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1. INTRODUCTION

The improvement of the safety and serviceability of cross tie track is
an important factor in maintaining the viability of rail transportation. The use

of concrete ties and compatible rail fasteners seemingly offers considerable po
tential for extending tie life and reducing track maintenance, but there have
been considerable problems in developing concrete ties which are suitable for

main-line service in North America. Tie center binding and end binding are

familiar conditions for wood tie track, but the inherent resilience of wood mini
mizes damage from these undesirable loading conditions. Concrete, however, is a
very brittle material and is considerably more susceptible to failure when
stressed beyond its design limits.

The development of concrete ties in the U.S. has followed closely the

development of the AREA Specifications for Concrete Ties (and Fastenings). These

specifications have evolved through several modifications whereby tie strength
requirements were gradually increased as a result of premature cracking in various

concrete tie test installations. Minimum bending strength at the rail seat and
tie center and corresponding static acceptance tests are the major considerations.
However, the lack of accurate descriptions of tie service loads has been a major
deterrent to the development of these specifications.

The principal objectives of the research discussed in this report were

to select and evaluate analytical procedures for predicting the distribution of

loads and stresses within the track and to obtain some typical statistical data
on the service loads for concrete tie/fastener assemblies used for main-line

track. The analytical procedures were selected based on requirements for pre

dicting loads which cause tie and fastener failures, track surface and alinement
deterioration, rail rollover and wide gage. A measurement program was conducted
on tangent and curved track sections of concrete ties on the Florida East Coast

Railway to obtain statistical descriptions of wheel/rail loads, tie loads, tie
bending and torsional moments, ballast pressures and rail deflections. These
statistical descriptions of track loads have been used to validate the track
analysis models. They will also be used in later phases of the project to develop
tie and fastener performance specifications and to develop track design guidelines

which include the effects of various tie/fastener characteristics, tie
spacing and ballast depth. This project also includes an evaluation of life cycle
costs which includes the maintenance frequency, rail life and tie life for wood
and concrete tie track.
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2. SUMMARY OF RESULTS AND CONCLUSIONS

2.1 STATISTICAL DESCRIPTION OF TRACK LOADS

Three different sections of concrete tie track on the Florida East
Coast Railway (FEC) were instrumented extensively to record wheel/rail loads,

tie loads, tie bending moments and tie/ballast pressures for several days of
revenue traffic. The instrumented track sites included two sections of tan
gent track with ties spaced at 20 and 24 inches to evaluate the effect of tie
spacing. The third test site, at a 3° 52' curve, was selected to provide a
comparison of loads from tangent and curved track sections. The tangent track

sites had been in service for about one year and the curve site had been in

service for about five years. However, the curve had been surfaced and lined

at the same time the tangent track was constructed. Track geometry measure

ments made prior to the field tests showed that track geometry was excellent
throughout .

Vertical wheel/rail load measurements showed little variation over a
speed range of 30 to 60 mph except for an increase in load on the high rail in
the curve at speeds above the 45 mph balance speed. The vertical loads also

showed negligible variation at different locations within each test site indi

cating that vehicle dynamic response from track geometry irregularities was
minimal on this smooth track.

Overall lateral wheel/rail loads were nearly identical for the tan

gent and curved track sites and mean lateral loads for all traffic were quite
low, less than 2 kips. Locomotives and heavily loaded cars caused occasional

lateral forces up to 15 kips at the curve site. Tangent track lateral forces

from light cars increased considerably at speeds above 50 mph, indicating

possible car hunting. Lateral forces from light and empty cars operating at

50-60 mph were lower on the curve than on tangent track. These data indicate

that hunting was probably reduced by flanging on the curve.

Measurements of tie bending moments and the distribution of tie/ballast
pressures under ties showed large tie-to-tie variations and a load dependent

support condition whereby many ties were center bound for light wheel loads.
However, the ballast reactions became more uniform with heavy wheel loads, indi

cating that possible voids or depressions may have developed in the ballast near

the tie ends and the rail seat region.
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A comparison of rail seat load and tie bending moment data from the
FEC with similar data from other sections of concrete tie track in the U.S.
showed good agreement. Tie loads from revenue traffic were considerably lower
than current flexural strength requirements for concrete ties even for a pro
babilistic prediction of maximum loads for a 50 year life. It is conjectured
that small cracks may be initiated in prestressed concrete ties at relatively

low loads, and that once initiated, the cracks propagate from the repeated
cycling of normal traffic until they reach a sufficient size to be detected.
It is not known if the initiation mechanism is due to fatigue from cyclic
compressive stress where the total stress at the tie surface remains in compres
sion due to the prestress, or whether it is caused by the total stress at the
tie surface exceeding the tensile strength of concrete.

It is very difficult to determine at what load a small crack is ini
tiated in a prestressed tie, and this has not been included in any previous
tie tests. This report recommends an experiment in which the surface of a

new tie is instrumented to determine the static bending moment for initial
cracking. Fatigue tests using service load spectra reported herein are also

recommended to determine the critical loading for tie cracking under cyclic
loads. Also, the long-term performance of ties which have structural cracks has

not been sufficiently verified by service experience to determine if this re
presents a true failure condition. Data from the Facility for Accelerated Ser
vice Testing (FAST) track installation of cracked RT-7 ties from the Kansas

Test Track should provide a valuable measure of cracked tie performance under
accelerated loading. Answers to these questions about the failure mode of

concrete ties are needed in order to develop appropriate performance specifi

cations for future design and acceptance tests.

The effect of reducing tie spacing from 24 to 20 inches, a 16% re

duction, resulted in reducing mean rail seat vertical loads on the average tie
by about 9%. Mean and maximum (0.1% probability) tie bending moments at the
rail seat were reduced by 36% and 12%, respectively. However, large tie-to-tie
variations resulted in the maximum tie loads for 20 inch spacing equalling the

maximum tie loads for 24 inch spacing, although fewer highly stressed ties would

be expected with the reduced spacing.
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Maximum tie bending moments were 25% higher at the rail seat and 50%
higher at the tie center at the curve site due to the increased vertical loads
on the high rail. The importance of this increase in the low-probability
maximum loads depends on the failure mode for concrete ties. This increase on

curves is very important if failures result from infrequent occurrences of
very high loads; but fatigue failures are more sensitive to the mean cyclic

load, and this should be the same as tangent track for a properly designed

curve. In either case, differential vertical loads on curved track can be mini
mized by operating close to the balance speed.

Track vibration excited by flat wheel impacts, particularly with
empty cars, appeared to be greater on the concrete tie track than has been

observed from previous experience with wood tie track. A fundamental track

resonant frequency of about 50 Hz and tie bending frequencies at 90 Hz and

140 Hz were evident from spectral analysis. Lightly loaded cars with wheel

flats caused tie bending moments which exceeded those for heavy cars with
wheels in good condition. The increase in dynamic loads from wheel flats on
heavy cars is not nearly as severe as that for light cars due to the load-
dependent ballast support distribution. The effects of wheel flats on track
loads require additional investigation. Longer test durations and higher

sampling rates for data analysis are needed to accurately include the effects

of flat wheel impacts in the statistical data base.
Some minor corrugations with a wavelength equal to the 24 inch tie

spacing were observed on the high rail at the curve site. These appeared to
excite vibrations in the 30-40 Hz frequency range for speeds of 40 to 50 mph.

Rail corrugations with a tie-spacing wavelength might be caused by the varia

tion in track stiffness between ties on track having a very stiff roadbed. No
corrugations were observed on tangent track.

2.2 SELECTION AND EVALUATION OF TRACK ANALYSIS MODELS

A computer program called MULTA (MUlti-Layer Track Analysis) , which

combines a multi-layer elastic continuum representation for the ballast and

subgrade with a finite element representation of the rails and ties, was de

veloped to predict track vertical response. Experimental data from the FEC

track indicated that track modulus based on rail seat load measurements
ranged from 47 to 58 ksi for track with 24-inch and 20-inch tie spacing,
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respectively. This unusually high track stiffness is attributed to a track
construction consisting of granite ballast on a well compacted subgrade of sand

and limestone ballast that was used for a previous wood tie track roadbed.

However, when the model input data were adjusted to match the measured track

modulus data, good agreement was obtained between measured and predicted values

of tie/ballast pressure and rail seat loads.
This evaluation showed that the MULTA track analysis program would be

adequate for track design parametric studies planned for future project work

where it is important to evaluate the effects of ballast depth, tie size, tie
bending stiffness and tie spacing on track response. These predictions of

track response will be presented in a format which is suitable for track
design trade-off studies. Wood and concrete tie track configurations ex

pected to have equal maintenance intervals will be determined as a basis
for subsequent life cycle cost comparisons.
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3. TRACK ANALYSIS METHODOLOGY

The development of a predictive methodology for cross-tie track was

directed toward three basic objectives. These objectives were:

(1) To determine the effect of synthetic cross-ties on track

response and service performance

(2) To develop guidelines for track design using synthetic ties

(3) To evaluate current industry specifications for synthetic

tie/fastener assemblies.

Figure 3-l shows the general format for a predictive methodology to
meet these objectives. A statistical description of wheel/rail load represents
the track loading for revenue traffic. This description of wheel/rail loads
would be obtained from field measurement programs and/or analytical models of
vehicle/ track dynamic response.

Track analysis models, which will be discussed in this report, are
needed to predict the load distribution through the track structure and to

predict those response parameters, such as rail deflections, ballast and sub-
grade pressures, and tie bending moments which govern track design and perfor

mance. Failure criteria are needed for specific modes of track degradation
to relate* the response parameters to a measure of track performance which is
meaningful to current U.S. railroad operations. For example, while the bal

last and subgrade pressures may be the track response parameters which determine

track settlement, appropriate failure criteria and performance measures are
needed to predict how a change in these pressures will affect maintenance inter
vals for track surfacing in order to have a practical impact on railroad

operations.

This section of the report includes a review of the principal modes of

track component failure and long-term degradation to identify the formats for

performance measures. These formats have only been identified in sufficient

detail to evaluate and select appropriate track analysis models that predict

the governing response parameters. Additional work on the development of

quantitative criteria for describing track performance is planned for subse
quent phases of this project and will undoubtedly continue to be a major topic
for research.
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FIGURE 3-1. GENERAL FORMAT FOR TRACK ANALYSIS METHODOLOGY
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3.1 REVIEW OF TRACK FAILURE MODES AND PERFORMANCE INDICES

Available information on the service performance of concrete tie

track has been reviewed to determine the principal modes of component fail
ure and long-term degradation expected for synthetic cross tie track. Despite

considerable favorable experience with concrete ties in Europe and Japan, the

U.S. experience with concrete track for mainline railroads has been relatively

limited and disappointing. This can be partially attributed to the initial
use of foreign ties which were designed for lighter axle loads and less severe

operating conditions. Incorrect manufacturing procedures and poor ballast

conditions were also responsible for a large percentage of the initial tie
failures, resulting in a poor image for concrete ties in this country.

The major modes of track degradation which have been identified are:

A. Failure Due to Non-Retention of Track Geometry

a. Track surface (profile and cross-level) de

terioration

b. Track alinement deterioration

c. Wide gage

d. Rail rollover

e. Track buckling and lateral shift
B. Component Failure

a. Rail failure

b. Tie failure due to bending and torsion

c. Rail fastener and pad failure

d. Ballast and subgrade failure.
The long-term deterioration of track geometry (surface, cross level,

alinement, gage and track twist) and abrupt failures such as rail rollover
and track lateral shift are of particular interest. Track buckling induced

by high thermal loads is also an important track failure mode, but investi
gations of track buckling are being done concurrently on other research projects

and will not be addressed herein. Rail failure, a very important failure mode,
is also being investigated in other concurrent research projects.

The long-term deterioration of track geometry is responsible for a
major portion of track maintenance costs and the increased loads on the track
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and rolling stock which result from geometry deterioration cause increased
vehicle maintenance and a reduction in safety. Also, the Track Safety Stan-

dards (TSS)[3-4] published by the Federal Railroad Administration establish

maximum permitted track geometry errors for different speed limits. This re
quired reduction in train speeds over poorly maintained track is to improve

safety and reduce derailment costs. However, it also increases operating
costs for train crews, increases delivery schedules with a potential loss in

business to competing transportating modes, and reduces the load capacity

of the railroad unless capital funds are used to purchase additional cars.

The major track degradation modes and performance criteria are
reviewed briefly in the following sections.

3.1.1 Tie Failure

Concrete cross ties were developed originally as a substitute for
wood ties in areas of Europe where wood was scarce. Basic economies stimu

lated the initial development, and this continues to be a dominant factor as
the cost and demand for wood increases and the supply diminishes. However,

several other potential advantages frequently cited for concrete ties are:

a. Their larger effective bearing areas usually permits wider

tie spacings; therefore, the number of ties and fasteners which must be

purchased, installed, and maintained is reduced.
b. Their increased weight contributes to greater lateral track

stability.
c. They provide an opportunity to use a rail fastener that *has

been designed to provide resilience, adjustability, and improved rail re
straint with minimum maintenance. The rail fastener also permits frequent
rail replacement or swapping. The minimum maintenance aspect has been
difficult to achieve, and fastener development work is still being done.

d. The resistance of concrete ties to chemicals, weather, and

abrasion is the basis for claims of long life, but there has been insuf
ficient service time to demonstrate the advantage in durability that

concrete ties have over the wood tie.

* Numbers in brackets denote references listed in the Reference Section.
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Concrete ties also have some disadvantages which, in some cases,

result from the same characteristic included as an advantage. The princi

pal disadvantages which are frequently cited for concrete ties are:

a. Their increased weight makes them difficult to handle
and install, particularly for spot renewals.

b. Attaching rail fasteners to the ties is a critical design
problem.

c. Their lack of structural resilience makes them more sus

ceptible to major damage by the wheels of derailed cars or from non

uniform ballast support.

The many different designs of concrete ties are usually divided

into separate categories for monoblock and two-block configurations.

Monoblock ties are emphasized in this report because they have received the

greatest interest for railroad service in the U.S. However, there are many

similarities in the load environment and failure modes for monoblock and two-
block ties.

The principal failure modes for monoblock concrete ties have been

cracking in the rail seat area due to positive bending and cracking in the tie
center due to negative bending and torsion. Cracking in the rail seat region
is frequently attributed to the formation of a gap under the rail seat caused
by crushing and flow of the ballast in the rail seat region (end bound tie).
Negative bending in the tie center increases when the tie loses support in the
end region (center bound tie). Torsional cracks have occurred most frequently
with ties having a wedge-shaped center section which reduces torsional strength.

Current designs of monoblock concrete ties use prestress to utilize
the compressive strength of concrete in resisting the tensile strains imposed

by bending. The prestress is transmitted from the stretched tendons, or strands,
to the concrete through the bonding of the concrete to the tendons which takes

place prior to release of the preload. This bond strength, and hence, the ef

fective transfer length depends on the diameter and surface condition of the

wire and the detailed configuration of the prestress strands. The retention of

adequate bond strength throughout the tie's life is a major factor for concrete
tie performance.

Concrete tie failures can result from cumulative fatigue damage or
an abrupt fracture caused by a single high load. The critical loading parameter
for fracture is the probability of occurrence of maximum bending moments. When

this is compared to a similar probability description of allowable tie bending
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moment based on the strength of a particular tie design, a performance index
can be developed in the form of the number of expected tie failures per mile
for a specified service traffic.

The development of a performance index for tie fatigue damage is more
complex. Fatigue statistics of the loading history can be used with a cumulative■
damage law to predict the cumulative damage for a specified service traffic.
Miner's criterion (linear damage law) is a popular choice for estimating fatigue

damage, assuming that data for the fatigue characteristics (S-N curves) for a

particular tie are available. Typical concrete endurance strengths for 1 to 2
million cycles of compression from zero to a maximum are 50 to 55 percent of

the ultimate compressive strength. The endurance strength for either one-way

or reversed bending of plain beams is about 50% of the static flexural strength.

These results indicate that failure due to cyclic loading can occur with compres
sive loading of the type expected for a prestressed concrete tie subjected to
bending moments below the design strength.

At the present time, the question of whether concrete ties typically

fail due to an abrupt fracture from a single high load or from cumulative fatigue
damage has not been answered. This topic is discussed in greater detail in
Section 4.7 of this report.

The current industry specifications for concrete ties are published

in the American Railway Engineering Association (AREA) Bulletin 655 [3-l],
with minor revisions given in Bulletin 660 [3-2]. Flexural strength require

ments for monoblock ties include positive and negative maximum bending moments

at the rail seat and tie center. The specified maximum required bending moments
depend on tie spacing and tie length, and these maximum moments are used as
stacic test specifications for no cracking within 30 days of casting. A repeated

load test of 3 x 10^ cycles of positive bending at the rail seat is also required
for a precracked tie using a load range from 4 kips to 1.1 P, where P is the
load required for the maximum static bending moment. It is not clear what service
life the repeated load tests on the cracked tie are intended to represent, but
the high loading used must be intended to represent only locomotives and very

heavy cars rather than a more normal traffic mix. Also, the statistical aspects
of the static load requirements are neglected. However, the specified loads are
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certainly intended to represent a low probability of occurrence in service, be

cause a crack-free tie has been a stated objective. None of the load tests on
an uncracked tie are related to the initiation of a crack under repeated (fatigue)
loading.

3.1.2 Rail Fastener Failures

The service history of rail fasteners used with concrete ties indicates
the type of problems which can be expected for fasteners used with synthetic

ties of any type. Typical problems include fracture and wear of rail clips,
loose fasteners (particularly threaded), deterioration and dislocation of rail
pads, failure of electrical insulation components and inadequate longitudinal re

straint. The pull-out of fastener inserts and surface spalling where fasteners

contact the tie have also been major design problems for particular concrete

tie/fastener assemblies.

It is important to realize that many fastener failures result from
the details of particular design configurations. The intent of this review

is to determine the critical parameters and criteria governing fastener per
formance in general that are independent of design details.

Performance Criteria

The parameters which govern rail fastener performance were reviewed

in a previous report [3-3]. Table 3-l from this report summarizes the priority

ranking of data needed to describe fastener performance. The priorities listed

in Table 3-1 are ranked from I to IV in order of descending priority with re

gard to their application to laboratory life tests, fastener design criteria

and the validation of analytical models.

The results in Table 3-1 indicate that the highest priority fastener

loads are the vertical (V) and lateral (L) forces and the L/V force ratio. The

rollover moment and moment ratio (Mr/V) at the rail base are equally important

for defining fastener loading pertinent to fastener fracture and overall track

performance.
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TABLE 3-1. PRIORITY RANKING OF RAIL FASTENER DATA REQUIREMENTS [3-3]

Laboratory Fastener Analytical Model

I. Wheel/Rail Loads

Life Test Design Criteria Validation

a. Vertical (V) III II I
b. Lateral (L) III II I
c. L/V III II I
d. Longitudinal (L ) III III II
e. L/V °

IV III IV

II. Fastener Loads
0

a. Vertical (V) I I I
b. Lateral (L) I I I
c. L/V I I I
d. Longitudinal (L )

1 . Thermal II I II
2. Dynamic II II II

e.
LQ/V

II II II
f . Rollover Moment (M ) I I I
g- Mr/V

r I I I
h. Long. Pitch Moment III III III
i. M /V IV IV IV
j- Yaw Moment (M ) III III III
k. M /V

y
IV IV II

y

III. Fastener Motion
a. Vertical Disp. II I I
b. Vertical Rail & Tie
Accel . III III II

c. Lateral Rail Head Disp. I I I
d. Lateral Rail Base Disp. III II I
e. Lateral Rail & Tie
Accel. IV IV II

f. Rail Roll Angle II II II
g- Rail Long. Disp.

1. Thermal II II II
2. Dynamic I I III

h. Rail Pitch Angle III III III
i. Rail Yaw Angle III III II
j. Track Gage NA* I I

IV. Fastener Component Loads
a. Hold-Down Loads I I I
b. Rail Clip Stress IV IV IV

(*) NA - Not Applicable.
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The fastener response in terms of deflection under service loading

is also important because rail deflection is more directly related to safety
aspects such as wide gage and rail rollover. For these reasons, lateral dis
placement of the rail head and track gage are identified as high priority items.
However, the criteria for wide gage and rail rollover will be discussed as sep
arate topics.

The category of fastener component loads includes only the hold-down

forces in the fastener attachment bolts and stresses in the rail clip. Both of
these parameters depend on the particular fastener design configuration, but

the frequent occurrence of failures and loosening of attachment bolts (on those

fasteners which use bolts), and the need for realistic pull-out load specifica
tions for the fastener inserts in the tie make the evaluation of hold-down load
a high priority parameter.

As discussed previously for tie failure, the critical data requirement
for evaluating abrupt fracture of rail fastener components is the probability
of occurrence of maximum vertical loads V (both compressive and up-lift), and
the lateral force L and rollover moment M load ratios L/V and M /V at the railr r
base. Statistical data on these parameters will depend on the fastener stiff
nesses in the vertical, lateral and rollover directions for any fasteners which
have stiffnesses of the same order as, or lower than, the corresponding stiff
ness from the track structure. The loads transmitted through fasteners which

are rigid relative to the track are governed by the track stiffness and will be
relatively insensitive to variations in fastener stiffness.

A comparison of the probability of occurrence statistics for peak

loads with similar data for fastener strength can be used to evaluate per

formance in terms of the number of expected fastener failures per mile for

a specified service traffic.
Current industry specifications [3-l, 3-2] have been developed for

concrete tie fasteners. The lateral load requirements in this specification

are based on a lateral load of 14,000 lbs per foot (35,000 lb for 30-inch

tie spacing) with an equal vertical load applied simultaneously. Longitudinal

load requirements of 1480 lbs per foot are based on having the fastener re

straint equal or exceed the estimated longitudinal tie/ballast resistance for
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unloaded track. A 12-kip pullout load test and a 250 ft-lb torque test are
required for all fastener inserts.

Current fastener tests include an uplift static load of 1.5 times the
initial fastener preload (not to exceed 10 kips) with no failure of the inserts
or fastener components or release of the rail. Repeated load tests of 3 x 10^
cycles include a 30 kip compressive load and an uplift load of 60 percent of

o
the fastener preload applied at a 20 angle to the vertical. No structural
failures are permitted.

Longitudinal restraint tests following the repeated load tests limit

the maximum rail movement to 1/4 inch with a longitudinal load based on tie
o

spacing. Lateral load restraint tests are made with a 30 load angle. A

maximum lateral displacement of 1/8 inch is permitted at the rail base with a
41 kip load and a fixed loading ram. A maximum lateral rail head displacement
due to rail rotation of 1/4 inch is permitted with a 20.5 kip load and a roller-
bearing ram. These criteria are presumably related to maximum allowable gage

change and potential rail rollover failures under traffic, but this relation
is not documented in current specifications or other literature. The criteria

for wide gage and rail rollover are discussed in a later section.

3.1.3 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 program, because CWR will usually

be used for new track construction having 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 and stiff
ness. However, the general deterioration of the surface of CWR track that

is constructed on what would normally be considered a uniform roadbed is of
principal concern for this project.
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A recent report [3-5] reviewing current track design procedures indi

cated that although track geometry is a key parameter in track performance,
there are no design criteria directly related to the degradation of track sur
face from differential settlement along the track route. What is done in track
design is to prepare the roadbed to a minimum acceptable soil-bearing capacity

and then to use a track construction which is uniform in terms of ballast depth,

tie spacing and rail size. The track design parameters are selected using past
experience and analytical predictions of track deflection 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, differ
ential settlement can be expected.

The AREA recommendation [3-6] 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 [3-7] of new track construction for the

Northeast Corridor (NEC). Figure 3-2 from Reference [3-8] shows similar track

deflection criteria based on Talbot's studies for the AREA Special Committee

on Stresses in Railroad Track.

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 [3-21 thru 3-23] using triaxial repeated load tests with granular

and cohesive soils give an indication of the way typical ballast and subgrade

materials will behave under uniform loading conditions. Settlement rate appears
to be proportional to some power n of deviatoric stress

c^*13
and the settlement

increases proportional 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

been established for utilizing results from these laboratory material tests.
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The Japanese National Railway (JNR) has done some track settlement

tests to 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 accelera
tion. A linear dependence on number of loading cycles is proposed 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

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 indicates

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 re

quires identifying the relative contributions from the ballast and subgrade

to the total settlement.

The critical parameters which are needed as output from a track
analysis model are the average deviatoric stress in a layered representation

of the roadbed for the statistical loading description of the railroad traffic.
Other operating parameters, such as train speed which affect dynamic wheel

loads, track roughness, etc. would be included by using a probability density

description for wheel/rail loads to calculate the resulting roadbed stresses.

The FRA track safety standards [3-4] are the only current U.S. speci

fications on track geometry except for those standards which individual rail
roads may use. The transit industry has a similar set of geometry standards

which are somewhat more restrictive for the same operating speeds because of
the emphasis on passenger comfort rather than safety. The FRA track safety

standards specify maximum deviations in the profile of each rail under a 62-ft
chord, so the geometry characteristics as a function of wavelength are important

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
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dimensional limits are specified for each track class, which also designates

different maximum operating speed for freight and passenger traffic.

3.1.4 Track Alinement Deterioration

The deterioration of track alinement is determined by the differential
lateral displacement of the track centerline. This can arise from relative

displacement between the rails and ties and from a lateral shifting of the ties
in the ballast. However, the displacement of the rails relative to the ties
usually increases the track gage, and this mode of deterioration will be dis
cussed as a separate section entitled "wide gage". The primary emphasis in

this section is on the degradation in track alinement which is caused by
lateral motion of the ties in the ballast from a combination of wheel/rail
forces and thermal forces. The potential for increased lateral resistance for

a synthetic tie is an important factor in comparing the performance of syn
thetic ties with standard wood ties.

Conventional track design procedures result in selecting tie size,

the spacing and rail size to meet vertical load requirements. Therefore,
ballast type or the width of the ballast shoulder at the tie ends are about
the only independent design parameters which can be varied to change the lateral

resistance of wood tie track. For synthetic tie/fastener systems, however,
the tie shape and weight and the ability of the fastener to prevent the rail
from rotating in a horizontal plane (rotation about a vertical axis) can also

increase the track's lateral resistance.

When the track is occupied by a train, the lateral strength must be
sufficient to resist both the thermal forces and the lateral component of the

wheel/rail loads. The presence of the vertical wheel loads is an important
factor in increasing track lateral strength. However, it is believed that some
occurrences of track buckling have been initiated where the track lateral re

sistance is reduced substantially in the uplift region between the front and
rear trucks of a car or immediately in front of the locomotive or behind the

last car in a train. The mechanics of track buckling are quite complex, and

the limited discussion in this section is intended only to illustrate the type
of information available for evaluating track design and performance. Con

siderable research on track buckling and track lateral resistance is being done
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currently in the United States and Europe, so additional information on this

topic should be available soon. At this time, there is much less known about
lateral track characteristics than vertical because of the emphasis on ver

tical track response criteria for track design.
The current United States design procedure related to the lateral

strength of track is based on the lateral resistance required to resist thermal

loads on unloaded track in curves [3-6], The equation used to determine the

lateral force produced by thermal loads with CWR is:

Pf
=
0.441Dc (AT)

, (3-l)

where is the lateral track force (pounds per foot of track length), is
the degree of curve (degrees), and the AT is the temperature change (?F) from

the initial rail laying temperature (zero longitudinal load).
The lateral resistance of unloaded track is based on available data

for the lateral resistance R (pounds per tie) for a specified ballast type and
shoulder width, so the maximum tie spacing given by

i < ^~
t-Pf (3-2)

can be compared to the tie spacing determined by vertical load requirements.
If increased lateral resistance is needed, it can be obtained by reducing
the spacing, by increasing the ballast shoulder width, by "humping" the ballast

above the tie at its ends, or by increasing tie size or weight. However, any
of these approaches requires quantitative data on the effect of these parameter

variations .

Current design values for 7-in. x 9-in. wood ties are based on an

estimated lateral resistance of 300 lbs. [3-6] for a tie buried to a 4-in.
depth of ballast with a 6-in. shoulder width. Tie resistance is assumed to be

totally dependent on shoulder width, W, according to:

(3-3)

where R and W are the tie resistance and shoulder width for a known reference)
o o

A sample calculation for an 8-degree curve and At ■ 65 F gives
P^
■ 229 lb per

foot. A ballast shoulder width of 7-1/2 in. would be required for a 19-1/2-

in. tie spacing using the current track design procedure.
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Typical measurements show that lateral tie resistance does not

increase significantly for shoulder widths greater than 14-l6 in. , so a

linear relation must be used with caution. Also, the shear forces on the

sides and bottom of the tie contribute some resistance which is not identi

fied by the simplified approach given by Equation (3-3). The tie sides

and ends typically provide 20-30 percent of the total resistance each, and

the tie bottom provides about 50 percent of the total resistance.

The FRA track safety standards [3-4] give alinement standards in

terns of maximum deviations of the mid-offset (tangent track) or mid-ordinant

(curve track) of the line rail from a 62-ft chord. These range from 1/2- in.

for Class 6 track to 5 in. for Class 1 track. A performance index suitable

for this type of long-term degradation criterion would be similar to that

for vertical settlement in that the differential settlement as a function

of wavelength is required. Very little research has been done on the

mechanisms governing this type of cumulative degradation in the lateral

direction.

As discussed previously, the major emphasis has been on determining

an effective elastic limit or critical force as a safeguard against the relative
ly large lateral track deflections which can occur when this limit is exceeded.
For this failure mode, the ratio of critical lateral load to the actual lateral
load from individual axles indicates an operating safety factor. Statistical
data in the form of probability densities for the total lateral force from

individual axles and the corresponding vertical axle force are needed to

evaluate the probability of exceeding the critical load for track lateral
shift. Similar statistical data for track lateral resistance limits are 3

needed to predict the number of expected exceedances per mile for a specified

track section and traffic.

3.1.5 Rail Rollover

The track failure mode known as rail rollover could be classified as
a rail fastener failure, a wide gage problem or a lateral alinement problem.
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The failure is characterized by the sudden occurrence of sufficient lateral
motion of the rail head so that one rail collapses completely or the track
gage becomes sufficiently wide that the wheel drops off the opposite rail.
Rail rollover is sufficiently distinct from other failure modes and represents
such a severe condition that it has been classified separately by the railroad
industry.

The resistance of the rail to lateral forces depends on a complex
combination of lateral bending and torsion of the rail combined with restoring
moment from vertical forces and the resistance from rail fasteners. The
contribution from the rail fasteners used for wood and concrete ties is con
siderably different. The cut spikes used for U.S. wood ties are installed

with a nominal 1/8-in. gap between the spike head and the rail base, and this
gap is frequently increased to 1/2 to 1 in. during service. Therefore, the
spike resistance does not restrain rail rollover until the inside edge of the
rail base has lifted off the tie a sufficient distance to contact the spike
head. In comparison, the type of fasteners normally used with synthetic ties

grip the rail base with an established preload and provide a relatively well-
defined elastic restrain for loads less than the fastener load. Consequently,

the rail rollover problem is expected to be of much less importance for syn
thetic ties and fasteners than it is for wood tie track with cut spikes.

The ratio of lateral (L) to vertical (V) wheel loads, L/V, has

been used by the railroad industry as the governing parameter for rail roll
over. A conservative evaluation of this limiting condition can be estimated

using a simplified model consisting of one truck on a 39-ft rail section that
has loose joint bars at each end. Therefore, the rail torsional restraint can
be neglected. If the rail fastener restraint is also assumed negligible, the
overturning stability depends only on the rail geometry. For typical rail
geometries, this ratio ranges from 0.5 to 0.66. Therefore, a conservative

limit of (L/V) max = 0.5 for the wheels on one side of a truck has been re

tained as the industry criteria for rail rollover.
This critical ratio can be increased by the restraint from sound

spikes or a good fastener. The Association of American Railroads (AAR) Re

search Center conducted tests [3-9] to determine the resistance for cut spikes

with a wood tie and for a rail clip with a concrete tie. These results showed
an additional lateral force capability at the rail head of:
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new cut spikes on wood tie 5500 lb/tie

rail clip on concrete tie 10,000 lb/tie.

These restraint limits were determined by the load which caused a rapid

increase in deflection for a small increase in load. The limit for the wood

tie with cut spikes occurred at a maximum deflection of about 1/4 in., whereas

the concrete tie fastener permitted a 3/4-in. deflection. This fastener

restraint, assuming the fasteners on only two ties are effective, gives:

(L/V) = 0.5 +
11 i000 Wood tiev max V

(L/V) = 0.5 + 20i000 Concrete tie.
max V

A vertical load of 72,000 lbs for 2 wheels on one side of a truck gives an L/V
of 0.65 for wood ties and 0.78 for concrete ties. However, this additional

restraint from cut spikes should probably be ignored considering the frequently

poor condition of wood ties in service.

A more detailed evaluation of rail deflections from the lateral and
vertical loads from several wheels with the distributed effects of rail
torsion included is relatively complex. The AAR is currently measuring this

resistance for wood tie track loaded by an actual car as part of an investigation

to determine if longitudinal forces are a major factor in producing rail rollover.
It has been hypothesized that the presence of longitudinal loads in conjunction
with simultaneous vertical and lateral loads might be the- most adverse con

dition for causing rail rollover.
As discussed previously, the criterion for rail rollover which is

generally accepted by industry is a minimum L/V ratio of 0.5 for all wheels
on one side of a truck. This is a somewhat conservative criterion for

wood tie track, depending on its condition. Test results show that rail rollover
failures are initiated when the rail head lateral deflection relative to the tie
exceeds about 1/4 in. for wood tie track.

Elastic rail fasteners of the type used on synthetic ties provide
increased restraint for rail rollover, but they do permit larger deflections
at loads below the critical load. Railhead deflections on the order of

3/4 to 1 in. can be endured without failure.
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The current AREA test specifications for concrete tie fasteners

[3-1,3-2] restrict the lateral deflection of a rail section held by one
fastener to 1/8 in. at the base under a 35 kip vertical load and 20.5-

kip lateral load (L/V = 0.5). A second requirement is for a maximum rail
head deflection of 1/4 in. with a lateral load of 17.5 kips and vertical

load of 10.25 kips (L/V = 0.5) using a loading ram which allows free lateral

head motion.

For reference purposes, normal freight car axles are sized to

operate with a + 0.350- in. clearance from the nominal centered position to

flange contact. Once flange contact is made, an additional rail deflection
of about 2 inches would be required before the wheel edge moves on top of

the rail head with the possibility of suddenly dropping down between the
rails. Consequently, rail rollover should occur before wheel drop-off.

3.1.6 Wide Gage

A gradual increase in the track gage under traffic is generally
classified as a wide gage problem. It is a type of track geometry deter
ioration which'* can become a safety problem if the gage widens excessively.
The problem of wide gage has become increasingly important during the past

decade with the increasing use of six-axle diesel locomotives and 100-ton

freight cars. This problem is most frequently associated with tight curves

where the lateral forces are high. However, some railroads operating freight

trains up to 70 mph have observed rapid gage widening on tangent track, par

ticularly with frozen ballast conditions. The gage on tangent track has been
observed to increase as much as 3/4 in. in four months during the winter. High

lateral forces on tangent track can be attributed to freight car hunting.

