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PREFACE

This report is a collective summary and assessment of the important
firdings obtained from the research om the mechanics of ballast compaction.
l'hcq work is part of a contract to evaluate ballast cqppaction and recommend
guidelines for using compactiom to improve track performance. In addition,
‘recommendations for further studies are presented. This study was conduycted
by the Research Foundation of the State University of New York at Buffalo
(SUNYAB) under comntract to the U.S. Department of Transportation, Transpor-
tation Systems Center, in Cambridge, Massachusetts, sponsored by the U.S.
Department of Transportation, Federal Railroad Adn:l.ni-.stration. Office of
Research. The contract number was DOT/TSC/1115. The technical monitor was
Andrew Sluz. .

The Principal Investigator for the study wvas Ernest T. Selig, Pro-
fessor of Civil Engineering at SUNYAB. Technical direction of the work des-
cribed in this report was also provided by Tai-Sung Yoo, Research Assis-
tant Professor, and Carmen M. Panuccio, Research Engineer. Participating
in the various phases of this study vere Clement W. Adegoke, Jorge E. Alva,
Bwang-Ming Chen, Adrisn T. Ciolko, James I. Johnson, Michsel J. Manmn, Donald R.
McMahon, Brian C. Dorwart, Harry E. Stewart, and Robert C. Wayne, former Grad-
uate Research Assistancs at SUNYAB.

The authors would like to extend their appreciation to the following
individuals for their contributions and suggestions: 1) Warren B. Petersom,
Assistant Chief Engineer, Maintenance of Way, Soo Line Railroed, 2) David R.
Burns, Railroed Industrial Engineering Consultant and former Illinois Central
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Gulf Railroad Cost Consultant, 3) F. L. leckover, Railrosd Geotechnical Con-
sultant and former Geotechnical Engineer for the Canadian National Railways,
and 4) Stephen Brown, Senior Lecturer in Civil Engineering, University of
Nottingham, England.

The outstanding cooperation of the Illinois Central Gulf Railroad,
Sovthern Railways, and Canadian National Railways in permitting the ballast
tests on their tracks is gratefully acknowledged. The cooperation of the
Transportation Test Center (TTC) at the Facility for Accelerated Service
Testing (FAST) track in Pueblo, Colorado, in the ballast, subballast, and

subgrade studies is also acknowledged.
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EXECUTIVE SUMMARY

A study was carried out to obtain information on t-e ‘physical state
of ballast in rack and its influence on track performance. Particular
emphasis wvas placed on improvewent of ballast properties by compaction.
Methods of measuring the physical state were developed and then used to
investigate a wide variety of track conditions. K

As might be expected, no evidence was found that the tamping operation
has any significant effect on the subballast and subgrade performance. How-
ever, the influence of traffic was felt even down into the subgrade. Cyelic
stresses from the succession of train axle loads caused cumulative vertical
strains which produced a contribution to settlement from the subgrade, as
well as from the ballast and subballast layers.

No subballast and subgrade measurements wers available in tests in
vhich crib and shoulder compaction were involved. However, based om exper-
ience with compaction, as well as the observations associated with tamping,
no significant effects on the subballast and subgrade behavior are expected
from surface crib and shoulder compaction using available machines.

Nevly deposited ballast conditions occur with such maintenance operations
as undercutting, sledding, and new coastruction. The ballast density is
usually lowest for these conditions. As a result, the density is usually
increased under the tie by tamping. However, under the center of the tie, as
well as in the crib, the ballast will remain lovse.

The primary effect of the crib and shoulder compactor is in the crid near
the rail vhere the compacting plates are applied. When a crib and shoulder
compactor is used following tamping of newly deposited ballast, the ballast
density in the crib near the rail increases significantly. A small increase

xii



may also occur under the tie near the rail.

Traffic significantly increases the amount of compaction in the crib
and under the tie from that provided by tamping and crib and shoulder com-
pactioa. A valuable objective of further research would be to find out how
to produce the traffic-induccﬂ level of compaction as part of the maintenance
operation Qo that the track vlll be stable before the application of traffic,
rather than be stabilized by traffic.

Traffic dégradcs }rack by creating permanent settlement, which is gen;-
rally associated with irregularities in surface and line. Thus, maintenance
tampring is required periodically as part of the process of tccstablishin; sur-
face and line. At that time, however, the ballast is compacted by the action
of traffic so that its properties will be improved unless the ballast degrades
by mechaaical breakdown or pumping. Unfortunately, this tamping loosens the
ballast from its improved state after traffic. The amount of disturbance is
directly related to the amount of the raise, such that the greater the raise,
the lower the ballast density becomes.

The research results show that crib and shoulder compaction increases
the ballast stiffness, both under the tie and in the crib, compared to the
effects of tamping only. The percentage of stiffness increase, of course, is
greatest in the crib, where tamping is applied. The stiffness increase under
the tie may be a result of greater ballast confinement from crib compaction,
rather than the change in physical state of the ballast under the tie.

Cridb and shoulder compaction was also observed to cousistently increase
the lateral tie resistance compared with the resistance following tamping only.
Bowever, the percentage increase measured vith the LTPT is balievad to be
much greater than the corresponding increase in tta;k lateral resistance which
would develop under train load with the ties fastened to the rail.
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Furthermore, this increased resistance may only be temporary.

One of the accepted benefits of crib and shoulder compaction of ballast
is to reduce the slow order time for traffic imposed because of the reduced
lateral stability after tamping. The results suggest that the compaction
Process provides the equivalent of about 0.2 million gross tons (MGT) of
train traffic in stabilizing the track. Thus, immediate operation of trains
at the speed otherwise permitted after 0.2 MGT of slow orders could be initia-
ted immediately. Low traffic density lines might ‘benefit more than higher
density lines, since the period of time for slow orders would be much longer
on the low density lines.

Slow orders should be more necesszry in maintenance operations involv{ng
undercutting snd ballast replacement because the ballast bed will generally
be much looser. Normally, the compaction process follows the final camping-
surfacing-lining operation with fully ballasted cribs. However, considera-
tion should be given to compaction before the cribs are filled 1in order to
provide a greater depth of penetration of the compaction effect into the bal-
last below the bottom of tie. The benefits of this approach might be particu-
larly useful for the reballssted track. Test results have shown that the
lateral tie resistance is greatar vhen compaction is done on a fully ballasced
crib then on a partially-filled crib. To conclude from this that compaction
is most effective using full cribs may be uisleading, because in the LTPT
Egasuremencs, a substantial part of che lacteral resistance comes from the
crib. However, the bottom of the tie provides a much greater proportion of
the resistance for loaded ties under train traffic. Possibly the benefits
of compaction would be increased by a sequence which first provides compaction
vith low cribs, followed by crib filling and a second application of coup ac-

tion. Further studies are needed to evaluate this possibility.
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Another important application of crib and shoulder compaction is in
conjunction with spot maintenance, where loosening of the ballast has
occurred around only some of the tieg. The use of crib and shoulder com-
paction will reduce the physical state difference in the ballast between
the disturbed cribs and the undisturbed cribs,

By far the most significant benefit of using crib and shoulder compac-

tors |

that has been expressed by railroad users is associated with maintenance
tpat must be done during hot weather. For a variety of reasons, track main-
tenance involving tamping may be impossible to defer until a sufficiently
cool period. 1In such cases, immediate stabilization is a very important
safeguard that even slow order traffic cannot provide. ‘
Economically, the benefits of crib and shoulder compaction would be
greatest if a substantial lengthening of the maintensnce 1ife of the track
were to result. This would occur either if the rate of settlement were re-
duced by compaction, or the uniformity of settlement were improved by compac-
tion. Unfortunately, the available ficld information is not adequate to

confirm this benefit, although intuttion suggests that it must be true to a

certain extent.

In general, the results of this study suggest that:

1) The addition of crib and shoulder compaction to the maintenance
operation ts beneficial,

2) Crib mnd shoulder compaction with existing sachines and procedures
does not restore the ballast to the same degree of stability that
is provided by traffic, and

3) The full potential of compaction of ballast, including the optimal
use of the vibratory compaction parameters, has not yet been resched.

Continued research on ballsst physical state and ics relatioaship to

track maintenance and track performance is needed. This effort will lead to

TR T S S e o e e ey e em e e e g e e,



an improved methodology for predicting track degradation. An important and
much-needed benefit will also be to determine how to classify ballast in

relation to its influence on track performance.
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1.‘ INTRODUCTION

The type and conditiom of ballast and subgrade are key factors in
the performance of track structures. During the service life of the
track, permsuent strains sccumulate in the substructure, causing perma-
nent deformation, which is visible ac deterioration of surface and line.
This degradation of the track gecmetry leads to decressed safety,
including increased potentisl for derailment, and increased damage to
equip—pt and }adtn(, unless additionsl track maintenance is pro;idcy,
or train speed, hence service level, is reduced. Over the past few
decadcs, traffic loads have increased, and at the same :m,ccqmtc
factors have restricted the smount of maintenance that can b; done each
year. In practico, the maintenance cycle frequency is often dictated by
factors such as availability of money and equipment to do the required
work, rather thsn by the amount of track deterioration. Thus, American
railroads have had incressing difficulty in maintaining the desired high
sexrvice level. An estimate of the dollar valus of the meintemance
deficit for all of U.S. railroeds wes reported by Ward (Ref. 1) to be
$10 billionm. _

Raymond (Ref. 2) reports that spproximately 40% of the $100 million
that Censdian rsilroeds spend on track structure msintemsnce relates to
ballast maintensnce alone. It 1s a safe assumption, therefore, that at
least in dollsr value, the ballast,as well as the subgrade part of the
track substructure, 1§ important in the upkeep of a treck's service level.

Ballast maintenance is the mesns for controlling the deterioration
of track geometry, irrespective of what the driviang forces behind the
geometry cheuges are. Whather the structural deficiency is in the bal-

last, the subgrade, or the track superstructure (cross-tie and wp), or



even if the track degradation is due to an overloading of the normal
traffic-carrying capacity of the track, the correction is usually affec-
ted by veworking the ballast. However, reworking of the ballast, in
turn, changes its physical state and leaves it prone to increased defor-
mation and,hence, track settlement. This problem is compounded not only
by a limitation of maintenance funds, but also by an insufficiency of
the tools available to the railroads for assessing the cause of the
probluf and optimizing the use of the maintenance funds. Unforéuuuly,
there exists no uniform criteria for maintenance that can be applied to
railroads in general. Although meny reilroads do keep some type of
uinécnlncc records, the definition of performance for any particular
uetiog of track is usually dependent on the subjective evaluation of
the track foreman.

Specifically, the mechsnical properties of ballast that are involved
{n the ballast-compaction/track-performsnce problem result from the
physical state of the ballast. Physical state is commonly defined by
1) the in-place density, and 2) by the index properties of the indivi-
dual meterial particles such as size, distribution, shape, angularity,
and hardness. The in-place density of ballast is a resclt of some type
of compaction proesss. Typically, the resulting initial density is
created by maintensace tamping, and subsequent density changes result
from train traffic ss well as envirommental factors. Experience has
shown that tamping does mot produce a high degree of compection, and
there is clearly little geumetry comtrol im schieving compection by
train traffic. Therefore, consideration is now being givem to additiomsl
compaction during msintensnce using specisl msschines or new tachniques.



The need for more information on the subject of ballast compaction
has resulted in this research project. This study seeks to investigate
the mechanics uf ballast compaction and the optimization of the mainte-
nance process using compaction to improve the ballast physical state and
reduce traffic-induced track settlement.

Several relevant questions identified at the onset of this study
were as follows:

1. How much can ballast be compacted?

2. What degree of compaction can be achievad by various sechanical
processes involved in track comstruction and maintenance opera-~
tions and by train traffic?

3. How much additional compaction can be achieved by altering nor-
mal processes or by adding new processes, such as thoses involving
compactors? .

