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PREFACE

This report was prepared by Battelle's Columbus Laboratories (BCL)

’ under Contract DOT-TSC-1044 as nart of the Improved Track Structures Research
Program managed by the Department of Transportation, Transportation Systems

Center (TSC). This program is spoasored by the Office of Rail Safety Research,
Improved Track Structures Research Division, of the Federal Railroad Administration,
Washington, D.C.

The overall objective of this program is to improve the safety and ser-
viceability of cross tie track. Work on this contract, which is part of the
Improved Track Structures Program, includes an evaluation of the technical and
eccnomic feasibility of using synthetic cross ties and rail fastener assemblies
to obtain improved cowponent life and long-term performance and a parametric
study of track response. The parametric study includes a unified assessment of
the effect of variations in tie size and spacing and ballast depth on track re-
sponse. These are the principal variables in track design.

This is the tuird interim report for this contract. The first interim
report was a planning document for a track measurement project. The second interim
report covered the review and selection of track analysis models fcr predicting
track response and included a statistical description of concrete tie track loads
from measurements made on the Florida East Coast Railway.

Dr. Andrew Kish and Mr. Donald McConnell of the Transportation Systems
Center were the technical monitor and alternate technical monitor, respectively,
foi the work reported herein. Their cooperation and suggestions are gratefully
acknowledged., Mr. Robert Arnlund of Bechtel, Incorporated, a subcontractor on
this contract, also deserves vecognition for his suggestions regarding criteria

for track performance measures.
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1. INTRODUCTION

Experiences from several foreign countries indicating advantages of
longer tie life and reduced track maintenance for concrete versus wood ties
have aroused considerable interest in developing concrete ties for main-line
use in North America. However, little quantitative data are available for
comparing wood and concrete tie loads and roadbed stresses, or long-term
performance, as a basis for evaluating the technical and economic feasibility
of alternative track and tie designs.

Previous work on this project resulted in the identification of the
major modes of track degradation and the critical load parameters. Analysis
models were selected, and developed when necessary, to provide analytical pro-
cedures for predicting track response relative to these different modes of
degradation. Measurements of track loads on several sections of concrete ties
on the Florida East Coasr naeilway were used to validate the analysis model for
vertical loads.

The principal objective of the research discussed in this report was
to use the ‘rack analysis model for vertical loads to develop track design
guidelines which include the effects of various tie/fastener characteristics,
tie spacing and ballast depth on track response. Available information re-
lating track response to vertical settlement and deterioration of track surface
geometry (profile and cross level) were reviewed to identify the critical re-
sponse parameters and to select suitable performance indices., Alternative wood
and concrete tie track configurations based on equivalent maintenance criteria
were evaluated for use in thz life cycle cost analysis planned for a later phase
of this project. This cost analysis will include the effect of track maintenance
frequencies, rail life and tie life on the justifiable purchase price for concrete
tie track configurations that are expected to have the same life cycle cost as

a standard wood tie track.



2. SUMMARY OF RESULTS AND CONCLUSIONS

A review of the current state-of-the—art on track surface deteriora-
tion indicates that there are no proven quantitative performance measures to
predi¢t the deterioration rate from a description of the railroad traffic and
the track design. However, some laboratory investigations of the behavior of
ballast and subgrade materials under repeated load show that the difference in
the maximum and minimum principal stress, or deviator stress, is the most im-
portant parameter for determining track settlement rate. Settlement rate appears
to be proportional to deviator stress raised to a power greater than one, and
the settlement increases proportional to log N, where N is the number of cycles
(axles). However, a quantitative cumulative setilement law which would combine
the deformation in the ballast and subgrade for the variable amplitude axle
loading for typical railroad traffic is not currently available.

A track analysis model, MULTA (MUlti-Layered Track Analysis), having a
multi-layer representation of the track roadbed was developed in order to predict
realistic stress distributions in th=2 ballast and subgrade. This model also in-
cludes, in a unified manner, the effect of tie bending and changes in ballast
depth, ballast and subgrade material properties, tie size, and tie spacing. This
is a significant improvement over conventional track design practice.

Results from the MULTA model with vertical loading, show the influence
of tie bending stiffness on the variations in tie/ballast pressure along the
tie length. Wood ties, and small concrete ties which are flexible relative
ro the roadbed, cause maximum pressures under the rail seat region. Large con-
crete ties having a high bending stiffness relative to the roadbed stiffness
can c2anse maximum pressure close to the tie ends. The maximum stress levels
in the ballast and subgrade are major factors in track settlement, but non-
uniform stress distribution on the subgrade under the tie and along the track
can cause local depressions, or "rutting'. These depressions will collect water
resulting in possible slow drainage. The local reduction in subgrade strength
from excess moisture will cause a rapid increase in settiement and pumping. For
this reason, both the maximum ballast and subgrade stresses and a ratio of
maximum to minimum stress as a measure of stress variation are recommended as

critical factors for track design. Increasing tie spacing causes a relatively



large increase in preséure ratio along the track, but the pressure variations
under ties are higher and are therefore the more critical design proublem. Track
design data generated with the MULTA program can be used to evaluate the effects
of changing ballast depth, tie size, and tie spacing on roadbed stresses. The
parametric study showed that a track system with various combinations cf =yn-
thetic tie size, tie spacing and ballast depth gave equal or superior roadbed
stress conditions when compared to a track structure with wood ties.

Results from the paramectric evaluation of vertical rail fastener
stiffness showed that the distribution of track loads can be improved by using
a flexible fastener with a vertical stiffness less than about 500,000 pounds
per inch. Other studies show that a flexible fastener can also reduce impact
loads from wheel flats and rail joints and thereby compensate for the normal
{ncreased stiffness of concrete over word tie track. European and Russian
fastener development efforts have been concentrated on designing more flexible
rail fasteners. This trend has been largely ignored in the U.S., where all
fasteners currently used with concrete ties are rigid relative to the track.
Maintaining adequate lateral restraint against gage spread and rail rollover is
the major design problem in developing a fastener with a lower vertical stiffness.
However, the reduction in impact loads and the improved load distribution which
can be obtained with more flexible fasteners should be adequate to encourage
additional development efforts by the industry.

Track lateral strength is an important factor in maintaining track
alinement under continuous traffic and for the safety aspects of train derail-
ments. The lateral strength of unloaded track (no trains) must be sufficient
to prevent track shifting from rail thermal loads. Occupied track must have
sufficient lateral strength to resist bLoth thermal loads and the lateral compo-
nent of wheel loads. These lateral strength requirements can be used to determine
maximum tie spacing and minimum ballast shoulder requirements for either con-
solidated or recently maintained track. Available data show that track maintenance
operations reduce track lateral resistance to about 40% of the resistance of a well-
consolidated track. Also, concrete tie track with 24-inch tie spacing shows about
a 16% advantage in lateral resistance over wood tie track with 20-inch tie spacing.

The results from the parametric study of track response can be used

for track design trade-off studies where the effect of tie size, ballast depth and




tie spacing are of interest. Predictions of maximum subgrade deviator stress

and the distribution of subgrade deviator stress under ties and along the

track, are provided as a measure of relative settlement rate. The predictions

of tie rail seat loads and tie bending moments for the different track configura-
tions will be used to evaluate tie and fastener performance specifications in

a later phase of this project. Wood and concrete tie track configurations ex-
pected to have equal maintenance intervals for surfacing have also been selected

as a basis for subsequent life cycle cost comparisons.,

4



3. TRACK DESIGN PARAMETRIC STUDY

Previous work [3-1] on this research program showed that the evalua-
tion of track performance and design for vertical loads requirves a capability
for predicting realistic pressure distributions at the tie/ballast interface
and at the ballast/subgrade interface. This requires a track analysis model
which includes the effert of tie bending and in a unified manner the changes
in ballast depth, ballast subgrade material properties, tie size, and tie
spacing. Changes in track design which affect track stiffness (modulus), and
the resulting redistribution of loads from the rail to individual ties would

then be readily apparent.

3.1 DESCRIPTION OF TRACK ANALYSIS MODEL

The analysis model selected for this program is a combination of an
available multi-layer model to assess the ballast and subgrade, and a finite
element model to combine the loads for individual ties and rails (load combina-
tion program). The load combination program, developed by the Association of
American Railroads (AAR), was modified by BCL to incorporate influence coef-
ficients from the multi-layer roadbed model in order to provide a complete track
model.

Figure 3-1 shows a schematic of this combination model, MULTA (MUlti-
Layer Track Analysis). The model provides a linear track analysis which includes
single or multiple wheel loads on 2 rails supported by ties of variable size
and spacing and a finite bending rigidity. The tie bearing area is divided into
segments of approximately square dimensions. These are used to generate influence
coefficients for pressures and displacements from the multi-layer roadbed model.
Compatability and equilibrium equations form gz system of equations which is solved
using matrix analysis techniques to calculate ballast and subgrade stresses and
rail and tie displacements,

Some important features of MULTA are:

(a) The roadbed can be modeled using 2 to 7 layers of homogeneous,
isotropic elastic material, each having distinct material
properties and depths. The last layer has infinite depth to

represent real track construction.
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(b) The stiffness of a vertical spring between each rail and tie

can be adjusted to evaluate the effect of a flexible rail

fastener and tie pad.

(c) The rails can be loaded by vertical loads located over a tie
or between ties.

(d) The direct incorporaticn of tie deformation due to bending
and its effect on the tie/ballast contact area eliminate the
need for any assumptions regarding the "effective' contact
area for a particular tie., This has been an important limi-

tation for several previous track design procedures,

See [3-9] for a description of program use and documentation.

3.2 REFERENCE TRACK PARAMETERS

This parametric study used a MULTA model of a track section having 11
ties and separate layers for the ballast and subgrade. The track was loaded
vertically at the center tie using the load for a single axle of a freight car
having a gross weight of 240 kips and a wheel load of 30 kips. Since this is a
linear analysis program, results for heavier or lighter wheel loads can be ob-
tained by direct scaling. MULTA presently handles a single vertical load per
rail for each computer run, so adjacent axle loads were not simulated. However,
adjacent axle loads could be included by superposition. This effect is discussed

later in the report. The parameters of particular interest for this study were:

(a) Rail and tie displacement

(b) Vertical rail seat load

(¢) Tie bending moments at the center and rail seat regions

(d) Maximum rail bending moment

(e) Displacement (strain) throughout the foundation

(f) Bulk stress at selected points in the foundation

(g) Vertical and deviatoric stress at selected points
throughout the foundation

(h) Tie/ballast interface pressures.

Table 3-1 lists the track parameters which were included in this study.

Average values of tie bending stiffness are listed in Table 3-1 since MULTA




TABLE 3-1. TRACK MODEL PARAMETERS

Rail: 136 1b/yd, I = 94,9 in.4, E=28.9 x 106 psi, A = 13,35 in.2

Wood Tie: 7 in. thick, 9 in. wide, 102 in. long, EI = 470 x 106 lb—in.2

spacing = 19.5 in.

Concrete Tie: 102 in. long spacing = 20, 24, 30 in.

2
a. Small: 10 in. wide, EI = 764 x 106 1b in.", A = 60 in. 2
b. Medium: 10.5 in. wide, EI = 1011 x 106 lb—in.z, A = 64 in.2
c. Large: 10.5 in., wide, EI = 2341 x 106 lb—in.z, A= 82 in.2

Bullast/Subballast: E1 = 30 ksi, Vi = 0.4, depth = 12, 24, 36 in.

