pulse per truck. Therefore, considerable
effort during Phase III was devoted to this subject, realizing that the best
structﬁre will not be adopted if it is too expensive. ‘

Just prior to Phase ITI, a number of téSk groups were formed by
DOT to consolidate thinking on the entire Northeast Corridor Program, and
one of these groups considered specifically the subject of guideway costs.

Discrepancies between unit costs used by various investigators were resolved
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during a series of meetings. As a result, three important unit costs used

to calculate costs in Phase I were reduced. It was agreed that the cost of
concrete should be $32/yd3 rather than $50/yd, and that the cost of "placing,
removing, and cleaning" forms should be $O.70/ft2 instead of $1.17/ft2, and
that the cost of elastomer in the rail fasteners should be reduced from
$1.20/1b to $0.50/1b., Using these values, the calculated cost of the
original twin beam structure was reduced from $254,000 to $200,000 per

single track mile, exclusive of rail and fasteners.

Using the revised unit costs, during Phase III the costs of various
reinforced concrete track structures were calculated, together with their
bending stiffness EI, assuming cast-in-place structures with the concrete
taking no tension. The results were shown earlier in Figure 27. That
figure showed that increasing the amounfs of steel to increase bending
stiffness raises cost sharply without corresponding increases in stiffness.
Considering now the range of bending stiffness to fall between 2000 x 107
1b-in.2 and 9000 x 107 1b-in.2, and $70,000 to be the maximum material cost,
three boundaries can be drawn. The fourth boundary, forming the bottom of
the area of interest, connects points where the area of steel reinforcing
is equal to 0.55 percent of the concrete cross-sectional area, a number
quoted as being desirable to control cracking in reinforced concrete struc-
tures.(lo) The possible range of track structures fall within this area,
and include twin beam structures with depths from 9-15 inches, and siabs
with depths of 8-12 inches. The amount of steel reinforcement.ranges from
less than 4 in.2 to over 12 iﬁ.z.

The material required for the lateral beams in the twin beam
structures was not included in the figures, and would increase the material
costs by about 10 percent.

. Examination of the figure indicates that a slab about 9 inches
deep with about 5 in.2 of steel reinforcement would have a bending stiffness

of 5000 x 107 lb-in.z,.and a material cost of around $60,000 per track mile.

The total estimated cost for such a structure is as follows:
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Excavation and Backfill ($2.50/rail~£ft) $26,400
Forms, Chairs, Spacers, etc. 8,200
Steel-Reinforced Concrete Slab Materials

(Installied) . 60,000
Fastener Inserts 16,900

Fasteners at $10 apiece, 30-inch spacing

(Material Only) ’ 42,000
Rail at 140 1b/yd, $150/ton, (Material Only) 37,000
Fastener and Rail Installation 50,000
$240,500/track-
mile

Contractor's Profit and Contingency (15%) 36,500

$277,000

It is interesting to note that during the track structure cost
meetings mentioned earlier, a number of $200,000/trac: mile was accepted as
a realistic cost for a mnew installation of conventional track, and also that
the fastener material cost is a sizeable portion of the cost. While standard
rail was assumed for the Santa Fe installation, smaller rail sections should

(1)

be considered in -other applications of the stiffer track structures .

Track Structure Performance Specifications for DOT-Santa Fe Test Track

In considering the overall question of how best to support the
rail, the general conclusion of all of the analyses was that continuous
longitudinal support is ideal, and that the stability this type of support
is determined by two factors--the bearing area, and the bending stiffness.
Increased bearing area decreases the magnitude of pressures transmitted into
the roadbed, while increased bending stiffness decreases the number of pres-
sure pulses transmitted into the roadbed. Steel-reinforced concrete was

chosen as the most economical and suitable material to use. In view of the
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fact that newly-poured concrete requires a period of weeks to reach maximum
a

strength, and that in some installations where existing track is replaced

Tt

by nonconventional track it may be necessary to place the new track into
operation in a few days, the need for precast as well as cast-in-place con-
crete structures became evident. The general types of track structures was
thus reduced to four: precast slabs, precast beams, cast-in-place slabs,
and cast-in-place beams. The precast slab was eliminated from further con-
sideration by DOT, leaving three types of nonconventional track structures
to be evaluated in the Santa Fe installation,

» Considering first the question of bearing area, the use of slabs
and beams automatically gives an approximate 2:1 range in bearing area.
Using type MR concrete ties at 30-inch spacing for conventional track, the
use of two beams 2 feet wide and a slab 8 feet wide gives a progression of
2.2, 4.0, and 8.0 sq/ft per foot of track length, with the same approximate
range of bearing pressures under static wheel loads.

Considering now the bending stiffness, it was considered that
specifying the same value for both beams and slabs with their different
bearing areas was necessary to isolate the effect of bearing area as a
variable. Also, the requirement for the same.stiffness achieved by three
different’designé and two types of construction should give the most
insight into costs--that is, the relative costs of obtaining a given stiff-
ness by different designs énd construction methods can be obtained.

The next important consideration was the joints in the beams and
slabs. With no experience on which to base the design, the field installa-
tion should be particularly enlightening in this respect. Because joints
are considered undesirable from a maintenance standpoint, a minimum number
of joints was specified.

The performance specifications for the three types of structures

are given in Appendices G, H, and I.
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 APPENDIX A

DEVELOPMENT OF MODEL USED FOR COMPUTER ANALYSIS
OF CONVENTIONAL TRACK STRUCTURES WITH STATIC LOADING

This analysis of conventional track structure makes extensive use
of the classical beam on elastic foundation theory that was originally
developed to calculate stresses and deflections of railroad track. In this
theory the rail deflection y for a single wheel load P at a distance x from

the wheel is
y = P/Kr e-Bx(cds px + sin Bx) , (A-1)

and the bending moment in the rail is

-p -B
7~ €

M=45

x(cos px - sin px) , (A-2)

where Kr is the rail stiffness for a single point load given by

_ X
Kr - E 3 (A'B)
1/4
K
- (X (A
P =\ZrL , A-4)

and K is an overall foundation modulus representing a continuous elastic
Support under tﬁe rail, which has a bending stiffness per unit length, EI.
Measurements of rail deflections and rail stresses on railroad track have
confirmed that errors using this model are negligible as long as the ties
supporting the rail are spaced closely enough so that the rail's deflection
wave spans at least eight ties (a condition which is satisfied for all con-
ventional track structures). Because this is a linear theory, deflections

and stresses from multiple wheel loads can be obtained by superposition.



However, for a detailed analysis of conventional track, it is
necessary to be able to calculate the overall foundation modulus K using
parameters for.particular track configurations such as tie size and spacing,
ballast depth, soil properties, etc. For this reason, the rail supports
were cbnsidered as vertical springs of stiffness k at each tie and the founda-

tion modulus is then related to the tie spacing ﬂt by
K=Xk/g . (A-5)
This spring rate k at each tie is the series equivalent of the

épring rate of a resilient rail pad kp (if any) and half of the spring rate

of the ballast-soil foundation kbs beneath the tie

(A-6)

The reason for halving the ballast-soil spring rate is that there
actually is a continuity of the deflection of the ballast and soil between
adjacent loaded ties. This continuity is not accounted for in the funda-
mental assumption of an elastic foundation and experiments indicate that
each of the ties supporting a loaded rail is approximately twice as flexible
as when it is loaded alome.*

The ballast-soil'spring rate kbs used in Equation (A-6) caﬁ be
determined from the series equivalent of the ballast stiffness kb and the

soil stiffness ks by

=i

1
bs} b s

N‘l»—*
?i‘ln—'

. (A-7)

From the theory of elasticity, the effective stiffness of the
ballast depends upon the area and shape of the loading area of the tie, the

distribution of the 1oéding pressure, and the elastic properties of the

* Hetenyi, M., '"Beams on Elastic Foundation", U. of Michigan Press, 1946,

pp 27=30,

A-2



ballast . ‘When the pressure is evenly distributed over the loading area, the
surface stress is uniform but the deflection is not, and the spring rate must
be calculated on the basis of an average deflection. This is called "flexible"
plate loading in the literature. 'Rigid" plate loading yields a uniform
surface deflection but the surface stresses are theoretically infinite at the
plate edges so this is not a totally realistic model. However, by comparing
the theoretical aspects of several models it has been found that a more sim-
plified model can be used to obtain substantially the same results as the
more complex models based on the theory of elasticity.

This simplified model assumes both a uniform deflection and a
uniform pressure distribution at every depth in an imaginery pyramid spread-
ing downward through the ballast. By the assumptions for this 'pyramid"
model, the material outside the pyramid is not stressed at all and the
material inside is only under vertical compression. Consequently, Poisson's
ratio effects are replaced by the "angle of internal friction', a familiar
property in soil mechanics that indicates the inclination of the sides of
the pyramid to the vertical and thus determines the degree to which the load
is distributed as it is transferred downward. |

Using the above assumptions, the ballast stiffness for the pyramid

model is

C(g-w) Eb

kb=ﬂ['&<w+CL>:| ’
nlw \4 + CL

 (A-8)

where

B, = Young's modulus for ballast, psi
%,w = length and width of rectangular loading area (f{>), inches
L = ballast depth

2 tan g,. o = angle of internal friction (20 degrees assumed

for ballast) .

A-3



Because the soil section of the pyramid of uniform pressure is
assumed to spread out indefinitely, the pyramids beneath neighboring ties
would overlap.' The overlapping would couple the adjacent soil pyramids,
but since the coupling effect has already been included once by halving kbs
in Equation (A-6), the soil representation was modified to give an equation

for soil stiffness kS,

ks = kOAL = ko (4 + CL)(w + CL) , (A-9)

where k0 is the subgrade modulus of the soil and AL is the load bearing
area at the base of the ballast pyramid at depth L.
Using these models for the ballast and soil, the pressure on the

ballast Pb is determined by
p= S, (A-10)
o

and the pressure on the soil PS is

P = s (A-11)

where the spring rate at each tie point, k, is obtained from Equation (A-6),

and Ao is the effective bearing area of the tie given by

A = gw . (A-12)
o
_Recaliing the assumed uniform pressure distribution used for the
pyramid model, these pressures must be interpreted as average pressures over
the loading area so that the actual pressure distribution can be expected to

differ somewhat from these predicted averages.
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APPENDIX B

DEVELOPMENT OF LUMPED PARAMETER MODEL USED FOR
ANALYSIS OF TRACK STRUCTURES WITH DYNAMIC LOADING

The accepted theory for the vertical deflection of rails is based
on the assumption that the rail can be considered as an elastic beam con-
tinuously supported by an elastic foundation. The static deflection of the
rail is given in the text.

V The deflection of the rail under traffic, however, is not a static
ﬁféblém; For one thing, the point of application of any wheel-load moves
along the rail at the speed of the train, and for another, the magnitude of
the force felt by the rail may be time-varying (due to dynamic unbalance in
the Wheels and/or surface irregularities such as flat spots on the wheels and
joints in the rails).

The dynamic response of the rail to a single unbalanced wheel load
moving at constant velocity, V, along a conventional track was investigated

first by considering the two limiting cases of the problem, which are

(1) The applied force is stationary (V = 0) but the magnitude
of the force is varying harmonically with time at some
frequency, f ‘

(2) The applied force has a constant magnitude, but>it is

moving along the rail at some velocity, V.

