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PREFACE

This report was prepared by Battelle's Columbus Laboratories (BCL)
and Bechtel, Incorporated under Contract No. DOT-TSC-1044 as part of the
Improved Track Structures Research Program managed by the Transportation
Systems Center (TSC). This program is sponsored by the Office of Rail Safety
Research, Improved Track Structures Research Division, of the Federal Railroad
Administration, Washington, D.C.

The overall objective of this contract is to improve the servicea-
bility of cross tie track. This includes an evaluation of the technical
and economic feasibility of using synthetic cross ties and rail fastener
assemblies-toﬁobtain—impnoved-eomponent—iiﬁe—ahd—long-termaperiormanee—oﬂ—raiiz
road track for North American service. This interim technical report covers
the review and selection of track analysis models for predicting tie and fastener
loads. It also includes a statistical description of track loads measured on
three sections of concrete tie track on the Florida East Coast Railway (FEC).
This is the second interim report for this contract. The first interim report
(FRA/ ORD-77-03) was a planning document for the track measurements.

Dr. -Andrew Kish and Mr. Donald McConmell of TSC were the techmical
monitor and alternate technical monitor, respectively, for the work reported
herein. Their cooperation and suggestions are gratefully acknowledged. Steve
Noble, Ken Schueller and Robert Gertler of BCL and staff from Bechtel, Incorpora-
ted and the Waterways Experiment Station (WES) also deserve recognition for their
work on the track measurement program. And finally, the enthusiastic cooperation
of a large number of pebple from the FEC was instrumental for the success of our

work and for a memorable personal experience for the authors.
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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 tréck, but the inherent resilience of wood mini-
mizes damage from these undeéirable 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
requ}rements 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 sglected based on requirements for pre-
dicting loads which cause tie and fastener failures, track surface and alinement
deteribration, 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 Eie/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.



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 exteﬁsively 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_39 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
showgd 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-
catiné that possible voids or depressions may have developed in the ballast near

the tie ends and the rail seat region.



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 conéiderably 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
récommended 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 fpr 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 97%. Mean and maximum (0.17% 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 éxpected with the reduced spacing.



Maximum tie bending moments were 257 higher at the rail seat and 507%
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,



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.



3. TRACK ANALYSIS METHODOLOGY

The development of a predictive methodology for eross-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 3-1 shows the géherél 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 measureﬁent 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 fof spécific 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 failufe 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 1ong—tefﬁ degfadéfioh to identify the formats for
ﬁerformance 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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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 forbmainline 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 deterjoration
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 élso an important track failure mode, but investi-
gations of track buckling are being done concurrently on other research projects
Iand 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



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
safefy 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
diffigg;gﬁpgragh;eve, and fastener development work is still being done.

h d. Thé resistance of concrete ties to chemicals, weather, and
abrasion is the basis for claims of long life, but there has been insuf-
ficient ser&ice 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.



Concrete ties also have some disadvantages which, in some cases,
result from the same charactefistic 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 enviromnment 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 (cenfer 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 stréngth 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 probabiiity description of allowable tie bending

10



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 (S5-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 507 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 [3-1],
with minor revisions giveh 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
static test specifications for no cracking within 30 days of casting. A repeated
load test of 3 x 106 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



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 Hetermine 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 3-1 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
Life Test Design Criteria Validation
I. Wheel/Rail Loads
a., Vertical (V) IIT 11 I
b. Lateral (L) III II I
c. L/V III 1T I
d. Longitudinal (L) I11 III 11
e. L_/V © v I1I v
11, Fastener Loads
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 11
2. Dynamic IT IT II
e. L /V II IT 11
f. RSllover Moment ™M) I I I
g. M_/V * I I I
h. Lodng. Pitch Moment IIT III III
i. M /V IV v v
j. YBw Moment (M) III III 111
ke M/ y v v IT
ITI. Fastener Motion
a., Vertical Disp. IT I I
b. Vertical Rail & Tie
Accel. II1 III oI
c. Lateral Rail Head Disp. I I I
d. Lateral Rail Base Disp. III II I
e. Lateral Rail & Tie
Accel. - IV v II
f. Rail Roll Angle IT I1 II
g. Rail Long. Disp.
1. Thermal I1 I1 1T
2. Dynamic I I III
h. Rail Pitch Angle III III I11
i, Rail Yaw Angle ITI III I1
j. Track Gage NA* I I
IV, Fastener Component Loads
a. Hold-Down Loads I I I
b. Rail Clip Stress v v v

(*) 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 dia—
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 sap—
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 requlrement

for evaluatlng abrupt fracture of rail fastener components is the probab111ty
of occurrence of maximum vertical loads V (both compressive and up~1ift), and
the lateral force L and rollover moment Mr load ratios L/V and Mr/V at the rail
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. ‘ CoL

Current industry specifications [3-1, 3-2] have been developed fot
" concrete tie fasteners. The lateral load requirements in this specification
are based on a lateral load of 14,000 lbs per foot (35,000 1b for 30-inch
tie spacing) with an equal vertical load applied simultaneously. Longitudinal.
load requirements of 1480 1lbs per foot are based on having the fastener re-

straint equal or exceed,thé estimated longitudinal tie/ballast resistance for:
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unloaded track. A 12-kip pullout load test and a 250 ft-1b 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 106
cycles include a 30 kip compressive load and an uplift load of 60 percent of
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
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 direétly related to the degradation of track sur-
face from differential settlement along the track route. What is dome 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 baéed 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 ARFA Speciai 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

. . L. n
to be proportional to some power n of deviatoric stress ¢, , and the settlement

d .
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 laboratéry material tests.
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The Japanese National Railway (JNR) has done some track settiement'
tests to develop empirical relations for settlemént due to ballast flow
and long term degradation. These resﬁlts indicate a settlement rate that is
related to the product of averége-tie/balléstlpreésure and ballast accelera-
tion. A linear dependence on number of leading cycles is proposed following
an initial high rate of settlement before consolidation has been established.
The linear relation is particularly attractive for combinihg,traffic conditions
with different axle loads and train spéeds. ' 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-réiatively simplified'performandé index is juétified. 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 opéfating 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 tﬁé 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 reéfrictive 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. ThlS 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 thlS mode of deterioration will be dis-
cussed as a separate section entitled '"wide gage'". The primary empha51s 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 1ncreased lateral resistance for
a synthetic tie is an important\factor in comparing the performance of syn-
thetic ties with standard wood ties. 4

Ccnventional 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 syhthetic tie/fastener systems, however,
the tie shape and weight andithe 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,thernal‘forces and the lateral component of the
wheel/rail‘loads.,‘The presence-cf the vertical wheel loads is an important
factor in increasing track lateral strength. HoWever} it is believed that some
occurrenceayqf 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-lqcomotive_or behind the
last car in a train. The mechanics of track‘buckling are quite complex, and
the limited discussion in thisieection is intended only tc illustrate the type
of information avaiiable 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 1esé 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:

P, = 0.441D  (AT) o (3-1)

where Pf is the lateral track force (pounds per foot of track length), Dc is
the degree of curve (degrees), and the AT is the temperature change (DF) 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

R
L2 P, | C(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 1lbs. [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:

W
R = Ro (ﬁ) . (3-3)

where Ro and Wo are the tie resistance and shoulder width for a known reference.
£ = 229 1b per
foot. A ballast shoulder width of 7-1/2 in. would be required for a 19-1/2-

A sample calculation for an 8-degree curve and At = 65 F gives P

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 14-16 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
terms of maximum deviations of the mid-offset (tangeﬁf 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 traék,:AA performance index suitable
for this type of long-term degradation criterion would be similar to that
for vertical settlement in that the diffg;entialzsettlément 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 elasticHlimit or critical force aé a safeguard against the relative-
1y large lateral tfack:deflections which can occur when this limit is exceeded.
Fo; this failure mode, the ratio of c¢ritical lateral load to the actual lateral
'load from individual axles indicates an operétiﬁg 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 prqbability of exceeding the critical load for track lateral -
shift. Similar‘statistical data for track laterai resistance limits are ~
ngeded to predict the number of‘ekpected exceedances per mile for a specified

track secti§ﬁfand traffic.

3.1.5 Rail Rollover

_ Ihe&track failure mode known as rail rollover could be classified as
a-rail fgsteherlfgilure, 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 thatAone rail cdllapees comﬁletely or the track
gage becomes sufficiently wide that the wheel drops off the opposite ra11.
Rail rollover is sufficiently distinct from other failure modes and represents

Sy

such a severe conditlon that it has been classified separately by the railroad
industry. ) ) . N o

The resistaﬁceuof qhe rail fo'lateral forces depends on é eoﬁplex
combination of lateral bending and torsion of the rail combined with festoring
moment from vertical forees and the:fesistance ffom rail fasteners. The
contribution from the reil 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 l/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. Iq 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 1ndustry 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 ;ﬂe 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 1b/tie

rail clip on concrete tie 10,000 1b/tie.
These restralnt limits were determined by ‘the load whlch 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° 1n., whereas
the concrete tie fastener permitted a 3/4-in. deflectlon. This fastener

restralnt, assuming the fasteners on only two t1es are ‘effective, gives:

B (L/V) = 0,5 + 116999: ‘ Wood tie
(L/V) = 0,5 + 20,000 " Concrete tie.
. max v A

A vertical—-load of 72;000-1bs—for—2 wheels—on-one-side-ofa 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
generaily 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. Tést Fesults 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'ﬁérmit‘lérger deflections
at loads below ‘the critical load. -Railhead deflectlons on the order of

3/4 to 1 in. can be endured without’ failure.

iy

23



The current ARFA 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 ve?tical load and 20.5-
Efﬁ lateral load (L/V = 0.5). A second requirement is for a maximum rail
head degfébtion of %/4 in. with a lateral load of 17.5 kips and vertical
load of 10.25 Eiﬁs'(L/V'= 0.5) using a loading ram which allows free lateral
head motion. o

For referende‘purpbses, 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 Tail head with the possibility of suddeﬁly.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 cu;ting and transmits ;ateral
loads to the spikes. The combined vertical load and rollover Tg@ent aétermine
the maximum compressive load on the field side of the{t@e_plate that causes
tie crushing when the compressive stréngth is enceeded: The important consid-
eration for reducing wide gage is to prevent lateral motion of the tie plates
relative to the tie and to keep compressivé 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 heé&y 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' 8-1/2", 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 éame‘track classes. This allows for a 1/4-in. increase in nominal
gage that is used by some railroads for curved frack.

‘ Current AREA specifications for concrete tie fasteners [3-1,3-2] in-
clude a repeated load test of 3 x 106 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, discﬁssed~in the rail rollover
section, insures that wear of the fastener~éomponents is not excessive for
maintaining track gage. Thé wide gage problem is mainly associated with wood
tie track using cut spikes. It should nof be a significant factor in the per-
formance of synthetic ties and fasteners. The virtual elimination of premature
gage maintenance (normal gage éhange 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 degradafion.
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

Existiﬁg track analysis models were revieﬁed during the first phase
of this research project,f‘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 thosé models which were most suitable for meeting the requirements
listed in Table 3-2 for theispécific objectives of this project.

-Table 3-3 summafizes the capabilities of available track analysis
models and ad&itibnal details are giﬁeﬁ in Appendix A. The diséussion 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 foundétion. These models are used to predict rail
and tie deflections and bending moments fof specified track stiffnesses
- representing different values of tie spaciﬁg and tréck modulus. The princi-
pal advantages of these models are that reésonably'accurate predictions of
rail deflections and rail beﬁding stresses can be obtained if the support
 stiffness is selected carefully, and phe computational efficiency from

closed form solutions makes this an attractive choice for parametric studies.
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TABLE 3-2

SUMMARY OF TRACK DEGRADATION MODE ANALYSIS REQUIREMENTS

J—

Degradation Mode

Performance Index

Critical Parameters

Analysis Model Requirements

Load Requirements

Frequency Range, Hz

i

1. Tie failure from Number of expected tie Tie bending and torsion Single vertical tie finite Probability @istributions 0-50
bending and torsion failures per mile per MGT moment probability den- element model with rail seat of peak vertical rail
based on probability of sity for specified traffic. loads and moments and varia- seat loads and rollover
fracture or exceeding Tie strength probability ble stiffness ballast support moment for the sbecified
fatigue life density for static load to predict tie bending moments. traffic, speeds, and
failure., Fatigue statis- ﬁEstimate of maximum torsional track conditjion
tics for tie bending and ‘mogent based on predicted B
torsion moments and statis- | statistical tie plate loads -
tical description of tie
fatigue strength in torsion
and bending .
2, Rail fastener failure Number of expected-fas- Probability density of 3-D finite element track model Probabilityfdensity of 0-2000
a) Pull-out of tie tener component failures maximum rail seat loads which includes non-symmetrical peak vertical, lateral
inserts per mile per MGT based on L/V & My /Vatrail base. vertical and lateral W/R loads, and L/V W/R|loads and
b) Failure of rail probability of fracture or Probability density of fastener stiffness, rail torsion peak rail séat loads and
clips exceeding fatigue life fastener component and non-linear stiffnesses for moments
strength for static load fastener and ballast
failure, Statistical
description of fastener
component fatigue strength
3 1
3. Track surface deteri- Rate of rail profile and Probability density of Vertical track model using Bur- Probability density of peak | 0-50
oration (vertical cross level deterioration maximum and average tie mister's multi-layer roadbed vertical W/Rjand rail seat
profile and cross versus wavelength ballast pressure, maximum model and load distribution loads for specified traffic
level) subgrade deviator stress program to predict ballast and
a) Ballast failure and (61-03), cumulative settle- subgrade pressures and tié
flow ment data for ballast and deflections .
b) Subgrade failure and subgrade materials
settlement.
4. Track alinement Number of occurrences per Probability density of Vertical track model using Bur- Joint probability density 0-10
deterioration mile where critical load maximum lateral force mister's multi-layer roadbed of peak vertical and H/P
for track lateral shift ratio H/P for individual model and load distribution axle load ratio for
is exceeded axles. Porbability density | program to predict vertical tie gpecified traffic
of track critical lateral loads. 2-D finite element _
force ratio Hq/P . lateral track model with thermal
loads, rail fastener torsional
resistance and nonlinear ballast N
resistance which is dependent \
on vertical tie loads
5. Rail rollover Probability of exceeding Probability density of 3-D finite element track model Probabilityidensity of 0-10
critical rail loading maximum lateral force which includes non-symmetrical | lateral/vertical load
condition (L/V) ratio (L/V) for one rail. vertical and lateral W/R loads, ratio for all wheels on
probability density of fastener stiffness, rail torsion | gpe side offone truck
rail eritical L/V for and non-linear stiffnesses for
rollover fastener and ballast
6. Wide gage Probability of exceeding Probability density of 3-D finite element track model Probability density of 0-50
critical ratio for tie maximum L/V load ratio which includes non-symmetrical L/V load ratio for
plate loadingion wood ties. | and maximum My/V moment vertical and lateral W/R loads, individual wheels .
Probability o% exceeding ratio for tie plates. L

tie compressive strength on
field side of tie plate,
Rate of gage change per MGT.

Probability density of
allowable L/V and M,/V
for tie plate slip and
tie crushing on wood
ties

fastener stiffness, rail tor-
sion and non-linear stiffnessges
for fastener and ballast

H = Lateral axle force L=
P =V

ertical axle force V

Lateral wheel force M
Vertical wheel force

= Rail rollover moment




TABLE 3-3. SUMMARY OF AVAILABLE TRACK ANALYSIS MODELS

Model Missing -Of £ Multi- Vertical Lateral Weak Spot ; Non-
Description Stresses Deflections Ties Loading layers Load- Load in B_allast Static Dynamic Linear linear Joints

I. Elastic Foundation
a. Rail on Elastic
Found., Rail bending Vert. No No No 4 No No Yes No Yes No No
Vertical . .
BCL - -~ -

o~

b. Rail on Elastic
Found. with
Axial Load,
Vertical

R;ail bending Vert. No No No 4 No No Yes No Yes No No

c, Tie on Elastic
Found.,
Vertical

BCL

Tie bending Vert No No No 2 No - No Yes No Yes . No No

d. Rail on Elastic
Found. , Rail bending Vert. No No No Yes No No Yes No Yes No Yes
Vertical, AAR , . . ) .
e. Rail on Elastic . . .
Found. , Rail bending Lat. No No No No Yes No Yes No Yes No Yes
Lateral, AAR

II. 2-D Finite Element

a. Finite Element 2-Dimen. 2-Dimen. Yes Yes Yes Yes No Yes Yes No No Yes Yes
Lundgren . - N
;
b. ILLITRAK
Univ. of Illinois Vert., Hor. Vert., Hor. Yes No Yes Yes ‘No Yes Yes No No Yes Yes
c. Finite Element - .
Lateral Rail Yes Lat/, Rot.- Yes Yes Yes Multiple No Yes Yes No No Yes Yes
AAR
d. Finite Element
Rail, BCL Yes Vert., Rot. Yes Yes No Multiple No No Yes No Yes No Yes
e. Finite Element :
Vertical Rail, Yes Vert., Long. Yes No Yes Hultiple No Yes Yes Yo Yo Yes No
AAR Rot. : .

III. 3-D Finite Element

a. Finite Element No Vert., Lat. Yes Yes No Multiple Multiple No Yes No No Yes Yes
Rail-tie, Kilmartin + 3 rot.
b. Finite Element
3-D Track Yes Vert., Lat. Yes Yes Yes Multiple Multiple Yes Yes No No Yes Yes
AAR 3 rot.
c. TFinite Element
Rai)l-Fastener Yes 3 rot, Yes Yes Yes Yes Yes Yes Yes No No Yes Yes
AAR
d. Finite Element 3 normal Vert., Lat., Yes Yes Yes Yes Yes No Yes No Yes No Yes
3-D Herrmann components Long.
e, 3-D Finite Element 3-D in Ballast
Queen's University 3-D Vert. in Rail Yes Yes Yes Yes No Yes Yes No No Yes Yes
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TABLE 3-3. (Continued)

Model Missing Off Multi- Vertical Lateral Weak Spot Non-
Description Stresses Deflections Ties Loading layers Load Load in Ballaat Static Dynamic Linear linear Joints

IV. Ballast/Subgrade

a. Talbot's Eq. Vert. No No No No Yes No No Yes No No Yes Yes

b. Pyramid Model Vert. Yes No Yes Yes Yes No No Yes No No Yes Ne

c. Boussineq's Eq. Vert., Rad., Vert., and No Yes No Yes No No Yes No No Yes No
Ang., Shear Radial

d. Westergaard's Sol. Vert, No No Yes No Yes No No Yes No No Yes No

e. Cerruti's Sol. No Vert., Lat. No Yes No No Yes No Yes No No Yes No

’ Long.

f£. Burmister's Vert., Rad., Vert. and ) Ko Yes Yes Yes No No Yes - No No Yes No
Shear Horz.

g. JNR Model Subgrade No ) No No No Yes No No No No .:: Yes No

. Vert. “ . - i R foag o

h. Love Equation Subgrade No No No No Yes < No No Yes No No Yes No
Vert. .

i. Salem and Hay Vert. No No No No Yes No No. ' Y’e.s No No Yes No

3. Weissmann Vert. at Vert. at No Ne No Yes No No Yes Yes Yes Yo No

Top of Soil Top of Soil
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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)‘canﬁot'

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‘structuré:uﬁder
static vertical loads. The main advantages of this model are that it in-
“ecludes: ' - ' ‘ ‘ ’ ‘

a., Different soil properties atteach element, if needed.

b. The effect of missing ties or Qariable tie spacing: »

c. Predictions of soil shear and tensile failure using

" maximum sf?eés ériteria;. 4 | o
- d. Non—linéar'behavior 6f 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 Elemeht 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-foundation 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 Verticai Track ﬁodel - 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:

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—elemept 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 boint 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. éThe 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. 4

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

f

33



‘having different types of loading and various restrictions on displacements,
Some of the solutions predict both stresses and displacements, while others
predict only stresses. L ,

Models by Talbot, the Japanese Natural Railway (JNR), Love, and
Salem and,Hathave 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 COndltlonS selected The dlfflcul-
ties with all of these models are that the differences in material properties
between ballast and subgrade.arelnot,included, and that those equations Wbich
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 sinplified model of the varia-
tion in ballast pressure_with depth.. This gives anpestimateidf deflections
at the ballast and.subérade'interfaces so that ballast depth and material | ‘
properties for ballast and subgrade can be varied independently; The stress-
pyramid model bas 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 equatibns for this
estimate do not include‘anxaccurate evaluation of tie;bending.effects. The
importancelof tie—bendingjeffects are discussed:in a later section..

The Burmister model can be used to represent a layered elastic half—
space hauing different naterial properties in up to seven layers.. Displace;
ment and stress- dlstrlbutions are predicted for any number of c1rcular areas;

. loaded by uniform verticaltpressure. The 1nf1n1te horizontal dimen31ons of i
this half-space model preclude representing the actual ballast cross—sectionk
geometry. However, the Burmister model does provide for the evaluation of ‘

. ballast depth and variations 1n ballast and subgrade properties w1thout the

additional complex1ty'andhcost of using a complete finite element model.

t

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 désign for vertical
loads requires the ability to predict realistic pressure distributions at
the tie/ballast interface and at the ballast/subgradé'interface. ’fhis'requires
a mode; which includes the effect of tie bending and‘changéé in ballast depth,
roadbed material properties, and tie spécihg in a unified mannér. In such a
@odel, changes in roadbed cbnfigurétion 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 mbfe>c05t—effecti§e approach
without éécrificiﬁg any significant features provide&.by the PSA finite element
' representation. As a result, the multi-layer model was selected to obtain
roadbed influence coefficients for the ldads-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 coﬁbinétion model which has been
designated MULTA for yglfifgayer Track Analysis. Thié‘providés 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 bendiﬁg'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 thé
multi-layer roadbed model. This system of equations is solved ﬁsing matrix
analysis fechnidues 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

Figuré 3—4‘shows a finite-element bending model of a sihgle tie which

is recommended as é‘comﬁlemént'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 eould be used to evaluate length-wise
Variations in tie bending rigidity (EI) and iinear or nonlinear ballast support
conditions. The resulting ballast loads could then.be input to the Burmistér
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 evaluatlon of track degradation modes and the review of available
track analys1s models indicate 'a need for further development of a 3- D finite
element model hav1ng a detalled representation of a rail fastener. This model
would be used to predict rail deflections, fastener loads, and rail-seat loads
related to rail roliover,»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 pr10r1ty since other techn1ques may be adequate.

The requirements for a 3-D lateral’ track model are dlscussed below
and shown schematically in Figure 3-5. _

a. Vertical and lateral wheel loads applied simultaneously - |

b. A detailed, nonlinear fastener repfesentation{_ This is partic-
‘ularly important fqr the large deflections incurred during rail rollover. This
would include the Vertical, lateral, rollover, and yaw resistanee 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 con31dered 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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~ 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 judicioue 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 cfoss-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 fastemer. 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 daté
for selected track parameters in addition to developing a realistic rail
fastener and track model suitable for wide-gage and rail-rollover analysis.
However, én 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
modél. 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 segmenté. A circular région 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
varia;ions.caq‘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 baflast'crbss section geometry was evaluated
by comparing the PSA results for a tyéical 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. Howevér, 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
sqlqtion 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 an&Adeflections from the PSA
1and MULTA programs showed good agreement when the twd programe were adjusted to
give comparable boundary conditions. The infinite extent of the elastic half-
space model used in MULTA is an importaﬁt‘ad#antage 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; thenboundary locations used in
the PSA program are cfitidal‘because‘a lérge déptﬁ is reqﬁire& to simﬁlate 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 ﬁoth‘track and-véhicles;"
Those forces are dependent on vehicle'speed, track geometry irrégﬁlaritieé,
the vehicle suspension system and the dynamic response characteristics of the
track. Furthermore, the dynamic forces cover a’fréquency range which includes
the lOW'frequencyvré9ponse of‘the car body (0O - 10Hz) up to the very hiéh .
frequency response (500 - 2,000 Hz) caused by wheel impact at rail jqints,
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 fanges.
The high frequency componenté of the impact force are of greatest éoncern 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 thé 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 td represent design loadé for-fail 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 tréék design.

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

d’

Py =KP,, , (3-4)

Where Psris 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 [3-10] as. '

33V

SRR R'= 1+ 7565 »

(3-5)

whéreyV is tfain Speed in miles per hour and D is wheel diameter in inches.
This 1s usually described as a speed, or impact, factor, and it does not in-
clude the effect of varlatlons 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 PS 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 [3-11] uses a dynamic wheel load factor given
by
K=1 +-——Z—
B\IU
where U 'is the track modulus in units of psi. It is conjectured that the

’ (3-6)

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 error
will be greater on the more rigid track (high U).

Some other equations used for dynamic wheel load factor by European
railroads show a V2 relation [3-12], but most of the available data indicate
the V2 relation predicts excessive wheel loads at high train speeds. Measured
data indicate that rail flexural stresses vary with train speed with a propor-
tionality between V and Vl'2 [3-13]. 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 [3-14] 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 fhe 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 wheeltdynamic load factors can be reprééented
by [3-15]

K=1+no, (3-7)
where

0 = 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 +ng.

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

shown below for reference:

n P(%)
1 68.8
2 95.4
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 lpad transfer at low speed -

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

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

Sgeed,‘mph'(km/h)

Track Condition 0 - 37 (60) 37 - 124 (200)
Very Good g = 0.1 : o=0.11[1+ (v-37)/87]
- Good o= 0.2 o=0.,2 [1+ (V-37)/87]
Bad o=0.3 o = 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
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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 [3-16] has used typical average load data to develop a dy-

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

K=1+a+B+y (3-8)
where
v 3
o = 0.04 (IBB) (3-9)

gives the speed effect for new vehicles.
The factor B gives the vertical load transfer in curves using the

following typical data for current vehicle suspensions:

B = 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.

Yy = -YO e g b . (3_10)
where
v 3
Y, = 0.10 + 0.017 (IBB) (3-11)
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 (8 = 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 vehicies 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 [3-17] where .the Pl. (high frequency input) and P2 (lower
- frequency track response) forces for joint impact were estimated for the max1—

- 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 Iimits would probably cause ‘a much higher rate
_of joint degradation for'Class 4 track when the joints approach their respective
geometry limits. The P1 forces are much higher than the P2 forces, but inertial
effects attenuate these considerably before they reach track conponents below
the rail, ﬂ ' A

Flgure 3-10 shows some data on the effect of wheel flats.on rail bend1ng
stresses measured by the AREA [3-18] in 1952. The characteristic behavior of
wheel flats is that rail deflections and rail bendlngvstresses reach a maximum
value in the 15—30'mph range and then decrease as speed increases to about’ 40
ﬁmph. 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 bendlng stress and rall deflection has been con-
.firmed by measurements in Japan [3-19]. British Railways has done some analy—“
" tical work [3-20] which also confirms this behavior in rail deflection. Héwever,
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 exceedéd by a- con51derable margln for speeds above 50 mph. This analytical
prediction for rail bendlng stress 1s questlonable 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 f

Wheel flats produce much higher track loads than are accounted for by

the AREA impact factor, but the frequency of occurrence of a fiat wheel impact
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FIGURE 3-9, MAXTMUM WHEEL DYNAMIC LOAD FACTOR FOR FREIGHT CAR
IMPACT AT BOLTED RAIL JOINTS
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on one partlcular spot on the track is low compared to the loading from- normal
wheel passes. The effect of an infrequent occurrence ‘of a high 1mpact force
on the different track degradation modes is® largely unknown at thlS t1me. This
will be discussed further in Section 4 . , _

This review of. wheel/rall load dynamics presents current world—w1de
practice for the selection of track loads for track design purposes. Track
design loads have been developed historlcally based on the estlmated max1mum
load condition as a function of train speed ThlS has been refined to ‘include
empirical statistical descriptions for d1fferent levels of track condition. The

-current AREA specification for concrete t1es and fasteners [3 1 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 1rregular1ties.f This gives

a dynamic wheel load factor of K = 1"+ l 5 + 2.5 times the static wheel load

A maximum static wheel load of 41, kips is. assumed to derive the max1mum tie
rail seat loads using a distribution factor ‘as a function of tie spac1ng ‘to in-
clude the load shared by several t1es.; Thls results 1n a 52 6 kip rail _seat
load for 24-in. tie spacing and a 61 5 kip load for ties spaced at 30 1n. A
2.5 dynamic wheel 1oad factor is con81derab1y greater than the guideline shown
in Figures 3-6 thru 3-8 for normal freight serv1ce up to. 60 mph

The major disadvantage of these types of 1oad estimates 1s‘that‘an

estimate of the maximum load, even with statistical data for frequency -of occur-

rence, does not deséribe the load spectrum to: Whlch 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 mode
reviewved in Section 3 2 and the models recommended for" th1s progect in ‘Section
Awere limited to static response predictions An’ that the effect of acceleration
or damping forces in the track were neglected A Conventional track design pro—:
.cedures are based on using track loads which include estimates for dynamic ef-

Lot

fects, as. discussed in Section 3 5, but track—response predictions utilize the

1s
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maximum &ynamic 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,lno“detailéd 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’fqrces on the transmission of loads intd the ties, ballast, and
subgrade. The féasoning behind why these.dynamié 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 irreguiarities.
Figure 3-11 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 reéonance when the excitation frequency is close to the track's
Tesonant ffequency. 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 3-11 shows that the excitation frequency
for freight car axles does not exceed 20 Hz for operating speeds below 80 mph.
This excitation frequency is sufficiéntly.below éxpected'frack resonant frequencies
to justify neglecting any~dynamic amplification fromvthe bésic load pulses due
to traffic. o )

Higher frequency dynamic response can be exeited by'imbacts at joints
or from flat wheels. As discussed in Section 3.5, high.fredﬁeﬁcyﬁimpact 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 fequires 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
tracknféépon§e, 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 3-12 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~-
fbundation solution for rail deflection y (x,t) for a point load P moving at

speed V to give the equations

Pe—s(x—vt)
yv(x,t) =3 [Sin B(x-vt) + Cos B(x-vt)], (3712)
8EIB
2
g =2 (3-13)
“max  4EIR ’
where 64 = , U = track modulus per rail (1b/in./in.), and EI = rail
4ET .

bending rigidity (lb—iq.z).

The results in Figure 3-12 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 accelefations on the order of 1 g
correspond to inertial forces on the tie rail seat on the order of 400 1b (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 asgsociated with wheel
paésage. 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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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 paésage. Rail ioads caused by flat wheels
or shext wavelength corrugations where the excitdtion frequeﬁcy 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

Analyticél 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-avaiLéﬁle
instrumeﬁtéd sections of wood and concrete tie:track in the Kamsds Test Track
(KIT) 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 ldadingfbﬁvironment of cross ties
and fasteners for revenue traffic in order to evaluate performance specifica-
tions for ties and fastemers. Unfortunately, the premature failure of the KTT
required the selection and complete instrgmentétion 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 weré evaluated to
sglect‘the most suitable site for meeting the specific objéctives‘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 requirememts 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

59



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 faeteners;. The combined vertical and lateral loading:on the
faeteners in curves represents a critical condition for fastener design.

The Flor1da ‘East Coast (FEC) Railroad was the only property meetlng
these two major requlrements. The fact that the Railroad Concrete Crosstie
Corporation (RCQC) ties shown 1n4F}gure 4- l,la mod1t1cat1on of the original
MR-2 design, dohnot meet current AREA specifiCationg was not considered a
detriment for the objeétives_of this project.' Also, the fact that the temp-
erate Florida climate 1s not a typ1ca1 North Amerlcan environment was not con-
"sidered critical for obta1n1ng load data over a short time perlod

The FEC test sites selected for this prOJeCt included two concrete
tie tangent track sectlons, one having a nomlnal 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 w1th é 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 :0f ties spaced at
24, 22, and 20 inches to evaluate these de31gns. These sections were located
about 6 miles north of Jupiter, Florida on track adjecent 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 p;ovide‘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 sectionms,’
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RCCC TIE INSTALLED ON FLORIDA EAST COAST RAILROAD

FIGURE 4-1,



4,1,1 Site 1 - Tangent Track with 24-Inch Tie Spacing

Site 1 was locatéd 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 cbnstructed in June 1975 (approximately
one year before testing) with 132 1b/yd welded rail and 10-12 inches of granite
ballast., The track was located on an old roadbed which ﬁad been écraped to
provide an even surface afid to remove the old 1imest6ne ballast., Subsequent
excavation at one location during the test program ghowed a ballast depth of
about 6-1/2 inches under the tie and a clear demarcation between the new o
granite ballast and the old roadbéd.* The old roadbed (subgrade) was a well
compacted mixture of soil and Iimestone ballast.  No significant-mainfénénée'

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 paraiieled 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 Ttack with 24-Inch Tie Spécigg

Site 3.was located in the middle of a 3 521 Cufvé 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 ‘ |

. E . , . g N . .
a _ 5.5 _ L -1
V.= 5.0007a " (0.0007) (3.87) _ ¥ meh, ‘ ' (4-1)
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and the maximum allowable speed for, operation at 3 inches of unbalance is
E + 3 ’
a

___a__~ _ 5.5+ 3 _ -
~ V=70007d = 7(0.0007) (3.87) - >0 mWehs . (4-2)
where o 1 v ol
" ¥ = Train speed (mph) ‘ o .
'E = Actual elevation of out51de ra11 (1nches)

a .x. - & 7

d = Degree of curvature (degrees)

]

The concrete tie track was constructed in July, 1970 at Site 3 using
the saﬁe construction standards used.for Sites-l and-2. It was last surfaced
in’May, 1975, so it has been subjected to about the same-traffic coanditions
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 measuremen% parameters, instrumentation, and data

requirements for meeting the objectives of this project are discussed in detail
in {4-1]. E}gure,4-2 shows the locations and identification of the instru-
mentation that was installed at. the test sites, .All:three sites included a
main instruﬁeut array which extended over 7 adjacent ties; ‘The purpose of this
continuous section.uas 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 -
w1th1n 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 t1e plates (descrlbed ‘in Appendix C) required lowering
each tie about one inch in the ballast to prov1de 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 meagurement 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 onie 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 leveli 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 arféyﬁin 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 thé main array. The
signals from a pair of vertical wheel/rail loéd 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 arrivingnat the test
site., The average output sens1t1v1ty of the vertical wheel load c1rcu1ts was

ar1ed by about + 10

10 micro volts per excitation volt per 1000 1b and th1;4
percent for the dlfferent c1rcu1ts in one track sectlon.