Subgrade: E, = 10 ksi, v, = 0.4, depth = infinite

Rail Fastener Stiffness: 1, 2, 4, 10, 40 x lO5 1b/1in.

Wheel Load: 30 kips

Note: Reference track parameters are underlined.



assumes the tie to have constant cross sectional area. The value of EI listed
for the small concrete tie is the average value for the tie that is used on

the Florida East Coast Railway. The other values of EI listed in Table 3-1
were similarly derived from data for concrete ties which meet current specifi-
cations of the American Railway Engineering Association (AREA). Dallast modulus
(El) and subgrade modulus (Ez) values were picked to represent typical track
foundation properties. Variations in tie size, stiffness, and spacing and
ballast depth were selected as the key parameters. The effect of varying rail
size can be evaluated adequately using conventional track design procedures
based on beam-on-elastic-foundation (BOEF) equations when the track modulus has
been established. Work by Tayabji and Thompson [3-2] shows that variations

in ballast and subgrade modulus over a typical range for field conditions do
not cause large changes in predicted ballast and subgrade stresses. Track de-~
- gradation under repeated load would, however, vary considerably for different
materials. The roadbed material properties used for this .tudy are based on
average values reported in [3~-2]. For purposes of the parametric study, a
reference track designated by the underlined parameters in Table 3~1 was used

for base line comparisons.

3.3 TRACX MODEL EVALUATION

The MULTA model was evaluated previously [3--1] by comparing predicted
and measured data for the distribution of tie/ballast pressures along the tie
length and by comparing measured and predicted tie bending moments. It was
necessary to select values of Young's modulus for the ballast and subgrade to
match the measured track modulus by comparing data for average tie plate loads.
When this was done, the predicted and measured pressures and bending moments
were in good agreement except for ties which have a severe centerbinding con-
dition. This nonuniform support condition cannot be simulated with MULTA
because a uniform elastic support medel is used for the roadbed. However, even
ties which are centerbound for light cars exhibit a more uniform support con-
dition when loaded by heavy cars, so MULTA predictions are useful,

A second evaluation of the program was made by comparing results from

Thompson and Tayabji [3-2] using the ILLI-TRACK model. This is a two-dimensional



finite-element code developed at the University of Illinois. The track struc-
ture is analyzed in two stages. The first stage analyzes the track in the
longitudinal direction along the rail. These results are used as input to the
second stage which analyzes the track structure in the plane of a tie. Al-
though the elements in the analysis are two-dimensional, a psuedo third dimen-
sion is generated by having the element width increase with depth tc account
for stress dissipation through the foundation.

The assumption of element width and an initial "effective tie bearing
length' are critical steps in this analysis procedure. The rule of thumb for
choosing effective tie-bearing length has been to use one-third of the tie
length under each rail seat [3-1]. However, the ILLI-TRACK model [3-2, 3-3] uses
an effactive bearing length under each rail of 18 inches, which is less than
one-fifth the tie length.

A comparison of predicted track response for similar wooa tie track
parameters is shown in Table 3-2. It is important to realize that the ILLI-
TRACK model uses stress dependent ballast and subgrade modulus values and
the roadbed finite elements can include a failure criterion. The ballast and
subgrade modulus values in MULTA are not stress-dependent. However, the gross
differences shown in the comparison are due to the extremely high pressures
on the ballast at the tie/ballast interface resulting from the use of a
very small 2ffective tie bearing area in ILLI-TRACK. Increasing this bearing
length would reduce the predicted pressures and also reduce the predicted rail
deflection and rail bending moment. A key difference between the two models
is the necessity of assuming an initial tie bearing area for ILL1-TRACK, whereas

tie deformation and contact area are included directly in the MULTA model.

3.4 DISTRIBUTION OF TRACK LOADS

This section of the report shows typical distributions of ballast and
subgrade pressures and tie bending moments for individual ties and the distri-
bution of loads along the track. These results are discussed to provide a
background for the summary of track response data given in the following section.

The vertical pressures at the tie/ballast interface and on the sub-

grade at the ballast/subgrade interface are shown in Figure 3-2 for ballast depths
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TABLE 3-2. COMPARISON OF RESULTS FROM MULTA AND ILLI-TRACK

MODELS
ILLI-TRACK Model (1) MULTA Model
Criteria
With Failure Criteria No Failure

Wheel Load, kips 30 30 30
Rail Size, 1b/yd 136 136 136
Wood Tie Size 7"x8"x96" 7"x8"x96" 7"x9"x102"
Ballast Properties

Modulus E, ksi 30 (2) 30 (2) 30

Poisson's Ratio, Vv 0.35 0.35 0.4

Depth, in. 12 12 12
Subgrade Properties

Modulus E, ksi 10(2) 10(2) 10

Poisson's Ratic, v 0.47 0.47 0.4

Depth, in, >270 >270 o
Tie Spacing, in. 20 20 19.5
Rail Deflection, in. 0.10 0.07 0.05
Rail Bending Moment, 297 240 195

inch-kips
Ballast Pressure, psi 114.3 53.6 30.8
Subgrade Pressure, psi 26.4 19.6 11.5
(1) ILLI~-TRACK Results from Table 1 of [3-3].
(2) 1Initial modulus in stress-dependent model. MULTA uses

constant modulus in each layer.
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of 12, 24, ana 36 inches. The rather strangé looking pressure distribution under
the tie at the tie/ballast interface is caused by the high stiffness of the tie
relative to the foundation. If the tie were ouite stiif relative to the roadbed,
the pressure distribution under the tie would resemble that for a rigid punch

on an elasticrmedium, as shown in Figure 3-3. The vertical pressure at the ends
of the tie would be very high (theoretically infinite) and reduce to some mini-
mum value at the tie center. If the tie were flexible relative to the roadbed,
the vertical pressure distribution at the tie/ballast interface will resemble
that for a flexible beam on an elastic medium, as shown in Figure 3-3. The
vertical pressure will be low at the tie ends and reach a maximum under the
rails.

The tie/ballast pressure distributions shown in Figure 3-2 for 12-
and 24-inch ballast depth are a combination of the '"rigid punch'" and "flexible
beam' configurations. The pressure tends to increase at the end of the tie.

The area of reduced pressure between the rail seat and tie center is caused by
the local bending of the ballast layer in response to the high end loads. It

is possible to get tensile forces for this type of loading from the model. This
‘yould not occur with real ballast materials.

As the ballast dep.u increases to 36 inches, the roadbed becomes stiffer
relative to the tie, and the vertical pressure approaches the classical case of
the flexible beam on an elastic foundation. Figure 2-2 also shows that the
local variations in pressure at the tie/ballast inteiface are attenuated in the
ballast iayer. The vertical stress distribution appc aches the classical pres-
sure distribution at the subgrade. This classical res,onse was always achieved
for ballast depths greater than 12 inches.

Figure 3-4 shows the deviatoric (OD) and bulk (6) stress distributions
along the tie at selected depths through the fouundation, Thompsoun and Knutson
[3-4] have shown the dependence of resilient modulus on these quantities. For
ballast material, the resilientlmodulus, ER’ is a function of 0, while for typi-
cal subgrade materials, the resilient modulus is a function of o

Figure 3-4 shows midway through the depth of the ballast to give a

9
psuedo-average value of bulk stress 1i.. the allast. The deviatoric stress is

[

shown midway through the ballast depth and at the ballast/subgrade interface.
Deviatoric stress is monitored at these two locations because Raymond's work

[3-5] shows that founcation material fallure is a fun. ion of deviatoric stress

13
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for both ballast and subgrade materials. Therefore, € and especially o, are used

to evaluate degradation in the ballast and subgrade. The reduction of deviatoric
stress by judicious selection of track design parémeters is one of the main in-
terests of this parametvric study.

Unlike the vertical pressure distribution in Figure 3-2, both devia-
toric and bulk stress in Figure 3-4 have a classical distribution along the tie
length that is comparatively independent of the relative tie and foundation
stiffnesses. Similar to the vertical pressure, % and 6 reduce in magnitude
through the depth of the roadhed. Summary results which show the influence of
tradeoffs of tie size, spacing and ballast depth on 9 and 6 will be presented
and discussed in a later section.

Tie bending moment distributions are shown in Figure 3-5 for the small
concrete tie. For each of the ballast depths investigated, the tie bending
moment reaches a maximum positive value at the rail seat region and a maximum
negative value at the tie center. Particular attention is paid to the manner
in which tlie magnitude of the tie bending moments dissipates as distance from
the loaded tie increases. For all practical purposes, the tie bending moments
are negligible beyond two ties adjacent to the loaded tie. Therefore, the
effect of adjacent axles located 70 inches away can be neglected for this re-
latirely stiff track. Also, the maximum bending moments are insensitive to
changes in track stiffness obtained by increasing ballast depth. It is important
to remember that the predicted tie bending moments shown in this report correspond
to the pressure distributions shown in Figure 3-2 for a uniform roadbed. They do
not represent a centerbound condition or other types of non-uniform support, such
as voids under the rail seat region that may occur in service.

Figure 3-6 shows the displacement profile of the track system as &
function of ballast depth. Increasing ballast depth increases the track stiff-
ness and reduces rail displacement. The displacement profile is interesting be-
cause it is quite different than that predicted by the classical beam-on-elastic-
foundation analysis. The displacement influence length in Figure 3-6 is much
greater than the influence length for tie loads shown in Figure 3-7, which indi-
cates that the influence of load transfer in the foundation has a pronounced
effect. This is neglected in beam-on-elastic-foundation analvses. Regarding
the influence of adjacent axle loads on displacement, it appears that the maximum
displacement of the loaded tie would be increased by about 25%. This 1is not

negligible, but far from a dominant effect.
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The rail seat vertical load distributions in Figure 3-7 show that
increasing ballast depth (track stiffness) increases the maximum tie load and
shortens the load influence length. The loaded tie receives approximately
45% of the applied axle load for a 12 in. ballast depth and about 50% of the
applied axle load for a 36 in. ballast depth., The maximum rail seat load is

not affected by adjacent axle loads for 70 in. axle spacing.

3.5 TRACK MODULUS

The track modulus U is defined as the force per inch of rail required
to depress the track roadbed l-in. Traditionally, this parameter has been used
to quantify the effective stiffness, or resilience, of a track structure, and
it is a key parameter in the beam-on-elastic-foundation analysis procedure
used for conventional track design. For this reason, the MULTA results have
been used to calculate an effective track modulus in order to give a recogniz-
able measure of the roadbed stiffness.

Figure 3-8 shows the range of track modulus data included in the
parametric study of tie spacing, ballast depth and tie size. Track modulus
increases with increasing values of tie size and ballast depth, and decreases
with an increase in tie spacing. This effect of tie spacing is consistent
with conventional track design procedures. However, the effect of ballast depth
on track modulus is not usually considered, and it is very significant.