4. What are the best means to achieve compaction?

5. What are the benefits of providing additional compaction in com-
parison to the effort and cost involved?

The research subsequently focused upon establishing and, where possible,
implementing the methods by which snswers could be obtained. The collective
findings are summarized in this final report. Section 2 covers the technical
reviev of ballast compaction amd related topics from Ref. 3. Section 3 covers
the laborstory and field ballast physical state messurements from Refs. 4, 5
and 6. The research summary and conclusions are presented in Section 4. Sec-
tion 5 recommends several areas of study requiring further and more detailed
research. Two other reports prepared in this study comcern stress and strain
Bessurements in the ballast, subballast and subgrade at the FAST track (Refs.
7 and 8). These vill be summarized separstely.




2. REVIEW OF RELATED TOPICS

The subject of ballast compaction and its influence on track per-

formance encompasses a variety of specific, related topics. In this study,

these topics have been individually treated in sufficient detail to
present their relative importance and comntributions to the ballast-
compaction/track-performance problem (Ref. 3). A comprehensive susmary
and the associated critical assessment of the reviewed materials will
be presented herein. . ‘

The performance of conventional railroad track systems is directly
8 function of the complex interactions and subsequent responses of the

track system components under train traffic and envirommentally induced

stresses. The functional relationships existing between track performance

and the individual track system components, vhich include the reils, ties,

and fasteners, and in particular, the ballast, subballast, and subgrade,
have not been established. Other conditions being equal, the ballast
and subgrade behavior associated with the in-situ physical states, espe-
cially that existing after programmed track maintenance operitions, have
been identified as the most significant contributing factors which
affect the performence of the track in service. Available field
measurements or criteria wvhich have been used as indicators of owverall
track performance are those relating to vertical snd lateral track stiff-
ness, track geometry, safety, ride qul.}ty. and msintemance effort.
However, each individual item has not proved to be sufficiemt slone for
representation of the oversll track system performences.

Several empirical track design methods in current usage and the
recent development of amslytical track models, with the emphesis
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concentrated upon the representation of the ballast and subgrade mater-
ials, are available. However, these techniques are presently limited in
their capability for predicting track performance. The primary reason
is the lack of corroboration with field data. This situltioh has recently
been shown to be improved by Adegoke's (Ref. 9) analysis and comparisomn
of the predictad responses to the generated substructure stress and strain
measurements from the field instrumentation installed at the FAST track.
Bzllast materials, as derived from various rock sources or from by-
p‘l:‘odllctl .of manufacturing procasses, also inherently possess :liffcrout
particle physical and chemical properties. Many standard laboratory
index property tests, such as those for abrasion ruiatan.eo, absorption,
shape, and soundness, are currently utilized to quantify and categorize

the relative merits of these different ballast types. However, an indi-

vidual index property test by itself cannot clesrly be used as a direct

indicator of expected field performance of the ballast matrix in the
track structure under traffic loading and envirommental conditioms. This
latter feature is particularly evident from the lack of suitably defined
trends and from the differences in published opinions, which in fact

sre primarily subjective interpretations, as to what values of what index
properties represent the best ballast.

Grsnular saterials, which include ballast, are typically catagorized
as discrete particulate systems having discermable particle dimensiouns,
ranging from ssnd to boulder sizes. The fundamental soil sechanics prin-
ciples representing strength determination apply equally wll to all
granular soils. However, most of the sveilable information defining the
characteristic static or dynsmic stress-deformstion behavior is related

to sand-sise particles and is determinad from laboratory streangth property
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tests. Alternative methods based upon shear strength parameters cbtained
from modelled gradation curves have been proposed as a viable means of
estimating the properties of larger-sized materials. However, these
techniques have only a limited amount of supportive data. Therefore,

the behavior of ballast-sized materials aust be determined directly from
laboratory strength tests, in lieu of applying previously published
strength information on granular materials. An assessment of the con-
;r'encioml static and dynamic test apparatus and procedures indicates

that the cyelic or rq;uted load triaxial test offers the greatest poten-
tial for realistically deteraining the ballast behavior. For this test,
the imposed stress conditions and types of dra.iuge can be controlled
for specimens pPrepared at given levels of compaction. Ballast behavior,
a; determined from laboratory tests, needs to be supplemented with in-
situ strength data on the ballast physical state. Am evaluation of the
available field methods {adicates that the plate bearing test is best
suited for this purpose.

The strength and compressibility characteristics associated with the
relative degree of compaction of ballast within the track structure are
directly relsted to the levels of track performence, in at least s quql.t-
tative sense. In the past, for most geotechnical engineering applications,
this relative degree of compaction, as used as a means of field compaction
coatrol, has been most easily and conveniently determined by compering in-

‘situ soil moisture-density measurements with the appropriate laboratory
compacticn test results. Seversl laboratory compaction aethods, such as
impact, kneading, static, and vibratory tests, have been developed in an
attampt to simulate the characteristics or the anticipated end -product
results of conventionsl field compactior. equipsent. However, these



methods have limited application for determining the compactibility of bal-
last materials. At present, no quantitative ballast compaction specifica-
tions are available. Furthermore, measurement of the degree of ballast
compaction is rarely dome. However, in this study, three tests have been
identified as potential means of representing the ballast physical state 7
(Ref. 4). These are: 1) an in-situ ballast density test with a reference
density test, 2) a single lateral tie push tc.st on a&: unloaded tie, and

3) a smll plate load test.

The rate of change in the ballast ph.yliul state within the track ]
Structure caused by train traffic loading and environmsatal conditions is
highly dependent upon the initial state achieved from normal track mair-
tenance operations. Ideally, an “undisturbed” ballast trackbed after
considerable traffic is the most desirable condition from a stabilicy
viewpoint. The rmon is that the subu.qmnt correction of track geometry
defects with mechanized track maintenance equipment inevitably disturbs
the stable condition created by traffic. Therefore, the effect that
present track msintenance processes have upon changing the ballast physical
state requires considerable attention. To aid inm understanding these
effects, both researchers and practitioners should be completely familiar
with the principal types of track mintenance equipment and the associated
field procedures in curreat use.

Several field msthods have been devised as ®easures of track perfor-
mance under traffic following the tamping, leveling and liniag operation,
and the more recent ballast crib and shoulder cowpaction process after
tamping. Lateral resistance of single tie and multi-tie track sections
is the msthod most frequently used for measuriag track por(ot—ec, but
alternative means including track geometry, track settlemsnt, wvertical

7




ballast stiffness, and ballast density measurements appear to be gaining
popularity. A broad and detailed interpretation of all results is limited
because several factors, such as the differences in testing equipment and
techniques, and track conditions, exercise some influence on the messured
results, and each field method in itself is not indicative of the overall
track system performsnce. In addition, the smount that the ballast is
compacted with crib and shoulder compactors is a complex function of
ballast-compactor interaction. Besides the initial ballest physical
state and other in-situ track conditions, the ccmpactor characteristics
of static force, generated dynsmic force, vibration frequercy, and dura-
tion of vibration have an influence on the results. Insufficieant informa-
tion is available to predict their quantitative effect on ballast com-
paction. However, in a qualitative sense, the supporting evidence and
published opinion sppesrs to indicate bemefits of mechamical ballast
compaction following the usual tamping operstion.

The relationships between the ballast compaction parsmeters and the
track performance level parameters are quite complex, and hence sn eco-
nomic sssessment is difficult. Limited published informetion is avail-
able on costs related to track msintensnce, such as materials, labor,
and equipment, and significantly less with regard to ballast crid and
shoulder compaction equipment. The methods of economic anslysis avail-
sble for track meintenance operations are dependent upon the geographic
location and the specific in-situ track conditions. Thus, they sre pre-
sently of limited capsbility in assessing the actual cost-benefit rela-
tionships derived from ballast compectiomn.

The practices sad principles of geotechnical eangineeriag provide
direct snd valusble input into understandimg the bebavior of the ballast,
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subballast, and subgrade within the track structure from the imposed load-
ing environment. But due to the variability of the train loading conditions
and the associated envirommental influences, as well as the changes in bal-
last physical state with track msintenance operations such as out-of-face
surfacing and lining, and crib and shoulder compaction, the development of
a quantitative understanding of the mechanisms causing ballast compaction
is inherently more complex. The lack of in-sity measurements and the
limited applicability of laboratory pProperty test results and computer-
oriented track design models, still prohibit a thorough understanding of
all the factors influencing these ballast compaction mechanisms. Thus,
further research is necessary in order to Teasonably establish a founda-

tion toward these goals.



3. BALLAST PHYSICAL STATE MEASUREMENTS

The lack of suitable methods of quantitatively measuring compaction
became evident after a review of the state-of-the-art of ballast compaction.
Therefore, effort was devoted to developing methods that could be used to
measure the physical state of ballast in the field. After comsidering
possibl: alternatives, the three most promising methods were selected for
study. These tects are as follows:

1. The ballast density test '(BDT) determines the in-situ density,
vhich is a direct measure of compaction (Fig. 3.1). Used in conjunction
vith this measurement is the reference density test,which provides the means
to assess the amount of ballast compaction achieved in the field (Fig. 3.2).

2. The plate load test (PLT) determines the vartical ballast stiff-
ness, vhich is a measure of the effect of compaction on the ballast
physical state (Fig. 3.3).

3. The lateral tie push test (LiPT) determinss the resistance offered
by the ballast to a tie displaced laterally, which is an indirect messure
of the physical state and compaction (Fig. 3.4).

Each of the finsl ballast physical state test apparatus and the associa-
ted test procedures were the refined products developed after several
iterations of testing. Detailed component descriptions of each apparatus,
the proper field testing sequance, and the appropriate data reduction pro-
cesses are provided by Selig, et al. (Ref. 4). Particularly noteworthy is
the fact that these methods can easily be employed by practicing rasilroed
engineers.

In order to assess the potential of this equipment and the relisbility
of the test results, extensive laboratory and field investigations were

conducted in an effort to evalusts the sensitivity of the messuremeats to

10



Figure 3.1. Schematic Diagram of Improved Ballast Density Apparatus
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Figure 3.2. Reference Density Ap~aratus
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differenc_es in ballast types and in the amount of ballast compaction
achieved. The average ballast index properties of the materials selected
for testing are compiled in Table 3.1, which, in fact, displays a repre-
sentative cross section of ballast types currently being utilized. Dif-
ferences in the ballast mineralogies, particle shapes, andcgradations

are particularly evident. Previous analysis (Ref. 5) of the changes in the
in-situ ballast gradations at FAST indicated only sught differences for
several different track conditions; thus, thc average gradation values
shown in Table 3.1 are considered representative. The supplemental index
values obtained from other published sources demonstrate fairly good agree-
ment and consistency of results with thc;u determined "in this study.

The initial laboratory test programs (Ref. 4) were designed such that
an evaluation of factors influencing the test results accompanied improve-
ments to the apparatus and procedures. Follow-up testing (Ref. 6)
specifically focused upon laboratory simulstion of certain field compaction
processes, such as a compacted track bed, manusl tie tamping, and ballasc
crib and shoulder compsction. The claimed advantages offered by the last

Process as an integral part of normal programmed track saintenance are

especially important, since the popular opinion s in their favor. There- °

fore, the machine parsmeters comsidered for investigstion were obtained
from available specifications of commarcial equipment (Table 3.2). In each
of the preceding cases, laboratory tests were porfér-d either in o

test box duplicating a field track structure, or in containers

having boundary conditions equivalent to those experienced in the field.
Ballast ssmple preparation procedures were dictated by the type of field
compaction process to be simulated.

14
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Refereance Manufaccurer
12 Plasser
and
Theurer
13 ‘Plnaocr-
A-rtcap
14 Plasser
15 Plasser
and
Thaurer
16 Plasser-
Amsrican
17 Plasser-
Americaa
18 Plasser
and
Theurer
15 Plasser
and
Theurer,
Vindhef!
14 & 18 Vindhott
;9 Tanper
13 Tag i
19 Metiss
20 Matise
20 Pena Central
w/Jackoon Vib-
Tators
20 Jackesa
b
* Acouned

Table 3.2. Characteristics nf Ballast Crib and Shoulder Compaction Equipment

Model

Numher

VDMBOOU

903 s

v 102

BV 1028
W 10
™4l

Applicaction

Time (Sec.)