The lateral ra11 load c1rcu1ts were callbrated w1th a hydraulic ram
placed between the two rails as shown in Flgure 4-4, Flgure 4-5 shows typical
calibration data for the lateral wheel ra11 load c1rcu1ts. Calibrations were
nearly identical in both an unloaded cond1t10n and w1th a vertical load from a
loaded vehicle pos1t10ned adJacent to the lateral load c1rcu1ts. A high pres-
sure lubricant was applled on the rail at the wheel/ra11 contact patch for
these measurements to reduce the lateral load transmltted into the vehicle ‘axle,
Data from previous BCL tests using instrumented wheel sets 1nd1cates that the
maximum lateral load transmitted to the veh1c1e wheels 1s approx1mate1y 1200 1b,
and this is included in the calibration factor. ;The average ca11brat10o factor
for the lateral wheel/rail load circuits ohithe concrete tie sections was 34
microvolts per volt per 1000 1b ThlS ca11brat10n factor varled by approximately
+ 10 percent for the dlfferent locatlons. ' N

o2

4.2.2 Rail Seat Loads'

' The main array of each test sectioh coatained 6 instrumented tie
plates, with 5 on one rail. The 1nstrumented tie plates were used to record
rail seat loading throughout the 1nf1uence zone of th‘{center t1e for purposes
of model validation. The comblned statlstlcs from the f1ve tie plates under
the primary rail were also used to record;stat;strca@{load varlatrons. Instru-
mented tie plates were not used outside the maihaarra§:hecause31t was believed
that disturbing a single tie to install tie plates{hjght produce.an,anamoly in
the track support condition that was greater than ahy 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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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.

'412.3"Tie:Moments ‘”f')“yf

A total of three strain‘gage'ties (see Figure 4-6) uere used in the
main array to measure the bend1ng moment, under the rail seats and the .bending
and torsion moments at. the: t1e center. Three add1t10na1 straln gage ties were
located randomly within each. llO-ft test sectlon. The add1t10na1 ties were used
to record any spat1a1 varlatlons 1n t1e loadlng ‘which mlght be ‘caused by vehicle
dynamic effects, and also to prov1de a comparlson for‘data from the main array
where it was necessary to, dlsturb the ballast dur1ng 1nstallat10n of the instru-
mented tie plates. Bendlng and tor31ona1 moments w1th1n the tie were measured
by strain gages 1nstalled d1rect1y on the ties 1n serv1ce.‘ A full bridge with
four active gages wired to measure. bendlng or torsional moment directly was
used for this project, The output of the bridge was callbrated directly in
inch/ibs of moment us1ng ‘a, laboratory callbrat1on of equlvalent ties. Detailed
descriptions of the straln gage. c1rcu1ts, the gage 1nsta11atlon procedures, and
the circuit cal1brat10ns are 1ncluded in Append1x D.

The possible presence of tie cracks in-or near the gage locations
was a major concern for the use of strain gage tles. The presence of a crack
running through a gage 1ocat10n w1ll produce a 51gn1flcant increase in strain
when the tie is loaded sufflclently to open the crack A crack adjacent to a
gage location will 11m1t the strain on that gage to the preload strain when
the crack is open. In elther case, the output from the bridge will be nonlinear
and considerably d1fferent from the calibrat1on data obtained from an uncracked
tie., These effects were evaluated durlng the- laboratory calibration procedure
and the results are. reported in Appendix:D.. “

During arn 1n1t1a1 trip to the test 31tes to select the main array

locations, the ballast was removed from several ¢ribs 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, appafently
from the use of tampers with these closely spaced ties (20-inch nominal §paéiﬁg).
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. Thé'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 1ocatqg 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 Pressu;?é

Thé Federal Railroad Administration/Portland Cement Association (FRA/PCA)
specigl‘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
descriptipn 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 iﬁstalled 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 og using these load cell ties was to simultaneously measure vertical
rail seatlloads and thé resulting distribution of tie/ballast pressure on the
10 instrumented segments along the tie 1ength; 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 Qn.thg 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
vertlcal rail deflectlon, lateral deflection of the rail head relative to the

tie, and absolute lateral displacement of the tie. The displacement transducers
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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 displaeement
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 l-inch
diameter steel rod driven through a concentrlc hollow ca31ng through the bal-
last into the subgrade. The casing was about 4 feet long to isolate the rod
from ballast movements., The l-inch diameter-steel rod was 8 feet long and it
was driven into the roadbed’until.abeut only 8 inchesfprojected above the bal-
last surface. | '

The lateral dlsplacement 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 deflectlons were also measured at one of..
the strain gaged ties located away from the maln array to prov1de data on
vertical track modulus at two 1ndependent locatlons. _

A An end-tofend calibration of the displaeement trausducers an& signai
conditioning amplifiers was made using the in-track installatiou; The ﬁGDT's
were first adjusted to center the rods in the middle of the dlsplacement range.
Then a physical callbratlon was performed over a dlsplacement range of 0.1 1nch
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 ' o

Two load washers of the type shown iu 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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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
bétween 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
indepepdent 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 gagéé were determined by calculating the circuit response with the gage
factor provided by the gage manufacturer. This circuit sensitivity was theni

simulated by a precision strain calibrator to verify overall system sensitivity.

4,2,8 Rail and Tie Acceleration

‘Accelerometeré 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 ﬁrequency response from 1 Hz to 5,000 Hz were used for these measurements.
The amplifiers aﬁd the recorder were calibrated .end-to-end by mounting each
accelerometer on a ca1ibration 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 subgréde and several soil property measurements which were made to

characterize the subgrade material.
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-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 sufficiéntly far away to avoid
any.affect.on the instrumentation, and load-deflection plate bearing measure-
ments were made on the ballast surface' in the fbotprint 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 positibns
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 1oad,cycle, the subsequent

-1oadgpyéles have almost the same slope. . Data shown in Figure 4-11 are for - the
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Site 1 subgrade at 6.5 inches on the gage side of the rail. Data for the other
locationslare characteristically similar,

Initial and final .slope values from the subgrade tests -were used to
estimate Young ] modulus (E ) for the subgrade, using theory of elastlclty solu-
tions for the deflectlon of an elastic half-space loaded by a rigid, circular
plate. Having determined Eys the ballastlstlffness data were used to estimate
Young's modulus (El) 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 suff1c1ently close to the experlmental values,
:It was hoped that using 1n1t1al 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 oval = 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
(EZ) and track modulus U based on initial and final plate stlffness 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 rests (1)

Yeeng's Modulus_(%si) » ffedicte@ Trac% )
, Initial. Final Modulus' (ksi)
I. Tangent Site, 24 inch E, = 24. E; =30, = '15.2 - 25,5
- tie spacing (Site 1) - " E, = 8.9 E, = 17.8
II. Tangent Site, 20 inch .~-“A='E1 = 15, - E, = 28, 10.5 -.30.4
" tie:spacing (Site 2) o E2 = 4,8 E, = 17.8

Notes::

(1) Ei = ballast modulus, E2 = subgrade modulus, Ballast depth = 6,5 1nch.,
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 documenf soil Eypeé and
properties characteristic of the track Subgfade. " Table 4-2 summarizeés data
obtained by Pittsburgh Testing Laboratories at Sites 1 and 2. In-situ subgrade
density and moisture measuremehts 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 mere or less
compacted than it was under the rails.

Soil samples were taken from the excavation in the immediate vicinity
of the prebe sites. These samples were evaluated to determine the moisture/
density relationships (Proctor curves),ialso 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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TABLE 4-2, SUMMARY OF TRACK SUBGRADE PROPERTY DATA

" In-Situ Soil Data

_ Max., Dry |Optimum Field
Site Soil - Density, |Moisture,] Atterburg Moisture, Density, 1b/cu ft Compaction,
No. Description | Ib/cu ft percent Limit Location percent ~_Wet Dry percent
1 Brown sand 129.6 8.5 NP East rail 9.4 - 127.1 116.2 89.6 .
Zézi lime- Track Center 9.5 139.4 127.3 98.2
West Rail 8.3 135.1 ©124.8 96.3
2 Tan sand 111.7 13.8 NP East Rail 4.9 113.2 107.9 96.6.
with traces Track Center 4.3 112.8 108.1 96.8.
of limerock . .
West Rail 3.8 117.3 113.0 101.2

Site 1 - Tangent track with 24-inch tie spacing, MP 278.2

Site 2 - Tangent track with 20-inch tie' spacing, MP 279.0




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 conductedfgy staff from the U. S,
Army Engineers Waterways Ekxperiment 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 SelSmlC line was
struck with a sledge hammer.’ The time required for the compre331on wave to
travel along the selsmlc line was’ used to determine the compression~wave, speed

A 50-1b electromagnetic v1brator was used to generate varlable-
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 ve10c1t1es were used to calculate P01sson s. ratio V.
The compression modulus E (Young s modulus) is then determlned from the familiar
equation: '

=2 (1+V)G. R (25 )

Experience by WES indicates that variations in E and G with ftequency
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. elastlc moduli as a function of depth. '

Figure 4 12 shows the: vibroseismic measurements belng 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 p1ts used for
the plate-pearing. tests were too short and an excavation on the.ordet of 20
feet down the track center was prohibitive. Consequently, the soil moduli -

determined fnom.the,measurementsubeside the track are judged to be lower bound

85



"y, . .

T B Bl €D
‘“'y\»‘i&&n
P

'FIGURE 4-12. CONDUCTING VIBROSEISMIC MEASUREMENTS AT SITE 2

86



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 1s included in Appendix G, Representatlve data for Young's

”Tabd’;’:B for ‘the three

O
rack sites where the plate

odulus and P01sson s ratlo versus, depth are su’”

test 31tes.a The modulus data for the two tange

i

bearlng tests were ma “were qu1te s1m11_ ThlS was- expected because of their

5“ppearance-; The subgrade'mf uli-at.the curve (Site 3)

SE

fThe curve site was located

prox1m1ty and s1m11ar

were - somewhat hlgher n‘a Aut into the s1de of a

small h111 “The dlfflculty experlenced in d“1v1ng the vertlcal dlsplacement ref-

erence rods into the'roadbed 1nd1cates the p0331b111'y'of rock relatlvely close

to; the subgrade surface.

P01sson"s ratlo data showed relatlvely

or between s1tes.

model _"'

"« . " 4.4  DATA ACQUISITION AND RECORDING

- Flgure 4~ 12A shows a block dlagram of the data acqu1s1t10n and record-
ing system used- for. th1s measurement program, and Flgure 4 13 shows the system as
installed in the test van., Spec1f1c transducers and 51gnal conditioning ampli-
fiers are listed in Table 4- 4 w1th the1r 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 1ncorporated frequency div131on mult1p1ex1ng. Two 14-channel
multiplexes utilizing constant-bandwidth (CBW) voltage controlled oscillators
(VGO) 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 Kiz bandwidth.

The tape recorder was operated at -30 inches per second (ips) to achieve this.
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TABLE 4-3.

SUMMARY OF SOIL ELASTIC PROPERTIES FROM VIBROSEISMIC SURVEY

ADJACENT TO TRACK ROADBED

—
Deptﬂ Below . Y?i§gis.Modu%;§, k?i 3) . Poiéso?'s Ratio |
Subgrade Surface, ft Site 1 Site 2 Site 3 Site 1 Site 2 Site 3
0-1 5.5 6.5 9.0 0.35 0.38 0.38
1-2 7.0 9.0 11.3 0.43 0.41 0.35
2-4 7.0 10,5 11.8 0.43 0.45 0.43
4-8 7.5 11.2 12,0 0.43 0.45 0.42

(1) Site 1 - Tangent track with 24-inch tie spacing, MP 278.2

(2) Site 2 - Tangent track with 20-inch tie spacing, MP 279.0

(3)' Site 3 - Curved track with 24-inch tie spacing, MP 275.5.
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FIGURE 4-13.. DATA ACQUISITION AND RECORDING SYSTEM INSTALLATION
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TABLE 4-4., SUMMARY OF TRANSDUCER SPECIFICATIONS

Vi. Rail Bending Strain

Model SG 129

. Transducer Channel
: : . T . ‘| ‘Transducer [ Freq. Resp., | Freq. Resp.,
Measurement Parameter Trgnsducer o Amplifier | Max. Range- Hz - Hz
I. Wheel/Rail loads Ailtech Weldable Strain ‘ B
a. Vertical Gages, Model 5G 129 | porron | > 2000 pe > 2000 2000
b. Lateral Ectron > 2000 pe. > 2000 2000
II. Rail Fastener Loads .
a. Vertical Rail Lebow .3701+625 load cells Ectron 30,000 1b- 500 500
Seat Load )
b. Rail Seat Moment Lebow 3701-625 load cells Ectron 500° 500
c. Bolt Force Lebow 3701-750 load cells Ectron 45,000 lb 500 500
III. Tie Loads ) Micro Measurements Strain- | Ectron > 2000 pe 2000 2000
a. Tie Bending Gages )
Moment - -
b, Tie Torsion
Moment _
c, . Tie/Ballast
Pressure
IV. Track Deflection Trans.-Tek Model 244-000 Ectron + 500 in. 110 110
a._'Vertical)RaiI‘ DCDT 1
Displacement k
b. Lateral Rail/Tie | \,
Displacement
c. - Lateral Tie
Displacement
V. Track Acceleration Kristal 802A Accelerometer | Unholtz 10,000 g 5000 2000
_ Dickie :
Ailtech Weldable Strain Ectron > 2000 pe > 2000 2000




. The two remaining tape tracks were used for recording time. code and tape speed

\\\‘ ‘ compensation signals, Table 4«5 summarizes the component specifégations for this
o~ data system, | ‘
) é. 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 immediatelfﬁafter each train, The voice edge track and log sheets
Wefe used ‘to identify each train by locomotive numbef, 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 statistiéal 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 statiéticﬁl analysis., The first sfep in the statistical

. data analysis diagrammed inlfigure 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 blockéd as
sequential axles for each‘train. The coﬁputer 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 fbg‘highest train speed of about 55
mph. The time code signal was also used tohprovide,a time correlation for the
data obtained from the three different passes required to digitize 38 channels

5

with a l6-channel A/D converter.
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TABLE 4-5, COMPONENT SPECIFICATIONS FOR DATA ACQUISITION SYSTEM

S

1I1.

Signal Conditioning Amplifie

rs

Ectron Model 418APWY~5M419
Bandwidth: DC « 3 KHz

Gain: 10 - 3000 (fixed or variable steps)

Dynamic Range: >.60 dB
Common Mode Voltage: 100 v
Common Mode Rejection:

140 dB at DC, 120 dB at .60 Hz,

balanced 1nput
Linearity: O, 05 percent

Drift: 0,7 mV/°C at gain 1000

Temp. Range: ~25:C to +71 C

Bridge Excitation: 5 VDC at 50 ma, isolated -
Bridge Balance: RTI zeéro suppression"(i 40 mya

Voltage Controlled Oséillat

ors

Ied Division
Subcarrier Freq: 'OA”

IRIG 1A
2A
"3
" 4A
" 5A
" 6A
"7A
" 8A
" 9A
" 11B
" 13B
" 15B
" 178

Linéarity: 0.5 percent

8 KHz + 2 KHz

16
24
32
40
48
56
64

- 72

80
96
112
128
144

e

v

“I1T.

v,

VI.

VII.

Magnetic Tape Recorder - Sangamo Sabre VI

Tracks: 14 + 2 edge tracks

Amplifiers: .14 FM + 4 direct (combined as reqd
Bandwidth: IRIG WIDEBAND Group 1

Tape: 1 in, x 1.5 or 1,0 mil on 1l4-in, reels
Power: 115 VAC or 12 VDC

Weight: 85 1b

Time Code Generator

.Systron/Donner 8152

Output format: IRIG B

Data Demodulators
Data Control Systems GFD-100

Subcarrier Frequencies: Same as VCO's
Low Pass Filters: 2 KHz max GHI 1 on IRIG
VCBW-A channels)
5 pole Bessel

Qu1ck Look Oscillograph

Paper: 8-in. rapid access w

Channels: 18 B

Bandwidth: DC - 5 KHz at up to 7 2 in, deflection
Accuracy: 0.5 percent

Overall System Performance - L
b

Ay

Channels - 28 multiplexed
) 10 discrete (FM recorded)
Bandwidth: DC « 2 KHz max - multiplexed
DC ~ 3 KHz max = discrete .
Linearity: 0.5 percent

S/N: 40 dB ~ multiplexed (depeﬁds on playback
filter bandwidth)
48 dB - discrete FM channels

L
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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, and 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 Wasvfo perform the statistical
calculations needed to obtain mean values, standard deviations, probability
densities and probability distributions for the beak 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 Slte 1 could be comblned for heavy
cars in the 50-60- mph speed range to 1nc1ude effects of spatlal variations,

Statistical calculations were made by dividing the total expected
data range into 200 equal intervals and'summiﬁg the number of peak values
(axles) falling in each interval. These daﬁa were stored on disk according
to subcategory identification number. Graphs of probability déhsity (histo-
gram) and probability distribution were then plotted on an interactive graphics
terminal using the identification numbers for singie 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 4-13A, 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 ﬁassage of ohe 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., a

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. Thesé data are the peak loads on one rail for all
cars and all speeds (all traffiﬁ) at one.measuremenﬁ 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 Wﬁ, and are therefore not unique. Increasing
the load interval (reducing the number of intervals) will increase the number
of occurrences at a particular logd level. This improves the averaging used
for the estimate but reducés the resolution--a tradeoff deciéion. Load |
intervals which are too small for the data Ease 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 estimafe for low probability
events appear in the distribution function as horizontal seégments, 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 1ower) for any dlstribution. If the experl-
mental data had a perfectly normal .distribution, the the median peah 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 dev1at10n‘as’the measured data. For this partic-
ular measurement the normai curve gives a relatively gocd estimate of data |

at low probability»levelsfeven*though~itris not-a good match elsewhere,

4.7 RESULTS FROM STATISTICAL ANALYSIS

As discussed inﬂéection 4.5, the generation of probabilit§ histo-
grams and calculations of mean values and standard deviations for each vehicle
and speed category prov1ded the‘base data for all subsequent data combinations.
Appendix H contains & chanhelﬂnumber 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 valué tolerance bands ‘and the estimated tolerance
band at the 90 and 95 percent confidence levels. )

Table 4-6 summarlzes 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 severallinterestinévconciusicns: o B

' a. Data from the two-tangent track sections (Sites 1 and,?)
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, Tt 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 1ocomot1ves, which were all 4 axle of 81m11ar de31gn, show

no significant vehicle dynamics speed effect on the tangent track sections,

. x
H
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TABLE 4-6, SUMMARY OF AXLE COUNT AND MEAN VALUES FOR PEAK VERTICAL
WHEEL/RAIL LOADS AT ALL SITES

Number of Axles-Site 1 (1) Number of Axles-Site 2 (2) Number of Axles-Site 3 (3)

Speed Ranée, Light Heavy All . o Light Heavy All : . Light Heavy  All
mph Locos. Cars Cars Cars Locos. Cars Cars Cars | Locos. . Cars -Cars .. Cars
30 - 40 12 - 28 408 448 | 24 . 464 448 936 16 408 144 568
40 - 50 | 20 724 244 988 | 12 444 196 652 | 40 592 432 ~ 1064
| 50 - 60 72 658 1116 1846 | .28 404 212 66t |52 . 528 628  1208|
A1l speeds | 104 1410 1768 - 3282 64 1312 856. 2232 | 108 1528 1204 2840
Mean Vertical WheeI/Rall Mean Vertical Wheel/Reil Mean Vertical Wheél/Rell
Load(klps) - Site 1 (1) Load(kips) - Site 2 (2) . | - _Load(kips) - Site 3.03)
30 - 40 | 35.3  11.8 .28.4 27.6 | 32.9 10.3 25.2 18.0 29.8 8.4 216 12. 4|
40 - 50 | 37.2° ° 10.3° ‘20,0 © 13.3 33.2. 8.3 18,9 12,0 .| 32.7 . 8.9 19.5 .14.1]
| s0=60 |35.4  11.7° '21.3 - 18.4 | 30.2. . 9.1 23.5 14.8 | 35.9 ' 11.6 25.3 ' 19.8|
'|ALL speeds | 35.7 - .11.0 . 22.8 : 18.1 31.8 9.3 233  15.3. | 33.8 . 9.7 22.7 -16.2

(1) Data for Vert1ca1 Wheel lead at center of maln array.. Location 58E (Channel 6)‘
“(2) Data for Vert1ca1 Wheel Load at center of maln array Locatlon 31w (Channel 38)
(3) Data for Vertlcal Wheel Ioad at center of maln array. Locatlon 44E (Channel 6) on* h1gh ra11 .




"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-épeed rénge was sighificantly different. The results indicate that v
the 1ow-sbeed 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 disfributions., 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 aberage 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,defail 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 fof evaluating the effect of tie spacing on the tangent
track sections..

"The volume of avéilable 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 daﬁa. Briefly, these objecti&es 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 cgmpoﬁent loads
for track of otherwise identical constructlon. | A

c. To determine the variation in track component loads between
ﬂ curved and tangent track. The question of yhether 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 freiéht
cars, and heavy freight‘cars to determine theif 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 1eve1'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 predlct 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'ax1eS'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 spafial 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.

Site 2-Tangent
20-In.
Tie Spacing

Site 3-Curve

24-In.

Tie Spacing

8.

Vertical W/R Load (P)
Mean, kips (95% TB)
S.D., kips (% mean)

0. 1% Load, kips (Mean Ratlo)“

Location (Ch )

Lateral W/R Load
Mean, kips (95% IB)
, kips
0.1% Load, kips (S.D. Ratio)
Locat ion (Ch )

Ra11 Seat Vertlcal ‘Load (Q).
Mean, kips (95% TB)
» kips (% mean) B
*Mean Ratlo -Q/P Lo
0.1% Load, kips (Mean Ratlo)
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)

© 8.D., kip~in." (% mean)
0.1% Load, kip-in.
Location (Ch.)

Tie Spacing

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. 04)

9.1 (29%)
66 :
57E (32).

Tie Center Bending Moment(Negative)

Mean, kip-in.
D., kip=-in.

0.1% Load, kip-in.

Location (Ch.)

(95% TB)

-.37 (+ 92%)
10.0

-30
2 (15)

Tie Center Bending Moment (Positive)

Mean, kip-in. (95% TB)
$.D., kip=-in.

0.1% Load, kip-in.
Location (Ch.)

Tie Center Torsion Moment
Mean, kip-in. (95% TB)
S.D. kip-in.

0.1% Load, kip-in.
Location (Ch.)

21.0 (+ 9%) .
5.6

38

59 (17)

8.45 (+ 1.9%)

4.73
25

85 (33)

15.3 (+ 2.4%)
8.73 (57%)
46 (3.0)
31w (38)

2.0 (+ 4%)
1.91
16 (8.4)
IE  (24)

e

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)

16.2 (+ 2%)

8.85 (55%)
50 (3.1)
44F (6)

1.65 (+ 7.3%)
3.18

15 .7
188  (17)

11.3 (+ 2.3%)

6.62 (58%)
0.70
31 (2.7)
49E (39)

6.13 (+ 4.4%)
7.38

b, -21

47E (38)

38.4 (+1.37) .
113.2 (34%)

78

a7 (38)

-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)

102

9. Rail Fastener Bolt Force (Dynamic) .
Mean, kips (95% TB) 0.13 (F 14.47%) 0.72 (+ 2.5%) 0.16 (+ 14.2%)
S.D., kips 0.17 0.44 0.46
0.1% Load, kips (S.D. Ratio) 0.75 (4.4) 2.3 (5.2) 2.3 (5.0)
Location (Ch.) 296G (42) 16 (28) 18G (28)
Note: Appendix H has an index of channel numbers and a diagram of load locationms.




TABLE 4-8, SUMMARY OF TTE.LOAD REQUIREMENTS FROM AREA-

SPECIFICATIONS FOR CONCRETE TIES AND
FASTENINGS (1) :

————t

Tie Vertical Rail Seat Load Flexural Strength Requirements, in.-kips (2)
Spacing, Percent ' ' Rail Rail o '

in. Wheel Load kips Séat + Seat - ‘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.

. 103,



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'tie4out 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 T.oad

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 af the tangent track site (Sité 1) and the curve site
(Site 3), respectively. High positive lateral loads are caused by flanging
forces on the rail héad;d}regted toward the field site. Negative lateral
forces from friction and éreép in the wheel/rail contact zone occur frequently
but are limited by thé»méximum‘cbéfficient of friction. The data in Table
4-7 éhow that the maximum 0.1 percent lateral loads at all sites were nearly
identical. However, the graphs show a"éubstantial 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 laterél 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 reactionm,
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 oﬁ 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 increése 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 Waé conjectured
that the increased moment on the curve may have been caused by the combined
effect of higher wvertical loads on the high rail and a shift in the wheel/rail
contact point on the rail head at high speeds to producé 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..'Negatiye.réil seat bending moments can be caused by a center
bound cqndition; Positive moments are expected for a uniform support condi~
tion, an end-bound support.condition; 6r‘a'support ¢ondition 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 thelhighest mean_loads as a class, but
that ﬁhe 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
Eies.

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.dis valid for this period

of time., This is less 'than 50 percent of the 250-inch-kip bending moment
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TABLE 4-9. EXTRAPOLATED STATISTICS FOR RAIL SEAT BENDING
MOMENTS BASED ON MOST SEVERE TIE LOADING(1)

% Level No. Axles . o Nonal (2’ fRall Seat Bending Moment, inch- klpS ; Est. Time Between Exceedances (days)(a)
Exceeded Between Exceedance Varlablez Z Predicted (Meas.) ) 20 MGT 40 MGT 60 MGT
50 R 0 : 3.4 (37) '
1.0 S0 v 2.3 “' 691 (68)
0.1 o 1000 - ‘ 31 T .7 79.3 (78) ) : , | - 0.27 ‘ " 6'.13 0.09
0.01 ‘ ;gi“ S 3.75 - -1 © e . ’ 2.7 _ 1.3 0.9
0.001 8 l1,705‘ - 4.3 - © sz o ) 2 13 9.0
107 w0 s ) . o 1011 B L 210 130 90
1075 W | s ‘ 107.3 g | om0 0 1300, 900
1078 : 10° | .65 L 113.0 A | 27,000 . 13,000 9,000
1077 " 107 , 6.00° 117.6. . " 270,000 130,000 90,000
Notes:
1. Mean Moment = 38.4 inch-kips, S.D. = 13.2 inch-kips
2. Z = (X-X)/(S.D.) .

3. T1me Estimates based on 3700 axles per day for 20 MGT annual trafflc




Further study will be given to the question of whether the normal distribution
gives a conservative estimate of the very low probabllity, h1gh moments which

might be caused by severe wheel flat 1mpacts..

4,7.1.6 Tie Center BendingﬁMoment

Figure 4-25 shows the statistical.diétribution 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 negatlve peak bending
moments. Negative center bendlng mofients represent a center ~bound support con-
-dition-and-cause tension in the top surface of the t1e. Bendlng cracks in the
middle of concrete ties almost always start at the top surface, so negative
bending moments have historically been of major importance.. P051t1ve bending
moments at the tie center can be caused by an end-bound support condition, If
the rail seat loads were dlstrlbuted symmetrically on a well compacted support
region under each rail seat the bending moments in the t1e center would be
quite low. : -

The summary data 1n Table 4-7 llst both the max1mum negatlve and
positive bendlng moments at the tie Center for a11 three 51tes. A maximum 0,1
percent negative moment of 56 inch-kips occurred at Site 2 (tangent with 20-inch
tie spacing), and thlS was exceeded by a maximum positive moment ‘of 67 1nch-
kips on one tie at Site 3. These maximum moments at the tie center are only
about 15 percent 1ower than the maximum positive moments in the ra11 seat
region, However, they are considerably lower than the 200 inch- k1ps negative

and 90 to 110 inch- klps p031t1ve strength requlrements in current AREA specifi-

[ L
s

cations.

at the tie center is practlcally 1ndependent of car Welght for many ties. This
indicates a non11near¢support condition whereby the dlstrlbut;on of reaction
loads along the tie 1ength 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 negatlve‘bendlng 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 cehtefs. 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 negatlve, 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 d1rect10n of the rail. The current specifications
do include a maximum allowable dlfferentlal 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 aEd’fhe tie also reduces the torsional moment
which can be caused by the edge loading from differential tilt of'the raii

seats,

4,7.1.8 Rail Fastener Bolt Force

The two rail fastener bolts od 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 boltslwere1instailed 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 typiea}ly tightened to about 75 percent.of their minimum proof load. It
is“importent to re@ember that these bolt force variations are only character-
istic of the particular rail fastener design used on the FEC, which employs a
very rigid ra11 pad ‘to m1n1m1ze the varlatlon in load transmitted through the
rail clips and bolts. A softer rail pad used with the rigid ra11 clips would
produce much lerger Varlatlons in bolt load.-~--
4.7.1.9 Track'Laterel Defle.cti*o‘n's

_ Statistical data for revenue -traffic werejtecdrded*for*theﬂlateral
deflection of the rail head relative to -the tie (rail.defleetibn)»and-for the
lateral deflection, of the tie relative to.a grouﬁd reference (tie deflection)
These measurements were made at only one locatlon .at each test 51te to obtaln
typical values, but data dlscussed prev1ously 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-
geet 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) o ~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. AHoweher, the lerge tie-to-tie
variation in support conditions makes it difficult to compare resulte for
different track designs using single tie measurements. It is here appropriate
to average data for identical measurements at several different locations to
include these typical spatial variations. o | A

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 differehce’in the car weight distributions at the two
sites as ev1denced 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 locomotlve and heavy car subcategorles
were also reviewed, but these also ‘show d1fferences of about 8 percent in

average mean W/R load. Therefore, the average mean W/R load in each
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TABLE 4-11 -EFFECT OF TLE SPACING

ON AVERAGE TRACK COMPONENT LOAD STATISTICS FOR ALL SPEEDS

Vertical W/R Load (P)°
Average Mean, kips .
Average S5.D., kips (% mean)
Average 0.1% Load, kips

Rail Seat Vertical Load (Q)
Average Mean, kips
Average S.D., kips (% mean)
Mean Ratio, Q/P
Average 0-17% Load, kips

Rail Seat Moment
Average Mean, inch-kips
Average 5.D., inch-kips
Average 0.1% Load, inch-kips

Tie Rail Seat Bending Moment (Mrs)
Average Mean, inch-kips
Average 5.D., inchli-kips (% mean)
Mean Ratio, M_ /P ’
Average 0.1% £gad, inch-kips

Tie:Center Bending Moment, Mc
Average Meéan, inch-kips
Average S.D., inch-kips (% mean)
Average 0.1% Load, inch-kips

Site 1 - Tangent with 24-inch Tie Spacing

All Cars Locomotives Heavy Cars
16.8 ' 33.3 21.3 .
8.0 (&47) 3.5 (10) 6.3 (30)
,41{6 44.1 40.8
6.6 15.1 8.7 -
4.1 (6]) - 2.8 (19) 3.5 (40)
0.393 : 0.453 0.408
19.3 : 23.8 19.6
0.5 2.2 0
3.9 6.0 4.01
12.6, -11.6 21, -16.4 +12.4
15.5 31.4 19.1
8.8 (57) 6.6 (21) 7.6 (40)
0.923 0.943 0.897
90.0 51.9 42.7
8.9 . = 15.4 . 9.34
6.4 (72) 5.8 (38) 6.7 (72)
29, -11 33.4, -2.6 30.1, -11.4.

Site 2 - Tangent with 20-inch Tie Spacing

All Cars

14.8
8.3 (56)
40.5

Locomotives Heavy Cars

30.9 23.0

2.7 (9) 6.6 (29)
39.3 43.4

11.4 7.8

1.3 (11) 2.9 (37D
0.369 0.339
15.4 16.8

1.9 1.9

4.9 3.7
17.1, -13.3 13.4, -9.6
21.9 13.1 .
5.5 (25) 5.7 (44)
0.709 ° 0.569
39 30.8

2.3 -0.4

6.7 5.6

23, -18.5 17, -18

Note: Average 0.1% load levels pre&icted from average mean and S.D. assuming nornal probability

distribution, i.e. 0.1% Load = Mean + 3.1 (SD)




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 averagé 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 with 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 greatef 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 the heavy and light car classés. 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.'vThese 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 iﬁ _
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 vértical W/R
loads, as expected. Rail seat bending moment data do.not show a significént

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.

b.7.4.1 TangentﬂTfack Loads

Table 4- 6 lists typ1ca1 mean values for vertlcal wheel/ra11 loads
1n the different car welght 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-iarger.percentage of light
or empty cars., Average wheel loads for all cars in the ioﬁ; 30-40 mph, speed
range were as much as.50 percent higher than the average for all traffic,
This type of speed effeEt reflects railroad operations rather than vehicle
dynamic effects.. Further investigation would be requifed to determine if
this is typical of operations at other:track'sites'er on other railroads.

Speed effects related to vehicle dynamics can only bé 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 petcent from the mean for all speeds. It was con-
cluded- froﬁ this that the effect of Operatinglspeed on vertical track loads
from vehicle dynamlc effects was neg11g1b1e on the ‘tangent track test sites.

‘ Figure 4-31 shows the effect of ‘train operatlng speed on the vertical
aﬁd lateral W/R:loads, It 1s evident that the vertical weight bias in the
~ 30-40-mph range 'is responsible for that,sheed{also'eausing the highest lateral
idads for the ail-car category. This isjtrue also for the heavy car category
alone. However, data for® llght cars, Where the load bias versus speed. is.
small, show - that the hlghest lateral loads occur above 50 mph and the lowest

lateral 1oads occur at 30 mph ThlS is 1nd1cat1ve of hunting cars.

4.7.4.2 Curvedthack Loads

The two ﬁajer 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

TN
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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,Aand'the mean,vertical load was about

10 percent higher than at the balance speed.

. TABLE 4-12, EFFECT OF TRAIN SPEEDS QN VERTICAL WHEEL/
S 'RAIL LOADS AT SITE 3 (3° 52' CURVE) '

. - Percent Axle Load (Mean) on H;gh and Low Ralls

Speed - ' Locomotlves : Heavy Cars - _Light Cars
|Range, mph . High - . Low . High Low High Low
30-40 .45 55 .- 43 0 .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 1ncreased considerably on the h1gh rail when- tra11 speeds exceeded
the balance speed for the curve. _

Flgure 4- 33 shows the effect of car welght and traln speed on the
lateral W/R forces on the high rail. ” The lateral loads from 11ght cars éleft
side of Figure 4 33) are much lower than those for ‘the heavy cars and loco-~
motives on the curve, and the 1atera1 loads for the,llght cars are also lower
on the curve than they Were on tangent track Itiappears that the flanging on
curves reduces, or- e11m1nates, car huntlng, ‘and forces from 11ght cars due-to
track curv1ng are much 1ower than those from huntlng.,- C Mr,,,hwrwcmj

- The effect of car speed on the heavy car category 1s showh on the
right side of Flgure 4 33 The 1ncrease in. both the -median and max1mum loads
with speed was expected However, the more 1mportant questlon 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 dlscussed in the f0110w1ng 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 bénaing 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
the average tie. The tie bending moments for curved track at the 10-4 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
bending moments, respectively. The 10-4 percent exceedance 1evél represents
approx1mate1y 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
oﬁ#b@rves depends on what causes particular track components such as concrete
ﬁiés and fasteners to fail, If the component failure is caused by a sudden
frabture due to.the inffequent occurrence of a high load exceeding the design
stfength, then the inérease in low-probability high loads on curves may be
quite important and should be given considerable weight in establishing perform-
ance specificationé.' Hdwevef,‘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 dlfferences between track loading on curves
and téngent track are minimized by operatlng trains as close to the balance
speedias possiblé-to'equalize vertical rail loads and minimize lateral forces.