The calculations of track modulus shown in Figure 3-8 are based on the

beam-on-elastic-foundation equations for vertical rail seat load in the form

2 qo ll
U = 4EI [—{‘ —_i’_] (3-1)
t

where

qQ, = maximm rail seat load predicted by MULTA
P = wheel load

Qt = tie spacing

EI = rail bending stiffness

20



Equation (3-1) is one of two forms that is used to calculate track
modulus U. The other form is based on maximum rail displacement Y, Equation
(3-1) is based on knowing the tie plate reaction q, As pointed out in [3-1],
it is desirable to have an average value of q, from several instrumented tie
plates within a test site tc minimize tie-to-tie variations. Both forms are de-
rived from beam-on-elastic-foundation theory. If the track system in reality
behaves as a beam-on-elastic-foundation, then either form can be used to calcu-
late U and the answers will be identical. However, if the shear coupling in
the roadbed is signiticant, the track does not behave according to the assum-
ptions used for the beam-on-elastic foundation, and the results from estimates of
track modulus using measured data for d, and Y, will not give equivalent values
for U. This is also true for the MULTA model where the shear coupling is ap-
preciable In the simulation of the roadbed.

The measurements on the Florida East Coast Railway [3-1] showed that
using the average maximum rail seat load 9 to calculate U giveé results that
are more consistent with the loads and moments than using rail displacements. As
mentioned previously, the rail seat load distribution predicted by MULTA is
qualitatively similar to the results from the beam-on-elastic-foundation solution
and the Florida East Coast measurements, whereas the displacement distribution
is different from beam-on-elastic-foundation solution because of coupling
in the roadbed. Figure 3-9 shows the data from Figure 3-8 plotted versus track
modulus based on maximum rail deflection for reference purposes. The track
modulus values calculated from MULTA rail displacements range from 1/2 to 1/3
those calculated from MULTA rail seat loads, and are in the range of other
typical measured track modulus data for concrete tie truck,

The calculations of track modulus using maximum rail displacements,

Y , are based on the equation
8]

47 1/3
®/Y)

R (3-2)

3.0 SUMMARY OF TRACK RESPONSE

The tollowing sections summarize the results from the parametric study
of tie size, tie spacing and ballast depth in graphs suitable for track design

and performance trade-off studies,
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3.6.1 Tie Bending Moments

Maximum tie center bending moments normalized to the wheel load are
shown in Figure 3-10. The center bending moment increases as tie spacing and
tie size increase, but increasing the ballast depth reduces the bending moment.
Tie center moments increase approximately 40 percent going from the small
concrete tie to the large concrete tie and approximateiy 75 percent going
from the wood tie to the large concrete tie., The tie center moments decrease
about 16 percent going from a 12-in. ballast depth to a 36-in. ballast depth.

Figure 3-11 shows that tie rail seat bending moment increases with
tie size, tie spacing and ballast depth. Both tie center and rail seat moments
increase significantly with tie size and tie spacing. Rail seat bending moments
increase about 10 percent when using large concrete ties instead of small con-
crete ties, and about 23 percent when using large concrete ties in place of wood
ties. Rail seat moment increases less than 3 percent going from a 12-in. ballast
depth to a ?6-in. ballast depth. Ballast depths greater than 36 inches have a
negligible effect.

These predicted tie bending moments do not include the effects o: non-
uniform support conditions sometimes found in track. Tie center bending moments
in particular can be much higher with centerbound ties and can change with end-

bound ties.

3.6.2 Rail Displacement

Figure 3~12 shows rail displacement normalized by the applied wheel
load as a function of ballast depth, tie size, and tie spacing. This compari-
son shows a slight increase in displacement with tie spacing--about 10 percent
increase when tie spacing changes fr>m 20 inches to 30 inches. This is a much
smaller change than would be predicted by conventional track design procedures.
Rail displacement decreases slightly (about 7 percent) when the tie size is
changed from the small to the large concrete tie. Rail displacement also de-
creases with an increase in track stiffness, i.e., a deeper ballast. When the
ballast depth is increased from 12 in. to 36 in., the displacement is reduced
by about 20 percent. ¥Figure 3-12 shows that synthetic ties of different size,
spacing and ballast depth can reduce track displacements from the levels of a

wood tie track structure, and this has been confirmed in practice.
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3.6.3 Rail Bending Moment

Rail bending moment decreases with an increase in ballast depth, tie
spacing, and tie type (size), as shown in Figure 3-13. The rail moment de-—
creased approximately 13 percent when ballast depth was increased from 12 in.
to 36 in. The effect of changing tie spacing and tie size was quite small, as
expected. It is apparent that each of the synthetic tie configurations offer

an improvement in rail bending compared to the wood tie track structure on the

same roadbed.

3.6.4 Rail Seat Load

Figure 3-14 shows the variation in vertical rail seat load, 9" The
rail seat load increases with a corresponding increase in each of the varied
parameters, as expected. When the small synthetic tie configuration was changed
to the large tie configuration, q, increased atcut 6 percent. Changing ballast
depth from 12 in. to 36 in. increased q, vy about 13 percent. An increase in
synthetic tie spacing from 20 in. to 30 in. amounted to about a 33 percent in-
crease in 9 It is apparent from Figure 3-14 that the rail seat loads will be
consistently higher with synthetic ties used in place of wood ties because of

the increased tie spacing and higher track stiffness of the wider ties.

3.6.5 Ballast Stresses

It is important to monitor deviatoric and bulk stresses because de-
viatoric stress is closely related to track degradation rate. Figures 3-15 and
3-16 show the stress levels in the ballast for different tie sizes, tie spacing,
and ballast depth. Figure 3-15 shows that comparable levels of peak deviator
stress midway through the ballast depth can be obtained for several combinations
of tie spacing and ballast depth. With a 12 iu. ballast depth, an increase of
1-1/2 to 3 inches is about equivalent to a l-in. reduction in tie spacing in
terms of its effect on reducing ballast pressure. Maximum deviator stress de-
creases rapidly as ballast depth increases--as ballast depth is increased from
12 in. to 36 in., decreasing about 44 percent for the 30-in. tie spacing, and

about 36 percent for the 19.5-in. spaced wood ties, and about 30 percent for the
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20-in. spaced concrete ties. As ballast depth increases, the level of de-
viator stress converges to within 2.5 psi of a common value for all ties and
tie spacing.

Figure 3-15 also shows that increasing tie size for a given tie
spacing reduces the level of deviator stress in genera’ but the range of tie
width evaluated in this study was limited. However, an anomaly exists with
20-in. tie spacing because for thin layers of ballast the larger tie actually
increases ballast stress compared with a smaller tie. The large concrete tie
generates higher deviatoric stress midway through the ballast layer than the
medium synthetic tie. This is due to the high stress at the tie end that is
generated when the tie stiffness is quite high relative to the roadbed stiff-
ness. In this study, the large concrete tie was three times stiffer than the
small concrete tie and five times stiffer than the wood tie. The "punch"
effect of the stiff, large tie causes high stresses at the end of the tie on
the relatively flexible roadbed with only 12 inches of ballast. Thus, crushing
and flow of the ballast at the ends of the tie may be a problem. This loss of
ballast support at the tie ends has been observed recently at the Facility for
Accelerated Service Testing (FAST) track in Pueblo, Colorado. Loss of ballast
at the tie ends may also be increased by vibration which is aggravated by tie
centerbinding and rail corrugation.

The effect of too thin a ballast layer for a stiff tie should not
be ignored. As the ballast depth is increased, ballast stiffness, and thus
roadbed stiffness, increases. Therefore, the ratio between tie and roadbed
stiffness decreases and the '"punch" effect is reduced.

Figure 3-16 shows the maximum bulk stress at a location midway through
the ballast for the same parameter variations discussed previously. The stress
level reduces rapidly and converges to within 2 psi of a common value as ballast
depth is increased from 12-in. to 36-~in. Maximum bulk stress levels equivalent
to, or less than, wood tie track can be achieved with several combinations of
tie size, spacing, and ballast depth. The "punch" effect of using a large
concrete tie with a thin ballast layer is evident. Increasing tie size without
properly increasing ballast depth could minimize the advantages of a larger tie.

The maximum pressure on the ballast surface under ties is one of the
criteria used in conventional track design procedures. See Table 4-2 for example,
A maximum allowable pressure of 65 psi is typical. Figure 3-17 shows the maxi-

mum vertical ballast pressure predicted by MULTA. Increasing tie spacing increases
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the ballast pressure in all cases, as expected. Increasing track stiffness by
increasing ballast depth also causes some increase in ballast pressure due to
the increase in rail seat load. However, the interaction between tie and road-
bed stiffness, discussed previously, is also evident, and this obscures any
clear trends. Increasing the roadbed stiffness with a relatively flexible tie,
such as wood, or the small and medium size concrete ties, does increase the
maximum ballast pressure. However, the ballast pressures from the stiff, large
tie are independent of ballast depth and can provide some advantage over the
smaller ties at the same spacing on deep ballast. This is due to the punch
effect. That is, the vertical stress distribution for the large concrete tie
approaches the case of a rigid tie on a flexible foundation for the ballast
depths considered in this study. This being the case, the vertical stress value
rises very sharply toward the end of the tie and it is difficult to discriminate
values with such a sharp rise in stress locus. This is why a constant stress

value appears for the ballast depths considered.

3.6.6 Subgrade Stresses

Figure 3-18 shows the maximun. vertical subgrade stress at the ballast/
subgrade interface. The maximum values of subgrade stress decrease rapidly
with increased ballast depth. Vertical stress on the subgrade increases with
a corresponding increase in tie spacing, but this effect can be offset by a
small increase in ballast depth. The vertical stress converges to a common
value for all tie sizes and spacings, for ballast depths greater than about 24
inches. There are many possible choices of tie size and spacing to equal or
reduce the stress levels predicted for wood tie track.

Figure 3-19 shows the maximum subgrade deviator stress, which occurs
at the ballast/subgrade interface. The maximum deviator stress is also very
sensitive to increases in ballast depth and tie spacing. For ballast depths
of about 12 inches, stress increases from increasing tie spacing can be offset
by equivalent changes in ballast depth. For ballast depths greater than about

30 inches, the effects of changing tie size and spacing becomes negligible.

3.6.7 Ballast and Subgrade Stress Distribution

The previous data showed maximum stresses which occur at some point

under a tie. Although the maximum stress is certainly a major factor in track
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performance, the variations in stress under a tie and along the track length
also contribute to degradation. Nen-uniform ballast stresses cause differen-
tial compaction and flow undetr the ties leading to an end-bound or center-
bound support condition. Uniform ballast stresses would hopefully cause uniform
settlement. This would minimize the effects of non-uniform support conditions
and reduce the peak pressures to the average pressure, allowing effective use
of the entire bearing area of the tie.

Non-uniform stresses on the subgrade cause depressions, or "vutting."
These depressions will collect and retain moisture in climates with significant
rainfall, and the resulting local reduction in subgrade strength will cause a
rapid increase in the rate of settlement and pumping. This possibility was
recognized by Salem and Hay [3-6], who recommended a ballast depth of about 18

inches to minimize subgrade pressure variations along the track with wood ties

spaced at 21 inches. However, significant subgrade pressure variations remalin

under the tie even with ballast depths of 18 inches. This indicates that even

greater ballast depths may be required to achieve a uniform pressure distribution
and eliminate subgrade "rutting" under the rails. This has previously been ig-
nored in track design.