Variahle
1-13

Varisble
=20
Used 3

Variablet

Vartiablet
Variablet

Variablet
3 and 3 Used

Variablet

Variable*
Used 4 - §

Variable*
Variable*

Variable
2-2

Varishle

1-9
Used 3-4

Varisble
0-10

Yaciahliet
0-10
3-2
Variablet

2-2

16

Fro—Cfib Compaccign Piaces
ges:!_____.___JL.
Fla :

3.5

35-38

38. 5%

38.3

48

48

233.3

Size

114.7 {ad

<6 ta.
x 12 ta.

9.8 in.
x 8.5 {a.
<10 in.
Laagth

14 {a. x
=7/8 ta.

14.3 ta.
x 3.3 ia.

%10 ta.®

- Lemgth

<12 ta.
2 7-1/2 ta.

8 ta.
z 10 {a.

8 in.
x 12 ta.

atic

2fatic

1729

1230

Foceca (A )_

Dyneni .

i1l

1600

2203*

2203
2203+

1542~
373

0-3500
0-3500*

2200~
7%



The field tests were conducted on operating track at the following ratl-
road sites: 1) Canadian National Railways l:ition yard in Belleville,
Ontario, 2) Southerm Railways site near Lynchburg, Virginia, 3) Illinois
Central Gulf (ICG) site near Kankakee, Illinois, and 4) the Department of
Transportation Facility for Accelerated Service Testing (FAST) near Pueblo,
Colorado. The pertinent track ard test conditions are summarized in
Tables 3.3 and 3.4, respectively. The primary objective of these field
tests wvas to investigate the changes in the physical state of various bal-
last types with respect to different track ‘-mtmce operations and traf-
fic conditions (Ref. S). In addition, the feasibility of utilizing the
results of thase methods as potential indicators of track performance will
require further consideration.

The following sections will effectively susmarize the mjor findings
and general trends resulting from the analysis of all laboratory and field
investigations with the ballast physical state tests. Laboratory and field
data for similar conditions are illustrated in a combined fashion for com-
Parative purposes and, wvhere possible, will be .coqand and assessed vith
the conclusions cbtained from other published sources. The techniques
have proven suitsble for railroad application, and the msasurements are
coasidered relisble with an adequate accuracy. The test results presented
in this report provide very important and badly needed informstion om the
in-situ ballast physica’ states wnder various conditions. They comstitute
8 significant enhancemsat of knowledge toward a bdetter understanding of

track response and its relationship to track performance.

17
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3.1 3ALLAST DENSITY TEST

This ballast density physical state is generally expressed in terms of the
following parameters: 1) dry demsity (yd), 2) void ratio (e), and 3 percent
compaction. The percent compaction normalizes the measured dry density by an ulti~
mate density computed from the reference density test ,Jr:csulu on the same graded
material. This approach establishes a comparative basis for different ballast
types. One significant point ir that the resulting percentages achieved from the
field tests are often in excess of 100 percent. This occurs to a large extent
because the density test boundary conditions give computed ultimate density values
which are vvpcially low by approximately ten percent.

The field measurements obtained at four railroad sites are summarized in
Table 3.5. The average percent co-pacti'on values ware selected for comparison
with laboratory data for the tamping, tamping plus crib and shoulder compaction
operations, and heavily trafficked conditions (Fig. 3.5). The void ratio values
would have generated a similar series of curves, but not the dry density. Com-~
ceptually, the tamping operation produces a loose density state in the cribs and
under the ties, which would indicate that the ballast dry demsity for materials
possessing similar gradations is a function of the particle specific gravity (see
Tables 3.1 and 3.5). '

Principally, Fig. 3.5 illustrates that the ballast density test results
obtained from s:lmhud'ﬁcm compaction operations can be reasonably reproduced
in the laboratory. For ballist in zones under the rail (average of inside and
outside rail tests), msnual tie tamping in the laboratory produced nearly identicsl
values for both the 2-in. (51-mm) and 3-in. (76-sm) track raises at locatioms in
the crid and under the tie. HNote that the cribs wers reballasted following tamping,
except in one case for the 3-in. (76-mm) raise in which a BDT seasurement produced

essentially the same density (Ref. 6). These lsboratory results also compsrs

20
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Figure 3.5. Comparisom of Laboratory and Field Average Percent
Compaction Measurements for Several Track Conditiocas
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favorably to the field measurements obtainea after tamping, leveling and
lining, although some differences in magnitude are evident.

Tio test series are shown for the FAST field measurements. One is the
initial cest series (I) conducted at the time of initial track construction
following maintenance tamping with some intermittent work train traffic. The
second 1s the supplemsntal test series (S), which rcpu:onu 135 MGT of applied
train traffic followed by maintenance tamping. It is particularly interesting
to note that the under-the-tie values at FAST for these two series produco.d
similar average percent compaction results each for the limestone and traprock
ballasts. This implies that tamping equipment is somevhat consisteat in achiev-
ing a certain ballast physical state for the same ballast material. However,
this f.act has not entirely been walidated.

Crib and shoulder compaction following tamping demonstrated increased per-
cent compaction over that of tamping only in the crib near the rails for both
laboratory and field d;ta (Fig. 3.5). In general, this effect is difficult to
quantify, since the adequacy of the laboratory simulation of the field compaction
process is uncertain. This is evidenced by the small change in compaction
achieved from a very loose density state for the laboratory limestons (crib
plate) tests (Fig. 3.5a). Por the wide range of parametars considered (Ref. 6),
frequency was determined to have a significant effect upon the changes in the
ballast physical state.

23



In the center of the track (Fig. 3.5a), gh. laboratory reballasting

technique in the crib resulted in comparable amounts of compaction to that
obtained in-situ after track maintenance. The FAST supplemental tests are
an exception, since traffic history is a likely influencing factor. Under
the tie (Fig. 3.5b), a simulated old trackbed condition was apparently
prepared with approximately SO passes from a vibratory plate compactor
vhen compared to the undisturbed state created by train traffic (Ref. 6).
However, the limited sampling depth of the ballast density measuring
device, that is 4 to 5 in. (0.1 to 0.13 m), limits the generalization of
this conclusion.

Throughout the field study, the four typical track conditions tested
were: a) after initial tamping during new comstruction or complete ballast
undercutting, b) after compaction immediately following tamping, c) after
accumulation of traffic, and d) after wsintenance tsmping. For each of
these track conditions, changes in the measured ballast density and its
distribution along the tie are examined to assess the effects on the ballast
physical state of important track parsmeters such as ballast type, tamping,
ballast compaction, and traffic. Ballast degradation, as reflected by
gradation changes, was anslysed (Ref. 5), but provided only wmarginally
useful informetion, and thus will not be discussed. This section will
summerize the field results to present important aspects of ballast physical
state based on the in-situ ballast density measurements.

a) Infcial Tamping. The effects of initial ballast tamping of & newly

constructed or freshly undercut track cen be well characterized from the
ballast density profiles obtained from ICC and FAST. The measurements after
such tamping are qualitstively summerized in Figure 3.6a. The results
generally indiceted similar ballast density distributions along the tie at

24
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both test sites, even though the two sites had quite different track con-
ditions, notably ballast conditions and nature of track work. The ballast
density in the crib is relatively uniform salong the tie, with the magni-
tude being slightly lower in the rail area than in the center, except for
the PAST traprock. For the same track condition, the ballast density
under the tie varied significantly along the tie, and it consistently
Jemonstrated & much denser state in the rail area than in the center.

In the center of the track, the under-tie density was lowcr than the
crib density, but in the rail area the density r/as much higher under the
tie than in the crib. The latter was approximately 11 to 15 pef (0.18 to
0.24 Hg/-a) higher at FAST, and 9 to I2 pcf (G.14 to 0.19 ,,.,_3) at ICG.
The sbove density difference in the rail ares where the tamping operas-
tion is concentrated illustrates an important aspect of ballast densi-
fication during tamping. When the ballast layer is initially very loose,
a8 in & nevwly constructed or completely undercut track, ballast densifi-
cation may very well occur from particle vibratioms imposed by the
vibrating tamping feet and from the squeezing action, along with the con-
finement provided by the €ie bottom.

b) Cridb and Shoulder Compaction. It is a widely accepted comviction

that crib and shoulder compaction reduces the adverse loocsening effects
of ballast tamping and contributes to the restoratiom of track stabilicy
by ballast density increase. However, the compaction mechsnisms pro-
ducing these changes have not beem completely understood.

Figure 3.7 sunmarizes the results from ICG regarding bsllast den-
sity, in terms of average void ratio, changes with ballast crib and
shoulder compaction, and tsmping st different locations in the bellast
layer. The long-term effects of the ballast compaction are also
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illustrated with measurements assumed to have been obtained after at
least 10 MGT of traffic. However, this situation is quest{onable (Ref. 5),
but will be discussed due to the possible implications which may result.

Comparison of the measurements obtained from the tamped-only (TU)
and the tamped and compacted (TC) conditions generally indicate ballast
density increases from compaction, as expected. But the magnitude
of such increases differed frum location to location in the ballast layer.
Obviously, the ballast density incresse due to crib and shoulder com-
paction was concentrated in the crib vwhere the compaction operation is
performed. As shown in Fig. 317, ballast density incresse in the crib
in the rail ares was quite significant. However, the effect of the same
ballast compaction procedures on other locations, i.e., in the center
and under the tie, appears to be very limited, even though a slight
dersity increase was often noticed in those areas.

As previously stated, the long-term effect of ballast compaction on
the ballast physical state after accumulation of a significant amount of
traffic is not conclusive. Generally, the measurements at ICG seem to
indicate that the density incresse due to ballast compaction subsequent
to tamping diminishes with sacumulation of traffic in the cridb, but some-
how the effects of ballast compaction under the tie appear to have been
accentuated. It {s not clesr at the scment, due to insufficiant data,
vhether or not the trends are representative and correct. But, inter-
estingly, Birmen and Cabos (Ref. 21) observed with nuclear density
Seasurements that the initial density difference before traffic,vhich
bad resulted from different ballast compection methods, still remsived
Preserved even after significsnt traffic.
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The magnitude of ballast density increase from crib and shoulder
compaction varied significantly among different sites, presumably due
to different track conditions ar_nd compaction procedures. There was
about. a two percent increase over the in-crib density achieved after
tamping at the CNR site, and aboyt four percent and seventeen percent

at the ICG and SR sites, respectively. v

3
~

Figure 3.6b shows generalized ballast density distribution along
the tie after crib and shoulder compaction. Since the ballast density
1;u:reue is meinly concentrated in the rail area in tile crib, ballast
density distributions basically similar to those after tamping are
expected. However, the amount of scatter in the .mulund ballast density
from one tie to another appeared to be quite reduced, compared to the TU
conditions. As Hardy (Ref. 22) asserted from a series of field tu.ts at
3 Canedian National line, the uniformity of ballast density distribution
along the track could be one of the important factors contributing to
the track performance.

Compared to the density obtained after ﬁrafﬁc, the magnitude of
ballast density increase from ba'llut compaction appears to be signifi-
cant. However, it is quastionable whether the sams degree of track stabi-
lity restoration will be achieved from compaction as from traffiec.

¢) Accumulation of Traffic. Summarizing the messurements at FAST,
Fig. 3.8 illustrates ballast compection changes with accﬁnhtton of
traffic. Ballast densities at different locations within the track
structure are compared for two different levels of accumulated traffic,
i.e., during the first 134.6 MCT after initial construction and tamping,
and during an additionsl 0.1 MCT after ssintensnce tamping. Although

the data do not provide sufficient information on the exact patterns
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of compaction growth for different ballast types, thke results explain
well the overall trends of ballas- density changes throughout the
traffic history tested.