There ‘are two ratios that determine the degree to which each of
these limiting dynamic cases causes a significant difference between the
dynami¢ response and the static response of the system. For limiting case
(1) it is the ratio of the forcing frequency, f, to the natural freauency,
fo’ of the loaded rail ?nd roadbed. For limiting case (2) it is the ratio
of the train speed, V, to the so-called critical velocity, Vc’ of the rail
and roadbed. If f/fo is small the effect of imbalance may be neglected; if

it is nearly one, then the effects of imbalance are significant and the fact



that the wheels are rotating will affect the response of the rails and must
be taken into account., If V/Vc is small then the effect of train velocity
is negligible;‘if it is nearly one then the fact that the train is moving
will affect the response of the rails and must be taken into account.

The relative magnitudes of these two ratios indicate the degree
to which fhe.limiting cases of (1) and (2) are interdependent. If the ratios
are nearly the same the coupling is a maximum and the response of the system
cannot be approximated by either limiting case.

Considering limiting case (1) first, the natural frequency of the
rail and roadbed, which is the frequency that could be most excited by a
stationary harmonic force applied directly to the rail, is given in Reference
(19) as

1/2

f0 = (K/Mr) /2m, cps , - (B-1)

where

K = foundation modulus, psi
= stiffness per unit length
M_ = mass of rail per unit length, 1b-sec2/in.2

If the harmonic force is due to wheel imbalance, then the forcing freduency

is given by
f = V/R2m, cps , (B-2)

where

<
[

velocity of the train, in./sec

0w
Il

radius of train wheel, in.

B-2



Choosing the following typical physical parameters for conventional

with 140-pound rail,

Rail M
Roadbed: K
Train: R
\'
results in
f
o
f
f/f
o

2

= 0.0101 1b-sec

2

/in.

r

= 1500 1b/in.2
18 in,
160 mph

[

61.3 cps
24.9 cps
0.406 .

track

Considering limiting case (2), the so-called critical velocity,

Vc, of the rail and roadbed is a property of the system similar to the

natural frequency, fo'

It is defined as the lowest velocity at which a

free wave will propagate along the rail, and given in References (19),

(20), and (21) by the relation

v, = 2nf /g

For the same conventional track with 140-pound steel rail,

EI = 2.87 x 109 1b-in.2 s
= AEDY* = 1.0 x 1072 10,71
from which
ch = 2,027 x 104 in./sec = 1152 mph,

\ZAE
C

160/1152 = 0.139

B-3

(B-3)



The ‘fact that f/fé'é 0.406 is important because although the fre-
quency ratio is small, it is not quite negligible and, therefore, unbalanced
rotating wheels will have some magnifying effect on the forces and deflection
"of the system. There are two important qualifications to the significance of
this cbnclusion, however. First,:the system that it pertains to is the rail
and roadbed alone without the large mass of the train resting on it. When
this large mass is added to the small rail mass per unit length, Mr’ in
Equation (15), a second and lower natural frequency of the system is intro-
duced, giving an f/fo ratio greater than 0.406. Secondly, there is surely
some damping in the system which, when taken into account, decreases the
magnitude of the effect of the rotating unbalance. In fact, for the smallest
amount of damping, the one-degree-of-fregdom system with f/fo = 0,406 will
experience dynamic contact forces and deflections less than 17 percent greater
than their static counterparts.

‘The féét*thatAV/Vé‘= 0.139 indicates that for a train speed of 160
mph the ‘dynamic case is not significantly different from the static case.

(3)

This conclusion was vVerified experimentally by Birmann in his investiga-

tions.

Lumped Parameter Model of Track Structure. Because the velocity

effects can be neglected, it is not necessary to consider the solution of
the wave equations for the prediction of track response. For this study of
dynamic characteristiés, it was concluded that the track could be adequately
represented by a single-degree-of-freedom system with a lumped stiffness, kr,
and an effective rail length, Lr’ which will give an effective lumped mass
corresponding to the natural frequency of the distributed system.

‘ The values of Lf and m_ are determined by writing Equation (15)
in the form

: KL 1/2 k.1/2
e - 2] - [E]

L



arnd rewriting Equation (2) in the form

-2 _ 2K -
ke = 5@ g (B-5)

which gives the lumped system parameters

L =2/g, in. , (B-6)

m =ML, 1b secz/in (B-7)
T rr’ © 2

k =KL, 1b/in. (B-8)

Figure 10 shows a 1ongitudina1‘beam type of track structure with
two wheels and the corresponding lumped-parameter model of this system.
The model for a conventional tie-type track structure is the same, with
different values for the masses and spring rates.

For inputs, or forcing functions, track irregularities are repre-
sented by a time function, e¢(t), corresponding to spatial variation and train

speed so that

N
H

wr zr + e(t)

(B-9)

z*wr “r + €(t-to)
All displacements, z and z*, are measured relative to static equil-
ibrium positioné. Consideration of wheel-1lift requires auxiliary equations
to calculate the contact force between wheel and rail, and a switching cir-
cuit t6 transfer to modified equations for the lift-off period when the cal=-
culated contact force indicates that the total load between wheel and rail,
including static weight, is zero.
Although both mass and damping of the rail beam and soil, m

RBS
and CRBS have been included in the model, they can both be neglected so

B-5



long as the frequencies of interest are less than about 0.3 fo. Soil (and

ballast) damping, C is an elusive quantity, but if the damping ratio

RBS’

for the singleQdegree-of-freedom system is no more than 0.2, the damping can
be neglected for all frequencies below about 0.6 fo with little loss in

accuracy.

Effects on Model of Additional Wheels. Deflection curves show that

if the wheel separation distance, L, is greater than Lr = Z/ﬁ, the coupling
between the rail deflections under the different wheels can be neglected.
For the nominal track data used herein, this gives an Lr = 8,77 feet. Note
that this is the effective rail length used to calculate the dynamic mass,
so that if the wheel separation distance is just equal to 8.77 feet, it is
easy to visualize the section of rail between the wheels divided equally,
both mathematically and physically.

Wﬁen the wheel separation distance is less than Lr’ the response

of the two wheels will be coupled through the rail deflectioms.

Resilient Rail Pad. The model used for a track system containing

a resilient rail pad was the double mass-spring system depicted in Figure
10, The lumped mass of the rail, m_, and the spring rate of the rail-pad
system, krp’ were determined as described above for a single beam (the
rail) on a continuous elastic foundation (the rubber pad). The lumped mass
of the beam structure and soil roadbed, Mps and its spring rate, kBS’ were
determined in the same way, by assuming that this beam structure also acts

as a beam on a .continuous elastic foundation (the soil).
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APPENDIX C

DATA FROM TRACK RESPONSE MEASUREMENTS ON
PENN. CENTRAL HIGH-SPEED TRACK
December 10-12, 1969

Traces representative of data obtained from track response
measurements are presented in this appendix. Sixteen channels of data were
recorded on a Consolidated Electrodynamics Corporation (CEC) System D
galvonometer recording system: 2 tie plate loads, 8 subgrade pressures, &4
vertical motions, and 2 vertical accelerations. In addition, seven channels
of data were recorded on FM tape: 2 tie plate loads, 2 vertical motiomns, 2
subgrade pressures, and one vertical acceleration.

The two tie plate load cells, using miniature strain-gage load
washers installed in standard tie plates, were used in conjunction with the
CEC Type 124 light-beam oscillograph with galvonometers having a frequency
response flat to 600 Hz. Motion tramsducers, because of mechanical linkages,
were limited in frequency response to roughly 100 Hz., Rail accelerations
were recorded with a Kistler Type 802A piezoélectric accelerometer in
conjunction with a Kistler Type 568 charge amplifier and CEC Type 326
galvonometers with frequency response flat to 3000 Hz, }

Traces in Figurés C-1 through C-6 were re-recorded from the FM
tape on a Brush Mark 220 pen recorder having a frequency response flat to
approximately 100 Hz., Impulsive response (tie plate loads as wheels hit the
joint, for example) is consequently attenuated in these traces. Values
tabulated in the report were taken from the original light-sensitive CEC
recordings, which have superior frequency response, but cannot be reproduced
easily. A typical CEC recording is shown in Figure C-7: the data traces
of interest have been laboriously traced over with pencil in order to retain

and reproduce the data in the presence of ultraviolet light.
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APPENDIX D

DESIGN CRITERION FOR TRACK STRUCTURES
FOR HIGH-SPEED TRAINS BASED ON
ALLOWABLE TIME-VARYING SOIL PRESSURES

Based on this analysis of conventional track structures and
dynamic soil characteristics, a design criterion was evolved from the basic
objective of imposing the least hardship on the soil supporting the track
structure. This can be done by keeping the amplitudes and frequencies of
pressures transmitted to the soil as low as practical.

This basic objective can be met by using longitudinal beams to
distribute the wheel loads over a large area of soil and thereby decrease
both the amplitude and frequency of the bearing pressure on the soil. The
extent to which a longitudinal beam does this is dependent on its bending
rigidity, on its width resting on the soil, and on the resilience of the
soil ("modulus of subgrade reaction'"). A relationship between these
parameters and the time-varying pressure on the soil beneath the.beam was
developed, and this relationship expanded into a design criterion, a
detailed discussion of which follows. The criterion has been used to design
and analyze longitudinal beam-type track structures. ‘

The development of this design criterion enabled track structures
of greatly differing design to be compared on a quantitative basis. After
sizing the designs to meet the design criterion, they were compared on a
cost basis, since in the final analysis the cost-performance balance will
determine the selection of an improved track structure.

) Different track structures, using longitudinal beams to support
the rails, can have similar pressure-time curves. As shown in Figure D-1,
a deep, narrow structure has high bending rigidity and distributes the wheel
loads longitudinally over a large area, whereas a shallow, wide structure
distributes the loads over a large width., The resultant two pressure-time
curves are similar, with the peak pressure the same in both cases. The goal

of generating only one pressure pulse per truck, rather than two, can be
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attained with either design by making the track structure sufficiently

rigid.

Predicting Settlement Rate of Soil

The first step in the development of the design criterion was to
derive a quantitative relationship between the imposed cyclic pressures and
the settlement of the soil; the settlement rate of the soil was the parameter
that was used to compare different pressure-time curves. Ideally, the
settlement rate under the track structure can be predicted if the pressure-
time curve is analyzed as to its frequency content and pressure amplitude at
each frequency, and if the settlement rate curve (Figure D-2) is well known
for the soil of interest. In practical terms, however, this is unrealistic,
and for this reason mathematical approximations were made of both the

pressure~time curve and the settlement rate curve,

Approximate Pressure-Time Curve

The pressure-time curve can be cloéely approximated by:

p(t) = py cos 2nf1t + p, cos 2ﬂf2t +p, _ (1)
where
f1 = 1/'r1
f2 = 1/T2.

Ty and T, are the periods of the two most important cycles, as shown in
Figure D-3, and are constants for a given wheel spacing and train speed.