Several pressure ratios have been calculated as a quantitative measure
of roadbed pressure distribution uniformity. An indication of pressure varia-
tions may be had from the pressure ratio for the maximum to minimum variations
under a tie, and for the maximum to minimum variations from under the tie to
midway between ties at the rail seat region. A ratio close to 1.0 represents
the 1deal pressure distribution to minimize differential ballast degradation and
rutting in the subgrade. Figures 3-20 and 3-21 show these two pressure ratios
in the ballast for small concrete tie and wood tie track. The stiffer concrete
tie produces a more uniform pressure distribution under the tie, Figure 3-20,
for practically all tie spacing and ballast depth combinations, but the wood
tie track shows more uniform pressures along the track, Figure 3-21. Increasing
tie spacing causes a relatively large increase in pressure ratio along the track
compared to under the tie. However, the pressure variations under the tie are
higher and, as discussed previously, are therefore, the more critical design

problem.
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Figures 3-22 and 3-23 show the same pressure ratios at the subgrade
as a measure of potential rutting. Increasing ballast depth effectively at-
tenuates subgrade pressure variations both under the tle and along the track.
The effects of increasing tie spacing are relatively minor for ballast depths
greater than about 24 inches. The subgrade pressure variations under the tie
are more important than those along the track for ballast depths greater than

about 12 inches.

3.6.8 Effect of Rail Fastener Stiffness

The results presented in the previous sections were based on a rail
fastener having a nominal vertical stiffness (spring rate) of 40 x lO5 1b/in.,
typical of many fasteners currently being used with concrete ties in the U.S.
This stiffness represents the total load-deflection characteristics for a rail
fastener assembly consisting of rail restraining devices and a tie pad. Rail
fasteners are simulated in the MULTA program by linear vertical springs between
the rail base and each tie.

Figure 3-24 shows that reducing the rail fastener stiffness increases
rail displacements significantly when the fastener stiffness is less than about
500,000 1b/in. This reduction in stiffness also distributes the wheel load
over more ties so that the maximum rail seat loads, and therefore tie deflection
are reduced. The effect of varying the rail fastener stiffness depends on the
stiffness of the fastener relative to the effective roadbed stiffness at each
ctie. When the fastener is rigid relative to the roadbed, the track response is
governed by the roadbed stiffness and the deflection of the rail fastener is
very small, as shown in the right side of Figure 3-24, When the fastener is
very flexible relative to the roadbed, the track response is governed by the
fastener stiffness, as shown in the left side of Figure 3-24,

Figures 3-25 and 3-26 show that a flexible rail fastener does reduce
the maximum rail seat load, and therefore the tie bending moments and the tie/
ballast pressure. The maximum subgrade pressures would be reduced accordingly.
Rail bending moments are increased, but this is not usually critical unless a

relatively small rail is used.
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It is important to realize that practically all of the rail fasteners
currently being used for concrete ties in the U.S. are relatively rigid compared
to the roadbed. Table 3-3 shows some typical stiffness for three general
classes of fastener. Very flexible fasteners are used for direct fixation
transit track, such as Toronto, where it is important to attenuate ground

vibrations in subways. These fasteners restrain the rail by thick pads of

TABLE 3-3. TYPICAL RAIL FASTENER VERTICAL STIFFNESS DATA

Fastener Toe Load, Clip Stiffness, Total Fastener
Type kips per clip lO5 1b/in. per clip Stiffness, 10° 1b/in.

Very flexible - -~ 1 -2

Flexible 1.6 - 2.7 0.02 - 0.07 5 - 16

Rigid - 0.2 - 5.0 20 - 70

rubber and are sufficiently flexible to reduce tie loads. But, they are not
designed for the higher axle loads of U.S. railroads.

The flexible fastener category includes several different configura-
tions with metal retaining clips having considerable flexibility. However,
these are generally installed in the U.S. with a relatively thin (1/8 - 3/16)
rubber or plastic rail pad that is very stiff relative to the clip. This produces
a fastener with a vertical stiffness of 5 x 106 1b/in. to 16 x 105 1b/in., which
provides very little reduction of track loads. The stiffness of the rail pad
determines the total stiffness of the fastener assembly for these designs.

Rigid fasteners include several configurations of stiff metal clips
with thin rail pads of very hard material. The rail pad must be quite stiff
to avoid fatigue failures of the rigid clip and attachment hardware. The
stiffness of these fasteners is typically in the 20 x lO5 1b/in. to 70 x 105 1b/in.
range, and this cannot be expected to produce any substantial reduction of static
or dynamic rail loads.

Thus, rail fasteners must have a vertical stiffness less than about
500,000 1b/in. in order to provide any significant benefit by distributing wheel

loads over more ties. These conclusions are based on a static analysis where the
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load is assumed to be constant. A flexible fastener would also reduce dynamic
loads resulting from track irregularities, such as joints or rail welds, and
wheel flats. The increased stiffness of concrete tie track is undesirable
because it produces higher dynamic forces which adversely affect maintenance
of both track and vehicles. Previous studies by Battelle [3-7, 3-8] and others
have shown that it is desirable to introduce resilience into the rail fastener
to compensate for this increased stiffness. Development efforts in Europe and
Russia of fasteners having multiple thick elastomeric pads indicates that in-
creased flexibility is a major design objective. This trend appears to have
-n ignored in the U.S., where recent fastener modifications have included
recucing the thickness and increasing the durometer of pads to improve fatigue
liie of the rail clips-~all steps which increase fastener stiffness.

Once fastener resilience is given a high design priority, achieving
a successful design is no small challenge. The major problem is maintaining
adequate lateral restraint against gage spread and rail rollover while re-
ducing vertical stiffness. Another problem is that stiffness characteristics
of most elastomers vary considerably with temperature and probably load,
making it difficult to maintain uniform performance throughout the year. However,
the reduction of impact loads and the improvement in load distribution which
can be obtained with more flexible fasteners should be adequate to encourage

additional development efforts by industry.

3.7 DESIGN FOR EQUIVALENT TRACK PERFORMANCE

It is difficult to compare different track structure designs in a
meaningful way because we lack criteria to relate track response parameters in
the form of ballast and subgrade stresses to quantitative predictions of track
degradation rate. However, it is possible to select track structures expected
to give equal performance with regard to surface maintenance by comparing
selected track response parameters from the parametric study.

For example, Figure 3-27 shows those concrete tie track designs which
have the same maximum subgrade deviatoric stress as wood tie track with 19.5
in. tie spacing and 12 inches of ballast. All calculations are based on 136
1b/yd rail and the same subgrade and material properties used for the para-
metric study. These results show that relatively small increases in ballast

depth will compensate for substantial increases 1in tie spacing.
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Table 3-4 summarizes the equivalent track design parameters for
several tie spacings based on equal subgrade and ballast stresses. Equiva-

lent designs are shown based on maximum vertical stresses as used in conventional

design procedures and maximum deviator stress which is recommended as a more
suitable indication of long-term performance.

This comparison shows that the greatest ballast depths for a selected
tie spacing will be required to equalize the ballast deviator stress. Both
ballast and subgrade deviator stress criteria require greater ballast depths
and, therefore, a more conservative design than the vertical stress criteria
used for conventional track design. These summary data also show that the
larger concrete tie has an advantage of requiring less ballast depth or wider
spacing for comparable performaice. This results primarily from the increac->
in bending stiffness, because the tie width is almost the same for the small,
medium, and large concrete ties. A substantial increase in width would give
an added performance advantage to the large tie.

As an example of the use of Table 3-4, suppose one is interested
in choosing a concrete tie track system that is expected to have performance
equal to the wood tie track simulated in this parametric study. If one chooses
a small concrete tie with 24-in. spacing, a ballast having a 16 in. depth is
required to insure that the concrete tie track performance will equal or exceed
that of the wood tie track. This choice of ballast depth shows that subgrade
vertical stress, subgrade deviation stress, and ballast vertical stress levels
will be below the corresponding stress levels for the wood tie track structure.
Alternatively, if one picks a large concrete tie track with 24 in. spacing, then
only 12 in. of ballast are required to insure equal concrete and wood tie track
performance. There are several choices of tie size and spacing from Table 3-4
that will give equal concrete and wood tie track performance. The final choice
of tie size and spacing and corresponding ballast depth requirements should be
made based on the economic aspects of track installaticn and maintenance. A
life cycle cost analysis for wood and concrete tie track 1s planned for a later
phase of this project.

As discussed previously, increasing ballast depth also reduces the
subgrade pressure variations as measured by the pressure ratios under the tie
and along the track. An exercise similar to that shown in Table 3-4 could be

done using equal pressure ratlos as the criteria. The difficulty is that an
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overall performance index which combines these different parameters with ap-
propriate weighting factors for track degradation is needed to further quanti-

fy track design.
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A previous report [4-1] under this contract included a review of the
principal modes of track component failure and long-term track degradation.
This was used to identify criteria for selecting track analysis models to pre-
dict the governing response parameters such as tie bending moments, fastener
loads, and ballast and subgrade pressures. The general formats for several per-
formance measures were identified. An additional development of quantitative
performance indices for track degradation is discussed in this report.

The previous review of track failure modes included:

A. Failure Due to Non-Retention of Track Geometry
a. Track surface (profile and cross level) deterioration
b. Track alinement deterioration
c. Wide gage
d. Rail rollover

e. Track buckling and track shift.

B. Component Failure
a. Rail failure
b. Tie failure due to bending and torsion

c. Rail fastener and pad failure.

These degradation modes and governing performance measures were dis—
cussed in [4-1], and will not be repeated here. However, Table 4-1 has been re-
produced to summarize the performance indices and critical track response
parameters for the major failure modes. These criteria were used to select
specific track models for vertical and lateral. analyses. A track model MULTA
for MUlti-Layer Track Analysis was recommended for vertical response analysis,
and extensive data from this model have been discussed in Section 3 of this report.
The need for development of a 3-D lateral track model was identified, but this
task was not undertaken as a part of this contract. Subsequent analysis efforts
have been concentrated on track response to vertical loads because this repre-
sents the highest priority for evalusting concrete or synthetic tie track where
rail rollover, wide gage and lateral buckling problems are minimized by the rigid
rail fasteners., Because of this emphasis on vertical track response, subsequent
work on track performance measures was concentrated on the relationship between

track response and the deterioration of track surface.
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4,1 TRACK SURFACE DETERIORATION

The deterioration of track surface is determined by the differential
vertical settlement of each rail (rail profile) and the differential settle-
ment between rails at the same location (cross level). Surface maintenance
is particularly prevalent on bolted-joint track. However, only continuous
welded-rail (CWR) track is being considered in this effort, because CWR will
usually be used for track construction with synthetic ties. Track settlement
in the vicinity of structures, such as bridges or highway grade crossings, is
also a perpetual problem. Some settlement relative to a fixed structure is
inevitable, and this causes an abrupt change in track surface. However, the
general deterioration of the surface of CWR track that is constructed on what
would normally be ccnsidered a uniform roadbed is of principal concern for

this project.

4,2 REVIEW OF PERFORMANCE CRITERIA FOR TRACK SURFACE DETERIORATION

A report [4-2] reviewing current track design procedures indicated that
although track geometry is a key parameter in track performance, there are no
design criteria directly related to the degradation of track surface from dif-
ferential settlement along the track route. A general practice in track design
is to prepare the roadbed to a minimum acceptable soil-bearing capacity. In
some cases, cost/benefit analyses have been used to evaluate improving subgrade
capacity versus increased ballast depth or decreased tie spacing. Then, a
uniform track construction in terms of ballast depth, tie spacing, and rail size
are selected using past experience and analytical predictions of track deflec-
tion and average ballast and subgrade pressures. This results in a track which
can have considerable variation in stiffness and strength from one location to
another; hence, differential settlement can be expected.