The two different ballasts, having similar particle shapes and
gradations, exhibited very similar ballast campaction changes during
the first 134.6 MGT of traffic. Regardless of ballast types, the most
significant increase was noticed under the tie in the ceiker vhere the
ballast was initially very loose. The smallest increase was under the
tie in the rail area where the ballast was generally dense prior to
traffic. The change in the crid was intermediste, ana vas about the
same along the tie.

The basic pattern of ballast density state along the tie did not
alter with traffic (Fig. 3.6c). The under-tie density wes still higher
in the rail ares than in the center, but the difference was sma.ler than
those after tamping or after compsction. The crib ballast density was
relatively consistent along the tie, and the magnitude was about tlu
Same as under the tie in the center.

Data obtained after traffic often indicated a trend of ballast den-
sity decrease from inside the rail to outside, perticulsrly in the crib.
For exsxple, sn average difference of 5.6 pef (0.1 l!;/-s) wes noticed in
the crib density after traffic st the ICG site. Presumably, with lack of
confinement, ballast perticles in the crib and outside the rasil could
easily have flowed toward the shoulder during vibration and repeated los-
ding cycles imposed by traffic, instead of being densified in place.

The effect of the additionsl 0.1 MCT of traffic at FAST after asin-
tenance tamping is not conclusive. The density change and its magni-
tude were quite irregular, varying with ballast types and messurement
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locations. The 0.1 MGT of traffic after such tamping does not appear

to be significant enough to cause any ballast densification under traffic
loading. 1Instead, it could either densify or loosen the ballast layar
depending on the ballast conditions. With sccumulation of sufficient
traffic, ballast will eventually be densified as shown after 134.6 MGT
of traffic. Tl:pro is not enough data at this time to determine vhen and
how fast the ballast compaction increeses with traffic.

d) Maintenance Tamping. Effects of maintenance tamping on the bal-
last density change can also be examined from Fig. 3.8. Compared to the
medsurements after traffic, tamping on a track pPrevicusly subjected to
traffic is shown to have consistently loosened the ballast layer ng;rd-
lass of location of Bsasurements. The density decrease was quite signi-
.t‘i.clnt in the rail area, aslmost totally eliminating the compaction
achieved during :raffic after iaitisl tamping. Even in the center where
no insertion of tamping feet was made, the ballast density s shown to
have consistently been reduced. Figure 3.6d illustrates schematically
the probable ballast density distribution after maintenence tamping.

The amount of such density decreases dus to maintensnce tamping
appears to be dependent on various factors such as track conditions,
particularly ballast type and condition. For exsmple, less than ome
percent density decrease from the undisturbed trsck condition in the
crib under the rail was noticed at the CMR site, while more than four-
teen percent decresse was observed in the limestons section st FAST. 1In
fact, the ballast density in the limestons section sfter msintensnce
tamping was even lower than that after initial tamping. One of the
possible reasons for such a significant decrease in the limastone sec-
tion might be fouling from the degraded ballast particles.
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3.2 PLATE LOAD TEST

For the plate load test, several strength and deformation
indices vere obtained fromthe recorded load-displacement curves in
order to evaluate the changes i{n the ballast physical state. The index
determined to be most suitable for the data analysis 1is ghe

Ballast Bearing Index, B -% . (3.1)
The parameters are defined ag:

P = load {n 1b (N) at 0.1, 0.2, and 0.3 in. (2.5, 5.1, and 7.6 om)
displaceaent,

A = area of the 5-in. (1‘27-—) diameter plate in square inches

= 19.63 1n.2 (0.0127 -2). In particular, the B value at 0.2-in.
(5.1-mm) plate displacement of the first l.mdi.ng cycle was considered
representative for an adequate and reliable comparison of the conditions
investigated (Ref. 5).

As ulmcrn.tcd in Fig. 3.5 for the ballast density measurements,
the laboratory and field plate load test results are similarly compared
in Fig. 3.9. The values are shown symmetrical about the center of the
track. For esch specific ballast type, the B values demonstrate a nearly
parallel consistency with the average percent compaction values for the
same respective track conditions. This, in pert, indicstes the capability
and sensitivity of each test to identify and momitor the ballast physical
state changes.

For the under-reil locatioms, the laboratory ssnual tie tamping pro-
duced comparable B values to those obtained with the mecheniszed field
tamping equipment (Fig. 3.9). After tamping a pre-existing compected
trackbed, the ballast stiffness will apparently reflect differences in

the amount of track raise. This effect is especially more pronocunced
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in the crib than under the tie when reballasting is not performed. The

B value for the slightly less than semi-full crib, resulting from a 3-in.
(76 mm) raise, in the laboratory was more than twice the respective fully
ballasted condition in the crib aud also equal to the under-tie values.
The reason for the latter is that the thickness of the loose ballast layer
created by the manual tamping operation, which overlies the compacted
trackbed, was ap;roziutcly equal for the two cases. This result was
expected because s.evonl tests conducted in this study indicated that
rigid bottom boundaries oncountcred.at distances less than 6 to 9 in.

(152 to 229 mm) below the ballast testing surface would significantly
increase the measured ballast stiffness. Also noted in the laboratory
tests vas that a 2 in. (51 mm) raise resulted in a slightly grester stiff-
ness under the tie than & 3 in. (76 mm) raise. However, the in-crib B
values were equal for these two cases, since full crib ballast conditions
uil&d.

The FAST traprock, vhich received approximetely a 2 in. (51 mm)
tamping raise, and the mixture of steel slag and limestone at ICG, which
was undercut and then tamped, both demonstrated good agreement with the
laboratory limestome ballast B values under the rail. The FAST limestone
section, however, vas raised spproximately 1 in. (25 sm) and yielded
slightly higher stiffness values than the preceding ballast types.

Since the tamping tools are genmerally inserted 4 to 7 in. (102 to 178 mm)
below tim tie bottom, the ballast mass is expected to be disturbed for a
sufficient depth. However, oluvtro_.nul and traffic history appareatly
influenced the FAST limestons, since the tsmped ballast directly under
the tie was observed to have retsined its compacted state and not em-

tirely become disaggregated due to the tamping (Ref. 5). In gemeral,
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the tamping operation appears to have produced similar stiffness values
for different ballast types under the rail.

The effect that crib compaction has upon the ballast physical state
is 1llustrated in Fig. 3.9a for the limestone (crib plate) testa. The
laboratory compaction was accomplished with a low frequency oscillaging
crib plate, as previously described for the ballast density tesc. Al-
though a small increase in ballast stiffness is obtainsd with this crid
compaction method compared to the very loose density state existing after
tamping without compaction, the B value aiter compaction is aignificantly
lower than the corresponding field values from ICG. This observatiom is
consistent with the ballast density test results as well. The bcftcr com~
paction effectiveness because of the vibration effects from the much higher
frequency used with the field equipment apparently accounts for this dif-
ference (Ref. 6).

The laboratory sample preparation techniques, empioyed to place in
the crit either the limestons or the steel slag ballast, guite effectively
simulated the reballasting methods used in the field when the ICG data in
the centor of the track are considered (Fig. 3.9a). Although the FAST sup-
plemental tests include traffic history effects, the traprock ballast dem-
onstrates fairly good agreement with the laboratory data. The traprock
at the track center may have loosened vhen the tamping operation was per-
formed, thus reducing the ballast stiffness. However, this same effect
ua; ot indicated by the ballast density test results (Fig. 3.5a) and,
therefore, this conclusion is preseantly uncoufirmed.

In the center of the track under the tie, several differeant levels
of compactive effort were applied to the laboratory limestone ballast
trackbed in an attempt to achieve the range of ballast stiffness observed

in the field (Fig. 3.9b). The laboratory results were consisteant with
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those obtained at ICG and FAST after ballast placement.

Based on a comparison of laboratory stiffness values with those ob-
tained at 135 MGT of traffic applied at FAST, approximately 500 passes
with a vibratory plate compactor are required to simulate a compacted
trackbed condition in the field resulting from years 05 traffic. This
appears contradictory to the ballast density test results, in which only
50 compactor passes in the iaboratory established the field trackbed den-
sity condition. The reason may be because the depth of compaction in-
Creases as the number of compactor passes increases. The ballast density
test measured the top‘b to 5 in. (102 to 127 =m), while the plate test
was influenced by ballast conditions as deep as 12 in. (305 mm). Thus,
the stiffness measured by the plate tcst’vill continue to increase for
more passes than the density. Another possible reason is that very
small density increases, after the ballast is in a relatively dense state,
can cause a large increase in ballast stiffness because of the increased
particle 1nte;10cking effects.

The preceding discussion is illustrated in Fig. 3.10, which compares
the measured ballast stiffness with the measured Jensity for a represen-
tative portion of all the laboratory and field data. The density values
are diétdcd by the reference density, Ypep® to adjust for differences in
effects of ballast gradation, particle specific gravity, and to a certain
extent, the particle shape.

In Fig. 3.10a, the ballast density, Ypox® vas obtained by dividing
the ballast weight by the container volume. Because of excess ballast
void space at the box boundaries, the calculated density with this approach
is known to be significantly lower than the more representative in-situ

ballast density, Yeor (Ref. 4). The excess void space is that part of the

k1



500 Li T v T

sooL 9 LABORATORY
wol 4
CONVERSION OF
300 Yo TO fogr -
FOR LIMESTONE
200 .
100 .
Q |
. 12 3

3
[
=
z
&
3 s00 . \ .
€ go0f b LABORATORY ]
& LIMESTONE
~ 400} -
=]
% 3s0f LIMESTONE E 1
(REE &) o
Q 200 LIMESTONE a
g (CRIB PLATE ) N _.
g 1 3
ov -
< -
K o '
Wl
3 200 = “c) FIELD -
2 ol ]
3 s00 L ICG LIMESTONE .
AND STEEL SLAG
200+ -
100 | 4
o L T
o7 08 13

Figure 3.10. Strength-Density Ralationships for Laboratory and Pield Data

38



voids in the sample adjacent to a container boundary which would be filled
with parts of other particles, if the sample were instead surrounded by
ballast rather than a container. This void space represents a signifi-
cant volume for material as coarse and uniformly graded as ballast.

¢ Based upon previous correlations of these two density measuring tech-
niques for limestone ballast, corrections to the values of Ypox Vere es-
timated for several states of compaction. This subsequently resulted in
shifting the solid curve for the limestéme stréngth~density trend in

Fig. 3.10a to the dashed curve. This dashed curve agrees reasonably well
with the laboratory and field trends in Fig. 3.10b. In each case, the
ballast stiffness represented by the ballast bearing index appears to in-
Crease at a growing rate with increasing density.

While the ballast density test is limited in its ability to detect
the. small changes that can still affect stiffness, it may provide use-
ful information for identifying the relative degree of compaction when
used in conjunction with the reference density test. The ultimate den-
sity computed from the reference density test, with the appropriate sur-
face boundary voiq corrections incorporated, would most likely represent
4 good estimate of the maximum possible compaction state. Aa'wua pre-
viously noted, the ultimate density value was estimated to be low by
at least ten percent as a result of the boundary void error. If this
correction were made to the values of Yaer used with the data in PFig.
3.10, the density, Yppr® 8t vhich the rapid increase in ballast stiff-

ness occurred would be approximately equal to Ypgr*
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In order to place the plate load test and the in-situ ballast
density test results in a practical perspective, typical track conditions
are listed in Table 3.6 with.tentatively assigned values. The average
percent compaction (density state) was qualitatively ranked, since the
lack of suitably defined trends prohibited specific quantitative sub-
division. The average ballast stiffness values were determined from
and limited to the several field track conditions investigated in this
study, which will be elatorated upon in the following paragraphs. The
specified limits are {nsufficient for general use and definitely require
additional in-situ data for confirmatiom. .