The failure mode causing wide gage includes tie plate cutting, severe
indentation of the tie surface on the field side of the tie plates and lateral
deflection of the cut spikes from bending and from deformation of the tie/spike

interface. This deterioration permits the rail and tie plate to move laterally
and rotate outward under high lateral loads, and the resulting permenent defor

mation increases track gage.
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Permanent deformations of wood ties and spikes are the main con

tributors to wide gage. The governing load parameters are the vertical and

lateral forces and the rollover moment applied to the tie plate. The L/V

ratio governs tie plate motion which causes tie cutting and transmits lateral

loads to the spikes. The combined vertical load and rollover moment determine

the maximum compressive load on the field side of the tie plate that causes

tie crushing when the compressive strength is exceeded. The important consid

eration for reducing wide gage is to prevent lateral motion of the tie plates

relative to the tie and to keep compressive loads on the tie plate ends below

the tie crushing strength. Larger tie plates, higher cant tie plates and more

spikes have been used by industry to combat this problem. It is also recog
nized that heavy cars and locomotives and hunting cars are producing the loading

which causes wide gage. Reduced operating speed will alleviate wide gage prob
lems, but this is often undesirable.

A major advantage of using synthetic ties and fasteners is that wide
gage can be eliminated. Current fasteners used with concrete ties are capable

of maintaining close gage tolerances under high tonnage with very little
long-term deterioration. The elimination of the spike-killing problem which

results from frequent re-gaging in curved territory has been cited as a major

reason for replacing wood ties with concrete ties.

The FRA track safety standards [3-4] specify maximum limits for track

gage for each track class. Nominal track gage is 4' 8-l/2", and a minimum gage
of 4' 8" (1/2- in. tight) is permitted for all track. The maximum gage for tan
gent track varies from 1/4-in. wide for Class 6 track to 1 1/4 in. wide for

Class 1 track. The maximum gage for curved track varies from 1/2 to 1 1/4-in.
wide for the same track classes. This allows for a 1/4-in. increase in nominal

gage that is used by some railroads for curved track.
Current AREA specifications for concrete tie fasteners [3-l,3-2] in

clude a repeated load test of 3 x 10^ cycles to represent the vertical and

lateral loading from traffic. No structural failure of the fastener is permitted,
and a subsequent lateral load restraint test , discussed in the rail rollover
section, insures that wear of the fastener components is not excessive for
maintaining track gage. The wide gage problem is mainly associated with wood
tie track using cut spikes. It should not be a significant factor in the per
formance of synthetic ties and fasteners. The virtual elimination of premature

gage maintenance (normal gage change is required by rail wear) is a major ad
vantage for synthetic cross tie track.
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3.1.7 Track Analysis Requirements

Table 3-2 summarizes the performance indices and critical track
parameters which govern each of the major modes of track degradation.

These factors were used to determine the types of track models and the

formats for track loads which are needed to analytically evaluate track

performance. Also listed in the table are the approximate frequency ranges
of interest for each degradation mode.

3.2 REVIEW OF TRACK ANALYSIS MODELS

Existing track analysis models were reviewed during the first phase
of this research project. Many of the available track models were developed

or assembled by the AAR under contract to the FRA. The role of BCL was to

select those models which were most suitable for meeting the requirements

listed in Table 3-2 for the specific objectives of this project.

Table 3-3 summarizes the capabilities of available track analysis

models and additional details are given in Appendix A. The discussion in

this section of the report will be limited to a description of the major
differences and limitations of the different types of models.

3.2.1 Elastic Foundation Track Models

Several track models for vertical or lateral loading of rails or
single ties are based on the well known solutions for a continuous beam

supported by an elastic foundation. These models are used to predict rail
and tie deflections and bending moments for specified track stiffnesses
representing different values of tie spacing and track modulus. The princi

pal advantages of these models are that reasonably accurate predictions of

rail deflections and rail bending stresses can be obtained if the support
stiffness is selected carefully, and the computational efficiency from

closed form solutions makes this an attractive choice for parametric studies.
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TABLE3-30 (Concinued)

Model
Descripcion

Miaaing
TTea

Off
Loading

Mulci- Vercical
Load

Laceral
Load

WeakSpoc
In Ballaac

non
linear Joincs

IV0 Ballaac/Subgrade
>0 Talboc*aEq0

Scres... Daileccion* ScacicDynamic.Taaat

Verc0 ■a ■a ■o Re A« ■a ■o Xea ■o ■o Xea Xea

b0 PyramidModel Verc0 Xea ■a Xea Iea Xee ■a *o Xea ■o Ho Aea No

c0 BoussTneq*sEq0 Verc.*1Dad.*1
Ang0*1Shear

Verc.*1and
Radial

■a Xea ■o Aea ■a ■a Aea ■o No Yes No

d0 Weecergaard*eSol0 Verc0 RC- Ho Aea ■o Xea ■a *o tea ■a ■a Xea No

e0 Cerruci'a Sol0 No Verc.. 0c0
Long0

■o Aea ■0 «o Xea ■a Xea ■o ■o Xaa No

f 0 Burmlscer'a Verc0*1Bad.*1
Shear

Verc■and ■o Aea lea Aea *o ■a Xea ■a ■a Aea No
Hon0

1- JNSModel Subgrade
Verc0

■a ■a ■o ■0 Xea No No Xea *o No Xea No

h. LoveEquacion Subgrade
Verc0

10 SalemandHay Verc0 ■a ■a *o No Xea ■a ■o Xea ■o ■0 Xat No

J- Weiasaann Verc■ac Verc■ac
Topof Soil

oa ■o *o Ut ■o ■n Xea Xea Aea No No
Topof Soii
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The principal limitations of these models are:

a. The Winkler elastic foundation model neglects shear

coupling in the roadbed which may distort the effect of variations

in tie spacing — a major design parameter.
b. Variations in ballast depth and subgrade properties

cannot be evaluated directly.

c. Estimates of ballast and subgrade pressures require

approximations which do not include the effect of tie size and

tie bending.
d. Non-uniform tie spacing or track support conditions

or off loading (different wheel loads on a common axle) cannot

be included.

3.2.2 Two-Dimensional Finite Element Track Models

Two-dimensional finite element track models can be used to analyze

the ballast and subgrade and to predict loads and displacements of the tie,

pad, fastener and rail. A distinct advantage in using finite elements is
the ability to vary the properties of each element, so that the analysis

is no longer that of an ideal system. The main disadvantage of any
finite-element analysis is the increased cost of the computer runs.

Finite Element Model - Lundgren

This finite-element model utilizes a computer solution based on

matrix structural analysis methods to evaluate a track structure under

static vertical loads. The main advantages of this model are that it in
cludes :

a. Different soil properties at each element, if needed.
b. The effect of missing ties or variable tie spacing.

c. Predictions of soil shear and tensile failure using

maximum stress criteria.
d. Non- linear behavior of soil.
The main disadvantages with this model are that:

a. No longitudinal or lateral loads are incorporated
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b. Rail fasteners are not included in the model.

This model experiences numerical instability problems in cases of
very light loads applied to stiff systems, but this would probably not be
an important limitation for track design analysis.

Finite Element Model - Robnett

This model uses a two stage solution procedure. The model first
considers vertical loading in a vertical longitudinal plane. The output

from the longitudinal analysis in the form of either maximum reaction or maxi

mum deflection at the tie is then used as input to the transverse model. The
advantages and disadvantages associated with this model are practically the

same as those listed previously for the Lundgren model. All ballast and sub-
grade pressure predictions utilize and assumed effective length for the tie
bearing area, so tie bending effects are not included.

Finite Element Vertical or Lateral Rail Model - AAR

This model consists of a two-dimensional finite element representation
of a track structure. The analysis program used is "FRAM 2", a standard
program for frame analysis. The roadbed tie stiffness is represented by beam
members of finite length and cross section. These springs may have linear
or non-linear characteristics. The model could be modified to incorporate

off loading and staggered joints in the rails. Validations show reasonable
agreement with listed data and a comparison with results from a beam-on-an-

elastic-f oundation model shows good agreement. The principal disadvantage of
these finite element models is the difficulty in evaluating the effect of
changing ballast depth or the material properties of the ballast and subgrade.

Finite Element Vertical Track Model - BCL

A single rail is divided into a large number of grid points. Vari
able distance between grid points is allowed. The support from individual
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ties and fasteners is included in the model by discrete springs. There
fore, ineffective ties or fasteners, rail joints, and multiple wheel loads
can be investigated. This vertical-only model does not include off-loading.

3.2.3. Three-Dimensional Finite-Element Track Models

Three-dimensional finite-element models permit variable element

properties and loads. However, three-dimensional models require increased

input data, and the computer costs are usually greater than for the simpli

fied models.

Rail Tie Model - Kilmartin

This finite element model has a good representation of the rail-tie
structure, but the ballast is not modeled in detail. The advantages of this

model are:

a. Variable tie spacing and rail joint stiffness can be included.
b. Vertical and lateral deflections and three rotations are

calculated at each connection point.

Two disadvantages are:
i

a. The analysis does not include rail pad stiffness, rail
fasteners, or variable ballast modulus.

b. No lateral or longitudinal loads are included.

Track Structure and Rail Fastener Models - AAR

These are three-dimensional track models representing the rails,
fasteners, ties, and roadbed by structural members and springs. Rails and

ties are represented by beams and the roadbed is represented by springs.
Some of the disadvantages of this model are the ability to include

a. Variable tie spacing or missing ties
b. Multiple wheel loads

c. Irregularities in the rail and rail joints
d. Off loading and staggered joints.
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Hermann Prismatic Solid Analysis (PSA) Model

This is a three-dimensional finite-element roadbed model that
analyzes a periodically loaded prismatic solid. The PSA model assumes the

prismatic body is infinite in length with constant cross sectional and ma
terial properties in the longitudinal direction.

Some advantages of the model are:

a. Material properties can vary from point to point in the

cross section and the geometry of the ballast section can be repre

sented accurately.

b. Off-loading can be included.

c. Temperature and body forces can be included.

d. Missing ties and rail joints can be investigated.

The main disadvantages are:

a. The output from this roadbed model must be combined with a loads

combination which includes the rails and ties for a complete track structure
analysis.

b. the loads in the longitudinal direction have to be equally

spaced and of equal intensity.

c. When the spacing between loads becomes too large, a large

number of Fourier-series terms have to be computed, resulting in exces

sive computer time.

d. The roadbed cross-section must have finite width and depth
dimensions, and a large number of elements are required if the boundaries
are to be sufficiently far away to represent actual track.

e. The foundation materials are assumed to be homogeneous and

isotropic.

3.2.4 Ballast/Subgrade Models

Most of the models identified under the ballast/subgrade heading

are only algebraic equations for predicting pressures in an elastic con

tinuum. These are theory of elasticity solutions for homogeneous materials
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having different types of loading and various restrictions on displacements.

Some of the solutions predict both stresses and displacements, while others

predict only stresses.

Models by Talbot, the Japanese Natural Railway (JNR) , Love, and

Salem and Hay have been used to predict the pressures on a track subgrade

as a function of ballast depth and to derive correction factors which give

a reasonable fit to the particular test conditions selected. The difficul
ties with all of these models are that the differences in material properties
between ballast and subgrade are not included, and that those equations which

predict only stresses are not amenable to use with an overall track model

where the roadbed displacements and stresses must be compatible.

The stress-pyramid model utilizes a simplified model of the varia
tion in ballast pressure with depth. This gives an estimate of deflections

at the ballast and subgrade interfaces so that ballast depth and material

properties for ballast and subgrade can be varied independently. The stress-

pyramid model has been coupled with the equations for a beam on elastic foun

dation to give a complete track model. The principal limitation is that the
effective bearing area of each tie must be estimated, and equations for this

estimate do not include an accurate evaluation of tie-bending effects. The

importance of tie-bending effects are discussed in a later section.

The Burmister model can be used to represent a layered elastic half-
space having different material properties in up to seven layers. Displace

ment and stress distributions are predicted for any number of circular areas

loaded by uniform vertical pressure. The infinite horizontal dimensions of
this half-space model preclude representing the actual ballast cross-section

geometry. However, the Burmister model does provide for the evaluation of

ballast depth and variations in ballast and subgrade properties without the

additional complexity and cost of using a complete finite element model.

3.3 TRACK MODEL SELECTION

Data requirements for the different modes of track degradation (Section

3.1) and the results of the model review (Section 3.2) were evaluated in order

to select a specific set of track models for use during this project.
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3.3.1 Vertical Track Model

The evaluation of track performance and track design for vertical

loads requires the ability to predict realistic pressure distributions at
the tie/ballast interface and at the ballast/subgrade interface. This requires
a model which includes the effect of tie bending and changes in ballast depth,

roadbed material properties, and tie spacing in a unified manner. In such a
model, changes in roadbed configuration that affect track modulus and the
resulting redistribution of loads from the rail to individual ties would be
readily apparent.

The AAR had developed a loads-combination program to combine load/

deflection influence coefficients from the Hermann PSA ballast/subgrade model

with similar influence coefficients for a track superstructure of individual

rails and ties. However, a comparison of the PSA and the Burmister multi-layer
roadbed models indicated the latter would be a more cost-effective approach
without sacrificing any significant features provided by the PSA finite element
representation. As a result, the multi-layer model was selected to obtain

roadbed influence coefficients for the loads-combination program, and this was

modified at BCL for use as the principal track model for this project.

Figure 3-3 shows a schematic of this combination model which has been

designated MULTA for MUlti-Layer Track Analysis. This provides a linear track

analysis which includes single or multiple wheel loads on 2 rails supported by
ties of variable size and spacing and having a bending rigidity. The tie area
is divided into segments of approximately square dimensions, and these are used
to generate influence coefficients for pressures and displacements from the

multi- layer roadbed model. This system of equations is solved using matrix

analysis techniques to yield numerical values for ballast and subgrade stresses

and the displacements of the rails and ties. Rail and tie bending moments are

computed from the tie and rail reaction load distributions.

3.3.2 Vertical Tie Model

Figure 3-4 shows a finite-element bending model of a single tie which
is recommended as a complement to the MULTA program. This approach would
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utilize vertical rail seat loads predicted by the MULTA program for a specified
roadbed design to provide a more detailed evaluation of tie bending moments

and ballast pressures. The AAR FRAM2 code could be used to evaluate length-wise

variations in tie bending rigidity (El) and linear or nonlinear ballast support
conditions. The resulting ballast loads could then be input to the Burmister

multi-layer roadbed model, or other equations, to predict roadbed stresses.

This single-tie model was not used during the first phase of this
project. This, or a similar model, may be used for the more detailed tie

stress analysis planned for a later task.

3.3.3 Lateral Track Model

The evaluation of track degradation modes and the review of available

track analysis models indicate a need for further development of a 3-D finite
element model having a detailed representation of a rail fastener. This model
would be used to predict rail deflections, fastener loads, and rail-seat loads
related to rail rollover, wide gage, and rail fastener behavior. The same model
would also be used to determine the boundary conditions in terms of rail moments
and tie reactions needed for detailed rail stress analyses, but this application
has lower priority since other techniques may be adequate.

The requirements for a 3-D lateral track model are discussed below

and shown schematically #in Figure 3-5.

a. Vertical and lateral wheel loads applied simultaneously

b. A detailed, nonlinear fastener representation. This is partic

ularly important for the large deflections incurred during rail rollover. This
would include the vertical, lateral, rollover, and yaw resistance of the rail
fastener.

c. The rail should be represented by a beam with bending resistance
in the vertical and lateral planes and torsional resistance.

d. Individual ties would include tie bending in the vertical plane

because this contributes to deflections at the rail head. Lateral bending of

ties could be included also, but this is considered to be of secondary import

ance for the previously listed failure modes.

e. The track roadbed would be represented by spring elements sup

porting each tie in the vertical and lateral directions. The capability for

linear or nonlinear vertical springs should be included. Nonlinear lateral
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FIGURE 3-5. LATERAL TRACK MODEL
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springs having an elastic-plastic characteristic representing realistic
ballast behavior are required. The parameters for the lateral springs

also depend on the vertical load applied to each tie. This is probably
too difficult to model using general-purpose finite-element programs, so
the vertical load effect would be included by the input lateral resistance

based on other analyses of vertical load distribution.

f. The model should also include the effects of rail longi
tudinal loads from thermal effects or traction/braking loads from

vehicle wheels.

The "Rail-Fastener Model" developed by AAR comes the closest to satis
fying the above requirements, but this model has several significant deficiencies

for the purposes of this project. The AAR program utilizes SAP4 , a general-
purpose, linear finite-element computer code for structural analysis. The use

of non-linear elements would require the development of an iteration procedure

incorporating SAP4 as a subroutine, or the use of another general-purpose

finite element code that has non-linear elements. The availability of unidirec
tional translation and rotation spring elements, rather than modeling springs

by judicious selection of the area and moment of inertia properties of beam
elements, is an important asset for the recommended 3-D track model. The SAP4

program does not have spring elements, and this causes some difficulty in
eliminating the cross-coupling between stiffness elements when beams are used

for springs. However, user flexibility and simplicity of generating input
data are the major reasons for utilizing spring elements.

An alternative to developing a 3-D track model is to utilize the
FRAM2 2-D finite-element code that AAR uses for both vertical and lateral

track models. This code can include non-linear ballast resistance in the

lateral direction, and a track model having a frame formed by two rails attached
to ties by flexible restraints can replace the "single" rail model used now.
This would, however, neglect the lateral displacement of the rail due to
vertical tie bending and rail torsion, and only a simplified model could be
used for the fastener. Lateral deflections due to lateral translation and

bending would be included, but the more complicated fastener response contri

buting to rail rollover and wide gage would not be included accurately. Also,
the use of beam elements to represent unidirectional springs by FRAM2 has the

same disadvantages for the user that were discussed previously.
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In view of these restrictions in available models, the implementation

of a 3-D track model using the NASTRAN finite element program is recommended
for future use. NASTRAN was selected rather than some other general-purpose

programs because it has all of the technical capabilities required and is
readily available at many government, industrial, and CDC computer centers for

minimal cost. The implementation of a track model using NASTRAN would include

preparing and documenting a pre-processor program to generate the input data

for selected track parameters in addition to developing a realistic rail
fastener and track model suitable for wide-gage and rail-rollover analysis.
However, an important advantage of NASTRAN is that its full dynamic analysis
capability can be readily applied for future requirements with only the

additional effort needed to determine the mass distribution and appropriate

dynamic forcing function.

The development and implementation of a 3-D lateral track model was

not undertaken under this current contract, and no other lateral response

analysis was done during the time period covered by this interim report. Track

response to vertical loading represents the highest priority for evaluating
concrete or synthetic tie track where problems of rail rollover, wide gage and
lateral buckling are minimized by the rigid rail fasteners.

3.4 RESULTS OF BENCHMARK PROBLEM SOLUTIONS

The evaluation of vertical track analysis models included implementing

both the Hermann PSA and Burmister multi-layer ballast/subgrade programs (MULTA)

on the BCL computer facility to provide a direct comparison. Several benchmark
problems were selected to demonstrate how the programs operated, and to evaluate

the significance of limitations and assumptions of each model. A detailed com

parison of these programs and the solutions to several selected problems are

included in Appendix B. The major results and conclusions from this work are

summarized in the following paragraphs.

a. For comparable models, the MULTA program had a 3:1 advantage in

computation time for a 2-layer roadbed model and a 2:1 advantage for a 3-layer

model. Preparation time for input data was also considerably less for the

MULTA program.
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b. Use of the MULTA program requires subdividing the tie into

a number of rectangular segments. A circular region of equal area is
used for the pressure loading and the overlap or gaps between these seg

ments produces an unrealistic oscillation in the computed stresses. These
variations can be minimized by using nearly square segments for the tie

and using data for stresses and displacements directly under the centers of

the load segments rather than at their edges.

c. The effect of ballast cross section geometry was evaluated

by comparing the PSA results for a typical ballast section with those

from MULTA, which assumes infinite horizontal dimensions. These results
showed that the finite dimensions of the ballast shoulder had a negli
gible effect on the ballast and subgrade pressures under the ties.

d. The effect of tie bending on tie/ballast pressures was
evaluated for typical wood and concrete ties. The pressure distri
butions for wood ties show maximum pressures under the rail seats,
as expected. However, the increased bending stiffness of the concrete

tie shifted the maximum pressure location toward the tie end and pro
duced a more uniform pressure distribution under the tie. However, this
comparison does depend on the relative stiffness of the tie compared to
the roadbed. A tie which is flexible relative to the roadbed produces

high pressures in the rail seat region. A tie which is stiff relative
to the roadbed creates a more uniform pressure distribution. A very

rigid tie modeled with MULTA will resemble the classical elasticity
solution for a punch where the maximum pressures are at the edges (ends)
and the minimum pressure is at the tie center. It is questionable if this
behavior would even appear in track with the granular ballast materials.

The comparison of solutions for pressures and deflections from the PSA

and MULTA programs showed good agreement when the two programs were adjusted to

give comparable boundary conditions. The infinite extent of the elastic half-
space model used in MULTA is an important advantage for simulating the depth
of actual track subgrades, and the effects of the finite width of the ballast
section appear negligible. On the other hand, the boundary locations used in

the PSA program are critical because a large depth is required to simulate real
track. This requires a large number of elements and increases computer costs.
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3.5 EVALUATION OF WHEEL/RAIL LOAD DYNAMICS

The dynamic forces exerted by the wheels of rail vehicles have a
significant effect on the maintenance and safety of both track and vehicles.

Those forces are dependent on vehicle speed, track geometry irregularities,
the vehicle suspension system and the dynamic response characteristics of the

track. Furthermore, the dynamic forces cover a frequency range which includes

the low frequency response of the car body (0 - 10Hz) up to the very high
frequency response (500 - 2,000 E^) caused by wheel impact at rail joints,
welds and switch points and from flat wheels.

The transmission of these dynamic forces from the rail head down into
the ties and roadbed varies considerably for the different frequency ranges.

The high frequency components of the impact force are of greatest concern for

rail damage. These high frequency loads are local in nature and are attenua
ted significantly before they reach the ties and roadbed. However, the lower-

frequency components of the wheel/rail loads are transmitted to all components
of the track, and it is these loads which are of greater importance for degrada
tion of ties, ballast and subgrade. Conventional procedures for track design
utilize an empirically-derived, speed-dependent load factor, or impact factor,
applied to the static wheel load to represent design loads for rail bending
stresses and for track components below the rail. Very different loads are
needed to represent impact forces on the rail head.

This section of the report reviews several of the different approaches

used to determine the effect of speed on dynamic wheel loads for track design.

The vertical dynamic wheel load, or design load, P^, is given by

P - K P (3-4)a s

Where Pg is the vertical static wheel load and K is a dynamic wheel load factor.
The dynamic wheel load factor used most frequently for U.S. track de

sign is given in AREA Bulletin 645 [3-l0] as

K-1+T§i. (3-5)

where V is train speed in miles per hour and D is wheel diameter in inches.
This is usually described as a speed, or impact, factor, and it does not in
clude the effect of variations in track geometry, track stiffness, or vehicle

type. However, track design procedures do include additional factors to esti

mate the effect of track condition (non-bearing ties or soft spots in the roadbed)
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on rail bending stress and tie loads. Also, the static wheel load Pg can be
adjusted to include the load transfer from torque reactions in locomotives

and non-uniform freight loading when these effects can be estimated.

The Indian Railways [3-l1] uses a dynamic wheel load factor given

by

K = 1 + —~_ , (3-6)

3*^U
where U is the track modulus in units of psi. It is conjectured that the
dependence of track modulus in this equation is intended to represent track
condition, i.e., stiff track (high U) will have good geometry compared to
poor track (low U) , and therefore, dynamic loads will be lower. This is in
contrast to the case where dynamic loads from a specified track geometry errnr

will be greater on the more rigid track (high U) .
Some other equations used for dynamic wheel load factor by European

2railroads show a V relation [3-12], but most of the available data indicate
2

the V relation predicts excessive wheel loads at high train speeds. Measured

data indicate that rail flexural stresses vary with train speed with a propor-
1.2tionality between V and V * [3-l3], Of course, most of these empirical speed

factors were formulated for train speeds no higher than 100 mph.

Figure 3-6 shows that the results from the AREA and Indian Railways

formulas are quite similar. The dynamic load factor recommended [3-l4] for the

design of Northeast Corridor (NEC) track for 150 mph. passenger service is also
shown for comparison. The NEC design factor was increased above the AREA for

mula at low train speeds to include an estimate of the additional forces from

track irregularities.
A different approach to the estimation of track design loads recog

nizes the statistical nature of wheel loads and the effect of different stan
dards of track maintenance. Experience from the German Federal Railroad,

Deutsch Bundesbahn (DB) , for the effect of train speed on rail bending stress
and rail deflection shows that wheel dynamic load factors can be represented
by [3-l5]

K = 1 + no , (3-7)

where

a = standard deviation of wheel dynamic load factor
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n ■ number of standard deviations depending on

statistical confidence level P that the dynamic
wheel load will not exceed the value of +ri0.

The relationship between n and P for a Gaussian probability distribution is

shown below for reference:

n P(%)

1 68.8
2 95. A
3 99.7.

The DB uses n = 3 for estimating maximum track loads for predicting rail bending
stress and tie loads. They have developed guidelines for track condition as

shown in Table 3-4. These relations are also plotted in Figure 3-7, and the AREA

dynamic wheel load factor is shown for comparison. It is important to realize
that the track design and maintenance standards used by DB are probably the most

conservative of any of the European countries, so dynamic wheel loads for their

very good track would be expected to be quite low. By comparison, the AREA

dynamic load factor agrees closely with the DB criterion for good track in the

higher speed range, which suggests that the AREA factor may underestimate wheel

loads on typical U.S. track. It is also apparent from Figure 3-7 that the load
factor used by DB includes some of the effects of load transfer at low speed

in addition to the speed effect shown by the AREA criterion.

TABLE 3-4. STANDARD DEVIATION OF WHEEL DYNAMIC LOAD FACTOR
USED BY DB [6].

Speed, mph (km/h)
Track Condition 0-37 (60) 37 - 124 (200)

Very Good a = 0.1 a - 0.1 [1 + (V-37)/87]
Good a = 0.2 a = 0.2 [1 + (V-37)/87]
Bad a = 0.3 a = 0.3 [1 + (V-37)/87]

Some other results for the DB reported by Birmann [3-16] shoe variations

in wheel dynamic load factor for a range of track condition and for the different

maintenance condition of locomotives used for 87 mph (140 km/h) and 124 mph (200

km/h) service. Figure 3-8 shows some measured data in comparison to the AREA

46



5

FIGURE 3-7. DYNAMIC WHEEL LOAD FACTORS USED BY
DB (GERMANY) FOR 99.77. CONFIDENCE LEVEL (n=3)

47



3

Train Speed , MPH

FIGURE 3-8. TYPICAL DATA ON WHEEL DYNAMIC LOAD
FACTORS FOR LOCOMOTIVES

48



dynamic load factor. Similar data for 2-axle and 4-axle European freight cars

show comparable dynamic load factors, but total wheel loads will be highest for
the locomotives due to their higher static axle loads. The measured data are

considerably lower than the criteria shown in Figure 3-7. However, the criteria
are intended to cover the statistical nature of infrequently occurring high
wheel loads, whereas the measured data may represent an average load condition.

Birmann [3-l6] has used typical average load data to develop a dy

namic load factor which includes both track and vehicle locomotive condition by

K=l+a+g+Y (3-8)

where

a = 0*04

(iSo)

3

(3"9)

gives the speed effect for new vehicles.

The factor (3 gives the vertical load transfer in curves using the

following typical data for current vehicle suspensions:

6 = 13-17% for DB (unbalance = 100 - 130 mm)
B = 20% for SNCF (unbalance = 150 mm).

The factor y depends on train speed, track condition, and the type

and age (condition) of the locomotive.

Y = YQ
* a * b (3-l0)

where
3

Yo
= 0.10 + 0.017 (3-l1)

Speed Limit (km/h) Locomotive Factor, a Track factor, b a ; b

140 2 1.3 2.6

200 1.5 1.2 1.8

Using these values for V = 140 km/h gives K = 1.49, and K - 1.75 for V - 200
km/h on tangent track (3 = 0). These Values agree with the highest values shown

on Figure 3-8 for the respective speed ranges. The lower values represent the

condition of a = b = 1 for new vehicles and excellent track.
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While the development of dynamic wheel load factors, or impact fac
tors, has been directed toward establishing criteria for track design in gen
eral, it is generally recognized that specific anomalies such as rail joints,
rail welds, flat wheels and switch points can produce much higher impact forces.
These impact forces are strongly dependent on vehicle unsprung mass, the track

effective mass under dynamic loading, the severity of the track anomaly and

speed of the vehicle. Figure 3-9 shows some sample calculations based on re

sults reported in [3-l7] where the PI (high frequency input) and P2 (lower
frequency track response) forces for joint impact were estimated for the maxi
mum allowable track geometry deviations for U.S. Class 4 and Class 6 track.

The considerable variation in the P2 forces for joint condition (track class)
indicate that the current speed limits would probably cause a much higher rate

of joint degradation for Class 4 track when the joints approach their respective
geometry limits. The PI forces are much higher than the P2 forces, but inertial
effects attenuate these considerably before they reach track components below

the rail.
Figure 3-l0 shows some data on the effect of wheel flats on rail bending

stresses measured by the AREA [3-l8] in 1952. The characteristic behavior of

wheel flats is that rail deflections and rail bending stresses reach a maximum
value in the 15-30 mph range and then decrease as speed increases to about 40

mph. At speeds above 40 mph, the rail bending stresses increase gradually but
do not exceed the maximum values recorded at lower speeds*.

This behavior in rail bending stress and rail deflection has been con
firmed by measurements in Japan [3-l9]. British Railways has done some analy

tical work [3-20] which also confirms this behavior in rail deflection. However,
the analytical results for rail bending stress and rail contact stress show a
general increase in response with speed, with a minor peak around 20 mph which

is exceeded by a considerable margin for speeds above 50 mph. This analytical

prediction for rail bending stress is questionable because rail bending response
to high frequency impact loads will be attenuated by the rail mass. The increase
in contact stress at high speeds is not unexpected.

Wheel flats produce much higher track loads than are accounted for by
the AREA impact factor, but the frequency of occurrence of a fj.at wheel impact
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on one particular spot on the track is low compared to the loading from normal
wheel passes. The effect of an infrequent occurrence of a high impact force

on the different track degradation modes is largely unknown at this time. This

will be discussed further in Section 4.
This review of wheel/rail load dynamics presents current world-wide

practice for the selection of track loads for track design purposes. Track

design loads have been developed historically based on the estimated maximum
load condition as a function of train speed. This has been refined to include

empirical statistical descriptions for different levels of track condition. The
current AREA specification for concrete ties and fasteners [3-l,3-2] includes

an assumed impact factor of 150 percent above the static vertical wheel load

to estimate the dynamic effect of wheel and track irregularities. This gives
a dynamic wheel load factor of K ■ 1 + 1.5 + 2.5 times the static wheel load.

A maximum static wheel load of 41 kips is assumed to derive the maximum tie
rail seat loads using a distribution factor as a function of tie spacing to in
clude the load shared by several ties. This results in a 52.6 kip rail seat
load for 24- in. tie spacing and a 61.5 kip load for ties spaced at 30 in. A
2.5 dynamic wheel load factor is considerably greater than the guideline shown
in Figures 3-6 thru 3-8 for normal freight service up to 60 mph.

The major disadvantage of these types of load estimates is that an

estimate of the maximum load, even with statistical data for frequency of occur
rence, does not describe the load spectrum to which a typical section of track

would be subjected in normal service. The evaluation of track degradation due

to cumulative fatigue damage requires a load spectrum description for the total

load environment in addition to the statistical description of low-probability
maximum loads.

3.6 TRACK DYNAMIC RESPONSE

It may have been noted that the extensive list of track analysis models
reviewed in Section 3.2 and the models recommended for this project in Section 3.3

were limited to static response predictions in that the effect of acceleration

or damping forces in the track were neglected. Conventional track design pro

cedures are based on using track loads which include estimates for dynamic ef

fects, as discussed in Section 3.5, but track-response predictions utilize the
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maximum dynamic load as an equivalent static load. Simplified track dynamic

models are frequently used in studies of rail vehicle dynamics and vehicle/
track interaction to predict wheel/rail loads. However, no detailed track
models similar to MULTA have been developed to solve the complete vehicle/
track interaction problem and include the effect of inertial (acceleration)
and damping forces on the transmission of loads into the ties, ballast, and
subgrade. The reasoning behind why these dynamic effects are not included

in track analysis models is reviewed briefly in this section.
Any particular section of track is subjected to a series of vertical

and lateral load pulses on the rail as each axle of a train passes. The magni
tude of the vertical load pulses depends on the vehicle's static weight plus

any additional load due to vehicle dynamic response or wheel irregularities.
Figure 3-l1 shows the calculated excitation frequencies of the track loading

from the load pulses due to individual axles and trucks. The excitation fre

quency from these pulses depends on the pertinent axle and truck spacing and

increases linearly with train speed. This repetitive loading on the track can

excite a track resonance when the excitation frequency is close to the track's
resonant frequency. This would produce a greater response of the track (higher

displacements and loads) than would be predicted by a static analysis.

Available data show that the lowest resonant frequencies of track are

in the range of 30 to 45 Hz for wood tie track, and the damping ranges from
15-45% of critical. Resonant frequencies for concrete tie track might be some
what higher, but no substantial increase is expected because the typical increase
in track stiffness is usually matched by a corresponding increase in the effec

tive mass from the roadbed. Figure 3-l1 shows that the excitation frequency

for freight car axles does not exceed 20 Hz for operating speeds below 80 mph.

This excitation frequency is sufficiently below expected track resonant frequencies
to justify neglecting any dynamic amplification from the basic load pulses due
to traffic.

Higher frequency dynamic response can be excited by impacts at joints

or from flat wheels. As discussed in Section 3.5, high frequency impact forces
are reacted by the mass of the rail in a local region, and this reduces the
force transmitted to the ties and ballast. Variations in the elasticity of
rail fasteners (pads) for synthetic cross ties have the greatest potential for
attenuating impact loads. The prediction of these impact forces requires an
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appropriate dynamic model for the vehicle and track. However, the effect of

the loads transmitted to the ties and ballast can be evaluated in an approxi

mate manner by using an equivalent static load based on the lower frequency

excitation transmitted through the track structure. The transmission of

impact forces into the track is an important area for future research on
track response, but further information on the contribution of impact forces

to overall track degradation relative to the loads from wheel passes is
needed to establish their relative importance.

An alternative way to evaluate dynamic effects in track response is

to estimate what percentage of tie loads can be attributed to acceleration
forces. Figure 3-l2 shows some approximate analytical predictions of maximum

tie acceleration as a function of train speed for a typical range of track

modulus. These predictions were made by differentiating the beam-on-elastic-

foundation solution for rail deflection y (x,t) for a point load P moving at
speed V to give the equations

Pe-6(*-vt)y(x,t) -— r [Sin B(x-vt) + Cos g(x-vt)], (3-l2)
8EI0

"
= ISL (3-13)

■'max 4EI0 '

where = tvt , U = track modulus per rail (lb/in. /in. ) , and EI = rail4hl
2
*

bending rigidity (lb-in. ).