Py and p, are the amplitudes of these two pressure cycles and are constants
(for a given track structure) chosen such that p(t) passes through points

ML and BC in Figure D-3.
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This approximation contains the two most important frequencies
in the pressure-time curve (f1 and f2) and their respective amplitudes Py
and Py The accuracy of this approximation is shown in Figure D-4, which
compares a typical pressure-time curve with its approximate curve., Greater
accuracy could, of course, be obtained by increasing the number of terms in

the expression.

Approximate Settlement Rate

With the approximation of the pressure-time curve as described
above, the total settlement of the soil becomes dependent only on the values

of Pys Py fl’ and f Earlier it was mentioned that new track structures

for high-speed use siould be designed so that there is no soil pressure
fluctuation for each wheel, so that both f1 and f2 would be below fn’ the
natural frequency of the soil, for the Budd car traveling at 160 mph.
Therefore, only the left half of the settlement rate curve of Figure D=2
need be approximated in order to evaluate the effects of f1 and f2.

The settlement rate curve can be approximated as:

s = (w-1)(pressure amplitude) (2)
where b = magnification factor for a single-degree-of-freedom system
= > (for zero damping)
l-r
r = ratio of the forcing frequency to the natural frequency of
the soil
= f/fn .

For a pressure Varying~sinusoida11y at one frequency (as shown in Figure

D-2), (u~1) can be calculated and thus the rate of settlement can be predicted.
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The assumption of zero damping is not critical for values of
forcing frequency that are less than about one-half of the natural fre-
quency {(which is the case in point), because the magnification factors
for these frequencies do not change significantly with added damping.

With these two approximations, an estimate of the total effect of
the time-varying pressure on the settlement of the soil can be made. This
has been done, and a Soil Deterioration Factor (SDF) has been defined as

the sum of settlement rates at the frequencies fl and f2'

SDF = s, + s, 3)
SDF = lpll (b = 1) + |p,] (wy = 1) (4)
SDF = |p, | [r12/(1 - rlz)] + Ipzl [r22/(1 - r22)] (5)

This one number (SDF) can now be used to quantitatively compare
the severity of the soil loading and, in turn, it can be used to compare
two different track structures on the basis of soil loading. This method of
comparison is especially useful in that it can be used to compare different
track structures which carry different speed trains. For example, a track
structure carrying a train at 160 mph can be designed to have the same amount
of soil deterioration as a conventional track carrying the same train at
53.3 mph by equating the Soil Deterioration Factors based on the pressure-

time curves for the two cases,

Reference System

To provide reference against which to compare advanced high-speed
track structures, a conventional rail-tie-ballast track was chosen. To
simplify the calculations and to obtain the least error in the approximations,

the reference car and speed were chosen to be the Budd car traveling at

D-8



53.3 mph., One reason for using this speed as a reference was that at
53.3 mph, fl

car at 160 mph under a structure rigid enough so that individual wheels do

= 9.2 cps, which is the same as that obtained with the Budd

not cause individual pressure fluctuations. Also, this speed was believed
to be one which well-built conventional track can withstand without
requiring a large amount of maintenance.

A reference soil was chosen which has a natural frequency of 20
cps. It was believed that this value was a reasonably conservative value,
and it was used for all calculatioms,

The pressure=-time curve for this reference system was shown in
Figure D-5, and is approximated by Equation (1) where fl and f2 are 9.2 cps
and 3.07 cps, respectively. By setting

15.1

P(tl) Py cos2m (9.2) ty + Py cos21 (3.07) t1 + P, (6)

10.4

and p(tz) Py cos2m (9.2) t, + p, cos2m (3.07) t, + p, (7)

and solving the two equations simultaneously, it is found that
P, = 4,20 psi
and Py = 7.30 psi
The Soil Deter;oration Factor can now be calculated as
SDF = 4.20 [(9.42/20)2'/(1 - (9.2/200%)] + 7.30 [(3.07/20)%/(1 - (3.07/20)%)]
SDF = 1,31.

This, then, is the value which was used as a reference, based on the

specific case of the Budd car traveling over a conventional track structure

D-9
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at approximately 50 mph. Deterioration of the soil increases as the SDF
becomes larger; advanced track structure designs were based on meeting or
exceeding (lower SDF) this criterion at a train speed of 160 mph.

In general, the SDF depends on the pressure-time curve which, for

a continuous beam-type structure, depends on the following:

(1) The bending rigidity of the track structure (EI)

(2) The width of the structure that rests on the soil (W)
(3) The modulus of the soil (ko)

(4) The car weight

(5) The wheel spacing of the car

(6) The train speed,

The interrelationship of the first four of these factors is shown
in Figure D-6 for the Budd car's wheel spacing. Each curve represents the
static pressure at a different point under the train-loaded track structure
(or, for a particular train speed, each curve represents a different point
on the pressure-time curve). A close examination of this curve is important.
Note that for a given wheel load, and track structure width, each of the
curves becomes a plot of soil pressure (proportional to deflection) versus
soil stiffness per unit length and rail bending stiffness. A decrease in
soil stiffness has the same effect as an increase in rail stiffness., To
satisfy the criterion of seeing only one pressure pulse per truck, the
portion of the curves to the left of (K/EI)]'/4 = 0,025 must be used. To the
right of this point, the pressure at mid-truck (ML) drops below that at the
wheels (JIA and OA) meaning that two pressure pulses per truck would be
generated, rather than omne.

The design criterion, then, is composed of two restrictions which

EI/ko'and W must meet:
(1) SDF = £(EI/k_, W) < 1.31.

This means that the deterioration to the soil will be no worse at

160 mph than it is for conventional track carrying a 53.3 mph train,
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(2) E1/k, and W

must be such that individual wheel pressures are not experienced by the

soil From Figure D=6, if
&/ED) Y% < 0.022 (8)

this requirement is conservatively satisfied, this reduces to

kW
—2 < 7.3 1b/in.

Isteel

¢ (9)

These two restrictions on EI/ko and W are shown in Figure D-7, For points
above the line, the criterion is satisfied; for points below the line it is
not satisfied.

Points I, II, and III on the curve represent track structures
(discussed in the next section) which satisfy the criterion, and point IV
represents a track structure which does not satisfy the criterion because
the point falls below the line. The pressure-time curves for these four
track structures carrying the Budd car at 160 mph are shown in Figure D=8,
For these curves, a conservative value of ko = 500 1b/in.3 was usedﬁ (A
conservative value of kovis a relatively large one, because the pressure on
the soil increases as ko increases,) The pressure~time curve for conven-
tional track carrying the Budd car at 53.3 mph shown in Figure D-5 is
repeated in Figure D-8 for comparison purposes.

The étructures represented by points I, II, and III have similar
pressure-time curves because they all meet the criterion. Structure IV does
not meet the criterion because of the high~frequency fluctuation caused by
individual wheel pressures, This high frequency is expected to rapidly
deteriorate the soil, causing the track to quickly lose its alignment.

Thus, the curve of Figure D-7 identifies almost all longitudinal

beam~type track structures and classifies them on the basis of the design
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I, (160 mph)

4
T eer” 2850 1.

5

w. .= ié.in;lraii

II. (16@.mph)
4
Istee1= 1500 in,
W = 21.5 in, /rail
"
o
ITI.(160 mph) ‘g
' D L
T ,=29504n.% @ 1©
steel W
W = 43 in. /rail & sl ! ‘
(86-inch slab) & ,
f o .
Q 1 ; i
9 o —
i
IV. (160 mph) ok |
4 ‘
Isteel 1500 in, 5|

W = 43 in, /rail
(86-inch slab)

CONVENTIONAL TRACK 151
STRUCTURE (53.3 mph) :

(100 1b. rail, lo
21 in, tie center-to
center spacing)

1
o 0.25 0.50
TIME, SECONDS

FIGURE D-8. SOIL-PRESSURE-TIME CURVES FOR TRACK STRUCTURES OF gIFFERENT
WIDTHS AND RIGIDITY (SOIL MODULUS, ko = 500 LB/IN,”)
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criterion. The structures represented by the line all meet the criterion
of producing one soil pressure pulse per truck, and thus the final
selection of an "optimum" track structure can be based on other consider-

ations, such as cost.
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APPENDIX E

N REINFORCED
C

TWI
EAM TRACK STRUCTURE

TRACK STRUCTURE MODELING

An existing nonuniform-beam digital computer program was modified
to calculate the static deflection of a beam subjected to both bending and
torsion loads. The program was used to solve the bending and torsion problems
independently of each other. The total deflection of any point was therefore
obtained by adding the two deflection components.

The models used for the computer analysis are shown in Figures E-~1
and E-2. Basically the static deflection analysis of a continuous beam was
initiated by breaking up the beam into N stations. Beam sections between
stations were considered to be uniform, and the stiffness properties for
any section were taken as the mean values of the nonuniform beam over that
section, Each station could be supported by ¥inear lateral, bending and
torsional springs. 1In addition, each station could be subjected to lateral
and torsional loads.

A representative portion of track and the computer models used
to represent it are shown in Figure E-3. The effect of the lateral load
applied at the top of the rail was represented by a lateral and torsional
load acting on (for example) Station 23 of the bending and torsional models,
respectively. The effect of the cross-tie beam was represented by three
springs attached to (for example) Station 22, The three springs represented
the lateral and bending restraints that the cross-beam exerted on the main

beam. The effect of the soil restraint was included, and is discussed later.



N = STATION NUMBER

Ly = LENGTH BETWEEN STATIONS, IN, )
EI = FLEXURAL STIFFNESS BETWEEN STATIONS, LB-IN
P = LATERAL LOAD, LB,

K, = LATERAL SPRING RATE, LB/IN

KT = BENDING SPRING RATE, LB-IN/RAD

FIGURE E~1. BEAM BENDING MODEL

E2



N
KTa,
N = STATION NUMBER
LN = LENGTH BETIWEEN STATIONS, IN,
GJ = TORSIONAL STIFFNESS BETIWEEN STATIONS, LB-IN2
TQ = TORSIONAL LOAD, LB-IN,

KTQ = TORSIONAL SPRING RATE, LB~-IN/RAD.

FIGURE E-2. BEAM TORSION MODEL

E3
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CALCULATION OF GAGE SPREAD

The reinforced concrete beam cross-section that was used to
analyze gage spread is shown in Figure E-4, The beam section was trape-
zoidal, 16 and 24 inches wide at the top amd bottom, respectively, and 18
inches deép. The steel reinforcement rods were one inch in diameter and
were located 2-1/2 inches from the top and bottom surfaces. The stiffness

properties around a vertical and horizontal axis were 9.6 x 109 and 13.7

X 109 1b-in.2, respectively, whiie-the torsional rigidity was 11.65 x 109
1b-in.2. ' _

» It was assumed that the beam was embedded in soil (or other material)
having a modulus of 150 1b/in.3, as shown in Figure E-5. The restraining
effects of the soil on the beam were repfesented by eduivalent lateral and
torsional springs, as shown in the figure.

The lateral gage beam members were treated as beams having spring
rates calculated by the equations shown in Figure E-6.

The above parameters were combined to create a model of the rail
and rail support beam for.studyinglthe effects of léteréliwheel loads on
gage spread, as shown in Figure E-7. . M “

It was assumed that four lateral wheel loads of 14,000 pounds each
were applied to a 136-pound rail. The wheel loads were represented by 14,060-
pound lateral loads and 195,000-1b-in. torques applied to the beam, as shown
in Figure E-7. The actual rail support beam was represented by a 120-foot-
long beam section which wasvadequate to simulate the éﬁtife rail for the
loading conditions considered--that is, wheel loads from the two end trucks
on adjacent cars.