Except for the in-crib values at 5 MGT, the ballast strength pro-
files for the ICG track System are shown in Fig. 3.9. The crid and
shoulder compaction and traffic clearly increased the ballast stiff-
Dess near the rail, both in the crib and under the tie from the tamped-
only condition. The center of the track location both under the tie
and in the crib appears to be little affected by the compaction process,
but is significantly affected by the application of traffic. Traffic
causes incresses of 145 to 206% under the tie and in the crib, respec-
tively, at the center of track.

Thﬁ under-rail location increased in strength both with compection
and traffic. The under-tie, tamped-only values incressed 27% with
campaction and 213% with S MCT of applied traffic when compared to the
tamped-only condition. MNote that some of the B values at S MCT were
estimated, since the ballast was extremely stiff; therefore, the tests
could not be conducted to 0.2 in. (5.1 mm) deformation. The in-crib,
tamped-only values incressed 93X with compaction, and 187% with S MGT

of treffic.
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For the FAST track, the ballast bearing index values are not shown
in Fig. 3.9 for the 0.1 MGT traffic condition nor for the 135 MGT condi-
tion in the  -rib. These results will be briefly discussed, but the details
can be o;uined elsevhere (Ref. 5).

The limestone ballast measurements show increasing ballast strength
after tamping with the application of traffic. At the ccnu?r of track

under the tie, the bearing index increased 577 from the loose state after

. tamping to a value equal to the undisturbed condition with the application

of 0.1 MGT of traffic. The bearing index in the c:ib at the center of the
track increased by 222 with 0.1 MGT of traffic, becoming 64X of the undis-
turbed valua.

The near-the-rail locations for both under the tie and in the crib
increase consistently with the applied traffic. The under-tie strength
increased 342 from the tamped condition with the application of 0.1 MGT
of traffic, and 2762 with the application of 135 MGT of traffic. The
crib strength increased 48% and 1152 for the same respective traffic
conditions.

The under-rail plate resistance for traprock appears to rapidly
increase vith applied traffic. The wunder-tie B valuss increase 100X
from a tamped coandition with the application of 0.1 MGT of traffic, and
236X wvith the application of 135 MGT. The in-crib values increase after
the application of 0.1 MGT of traffic to values equal to the undisturbed
condition, approximately 193%.

Under the tis, the center of track strength values for traprock
were erratic with traffic conditions. However, an increase of 59%
occurred in the crib with 0.1 MCT of traffic after tamping, vhich was

also spproximately equal to the undisturbed conditiom.
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The most pronounced feasture displayed in Fig. 3.9 for the FAST data
is the increase in the under-rail, under-tie B values with increasing
traffic. However, the amount of data scatter also increases simultan-
eously (Ref. 5). The trends in the crib are much less pronounced. The
difference in strength with ballast type under similar conditions is
evident. The limestone after tamping has a slightly greater strength
than traprock. However, the traprock demonstrates a greater rate of
strength increase than limestone with the application of 0.1 MGT of
traffic, both in the crib and under the tie. For the undisturbed state
at 135 MGT, the limestone has a significantly greater strength than the
tt:aprock under the tie, but i{n the crib the strengths are nearly equal.

A general comparison of the FAST and ICG sites for the tanped-only
condition indicates that the under-tie and in-crid strengths under the
rail are similar in magnitude for all ballast types. The slightly lower
values at ICG may be accounted for by the ballast undercutting and clean-
ing operation. Crib and shoulder ballast compaction at ICG increases the
ballast strength in the crih to values comparable to the 0.1 MGT traffic
condition for the FAST limestone. However, the under-tie strengths with
ballast compaction at ICG sre considerably less than the 0.1 MGT condi-
tion at FAST, For the 5 MGCT traffic condition at ICG, the under-rail
ballast strength increases considerably, both under the tie and in the
crib. This might possibly be attributed to envirommental influences in
addition to applied train traffic. Apparencly the former is a more sig-
nificant factor at ICC than at the PAST site.

The center of track stiffness values are dependent upon the track
history,and the results are not necessarily indicative of the traffic

condition or msintensnce operation performed at the time of testing.
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This point has been emphasized elsewhere (Ref. 5). The trends associa-
ted for the center of track values are valid for each particular track
system; however, comparisons between track systems is not justified.

The in-situ plate load test (PLT) has previously received very
little attention with respect to measuring the relative changes in the
ballast physical state. The only available source of information to
supplement SUNYAB's data was suppﬂod by Peckover (Ref. 20) for the
CNR, which also motivated the qork in the present study.

Peckover (Ref. 20) utilized the PLT as a nmeans of evaluating the
effectiveneass of differert track maintenance operations on the vertical
ballast stiffness. A S-in. (0.127 m)-diameter plate was used for this
study, and the test procedure was similar to SUNYAB's with some slight
differences (Ref. 5). The test results obtained by Peckover (Ref. 20)
vere, however, considered representative.

The plate load tests were conducted on 4 tangent section of CIR
track wvith wooden ties. The princinal ballast type was an in-situ
crushed rock. However, at two different locations the ballast trackbed
vas removed and replaced with & new crushed rock ballast and a new slag
ballast, after a ballast undercutting operation was performed.
~ Tor the test sections containing the {n-situ crushed rock ballast,
the track was tamped, leveled,and lined, but the height of track raise
vas not specified. This operation was followed by crib and shoulder
compaction in which both Matista and Jackson ballast compactors were
used (Table 3.2). Sections of both undercut sites were also compected .
However, it is assumed that this track first received tamping, and
possibly surfacing and lining, after uba}l.u:tng and prior to compaction.
The final test condition investigsted was on an "undisturbed” ballsst
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for which the amount of train traffic loading was not reported. Full
crib ballast conditions are assumed to exist at the time of testing.

The PLT's of concern here were performed adjacent to the ratl in
the crib and under the tie. Since the test locations are only quali-
tatively known, these locstions will be referred to as under-the-rail.

The average ballast bearing index (B) vafn‘u- at 0.3 in. (7.6 mm)
displacement are graphically illustrated in Fig. 3.11la for t:. various
track conditionl.. Peckover indicates a large variation in tho.u test
results. Also, the plate resistance values have apparently been combined
for the two ballast compactors and for the two ballast types tested for
the undercutting operation.

Figure 3.1la indicates that the tamped-uncompacted conditiom (TU)
produces the lowest B values both in the crib and under the tie for the
crushed rock bsllast. These values are approximately 25X of the
respective undisturbed track condition values. With the application of
crib and shoulder compa ‘tion to a tsmped-omnly track (TC condition), the
B values increase by a factot'of 5 in the crib and a factor of 3 under
the tie with respect to the TU condition. The tamped-compacted condi-
tion yields B values comparsble to the undisturbed track condition. The
raasons for such a ressrkable increase camnot presently be explained.

The effect of undercutting and replacement with a new bailast is
also illustrated in Fig. 3.1la. The under-tie values are slightly
higher but are still comparable to the tamped-uncompected condition.
However, the in-cridb values are a factor of 2 greater. Since the results
of the two new ballast types were combined for the undercutting operstiom,
the differences in B values with the TU condition may be attributed to

differences in particle shape, in gradation, or im bellast types. With
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the data in the present form, this situation cannot be resolved.

When crib and shoulder compaction are #vplied to the undercut condi-
tion, the B values increase by a factor of at least 2 for both under-tie
and in-crib values. The interesting feature for this condition is that
the in-crib values are slightly greater than the under-tie values. This
opposes the trends established for the other track conditions, and
again, no apparent explanation is available. 1In genarsl, the undercut
and compacted condition yields B values comparable to the tamped-
compacted (IC) condition, and follows a trend similar to the Tespective
) tamped-only condition.

Peckover's (Ref. 20) ulv.lti.gléion revealed several other important
findings. For the undisturbed track condition and for the several dif-
ferent types of track msintensnce operations, plate load tests performed
on the flat portion of the ballast shoulder produced stiffness values
indicative of a relatively loose density state. With the categories
established in Table 3.6, the equivalent B values would be in the very
loose to loose range. For an undisturbed track, the B values in the
crib-nesr the rails were approximately equal for test locationms at the
top of the crid ballast and at the base elevation of the tie between
ties, vhich were both significantly less than B walues directly under
the tie. The test results slso ..4icate that ballast crib and shoulder
compaction is generally superior to either crib or shoulder compaction
separately.

The ballast bearing index (B) values for SUNYAB's under-rail PLT
data at 0.3-in. (7.6-mm) displacement are illustrated in Fig. 311b sioag
vith CQR's data in Pig. 3.1la. This figure displays two particularly
interes:ing features. First for the undisturbed condition, the umder-tie
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and in-crib B values are of comparable urders of magnitude for CNR and
SUNYAB. The second is that very good agreement exists for the tamped-
uncompacted (TU) condition for both data sets in the crib and under the
tie. Also, the CNR undercut-only condition, i.e., assumed tamped and
possibly surfaced and lined, ylelds under-tie B values comparable to the |
SUNYAB TU condition. In genaral, this latter factor indicates a reliasble
degree of rep- ducibility for the tamped-only condition for different
ballast materisls of different test programs. Note that the ICG truck
for the TU rondition was undercut 10 to 12 in. (0.25 to 0.31 m) while

the CMR undercut-only condition was «pproximsted as a 6 in. (0.16 w)

cut (Ref. 5). The slighcly higher CRR B value may be attributed to

an influence of a more rigid base.

A comparison of the tamped-compacted (TC) conditions for CMR and
SUNYAB produced the greatest difference in test results. The C B
values axs 1-2/2 to 2 times larger then those for SUNYAB. This dis-
crepancy is presently not explainable.

Due to the nature of SUMYAB's dats, an attempt will be made in
order to determine am equivalent amount of train traffic, as implied by
the plats load test, that is initially offered by ballast crid and
ihouucr compaction on a tamped-only track. By cambining the three
ballast types tested, the TC condition under-the-rail is showm to be
somewhat in between the TU and 0.1 MGT traffic conditions for both uader
the tie and in the cridb. If the relative change in B values for the FAST
limestons from the TU to 0.1 MGT triffic conditions for both under the
tie and ir the crid 1is compared to the relstive changs for 'ue ICG data
from TV to TC conditioms, the result is that the TC condition is equive-
lent to slightly greater tham 0.1 MCT of traffic. Considering both
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cases previously presented, a reasonable equivalent traffic estimate

appears to be 0.1 MGT. The lack of any trafficked conditions for the

CNR data prohibits such an estimate; however, a 0.1 MGT value appears

to be low. Q l
In general, insufficient quantities of under-rail plate load test

data, especially at intermediate traffic levels, limits the establish-

ment of clearly defined platc' resistance trends with track maintenance

operations and train traffic loading. Thus, the differencss for the

tamped-uncompacted and tamped-compacted conditions, as well as differ-

ences in ballast type and the effectiveness of different ballast crib )

and shoulder compaction equipment, cannot easily be quantified. In addi- :

tion, both a reasonable MGT of traffic which provides a stable or "wundis-

turbed" track condition and the amount of traffic st vhich plate resis-

tance cannot be difierentiated for either track condition are preseatly

indeterminate dus to the lack of available data. i

3.3 LATERAL TIE PUSH TEST

The lateral tie push test has Previously received a considersble amowmnt i
of field use in order to evaluate the in-situ track conditions. An analysis |
of the load-displacement curves for single tis tests on wooden ties (track
panel tests excluded) indicated that lateral tie res_stance can be adequately
compared from the 0.0394 to 0.25 in. (1 to 6.35 mm) displacement levels (Rafs.
4 and 5). The following discussion will deal more specifically with the test
results at 0.157 in. (4 mm) displacement, which is considered representative.
In certain insténces, the maximum and minimm valuss msasured for a particular
condition will be illustrated to provide an indicaticm of the amount of deta
variation associated with displacement.
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Several load-displacement curves obtained in the laboratory from
simulated field track maintenance processes are compared to che field
results in Fig. 3.12. Except for the deficient crib and shoulder ballast
after tamping at FAST, the track structures were similar in all cases.
Also, in some of the laboratory tests, the base component of lateral tie
Tesistance was adjusted to an equivalent wood tie weight of 208 1b (926 N).
The laboratory trackbed conditions were defined with descriptive terms for
the different ballast physical states, since this was sufficient enough
for most purposes. A rough correlation with the rankings established in
Table 3.6 would have the loose, compact, and very compact statss equivs-
lent to the very loose, loose to medium-gense, and dense states, respec-
tively.