The importance of track lateral loads on tie bending moments has
also been a_quegfion of interest.  High lateral forces from flanging create
an overturﬁing 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 SEACING

_|Tangent Track,

Curve Track (High Rail)

(Site 1) (Site 2)
1. Vertical W/R Load (P)
~-Avg. Mean, kips | 16.8 14.7
~Avg. S.D., kips (% -mean) 8.0 (47) 8.2 (56)
Avg. 0.1% load, kips 41.6 40,1
2. Rail Seat Vert1ca1 Load Q) .
- Avg, Mean, kips 6.6 9.09
Avg. S.D., kips (% mean) 4.1 (62) 5.88 (65)
Mean Ratio, Q/P 0.39 0.62
Avg. 0.17% load, kips- 19.3 27.3
3. Rail Seat Moment %
Avg. Mean, in.-kips 0.5 2.6
Avg. S.D., in.-kips 3.9 5.97
Avg. 0.1% load, in. -kips 12.6, -11.6 21.1, -16
4., Tie Ra11 Seat ‘Bending Moment (M ) o, o
Avg Mean, in.-kips 15.5 17.1
Avg. S.D., in.-kips (% mean) 8.8 (57) "10.5(0.62)
Mean Ratio, M__/P 0.923 . 1.16
Avg. 0.1%7 Loal® in.-kips 40.0 49.6
5. Tie Center Bending Moment, M .
Avg. Mean, in.-kips ¢ 8.9 9.46
Avg. S.D., in.-kips (% mean)- " . 6.4.(72) --10,9 (115) -
Avg. 0.1% load, in.-kips 29 =11 43, =24
Note: Average 0 1% 1oad 1evels predxcted from average mean and S.D. assumlng
normal probabllity dlstrlbutlon, i.e., O 1% Load Mean + 3 1 (SD)
(*) Average based on data for only two 1nstrumented tie plates,
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TABLE 4-14. COMPARISON OF EXTRAPOIATED STATISTICS FOR AVERAGE
TIE BENDING MOMENTS IN -TANGENT AND CURVED TRACK'

Percent Average Tie Bending Moment, in.-kips

Level Normal Rail Seat Rail Seat
Egceeded_ Variable, Z (1) - Tangent  Curve Tangent .. . Curve
500 o0 S 15,5 1701 48.9 19.46
a0 2330 U360 415 424, -6 435, -16
0.1 31 40.0  49.6 420, <11 43, <24
6.00 - 3.75 ~ 48.5  56.5 433, -I5 450, -31
. 0.001 4.3 53.3 62.3 136, -19 456, -37
107 4.75 | 57.3 66.9 39, -22 461, -42-
107 5.22 61.4 719 . 42, 225 466, -47
Note:

1. Z= (X - X)/(5.D.).

increase the*positive bending moment (compression at the‘tte bottom) in the end
“of the tie outside the rail seat region. Howeﬁer:'the béﬁdiﬁg'ﬁéﬁént immed-
ilately under the rail w111 be reduced. :

The quantltatlve effect of ‘these, ra11 seat moments on, the t1e bending

moments has not been evaluated in detail, However, the mean ra11 seat moments
- are quite low compared to the mean t1e bending moments at the ra11 seat for ‘
" both tangent .and curved track. Ra11 seat moments - equal to 50 percent of the
_'tie bending moment do occur at the 0.1 percent load level bt these 1nfre-
‘querit“occurrencés of high loads do not’ necessarlly occur: 31mu1taneously. tinwwu

fact, some of the hlghest lateral loads and ra11 ‘seat moments are causedrby .

the hunting of 11ght cars where the low vert1ca1 loads cause relatlvely low

tie bending momentsi -Jéint’ “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 KIT 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 KIT 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 KIT 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 froﬁ locomotives for the five instrumented tie plates in
each section,

Data from the KIT 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 1oeds than expected needs further evaluation if this
large tie spacing is'to be used for new track construction.

Figure 4-35 compares FEC and KIT data for tie bending moments at the
.rail seat.' Meanlrail‘seat bending moments for locomotives at all tie spec1ngs
are less . than 30 perCent of the design guides for static flexural strength.
The effect of tie soacing.is difficult to evaluate because of the large tie-to-
tie variations, Maximum rail seat bending moments meesured on the FEC track
werevabout 80 inch-kips (0.1 percent exceedance). An extrapolation of vehicle
load statistics for'éll"cars>showed that a bending moment exceeding 120 inch-hips
would‘not be expected dnring ; 50 year life with annual traffic up to 60 MGT,
The data from KIT verify this range of tie befiding momeénts. However, it has
been reported [4-2] that‘lpo percent of the concrete ties 'in the KTIT incurred |
flexural cracking in the rail seat region during 6 months of traffic. A review
of KIT data taken from the different measurement trips does not show large V
variations from the Trip 3 data or trends which indicate that significantly
higher bending moments occurred at some other time. - o

The center bending moments shown in Figure 4~ 36 1nd1cate the loads
measured at the FEC and the KIT 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§Q-B&O Railroad
at Noble, Illinois for neﬁly constructed concrete tie track with 27-inch
spacing also,inoiceted that.thenmajority of strainzmeesurements 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- klps. These ranges agree with the FEC data
1isted 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, 1111n01s show max1mum ra11 seat. bending moments of 96 1nch kips -,
and maximum, negative bending at the t1e center of 70 1nch kips._ These o
maximum values were reportedly‘only 32" percent and 36 percent of the AREA
flexural strength requiréments 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 forecomParison."Theinaximum‘moments are somewhat higher
than those measured on the FEC or the KIT, but they are still well below the

flexural strength requirements.
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4.7,6 Summary of Regults

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 froﬁ operations might be eliminated by
recording data for several weeks,tbut 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 eaqh.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 téngent aﬁd.durved,track sites. Mean lateral loads
were quite low, less than 2 kips. However,’spatial variations were consider-
~able and more measurement locations gre”recomggnded{fo;lany‘futgre tests where

it is iﬁportant to define the average lateral loads for each site.

e. Vertical rail seat 1oadé'showedua 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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develoning considerable free play at the tie/ballast intérface. ~However,
maximum mean and maximum 0,1 percent rail seat loads of 11,3 and 31 kips,
respectlvely, were con31derab1y below the 52.6- klp rail seat load recommended
in current concréte tie spec1f1cat10ns for 24-inch’tie spacing.

f. Measurements of rail seat moment on both tangent and;curved
track shcw.that the mean peak moment was veryismall.‘ 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’cn tangent»traCk,'as expected.

" 'g. Measurements of bending moments in thé rail seat and center
regions of several concrete ties at each’ test site showed laige tie-to-tie -
variations in:hailast‘supﬁbrt‘cbnditionf Light cars’ frequently caused nega-
tive bending moments (tension in the‘tcp‘surfaCE)’at‘both’the tie center and
the rail ééat; inaicating a centér bound condifion. ‘Heavy cafs on the same
ties would cliange the bending moment in ‘the rail seat region' to positive
(tension in the bottom surface), and the center bending oment was.frequentl?*
quite independent of car weight. This indicates a nonlinear support condition
wherehy‘the”distribution.df’reaction loads alodg the tie -bottom changes with
load. For eianple;'a:tie-with”voids under each end would develop negative . - :
bendinig at both the center and rail seats with:light loads. -However, increased
wheel loads could cause the tie to bear:moré”fiilly -on the ballast, This would
shift the reaction loads toward the tie end and cause positive bending at. the
rail seat'With;very iittTe cliange 'in the ‘bending ‘moment at the tie center.

'The:highestfo.l“pércent‘tre bending moment measured -in-the’ rail-seat
region was 78 inch-kips, and this was in the curve at Site 3. Extrapolatlng
the low-probablllty statlstlcs by assumlng a normal’ (Gaussian) distribution
shows that bendlng moments exceeding’ 120 iinch= <kips would 'not be expected - '
during a 50- year tie life with annual traffic upto 60 MGT. This'is less:
than 50 percent ‘of the ‘rail’ seat bendlng ‘moment requlrements in curtrént specs’
ifications for ‘concrete ties.®’ However, ‘the' possibility of higher' moménts®
that mlght be caused by sévere wheel flat™ impacts’ needs further- investigation.

h{ Max1mum bendlng moments of =56 and +67 inch-kips (0. 1 percent
1eve1)'Wefé‘measuréd at'the“tie“cénter; “Negative bending moments at the tie
cente# have the greatestﬁiﬁpcftahce“becaﬁséfhenﬁing“craéks'ih”the‘tie'center'*

"

N e ST Uy I T NIV . . )
region usually start at the top sturface.’ Thesé maximumi:measured bending -
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moments were well below the currently spec1f1ed strength of 200 and +90
inch-kips. for ties at 24- 1nch spacing.. L N _

] i. Measurements of dynamlc force varlatlons in several ra11 fast-
ener bolts showed that maximum force varlatlons (0 1 percent 1eve1) Were 1ess
than 20 percent of the statlc preload and that the hlghest force variations
occurred on the gage bolt. Th1s is a relatlvely 1arge force var1at10n, and
it would be 1ncreased considerably, 1f a softer ra11 pad were used w1th the
rigid rail clips used by the FEC. . ‘ . , N o

j.  Lateral, deflectlons of the ralls and ties under trafflc were o
quite small at a11 of the test. sectlons. Max1mum 1atera1 deflectlons at the
0.1 percent probability. 1eve1 were 45 mils for the ra11 relatlve to the t1e ‘
and 30 mils for the absolute motion of the tie. . Lo ‘

. . k.  The effect of reducing t1e spac1ng from 24 1nches (Slte 1) to 20
inches (Site 2) was evaluated by. comparing . average ra11 seat loads and tie
bending moments for the several 1nstrumented ties. at. each 31te to 1nclude the
large- spatial variations. The. 16 percent reductlon 1n t1e _spacing, reduCed
vertical rail seat loads by about:9 percent and reduced tie mean and max1mum
rail seat bending moments by 36 percent;and lg‘percent respectlvely, for the
average traffic at the.test sites.. Data‘for’only‘heavy'cars indicate that
changes in tie spacing may  .cause much:greaterqthan egpected;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 jload is much
higher than normal,. e.g., unit. trains. of 100 ton .cars, needs further verifi-
cation. . . o . v | BN

. . Train. operatlons on curved  track cause. d1fferent1a1 vert1ca1
loads on the. low. and.high rails, for speeds whlch are d1fferent from the curve
balance speed. Maximum average tie.bending. moments (0 1 percent exceedance)
were 25, percent higher at the rail. seat and 50 percent hlgher at the t1e
center;than they were-on.tangent track even, though the mean bendlng moments
were nearly .identical. The. 1mportance of thlS 1ncrease in the low-probablllty
maximum loads on~curved.track.depends onftheffaalure_mode_forlconcrete ties.
Failures due to infrequent.occurrenceS'ofkloads,exceeding-the desién strength
would make; this increase in. loads on, curves. very. 1mportant. However, fallures

due to cumulative fatlgue damage . are more.. dependent on the mean load cycles.
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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 caré and locomotives. Lateral forces from light cars operating in thé.
50-60-mph range4Were.IOWer 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-
éngrs and less important as a contributor to tie cracking.
n, ‘Aﬁcompapison~of—raiL~seat~lééd—andwtievbending-moméntudata from
the FEC measurement progrém with similar data from other sections of concrete
tie track shdws generaivagreement. Tie loads from revenue traffic are consid-
erably lower fhén c#rrent flexural strength reqﬁireménts~even for probabilistic
predictions oftmaximum loads for a 50-year tie life. It appears that tie
.eracking is initiafed;ih 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 cfaéksftan'bé”initiatéd in'pre--"
stressed concrete ties at relatively low Ioédsj=aﬁd‘fhat‘once*initiated, the
cracks can continue to propagate from repeﬁted~cyc1fng‘until”they grow sﬁf-
ficiently large toibevdefected visually. Crack initiation may be a fatigue"
'process where the total stress at'the tie surfaceé rémains in compression due

to the.prestress, or it may be caused by the total stress ‘at the outer surface
‘exceeding the tensile strength of tﬁe~materia1.'f$hié?Would’indiCate that the
prestress at, that,location is insufficieﬁt for théféppﬁied4105d'e0éd thoﬁgh.
‘the load may: beiless than 50 percent of the fleiﬁrdlf§tréngth‘reqdfremeﬂts.
Itgis'veryediffi;ult to determine at what load a 'small ¢rack 'is initiated in
aprestressed concrete tie, and this haé not been:a part ‘of tie tests. An
.experiment where the surface of a new tie is instiumented sufficiently to '
,détect,craék:initiﬁtion during static loading is*ﬂeéded*td“determfﬁe if the
initiationpload,isysubstantially leéé:tﬁaﬁ thétﬁféqufredlto'propagaté”afdrack
‘to:'the prestress. strands. An evaluation of tie performance for fatigue loading
‘at;loadlamplitﬁdes'which represent realistic service:conditions 'is ‘also recoms

mended. R
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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 specificatibns. The
justification éited for this is that a crack which reaches the prestress
strands will cause local degradation around the strands &uring repeatedlload-
ing under traffic and will ultimately cause a loss in bond and a rupture of
the tie. It appears that this failure mode is regérded as more important than
strand corrosion or structural damage from freeze-thaw cycling of a cracked
tie. The lbng-term performance of ties which have structural cracks has not
Been.verified‘by“service experience. . The“installation,of;cracked-RI-7 ties
from the KTT in FAST provides an opportunity to monitdr‘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 vibrﬁtion within various portions of the track structure. ‘This
vibration was especially pronounced from the excitation of wheel flats due to
;he.higﬁernfrequencies associated with these impacts. -Data from the FEC
iﬁdicate that about 10 percent of the car wheels have flats of sufficient“
sfze‘togexqite.notigeable vibration, but a much smaller portion of these
would :cause loads whigh.exceed the normal load for a heavy car.

- Figure 4-37 shows a typical recording of load data forlseveral

.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, eépecialiy

at the tie center. The damping.of the track structure is quite low for this

casg,,ahd 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 bendimg 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.

Rail seat bending moment, and all other parameters monitored
adjacent to the rail seat, show a_broeder resonance ranging between 110 and
;160 Hz, with an average at about 140 Hz. Figure 4-40 shows the spectrum of
the ra11 seat bending moment record in Figure 4-38b., For comparison, Flgure
. 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 essentiallyvno visible
wheel-pass fundamental frequency for the passage of a lightly loaded flat
wheel , . e e

A cursory anaiysis of the speetraldata for bending moments of ties
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

¢ o .73 fE1g) 72 -2
=~ - . (4-2)
2114 '

’Hf.Ihe'beiameters for the RCCC tie are -

4 = 102 in. - S

EI = 900 x 106 lb-in.2 for entire tie
avg
“m = 575 1b/102 in. = 5.637- 1b/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.
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Flat wheels clearly produce a relatively large vibratory response
of the rails and ties on concrete tle 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
nrevioustobservations that the tie support can be.very local for light cars
and change to' that of alrelatively uniform support under heavy cars. This
increased contact with ‘the ballast reduces tie dynamlc response. , This is
probably due to the increase in radiation damping through the ballast and an
increase in effect1ve stlffness. '

The effect of wheel flats on the low-probablllty, high bending
moments to which ties are subjectedfrequires some ‘additional investlgatlon.
The sampling rate of 125 Hz used for the statistical data analysis was not
adequate to determine peak values ftom vibration in the range of 90 to 140 Hz.
Th1s v1bratory response. under light wheels was clearly respons1b1e for some of
the unexpected negative rail seat loads, negatlve tie bending moments at the
rail seat, and positive bending moments at the tie center.

S S

4,8,2 Rail and Tie Acceleration

Measurements of rail and tie acceleration undet 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 lpw-frequency attenuation occurred from
the rail-fastener assembly. 4]V o o

' Figure 4-42 is a short time history that has been low-pass filtered
at five different bandwidths to shon 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’an& + 30 g for the tie. The predicted tie
acceleration generated by follo;ingjthe track deflection profile as an ideal
wheel pass was less than 1 g (see Séction 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

156




LST:

+20¢—
T 1kR 1l NG g @
9 0 | 1 ! 1.» 23
—-lor- - , 0 - 600 Hz Bandwidth
~20+
+10
g 0 i I’| RN
- |0 Yy ’  , 0 - 200 Hz Bandwidth oo
+ 10
g o ‘ .'. ) g i i 3 AL [" :»,
' ! I
-0 . : V ‘ * 0 - 100 Hz Bandwidth
+10— . : PN
g 0 :
o 0 - "50 Hz Bandwidth
ol 0] o
; .
‘ .

30 Hz Bandwidth

-0 ~ o =IO sec |« K - :
R | [ ] | | | |- | [ ]

FIGURE 4-42, "TYPICAL TIE ACCELERATION RESPONSE



g .

Time’ Averaged Acceleration,

100

oolf

1.00

4 6 810 20 a0 6080100 200

. _Frequency, Hz

'FIGURE 4-43, ' "TYPICAL TTE ACCELERATION -SPECTRAL' RESPONSE -

UNDER LIGHT FLAT WHEELS

158

300 600




which confirm that most of the energy is above 30 Hz,

4.8.,3 Rail Corrugation

‘ Data recorded during testing,et_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 & photograph using a telephoto lens to enhance the
appearance of the corrugation. The corrugation peak'was always over the tie,.
~ The peak-to=-peak amplitudesjwere generally less thaniabout 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-

gatlon.

4.8.4 Track Vertical Natural Frequency

- e e

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 twoAlocomotiVes traversing the*matn array at different
speeds. The tie experlences a complete unloading within the normal influence
zone due to the dynamlc response of the. track system. A spectrum analysis of
several data channels with varylng tra1n speeds 1nd1cates that this natural

frequency was -in. the range of. 40 to 50 Hz. i 534{% {um~u~~
5. EVALUATION OF TRACK ANALYSIS MODEL
The MULTA track enalysis: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
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rail-seat 1oads, t1e bendlng moments, and t1e/ballast pressures to determlne
the validity of us1ng thlS track analys1s model as a substltute for extens1ve

measurement programs to evaluate many different variations of track construction,

b

5.1 COMPARISON OF MEASURED AND PREDICTED LOADS

5.1.1 Effect of Track Modulus on Rail Seat Loads

Data on; vertlcal ra11 seat loads from a slow roll- -by of the work
train were used to determlne the;track modulus, ﬁl; The effect of tie- toutle 3
variations -in the main array—was_mlnlmlzed hy averaglng the maximum rail seat
load for a known wheel load during a slow traverse of the. work train. T@é i
average ratio of rail seat load to wheel 10ad (Q/P) was used w1th the theo-'
retical relationship from the beam~on-elastic-foundation: formulatlon to -

determine an experlmental track modulus.

Flgure 5 I shows the effect of" t1e to= tie varlations for” all f1ve
1nstrumented tie plates at Sites 1 and 2. The results in Figure 5-1 show
considerabie tie~to-tie. variation. They also show that the .instrumented tie
plate on t1es 57 and 30 measured rail seat loads higher than the wheel load--
a phys1cally‘unacceptable conclusion, Slnce the same’ t1e plate was used on-
both ties, it nas apparent that it had been Operatlng 1ncqrrectly and these

data were eliminated. 1bne of the load cells did fail later in the test’prbi

gram,

Table 5-1 lists.maxinum'measured.vertical rail>seatﬁto wheel léédéﬁﬁ
ratio in percent._ These data shou”a considerable load dependent effect as .
well as large tie- to-t1e varlatlons. The avgrage rail seat load for heauy
cars on track with 20.&nch tie spac1ng was 12 5 percent lower than that for vi
24-inch tie. Spac1ng. A 16 percent reductlon would normally be expected based
on. conventlonal guldes for track design. However, 1nd1v1dual ties in both

sectlons carried . as, much as 65° percent of the heavy car- wheel load and as .

much as- 76 percent of the "1ight. car wheel load SR




Vertical Rail Seat Load, kips

Vertical Rail Seat Load, kips

[
(4]

f— n ) o
(4] (@] [$}) O-

o

Tie No.

63 6l 57 55 .

35

30

25|

20

. Site L
24-Inch Tie Spacing

+Tie 55
+Tie 61
+Tie 59 -
+Tie 63

" Tie 57 - .

Wheel Load ~ kips

FIGURE 5-1b, MAXIMUM VERTICAL RAIL-SEAT LOAD AT SITE 2

163

+
+
: I NI NS [ [ NN NN B
4 8 12 16 20 24 28 32 36 40 44
Wheel Load ~~ kips - - '
FIGURE 5-1a. MAXIMUM VERTICAL RAIL-SEAT LOAD AT SITE 1
~ TieNo. -~ . R
3 33 3] 30 28
'+Tie3Q
Site 2
20 -Inch Tie Spacing
.+ Tie 28
+Tie 31 .
+ Tie 35
.+ Tie 33
+ Lo
+
+
T
. | || | | | | | | :
4 8 12 16 20 24 28 32 36 40 44



TABLE 5-1, MAXIMUM MEASURED RAIL-SEAT TO WHEEL«LOAD
RATIO (Q/P) IN PERCENT .(%)

Tie Number

1 2 3 4 5 Average
I. Tangent Track, 24-inch
tie spacing (Site 1)

a. Light Car A , 43 71 31 - 33 44,5

b. Heavy Car : 47 58 53 - 65 55.8
L1, Tangent Track, 20-inch
tie spacing (Site 2)

a., Light Car .22 38. 64 - 76 50
b. Heavy Car 4, 31 -5 - 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.l1, 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 (El) and subgrade (E2) 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 E1 and E2 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 perceut for the 24-~inch tie spacing (Site 1)

The adjusted values of foundation properties were

E, = 60 ksi and E, = 35.65 ksi, with v, and v, 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 = 55.8 percent). This gives a track modulus of U = 47.6 ksi.

With the same adjusted values of El‘and ﬁz, 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 comparlson -of the rail seat - load distri--
butlon shapes shown in Flgure 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. Wlth the adJusted values of El and E2, the maximum predicted rail-seat
load was 17 2 klps, and the predlcted track modulus was 55.4 ksi. Here again
the 1ower predlcted modulus is obvious from the comparlson of experimental
and analyt1ca1 values shown in Figure 5-4, _

These comparisons show that. the actual track structure is at least
1 and E

The tie/ballast pressure distribution" data 1n ‘the following section also

as stiff as the. predlcted value with the adJusted modulus values of E X

support this conclusion,

'5.1.2 Tie/Ballast Péessure Distribution
Tie bending moments at the rail seat and bending and torsiomnal

moments at the tie center have been 1dent1f1ed as, the .major causes of con-

crete tie failures. The d1str1but10n of ‘thé 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. ‘ 4

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: ILCT-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 partiéular tie was ﬁoticeably center-bound for
light car loads. That is, the tie center bears almost the entire load while
the ouéer ends of the tie are éarrying 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 centef 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'ﬁé;é:obsérved 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 suppoft for the'roadbed. The resulting tie-ballast pressure distri-
bution is a maximum under the applied load (rail seat), and reaches a minimum
at thehtEquenteff >The maximum predicted préssure 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 ra11 seat loads can
be easily determined. The MULTA results show that the ratlo of peak pres-v o
sure to;applied rail seat load is approximately 3.0 ps1/k1p, and that the
normallzed peak pressure occurs under the rail seat region. The. experi--
mental results show that the ratlo of peak pressure to applled rail seat
load had an approx1mate maximum. value of 3.2. ps1/k1p at the tie center for
center blndlng under light loads and a max1mum value of 2, 5 psi/kip at the
rail’ seat reglon ‘for heavy loads.

" Data from LCT-100 (CT-4) at Slte 1 are shown in Flgures 5-7 and
5-8. . The results from the MULTA analys1s 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 0peratlngycorrectly. Integration of the pressure
distributien from the measured data showed that the total load on the tie
bottom was 50 percent hiéher 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--'
1dated and behaving 11ke "hard" sprlngs. 'However, this cannot be the case
since vertlcal equ111br1um still must be" satlsfled regardless of the nonlln-v”
earltles in the roadbed system. It ‘was therefore concluded that the experi-
mental data from ICT-100 were 1naccurate. The normallzed pressure curve in
Flgure 5 7 supports this conclusion. j% IS .d” ' ;

) The. experlmental data from the 1oad cell t1e in the curved track
section (Slte 3) are shown in Flgure 5-9 and 5- 10 This tle is 1dent1f1ed as
as LCT- 0 (CT ~-2). Tie- ballast pressure dlstrlbut1ons along the length of the
tie for 11ght medium, and heavy wheel loads are shown in Flgure 5 9 n
1ntegrat10n of the pressure distributions showed that vertlcal equ111br1um
was sat1sf1ed to within 3 percent of the respective applled 1oads. ;ThlS‘;“'J“

wrE e me aEnvepie Tp o4 e e

load cell t1e -was apparently operating effectlvely o ;

171



ZL1

Pressure/Rail Seat Load Ratio,bsi/kip

o
(M)

g
»

o

0.8

Rail Seat Load West (RSW)

Rail Seat Load East (RSE)

B

Experimental Data

102 in.

———Analytical Data (MULTA)

RSW,kips RSE kips Car
O 5.1 17.4 Heavy
v 11.04 10.6 Medium
O - 32 4. | Light

o 11.04

10.6

Medium Car

IR R R R R SR D S A

FIGURE 5-6.

BALLAST /TIE VERTICAL PRESSURE NORMALIZED TO
RESPECTIVE RAIL SEAT REACTION, LCT-18 AT SITE 1




€Ll

Tie/Ballast Pressure, psi

Rall Seat, Load West (RSW) Rall Seat Load East (RSE)

F

1 |
L 102in Dl
o ——— Angiytical Data (MULTA) .
RSW  RSE RSW  RSE
O—-74 Kips, 9.0Kips O—-74Kips, 9.0 Kips

N\ A\

N

AVEE A
i ‘

’ A
e » k
l ;j \\)\ ) l " \\ ‘
/’ = S /' - \
\ , ol o \\
/ L
¥ I~ _ \ 35 _ ' ‘/ \\ql
’d . - A& : \
£ N A \\ o ,‘J. \
/ \
I’ ‘ b'N\ -//911, \
l (N N g \
/ : \
\
\
A}
\
\

FIGURE 5-7., TIE/BALLAST PRESSURE DATA FROM LCT-100 at SITE 1



VLT

Pressure/Rail Seat Load Ratio, psi/kip

 2a

Rail Seat. Load West (RSW)

Rail Seat Load East (RSE)

48

W - RSE -
O- =154} lps. . 174 Kips:

' —--Anolyﬁg B‘gsults {MULTA)

" FIGURE ‘5‘5‘8 BALLAST/TIE VERTICAL PRESSURE NORMALIZED TO

N PEFTEEF

v RESPECTIVE RAIL SEAT REACTION, LCT- 100 at SITE 1




ST

Tie /Ballast Pressure , psi

60

50

30

20

40

Rail Seat Load West (RSW)

Rail Seat Load East (RSE)
}l Low Rail 5{( High Rail

T

. 0
102 in. P

—Experimen}cl Data
RSW,kips RSE, kips

o 19.2 23.0
\v/ .3 - 17.0
o 7.6 7.9
- .- i -~
O - Analytical Data (MULTA) o /’ o
o + 113 17.0 / \
‘ 4 \
/

| L | | | | [

”

Heavy .

Medium

MULTA

FIGURE 5=9, TIE/BALLAST VERTICAL PRESSURE, LCT - O DATA AT .SITE 3




91

Pressure /Rail Seat Load Ratio, psi/kip

3.2

2.4

0.8

Rail Seat Load West (RSW)

Rail Seat Load East (RSE)

[
I
- Experimental Data
RSW, kips RSE,kips

o 19.2 23.0
v 1.3 I 70
o 76 7.9

= == Analytical Data (MULTA)
v L3 17.0

S G B | 1

i02 in.

B I S N B

- FibUﬁé 5-10. BALLAST/TIE VERTICAL PRESSURE NORMALIZED TO RESPECTIVE
: RAII, SEAT REACTION, LCT-0 DATA AT SITE 3




) 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 pfedicted within 5 percent, and the shape of the pressure distribu-
tion is very similar. It is also evident that thé 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 Figufe 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 goodApredictions 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 pressurés were
in good agreement, the predicted bending moments should be equélly accurate.
Thus it is coqcluded that the MULTA model is capable of predicting rail seat
and tie center bending moments that are typical of service loads except wﬁen
ties have a very serious center binding condition. Howéver, the data from
LCT~18, which did have severe center binding for iight 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 cémpares to that for a Winkler foundation, The data shown in -
Figpre 5-13 show that predicted displacements are disfrfbuted Qﬁér 5 greatef
length of track than the tie load distribution. The difference in the dis-
placement shape predicted by MULTA and the tie load distributionrindicates
that the rail is'ndt‘behaving like a beam on a Winkler‘type fouﬁd?tion. The
two.diétributions would be identical for a Winkler fquﬁdation. 4

The same .conclusions regarding the displaceﬁeﬁt being distributed

over a greater distance than the tie loads is evident in the data from Site 2

I
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(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 arra& and at a tie about 35 feet outside ﬁhe main array. Since only
two locations were instrumented at each test site for vertical diéplacement
data, it was difficult (in view of the local variations previously discussed)
to characterize the track structure with ekperimental 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. o

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 prQQide a check
on the track moduius determined from the displacement data. However, the
lack of a sufficient number of strain gages (li.e., atmany positions along the
length of the rail). prevents the éort of averaging process that subsequently
was determined essential to minimize local variations. Difference (heavy load
minus light load) stress and displécement 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

Predicted Values

Site Description AY ~ in, AY ~ in,
I. 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
LII. 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,

[E R LR .

~MEASURED VALUES OF TRACK MODULUS

A Stress,

A Disp.

Measured Track Modulus .

Disp( )

(2)

Strain

Site Description

I.

_(@si)

Tangent Site, -

24-inch Tie .|,

., Spacing

Main Array. |

“~Outside Main

Array

4575

(in.)

0,015

0.0135

(lb/in“/in.)

--39,100 .

41,000 -

- (1b/in, /in.)

45,900

II.

‘Tangent Site;

20-inch Tie W~ |+ < &

‘Spacing
Main'Arra§lM

Outside Main

. Array -

. 385°; ‘

0,008 .

| 18,300

82,000 . .

87,000

(1)

(2)
" for light and heavy loads.'&' o

) light and heavy wheel loads.

a“

Calculated track modulus using ra11 differential displacement for

Calculated track modulus us1ng differential ra11 bending strains

]
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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.
Tableg574ggivesva;summary;of the -track modulus values that were
implicitly or explicitly generated from the test data. -This summary directly
compares the predlcted and experlmental modulus values d1scussed prev1ously

RS

1n other sectlons.~

' “5.1.5  Trdck Response for Light and“Heavy Cars =~

Figure 5-15 shows the track response for a slow roll-by of “the work
train at Site‘l The work train consist was one empty rand one 16adéd~ 100~ ton
‘hopper car w1th a 4-axle locomotive. ~The f1rst thrée channel outputs show
vert1ca1 rail seat loads and. the last four channels show bending stresses at
:the rail head and rajilibase. e ‘
)  The vertical.tie- plate load. traces show..the. load-dependent behav1or
of track stiffness. For the high wheel loads, each axle produces a d1screte
load pulse and the maximum load from each axle is virtuallygunaffected by the
_load from adjacent axles., This absence ofécoupling from adjacent axles is
‘only found on track Where ‘the modulus is qu1te hlgh However, the tie plate
loads do show con51derable coupling w1th the llght wheel loads, wh1ch is

‘indicative of an initially softer track foundatlon.

The recordlngs of . bendlng Stress .in the rail: base are quite typical,

However, the bendlng stresses 1n the rall head shown 1n Flgure 5 15 do dlS-

A

play an 1nterest1ng stress reversal phenomenon. ThlS reversal effect can

best be modeled and explalned by conSLderlng the head of the rall as a

S TS

separate beam actlng on an elastic foundatlon con31st1ng of the ra11 web

¢ DA

This local response 1slsuper1mposed w1th the overall bendlng-of the rall

which produces tension in the rail base and compress1on i Athe rall 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.
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'TABLE 5-4, SUMMARY OF TRACK MODULUS VALUES

Predicted Track Modulus ™~ ksi
Foundation o
Measured Track Modulus ~ ksi Parameters Adiusted
: . Average Tie from Pla J (5)
X . 3) . E&) Values of
Site DlsPl%is- (2) Plate Loads Bearing E. and E
Description ment. Strain Light Heavy Tests 1 2
I. Tangent Site i
24-inch Tie
Spacing : .
Main Array : 39.1 45.9 18.9 47.6 15.2 - 25.5 44,7
Outside Main ’ o
Array 1 41 ) 15,2 - 25,5
| .
II. Tangent Site
20-inch Tie:
Spacing i .
Main Array | 18.3 87 62.6 58.2 10.5 - 30.4 55.4
Outside Maih| -
Array - 82 10,5 - 30.4

(L
(2)
(3)
4)

(5)

Calculated track modulus using rail displacement for light and heavy wheel loads.

Calculated trrack modulus using rail bending strains for light and heavy wheel loads.

Based on avelrage maximum tie plate loads on 4 -ties,. light load ~ 8 kips, heavy load ~ 34 kips,
Range for initial to final values for model parameters based on predicted maximum tie plate
load., (See Table 4.1)

E, = ballastl modulus and E2 = subgrade modulus, adjusted so that maximum predicted rail seat

1
load equals average maximum experimental rail-seat load at Site 1.
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Results from the MULTA program are shown in Figure 5-16, where
the vertical t1e-p1ate 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‘whefe the influehce'ffom adjaeeht

wheels on this stiff track is negligible.

5.2 SUMMARY OF RESULTS AND CONCLUSIONS

The comparison of predicted and measured track respohee parameters
in the previous section shows that the MULTA track analysis program is cep-
able of making good predictions of tie loads end tie/ballast pressures. The
inclusion of tie bendlng has been shown to be qu1te 1mportant in predicting
" ballast pressures.. The - program can also. be used to predlct rail bending
stresses and tie bending moments

No experimentalrdeta on stresses in the ballast and subgrade below
the tie were measured forAcompafison. However, the good agreement with the
predicted ballast pressures immediately under the tie gave confidence that
pressufes 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 modeiing 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 couﬁling in displacements. ‘This
effect is also observed in track response measurements but it is not included
in convent10na1 beam-on-elastlc foundation models. However, the real dif=-
f1cu1ty is in establlshing 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 measﬁrements of subgrede properties did not give sufficiently accu-
rate predictions of the track modulus for predicting track loads with heavy
wheel loads even though'preseureéjinuegcese Qf"meximum pressures under traffic
. were used for the plate bearing tests;4 Tﬁis difficulty cannot be ekplained

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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on a concurrent DOT/TSC project will help to resolve this question. In the
meantimé, 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 fqr 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 relative

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 synthétic‘éross
tie/fastener assemblies is the prediction of detailed stress and dgflection‘
distribution for the fail, fastener, tie, bailast, and subgrade. These pre-
dictions can then be used to evaluate track structure deterioration. To this
end, many different mathematical models have been reviewed. 1In 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 ére 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 incbnsistancy
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-1] 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
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vertical pressure is a constant: -over, the tle length which is considered
to be a rigid element. The normal flex1b111ty of a tie causes variatioms
in the tie/ballast pressure along the tie bottom. The vertical pressure as
given by Talbot is
KP_exp (-K2x") . 3
P =— - o 5 (A-1)

A/ m N :

where L . S

Po is the applied vertical pressure and

S

K is an experlmentally determined parameter that depends on h.
Inputs to this model 1nc1ude the vertical (static) load and effectlve tie
drmen51onsmto~calcu1ate~the—applled~vertlcalwpressure: ;The"parameter K must
be determined experimentally. Manual superposition can be used to accpunt
for the effects of multiple ties, Y ”éj

Several other empirical pressure equations are available and a’
comparison of‘pressure predictions from some of these empirical equationsl
and measured data are shown in [A-2]. The presSure values determined by thei
emplrlcal equations are frequently higher than measured pressures.a Thus, J
predlctlons from the empirical equations give a conservative estimate of the

ks

pressures in the track substructure.