The results in Figure 3-l2 give the maximum acceleration of a fixed

point on the track during passage of a wheel load of P = 35 kips. The maxi

mum acceleration occurs at the time of maximum deflection when the wheel is
directly over the reference location. Maximum accelerations on the order of 1 g

correspond to inertial forces on the tie rail seat on the order of 400 lb (1/2
concrete tie weight). This is negligible relative to the rail seat load of
12-20 kips. Therefore, the effect of the tie inertial forces on maximum
ballast pressures is negligible for the low frequencies associated with wheel

passage. Higher tie accelerations will result from tie bending vibration re
sponse to flat wheel impacts. However, the excitation of tie bending will have
a negligible effect on rail seat loads.
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Velocity ~ mph

FIGURE 3-12. ESTIMATE OF MAXIMUM TIE ACCELERATION
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The relatively brief evaluation of the effect of track dynamic re

sponse discussed in this section indicates that static track analytical models

which neglect inertial and damping forces should be quite adequate for the
major track loading caused by wheel passage. Rail loads caused by flat wheels
or short wavelength corrugations where the excitation frequency is above the
30-45 Hz range for the fundamental track resonance require a comprehensive

dynamic model. However, static track models should provide useful estimates

of tie and ballast loads if the applied loads reflect the attenuation of high
frequency components by the rail mass .
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4. MEASUREMENTS OF CROSS TIE AND FASTENER LOADS

Analytical models discussed in the previous section have been selected

to predict track response to train loads and to evaluate a wide range of track

and fastener design parameters. It was originally expected that available
instrumented sections of wood and concrete tie track in the Kansas Test Track

(KTT) would be used to obtain measured track response data for validating the

analysis models before proceeding with parametric design studies. It was also
desirable to obtain statistical data on the loading environment of cross ties
and fasteners for revenue traffic in order to evaluate performance specifica
tions for ties and fasteners. Unfortunately, the premature failure of the KTT

required the selection and complete instrumentation of a new test site location.

The details of the instrumentation and site selection and the statistical basis
for the data recording requirements are discussed in a separate measurement

plan [4-1]. Only those items needed to describe the actual measurement pro

gram and results will be repeated in this report.
Several potential test sites having concrete ties were evaluated to

select the most suitable site for meeting the specific objectives of this pro

gram. These objectives were to obtain data on the service loads and reactions

of cross ties and fasteners and on the load transfer between track components

that are needed to:

a. Validate analytical models for predicting track response for a

range of track design parameters.

b. Provide a statistical description of the loading environment for
a typical track section to be used as a basis for design evaluation and labor

atory testing of improved cross tie and fastener assemblies.

4.1 TEST SITE DESCRIPTIONS

Detailed test site selection criteria for meeting these program
objectives are discussed in [4-1]. Two key requirements for the program were

to have uniform track sections of concrete ties having variable tie spacing
and to have test sections on both curves and tangent track. Variable tie
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spacing was recommended to provide a critical validation check for the analy
tical model because tie spacing is a major track design parameter. A section

of curved track was recommended to determine the most severe lateral loading

effects on rail fasteners. The combined vertical and lateral loading on the
fasteners in curves represents a critical condition for fastener design.

The Florida East Coast (FEC) Railroad was the only property meeting

these two major requirements. The fact that the Railroad Concrete Crosstie

Corporation (RCCC) ties shown in Figure 4-1, a modification of the original

MR-2 design, do not meet current AREA specifications was not considered a

detriment for the objectives of this project. Also, the fact that the temp

erate Florida climate is not a typical North American environment was not con

sidered critical for obtaining load data over a short time period.
The FEC test sites selected for this project included two concrete

tie tangent track sections, one having a nominal tie spacing of 24 inches and

the other having a nominal tie spacing of 20 inches, and a concrete tie curve
site with 24-inch tie spacing. The RCCC tie shown in Figure 4-1 and True

Temper Cliploc fasteners with a 1/8-inch thick polyethylene rail pad are the
tie/fastener combination used throughout the test sites.

A tie spacing of 24 inches is standard for the FEC; however, a length
of tangent track had been constructed with 0.5 mile sections of ties spaced at

24, 22, and 20 inches to evaluate these designs. These sections were located

about 6 miles north of Jupiter, Florida on track adjacent to the Jonathan Dick

inson State Park on U. S. Route 1. Annual traffic was estimated to be 18-20

million gross tons (MGT) of mixed freight and 100-ton hopper cars with stone

and travel. The maximum train speed for the test sites was 60 mph, which is

the maximum speed permitted on the FEC railroad.

Specific locations for instrumentation were selected on the tangent

track sections to provide uniform subgrade conditions away from any embankments

and at locations shown by track geometry charts to be free of any anomalies in

profile, alignment or gage. Results from a complete set of measurements from

the DOT track geometry car showed that the track was in excellent condition

throughout the entire test section. The particular sites selected are discussed

in the following sections.
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4.1.1 Site 1 - Tangent Track with 24-Inch Tie Spacing

Site 1 was located at MP 278.1 in the tangent track section having 24

inch tie spacing. This site was about 0.3 miles south of Camp Murphy North

crossing. This concrete tie track was constructed in June 1975 (approximately

one year before testing) with 132 lb/yd welded rail and 10-12 inches of granite
ballast. The track was located on an old roadbed which had been scraped to

provide an even surface and to remove the old limestone ballast. Subsequent

excavation at one location during the test program showed a ballast depth of

about 6-1/2 inches under the tie and a clear demarcation between the new

granite ballast and the old roadbed. The old roadbed (subgrade) was a well

compacted mixture of soil and limestone ballast. No significant maintenance
had been required during the year after the track was constructed.

4.1.2 Site 2 - Tangent Track with 20-Inch Tie Spacing

Site 2 was located at MP 279.0 in the tangent track section having

20-inch tie spacing. This site was located about 1.2 miles south of the Camp

Murphy North crossing, and the track was constructed at the same time as Site 1.

An excavation at this site also showed a ballast depth of about 6-1/2 inches

under the tie and the roadbed appeared identical to that at Site 1. Both

Sites 1 and 2 were paralleled by a section of old wood tie track used as a
passing siding. No significant maintenance had been required during the year

after the track was constructed.

4.1.3 Site 3 - Curved Track with 24-Inch Tie Spacing

jo
Site 3 was located in the middle of a 3 52' curve at MP 275.5.

The curve had a superelevation of 5-1/2 inches with entry and exit spiral

lengths of about 350 feet. The balance speed for this curve as given by the

AREA formula is

Ea 5.5
V =
0.0007d

-
(0.0007) (3.87)

45 mph» (4-1)
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and the maximum allowable speed for operation at 3 inches of unbalance is

where

Eg
+ 3

5 5 + 3
V =
0.0007d

=

(0.0007) (3.87)
= 56 mph' <4"2)

V ■ Train speed (mph)

E = Actual elevation of outside rail (inches)
a

d = Degree of curvature (degrees).

The concrete tie track was constructed in July, 1970 at Site 3 using
the same construction standards used for Sites 1 and 2. It was last surfaced
in May, 1975, so it has been subjected to about the same traffic conditions
since maintenance even though it was constructed 5 years earlier than the two
tangent track sites. The curve test site was in single-track territory.

4.2 INSTRUMENTATION INSTALLATION AND CALIBRATION

The selection of measurement parameters, instrumentation, and data

requirements for meeting the objectives of this project are discussed in detail

in [4-1]. Figure 4-2 shows the locations and identification of the instru-w

mentation that was installed at the test sites. All three sites included a
main instrument array which extended over 7 adjacent ties. The purpose of this

continuous section was to obtain a complete set of track load and response data

over a nominally uniform track section. The section of 7 ties provided a length

of about 14 feet so the center tie and two adjacent instrumented ties would be

within the wheel influence zone from either end of the main array. This was

done to minimize the effect of disturbances to the ballast, because the instal

lation of instrumented tie plates (described in Appendix C) required lowering

each tie about one inch in the ballast to provide the required clearance. In

this way, all ties within the wheel influence zone were adjusted similarly.
The ties were lowered and dummy spacer plates were installed one month before

the measurement program started to allow reconsolidation of the ballast under

1-2 MGT of traffic.
The FRA/PCA load cell ties described in Section 4.2 and shown in

Figure 4-2 were also installed in track one month before any measurements were
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made. The load cell ties were Installed and the 7 ties in the main array

were lowered with minimum disturbance to the ballast. However, it was nec
essary to hand-tamp the rail seat region under each tie following these adjust
ments to eliminate free-play. The track in each main array was lifted by track

jacks and tamped so it was humped about 1/4 inch above the normal level. This
hump had virtually disappeared after one day of traffic, and one month of traffic
caused a dip of about 0.06 inches in the main array in each test section. This

dip was removed by the addition of an extra 1/8-inch thick tie pad under the

instrumented tie plates. It was also necessary to add a tie pad at each rail
seat of the load cell ties.

Figure 4-3 is a photograph of the main array instrumentation. Brief

descriptions of the instrumentation and calibration procedures are given in the

following sections.

4.2.1 Wheel/Rail Load Circuits

The instrumentation in the main array includes strain gages applied

to the rail web to measure vertical and lateral wheel /rail loads on the rail
near the center tie. The strain gages oriented at 45° on the rail web measure
the principal strains from vertical shear force. A total of 8 gages located

on a rail section between two ties are wired into a single bridge, and the
bridge output is proportional to vertical wheel load with an influence length

nearly equal to the space between the chevrons. The vertical wheel/rail load

data was added from both rails in the main array to determine axle loads to
identify car weight categories. Additional vertical wheel/rail load circuits

were installed adjacent to the strain gaged ties outside the main array. The

signals from a pair of vertical wheel/rail load circuits spaced about 25 feet
apart at either end of the instrumentation section were used to calculate train

speed as a train entered the test section from either direction. This speed

calculation and accurately measured distances to the different instrumented loca

tions were used to establish time delays for axle identification during the data

analysis.

The strain gage circuits used to measure lateral wheel rail loads
were applied to the rail web immediately over a tie. The lateral shear force
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circuit utilizes the principal that shear force in a cantilever beam is pro
portional to the change in bending moment.

The vertical wheel/rail load circuits were calibrated by observing
the output amplitudes during the passage of a work train having an empty and

fully loaded hopper car that had been weighed prior to arriving at the test
site. The average output sensitivity of the vertical wheel load circuits was
10 micro volts per excitation volt per 1000 lb, and this varied by about + 10

percent for the different circuits in one track section.
The lateral rail load circuits were calibrated with a hydraulic ram

placed between the two rails as shown in Figure 4-4. Figure 4-5 shows typical
calibration data for the lateral wheel rail load circuits. Calibrations were
nearly identical in both an unloaded condition and with a vertical load from a

loaded vehicle positioned adjacent to the lateral load circuits. A high pres
sure lubricant was applied on the rail at the wheel/rail contact patch for
these measurements to reduce the lateral load transmitted into the vehicle axle.

Data from previous BCL tests using instrumented wheel sets indicates that the

maximum lateral load transmitted to the vehicle wheels is approximately 1200 lb,

and this is included in the calibration factor. The average calibration factor

for the lateral wheel /rail load circuits on the concrete tie sections was 34
microvolts per volt per 1000 lb. This calibration factor varied by approximately
+ 10 percent for the different locations.

4.2.2 Rail Seat Loads

The main array of each test section contained 6 instrumented tie

plates, with 5 on one rail. The instrumented tie plates were used to record
rail seat loading throughout the influence zone of the center tie for purposes
of model validation. The combined statistics from the five tie plates under

the primary rail were also used to record statistical load variations. Instru
mented tie plates were not used outside the main array because it was believed
that disturbing a single tie to install tie plates might produce an anamoly in
the track support condition that was greater than any normal spatial variations.

Inserting the load cell ties at isolated locations did create some free-play, and
a similar problem would have occurred with the instrumented tie plates.
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CALIBRATION LOAD - KIPS

FIGURE 4-5. TYPICAL CALIBRATION DATA FOR LATERAL
W/R LOAD CIRCUITS
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Each instrumented tie plate had a pair of load cell washers. The
signals from the two load cell washers were added to measure total vertical
rail seat load and the signals were subtracted to measure the net rail seat
moment. Appendix C gives a more detailed description of the instrumented tie

plates and their calibration.

4.2.3 Tie Moments

A total of three strain gage ties (see Figure 4-6) were used in the

main array to measure the bending moment under the rail seats and the bending
and torsion moments at the tie center. Three additional strain gage ties were

located randomly within each 110-ft test section. The additional ties were used

to record any spatial variations in tie loading which might be caused by vehicle

dynamic effects, and also to provide a comparison for data from the main array

where it was necessary to disturb the ballast during installation of the instru
mented tie plates. Bending and torsional moments within the tie were measured

by strain gages installed directly on the ties in service. A full bridge with
four active gages wired to measure bending or torsional moment directly was

used for this project. The output of the bridge was calibrated directly in

inch/lbs of moment using a laboratory calibration of equivalent ties. Detailed

descriptions of the strain gage circuits, the gage installation procedures, and
the circuit calibrations are included in Appendix D.

The possible presence of tie cracks in or near the gage locations

was a major concern for the use of strain gage ties. The presence of a crack

running through a gage location will produce a significant increase in strain
when the tie is loaded sufficiently to open the crack. A crack adjacent to a

gage location will limit the strain on that gage to the preload strain when
the crack is open. In either case, the output from the bridge will be nonlinear
and considerably different from the calibration data obtained from an unc racked

tie. These effects were evaluated during the laboratory calibration procedure
and the results are reported in Appendix D.

During an initial trip to the test sites to select the main array
locations, the ballast was removed from several cribs so that the ties could be
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inspected for cracks and other defects. The initial intention of this inspection
was to avoid picking a location for the main array that might have a cracked tie.
All ties were inspected visually with the occasional aid of 3X and 5X magnify
ing glasses. Specific attention was directed to the rail seat region near the
bottom of the ties and to the top of the ties in the center region.

An initial inspection included 6 ties at Site 1, and none of these
exhibited any visible cracks. It was necessary to excavate the cribs around a
total of 12 ties at Site 2 in order to find 6 ties that did not have any

apparent cracks and were therefore judged suitable for strain gaging. The

visible cracks were quite small and required close examination for detection.

Some of these ties had been chipped and gouged near the tie bottom, apparently

from the use of tampers with these closely spaced ties (20- inch nominal spacing).

In addition to tamping damage, several ties showed one-half inch to one-inch

chunks broken from their bottom edges as a result of high contact stresses

between the relatively sharp edge of the tie and individual pieces of ballast.

The cracks in the rail seat region of the ties at Site 2 frequently appeared to
originate in the vicinity of these damaged locations.

The inspections of ties at Site 3 included a total of 13 ties, and all
ties had hairline cracks in the rail seat region under the high rail. One or
more cracks were also visible on the top surface in the center section of six

of these ties. Consequently, the search for uncracked ties to use for strain

gaging was abandoned because it was apparent the locating a sufficient number
was highly unlikely. The locations of the cracks were marked, and when the

strain gages were applied later, the gages located near the tie bottom under

the rail seats were moved approximately one inch from the nominal position to
avoid placing gages directly over a crack. The calibration data recorded in

Appendix D show that the presence of a crack at or near the gages will not have
a substantial effect as long as the tie bending moments are below about 75 inch-

kips at the rail seat and 60 inch-kips at the tie center. These levels were
rarely exceeded during the measurement program, as will be shown later.

Although the relatively small cracks in the rail seat and tie center
regions caused some concern for applying strain gages to measure tie moments,

service experience may prove that this type of crack has very little effect on
tie life as long as the prestress is retained. It is noteworthy that the
greatest number of cracks were found under the high rail at Site 3, which had
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been in service for a period of 6 years and was located on a rather sharp curve where
the vertical loads on the high rail are considerably higher than on tangent track.

4.2.4 Tie/Ballast
Pressures

The Federal Railroad Administration/Portland Cement Association (FRA/PCA)

special design load cell ties developed for the Kansas Test Track were used to
measure tie support reactions at the tie /ballast interface. These ties have ten

separate segments along the bottom to convert bearing pressures to discrete loads.

Each rail seat is instrumented to measure vertical rail seat loads. A detailed
description of the construction of the FRA/PCA load cell tie and a comparison
of the bending stiffness between the load cell tie and the RCCC tie can be found
in Appendix E.

Two of the load cell ties were installed at Site 1, and one load cell
tie was installed on the curve at Site 3. As discussed previously, these ties

were placed in track and hand-tamped approximately one month before beginning

the measurement program to allow for reconsolidation of the disturbed ballast.

The purpose of using these load cell ties was to simultaneously measure vertical
rail seat loads and the resulting distribution of tie/ballast pressure on the
10 instrumented segments along the tie length. It was recognized that inserting
a single tie in the track might result in that tie supporting less than the
normal percentage of wheel load. Therefore, data from the pressure distribution

on the load cell ties have been normalized by the rail seat load to minimize
this influence.

Figute 4-7 shows a photograph of the load cell tie installed in track.
As discussed in Appendix E, the load cell ties were refurbished at BCL prior to
use on the measurement program, and each of the bottom pressure cells and the

rail seat load cells were calibrated in a static load machine.

4.2.5 Track Deflection

The main array included displacement transducers to measure absolute

vertical rail deflection, lateral deflection of the rail head relative to the
tie, and absolute lateral displacement of the tie. The displacement transducers
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FIGURE 4-7. LOAD-CELL TIE
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are shown in Figure 4-3. All measurements were made adjacent to the center
tie using Direct Current Differential Transformers (DCDT) having a displacement

range of + 0.5 inches. The absolute vertical and lateral displacement of the

rail or tie were referenced to a "ground stake" which consisted of a 1-inch
diameter steel rod driven through a concentric hollow casing through the bal

last into the subgrade. The casing was about 4 feet long to isolate the rod

from ballast movements. The 1-inch diameter steel rod was 8 feet long and it
was driven into the roadbed until about only 8 inches projected above the bal
last surface.

The lateral displacement of the rail head relative to the tie was
measured using a small section of rail epoxyed to the tie surface for purposes
of attaching a DCDT. Vertical rail deflections were also measured at one of
the strain gaged ties located away from the main array to provide data on

vertical track modulus at two independent locations.

An end-to-end calibration of the displacement transducers and signal

conditioning amplifiers was made using the in- track installation. The DCDT's

were first adjusted to center the rods in the middle of the displacement range.
Then a physical calibration was performed over a displacement range of 0.1 inch

by rotating the No. 4-40 threaded rod (used to mount the displacement trans

ducer core) by four turns.

4.2.6 Rail Fastener Bolt Loads

Two load washers of the type shown in Figure 4-8 were used to monitor

the fastener bolt-load fluctuations on one rail-fastener assembly. These load

cell washers were the same type as those used for the instrumented tie plate
load cells, and they were calibrated in a laboratory load machine before the
measurement program started. Appendix C shows typical data for instrumented

tie plate load cell and the fastener bolt load measurements made simultaneously
on a single fastener.

4.2.7 Rail Bending Strain

Figure 4-9 shows the strain gage locations used to provide data on rail
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FIGURE 4-8. RAIL FASTENER BOLT LOAD MEASUREMENT
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FIGURE 4-9. LOCATION OF STRAIN GAGES FOR
RAIL STRESS MEASUREMENTS
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bending strain. These gages were oriented longitudinally and wired in separate

bridges to measure strain from lateral and vertical bending. The gages were

located adjacent to the center tie in the main array and centered in the crib

between the Chevron gage patterns for the vertical wheel rail load circuit.
The outputs from the two gages on the rail base were averaged to use as an
independent verification of vertical track modulus. Data from the gages in

the rail fillet regions have been used to compare with predictions from a rail
stress analysis model.

The sensitivities of the individual bridges for the rail bending
strain gages were determined by calculating the circuit response with the gage
factor provided by the gage manufacturer. This circuit sensitivity was then
simulated by a precision strain calibrator to verify overall system sensitivity.

4.2.8 Rail and Tie Acceleration

Accelerometers were placed on the rail and on an immediately adjacent
tie to measure the vertical acceleration at these two locations. Data from

several revenue trains passing the site were recorded in order to compare the

frequency content of the rail and tie accelerations to determine attenuation
through the rail fastener and to determine typical tie accelerations caused by
rail uplift.

Piezoelectric accelerometers and charge amplifiers having an overall

flat frequency response from 1 Hz to 5,000 Hz were used for these measurements.
The amplifiers and the recorder were calibrated end-to-end by mounting each

accelerometer on a calibration shaker. The amplifier output was then adjusted

for a nominal sensitivity.

4.3 BALLAST AND SUBGRADE PROPERTIES

Input data requirements for the MULTA track analysis model include

the elastic properties for a layered representation of the ballast and subgrade.

The following sections discuss the plate bearing tests which were made on the

ballast and subgrade and several soil property measurements which were made to
characterize the subgrade material.

78



4.3.1 Plate Bearing Tests

The following plate bearing test procedure was used to obtain rep

resentative data for the elastic properties of the ballast and subgrade:

(1) Two adjacent ties were removed sufficiently far away to avoid
any affect on the instrumentation, and load-deflection plate bearing measure

ments were made on the ballast surface in the footprint of one tie, as shown
in Figure 4-10. An 8-inch diameter circular loading plate was used on the

ballast surface, and this area was covered with plaster-of -paris (dental cement)
so that the loading plate would bear uniformly on the ballast. A fixed wooden

reference beam supported outside the track was used as a displacement reference

for two displacement transducers (DCDT) attached to the plate. Displacements

were recorded for ballast loading up to about 125 psi, which exceeds the ballast

pressure encountered in service by a considerable margin. Typical ballast

pressures in service rarely■ exceeded about 50-60 psi.

(2) The ballast crib was excavated at the location of the two removed

ties to determine the actual ballast depth. The ballast depth under the bottom

of the tie was 6.5 inches at both Site 1 and Site 2. The plate bearing tests

were repeated on the subgrade without using the dental cement. Data from Steps

(1) and (2) were then used with the multi-layer track analysis model to determine

representative values of Young's modulus for the ballast and subgrade layers.

The load bearing tests on the ballast were made at three positions

along the tie's length. These positions were (1) at the center of the tie, (2)
at 6.5 inches (gage side) from the rail center, and (3) at 18 inches (field
side) from the rail center.

Plate bearing tests on the subgrade were made at two positions along

the tie length. These positions were at the tie center and 615 inches (gage

side) from the rail center.
The loading cycle was repeated three consecutive times at each of the

positions along the length of the tie. As shown in Figure 4-11, the initial
load cycle has a much lower slope (force versus displacement) value than the

second loading cycle. In fact, after the initial load cycle, the subsequent
load cycles have almost the same slope. Data shown in Figure 4-11 are for the
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6000

Displacement, inch

FIGURE 4-11. FORCE-DISPLACEMENT CURVE FOR SUBGRADE
PLATE BEARING TEST @ 6.5 in. FROM RAIL
SEAT - SITE 1
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Site 1 subgrade at 6.5 inches on the gage side of the rail. Data for the other
locations are characteristically similar.

Initial and final slope values from the subgrade tests were used to
estimate Young's modulus (E2) for the subgrade, using theory of elasticity solu
tions for the deflection of an elastic half -space loaded by a rigid, circular
plate. Having determined E2, the ballast stiffness data were used to estimate

Young's modulus
(E^)
for the ballast. This estimate was made using the multi

layer program in an iterative scheme until predicted load-deflection values
for the circular plate load were sufficiently close to the experimental values.

It was hoped that using initial and final stiffness values would place a bound
on the value of

E2
so that the predicted value of track modulus (U) would com

pare favorably with the measured data for track modulus.

Values of Poisson's ratio for the subgrade and ballast layers are

also needed as input to the MULTA program. Typical values of
v^
= 0.4 for

ballast and
V2
= 0.4 for subgrade Poisson's ratio were picked from the sub-

grade property data in Appendix F.

Table 4-1 shows the values of ballast modulus (E-), subgrade modulus

(E2)
and track modulus U based on initial and final plate stiffness data in

conjunction with the MULTA program. The predicted modulus values U are based

on the beam-on-elastic foundation equation involving applied wheel load P and

the average maximum tie-plate load Q measured in the main array. A sample of

the ballast material was also tested at the University of Illinois to determine
the resilient modulus under repeated load. The resilient modulus ranged from
30 to 45 ksi for a bulk stress range of 30 to 65 psi.
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TABLE 4-1. MODEL PARAMETERS FROM PLATE BEARING TESTS

Young's Modulus (ksi) Predicted Trac
Initial Final Modulus (ksi)

I. Tangent Site, 24 inch El
= 24. El

= 30. 15.2 - 25.5

tie spacing (Site 1) E2
= 8.9

E2
= 17.8

II. Tangent Site, 20 inch El
= 15. El

- 28. 10.5 - 30.4

tie spacing (Site 2) E2
= 4.8

E2
= 17.8

Notes :

(1)
E^
= ballast modulus,

E2
= subgrade modulus, Ballast depth = 6.5 inch.,

Poisson's ratio = 0.4

(2) Range for initial to final values for model parameters based on predicted
maximum tie plate load.

4.3.2 Subgrade Property Measurements

In addition to the plate bearing measurements discussed in the previous

section, several independent measurements were made to document soil types and
properties characteristic of the track subgrade. Table 4-2 summarizes data

obtained by Pittsburgh Testing Laboratories at Sites 1 and 2. In-situ subgrade
density and moisture measurements were made in the track escavations used for

the plate bearing tests. A nuclear radiation probe was used at three locations

across the track. The subgrade density was higher at Site 1, which may be a

result of a higher local content of old limestone ballast as evidenced by the

sieve analysis results in Appendix F. The density measurements did not show

any tendency for the subgrade at the track center to be either more or less

compacted than it was under the rails.
Soil samples were taken from the excavation in the immediate vicinity

of the probe sites. These samples were evaluated to determine the moisture/

density relationships (Proctor curves), also shown in Appendix F. The soil
material was a mixture of sand and linestone gravel, and therefore no plasticity

(NP) was measured by the Atterburg limit test. No soil data were obtained for
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Site 3 because there was insufficient time to make an excavation for plate

bearing tests without interrupting train traffic at this single track site.
Visual inspection of the subgrade indicated the soil was probably similar to
that at the other sites.

Additional vibroseismic measurements were made at each test site to

determine representative data for Young's modulus, Poisson's ratio and shear

modulus as a function of subgrade depth. These measurements included surface

refraction seismic tests and vibratory tests conducted by staff from the U. S.

Army Engineers Waterways Experiment Station (WES) in Vicksburg, Mississippi.

The surface refraction seismic tests were made by placing 12 vertical velocity-

type geophones at 2-ft and 5-ft intervals in a straight line parallel to the
track. A steel plate placed on the ground at one end of the seismic line was

struck with a sledge hammer. The time required for the compression wave to

travel along the seismic line was used to determine the compression-wave speed.

A 50- lb electromagnetic vibrator was used to generate variable-

frequency vertical excitation to measure the wavelength as a function of fre

quency. These data were used to compute the shear wave velocity, which can be

related to shear modulus G if the soil density is known. The measurements of
compression and shear wave velocities were used to calculate Poisson's ratio v.

The compression modulus E (Young's modulus) is then determined from the familiar

equation:

E = 2 (1 + v) G. (4-1)

Experience by WES indicates that variations in E and G with frequency

correlate best with other exploration methods when it is assumed that the
effective depth for the measured properties is equal to one-half the wavelength

of the surface wave. Therefore, the computed values for E and G at different

frequencies give the elastic moduli as a function of depth.

Figure 4-12 shows the vibroseismic measurements being made at Site 2.

It would have been desirable to make these measurements in an excavation on the
track roadbed rather than beside it. However, the transverse pits used for
the plate-bearing tests were too short, and an excavation on the order of 20

feet down the track center was prohibitive. Consequently, the soil moduli

determined from the measurements beside the track are judged to be lower bound
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FIGURE 4-12. CONDUCTING VIBROSEISMIC MEASUREMENTS AT SITE 2
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estimates because they do not include the effect of traffic- induced compaction
or the mixture of soil and limestone ballast that was apparent in the track
subgrade.

A more detailed discussion of the vibroseismic measurements and the

data reported by WES is included in Appendix G. Representative data for Young's

modulus and Polsson's ratio versus depth are summarized in Table 4-3 for the three

test sites. The modulus data for the two tangent track sites where the plate

bearing tests were made were quite similar. This was expected because of their

proximity and similar appearance. The subgrade moduli at the curve (Site 3)
were somewhat higher. The curve site was located on a cut into the side of a

small hill. The difficulty experienced in driving the vertical displacement ref
erence rods into the roadbed indicates the possibility of rock relatively close
to the subgrade . surface.

Poisson's ratio data showed relatively small variations with depth

or between sites. A uniform value of V ■ 0.4 was recommended for the analysis

model.

4.4 DATA ACQUISITION AND RECORDING

Figure 4-12A shows a block diagram of the data acquisition and record

ing system used for tljis measurement program, and Figure 4-13 shows the system as

installed in the test van. Specific transducers and signal conditioning ampli

fiers are listed in Table 4-4 with their range and frequency response specifi

cations. The effective frequency response for the complete data channel is

also listed to show those channels which might be limited by recorder response

or input filters.
To accommodate more than 14 channels on one standard IRIG tape recorder,

this data system incorporated frequency division multiplexing. Two 14-channel

multiplexes utilizing constant-bandwidth (CBW) voltage controlled oscillators

(VCO) provided 28 out of the 38-channel system capacity. The remaining 10

channels were recorded on 10 discrete FM tape tracks. Each multiplex was

recorded on a direct recording tape track and required a 150 KHz bandwidth.

The tape recorder was operated at 30 inches per second (ips) to achieve this.
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FIGURE 4-13. DATA ACQUISITION AND RECORDING SYSTEM INSTALLATION
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The two remaining tape tracks were used for recording time code and tape speed

compensation signals. Table 4-5 summarizes the component specifications for this

data system.

The data demodulator system and a fiber-optic oscillograph were used

to monitor data at the test site after they were recorded on magnetic tape. Shunt

and voltage insertion calibrations were made on the tape and checked on the

oscillograph immediately after each train. The voice edge track and log sheets

were used to identify each train by locomotive number, time of day and date,

and tape location. Train speed and total axle counts were also identified from

the oscillograph records to maintain a record of axle counts versus speed bands

for the statistical analysis.

4.5 DATA ANALYSIS

Oscillograph records for the work train and for selected revenue trains

were used to provide typical time histories of track response and to check the

recorded data prior to statistical analysis. The first step in the statistical
data analysis diagrammed in Figure 4-13A requires an analog-to-digital (A/D)
conversion of the data. A minicomputer system was used to control the digi

tized process, calculate peak values within the data "window" for each axle

pass, and store the "raw" data in the form of digitized voltages blocked as

sequential axles for each train. The computer program for this task used the

train speed calculated from the transit time through the speed trap to "track"

each axle as it passed through the test site. A time delay was established for
each measurement location and the time code was used to initiate a data window
equivalent to a length of 38 inches. The operation time for these calculations

determines the maximum effective data-sampling rate within each window. This

sampling rate was 125 Hz, which provided approximately 5 data points within each

data window for calculating a peak value at the highest train speed of about 55

mph. The time code signal was also used to provide a time correlation for the

data obtained from the three different passes required to digitize 38 channels

with a 16-channel A/D converter.

92



T
A
2
L/

4
-5
.

C
O
M
P
O
N
/N
T

S
P
0
IF
IC
A
T
IO
N
S

I.
S
ig
n
a
l

C
o
n
d
it
io
n
in
g

A
m
p
lif
ie
rs

/c
tr
o
n

3
o
d
e
l
4
1
8
A
P
W
Y
-5
M
4
1
9

2
a
n
d
w
id
th
:

0
-

3

K
H
z

G
a
in
:

1
0
-
3
0
0
0
(f
ix
e
d

o
r
v
a
ri
a
b
le

st
e
p
s)

3
y
n
a
m
ic

0
a
n
g
e
:

>
6
0
d
2

C
o
m
m
o
n
3
o
d
e
V
o
lt
a
g
e

:

1
0
0
v

C
o
m
m
o
n
3
o
d
e
0
e
je
ct
io
n
:

1
4
0
d
2
a
t
0
,
1
2
0
d
2
a
t
6
0
H
z,

b
a
la
n
ce
d

in
p
u
t

Li
n
e
a
ri
ty
:

0
^
0
5
p
e
rc
e
n
t

3
ri
ft
:

0
./
m
V
/

C

a
t
g
a
in
1
0
0
0

T
e
m
p
.
0
a
n
g
e
:

-2
5

C

to
+
/1

C

2
ri
d
g
e

/x
ci
ta
ti
o
n
:

5

V
0
a
t
5
0
m
a
,
is
o
la
te
d

2
ri
d
g
e

2
a
la
n
ce
:

R
T
I
ze
ro

su
p
p
re
ss
io
n

(+
4
0
m
v
)

II
.

V
o
lt
a
g
e

C
o
n
tr
o
lle
d

O
sc
ill
a
to
rs

le
d
3
iv
is
io
n

S
u
b
ca
rr
ie
r

Fr
e
q
:

"O
A
"

8

K
H
z

+

2

K
H
z i0 i0 00 00 00 i0 00 i0 00

+

4

K
H
z i0 •0 0i

ii i0 i0 n i0 i0 i0 n 00 i0 ii i0 00

0 2* 32 * *8 * * /2 * 96
1
1
2

1
2
8

1
4
4

I"
IG

1
A

"
2
A

"
3
A

"
4
A

"
5
A

"
6
A

"
/A

"
/A

"
9
A

"
1
1
B

"
1
3
2

"
1
5
2

"
1
7
2

Li
n
e
a
ri
ty
:

0
.5
p
e
rc
e
n
t

3
A
T
A
A
C
Q
U
IS
IT
IO
N

S
Y
S
T
/3

II
I.

3
a
g
n
e
ti
c

T
a
p
e
"e
co
rd
e
r

-
S
a
n
g
a
m
o
S
a
b
re

V
I

T
ra
ck
s

:

1
4
+
2

e
d
g
e
tr
a
ck
s

A
m
p
lif
ie
rs
:

1
4
FM
+

4

d
ir
e
ct

(c
o
m
b
in
e
d

a
s
re
q
d
.

B
a
n
d
w
id
th
:

I"
IG

W
I3
/2
A
N
3

G
ro
u
p

1
T
a
p
e
:

1

in
.
x
1
.5
o
r
1
.0
m
il
o
n
1
*-
in
.

r0
ls

P
o
w
e
r:

1
1
5
V
A
C
o
r
1
2
V
D
C

W
e
ig
h
t:

8
5
lb

IV
.

T
im
e
C
o
d
e
G
e
n
e
ra
to
r

S
y
st
ro
n
/3
o
n
n
e
r

8
1
5
2

O
u
tp
u
t
fo
rm
a
t

:

I"
IG

2

V
.

3
a
ta

3
e
m
o
d
u
la
to
rs

3
a
ta
C
o
n
tr
o
l

S
y
st
e
m
s
G
F3
-1
0
0

S
u
b
ca
rr
ie
r

Fr
e
q
u
e
n
ci
e
s:

S
a
m
e
a
s
V
C
O
's

Lo
w
P
a
ss
Fi
lt
e
rs
:

2

K
H
z
m
a
x
(M
I-
1
o
n
I"
IG

C
2
W
-A
ch
a
n
n
e
ls
)

5

p
o
le
2
e
s0
l

V
I.

Q
u
ic
k-
Lo
o
k

O
sc
ill
o
g
ra
p
h

P
a
p
e
r:

/-
in
.

ra
p
id

a
cc
e
ss

C
h
a
n
n
e
ls
:

1
8

2
a
n
d
w
id
th
:

0
-

5

K
H
z
a
t
u
p
to
/.
2
in
.
d
e
fl
e
ct
io
n

A
cc
u
ra
cy
:

0
.5
p
e
rc
e
n
t

V
II
.