In genersl Fig. 3.12 indicates that the average lateral tie resis-
tances measured at the varigus track sites were greater than the values
obtained from the simulated laborstory tests. For the u-p.d-mco-p'-céu
condition (Fig. 3.12 a and b), a favorable agreement for the load-
displacement curves might be assumed, since a loose ballsst density state
generally exists around the ties. However, a detailed analysis of the
field data, which i{s presented lster, will demonstrate that these lateral
tie resistanca values (Fig. 3.12 b) are low by spproxinately 100 1b (445 X).
The difference in the laboratory and field data is possibly due to slight
differences in the structural arrangemsnt of the ballast particles, even
thoigh density messurements indicate the existence of s loose density
state. In the field, a greater mumber of ballast particle contacts sre
likely to occur in the vicinity of the tie, due to vibratioms imposed by
the treck msintenance equipment of worktrains. Ia fact, a similar effect
has been messured elsewhere (Ref. 23) in the field with limestome ballast,
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although on concrete ties. In the present laboratory investigatiom, it
vas also determined that a second cycle of reloading on a wood tie with
full loose crib and shoulder conditions would resuit in a 75 to 150 1b
(334 to 668 N) incresse in lateral tie resistance at 0.157 in. (4 mm)
displacement (Refs. 4 and 6). Thus, the differences between the labor-
atory and field dats may have been partially explained, byt requires
further consideration.

The differences in the tamped-compacted condition results (Fig.
3.12 ¢ and 4d) m;y ltil; from t.he fact that the method and smount of
compactive effort applied by the pneumatic tamper in the laboratory

tests was insufficient when compared to that of the ballast crib and

shoulder compactor. The one trend consistent for both the laboratory

and field data is that crib and shoulder compaction increases the lateral

tie resistance. This {sature is particularly evident for each of the
respective test conditions shown in Fig. 3.12 s and c.

The laboratory lateral tie push test data do reveal several
findings vhich are applicable to in-situ conditioms.

1. The lateral tie resiscance of a new wood tie after manual tie

tamping and reballasting does not appear to be affected by

the height of the tamping raise, from 1/2 to 3 in. (13 to 76 mm),

nor the type of raising operation, that is, a full raise or in
lifes.

2. DBReballasting entirely under the tie, in the cridb, and on the
shoulder yields results nearly identical to msnual tie tamping
plus reballasting.

3. 1In the loose density state (Fig. 312 a), the ratio of the

lateral resistances of new ties for limestone and steel slag
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ballasts appears to be directly proportional to the ratio of

the in-situ ballast densities; that is, approximately 1.6.

Other conditions being equal, the bulk specific gravity would

be the determining factor (Table 3.1).

Note, however, that the preceding observation pertains only to
the loose density state, since the introduction of an appreci-
sble smount of compactive effort will predominate as the
influencing factor. Figure 3.12b appropristely demanstrates

this point. For equivalent compsctive efforts in the crib areas
near the rails and on the shoulder slope, the steel slag ballast
is more responsive, as indicated by the greater increase in
lateral resistance to the applied compaction than the limestone
ballast. While the particle shapes of the two ballast types are
somevhat different, the most plausible explanation is the differ-
ences in the surface roughness characteristics of the ballast
part‘cles. The homeycombed surface and the lower fracturing
strength of the asperities for the slag appsrently contributed
significantly to having a greater mumber of particle-tie comtacts,
a higher degree of p.rficl.o interlocking, and larger residual
latersl stresses being retsined after compaction, which subse-
quently increased the lateral tie resiscance.

For the simulated old tie on & slightly compact limestons track-
bed condition, the greater lateral tie resistance, over that of
s new tie, can primarily be attributed to the extremely rough
characteristics near the r3il areas on the underside of the tie.
This is noticeable for both the reballasted comdition (Pig. 3.122)

and the crib and shoulder compacted condition (Fig. 3.12¢).
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In order to illustrate the independent effects on the total lateral
tie resistance, the contributions of the individual components of tie
resistarce; that is, the base, crib, and shoulder, are shown in Fig. 3.13
for the laboratory conditions investigated. The testing was performed
with standard railroad wood ties hsaving dimensions of 9 in. (229 mm)
wide by 7 in. (178 mm) deep by 102 in. (2.59 m) long and various
weights. Ties with geometric or physical dissimilarities to that used
here, different ballast types and densities, or especially, the methods
utilized for crib and shoulder compaction may produce somewhat different
trends. 'n}u type of data may be found elsevhere (Refs. 24 and 25), but
must be extensively evaluated to place it in a compatible form.

The averags relationships displayed in Fig. 3.13 are the combined
efforts of two laboratory test series (Refs. 4 and 6), which represent
numerous tests. Within and between programs, several duplicated test
conditions, which included cyclic tie loading, ylelded fairly reproducible
lateral tie resistance values. The data variation between duplicate comn-
ditions was apﬁrostntoly the ssame order of magnitude as that existing
with cyclic tie loading, both of which may be the result of slightly
different ballast placement conditions. Thus, the averaging technique
used, although quentitatively not entirely valid for general purposes,
still appropriately reflects the general trends.

In Fig. 3.13a, the base component of tie resistance demonstrates
distinctly linesr relatiomships with the equivalent weight on the tie.
The most interesting point here is that the compected limestone and steel
slag ballasts exhibited the seme trends; that is, the tie resistance is
apptoxi-ltgly one-half the tie weight. Also noteworthy is the fact that

very little compactive effort is required to create a smooth limestons
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ballast trackbed surface, since the compact and very compact states
yielded nearly identical results. The loose limestone ballast defin-
itely produced a rougher ballast surface; thus, an increase in lateral
tie resistance 1is expected. Asruming the effects of ballast fouling or
ballast cementation, which may result from traffic-induced degradationm,
are minimal in-situ, then the behavior of the limestoné ballast might
also be typical for traprock and granite. The steel slag, however,
opposes the trend of decreased lateral resistance for new voéd ties
with increased ballast co-pagtion. A greater number of ballast parti-
cle surface contact points with the tie and the associated increase

in particle interlocking would possibly explain this phenomenon. This
does require further experimental vertfi?auon. In summery, the contri-
bution of the base component to the tocal lataral tie resistance is
reasonsbly and realistically displayed in Fig. 3.13s and establishes

& foundation for future estimstion purposes.

The contributions of the crib (Fig. 3.13b) and shoulder (Fig. 3.13¢)
ballast to lateral tie resistance exceed that offered by the base (Fig.
3.13a) for fully ballasted corditions. The relationships are apparently
nonlinear and most likely iccond-otdcr polynomials with respect to ballast
depth. It must be stressed that the relationships presented for the com-
pscted condition are only approximste, and are valid omnly for the smount
of compactive effort applied by the pneumatic tamper in the laboratory
programs. Mons-the lass, the data do reveal, ss also indicated in Fig.
312, incresses in lateral tie resistance with compacticn, more 80 in the
crib than on the shoulder. In part, this latter fasct is comsistent with
the findings of others in that crib compection is spparently better thsn
just shoulder compaction (Refs. 25 and 26), and crib and shoulder
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compaction combined appears to be better than either operation performed
independently (Ref. 25). 1In addition, crib and shoulder compaction after
the tamping operation appesis £o be more effective when the cribs and
shoulders have been overfilled with ballast (Ref. 23). However, as
shown in Fig. 3.13b for the loose density stace, the effect of just the
additional ballast from overfilling would partially account for an
increase in'lateral tie resistance. This track condition wes prepared,
but not .tuted, in Ref. 23. The effectiveness of canpact.ing An over-
filled ballast section may not be as pronounced, but still appears to be
significant.

23 previously stated, the magnitude of the ballast density in the
loqul state is roughly correlated to the messured latcrcl. tie resistance.
Th2 limestone ballast was 60% denser than the steel slag ballast, which
produced approximately the same difference in tie resistance (Pigs. 3.12
and 3.13). This effect {s more promounced for the crib bellast then for
the shoulder, and for a fully ballasted condition than the seni-full case.
In addition, loose full cribs for this limestome and steel slag ballast
account for 40 to 50 percent of the total resistance (Fig. 3.13), which
is consistent with the ORE (Ref. 25) findings.

The preceding discussion focused upon the contributions that the
base, the crib, and t:'.‘u shoulder have upon the total lateral tie resis-
tance. Although the relationships were developed under contolled
laboratory conditions, the resulting trends provide valusble guides by
vhich to aid in the assessment of measured field data. To demonstrate
the usefullness and applicability of these results, one typical field

situstion will be considered.
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Readdressing Fig. 3.1'2b, the field tamped-uncompacted condition
shows comparable lateral tie resistances for the three cases tested,
although several features unique to each case, such as differences in
ballast type, height of tamping rlﬁ.:e, and deficient crib ballast,
existed during testing and will affect the results. The conclusion
that the field tamping operation should produce approximately the same
lateral tie resistances for different'litu is still valid, because it
can qualitatively be shown that the effects of the preceding features
essentially counterbalanced each other. This strongly u':reuu the
inportugce of adequately documenting records of field test conditions,
so that the results can be properly evaluated.

At the FAST track in which reballasting was not performed, the
average tamping raises were 1 and 2 in. (25 and 51 mm) for limestone
snd traprock, respectively. However, the individual raise from tie to
tie can vary from the average by as much as the average tie raise. This
is particularly evident for the limestone ballast in Fig. 3.12b, which,
for the low tie resistance value at 0.157 in. (4 sm) displacement, is
actuslly a test p~~formed on a semi-full crib and shoulder. In all the
other tests in limestone and also for those in the traprock ballast, the
crib ballast was generally an average of 1 to 2 in. (25 to 51 mm) below
the top of the tie. If the semi-full crib test is not considered, then
the average lateral tie resistance at 0.157 in. (4 mm) displacement for
limestone is spproximately equal to that for the traprock ballast. Using
the relationships developed in Fig. 3.13, the dcfiéioncy of crib and
shoulder ballast accounts for approximately 110 1b (490 M) or 16% loss
in tie resistance, which is the result of mnot reballasting. The resul-

ting sverage lateral tie resistances for the FPAST ballasts would have



been higher than that at ICG, which was reballasted. Hovwever, the steel
slag used at ICG accounted for approximately 1/2 to 2/3 of the ballast-
tie contact area (Ref. 5), vhich, {f converted to the equivalent lime-
Stone density effect on lateral tie resistance (Pig. 3.13), will
increase the lateral resistance st 0.157 i{n. (4 mm) displacement by
approximately 120 1b (535 N). Note that the ICG steel slag bullast
is the reason for this difference in resisiance for the loose ballast
density state created by tamping and reballasting, but the sase affects
are uncertain with mechanical or traffic-induced ballast compection.
Thus, the effect of the crib and shoulder ballast deficiency at FAST
offset the use of steel slag ballas:t at ICG. In either case, co-pat;
able load-displacement curves are produced after the tamping operation.
The load-displacement curves in Fig. 3.12b will be used as is for
correlation purposes, since sn exact quantification of the ccmponent tie
resistance changes is not possible, and the correlations sre only pre-
liminary. More importantly, any such changes with traffic, which s
the case for the 0.1 MGT condition at FAST, are presently unknown.
Although the functional relationships for the three components of
latersal tie resistance with applied train traffic are nonexistent, the
trends in Fig. 3113 can be used in conjunction with field measurements,
observations, and experience in an effort to generate the possible rels-
tionships for conventional wood tie track structures. Firstly, the total
lateral tie resistance generally increases with traffic after track asin-
tenacce tamping and, as will be demonstrated later, has a form which is
hyperbolic in shape (Fig. 3.14). Assuming ¢ fully ballasted condition
and the occurrence and influence of ballast cementation and fouling are

ainimsl, the lateral tie resistance growth curves and the respective
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percentages of total resistance are qualitatively represented in Fig. 3.14
for the three components of resistance. The :rib component was determined
by speculating the changes that were expected to occur for the base and
shoulder.