For analysis purposes it was also assumed that the gage beams
would Ee used either at 25 or 12.5-foot intervals. The effects of expansion
joints located every 50 feet were also considered. However, the stiffness
properties of the dowelled sections were not reduced by more than 50 percent,

which for all practical purposes did not increase the gage spread.
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RESULTS OF CALCULATIONS

The results of several spring rate combinations are summarized in
Table E-1. Several computer-generated gage spread curves are shown in Figures
E-8 through E-13,

The results indicate that the gage spread will not exceed 0.119 inch
even without any cross-ties. The introduction and cross-tie spring rates at
either 25 or 12.5-foot spacings can reduce the gage spread significantly.

For example, with 12.5-foot cross-tie spacings the gage spread can be reduced
to 0.040 inches.

The main conclusion that can be reached from these results is that
gage spread should not be a significant problem with concrete beam rail

supports.
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TABLE E-1. SUM_M_’ARY‘QF: GAGE SPREAD CALCULATIONS

KTQ,

Gage Spread

25-Foot Spacing of Cross=Beam

_12.5-Foot Spacing of Cross=Beam

K, KT, Bending, Torsion, Tot., .- Bending, Torsion, Tot.,
(1b/1in.) (1b-in. /rad) (1b-in./rad) (in.) (in.) (in.)’ (in.) (in.) (in.)
0 0 0.0607 0.0580 0.1187 | 0.0607 0.058 0.1187

0.5 x 10° 0 0 0.053  ° 0.0580 o.;67o 0.0391 0.0580 0.0960
1.0 x 10° 0 | 0 '0.0526 0.0577 o.§651 0.0337 0.0577 0.0903
1.0'x .10° 0.266 x 10° 0.38 x 10° 0.0526 0.0265 °z6791 0.0310 0.0165 0.0475
1.0 x 10°  0.532 x 10° 0.76 x 10° 0.0526 0.0237 0;0763 0.0299" 0.0131 _ 0.0430
1.0 x 10° 0.798 x 10° 1.14 x 10° 1o.0526 ; 0.5?26 0.0752 0.0294 "0.0119 0.0413
1.0 x 10° 1.065 x 10° 1.52 x 10° 10.0526 0.0%21 0.0747 '0,0290 0.0112 0.0402
1.5 x 105 0 0 ;0.0526‘5 0.0580 ;671044' qf0312 0.0580 0.0880
3.0 x 10° 0 0 01035 | 0.0282 0.0580 0.0845

0.0523

0.0580




[4 5!

IN

RRIL OEFLECTION,

-.000 010 020 30 040 050

-.UIU

DISTANCE ALONG RAIL. FT(X10 1)

FIGURE E-8. GAGE SPREAD DUE TOQ BENDING, CROSS BEAMS SPACED
AT 25 FEET,

7 KT; 0
0-20¢% 107 b-im./vad
0.532 % 1o
A 0.798 x 12?
1065 % 10°
d ' P=14,000 Ib.
Kz 1x10% lb/i .
| : b
{
1 I KiKT R
| g L . 4 ¥ T ¥ [ 4  § T . L 8 | S 4
.00 1-000 2.000 3.000  4.000 9.000 5-000 7.000 ».000 2.000 10.000 "11.000 1z



£1-3 .
RAIL DEFLECTION. IN

030 +040 050 080

020

-.003 +0ta

-.010

DISTANCE ALONG RAIL. FT(X10 1)

FIGURE E-9. GAGE SPREAD DUE TO TORSION, CROSS BEAMS SPACED AT 25 FEET,

T= ’95,000 lo.~"1n.
KTQ =0
0.38% 167 lbain./rod
4 6.7¢ x10?
.14 %w05
‘ ‘l.szmo’
- /\\§ -
i
/ / )
/
7 | A\
e ._-.__—__—;-:;.__-—-—“:5-_-_'/ . \:n-‘__,u;‘—\h_._‘;_.___
] ' T
] Ly 1
t i KTQ
V. ¥ ¥ ¥ - 'i-’. v . | 4 'i"  § 1 4 | e
0.000 1.000 2.000 '3.000 4.000 5.000 5.000 7.000 9.000 3.000  10.000 11.000 ge.



¥i-3

RRIL OEFLECTION, IN

-.007 020 040 Nil] 030 108

- .O’Jﬂ

’

v —0.2¢6%107 § 0.33 %10 - iw/rad
]

ooz £ 0.7¢x 10"

L.oes % 10? £ L.s2xi0?

//\ KT¢ kTa= 0éo
A

—- 0.79 ¢ . »~
I 7 8ni0 fay ‘e

\ |
i \\ / P= 14,000 b,
3 \ T 2195000 1b-in,
‘ \ K= 1x10% Ip /.
\
- \ \
! \
W )
. Y, —TRuex t's
<é COVPLER \
4 ¢ N
PETQ
i ' |
i ] l ] ‘
| \ i R |
1 FeK, KTIEKTQ k3 ;
T ¥ ¥ 1 4 r T | | T L § L )
£.000 1.000 2.000 3.000 4.000 3.000 6.000 7.000 B.000 3.000 10.000 11.600 12

DISTANCE ALONG RAIL. FT(X10 1)

FIGURE E-10. TOTAL GAGE SPREAD, CROSS BEAMS SPACED AT 25 FEET



ST-9

RRIL DEFLECTION, IN

=.07 2010 020 030 +040 +080

f-.OIO

P= 14,000 |bs.
. Ke Lx10° lbsfin,
KT =0
02%6x10? 1b-in./yad
0.532% 0?
- 078 10?
[RE RN \oq
-
| L .
I k3 AKEC Rkl
| 4 L |4 ¥ 1 4 T 14 L4 1 4 1] ¥ Ll
0.000 1.000 £.000 3.000 4.000 s.000 6.000 7.000 5.000 8.000 10.000 11.000 12
DISTANCE ALONG RAIL. FT(X10 1)
FIGURE E-11, GAGE SPREAD DUE TO BENDING, CROSS BEAMS SPACED AT 12.5 FEET



91-3
RRIL OEFLECTION. IN

.010 .620 3a .40 .060

-.000

-0]0

T=195,000 lo-1n
-l
KTQ =0
-y
-
9
0.38%1 " |b-in frad
. 0.7¢ x 10?
L4 w10?
.52 %0
. ——
L L j
e 3 £ KTa 5 k3 -
T r T Y 14 L T T T 4 ¥ v
0.009 1.000 2.000  3.000 4.009 9.000 6.00p 7.000 B .000 9.000 10.000 11.000 1Z.

DISTANCE ALONG RAIL. FT(X10 1)

FIGURE E-12. GAGE SPREAD DUE TO TORSION, CROSS BEAMS SPACED AT 12.5 FEET



LT-3

RRIL DEFLECTION,

IN

£20 +040 080 020 100

-.003

-,023

12

P = Kooo lbs
T = 195000 lb-in.
. K o= tx10f b/t
KT2 KTG= 0¢ o
s
9 @ ., .
0.266%10 § 0.28x10° b= in./vod
0.532%x 107 ¢ ©0.7¢ % 10°
0.798% 107 § Llax 107
7 Locs x0T ¢ 1s2 w0’
PeT
, Ll
K KT§KTQ
L LS LB i L g Yi- T "i' LE ﬂi' ¥ L ]
0.000 1.000 2.000 3.000 4.000 5.000 6.000 7.000 D.000 3.000 10.000 31.000
OISTANCE ALONG RAIL. FT(X10 1)
FIGURE E~13, TOTAL GAGE SPREAD, CROSS BEAMS SPACED AT 12.5 FEET






APPENDIX F

RAIL FASTENER PERFORMANCE SPECIFICATIONS







APPENDIX F

RATL FASTENER PERFORMANCE SPECIFICATIONS

The following specifications have been prepared to aid in the

selection of rail fasteners for reinforced concrete longitudinal beam and

slab-type track structures for the DOT-Santa Fe test track at Aikman,

Kansas,

1.0 Basic Design Requirements

1.1

1.2

1.3

1.4

1.5

1.6

Rail fasteners will be used with standard 136-pound rail,
continuously welded. The term rail fastener shall include
all hardware necessary to attach the rail to a reinforced
concrete beam or slab fitted with two projecting studs (or
female inserts) to attach each fastener. The spacing of these
studs or inserts will depend on the fastener, but the lateral
separation of the two studs or inserts (opposite or diag-
onal from each other) must be between 9 and 15-1/2 inches.
The installation, adjustment, and replacement of the rail
fasteners shall be capable of being accomplished easily by
one or two men with hand tools, '

The dimension of the rail fastener base measured lontitu-

dinally along the rail shall not be less than 5 inches, nor

~greater than 10 inches.

'The dimension of the rail fastener base measured laterally

relative to the rail shall not exceed 16 inches.

The vertical distance from the bearing surface of the
fastener to the bottom surface of the rail as installed in
the fastener shall be minimized, and shall not exceed 2
inches, exclusive of shims for vertical adjustment.

The rail fastener shall be capable of being adjusted

laterally through a range of plus or minus one inch in



1.7

1.8

1/8-inch increments. A positive lateral lock not depen-

~dent on friction shall be provided as a part of the

ad justment feature. A shoulder or other positive stop shall
be provided to restrict the change in the lateral position
of the rail to a maximum of 1-1/4 inches in the event of
failure or loosening of the lateral clamping device. Any
shims or special devices required for lateral adjustment
shall be supplied by the fastener manufacturer and shall be
considered to be part of the rail fastenmer. Shims, if used,
shall be positively retained other than by friction.

The rail fastener shall be capable of being adjusted
vertically through a range of plus or minus one inch in
1/8-inch increments by the use of some type of shims, with a
final ad justment no coarser than 1/16-inch being provided.
The shims shall have a bearing area approximately equal to
that of (the rail on the fastener or) the fastemer on the
beam or slab surface (depending on the shim design) and shall
be retained in a positive manner not dependent on‘friction.
A direct vertical force path from the base of the rail to the
beam or slab shall be provided at all times. Any shims
required for vertical adjustment shall be supplied by the
fastener manufacturer and shall be considered to be part of
the rail fastener. A design is preferred in which it is

possible to install the shims with a minimum vertical move-

"ment of the rail. Shims shall be positively retained other

than by friction. The number of fasteners needing vertical
ad justment, and the extent of these adjustments, will not be
known until after the track has been in operation for some
period of time.

An elastomeric pad or other element shall be incorporated
into the fastener to provide the load-deflection character-

istics specified in 2.1, Positive retention of the

F~2



elastomeric element, not relying on friction, shall be
provided to prevent shifting of the elastomeric element
in the lontitudinal and lateral directionms.

1.9 The fastener could provide for the conventional 1:40* cant
of the rail relative to the top horizontal surface of the
beams or slabs on which they will be mounted.