The AREA recommendation [4-3] of a maximum track deflection of 0.25
inches, based on the beam-on-—-elastic-foundation analysis procedure has been
used for recent design evaluations [4~4] of new track construction for the
Northeast Corridor (NEC). Figure 4-1 from Reference [4-5] shows similar

track deflection criteria based on Talbot's studies for the AREA Special
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Committee on Stresses in Railroad Track. Although deflection criteria are
undoubtedly based on experience with typical wood tie track, a performance
index based on deflection appears to have little justification for track de-
sign.

Typical recommendations fc~ maximum pressure on the ballast vary con-
siderably, as shown in Table 4~2. 1In accordance with current track design
analysis, these pressures should be interpreted as the average pressure over
the effective bearing area of the tie. The maximum (peak) ballast pressure
under a tie would be considerably higher due to tie bending and variations in
ballast compaction and reaction loads across the tie bottom.

Table 4-3 shows typical recommendations for safe average bearing pres-
sures on the subgrade. Clarke [4-6] recommends a maximum pressure of 12 psi for
uncompacted roadbed and 20 psi or more, depending on the soil, for compacted
roadbeds. One design practice is to specify a ballast depth which would limit
subgrade pressure to 60 percent of the '"safe average bearing pressure" to account
for variations in track uniformity. Alternatively, the rail seat load used for
predicting pressures, for comparison with a soil allowable pressure, can be
increased to account for track variations, as indicated by the AREA recommendation
in Table 4-3 to double calculated rail seat loads.

Several different approaches for establishing track surface deteriora-

ticn criteria are reviewed in the following sections.

4.2.1 The BR Approach to Ballast Depth Criteria

Some recent work [4-7] by Heath, et al., from British Railways (BR)
represents some improvement on what is still a deterministic approach to track
design. Triaxial tests under repeated loading of clay soil samples were used
to obtain cumulative strain (settlement) data versus number of loading cycles.
Those results for clay indicated an effective threshold stress difference
(endurance limit) such that when the endurance limit stress is exceeded, sub-
grade settlement continues at a high rate and is roughly proportional to the
logarithm of the number of loading cycles. However, when the stress differ-
ence from the applied load is less than the threshold stress, the cumnlative
settlement reaches equilibrium and very little additional settlement occurs.

The assumptions used for a design method based on these results are as follows:
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TABLE 4-2. TYPICAL VALUES FOR MAXIMUM
ALLOWABLE BALLAST PRESSURE

Source Description Pressure, psi

Allowable pressure to avoid crushing of
good stone ballast, Clarke [4-6] 35

AREA recommendation based on typical pressures *
under wood ties at 20-inch spacing [4-3] 65

Recommended for concrete ties on high-quality,
abrasion-resistant ballast, AREA [4-8] 85

*

The AREA recommends that the rail seat loads used to determine
maximum permissible tie spacing based on ballast pressure be
doubled to allow for normal variances in tie support conditions.

TABLE 4-3. TYPICAL VALUES FOR SAFE AVERAGE BEARING
PRESSURES FOR TRACK SUBGRADES

Source Description Pressure, psi

Clarke [4-6]

Alluvial soil <10
Made ground not compacted 11-15
Soft clay, wet or loose sand 16-20
Dry clay, firm sand, sandy clay 21-30
Dry gravel soils 31-40
Compacted soils >41
AREA recommendation [4-3] 20*

*

The AREA recommends that the rail seat loads used to
determine subgrade pressures be doubled to allow

for normal varlances in tie support conditions.
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(1) The threshold stress parameters for the subgrade soil may

be obtained using a triaxial repeated load test.

(2) Simple elastic theory using a single elastic layer model
gives adequate predictions for subgrade stresses. Measured
data showed a linear relation between tie loading and sub-
grade stress independent of vehicle speed. The flexural
stiffness of the tie was of secondary importance and sub-
grade stresses under wood and concrete ties were very
similar. The wide scatter in results from variations in
tie support and ballast compaction condition does not
warrant a more rigorous approach.

(3) 1ne significant stresses are those produced only by the
static effect of the heaviest frequently occurring axle
loads, thereby neglecting any cumulative effects from
lighter axles.

(4) The water table is at the top of the subgrade, so a saturated
specimen is used for the subgrade triaxial tests. This con-
dition is responsiple for the most severe track degradation,

but it may only occur a few times each year.

The design method is based on using a ballast depth so that the cal-
culated maximum principal stress difference (deviatoric stress) in the subgrade
for the heaviest axle load is equal to the average threshold principal stress
difference from laboratory soil tests. Track measurements have shown that
reduced settlement rates are achieved consistently with the required depth of
ballast. This design procedure typically gives recommended ballast depths in
excess of 30 inches. Settlement rates for track with less ballast deptn are
significantly higher. Typical scttlement rates of 3/4 to 1-1/2 inches per
million axles were recorded for wood tie track having ballast depths from 4 to
8 inches less than the design goal which is based on the subgrade threshold stress.
Typical rates of 1/4 to 3/4 inches per million axles were observed for ballast
depths from 4 to 8 inches thicker than the design goal, with a rapidly diminish-
ing return for greater depths. Presumably much of this settlement occurs in the

ballast if the subgrade settlement has truly been reduced significantly.
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British Railways recognizes that a complete design procedure using

the elastic approach requires knowing:

(a) The loading spectra in terms of amplitude and frequency
of occurrence

(b) the stress-strain distribution and its variability
through the complete track structure

(c) the subgrade material properties and variability for

relevant loading and environmental conditions.

British Railways indicates the ultimate need for a probabilistic approach to
track design based on a finite rate of degradation that is cost-effective,

Also, the design approach used neglects the degradation and settlement of
material used for ballast and subballast, even though it recognizes that only
the top layer of what may be 3 to 4 feet above the subgrade needs to be high
quality ballast to resist high ballast pressures and abrasion at the tie/ballast
interface. The general design philosophy is that although differential vertical
settlement {the factor which governs surface maintenance) is not predicted
directly, it will be proportional to total vertical settlement. Hence, a re-
duction in verticle settlement rate will reduce differential settlement by a

corresponding amount.

4.2.2 A Track Settlement Model -

A more direct approach to predicting track differential settlement is
described in TRW studies [4-9, 4-10]. A track structure settlement model and
computer program were developed based on a nonlinear finite element model for
the roadbed. The ties, ballast, and soil were represented by a series combina-
tion of a linear spring, a hysteretic spring, and a damped hysteretic spring,
respectively, as shown in Figure 4-2. The train loading included a static wheel
load plus as many as three sinusoidal components to represent dynamic wheel
loads, but all feedback coupling between track response and vehicle dynamic
wheel loads was neglected to simplify the analysis. The computed results in-
cluded the residual settlement of the ballast and subgrade for a single train
passage. The cumulative effect of several trains was then determined as a

function of the se.ttement rate for a single train.
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and residual deformation of the ballast and subgrade under repetitive loads.
The ballast model was based on data for coarse gravel, because no data were
available for actual ballast materials. The load-settlement models shown in
Figure 4-3 were admittedly quite simplified, and they were not expected to

give accurate predictions of track settlement. However, they were judged to be
adequate for parametric studies of the relative effects of different track
stiffnesses, vehicle suspensions, weights, speeds, etc.

In Figure 4-3 the soil characteristics were simplified by assuming
one constant modulus for the loading portion of the cycle and another modulus
for the unloading portion. The loading modulus is taken to have the same
value for all loading cycles. The unloading modulus, however, increases for
each succeeding cycle in such a way that the residual deformation approaches
zero as the number of cycles increases.

The right side of Figure 4-3 shows the deformations which occur as a
soil element is loaded through repeated cycles. The left side of the figure
shows how the permanent deformations build up as the load cycles occur. The
behavior of the soil is described by the two constants a., and a where a, is

2 3’ 2

the deformation per load P for each cycle and a, is the change in permanent

3
deformation per 10 cycles.

This settlement model was only used to predict the uniform settlement
for uniform track properties. Some simplified assumptions were made to relate
differential settlement (track roughness) to the calculated uniform settlement
because of the lack of available data relating the probable variation of soil
and ballast properties along typical track. Figure 4-4 shows how this approach

was used to estimate a roughness versus wavelength relationship. A similar

procedure was used to estimate horizontal displacements.

4.2.3 Ballast and Subgrade Material Elastic Properties

Any track analysis methodology expected to give useful predictions of
track deterioration must include a realistic representation of the roadbed
materials. The material parameters which govern the behavior of ballast and

subgrade under cyclic loading are quite complex. The elastic properties of
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granular materials are stress dependent and are typically characterized by a
resilient modulus ER (repeated deviator stress/elastic strain). The resilient
modulus for granular materials increases as a function of the sum of the princi-
pal stresses, 6 = Ol + 02+03, and is sometimes called the bulk stress. In

a triaxial test, 6 = o, + 20,, where 0y is the axial stress and 0y is the

1 3
confiring pressure. Figure 4-5 shows typical data from a recent review [4-11]
of roadbed material properties. These results could be approximated by

= n -
B, = K 6", (4-1)

where K is a material constant, and n defines the slope of the line on a log-
log plot. These data show that material type (gravel versus crushed stone) is
not a major factor affecting the resilient response of granular materials.

The stress dependent properties of fine grained soils typically found
in track subgrades are considerably different from those of granular materials
used for ballast and subballast. Generally, the resilient modulus of fine
grained soils decreases when the deviatoric stress is increased, see Figure 4-6.

The resilient modulus is almost constant for high values of deviatoric stress.,

4,2.4 Ballast and Subgrade Material Settlement Properties

The permanent, or plastic, deformation of roadbed materials from cyclic
loading is the governing parameter for settlement. Barksdale [4-14] has shown
that plastic strain depends on the deviator stress, Oy = 01 ~ O35 the confining
pressure 04, the number of load applications N, the aggregate type and gradation,
the densitv, and the degree of saturation. Figure 4-7 shows some typical results
wherein the cumulative deformation of a granite ballast material in a triaxial
test is nearly proportional to the logarithm of the number of loading cycles.
Similar data are reported [4-25] for limestone and slag materials for variations
in density and gradation. Applied stress is the most important influence on
plastic strain and these ballast materials do exhibit a threshold stress con-
dition above which the strain increases very rapidly. Both repeated deviator
stress and confining pressure affect the response, but the amplitude of the

deviator stress is the most important factor. The stress ratio does not describe

this behavior.
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An analytical representation of the permanent deformation of ballast
type materials in traiaxial tests is given by Robnett, et al. [4-11] from ORE

results [4-18] as

e, = 0.082 (100 n - 32.8) (o, - 03)2 (1 + 0.2 log N) (4-2)
where Ep = permanent axial strain after N loading cycles
n = initial porosity
0, = 04 = deviator stress, kgf/cm2

=4
il

number of repeated loading cycles.