After major track work, the mechanisms which might cause a loose
ballast shoulder to densify and simultsneously increase tie resistance
are: 1) vibrations from train traffic, and 2) slight cyclic lateral tie
movements from traffic and thermslly-induced forces. .The effects of
these mechanisms, however, are not expected to produce a substantial
increase in lateral tie resistance, since the tendency will be for the
ballast particles to move laterally from the lack of confinement rather
than to continually stabilize into a2 compacted mass. Incidentally, loose
ballast shoulders were cbserved after 5 MGT on the ICG site, after 135
MGT at FAST, and were also noted by Peckover (Ref. 20).

A hardwood tie installed in a clean, freshly tamped ballast track-
bed would initially have a smooth underside resting upon 8 rough ballast
surface. With applied train traffic, small indentations would occur
under the tie in the rail seat areas due to the sbrasive actiom of the
ballast; but the tncklm.l would simultanscusly become compact and exhibit
a rather smooth appearance. Note that for the trafficked conditions at
ICG and FAST, the newer ties removed from the track revealed indentations
on the bottom, but the ballast surface under the ties (old ties also) was
fairly flat with almost no visible signs of protruding ballast particles.
Thus, a decrease in lateral tie resistance would be expected. However,
the ballast trackbed progressively becomes stiffer with imcreased traffic,
which would subsequently inhibit further wear and distortiom to the tis

bottom. This would result in a slightly rougher tie surface and, thus,
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increase the base component of lateral tie resistance.

Figure 3.14 adequately displays the changes in lateral tie resis-
tance with train traffic for the base and shoulder components previously
discussed. Each component may contribute from 10 to 25% of t.ie
total resistance, deganding upon the traffic level. This would imply,
as illustraced in Fig. 3.14, that the crib ballast is the principal com-
ponent of lateral resistance. Particle vibrastions from traffic, accel-
er;tion and braking forces fium trains, and cyclic longitudinal tie
movements from changes in thermal stresses are most likely the inter-tie
compaction mechanisms, which would produce high degrees of ballast
pl.rticlc interlocking and large residusl lateral stresses. Apparently,
the initial tie spacing after track tamping,and the relative changes in
tie spacing with traffic, which is also dependent upon the rail anchor
locations, are important factors to be considered when evaluating the
variation in lateral tie resistrnce measurements.

Thus, the importance of msintsining full crib and shoulder ballast
conditions must be emphasized. For this purpose, mathemstical expressions
can be derived for the geometry of 2 ballast cross section and tie spacing,
vhich can be used in determining if a sufficient amount of shoulder ballast
is available to fill the cribs and the remsining flat shoulder width after
a normel tamping raise. These expressions can also be modified for dif-
ferences in ballast demsity or void ratio. Since the shoulder ballast
is essentislly in a loose density state, and since 12 in. (305 mm) wide
shoulders are expected to offer omly slightly greater tie resistance then
9 in. (229 mm) shoulders (Refs. 25 and 27), then, reducing the shoulder
by 3 in. (76 mm) will provide a sufficient amount of ballast to fi{ll the
cribs and flat shoulders after a 1 to 1-1/2 in. (25 to 38 mm) tamping
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raise for most standard wood track structures. A similar observation
wvas noted by Reissberger (Ref. 26) for the commonly used U.S. shoulder
slopes.

Of the three ballast physical state tests, the lateral tie push
(pull) test has been applied most frequently and, thus, supplied in-
situ data to supplement that obtained in this program. Information vas
compiled from the following sources and will be identified herein with
the associated titles: a) United States by ENSCO, et al. (Ref. 17), and
Southern Number Two (Ref. 28), and b) Foreign bv Canadian National Rail-
ways, CHNK (Ref. 29), and Austrian Wesel Station (Refs. 26 snd 30).

In general, the track structures of these railroads were similar to the
ICG and FAST sites except for the Austrian Wesel station (Ref. 30) tests,
which had concrete ties and gravel ballast. ENSCO (Ref. 17) tests were
pcttor—d on four different tracks having crushed granite ballast and on
one track site'with a crushed limes-one ballast. At the Southern Number
Two (Ref. 28) and CNR (Ref. 29) sites, crushed granite and crushed rock
ballasts were respectively present.

The individual lateral tie push test results for the tsmped-uncom-
pacted and tamped-compacted conditions with applied train traffic have
been discussed and evaluasted in detail for the svailable Unind»i Scates,
SUNYAB, and foreign data (Ref. S). 1In lieu of presenting the 11:3‘1‘9&0;1
data points, only the finsl curves summsriszing the trends will be 11161';-
trated for comvenience.

In general, lateral tie resistance increased with the application
of train traffic (Fig. 315). The tamped-compacted condition initially
demonstrated a 33} percent grester tie resistance then the tsmped-uncom-

pacted condition for all U.S. railroads. The results of SUNYAB's tests
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on ICG produced almost the same percent increase. This percent increase
in resistance wes consistent for both 0.0787 and 0.157 in. (2 and 4 mm)
disp’acement levels on tangent and curved track. As traffic was applied
to the two different track conditions, the difference in tie resistance
steadily decreased and approached the same value. Wet ballast conditions
were noted during certain intervals of testing, but this did not notice-
ably change the general treads. The tie resistance trends were similar
for the foreign data.

The lateral tie resistances at high MGT traffic conditions, f.e.,
20 AGT (s reasonably sassumed value, Ref. 5) for Southern Number Two (Ref.
28) and 135 MGT for FAST, were significantly greater than the values at
low amount of traffic. From a previous discussion for the FAST data, the
base and shoulder components of resistance were probably a small portion
of the total lateral resistance per tie; thus, the crib ballast is appar-
ently the principsl component. Since the crid ballast is initially in s
loose state after tie tamping, the tie movements resulting from train
loadings apparently produce a high degree of interlocking of the crib
bellast between the ties. ‘l'hj.s is the most plausable explanation of the
changes in lateral ti; resistance from initial track msintensnce with
trafiic other than envirommental influences or highly fouled ballast. A
similar reasoning was deduced by the engineers for the 20 MGT condition
on the Southern track (Ref. 28).

The greatest varfation in results between sites was obtained from
ENSCO's (Ref. 17) test series whicl was on five partictp.t:iﬁ; railroads
wvith each site having similar test conditioms. The principal ballast
type was granite. These lateral tie resistances were significantly

greater than the results obtained from the test series performed by
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Southern Railways (Ref. 28) and SUNYAB. The ballasts tested by SUNYAB
were limestone, traprock, and a limestone and steel slag mixture, which
showed very good agreement in lateral resistance for the tamped-uncom-
pacted condition at zero MGT. The granite should produce lateral
resistances comparable to the limestone and traprock. However, the
large difference in the lateral tie resistances obtained by ENSCO and
SUNYAB were primarily attributed to the locgtionl of the load applying
and measuring systems (Ref. 5).

The large differences in reported lateral tie resistance values
between data sources complicates the problem of utilizing the lateral
tie push test results on different sites as a means of identifying the
changes in the physical state of the ballast. With the limited quantity
of available data, this study could not isolate the effect of differences in
smount of track raise or ballast type, let alone the differences in types
of crib and shoulder compaction equipment. The latter would encompass
the effect of such factors as vibration frequency, cycle time, and static
and dynamic forzes. Thus, clearly, the selection of the most suitable
ballast t/pe or ballast compactor is not possible.

In censidering the previously stated factors, certain approsches
were devised iz order to correlate the lateral tie resistance values for
each railroad. Two data-normelization techniques used to correlate the
results were the load ratio (LR) and the compaction ratio (Ck). These
xatios appeared effective in negating the éiffcnm- in test apparatus,
and test procedures and tie age, and in properly establishing the trends
due to applied traffic and to crib and shoulder compaction (Ref. 5).

The load ratio (LR) approach provided s reasomsble method of relating

the tie resistance values in & form such that the data were more directly
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comparable (Fig. 3.16). This dimensionless ratio is defiﬁed as:

IR = L/L, , (3.2)
in which L = tie resistance at a given displacement level for either the
tamped-only or the tamped-compacted condition, with or without applied
traffic, and L, = tie resistance at the same displacement level as L,
b1t for the tamped-uncompacted condition with gero applied traffic. As
shown in Fig. 3.16, the LR trends with traffic were similar at 0.157 :n.
(4 zm) displacement level for both tangent and curved track for all US
data.

This ratio was also used to dctcrninc the equivalent amount of traf-
fic on a tamped-only track for which crib and shoulder compsction immed-
iately after tamping was effective. The 0.0787 and 0.157 (2 and 4 wm)
displacement levels yielded consistent values for each railrosd and
resulted in an average valae of 0.17 to 0.19 MGT of traffic for all rail-
roads (Ref. 5). For the reported annual MGT's of traffic, 3 to 4 days
of train traffic on a tamped-only track apparently produces the same
effect as ballast compactors.

A transformed hyperbolic fitting technique for the LR - MGT curves
(Fig. 3.15) was utilized ia order to estimste a "stable*” value for a
losd ratio snd the associated smount of traffic losding. This tech-
nique has successfully been used in linearizing hyperbolic-shaped
stress-strain curves for cohesive scils (Ref. 31) and for granular soils

(Ref. 32). The linear form of the hyperbolic equation is:

%T-.+b(m) , (323

in vhich a and b ara constants. The stable or ultimete value for »
load ratio {is:

IR, = 1/b. 3.4)
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Using the transformed hyperbolic fitting technique, 20 MGT of traffic
was determined to be a reasonable estimate of a “stable" or undisturbed
track condition.

The compaction ratio (CR) approach appeared tc be an adequate means
of determining the amount of traffic required such that the effect of
crib and shoulder compaction can no longer be distinguished from s

tamped-only track. This dimensionless ratio is defined as:

CR = C/U , . (3.5
in which C = tie resistance at a given displacement level and at a cer-
tain smount of traffic for the tamped-compacted condition, and U = tie
resistance at the same displacement level anti smount of applied traffic
as C, but for the tamped-uncompacted conditionm. .

A value of 2 MGT appeared to be a reasonsble, conservative estimate
for all U.S. dats (Fig. 3.17) sand is consistent with ORE (Ref. 25)
findings for European railroads. This result was similar for both dis-
placement levels and for both tangent and curved track. Also, the CR
approar.h i{s apparently not affected by ba'last moisture (wet or dry)
conditions at the time of testing (Ref. S5).

An overall evaluation of the lateral tie push test results indicates
a definite deficiency of field data suitable for a comprehensive evalua-
tion of the factors affecting the ballast physical state. SUNYAB's data
are cousidered highly reliable, but lack the tie resistance valwes at
intermediate levels of traffic to clearly define the trends for tamped-
only and tsmped-compacted conditions. Additionsl data would establish,
18 implied by the tie push test, vhether the ballast crib and shoulder

compactor is vorthwhile as an integral part cf a normal track ssintemance

program.
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Figure 3.17. Summary of the Lateral Tie Push Test Compaction Ratio
Trends for all Data
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Cross-correlations of lateral tie resistance and plate load resis-
tance values for the tamped-compacted condition and the tamped -uncompacted

condition with traffic were attempted, but provided no definitive trends.
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4, SUMMARY AND CONCLUSIONS

The purpose of this study is to evaluate the benefits of ballast com-
paction with crib and shoulder compaction machines, and to determine to
the extent possible the most effective complction procedures. However,
early in the study it was concluded that these objectives could not be
achieved without considering the influence of the accompanying maintenance
operations and ;:reviou- traffic history. The reason is that the track main-
tenance operations have a significant influence on the ballast physical
state and l;ence on the degree of effect of compaction and traffic on changes
in the physical state and in the resulting track performance and service.
Therefore, in this s:udy \nre’ examined the effects of such maintenance
operations as undercutting, tamping-surfacing-lining, and crib and shouider
compaction.