O
v
e
ra
ll

S
y
st
e
m

P
e
rf
o
rm
a
n
ce

C
h
a
n
n
e
ls

-
2
8
m
u
lt
ip
le
x
e
d

1
0
d
is
cr
e
te

(F
3
re
co
rd
e
d
)

2
a
n
d
w
id
th
:

3
C
-

2

K
H
z
m
a
x
-
m
u
lt
ip
le
x
e
d

0
-

3

K
H
z
m
a
x
-
d
is
cr
e
te

Li
n
e
a
ri
ty
:

0
.5
p
e
rc
e
n
t

S
/N
:

4
0
d
2
-
m
u
lt
ip
le
x
e
d

(d
e
p
e
n
d
s

o
n
p
la
y
b
a
ck

fi
lt
e
r

b
a
n
d
w
id
th
)

4
8
d
2
-
d
is
cr
e
te

F3
ch
a
n
n
e
ls



P5 uw o

0
M
P
U
T

T
Y
(C

✓—2
CO ,

o 1-1

*z H
POO

< < >-
hi o

►J
<o co o

* 0
•ito

05 CO

CO
w
M tO
OSu
0 M
O OS
W 0
H O
< W
U H CO
< pa
W CJ Z
H <
m w pa
CO iJ
PO U Q
M H M W
COB W
H > CO

W
CO►J
M M
Q

OSCO
Kg

i-i M (J0
H H M
co < pa
M 1

-3

<

c0
in
c0 a 1

i-i On z
u

R
A

-J M
uH
8z

W •J iJ o CO
uJ OS

H
M 1 H CO

Z pa U S« H >Ho H CO U CJ
SB o H WB Cm 0*

0" CO<

►J
w

0
0
N
N

0
P
E

R
D
*

0
M
0 >

Ho H 0 u OS

i u
X w
2

0
B

-*
.-i CO

94



The second step in the data processing procedure was to process the

digital data tape in the main computer facility. Calibration factors were
used to transform the voltage data to physical units (pounds, inches, etc.)
and to add an identification for car weight and vehicle speed categories. Car

weight was established from the vertical wheel/rail load circuits in the center
of the main array. The average axle load from three axles was used to deter

mine car weight. Data from the heaviest axle are disregarded to avoid the

effect of flat wheels. Car speed categories of 30-40, 40-50, and 50-60-mph
were selected for these test sites. Car weight categories included locomotives

as a separate class, aiid cars were divided into (a) those under 50 gross tons

(light and empty cars), and (b) those exceeding 50 gross tons (heavy cars).
Data from all trains recorded at a test site were then sorted into the car
and speed categories and stored on a disk file for subsequent data analysis.

The final step in the data processing was to perform the statistical
calculations needed to obtain mean values, standard deviations, probability

densities and probability distributions for the peak value data from each

measurement. Data in each of the speed and weight categories were analyzed

separately for each measurement (channel), and summations could be made for

any category. Data from selected categories at different measurement locations

(channels) could also be combined to form a new data set. For example, data

from the five wheel/rail load circuits at Site 1 could be combined for heavy
cars in the 50-60-mph speed range to include effects of spatial variations.

Statistical calculations were made by dividing the total expected
data range into 200 equal intervals and summing the number of peak values

(axles) falling in each interval. These data were stored on disk according
to subcategory identification number. Graphs of probability density (histo
gram) and probability distribution were then plotted on an interactive graphics

terminal using the identification numbers for single categories and combinations.

An option to increase the interval size and reduce the number of intervals for

plotting is included in the data processing program. Fifty data intervals

were used for all of the probability density calculations and plots for this
program.

A limited number of frequency analyses were made of selected accel

eration and bending moment measurements using a real time analyzer (RTA).
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As shown in Figure 4-l3 A, the frequency analysis was made directly from the
analog output of the data system through a 600-Hz low pass filter and the
amplitude spectrum was plotted on an x-y plotter. A section of tape from

the passage of one train was selected to provide a record length of up to

20 seconds, which includes approximately 20 cars at 50 mph. The analyzer was

set up to give an analysis bandwidth of 0-500 Hz with a frequency resolution

of Af = 1.2 Hz.

4.6 FORMATS FOR STATISTICAL DATA

The format for statistical analysis results shown in Figure 4-14
has typical plots of the probability distribution function (left-hand graph)

and the probability density histogram (right-hand graph) for a measurement of

peak vertical wheel/rail loads. These data are the peak loads on one rail for a
cars and all speeds (all traffic) at one measurement location. The probability
density histogram shows the ratio of the number of peak loads within each of

the 50, 1.2-kip load intervals which cover the total range of 60 kips. It
is important to note that the quantitative results for the histogram depend

on the selected load interval WN, and are therefore not unique. Increasing

the load interval (reducing the number of intervals) will increase the number
of occurrences at a particular load level. This improves the averaging used

for the estimate but reduces the resolution--a tradeoff decision. Load

intervals which are too small for the data base cause irregularities in the

density curve at extreme loads because of an insufficient number of data

points to provide a reliable average for these low probability events.

The amplitude probability distribution function shown in Figure 4-14

gives the percentage of peak loads that exceed a specified load level. This

is calculated from the integral of the density function, and therefore the
quantitative results are unique and do not depend on the load interval used

to generate the histogram. The vertical axis for the probability distribution

function is expanded to provide greater resolution of the extreme values.
Insufficient data points to provide a reliable estimate for low probability

events appear in the distribution function as horizontal segments, which

shows there were no data points at that load level. The accuracy of the low

probability estimates at these points is questionable.
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Statistical data having a normal (Gaussian) distribution will appear
as the familiar bell-shaped curve on the density plot and as a straight line

on the scale used for the distribution curve. These curves are shown in Figure

4-14 for comparison. The 50 percent probability level gives the median load

(50 percent higher and 50 percent lower) for any distribution. If the experi
mental data had a perfectly normal distribution, the the median peak load

would be identical to the mean peak load, 18.1 kips in this example. The

theoretical curves for the normal distribution shown in the figure have the

same mean value and standard deviation as the measured data. For this partic

ular measurement the normal curve gives a relatively good estimate of data

at low probability levels even though it is not a good match elsewhere.

4.7 RESULTS FROM STATISTICAL ANALYSIS

As discussed in Section 4.5, the generation of probability histo

grams and calculations of mean values and standard deviations for each vehicle

and speed category provided the base data for all subsequent data combinations.
Appendix H contains a channel number versus track location index and the com

puter listings of mean value, standard deviations (S.D.) and axle count for
each category at all three measurement sites. Also included are accuracy eval
uations for the mean value estimates in terms of the confidence levels for

+ 10 and + 20 percent mean value tolerance bands and the estimated tolerance

band at the 90 and 95 percent confidence levels.

Table 4-6 summarizes the axle count and mean load data found in

Appendix H for the case of vertical wheel/rail loads measured on one rail at
the center of the main array at each of the three sites. An inspection of

these data reveals several interesting conclusions:

a. Data from the two tangent track sections (Sites 1 and 2)

show a definite weight bias in the speed ranges. The mean wheel loads for

heavy cars and all cars were highest in the 30-40-mph low-speed range and
lowest in the 40-50-mph range. It appears that the distribution of car
weights is a greater influence on speed effects (trains with heavy cars go
slowly) than any dynamic effects on vertical loads for this smooth track.

Mean loads for locomotives, which were all 4-axle of similar design, show
no significant vehicle dynamics speed effect on the tangent track sections.
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b. Even though Sites 1 and 2 were located within one mile of

each other on the same track, the mean vertical W/R loads for all cars in
the low-speed range was significantly different. The results indicate that

the low-speed data recorded at Site 1 consisted of only one or two trains of

very heavy cars, probably 100-ton hopper cars loaded with gravel. It would
be expected that the mean loads within each subcategory would be about the

same for Sites 1 and 2 if data were recorded over a sufficient time to aver
age the traffic-speed distributions. It is evident that the 3-4 days of
recording time at each site were insufficient to remove a weight bias in the

low-speed range. Therefore, comparisons of track component loads from the

two sites must be restricted to categories having similar mean loads, such as

heavy cars at all speeds, or the results must be normalized to remove the
differences from variations in average car weight.

c. The mean vertical wheel /rail loads at the curve (Site 3) show
a definite speed effect whereby the vertical load on the high rail increases
with speed and that on the low rail (not shown in Table 4-6) is reduced as
speed increases. The balance speed for the curve was 45 mph.

As shown in Table 4-6, statistical data were collected for a
total of 16 different categories for each measurement channel at each of

the three measurement sites. Limitations on data collection time precluded

obtaining a sufficient data sample to give accurate estimates for low proba

bility events in all categories at all test sites. These data requirements
were discussed in detail in the measurement plan [4-1]. However, the basic

plan was to obtain a complete data set for Sites 1 and 3, and to use a limited

data set for Site 2 for evaluating the effect of tie spacing on the tangent

track sections.

The volume of available data and the possible combinations of speed

and car categories for the different measurements makes organizing this report

difficult. The procedure selected has been to address several specific objec
tives of major interest for this program rather than attempting a very gen

eral review of the data. Briefly, these objectives were:
a. To determine average and maximum load statistics for concrete

tie track components subjected to typical revenue traffic. These load sta
tistics will provide a basis for describing the track load environment for
future design and testing of track components.
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b. To determine the effect of tie spacing on track component loads

for track of otherwise identical construction.

c. To determine the variation in track component loads between

curved and tangent track. The question of whether lateral wheel/rail loads

on curves have an important effect on overall tie and fastener loads is an

important issue.

d. To compare loading statistics for locomotive, light freight
cars, and heavy freight cars to determine their relative contributions to

track degradation.

e. To determine the effect of train operating speed on track

component loads.

The following sections of the report present and discuss data

selected for these particular objectives.

4.7.1 Track Component Loads from Revenue Traffic

Data in Table 4-7 summarize the load statistics for the most
severe load location for each of the three track test sites. For example,

the vertical W/R load data for Site 1 are for Location 58E, which had the

highest loads of all five W/R load measurement locations. These load param
eters are based on the entire data base (all cars, all speeds) for each site.
Mean values, standard deviation (S.D.) and the 0.1 percent load level are

reported. The 0.1 percent load level was used to pick the maximum load loca

tion in cases where the mean and 0.1 percent loads were not a maximum at

the same location. The mean and S.D. can be used to predict low probability

loads by assuming a normal distribution for the data. The measured 0.1 per

cent load level is a load which was exceeded by only 1 of every 1000 axles

for the actual distribution of the measured data, so no assumptions regarding

a statistical distribution are involved. Annual traffic of 20 MGT averages
about 4000 axles per day, so the 0.1 percent load level would be exceeded about

four times per day for this traffic.
The following sections discuss the loads on individual track com

ponents and show the spatial distributions for the different measurement

parameters. For reference purposes, Table 4-8 lists the vertical rail seat
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TABLE 4-7 . SUMMARY OF TRACK COMPONENT LOAD STATISTICS
FOR ALL CARS, ALL SPEEDS, AT MAXIMUM LOAD
LOCATION

Site 1-Tangent
24 -In.

Tie Spacing

Site 2 -Tangent
20-In.

Tie SpacinR

Site 3 -Curve
24-In.

Tie SpacinR

2.

5.

Vertical W/R Load (P)
Mean, kips (95% TB)
S.D. , kips (% mean)
0.1% Load, kips (Mean Ratio)
Location (Ch.)

Lateral W/R Load
Mean, kips (95% TB)
S.D., kips
0.1% Load, kips (S.D. Ratio)
Location (Ch.)

Rail Seat Vertical Load (Q)
Mean, kips (95% TB)
S.D. , kips (% mean)
Mean Ratio, Q/P
0.1% Load, kips (Mean Ratio)
Location (Ch.)

Rail Seat Moment
Mean, kip-in. (95% TB)
S.D., kip-in.
0.1% Load, kip-in.
Location (Ch.)

Tie Rail Seat Bending Moment
Mean, kip-in. (95% TB)
S.D., kip-in. (% mean)
0.1% Load, kip-in.
Location (Ch.)

18.1 (+ 1.6%)
8.5 (47%)
45 (2.5)
58E (6)

0.98 (+ 11%)
3.04
15.5 (5.1)
59E (19)

8.75 (+ 1.9%)
4.76 (54%)
0.48
24 (2.7)
55E (36)

4.88 (+ 2.2%)
3.09
21, -22
63E (26)

31.3 (+ 1.0%)
9.1 (29%)
66

57E (32)

6. Tie Center Bending Moment (Negative)
Mean, kip-in. (95% TB) -.37 (+ 92%)
S.D., kip-in. 10.0
0.1% Load, kip-in. -30
Location (Ch.) 2 (15)

7. Tie Center Bending Moment (Positive)
Mean, kip-in. (95% TB) 21.0 (+ 9%)
S.D., kip-in. 5.6
0.1% Load, kip-in. 38

Location (Ch.) 59 (17)

8. Tie Center Torsion Moment
Mean, kip-in. (95% TB)
S.D. kip-in.
0.1% Load, kip-in.
Location (Ch.)

9. Rail Fastener Bolt Force (Dynamic)
Mean, kips (95% TB)
S.D., kips
0.1% Load, kips (S.D. Ratio)
Location (Ch.)

8.45 ( + 1.9%)
4.73
25

85 (33)

0.13 ( + 14.4%)
0.17
0.75 (4.4)
29G (42)

15.3 ( + 2.4%)
8.73 (57%)
46 (3.0)
31W (38)

2.0 (+ 4%)
1.91
16 (8.4)
IE (24)

5.90 ( + 2.7%)
3.89 (66%)
0.38
21 (3.6)
35E (33)

4.56 (+ 3%)
3.24
+17, -20
35E (34)

7.44 ( + 4.8%)
8.69 (117%)
77

97E (23)

-6.48 ( + 5.8%)
9.06
-56
97 (22)

13.5 ( + 1.3%)
4.13
39

30 (25)

4.19 (+ 1.9%)
1.97
12.5

1 (19)

0.72 ( + 2.5%)
0.44
2.3 (5.2)
1G (28)

16.2 ( + 2%)
8.85 (55%)
50 (3.1)
44E (6)

1.65 (+ 7.
3.18
15 (4.7)
18E (17)

3%)

11.3 ( + 2.3%)
6.62 (58%)
0.70
31 (2.7)
49E (39)

6.13 (+ 4.4%)
7.38
+44, -21
47E (38)

38.4 (+ 1.3%)
13.2 (34%)
78

47 (34)

-0.64 (+ 69%)
12.1
-42
18 (21)

10.1 (+ 5.2%)
14.3
67

43 (26)

3.37 (+ 3.6%)
3.26
16

18 (22)

0.16 (+ 14.2%)
0.46
2.3 (5.0)
18G (28)

Note: Appendix H has an index of channel numbers and a diagram of load locations.
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TABLE 4-8. SUMMARY OF TIE LOAD REQUIREMENTS FROM AREA
SPECIFICATIONS FOR CONCRETE TIES AND
FASTENINGS (1)

Tie Vertical Rail Seat Load Flexural Strength Requirements, in. -kips (2)
Spacing,
in.

Percent
Wheel Load

Rail
Seat +

Rail
Seat -kips Center - Center +

21 46.5 48.15 225 115 200 90

24 51 52.6 250 115 200 90

27 55.5 57.05 275 115 200 100

30 60 61.5 300 115 200 110

(1) AREA Bulletins 655 and 660 [3-1, 3-2],
(2) Strength requirement for 8 '-6" tie length.
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loads and tie bending moment requirements from the current AREA specification

for concrete ties and fasteners. The RCCC concrete tie used on the FEC has

a minimum flexural strength of 150 inch-kips, and one tie out of every 200 is

checked to this limit when the ties are removed from the mold after 18 hours

of curing. Some additional increase in strength would be expected with time.

However, this smaller tie cannot be expected to meet the 250-inch-kip posi

tive bending moment required by the current specifications for 24-inch tie

spacing.

4.7.1.1 Vertical Wheel/Rail Load

Figure 4-15 shows that the statistical distributions for all five
measurements of vertical W/R load at Site 1 are nearly identical. There is

no significant spatial variation at Site 1, and data for the other sites are

similar. Data in Table 4-7 show that the maximum 0.1 percent load level was

50 kips, and this was recorded on the high rail at the curve site. The S.D.
showed little variation between sites and was about 50 percent of the mean
vertical W/R load for this traffic.

4.7.1.2 Lateral Wheel/Rail Load

Figures 4-16 and 4-17 show the statistical distributions for lateral

W/R load measurements at the tangent track site (Site 1) and the curve site

(Site 3), respectively. High positive lateral loads are caused by flanging

forces on the rail head directed toward the field site. Negative lateral
forces from friction and creep in the wheel/rail contact zone occur frequently
but are limited by the maximum coefficient of friction. The data in Table
4-7 show that the maximum 0.1 percent lateral loads at all sites were nearly
identical. However, the graphs show a substantial spatial variation for the

two different measurement locations at each site. A greater number of measure

ment locations would be needed to define these variations within each site.

The recorded data show that the mean lateral loads at all sites
are no greater than 2 kips, which is quite low. Also, there is no apparent
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increase in the mean lateral load or S.D. on the high rail at the curve.
A more detailed evaluation of data from different vehicle weight and speed

subcategories shows some differences in the loading mechanisms between curved

and tangent track, but the overall load statistics do not show any major
differences in lateral W/R loads.

4.7.1.3 Vertical Rail Seat Load

Statistical distributions for vertical rail seat (tie plate) loads
are shown in Figure 4-18 for Site 1 (tangent) and in Figure 4-19 for Site 3

(curve). There is considerable tie-to-tie variation in the support reaction,

with the median load varying over a 3:1 range at Site 1. It is also apparent
that two of the four ties at Site 1 and one tie at Site 3 recorded a consid

erable number of zero peak vertical rail seat loads -- a surprising occurrence.
Zero loads are actually negative values which are collected in the zero load

bin by the calculation procedure. A negative load only indicates that the

load on the instrumented tie plate is less than the normal compressive pre

load measured with an unloaded track. Further investigation of this showed

that the two ties in question at Site 1 were at locations 59E and 61E in the

center of the main array. A visual inspection of the time history records at

59E showed an apparent load cell failure for the last three trains recorded,
so these data are questionable.

Table 4-7 shows that the mean rail seat load and the 0.1 percent
load for the most severely loaded tie were 11.3 and 31 kips, respectively,

and these occurred under the high rail in the curve. These loads are con
siderably below the 52.6 kip rail seat load recommended for tie design, see
Table 4-8.

As expected, the rail seat loads at Site 2 were lowest because the
average vertical W/R loads were somewhat lower (traffic distribution), and
because the reduction in tie spacing to 20 inches distributes load to more

ties. The effect of tie spacing will be discussed in a later section.

4.7.1.4 Rail Seat Moment

Figures 4-20 and 4-21 show statistical distributions for rail seat
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moment at Site 1 (tangent) and Site 3 (curve). These moments were measured

using the load cell separation distance and the difference in load recorded
on the two load cells which supported the rail base in the instrumented tie
plate. A positive moment indicates the rail is being rolled toward the field
side. The term "rail rollover moment" has frequently been used to designate
this parameter.

The figures and data listed in Table 4-7 show that the mean rail
seat moment is quite low on both tangent and curve sections and the 0.1 per
cent maximum loads of about 22 kip-in. are symmetrically distributed on the

tangent track sections. This indicates a desirable design condition to min

imize rail pad cutting. The data shown in Figure 4-21 for the curve site
show a maximum 0.1 percent moment of 44 kip-in. on one of the ties, and the

shape of the distribution for the curve site verifies the higher S.D. listed

in Table 4-7. More detailed inspection of the curve site data shows that

the low-probability high moments increase with speed, whereas these moments
are relatively independent of speed on tangent track. Since the measured

lateral W/R forces were about the same at all sites, it was conjectured
that the increased moment on the curve may have been caused by the combined

effect of higher vertical loads on the high rail and a shift in the wheel/rail
contact point on the rail head at high speeds to produce a greater rail roll
over moment. However, conclusions based on data from only two ties must be

viewed with considerable caution when variations in tie support conditions

are so great.

4.7.1.5 Tie Rail Seat Bending Moment

Figures 4-22 and 4-23 show the statistical distributions for rail
seat bending moments measured on several different ties at Site 1 and Site 3.

Data from Site 2 are similar. A characteristic of tie bending moment data

is the large tie-to-tie variation in the mean and 0.1 percent moments. Also,
all ties except one at both sites show both positive and negative peak
bending moments indicative of a ballast support condition that is very load

dependent. Negative rail seat bending moments can be caused by a center
bound condition. Positive moments are expected for a uniform support condi

tion, an end-bound support condition, or a support condition where a

ballast pocket may have formed under the rail seat.
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Figure 4-24 shows a typical load-dependent effect by comparing the

bending moment data for a single tie with locomotives, light cars, and heavy

cars identified separately. For this particular tie, the peak rail seat
bending moment was positive for all of the locomotives and heavy cars, but
some negative values were recorded for light cars. It is also evident that
the locomotives are responsible for the highest mean loads as a class, but

that the heavy freight cars cause as high, or higher, loads at the 0.1 per

cent probability level. Table 4-6 shows about a 15:1 ratio for total axles

in the heavy car versus locomotive category, so the heavy-car class is res
ponsible for by far the greatest number of high tie loads. It also appears
that the probability distribution curves for heavy cars and locomotives cross

near the 0.1 percent load level so that the loads from heavy cars will domi
nate the high-load, low-probability tail of the probability distribution
curve .

The maximum 0.1 percent rail seat bending moments listed in Table
4-7 are quite similar for all three measurement sites, but the highest loaded
tie at the curve site has a higher S.D. than those measured at the other

sites. Table 4-9 shows the low-probability statistics that would be pre
dicted using the measured mean and S.D. for the highest loaded tie at Site 3
and assuming a normal probability distribution. The percent probability

of exceeding the indicated bending moment is shown along with the correspond
ing number of axles between occurrences, i.e., a bending moment of 79.3 inch-
kips would be exceeded by 0.1 percent of the axle passes, or 1 of every 1000

axles. The comparison between predictions of bending moments using a normal

distribution and the actual measured distribution shown in Figure 4-23 shows

very good agreement over the limited range of the measurements. However,

this extrapolation is based on vehicle load statistics for a specific tie
and does not include statistical variations for bending moments at different
ties.

For reference purposes, Table 4-9 also lists an estimated number of
days between exceedences for different annual traffic densities. These data
indicate that bending moments exceeding about 120 inch-kips would not be

expected during a 50-year life (50 x 300 - 15,000 days) at any of the listed
traffic levels, assuming the predicted distribution is valid for this period
of time. This is less than 50 percent of the 250-inch-kip bending moment
requirement listed in current specifications, Table 4-8.
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Further study will be given to the question of whether the normal distribution
gives a conservative estimate of the very low probability, high moments which

might be caused by severe wheel flat impacts.

4.7.1.6 Tie Center Bending Moment

Figure 4-25 shows the statistical distribution for the bending
moment measured at the center of five different ties at the curve site (Site 3).
Data from Sites 1 and 2 were similar. Considerable tie-to-tie variation is
apparent, and all ties except one show both positive and negative peak bending
moments. Negative center bending moments represent a center-bound support con

dition and cause tension in the top surface of the tie. Bending cracks in the
middle of concrete ties almost always start at the top surface, so negative

bending moments have historically been of major importance. Positive bending

moments at the tie center can be caused by an end-bound support condition. If
the rail seat loads were distributed symmetrically on a well compacted support
region under each rail seat, the bending moments in the tie center would be
quite low.

The summary data in Table 4-7 list both the maximum negative and
4

positive bending moments at the tie center for all three sites. A maximum 0.1
percent negative moment of 56 inch-kips occurred at Site 2 (tangent with 20- inch

tie spacing), and this was exceeded by a maximum positive moment of 67 inch-

kips on one tie at Site 3. These maximum moments at the tie center are only
about 15 percent lower than the maximum positive moments in the rail seat
region. However, they are considerably lower than the 200 inch-kips negative

and 90 to 110 inch-kips positive strength requirements in current AREA specifi

cations .

Data from individual weight categories show that the bending moment

at the tie center is practically independent of car weight for many ties. This
indicates a nonlinear support condition whereby the distribution of reaction

loads along the tie length is changing with load to maintain a relatively con

stant bending moment. For example, a tie which has voids under each end would

develop a large negative bending moment under light loads. However, the tie
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deflection into the ballast plus some tie bending under heavy loads would be

sufficient to shift the reaction loads toward the tie ends and maintain a
nearly constant center bending moment.

4.7.1.7 Tie Center Torsional Moment

All six of the strain gaged ties at each site were instrumented to
measure torsional moments at the tie centers. However, statistical data were
only recorded for the one tie at each site which showed the highest moments
during passage of the work train. Figure 4-26 shows the statistical distri
butions for these most severely loaded ties, and Table 4-7 lists the mean
values and 0.1 percent load levels.

The highest moments at Sites 1 and 2 were negative, whereas the

highest moments at Site 3 were positive. However, there is no significance

to the sign of the torsional moment, and only the maximum values are of real

importance for describing the load environment. The highest 0.1 percent

moment was 25 inch-kips at Site 1 and this tie also had the highest mean

value.

Although current specifications for concrete ties do not include

any torsional load requirements, the occurrence of torsional cracking was a

problem with some early tie designs which had wedge-shaped cross sections at

the tie center. Torsional moments are generally attributed to differential

tilt of the rail seats in the direction of the rail. The current specifications
do include a maximum allowable differential tilt of 1/16 inch (on a width of
6 inches) in an effort to reduce the torsional moment. Reducing the width

of the rail pad between the rail and the tie also reduces the torsional moment
which can be caused by the edge loading from differential tilt of the rail
seats.

4.7.1.8 Rail Fastener Bolt Force

The two rail fastener bolts on one fastener at each site were instru
mented with load cell washers to record the dynamic variations in bolt force

under traffic. The rail fastener bolts were installed with a torque of 150 ft-lb,
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which produces a preload tensile force of about 12 kips in these 3/4 -10 NC

bolts. Table 4-7 lists the load data for the bolt on the gage side at each
site because the gage bolt showed the highest dynamic loads under traffic.
These dynamic loads would be superimposed on the preload force.

Figure 4-27 shows the bolt force load statistics for the curve

(Site 3) where the mean dynamic load was only 160 pounds with a 0.1 percent

load of 2.3 kips. Dynamic load variations showed nearly equal positive and

negative excursions at the tangent track sites. However, the gage bolt on

the high rail of the curve showed somewhat higher tensile forces which can
be attributed to the wheel flange loading which tends to rotate the rail toward
the field side. Although the maximum dynamic loads represent a load varia
tion of less than 20 percent of the preload force, this can produce fatigue

failures or a fractured bolt from exceeding the ultimate strength. Bolts

are typically tightened to about 75 percent of their minimum proof load. It
is important to remember that these bolt force variations are only character
istic of the particular rail fastener design used on the FEC, which employs a
very rigid rail pad to minimize the variation in load transmitted through the
rail clips and bolts. A softer rail pad used with the rigid rail clips would
produce much larger variations in bolt load.

4.7.1.9 Track Lateral Deflections

Statistical data for revenue traffic were recorded for the lateral
deflection of the rail head relative to the tie (rail deflection) and for the
lateral deflection of the tie relative to a ground reference (tie deflection).
These measurements were made at only one location at each test site to obtain

typical values, but data discussed previously show that response from lateral

loads varies considerably at different locations along the track. Figure 4-28

shows the displacement statistics for rail and tie deflections at Site 1 (tan
gent track), and Table 4-10 summarizes the results. As expected for this type

of track having quite stiff rail fasteners, the lateral displacements are quite
small. Maximum lateral rail displacements two to four times greater than
those listed below are not unusual on wood tie track with similar train

speeds.
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TABLE 4-10. SUMMARY OF RAIL AND TIE LATERAL DISPLACEMENT
STATISTICS AT SITE 1 FOR ALL TRAFFIC

Lateral Deflection, mils
Rail Tie

Mean (95 percent TB) -8.4 (+ 4.4%) -6.7 (+ 4.3%)

S. D. 9.3 7.1

0.1% Exceedance -45 -30

4.7.2 Effect of Tie Spacing

Data discussed in the previous sections and listed in Table 4-7

showed the maximum loads measured at each test site. In most cases the

maximum (0.1 percent exceedance) tie loads and bending moments measured at

Site 2 with 20-inch tie spacing were not significantly lower than those

measured at Site 1 having a 24-inch tie spacing. Reducing the tie spacing

from 24 to 20 inches is normally expected to reduce vertical rail seat loads
and tie bending moments by about 16 percent. However, the large tie-to-tie
variation in support conditions makes it difficult to compare results for
different track designs using single tie measurements. It is more appropriate
to average data for identical measurements at several different locations to

include these typical spatial variations.

Table 4-11 summarizes the load data for the two different tie spac-

ings based on averaging the mean values and standard deviations from all of
the common measurements at each site. This provided an average for five dif
ferent locations for vertical wheel/rail loads and tie bending moments and

three to four locations for rail seat load and moment. As discussed previously,
there was an apparent difference in the car weight distributions at the two

sites as evidenced by the fact that the average mean vertical W/R load of

14.8 kips at Site 2 was 12 percent lower than the 16.8 kips average load at

Site 1. For this reason, data in the locomotive and heavy car subcategories

were also reviewed, but these also show differences of about 8 percent in

average mean W/R load. Therefore, the average mean W/R load in each
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subcategory was used to normalize the mean values for rail seat load and
for tie rail seat bending moment--the two load parameters most directly
affected by tie spacing. The percent change in average mean and 0.1 percent

load levels caused by reducing tie spacing from 24 to 20 inches (16 percent

reduction) are listed below:

Percent Reduction in Load due to 16 Percent Reduction
in Tie Spacing

Average Mean Average 0.1 Percent Load
All Heavy All Heavy
Cars Locos . Cars Cars Locos. Cars

Rail Seat Vertical Load 8.9 18.5 16.9 8.8 30.2 20.6

Tie Rail Seat Bending

Moment 36.4 24.8 36.5 12.0 19.0 33.2

These data demonstrate the difficulties in reaching definitive conclusions
using track response measurements. Reducing tie spacing by 16 percent reduces
average and maximum vertical rail seat loads by about 9 percent for all traffic.
Average tie bending moments at the rail seat were reduced more than rail seat
loads. This indicates a nonlinear support condition whereby the reduced tie

loading provides a substantially greater reduction in both average mean and

average 0.1 percent bending moments, with the maximum bending moments being

reduced by 12 percent and the average mean being reduced by 36 percent for

all traffic. It should be noted, however, that Table 4-7 shows that there is
no difference in the maximum rail seat loads and tie bending moments for the
most severely loaded tie at the different tie spacing locations, but there

should be fewer ties subjected to these maximum loads in the section witt\ 20-

inch spacing.

Many of the measured data indicate that nonlinear support conditions

have a very significant effect on track loads. The results suggest that if
the population of heavy cars becomes a greater portion of revenue service, i.e.,
if there were more unit trains of 70- and 100- ton hopper cars, changes in tie
spacing might have a much greater effect on tie moments than normally expected
from using conventional track design estimates. Therefore, while a reduction

in tie spacing might provide a large benefit, an increase in tie spacing may
cause an unexpectedly large increase in tie bending moments. This suggestion
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requires additional evaluation because the effect of these variations in

tie support conditions cannot be predicted for an increase in average wheel

load.

4.7.3 Effect of Car Type

Figure 4-29 shows the effect of car type (weight) on vertical and

lateral wheel/rail loads. Data recorded in the 50-60-mph speed range at the

maximum load location in Site 1 were used to illustrate characteristic behav
ior. As expected, locomotives generate the highest mean vertical loads, and
the variation in vertical load, as measured by the standard deviation, is
relatively small compared to the0 heavy and light car classes. This is shown
by the fact that the curve for locomotive vertical loads is closer to a

vertical line than are those for the other car classes. For this particular

location, the 0.1 percent load levels are about equal for locomotives and

heavy cars. The relative frequency of occurrence of these loads can be

determined from the number of axles listed in parentheses for this data

base. These results show a ratio of 1116/72 = 15 for the frequency of

occurrence of 0.1 percent loads from heavy cars compared to locomotives.

Data for lateral wheel/rail loads in Figure 4-29 show that the

median load is relatively independent of car weight. A major difference in
maximum vertical and lateral loads is that light cars cause the highest low-

probability lateral loads, particularly at speeds above 50 mph. These results

have been confirmed by other measurements on wood tie track, and the explana

tion is that lightly loaded and empty freight cars have a lower critical speed
for hunting than heavy cars.

Figure 4-30 shows the effect of car weight on vertical rail seat
loads and tie bending moments. The statistical distributions for vertical
rail seat load and tie bending moments are similar to those for vertical W/R
loads, as expected. Rail seat bending moment data do not show a significant

influence from lateral wheel/rail loads at the 0.1 percent load levels.
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4.7.4 Effect of Train Speed

The evaluation of the effect of train speeds on track loads will be
discussed separately for the tangent and curved track measurement sites.

4.7.4.1 Tangent Track Loads

Table 4-6 lists typical mean values for vertical wheel/rail loads
in the different car weight and speed categories. As discussed previously,

these data showed that trains with heavily loaded cars operated at lower

speeds past the test sites than trains which had a larger percentage of light

or empty cars. Average wheel loads for all cars in the low, 30-40 mph, speed
range were as much as 50 percent higher than the average for all traffic.
This type of speed effect reflects railroad operations rather than vehicle

dynamic effects. Further investigation would be required to determine if
this is typical of operations at other track sites or on other railroads.

Speed effects related to vehicle dynamics can only be evaluated

using data for a common type vehicle. Data listed in Table 4-6 show that

variations in mean vertical loads for locomotives operating at different

speeds are less than + 5 percent from the mean for all speeds. It was con
cluded from this that the effect of operating speed on vertical track loads

from vehicle dynamic effects was negligible on the tangent track test sites.

Figure 4-31 shows the effect of train operating speed on the vertical

and lateral W/R loads. It is evident that the vertical weight bias in the
30-40-mph range is responsible for that speed also causing the highest lateral

loads for the all-car category. This is true also for the heavy car category

alone. However, data for light cars, where the load bias versus speed Is

small, show that the highest lateral loads occur above 50 mph and the lowest

lateral loads occur at 30 mph. This is indicative of hunting cars.

4.7.4.2 Curved Track Loads

The two major effects of train speed on curved track are the differ

ences in vertical loads on the low and high rails and the increase in lateral
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loads due to the curving forces from the truck and the unbalanced centrifugal

forces on the cars. Table 4-12 shows the variation in vertical wheel/rail loads
on the low and high rails. These data confirm that trains running at 30-40 mph
were below the theoretical 45-mph balance speed. Trains in the 50-60 mph range

were operating above the balance speed, and the mean vertical load was about

10 percent higher than at the balance speed.

TABLE 4-12. EFFECT OF TRAIN SPEEDS ON VERTICAL WHEEL/
RAIL LOADS AT SITE 3 (3° 52' CURVE)

Percent Axle Load (Mean) on High and Low Rails
Speed
Range, mph

Locomotives Heavy Cars Light Cars
High Low High Low High Low

30-40 45 55 43 57 49 51

40-50 48 52 48 52 47 53

50-60 54 46 55 45 57 43

Figure 4-32 shows the statistical distribution for average vertical
wheel /rail loads on the high rail. Both the median loads and the maximum
loads were increased considerably on the high rail when trail speeds exceeded
the balance speed for the curve.