- o en N

Pyrami&.of Stress Model

+

i

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 unlform at every depth, while materlal outside the pyramid is
not stressed at all There are no horizontal stress components. The area at
the top of this truncated pyramld is determined by the tie bearing area, while
the area at the bottom is determined by the anglevof 1nterna1 friction and
the depth of the ballast and subgrade, Figure A-1~ Thrs model does calculate
pressures, and it also .gives an effective stlffness of the ballast and subgrade
under the tie. This stlffness can be comblned in series with the pad and tie
stiffnesses to give a total rallﬂsupport stiffness at each tie. Since the
ballast and subgrade arevt%ogdffterent materials, a more sophisticated model

can be derived by assuming a ballast pyramid on top of a subgrade pyramid [A-2],
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FIGURE A-1.

PYRAMID MODEL




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 compressivgvdeflection, dé, of a rod of

length dh is
_ _F _
ds = “F A(h (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.

_EC (L-w)

o]

(A-3)

where
E is Young's modulus -

c

2 tan¢

o = angle of internal frictionm.
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 vertigal 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:

o, =32 cos’¥tzy (A-4)
z 2
mz
’ 2
= Q 3 cosSUsinZl - (1 - op) Sos ¥ BYZ
o _EFEE——_ [3 cos Ysin" { (1 21) T+cos§ ] + 1-u (A-5)

192




FIGURE A-2, STRESSES AND DISPLACEMENTS AT
POINT N DUE TO LOAD Q
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o . ’ 2 :
o, = —Jﬁli— (1 - 2u) [}os ¥ - £os ]A” perldl ”fi“kthl (A-6)

1+cos$ +-1ru

(A-7)

Zﬁr

g = _QQE_ [cos4¢sfn¢.]
4 omz '
The deformations at N are:
¢ =3 ”“?“1+“ [2 (1 - b) + cos ¢] sin’ ¢ "x:b'?uh“ :;imkAféif

VAN SR

::I': R

g .= _9__“_Tiﬁ_ [-- (1 - 2u) + cos Y + cos ~¥] sinn w tan ﬂ (A 9) "

2r 2
where g = Poisson's ratio ) '
E = Young's modulus
vy = weight density. 7

These equations are appllcable for the case When Q lS a concentrated
load, but a- dlscontlnulty occurs 1n the stresses and dlsplacements at ‘
the surface d1rect1y under the load These equatlons ‘must be 1ntegrated
over an area to represent the case of a un1form1y dlstrlbuted load onf
the elastic half space. .These integrated express1onsfcan be-found in

reference [A7411 ‘_: " e

Westergaard's Equation

1

A concentrated vert1ca1 force Q acts normal to the surface of )
semi-infinite, laterally restrained solid. Deformatlons in the hor1zonta1
direction are prevented without interfering with deformations in the verti-
cal direction. Cylindrical coordinates are used in the probfenﬁfdrmulationf
Since the Westergaard formulation is a subset of the Boussinesq equations, .
stress calculations are also discontinuous under the load.. b 4 ‘

Using the notation of Figure A2, Westergaard's solutlon glves

the following expression for the vertical stress [A- 3]
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- .3/2

" CoH(x/2) '
where
" ¢ = [ L2 4172
SEERTeEN!
b = Poisson's ratio
v = specific density. -

The computer program [A-14] using Westergaard's formulation calculates
surface stresses in-the xland‘y directions inﬂaddition to the vertical’
stress G, Dieplacements are currently not calculated in the computer
program but expressions for the dlsplacements could.be™ included in the

program 1f desired.

Cerruti's Equations

If a force Q, 1s actlng tangentlal to a p01nt on the surface
of a sem1 1nf1n1te homogeneous, 1sotrop1c mater1a1 1n the X dlrectlon,_

Figure A 3 the deformatlons in the SOlld at point N are [A 5]:

S s 2T 9 ie [ = _
T [(1’(““) ¥ ] 7 (V) T Em(aR [Z+r 2‘] - (A-1D)

r(Z+r)
v=xr 0 _Q S 5 A , T
' lm r3 | 477'(}\-'*1-1') r (z+r)2 . ‘ C ' (A-12)
welQme O T
oy s AT M) xS - (A-13)
where - . = Ef%I;G)““
(1+v)- (1 2v) o e e e

E = Young s modulus

<
I

Poisson's ratio

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 stresé 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“rpié and linearly elastic material and (c)

no lateral loads can be applied.
JNR Model .

The Japanese NationalﬂRailways [A-i7] have used the following

equation to obtain subgrade pressure, Py, in psi.

50 Py (A-14)
P = —— -
S 10 + h1,.35 »
where h is the depth of the ballast in centimeters and Pb is the pressure

under the tie in psi.
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Love Equation

" An application of Boussinesqls”theory [A-18]'provides the
follow1ng expression for subgrade pressure due to.a unlformly loaded
c1rc1e w1th an area equal to the effective tie bearlng ‘area under
one rail seat. _ .

P =P {1- [——1—-—2 ]3/2} L (A-15)
1+(x/h) ) : ,

P,

where r is the -radius -of the uniformly loaded circle.“1_
The results of the JNR and Love equatlons are compared with

measured data in reference [(a-21. . ' »

Salem and Hay

Two equations developed by Salem andfﬁayx[A;l]linélude
correction factors C and K to relate test results to theoretical predictions.
A theoretical equation based on ideallcondltions was. first develpped and
then multiplied by a correction factor based on experlmental data Wthh include
the effect of tie bending on the t1e/ballast pressure dlstrlbutlon.
It was concluded in the Salem and Hay study that: -
a) The depth of ballast needed to get a fa1r1y unlform pressure.”
on the subgrade equals the tie spacing minus.three inches. . The vertical
pressure at this depth should be less than the allowable bearlng capacrty
of the subgrade to prevent subgrade deformatlon. o ,
b) ‘The magnltude of the vertlcal pressure below the center11ne
of a tie is always smaller than that glven by Talbot for the ‘same un1t

pressure applled

Weissmann's Model

Weissmann [A-8] presents a model of a slab supported by a soil
foundation -that inclides an equlvalent mass, a v1scous dashpot and a 11near
spring. The mass ‘acéounts’ for some” of the 3011 v1brat1ng in phase w1th

the slab, The equ1va1ent parameters from [A-8] are llsted below. »

L
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0.2a% ¢ L
M. =M 1+ — £ soil . :
E A (1-M)tpslabGseis (A-16)
RES V23 |
Ap . ‘ - } . o L
c=fiSofl . oo S ' (A17)
E s GL- }.1.)G1/2 2 . Co e L . : T
o seis © . P .
2, 26GA1/2
R = ——L L \ u ' . (A-
E (1-p) LT e o (A-18)
where Af = base area of foundation (tie)

G = shear modulus of &lasticity. £ér soil
Gseis = seismic shear modulus of elasticity for soil
MA = total mass of component (tie and rail)

-~

t = slab thickness (tie)

fslab:% slab density““‘

p = soil density,:

soil
" .y = Poisson's ratio for soil -

Some“recommendedisoll ptooetties, also“from [A-SL,a:e listed below. .

-, G(psf), ' Se].s(pSf) RS TR
Rocks ~ - . i>15 %100 0 >300x 100 0,33
Granel,-sand W - 6.to 15.x lO? Lo 12 t0'301x‘105; . 0.35 - n

! U51ng the results of equatlons (A 16), (A 17), and (A 18), a 51ngle
degree- of freedom dynamlc model can be establlshed from which a conpllance
and phase. angle can be obtalned as a functlon of the for01ng frequency.,_lhe,

vertical deflection can be estimated ‘using equation (A-18).

Finite Element Models

¥

_ Flnlte element models are another approach for representlng track
structufes. In general, these models not only analyze the ballast and
subgrade, but also lnclude the t1e, pad fastener, and ra11 _Another

distinct advantage in using finite elements is the ablllty to vary the

v,
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properties of each element, so that the ahalysis 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 tﬁe ﬁgctors éntering
into the track modulus and to develop a systematic'numerical procedure
for determining track résponse under load. A computer solution by methods
of matrix structural analysis is given for a track stricture under static
vertical loads [A-11]. A two-dimensional finite element method as shoim
in Figure A-4 gives deflections, stfains,-stresses, moments, and track"
modulus, The soil is assumed to be small square plate'elemeﬁts; the ties
are represented by a spring or springs; the rail is a cbntinhous_beam »
resting on the tie springs. Separate springs for faétenér pads éan be'
included in the tie effective stiffness. .l ‘ -

This model can accept randomly assigned soil properties. The
solution is modified to take into account the inabilityAqf the soil to
take high tensile loading and high shear étreéses., A new stiffriess matrix
is formulated when shear or tensile failure occurs. This provides an '
iterative solition for nonlinear” soil béhéVIEfwdh&éf'Higﬂwi5édé. '

The boundary conditions are chosen such that the surface bohndary
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 prdcédure to simﬁiate the free uplift of
unrestrained rail.

No provision for incorporating lateral on longitudinal loads

is provided in the simulation.
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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 modellng 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-raileinterseotions. 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 paﬁ 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 Elefent Model - Robmett (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 woula be cost proﬁibitive.[A-IOJ; A longitudinal analyéis is
followed by a transverse analysls in theltwo stagebanalysis scheme. This
is an exten51on of the Lundgren model [A 11] ‘

The 1ong1tud1nal analysis considers point. loads (correspondlng to
wheel 1oads), actlng on a slngle rail’ Supported by the tle-ballast -subgrade
system. Figure A-5. shows a typlcal 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 subbdllast and the subgrade. The width of

the elements is 1ncreased w1th depth u31ng 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 1ongitudina1 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
matefial 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 ceﬁter 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 Un1vers1ty model [A-9] is a 3- dlmen51onal step- by- step
non- llnear elastic finite element track model The rail is represented by R
simple beam elements with vertlcal dlsplacement and rotatlon in the beam
d1rectlon.‘ T1es can be e1ther 51mp1e beam elements or 3 d1mens1ona1 brlck
elements selected to match realistic local varlatlons in tle bendlng .
rlgldlty The ballast, sub ballast and subgrade are brlck elements whlch
utilize a b1cub1c spllne functlon to represent non- 11near stress dependent‘
variations in Young s modulus. The program can be modified to allow .
separatlon of the tie from the ballast in order to 51mulate the development‘
of rutting under repetltlve loads.‘ - 4 ,

The Queen s model is the most comprehen31ve track model under
development.‘ The pr1nc1pal dlsadvantage is the hlgh cost for modellng and
computer time and the dlfflculty 1n gettlng reallstlc data for the ballast

and subgrade. propertles.. This model is still under development and will _,-

requ1re exten51ve valldatlon before the high cost can be JuStlfled for

. ltS USE.

Finite Element - BCL
A 31ng1e ra11 is d1v1ded into n grld pornts w1th a variable dlstance

between each grld point, Assoc1ated w1th each grld point is a vertlcal '

sprlng (tle) a tor31onal sprlng (fastener), a beam flexual stiffness (EI),

and a vertlcal statlc load. Any of the above quantltles can vary from grld

point ‘to grld p01nt. An lnvestlgatlon of 1neffect1ve ties or fasteners,

rail’ Jo1nts, and multlple wheel loads can be handled in the vertlcal plane

"

only.

o . . s VoA - co K ;o
N P [ ¥

The solution-is obtalned by wrltlng equ111br1um equations at each
grid point- 1n the form of a matrlx equatlon. The unknown deflectlons slopes,
moments and shears of the rall at each grid p01nt are calculated Outputs.

also 1nc1ude tie vert1ca1 and tors1ona1 restralnt loads.

i
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hateral 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 experlments. This 2- dlmen51ona1 model (lateral and
longitudinal translations and rotation about the vertical axes) is repre-
~sented by 1-d1mens10na1 finite elements. A‘beam is used to represent a
single rail supported by springs at the tie 1ocations. These springs,
which may be nonlinear, simulate the total 1aterai stiffness of ‘the tie,
fastener, and ballast., A rotational stiffness about the vertical axis at
the tie is provided by the fastener. t

This ana1y51s is capable of handllng rall 1rregu1ar1t1es such as
rail joints, nonlinear foundation support, mlsSLng ties and off- -loading.

A rail joint is simulated by inputting joint bar properties at the des1red
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
applled at all node points. The other ferces or displacement are the unknowns.

Outputs of the f1n1te element program include lateral and longitu-
dinal rail-tie-reactions, and rotational rall-fastenet reactions about the
vertical axis. In addition, member axial and shear‘fofces, bending moment,
and deflection of the rail are given. | ' ‘ o

The model has been partially verified with test data of lateral\
raii.deflections obtained in the mid 30's. The effect of rail JOlntS, missing
ties, and nonlinear ballast characteristics have not been determlned experi-
mentally, so the accuracy has not been ver1f1ed for these effects.

_ Parameter studies using the model for. track wh1ch has vert1ca1
loads have shown small changes in rail lateral deflection’ and bendlng moment
due to fastener .and rail stiffnéss. But a 51gn1f1cant reduction in deflectlon

and bending moment is obtained for increased 1atera1 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 staggeréd 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 Repfesentatién - AAR

‘This model [A-14] is a 3-dimensional track modél representing the _
rails, fasteners, ties and-ballast-subgrade'By 1-dimehsiona1 structural members
and springs, see Figure A-7. Rails and ties are represeﬁtéd'by'beams and the
ballast-subgrade is represented by springs. Each fastenér"group caﬁ be separated
into fastener components with each component being representéd by a Sffuctnral
element or spring. Multiple loads, off-loading, staggered joints, ine%%éctive
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, énd’the loading environment for the ties,

fasteners, and ballast-subgrade;
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' ‘FIGURE A-7. THREE DIMENSIONAL FINITE ELEMENT TRACK
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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 1b) but poor correlation for a light load (5 000 1b).
Latéral deflections are’ also verified by test data developed in the 1930's.
Many other poss1ble cases have not been validated because of a lack of

'

experimental ‘data. -

A ‘general purpose 3 dimenSLOnal structural analySis program (SAP V)
[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 w1th NONSAP

Rail-Fastener Model - AAR

The three- dimen51ona1 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. ThlS then becomes the Rail Fastener Model
whereupon this 3- dimens1ona1 finite element model [A 14] predicts rail ‘
fastener loads and rotations about three axes given the vertical and lateral
- wheel Toads, 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 qurte difficult.

Three-Dimensional Elasticity Analysis - Herrmann

Herrmann has developed a 3-dimensional finite element computer
program which analyzes a periodically'loadediprismatic 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 p01nt loads suffic1ent1y 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 also described
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by perlodlc functlons. The per10d1c1ty of all functlons 1s handled by
determlnlng the f1rst N coeff1c1ents of—the Fourler series. \
Two- d1men51onal f1n1te elements quadr11atera1 and/or. triangular.
shaped are used to descrlbe the cross sectlon of the prlsm. Although
the materlals are con81dered perfectly elastlc, each f1n1te element may
have d1fferent materlal propertles. ' »
. " The 1nputs to the computer program 1nc1ude the f1n1te element
representation of the cross section of the ballast Fourier coeff1c1ents
of body forces, boundary conditions, a temperature term, and the materlal
properties (Young's modulus and Poisson's ratio) for every element in a
‘cross-section. The outputs, whlch can be glven at any cross section, are
" three orthogonal 11near dlsplacements at each node point,’ the six components
of straln and three normal components of stress at each element' s c.g.
Several 11m1tat10ns are 1mmed1ately obv1ous.‘ Since the analysis
is linear, ballast fallure cannot be modeled Because all loads are
perlodlcally spaced the 1nd1v1dual load on each t1e due to multlple wheel
loads must be determlned in terms of Fourler coeff1c1ents as an input to the
program. Thlrdly, since all loads are per10d1c, a 1ong1tud1nal loadlng will
result 'in zero dlsplacements at half perlod poxnts Whlch means the elastic
beody is not really 1nf1n1tely long. Rail joints and missing ties can be
investigated by determining the periodlcrloading on the tles due to the
track irregularity. This complex loading would be represented by a Fourier

series of many terms.

, Continuous Solutions..

The thlrd approach to, mode11ng a track structure is by using the
solutlon of a d1fferent1a1 equatlon descrlblng a loaded continuous system.
‘The method 1s appllcable to both the rall and to the f1n1te length beam (tie)

[

as 1nd1v1dual unlts. _ ‘ ) L e e
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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

4
gr 2 Y 4 Uy = P8 (x) (A-19)
dx4

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/Kr)e-BX (cosPx + sinBx) | (A-20)
"M(x) = (P/4B) e-BX (cosBx + sinBx) (A-21)
where B.= (U/4EI)1/4, Kr = 2U0/B, and where Kr 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

LS b ke =g+ [6(e) + ()] (-22)

dx

where

=
n

Young's Modulus of the tie, psi

Bending moment of inertia of tie, in.

6 (arg) = Dirac delta function

=1 if arg = 0
=0 if arg =
q, = rail seat load, 1b
4 = tie length, in. _
\ ¢ = distance from tie end to rail load, in.
i K = foundation modulus of ballast, 1lb/in./in.

G From this solution, the moments and shears which exist at the
free ends of the tie are calculated. Then the infinite beam problem' is
.1isolved with the1negative.of the moments and shears found abové as boundary
conditions and applied at the free ends of the tie. By superimposing the’
1 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. LT A R C L
. Detailed expressions for w(x) and M(x), tie moment, are 'given in'''"
[A-2] as.a superposition .of the three solutions 'discussed aboveé. "~As in' the'
.+ case ofiithe ;rail on an elastic foundation, this solution Wiwl-aibéw-préfd-i ?
deflections; but: because of the length of the tﬂe;'sﬁchidéflééﬁibn@~afé not . n
.nlikely.. In,;this problem, the foundation modulusfdoes‘reﬁ&ésehﬁ‘aJEOHtinuaué e

T R N S TR S FRDRRE
¢ Pt ot

roadbed :and is given by
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K = TE O (a-23)

271 - u?) 4n (4/b)

where

p= Poisson's ratio

b = tie width, in,

Then the ballast pressure under the tie is given by

_ % 29,2 1-1/2 |

o, = wix) [ 1 (b )y ] (A-24)
where

y = lateral distance along width of tie from load applica-
tion, in.

Lumped Parameter Method

The foarth~type of analysis used to obtain track response is the

lumped parameter method ThlS technlque 1nvolves representlng each element

of the track” as, ay_;gld body ‘connected by sprlngs and dashpots. ThlS results
in a system of,ordinary differential equations whlch can be solved in the
time or frequéncy domain.

Lumped Parameter Dynamic Track Response - BCL

A simple model which considers the response of the wheel and the

track structure 1s shown 1n Flgure A-9

. 'A .

Mw

Mr

1
Ky mm”jm
o

FIGURE A-9. WHEEL-TRACK STRUCTURE LUMPED
PARAMETER ;MODE
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The equations of motion for the system shown in Figure [A-9] are:

M Xy + K (X3 - X)) = 07 B (A-25)
Mr X1 + Cr X1 + Kr X1 + KW (X2 - X3) = 0. | (A-26)
- Xy, = X + N(E), . | (A-27)
where

Mw = effective wheel mass

Mr = éffectivéktrack mass

Kw = wheel stiffness

Kr = track structure stiffness

Cr = track structure damping

N(t) = time function of track irregularities.

The track structure stiffness is found from the beam on an elastic
foundation solution

- 20 ' . -
Kr f 5 , (A-28)

where

the foundation modulus, IB/in./in.
= [u/4E1]H/%

Young's modulus of the rail

H @ @ o
|

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 MW 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 gepmetry.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, - l
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. 1In this case, Equation (A-26) is modified to |
M_ % +C_ X +K_ X

1

) K, (& - x3j - “(*?.[9ri1 + krYl] = 0. (A-29)

The equations for the second wheel-track structure are:

MrYl + crY1 + KrYl + KW (Y2-Y3) = a(x) {cixl +‘KrX1] = 0. (A-30)
M:WY3 + KW (¥3-Y2).= Q'_ , o L (A-31)‘
Y2 = Yl + N (t+ g/v)_k _ o . (A-32)

Where

x = the wheel separation distance

vehicle velocity

-8

v

a(x) = e (cosPx + simBx) , x%o0 .

The term «(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'evaluatée ‘the dyhﬁmiciintefe
action of a typical truck with variousitrack structires -[A-2]. It 'includes
- the vertical degree of freedom of one half of*tHe'car*bod&;“a’ﬁblster, a
truck frame, two wheels on the same axle, 2 rail masses, and 2 ties.” A '
roll degree of freedbm ofvtheftruck»frame-is‘alsd’épécifiéd'fdr é~tofal“bf‘
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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stiffness can be used to represent several types of nonlinear stiff-
nesses and damping. Zero wheel/rail forces at wheel 1ift 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 determlne track component
loads for variations in tie and rail mass,‘and pad rail and ballast
stiffness. Since the track portlon,of_thls model,ls 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.

“

Dznalrst :

Dynalist II [A-13] is a general computer code which will generate
dynamic characterlstlcs (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_2§‘D.0.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'nas the option of inputting sinusoidal or rannom
';excitation at selected points‘on the system. Output in the form of accelera-
tion, veloc1ty, or dlsplacement response at selected locatlons on the vehicle
“is glven versus frequency.~_Mean square values are computed by integrating
the response P.S.D. o B
o - The program permlts the user to generate his own equatlons of
motlon by 1nputt1ng mass, damplng and stiffness matrices. Track structure
could be 1nputted in thlshway.? Additionally, the program will automatically
generate coeff1c1ent matrlces for a truck (6 D.0O.F.) or a complete car

(14 D.0.F. ) in the 1atera1 plane.
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APPENDIX B

TRACK ANALYSTS BENCHMARK PROBLEMS

Introduction

This appendix includes a review of the assumptions and limitations
of the Burmister multi-layer elastic moéél‘and-the Hefmaﬂn prismatic solid
analysis (PSA) finite element model for'repfesenting track roadbeds. Several
benchmark problems have been selected and soIved to evaluate these differences
and to demonstrate the applicatibh 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 subsequeh& solution procedure.
Thus, the resulting stress and displacement compqnéntéAare in é cylindrical
coordinate system as shown in Figure B-1. )

The axial symmetry associated with the Burmister simulation produces
displacement and stress information at a poiﬁt q whose coordinates are r and y
relative to the load L.  The value of sttress at a given point q(r,y) is
independent of angle ©, TFor track analysis it is necessary to determine the
(r,y) coordinates of each point whose stress/displaqement‘influence coefficients
are needed‘as-inpuf>ﬁo thg iéads combination program. Appropriate transforma-
tions for the displacement vector and stress tensor are used to transform
from c&lindriqal,cpordinates 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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Hermann PSA Analysis

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-direction) 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 aswthere'are finite elements in
the model. However, ore usually picks thy those élements that illustrate
the most interesting stregééstfer'a given track system geometry and loading

condition.

Comparison of Burmister and PSA
Roadbed Models for Single Tie Loading

The roadbed loadihg from a single tie was selected in order to compare
the Burmister and PSA modelst”wﬁighre B-3 shews themPSA_model whichiincldded;g"
a ballast depth‘of 12 ihches and a subgrade depth of 18 inches. It wasi
recognlzed that this subgrade depth is inadequate for simulating real track,
but thlS choice was used to reduce the size of the model for comparlsoniuhhﬂ!;
purposes e . .;tf‘f;;;ijf'x Lo T J'i,ﬁf“.“‘ B ;f - .WJSQM

The Burmlster 51mulet10n can include as many as seven different
layers of roadbed matetlals 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 E. = 37,500 psi, the seeond layer was 18 inches

1
thick with E, = 10,000 psi. The value of the subgrade (third) layer modulus

(E ) was varied to determine its effect on the total deflections. The
applled load. was.simulated by five''(for- the half tle) equal loading segments
representing a uniform load dlstrlbutlon 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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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 (E3)
is equal to or greater than 107 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 E3 will be
established shortly.

The purpose of this investigation was to compare results obtained
using the two mathematical models and not nécessarily to determine which
model best approximates the true physical situation. Indeed, the Burmistef
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 mate£131 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 wgs approximately 700 .
seconds for 5 load segments. Thus, we compare the 2-layer Burmister solution
time of 200 seconds or -the 3-layer solutionltime of 350 seconds for 5 segments
to the PSA solution time of 700 seconds. Aisq, preparing fhe inpdt data for
a multi-tie configuration using‘the Bprmistep’podé_usgally,géquires a few,
(no more than 3) houéé ﬁhile preparing and chgcgingwthg“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. 1In the Burmister model the total load
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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 s1mu1at1ng a square (or rectangular) loaded area on an

elastic half space have been documented. '

Galin [B-1]~Sugéested that in simulating a uniformly loadea 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
besticompromise. 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;a;ea
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 1b nearly

2 e

square segments. The area of each circule is m*r~ = C*L/10., This "r" is the

load radius referred to in the Burmister program. Fér a given total tie load
W, the segment load is w = W/10, and the segment pressure p = w/nﬁz.

For a given tie geometry, the resulting equivalent.circular load
segments may overlap, gap, or just touch. Several analyseé were perﬁormed
to evaluate the effect of these variations in loading geometry

The Burmister.solution is a classical" e1ast1c1ty solution that employs
Bessel functions and exponential functions with pos1t1ve and negative
arguments for the stress function. The stress behav1or in an e1ast1c half
space beneath a 51ng1e applled load 1s shown in Figure B-5 for w = 1 000 1b °
and r = 5.1 inches such that p 12 24 psi.- ‘The effect. of- the 1oad circle
approxlmatlon for a rectangular load is V1s1b1e in the pressure reductlon
at the edges of the load c1rc1e.¥w_1%“meMmwa o ,,~1;t,~” .

For the case of a tie: that is 102 in. long and~-8 inches Wlde loaded
w1th 10 000 1b., the effect of all the load segments must be superimposed. If
the 102 in. tie is divided into 10»segments for dlstrlbutlng the load on the
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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 resulping
vertical normal stresses ny at y = 2 in, and y = 6 in. below the surface are
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_resu1ts are not shown because those stress values exceeded
the scale. As can be seen from Figure B-7, the stresses reach a makimum
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
segmenté. 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 ny 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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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 displaceménts 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-
placementdinfluence 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 prséfam; ,Thesa 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 vert1cal stress intensity were calculated at several
stations along the length of a 31ng1e tie and at various depths through
the foundation u31ng 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 Burmlster code is similar except for lnflnlte
horizontal dlmen31ons and a thlrd layer -of E3 107 psi to simulate the PSA

rigid boundary. The justification for 'using this value of E3 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 dre 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

JJ:eﬁfeveiqetipﬁ of Beilast‘cfese-secfioeai geometfyieffects was
made ﬁsing ehe PSA model forvcdmbafisdn’with\the multi-layer anelysis.
The model used was the configuration shown in Figure B-3. Two ballast
shoulder widths and 2 subgrade depths were evaluated. The ballast shoulHer
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-117 Reduc1ng the shoulder width
by a factor of & (from 24 inches to 6 inches) only sllghtly affected those
stress values near the end of the tie. Increasing the.seilgdep;h‘by 67 .
percent (from 18 inches to 30 inches) did not affect the stfess ﬁredidtions,
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-11 shows the effect of balxgsgégpbgrade_geqmetfy on the
displacement predictidns. As expected,, K ballast..shoulder-width vériationé
have little effect on the displacement while extendlng the depth of the
soil has a 51gn1f1cant effect on the dlsplacements. VThe-Burmlster solut}on
for r = 5.41 inches (slightly overlapping load circles) énd a rigid third

1eyefgié superposed on Figures B-10 and B-11 for comparison.
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Effect of Tie Bending

The effect of tie bending on ballast-tie reactions, displacements
and foundatlon stresses was evaluated u51ng a single tie case. Results of
'the 1oad combination program using influence functions from the PSA analysis
and from the Burmister analys;s were compared. The basic input from the
foundation analysis to the loédﬂcombination program are the displacement'
and stress influence functipne. The displacement influence function is
made up of a series of disﬁlacement shapes of‘the foundation surface node
points from a unit load apried.at each foundation eurface load segment.
The stress incluence function is made up of a series of stress vectors,
each one being the stress response at selected peints in the foundation
due to a unit load applied at each foundation surface load segment, ‘

The loads/comblnatlon program is a matrix equatlon solver that ;

couples the reactlons for the rails and ties Wlth the influence functions T
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 singie wood tie from'{
‘the Burmister and PSA codes'as‘input to the loads program. 1In general, ‘
there is good agreement.between the two methods for roadbed stresses, and
the lncluSLOn of tie bending is quite noticeable in’ the pressure dlstrlbutlon
under the t1e.- o » ) ‘

"The effeet ef tie and rail bending on ballast reactions, foundation
stresses, and rail/tie displacements was evaluated using a track section
with 3 Eies;' Wood ties and steel rails with. the properties iis;ed below

weére used.

Size ’ 7"x9"x102" 132 1b/yd
Young's Modulus (E), p31 1.83 x 106 28.9 x 106

Area (A), infZ 2i - % % iggs - o TR g g8

AreaIMoment (1, in34”¢“$'v275.25? T T 89
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The 10,000 1b -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 defléction 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 1b-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 afrigid
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 étresses toward the center
of the concrete tie is consistent with claésiéal analyses and earlier

studies.
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APPENDIX C

CALIBRATION OF INSTRUMENTED TIE PLATES . .

Introduction

.7
:“x’

The obJectives of the tests reported herein were to calibrate the fl
1nstrumented tie plates and measure the stlffness characteristics of both the
standard and 1nstrumented tie plate and rail fastener assembly ‘used for the FEC

concrete tles.

Technical Discussion

QLaboratory tasts were performed'to:establishﬂthe characteristic stiff-
ness properties of a standard rail fastener assembly consisting of a True
Temper*Cliploc fastener andva-l/S-inch-thick-polyethylene rail pad.

Tests wete also performed or the instrumented tie plate assembly shown in

Figure C-1 to determine'the.change in stiffness of this assembly relative to

the standard fastener. TFigure 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 132-1b rail, Dial gauges were installed on diagonally oppo-
site corners °f.th? rail seat to average out any uneven compliance in the rail
pad. Figure‘C-B shows the vertical load'deflection curves for the standard -and
instrumented assemblies. The. standard rail fastener showed a vertical stiffness
of 7.27 x lO lb/in. compared to the 1nstrumented tie plate and fastener stiffness
of 2 x 106 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 p51 for 20 inch tiepspac1ng.5 This is much higher than
normal track modulus measurements, s0 the effect of fastener stiffness should be
minor. The 1ncreased compliance of the 1nstrumented assembly may be attributed

ci1s

to the reduced loading area ot the rail pad “ithé’ deflection of the load cells
local deformation of the rail base.-

Lateral stiffness datd for:several different vertical loads are shown
in Figure C-4. The lateral performance- of both fastener configurations were
compromised by the inherent characteristic ofwthe rail to slip 1atera11y under

the rail clips. The 1: 4 510pe "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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also occurs in the field) the rail would have to be loaded laterally to values
greater than the maximum 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 raii 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—theﬂtotal —load-measured—at

the rail base by the load cells»represents ‘a- factor to.be -applied to the measured

- output of the "tie plates dur1ng the test program. Th1s ratio was measured as
1.18 compared to 1.14 based on an analyt1ca1 estlmate of the fastener stlffness.

Calibration of the indlvidual load ce11s was performed using a

standard hydraullc test machlne and a reference load ce11 The sensitivities
were measured through the’ data’ acqu131t10n-system ampllflers 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-1 summarizes these load cell calibrations

urbased on the1r sens1t1v1t1es at 20 klps.v Flgure C 7 1s a typlcal sens1t1v1ty

¢ curve for the response characterlstlcs of these transducers. :\&

! «  Post test ca11brat10ns of the surv1v1ng load cells revealed & shift

{ in sen31t1vit1es for several load cells that. was large enough to effect the (

i results of the test program. Anzevaluation of the changes ‘suggests that wear

; occurring at the load ce11 1nterfaces is causing these sh1fts in sens1t1v1ty.;

*‘data.
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TABLE C-1, LOAD CELL CALIBRATION SUMMARY

Cell

Orig. Cal.
(20 kips)

Post Cal
(20 kips)

Avg. A

Factor

1479
1480
1482

1485

1626
1627
1628
1629
1630
1631

1632

1625

2.37 mv/v

1.42
1.44
3,06
2,16
ﬁz,ig‘
222 - ‘
2,22

2416 :

212 - <

2.15

2.16

2.41

3.09 mv/v
1.60

Failed.

©3.31

2056

Failed

3.12 -

- Failed

2,30

3.24°

2,91

1.08

1.41

1.06
1.53

1.12

2.54 | 1.35

1.30 |

1.13

11.18"

0.91.
1.04
(0.95)
1.09

1.00

' (0.95)

0.84°

(0.95)

1,11

0.77

~1.05 .-

0.87 i

% Detérmined from mean valu

e ST el drken
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es of surviving
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APPENDIX D

CALIBRATION OF FRA/PCA LOAD CELI, 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 discontingZd.

A 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 beeswag. 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-1 summarizes the sensitivities of each ballast pressure load
cell for a 10 kip change in load. The mean sensitivity is 233.5 uv/v/ld kips
and the standard deviation is 2.8 uv/v/10 kips, or about + 1 percent. The
area of each load face is 118.25 in.2 yielding a mean. pressure sensitivity of
2.76 uv/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-1. SUMMARY OF BALLAST PRESSURE LOAD CELL
SENSITIVITIES (uv/v/10 kips)

Load Cell Tie CIL Tie CT2  Tie CT4
1 229 230 231
2 235 | 228 233
3 238 233 230
4 236 Co238 234
5 236 235 | 236
6 230 233 237
7 235" 7 236 234
8 233 230 235
o 233 230 . 23
10 23 a3 T am;

Mean value = 233.5. Standafd deviation ='2,8.

The ra11 ‘seat 1oad cells were 1oaded to 36 000 1b and’ Table D-2

summarizes their sen31t1v1t1es. The meéan sen31t1v1ty 1s *103 uv/v/lO klps and

the standard dev1at10n 1s 2.5 uv/v/lO klpS. This mean value “of sen51t1v1ty _"

will be used for ‘all of the rail seat 1oad measurements.é Flgure D-1 ‘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.

‘-.2.5,2"' I SRR S A S LR LRSI S

sy e



' TABLE D-2. SUMMARY OF RAIL SEAT LOAD CELL
- SENSITIVITIES (uv/v/10 kips)

Load Cell ° CT1 ' CT2 CT4
11 102 106 102
12 104 103 98.3

Mean value sen51t1v1ty =.103.. . Standard deviation.= 2.5~ 2.4 percent.?