1.10 The rail fastener shall electrically insulate the rail from
the beam or slab to which it is attached. (The two attach=-
ment bolts or studs are considered to be parts of the beam
or slab.) An electrical impedance of at least 2000 ohms per
fastener must be provided, in a frequency range from DC to
10 k Hz with an applied voltage of 50 volts a.c. This
impedance shall be measured between the rail and each attach-
ment stud projecting from the beam or slab surface, with the
fastener attached in the prescribed manner, and under both
wet and dry conditions.

1.11 The design of the fastener must be such that it can with-
stand high frequency, low amplitude, vibrations of the rail
relative to the supporting beam or slab., For design
purposes, a sinusoidal vertical rail motion having a peak-
to-peak amplitude of 0.008 inches at a frequency of 700 cps
shall be uéed, and calculations shall be made to determine
the fatigue life and variation in clamping force of those
elements affected by this vibration.

2,0 Static Tests. The following test measurements shall be made at

room temperature to determine rail fastener load-deflection

characteristics and ability to survive maximum loads.

* The specification of cant provided by the fastener will depend on final
design of the track structure and availability of fasteners with cant.



2.1

2.2

Vertical Load Application. Apply a vertical load downward

on the center of the rail head and increase the load in
increments of 5000 pounds until a maximum load of 40,000
pounds is reached. Record the vertical deflection of the
rail head at each load increment and plot the results on a
graph., The vertical spring rate determined from the average
slope of the load-deflection curve between 15,000 and 25,000
pounds must be between 200,000 and 400,000 1b/in. The rail
deflection at 20,000 pounds load must be between 0.050 and
0.125 inch., After the maximum load is removed, the rail
head must return to within + 0.010 inch of its original
unloaded position and there must be no visible breaking or
yielding of any fastener'components.

Apply a vertical lifting load at the center of the
rail head and increase the load in increments of 500 pounds
until a maximum load of 3000 pounds is reached. Record the
deflection at each load increment., The maximum deflection
for the lifting load must be within + 25 percent of the
maximum deflection for a 3000-pound downward vertical load
as determined from the load-deflection graph.

Vertical and Lateral Load Application. Apply combined

vertical and lateral loads to the head of the rail (gage
side) until maximum loads of 20,000 pounds vertical and

12,000 pounds lateral are reached. ("Vertical" and '"lateral"

- are references relative to the rail as installed in a track

rather than in the test machine.) The loads may be applied
with one or two actuators, providing the rail is free to
move naturally under the influence of the combined loads.
If one actuator is used, the required loading is 23,300
pounds -at an angle of 31° from vertical. Record the
vertical and lateral deflection of the rail at each lateral

load increment of 2000 pounds and plot the results. The

F-l



2.3

2.4

maximum lateral deflection of the rail head must not
exceed 0,125 inch.

Apply combined vertical and lateral loads to the
head of the rail (gage side) until maximum loads of 30,000
pounds vertical and 30,000 pounds lateral load are reached.
The maximum lateral deflection of the rail head must not
exceed 0.30 inch. After the lateral load is removed, the
rail head must return to within + 0.050 inch of its
original position and there must be no visible breaking or
yielding of any fastener components.

Repeat the application of the 20,000 pound
vertical load and 12,000 pound lateral load. The maximum
lateral deflection must be within + 20 percent of the
maximum deflection recorded originally for this loading
condition.

Longitudinal Load Application. Apply a longitudinal load

on the rail web or base and increase the load in increments
of 500 pounds until the longitudinal deflection of the rail
reaches 0,25 inch. At each load increment hold the load
constant until the rail deflection stabilizes and record the
maximum deflection. Plot these results on a graph. The
fastener must maintain a load between 3000 and 5000 pounds
at 0,25 inch deflection. During this test, the rail end

must be supported on a roller or other frictionless support

" at the proper elevation to prevent the lontitudinal load from

binding the rail in the fastener,

Longitudinal and Vertical Load Application, With a vertical

downward load of 20,000 pounds applied to the rail head,
apply longitudinal load in increments of 1000 pounds until a
maximum load of 5000 pounds is reached., During this test

the vertical load must be applied in such a way that it does

F=5



not restrain longitudinal motion of the rail. Release the
load in 1000-pound increments, At each load increment
record the lontitudinal deflection. Plot the results on a
graph., At completion of this test, with all load removed,
the rail must return to within 0,010 inch of its original
longitudinal position.

3.0 Dvynamic Load Durability Test, The following two tests shall be

performed to determine the durability of the fastener under
cyclic loading based on tangent tiack installation. During these
two tests the preload on those fastener elements clamping the
rail (e.g., elastomeric pads, metal clips, etc.) must be suffi-
cient to prevent loss of contact of any of these elements with
the rail, |

3.1 Vertical Cyclic Load. Apply a cyclic vertical load to the

rail head. Each cycle shall consist of 20,000 pounds down-
ward force followed by 2000 pounds uplift force. Apply this
load pattern for a total of 2 million cycles at a frequency
ndt exceeding 10 cycles per second. Failure of the fastener,
or any of its components, must not occur.

3.2 Vertical and Lateral Cyclic Load. Apply a 20,000-pound

downward load to the rail at an angle of 10 degrees (+ 10)
from the réil "vertical" centerline on the field side,
followed by a 23,000-pound downward load at an angle of 31
degrees from the rail "vertical" centerline on the gage side.

" These loads shall be applied alternately for a total of two
million cycles (two load applications, one at each of the
two angles, constitute one cycle) at a frequency not to
exceed 10 cycles per second. Failure of the fastener, or
any of its components, must not occur.

4,0 Static Tests After Durability Tests, The following tests will be

performed to demonstrate fastener performance after the durability

test is completed,

F-6



4,1

4.2

4.3

b.b

Vertical Load Application. Repeat the vertical load test

‘described in Section 2.1l. The vertical spring rate and

deflection at 20,000 pounds must be within + 25 percent of
those recorded for a 20,000-pound load in Section 2.1.

The maximum deflection for a 3000-pound lifting
load must be within + 25 percent of the deflection recorded
for the 3000-pound lifting load in Section 2.1,

Vertical and Lateral Load Application. Apply loads as

described in the second paragraph of Section 2.2 until
maximum load of 30,000 pounds vertical and 30,000 pounds
lateral load are reached. Deflections must be within + 25
percent of those specified in Section 2.2, and there must be
no visible breaking or yielding of any fastener components.

Longitudinal Load Application. Repeat the longitudinal load

test described in Section 2,3. The fastener must maintain a
load between 3000 and 5000 pounds at 0,25 inch deflectioms,
and the loss of longitudinal load must not exceed 25 percent
of the original longitudinal restraint.

Longitudinal and Vertical Load Application. Repeat the test

described in Section 2.4. At completion of this test, the
rail must return to within 0.020 inch of its original

longitudinal position.

¥ % % % X % % % %

. The tests described in Articles 2.0 through 4.4 shall be performed

by the fastener supplier/or by an agency approved by the OHSGI project
officer, in a manner approved by the project officer. 1In case the supplier
is unable to conduct these tests, the OHSGT may elect to conduct same,

depending on the apparent merit of the fastener in question.

The OHSGT project officer shall have the final jurisdiction in

questions concerning interpretation of results or test procedures, and final

selection of rail fasteners,
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PERFORMANCE SPECIFICATIONS FOR CAST-IN-PLACE
REINFORCED CONCRETE SLAB TRACK STRUCTURE

TRACK STRUCTURE SPECIFICATIONS

Cast-in~-Place Reinforced Concrete Slab

1.0 General Description. The cast-in-place reinforced concrete slab

track structure is envisioned as being very similar to conven-
tional "rigid" type concrete highways and runways, being a simple
slab of approximately rectangular cross-section. The main dif-
ference is that a deeper slab together with a greater amount of
reinforcing steel is required to obtain the desired bending
stiffness, and this heavier reinforcement will also minimize
the spread of cracks caused by the applied loads. The complete
track structure actually includes four components: rail, rail
fasteners, concrete beams, and the subgrade or other continuous
support beneath the beams. These components are described briefly
below.
1.1 Rail. Continuously-welded C.F.&I. 136-pound rail will be
used, having a moment of inertia of 94.9 in.4 resisfing
bending due to vertical loads applied by the wheels.

1.2 Rail Fasteners. Rail fasteners will be used to support the

rail at 30-inch intervals along the length of the slab.

Each fastener will provide a vertical static spring rate of

200,000 to 400,000 1b/in., and will also provide an adjust-

ment capability of &+ 1 inch vertically and laterally of the

rail relative to the slab to compensate for misalignment and
wear.

1.3 Cast=-in-Place Reinforced Concrete Slab., The slab shall be

basically of simple rectangular cross-section, with a width
of 8 feet and a depth of at least 12 inches. Reinforcement
in the form of continuous longitudinal steel rods near the
top and bottom surfaces of the siab will be required to
provide the specified bending stiffness. Lateral reinforce-

ment will be required at intervals corresponding to the rail



fastener spacing to absorb the loads transmitted into the
slab at the rail fastener attachment points.

- The total length of the cast-in-place concrete slab
track structure will be approximately 800 feet. The detailed
structural and geometric requirements of the slab are given
in the following portions of these specificatioms.

1.4 Subgrade Support. The track structure will be continuously

supported by a compacted subgrade having a 4 to 6 inch layer
of ballast, crusher run, or other similar permeable material
as its top layer, providing drainage directly beneath the
slab. The modulus of subgrade reaction sﬁall be assumed to
fall within the range of 150 to 200 1b/in.3.

2.0 Design Loads.

2.1 Vertical Loads. Traffic over the experimental track struc-
tures will be that of the existing Santé Fe mainline track.
This traffic is almost entirely mixed freight, having a wide
variation in axle lcading and spacing. However, for design
purposes, locomotive axle loads of 38 tons (38,000‘pounds
per wheel) can be assumed, and freight car axle loadings of
35 tons (35,000 pounds per wheel) shall be comsidered typical.
These loads are based on the static weights; dynamic wheel
loads will be higher, depending on a number of factors. For
design purposes, a maximum impact factor of 2.0 shall be
used.

The stiffness of the rail and the use of resilient
fail fasteners between the rails and supporting structure
will distribute the vertical wheel loads longitudinally over
several rail fasteners, sc that the maximum load transmitted
by an individual rail fastener normally will be no more than
60 percent of the wheel load. For example, the maximum
vertical load transmitted into the structure by an individual
rail fastener will be on the order of 40,000 pounds when the

actual wheel-rail load is 70,000 pounds.
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3.0

2.2

2.3

lateral Loads. The lateral wheel-rail loads are known with

much less certainty than the vertical loads, since the

'generation of lateral loads is a function of relative wheel-

rail alignment on tangent track., However, for design pur-
poses, it can be assumed that maximum lateral loads normally
will not exceed 0.4 times the vertical loads, but that on
infrequent occasions lateral loads equal to 0.6 times the
vertical loads can occur,

The lateral load transmitted into the supporting
structure by any individual rail fastener can be assumed,
for design purposes, to be equal to0.9 times the lateral
wheel-rail load. Maximum lateral loads on the rail will be
those caused by wheel flaﬁge contact, and therefore will be
in the direction away from the track centerline.

Load Distribution. The distribution of loaded axles along

the length of the track will be a function of the particular
train consist. However, for design purposes, typical axle
spacings of 8 feet for locomotives and 6 feet for freight

car trucks can be assumed.