Figure 4-33 shows the effect of car weight and train speed on the

lateral W/R forces on the high rail. The lateral loads from light cars (4eft
side of Figure 4-33) are much lower than those for the heavy cars and loco

motives on the curve, and the lateral loads for the light cars are also lower

on the curve than they were on tangent track. It appears that the flanging on
curves reduces, or eliminates, car hunting, and forces from light cars due to

track curving are much lower than those from hunting.

The effect of car speed on the heavy car category is shown on the

right side of Figure 4-33. The increase in both the median and maximum loads

with speed was expected. However, the more important question is how do the

overall track loads on the curve compare to those on tangent track. Data from

the tangent and curved track sites are discussed in the following paragraphs.
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Table 4-13 summarizes the overall statistics for all traffic (all
cars, all speeds) at the curve site and compares these to the same data for
the tangent site (Site 1) having the same 24-inch tie spacing. The major
differences between the two sites are that the average tie bending moments at
the 0.1 percent exceedance level are 25 percent higher at the rail seat and
50 percent higher at the tie center than they were on tangent track even

though the mean bending moments were nearly identical. This is a result of

the increase in the load variation (S.D.) which occurs in the curve from

trains operating both below and above the balance speed. The significance

of the higher variability of loads in the curve is that the low-probability
high loads will exceed those on tangent track even though the mean loads will
be quite similar.

Table 4-14 shows an estimate of the low probability loads for
-4

the average tie. The tie bending moments for curved track at the 10 per

cent exceedance level are 16 percent greater at the rail seat, and there is
a 56 percent and 90 percent increase in the positive and negative tie center

-4
bending moments, respectively. The 10 percent exceedance level represents

approximately one occurrence each year for 20 MGT annual traffic, as shown in
Table 4-9.

The importance of this increase in the low-probability high loads

on curves depends on what causes particular track components such as concrete

ties and fasteners to fail. If the component failure is caused by a sudden
fracture due to the infrequent occurrence of a high load exceeding the design

strength, then the increase in low-probability high loads on curves may be

quite important and should be given considerable weight in establishing perform

ance specifications. However, if the failure is caused by cumulative fatigue
damage, then the mean load cycles may be more important than the low-probability

high loads. In either case, the differences between track loading on curves

and tangent track are minimized by operating trains as close to the balance

speed as possible to equalize vertical rail loads and minimize lateral forces.
The importance of track lateral loads on tie bending moments has

also been a question of interest. High lateral forces from flanging create

an overturning moment on the rail, and some percentage of this is reacted at
each tie. The moment on the rail seat from a high lateral force will
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TABLE 4-13. COMPARISON OF AVERAGE TRACK COMPONENT LOADS FOR
ALL TRAFFIC ON TANGENT AND CURVE TRACK WITH 24 -IN.
TIE SPACING

Tangent Track,
(Site 1)

Curve Track (High Rail)
(Site 2)

1. Vertical W/R Load (P)
Avg. Mean, kips
Avg. S.D., kips (% mean)
Avg. 0.1% load, kips

16.8 14.7

2. Rail Seat Vertical Load (Q)
Avg. Mean, kips
Avg. S.D., kips (% mean)
Mean Ratio, Q/P
Avg. 0.1% load, kips

8.0 (47)
41.6

8.2 (56)
40.1

*
6.6 9.09

3. Rail Seat Moment

4.1 (62)
0.39
19.3

5.88 (65)
0.62
27.3

*
Avg. Mean, in. -kips
Avg. S.D., in. -kips
Avg . 0.1% load , in . -kips

0.5
3.9

12.6, -11.6

2.6
5.97
21.1, -16

4. Tie Rail Seat Bending Moment (M )

Avg Mean, in. -kips
Avg. S.D., in. -kips (7« mean)
Mean Ratio, M /P
Avg. 0.1% LoaSt in. -kips

15.5 17.1
8.8 (57)
0.923
40.0

10.5 (0.62)

5. Tie Center Bending Moment, M
Avg. Mean, in. -kips
Avg. S.D., in. -kips (% mean)
Avg. 0.1% load, in. -kips

1.16
49.6

8.9 9.46
6.4 (72)
29, -11

10.9 (115)
43, -24

Note: Average 0.1% load levels predicted from average mean and S.D. assuming
normal probability distribution, i.e., 0.1% Load = Mean + 3.1 (SD)

(*) Average based on data for only two instrumented tie plates.
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TABLE 4-14. COMPARISON OF EXTRAPOLATED STATISTICS FOR AVERAGE
TIE BENDING MOMENTS IN TANGENT AND CURVED TRACK

Percent Average Tie Bending Moment, in. -kips
Level
Exceeded

Normal
Variable, Z (1)

Rail Seat Rail Seat
Tangent Curve Tangent Curve

50 0 15.5 17.1 +6.9 +9.46

1.0 2.33 36.0 41.5 +24, -6 +35, -16

0.1 3.1 40.0 49.6 +29, -11 +43, -24

6.01 3.75 48.5 56.5 +33, -15 +50, -31

0.001 4.3 53.3 62.3 +36, -19 +56, -37

ID"4 4.75 57.3 66.9 +39, -22 +61, -42

10"5 5.22 61.4 71.9 +42, -25 +66, -47

Note :

1. Z = (X - X)/(S.D.).

increase the positive bending moment (compression at the tie bottom) in the end

of the tie outside the rail seat region. However, the bending moment immed
iately under the rail will be reduced.

The quantitative effect of these rail seat moments on the tie bending
moments has not been evaluated in detail. However, the mean rail seat moments
are quite low compared to the mean tie bending moments at the rail seat for
both tangent and curved track. Rail seat moments equal to 50 percent of the

tie bending moment do occur at the 0.1 percent load level, but these infre
quent occurrences of high loads do not necessarily occur simultaneously. In

fact, some of the highest lateral loads and rail seat moments are caused by
the hunting of light cars, where the low vertical loads cause relatively low

tie bending moments. Joint probability statistics are needed to show the
quantitative relationship between the simultaneous occurrence of high rail
seat moments and vertical loads. However, it is expected that lateral rail
loads are most important for the performance of rail fasteners and of
secondary importance for tie loads.
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4.7.5 Comparison with Test Data from Kansas Test Track

The Kansas Test Track (KTT) included three sections of RT-7 concrete

ties and a wood tie control section on identical roadbed (10-inch ballast depth).

Instrumentation in these sections included the same load cell ties used in the
FEC tests to measure vertical rail seat loads and tie /ballast pressures and
strain gaged ties (SGT) to measure the bending moments. The three concrete

tie sections were constructed with tie spacings of 30 inches (Section 1), 27

inches (Section 2) and 24 inches (Section 3), while the wood tie control

(Section 9) used the standard Santa Fe tie spacing of 19-1/2 inches.

Periodic trips were made by staff of the Portland Cement Association

(PCA) to record track response data at different traffic intervals during the
abbreviated life of the KTT. Data from three to five trains were recorded for
each of many sets of track instrumentation, and track response for locomotives

has been used by PCA to summarize the KTT performance. A limited sample of

those data is presented herein and compared with the FEC data for locomotives

at all speeds.
Figure 4-34 shows the effect of tie spacing on vertical rail seat

loads. The KTT data from Trip 3 (January, 1975) are used for comparison. Data

from earlier trips showed somewhat lower rail seat loads during track consoli
dation. The KTT data are the mean locomotive loads on the two rail seats on
one load cell tie in each section. The FEC data show the range and the average
of the mean loads from locomotives for the five instrumented tie plates in

each section.

Data from the KTT and the FEC are similar for the 24-inch tie

spacing, where a direct comparison can be made. The large tie-to-tie varia
tion measured at the FEC shows the need for instrumenting several ties in

order to average these spatial variations. The expected trend of an increas

ing percentage of the wheel load being transmitted to each tie as tie spacing

is increasing is evident. But data scatter makes it difficult to judge the
validity of the design guidelines from the current AREA specifications for

concrete ties. It appears that the load cell tie used for the 27-inch tie
spacing data at KTT was partially "hung" so that the rail seat loads were
unusually low. The question of whether increasing tie spacing to 30 inches
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may produce higher tie loads than expected needs further evaluation if this
large tie spacing is to be used for new track construction.

Figure 4-35 compares FEC and KTT data for tie bending moments at the

rail seat. Mean rail seat bending moments for locomotives at all tie spacings
are less than 30 percent of the design guides for static flexural strength.

The effect of tie spacing is difficult to evaluate because of the large tie-to-
tie variations. Maximum rail seat bending moments measured on the FEC track
were about 80 inch-kips (0.1 percent exceedance). An extrapolation of vehicle

load statistics for all cars showed that a bending moment exceeding 120 inch-kips
would not be expected during a 50 year life with annual traffic up to 60 MGT.
The data from KTT verify this range of tie bending moments. However, it has
been reported [4-2] that 100 percent of the concrete ties in the KTT incurred

flexural cracking in the rail seat region during 6 months of traffic. A review
of KTT data taken from the different measurement trips does not show large

variations from the Trip 3 data or trends which indicate that significantly

higher bending moments occurred at some other time.

The center bending moments shown in Figure 4-36 indicate the loads

measured at the FEC and the KTT are quite low. While only negative bending

is reported for the KTT, positive bending at the tie center produced larger

moments on the FEC ties. Bending moments measured by the C&O-B&O Railroad

at Noble, Illinois for newly constructed concrete tie track with 27-inch
spacing also indicated that the majority of strain measurements showed the

top surface of the tie center to be in compression rather than tension. Max

imum positive bending moments were in the range of 10 to 30 inch-kips and

negative moments went to 50 inch-kips. These ranges agree with the FEC data

listed in Table 4-7 for track with 20 and 24-inch tie spacing.

Data reported by PCA from periodic measurements during the first
year of traffic (« 30 MGT) on the Santa Fe concrete tie test section at
Streator, Illinois show maximum rail seat bending moments of 96 inch-kips
and maximum negative bending at the tie center of 70 inch-kips. These

maximum values were reportedly only 32 percent and 36 percent of the AREA

flexural strength requirements for rail seat and tie center, respectively.
The ranges of bending moments measured on four ties at Streator are shown in

Figures 4-35 and 4-36 for comparison. The maximum moments are somewhat higher

than those measured on the FEC or the KTT, but they are still well below the
flexural strength requirements.
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4,7,6 Summary of Results

The major results and conclusions based on the analysis of

statistical data in Section 4.7 are summarized as follows:
a. Vertical track loads at the two tangent track test sites showed

that the highest loads occurred in the low-speed range (30-40 mph). However,

no significant vehicle dynamics effects were evident on this smooth track.

The observed variations in track loads in the different speed ranges were

caused by train operations, i.e., trains with heavy cars went slower than
those with light cars, rather than a true speed effect from vehicle dynamic

excitation. This weight/speed bias from operations might be eliminated by

recording data for several weeks, but this is a much longer period than was

required to obtain sufficient data for most other requirements.

b. Locomotive as a class caused the highest average vertical track

loads on the FEC, but the maximum loads (0.1 percent exceedance) are about

equal for locomotives and heavy cars. The greater number of heavy cars means

that the low-probability maximum loads will occur much more often from heavy
cars than locomotives. Previous evaluations of track load data were based on

the assumption that loads from locomotives were the major contributors to

concrete tie damage.

C Vertical wheel/rail load measurements measured at several dif
ferent locations at each test site were nearly identical, so spatial varia

tions within each site can be neglected. Maximum vertical loads of 50 kips at

the 0.1 percent probability level were recorded on the high rail at the curve
site. The average standard deviation of vertical wheel/rail loads was about 50
percent of the average mean load of about 16 kips for freight traffic at the
test sites.

d. The overall load statistics for lateral wheel/rail loads were
nearly identical for the tangent and curved track sites. Mean lateral loads

were quite low, less than 2 kips. However, spatial variations were consider

able and more measurement locations are recommended for any future tests where

it is important to define the average lateral loads for each site.
e. Vertical rail seat loads showed a large tie-to-tie variation at

each site. Mean loads varied by as much as 3:1 as a result of several ties
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developing considerable free play at the tie/ballast interface. However,

maximum mean and maximum 0.1 percent rail seat loads of 11.3 and 31 kips,
respectively, were considerably below the 52.6-kip rail seat load recommended
in current concrete tie specifications for 24-inch tie spacing.

f. Measurements of rail seat moment on both tangent and curved
track show that the mean peak moment was very small. This is a desirable con

dition for minimizing cutting and wear of rail pads. The maximum rail seat
moments at the curve site were higher than those on tangent track, as expected.

g. Measurements of bending moments in the rail seat and center
regions of several concrete ties at each test site showed large tie-to-tie
variations in ballast support condition. Light cars frequently caused nega

tive bending moments (tension in the top surface) at both the tie center and

the rail seat, indicating a center bound condition. Heavy cars on the same
ties would change the bending moment in the rail seat region to positive
(tension in the bottom surface), and the center bending moment was frequently

quite independent of car weight. This indicates a nonlinear support condition

whereby the distribution of reaction loads along the tie bottom changes with

load. For example, a tie with voids under each end would develop negative

bending at both the center and rail seats with light loads. However, increased
wheel loads could cause the tie to bear more fully on the ballast. This would
shift the reaction loads toward the tie end and cause positive bending at the
rail seat with very little change in the bending moment at the tie center.

The highest 0.1 percent tie bending moment measured in the rail seat
region was 78 inch-kips, and this was in the curve at Site 3. Extrapolating

the low-probability statistics by assuming a normal (Gaussian) distribution
shows that bending moments exceeding 120 inch-kips would not be expected

during a 50-year tie life with annual traffic up to 60 MGT. This is less
than 50 percent of the rail seat bending moment requirements in current spec
ifications for concrete ties. However, the possibility of higher moments
that might be caused by severe wheel flat impacts needs further investigation.

h. Maximum bending moments of -56 and +67 inch-kips (0.1 percent

level) were measured at the tie center. Negative bending moments at the tie

center have the greatest importance because bending cracks in the tie center

region usually start at the top surface. These maximum measured bending

146



moments were well below the currently specified strength of -200 and +90

inch-kips for ties at 24-inch spacing.

i. Measurements of dynamic force variations in several rail fast
ener bolts showed that maximum force variations (0.1 percent level) were less

than 20 percent of the static preload and that the highest force variations

occurred on the gage bolt. This is a relatively large force variation, and

it would be increased considerably if a softer rail pad were used with the
rigid rail clips used by the FEC.

j. Lateral deflections of the rails and ties under traffic were
quite small at all of the test sections. Maximum lateral deflections at the
0.1 percent probability level were 45 mils for the rail relative to the tie
and 30 mils for the absolute motion of the tie.

k. The effect of reducing tie spacing from 24 inches (Site 1) to 20

inches (Site 2) was evaluated by comparing average rail seat loads and tie
bending moments for the several instrumented ties at each site to include the

large spatial variations. The 16 percent reduction in tie spacing reduced

vertical rail seat loads by about 9 percent and reduced tie mean and maximum
rail seat bending moments by 36 percent and 12 percent, respectively, for the
average traffic at the test sites. Data for only heavy cars indicate that
changes in tie spacing may cause much greater than expected changes in tie

bending moments due to the load dependent behavior of the tie support condi

tion. How this would affect track loads where the average wheel load is much

higher than normal, e.g., unit trains of 100-ton cars, needs further verifi
cation.

1. Train operations on curved track cause differential vertical
loads on the low and high rails for speeds which are different from the curve
balance speed. Maximum average tie bending moments (0.1 percent exceed ance)

were 25 percent higher at the rail seat and 50 percent higher at the tie
center than they were on tangent track even though the mean bending moments

were nearly identical. The importance of this increase in the low-probability

maximum loads on curved track depends on the failure mode for concrete ties.

Failures due to infrequent occurrences of loads exceeding the design strength

would make this increase in loads on curves very important. However, failures

due to cumulative fatigue damage are more dependent on the mean load cycles.

147



In either case, the increase in vertical loads on curves can be minimized

by operating close to the balance speed.

m. The highest lateral forces at the curve site were produced by

heavy cars and locomotives. Lateral forces from light cars operating in the

50-60-mph range were lower on the curve than on tangent track, which indicates
that flange contact on curves probably eliminates hunting. A comparison of

the overall statistical data for the curve and tangent track sites shows no
major differences in the lateral loads. Also, lateral track loads seem to

be most important with regard to rail wear and the performance of rail fast
eners and less important as a contributor to tie cracking.

n. A comparison of rail seat load and tie bending moment data from
the FEC measurement program with similar data from other sections of concrete

tie track shows general agreement. Tie loads from revenue traffic are consid
erably lower than current flexural strength requirements even for probabilistic

predictions of maximum loads for a 50-year tie life. It appears that tie
cracking is initiated in service at loads substantially below the static load
required to create a structural crack. A structural crack is one which extends

from the tie surface in tension to the outermost level of the prestressing

tendons (this is the failure criterion used for current flexural tests of con

crete ties). It is conjectured that small cracks can be initiated in pre-
stressed concrete ties at relatively low loads; and that once initiated, the
cracks can continue to propagate from repeated cycling until they grow suf
ficiently large to be detected visually. Crack initiation may be a fatigue
process where the total stress at the tie surface remains in compression due

to the prestress, or it may be caused by the total stress at the outer surface
exceeding the tensile strength of the material. This would indicate that the

prestress at that location is insufficient for the applied load even though

the load may be less than 50 percent of the flexural strength requirements.

It is very difficult to determine at what load a small crack is initiated in
a prestressed concrete tie, and this has not been a part of tie tests. An
experiment where the surface of a new tie is instrumented sufficiently to

detect crack initiation during static loading is needed to determine if the
initiation load is substantially less than that required to propagate a crack
to the prestress strands. An evaluation of tie performance for fatigue loading

at load amplitudes which represent realistic service conditions is also recom
mended.
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Recommendations regarding the identification of a crack initiation
mechanism presuppose that any type of structural cracking of concrete ties

constitutes a failure. This has been the criterion used to progressively

increase the flexural strength requirements in current specifications. The
justification cited for this is that a crack which reaches the prestress
strands will cause local degradation around the strands during repeated load
ing under traffic and will ultimately cause a loss in bond and a rupture of
the tie. It appears that this failure mode is regarded as more important than
strand corrosion or structural damage from freeze-thaw cycling of a cracked

tie. The long-term performance of ties which have structural cracks has not
been verified by service experience. The installation of cracked RT-7 ties

from the KIT in FAST provides an opportunity to monitor their degradation

rate for accelerated loading. The effect of freeze-thaw cycles should be

minimal for the short test duration of FAST.

4.8 TRACK DYNAMIC RESPONSE

Time histories generated during the data acquisition process showed

considerable vibration within various portions of the track structure. This

vibration was especially pronounced from the excitation of wheel flats due to

the higher frequencies associated with these impacts. Data from the FEC

indicate that about 10 percent of the car wheels have flats of sufficient
size to excite noticeable vibration, but a much smaller portion of these

would cause loads which exceed the normal load for a heavy car.

Figure 4-37 shows a typical recording of load data for several

cars passing one tie location at the curved site (Site 3). The increased
vibration caused by a few cars with wheel flats is quite noticeable. Figure
4-38 shows two sections of the Figure 4-37 recording in greater detail. Load

data for a locomotive is shown in Figure 4-38a to demonstrate the tie response

to heavy cars with no apparent wheel flats. Figure 4-38b shows that the
response to light cars having wheel flats is clearly more severe, especially
at the tie center. The damping of the track structure is quite low for this

case, and it is difficult to distinguish the load pulses from individual
wheels from the general vibration.
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4.8.1 Frequency Analysis of Tie Vibration

Spectrum analysis of several bending moment records Indicates two

primary modes of tie oscillation. Tie center bending moments show a marked
resonance between 80 and 100 Hz, with an average of about 90 Hz. Figure 4-39

shows a typical spectrum using the time history for light cars with wheel

flats shown in Figure 4-38b.

adjacent to the rail seat, show a broader resonance ranging between 110 and
160 Hz, with an average at about 140 Hz. Figure 4-40 shows the spectrum of

the rail seat bending moment record in Figure 4-38b. For comparison, Figure
4-41 shows a "quiet" spectrum for relatively smooth wheels. The dominant

frequency components are at the wheel pass and truck pass frequencies. Wheels

passing at 50 to 60 mph have a spectral line around 12 Hz, and the truck center

spacing produces spectra below 5 Hz at these same speeds. By comparison, the

bending moment spectra in Figures 4-39 and 4-40 are 5 to 10 times greater (14
to 20 dB) at their respective resonances than at the wheel-pass frequencies.

The time history in Figure 4-38b confirms that there is essentially no visible

wheel-pass fundamental frequency for the passage of a lightly loaded flat
wheel.

suggests that the 90 Hz and 140 Hz peaks represent two different modes of

tie vibration. A high bending moment at the tie center relative to the rail
seat region suggests a free-free beam model where the fundamental frequency

is approximated by

m = 575 lb/102 in. - 5.637 lb/in.
The estimated frequency for this fundamental mode is 85 Hz, which is
surprisingly close to the 90 Hz average frequency observed in the response

spectra.

Rail seat bending moment, and all other parameters monitored

A cursory analysis of the spectral data for bending moments of ties

(4-2)

The parameters for the RCCC tie are
I = 102 in.

EI - 900 x 106 lb-in.2 for entire tie
avg
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FIGURE 4-41. TIE RAIL SEAT BENDING MOMENT SPECTRAL RESPONSE FOR
HEAVY CAR WITH SMOOTH WHEELS
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Flat wheels clearly produce a relatively large vibratory response

of the rails and ties on concrete tie track. Wheel flats on light cars can
produce tie bending moments which exceed those for heavy car wheels which are

in good condition. Fortunately, however, the increase in dynamic loads from

wheel flats on heavy cars are not nearly as severe as those from light cars.
This limits the increase in total maximum load.

This load-dependent effect on track response appears consistent with

previous observations that the tie support can be very local for light cars

and change to that of a relatively uniform support under heavy cars. This

increased contact with the ballast reduces tie dynamic response. This is

probably due to the increase in radiation damping through the ballast and an

increase in effective stiffness.

The effect of wheel flats on the low-probability, high bending
moments to which ties are subjected requires some additional investigation.

The sampling rate of 125 Hz used for the statistical data analysis was not
adequate to determine peak values from vibration in the range of 90 to 140 Hz.

This vibratory response under light wheels was clearly responsible for some of

the unexpected negative rail seat loads, negative tie bending moments at the
rail seat, and positive bending moments at the tie center.

4.8.2 Rail and Tie Acceleration

Measurements of rail and tie acceleration under revenue traffic
were made at each test site. The difference in the frequency spectra of

the rail and tie acceleration gives a measure of the load attenuation pro
vided by the rail fastener/pad assembly. Spectral analysis of the two
signals generally showed identical response at frequencies below about 500

Hz, indicating that no appreciable low-frequency attenuation occurred from

the rail-fastener assembly.

Figure 4-42 is a short time history that has been low-pass filtered
at five different bandwidths to show the relative dynamic response. Due to

the high response to flat wheels it was necessary to scale and accelerometer
channels to + 100 g for the rail and + 30 g for the tie. The predicted tie
acceleration generated by following the track deflection profile as an ideal

wheel pass was less than 1 g (see Section 3.6). The resolution of the data

at the 1 g level was not sufficient to be used to validate this analysis

model. Figure 4-43 shows a typical spectrum for tie acceleration response
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which confirm that most of the energy is above 30 Hz.

4.8.3 Rail Corrugation

Data recorded during testing at the curved site (Site 3) indicated

that there were vibrations occurring in the 30-40-Hz frequency range which had

not been observed at the previous sites. An examination of the rail surface
revealed a corrugation pattern on the top of the rail head on the high rail
with a wavelength approximately equal to the 24-inch tie spacing. This cor

rugation would produce vibration in the 30-40 Hz range for train speeds of 40

to 55 mph. Figure 4-44 is a photograph using a telephoto lens to enhance the

appearance of the corrugation. The corrugation peak was always over the tie.
The peak-to-peak amplitudes were generally less than about 0.015 in. The
corrugation pattern was visible throughout most of the curve, but it was not
observed on the adjacent tangent track. It appears that the stiffness varia
tion encountered between the center of the tie and the mid span between ties
on this high modulus track may be sufficient to initiate this type of corru
gation.

4.8.4 Track Vertical Natural Frequency

An apparent fundamental natural frequency of the track structure was

observed in several data channels. Figure 4-45 shows a time history of vertical

rail seat load for two locomotives traversing the main array at different
speeds. The tie experiences a complete unloading within the normal influence

zone due to the dynamic response of the track system. A spectrum analysis of

several data channels with varying train speeds indicates that this natural

frequency was in the range of 40 to 50 Hz.

5. EVALUATION OF TRACK ANALYSIS MODEL

The MULTA track analysis model was selected to predict track response

to train loads and to evaluate a wide range of track design parameters. This

section of the report presents a comparison of measurements and predictions of

159



160





rail-seat loads, tie bending moments, and tie/ballast pressures to determine
the validity of using this track analysis model as a substitute for extensive
measurement programs to evaluate many different variations of track construction.

5.1 COMPARISON OF MEASURED AND PREDICTED LOADS

5.1.1 Effect of Track Modulus on Rail Seat Loads

Data on vertical rail-seat loads from a slow roll-by of the work

train were used to determine the track modulus, U. The effect of tie-to-tie
variations in the main array was minimized by averaging the maximum rail seat
load for a known wheel load during a slow traverse of the work train. The

average ratio of rail seat load to wheel load (Q/P) was used with the theo
retical relationship from the beam-on-elastic-foundation formulation to
determine an experimental track modulus.

Figure 5-1 shows the effect of tie-to-tie variations for all five
instrumented tie plates at Sites 1 and 2. The results in Figure 5-1 show

considerable tie-to-tie variation. They also show that the instrumented tie
plate on ties 57 and 30 measured rail seat loads higher than the wheel load--
a physically unacceptable conclusion. Since the same tie plate was used on

both ties, it was apparent that it had been operating incorrectly and these
data were eliminated. One of the load cells did fail later in the test pro
gram.

Table 5-1 lists maximum measured vertical rail seat to wheel load
ratio in percent. These data show a considerable load dependent effect as

well as large tie-to-tie variations. The average rail seat load for heavy
cars on track with 20-inch tie spacing was 12.5 percent lower than that for

24-inch tie spacing. A 16 percent reduction would normally be expected based
on conventional guides for track design. However, individual ties in both

sections carried as much as 65 percent of the heavy car wheel load and as

much as 76 percent of the light car wheel load.
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TABLE 5-1. MAXIMUM MEASURED RAIL- SEAT TO WHEEL- LOAD
RATIO (Q/P) IN PERCENT (7.)

Tie Number

I. Tangent Track, 24- inch
tie spacing (Site 1)

1 2 3 4 5 Average

a. Light Car 43 71 31 33 44.5

b. Heavy Car 47 58 53 65 55.8

II. Tangent Track, 20- inch
tie spacing (Site 2)
a. Light Car 22 38 64 76 50

b. Heavy Car 44 31 56 64 48.8

Figure 5-2 shows a comparison of measured and predicted rail seat
loads for light and heavy car wheels centered in the main array of Site 2.
Since the readings from ties 57 and 30 were eliminated, a symmetrical tie
plate load distribution was assumed. The model parameters corresponding to

a track modulus of 30.4 ksi per rail (final values from Table 4-1) were used
for the predictions. It is evident from the load distribution shape that the
actual track was stiffer than this.

As discussed in Section 4.3.1, it was hoped that data from the
initial and final load cycles of the plate-bearing load-deflection tests
would provide a bound to the estimate for the roadbed parameters. However,

the comparison in Figure 5-2 shows that the plate-bearing test data are not

providing a reliable prediction of roadbed stiffness even though the values

for subgrade and ballast modulus appear reasonable when compared to the WES

subgrade measurements and to typical values for ballast.

Since the FEC roadbed is stiffer than that predicted using the plate
bearing data, the following procedure was adopted in an attempt to synthesize

the model parameters that determine roadbed stiffness and track modulus. The

ratio of ballast to subgrade modulus determined from the plate-bearing tests

was retained, and the actual ballast (E, ) and subgrade (E„) modulus values
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were increased so that the maximum predicted rail seat load equals the aver
age maximum experimental rail seat load for the heavy car. The heavy car was
chosen to reduce the effect of any nonlinearities. This procedure was used

to adjust
E^
and Eg values so that the maximum predicted vertical rail seat

load was within 1.2 percent of the average experimental data for the 20- inch

tie spacing (Site 2) and within 1.6 percent for the 24-inch tie spacing (Site 1

The adjusted values of foundation properties were

E^
- 60 ksi and Eg - 35.65 ksi, with and Vg equal to 0.4.

Figures 5-3 and 5-4 compare measured and predicted rail seat loads
with a heavy car wheel centered in the main array of the track for the 24- inch

and 20-inch tie spacings, respectively. The average maximum experimental rail
seat load was 18.9 kips for an applied load P / 33.9 kips in the 24-inch tie
spacing (Q/P = b5.8 percent). This gives a track modulus of U ■ 47.6 ksi.

With the same adjusted values of
E^
and Eg, the maximum predicted rail seat

load was 18.6 kips, and the predicted track modulus was 44.7 ksi. The lower
predicted modulus is apparent from the comparison of the rail-seat load distri
bution shapes shown in Figure 5-3.

The average maximum experimental rail-seat load at Site 2 was 17.4
kips for an applied load P ■ 35.5 kips. This gives a track modulus U = 58.2

ksi. With the adjusted values of
E^
and Eg, the maximum predicted rail-seat

load was 17.2 kips, and the predicted track modulus was 55.4 ksi. Here again

the lower predicted modulus is obvious from the comparison of experimental
and analytical values shown in Figure 5-4.

These comparisons show that the actual track structure is at least

as stiff as the predicted value with the adjusted modulus values of
E^
and Eg.

The tie /ballast pressure distribution data in the following section also

support this conclusion.

5.1.2 Tie/Ballast Pressure Distribution

Tie bending moments at the rail seat and bending and torsional
moments at the tie center have been identified as the major causes of con

crete tie failures. The distribution of the support reaction between the
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tie and ballast is the principal unknown factor in validating the bending
moments predicted by analytical models. Therefore, measurements of tie/
ballast pressure distribution along the length of the tie were needed to

validate fully the analytical prediction of bending moments at the tie rail
seat and at the center.

Two load-cell ties were installed at Site 1 to measure the tie/
ballast pressure distribution. The position and identification of each of

these ties were as follows: LCT-18 (CT-1) was on the north side of the main

array, and LCT-100 (CT-4) was on the south side of the many array, as shown

in Figure 4-2. A third load-cell tie was installed in the curve track at

Site 3. Recordings of the ballast pressure distribution under the tie for

a few selected train passes were used to determine the shape of this distri
bution and to correlate the maximum pressure with the maximum rail seat loads.

The vertical tie/ballast pressures along the length of LCT-18 (CT-1)
for heavy, medium, and light cars are shown in Figure 5-5. These pressure

profiles indicate that this particular tie was noticeably center-bound for

light car loads. That is, the tie center bears almost the entire load while
the outer ends of the tie are carrying almost no load. As the magnitude of

the load is increased, the peak pressures moved outward from the tie center

toward the rail seat regions. The experimental data show that the peak pres
sure shift from the tie center to the rail seat region reaches a maximum
on the gage side of the rail seat. Pressures up to about 40 psi were measured
in the rail seat region for normal heavy cars. Maximum pressures as high as
about 90 psi were observed from wheel flat impacts.

Predicted results from the MULTA program for the medium car weight

are shown for comparison in Figure 5-5. The MULTA program assumes a uniform

elastic support for the roadbed. The resulting tie-ballast pressure distri
bution is a maximum under the applied load (rail seat), and reaches a minimum
at the tie center. The maximum predicted pressure of 33 psi is within 14 per
cent of the measured data for the medium load despite the center binding effect

for this tie.
The only detectable malfunction for LCT-18 during the test program

was that the end pressure cell (No. 10) didn't work. The experimental data
in Figure 5-5 were graphically integrated, and vertical equilibrium was

satisfied to within 4 percent of the total applied load. It can be concluded
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that the pressure and rail-seat load cells from LCT-18 did operate satis
factorily. The load-dependent centerbinding effect was evident from the
data, and it has a significant effect on the tie/ballast pressure distribu
tion.

The experimental data shown in Figure 5-5 were normalized and re-

plotted in Figure 5-6 so that peak pressures per unit rail seat loads can
be easily determined. The MULTA results show that the ratio of peak pres

sure to applied rail seat load is approximately 3.0 psi/kip, and that the
normalized peak pressure occurs under the rail seat region. The experi
mental results show that the ratio of peak pressure to applied rail seat
load had an approximate maximum value of 3.2 psi/kip at the tie center for

center binding under light loads and a maximum value of 2.5 psi/kip at the

rail seat region for heavy loads.
Data from LCT-100 (CT-4) at Site 1 are shown in Figures 5-7 and

5-8. The results from the MULTA analysis are also shown for comparison.

Since the results from the MULTA program guarantee system equilibrium, the

comparison shows that either the pressure load cells or the rail seat load
cells, or both, were not operating correctly. Integration of the pressure
distribution from the measured data showed that the total load on the tie

bottom was 50 percent higher than the total rail seat loads. Considering
the experimental results in Figure 5-6, it might be argued that the high
pressures were caused by the ballast under the rail seats being well consol
idated and behaving like "hard" springs. However, this cannot be the case

since vertical equilibrium still must be satisfied regardless of the nonlin-
earities in the roadbed system. It was therefore concluded that the experi
mental data from LCT-100 were inaccurate. The normalized pressure curve in

Figure 5-7 supports this conclusion.

The experimental data from the load cell tie in the curved track
section (Site 3) are shown in Figure 5-9 and 5-10. This tie is identified as
as LCT-0 (CT-2). Tie-ballast pressure distributions along the length of the

tie for light, medium, and heavy wheel loads are shown in Figure 5-9. An
integration of the pressure distributions showed that vertical equilibrium

was satisfied to within 3 percent of the respective applied loads. This

load cell tie was apparently operating effectively.
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The results from the MULTA program shown In Figure 5-9 for medium

wheel loads show good agreement with the experimental data. Maximum pres

sures are predicted within 5 percent, and the shape of the pressure distribu

tion is very similar. It is also evident that the vertical load is consid
erably greater on the high rail.

The normalized pressure distributions for the three cases of

light, medium, and heavy wheel loads are shown in Figure 5-10. The small

variation shows that the support reactions for this tie behaved in a very

linear manner, and that the uniform elastic foundation used in the MULTA pro

gram gave very good predictions for the pressure distributions for all wheel
loads.

The results from the analytical model can also be used to predict

bending moments for the rail seat and tie center. The pressure distributions
for the medium wheel load shown in Figure 5-9 were used to calculate the

shear and bending moment distributions along the tie length that are shown in

Figures 5-11 and 5-12. Since the analytical and experimental pressures were

in good agreement, the predicted bending moments should be equally accurate.

Thus it is concluded that the MULTA model is capable of predicting rail seat
and tie center bending moments that are typical of service loads except when

ties have a very serious center binding condition. However, the data from

LCT-18, which did have severe center binding for light wheel loads, were even

in reasonably good agreement with predicted results for heavy wheel loads.