Tie Weight = 875 1b

Rail Seat Load Cell 12 -
- 11 . i 5y S
Connector H__1 | 2. g 3 4 5 6 774 8 9 10
.End . _Ballast Pressure Load’ Cells

Load Sen31t1ve Area = 118 ;25 in

} %

I RN e I TP R

',FIGﬁRE Dll RELATIVE LOCATION OF LOAD SENSITIVE SECTIONS

Wiring Diagrams SR

The circuit diagrams shown in Figure D-3 for the soffit and rail seat

load cells illustrate rather elaborate bridge configurations. Because individual

callbratlons _of s1ng1e 1oad spools is not practlcal, it 1s 1mportant that these
spools and the gage installatlons ‘on. them _besas: conS1stent as possible to

minimize variations of sen31t1v1ty with load location.
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Rail Seat Load Cell Schematic (6 spools)

*2 Longitudinal and 2 Transverse Gages per Spool

FIGURE D-3. BALLAST PRESSURE AND RAIL SEAT LOAD CELL SCHEMATICS
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Comparison of the Bending Stiffness of the
FRA/PCA Toad 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 106<psi was used by
PCA in the stiffness calculations f@f,thé'RT-7 concrete tie. This assumes an
ultimate comprehensive strength of approximately 7500 psi for the concrete.

.In order to generate the sfiffness required to approximate that of
the RT-7 tie, additionél dhaﬁﬁel séctions 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'fuliy 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
ICT 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 tié-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. - ‘A

In order to perfofmycohparable load measurements using éhe RCCCVand
load cell ties, it is desiraﬁié ﬁhd;;stiffness properties in critical are;s
(such as the middle andArai;_seaf)jbé comparable. If fhe theoretical calcula-~
tions are accépté& as giving'éééﬁrate:étiffnéqs-Values, it would be necessary
to remove some of the material that wéétédded to the original load cell tie so
that bbth tie stiffnesses agree.  This.could be accgmplishgd,easily by removing
items 16 and reducing the size of items 5, see Figﬁre 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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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 aré 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 regults 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 froﬁ the last tests for each
tie. However, these tests yielded somewhat inconclusive results. Table D-3
shows inconsistency in the stiffness properties from sectioﬁAto 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 valﬁés in the center.
section based on an assumed modulus of 5 x 106 psi for concrete and (as mentioned
before) differ considerably in the rail seat sectioms. It tﬂe;eﬁore 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 désériptive 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 valﬁék
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 meégured value includes shear
effects., It is pointed out thaE’EE mggsﬁfé’éfiffﬁess 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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FIGURE D-6. LOAD-DISPLACEMENT VALUES FOR LOAD CELL AND RT-7

CONCRETE TIES (Tests Conducted by PCA)
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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 unéommon-to‘have ratios of calculated
stiffness to measured stiffness as high as 5.4 and as low as 2 for reinforced
concrete beams [D-1, D-2], but cracking should not have this effect on a beam
that is effectively prestressed. From Table D-3, the théorétiéalysfiffness
for the RCCC concrete tie at the center section.is slightly less than fwo

times the measured wvalue.

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 prédictions. 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 tie"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 thée load cell tie as having a solid cross section
with limiting dimensions fhe same as.the actual load cell cross section. This

gives a value for rail seat bending stiffness of

[ 2 :
gr =2 L1 +3.9-2 |- 929.91 x 10%1b-in?
5 . 48 2

which is low by more than a factor of 2. Tha£~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%1
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-Load{ng{ponfigﬁra;ioﬁi

Purpose of

-Configuration .

- Supported

Length, L

Predicted EI
from Measured.
Data )

Theoretical EIL
. (From Figure 2)

Generate

' Average..EI

for Entire
Span:

Load

86

RCCC: 86 in

,Cellzl
Ain

RCCC: 764.5 x 10°1b-in’ .|

Load Ce11:2
1061b-in®

764.5 x -

Not
" Calculated .

’ ‘Gene?ate EI
. for Center
- Section

" RCCC
Load .
in

36

: 36 in

Cell:

*477.02 % 10°1b-in2

837.86 % 10°1b-in2

917.98 x 10°1b-in?

892.6 x 10°1b-in’

FT

. Generate EI
for Rail Seat '
. Section’

‘RCCC
Load

24

+ 26 in

Cell:
in

%515.286 x 10°1b-in2

732.33 x 10%1b-1n?

#(929.91 x 1001b-in

1320:59'x 10°1b-in’
2035.8 x 1061b-in2

* Includes shear deformation.
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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 difficuit 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 t1e. Further suppose that we use
the shear effect as calculated above- for the rail seat section. ye then
have the calculated and neasured 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 resistingjbending; If pnone of the added-elements were
sufficiently secured to the basic elements, this would give a lower bound to
the stiffness of 903.6 x 10® 1b-in?

it may well be that the "beefed up" section in the vicinity of the rail seat

, without including any shear effects. Thus,

is not fully effective in resisting bending for the load cell tie.

Conclusions and Recommendations

The overall, or average?‘stiffness for the entire spanlﬁor both RCCC
and load cell ties have similar values. This is probably due to the fact that
most of the bendlng in the tles occurs between the rail seat sections. If’this
were not the case, the 31gn1f1cant dlfference in sect10na1 propertles of the
ties at the rail seat sectlons would be more obv1ous in the’ stlffness measure-

"ments for the entlre span. L SR
It is v1rtua11y 1mpos51b1e to. reach any positive conclusions about.
measured stiffness values at spec1f1c stations along the tie length Many
factors 1nf1uence the ‘measured stiffness predlctlons for the concrete tie.

This is particularly true at the ra11 seat and mldlength stations.! Since no
unlversally accepted method is. ava11ab1e for determlnlng th1s type of stiffness
measurement’ in concrete beams, we can make no p031t1ve conc1u51on about the

stiffness values at these statlons from our; load deflectlon tests”

The stiffness propertles of the load*cell t1e at spe01f1c stations

along its 1ength are also d1ff1cu1t to predlct 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 lengﬁh 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 locatiom 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-1 shows the layout of the rail seat strain gages. Figure E-2 shows
the layout for the tie center bending gages and the tie 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 1ength'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 1l-in. foll gages, eifher 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 relative}y 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 appllcatlons was the strain gage epoxy AE-10
primarily because of its superior wettlng characterlstlcs as well as its

morsture resistance after setup. Its.slow curing time in the 1aboratory

proved to be no problem in the field due‘to<the~h1gh-temperatures .encounter-
ed in Florlda in June. 1In fact, the pob:llfe was too short when ambient
temperatures ‘exceeded ‘80 F and ch1111ng -Was . requlred to prov1de suff1c1ent

pot life during gage lnstallatlon.v

Temoietes were constructed to facilitate rap;d:and repeatable layout
of each of thé tie circuits. Specielly constructed claméing fixtures were also
designed tobretain the newly bonded gages in position until the adhesive began
to cure.i-TheSe templates and fixtures were used to install the gage assemblies
on the callbratlon ties in the laboratory-to.- assure as, much repeatabillty as
pract1ca1 between the lab test ‘ties and:.the: f1e1d 1nsta11ed ties, ,lg,

After a gage was bonded to the tie by the heat-curing process, the

clamping fixture was removed and the gage resistance was checked. jThe gage was

then coated w1th M-Coat BT-2 nitrile rubber, allowed to dry, and covered with

..... o wrebe s 50

Terminal blocks were 1nsta11ed onﬁthe 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.

E S0 ~.<‘ t o _.'.* LR PR - . C s i TeiT E
b3 “ PR RO S N L0 shyee LREL Ly S WL,

Gage erlng. The procedure for w1r1ng 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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The gages located on the north‘side of the tie were always wired first,
The w1r1ng dlagram on Flgure E-3 shows the color code followed. The
terminal +E is the 1n1t1a1 terminal used for w1r1ng, with the wiring
be1ng completed in a counter -clockwise manner according to the dlagram
for gages l-4. _: g

A layer of duct tape was applled to the tie surface under the
1ead wires from the gages to the term1na1 blocks. RIV was -applied at the
connection of a11 lead. wires to the gages, and on all lead w1res attached
to the sides of the ties for protection agalnst damage. The 1ead wires
were then covered with two layers of duct tape for added protection against
moisture and damage. o

Upon completlon of - the gage wiring, connector cables were wired
to the term1na1 blocks. ~The calbes had five eres to be connected to the
five terminal screws on the bottom row of the. termlnal block. Beglnnlng
with ‘the far eastxtermlnal screw, the wires were 1nd1v1dua11y connected in
the following color coded order: red, white, black, green, sh1e1d A
Jumper was attached between the black lead and the shield to establish the
reference p01nt for the amp11f1er guard circuit. The cables were then.
attached to the sides.of the tie w1th-duct tape. In all cases, cables were
laid in the d1rect10n of the access road adJacent to the track for hook-up

to the 1nstrument van.

s

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 max imum possible separation o
distance centered‘about the gage circuit. The input load mas applied through
two p01nts whlch Were also well outside the gaged reglon. ThlS prov1des a.
constant bending moment -between the loading points and minimizes the effect
of 1oca1 stress gradlents from the loading points. Figure’ E 4 111ustrate9x
this layout along Wlth the dimensions used for the: ra11 seat ‘and the t1e ”l

b S s ,:
center tests. " : ".’ ‘;

4
: H

The second 1oad1ng technique followed the gu1de11nes in ‘the pre—
llmlnary AREAfconcrete ‘tie specification. This requlres the placement of the
input load dlrectly on supports spaced 6 in. apart us1ng Lo | rubber blocks.,

For the rail seat tests, the lower supports were placed at'a’ dlstance 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.. - R

During preliminary tests to evaluate gage 1nsta11at10n techniques,
effects of cracks in the concrete were 1dent1f1ed 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 ahd 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 1ocations were then
identified and cracked tie calibrations were‘perforﬁed. 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 1oad ‘

Figure E-7 111ustrates a typical load fa11ure 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.-1b as 1nd1cated by the sudden change

in circuit sensitivity. Repeated loading of the cracked tie shows that the
output of the bending brldge is- linear and nearly the same -as ‘that for the un--
cracked tie as long as the bendlng moment does not exceed about 60,000 in.-1b.
The concrete appears to have cons1derab1e tens11e strength

Tie tor51on was produced by clamplng one end‘of the tie in a fixed
configuration and attachlng a moment arm to the ra11 fastener bolts at the
opposite end of the tie. Bending stralns were: mlnlmrzedﬂby adJustlng a vertical
support at the free end of the tie while monitoring the bendlng strain circuit

at the tie center for zeroibend;gg‘mqmegt._AFrgure,E-S shows_the 50-in. moment

281

e . f s o camef TL o el Tl ey s
o O SRR ST E < B AL S SR IR - JonataL



- Sensitivity = pv/v

400

360 i

320 |

280 B

240 i

200 i

160 _ .
- 120 i

N |87 Ist loading. . -

.| 0 2nd*loading’

40

)2 8047 1 100,
Bending Moment : kip-ini ..

FIGURE E-7. TIE CENTER BENDING CIRCUIT REACTION AT CRACKED TIE

282






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
\\\\\\\\lnduced are,extremel§«low. Sensitiuity‘for this circuit proved to be
only\32\uv/v per 10,000 in.-lb torsion, which was estimated to be close
to the torslonal failure load. This is only one percent of a typical
sensitivity. for a normal transducer.

A.variety of special: measurements were made to compare‘mlnor
changes 1n loading appllcatlon«pOLnts to evalute stress concentrations
caused by surface 1rregu1ar1t1es, and to” callbrate half bridge performance
in anticipation of partlally falled c1rcu1ts 1nsta11ed in the f1e1d 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 bendlng circult. .Figure E-9 shows the
sen51t1v1t1es achleved by each of the two loading technlques used during
the callbratlon of the ra11 seats and tie center. This effect was not a
factor in the ca11bratlon of the tie center bending, as shomn 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 1odd technlque and the actual field environment, the sen31t1v1ty

generated by the AREA callbratlon 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 durlng the analysis of the FEC f1e1d data using
the ca11brat10n factor chosen here probably represent a lower bound to the
magnitudes of tie bending moment. A reductlon-ln stress concentration from
the rail seat loading and the presence of small cracks outstde theagaged region
would both tend“to'desensitiée the/rail>seat bénding'ddméné cifcuit. Therefore,
this would cause the measured data to underestimate the actual bending moment
at the rail seat. The measured fallure load for rall seat bendlng moment was
about 150, 000 in: 1b as 1nd1cated 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 crlterla, would be considerably higher. The output
sen31t1v1ty of the rall seat bendlng c1rcu1t remalned constant for bendlng moments

up to 75 ,000 in.- 1b on both cracked and uncracked t1es.~
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APPENDIX F =

' SUBGRADE STEVE ANALYSIS AND -
MOTSTURE DENSITY DATA .-

Table F41 1ists the sieve anelyeis data for the.tangent track test
sites having 24~inch tie spacing (Site 1) and 20-inch tie’ sPac1ng (Site 2).
There were considerably more. 11mestone ballast particles.in. the. subgrade sample
taken from Site 1. ' :

Figures F=- 1 and” F- 2 show the m01sture/dens1ty relatlonshlps (Proctor
curve) for the samples from the two test 51tes. The data reported 1n this
appendix were obtained by the Plttsburgh Testlng Laboratory office. 1n Wést
Palm Beach, Florida. : ' ‘

TABLE F-1, SIEVE ANALYSIS DATA

Percent Passing

Sieve Size Site 1(1) Site 2(2)
1-1/2" ‘ . 100 :
1" 94 L
3/4" 88 ;
120 . 77 .
3/8" ; ' P 7% )
No. & = - o e e g Lr 1007
No. 10 | ) n 100
No. 20 97
No. 40 . . o0 ; 69
No. 80 Tadion ) E 22
No. 260 - - o1 1.7

(1) Brown sand with limerock.

(2) Tan sand with traces of limerock.
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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'fecbiding“ﬁnié'is’ébout'
0.5 msec when the oscillograph is operated at a speed of 50 ips or more.
A 16-1b sledgehammer provided the seismic enefgy source. Twelve vertical,
velocity-type gebphoﬁes were placed in a straight line along the surface
of the embankment at 2 and 5-ft intervals, which ensured that detailed
data werelobtained 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 selsmrc traverses (forward and reverse) that were e1ther 22 or 55 ft
in length

consists bas1cally of the t1me requlred 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 fron.the‘selsnic?é
source to each geophone versus the respective distances of the geophones
from the source.‘ The 1nverse .slope of. the lines,drawn, to connect the
plotted p01nts 1nd1cates the veloc1ty of the compression wave through. :

each subsurface med1um encountered A change in.the slope. of the line..
shows that the wave has passed through an 1nterface between two subsurfaceﬂ
layers hav1ng dlfferent veloc1t1es, and the second inverse: slope of the: line
1nd1cates the veloc1ty of the second materlal encountered . The depth at,
.which the.flrst 1nterface occurs . below- the surface .can, be calculated from

the following equation:. .. - i i.w o o ovow oo terne

Ny N D =_

R SR Y L v ‘ (G'l)
where: ' JNDIRRE:
D1 = depth from surface to first 1nterface,;ba Lo e
Xl = distance from seismic source to point .at which, first
change in. slope occurs, L. - ... o e oaet ooy
Vo1 = compression-wave velocity in first layer, LT -1
Voo = compression-wave velocity in second layer,gLi'l

It should be noted that, in most cases, data from thé forward and

reverse proflles along a selsmlc 11ne 1nd1cate dlfferent veloc1t1es for a

% R T PRI

partlcular s01l layer.' Thls dlfference 1n velocrtles 1s caused‘by a d1p

it

S oy Y PR
LT v B, TR AL

of the 5011 layer, and ‘the veloc1t1es determlned are apparent However, the

R i T Ny RS
L 4

true velocity of the soil layer can be determlned using the follow1ng equat10n°

'L“{_" zvl‘;, Vd

= —2_<c G-2
ve = 7 (6-2)

290




PR £ SO

where:

Vi ‘= true velocity of ‘a’ soil layer, LT -1 ‘

- Vu % apparent velocity of a s011 1ayer along the up dip proflle, l

o o1rl |

vd = apparent velocity of a soil 1ayer along the down-dip profile,
- LT-]' . e ’

Vibratory Tests

' The vibratory tests were conducted utilizing a 50-1b electro-
magnetic: v1brator_as_thelseismic_wayehmuuxgb_ 'This vibrator and essoeieted
instrumentation is"described in detail in WES ‘Miscellaneous Paper (MP) No. 4-691,

Determination-of Soil Shear Moduli at Depths by In Situ Vibratory Techniques,

dated December 1964 and‘in A Procedure‘for Determinigg°E1astic Moduli of In’

Situ Soils by Dynamic Techniques, an'eXcérpt‘from*thé Proceedings, International

Symposium on Wave Propdgation 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 =Af | | (6-3)

where:

wave velocity, LTl =~

- wavelength, L-

frequency of the vibratof,'cyEIesxfal

R I S SR B TR FRC TS T I .

Computation of Poisson's
Ratio and Elastic Modulus

R

- o .'_ 5 L, FENPU SN

Weve veloc1ty 1s dependent upon the ratio of the elasticity of -

the medium to 1ts mass dens1ty p and the wave type. The relation of shear__
- ; Csam fin , it N

modulus G and shear-wave veloclty vS 1S as folloWS‘ . o

I R T g oL
HET- S A RN P RV WU D s Tie L N T A ‘

(G-4)
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where:
G = shear modulus of soil, FL=2
v, = shear-wave velocity, LTl
= mass density of soil, Y/g, GL-4T2.
Yym = wet unit weight of so:‘Ll,AFL'3

g = acceleration due to .gravity, LT-2

Shear-wave velocity and surface-waue velocity are related by Poisson's
ratio. For homogeneous media and Poisson's ratio rangihg between 0.2 and 0.5,
the difference in velocities is less than 9 perceht. ‘Therefore, for'practicalv
purposes; shear waves can be considered to have thé same uelocitp as surface
waves.” Thus, shear-wave~velocitieS~can~beMdetermined”by'the vibratory tests
described, and shear moduli can be calculated by the use of the above equatlon
With the assumption that compreSSLon—wave velocity and shear-wave
velocity were determined for comparable materlals, Poisson's ratio can be

calculated from the ratio of velocities v..:

_ Ve | : “ (G-5)
v, = — ’ o ' : o -
r Vg : .
Poisson's ratig v is then:
2
Ve =2

- —— G-6
2(Vi -1 (-8)

The compression modulus E (Young's modulus) can be determined by:

u1+wc *v ' (G-7)

Based on WES experlence, it appears that varlatlons in E and G correlate best
with convent10na1 exploratlon methods when it 1s assumed that the depth for
the computed value of E and G is one-half the 1ength of the surface wave.
Therefore, the computed values of E and G are con51dered,to be the elastic

moduli at these depths.

.

oo, -

Field Investigation

Durlng the perlod 24-27 July, a two-man WES field party conducted
v1broselsm1c tests at three railroad track test 31tes on the FEC railroad.
Topography in the 1ocale consists of gently rolllng 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-1.

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,lAikman, Kansas, and Miscellaneous Paper $-72-36,

U, S. Army Engineer Watermays Experiment Station, CE, Vicksburg, MS, June 1972,
As stated,_theﬂvibroseismic_method is based on measurements of the compression
(P-wave) and shear (S-wave) velocities in the foundation material(s) Thus,
refractlon selsmlc measurements were made at each site to determlne P-wave
veloc1t1es in the s011 mater1a1 as well as the depths to 1nterfaces between
layers having dlfferent ve1oc1t1es.v\Refract10n seismic results are shown in
Figures G-1 through G-4. Vibratory measurements mere 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 1lsted to derive the plots of elastlc moduli versus depth shown in
'Flgures G-6, G-7, and G-8. Table G-1 summarlzes these data together with other
pertinent information used in the derivations. The densities shown in
Table G-1 were estimated,'based on previous work with similar materials, since
no density measurements were made. The previous work is documented in

Investigation of Foundatlons for Launch Fac111t1es for Space Vehicles Ca e
Canaveral , Florida, Mlscellaneous Paper S~ 4 576 May 1963,

It is’ 1mportant to note that the moduli values presented hérein are
interpreted as belng ‘lower bound approx1matlons of roadbed response since one
can safely assume that the materlals beneath thé 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. UnfortunatelyftestihéibénEath the track structure was not

possible.

\1{ ‘.' ‘&‘

-
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TABLE G-1., RESULTS OF VIBROSEISMIC SURVEY

%67

Seismic Tests Vibration Tests
Per Unit Wave Wave ' 3
Poisson's Modulus, 10~ psi
Weigl:; Velo;ity Depth  Frequency Length Depth Xelocf:ity ~ Ratio, Shear Young's
Yo P Ver PS4 gt £, ft A, ft d, ft g? P8 Ty G E
Test Section 1
100 3300 6.7+ 25 14.4 7.2 360 0.49 2.8 8.4 S - i i
1120 1.4-6.7 30 11.0 5.5 330 0.45 2.3 6.8 ¥ ST SO SR e
40 8.6 4.3 345 0.45 2.6 7.4 L ) tias 24 Su. apwee-
50 6.4 3.2 320 0.46 2.2 6.4 O—p 1 Test SACELN W
70 4.6 2.3 320 0.46 2.2 6.4 O—p straight array-53 ft N
80 4.5 2.25 360 0.44 2.8 8.1 . of Battelle main array-
° ° ‘ ‘ : Geophone spacing 2 ft-
100 3.6 1.8 360 0.44 2.8 8.1 : P pacang,
740  0-2.5 150 2.0 1.0 300 0.38 1.9 5.6 b QG y pticre stk B -
200 1.4 0.7 280 0.42 1.7 4.7 \\ -1/2 in.
250 1.3 0.6 320 0.38 2.2 6.2 _
300 1.2 0.5 350 0.36 2.6 7.1 PR TR
350 0.8 0.4 270 0.42 1.6 A
Test Section 2
100 1140 2,5+ 35 12.3 6.2 430 0.42 4.0 11.2 Test section 1 mile
40 10.0 5.0 450 0.40 4.4 122 vhesh ‘ :mclth °ft§est2;e§ti°“
50 8.2 4,1 410 0.43 3.6 10.6 ] e e s
70 5.7 2.9 400 0.43 3.5 10.0 P ;galf’z';“ f8§°g‘t‘°‘1“;
80 5.1 2.6 410 0.43 3.6 10.6 T of Battelle
800 0-2.5 100 4.2 2.1 420 0.31 3.8 10,6 O—p C main array-5 ft from
150 2.6 1.3 390 0.34 3.3 8.9 O—p ] rail.
200 1.8 0.9 350 0.38 2.6 7.4 1 o—h \\
250 1.4 0.7 360 0.38 2.8 7.8 1 P Vibroseismic
350 1.0 0.5 350 0.38 2,6 7.4 1 C Location
400 0.8 0.4 310 0.41 2.1 5.8
Test Section 3
100 1240 1.6+ 25 20.0  10.0 500 0.40 5.4 15.1 2‘1’2": :::ikgo"i;:t_
35 12.6 6.3 bbb 0.43 4.3 12.3 - P
ailroad ties spaced
40 10.7 5.4 428 0.43 3.9 11.5 N  Haad e W
e 8.0 450 400 0.44 3.5 10.0 side of rail, spacing
70 6.3 352 A 0.43 4.2 123 of eamiianay ¥ St
80 5.9 2.9 470 0.42 4.8 13.3
100 A 2,2 Lh 0.43 4.2 12.3 ;Stfggophorlui 10 it
1000 0-1.6 150 1.8 0.9 267 0.46 1.5 4.4 of Battelle main
200 array-Test conducted
1.1 0.6 211 0.48 1.0 2.9 S ft from rails
250 0.9 0.5 480 0.35 5.0 13.4 . :
300 0.6 0.3 480 0.35 5.0 13.4 <~ _Vibroseismic
Location
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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 eihibit 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 densification of materials beneath the roadBea‘and/or
the imbedment of ballast material "during earlier periods of service.

Finally, a short refractien seismic line'mas run on the ballast
materials at site 3. Results of this test are presented in Figure G-9,
which 1nd1cates that -the .average P-wave vélocity 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 subgradeﬂmaterials rather .than through
the ballast. Hence, we conclude that the close proximity of tne'ballast to
the seismic line had no adverse effect on refraction seismic measurements

of P-wave veloc1ty in the subgrade,
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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 trdck 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. = |

(a1 [B] - [cl [D] [E]
Summation Site Vehicle Speed Channel
Index No. Category Category No.
1 = No Summation 1 = Site 1 -0 ="All cars 0°=°All speeds ~  (01-42)
2 = Summation on 2 = Site 2 1= Locomotives 3 =.30-40 mph ‘
vehicle and/or = Site 3 2 = nght carsvfw“4'= 40-50 mph
speed cate-
gories with 3 = Heavy Cars'-s“§ =

50-60 mph
0 in.C or D 5

-
4

~ 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 graphlcs program can be used to
lot 1ndividua1 curves “for the probab111ty den51ty and dlstrlbutlon functions for
any selected key numbers listed in’the’ tables. It is also p0531b1e to combine any
of the categories at one site to give an average for several measurement ¢hannels.
Tables H-1, 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-1.
TR e TR TR Ml gwsﬁ ST e LR et T
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 equdation ~ 7. 7

‘Standard Deviation. The standard deviation.(STD DEV) O is calculated

for each category'from v Lt et

2 o Z B " 2 P L
= - : H-2
o (N-1) & (py. = P, reze i (H-2).

Confidence Limits, Confldence 11m1ts (percent) are calculated for‘
the mean value estimates based on an assumed normal dlstrlbutlon for the
sampling distribution of mean values. The true _mean value pt is expected to
be within a tolerance band of the estimated mean value as. given by
_ _ ot P . Lo g s
p. =p % = d/2_ Sy e sl o (H-3)
where thia/2 is the student t probability disttibution- funetion which is

H ' .
readily available in statistical ‘tables: -The ‘confidence statement for the
range, or tolerance band,ﬁgiVén“by Equation (H<3) is that the true mean value
pt will be in the specified range with a“confidenée level ‘of 100 (1L -a) percent.

Confidence limits in percent are llsted for tolerance bands of + 10 percent
CONF (10) and + 20 percent CONF (20) of the mean value. B

o
[T

"

Tolerance Bands, The columns 1abe1ed TOL (95) and TOL (90) glve

-the mean value tolerance bands as. a + percent of mean value for confidence

'llmits of 95 and 90 percent, respectlvely. Data hav1ng 1arge standard dev1a-;

tlons and mean values close to zerg,typrcallyhshqw-themlgwest confidence levels
‘ \ . o typlealdy. siow tle. Low : %
and the largest tolerance bands. ... ;.i:.agy oo, ezt < :
{

! s CLom) base o0 Invernd

J

t
~




TABLE H-1.

MEASUREMENT CHANNEL IDENTIFICATION FOR SITE 1

(Tangent track with 24-inch tie spacing)

i

Channel ‘ A - "Site 1
Number Measurement Description (Units) Location
01 Vertical W/R Load (kips) I OE
03 mooomo o 27E
06 " " " 58E
10 meomo 86E

T 15 Tie Center Bending Moment (inch-kips) e 2
16 Tie Rail Seat Bending Moment ' 2E
17 Tie Center Bending Moment & - o .59
18 Tie Reil Seat Bending Moment " 4 59E
19 ‘ Lateral W/R Load (klps) 59E
20 ‘Vertical W/R Load = " 59E
21 "Rail Seat Vertical’ Load (klps) 59E
22 - Rail Seat Moment’ (1nch kips) | 59E
23 '"fﬁaii“Seat‘Vertlcal"LOad (kips) ° " 61E
24 Rail Seat Moment (inch-kips) 61E
25 Rail Seat Vertical Load (k1ps$ 63E
26 Rail Seat Moment (inch-klps) 63E
27 . ALateral'RaillTie*ﬁisplaéement?(milsﬁm:fogq soo e 59E -
28 Lgteralwiie;Diep}acement (mils),;iﬁgka s. . . v59yg,4~-
.29 n,Tie Center Bending Moment-(inch-kips) .. - ... . - .0 .29
4, 30 Tie Rail Seat .Bending Moment B T T . 29E .
él | qule Center,ﬁendlng Moment, . 1-"uh‘{7;w:-ff - LA
-32'. | Tie Rail Seat Bending Moment ; " ; éwi N } 3.; N ‘57E
33 Tie Center Tors1on Moment " A ‘55
34 ... . [Tie Center Bending Moment " B .. 85
3§Lw' SR :Tle Ra11 Seat Bendlng Moment o :":ﬁ”““ﬁh”itfff” 85E
56“%:??;ﬁ;f ‘ ;Rall Seat Vert1ca1 Load (kips) Ere e 1i+jy.55ﬁaﬁ |
higgti Tinhays _7Rail Seat ‘Mom&nt’ (inch kips) ya: o ‘5587 )
*38 Bar bt LRafl’ séat Vertlcaleoad‘éklps)"V ! ‘578 "¢
39 . Rail Seat'Momentb(inch-kipé) R
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)

E - East Rail
W - West Rail

| Channel Site 2
Number Measurement Description (Units) Location
Oi Vertical W/R Load (kips) 97E
03 oo " 65E
06 " " " " 31E
10 " " " " 1E
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) 1E
22 Tie Center Bending Moment oM 97
23 Tie Rail Seat Bending Moment " S7E
24 Lateral W/R Load (kips) 1E
25 Tie Center Bending‘Moment (inch-kips) 30
26 Tie Rail Seat Bénding Moment " 30E
27 Fastener Bolt Force (gage side-kips) 1E
28 Fastener Bolt Force (field side-kips) 1E
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) 338"
33 Rail Seat Vertical Load (kips) 35K
34 Rail Seat Moment (inch-kips) 35E:
35 Tie Center Bending Moment " 31
36 Tie Rail Seat Beunding Moment (inch-Kips) 31E
37 Lateral W/R Load (kips) 31E
38 Vertical W/R Load " 3
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
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: TABLE H-3. MEASUREMENT CHANNEL IDENTIFICATION FOR SITE 3 __
‘ . (Curve track with 24-inch tie spacing)

. Channel ] ,
Number . . Measurement Description (Units)
01 o Vertical W/R Load (kips)ff
03 ) 1" " " "
06 ‘ lll " 1" "
10 . . , ‘ 1 1" 1 "
15 "~ Rail Seat Vertical Load-(kips) f.
16 : Rail Seat Moment (inch-kips)
17  Lateral W/R Load (kips) . :
20 . Tie Rail Seat Bending Moment (1nch kips)
21 Tie Center Bending Moment f?
22 Tie Center Torsion Moment Bt
23 Tie Rail Seat Bending Moment %?:ﬁ
24 ' Tie Rail Seat Bending Moment'" ﬁf" } -
25 T1e Center Bending Moment ~¥“j;'? :
26 Tie Center Bending Moment " M, ‘,“
28 Fastener Bolt Force (Gage 31de klps)
29 - ' Vertical W/R Load (kips), i s
30 - ' Tie Center Bending Moment (1nch klps)
31 Lateral W/R Force (kips) "‘ '
32 ' ‘T1e Center Bending Moment - (lnch klpS)
33 Tie Rail-Seat Bending Moment ;}f'~
34 Tie Rail Seat Bending Moment gﬁi“
37 Rail Seat Vertical Load (kips) :
38 Rail Seat Moment (inch~kips). :
39 . Rail Seet Vertical Load (kips) 4
40 - "Rail Seat Moment (inch-kips)
41 Lateral Rail/Tie Dlsplacement (mils)
42 I QLateral Tie Displacement (mlls):’
‘E = East Rail (H1gh ra11 on curve) ; .
wW .;west Ra11 (Low_ra11 on curve) 2 - §
j
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TABLE H-4, ‘SITE 1 STATISTICAL DATA SUMMARY (CONTINUED)

N KEY MEAN STD DEV CONF (101) CONF (20 8) TOL (951) TOLES0Y)
e 2 A8~ - L «256E+ 02 «713E+01 ‘A7.5 99.5 13.0 10.8
;;i".j 111547 ° o192E402 | . Lu2TE401  100.C 100,40 ' 542 ) el
Lo 112317 245E+02 «350E+01 99,9 - 100,19 55 4.6
o _e2LCE#02 .  ,539F+01 100.¢C 100.0 1.6 1.3
«211E402 «579E+01 100, € 100.0 ; 2.1 1.3
1133 41709E402- . «382€+ 04 100. € 100.0 _ 2.1 1.7
R IR Sa— W2R1E402 . «597E+01 - 10C. ¢ 100.0 2.9 2.4
113517 1 i e1BLE®02 _ W334E401 __ ,400.C . - 100.0 1.1 «9
114318 «34LE+D2 SLUIESDL 97.9 100.0 8.1 6.6
111618 +351E402 L AG3E401 ' 91.9 . 99,8 11.4 v 9.4
111518 «339E402 +672E+01 100. 0 i00.0 4.7 3.9
112318 «599E+01 8236401 29.7 5502 ‘5343 bha?
- « OB GE+OT <515E401 - 100, 0 . 100.0 3.9 g T 3.3
BTIEH0L .6S2E+0L ‘ 99.9 ) 10040 5.7 448
+232E+02 “546E+01 < 106.C — 10040 ; 2.3 1.9
S 113818 ____«16RE¢02 .869E+01 99,7 100.0 : 645 545
. 113518 - Te175E402 +71RE+01 100.0 T 100.0 2.b 2.0
111319 «1KBE+ 0L «3LOE+01 1342 . 2641 128.9 105.2
- 111489~ - 20 - «108E¢ 0L TR L3264 04 5.8 17.4 187.6 155.0
111519 A Ce114E#0Y JBi1E€01 - 1845 : 36.0 8448 70.9
- ;112319 +537E+00 Te200€4+01 11.7% 22.2 1460 119.9
- 112619 L eW3SE#D0  .219F+01 41,1 7240 3643 30.5
- 5 112519 - «BBLE+DD +250E401 - 63. ¢ 93.0 21.€ 18.2
L 113319 «273E+01 o GBLE+DY 7644 98.2 ' __16.6 13.9
- {13619 - .138E¢ 0L 371F+01 ' 43,9 . 7506 33.8 2840
113519  _«B63CE400 . .253€401 60.1 90.8 - 23.3 19.5
2111320 «303€+02 «342F+01 93,9 100.0 7.2 5.8
NEEEUT B L e2RPE&02 . 3puFe0L 99.7 100,40 60. 5.0
S 1115200 o, - 72. «29%E+02 . +409E+D1 100.°C 100,0 - 3.3 2.7
».112320 - _28s o $921F401 _e27RE+DY _ 91.1 99,8 11.6 9.7
- S Ut el £ TV .791E401 TL228F4 09 100. 0 | 100.0 ' 2.1 1.8
S 112520 .. BSAe _ .ASQF#C1 «297E+01 __ 400.0 _ ° 100,0 28 2.0
113320 408. 2505402 «555€4+01 100.0 1000 2.2 1.8
T113620 oo 244e  J1BWE+02 4B 22F+01 100.0 . 10040 4.8 4e0
113520 noe 1116 +180E+02 «4R3E+01 100, € 100.0 N 1.3
- 111321 12. s1LEE$02 - +225E401 95, ¢ 99,9 9.9 8.1
~ S & U B { O «1BRE+02 . 3226401 95,7 . 100.0 9,7 8.0
111821 (T2 - e1B1E€L2 J2R0E#01 - . 100G 100,0 4ol 3.6
. 112321 2R, - +255F+ 01 "2197€401 ~ 50.0 81,5 30.0 24.9
L 11202y T2, . e295E#DY . J166E401 100.( : 100.8 ' bet 3.5
112524 - 658, «317F¢01 +23RE+01 99,9 TTT10040 5.8 )
‘113321 ] u0B, .- «104E+D2 2284F+01 100, 0 100.0 2.7 - 2.2
- 3Ry T 2k, «63LE40L <LOTE+01 3.4 ] 100.0 . 8.1 6.8
7113521 o~ 111he <8O00E+O0L L 349Fe01  100.C 100.0 2.6 2.1
111322 . 12, . =,2705401 +596F+01 12, ¢ 2u.d 140.2 )
111622 . -. 20.  _=«B7CE+00  4BOOF#OL  S5.% . : 10,2 323.0 26648
- 111522 R (D <«975E+0D #5C1F+01 3.4 ' 25.8 : 120.8 100.9
.112322 in 28, o4 29E-01 «252F#01 o? 1.4 -~ 2279.9 1892.6
T 112622 —- - v 724 - 14 9E+00 <35aE+¢01 . 1.9 17.7 175.8 1647.4
0112522 © 7. 658s " 356E-01  _ J41LE+0L 1.8 3.5 . 890.4 74649
. 113322 - - 40R, =62 2F4+01 LEOE+0L 99,3 100.0 7.2 ~ 6e0
1113622 =34 SE4GY CUS1F401 . TR 9R,3  16.5 13.8
L113522 <1 59E+ 00 «420£401 1041 20.0 155.1 130.2
111323 J109E+02 +585€+00 9647 99,5 . 8.5 63
.- e 136E+02 © o W178E¢01 99.8 100.0 6a0 PV