Allowable Stresses. Stresses in the steel and concrete shall be

calculated for each particular beam design, using the design in-

formation given above. These stresses must meet the requirements

of present codes covering the particular type of construction--

particularly such things as the AASHO (American Association of

State Highway Officials) specifications covering allowable Unit

Stresses, ACI (American Concrete Institute) Specification 318,

and pertinent ASTM (American Society for Testing Materials)

specifications,



4.0 Structural and Geometric Requirements

4.1 Slabs.
4.1.1

4.1.2

Bending Stiffness. The longitudinal bending stiffness

(EI) of the slab about the neutral axis of the slab
lateral cross-section shall be at least 4000 x 107
1b-in.2. In calculating this stiffness the tensile
strength of the concrete shall be assumed to be zero.
Top Surface. The top surface of the slab shall be such
that runoff water from rain or snow melt shall be dis-
persed as locally (continuous along the length) as
possible. Simple shallow center peaking can accomplish
this, _

In addition, the top surface shall provide
proper bearing surfaces for the rail fasteners which
will be spaced at 30-inch intervals along the length
of the slab. Although future rail fastener designs
and construction techniques may include provision for
the 1:40 conventional inward rail cant in the fastener
itself, and for inclusion of attachment inserts or
studs anchored solidly into the slab reinforcement as
an integral part of the slab, deference to conventional
pracﬁice and rail fastener design requires that an
inward cant of 1:40 be cast into the rail fastener
bearing areas of the slabs, (Note that the slopes of

the bearing areas will be opposed to that required

'generally for drainage.)

Each fastener bearing surface shall incor-
porate two (or more) female inserts, the tops of which
will be flush with the bearing seat and which will be
anchored in the concrete by means of projections
integral with the insert. It is not expected that an

effort will be made to attach these fasteners to the
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reinforcing steel (other than for positioning during
installation).

4.1.3 Fastener Inserts. The precise configuration of the

rail fastener is not known at this time. It will be
identified prior to completion of final structural
design. This much may be reasonably assumed: that in
all cases the fasteners will present a continuously

flat base plate to the concrete bearing area and that

in no case is this plate likely to be less than 5

inches by 9 inches. There will be a fairly stiff
elastomeric material between the base of the fastemer
and the concrete. Rail gage to be standard 56.5 inches.

Two insefts, into which fastener hold down
bolts can be threaded, are required. These inserts
will occur, one on each side of the running rail, at
a nominal spacing of between 9 inches and 15.5 inches
apart--either diagonally placed or opposed.

It is hoped that design work can proceed
during the interval in which the process of fastener
selection is underway and that the requisite descrip-
tive information can be provided early enough to avoid
compromise of steady work progress.

The design and accurate placement of the
fastener attachment hardware incorporated into the
slab is considered to be the most demanding aspect of

"the cast-in-place slab construction. The following
methods of obtaining the required end result--that is,
two inserts descending vertically from the top surface
of the slab at each rail fastener location, are
envisioned as possibilities:
(a) Llocate female inserts accurately prior to
casting the slab, such that after casting

the tops of the inserts are flush with the
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4.1.4

slab surface and the surface around the

inserts is smooth and flat, providing a

satisfactory bearing area for the rail

fastener base plate.

(b) Locate inserts accurately above the surface
just after casting the slab, and vibrate or
otherwise insert these members into the slab
while still maintaining a smooth and flat
surface around them providing a satisfactory
bearing area for the rail fastener base
plate.

(c¢) Drill holes into the slab surface after it
has partially hardened, and press inserts
into the holes such that projecting studs
can then be installed.

These or other methods of construction are
all acceptable, provided that the final insert assembly
is positioned accurately and meets the streﬁgth require-
ment as determined from the fastener identification
study.

Although the relatively short lengths of
test track which will be constructed may result in
hand-forming of slabs and hand placement of inserts,
preference will be given to designs in which the

placement of fastener attachment hardware is adaptable

"for use with more mechanized construction techniques,

particularly slip-form paving.

Steel Reinforcement. Longitudinal steel reinforcing

bars shall be used near the top and bottom of the

siab to aid in obtaining the required bending stiff-
ness and to retard cracking. This reinforcement shall
be at least 0.55 percent of the siab cross-sectional

area.



4.1.5

4,1.4a

Positioning of Reinforcing Steel. The rein-

forcement rods near the top surface may be
arranged so that the majority of the rein-
forcement lies in two bands lying beneath the
rails (and rail fasteners), these bands being
approximately 1-1/2 feet wide and 5 feet apart
on centerlines, A similar arrangement of the
reinforcement rods near the bottom surface can
be used, but is not necessary. It may be
desirable to locate longitudinal rods at the
top such that the two rows of fastener inserts
(one on each side of the rail) can be fastened
directly to the reinforcing rods.

Lateral reinforcing rods can be
placed near the top of the beam (and preferably
at bottom and sides, also) and shall be tied
into the longitudinal rods at intervals of 30
inches at locations corresponding to the rail
fastener locations. Other reinforcement com~
monly used to complement the longitudinal rein-
forcing rods should be used.

No reinforcement steel may be placed
closer than one inch to an ocuter surface of
the slab, with the exception of ''chairs'" or
other elements needed to locate and support
the steel during the pouring operation, or
elements specifically associated with transfer

of rail fastener loads into the slab.

Bottom Surface. The bottom surface of the slab will

lie directly on the layer of ballast, crusher run, or

other similar material providing drainage beneath the

slab,

One of the advantages of the cast-in-place

construction technique is the good bond which can be
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4.2

obtained between concrete and the supporting material,
and it is important that such a bond be obtained to
transfer the high vertical and shearing loads effec-
tively into the subgrade. Construction techniques
shall be designed with this in mind. To prevent the
deterioration of the slab by chemical action on the
steel and concrete, the amount of steel extending into
the bottom surface shall be minimiced.
Joints. 1In general, joints cost money initially and are a
potential source of trouble throughout the life of a struc-
ture, often requiring costly maintenance. Therefore, while
some joints will be requi;ed in a cast-in-place slab track
structure, their number should be minimized consistent with
good design practice. Unfortunately, even in relatively
well established engineering fields of highway and runway
design and construction, there is a wide variation in philos-
ophy and practice regarding not only the spacing of joints,
but their design as well. 1In general, there is agreement
that the greater the amount of steel reinforcement the fewer
the number of joints required, since the steel withstands
tensile as well as compressive loads. Since the reinforced
concrete slab track structure described in these specifica-
tions will be relatively highly reinforced to provide the
required bending stiffness, it follows that the number of
joints required will be a minimum, To determine what this
minimum is, however, the joint spacing is to be varied in
the test track section, and the tendency of the various sec-
tions to crack will be monitored throughout the test program.
Based on a section 800 feet in length, the lengths of con-
tinuous slab between joints shall be 200, 50, 50, 100, and
400 feet from southwest to northeast. This last 400 foot

segment to be continuously reinforced.
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Joints between the longitudinal slab sections shall
.be of the expansion type, allowing longitudinal motions of
adjacent slabs to occur with temperature changes.

However, it is desirable to provide the same stiff-
ness at the joint as away from it in order to eliminate "soft"
points in the slab. This requirement can be approached by
using a shear connection in conjunction with a larger bearing
area at the joint. That is, starting several feet away from
the joint the slab width shall start to increase, reaching
its greatest width at the joint. It is suggested that this
flare in width be linear, starting 8 feet from the joint,
and increasing such that the slab width is 10 feet at the
joint, or is of such width as determined from design calcula-
tions to be required to maintain the constant vertical spring
rate. |

4.2.1 Joint Clearance. With the exception of the joint at

the interior (southwest) end of the 400 foot slab, the
joint clearance at the completion of constrﬁction shall
be 0.75 inches based on a temperature of 70 F, The
joint clearance between the interior end of the 400
foot slab and the adjoining 100 foot slab shall be 1.5
inchés. In all cases, joint fillers shall be used to
prevent infiltration of water or other foreign material

into the joint.
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APPENDIX H

PERFORMANCE SPECIFICATIONS FOR CAST-IN=-PLACE

s=Slemes el oo sdr vl 0w FOR CAST ~IN-PLACE |
REINFORCED CONCRETE TWIN-BEAM TRACK STRUCTURE

IRACK STRUCTURE SPECIFICATIONS

gst=in=Place Twin Reinforced Concrete Beams

1.0 General Description. The general type of beam structure

which is anticipated will include two beams=--of generally
rectangular or trapezoidal cross-section. If trapezoidal
the narrower of the two parallel surfaces shall be the top
surface of the beam. The two longitudinal beams will be
joined at intervals by lateral '"gage beams'". The complete
track structure actually includes four components; rail,
rail fasteners, concrete beam assembly, and the subgrade
providing continuous support beneath the beams. These
components are described briefly below.

1.1 Rail. Continuously-welded C.F.&I 136-pound rail will
be used, having a moment of inertia of 94.9 in.4
resisting bending due to vertical loads applied by

the wheels,

1.2 Rail Fasteners. Rail fasteners will be used to

v support the rail at 30-inch intervals along the length
of the beams. Each fastener will provide a vertical
static spring rate of 200,000 to 400,000 lb/inch, and
will also provide an adjustment capability of + 1 inch
vertically and laterally of the rail relative to the
beam to compensate for misalignment and wear.

1.3 Cast-in-Place Reinforced Concrete Beams. The cast-in-

place twin-beam structure will consist .of two
longitudinal beams joined at 25 =foot intervals by
lateral "gage beams'" to maintain lateral spacing., The
longitudinal beams shall be of trapezoidal or rectan-
gular cross-section--depending on the economics of

of construction--with each of the beams having a



bottom width of 24 inches and a depth of between 12

and 18 inches. Reinforcement in the form of continuous
lontitudinal steel rods near the top and bottom
surfaces of the beam will be required to provide the
specified bending stiffness. '

1.4 Subgrade Support. The track structure will be con-

tinuously supported by a compacted subgrade having &4
to 6 inch layer of ballast, crusher run, or other
similar permeable material as its top layer, providing
drainage directly beneath the beam, The modulus of
subgrade reaction of the prepared roadbed shall be
assumed to fall within the range of 150 to 200 lb/in.3.

2.0 Design Loads.

2.1 Vertical Loads. Traffic over the experimental track

structures will be that of the existing Santa Fe main-
line track. This traffic is almost entirely mixed
freight, having a wide variation in axle loading and
spacing. However, for design purposes, locomotive axle
loads of 38 toms (38,000.pounds per wheel) can be
assumed, and freight car axle loadings of 35 tons
(35,000 pounds per wheel) shall be considered typical,
These loads are based on the staﬁic weights; dynamic
wheel loads will be higher, depending on a number of
factors, For design purposes, a maximum impact factor
of 2.0 shall be used.