5.1.3 Track Displacement Predictions

Results from the MULTA program were used to determine how the track

displacement compares to that for a Winkler foundation. The data shown in

Figure 5-13 show that predicted displacements are distributed over a greater

length of track than the tie load distribution. The difference in the dis

placement shape predicted by MULTA and the tie load distribution indicates

that the rail is not behaving like a beam on a Winkler type foundation. The
two distributions would be identical for a Winkler foundation.

The same conclusions regarding the displacement being distributed

over a greater distance than the tie loads is evident in the data from Site 2
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FIGURE 16. PREDICTED TIE LOAD AND DISPLACEMENT
DISTRIBUTION (SITE 1)
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FIGURE 5-14. PREDICTED TIE LOAD AND DISPLACEMENT
DISTRIBUTIONS (SITE 2)

179



(20-inch tie spacing). Comparison of Figures 5-13 and 5-14 show the influence

of tie spacing on tie load and displacement. The predicted peak tie load and

displacement values are reduced by 14 percent and 15 percent, respectively,

when the tie spacing is reduced 16 percent from 24 to 20 inches.
Vertical rail displacements were measured at two locations at each

test site. These vertical displacements were measured at the middle tie of
the main array and at a tie about 35 feet outside the main array. Since only

two locations were instrumented at each test site for vertical displacement

data, it was difficult (in view of the local variations previously discussed)
to characterize the track structure with experimental displacement values.

However, some comarisons can be made with the results from the model.

Table 5-2 shows a comparison between measured track displacement

values and values predicted from the model. In Table 5-2, AY = differential
displacement for heavy and light wheel loads. This differential load, Ap, was
24,750 pounds.

These experimental values show the variation in displacement values

from site to site. In view of this variation, it is believed that more values
of displacement (per test site) are required so that average maximum displace

ment values could be used to better predict track modulus. However, the

alternative approach of averaging data from five instrumented tie plates gave

good results.

5.1.4 Track Modulus Measurements

It was originally planned that rail bending strains measured under
heavy and light loads similar to the displacement values would provide a check

on the track modulus determined from the displacement data. However, the

lack of a sufficient number of strain gages (i.e., atmany positions along the
length of the rail) prevents the sort of averaging process that subsequently
was determined essential to minimize local variations. Difference (heavy load

minus light load) stress and displacement values and corresponding track

moduli are listed in Table 5-3.
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TABLE 5-2. COMPARISON OF MEASURED AND PREDICTED
TRACK DISPLACEMENTS

Measured Values
AY ~ in.

Predicted Values
AY ~ in.Site Description

E. Tangent Site

24-inch Tie Spacing (Site 1)

Main Array 0.015 0.018

Outside Main Array 0.0135 0.018

II. Tangent Site

20-inch Tie Spacing (Site 2)

Main Array 0.029 0.017

Outside Main Array 0.008 0.017

III. Curved Site
25-inch Tie Spacing

Main Array 0.034 0.018

Outside Main Array 0.044 0.018
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TABLE 5-3. MEASURED VALUES OF TRACK MODULUS

Measured Track Modulus

Disp.(1>

(lb/in. /in.)
Strain(2)
(lb/in. /in.)

A Stress,
(Psi)

A Disp.
(in.)Site Description

I. Tangent Site,
24-inch Tie

Spacing

Main Array 4575 a 015 39,100

41.000

45,900

Outside Main

Array 0.0135

II. Tangent Site,
20-inch Tie

Spacing

Main Array 3850* 0.029 18,300 87,000

Outside Main

Array 0.008 82,000

(1) Calculated track modulus using rail differential displacement for
light and heavy wheel loads.

(2) Calculated track modulus using differential rail bending strains
for light and heavy loads.
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The values of track modulus shown in Table 5-3 indicate that the track

structure is quite stiff. However, the data in Table 5-3 are for one or
two discrete points along a rail at a particular test site, and they do not
represent any sort of averaged values. As such, they should not be consid

ered as truly representative of the overall track modulus.

Table 5-4 gives a summary of the track modulus values that were

implicitly or explicitly generated f rom the test data. This summary directly
compares the predicted and experimental modulus values discussed previously

in other sections.

5.1.5 Track Response for Light and Heavy Cars

Figure 5-15 shows the track response for a slow roll-by of the work
train at Site 1. The work train consist was one empty and one loaded 100- ton

hopper car with a 4-axle locomotive. The first three channel outputs show
vertical rail seat loads and the last four channels show bending stresses at
the rail head and rail base.

The vertical tie plate load traces show the load-dependent behavior

of track stiffness. For the high wheel loads, each axle produces a discrete

load pulse and the maximum load from each axle is virtually unaffected by the
load from adjacent axles. This absence of coupling from adjacent axles is
only found on track where the modulus is quite high. However, the tie plate
loads do show considerable coupling with the light wheel loads, which is
indicative of an initially softer track foundation.

The recordings of bending stress in the rail base are quite typical.
However, the bending stresses in the rail head shown in Figure 5-15 do dis
play an interesting stress reversal phenomenon. This reversal effect can

best be modeled and explained by considering the head of the rail as a
separate beam acting on an elastic foundation consisting of the rail web.
This local response is superimposed with the overall bending of the rail,
which produces tension in the rail base and compression in the rail head as
the wheel passes over a given location. Local bending of the rail head
appears like a beam with its neutral axis somewhere between the top of the
rail head and the fillet such that the fibers at the fillet are in tension
immediately under the wheel. This produces the stress reversal over a very

short length as shown in Figure 5-15.

183



T
A
B
L/

5
-4
.

S
U
3
3
A
"Y

O
F
T
"A
C
K
3
O
3
U
LU
S
V
A
LU
/S

P
re
d
ic
te
d

T
ra
ck

3
o
d
u
lu
s

~
ks
i

A
d
ju
st
e
d

V
a
lu
e
s

o
fw

/j^

a
n
d

/g

4
4
.7

5
5
.4

Fo
u
n
d
a
ti
o
n

P
a
ra
m
e
te
rs

fr
o
m
P
la
t-
)

2
e
a
ri
n
g
W

T
e
st
s

1
5
.2
-
2
5
.5

1
5
.2
-
2
5
.5

1
0
.5
-
3
0
.4

1
0
.5
-
3
0
.4

0
1
e
ra
g
e

T
i/
"

P
la
te

Lo
a
d
s

^
'

Li
g
h
t

H
e
a
v
y

1
8
.9

4
7
.6

6
2
.*

5
/.
2

3
e
a
su
re
d

T
ra
ck

3
o
d
u
lu
s

~
ks
i

S
tr
a
in
(2
)

4
5
.9 *

,i
.p
in
,.

3
9
.1

4
1 1
/.
3

8
2

3
a
in

A
rr
a
y

O
u
ts
id
e

3
a
in

A
rr
a
y

3
a
in

A
rr
a
y

O
u
ts
id
e

3
a
in

A
rr
a
y

I.
T
a
n
g
e
n
t
S
it
e

2
4
-i
n
ch

T
ie

S
p
a
ci
n
g

II
.
T
a
n
g
e
n
t
S
it
e

2
0
-i
n
ch

T
ie

S
p
a
ci
n
g

S
it
e

3
e
sc
ri
p
ti
o
n

(1
)
C
a
lc
u
la
te
d

tr
a
ck

m
o
d
u
lu
s

u
si
n
g
ra
il

d
is
p
la
ce
m
e
n
t

fo
r
lig
h
t
a
n
d
h
e
a
v
y
w
h
0
l

lo
a
d
s.

(2
)
C
a
lc
u
la
te
d

tr
a
ck

m
o
d
u
lu
s

u
si
n
g
ra
il

b
e
n
d
in
g

st
ra
in
s

fo
r
lig
h
t
a
n
d
h
e
a
v
y
w
h
0
l

lo
a
d
s.

(3
)
2
a
0
d

o
n
a
v
e
ra
g
e

m
a
x
im
u
m
ti
e
p
la
te

lo
a
d
s
o
n

4

0
ie
s,

lig
h
t
lo
*d
-

8

'p
s,

h
e
a
v
y
lo
a
d
'
'p
s.

(4
)
"a
n
g
e
fo
r
in
it
ia
l

to
fi
n
a
l
v
a
lu
e
s

fo
r
m
o
d
e
l
p
a
ra
m
e
te
rs

b
a
0
d

o
n
p
re
d
ic
te
d

m
a
x
im
u
m
ti
e
p
la
te

lo
a
d
.

(S
0
T
a
b
le

4
.1
)

(5
)

=
b
a
lla
st

m
o
d
u
lu
s

a
n
d

/g
■
su
b
g
ra
d
e

m
o
d
u
lu
s,

a
d
ju
3
te
d

so
th
a
t
m
a
x
im
u
m

p
re
d
ic
te
d

ra
il

0
a
t

lo
a
d
e
q
u
a
ls

a
v
e
ra
g
e
m
a
x
im
u
m

e
x
p
e
ri
m
e
n
ta
l

ra
il-
0
a
t

lo
a
d
a
t
S
it
e
1
.



~1

6
./
K

6
./
K

V
e
rt
ic
a
l

T
ie
P
la
te

Lo
a
d
-
T
ie
P
la
te

6
1
G

V
e
rt
ic
a
l

T
ie
P
la
te

Lo
a
d
-
T
ie
P
la
te

6
3
F

6
..
9
K

V
e
rt
ic
a
l

T
ie
P
la
te

Lo
a
d
-
T
ie
P
la
te

6
3
G

0
.
5
K

"a
il

H
e
a
d
2
e
n
d
in
g

(F
ie
ld
)

/m
p
ty

H
o
p
p
e
r
C
a
r

■
Lo
co
m
o
ti
v
e

Lo
a
d
e
d

H
o
p
p
e
r
C
a
r-
*]

R
a
il
B
a
se

2
e
n
d
in
g

(F
ie
ld
)

C
o
m
p
re
ss
io
n

0
a
il
H
e
a
d
2
e
n
d
in
g

(G
a
g
e
)

"a
il

2
a
0

2
e
n
d
in
g

(G
a
g
e
)

FI
G
U
"E

5
-1
5
.

T
"A
C
K
"E
S
P
O
N
S
/
F/

S
LO
W
"O
LL
2
Y
O
F
W
O
"K
T
"A
IN

A
T
S
IT
E

1



Results from the MULTA program are shown in Figure 5-16, where

the vertical tie-plate loads from two successive wheel loads have been super

imposed. The results from the MULTA program are generally consistent with

the observed results for heavy wheel loads where the influence from adjacent

wheels on this stiff track is negligible.

5.2 SUMMARY OF RESULTS AND CONCLUSIONS

The comparison of predicted and measured track response parameters

in the previous section shows that the MULTA track analysis program is cap
able of making good predictions of tie loads and tie /ballast pressures. The
inclusion of tie bending has been shown to be quite important in predicting

ballast pressures. The program can also be used to predict rail bending
stresses and tie bending momenta

No experimental data on stresses in the ballast and subgrade below

the tie were measured for comparison. However, the good agreement with the

predicted ballast pressures immediately under the tie gave confidence that
pressures predicted elsewhere in the roadbed will be sufficiently accurate
for track design evaluations. Predictions of soil behavior are limited by
the assumptions of linear elasticity in the MULTA model, so inelastic
behavior of highly loaded soils could not be predicted accurately.

The major difficulty in using MULTA, or any other track analysis

program, is in the accurate modeling of the ballast and subgrade. The elastic
continuum used in the MULTA model does show that the transfer of shear in the

roadbed produces appreciable tie-to-tie coupling in displacements. This
effect is also observed in track response measurements but it is not included
in conventional beam-on-elastic-foundation models. However, the real dif
ficulty is in establishing the material properties for a layered model of

the ballast and subgrade that match the overall track modulus measurements.

The plate bearing tests on the ballast and subgrade and independent vibro-

seismic measurements of subgrade properties did not give sufficiently accu
rate predictions of the track modulus for predicting track loads with heavy

wheel loads even though pressures in excess of maximum pressures under traffic

were used for the plate bearing tests. This difficulty cannot be explained

at this time. However, it is hoped that current research on the use of plate
bearing tests to evaluate ballast compaction being carried out by Dr. Ernest Sel
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FIGURE 5-16. INFLUENCE OF ADJACENT AXLE ON TIE
PLATE REACTIONS AT SITE 1
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on a concurrent DOT/TSC project will help to resolve this question. In the
meantime, it is recommended that the ballast and subgrade properties be
adjusted to match experimental measurements of track modulus under heavy

wheel loads using representative soil data for the relative ballast/soil
stiffness. Predictions of tie loads, track deflections, and roadbed pres

sures will not be greatly influenced by changes in the relative ballast and
soil stiffnesses as long as the track modulus is matched. Inaccurate esti
mates of these parameters will have the greatest effect on predicting relati
deflections in the ballast and subgrade layers.
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APPENDIX A

REVIEW OF TRACK ANALYSIS MODELS

Introduction

An important part of this project for improving synthetic cross

tie/fastener assemblies is the prediction of detailed stress and deflection

distribution for the rail, fastener, tie, ballast, and subgrade. These pre
dictions can then be used to evaluate track structure deterioration. To this

end, many different mathematical models have been reviewed. In general, these

analysis techniques fall into one of four categories: algebraic expressions
for ballast and subgrade pressures, finite element models, exact solutions to
differential equations, and lumped parameter models.

Algebraic expressions for ballast and subgrade pressures are usually

obtained from the theory of elasticity. The most significant problems with
this approach are the simplistic assumptions about boundary conditions and

material properties which are necessary to develop closed-form solutions. Some

investigators have introduced correction factors to account for the inconsistancy

between theory and experiment. While this method will provide good results for
many conditions, it will not provide realistic answers for non-uniform roadbed
conditions such as soft spots in the ballast or subgrade.

Algebraic Equations for Ballast and Subgrade
Pressures and Deflections

Talbot's Equation

The empirical model developed by Talbot [A-l] can be used to predict

the vertical pressure, P, at a depth, h, and at a horizontal distance, x, from

the line of action of the load. It is assumed that the ballast and subgrade
material is a homogeneous, noncohesive granular substance. The applied

189



vertical pressure is a constant over the tie length, which is considered

to be a rigid element. The normal flexibility of a tie causes variations
in the tie/ballast pressure along the tie bottom. The vertical pressure as
given by Talbot is

KP exp(-K2x2)
p = . g (A"!)

where

Pq is the applied vertical pressure and

K is an experimentally determined parameter that depends on h.

Inputs to this model include the vertical (static) load and effective tie

dimensions to calculate the applied vertical pressure. The parameter K must

be determined experimentally. Manual superposition can be used to account

for the effects of multiple ties.

Several other empirical pressure equations are available and a

comparison of pressure predictions from some of these empirical equations

and measured data are shown in [A-2]. The pressure values determined by the

empirical equations are frequently higher than measured pressures. Thus,

predictions from the empirical equations give a conservative estimate of the

pressures in the track substructure.

Pyramid of Stress Model

The pyramid of stress model [A-2] is an attempt to account for

spreading of the stress distribution with depth. Vertical pressure and de

flection are uniform at every depth, while material outside the pyramid is

not stressed at all. There are no horizontal stress components. The area at
the top of this truncated pyramid is determined by the tie bearing area, while

the area at the bottom is determined by the angle of internal friction and
the depth of the ballast and subgrade, Figure A-l. This model does calculate
pressures, and it also gives an effective stiffness of the ballast and subgrade
under the tie. This stiffness can be combined in series with the pad and tie
stiffnesses to give a total rail support stiffness at each tie. Since the
ballast and subgrade are two different materials, a more sophisticated model

can be derived by assuming a ballast pyramid on top of a subgrade pyramid [A-2] *1
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The equation for stiffness in the pyramid model is found by con

sidering the soil as a rod of length L in the shape of a truncated pyramid
with a compressive force, F, acting on its top.

The equation for the compressive deflection, d6 , of a rod of

length dh is

d6 -"I fky <A-2>

Expressing A(h) in terms of W, L, C, and h, and integrating

Equation (A-2) will lead to the effective stiffness of the pyramid.

K =
E c / A"3x

£nLw(CL+£)J

where

E is Young's modulus

C = 2 tana

or = angle of internal friction.
In the derivation of Equation (A-3), Young's modulus for the soil,

the angle of internal friction and the force acting on the top of the pyramid
are assumed constant with depth. These assumptions are discussed in [A-2],

Boussinesq's Equation

A vertical external force Q acts normal to the surface of a semi-

infinite solid producing a state of stress which has circular symmetry about
a vertical line through the point of application, Figure A-2. The soil is
considered to be homogeneous and isotropic.

The stresses at N as determined by Boussinesq [A-3] are:

a = -3-£— cosV ZY (A-4)

-
2

[3
cos\sin2* - (1 - 2».) fgsJf-J (A-5)Q

■ - - 2
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Q

FIGURE A-2, STRESSES AND DISPLACEMENTS AT
POINT N DUE TO LOAD Q
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2TTZ

t _ = [cosNsrn* ] (A-7)
2TTZ

The deformations at N are:

[2 (1 - V.) + cos2*] sin f (A-8)

5 ■ I - <i - 2»i) + cos 4 + cos2 |] sin * tan |, (A-9)
where ■ Poisson's ratio

E = Young's modulus

Y
= weight density.

These equations are applicable for the case when Q is a concentrated

load, but a discontinuity occurs in the stresses and displacements at

the surface directly under the load. These equations must be integrated

over an area to represent the case of a uniformly distributed load on

the elastic half space. These integrated expressions can be found in

reference [A-4] .

Westergaard ' s Equation

A concentrated vertical force Q acts normal to the surface of

semi-infinite, laterally restrained solid. Deformations in the horizontal
direction are prevented without interfering with deformations in the verti

cal direction. Cylindrical coordinates are used in the problem formulation.

Since the Westergaard formulation is a subset of the Boussinesq equations,

stress calculations are also discontinuous under the load.

Using the notation of Figure A-2, Westergaard ' s solution gives

the following expression for the vertical stress [A-3] .
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°Z=92 ZR 1 2
1

2
+ ZY (A"10)L r- L (T+(r/zr

where

c = r il2iL- ,1/21
2(l-Hi)J

pi / Poisson's ratio
Y ■ specific density.

The computer program [A-14] using Westergaard ' s formulation calculates

surface stresses in the x and y directions in addition to the vertical

stress a . Displacements are currently not calculated in the computer

program but expressions for the displacements could be included in the

program if desired.

Cerruti's Equations

If a force, Q, is acting tangential to a point on the surface
of a semi-infinite homogeneous, isotropic material in the X direction,

Figure A-3, the deformations in the solid at point N are [A-5] :

[L-Oi +x!l 2 + _9 r_i (A"n)
|-<r(X-HO r3j 2Trr (X-HO

+
4tt(\-H*>

[-Z+r r(z+r)2j
^A LL)

4TTp,

= Q
xy _ Q . XI

^ r3 4n(X*> r (z+r)2 (A_12)

= Q *z + 22"

where pi

4 Tip*1 r3
4TT (X-Hi) r(z+T) (A-13)

E

2 (1+v)

Ev

(1+v) (l-2v)

E = Young's modulus

v = Poisson's ratio

u ■ x-displacement

v = y-displacement

' = z-displacement
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FIGURE A-3. DISPLACEMENTS IN A SEMI-INFINITE
SOLID DUE TO A HORIZONTAL LOAD Q
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Cerruti's model assumes that the boundary is free of traction

forces. Although no specific expressions for stresses appear in [A-5] ,

the computer program [A- 14] using Cerruti's model calculates stresses and

strains in the x,*y and z directions.

Burmister's Multilayer Elastic System

Burmister's theory [A-6] is based on a multi-layered system.

Each layer has a finite thickness with infinite dimensions in the hori
zontal directions. The last layer represents an infinite thickness. As
many as seven layers can be used in current computer models. The layers

are homogeneous, isotropic, and obey Hooke's law. A uniform pressure

over a circular load bearing area acts in the vertical downward direction.

Expressions for stress and displacement at a depth below the load are

obtained by using a stress function which is written in terms of Bessel

and exponential functions. Two separate solutions are given depending on

the boundary condition. Case 1 assumes that the layers are continuously

in contact* with shearing resistance fully active between them. In Case 2,
the layers are in continuous contact but with a frictionless interface.

The reader is referred to Reference [A-6] for the stress and deflection

equations for Burmister's model.

The principal disadvantages of the Burmister model are: (a)
infinite horizontal dimensions (b) the foundation must be composed of
layers of homogeneous, isot pic and linearly elastic material and (c)
no lateral loads can be applied.

JNR Model

The Japanese National Railways [A-17] have used the following

equation to obtain subgrade pressure, Ps, in psi.

50 Pb

Ps
= (A-14)

where h is the depth of the ballast in centimeters and is the pressure

under the tie in psi.
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Love Equation

An application of Boussinesq's theory [A-18] provides the

following expression for subgrade pressure due to a uniformly loaded

circle with an area equal to the effective tie bearing area under
one rail seat.

P„
"
Ph I1

"
[

1

2 ]3/2l <A"15>

8 b

( l+(r/h)2 J

where r is the radius of the uniformly loaded circle.
The results of the JNR and Love equations are compared with

measured data in reference [A-2] .

Salem and Hay

Two equations developed by Salem and Hay [A-7] include

correction factors C and K to relate test results to theoretical predictions.

A theoretical equation based on ideal conditions was first developed and
then multiplied by a correction factor based on experimental data which include

the effect of tie bending on the tie/ballast pressure distribution.
It was concluded in the Salem and Hay study that:
a) The depth of ballast needed to get a fairly uniform pressure

on the subgrade equals the tie spacing minus three inches. The vertical

pressure at this depth should be less than the allowable bearing capacity

of the subgrade to prevent subgrade deformation.

b) The magnitude of the vertical pressure below the centerline

of a tie is always smaller than that given by Talbot for the same unit

pressure applied.

Weissmann's Model

Weissmann [A-8] presents a model of a slab supported by a soil
foundation that includes an equivalent mass, a viscous dashpot, and a linear

spring. The mass accounts for some of the soil vibrating in phase with
the slab. The equivalent parameters from [A-8] are listed below.
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r 0.2A*/2p mG "I

M = M 1 + S2il_
E A

L (1^>tP8labGseisJ
(A-16)

2.26GA*/2
(A-18)E

where
A^
= base area of foundation (tie)

G = shear modulus of elasticity for soil

G 0 = seismic shear modulus of elasticity for soilseis J

M = total mass of component (tie and rail)

t = slab thickness (tie)

f'slab
= slab density

□soil
= soil density

ji = Poisson's ratio for soil

Some recommended soil properties, also from [A-8] are listed below.

G(psf) G . (psf)
seisXK '

>15 x 105 >30 x 105Rocks 0.33

6 to 15 x 105 12 to 30 x 105Gravel, sand 0.35

Using the results of equations (A-16), (A-17), and (A-18), a single

degree-of-f reedom dynamic model can be established from which a compliance

and phase angle can be obtained as a function of the forcing frequency. The

vertical deflection can be estimated using equation (A-18).

Finite Element Models

Finite element models are another approach for representing track

structures. In general, these models not only analyze the ballast and

subgrade, but also include the tie, pad, fastener, and rail. Another
distinct advantage in using finite elements is the ability to vary the
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properties of each element, so that the analysis Is no longer that of an

ideal system. The main disadvantage with any finite element method of
analysis is the high cost of making a computer run and formulating all of
the input data.

2-D Finite Element Model - Lundgren

The objective of this model is to analyze the factors entering

into the track modulus and to develop a systematic numerical procedure

for determining track response under load. A computer solution by methods

of matrix structural analysis is given for a track structure under static

vertical loads [A-ll] . A two-dimensional finite element method as shown
in Figure A-4 gives deflections, strains, stresses, moments, and track

modulus. The soil is assumed to be small square plate elements; the ties
are represented by a spring or springs; the rail is a continuous beam
resting on the tie springs. Separate springs for fastener pads can be
included in the tie effective stiffness.

This model can accept randomly assigned soil properties. The
solution is modified to take into account the inability of the soil to
take high tensile loading and high shear stresses. A new stiffness matrix

is formulated when shear or tensile failure occurs. This provides an

iterative solution for nonlinear soil behavior under high loads.
The boundary conditions are chosen such that the surface boundary

is free to move vertically while the lower boundary is fixed. The model

will accept any boundary condition on the sides. The rail end may be fixed
or free in the vertical direction with a zero or full moment restraint. The
weight of the ballast/subgrade material and the weight of the rail, fastener,
and a portion of the tie are applied at grid points to reduce upward deflections

of the rail. Uplift forces on the ties which exceed the rail weight are
removed during the iteration procedure to simulate the free uplift of
unrestrained rail.

No provision for incorporating lateral on longitudinal loads

is provided in the simulation.
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FIGURE A-4. FINITE ELEMENT MODEL OF
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Finite Element Model by Kilmartin

This 3-D finite element program [A-12] models the rail-tie
structure accurately, but does not include detailed modeling of the ballast.

Rail segments between ties are represented as prismatic beams, and the

cross ties are finfte sections of a uniform beam on a continuous elastic
foundation. A variable number of static vertical loads can be placed on

the rail at any point. Grid points occur at the intersections of each
tie and rail. If a load is placed between ties, an imaginary tie is used.

The program will accept variable properties for the tie, right
rail, and left rail. Rail joints may be optionally placed at the cross
tie-rail intersections. Joint stiffness is scaled from 0 to 1 compared to
CWR. Vertical and lateral deflections and 3 rotations are calculated at

each grid point. The analysis does not consider including rail pad stiff
nesses, fasteners, or variable ballast modulus.

An iteration procedure is used to eliminate upward tie deflections.
This is accomplished by selecting a second foundation modulus for ties with

an upward deflection and recomputing a solution.

Finite Element Model - Robnett (ILLI-TRACK)

This two stage finite element approach was used by the authors
to model the track structure, since they believe a three dimensional

solution would be cost prohibitive [A-10] . A longitudinal analysis is

followed by a transverse analysis in the two stage analysis scheme. This

is an extension of the Lundgren model [A-ll] .
The longitudinal analysis considers point loads (corresponding to

wheel loads), acting on a single rail supported by the tie-ballast-subgrade
system. Figure A-5 shows a typical finite element mesh used for the
longitudinal analysis. The rail-tie subsystem is represented as a continuous
beam supported on tie springs. Rectangular planar plate elements are used

to represent the ballast, the subballast and the subgrade. The width of

the elements is increased with depth using a "pseudo" plane strain technique.
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This allows a three-dimensional representation of the loading to be

simulated with a two dimensional model. The displacement components

are assumed to vary liniarly over each element.
In the longitudinal analysis, a symmetrical loading is assumed

and only half of the system is modeled. Grid points along a vertical

boundary representing the centerline of the track are restrained from

horizontal movement as are grid points along the other vertical boundary

at a distance of 260 inches. Grid points along the bottom boundary at

a distance of 300 inches below the surface and those on the vertical

boundaries are fixed, see Figure A-6.

The transverse analysis uses the output from the longitudinal

analysis as input. Either the maximum reaction or the maximum deflection

at a tie obtained from the longitudinal analysis is used as input at a

tie which rests on the ballast-subgrade system.

The pseudo plane strain state mentioned above is used to obtain

a realistic stress distribution with depth. The angle of distribution, which
accounts for an increase in element size with depth, is constant. An incre

mental load technique is used in developing the final stress distribution.
This allows the use of stress dependent material properties. After the

last load increment is applied, a single iteration is performed to obtain

the stress state which is compatible with total load. During the incremental

loading, failure criteria for the ballast and subgrade are checked and
material properties are adjusted accordingly.

Although the ILLI-TRACK model includes a detailed, non-linear

model of the track roadbed, the use of two pseudo plane-strain models instead

of a 3-dimensional model has some important disadvantages. The assumption of

an effective tie bearing area at the beginning gives questionable results and

eliminates any evaluation of the important effects of tie bending on the

tie/ballast pressure distribution. The generation of depressed areas (gaps)
in the ballast under the rail seat region leading to center bound ties is a
major mode of track degradation requiring non-linearities. However, this

cannot be evaluated using a two-dimensional model.
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3-D Finite Element Model (Queen's University)

The Queen's University model [A-9] is a 3-dimensional step-by-step

non-linear elastic finite element track model. The rail is represented by
simple beam elements with vertical displacement and rotation in the beam

direction. Ties can be either simple beam elements or 3-dimensional brick

elements selected to match realistic local variations in tie bending
rigidity. The ballast, sub-ballast and subgrade are brick elements which
utilize a bicubic spline function to represent non-linear, stress-dependent
variations in Young's modulus. The program can be modified to allow

separation of the tie from the ballast in order to simulate the development
of rutting under repetitive loads.

The Queen's model is the most comprehensive track model under

development. The principal disadvantage is the high cost for modeling and

computer time and the difficulty in getting realistic data for the ballast
and subgrade properties. This model is still under development and will
require extensive validation before the high cost can be justified for
its use.

Finite Element - BCL

A single rail is divided into n grid points with a variable distance
between each grid point. Associated with each grid point is a vertical

spring (tie) a torsional spring (fastener), a beam flexual stiffness (EI),

and a vertical static load. Any of the above quantities can vary from grid

point to grid point. An investigation of ineffective ties or fasteners,

rail joints, and multiple wheel loads can be handled in the vertical plane
only.

The solution is obtained by writing equilibrium equations at each

grid point in the form of a matrix equation. The unknown deflections, slopes,

moments and shears of the rail at each grid point are calculated. Outputs
also include tie vertical and torsional restraint loads.
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Lateral Rail-Tie-Foundation Model - AAR

A static finite element model [A-14] of the rail-tie-foundation
lateral reaction due to multiple wheel loads has been formulated and some

what validated with experiments. This 2-dimensional model (lateral and

longitudinal translations and rotation about the vertical axes) is repre

sented by 1-dimensional finite elements. A beam is used to represent a
single rail supported by springs at the tie locations. These springs,
which may be nonlinear, simulate the total lateral stiffness of the tie,
fastener, and ballast. A rotational stiffness about the vertical axis at

the tie is provided by the fastener.

This analysis is capable of handling rail irregularities such as
rail joints, nonlinear foundation support, missing ties and off-loading.
A rail joint is simulated by inputting joint bar properties at the desired
location. The nonlinear characteristics of the fastener and ballast - sub-

grade are incorporated into the program by a multi-linear stiffness. Missing

ties can be represented by reduced tie and fastener stiffness. Forces or

displacements in the lateral, longitudinal, and rotational direction can be
applied at all node points. The other forces or displacement are the unknowns.

Outputs of the finite element program include lateral and longitu
dinal rail-tie-reactions, and rotational rail-fastener reactions about the
vertical axis. In addition, member axial and shear forces, bending moment,

and deflection of the rail are given.
The model has been partially verified with test data of lateral

rail deflections obtained in the mid 30's. The effect of rail joints, missing
ties, and nonlinear ballast characteristics have not been determined experi
mentally, so the accuracy has not been verified for these effects.

Parameter studies using the model for track which has vertical

loads have shown small changes in rail lateral deflection and bending moment
due to fastener and rail stiffness. But a significant reduction in deflection
and bending moment is obtained for increased lateral tie-foundation stiffness.
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Vertical Rail-Tie-Foundation - AAR

The basic two-dimensional finite element model used here is just
like that of the previous model. The track is represented by a beam on
springs which may be linear or nonlinear. Each spring represents the rail-tie
reaction at each tie. Thus this is a two-dimensional model with one-dimen
sional finite elements.

The inputs to this model are the vertical stiffness of the springs

(includes the tie, fastener, ballast and subgrade) , moment of inertia and
Young's modulus of the rails, and the vertical loads representing wheel loads.

The outputs from this model are the vertical deflections of the
rail, moments, shears and bending stresses in the rails, foundation
pressures, and rail-tie loads.

The basic disadvantages with this and the previous model are a) each

model assumes that the foundation is like a dense fluid which neglects
shear coupling in the roadbed, and b) the model cannot simulate off-loading

conditions on staggered joints in the rail since the model uses only one
rail. This is also a serious limitation for accurately modeling the
"frame" effects for lateral resistance.

3-Dimensional Track Model by Member Representation - AAR

This model [A-14] is a 3-dimensional track model representing the

rails, fasteners, ties and ballast-subgrade by 1-dimensional structural members
and springs, see Figure A-7. Rails and ties are represented by beams and the

ballast-subgrade is represented by springs. Each fastener group can be separated

into fastener components with each component being represented by a structural

element or spring. Multiple loads, off-loading, staggered joints, ineffective
ties, and fasteners can be modeled. Rail joints are simulated by a beam
equivalent to a joint bar.

Predictions of this model include rail and tie bending moments and
deflections, fastener deflections, and the loading environment for the ties,

fasteners, and ballast-subgrade.
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A comparison of predicted vertical rail deflection with test
data obtained some 60 years ago shows good agreement for a large vertical

track load (25,000 lb) but poor correlation for a light load (5,000 lb).
Lateral deflections are also verified by test data developed in the 1930' s.

Many other possible cases have not been validated because of a lack of

experimental data.

A general purpose 3-dimensional structural analysis program (SAP-IV)

[A-15] is used to solve this problem. It should be noted that SAP-IV
is a linear structural analysis program in its original form. The nonlinear
behavior of fasteners etc., can be modeled with NONSAP.

Rail -Fastener Model - AAR

The three-dimensional track model noted in the previous paragraph

can have various levels of detail. Each fastener group can be further

separated into fastener components, each component being represented by a

structural element or spring. This then becomes the Rail-Fastener Model

whereupon this 3-dimensional finite element model [A-1A] predicts rail
fastener loads and rotations about three axes given the vertical and lateral

wheel loads, fastener rotational stiffnesses, ballast-subgrade stiffness,

and material properties of the rail and tie. The claim that any type of
fastener can be modeled is made in the documentation, but modeling fasteners
with beam elements is quite difficult.

Three-Dimensional Elasticity Analysis - Herrmann

Herrmann has developed a 3-dimensional finite element computer
program which analyzes a periodically loaded prismatic solid [A-16] . The

basic assumptions of the prismatic body is that it is infinite in length
with constant cross sectional and Fourier series material properties in

the longitudinal direction. The loading is represented by a Fourier series.

Isolated loads can be analyzed by point loads sufficiently separated as to
prevent interaction. Temperature strains and body forces in three orthogonal

directions (periodic in the longitudinal direction) are also included. All
body forces and temperature effects may be a function of position in the cross

section. Boundary conditions (stress and displacement) are .;lso described
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by periodic functions. The periodicity of all functions is handled by
determining the first N coefficients of the Fourier series.

Two-dimensional finite elements-quadrilateral and/or triangular
shaped-are used to describe the cross section of the prism. Although

the materials are considered perfectly elastic, each finite element may
have different material properties.

The inputs to the computer program include the finite element
representation of the cross section of the ballast, Fourier coefficients

of body forces, boundary conditions, a temperature term, and the material

properties (Young's modulus and Poisson's ratio) for every element in a

cross-section. The outputs, which can be given at any cross section, are

three orthogonal linear displacements at each node point, the six components

of strain and three normal components of stress at each element's e.g.

Several limitations are immediately obvious. Since the analysis

is linear, ballast failure cannot be modeled. Because all loads are
periodically spaced, the individual load on each tie due to multiple wheel
loads must be determined in terms of Fourier coefficients as an input to the

program. Thirdly, since all loads are periodic, a longitudinal loading will
result in zero displacements at half period points which means the elastic

body is not really infinitely long. Rail joints and missing ties can be
investigated by determining the periodic loading on the ties due to the

track irregularity. This complex loading would be represented by a Fourier

series of many terms.