This relation shows that permanent deformation is proportional to the deviator
stress squared, which emphasizes the role of heavy cars in track deterioration.
This type of model has also been evaluated in [4-25],

Barksdale [4-19] has also developed data for granular materials. An
equation in the following form appears to represent test data for plastic strain

for a specified number of load applications, NO

n
(01-03)/(K03) N\ @
Ep == 'ﬁ"" (4_3)
. o
- (01 - 03) Rf (1 - sineg)

2 (C cose+ 04 siny)

where Ep = plastic axial strain
K03n = relationship defining the initial tangent modulus as a function

of confining pressure, o, (K and n are constants), psi

3
C = cohesion, psi

¢ = angle of internal friction

Rf= a constant relating compressive strength to an asymptotic stress

difference, 0.75 < R_ < 1.

f
Repeated load triaxial tests also provide useful data for cohesive
subgrade soils. Figure 4-8 shows some typical results for the permanent strain
of a subgrade material as a function of deviatoric stress, op- This is identi-
cal to the applied axial stress for these tests because the confining pressure
05 = 0. The rapid increase in settlement with an increase in stress amplitude

is evident. There also appears to be a threshold stress level above which
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the settlement rate is quite rapid and below which the settlement tends to
stabilize. Figure 4-9 shows this behavior for three different moisture-density
conditions. These data are baced on the cumulative strain after 5,000 load
applications.

Data from repeated load tests of several subgrade materials are re-
ported in [4-25]. Several of these are listed in Table 4-4 where soil clas-
sification was used as a reference value to obtain a general rating and range
of bearing values. These can be found in numerous references, such as [4-26].
The data in [4-25] were reviewed to obtain values of deviator stress which
produce a specified value of permanent strain (0.5% at 5,000 cycles) for com-
rarison purnoses and an estimated threshold stress. Much of the data from
repeated load tests do not correlate very well with standard bearing values.
For example, the Drummer B soil with the highest'repeated load strengths would
be given the lowest bearing value based on so0il classification. The large
effect of increased moisture is also evident. Data of this type show the need
for performing repeated load tests on specific subgrade materials which will be
used for railroad track.

For computational purposes, an equation of the form

. - AN® (4-3)
where ep = permanent strain
N = number of load applications
A,B = experimentally determined coefficients
can be used to represent repeated load test data fairly well [4-25]. Cor-

relation tests show that log A correlates significantly (at the 95 percent
confidence level) with the deviator stress amplitude, but an analytical ex-
pression for this dependence is preferable.

An elastic layered analysis of the track structure like the MULTA
model can be used to estimate total settlement as a function of rraffic loading.
The principal elastic stresses and the deviator stress would be predicted for
each layer of ballast and subgrade. Data from repeated load triaxial tests
similar to those discussed previously would be used to relate plastic strain

for the predicted stresses and the number of load cycles.
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The total plastic deformation in the layered structure can then be obtained by

summing the deflections in each layer of thickness h by
P _ (4-5)
& § Eihi.

The MULTA program can be used to divide the roadbed structure into multiple

layers to provide improved estimates of the average strain where stress

gradients are significant.

4.2.5 JNR Track Settlement Criteria

The Japanese National Railways (JNR) has also done ccnsiderable re-—
search on the long-term degradation of track. Results from tests using a ro-
tating mass shaker (vibrosir) have led JNR to conclude that tie settlement
under dynamic loading is mostly affected by ballast accelerations, and that the
amount of settlement can be reduced by increasing the ballast or subballast
depth [4-20]. It should be noted, however, that some BR results indicate that
increasing ballast depth can actually increase track settlement. The role of
ballast depth in track performance is not clearly defined.

Figure 4-10 shows a typical example of the relation between tie settle-
ment and number of loading cycles. The initial settlement rate is quite high,
but it gradually decreases to a relatively constant rate. An analytical relation

for this from [4-20] is

- —aN _
y = C1 C2 e + BN, (4-6)
where Cl = the total settlement from ballast compaction
N = number of loading cycles
02 e_aN = residual void after N loading cycles
Cl - C2 = amount of free play in ballast and other track components

BN = tie settlement due to ballast flow and long-term degradation.
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With no free play in the track, C1 - C2 = 0, and Equation 4-6 can be reduced to

the form

Q.

y=cC (1-3"N ¢py. (4-7)

1
This shows that settlement is proportional to N, whereas most other material
and track degradation data show a log N relation for long-term settlement.

The JNR results indicate that vibratory loads enlarge the region of
ballast where compaction occurs because the vibration reduces the ballast shear
resistance. Therefore, JNR suggest that Cl is proportional to ballast accelera-
tion. However, the initial track settlement is not of major importance because
it can be reduced considerably by compacting equipment.

The JNR results also show that ballast flow, as measured by B, increases
with the pressure at the tie/ballast interface and tie acceleration. Vioratory
tests on the track produce both high- and low-frequency accelerations. JWhile the
high-frequency components can be much larger than the low-frequency, oniy the
low-frequency acceleration corresponding to the excitation frequency from the
vibrosir (about 16 Hz) was used for correlating settlement measurements. In-
creasing ballast depth increased the overall track stiffness and reduced tie
displacements and accelerations for a constant load. Typical results for tie
acceleration during settlement tests range from 2.2 g with 10 iu. (25 cm) of
ballast to 1.2 g with 20 in. (50 cm) of ballast. Acceleration at various depths
in the ballast decreases in accordance with the local deflection. Accelerations
about 4 in. (10 cm) under the tie bottom are about 40 percent lower than the
tie acceleration, and it is this acceleration that is used by JNR to reference

their settlement data. A typical empirical relation for tie settlement rate is

= o - -
B =1.10 (-a Ab 0.4) (4-8)
where 8 = settlement rate per cycle (0.001 mm)
Pa = average tie bearing pressure (kg/cmz)

1

ballast acceleration 10 cm under the tie bottom (g).

i

It is recommended [4-20] that this relation for 8 is only valid in the
range of PaAb < 1.8, because B increases very rapidly when this limit is ex- )
ceeded. For a typical value of average ballast pressure of 40 psi (2.8 kg/cm™),
this implies a ballast acceleration less than 0.64 g and a settlement rate of
B = 154 mm (6 in.) per million load cycles (axles). For a typical U.S. freight

traffic, this would represent a settlement of 0.38 in. per MGT of traffic--an
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unreasonably high value in consolidated track. 1In any case, the parameter PaAb
may be useful index for vertical track settlement to include the combined ef-
fects of ballast pressure and acceleration, where the acceleration is the low-
frequency component due to wheel passage which neglects the higher frequency
components due to impact between the tie and ballasc. It is also interesting
to note that since both acceleration and ballast pressure increase with axle
load, total deformation will depend on a power relation for axle load. This
agrees with results from other investigations. The use of the acceleration
term, however, combines a track deflection and vehicle speed dependence.
Measurements of ballast settlement from vibration have also been
reported by Raymond [4-21] based on laboratory tests at Queen's Univerity.
These measurements used a container of ballast about 10 in. high and 10 in.
in diameter, and the container was placed on a vibration table. Vertical exci-
tation at constant acceleration amplitude showed that varying the frequency
over the range of 10 - 50 Hz did not affect settlement, Acceleration amplitude
most affected Settiement, with settlement (density) increasing rapidly for
peak accelerations above about 1.25 g and then leveling off for peak accelera-
tions above 2 g, see Figure 4-11. This result is not unexpected for a labora-
tory test where vibration in excess of 1.0 g will float the ballast against
normal gravity loads, but these results cannot be related directly to track
where the acceleration amplitude diminishes rapidly with depth. However, it
appears that accelerations greater than 1.0 g at the tie/ballast interface
may cause & substantial increase in settlement rate, and this does correlate

rather well with the limits from the JNK track tests.

4.2.6 The European Approach to Track Settlement

Prud'homme [4-22] suggests that the average vertical track settlement
is proportional to traffic tonnage, at least on the track in Europe where the
average axle load is not too high. 1In the United States, where axle loads are
much higher than in Europe, results indicate substantial increase in surface
maintenance results {rom relatively small increases in axle loads even though
tonnage may be constant. The average settlement rate reported in [4-22] for
Europe varies from 2 to 10 mm per factor of 10 increase in traffic tonnage

when the track is in good condition. However, Figure 4-12 shows that the
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settlement rate increases rapidly for some track when total traffic has ex-
ceeded 50 -~ 100 MGT,.

With regard to differential settlement, European results shown in
[4-22] indicate that in the short wavelength range below 24-30 feet, the track
deforms most rapidly at discrete wavelengths which match the vertical frequency
of the vehicle sprung mass and the operating speed (e.g., 3 Hz at 60 mph gener-
ates a 29-foot wavelength). This is particularly important for unit trains where
all vehicles are identical and speeds are constant. At longer wavelengths, the
differential settlement is due more to the spatial variations in track conditions,
and spectral peaks in differential settlement are not too significant. An
investigation [4-22] of the transfer function for a tamper indicates that a tamper
is quite effective for removing track geometry defects in the wavelength range
of 15-75 feet, but it may actually increase the geometric defect for long wave-
lengths. This is particularly bad for a very high speed passenger train where
a 1 Hz natural frequency at 150 mph will be excited by geometric defects at a
200-ft wavelength. It is also generally recognized that disturbing the ballast
by tamping restarts the track degradation cycle wherein the permanent deforma-
tion is initially quite rapid until the track is reconsolidated. il~re is a
real need to be able to level track without disturbing the consolidated ballast.

Work by the ORE on Question D117 [4-23] is directed toward developing
a model to relate the capital cost of conventional track to the subsequent
maintenance costs for present and future traffic, and thereby designing track
for minimum life cycle costs for any specified operating condition. The infor-
mation needed to formulate track maintenance limits based on safety, passenger
comfort, and the economics of maintaining track at sufficient intervals to pre-
vent rapid deterioration are of specific concern and are not now available.

One objective of the ORE work is to determine how track geometry varies
with time and traffic and what parameters govern this change. In their planning,
they have proposed the use of a '"viability" index to represent the degradation
with time of a particular track geometry parameter (e.g., profile, line, gage,
cross-level, twist) for a well defined track layout, design, and specific traffic.
Therefore, the time required for the viability index to reach a iimiting value
becomes the maintenance interval, and this maintenance interval can be adjusted
by changing track design or train operations, to obtain an optimum cost solution

within the constraints of operating safety or passenger comfort.
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In order to determine the effect of traffic on the viability index,
the ORE has suggested using a notation from AASHO for highways. They convert
actual traffic to equivalent theoretical traffic Tf (gross tons per day)
having a number of Nf of reference axleloads P . This theoretical traffic would
require identical maintenance intervals on a track with permissible speed V
as the actual traffic would on the actual track which is classified for Operatlon

at speed Vmax. A form suggested by ORE [4-23] for this relation is

1/8 a-1
P o
i o (o-1) i
- ~p, | L 12 flosl) 4 (4-9)
£ = NePo =l ¥ 2T |7 2 o2
(8] i .0 i

where Ti = N, P gives the fraction of tonnage having a mean axle load P and
standard dev1at10n 0, The standard deviation is intended to include varia—
tions of nominal static wheel loads plus dynamic effects of particular vehicles
vperating at speed Vi over a particular track. This type of data can be obtained
from a statistical analysis of track load measurements from a revenue service.
The data would be analyzed in several car weight categories to give the detailed
breakdown on Pi and o,

The o and B are empirical parameters which depend on the track design
and layout, and vehicle characteristics. A large number of tests would be re-
quired to identify these parameters for an equiva’ent theoretical traffic.
However, the philosophy behind this approach is useful in that it suggests a
framework for correlating track degradation results for different track and
traffic conditions. The disadvantage is that empirical results cannct be

extrapolated to new track configurations where test results are not available.