The stiffness of the rail and the use of
resilient rail fasteners between the rails and supporting
structure will distribute the vertical wheel loads
longitudinally over several rail fasteners, so that
the maximum load transmitted by an individual rail
fastener normally will be no more than 60 percent of

the wheel load. For example, the maximum vertical load



3.0

transmitted into the structure by an individual rail
fastener will be on the order of 40,000 pounds when
the actual wheel-rail load is 70,000 pounds,

2.2 Lateral Loads. The lateral wheel-rail loads are known

with much less certainty than the vertical loads, since
the generation of lateral loads is a function of

' relative wheel-rail alignment on tangent track., However,
for design purposes, it can be assumed that maximum
lateral loads normally will not exceed 0.4 times the
vertical loads, but that on infrequent occasions
lateral loads equal to 0.6 times the vertical loads can
occur, _

The lateral load transmitted into the
supporting structure by any individual rail fastener can
be assumed, for design purposes, to be equal to 0.9
times the lateral wheel-rail load. Maximum lateral
loads on the rail will be those caused by wheel flange
contact, and therefore will be in the direction away
from the track centerline.

2.3 Load Distribution, The distribution of loaded axles

along the length of the track will be a function of the
particular train consist. However, for design purposes,
typical axle spacings of 8 feet for locomotives and 6

feet for freight car trucks can be assumed.

 A11owab1e Stresses, Stresses in the steel and concrete shall

be calculated for each particular beam design, using the
design information given above. These stresses must meet
the requirements of present codes covering the particular
type of construction--particularly such things as the AASHO
(American Association of State Highway Officials) specifi-
cations covering allowable Unit Stresses, ACL (American Con-
crete Institute) Specification 318, and pertinent ASTM

(American Society for Testing Materials) specifications,

H-3



4.0 Structural and Geometric Requirements

4.1 Beams.

1 1

4.1.1 Bending Stiffness. The longitudinal bending

stiffness (EI) of each longitudinal beam about
the neutral axis of the beam lateral cross-
section shall be at least 2000 x lO7 lb-in.z.
In calculating this stiffness the tensile
strength of the concrete shall be assumed to
be zero.

4,1.2 Top Surface. The top furfaces of the longi-
tudinal beams will be nominally flat. The rail
fasteners which hold the rail in place will be
mounted direétly on the two beam surfaces ’
exactly opposite one another. Rail fastener
bearing surfaces which supply an inward cant of
1:40 shall be provided. This degree of cant
can be continuously cast in the top surface
during construction of the beams, if desired.
(To the extent that cant is present the cross-
sectional configuration will be nontrapezoidal,
in a strict sense.)

Each fastener bearing surface shall
incorporate two (or more) female inserts, the
tops of which will be flush with the bearing
seat and which will be anchored in the concrete
by means of projections integral with the insert.
It is not expected that an effort will be made
to attach these fasteners to the reinforcing
steel (other than for positioning during

installation).



4.1.3 Fastener Inserts, The precise configuration

of the rail fastener is not known at this time.
It will be identified prior to completion of
final structural design. This much may be
reasonably assumed: that in all cases the
fasteners will present a continuously flat
base plate to the concrete bearing area and
that in no case is this plate likely to be less
than 5 inches by 9 inches. There will be a
fairly stiff elastomeric material between the
base of the fastener and the concrete. Rail gage
to be standard 56.5 inches,

Two inserts, into which fastener hold

down bolts can be threaded, are required. These

inserts will occur, one on each side of the
running rail, at a nominal spacing of between
9 inches and 15.5 inches apart--either
diagonally placed or opposed,

It is héped that design work can pro-
ceed during the interval in which the process
of fastener selection is underway and that the
requisite descriptive information can be
provided early enough to avoid compromise of
steady work progress,

The design and accurate placement of
the fastener attachment hardware incorporated
into the beams is considered to be the most
demanding aspect of the cast-in-place beam
construction, The following methods of
obtaining the required end result--that is, two

inserts descending perpendicular to the top
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surface

of the beam at each rail ‘fastener

‘location, are envisioned as possibilities:

(a)

(b)

(c)

are all

insert a

Locate female inserts accurately

prior to casting the beams, such that
after casting the tops of the inserts
are flush with the beam surface and the
surface around the inserts is smooth
and flat, providing a satisfactory
bearing area for the rail fastener

base plate.

Locate inserts accurately above the
surface just after casting the beams,
and vibrate or otherwise insert these
members into the beam while still
maintaining a smooth and flat surface
around them providing a satisfactory
bearing area for the rail fastener base
plate.

Drill holes into the beam surface after
it has partially hardened, and press
inserts into the holes such that pro-
jecting studs can then be installed.
These or other methods of construction
acceptable, provided that the final

ssembly is positioned accurately and

meets the strength requirement as determined

from the

of test
result i
ment of

designs

fastener identification study.
Although the relétively short lengths
track which will be constructed may
n hand-forming of beams and hand place-
inserts, preference will be given to

in which the placement of fastener
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4,1.4

4,.1.4a

attachment hardware is adaptable for use with
more mechanized construction techniques,
particularly slip-~form paving.

Steel Reinforcement. Longitudinal steel

reinforcing bars shall be used near the top and
bottom of the beams to aid in obtaining the
required bending stiffness and to retard
cracking. This reinforcement shall be at least
0.55 percent of the beam cross-sectional area.

Positioning of Reinforcing Steel, The rein-

forcement rods near the top surface may be
arranged so that the majority of the rein-
forcement lies in two bands lying beneath the
rails (and rail fasteners), these bands being

approximately 1-1/2 feet wide and 5 feet apart

.on centerlines. A similar arrangement of the

reinforcement rods near the bottom surface can
be used, but is not necessary. It may be
desirable to locate longitudinal rods at the
top such that the two rows of fastener inserts
(one on each side of the rail) can be fastened
directly to the reinforcing rods.

Lateral reinforcing rods can be placed
near the top of the slab (and preferably at
bottom and sides, also) and shall be tied into
the longitudinal rods at intervals of 30 inches
at locations corresponding to the rail fastener
locations. Other reinforcement commonly used to
complement the longitudinal reinforcing rods
should be used. |

No reinforcement steel may be placed

closer than one inch to an outer surface of the
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4.2

slab, with the exception of '"chairs" or
other elements needed to locate and support
the steel during the pouring operation, or
elements specifically associated with
transfer of rail fastener loads into the
slab.

4.1.5 Bottom Surface. The bottom surface of the beams

will lie directly on the layer of ballast, crusher
run, or other similar material providing drainage
beneath the slab. One of the advantages of the
cast-in-place construction technique is the good
bond which can be obtained between concrete and '
the supporting material, and it is important that
such a bond be obtained to transfer the high
vertical and shearing loads effectively into the
subgrade. Construction techniques shall be
designed with this in mind, To prevent the
deterioration of the slab by chemical action on
the steel and concrete, the amount of steel
extending into the bottom surface shall be

minimized.

Joints. In general, joints cost money initially and

are a potential source of trouble throughout the life

of a structure, often requiring costly maintenance.
Therefore, while some joints will be required in a cast-
in-place beam track structure, their number should be
minimized consistent with good design practice.
Unfortunately, even in relatively well established
engineering fields of highway and runway design and
construction, there is a wide variation in philosophy
and practice regarding not only the spacing of joints,
but their design as well. In general, there is agree-

ment that the greater the amount of steel reinforcement
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the fewer the number of joints required, since the
steel withstands tensile as well as compressive loads.
Since the reinforced concrete beam track structure
described in these specifications will be relatively
highly reinforced to provide the required bending
stiffness, it follows that the number of joints
required will be a minimum. To determine what this
minimum is, however, the joint spacing is to be varied
in the test track section, and the tendency of the
various sections to crack will be monitored throughout
the test program, Based on a section 800 feet in length,
the lengths of continuous beam between joints shall be
200, 50, 50, 100, and 400 feet from southwest to
northeast. This last 400 foot segment to be continu-
ously reinforced,

Joints between the longitudinal beam sections
shall be of the expansion type, allowing longitudinal
motions of adjacent beams to occur with temperature
changes. ‘

However, it is desirable to provide the same
stiffness at the joint as away from it in order to
eliminate "soft' points in the beams. This requirement
can be approached by using a shear comnection in
conjunction with a larger bearing area at the joint.
That is, starting several feet away from the joint
the beam width shall start to increase, reaching its
greatest width at the joint., It is suggested that this
flare in width be linear, starting 8 feet from the
joint, and increasing such that the beaﬁ width is 3
feet at the joint, or is of such width as determined
from design calculations to be required to maintain

the constant vertical spring rate.
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4.3

4.,2.1 Joint Clearance. With the exception of the

joint at the interior (wouthwest) end of the 400

foot beams, the joint clearance at the completion

of construction shall be 0.75 inches based on a

temperature of 70 F. The joint clearance between

the interior end of the 400 foot beams and the

ad joining 100 foot beams shall be 1,5 inches,

In all cases, joint fillers shall be used to

prevent infiltration of water or other foreign

material into the joint.
Gage Beams., At equal intervals along the length of the
longitudinal beams, lateral connectors known as ''gage
beams" shall be used to maintain the proper lateral
distance between longitudinal beams. The suggested maxi-
mum longitudinal spacing of gage beam centerlines is 25
feet, The design of the gage beams shall be such as to
provide the required tensile strength in the lateral
direction, while minimizing any change in the bending
stiffness in the longitudinal direction, This is to
prevent the occurrence of vertical '"hard spots'" along
the length of the track structure which could create
undesirable resonance in the train-track structure under
traffic,

To prevent such hard spots, the effective
bearing area of the gage beams and their dimensions in
the longitudinal direction of the track structure must
be minimized. No portions of the bottom of the gage
beams shall extend below the bottom of the longitudinal
beams, and the area of the bottom surface of the gage
beams shall not exceed one square foot per beam.

The preferable method of construction of the
gage beams is to cast them in place simultaneously with

casting of the longitudinal beams, tying the reinforcing
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rods of the gage beams into that of the longitudinal
beams, 1If hand forming is used, this presents no
problem, but with slip forming techniques, this may be
impractical. Therefore, the gage beams can be installed
later if their attachment to the longitudinal beam is
such that an integral structure results, The gage beams
may be constructed of steel or concrete and steel.

The gage beams must withstand the vertical
and lateral loads given in Section 2.0 (Design Loads)
without developing stresses in excess of those specified
in Section 4.0 (Allowable Stresses).

A highly desirable feature of the design
would be the provision by the gage beams of restraint
of torsional moment in the rail supporting beams., The
designer should be well aware of the fact that he is
working with an experimental, train-support concept,
unlike any existing for the loads, isolated and
cumulative, and train speeds (70 mph maximum) contem-
plated during the life of this project. An outward
rolling of the rails and beams under load would be
unsatisfactory as a gradual, long-term effect and,
conceivably, catastrophic as a sudden occurrence. The
exercise of design innovation, consistent with good
practice and reasonable cost, in the approach of this
particular problem, and the whole project area included
in this definition of scope as well, is encouraged. In
making available this required torsional restraint,
the designer should bear in mind the earlier discussion
concerning "hard spots' at the gage beam locations.
Ideally, the rolling vehicle wheel will not sense the
pressure of gage beam junctions with the longitudinal

beams.
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PERFORMANCE. SPECIFICATIONS FOR PRECAST TWIN

REINFORCED CONCRETE BEAM TRACK STRUCTURE

TRACK STRUCTURE SPECIFICATIONS

Precast Twin Reinforced Concrete Beams

General Description. The precast twin reinforced concrete beam

track structure basically will consist of two longitudinal beams~-

one beneath each rail--joined together at intervals by lateral

gage beams to maintain the proper gage. A prestressed method of

construction is preferred for the longitudinal beams, providing

the most efficient structure in terms of material usage and mini-

mizing weight. The complete track structure will actually consist

of four components: rail, rail fasteners, concrete beams, and the

subgrade or other continuous supporf beneath the beams. These

componénts are described briefly below.