Continuous Solutions

The third approach to modeling a track structure is by using the

solution of a differential equation describing a loaded continuous system.
The method is applicable to both the rail and to the finite length beam (tie)
as individual units.
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Beam on an Elastic Foundation (Vertical) - BCL

The basic equation for the vertical deflection y of a rail
having flexural rigidity EI supported continuously by an elastic founda
tion and loaded by a point load P at the origin is

A
EI -S-J + Uy

= P6(x) (A-19)
dx

where U is the track modulus for a Winkler foundation defined as the load

per inch of rail length required to depress the foundation one inch.
The solution of the above equation for a single point load

results in the well known relation for rail deflection y(x) and rail
bending moment M(x)

y(x) = (P/K.)e"Bx (cosgx + sin0x) (A-20)

M(x) = (P/43) e"0X (cosBx + sin0x) (A-21)

1/4
where P = (U/4EI)

'
, K = 2U/0, and where

Kf
represents the track

stiffness, or spring rate (lb/in), for a vertical point load applied to
the rail head.

In this model the modulus can include pad stiffness, a ballast

stiffness, and a soil stiffness. The ballast is represented by the pyramid
stress model. In order to utilize the beam on elastic foundation solution,
all individual stiffnesses along the length of the rail are identical. The
program will accept four equal wheel loads to calculate the track structure
response in the vicinity of two trucks.

Output includes the rail deflection and moment at several points,
the pressure at the base of the tie and ballast, subgrade pressure, and

the rail bending stress.
This model has the usual restrictions from assumptions of equal

tie spacing, homogeneous isotropic ballast, equal pad stiffness, no joints

in the rail, a foundation modulus which acts in tension, and a uniform
deflection and pressure distribution in the ballast. However, it is
useful and efficient for track design parametric studies.
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Tie on an Elastic Foundation - BCL

To obtain tie deflections, the configuration of an infinite
beam on a uniform elastic foundation is first formulated with two wheel
loads separated by an effective gage, Figure A-8.

The governing differential equation is
A

EI ° | + Kw = q + [6(c) + 6(jfc-c)] (A-22)
dx

where

E = Young's Modulus of the tie, psi
4I = Bending moment of inertia of tie, in.

6 (arg) = Dirac delta function ■ 1 if arg = 0
= 0 if arg = 0

q = rail seat load, lb
^o

I = tie length, in.
c = distance from tie end to rail load, in.
K = foundation modulus of ballast, lb/in./in.

From this solution, the moments and shears which exist at the

free ends of the tie are calculated. Then the infinite beam problem is
solved with the negative of the moments and shears found above as boundary

conditions and applied at the free ends of the tie. By superimposing the
two solutions with the opposite reactions at ends of a tie along with the
solution of the infinite-length beam, the solution for a finite-length tie

on an elastic foundation is derived. From this solution, displacements,

slopes, moments and shears across the tie can be found. A disadvantage of

this closed-form solution is that variations in tie or support characteristics

along the tie length cannot be included.

Detailed expressions for w(x) and M(x), tie moment, are given in

[A-2] as a superposition .of the three solutions discussed above. As in the

case of the rail on an elastic foundation, this solution will allow upward
deflections; but because of the length of the tie, such deflections are not
likely. In this problem, the foundation modulus does represent a continuous
roadbed and is given by
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2 (1 - v2) *n (£/b)
(A-23)

where

\i.= Poisson's ratio

b = tie width, in.
Then the ballast pressure under the tie is given by

2k».-s »<*> " -<?>2 >"1/2 (A-24)

where

tion, in.

y ■ lateral distance along width of tie from load applica-

Lumped Parameter Method

The fourth type of analysis used to obtain track response is the

lumped parameter method. This technique involves representing each element

of the track as a rigid body connected by springs and dashpots. This results

in a system of bordinary differential equations which can be solved in the
time or frequency domain.

Lumped Parameter Dynamic Track Response - BCL

A simple model which considers the response of the wheel and the

track structure is shown in Figure A-9.

FIGURE A-9. WHEEL-TRACK STRUCTURE LUMPED
PARAMETER MODE

215



The equations of motion for the system shown in Figure [A-9] are:

M X, + K (X, - X.) = 0. (A-25)w 3 w 3 2

Mr X^
+
Cr Xx

+ K. Xl
+
Kw (X2

-
X3)
=0. (A-26)

X2
=

X
j_ + N(t), (A-27)

where

M - effective wheel mass
w

M = effective track massr
K = wheel stiffness

w

K = track structure stiffnessr
C
r ■ track structure damping

N(t) = time function of track irregularities.

The track structure stiffness is found from the beam on an elastic

foundation solution

2U

K
f =~ (A-28)

where

U = the foundation modulus, lb/in./in.

8 = [U/4EI]1/4

E = Young's modulus of the rail

I = rail bending moment of inertia

If the input, N(t), is a high frequency disturbance and there is
a soft primary suspension, the truck and car body mass can be ignored.

On the other hand, for a low frequency input or a stiff primary suspension,
the mass of the truck must be included in the term

M
w and additional degrees

of freedom are needed for the secondary suspension and car body.

The variable N(t) can represent any transient, periodic, or random

track geometry irregularity. If the input is transient, a numerical integra-
taion solution will give W/R forces, and track structure deflection as a
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function of time. Impact factors can be generated from this analysis.

For periodic or random signals, a frequency domain solution will provide
frequency response or P.S.D. information on W/R forces and track structure

deflection. Mean square values of track deflection .can be found from

integrating the P.S.D.

This simple model can be extended by adding a second wheel to

the system. If the wheels are close (less than 10 ft), the track response
will be coupled. In this case, Equation (A-26) is modified to

M X, + C X. + K X, + K (X, - X,) - a(x) [C Y, +KY.] =0. (A-rl rl rl w 2 3' v/ rl r 1 v

The equations for the second wheel-track structure are:

M V, +C Y. + K Y. + K (Y"-Y,) - a(x) [C X, HI] =0. (A-30)rl rl rl w 2 3' v/ rl rl v '

MvY3
+
Kw (W = °* (A_31)

Y2
=
Y1
+ N (t + x/v) (A-32)

where

x = the wheel separation distance

v = vehicle velocity
3 x

ar(x) = e (cosSx + sin8x) , x^o

The term Qf(x) comes from the solution of the rail on an elastic
foundation, and is based on static deflection due to a static load.

Half Car Model - BCL

This model, Figure A-10, was used to evaluate the dynamic inter

action of a typical truck with various track structures [A-2] . It includes
the vertical degree of freedom of one half of the car body, a bolster, a

truck frame, two wheels on the same axle, 2 rail masses, and 2 ties. A
roll degree of freedom of the truck frame is also specified for a total of
10 degrees of freedom. Suspension systems representing the secondary

suspension, a shock pad between the bolster and truck frame, primary sus

pensions, wheel stiffnesses, rail pad and rail stiffness, and ballast
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5=3

Half of Car Body

Two Suspension Springs and Dampers

One Bolster

One Shock Pad

Spider and Sideframes of One Truck

Bearing Sleeves

Four Wheels and Two Axles

Wheel - Rail Contact Forcee

Rail Masses

Rail Pads

Beam Masses

Soil and Ballast Foundation

\\\\\\\\\\\\\^\\\\\\

FIGURE A-10. LUMPED PARAMETER MODEL REPRESENTING PORTION OF CAR AND
TRACK STRUCTURE ASSOCIATED WITH ONE TRUCK
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stiffness can be used to represent several types of nonlinear stiff
nesses and damping. Zero wheel/rail forces at wheel lift were also
programmed into the model which has been used to predict rock and roll
motions. Rail joints have been used as primary disturbance functions

for this hybrid computer simulation.

This model has also been used to determine track component

loads for variations in tie and rail mass, and pad, rail and ballast
stiffness. Since the track portion of this model is rather general, the

masses and springs can be adjusted to model conventional tie-ballast
track or track constructed from concrete slab or twin longitudinal beams.

Dynalist

Dynalist II [A-13] is a general computer code which will generate
dynamic characteristics (eigenproblem) of subsystems of rail vehicles
(e.g., a truck), and then combine subsystems with a constraint matrix, to

generate dynamic characteristics of the total system. Each individual sub

system may have up to 25 D.O.F. with a maximum of 50 D.O.F. for the total

system. Nonrigid structural components may be incorporated by modal repre

sentation of the problem is generated.

The user then has the option of inputting sinusoidal or random

excitation at selected points on the system. Output in the form of accelera

tion, velocity, or displacement response at selected locations on the vehicle

is given versus frequency. Mean square values are computed by integrating

the response P.S.D.

The program permits the user to generate his own equations of

motion by inputting mass, damping and stiffness matrices. Track structure

could be inputted in this way. Additionally, the program will automatically
generate coefficient matrices for a truck (6 D.O.F.) or a complete car

(14 D.O.F.) in the lateral plane.
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APPENDIX B

TRACK ANALYSIS BENCHMARK PROBLEMS

Introduction

This appendix includes a review of the assumptions and limitations

of the Burmister multi-layer elastic model and the Hermann prismatic solid

analysis (PSA) finite element model for representing track roadbeds. Several
benchmark problems have been selected and solved to evaluate these differences

and to demonstrate the application of these models for track structure

analyses .

Burmister Multi-Layer Analysis

The Burmister analysis assumes that the roadbed is infinite in extent
in the horizontal plane and in the vertical (subgrade) direction. Because of

the axial symmetry inherent in the point load case, cylindrical coordinates

are used in the Burmister formulation and in the subsequent solution procedure.

Thus, the resulting stress and displacement components are in a cylindrical

coordinate system as shown in Figure B-l.

The axial symmetry associated with the Burmister simulation produces

displacement and stress information at a point q whose coordinates are r and y

relative to the load L. The value of stress at a given point q(r,y) is

independent of angle 9. For track analysis it is necessary to determine the
(r,y) coordinates of each point whose stress/displacement influence coefficients

are needed as input to the loads combination program. Appropriate transforma

tions for the displacement vector and stress tensor are used to transform

from cylindrical coordinates to the cartesian coordinate system employed in

the loads/combination code for the track structure. This output data is

written on tape for later use in the loads/combination program.
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FIGURE B-l. GEOMETRY AND COORDINATE SYSTEM FOR BURMISTER
MULTI-LAYER ROADBED MODEL
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Hermann PSA Analysts

Figure B-2 shows the general geometrical formulation associated

with the PSA roadbed model. The coordinate system is rectangular cartesian

and the resulting stress and displacement components are in this cartesian

system. The input data for the loads combination program includes stress

and displacement influence coefficients along the tie (x-direction) , through

out the foundation (y-direct ion) and in the longitudinal direction (-z).
This generates a rectangular grid of points whose surface displacement

pattern is completely defined by the vertical displacement of each node.

As many stress values can be generated as there are finite elements in

the model. However, one usually picks only those elements that illustrate
the most interesting stresses for a given track system geometry and loading

condition.

Comparison of Burmister and PSA
Roadbed Models for Single Tie Loading

The roadbed loading from a single tie was selected in order to compare

the Burmister and PSA models. Figure B-3 shows the PSA model which included

a ballast depth of 12 inches and a subgrade depth of 18 inches. It was
recognized that this subgrade depth is inadequate for simulating real track,

but this choice was used to reduce the size of the model for comparison

purposes .

The Burmister simulation can include as many as seven different

layers of roadbed materials. The last layer is always assumed to be of

infinite depth. For comparison with the PSA solution, the first layer was
made 12 inches thick with = 37,500 psi, the second layer was 18 inches

thick with = 10,000 psi. The value of the subgrade (third) layer modulus

(E^)
was varied to determine its effect on the total deflections. The

applied load was simulated by five (for the half tie) equal loading segments

representing a uniform load distribution on the roadbed. The only role that

the tie plays in this analysis is to determine the number and size of the

load segments.

The specific variable monitored was the vertical displacement of
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FIGURE B-2. GEOMETRY AND COORDINATE SYSTEM FOR HERMANN
PSA ROADBED MODEL
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10000 lb

290625 in0 210375 lb0

Ballast:

E, =37500 psi

r. =003

Subgrade :

E2=l00O0psi

w2
=003

Subgrade: Fixed Boundary pts

FIGURE B-3. FINITE ELEMENT MODEL USED IN PSA ANALYSIS
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the foundation directly under the rail seat center. Figure B-4 shows the
sensitivity of this displacement to the modulus of the bottom layer in the

Burmister model. The displacement predicted by the PSA code is equal to the

displacement calculated by the Burmister code if the subgrade modulus
(E^)

is equal to or greater than 10^ psi. Consequently, the PSA model with only

18 inches of subgrade does not realistically simulate the deflection of
actual track which has infinite depth. The fact that the state of stress
in the foundation is (for practical purposes) independent of will be
established shortly.

The purpose of this investigation was to compare results obtained

using the two mathematical models and not necessarily to determine which

model best approximates the true physical situation. Indeed, the Burmister

simulation probably approximates the true situation more realistically
than the PSA model since the earth below the track is really not rigidly

supported as indicated in Figure B-2. This fact is mentioned because of the

computation time requirements for the two solutions. Using the Burmister

code for the single tie case and two layers of material beneath the surface

requires approximately 40 seconds computational time for each load segment

under the tie. This is increased to approximately 70 seconds per load

segment for 3 layers.

The total computational time for the PSA code was approximately 700

seconds for 5 load segments. Thus, we compare the 2-layer Burmister solution

time of 200 seconds or the 3-layer solution time of 350 seconds for 5 segments

to the PSA solution time of 700 seconds. Also, preparing the input data for

a multi-tie configuration using the Burmister code usually requires a few

(no more than 3) hours while preparing and checking the data for the PSA code

requires a minimum of one day.

Effect of Tie Load Segment Geometry

The Burmister solution gives some rather unexpected results depending

on how the tie loads are distributed on the roadbed, and these effects are

not well documented on the literature. In the Burmister model the total load
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Burmister Solution - (3 Layers)

E1=37500
psi,

E2=10000
psi

v^Constant
=
v2
= °-3

Load/Segment = 2000 lb.
p = 31.44 psi

Subgrade Modulus
(E^)

, psi

FIGURE B-4. DISPLACEMENT AT RAIL SEAT
Vs. SUBGRADE MODULUS

12
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is divided into a number of equal circular load segments along the tie length,
and the number of load segments plays an important role in obtaining

accurate results. The distributed load from the tie can be interpreted

as a series of uniformly loaded squares (or rectangles). The procedures

for accurately simulating a square (or rectangular) loaded area on an

elastic half space have been documented.

Galin [B-l] suggested that in simulating a uniformly loaded square

on an elastic half space, a circular load such that the areas of the circle
and square are equal yields best results. If the uniformly loaded segment
is of rectangular shape, the circular load with equal area still gives the
best compromise. However, Galin shows that the accuracy degenerates rapidly

outside the region where the circle and rectangle overlap. This problem
can be minimized by having load segments that are rectangular with length

to width ratios near unity. Therefore, the number of circular segments in

the Burmister formulation should be selected so that each circular area

equals the area of a nearly square rectangle.

As an example, consider a tie with length L and width C. Let the

values of L and C be such that we can divide the total load into 10 nearly
2

square segments. The area of each circule is TT*r = C*L/10. This "r" is the

load radius referred to in the Burmister program. For a given total tie load
2

W, the segment load is w = W/10, and the segment pressure p = w/Trr .

For a given tie geometry, the resulting equivalent circular load
segments may overlap, gap, or just touch. Several analyses were performed

to evaluate the effect of these variations in loading geometry.

The Burmister solution is a classical elasticity solution that employs
Bessel functions and exponential functions with positive and negative

arguments for the stress function. The stress behavior in an elastic half

space beneath a single applied load is shown in Figure B-5 for w = 1,000 lb

and r = 5.1 inches such that p = 12.24 psi. The effect of the load circle
approximation for a rectangular load is visible in the pressure reduction
at the edges of the load circle.

For the case of a tie that is 102 in. long and 8 inches wide loaded

with 10,000 lb., the effect of all the load segments must be superimposed. If
the 102 in. tie is divided into 10 segments for distributing the load on the
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FIGURE B-5. PRESSURE DISTRIBUTION FOR ADJACENT
LOAD SEGMENTS AND EFFECT OF
SUPERPOSITION
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ballast, we have a series of 10 equal load circles that are each 10.2 inches

apart. This is the case of "just touching" load circles. Because of symmetry,
the model is a half tie with 5 equal circular load segments. The resulting

vertical normal stresses o at y = 2 in. and y = 6 in. below the surface are
yy

shown in Figure B-6. The amplitude of oscillation which results from superimposing
the pressures from two adjacent load segments is relatively small at a depth of

2 inches below the surface.

The effect of gapped and overlapping circular loads was established

by using the same total load divided into 10 equal circular load segments

centered 10.2 inches apart along the length of the tie. Four cases considered
were :

Case 1. Slightly overlapping load circles, r = 5.41 in., p = 21.79 psi.
Case 2. Overlapping load circles, r = 6.0 in., p = 17.68 psi.
Case 3. Just touching load circles, r = 5.10 in., p = 24.48 psi.
Case 4. Gapped load circles, r = 2.25 in., p = 125.75 psi.
Figure B-7 shows vertical stress intensity for three of the four

cases. Case 4 results are not shown because those stress values exceeded

the scale. As can be seen from Figure B-7, the stresses reach a maximum

value under the centerline of each load segment when r = 5.10 in. This is

also the case for r = 2.25 in. (Case 4). However when the load circles

overlap (r >5.1 in.), the peak stresses occur between centerline of the load
segments. This gives an unrealistically high prediction of roadbed stresses.
The data from circular loaded areas used to approximate tie loading must be
used with caution. Only those pressure predictions immediately under the

center of each load segment are accurate. Pressures at intermediate points

should be ignored.

Figure B-8 shows similar effects on roadbed displacement. The case

for r = 5.1 in. (case of just touching load circles) appears to be the load

radius for which no oscillation occurs. The two overlapping load circle
cases, r = 5.4 inches and r = 6.0 inches, show an increase in oscillation
as the amount of overlap increases. The peak displacement for the cases

r = 5.4 in. and r = 6.0 in. occur between centerlines of the load segments.

This same peaking was consistently evident in the stresses a at y = 2 in.

The case of a gapped load circle (r = 2.25 in.) is not shown here for
scaling reasons, but the peak displacements for the gapped load circles

occurred under the load segment centerline.
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FIGURE B-6. PRESSURE DISTRIBUTION ALONG TIE BOTTOM
FOR UNIFORM ROADBED LOAD DISTRIBUTION
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The misinterpretation of the Burmister displacement predictions

is not only possible, but quite probable, if only a few points are
monitored. Figure B-8 shows that if only the peak values were determined,
one might erroneously conclude that displacement was independent of the

applied pressure. However, the displacements under the center of each

load segment give a more accurate analysis and show that increasing the

pressure for a constant total load does increase the displacement, as

expected.

Knowing the behavior of the Burmister stress and displacement pre

dictions, the track structure can be modeled so that the stress and dis

placement influence functions needed as input to the loads combination

program can be predicted accurately. It is recommended that the following
guidelines be used in formulating a track model:

a. Choose a sufficient number of load segments for the tie so

the load segment aspect ratio is near unity. Use this number of circular

load segments in the Burmister simulation.

b. Select the load circle radius so the area of the circular
load segment is equal to the area of the nearly square load segment.

c. Pick those values of stress and displacement directly under

the centerline of the load segments for information used in the loads

combination program. .These values represent the best approximation to the

stress/displacement behavior in the foundation.

Comparison of Burmister and PSA
Solutions for Roadbed Pressure

The values of vertical stress intensity were calculated at several

stations along the length of a single tie and at various depths through

the foundation using both PSA and Burmister computer codes. The PSA model

chosen for the foundation for this single tie case is illustrated in

Figure B-3. The model for the Burmister code is similar except for infinite
horizontal dimensions and a third layer of ■ 10^ psi to simulate the PSA

rigid boundary. The justification for using this value of E_ was discussed
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previously. The Burmister and PSA stress predictions shown in Figure

B-9 for this single tie case show that the stresses from the two
methods of solution are generally in good agreement. Only those stresses

directly under the center of the load segments are plotted for the

Burmister solution to eliminate the oscillation between segments.
Figure B-9 also shows that the stresses are relatively insensi

tive to the number of layers or the modulus of the bottom layer.

Effect of Ballast Geometry

An evaluation of ballast cross-sectional geometry -effects was

made using the PSA model for comparison with the multi-layer analysis.

The model used was the configuration shown in Figure B-3. Two ballast

shoulder widths and 2 subgrade depths were evaluated. The ballast shoulder

end slope was kept at a constant value of 2:1, which is typical of ballast

profiles. The ballast shoulder width was varied from 6 inches to 24 inches

and the subgrade depth was varied from 18 to 30 inches.

The results of varying the ballast shoulder width and subgrade

depth are< shown in Figures B-10 and B-ll. Reducing the shoulder width
by a factor of 4 (from 24 inches to 6 inches) only slightly affected those
stress values near the end of the tie. Increasing the soil depth by 67
percent (from 18 inches to 30 inches) did not affect the stress predictions,

see Figure B-10. It can be concluded that finite shoulder width and soil
depth variations have little effect on the stress predictions.

Figure B-ll shows the effect of ballast/subgrade geometry on the
displacement predictions. As expected, ballast shoulder width variations

have little effect on the displacement while extending the depth of the
soil has a significant effect on the displacements. The Burmister solution
for r = 5.41 inches (slightly overlapping load circles) and a rigid third
layer is superposed on Figures B-10 and B-ll for comparison.
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Effect of Tie Bending

The effect of tie bending on ballast-tie reactions, displacements
and foundation stresses was evaluated using a single tie case. Results of

the load combination program using influence functions from the PSA analysis

and from the Burmister analysis were compared. The basic input from the

foundation analysis to the load combination program are the displacement

and stress influence functions. The displacement influence function is

made up of a series of displacement shapes of the foundation surface node

points from a unit load applied at each foundation surface load segment.

The stress incluence function is made up of a series of stress vectors,

each one being the stress response at selected points in the foundation

due to a unit load applied at each foundation surface load segment.

couples the reactions for the rails and ties with the influence functions

for the roadbed. The loads/combination program was modified by BCL to

properly handle the Burmister influence functions. Figure B-12 compares

results from using roadbed influence functions for a single wood tie from

the Burmister and PSA codes as input to the loads program. In general,

there is good agreement between the two methods for roadbed stresses, and

the inclusion of tie bending is quite noticeable in the pressure distribution

under the tie.
The effect of tie and rail bending on ballast reactions, foundation

stresses, and rail/tie displacements was evaluated using a track section
with 3 ties. Wood ties and steel rails with the properties listed below
were used.

The loads/combination program is a matrix equation solver that

Tie Rail

Size 7"x9"xl02"

Young's Modulus (E), psi 1.83 x 10
2

Area (A) , in. 63

Area Moment (I), in.4 275.25

132 lb/yd

28.9 x 106

12.95

89
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The 10,000 lb -wheel loads were symmetrically placed on the rails over the
center tie. The ballast-tie reaction values from both codes are shown in
Figure B-13. The shapes of the force distributions compare favorably with

the exception that at the end of the tie and at the tie centerline the

Burmister load predictions are somewhat higher than the PSA loads predictions.

Figures B-14 and B-15 show the comparison of stress contours in

the roadbed at depths of 2 in. and 6 in., respectively. The stresses cal

culated from the Burmister loads program are slightly higher at the ends
and centers of the ties, which is consistent with the deflection functions.

Figures B-16 and B-17 show the results for an evaluation of tie
bending stiffness (wood versus concrete). The wood ties for this analysis

were the same as those used previously. The simulated concrete tie had the
same bearing area as the wood tie and an average value of bending stiffness

of EI = 1.58 x 109 lb-in.2.
This is approximately 50 percent higher than the measured stiffness

of the FEC concrete tie. Figure B-16 shows a comparison of tie-ballast
reactions and rail-tie displacements for concrete and wood ties. The effect
of the concrete tie is to move the peak reaction toward the end of the tie
and lower the tie-rail displacement. This is not totally unexpected since
the concrete tie is more than 3 times as stiff as the wood tie. That is,
the stiffer the tie, the more the response should resemble that of a rigid
plate on an elastic half space. This is also evident from the stresses shown

and compared in Figure B-17. The stresses at the ends of the concrete tie

should increase relative to the stresses at the ends of the more flexible

wood ties. Also the general smoothing of the stresses toward the center

of the concrete tie is consistent with classical analyses and earlier
studies .
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FIGURE B-13. COMPARISON OF BALLAST-TIE REACTIONS (LBS)
FOR WOOD TIE TRACK STRUCTURE
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FIGURE B-14. COMPARISON OF BALLAST STRESSES (PSI)
2 INCHES BELOW TIE FOR WOOD TIE
TRACK STRUCTURE
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Tie I

FIGURE B-15. COMPARISON OF BALLAST STRESSES (PSI)
6 INCHES BELOW TIE FOR WOOD TIE
TRACK STRUCTURE
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Ry values are at tie-ballast interface of loaded tie (No. 2)

Tie £ Rail Seat

Tie €
*1 Rail 3eat End of tie

FIGURE B-16. TIE- BALLAST REACTIONS
FOR WOOD AND CONCRETE TIES
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Centerline

FIGURE B-17. BALLAST PRESSURE
UNDER CENTER TIE
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APPENDIX C

CALIBRATION OF INSTRUMENTED TIE PLATES

■

Introduction

The objectives of the tests reported herein were to calibrate the

instrumented tie plates and measure the stiffness characteristics of both the

standard and instrumented tie plate and rail fastener assembly used for the FEC
concrete ties.

Technical Discussion

Laboratory tests were performed to establish the characteristic stiff
ness properties of a standard rail fastener assembly consisting of a True
Temper Cliploc fastener and a 1/8- inch- thick polyethylene rail pad.
Tests were also performed on the instrumented tie plate assembly shown in
Figure C-l to determine the change in stiffness of this assembly relative to
the standard fastener. Figure C-2 shows the test configuration with the tie-
plate installed on a concrete tie. Vertical and lateral loads were applied to
a short section of 132-lb rail. Dial gauges were installed on diagonally oppo
site corners of the rail seat to average out any uneven compliance in the rail
pad. Figure C-3 shows the vertical load-deflection curves for the standard and

instrumented assemblies. The standard rail fastener showed a vertical stiffness
of 7.27 x 10^ lb/in. compared to the instrumented tie plate and fastener stiffness
of 2 x 10^ lb/in. However, considering only the fastener stiffness, an instru-
mented track section would have a track modulus of U ■ 83,300 psi for 24-inch

tie spacing and 100,000 psi for 20-inch tie spacing. This is much higher than
normal track modulus measurements, so the effect of fastener stiffness should be

minor. The increased compliance of the instrumented assembly may be attributed

to the reduced loading area on the rail pad, the deflection of the load cells
and load washers, some increase in deflection of the bolts and rail clips and
local deformation of the rail base.

Lateral stiffness data for several different vertical loads are shown

in Figure C-4. The lateral performance of both fastener configurations were

compromised by the inherent characteristic of the rail to slip laterally under
the rail clips. The 1:4 slope of the top of the rail base wedges the field

side clip and unloads the gage side clip. To alleviate this problem (which
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Deflection, mils

FIGURE C-3. VERTICAL STIFFNESS CURVE FOR RAIL FASTENER
ASSEMBLIES
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FIGURE C-4. LATERAL STIFFNESS CURVES FOR
RAIL FASTENER ASSEMBLIES

250



also occurs in the field) the rail would have to be loaded laterally to values
greater than the maxinum expected loads and then the gauge side clip should be
retorqued. The rotational stiffnesses shown in Figure C-5 have similar reac

tions to lateral slip"
Figure C-6 is a plot of the change in output of the four load cells

as a function of vertical load applied at the rail head. Two of the load cells
measure reactions at the rail base and the other two measure the changes in
fastener preload. A complete force balance cannot be determined with the load

cells installed due to the manner in which part of the fastener bolt load is
transferred through the rail clip into the concrete. However, the ratio of
load applied to the rail (total rail seat load) to the total load measured at
the rail base by the load cells represents a factor to be applied to the measured
output of the "tie plates" during the test program. This ratio was measured as

1.18 compared to 1.14 based on an analytical estimate of the fastener stiffness.

Calibration of the individual load cells was performed using a

standard hydraulic test machine and a reference load cell. The sensitivities
were measured through the data acquisition system amplifiers with a 100-ft

extension data cable to duplicate field test conditions. The sensitivity of

individual load cells showed variations requiring that individual calibration
factors be used for each cell. Table C-l summarizes these load cell calibrations
based on their sensitivities" at 20 kips. Figure C-7 is a typical sensitivity

curve for the response characteristics of these transducers.

Post test calibrations of the surviving load cells revealed a shift

in sensitivities for several load cells that was large enough to effect the
results of the test program. An evaluation of the changes suggests that wear

occurring at the load cell interfaces is causing these shifts in sensitivity.
To minimize the effect of this change, the average of the pre- and post-test

calibrations was used to establish final calibration factors for the tie plate

data.
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FIGURE C-5. ROTATIONAL STIFFNESS CURVES FOR
RAIL FASTENER ASSEMBLIES
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Load Cell Load, kips

FIGURE C-6. LOAD DISTRIBUTION IN RAIL SEAT LOAD CELLS

AND FASTENER BOLT LOAD CELLS
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TABLE C-l. LOAD CELL CALIBRATION SUMMARY

Cell Orig. Cal.
(20 kips)

Post Cal
(20 kips)

Avg. A Factor 1.18
A

1479 2.37 mv/v 3.09 mv/v 2.73 1.30 0.91

1480 1.42 1.60 1.51 1.13 1.04

1482 1.44 Failed (1.79)* (0.95)

1485 3.06 3.31 3.19 1.08 1.09

1625 2.16 2.54 2.35 1.18 1.00

1626 2.16 Failed (2.68)* (0.95)

1627 2.22 3.12 2.67 1.41 0.84

1628 2.22 Failed (2.75)* (0.95)

1629 2.16 2.30 2.23 1.06 1.11

1630 2.12 3.24 2.68 1.53 0.77

1631 2.15 2.41 2.28 1.12 1.05

1632 2.16 2.91 2.54 1.35 0.87

X (A) = 1.24 + 0.16

* Determined from mean values of surviving load cells
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Load , kips

FIGURE C-7. TYPICAL LOAD CELL RESPONSE CURVE (NO. 1479)
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APPENDIX D

CALIBRATION OF FRA/PCA LOAD CELL TIES

Introduction

The objective of the test reported herein was to measure the sensi

tivities of the repaired load cell ties in preparation for their installation
at the FEC test site.

Technical Discussion

The FRA/PCA load cell ties (LCT) were designed and built by the
Portland Cement Association (PCA) and were initially installed in the Kansas
Test Track (KTT). During the time they were installed in the KTT they suffered

damage from water and mud seepage. An examination of the simulated concrete

ties at BCL resulted in the selection of three for repair and refurbishment.

Water damage to the gages on the fourth tie (CT-3) was excessive, so repairs

were discontinued.4
The load cell ties which simulate a concrete tie are a steel channel

section that has been reinforced to the bending stiffness of the RT-7 tie.
This channel section is the upper portion of the tie and it rests on 40 spools
on which the gaging is done to measure tie/ballast pressure. Twelve additional
spools support the two rail base plates for measuring vertical tie plate load.
Each spool has two longitudinal and two transverse strain gages. Sets of four

adjacent spools on the bottom side (and the six spools supporting each rail base)
are wired into individual bridges. All wiring is routed along the length of the
tie between the rows of spools and terminated in "old style" MS connectors. The

entire underside of the tie, including spools, wiring and connectors, was coated

with a heavy layer of beeswax. A bottom cover was mounted on each set of four

spools to provide the reaction face for that region of the tie bottom.

Calibration

After the three load cell ties were repaired they were each installed
in a hydraulic test machine. The two rail seat load cells and the ten ballast
pressure load cells on each tie were subjected to a load cycling to check for
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any zero shifts or hysteresis. This would indicate any remaining defective

strain gage installations. After each cell was cycled, a calibration was per
formed using a standard null-balance strain indicator.

Table D-l summarizes the sensitivities of each ballast pressure load
cell for a 10 kip change in load. The mean sensitivity is 233.5 p*1v/v/10 kips
and the standard deviation is 2.8 |j*1v/v/10 kips, or about ± 1 percent. The
area of each load face is 118.25 in.^ yielding a mean pressure sensitivity of
2.76 jxv/v/psi. This mean value of sensitivity will be used for all of the
load cell tie pressure cells because the cell-to-cell variation is so small.

TABLE D-l. SUMMARY OF BALLAST PRESSURE LOAD CELL
SENSITIVITIES (m*v/v/10 kips)

Load Cell Tie CT1 Tie CT2 Tie CT4

1 229 230 231

2 235 228 233

3 238 233 230

4 236 238 234

5 236 235 236

6 230 233 237

7 235 236 234

8 233 230 235

9 233 230 236

10 234 239 231

Mean value = 233.5. Standard deviation = 2.8.

The rail seat load cells were loaded to 36,000 lb, and Table D-2

summarizes their sensitivities. The mean sensitivity is 103 p*v/v/10 kips and

the standard deviation is 2.5 p.v/v/10 kips. This mean value of sensitivity

will be used for all of the rail seat load measurements. Figure D-l shows the

relative location of the load sensitive sections. Figure D-2 illustrates a

sample sensitivity curve for a rail seat and a soffit load cell.
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D_2. SUMMARY OF RAIL SEAT LOAD CELL
SENSITIVITIES (p.v/v/10 kips)

Load Cell CT1 CT2 CT4

11 102 106 102

12 104 103 98.3

1
— ■

Mean value sensitivity = 103. Standard deviation = 2.5 « 2.4 percent.

Connector
End

Rail Seat Load Cell
11

J 1 1 2 | 3

Tie Weight = 875 lb

12

8 10

Ballast Pressure Load Cells
Load Sensitive Area = 118.25 in

FIGURE D-l. RELATIVE LOCATION OF LOAD SENSITIVE
SECTIONS

Wiring Diagrams

The circuit diagrams shown in Figure D-3 for the soffit and rail seat
load cells illustrate rather elaborate bridge configurations. Because individual

calibrations of single load spools is not practical, it is important that these
spools and the gage installations on them, be as consistent as possible to

minimize variations of sensitivity with load location.
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FIGURE D-2. TYPICAL SENSITIVITIES FOR BALLAST PRESSURE
AND RAIL SEAT LOAD CELLS
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I

FIGURE D-3. BALLAST PRESSURE AND RAIL SEAT LOAD CELL SCHEMATICS
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Comparison of the Bending Stiffness of the
FRA/PCA Load Cell Tie and the RCCC Tie

The stiffness curves furnished by PCA for the load cell and RT-7 ties
were established strictly by theoretical calculations based on the gross cross
sectional properties of each of the ties. A modulus of 5 x 10^ psi was used by

PCA in the stiffness calculations for the RT-7 concrete tie. This assumes an
ultimate comprehensive strength of approximately 7500 psi for the concrete.

In order to generate the stiffness required to approximate that of

the RT-7 tie, additional channel sections and plates were added to the basic
load cell tie in the vicinity of the rail seat section. These additional elements
were welded to the basic structure as shown in Figure D-4. It was assumed by
PCA that these welds were fully effective in shear so that the modified cross
section is fully effective in bending.