4.2.7 Current U.S. Track Geometry Specifications

The Federal Railroad Administration (FRA) track safety standards [4-24]
are the current U.S. specifications on track geometry, except standards which
may be used by individual railroads. The FRA standards are intended to be
maximum allowable deviations for safe operation at a specified speed for each

track class. Consequently, more refined criteria related to cemfort and loading
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damage are needed to implement a performance index methodology. The rapid
transit industry has a similar set of geometry standards which are somewhat
more restrictive for the same operating speeds because of the emohasis on
passenger comfort rather than safety.

The FRA track safety standards specify maximum midpoint deviations
in the profile of each r:il under a 62-ft chord, so the geometric characteri-
stics as a function of wavelength are j..portant for a performance index using
these criteria. Similar limits are given for the deviations in cross level on
tangent and spirals and the difference in cross level (twist) in intervals less
than 62 ft on tangent and spirals. Specific dimensional limits are specified
for each track class, which also designates a different maximum operating speed

for freight and passenger traffic.

4.2.8 Summary of Track Surface Deterioration Criteria

A review of the literature indicates that there are no quantitative
performance measures to relate a description of the railroad traffic with the
track design parameters and track surface deterioration rate. Some laboratory
investigations using triaxial repeated load tests with granular and cohesive
soils give an indication of how typical ballast and subgrade materials will be-
have under uniform loading conditions. Settlement rate appears to be proportion-
al to some power of deviatoric stress, ODN’ and the settlement increases pro-
portional to N or log N, where N is the number of cycles at a specified loading.
A cumulative settlement law for combining the various stress amplitudes and
number of cycles representing typical traffic has not yet been established for
utilizing results from these laboratory material tests.

The JNR has done some track settlement tests tro develop empirical
relations for settlement due to ballast flow and long-term degradation. These
results indicate a settlement rate that is related to the product of average
tie/ballast pressure and ballast acceleration. A linear dependence on a number
of loading cycles 1is proposed for long-term degradation, following an initial
high rate of settlement before consolidation has been established. The linear
relation is particularly attractive for combining traffic conditions with

different axle loads and train speeds. The JNR made no attempt to separate
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ballast settlement from subgrade settlement except to determine the effect of
different ballast depths on overall settlement rates.

The current state of the art regarding track settlement indicatues
that only a relatively simplified performance index is justified. However,
this index should include the fundamental ballast and subgrade parameters
needed for evaluating the effects of variations in track design parameters.
This requires identifying the relative contributions from the ballast and
subgrade to the total settlement. One possible format for a Track Settlement
Index (TSI) is based on total vertical settlement per MGT of a defined traffic.

This could be represented as

where NiPi gives the tonnage for Ni number of axles at mean axle load Pi’ and Bi
is the track settlement rate for those Ni axles.
The track settlement rate is a result of the cumulative settlement in

each of j layers representing the ballast and subgrade,

]
_ C. o h, .
J

The settlement in each layer depends on the permanent strain per cycle given by
o,

C, odJ and the layer thickness hj, where

o ij = deviatoric stress in the j layer for the traffic of Pi’ N,
C, and ®§ = empirical parameters for the particular material and stress
J

condition of layer j.

The critical parameters which a track analysis model must provide are
the average deviatoric stres in a layered representation of the roadbed for the
statistical loading description of the railroad traffic. Other operating para-
meters which affect dynamic wheel loads, such as train speed, track roughness,
etc., would be included by using a probability density description for wheel/

rail loads to calculate the resulting roadbed stresses.
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The TSI representing the rate of uniform vertical settlement can
be used as the basis for estimating differential vertical settlement as a
function of wavelength by using the relations similar to those in Figure 4-4.
A separate relationship for rail profile and track cross level would permit a

m =]lowable

prediction of surface deterioration to be compared with the maxi
deviations under a 62-ft chord that are currently the basis for track safety
standards.

Figure 4-13 shows a flow chart of the major elements in an overall
track surface deterioration model. Most of these elements have been discussed
in detail, but the flow chart emphasizes the interactions between the track
response and settlement models and the statistical nature of track loads and
material properties. Track maintenance is included as a key end item in the
deterioration model, because the track can be restored to essentially new
condition as required. The track deterioration and maintenance strategies can
also be combined with a cost model to evaluate optimum track design and mainte-
nance strategies in terms of minimum maintenance cost or overall life-cycle
costs.

In the initial stage of implementing the track surface deterioration
model, the traffic response is obtained using MULTA for static wheel/rail loads
to evaluate a range of track design configurations. These track response para-
meters in terms of stresses and strains at any point in the layered roadbed can
then be used as input to a set of traasfer functions for ballast and subgrade
settlement. The statistical nature of track loads ard material properties would
be introduced at this stage to provide probabilistic estimates for the mean
uniform track settlement as a function of time and traffic. The final step in
the process of predicting spatial variations in track geometry is to relate
the mean track settlement to the expected spatial variations as a function of
wavelength. This can then be related to the physical measurements of track
geometry obtained by survey or a measurement car, and can be evaluated relative
to safety and serviceability ~riteria such as the FRA track safety standards.

A feedback Joop has been included to show the dependence of track loads on the
current track geometry.

The statistical nature of wheel/rail loads and the distribution of
these loads to the track components has been discussed in the previcus interim
report [4-1]. Track response parameters for several variations in track design

configuration have been presented in Section 3 of this report.
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5. TRACK LATERAL STRENGTH

Track design procedures usually result in selecting tie size, tie
spacing, and rail size based on the response to vertical loads, as discussed
in Section 3. Therefore, the lateral load requirements have relatively little
influence on the final track configuration except for the fastener requirements
and the width of the ballast shoulder at the tie ends.

Track lateral strength is an important factor in maintaining track
alinement under continuous traffic and for the safety aspects of train de-~
railments. The lateral strength of unoccupied track must be sufficient to
prevent track shifting from rail thermal loads. The resistance to the lateral
component of the rail thermal forces is provided primarily by the interaction
between the ballast and ties. However, a rail fastener which restrains the
rail from rotating in a horizontal plane (rotation about a vertical axis) can
significantly increase the track's lateral strength. This represents an impor-
tant fastener design parameter that has not been used fully in hardware cur-
reatly available.

When a track is occupied by a train, the lateral strength must be
sufficient to resist both the thermal loads and the lateral component of the
wheel loads. The presence of the vertical wheel loads is an important factor
in increasing the effective lateral track strength for these conditions. The
track design parameters which affect lateral strength are discussed in this

section.

5.1 LATERAL RESISTANCE .OF UNOCCUPIED TRACK

The mechanics of lateral track loading are quite complex, and this
review is limited to a discussion of the type of information that is being
used for track design. Considerable research on lateral track characteristics
has been done in Europe and some measurements of tie and track lateral resis-—
tance have recently been made in the U.S. But, there is still much less re-
liable information about lateral track characteristics than about vertical

characteristics.
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The lateral resistance provided by a tie in ballast is a principal
factor for lateral strength. The available data show considerable variation.
In Europe [5-1], values of the ultimate lateral resistance for single wood
ties in 1.2 to 2.5-in. size ballast were between 720 1b and 1150 1b per tie
with freshly laid track. After several months of traffic, the lateral re-
sistance often rose by 50 percent or more. Monolithic concrete ties gave re-
sults approximately 15 percent greater than wood ties. [5-1]

Tests have also been made in Great Britain to find the effect on
lateral resistance of ballast shoulders of different sizes and shapes for
freshly-placed 1.5 to 2.0-1n. crushed stone and slag ballast, Negligibly small
improvements in resistance were obtained if the flat top of the shoulders ex-
ceeded 14 in., and there was only a little reduction in resistance when the
flat top of the shoulder was 12 in. When the flat top was only 7 in., however,
the resistance was 60 to 70 percent of that obtained when the flat top was 12
in. These data indicate that increasing the ballast shoulder width beyond
about 12 to 14 in. is of little value, although some of the currently used
track design equations assume a linear increase with no specified limits.

Some additional data on the lateral resistance of single ties (with
ralls disconnected) are listed on Table 5-1. Most of these measurements were
made on French track [5-2], but some recent measurements [5-3] on U.S. track
were also reported. These measurements were made in conjunction with a project
to determine the effect of using a vibratory ballast consolidator on track
strength following any type of track maintenance which disturbs the crib or
shoulder ballast. The tie resistance data show considerable variation, as
indicated by the wide range, but the mean resistance values for a total of
343 ties do show a 36 percent increase when the track is consolidated after
maintenance. This advantage disappears after about 0.5 MGT of traffic.

Similar effects of traffic were evident from lateral resistance
measurements c¢f a complete track panel. There is some question whether lateral
pull tests on single ties give an accurate measure of lateral track resistance,
because of the difference in relative motion between ties. It 1is hypothesized
that the lateral resistance on a single tie is increased artificially by the
load transferred laterally through the ballast to adjacent ties, This can
be avoided by connecting several ties together rigidly so that each tie under-

goes the same displacement. Loading a track panel with the rails attached is
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TABLE 5-1. TYPICAL LATERAL RESISTANCE FOR WOOD AND CONCRETE TIES
IN BALLAST TRACK

Lateral Resistance

Track Description per tie, 1b
Wood Ties
-
New track, nonconsolidated [5-2] 750
Consolidated track [5-2] 1010
Consolidated track [5-2] 1320
Consolidated track [5-2] 1430
U.S. Track, no traffic after maintenance [5—3](3) 1230
(range = 400 - 2150)(U)
.9 1670
(range = 950 - 2950) (C)
U.S. track, 0(231 MGT traffic after mainte- 2060 (U)
nance [5-3] . 2390 (C)
U.S. track, 1(232 MGT traffic after mainﬁe— : {«2210 (U))
nance [5-3] . 2230 (C)
Concrete Ties
STUP, smooth bottom - consolidatéd track [5-2] 1170
V. W., smooth bottom — consolidated track [5-2] _ 1190
RS;h, smooth bottom - consolidated track [5-2] .I 1560
RS-C, molded bottom - consolidated track [5-2] 1890

(a) U - unconsolidated, C - ballast consolidator used; resistance values
for 0.08 in., (2.0 mm) lateral displacement.
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an alternative approach that includes the rail and fastener resistance, but the

results are difficult to interpret except on a comparative basis. Typical re-
sults reported in [5-3] showed the panel resistance to be from 5 to 12 times
greater than the average resistance of single ties.

Other data reported by Reiner [5-4] from lateral resistance panel
tests at Sabot, Virginia showed that track maintenance operations reduce the
lateral resistance to about 40 percent of the resistance of a well-consolidated
track. A comparison of wood tie track with 20-in. tie spacing and concrete tie
track with 24-in. spacing showed about a 16 percent advantage for concrete tie
track after maintenance.

The data shown in Table 5-1 for U.S. wood tie track indicate values
for tie lateral resistance that are considerably higher than those for European
track. Some increase would be expected due to the larger U.S. tie sizes, but
the difference in measurement procedure may also be significant.

The design equation [5-5] frequently used to determine the lateral
force producedwby CWR on curved erack as a result of temperature changes is'

P, = 0.441 D_ (AT), (5-1)

f

where Pf is the total lateral force (pounds per foot of track length), Dc is
the degree of curve (degrees), and AT is the temperature change (OF) from the
initial rail laying temperature.