- 111423
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TABLE He4, SITE 1 STATISTICAL DATA SIMMARY (CONTINUED)

KEY AXLES MEAN STD DEV CONF(101) CONF (2083 TOL (95¢8) TOL(903?
~112329 28. «167E+ 01 «1BSE#01 36. 3 65562 43,0 35.7
[ 112429 7204, «161E#04 o137E401 . 99,8 100.0 642 5.2

112529 658, | 214 LE+DL «17uF+01 96, € 100,08 9.2 T<8

113329, 40Bs. o L7SE+01  .133E+01 100.¢C 160,0 2.7 2.3

113429 244, «311E+0% 2154E401L 29,8 1006.0 6.2 5.2
113529 1116, -o-- «269E+01 o216E401 100.0 100.0 4.7 3.9
1113310, 12. . 735E+01 Q026401 21.7 41.6. 78.0 63.6
111uxn T 20e _ «3BSE40Y  .124F%02 __10.9 2147 150.2 12444

“111%30° 72.. 1 3REH02 +541E+01 T 9644 100.0 LI 7.8

112330 ° _ 28, -1 14E+ 00 _«535E%01 Te9 1.8 1815.7 1507.3
112430 - %4, =2923E-01 oBUGF+ 01 3.1 6ol 510.6 42843
112530~ 658, -- o5i0E+pi’ oLUOE+OL 29,7 100.0 -6eb - ‘8,5
113330 408, 103e+02 «520E+01 100.C. 100,0 4.9 Gel
113430 ,_ 244, _ e193Ee0L «397F+01 26. 4 49,9 58.5 49.0

143539 . 1116, o836E+ 01" «295E+01 160.7¢ 100.0 Ze1 1.
411330 12.  J192E402. - «560FH01 73,9 96.3 18.6 15,2

111431 . 20 «2 26E+ 02 «R51E401 7540 97,2 17.6 1446,
_ 1115331 : 52. «159E+02 «366E¢01 99,7 100.0 - 6olt 5.3
112331 28, «195E+02 «619E401 | 89,2 99,7 12,3 1042

112631 72045 _«207E#02_ < 6BuE401 100. € 100.0 2.3 2.0

[ 112531 47C. Te162E402 4276401 100.¢C 100.0 2.4 2.0

113330 608sc  _ <LHSEH02 .4 00E+01 100, ¢ 10040 246 2.2
113431 244, 22076402 «765E401 100.€ 100.0. 4.7 3.9
113531 - T 936, «147E+02 " +230E401 100, ( 100.0 1.0 .8
T111337, 17, JG5EEFD2 . «BLSE40 L 96.8 10050 9.0 7.3

111632 20. _ W531EA02. | J621E40%. 100.0 100.0- 4o6 3.8
111532 68, " L UBEH D2 4B1E+01 100. 0 100.0 F3 2.2

112332 2Ra - _«2555402 . BRAF4D01- 85,9 39.5 13.5 11.2
112432, 7244~ «2665402 WSTUE+ D1 100..0 100,0. 1.6 1.3

112532 [IXTh +230E+02 C 4598E401 100.0 100.0; 2.0 1.7
1132332" u0Aa, SL21E402. H2LE+DL 100, ¢ 100.0 1.0 8

_____ 113032 244 W3BRE402. ____<AuDE#O0L 100, C. 100,0 3.2 2.7
113532 10k0. «330E+02 «60SE+0L 100.0 100.0 1.1 .9
121333 12, —e159E#+02  J170E4+01 99.2 100,0. 6.8 5.5
T 111433 20. -.160E402 «230E+01 99,4 100.0 6.7 5.6
111533 72, -.153E4 02 " o250E+01; 7 100.0 1008.0 3.8 3.2
112333 28. -.530E4 08 +236E+01 75.5 97.5 17.3 14.3
;_112u33,m“___*__ T2, = 4OSE+4DL. . W216F401 ___ . 108.¢ 100.0 3.9 3.3
112533 658, -.5D3E4 01, « 2316401 100, 0- 100.0 3.5 3.0
. 113333  BDR. _ =,15KE402 ___ _ +299E401 100, 0 100.0 1.9 1.6
113433 244, ~.98RE+ 04 «3L7E+01 100.¢€ 100.0 [ 3.7
113533 1116, -49%4E4 01 «27RE+D1 100.0 100.0 R 7 4 1.4

111338 12. -500E~01 «140E+02 .1 .2 17800.7 14524 .4

C111634 o 20.-. . «BLZE0L __ W150E%02 A4l 28.2 114, 4. 94,5
114534 . 72, -.573E+01 «779E401 4646 78.6 31.9 26.7

142334 2R . _#101E4D2 - +585E4+01 5546 8648 26¢b 21.9
112434 724, «101E+02 «754E401 T100. € 1nu 0 5.5 4.6
112534 658, SUUBE+ D1 2hT5E 01 S 90.9 99,9 11.6 9.7
113334 408, ~+387E401 +7B9E+01 67.8 95,2 19.8 16.6
113434 246y W907E+D1 < 115F+02 __ 7840 98,5 16.0 13.4

113534 i116. +280E+01 +4O5E+01 9.1 100.0 10.4 Be7
131335 . 12e . _ e417E:02 «535E+01 97,9 100,90 8.2 6.7

111435 | © .20, W T7E+02 «753E+01 98,9 100.,0 Teb 6e1

111535 . 72, W4 26E+C2 «S1RE+0L .100.0 100.0 -~ 2.9 2eb

112335 © 2B, 2130E+02 «RSOE+G1 S7.€ AB.t 25.3 21,0
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TABLE H-4. SITE 1 STATISTICAL DATA SUMHARY (CONTINUED)

89,2

"KEY - AXLES . MEAN srd-nEv CONF(iB:) CONF (202} TOL (951) TOL(901)
1112435 724, “e11.PE+ 02 T WBBE+DL 100. ¢ 3100.0 249 2t
112535 _B58e  J116Fe02  -e5L2E40L _ 100.0_ 100.0 - 3.6 3.0
113335 _408, «360E+02 “oBL3E+ 01 10040 100.0 243 1.9
2113835 2ub,  ,232FEA02 .107?»02 89,9 100,0 - 5.8 4.9
.113535 1416, . «239F402 ; 100..0 100.0 2.4 1.7
111336 S 12. “o161F+02 -e150E +: 99.7 --150.0 . 549 4.8

111436 20, ol BEE4(2 .203F001 . 99,9 100.0 5.1 4.2
«111535 60y JAB3E+02  J254F¢01 100-..6 100.0 - 345 2.9

112336 28. «S11E+01 «277E401 66 4.2 .93.8 21.4 17.5
JAL2636 - 7264 aW 275401 _ WLATTES0L _ 100.C 100.0 3.0 . 245
“112536 510, “e54 0E+ 01 «210€401 1006.0 100.0 . 3. . 2.8

113336 . 408, T e1UBE+D2 39€+ 01 100.0° 100.0 2.3 1.9
‘113436 2ub, ~«932E+D1 LHEFDL 4000 190.0 W 4 3.9
113536 1032, CeLQUESD2 | W325F+01 400.°¢ 100,0 - -~ 1.9 1.6
111337 12, «515E+01 “WS4TE+0L 26.-( 47.2 6745 55.1
111637 T 20e | ceL2SEEDL  LBi4F+01 ciTeb 14,7 222.8 184.0
7111537 Bl “e281E+01 “.828E401 T2, 3 41,1 73.6 61.5
112337 .28 - = 643E+00 W278F401 9.7 19,2 167.5 © 139,1

112437 724, L 152E+00 3276401 . 9.9 19,7 157.3 131.9
112537 610, =c32€E+00 L 47BE+DL 12.3 C 2444 126.5 106,41
+113337 CLu08. - 19 ZE+01 «3RTE+01 70.9 9645 18.6 15.6
1138637 244, =s551E400 . 315F+01 L 21. ¢ 41,5 72.1 6044
7113537 rnxz. -. 2866401 4 20E401 97,41 100.0 9.0 7.5
111338 ; 2906402 .811E400 109, ¢ 100.0 147 1.4
111438 o «298E+02 «118E+01 100.C 100.0 1.9 1.5
144538 72eT  ca4295FE€02 __ J177E40L 100..¢C 100.0 14 1.2
:112338 228, " ed L3E+ 02 «431E¢ 01 A2, € 99.0 14,7 12,2
111243R 724, «105F+02  -¢26LE+01 __100,¢ 100.0 1.8 1.5
1412538 658, “e1DOE+ (2 «410E+01 100.C 100.0 2.9 2.4
.41333¢ T 408, s27HE+02 «397E+01 100, € 100.0 Lok 1.2
1113438 244, <18LE€02 T e583E+01 100. ( 100,80 4.0 3.3
;113538 1116, -4210E402  .S30€+01 id0.0 .100.0 1.5 1.2
1111339 - 110E+02 Ce536E401 50.8 81.7 30.9 2%5.2

2111439 o .R0. ~eLUSE+02 . 11PE+02 T 4341 7440 36.1 29.8

7111539 72. -.991€+04 «121E+02 51l 83.0. 28.7 24.0
~112339 R -s161E401 ° SBU5E+01 54C 29,5 107.3 8941

112439 724, «161E+01 - e 343E+01 79. 3 98,8 15.5 13,0
-112539 658, T - e1SHES0L - «59RE+01 50,3 82.5 28.9 2443

-113339 408, -, 1326402 +889E+01 99,7 ©100.0 6.5 5.5

113639 244, =+3B4E0L _ W TR2E+01 55, € “87.3 25.7 21.5
113539 1116, ~«599E+01 «B809E+01 98,6 100.0 7.9 6¢7

111360 12, S450E+ 0D «230E+01 5.3 10.5 325.2 265.3
111640 20. L 162E+00 «356E4+01 1. € 3.2 102441 84641
~1115640 72, __-eB1CGE#00 4 312F401 13,2 2643 118.4 99,0
“112300 28, «929E+ 00 «106E+ 01 35. 4 63.9 Y 3647
_.112u40 724, co114E+01 L 152E+01 95,7 100.0 9.7 8.1
. 112540 658, +198E+01 «180F+01 9,5 100.0 740 5.9

113340 - 408, <1ROE+ 0L +137E+01 99, 4 100.0 71 5.9

113440 244, $237E401 +1R1E+01 9% .8 100.0 9.6 8.1
1135490 1116, «190F+01 1556401 100.0 .100.0 4.8 Tl

T111542 8. -.113F+00 «181F+00D 13.5 2648 134.6 107.8

112542 e, e 7T71E-01 <203E400 o 22.2 42,7 70, € 58,9

1125uz 236, . «152E+00 SLU5E400 99,9 12,2 0.2
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TABLE H-4, SITE 1 STATISTICAL DATA SUMMARY '(CONTINUED)

KEY AXLES MEAN STD DEV CONF(108) CONF (201) TOL(951) TOL (902}
| 210001 3282, «169E4+02 «800E+0T 100. C 100.0 1.6 1.4
! 210301 448, e262E402 ' +6LSEO1 100. ¢ . 100.0 2.3 1.9
210401 CLLIN «118E402 . 581F+01 100.0 i00.0 3.1 2.6
210501 1846, o173E402 _eT12E401 100.C 10040 1.9 1.6
211001 104, «340E+02 «28B8E401 100.¢ 100.0 1.6 1.4
L 212001 1410, «102F+02 22RAF 01 10040 100.0 1.5 1.2
213001 1768, «213E¢02 h2RE+0L 100, 0 100.0 1.0 1.2
_ 210003 3282, oL75E+02 _+922E401 100. C 10040 1.€ 1.3

210303 4i8 . 262E+02 «686F+01 100.C 10050 2.4 2.0

_ 210603 . 98R. «110F+02 _«SASE+ 01 100.0 100.0 3.1 2.6
210503 1846, «184E+D2 S 73BE+D1 16065 T 160.0 1.8 1.5
211003 104, +346E+02 «371€401 1.1 100.0 2.1 1.7
212063 1410, «105E+ 02 «305F 401 100.0 106.0 1.5 1.3
213003 1768,  ° J221E4+02 _ .62RE4D1 10040 100.0 1.3 1.1

T 210006 32827 «181E402 <ALIE+ D4 100. 4 100.0 i€ 1.3
210306 448, S276E402 S 706E+01 100.0 100.0 2ol 2.0
210606 98R. »133E402 «hB1F#N1 100, € 100.0 3.1 2.6
210506 1846, «1BUE+02 oTEIE4N1 1000 100.0 1.9 1.6
211006 104, 3576402 < 396F 01 100.0 160.0 242 i.8
___21200€ 1410, ¢11CE+02 «3G1E+01 100,60 100,0 1o 1.2
213004 1768, <228E+¢02 «671E+01 180.0 100.0 ) 1.2
240010  32R2. __ 16BE#D02 . 783E+01 100. ¢ 100,.0 1.8 1o
210310 NN «255€+02 h35E4+01 100.0 100.0 2.3 1.9
2100610 988, 1176402 «575E+ 01 100. 0 100.0 3l 2.6
210510 . 1AL6, «171E+02 L 7O01F+01 100.0 100.0 1.9 1.6
211010 104, e320E402  .297FE+01 100.¢ 100.0 1.8 1.5
212010 1410, 101E+ 02 «2B89F 401 100.0 100.0 1.5 1.3
213010 1768, «209E402 .622E+01 100.¢C 100.0 1.4 1.2
210015 3282, =s372€E500 «100E+92 16.9 33.0 92.1 773
210215 yun, ~eTHUESDL 48985401 92.¢ 99,9 11.2 9.4
210615 9ga, 723401 29356401 38,5 100.0 8.1 6.8
210515 1846, =e273E401 _ +7O95F+01 85.9 99,7 13.3 11.2
211C15 104 ~.93RE+01 «107E402 5246 92,3 22.2 18,6
212015 _1410.  o5S2E401  .BLOE+N) _9f.6 100.0 7.9 6e7
213015 1768, ~.454E4 01 «ASLE+OL 97.5 100.0 BeA Tels
2100156 3282, 4T7E4QL «7THTE+01 10040 100.0 5.5 446
210316 448, «113E4+02 «H643E+01 100. 6 100.0 5.3 YY)
_210u1e - eBA, _ «355F+01 __ .679E+01% 89.9 99.9 12.0 1040
T 210516 1846, «38LE+0L «THLE+GL 7. € 180.0 9,0 7.6
. 211016 104, . 4221E¢02  .5(5£4+01 100,0 100.0 hold 3.7
212016 1410, 14 EE401 «506E+01 72.3 97.0 18.0 15,1
213016 176R, +63IREL0L __#TH3ES01 100, C 100.0 5.6 4e?
210C17 3282, «210E+02 «G61E+01 100.C 100.0 ) .8
290317 6uBe ___ +1A8LE+02 _ «u19E¢01 _ 100.0 100.0 2.1 1.8
210417 988, «252F4+ 02 «560E+0L 100. € 100.0 1ats 1.2
210517 18GR. ___ #194F#02 _ _  <459E+01 100.0 100.0 1.1 «9
211017 104, 2076402 «559E4 01 100. C 100,0 5.2 4.4
- 212017 . 1410, «231€402 .587E+01 100. 0 100.0 1.3 141
213017 1768, .193E402 CLT76E+01 100.C 160.0 1.1 1.0
©_210018 3282, «151€402 +B97E401 100.0 100.0 240 167
210318 hua, «224E402 2 729F 401 100. 0 100.0 3.0 2.5
210618 . . 98A&,  «119E402 W 776E+01 o ng.¢ 100.0 41 3.t
210618 1846, © «150E+02 «8G1E+01 100.C 100.0 2.7 2.3
211018 104, _a342E¢02 _ «691E+01 100, ¢ 10040 3.9 3.3
: T e913E+01 «593F+01 100. € 100,.0 3.4 2.8

2120087
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TABLE H-4, SITE 1 STATISTICAL DATA SUMMARY (CONTINUED)

KEY AXLES - MEAN STO DEV COMF(102) CONF (20 ¢) TOL (95¢) Y;OL(QOH

213018 176R, 18 7E+02 S TUTE+D] 100. ( 100.0 149 1.6
.:210019 3282. «Q76E+00__ J304E+01 9344 19040 10,7 . 9,0
21031 ¢ u4 8. 25 6E+01 «4S3E+01 76.9 98,3 1644 "13.8
o.210419 ... 988, <6ASE+0D__ .273F+04% 570 88.5 24.9 20.9
210519 1846. «746E+ 00 +260E+01 78.2 9846 15.9 13,4
- 211019 106, «119E+01 24 08F401 23.2 44,6 66.8 55.9
212¢19 1410, «6LIE+0D «23uE+01 70.1 96,2 18.9 15.8
_. 213019 1768, 1226401 L 3uiF+01 868 99,7 13.0 10.9
210020 3282, +151£402 «758E401 100, 8 100.0 1.7 1.4
210320 LR e 2L1E+02 L e6BAE40L 100, ¢ 1000 2.6 2.1
210420 988, «1 0LE+ 02 «579E+01 100.0 "~ 10040 3.5 " 2.9
210520 184R. 2154E402 «AUBED] 100. 0 100.0 1.9 1.6
211020 . 10k, +293E+402 «398E401 100.¢C 100.0 2.6 T 2.2
_.212020 1610, oBT2E401__ L276BE+DY 100, 0 100.0 . 1.7 1.4
213029 1768, «194E¢02 +607E401 100, ¢ 100.0 . 1.5 R
210021 3282, oH27E401 _ J430E+01 100,0 100.0: 2.3 2.0
‘210321 448 . «10GE+02 »345E+01 190, ¢ 100.0 3.2 2.7
_ 210621 988, 40LE+DY «335F401 109.0 100,.0 . 5.2 4e3
210521 18U, «656E+01 «423E+401 100.0 100.0 2.9 T 2.5
__211021 1086, 1516402 _«2ASE+01 100, € 100.0 3.7 3.4
212021 vil10.- +304E+OL ¢ 204E+D1 100.0 100.0 3.5 2.9
213021 1768, eB3I3E40L_ . 36RF+O1 100,0 100,90 L 241 1.7
210022 3282, ~e97 E4 00 4TLE+01 764 3 98.2 T 16.6 "13.9
_.210322 ~ buB,. -.574E+0L JuB1E+01 98.8 100.0 7.8 6.5
210422 19884 ~e762E4 00 J420E+ 01 43,1 74.6 34,4 28.9
210522 1866, -709E-0t eW22E+01 58 11.5 271.9 22840
211022 T 10k -.115€+01 -~ .536E+01 T17.3 33.9 90.3 756
212022, 1410 SOBQE-01_ _  J3RUE+]Y 7.3 16.6 213.3 178.9
213022 " 1768. =L 181E401 »511F+01 8644 99.7 13,2 T 11.0
210023 2642, «36CE+ 01 L3UAF+01 100, ¢ 100.0 3.6 3.0
210323 4R, +430E+04 «233E401 79.32 98.6 15.7 13,1
210623 98R,  244F40L L 307E401 87.1 100,90 9,0 7.5
210523 : W46 ZE+ 0L «3040E4+01 100.0 100.0 3.6 - 3.0
. 211023 $112F+02 ,373E+01 99,4 100.0 7ol , . 5.9
212023, " «137E+01 «130E491 . 10040 100,0 i 5.3 oy -
...213023 254 0E+0Y «317F+ 01 100, 0 100.0 3.2 L 2.7
-~ 776E+00 «3L7E+ 01 7449 97.8 17.1 ]
._=e850F0C ____ ,20(3E+01 22,1 43.5 69.5 5840
~.929F+00 . «2LDE+01 77. € 98,5 16,2 17136
: ~«BRLE*D0 SUD2F 401 50,2 82.5 28.9 2443
T =l IE 00 +HABE+DL 6.8 13.5 233.4 195,2
=.5226+00 +299F 401 46. 2 7841 31.9 __ 2648
. , - 104E+0Y «375E+01 68, L 95,5 19.6 16.4
210025 3282 e7TB1E40L _ J398E+01 100.¢ 100.0 1.7 1.5
210325 - 448, «111E+02 .3256401 100. ¢ 100.0 2.7 2.3
L 230625 988, __ J55RF+0L «279E+01 100.0 100.0 3.1 2,6
210525, 1846, -~ " eB819E+01 «399F+01 100.0 100.0 2.2 1.9
- 211025 104,, «163£402 «21RFE+01 100, 0 100.0 2.€ . 2.2
212025 1410, 45EE+01 «151E401 10C.C 100.0 1.7 T 1.5
213025 176R. __ L990E+01  L320E+01 ______ 100.0 100.0 1.5 1.3
T 210026 3282.. <4 BRE+01 .3C9E+01 120, 0 100,0 2.2 71,8
210326 .. b4B. _ J3LWE+DL  L,252E401 99,6 100.0 6.8 5.7
210626 . 98R, +395E+01 162F+01 130. ¢ 100.0 2.6 2.1
210525 184A. o S7IEH0L +351F 401 105.0 100.0 2.8 2.4
15.7 13.1

21102¢ 106 C762E¢01 CHLUE+ 01 79.¢ 98,7
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.. TABLE H

DATA SUMMARY (CONTINUED)

SITE 1 STATISTICAL

KEY ME AN STD DEV CCNF (108) CONF (20 1) TOL (351) TOL (901)

T21702¢ 1410, JG30E+ 01 TZ43E+01 100.0 100.0 3.0 7.5
213026 1768, _ W518E401 4 316E+01 1000 100,0 2.8 , 2.4
‘210627 2418, ~B45E+01 +930F+ 01 100.0 10020 (9 ‘ 3.7
210327 N ~.15CSE+02 J7BBF40L 1000 100.0 4.7 4.0
210627 588, T.816E+01 J110E+02 92.8 100.0 10.9 9.2
__ 216527 1382, ~oB2BE+0) _WTHAF401 99,8 100,90 6ol Sk
211027 72 To110E402 $118E402 B7C 38,3 25.1 Z1.0
,i212027 O A34.  =.438E401  .8B3E+01 . B 99,6 13,7 11.5

213027 1¢12, -.106E+02 LAGLEH0L 100.0 100.0 .1 3.5
210028 2370477 ~6BKE#0L __ _ J7O07F#01 _ 100.¢C 100.0 4.3 3.6
210328 448, ~. 967E+0L «320F+01 100. ¢ 100.0 3.1 2.6
210428 588, = 52RE4 D0 JTERE401 13.3 26.2 117.5 98.6
210524 1334, ~.B35E401 +6NBE+ DL 1000 100.0 3.9 3.3
211628 . BDe _ =J 73401 4655401 68, C 95.4 19.9 16.6
212028 926. - 420E+01 «BR3E+01 85,2 99,6 13,5 T 114
213028 T 1364, =.B29E401 _ __ J496F+I1 100.0 100.0 +.3.2 1247
1210629 13242,  4252E¢01 «208E401 100,70 170%0 2.8 2.4
210329 L48, S bS7E40L J155F+01 100,90 100.0 3.2 Y246
210429 988, Ti206E¢ 01 L1626401 160. 0 100.0 4.9 5.2
210529 _ 1P46.  G229E4D1 4212401 100,90 100.0 4.2 3.6
211029 104, J418E+01 2276401 93¢ 100,10 10.6 8.9
242029 T 1t10. __ J1S3E40L__ JAS7E+01 100.0 100.0 5.3 4.5
213029 1762, "e322E+01 +208E+01 106.7C 10050 3.0 2.5
. 210030 3282, J561E+01 .553E401 100, ( 100.0 4.0 L 3.3
210338 44R, La5 LE+ DL .592E¥ 01 39.9 100.0 5.8 4.8
210630 U LOBR, . J4BRE¥QD _ J738E401_ 164 ¢ 3242 9h .4 79.2
[ 210530 1846, S7LOEKOL J415E+01 100.7C 100.0 2.6 7.1
2110307 L ABbe - -ed10E402_ ____ <B6BE+O1 AD, 2 98,9 15.3 12.8
212£30 1610, T 2336404 «B14E+D] 846 99.6 13.8 1.5
213030 1758, W 791E401 _s540E+01 100. € 100,80 3.2 2.7
210031 2894, LA74€ 402 WS61E+01 130.0 100.0 1.2 1.0

2103301 W4Be _____JASIEH02 __ _ JLLLE+01 100.0 100,0 2.7 2,2
T210431 988, T e2GTE+02 +ROSE+01 100..C 100,10 2.1 1.8
_ 210531 1458,  S152E402 _ W320E404 100, § 100,0 1.1 .9
T 211031 8hs L17QE+02 <616F+01 99, 1 160.0 7o 6.2
_ 212031 1222, «1RQE+02 «623E+01 100.¢C 100.0 1.8 1.5
213031 158R, +15.7E402 L456E+01 100.¢C 100.0 1.4 1.2
- 210032 3206 <3135402 ___ J90SE401 __ 100.0 100.0 1.0 .8
J210332 T ouus. o 4125402 +626E+01 100, € 10020 1.4 1.2
210432 988, «296E402 JATHE+OL 100+ € 100.0 1.8 1.5
210532 i770. e298E+02 w821E+01 100, ( 100.0 1.3 ‘ 1.1
_ 211932 190, LLHLELO2 +613E+01 100,90 100,0 2.6 2,2
212032 1394, J2U9E+02 <619E+01 180.7C 1600 1.3 1.1
213032 1712+ _ . «357E402 4733401 _00.0 100.0 1.0 .8
210033 3282. -aB345E401 473601 100, ¢ 100.0 1.9 1.6
.’ 210333 _ _ G48. =.A50E+02 __ L385Fe01 ___ 100.¢€ 100.0 2.4 2.0
2106433 988, ~.573€+01 +3R7F4 01 100.0 100.0 4e2 3.5
. 210533 1846, -.832E+01 __.373E401 100, € 100.0 2.0 1.7
T211033 104. =.155€402 J2u1Ee01 100.7C 100.0 3.0 225
212033 1410, -.453F+01 _ «229F#01 100.¢C 100,90 2.€ 2.2
213033 1768, -~ 11 2E402 .381E+01 100. € 100.0 i.€ 1.3

21003 3282, J42HE+0L «B49E¢DL 99.6  100.0 6.8 5.7 .
210334 wu R, -, 2895401 «874E401 51.6 3.8 280 23.5
210434 98A, «975E+01 SA91E+01 99.9 100,0 5.7 4.8
1866 .306E+01 <610F+01 96.9 100.0 9.1-- 7.6

210534




TABLE H-4. SITE 1 STATISTICAL DATA SIMMARY (CONTINUED) =~ - ) S

KEY' AXLES MEAN 5tp DEV CONF (101) GONF (203) TOL 1953) TOL29012)

211034 1064, -.279E4+01 o 11UF¢02 38.1 79,5 6646
212034 1410, C _eTULRESDL . J7RAEHO0L 10040 Sels 4,5
"213034 1768, 2126404 «796F 401 7.5 17.5 14,7
210638 3282, $R207E402__  J118F+02 100.0 1.9 - S T

210335 u48, «3LTE+O2 «1(1F+02 100,0 2.7 ~2.3

210435 988, S15LE+02_ __e353E4+01 100.0 3.9 3.2

7210535 1846, «202E402 2 104E+02 100.0 2.4 2.0

211035 1%y J43SEe02  .H09FH0L 100 100.0 2.7 2.3

T212035 1410, o117E402 «512E401 £00. ¢ 100.0 2.3 1.9

213035 __1768e  W266E402_ T 1026402 100+0 100.0 . 1.8 1.5

210038, 30wz, .a7ss+01 “476E+01 100.0 100.0 1.9 1.6
_ 210336 4UuR, «139E4.02_ <4 03E+Q1 170 C : 100,0 2.7 2,3

210436 9a8. 5B81E+C1L .366F¢01 100, ¢C 1C0.0 3.9 3.3

_ 210538 1606, SO12E401  JLISE401 __ 100.0 100,0 2.2 1.9

T 211036 6. «1R1E+02 . «245E401 190.08 10040 2e7 2.3
_ 212036 1262, SJUTSEOL W 202€401 _ 100.C 100.0 2.3 2.0

2130636 1684, 01128402 «380F+01 100% 0 100.0 1.6 1.b
_210037 3042, ~+121E408 _«435F+01 874 39,8 12.8 10.7

210337 (YN TN 1656401 «386E+01 634 92.9 217 ~18.2
240437 98R. _ J424F-02  .334E+01 ' et T a2 17175.5 14410.0

210537 16067 - 18 ZE+ 0L GRUE+DL ) 869 99,7 13.0 10.9

211037 .. 9B W2TOF#01 __ «765E+01 _ 2748 5243 556 6.5

212037 1262, -.590F-01 0393E401 4l 8.5 . 368,.1 308.8
_213037 1484, -« 230E+DY, S LO2E+ 01 . 98.1 100,0 B4 7.0

210038 3282, “174EVD2 o TTHE+ 01 108.¢C 100.0 1.5 1.3

210338 . 4bA.-  J2AUFEH02.  .556E+01 1006.0 100.0 2.0 1.6

210438 984, " «129E+02 «557F+01 100.0 100.0 2.7 2.3

210538. __ TARMG. o A7TE«02  JT17E+01 100490 100.0 1.8 1.6

211038 7 104. «29KE+02 «159F+01 100.C - 100.0 1.0 .9
2172038 . C1a10. 21076402 234uF+01 180, C 100.0 1.7 1ot

213033 1768, 221F+02 <593E+01 100.C. 100.0, 1.3 1.0
210039 3282, -+363E4+0L _ . ABLE+01. 98,2 100.0 8.3 740

210339 Lb R, ~.123E+02 ©933F+01 99, 4. ~ 100.0 7.1 5.9
210439 . 98B.: T =eBO1E-01_  LRDOEHDL 2.5 5.0 623.3 522.9

210539 . 1.066. —o3HUE+ 0L «852E+01. 91,7 99,9 11.3 9,5

211039 . 104, -, 109€402 2 115E402 6645 . 94 o ' 20.¢ 17.1

212639, 1416, «160E+01 SURLE+DL 7R 8 98.7. 15.7 13.2

J243039 478%.. - =l T3EE+0L_ +ARBF*D1 93,9 100,0 546 447

210040 3282, «173E+01 «172E+01 100.C 100.0 : 3 2.9
_‘2i03u0. . 448, ~_o179E#08 L 142E4D1 99,.2. 100.0 : 7ot 642

210449, 988, «143E201 «175€401 98,9 100.0 7.7 6ol

_ 210540 1846, «18 FF 401 «175E401 100, ¢ 100,0 43 3.6

211040 104, .512E+00 «313E401 13.2 2640 11941 99,6
_282060, . 1430. . J4S3E#CL: . LA70€401 29,9 . 100.0 5.8 469
213040 1768, +196E+0D1 «156E+ 01 100. 0 100.0 3.7 3.1
_ 210042 30c, 131E400_ J16BF+00 . 82,7 99,3 ¢ 1hels 121

210342, 236 «153E+00 «145E400 89, 2 99.9 12.2 10.2
_ 210442 . 236, «153E+00 «1U5E+00 89.% 99,9 12.2 i0.2

210542, 300, .131F+00 «166E+00 82,7 99,3 14 - 1241
211042 B ~o113E+00_ «1B1E+00 130 2644 13446 107.8

212042 56. «7T1E=~01 «203E+00 22.2 42.7 . 70.€ 58.9

Lersowe 236.. _______«153E400_ o 14SE+00Q RO, ¢ 99.9 - 12.2 10.2
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TABLE H-5, SITE 2 STATISTICAL DATA SUMMARY

- o . | R

KEY AXLES 101 £902)
121302 264 «304E+D2 «270E+01 100.0 100.0 3.7 3.1
121404 12 337€402 261E+01 - 99,9 100.0 4,9 4ofl
121501 28, «314E¢02 «261E+01 180.0 106.0 3e2 247
122301 " b6 S0LE#01L — .209E+01 3.00.0 100.0 241 1.8
122401 bl «973E+01 e2103F 401 1C0.0 1GC.0 2.0 1.7
122504 TN TA 997E+01 3418E404 1800 100,80 3.1 2.6
123301 448, «233E+02 «583E+01 10040 100+ 0 243 1.9