Based strictly on theoretical calculations, Figure D-5 shows that the
LCT and RT-7 stiffness curves have similar values at all stations along the tie
length except for the stations just to the right and left of the rail seat. The
stiffness of the RT-7 tie is somewhat higher at these stations. Figure D-5 also
shows the calculated stiffness for the concrete tie furnished by the Railway

Concrete Crosstie Corporation (RCCC), which is the tie used on the Florida East
Coast Railroad (FEC). The stiffness properties of the three ties agree well at

their middle, but the RCCC tie is significantly less stiff at the rail seat
section. Note also that the RCCC tie is 8' -6" long, whereas the RT-7 and the
load cell ties are 9'-0" long.

In order to perform comparable load measurements using the RCCC and

load cell ties, it is desirable that stiffness properties in critical areas
(such as the middle and rail seat) be comparable. If the theoretical calcula
tions are accepted as giving accurate stiffness values, it would be necessary
to remove some of the material that was added to the original load cell tie so

that both tie stiffnesses agree. This could be accomplished easily by removing

items 16 and reducing the size of items 5, see Figure D-4. However, it was
decided to check the theoretical calculations with data obtained from load-

deflection tests on the load cell and RCCC ties before making any modifications
to the load cell ties.
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FIGURE D-4. LOAD CELL TIE CROSS SECTION
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PCA had made load-deflection tests on the RT-7 concrete tie and its
load cell counterpart. The type of loading, supports and deflections from this
test are illustrated in Figure D-6. The results of this test do not establish

the fact that specific stations along the length of the tie are similar in

stiffness, but the results do show that the average stiffness properties of the

RT-7 and load cell ties agree reasonably well at low load levels. PCA believes
that the theoretical calculations are sufficiently validated by these experi
mental results.

Three separate loading configurations were used by BCL on the RCCC

and load cell ties. These are shown schematically in Figure D-7. It was hoped
that the experimental results from each of the three loading configurations

would yield data that would verify the stiffness properties at the critical
points of each of the ties. The results of these three loading tests are

shown in Figures D-8, D-9, and D-10.

The EI values in Table D-3 were calculated from the last tests for each

tie. However, these tests yielded somewhat inconclusive results. Table D-3

shows inconsistency in the stiffness properties from section to section for the

two ties that were tested. Consider the theoretical calculations illustrated in

Figure D-5. The load cell and RCCC ties have similar values in the center
section based on an assumed modulus of 5 x 10 psi for concrete and (as mentioned

before) differ considerably in the rail seat sections. It therefore seems
reasonable to expect the data from the test performed as indicated in Figure D-7

to show the average value of stiffness for the load cell tie to be higher than

that of the RCCC tie if the theoretical calculations are at all descriptive of
the actual stiffnesses. But this was not the case. Some later discussion of

this will point out that this behavior is not totally unreasonable.
The experimental stiffness value for the center section of the load

cell tie looks respectable compared with the theoretical calculations. The

measured value is approximately 6 percent lower than the theoretical value.

This difference may be due to shear deformation. The value determined from

the experimental test for the RCCC ties is very low compared with the theoret

ical prediction at the center section. This measured value includes shear

effects. It is pointed out that to measure stiffness values in prestressed or
reinforced concrete beams is quite difficult. If theoretical stiffness calcu
lations are based strictly on gross cross sectional properties and an assumed
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Tie Deflection .inches

FIGURE D-6. LOAD-DISPLACEMENT VALUES FOR LOAD CELL AND RT-7
CONCRETE TIES (Tests Conducted by PCA)
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L = 26" LCT
L = 24" RCCC

Rail Seat Region

FIGURE D-7. LOADING CONFIGURATIONS USED TO
MEASURE TIE BENDING RIGIDITY
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FIGURE D-9. LOAD TESTS ON TOTAL TIE SPAN
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FIGURE D-l0. LOAD TESTS ON TIE RAIL SEAT REGION
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constant modulus
Ec>
these calculated values can vary considerably from the

measured values depending on the extent of cracking and variations in material
properties of the specimen. It is not uncommon to have ratios of calculated
stiffness to measured stiffness as high as 3.4 and as low as 2 for reinforced
concrete beams [D-l, D-2], but cracking should not have this effect on a beam
that is effectively prestressed. From Table D-3, the theoretical stiffness
for the RCCC concrete tie at the center section is slightly less than two
times the measured value.

But this does not explain why the stiffness value derived from the

load-deflection measurements for the load cell tie at the rail seat are un
reasonably lower than the theoretical predictions. The two more obvious reasons

why this dilemma exists may be due to: a) shear deformation and b) the elements

added to the basic load cell tie may not be fully effective in resisting bending.

a) Obtaining an exact value for shape factor which reflects the actual

shear profile in a cross section for the load cell tde is tedious but not difficult.
This should account for the amount of shear deformation that is present at the

rail seat section. To get a lower bound for this shear deformation (and to avoid
the tedious algebra) we consider the load cell tie as having a solid cross section

with limiting dimensions the same as the actual load cell cross section. This

gives a value for rail seat bending stiffness of

-^^1
+ 3.9

~
^
2
~
\

= 929-91 x 106lb-inJ

which is low by more than a factor of 2. That is, if we consider the load cell
tie at the rail seat to be a beam with solid cross section with h ~ 6.3 in. and

L ■ 24 in. the increase in deformation due to shear is about 20%.
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b) Another factor that would reduce the stiffness at the rail seat
section (or at any other segment) is if the constituent elements of the cross
section are not sufficiently secured to each other so that they act as a unit.
This is an extremely difficult factor with which to associate a numerical
value. However, suppose we consider the contents of Table D-3 and make the

following observations about the load cell tie. Further suppose that we use
the shear effect as calculated above for the rail seat section. We then

have the calculated and measured values approximately agreeing at the midlength

section. The overall values agree but are somewhat lower than even the calcu

lated values at the tie middle. The measured value at the rail seat is less
than half the predicted value. The actual rail seat section value is less stiff
than the predicted value because we hypothesize that the added elements are not

fully effective in resisting bending. If none of the added elements were
sufficiently secured to the basic elements, this would give a lower bound to

fi 2
the stiffness of 903.6 x 10 lb-in , without including any shear effects. Thus,

it may well be that the "beefed up" section in the vicinity of the rail seat
is not fully effective in resisting bending for the load cell tie.

Conclusions and Recommendations

The overall, or average, stiffness for the entire span for both RCCC

and load cell ties have similar values. This is probably due to the fact that
most of the bending in the ties occurs between the rail seat sections. If this
were not the case, the significant difference in sectional properties of the

ties at the rail seat sections would be more obvious in the stiffness measure
ments for the entire span.

It is virtually impossible to reach any positive conclusions about
measured stiffness values at specific stations along the tie length. Many

factors influence the measured stiffness predictions for the concrete tie.
This is particularly true at the rail seat and midlength stations. Since no
universally accepted method is available for determining this type of stiffness
measurement in concrete beams, we can make no positive conclusion about the

stiffness values at these stations from our load-deflection tests.

The stiffness properties of the load cell tie at specific stations
along its length are also difficult to predict accurately from the test data.
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The unknown contributors here are amount of shear deformation present and

effectiveness of added material in resisting bending. The first of these is
calculable, but the second is quite difficult (maybe impossible from a practical
viewpoint) to determine.

For the foregoing reasons it was recommended that the load cell ties
should not be changed from their present configuration for use in the track

measurement program on the FEC Railroad. The differences in apparent stiffness

values at critical points along the tie length can be accounted for with
appropriate numerical factors, if indeed this difference is considered signif
icant to the overall testing procedure.
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APPENDIX E

CALIBRATION OF STRAIN GAGED CONCRETE TIES

Introduction

The objectives of the tests reported herein were to determine the

sensitivity of strain gage circuits for measuring bending moments and tor

sional moments on FEC concrete ties. This includes an evaluation of the

effect of tie cracks and the location of the applied loads.

Technical Discussion

Strain Gage Circuits. A series of laboratory tests were performed

at BCL using two new FEC concrete ties to calibrate the bonded strain gage

bending and torsional circuits to be installed on-site in Florida. Two

circuit configurations were used: a beam bending circuit used under the rail
seats and at the tie center, and a torsion circuit applied at the tie center.
Figure E-l shows the layout of the rail seat strain gages. Figure E-2 shows
the layout for the tie center bending gages and the fie torsion gages. Figure
E-3 shows the bridge configurations and corresponding gage numbers for all
circuits on one tie.

Four active arm bridges were used at each location to maximize

sensitivity to bending or torsion and minimize the effect of axial loads

and out-of-plane bending, and the maximize rejection of externally induced

noise (the test site in Florida was adjacent to a 400,000 watt Loran transmitter).

Strain Gage Installation. Of the several strain gage installation
techniques that were evaluated in the preliminary tests, a bonded foil strain
gage with a 2-in. gage length was selected to span the concrete aggregate of

up to 0.6 in. This gage was premounted on 0.003-in. -thick stainless steel

shim to reduce the time required for field installation. Other gages
evaluated were 1-in. foil gages, either bonded directly to the concrete or
to shim stock of aluminum or stainless steel foil, and weldable gages.
Weldable strain gages were considered due to their integral lead
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design, but their higher initial cost offset any fabrication advantages.
Several types of epoxy were tested with the primary criteria for epoxy
performance being a combination of high moisture resistance, fast setup

time, and relatively low creep. The epoxy was to be used in two separate

applications. The first application was as a preliminary sealer and void
filling material to prepare the surface of the concrete. The second appli
cation was to bond the gage subassemblies to the tie surface. The final

adhesive selected for both applications was the strain gage epoxy AE-10

primarily because of its superior wetting characteristics as well as its
moisture resistance after setup. Its slow curing time in the laboratory
proved to be no problem in the field due to the high temperatures encounter
ed in Florida in June. In fact, the pot life was too short when ambient
temperatures exceeded 80 F and chilling was required to provide sufficient
pot life during gage installation.

Templates were constructed to facilitate rapid and repeatable layout
of each of the tie circuits. Specially constructed clamping fixtures were also
designed to^retain the newly bonded gages in position until the adhesive began
to cure. These templates and fixtures were used to install the gage assemblies
on the calibration ties in the laboratory to assure as much repeatability as

practical between the lab test ties and the field installed ties.
After a gage was bonded to the tie by the heat-curing process, the

clamping fixture was removed and the gage resistance was checked. The gage was

then coated with M-Coat BT-2 nitrile rubber, allowed to dry, and covered with
an M-Coat FB-2 butyl sheet and M-Coat FN-2 neoprene sheet.

Terminal blocks were installed on the sides of the concrete ties with

epoxy type AE-10. Terminal blocks used for wiring the bending gages were placed

on the north side of the tie, and torsion gages were wired to the terminal block
placed on the south side of the tie.

Gage Wiring. The procedure for wiring the strain gages was reduced to

a simple memory pattern of the color-coded lead wires in the following order: red,

white, green, black. The top row of terminal screws is used to wire the gages,
starting with the east side of the block and using only the first four terminals.
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Rail Seat Center

FIGURE E-l. RAIL SEAT GAGE LOCATIONS AND ORIENTATION
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Tie Center

FIGURE E-2. MID-TIE GAGE LOCATION AND ORIENTATION
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The gages located on the north side of the tie were always wired first.
The wiring diagram on Figure E-3 shows the color code followed. The

terminal +E Is the Initial terminal used for wiring, with the wiring
being completed in a counter-clockwise manner according to the diagram

for gages 1-4.

A layer of duct tape was applied to the tie surface under the
lead wires from the gages to the terminal blocks. RTV was applied at the

connection of all lead wires to the gages, and on all lead wires attached
to the sides of the ties for protection against damage. The lead wires

were then covered with two layers of duct tape for added protection against

moisture and damage.

Upon completion of the gage wiring, connector cables were wired

to the terminal blocks. The calbes had five wires to be connected to the

five terminal screws on the bottom row of the terminal block. Beginning

with the far east terminal screw, the wires were individually connected In

the following color-coded order: red, white, black, green, shield. A

jumper was attached between the black lead and the shield to establish the

reference point for the amplifier guard circuit. The cables were then
attached to the sides of the tie with duct tape. In all cases, cables were
laid in the direction of the access road adjacent to the track for hook-up

to the instrument van.

Tie Calibration. Two loading techniques were used to calibrate

the rail seat bending and tie center bending circuits in the laboratory. The
first technique was to support the tie at the maximum possible separation
distance centered about the gage circuit. The input load was applied through
two points which were also well outside the gaged region. This provides a

constant bending moment between the loading points and minimizes the effect

of local stress gradients from the loading points. Figure E-4 illustrates
this layout along with the dimensions used for the rail seat and the tie
center tests.

The second loading technique followed the guidelines in the pre

liminary AREA concrete tie specification. This requires the placement of the

Input load directly on supports spaced 6 in. apart using two rubber blocks.

For the rail seat tests, the lower supports were placed at a distance of 14 in.
from the center line of the rail seat using the relations shown in Figure E-5.
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The tie center tests require the reaction loads to pass through the rail
seats as shown in Figure E-6. The only deviation from this approach was

the substitution of a specially contoured piece of hardwood between the

tie bottom and the rubber support to match the concave shape of the bottom

of the RCCC concrete tie used on the FEC railroad.

During preliminary tests to evaluate gage installation techniques,

effects of cracks in the concrete were identified. A crack directly under

neath the sensitive region of a strain gage caused a significant increase

in output sensitivity when the input load exceeded the prestress limit. If
the crack appeared outside the gaged region there was a minor change in

the circuit sensitivity below the prestress limit and a gradual reduction
of sensitivity above the prestress limit due to a change in the effective

section modulus and stress relieving of the surface regions on either side

of the crack.

The calibration tests were performed on each of the three circuits

on each tie up to safe (uncracked) load limits prior to repeating the sequence

to the breaking point of each section of the tie. Crack locations were then

identified and cracked tie calibrations were performed. Finding the crack

required careful examination of large areas of the tie with a 10 power glass

and a strong light. Wetting the surface of the concrete helped confirm the
crack location and length. Because of the prestress it was necessary to
examine the ties for cracks under full load.

Figure E-7 illustrates a typical load-failure curve and a subsequent
sensitivity plot after cracking. Figure E-7 shows that the tie cracked with a

center bending moment of about 105,000 in. -lb as indicated by the sudden change

in circuit sensitivity. Repeated loading of the cracked tie shows that the

output of the bending bridge is linear and nearly the same as that for the un

cracked tie as long as the bending moment does not exceed about 60,000 in. -lb.

The concrete appears to have considerable tensile strength.

Tie torsion was produced by clamping one end of the tie in a fixed

configuration and attaching a moment arm to the rail fastener bolts at the
opposite end of the tie. Bending strains were minimized by adjusting a vertical

support at the free end of the tie while monitoring the bending strain circuit
at the tie center for zero bending moment. Figure E-8 shows the 50-in. moment
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FIGURE E-7. TIE CENTER BENDING CIRCUIT REACTION AT CRACKED TIE
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arm and static weight used for the torsion test. Although a full active
bridge was used to measure torsion at the tie center, the normal strains

induced are extremely low. Sensitivity for this circuit proved to be
only 32 p*1v/v per 10,000 in. -lb torsion, which was estimated to be close

to the torsional failure load. This is only one percent of a typical

sensitivity fors^a normal transducer.

A variety of special measurements were made to compare minor

changes in loading application points to evalute stress concentrations

caused by surface irregularities, and to calibrate half bridge performance
in anticipation of partially failed circuits installed in the field. Of
major interest to the results of the FEC test program, however, is the

importance of local stress concentrations caused by the load input at the

rail seat influencing the rail seat bending circuit. Figure E-9 shows the
sensitivities achieved by each of the two loading techniques used during

the calibration of the rail seats and tie center. This effect was not a
factor in the calibration of the tie center bending, as shown in the lower

graph in Figure E-9, due to the large separation of the gaged regions from

the point of load application. After comparing the similarity between the

AREA load technique and the actual field environment, the sensitivity
generated by the AREA calibration procedure was selected for use in the

analysis of the FEC rail seat data. Applying the rail seat load through a
rail section and rail pad would give a more realistic loading, but the actual
bending moment at the gage location can not be calculated with sufficient

accuracy for calibration purposes.

Numbers produced during the analysis of the FEC field data using

the calibration factor chosen here probably represent a lower bound to the

magnitudes of tie bending moment. A reduction in stress concentration from

the rail seat loading and the presence of small cracks outside the gaged region
would both tend to desensitize the rail seat bending moment circuit. Therefore,
this would cause the measured data to underestimate the actual bending moment

at the rail seat. The measured failure load for rail seat bending moment was
about 150,000 in. -lb as indicated by the change in slope of the gage output ver

sus bending moment curve. The load required for visual detection of a crack,

which is the AREA failure criteria, would be considerably higher. The output

sensitivity of the rail seat bending circuit remained constant for bending moments
up to 75,000 in. -lb on both cracked and uncracked ties.
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FIGURE E-9. EFFECT OF LOADING TECHNIQUE ON RAIL SEAT AND TIE
CENTER BENDING CIRCUIT RESPONSE
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APPENDIX F

SUBGRADE SIEVE ANALYSIS AND
MOISTURE DENSITY DATA

Table F-l lists the sieve analysis data for the tangent track test
sites having 24-inch tie spacing (Site 1) and 20- inch tie spacing (Site 2).
There were considerably more limestone ballast particles in the subgrade sample

taken from Site 1.

Figures F-l and F-2 show the moisture/density relationships (Proctor
curve) for the samples from the two test sites. The data reported in this

appendix were obtained by the Pittsburgh Testing Laboratory office in West

Palm Beach, Florida.

TABLE F-l. SIEVE ANALYSIS DATA

Percent Passing

Sieve Size Site 1(1^ Site 2(2)

1-1/2" 100

1" 94

3/4" 88

1/2" 77

3/8" 71

No. 4 59 100

No. 10 51 100

No. 20 46 97

No. 40 39 69

No. 80 20 22

No. 260 13 1.7

(1) Brown sand with limerock.

(2) Tan sand with traces of limerock.
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FIGURE F-l. MOISTURE-DENSITY CURVE FOR SITE 1
SUBGRADE MATERIAL [AASHO T-180C (Replacement)

test procedure]
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Optimum Moisture 13.87,
Maximum Dry Density 111.7 lbs/cu ft
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FIGURE F-2. MOISTURE DENSITY CURVE FOR SITE 2 SUBGRADE
MATERIAL (AASHO T-180A test procedure)
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APPENDIX G

VIBROSEISMIC SURVEY DATA OBTAINED BY THE USAE
WATERWAYS EXPERIMENT STATION (WES)

Purpose and Scope

The purpose of the investigation was to determine, by vibroseismic

methods, the elastic properties of the foundation soil at the Florida East
Coast railroad test sites. This report summarizes the WES test procedures

used in the field investigation, and cites references which may be used to
obtain a detailed understanding of the data reduction and analysis techniques.

Final results of this study are presented in plots which show the variation

in shear modulus (G) , and Young's modulus (E) , as a function of depth in the

subgrade.

Test Methods and Computations

The vibroseismic survey was conducted in two phases: surface refraction

seismic and vibratory tests. Each type of tests was designed to reveal specific

information relative to soil conditions and elastic properties of the embank
ment.

Refraction Seismic Tests

The refraction seismic tests were conducted using a SIE Model

P-19 seismograph. Resolution time using this recording unit is about
0.5 msec when the oscillograph is operated at a speed of 50 ips or more.
A 16- lb sledgehammer provided the seismic energy source. Twelve vertical,
velocity- type geophones were placed in a straight line along the surface

of the embankment at 2 and 5- ft intervals, which ensured that detailed
data were obtained from the embankment and subgrade materials. A steel

plate, placed on the ground surface at one end of the seismic line, was

struck with the sledgehammer, and a recording of the motion registered
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by each geophone was obtained. The plate was moved to the opposite end

of the seismic line and was again struck with the sledgehammer, and another

recording was taken. When this procedure had been accomplished, the result

was two seismic traverses (forward and reverse) that were either 22 or 55 ft
in length.

Information obtained from surface refraction seismic tests

consists basically of the time required for a compression wave to travel

from a seismic source (sledgehammer) to the points of measurement (geo-

phones) . Data are plotted in graphic form as travel time from the seismic

source to each geophone versus the respective distances of the geophones

from the source. The inverse slope of the lines drawn to connect the

plotted points indicates the velocity of the compression wave through

each subsurface medium encountered. A change in the slope of the line

shows that the wave has passed through an interface between two subsurface

layers having different velocities, and the second inverse slope of the line

indicates the velocity of the second material encountered. The depth at

which the first interface occurs below the surface can be calculated from
the following equation:

v — v
c2 cl (G-1)

Vc2
+
vcl

where:

= depth from surface to first interface, L
- distance from seismic source to point at which first
change in slope occurs, L

vc^
■ compression-wave velocity in first layer, LT~*

vc2
= compression-wave velocity in second layer, LT"^-

It should be noted that, in most cases, data from the forward and
reverse profiles along a seismic line indicate different velocities for a

particular soil layer. This difference in velocities is caused by a dip
of the soil layer, and the velocities determined are apparent. However, the
true velocity of the soil layer can be determined using the following equation:

2vu vd (c ,vvf = T~ (G-2)fc
vu
+
vd
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where :

vt ■ true velocity of a soil layer, LT"1

vu
= apparent velocity of a soil layer along the up-dip profile,
LT'1

■ apparent velocity of a soil layer along the down-dip profile,
LT"1

Vibratory Tests

The vibratory tests were conducted utilizing a 50-lb electro
magnetic vibrator as the seismic wave source. This vibrator and associated

instrumentation is described in detail in WES Miscellaneous Paper (MP) No. 4-691 j

Determination of Soil Shear Moduli at Depths by In Situ Vibratory Techniques,

dated December 1964 and in A Procedure for Determining Elastic Moduli of In

Situ Soils by Dynamic Techniques, an excerpt from the Proceedings, International

Symposium on Wave Propagation and Dynamic Properties of Earth Materials, 1967.

Vibration tests consisted basically of determining the length of

surface (Rayleigh) waves generated by vibrators at controlled frequencies.

From this, the wave velocity can be computed as follows:

v = Xf (G-3)

where :

v = wave velocity, LT"1

X = wavelength, L

f = frequency of the vibrator, cycles T *

Computation of Poisson's
Ratio and Elastic Modulus

Wave velocity is dependent upon the ratio of the elasticity of
the medium to its mass density p and the wave type. The relation of shear
modulus G and shear-wave velocity vs is as follows:

G =

v
8
2
p (G-4)
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where:

G = shear modulus of soil, FL

vg = shear-wave velocity, LT~*
-4 2

p = mass density of soil, y/g, GL T
_ o

vm = wet unit weight of soil, FL
g = acceleration due to gravity, LT"^

Shear-wave velocity and surface-wave velocity are related by Poisson's

ratio. For homogeneous media and Poisson's ratio ranging between 0.2 and 0.5,

the difference in velocities is less than 9 percent. Therefore, for practical
purposes, shear waves can be considered to have the same velocity as surface

waves. Thus, shear-wave velocities can be determined by the vibratory tests

described, and shear moduli can be calculated by the use of the above equation.

With the assumption that compression-wave velocity and shear-wave

velocity were determined for comparable materials, Poisson's ratio can be

calculated from the ratio of velocities vf:

vc
vr
= — (6-5)r v
V8

Poisson's ratio v is then:

vr
1 (G-6)
2^ - 1)

The compression modulus E (Young's modulus) can be determined by:

E = 2(1 + v)G (G-7)

Based on WES experience, it appears that variations in E and G correlate best
with conventional exploration methods when it is assumed that the depth for
the computed value of E and G is one-half the length of the surface wave.
Therefore, the computed values of E and G are considered to be the elastic

moduli at these depths.

Field Investigation

During the period 24-27 July, a two-man WES field party conducted
vibroseismic tests at three railroad track test sites on the FEC railroad.

Topography in the locale consists of gently rolling sand dunes which are typi
cally covered with stands of pine trees and/or palmetto thickets and marsh
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grasses. Locations of the vibroseismic lines at each test site are shown

in Table G-l.

Data Analysis and Results

Additional documentation of the WES vibroseismic method for determining

insitu elastic moduli may be obtained from J. R. Curro, Jr. , Vibroseismic
Survey. Railroad Test Embankment. Aikman. Kansas, and Miscellaneous Paper S-72-36,

U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg, MS, June 1972.

As stated, the vibroseismic method is based on measurements of the compression

(P-wave) and shear (S-wave) velocities in the foundation material (s). Thus,

refraction seismic measurements were made at each site to determine P-wave

velocities in the soil material as well as the depths to interfaces between
layers having different velocities. Refraction seismic results are shown in

Figures G-l through G-4. Vibratory measurements were made at discrete

frequencies to determine S-wave velocities as a function of depth in the subgrade.

A composite plot of shear wave velocity versus depth for Sites 1, 2, and 3 is
shown in Figure G-5.

These data were used, according to procedures outlined in the refer

ences listed, to derive the plots of elastic moduli versus depth shown in
Figures G-6, G-7, and G-8. Table G-l summarizes these data together with other

pertinent information used in the derivations. The densities shown in

Table G-l were estimated, based on previous work with similar materials, since

no density measurements were made. The previous work is documented in
Investigation of Foundations for Launch Facilities for Space Vehicles. Cape

Canaveral. Florida. Miscellaneous Paper S-4-576, May 1963.

It is important to note that the moduli values presented herein are
interpreted as being lower bound approximations of roadbed response since one

can safely assume that the materials beneath the track have been compacted by

repeated train loadings, particularly in the upper foot or two. Consequently,

those materials should exhibit a slightly stiffer response than that measured
beside the track. Unfortunately testing beneath the track structure was not

possible.

Figures G-5, G-6, and G-7 contain WES recommended curves and

approximate averages for the site-dependent variation in elastic moduli with
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FIGURE G-l. REFRACTION SEISMIC DATA FOR SITE 1
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FIGURE G-2. REFRACTION SEISMIC DATA FOR SITE 2
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FIGURE G-3. REFRACTION SEISMIC DATA FOR SITE 3
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FIGURE G-4. REFRACTION SEISMIC DATA FOR SITE 3
WITH 5-FT GEOPHONE SPACING
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FIGURE G-7. ELASTIC MODULI VERSUS DEPTH FOR SITE 2
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FIGURE G-8. ELASTIC MODULI VERSUS DEPTH AT SITE 3
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depth. The curves indicate a significant variation in subgrade response

between sites, with Site 3 having the highest modulus subgrade materials. All
sites exhibit a similar characteristic, i.e., a zone of greater stiffness at
depths of 2 (Sites 1 and 2) to 4 (Site 3) feet. This response is probably
caused by traffic- induced densif ication of materials beneath the roadbed and/or
the imbedment of ballast material during earlier periods of service.

Finally, a short refraction seismic line was run on the ballast

materials at site 3. Results of this test are presented in Figure G-9,

which indicates that the average P-wave velocity in the ballast at this location

is- about 820 fps. These data suggest that the preferred travel path of P-

waves was through the higher velocity subgrade materials rather than through

the ballast. Hence, we conclude that the close proximity of the ballast to

the seismic line had no adverse effect on refraction seismic measurements

of P-wave velocity in the subgrade.
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FIGURE G-9. REFRACTION SEISMIC DATA FROM BALLAST AT SITE 3
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APPENDIX H

STATISTICAL ANALYSIS OF TRACK LOAD DATA

The tables at the end of this appendix summarize all of the statistical
data for mean values and standard deviations for each speed and car weight sub

category of the track load data base. The content of these tables is identified

in the following sections.

Data Key. A 6-digit identification number is used for each data
category. The format for this key number is shown below with the possible com

binations for numerical indices.

[A]

Summation
Index

1 = No Summation

2 = Summation on
vehicle and /or
speed cate
gories with
0 in C or D

[B]

Site
No.

1 = Site 1

2 = Site 2

3 = Site 3

[C]

Vehicle
Category

0 = All cars
1 = Locomotives

2 = Light cars

3 = Heavy Cars

[D]

Speed
Category

0 = All speeds
3 = 30-40 mph

4 = 40-50 mph

5 = 50-60 mph

[E]

Channel
No.

(01-42)

For example, the key of 111301 designates data for measurement channel

No. 01 at Site 1 for locomotives in the 30-40 mph speed range. The key of 210001

gives the measurement channel No. 01 summation data for all cars and all speeds
(all traffic) at Site 1. Battelle's interactive graphics program can be used to
plot individual curves for the probability density and distribution functions for

any selected key numbers listed in the tables. It is also possible to combine any
of the categories at one site to give an average for several measurement channels.

Tables H-l, H-2, and H-3 list the locations and descriptions of each measurement
channel used at the three track test sites shown in Figure H-l.

Axle Count. The column labeled AXLES in Tables H-4, H-5, and H-6 gives

the total number N of data points (one peak value for each axle) in the specified

category.
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Mean Load. The column labeled MEAN gives the mean value estimate p of

all peak load data
p^
in that category using the equation

N

P
■

Pi (H-1)

Standard Deviation. The standard deviation (STD DEV) a is calculated

for each category from
N

°2-
(5*1)5 <Pl"5)2

<H"2>

Confidence Limits. Confidence limits (percent) are calculated for

the mean value estimates based on an assumed normal distribution for the

sampling distribution of mean values. The true mean value

p
fc is expected to

be within a tolerance band of the estimated mean value as given by

- -.. qtn;d/2

p
t = p ± T=ir

—

' (H"3)

where t ,„ is the student t probability distribution function which isn;a/2 r '

readily available in statistical tables. The confidence statement for the
range, or tolerance band, given by Equation (H-3) is that the true mean value

p
fc will be in the specified range with a confidence level of 100 (1 - a) percent.

Confidence limits in percent are listed for tolerance bands of + 10 percent

CONF (10) and + 20 percent CONF (20) of the mean value.

Tolerance Bands. The columns labeled TOL (95) and TOL (90) give

the mean value tolerance bands as a + percent of mean value for confidence

limits of 95 and 90 percent, respectively. Data having large standard devia

tions and mean values close to zero typically show the lowest confidence levels

and the largest tolerance bands.
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TABLE H-l. MEASUREMENT CHANNEL IDENTIFICATION FOR SITE 1
(Tangent track with 24-inch tie spacing)

Channel
Number

Site 1
LocationMeasurement Description (Units)

01 Vertical W/R Load (kips) 0E

03 ii ii ii 27E

06 ii ii ii 58E

10 n ii ii 86E

15 Tie Center Bending Moment (inch-kips; 2

16 Tie Rail Seat Bending Moment " 2E

17 Tie Center Bending Moment " 59

18 Tie Rail Seat Bending Moment " 59E

19 Lateral W/R Load (kips) 59E

20 Vertical W/R Load " 59E

21 Rail Seat Vertical Load (kips) 59E

22 Rail Seat Moment (inch-kips) 59E

23 Rail Seat Vertical Load (kips) 6 IE

24 Rail Seat Moment (inch-kips) 61E

25 Rail Seat Vertical Load (kips) 63E

26 Rail Seat Moment (inch-kips) 63E

27 Lateral Rail/Tie Displacement (mils) 59E

28 Lateral Tie Displacement (mils) 59E

29 Tie Center Bending Moment (inch-kips) 29

30 Tie Rail Seat Bending Moment " 29E

31 Tie Center Bending Moment " 57

32 Tie Rail Seat Bending Moment " 57E

33 Tie Center Torsion Moment " 85

34 Tie Center Bending Moment " 85

35 Tie Rail Seat Bending Moment " 85E

36 Rail Seat Vertical Load (kips) 55E

37 Rail Seat Moment (inch-kips) 55E

38 Rail Seat Vertical Load (kips) 57E

39 Rail Seat Moment (inch-kips) 57E

40 Lateral W/R Load (kips) 29E

42 Fastener Bolt Force (gage side-kips) 29E

E - East Rail
W - West Rail
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TABLE H-2. MEASUREMENT CHANNEL IDENTIFICATION FOR SITE 2
(Tangent track with 20-inch tie spacing)

Channel Site 2
Number Measurement Description (Units) Location

01 Vertical W/R Load (kips) 97E

03
" " " "

65E

06 " " " 11
3 IE

10 " " " " IE

15 Rail Seat Vertical Load (kips) 28E

16 Rail Seat Moment (inch-kips) 28E

17 Rail Seat Vertical Load (kips) 30E

18 Rail Seat Moment (inch-kips) 30E

19 Tie Center Torsion Moment " 1

20 Tie Center Bending Moment " 1

21 Tie Rail Seat Bending Moment (inch-kips) IE

22 Tie Center Bending Moment 11 97

23 Tie Rail Seat Bending Moment " 97E

24 Lateral W/R Load (kips) IE

25 Tie Center Bending Moment (inch-kips) 30

26 Tie Rail Seat Bending Moment " 30E

27 Fastener Bolt Force (gage side-kips) IE

28 Fastener Bolt Force (field side-kips) IE

29 Rail Seat Vertical Load (kips) 31E

30 Rail Seat Moment (inch-kips) 31E

31 Rail Seat Vertical Load (kips) 33E

32 Rail Seat Moment (inch-kips) 33E

33 Rail Seat Vertical Load (kips) 35E

34 Rail Seat Moment (inch-kips) 35E

35 Tie Center Bending Moment " 31

36 Tie Rail Seat Bending Moment (inch-kips) 31E

37 Lateral W/R Load (kips) 31E

38 Vertical W/R Load "
31W

39 Tie Center Bending Moment (inch-kips) 65

40 Tie Rail Seat Bending Moment " 65E

41 Lateral Rail/Tie Displacement (mils) 31E

42 Lateral Tie Displacement (mils) 31E

E - East Rail
W - West Rail
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TABLE H-3. MEASUREMENT CHANNEL IDENTIFICATION FOR SITE 3
(Curve track with 24-inch tie spacing)

Channel
Number

Site 3
LocationMeasurement Description (Units)

01 Vertical W/R Load (kips) 96E

03 II II II M 70E

06 II II II II 44E

10 II II II II 18E

15 Rail Seat Vertical Load (kips) 41E

16 Rail Seat Moment (inch-kips) 4 IE

17 Lateral W/R Load (kips) 18E

20 Tie Rail Seat Bending Moment (inch-kips) 18E

21 Tie Center Bending Moment " 18

22 Tie Center Torsion Moment " 18

23 Tie Rail Seat Bending Moment " 43 E

24 Tie Rail Seat Bending Moment "
69E

25 Tie Center Bending Moment "
69

26 Tie Center Bending Moment "
43

28 Fastener Bolt Force (Gage side-kips) 18E

29 Vertical W/R Load (kips) 44W

30 Tie Center Bending Moment (inch-kips) 45

31 Lateral W/R Force (kips) 45E

32 Tie Center Bending Moment (inch-kips) 47

33 Tie Rail Seat Bending Moment " 45E

34 Tie Rail Seat Bending Moment " 47E

37 Rail Seat Vertical Load (kips) 47E

38 Rail Seat Moment (inch-kips) 47E

39 Rail Seat Vertical Load (kips) 49E

40 Rail Seat Moment (inch-kips) 49E

41 Lateral Rail/Tie Displacement (mils) 45E

42 Lateral Tie Displacement (mils) 45E

E - East
W - West

Rail
Rail
(High rail on curve)
(Low rail on curve)
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APPENDIX I

REPORT OF INVENTIONS

This report includes the development and evaluation of track structure

analysis models using measured rail and tie load data. A careful review of
the work performed under this contract indicates that no new inventions, dis

coveries, or improvements of inventions were made.
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