If reliable data were available for tie lateral resistance R (pounds
per tie) for a specified ballast type and roadbed geometry, the minimum tie
spacing lt given by

2. < R
t — 7P : (5-2)
¢ :

can be compared ‘to the spacing determined from the vertical load requirements.
If needed, increased lateral resistance can be obtained by reducing tie spacing,
increasing tie size, increasing the ballast shoulder width or "humping' the
ballast above the tie surface at its ends.

Figure 5-1 shows the minimum tie resistance neéded for a range of
typical tie spacings and AT = 70 F, which is a relatively extreme temperature

rise. The data presented in this figure were calculated using Equations (5-1)

and (5-2). A comparison of these requirements with the data in Table 5-1 indicates

that it should be possible to use a wide range of tie spacing with CWR on even

very short radius curves if the track is maintained sufficiently so that all ties

are fully effective,.
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Some additional results from European tests show that a full 18-in.
ballast shoulder contribures 20 to 30 percent of the tie resistance, the tie
sides contribute about 20 to 30 percent, and the tie bottom is responsible
for about 50 percent of the total resistance. The resistance from the tie
bottom does depend on tie type (wood or concrete) and tie weight. The weight
factor can be estimated using the data in the following section for critical
lateral force versus vertical load. However, a conservative design approach
1s to estimate the lateral resistance by ignoring the contribution from the
tie bottom. This represents the uplift condition from the precission wave in
front and behind a railroad car truck. Although it has not been verified, this
condition of zero ballast pressure may be the critical factor for alinement
deterioration in the presence of high thermal loads from either high or low
temperatures. In this case, lateral forces exist independently of the vehicle.

A soft tie pad between the rail and tie or a fastener which permits free uplift
of the rail will minimize this reduction in lateral resistance.

This discussion of the lateral resistance of unoccupied track summarizes
conventional track design procedures which are based on preventing track shifting
on curves during periods of elevated temperature. Buckling of tangent track is
also of concern, but no reliable procedures for selecting the rail laying tempera-
ture or the track design have been available. Results from recent research by
Kerr [5-6], however, now provide an improved method for selecting rail laying
temperatures and evaluating track designs to avoid buckling on tangent track.
This method shows that the critical temperature for track buckling depends on
the rail size and the lateral or longitudinal resistance of the ties in the
ballast. Results from parametric studies can be used to estimate the reduction
in allowable temperature from track maintenance operations which disturb the

ballast and reduce the tie resistance.

5.2 LATERAL RESISTANCE OF GCCUPIED TRACK

The net lateral load applied to the track by one axle of a car results
from the flange force at one wheel and the two lateral components of the wheel/
rail frictional force at both wheels on the axle. The ratio of this net
lateral force to the total vertical axle load is generally considered to be a

significant loading quantity governing the lateral shifiing of track.
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Koci and Marta [5-7] indicate that this ratio should be no greater
than about 0.4 for safe operation with regard to lateral track shift on track
in poor condition., Other data indicate that there is a considerable range in
values for the resistance of track to lateral shift. This resistance depends
on tie and ballast conditions and maintenance procedures.
The French [5-8] have made extensive measurements using a "Wagon
Derailleur" car. This is a 2-axle railroad car having a special axle in the
car center to apply variable vertical and lateral axle loads using air cylinders.
The lateral load is applied by pressing a small roller against the back side
of a standard wheel to force the wheel flange against the rail head. These
tests start with a specified vertical axle load and make repeated runs over the
test section with gradually increasing lateral loads. Measurements of track
displacement showed that there was a threshold lateral load such that the track
deformation increased rapidly for lateral loads which exceeded the threshold load.
Data from these tests showed that the critical ratios for track lateral
shift range from a low of about 0.5 to as high as 1.25. Some of the other im-

portant conclusions from these tests are

a. The size of the ballast has little influence on lateral resistance

b. The resistance of the end-face of the tie is important. It can be
improved further by increasing the depth of ballast above the tie
base.

c. There is a distinct advantage offered by the additional end-face
on 2-block concrete ties.

d. Retamping reduces tae lateral resistance of the track structure.

Amans and Sauvage [5-9] present a detailed analysis of track lateral
shift, including several equations which match experimental data from the
derailleur car operated over a reference track. These equations are listed
in Table 5-2 for convenience, and are shown graphically in Figure 5-2. Most
of these results represent the lateral strength of track which has been main-
tained recently. It is g 'merally recognized that any type of track maintenance
which disturbs the ballast causes reduced lateral resistance until the track
has been reconsolidated by traffic. The SNCF utilize deta from track in this
condition of reduced strength to establish a conservative limit for all train

operations. An alternative approach would be to use track limits based on
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consolidated track for normal operation, and reduce train speeds on recently
maintained track. However, this would require detailed information about
how the track strength increases in service to insure safe operating speeds.
The equations listed in Table 5-2 are certainly useful for describing
safety limits based on the measured lateral resistance of existing track, but
they do not provide the information needed to assess the effect of track design
parameters. However, Amans and Sauvage [5-9] have provided a more detailed
empirical design equation to determine the critical lateral force as a function
of the combined effects of axle load, radius of curvature, temperature, track
modulus and rail stiffness. This equation is
HC = [*H' (5-3)
where Hc is the critical lateral threshold force for track shifting based on
measured data for the resistance Hé of a "reference track". The recommended
value for this is listed as Item (5) in Table 5-2.
H' - 1(10") + % (in Newtons), (5-4)
where P is the vertical axle load.
The dimensionless coefficient I' representing all other influences
normally falls in the range of 0.8 to 0.9. However, an empirical function
has been developed to quantify the effects of temperature, curvature, track

modulus, and rail stiffness. This expression is

R 1/8 1/4
” (ED)
1 - BSA® <1 + —‘l] <—> [—E—————i\ (5-5)
\: R Uy (EJ)1/8

R = curve radius, m

-
I

where

S = rail section area, m

A8 = temperature change ahove neutral, °c
U = track modulus, N/m2

EI = rail lateral bending stiffness, N—m2

EJ = rail vertical bending stiffness, N—mz.
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The reference values and constants used for Equation (5-5) are

.125 M—z per °c

880 m. (2624 ft = 2.2° curve)
2 x 107 N/m2 (2900 psi) rated mediocre by SNCF

0.225 N L/8 /4,

B

R
o

!

]

u

€

Contrary to what might be expected, the effect of track modulus and
rail size on lateral critical force as given in Equation (5-5) is quite small.
These conclusions have been verified by measurements [5-8]. An increase in
track modulus, U, by a factor of 2 increases the lateral strength by only 9
percent. Increasing the rail size can even reduce the lateral strength for
external loads when thermal loads are significant because of the increased
thermal forces from larger cross section area of the rail relative to the small
increase in lateral stiffness. Consequently, the effects of rail size and track
modulus on lateral strength can usually be neglected.

Figure 5-3 shows the effect of rail temperature rise (above the laying
tamperature) and curve radius for a typical 119-1b rail and a maximum expected
rail temperature rise of AT = 70 F. These temperature effects are for continuous
welded rail (CWR) where thermal stresses are not relieved by rail joints. The
calculations have been carried out for a maximum 10-degree curve, (SNCF limits
for CWR on curves with a radius smaller than 800 m for wood tie tréck and 500 m
for concrete tie track are shown for reference). These results demonstrate the
origin of the 85 percent factor used by the SNCF (see Item 8, Table 5-2) for
their design limits in place of the more detailed relation given by Equation (5-5).

To demonstrate further the effect of track construction, curve radius,
and axle load on the track lateral force limits, the equations (Items (5) and (7)

in Table 5-2)
+ 1(104) Newtons for wood ties, and (5-6)

H = + 1.96 (104) Newtons for concrete ties, (5-7)

[od

O
wiry wir

are recommended for use as track limits for wood and concrete ties at the same
tie spacing. These limits were selected as a conservative representation for
recently maintained track. The 2:1 unloaded (P = 0) track lateral resistance
ratio of wood ties to concrete ties at equal tie spacings agrees rather well

with the measured lateral tie resistance data reported previously. However,
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the common practice of using wider spacings for concrete ties to compensate

for their greater base area reduces the advantage of their lateral strength.
Figure 5-4 shows the track force limits recommended for wood and con-

crete ties based on Equations (5-6) and (5-7) and the temperature-curvature

effect shown in Figure 5-3 for AT = 70 F. These same relations are shown in

Figure 5-5 to demonstrate that the frequently used guide of H/P <0.4 as

safety limit for track lateral shifting is reasonable for heavy axle loads

ranging from 40,000 to 60,000 pounds. How.ver, it is somewhat conservative

for empty cars and for the lighter axle loads expected fur high-speed passenger

trains.,

5.3 RATIL ROLLOVER

The ratio of lateral L to vertical V wheel loads, L/V, is the princi-
pal factor in determining rail lateral deflections. Such deflections can cause
derailments by either increasing gage sufficiently to allow the inside wheel to
drop off the rail or by displacing the outside rail to a point of total collapse.
The resistance to lateral forces depends on a complex combination of lateral
bending and torsion of the rail combined with the restoring moment from the
vertical forces of adjacent wheels., If a simplified model consisting of omne
truck on a section of rail with loose jolint bars is assumed so that the rail
torsional restraint can be neglected, the overturning stability depends only on
the rail geometry (ratio of base to height). For conventional rail, this
criterion indicates that a ratio of the lateral to vertical wheel forces on one
side of a truck in excess of about 0.5 can lead to rail rollover. Of course,
this margin is increased considerably by the additional restraint from sound

spikes or a good fastener.

5.4 WHEEL DERAILMENT

If the track has sufficient strength, the limiting conditions for train
derailment is wheel derailment caused by the wheel climbing the rail. Conse-
quently, the upper bound for track lateral strength requirements is the loading
condition resulting in the wheel flange climbing the rail, siice any capability

in excess of this would be unnecessary.

18
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The condition for wheel climb is a complei function of the wheel
angle of attack, the local wheel-rail geometry under flange contact, surface
conditions which govern friction forces, ard the loading dynamics. However,

a derailment quotient (ratio of lateral to vertical wheel force L/V) of 0.8

is used as a minimum safety limit by the Japanese National Highway. Derail-

ment quotients as high as 1.0 are often cousidered acceptable by others,
particularly if the loading is more of an impact rather than steady-state loading.
Since it takes a finite amount of time for a wheel to climb the rail, steady-
state lateral loads are more dangerous than short-duration impacts.

The AREA [5-~11] used a capability of maintaining a lateral displace~-
ment (gage widening) of no more than 1/4 in. under simultaneous equal lateral
and vertical loads (L/V = 1.0) up to the maximum static vehicle wheel load
as the basis ror determining lateral rail fastener requirements for concrete
ties. There ore, fasteners satisfying this requirement could be expected to
maintain gage and resist rail rollover when subjected to lateral wheel ioads

as high as those which might cause wheel derailment.
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APPENDIX

REPORT OF INVENTIONS

This report contains the formulation of analytical relationships
for track performance indices and numerical data from a track response
computer program that can be used for design trade-off studies. After
a diligent review of the work performed under this contract, it is
concluded that no inventions, discoveries, or improvements of inventions
were made, however, the results from the parametric study provide a broader

and more useful input to track design trade-off and feasibility studies.
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