—123401 196 e178E+02— < 306E+01 1000 100.0 244 2.0
123501 212. «255E+02 «B880F+01 106040 100.0 be7 3.9
=---121303- -2he- «306E4+02—————o24LE+0L 100.0 10C.40 3ok 248
121403 12, «316E+02 «135E+04 10040 100.0 2.7 22
121603 284 313FE+02 L o2034LE+01 ~100..0 10,0 245 2.1 "
122303 [1-1'%9 «917E+01 e201E+01 100.0 190.0 2.0 1.7
122403 Lbb, B23E+0L —— _.186E+01 100.0 10G.0 241 1.8/
122503 4044 «988E+01 «278E+01 160G .0 100.0 248 2.3
——123303 bLBe 232E402. — . HOLE +01 1C0.0 106.0 244 2.0
123403 196% «161E402 «2BBE+0L 169.0. 100.0 2.5 2.
123503 242 226E+02 687E+01 10060 10040 Lol 3.5
121306; 2he” «294E402 «199E+01 100.0° 100.0 249 2l
— 121406~ 12 #319E402____ ,183E+01 10340 10L.0 346 3.0
121506 284 - «300E+02 «287E401 10040 - 100.0 3¢7 31
——-122306- L 6L 9656401 197E+01 10340 100.0 1.9 1.6
122406 bbbs «853E+01 «203E+01 100.0 100.0 242 1.9
122506 LO04 91 8E404 313 +01 100.0 100.0- 3.3 2.8
123306 448 «239E+02 o6C1E+GL 10040 10C.0 243 2.0
123406 1964 1756402 .320E+(1 -100.8 160.0 246 2a2
123506 212. «229E+02 o TU2E 4G 160.0 100.0 Lol 3.7
121310 24 298E402 . _4229E+01 100.0 100.0 3.3 2.7
121440 124 ¢ e317E¢02 o 314E+DL 9945 10€.0 Be3 Sel
121510 28 298E402 237E4+C4 10,0 10C.0 3.1 2.5
122310 464, «883E+01 02206401 160.0 10040 243 1.9
122410 f fyly 781E401 202E+01L 103.8 10C.8 2.4k 2.0
122513 404 «I14ELDL «282E ¢01 100.0 160.0 340 - 245
——123310 L448e—— 2233E402———+586E¢01 1600 10040 243 240
123410 196, «170E+02 e332E401 1063640 100.0 2.8 243
123510 212 2L1E202 850E£401 100..0 1000 Lo 8 40
121345 164 «213E402 «170E+01 1000 100.0 443 3.5
121415 12 203E+02 4 165E+491 99.9 100.0 5e.2 La?
121515 244 ¢ 02115402 e 2LUE+0L 100.0 100.0 4e9 hed
122315 456 S56E40L o+ 184E+D1 100.0 100.0 3.0 246
122415 bbbk, «45B8ECDL «179E¢01 10040 100.0 3e7 3.1
122645 396 522E401 266E+01 100.0 100.0 5.0 ba?
123315 ibb, o113E4D2 «352E+01 1000 100.0 501 he3
123445 - 1964 117E+02 276E+01. 100.0 10040 3.3 2.8
123515 96, «119E+02 «306E+0L 100.0 100.0 Se2 belo
121316 16 109401 LB87BE+01 -39 TeB 63041 353.7
124616 12. o147E+D2 o 116E£402 33.0 6000 5043 41.0
121516 24 «272E401 745E+01 1449 29,3 108, 8 90,2

122316 556, oL 43E+DL «327E401 9346 100.90 6e 8 5.7
1224186 Lk 656E4+01 225E+01 1050 108,10 3.2 2.7
122516 396, «584E401 «283E+01 100.0 106.0 beB 4.0
123316 146 BB2E+JL 2 B87E+01 87.5 99,8 12,8 10,7
123416 195, «982E+01 ’ «538E401 98.9 106.0 7.7 6.5 -
123516 96 372E+041 558E+01 48,5 80456 30,4 25.4
121317 16, 100 .0 106.0 4.8 3.9

«270E+D2 e 243E401
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TABLE H-5, SITE

l(:\'f AVLES ME_A‘M [:
121517 12, «266E402 .
1218517 28e 286E402
122317 4564 7326401 .
—122117 Llty,y 67LE+D1 .
122517 404, «827E401 .
‘1_?'{247 1Lk_ 1!:959-0? b
123417 196, «148E+D2 !
123517 212 209€E+02 ,
121318 1€. =e139E402 .
——121418 12. =,111€402
121518 - 28a -e188E+02 <
— 122318 . 456 — = 392E401—
122413 Lk, - 465E+01L r
——122518 —  40be =4 275E401-—— .,
123318 Lk, =s978E4+D1 "
— 123418 196, ~e1D5E402 —
123518 212, ~e1U41E402 :
— 421349 . on, = ,8R5E+04
121419 . 12 ~«883E+01 ;
—121543 1284 ~eB829E40% - —
122319 464, -e323E401 .
—=422419 Lk, -e322E401L .
1225193 Lok, ~392E+01 ;
19?11_3 LALR -ﬁAng,&[]i .
123419 " 196, =4497E+0L ’
—-123513 212. . =~eBS0E+01-
121320 24, ~.533E401 .
—— 121428 12+ el 09E4+02-—
121520 28e =e319E+01 .
17719!\ L6 _1618.01___‘
122420 bbb, ~e242E¢01 .
—12252)0— W0lhe—— o 3UIECIL—
7123320 448, ~«976E+01L c
~=12342¢ - 196 “e526E40 L,
1123520 212, =s545€401
24321 - - 24, L 207Ee02—
121424 12, «235E402 !
— 12152 24y (255E¢02- ..
122321 464, «500E+01 .
—122421 ————4Ul, o % 19E+01 —
122521 3964 o801E+01 .
171191_ ' 1.1.;1_ '128E009 -
123421 196, «119€+02 .
— 123521 96, NP Y X127 - S———
121322 - : 24e ~e140E+02 .
—121422 124 LTF L 1-1 X 7 [ ——
121522 28, = 122E+02 .
422322 l:t.l.' '7155_*03—'
4122422 el =o4u3E+DL .
— 122522 404, =o265E+01 «
123322 448, =~e150E+02 .
——123422 196, - = e123E402 - . ...
123522 212, ~.11JE+02 .
——121323 2%, 276E+02 .
L

121423 . 12. «228E4+02




2 STATISTICAL DATA SUMMARY (CONTINUED)

10 DEV : CONE (40.2) CONF(232) 100 (9512) 104 £908)
229E+01 93,8 100.0 5e5 be5
153E+01 ., 10040 10C.0 241 1.2
190E+01 10040 10040 2.4 240
2286404 . 10040 100.0 3.2 2.6
,262E 401 16040 10C.0 3.1 246
LL3E+0S 1000 1080.8 Biga8 4.0
321E401 " 108.0 100.0 el 2.6
$09E 01 . 10040 10040 3,9 3.3
Q06E+0L 45,2 © T6e2 ) 34,7 2845
AGEE402 . . 2Bk 3903 83,1 65748
B65E+01 7440 97.1 17.9 1448
J1B8E+01 - Q9.4 1 06,0 7.5 £o3
301E401 ' 99,9 100.0 6.0 561
4L53E+01 L7742 984 b— 1643 13,7
BI0E+DL 9049 99,9 11.6 9.7
H20E4GL - 98 42 100.0 8.3 7.0
B77E+0L ] 98,0 100.0 Bot 7ol
Q30E+00 N 1000 100.0 LeB Lal
120E+01 97.3 100.0 846 7.0
695E +00. =100 .0 100.0 3.3 _2.7
782E+00 100.0 10040 2.2 "1.9
BOLE+00 100 .0 100,08 2.3 1.9
1118401 100.0 160.0 2.8 243
ALOE+DL - ~ - 100.0 100.0 2.0 1.6
926EF +00 10040 1600 2.6 202
202£+401 100.0 156.0 62 3.5
936E+01 2240 4243 73.1 60,5
2036404 91,0 99,7 L 14.8 9,7
B79E+01 19.5 37.7 - 8244 684t
,1.61_5:*31 T QQ a Qg g = 141 . 6 2.8
3858401 8lels 99,2 14,8 12,4
G5T7E+01 7844 98.6 15.9 13,3
BIWE+0L 99,9 10C.0 €sd 5.1
133E401. . 100.0 100.0- 3.6 3.0
QL7E40L 6143 9145 . 22.8 19,1
7L+ 04 L 9542 - 1000 Q.7 8.0
'322E 401 9742 100.0 8.7 7o
SN 1§ Q— 99,1 10C.0 Ze3 600
173€%01 100,0 10040 246 242
355FE401 - 98 .7 160.0 7.9 646
334E+¢01 : 1C0.0 100.0 bod 3.5
,3355_‘.94_ ekl un‘n 1000 240 2.0
299E+01 163.0 130.0 3.5 3.0
277E+01 100.0- 1.06.0 3.8 3.2
9LIE+01L 5245 8t,e1 2805 23.6
176E401 - 99,2 106+ SeZ hel
390€+01 89.0 99,7 1244 10.3
BHIALE+]L 4R.14 3. 2 8F 1 12,2
757E+01 7842 98.6 15.9 134
983E+01 L1l el 7.2..0 36,1 3.5
B17E+01 .10C.0 100.0 3.8 3.2
J1LE+QL - - - 103 .0 1C6C.0 3.6 3.0
102E+02 . 88.3 99,8 12.5 1045
661E401 9Lk .8 1000 10.1 Boka
6.2

363E+01 94.8

99.9 10.1
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TABLE H-5. SITE 2 STATISTICAL DATA SUMMARY (CONTINUED)

KEY AXLES MEAN SID _DEV CONE (102} CONEL202) I01L £958) In) ol

. 121523 . 284 «282E+02 «652E+01 97.0 100490 : 9.0 Tols
—122323 L6b «LI6E+DL -« W79E+01. 97l 106.0 8.8 724
122423 bbb, W172E+01 «588C+401 4041 70.7 37.3 31.3
—-122523 N T +LOBE+01 Q21401 72,2 97.0 18,1 15,2
. 123323 468, B .1514E't02 o 766E 401 . 100.0 1000 Leb6 "3e9
_ 123423 196 Z726E+01 LZiE+01 G5 ,.8 $100.0 a,1 7.7
123523 . » 2126 . «1S50E+02 +138E402 8845 99,8 o 12.4 10.4
— 121324 —- 2be «133E401. . _.232E401. 21.8 41,9 73.9 £1,2
' 121424 . 12, . «685E+01 «368E+01 LE.3 77.7 34e1 2748
—-121524 . 284 378E+401 458E+01 334 61.0 L7740 39,0
122324 46he el 03E401L «B03E +20 9346 10€.0 ‘6e8 ' 507
—122k24 NN 163E+01 112E+01 - 93,8 100.0 [N Sekh
;2252“ . . b0be «125E401 ¢133E+04 94,0 100.0 - ¢ 1C0. 4 ‘Be7
--.123324 4u8 —e217E401 — _ L127E+01 10042 10GC.0 Sels Lab
123424 1196, «320E+014 «158E+01 © 99,5 100.0 7.0 ' ’ 5,8
— 123524 -212.- »ol25E401 - -~ 4309E+01. 95.4 1000 9,8 ‘Ba2
121325 .26, «183E+02 s TULE+DL "768e1 © 9746 1761 ’ 1be2
121428 —12 «127E432 279E401 85 .6 . -90,1 1440 1.4
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121427 12 »¢300E=01 "e300E=014 - 250 L4947 h3.5 £1.8
1’21,527 20, e540E-01 oiCLE+0D N 1842 - . 3%.3 " 89,9 7403
—-122327 268, «108E+03. ~e341E~01 100.0 100.0 3.8 3.2
122427 Lk, «1.05E+00 s bU1E-01 100.,0 10C.0 3¢9 T 3e3
—122527 280. - e112€4¢00 — o 408E=~01 100.0 10{.8 Le3 36
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TABLE H-5, SITE 2' STATISTICAL DATA' SUMMARY (CONTINUED)

KEY. AXLES MEAM SYD 0V CONE(410¢) SOME(2012) INL (Q51) JYOL (308}
122435 by, «962E+01 «324E+01 10040 10040 361 246
122535 L04 135E402  _.337E+012 10040 100.0 24 2.0
123335 448, »826E+01 «565E+01 99.8 100.0 Bels 543
—— 123435 196 +103E+D2- —o118E+01 1000 1008.0 1.6 L S
123535 212. «1UBE+DN2 «U4S53E+QL. 1020 16C.0 Le2 3.5
121336 24 +2905+02 352E+014 93,9 100.0 6.2 Lol
121436 12. o287E¢G2 «391E4+01 . 973 106.0 | Be7 7.1
-— 121536 28e ¢312€402 —— - -a295F 408 o _UCTI 00— 160.0 347 3.4
122336 46bhe e116E+02 «298E5 401 100.0 100.0 2¢3 240
—-122436 bl o -+992E+01—————-«230E+0GL 10040 10C.0 242 1.8
122536 L04s «119E+02 e271E4+01 100.0 10C.0 2.2 1.9
—123336 448 «230E402 —— 5675401 1000 100.0 2.3 1.3
123435 196, e168E+02 «332E 401 1C0 0 100.0 2.8 263
~---123536 212, el USE+D2 - _.896E+01 10040 10C.0 .0 Le2
T 121337 24e -2233E+01 +190€E+01 4546 7649 336 2748
—-121437 -12. »¢525E400-— +257E+01 ..5eB 1t.0 31C.9 253.7
121537 284 -e213E401 «208E+01 4146 72.3 37.0 30.7
422337 Ublhe— = 521E4+30— L 776E4+00 8541 29+6. 13.6 1.4
122437 LI -«451E400 «322€+00 69.7 9640 12,1 16.0
- --122537 - OG- e o71B8E40C -——~-—-0129E+01 - 734 97 o &t 1746 1he8
123337 448, ~o216E+)1 «130E+01 1G6C.0 10C.0 546 47
—-123437 196. =e%91E+00- e LLGE #01 3645 657 Lil. G 348
123537 212. -+158E401 «164E+01 8440 99,5 140 11,7
—121338 .4 329E+02 L2CE+Q1 Q9.8 108.0 el LS
121438 12, +332E402 «277E+01 93.8 100.0 Se3 4e3
—- 121538 - 284 2302E402.. . 4232E+01 --10C 0 10C.0 3.0 2.5
122333 4 6L, «103E+02 «234LE +01 100.0 1060.0 2s1 1.7
------ 122438 blele «835E+01. -« 274LE 401 1006.0 106.0 3e1 246
122538 404, «912E+401 +3090E401 100.0 10C.0 3.3 248
— 123338 Li4Be 2626402 637E+01 10340 100.0 243 2.0
123435 196, +189E+02 «374E+0L 16030 160,10 248 2¢3
——123538 2124 «235E+02— -+ 762E+01 100.0 10C.0 [T 3.2
121333 24, =e160E+01 «113E4C2 57 11,3 288,1 238.7
----- 121439 12. = e890E+01 —— —— e ILIEHLD - — — 9363 100,90 6.7 5.5
1215393 28, «386E+00 «701E401 23 4.6 704a &t 58447
122333 ININ 359E+04 5925404 B8l.eZ 99,1 15,4 12,6
122433 bbb, e293E+0L " J4B7E+DL 802 99.0 15,2 12.8
—--122533. 04 229E+08 — 4 BL5E+01 Liol 224 o 3641 30.3
123339 LB, -e758E401L «593E+21 99.3 1CC.0 7.3 6el
—-123439 196. ~eJOLE+]L. «321E+01 — -91.3 99.9 11.6 G.6
123539 212, -o433E401 «881E+01 53.1 85.2 272 22.8
121340 24 o1l85E#02 L, 317E+01 99,1 100,0 12 Al
121445 12, «1LIEHD2 «160E+31 99,2 100.0 6.8 56
— -121540 286 .ol82E¢02 ... .. o391E¢01 ... . -.97 9 18C.0 8.3 6.9
122340 464, oh17E401 «370E4+01 98 ¢4 100.0 8s1 Be8
— 122440 ——— bbb, +318E+01 —e35LE+0L. -9%.1 160.0 104 B.7
1225490 406G «406E+01 «Gh97E+01L 89.9 99,9 12.8 10.0
123340 NN} 115E+02 4505404 1000 100.0 3.2 3
123440 196, «533E401 e29LE+DY’ 9347 1¢0.0 %) 545
12354) 212 108€E+402 «528E4+4701 . 98,7 100.0 7.9 Feb
12134t 2he «155E+03 0. 1CJ .0 10G.0 0.0 0.0
——121441 12« 155E+03 0 - 100.0 100.,0 0..0. 0.0
121548 28. «155E4+03 0. 100.0 1GC. 0 0.0 0.0
122344 NN 155E+403 0. 1004 1C0C.0 Gal) .0
blhb, 10GC.0 0.0 0.0

122441

«155F+03 0

100.0
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TABLE H-5. SITE 2 STATISTICAL DATA SUMMARY (CONTINUED)

KEY- AXLES MEAN ST _DEV. CONE {40 ¢) SONE(2)1)

122541 h0be «155E+03 0. 100.0 100.0

——1 23348 . BbBe _GLS5SE403. - 0s - .. 10040 106.0
123441 196. «155E403 Qe 10840 100.0 "0.0
1235041 212« +155E¢03 Do—o- oo <100 @ 0 100.0 0.0
121342 24, «155E+03 0. 1GC W0 10C.0 Ge0
1214642 12 155E+03 ] 10360 100,40 f.0
121542 28 +155E+03 0. 100.0 ° 100.80 0.0
122342 46L 155E+03 0 -1C8.0 120.8 0.0
122442 bbb, «155£403 G 10040 100.0 0.0
———122542 404 «156E403 0. 160430 100.0 0.0
123342 L4B, «155E+03 0. 100.0 100.8 0.0
423442 196 «155E+03 ] 103.0 100,80 Gel
0.0

123542 212, «155E4+03 0. 1G60.0 13C.0

325
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200 «162E¢02

TABLE H-5, . SITE 2 STATISTIGAL DATASUMMARY, (CONTINVED), .
—KEY————— 2 - DE, SONF (104 — —GONFL208)— —— FOL (9543 TOL {9082
223018 552, ~a117€402 o 7HIE+01 16040 100.0 5,5 46
~2.20019 2232, wleBUEFIL g 19EE 0L e -1 G 100.9 1.7 1.5
" 220319 936, -o498E+01 . «209E 401 100.0 100.0 2.7 2.3
—226419 5524 w385E4+01—— o L 35E $0 1w —e - 10 ¢ 0-- 10040 2,7 2.3
220519 544 -o4O6E+01 . +202E401 160 40 100.0 3.2 246
—221040— fu, = BEIE40L O4BEe00— 10040 10040 2,8 2.3
222619 1312, ~s3H4ELDL . +9BDE+GO 16040 10G.0 1.5 1.3
223019 8564 ~e5623E401 —e1B4E+01 1000 10040 1.8 1.5
7220020 2232, -.220€+01 «757E401 83,1 99,4 1442 1240
226320 936, - 302E+01- —870E401- 71,2 96456 18.5 1545
. 220420 652, -4343E401 «366E4+01 9,3 160.0 8.2 6.9
S220520—  euh,— 218405 B17E401 —5.b 108 289.8 24341
221020 Blhe -«546E401 «782E+01 42,01 72.1 35.8 2909
—222020 1312, e151E40L— o 54BE 401 - 6843 95,5 1946 160 b
223020 856, ~o7BRE4D1 «BB5E 401 99,9 160.0 6.0 5.0
~220021 2104, wB89E+01—— o 527E 401 ~100.0 100e0—— 2,8 2.1
220321 936, . «362E401 JHBBE+0L 16240 1c0.0 3.1 2.6
EETTYV 7 — Y - F—Y T T 7Y i «BUOES DL 99.9 16C.0 640 Sel
220521 516, $101E402 +543C+01 1000 100.0 4a7 3.9
221021 60 02326402 ——— — < LBLE+01 - 106.0 100.0 Sats fhoS—
222021 1304, - +599E+01 +333E4451 1600 10040 3.6 2.5
~223021- ~T4G. 912BE#02 ——— -~ 4 327E 401 100.0 100.0 1,8 1.5
. 220022 2232, ~e676E401 £971€401 99,9 100.0 60 5.0
220322 936,——=a713E+]1 1036432 96e7 10040 9.2 : 2
220822 652, -.70BE+01 «7R1E4(1 98.2 100.0 8.3 6.9
220622 "6l +581E401 g 106E +02 83.5. — 9944 Ahed 1148 —
221022 6ls - 142E402 «69CE+01 8946 99,8 12.1 10.1
~222022 13124 =e205E40 1 <BL2EDL -62,.3 92,3 22,2 18.6
. 223022 856, -.134€402 «T1LE 0L 100.0 100,40 3.6 3.0
—ezooas—ez-sg.-——.azaewi——-—fwczmz 10340 15040 5.1 o2
. 220323 336, S105E402 #865E 401 10040 10G.0 5.3 bab
220423 524 377E401 -~ T23E 401 - 817 99,.2 14,7 12.4
220523 .6l4b, «929E+01 +125E402 el 106, 0 1044 8.7
~22i023 Sbe «270E¢02 «BUSE+D1 —.89.9 10040 640 5.0
222823 1312, $387E401 e 725E+01 9446 100.0 10.2 "845
—223023 —————— 8560+ 1-34E 402 971E 401 100.,0- 160,08 NN fhed
220024 2232, «200E+01 «191E4+01 16940 100.0 4,0 3.3
—220324 936, —e161E+0L +124E+01 10640 1000 4e9 hot
220424 652,  «220E401 <167E+01 99.9 100.0 58 4.9
~ga0524 5 bl +235E401 —-——— ¢ 268E 401 - 97.3 100.0— — 8.8 2.4
221024 . 6l o3L3E4DL «420E401 48.5 8Le5 30.5 25,5
~222024— 4312, ~132E40% 1126401 10040 1068 e 3.8
223024 - 8564 e292E201 +213E401 100.0 106.0 4.9 4ot
Z220028 2232, e13UEE02 g b4OF 431 oo — - 10040 10C.0 1ok 1e2
~220325 - 8364 cinnEsR2 «352E 401 10040 10040 1.6 1.3
220425 8524 21115602 - ¢356E401 - 10040 100.0 2.5 24—
220525 " Bl 014OE+(2 «555E+01 10C.90 10020 2.9 2,4
—221026—— Bl 75E402————559E 401 98..5 - 100+8 — 7.9 65—
‘22202¢ 1312, «128E+D2 S41BE+GL 100.0 1CC. 0 1.8 1.5
223025 8564 o 1H1E402—— o 46LE +01. 16040 16C.0 2,2 1.8
"220026 924, CoTO4EHOL «690E+01 99.8 16040 6e3 5.3
—-220326 196, +130E¢02 ~«505E+G1 10640 100.0— BB . 4.6
220426 544, ¢534E¥01 e623E+01 95 44 100.0 © 948 8.2
220526 18Ly— L B71E4JL—— 701401 -72.9 97,2 17.9 15,0
521026 SL15E+02 33.0 2753

4847
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'TABLE B-5. SITE 2 ' STATISTICAL DATA' SUMMARY (CONTINUED)

—KEX AXLES MEAN SIND OEY : CANE (1022 CONE(208} TOL2952%% 7oL (908}
222026 . 500, ¢392E+01 »369E+01 98,2 10C.0 83 669
—223026— —— — HB0bo——— < 104LE402 . 7H0E+0L - -- 9944 100.0 7.1 Bel
220027 1566, o795E-01 «B610E-01 100.0 130.0 3,8 " 3.2
—220327 408, e865E-01-— o 490E=02 e . .— -~ 10040 1000 5.8 LB
220427 652 oT73E=Q1L «578E=C1 99,9 100.0 .8 4.8
220527 BE04e— . o765E~01 721E=01 98.02 100.0 B2 £.9
221027 L1 0210E~01 «854E=01 12.3 26Le2 130-.1 108.4
—-222027- 992. +108E4+00— o 408F-01 - — 100.0 10040 204 240
‘223027 532a «310E-01 «563F-01 7345 9849 15,5 13.0
- 226028 2232 o723E400 ~— o WUHEFID - - 100 0O 106.6 2.5 21
220328 336, - e771E¢00 o418E+00 100.0 100.0 3¢5 209
—220428———————————6520—————e536E¢00 33eE+00 160.0 1060 ko9 bl
220528 Bhbe «8UL3E+0D 2510E4+02 103.0 1GC. 30 Le7 3.9
-221028 6o ol40E#02-— - «300E+00 - ———— —-- 1000 100.0 S+3 o5
222028 1312, o 429E+00 «211E+00 100.0 100.,0 207 2.2
223628 - 856 0112E404 - e334E+D0 ———-——- 1000 1€C.0 240 1.7
220029 2232 +600E+D1 «332E+01 10040 10060 203 1.9
—220328 ————— 936e—— o 687E4(L +362E401 130.0 100.3 X O 2.8
220429 652« o 4b2E+01 «201E+0L 106.¢ 10C.0 3.3 248
- 220523 - — bbb, o512E40 —— . J3L45EH01 100.0 100.0 bols 3.7
221023 64, o128E402 o1L7E+01 1600 100.0 2.9 2okt
--222029 1312 +384E+D1 —e101E¢01 100.0 100.0 lels 1.2
223029 856 «8B80E+IL «290E 491 100.0 100.0 202 1.9
—220030 2232+ »o337E401 LOLE+QL 163..0 1600 B0 Le2
220330 936 =e360E¢01 «W22E40L 931 106.0 7.5 6¢3
-22043% - 552 ~elB8LE+0L— «235F+01. ~95 .4 100.0 9.8 842
220530 Buhe -e458E401 o U460E+401 98.8 10640 78 645
—22103C blo =e593E40L-— «709E+01 -B6e.Z 88,0 - —2E.3 2142
22203C 1312. =e222E4+01 «2L1E+02 83.9 10C0.0 5.9 469
—223030——————856e————= o 4bBGE 0L 497E +01 93.+6 100.0 69 5.8
22503t 2232, - «313E+0L «26LE+08 10040 100.0 3.4 2.9
L.-226331 936 «391E+01 - e274E408 — 10600 100.0 LeS- 3.8
220431 652 «197E+01 «168E401 93,7 100.0 626 5e5
—220¢31 blbe +338E+01 — - e285E¢0L - 99.7 100.0 £+5 5.5
221031 e - +812E+02 «919E +00 160.0 16C.0 2.8 2els
—22203————— 13121 54ECDL— L 937E+(0 100.0 2 100.0 343 2.8
223031 8564 «S534EDL e 2LOE +01 10040 100.0 3.1 2486
--220032 2232« e323E+0L ——  ,210F +01 100.0 1LC.0 2.1 242
220332 336 e343E+0L ¢182E 401 100.0 100.0 e bt 248
.-220432 6524 «280€401.— o 163E+01 ..——-100,0 10C.0 9L 3.8
. 220932 Dlbe «357E+01 -e273E¢01 93,9 10GC.0 5.9 540
—221032 Bl B 19E 01— 311541 81k 99,0 15.0 12.5
' 222032 1312, «265E¢01 W LUL4E+01 10G.0 100.0 249 2e5
—223032 856 BL3E+0L 0 2U5E 401 10040 10GC.0 44 0 3.3
220033 2232, «530E4D1 +389E+01L 100.0 160.0 247 203
—--220333 936, «6B5E40L o 421E+0L - 160.0 100.0 3.9 303
220433 6524 «4S2E+01 «228E+01 16C.0 106.0 39 343

220533 FY RN S93E+01 - L, 426E+03 1000 100.0 S48 feZ
221033 ' (1 o134E+02 «137E+01 © 10040 10040 i 246 2e1

—222033- 1312 334E40L 4 135E+(Q1 10C..0 10C.8 5 242 1.8
223033 8564 : «926E¢01 «331E+401 1000 100.0 2e s 240
—22003%—————2232¢——— o 456E+01——« J2LE #01 100 .0 100.0 3.0 2458
220334 936 «SLTE4DL «327E 401 ’ 100.,0 106.0 3.8 302
—220 43— 552 379E40 L ——— +189E+01 1000 - 100.0— 3.8 3.2
7.5 603

220534 bhbe- . oWJLE+O1 »3B9E+01

93.1 106C.0
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TABLE' H-5; SITE 2 STATISTICAY DATA' SUMMARY : (CONFIHUEDY ' 1

- 221034 Bl o753E+01 o LOH3EHDL 821 99,2 1be7 123
222034 1312+ «318E+01 o193€E+401 13343~ 100.0 - 343 - 248
223034 ’ B8G6. obL4HEFDL «362E+01 100.0 100.0 308 3.2
—220035 2232« +120E¢02 «490E+01 +-100 0 : 100+ 1.7 Lobs
220335 3360 «120E4¢02 «595E 401" 10040 1600 3.2 247
- 220435 552, 3825404 2776401 100.0 100,08 2.2 . 1.8
- 226535 Blbe o140E+02 «388E+01 . 1G0.0 10G6.9 241 1.8
-—221C3S% bl «lU9E+02 - o551F+01. 98,56 150.9 9,2 - 2.7
. 222035 1312, «129E+02 e417E+0L 100.0 100.0 1.8 1.5
—223¢35 366 «103E402 — —-+538£+01 130.0 13C.8 35 — 2.8
: 220036 2232 «158E¢02 o 750E +01 1000 10G.0 2e0 1.6
w220336————— 33617 5E402 + 7 UIE4CL 10040~ 1000 2+7 243
220436 652 »123E402 s 4H9F +01 100,0 10040 2¢9 245
—~220536 b4k -‘159E902~-—-——.——~.863E‘01 10340 15840 O | ‘ 3
221036 Glbe «299E+02 «357E+01 1G0.0 10G.0 3.0 245
--222036 - 1312, +112€402 -« 282E¢01 - 100.0 100..0 1ot 1.2
223036 956 022)E+Q2 «689E+(01 10040 10C.0 . 2e1 1.8
—220037F—————————2232s—— =1 01 E4 04— 1 L1 FE + 01 98 .9 100.0 .8 LoeO
220337 336, -o135€+401 «137E 401 99,7 100.0 €5 Sl
—-2206437 652 e WBSE+J] ————o1i5E+01 .. - 696 9€.0 19,1 16.0
220537 5hb, =-e10G7E+01 «153E+01 92,3 100.0 111 9.3
221537 - =s195E4031  ,223E+01 .5143 833 28,86 23,9
222037 - 1312, =e558E400 e101E+401 954 “19C.0 9.8 83
—223032 BS6 =l 64E4]L 1575 +01 99,8 100.0 . Bels - Sela
220038 2232. «153€402 2873401 100.0 100.0 2 4 2.0
-.220338 936 180E+02 —---2906E+01 10040 100.0 342 2.2
220438 652 «120E+02 «BL0E4+QL 100.0 180.0 4.1 3els
—220538 BHLbe 14L8E+02— 30CE+01 100.8 160.0 T 4 : Lol
221033 6le «318E+R2 «350E+01L 100.0 100.0 2.8 23
222038 1312 Q2~;E*ui 2856401 103 .0 100.0 1.2 1.4
223038 856 . «233E402 «672E401 100.0 10C. 0 1.9 1.6
--220039 2232, = 05391E4+00-————o790F+01 - 27 4 6. 5240 5545 —Lbeb
220339 . 936. =«189€+01 . «B823F+01 51.8 8La 0 27.9 234
220439 552« «683E+00 ——e 5570401 —2heb- L6e9 52,7 - — 52,6
220¢39 LT +833E-02 «907€+01 2 ok 8365.6 7017.6
221033 ——— Bl —— = 2128401 898E +01 149 . 29+3 105.9 - BB 4L
222C33 1312, +298E+01 «BSULE+DL 901 99,9 11.9 1046
~223039— — 8569 =45 935E+0L— .. ¢BS5E+{L 93,2 100.0 Zols - 6542
220040 2232, «B6LE+DT «581E401 10660 16C.0 3,6 3.0

—220340 936« eB07E+401-—— - «577E 401 —— 100.0- 10C«0 Lo-6& 38—
. 220440 5524 - o435ELD1 ¢ 392E+01 93,5 100.0 649 5.8
220840 ————— Slhlhe—— L HB33E4(1 668E+L1 99,4, 4000 1.5 6.3
221040 -1 o177E%02 »358E+01 100.0 100.0 5.0 LTYA

—222040 1312 0383E40L— — JW11E+01 " - 9949 10040 5.9 4eQ
223040 856 «102E+02 «521E4+01 100,.0 1000 3s b4 249
—2200%1 —2232. ~e155E403 —— Do . - s 100.0 10G6.0 0.0 0.0
2203461 93€. «155E+03 B 100.0 1GC0.0 0.0 0.0
220441 . 652+ 155E*n1 i - 1000 1000 0.0 0.0
| 220541 34b, «155E+03 0. 100.0 10C.0 0.0 0.0
— 221061 64 155E+03 g 108 .0 100..0 0.0 — 0.8
222041 1312, «155E403 0. 10040 10040 0.0 0.0
—223041 856 155€403 — Q- 103.0 100.0 Ce-0 0.0
2200462 2232, +155€+03 0. 10040 16C.0 De0 0ol
220342 336 155403 0 100.0 100.0 0.0 0.0
o0 060

220442 6552,

«155E+03 0. 10040 1G04 0
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' "TABLE H-5,' ' SITE 2’ STATISTICAL DATA SUMMARY ((CONTINUED)

.