1.

1

1

.2

Rail. Continuously-welded C.F.&I. 136-pound rail will be
used, having a moment of inertia of 94.9 in.4 resisting
bending due to vertical loads applied by the wheels.

Rail Fasteners. Rail fasteners will be used to support the

rail at 30-inch intervals along the length of the slab.

Each fastener will provide a vertical static spring rate of

200,000 to 400,000 1b/in., and will also provide an adjust-

ment capability of + 1 inch vertically and laterally of the

rail relative to the slab to compensate for misalignment and

wear.



1.3 Precast Twin Reinforced Concrete Beams. The longitudinal
:'..beéms shall be basically rectangular or trapezoidal in cross-

'éeétidn,“each'having a‘widthvof'zé inches at the base, and &
width between 18 and 24 inches at the top surface. The depth
of the beams shall be between 12 and 18 inches. Reinforce-
ment in the form of continuous longitudinal steel rods near
the top and bottom surfaces of the slab will be required to
provide the specified bending stiffness. Lateral reinforce-
ment will be required at intervals corresponding to the rail
fastener spacing to absorb the loads transmitted into the
slab at the rail fastener attachment points. The beams shall
be cast in lengths not to exceed 50 feet.

1.4 Subgrade Support. The track structure will be continuously

supported by a compacted subgrade having a 4 to 6 inch layer
of ballast, crusher run, or other similar permeable material
as its top layer, providing drainage directly beneath the
slab. The modulus of subgrade reaction shall be assumed to
fall within the range of 150 to 200 1b/in.>.

2.0 Design Loads.

2.1 Vertical Loads. Traffic over the experimental track struc-

tures will be that of the existing Santa Fe mainline track.
This traffic is a most entirely mixed freight, having a wide
variation in axle loading and spacing. However, for design
purposes, locomotive axle loads of 38 tons (38,000 pounds

per wheel) can be assumed, and freight car axle loadings of
35 tons (35,000 pounds per wheel) shall be considered typical.
These loads are based on the static weights; dynamic wheel
loads will be higher, depending on a number of factors. For
design purposes, a maximum impact factor of 2.0 shall be

used.
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The stiffness of the rail and the use of resilient
rail fasteners between the rails and supporting structure
‘will distribute the vertical wheel loads longitudinally over
several rail fasteners, so that the maximum load transmitted
by an individual rail fastener normally will be no more than
60 percent of the wheel load. For example, the maximum
vertical load transmitted into the structure by an individual
rail fastener will be on the order of 40,000 pounds when the
actual wheel-rail load is 70,000 pounds.

2.2 Llateral Loads. The lateral wheel-rail loads are known with

much less certainty than the vertical loads, since the
generation of lateral loads is a function of relative wheel-
rail alignment on tangent track. However, for design pur-
poses, it can be assumed that maximum lateral loads normally
will not exceed 0.4 times the vertical loads, but that on
infrequent occasions lateral loads equal to 0.6 times the
vertical loads can occur.

The lateral load transmitted into the supporting
structure by any indi idual rail fastener can be assumed,
for design purposes, to be equal to 0.9 times the lateral
wheel-rail load. Maximum lateral loads on the rail will be
those caused by wheel flange contact, and therefore will be
in the direction away from the track centerline.

2.3 Load Distribution. The distribution of loaded axles along

‘the length of the track will be a function of the particu-
lar train consist. However, for design purposes, typical
axle spacings of 8 feet for locomotives and 6 feet for
freight car trucks can be assumed.

3.0 Allowable Stresses. Stresses in the steel and concrete shall be

calculated for each particular beam design, using the design

I-3



4.0

information given above, These stresses must meet the require-
ments of present codes covering the particular type of construc-
tioﬁ--particularly such things as the AASHO (American Association
of State Highway Officials) specifications covering allowable
Unit Stresses, ACI (American Concrete Institute) Specification
318, and pertinent ASTM (American Society for Testing Materials)
specifications,

Structural and Geometric Requirements,

4,1 Longitudinal Beams.

4.1.1 Bending Stiffness. The longitudinal bending stiffness

(EI) of each of the longitudinal beams about the
neutral axis of the beam lateral cross-section shall
be at least 2000 x lO7 1b-in.2.

4.1.2 Top Surface. The top surface of the beams will provide
the support for the rail fasteners which hold the rail
in place. These fasteners will be located at 30~inch
intervals along the length of the beam, and each
fastener will be connected to the beam by two bolts
spaced opposite or diagonally to each other at a
nominal lateral spacing of 12-inches. The rails shall
be canted inward at an angle of 1:40 (conventional
practice), and to accommodate the fasteners a fastener
bearing surface the full width of the beams shall be
provided at the 30-inch longitudinal spacing. These
surfaces shall be at an angle of 1:40 to provide
proper rail cant, and shall have a dimension of at
least 6-inches in the longitudinal dimension. Con-
sidering a longitudinal strip along the top of the
beam 8~inches wide (corresponding to that area of the
beam directly beneath the base of the rail as installed),
within this area no portion of the top surface of the

beam shall extend more than 1/2-inch above the
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4.1.4

4,1.4a

fastener bearing surfaces. No portion of the
remaiﬁder of the top surface of the beams shall
extend more than 1-1/2 inches above the highest
point on the fastener bearing surface. (This pro-
vision is made to allow the fasteners to be somewhat
recessed into the top of the beam to afford some
protection against damage from derailed cars.)

Fastener Inserts. To provide for the attachment of

the rail fasteners to the beams, female inserts shall
be located in the beams with their tops flush with the
fastener bearing furface. Two inserts will be
required for each rail fastener, with the spacing
matching that of the particular rail fastener design
(which will not be known until the specific fastener
design has been chosen). The inserts must be threaded
to accept 3/4-inch diameter threaded studs, and must
be of such design that they do not pull out of the
beams, or cause cracking, under the design loads given
in Section 2.0. (The precast method of construction
facilitates the design and placement of these inserts,
and the beam designer should exploit this fact to
provide a superior insert arrangement.)

Steel Reinforcement. Longitudinal steel reinforcing

bars shall be used near the top and bottom of the beams
to aid in obtaining the required bending stiffness and
to retard cracking. This reinforcement shall be at
least 0.55 percent of the beam cross-sectional area.

Positioning of Reinforcing Steel. The reinforcement

rods near the top surface may be arranged so that the
majority of the reinforcement lies in two bands lying
beneath the rails (and rail fasteners), these bands

being approximately 1-1/2 feet wide and 5 feet apart



4,1.5

. on centerlines. A similar arrangement of the rein-

" forcement rods near the bottom surface can be used,

Bﬁt’ié5ﬁéf*ﬁ‘66333r?k”“I%rmay”bewéeéifablé*EewlecateLV
lontitudinal rods at the top such that the two rows of
fastener inserts (one on each side of the rail) can

be fastened directly to the reinforcing rods.

Lateral reinforcing rods can be placed near
the top of the slab (and preferably at bottom and
sides, also) and shall be tied into the longitudinal
rods at intervals of 30 inches at locations corres-
ponding to the rail fastemer locatioms. Other rein-
forcement commonly used to complement the longitudinal
reinforcing rods should be used.

No reinforcement steel may be placed closer
than one inch to an outer surface of the slab, with
the exception of '"chairs" or other elements needed to
locate and support the steel during the casting
operation, or elements specifically associéted with
transfer of rail fastener loads into the slab.

Bottom Surface. The bottom surface of the beams shall

be ridged, corrugated, waffled, sawtoothed, or similarly
designed so as to provide resistance to longitudinal
and lateral motion of the track structure when
installed and resting on a layer of ballast, crusher
run, or other similar material providing drainage.

The lower surface should be designed accordingly, with
a course=-enough pattern to insure reasonable bearing
on such materials. The depth of the "texturing' of
the bottom surfaces should not exceed 2 inches, and
the bearing area resisting longitudinal motion should
be roughly three times that resisting lateral motiom,
due to the lateral restraint provided by the sides of

the beams.
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4,2 Joints. Since, the maximum length of the precast sections
of longitudinal beams is 50 feet, some type of joint will
occur at least every fifty feet. However, it is not
necessary that each of these joints be an expansion joint;
it is planned that expansion joints will occur only at
intervals of 100, 400, 200, 50, and 50 feet along the 800
foot length of precast beam track structure. At all other
joints, then, it is preferable to join the precast beam
sections together in a manner that will provide bending
moment restraint. This can be done by joining reinforcing
rods in adjacent beam sections together, both at the top
and bottom of the beams. If this is not feasible, joints
providing shear restraint should be used at all locatioms.

4,2.1 Joint Clearance. With the exception of the joints

at both ends of the 400 foot beams, the joint
clearance at the other expansion joints at the
completion of conmstruction shall be 3/4=-inch,
assuming a temperature of 70° F. The joint clear-
ance at both ends of the 400-foot section shall be
1-1/2 inches., Joint fillers shall be used to prevent
infiltration of water, subgrade, or other foreign
material into the joint.

4.3 Gage Beams. At equal intervals along the length of the
longitudinal beams, lateral connectors known as ''gage beams'
" shall be used to maintain the proper lateral distance between

longitudinal beams, The suggested maximum longitudinal
spacing of gage beam centerlines is 25 feet. The design of
the gage beams shall be such as to provide the required
tensile strength in the lateral direction, while minimizing
any change in the bending stiffness in the longitudinal
direction. This is to prevent the occurrence of vertical

"hard spots'" along the length of the track structure which



could create undesirable resonance in the train-track
structure under traffic.

To prevent such hard spots, the effective
bearing area of the gage beams and their dimensions in the
longitudinal direction of the track structure must be
minimized, No portions of the bottom of the gage beams
shall extend below the bottom of the longitudinal beams, and
the area of the bottom surface of the gage beams shall not
exceed one square foot per beam.

The gage beams may be constructed of steel or
concrete and steel. The gage beams must withstand the
vertical and lateral loads given in Section 2.0 (Design
Loads) without developing stresses in excess of those
specified in Section 4.0 (Allowable Stresses).

A highly desirable feature of the design would be
the provision by the gage beams of restraint of torsional
moment in the rail supporting beams. The designer should be
well aware of the fact that he is working with an experimental,
train-support concept, untried for the loads, isolated and
éumulative, and train speeds (70 mph maximum) contemplated
during the life of this project. An outward rolling of the
rails and beams under load would be unsatisfactory as a
gradual, long~term effect and, conceivably, catastrophic as
a sudden occurrence, The exercise of design innovation,
 consisteht with good practice and reasonable cost, in the
approach to this particular problem, and the whole project
area included in this definition of scope as well, is
encouraged. In making available this required torsional
restraint, the designer should bear in mind the earlier
discussion concerning "hard spots'" at the gage beam location.
Ideally, the rolling vehicle wheel will not sense the pressure

of gage beam junctions with the longitudinal beams.
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