KEY N ANLES . — MEAN {'rn DEV CONE (103} CONF(252) I0L(95¢) ; I0l 19021
220542 544, «155E+03 [ 1Y “100.0 100.0 0.0 0.0
. ——221042 _ 6Ge 155E+03 Oe - 100,08 100.0 8.0 . B0
. 222042 1312, «1565E+33 0, - 10C.0 100.0 - Oe0 Ded

© —.2230862 - 856, . «155E+03 [ PR -100.0 100.0 i . Q.0 ) Al
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TABLE H-6, SITE 3 STATISTICAL: DATA SUMMARY
KEY AXLES MEAN STD DEV CONFt4Qt) CCNF€201) TCL(952) J0L¢908)
131301 16, «250E¢02 «219E+01 160.0 100.9 447 3.8
131401 32, «275E+02 W 245ESDY 100.0 100.0 3.2 247
131501 4o «325€+402 «370E+01 10C.0 100.0 3.5 269
132301 408, «707E401 «151E401 10C,.9 100.0 241 1.7
132401 S60. «739E¢CYL 2238F 401 180.0 100.8 2.7 242
122501 516, 210LE®02 e 242F 401 100490 100.8 240 1.7
133301 1hb, «19C0E+02 «393E 401 100.90 100.90 Jok 249
133401 276, «177E+R2 «S08EEDY 190.0 160.0 3eb 248
132501 476, «201E¢02 «581E¢01 10C.0 100.0 206 262
131303 164 2291€¢02 +182E+01 100.0 106,28 3.3 27
131403 36 «211E+02 «234F ¢01 100.0 100.,0 245 2.1
121503 524 «358E402 «I5NESDY 100,.0 108.0 2.7 2.3
132307 498, «812E¢01 «22EE*01 130.0 100.0 2.7 2.3
132403 516, «899E¢CL o 279E 401 10040 100.8 26 22
132503 s28, s1112402 2+ 276E+01 180.0 100.8 201 1.8
122303 a4, +200E+02 o 425E003 10040 190,80 3.5 2.9
133L03 328, W184E#C2 0 524E+01 10040 100.0 3.1 26
133503 628, +23T7E¢02 o T34E 481 1060 100,80 2ol 2.8
131306 16, +?29B8E+02 2148E*01 10040 100.0 246 242
131406 40, «327E402 02335401 1000 100.0 243 1.9
131506 52, «35QE402 «243E+D1 100.0 100,0 1.9 1.6
132366 408, «8LIE4T]L o157 +01 100.0 190.90 1.8 1.5
132406 592 «892EH01 «27EF+01 10040 106.0 25 201
132586 528, «11EF+D2 0277E 401 18C.0 100.9 240 1.7
132306 144, 2165402 o4BOESD] 100.0 108.0 3.7 3.1
131406 472, «195E¢C2 «520F+01 100.0 100.8 205 21
133506 628, 2 253E+02 o7TSHESNY 100.0 100.0 2.3 240
131310 16, +256E4+02 2171E401 10C.8 108,9. 3.5 2.9
131410 40 «28RE+02 «257E401 100.8 icg.e 249 24
134516 52, +2LT7ESC2 2 320F¢01 1CC.0 100,.8 2.6 2,2
132310 4N8., W6ULCESLL «161F+01 10C.0 106.0 244 201
13246130 592, 2 80GECL] «202F 401 100.0 100.8 2.0 1.7
132510 528, «915E+01 ¢302E+01 100.8 100,80 2.3 244
133310 16k, «186€£+C2 «379E 401 100.9 100.0 3be 2.8
133410 432, ¢ 170E+L2 o HICED] 10040 100.9 2.4 2.9
1325140 628, 2 229E¢(2 26b4E¢DY 180,98 100,0 242 1.9
131315 12, «269E+02 «163E+01 160.9 100.0 2.9 a1
131435 32 2016402 = L692E4DD 100.8 100.9 3] o7
131515 29. «202€¢02 «31EE+00 10840 . 108,90 o5 ok
132345 L0k, 2861E+01 «206E+04 10040 _ 108,90 23 28
132415 588, «112E¢02 «268E¢01 10C.8 108.0 260 1.6
132515 356, 2135E+02 2 294F4D1 100,0 100,0 2,3 1.8
133315 68 «199E+02 «360NF+01 10040 100.8 bols 3.7
133415 398, « 20 8E+D2 «371E401 10C.0 100.0 1.8 1.5
133515 96, «270E+02 «371E+81 10640 100.0 247 2.3
121316 12, ~o115E+681 «101E402 Jol 6o 2 55544 §53.2
131416 32. ~«B862E+00 «110E+D2 3.5 7.8 LEL.% 383.6
131546 20, 2297E401 +102F 482 10.2 20.2 1614 133.4
132316, - 404, W234E+ 01 «213E+01 97.2 100.,0 ) 849 TeS
132416 580¢ . - - =a134E-01: «330E+DY o8 " 16 - 2003.5 1680.5
132516, .. 356, o1 UBE+CO - «45S4E+DL 449, 9e8 - 31847 2673
133316 6n, o3L1E+01 o7H2E+01 29,4 54,9 . 52,8 4ho0
133416 A8, «LULOENCY - «601E+01 8%.0 © 86,6 13.6 s Y
132516~ 36, «591E+01" . «103E+02 4245 7346 - 35.3 - 29.5
131317 16, =+897E+00 «351E4+01 840 15.9 20848 i 171.7
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TABLE H-6, SITE 3 STATISTICAL DATA SUMMARY (CONTINUED)

KEY AXLES WE AN SID_DEV CONF L1089 CONF ¢201) TOLE958} __ToLe90)
1314617 40, . «508Fe¢T0 +438E¢D1 Sol 10,2 31440 261.5
131517 4b o +568E+01 +307F ¢04 6542 93.5 213 i7.7
132317 418, «269E+00 - s 202E¢01 21.2 41,0 73.0 61.2
132417 592, 2921E+00 «164E+01 82,8 99.4 1644 12.0
132517 436, o 23LE+DL «170E+01 99.6 100.0 6e8 5.7
133317 144, =+SLREXCY +WOOE+01 13.0 2547 120.3 100.7
137417 432, W141E4+01 «326E+01 61.5 91.7 22.6 19.0
132517 572, e3LUE+DL «393E¢01 963 100.0 94b 7.9
131320 16, 2989E+01 ehBLUEFDL 57«4 877 2641 214
1314290 L0, «10%F+02 «HE3E+D1 6746 Gbe? 2002 16+ 9
1315240 . 52s - e225F¢02 «660F 401 98.1 100,.,0 Be3 " Be9

1323290 4084 «11CE+Q1 «507E401 "33.7 617 45.0 37.8
132420 .592. -9 372F~01 «753E401 1.0 1.9 1635.7 1372.0
_'132520 528, -=e221iE¢01 «7O0GE¢01 -5246 842 274 23.8
" 133320 144, - e25GE+D1 «B14E DY " 374 670 40.5 " 3349
133429 432 2117E¢LD «813E401 .24l 4e8 659.0 552.7
1335240 628, - e459E¢ 01 -e1DB8E D2 T 712 96. 6 1845 15.5
124324 16,4 «149€4C2 -4 827E401 5147 82,9 29,7 2hels
121421 ., 40, L e112E+0?2 «122E402 43.5 The? 3b49 29.1
131524 - 52 «85NE+D] «143EH02 33.0. 6045 4648 39.4
o 132321 408, ~e174E+0L ‘e 7T97E D1 3440 6241 “hhe? 37.5
13242} 592, -o30LE+ND «104LE+02 5.7 11,3 27546 231.2
132521 5?78 =~eBR7ESCL «105E+02 83,7 99.5 1461 11.8
133321 14k, _9311€¢02 2901F4014 85,7 99.6 13,4 112
133421 . 4324 e 26TE+01 «118E+¢02 35.8 6Le? 4243 -3545
133521 . 628 =~¢228E¢01 «138E402 32.1 593 LT, 4 39.7
131322 16. e 814ESCY o148E+D1 9545 99,9 9.7 840
- 1M622 40, - s995E+D1 «202E401 $9.7 100,80 65 Seb
131522 52 «B3BENC1 «3DLEDY 86.2 100,90 9.4 79
132322 408, +17EE+QY «14EE¥0Y SR.4 100.0 8ol 6.8
132422 592, «177E¢01 +236E¢01 .93.2 160,90 10,7 T 940
132522 528, ¢180E+01 v 267E¢91 87.9 99.8. 12.7 18,6
133322 Abb. «557E+01 «21EF 401 99.8 100.0 Gels 5.3
133422 432, +LOSE+D1 290F+D1 99.6 100.0_ 6e8 5.7

- 133522 6284 W52FE 0L «321F+01 100,0 100.0 448 4ol
~— 131323 1€, 2249F €02 3277401 29,1 100,90 7ot 5.9
121423 L0, »281E402 e 342E401 100,0 100.0 3.9 3.2
____1%1523 52 2389402 " «503E 401 100,0 10040 3.6 3.0
132323 408 «2T2E+CY "o bI4E4DY 794 © 9848 15,5 13.0
132423 92, 23367401 o 625E #0181 -80,9 9C.1 15,0 12.6
132523 . 528, +88TE40L° «H528F #0131 99,9 100,90 6e1 Sel
1132323 Ak 21776402 2424E#0 Y 108 .0 100,90 bel 3.3
132423 432 o14LJE+C2 o6081E401 100.0 100.0 4e3 3.6
2133823 628, 2 221E%02 «8RUE+DY 100.0 100.0 3.1 2.6
13132" 16, s 278E+D2 «554F ¢01 93.7 99.9 18,6 Ba7
131424 4D, 229BE+(02 o 362E 401 100,0 100.0 3.9 3.3
131524 52, +3BLEEN2 "e6108¢01 100,40 100.0 beb 3.7
132724 408, +3179F¢01 2522F €01 541 83 2804 23.8
132424, - 592, o4S5TECY e618E4D1 92.8 1848.0 10,9 9,2
132524 €28, #699E¢ 01 «651E¢01 98,6 100.0 840 6.7
133324 1hb, o165E+02 «388E¢01 100.0 100.0 3.9 3.3
133424 432, «122€¢02 « 702F 4D} 100,0 100.0 545 4.6

133524 628, +19€E02 +102€¢02 100.0 100.0 hal 3ol
131325 164 «127€+01 «11E5F¢02 3.5 7.0 48046 395,.,3
131425 4D, ~e221E+01 «106E+02 10,4 15441 128,3

20.6
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TABLE H-6. SITE 3 STATISTICAL DATA SUMMARY (CONTINUED)

KEY AXLES MEAN STn_DEV CONF [103) CONF (208) TOL(951) TOL[903)
121525 52, «300E+01 «136E+402 12.6 T 2he9 12641 105.2
132325 408, -+590F¢00 «811E¢01 1147 23,1 133,18 - 112,2
132425 592, -  oJ44TE0D Te109E+02 8D 15,8 19645 166448
132525 528, £535E+01 0118E+02. 70,1 962 . 18,9 159
131325 . 144, -~ o10EE+01 21136402 8.8 17.5 178.2 149,3
133425 432, ~4320E¢01 «T2SE+01 6541 93,9 21.0 17.6
137525, 628s - =+30BE+00 ¢ 1026402 T Bl 12,0 26040 “21841
131326 16% +28TE+02 «625E401 90,7 99,7 119 9.8

131426 40, «267€+02 «104E+02 26.9 95,8 1244 _ 10,3
131526 52.. 23326402 +856E#01 99,3 100,80 7.2 640

132326 408. - <121E+01 W9EEE+01 20.2 39,1 7649 6445
132426 592, JLO2E01 $121E¢02 58,2 89,5 2442 20.3
132526 528, . «980E+01 C11EE+02 9.7 1060.0 10.1 Be5
123326 148, 0 221E4+02 «579E¢01 100,90 100,90 4,3 3,6
133126 432, W11FEFC2 L127E+02 <446 10040 10.2 8.5
133526 628, o143E$02 o 164E$02 97,1 100.0 9,0 7.5
131328 12, -e500F=02 «S2HEHD0 3 .5 665744 5432, 1
131428 12, =s260EHCD +531E+00 12,2, 25,9 129.7 105,.8
131528 36, . «285E+00 S 70LEXDO 19,0 37.0 836 6946
132328 400, »362€410 «332£400 9740 100,.0 9,0 7.6
132428 164, «156E+ 00 w21CE+00 6349 : 93,1 2146 1844
132528 424, +538E=01 JUOZE400 2144 41,3 72.2 6046
133328 : 100, ~e223E4 00 «GILE+D0 32.5 59.8 47,2 39,5
133424 60 «210F¢C0 «L18E+00 3041 56,8 51,4 43,0
1315238 420, - «157€¢C0 JSIEE00 T 4541 7€.9 32.8 2745
131329 16, «359E¢02 2293E401 10040 100,80 - Lol 3.6
131429 40, «349E¥ 02 . «385E+01 100,90 100, 0 3.5 2.9
131529 52, . «305E412 «39CF+0Y 10040 100.8 3.6 3.0
132329 408, “eB80E+01 W211E+01 100,0 100.60 2.3 2.0
132429 592, 21N2ELR2 J2ULEEDL 10C.0 . 100, 0 1.9 1.6
132529 | 5284 «877E¢01 W287L¢01 100,0 100.0 2.8 2.3
133329 144, «281E402 2CTEE 4D 100,80 100,0 5.5 4e6
137429 437, W ?211E¢02 - W557E 01 100,0 100.0 2.5 2.1
132529 628, 2200€+02 $627E401 100.9 100,0 2.5 21
131330 164 «192E¢02 S 699E+01 711 95.% 19.4 1640
131430 40, 2167E¢02 $87T1E 401 768 98,0 1646 - 13,9
131530 52, T e21EE402 WRE7E4DY 91 el 9¢,.g 11.5 9.6
132230 408, o451E+01 «788E¢01 75.2 97.9 17.0 14,2
132470 592, «700EF01 .912E+01 92,2 160, 0 10.8 9.0
132530 528, 2O72E4¢ 04 «753E+01 99,7 100,80 606 5e6
132330 Lulk, «165E+02 «SUGE+D1 10040 180,70 Seb 4,5
132430 432, 2965E 401 o6I6EE0T 8946 100,80 648 547
133530 628, W112E¢02 +C7NE+D1 S9.6 10T.0 6e8 57
131331 164 W4SFESOL «217E401 58,42 88,4 . 25.6 2140
131431 406 +198E+01 C472E%01 20.8 40,1 7643 63,5
131531 52, $107E+04 e 430E4D1 1441 27.8 11244 93.8
132331 408 «SHOE#DD «11GE+01 6bel 93,3 2144 17.9
132031 592, 4992E-01 «117E¢01 16432, 32.0 95,3 80,0
132531 528, -¢251E400 «17CE+D 1 34,5 6248 YRR 3649
172331 T «33EE+400 «325E401 9,9 19,6 1591 133.3
133 432, ~v118E¢01 «292E+01 6Ce0 90,7 , 23.3 19,6
133531 628, -e262E¢01 +3I2EC0Y 95,2 100,40 9,9 8.3
131332 T 16, «382E+02 «552E 401 9846 100, 0 7.7 6e3
131432 50, +365E+02 oLISEE0Y 100,90 1GG.0 4,3 3.6
131532 : 52, WLOT7E+02 T .591F+01 10C.0 100.6 440 3ok
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TABLE. H~{ . SITE'3 STATISTICAL: DATA+ SUMMARY. (CONTINUED),

KEY AXLES : MEAN ST0 _DEY GONF(10ey ~  COCNFC202) = T701¢95%)  JOL€30t)
132332 4084 «187F¢02 W653E+01 1C0.0 100.0 E P 2.8
432432 592, 22245402 «HDEEDL 1000 10000 29 208
132532 5284 2 268E402" «538E401 160.0 100.0 1.7 1o
132332 144, W RGPE02 «500E01 1000 10040 204 2.0
133432 632, «207ECD2 h24E+01 100.0 100.0 1.3 1.1
— 133532 628, 4 B4OE+82 ,515F¢01 108,90 2 100,90 122 1.0
131333 16, «1B7E+C2 e 253£ 401 99,0 100.0 7.2 549
131433 N 218BE4G2 2303E404 100.0 10000 562 43
131533 52 «26TE+02 “472E401 100.0 100.0 51 - 4e2
122333 408, +289€ ¢041 D HY2E DY 81.3 95.2 1649 12,5
132433 532, «3ITTEFOL «4CSIE 0L 3.7 100,80 10.5 8.8
122537 S28, WLITEeCL W H76E40Y 96,5 100,.0 9,8 8e2
132333 1bb, 104E+02 W371E401 €9,9 100.0 5.9 4¢9
133433 432, L e735E01 0 512E404 8946 100.0 68 5.7
1335313 628, «130E402 ST13E401 100.0 100.0 4,3 3.6
@ 131334 16, WS5LOELD? o 25CE+0Y 100.0 10040 245 201
131634 40, «5B0E+02 3326401 10040 10060 1.9 1.6
121534 52, _ 2 625E+L2 o HUIEDL 1000 100,.0 2.0 1.6
132334 4,08, «221E+02 «542E +01 1060.0 1608.0 2.3 1.9
13263y 592, 2 275E432 «HTEEDYL _100.0 100.0 200 1.7
132534 528, «35LF+02 «58SE+01 100.0 100.,0 1ok 1.2
137134 1ht e LTOERE2 W42SERDY 10040 100.0 1.5 1.3
13343y 422, «U3BE#+D2 «BU7ECD] 17040 100.0 C Leb 1.2
133534 628, +525E402 2 912E¢01 1000 100.0 1ot 1.1
131337 16, «150E¢02 «1HREMDL 99,7 18040 6.0 4.9
131437 Lo, «157E402 «170E 401 108.0 100.0 3.5 29
131537 52 «178E4C2 0212E401 10040 100.0 . 3.3 2.8
132337 408, 2 315E401 0153E401 . 100.0 100.0 be? 4e0
132437 5924 «219E¢C1 «222E401% GRe3 100.0 . 8.2 649
132537 S2R, «UE0E+0]1 W 1EBEDY 100.0 100.0 - 3.2 2.6
133317 b, «10BF+C2 «241E+D1 10040 100.0 4ael 3.3
133437 422, 2 9LTESDL 5. Lk T PY 100.0 10040 3.3 2.8
132537 628, . w11 6E+02 +458E¢01 10040 100.0 3.1 2.6
121338 164 2652E404 WBELERQL 2346 45,0 69,7 57k
131438 4. 0 915E 0L «73EER0L 6ol 8747 25.7 21.4
1%1538 52, 2133E402 . 2 704E+01 820 99.1 1448 12,3
132338 408, 23LEH01 «3ECE+01 8040 9849 15,3 *° 12.9
132438 592, ~ellBE-01 WLEFESDY 1.8 3.7 848,0 711.3
122538 528, #5LOE+DY " e25RE401 100.0 100,.0 het 3ol
133218 146, 25675 +04 ____e5BSE+01 76.9 983 1664 13,8
133438 b32, 2 B50E+D1 572401 : 99,9 100.0 5.8 4e9
133538 628, 21276402 +BRLESDL 10£.0 100,0 Selt 4eb
131339 16, ¢ 213E+02 «314E 01 9844 10040 T.8 6l
131639 36 «23LE+02 «202E¢01 100,0 100,0 2.9 204
121539 Liy, +252E402 «237E401 100.0 100.0 2.9 244
132339 408, o BSE¥QY o 17SF DY 100,.0 10040 2.5 2.9
137439 . 516 - 663E¢0YL v206E+01 160.,0° 10040 247 2.3
132539 520, +BETERDY o 2HUE#DY 100,0° 100,0 2.4 . 2.0
133339 I 144, 017 0E+C2 «305E+01 100.,0 100.0 3.0 2,5
133439 328, CAUTERLD W H2EF40Y 100,.0 100,.0 - 3.2 2.7
133539 6812, «192E402 CWBUE+NL 100.0 100.0 248 2.0
131340 164 ~<BLOE+DY «S7UE+QY 2645 £9.9 §1.8 50.8
131640 366 =4 423E¢01 «S7SE+01 3T.6 €1.3 6.3 3845
131540 Ly 2 955E¢C0 - +68SE4N1 743 14,5 219,5 183,0 -

7 132340 L08. 7 ~«B878E+CQ «226E401 €648 " 88.3 2540 21.90
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TABLE He6, SITE 3 STATISTICAL DATA suuuAnx {CONTINUED)

KEY . AXLES HEAN ST0 DEV CONF £101) CCNFE204) - - - YOL(958)- todtdﬁii
132640 516 -e102E+01 W279E 01 59,4 ‘9043 . 2846 19,8
1325410 520, ~obUTE+LO W287€+04 277 5202 5544 460%
1333040 164, ~e2LSESDL +61LE+01 67 6640 41,3 35,6
133640 328. ~e2L4ECCT «502€401 - 62,0 92.9 2244 18.98
133560 n12, SU25E+CO +662E 401 1048 - 2045 15049 12645
13130631 16, =9121E402 o112E402 32,7 5,7 49,5 40,7
1314461 40 -o738E+00 V130E402 2.8 "5e7 563.3 469.2
_131544 52 =+ 9H3EL0Y_ 2 1U4EE+02 2644 5544 4242 35,2
132341 408, ~.102E+01 JSUEFHOY 29,3 54,8 52,2 43.8
132u41 592, ~+2B3E+01 S7NSE 401 67,1 95.9 20,1 16,8
132541 528. e18LE+01 «120E 402 12745 51.9 55.8 4648
132344 144, =4 799E¢01 «112E402 60,7 911 23,1 133
132441 432, »158E+401 WTUTE+01 340 6240 44T 37.5

133561 628 2125E402 25256402 hbol 75,7 33,6 282

© 131342 16, +SD0E+00 W520E+01 3.0 640 553,38 45545
131442 40, ~+3256401 +672E401 23.9 45,5 6642 5544
131542 52, -s L9ZE+01 WBLSE+01 41,3 7241 36.7 30,6
132342 408, =, 2LTEL00 +521F+01 7.5 14,9 209,0 17502
132442 592, +126E+01 4B72E¢01 27.5 - 61.8 55,8 46408
132542 5284 =e537E+01 2 90E+0Y 8145 96,2 1408 12.6
133342 164, «215E¢01 W624E+01 31.9 5849 47.9 4041
133442 472, -e49BE+01 « 545401 92.3 - 100.0 11,1 9.3
133542 6284 ~J117E#L2 +569E+01 100.0 100.0 3.8 3.2
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TABLE H-6. SITE 3 STATISTICAL DATA SUMMARY (CONTINUED)

KEY . AXLES MEAN SIN _DEV CONF (1 0¢2) LCCNEL202) ToL(95¢) ToLg3nt)

270001 2472, <131FE+02 «72SED1 10040 10060 2.2 1.8
230301 - 568, «106F+02 «619£ ¢01 100,0 100.0 4eB 4,8
230401 868 «114E+02- WBBCE+01 100.0 10040 3.9 3.3
. 230501 103€E, +15B8E+T2 ST23E401 100.0 1000 2.8 244
231001 32, .295F+02 S ISE+D1 109.0 100.0 3.1 : 2.6
' 232002 1486, «B2BE+0Y 4 2B7E¢01 100,80 100.0 16 1.4
232001 896, T e192F 402 WS4ZE401 - 100.0 100.0 1.9 1.6
230003 2656, +155E402 0850E401 10040 10040 2.1 1.8
220207 . 568. 2 117E+C2 «BEL1E+DL 100.0° 10040 446 T 3.9
_ 230403 83C. «12LE#02 26CSLE+0Y . 100.0 100.0 : 3eb 2.9
2385032 1208, 0187E+02 ©910E+01. 100.0 100.0 2.7 2.3
231007 106, W TIIELLD «3GCE+01 10040 100.0 2.3 2.0
232003 1452, 0 951E+01 «28CF¢D1 ~ 10040 100.0 1.6 1.3
233303 1190, L~ e217F402__ +BBRE40] 10040 - 10040 1.9 * 1e6 "
230006 2840, «162E+02 «B8RSE$01 10040 100.0 2.0 1.7
_ 230306 - 568, 012LE+02 «6GCE+D1 10040 100,0 Ya? 3.9
230406 1064, e141£402 o 7Th2E+01 100,0 100.0 3.2 - 2.7
230506 1208, «198E 02 JCULESDL 100.0 100,0 2.7 2.3
221006 108, JIPEHC2 L318F+01 100.0 100.0 1.8 1.5
___ 232006 1528, 2 G72E401 +285E401 100.0 160.0 1.5 1.2
233506 1204, 227E£¢02 W702E401 10640 100.0 1.7 1.5
___. 230017 - 2840, «161E¢02 $821E401 100.0 1600 2.1 1.8
230710 - £a8, RIS e628F+01 108,0 100.0 542 bol
230410 1064, _ e125FeD2 «B24E0] 1000 10040 3.0 2.5
239510 1208, «174E+02 «917E+01 1600 100.0 3.0 . 2.5
231010 108, c311E+02 LSUEHOL 100.0 100.0 208 2.3
232010 1528. L8005+ 01 J256F eN1 1000 16040 ) 1.3
__ 2?2010 1204, 0202E¢02 WB1G4ESDY 1000 100.0 1.7 Lol
220015 1956, W147E402 o B63E+01 100.0 100.0 2.0 1.7
230315 484, «196E+02 2522E 401 10040 100,0 P 3.7
230415 1000. «155E4C2 «617E¢01 1000 100.0 2.5 2.1
230515 472, «171E402 $703F¢01 10040 100,.0 3,7 3.1
231015 €t «295E402 «155E£+01 10040 100.0 1.3 Lot
232015 1340, 0 110E+02 «318E401 100,0 160.0 15 1.3
232015 582, «219E402 W45QF 401 16000 106.0 1.8 145
230016 1956, «180E+0Y «5UEEHDY 85 o4 . 9%.6 13.5 11.3
230316 URL, «240E+01 SZALE+01 82.5 90,4 1441 11.9
270416 . 1000, W1B7E+DL «52aF401 67 ok 95,0 2048 168
230516 472, A4LE+DL < 6BSE01 35,2 63.8 43e1 36.1
231016 Blis o 281E4G0 < 108F¢02 1.7 3.3 95645 799.0
232016 1340, «739E+00 e 35Ec 0l 55,3 871 2548 21.7
231016 _ 552, WLELEED] S715E 601 8648 9¢.7 13.2 1140
230017 2684, «165E¢01 «318E+01 99,3 100.0 7.3 6ol
23017 ShA. $294E=C1 $274E#01 2.0 4ol 767.0 64304
2306147 1064, e 110E40L «266E+01 82.3 99,3 1445 12.2
230517 1052 a308E¢04 0329E 401 99,8 100.0 645 5.t
231017 1n0. «256E+01 «5178401 37.8 6705 40,1 33,6
232017 1626, o 117E+01 +195E401 9746 100.0 8.7 7.3
231117 T 1148, W21RE+CY W3CCSE+01 92,5 10040 10.6 8.9
__ 230020 2840, «152E+01 s B91E 401 67,9 93,2 21.4 18,0
230320 568 «170€+01 «557E401 53,3 B5. 4 27.0 22,7
220420 1064 . SLEZELLO < 8N0E 014 14,9 29.4 10441 87.4
220520 1208, e229E¢01 A107E402 56,3 8840 2542 21.2
231020 108 162E+02 oBBUE D1 4,0 100,0 104 : 8.7

222020 1528, -'_lASBE*UD e623F N1 20643 3.3 7642 6349
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TARLE H-6. -SITE 3 STATISTICAL DATA -SUMMARY (CONTENUED)

XEY AXLES MEAN ST _DEV ____CONFiLD%) GGZﬂ—Na-v YOL9St) YOLU9U3Y

T '23302¢ 1204 «273E+04 +867E401 V87,3 198, 0 . 2040 1648
230021 2840, . =-o6LLESD] s 121E 402 12244 4840 €9.0 57+9
"o230324 SB8, «19BE+01 +iD2E+D2 "BB .6 TBkhaS 42,4 35.8
_ . 2304p4 in6L. «132F401 v 1136402 'R9,7 68. 4 5145 4322
230521 1208, - 361E+01 e129E402 . TE6.9 Tgl,'s 2042 1649
231024 110R, 2105402 W130EH0E 159,85 tgp,2 28.7 19,9
212021 1528, ~e278E¢01 o102E402 17404 19p,7 1844 15.%
_ 23302t 1204, .:;mwS W132E 402 122,14 1,5 7040 58,8
210022 2840, *R7E401 «326E401 100.0 i00.0 3.6 3.0
__ 230322 5686 .Nmnm.aM 2251F #0141 165,48 100.0 Te4 680
230422 T 106k, I04E+CL 2 312E4014 168,38 100.0 603 5.2
230822 1208, ouo»m.a» 2359E401 1800 100, 0 5e2 48
224022 1108, «921E+01 2259E 401 160.0 Sl 4,5
___ 232022 1928, 17 BE+DL 0 228F+04 100.0 6.4 5.4
232022 . 1204, +4B6E4DL «30EE 01 100.0 3,8 3.0
230027 2840, W 120E402 «108E+02 10040 3.3 2,8
T 230328 1665, oTILECDT 2 833E¢04 16040 . 946 81
230428 1064, 2 899E¢+01 0« 931E4NY 100.,0 622 5.2
21052% 1208, 2170FE+02 +111E4D2 100.0 3.7 3.1
__231n23 1108, 7226401 100490 4.3 3.8
TTT232093 128, B42E+01 100,0 6.3 5.3
233023 1204, «100EXQ2 o BUIE4DY 100.0 245 2.4
230024 2840, »10BE#N?2 1076402 10040 3.6 3.1
230326 . 1568, WE25E401 +BB4ESBY 196,09 11,7 9.8
23042y 1086, «B60E+4CL «851E+401 100,0 640 50
_ 238824 1208, 0149E#02 2 117E402 1080,0 Ll 3.7
231024 ECEN +335E402 «702F 404 100.,0 4.0 3.3
_23202%% 15284 LBTESDYL «6X9E 401 100,80 669 5.8
233024 1204, «1B5E+02 «924F 401 100.0 3.2
230925 2840, «519E#00 «105F 402 ‘40,1 7446
230325 "5684 -+123E+400 «91EE+D1 [ECTY 61643
230425 1064, =s117E401L 09756404 '5€.8
Z30825 1208, «231E40¢ «11LE+D2 ,wu.a
___ 231025 "10A, «317E400 «125E402 '10.8
232025 1528, «186E+01 s10SE¢D2 B1.9
213025 120h, ~a12PE+01 0 956E 401 6243
2319026 28404 e101F402 «14IE4D2 10040
_ 231376 ‘568, «726E+01 «130E402 99,2
230426 1064, +BO3E+401 «134E402 . 10040
__ 238526 1208, +132E402 o 15NE402 100.0
231126 18, «ZCOE+DN2 «950E¢01 100, 0
23202¢ 1528, «S27E¢DL «118F 402 99.9
23302¢ 1204, «143E+D2 JIGEE4Q2 10040
239028 1628, - +15RE+LY 4BIECDD 99,4
230328 618, - . «230E+00 . - c451E400 98,3
_ 2%o42a '236. «1LOE+DY «31CE+00 B4
2305248 880, «112E+0N «4G1E400 B2.5
231028 : 160, _ed48E00 «B7EEHNO 21,2
32028 ETER «196E4+00 «3BDEDD 99,9
237028 ‘50, 0 968E-01 «SLSE4DD 60,8
220029 ., 2860, «i53E+D2 o BUEEFD] 10040 ~
_ 2303249 15684 - «1LEBEHD2 «104E 402 100.0
T230429 1064, «156E+M2 o7TEBE40Y 100.0
___ 230529 1208, 0155E+02 2 805E 401 100,90
231029 108, «329F¢02 lLAL+0] 100.0"




AR

' TABLE ‘H-6, ' 'STTE 3 STATTSTICAL DATA SiMMARY '(CONTINUED)

KEY MEAN STO_DEV ONF(10%) NF (20 ¢ ( 1
232029 1528, «92LE+D1 «2€1E+01 100,0 100,0 14 1.2
233029 1204, 021 4LE®Q2 «697E#01 100.0 1000 1.8 1.5
230030 2840, o QLLESDL: «905E+01 100.0 100.0 3.5 3.0
_2%0330 568, «798E+01 «918F¢01 96.1 100.0 9.5 8,0
230470 1064, oB8LLE+DL «A67E401 99.8 100.0 6.2 5.2
2301531 1208, 2110E+02 2G0CF+01 100.0 100,0 bo7 3.9
1221070 108. «194E+C2 «8A4LEHODL 97.6 100.0 8.7 73
222030 1528, «728%¢01 «860E+01 99.9 160.0 5.9 5.0
233030 1204, «113F#N2 «861FE+01 100.0 100.0 4.3 3.6
..2T0031 2840, -«619°¢00 0 271E #0141 776 98.5 16.1 13.5
230331 568 «601ECOC «207E+01 51.1 83.3 284 23.8
_2%0431 1064, =4s250E+CD «238F+01 3649 6Eol 40.8 34,2
230531 1208, =1 4IE+01 «2C98E 01 90 .4 9G.9 11.8 9.9
231031 108, «1SPE+CY JULIBE DY 35.0 63.5 43.6 3645
237031 1528, «958E=-01 o 12EF 401 c345 44,9 €547 55.1
_233031 1204, =e175E+01 «333E+01 93.2 100.0 10.7 9.0
230032 2840, «279E+C2 «84GF+01 100.0 100.0 1.1 9
_230332 968, 0 22E402 «OLLUE+ODY 100.0 100.0 o4 248
230432 1064, «262E+02 «803E+01 100.0 100.0 1.8 1.5
230532 1208, «J1LECC2 «677E4+01 ___100.0 100.0 1.2 1.0
21032 108, «388E+0? «584LE+DY 100.0 100.0 249 2els
_2r2032 1528, «230E+02 e 752E+01 10040 100.0 1.6 1t
Frinse 1204, e3J1EC2 «515F+01 100.,0 100.0 9 7
_e3an32 2840, e 732F4+01 o 7T?5E+N1 100.0 100.0 3.6 3.1
270333 568 «527E+01 «57RE401 96.9 100.0 9.1 7.6

2304 1064, oS5T1EeCH _+582E+01 $9.9 100.0 6ol Sel
220533 1208, «972F 401 ¢ B82LE+D] 100.0 100.0 Le8 kel
231033 108, 0222E402 «571E+401 100.0 100.0 4e6 3.8
237033 1578, «68E+01 dUTEECDY 99,7 100.0 6.5 5.5
233032 1204, «106E4N02 «H71E401 100.0 100.0 3.6 3.0
230034 2840, «38LE+D2 o 132E+02 100.0 100.0 1.3 1.1

230234 __558, «3C1E¢02 «123F 402 100.0 100.0 3e4 el
230434 1064, «351E+02 «110E¢D2 100.0 100.0 1.9 1.6
_230534 1208, «453E+02 «120F+02 100.0 100.0 1.5 1.3
231034 108 «590E+02 «512E401 100.,0 100.0 1.7 1.4
222034 1528, 2289E+)2 «775E€401 100,.0 100,0 1.3 1.1
2233034 1204, o&LREE+C2 «8R1E+01 100.0 100.0 1.0 9
.230037 2840, «689E+C1 «514E¢01 100,.0 100.0 27 2.3
ey 568, «522E+01 «38SE+01 99,9 100.0 6e1 Sel
230437 1064, «56FE+01 cLP7F401 100.,0 100.0 52 Lol
230537 1208, «878E+01 «52CE+01 100.0 100.0 Jobe 2.9
231037 108, «16EE+02 0 22EE0Y 100.0 100.0 266 2.2
232037 1528, «324E+01 «211E401 100.0 160.0 3.3 2.7
233037 1204, «107E¢C2 o4DBE 0D 100.0 100.0 262 1.8
230038 2840, «613E+01 «738E4+01 100.0 160.0 Lol 3.7
230338 568, «330E+01 472401 G0t 9%.9 11.8 9.9
230438 1064, e377E401 «660E¢D1 93.7 100.0 10.5 8.8
_230538 1208, e 954E+C1 «7TERBE+01 100.0 100.0 4e5 3.8
231078 108, «10BE+02 «783E401 84,3 9¢.5 13.9 11.6
_ 232038 1528, s 2LT7E#DY s WUEE+D1 97.0 100.,0 9.0 7.6
233038 1274, «104E+C2 «782F 401 10040 100.0 4e3 3.6
_2%0039 2424, «113E+02 «6E2E 401 100,.0 100.,0 2.3 2.0
230239 568, «B838E+01 «610E¢01 99,9 100.0 600 5.0
_230439 B3N, «103E+02 «562E¢01 100.0 100.0 3.6 3.0
230539 976, ¢139E4+02 oB677E 401 1C0.0 100.0 3.1 2.6
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.TABLE H-6, SITE 3° STATISTICAL DATA SUMMARY (CONTINUED)'

_KEY - - MEAN STD_DEV v CONF(101) CGNF {261y TOL 19589 TO0L (90 1)

-, 231039 2 ?3RESD2 . W 277E401 109.0 108.0 - 2k L 240
232039 «6B86EHAL - «262£401 : 100.0 10040 - 2.0 1.7
;. 2%3039 «172€4+02 © W hBCEDYL 100.0 - 10040 1.9 146

220040 ~e965E#00 - JU4SEESDL o 702 9€e3 18.8 1548
TiI230240 -e14QE+0L 421E+401 6040 © 90,7 ‘23,3 19.6
L 230040 ~e168F¢01 «WN1EO0Y : 7846 9847 1548 13,2

230540 ~e154E-01 «503E401 8 1.5 205449 | 172440
2231060 - -s255E+01 © s7S1€401 : . 24,7 T 47.1 €248 6246
--232040 ~=o7TTLEFDD “926CL¢01 +:7245 97.1 1840 15,1
+-233040 =s110F4N +61E6E+01 = . 4046 71.3 - 368 30.9
230041 ~e195E+01 < e271E402 . 12948 55.6 5142 43.0
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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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