A brief reviev of the economic factors involved in track maintenance
was also made. The cost factors vary widely with the particular situation
and so it was not possible to provide a general economic assessment of the
benefits of crid and shoulder compaction. Instead, the study has concen-
trated on determining the effect of crib and shoulder compaction on ballast
physical state in comparison with the effects of maintenance and traffic.
The economic evaluation is best done by the railroad users by applying their
own cost infoimation to the observed effects presented in this report.

The most significant accomplishments of this study are:

1. Development of racommended standard tests for wmeasuring the

physical state of ballast in-situ.

2. The use of these Trasurements in the field to qQuantitatively

evaluate the effects of crib and shoulder compaction on tallast
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physical state compared to the effects of maintenance and traffic.
3. Instrumentation of the FAST track to observe the contribution to
the dynamic and long-term deformation of track from the ballast,
subballest, and su! grade.
This chapter will susmarize the results of this study. However, the
FAST instrumentation results will be omitted since these will be included

in a separate summary report.
4.1 BALLAST PHYSICAL STATE METHODS

Both because of the nature of ballast material and the variability of
field conditionms, measuring the ballast physical state in-situ is very
difficult. However, a direct quantitative ua'anrc-tnt is essential to pro-
gress, for example, to sort out conflicting opinions as to the cause and
effect of maintenance operations, to deternine the degree to which the mexi-
Wum compaction benefits are being achieved, and to determine the relative
contrilutions of compaction to track performance. After an examination of
the type of information needed and a consideration of previous experience .
with ballast physical state Beasurements, it was concluded that the most
useful measurements would involve ballast density, plate bearing resistance,
and lateral resistance of ballast to pushing individual ties.

There has been little success in the pPast in messuring bsllast density
in-situ. No standard methods exist. The only useful data in the past were
obtained with nuclear probes at fixed locations which measured changes at
those locations after probe installaticn. The nuclear method thus was not

suitable to meet the requirements of this program. In this present study,

& ballast density test (BDT) method vas developed and successfully applied in
the field and ir the iabnratory.
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Limited use has been made of plate bearing te.ts on ballast in the
past. However, the use of small bearing plates was found to be very
promising. Therefore, techniques were evaluated and apparatus and proce-
dures developed for a ballast plate loaa iest (PLT) that were suitable
for field and laboratory use.

The resistance of ballast to the lateral displacement of an unfas-
tened, unloaded tie is the only test relating to ballast physical state
that has been used to any. significant extent in the past. However, this
is an indirect measurement of compaction compared to the ballast density
test and plate load test. The procedures and apparatus that have been used
in the past have varied widely and these differences have a significant
effect on the results. However the lateral tie push test (LTPT) is sensi-
tive to the effects of maintenance, traffic and compaction. As part of
this project, a study wvas made to determine the factors th.nt influence the
magnitude of the baiiast resistance determined with this test. The results
showe 1 that the correlation between track parformance and the lateral tie
resistance was not a simple one because the way in which the bsllast con-
ditions influence the resistance is differeant than in track under train
tuﬁic.

auod. on a study of alternative methods of measuring the lateral tie
resistance and after initisl laboratory and field experience with these
methods, recommended apparatus snd procedures were establisied for standard-
izing th= LTPT.

The three physical state tests (BIT, PLT, and LTPT) have been developed
to the point where they can be used in practice to sup;lement other observa-
tions on track performance such as track geometry measursments and mainte-
nsnce experiunce. Subsequant 3ections of this chapter will describe some
of the findings obtained by application of these measurements at track sites
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in the field and in controlled laboratory experiments.

4.2 EFFECTS OF MAINTENANCE OPERATIONS

As might be expected, no evidence was found that the tamping opera-
tion has any significant effect on the subballast and subgrade performance.
However, the influence of traffic was felt even down into the subgrade.
Cyclic loading from the succession of train axles caused cumulative verti-
cal sirains which produced a contribution to settlement from the subgrade
u.mu as from the ballast and subballast layers.

Nc subballast and subgrade lc.asurelcnts wvere available ir tests in
which crid and shoulder compaction was involved. However, based on exper-
ience with compactivn as well as the observations associated with tamping,
no significant effects on ths subballast and subgrade behavior from surface
crib and shoulder compaction with available wmachines is expected.

!!.cvly deposited Sallut conditions occur with such saintenance opera-
tions as undercutting, sledding, and new construction. The ballast density
is usually lowest for these conditions. As a result, the density is usually
higher in the tamped zone under the tie than in the crib. Under the center
of the tie, the ballast will be as loose .s in the crib.

The primary effect of the crib and shoulder compactor is in the cribd
at the locations of application of the compacting plates (near the rail).
Wher a crib and shoulder compactor is us«d following tamping of newly deposited '
ballast, the ballast dm'i:y in the cri! near the rail iuncreasc. significantly.
A small increase may also occur unvir.c the tie near the rail.

Traffic significantly incresses the amount of compaction in the crid
and under the tie after tamping and crib and shoulder compaction. Traffic-
induced compaction under the tie is greater than with tamping and crid and
shoulder compaction. The increment caused by traffic can even be grester

in the crib. A vgluable objective of further research would be tc find out
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how to produce traffic-induced level of comyaction as part of the mainte-
nance operation so that the track will be stable before tke ap-lication
of traffic rather than be stabilized by traZfic.

Traffic degrades track by creating permanent :+ '@ .. wvhich is gea-
erally manifested by irrsgularities in s\brface and 1ip:. .7 vever, at the
same time, the ballast is compacted by the action of traf!.: and its proper-
ties will be improved unless the ballast degrades by mechanical breskdown
or pumping from infiltration of fines and moisture. Thus periodically
maintenance tamping {s required as part of the process of reestablishing
surface and line. This tamping loosens the ballast from its state after
traffic. The amount ‘of disturbance is directly related to the amount of
the raise. The greater the raise, the lowar the ballast density becomes.
The density of the tamped zones in the crib will be reduced the most, par-
ticularly for -mall raises.

The research results show that crib and shoulder compaction increases
the plate bearing resiscance both under the tie and in the crid compared
to the effects of tamping only. The percentage of bearing resistance increase,
of courl;, is greatest in the crib tamping zone. The bearing resistance
increase under the tie may be a result of greater ballast confinement from
crib compaction rather than the change in physical state of the ballast under
the tie.

Crib and shoulder compaction was also observed to cousistemtly incresse
the lateral tie resistance compared with the resistance following tamping
only. However, the percentage increase msasured with the LTPT is velieved
to be much greater than the corresponding increase in track lateral vesis-

tance which would develop under train losd with the ties fastened to the rafl.
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4.3 EFFECTS OF COMPACTOR VARIABLES .

The information gathered in this study on the effects of vibratory
crib and shoulder compactors has been obtained with a variety of aachines
operating under different conditions. Since the effects of the vibration
parameters on the amount of compaction are intirrelated, the application
of conclusions from one particular test with a particular machine to
another set of conditions must be dome with considerable caution. Avail-
able information did not permit the establishment of any clear guidelines
as to the opti:-m operating conditions for crib and shoulder compactors.

No comprehensive test program was found which adequately considers the
vibratory compactor variables and their interrelationships on the effec-
tiveness of compaction, particularly as a function of other influencing
paramaters like the ballast counditions.

In spite of the above limitations, however, this study has permitted
the identification of the principal machine variables and some indication
of their role. A susmary of this information as it pertains to compaction
with vibrating surface coniacting elements is as follows:

1. Static Contact Pressure

Up to some maximum pressure, am increase in pressure will increase the
amount of comwpaction during vibrationm.

2. Generated Dynsmic Force

The generated dynamic force should ba distinguished from the dynamic
for:e applied to the ballast. The difference in the two forces is orimarily
s function of the inertisl resistance of the compaction elements. The
generated force is created by the machine and ususlly can be defined. However,
the contact force will vary with the ballast conditions and is therefore dif-

ficult to define snd measure. It is expected that for a given frequency,
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increasing the generated dynamic force will increase the amount of com-
paction up to some limit. The effects of the dynamic force must be con-
sidered in relation to the static pressure or force, because an applied
dynamic force greater than the static force means that the compaction
plate will lose contact with the ballast during part of the cycle. This
permits the introduct.on of the impact mechanism in compaction compared
to the situation where the plate is always in contact with the ballast.

3. Vibracion Time '

In practice, vibration times at sach particular ballast location have
ranged from two to twelve seconds. Increasing vibration time can either
incresse or decrease the smount of compaction, but increasing time on the
order of seconds in the range of ubout zero to five seconds should comntinually
increase the amount of compaction.

4. Vibration Frequency

The relationship between the vibration frequency and amount of cowpac-
tion is not clear from available data. This observation is expected because
frequency affects the amount of compaction in several ways which may be
conflicting. For example, frequency affects the magnitude of the applied
force, frequency affects the ‘dqru of particle vibration, and frequency
affects the nuvber of cycles of loading applied at s particular location.

S. Geometry and Size of Compactor Plate

This variabl. will certainly affect the compaction results, if only
because the comtiic” p-essures will vary with these parameters for the same
static and dvnmic forces. However, no informetion was found to s ‘ect
these paramsters.

4.4 DBENEFITS OF BALLAST COMPACTION

One of the accepted benefits of crib and shoulder compaction of bal-
last is to reduce the slow order time for traffi: bucavse of the reduced
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lateral stability after tamping. The results suggest that the ccmpaction
process provides the equivalent of 0.2 million gross ton (MGT) of train
traffic in stabilizing the track. Thus immediate operation of trains at

the speed otherwise permitted after 0.2 MGT of slow orders could be initia-
ted immediately. Low traffic density lines might benefit more than higher
density lines since tl:m period of time for slow orders would be much longer
on the low density 11an.

' Slow orders should be more critical in maintenance operations involving
undercutting and ballast rcphcﬁnt because the ballast bed will generally
be much looser. Normally, the compaction process follows zhe final tamping-
surfacing-lining operation with fully ballasted cribs. However, cmit!on-
tion should be given to compaction before the cribs are filled in order to
provide a greater depth of penetration of the compaction effect into the
ballast below the bottom of tis. The bemefits of this approach night be
p‘:t.iu;hrly useful for the reballasted track. Test results have shown

that the lateral tie resistance is greater vhen compaction is done on s
fully ballasted crib than on a partially filled crib. To conclude from

this that compaction is most effective using full cride ®ay be misleading
because in the LTPT measurements, a substamtial part of the lateral resis-
tance comes from the crib when the tie i3 unloeded. However, the bottom of
the tie provides a much greater ptopot;tion of the resistaace for loaded ties
under train traffic. Possibly the benefits of compactios would be iacressed
by a sequence which first provides compaction with low cribe followed by crid
filling and a second application of compection. Further studies sre needed
to evaluate this possibilicy.

Another importsat applicatioa of crib and shoulder compaction 1s in com-
junction with $pot saiatessuce where locsening of the ballast hes occurred
arowsd ouly some of the ties. ﬂnmofcub.dohumreuq.cuuml
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reduce the physical state difference in the ballast between the disturbed
cribs and the undisturbed cribs.

By far the most significant benefit of using crib and shoulder compac-
tors that has been expressed by railrosd users is associated with maintenance
that must be done during hot weather. oFor a variety of reasoms, track
ssintenance involving tamping may be impossible €o defer until a sufficiently
cool period. In such cases, immediate stabilizatiom is a very important
safeguard ‘that even slow order traffic camnot prow'tidc. Economically, the
benefits of crib and shoulder compaction would be greatest if a substantial
hngtm of the maintenance life of the track were to result. This would
occur either if the rate of settlement were reduced by compaction or the
uniformity of u:tlcunt; were improved by compaction. Unfor:tumately, the
available field information is not adequate to confirm this benefit, although
intuition suggests that it must be true to a certain extesat.

In gensral, the results of this study suggest that:

1) The addition of crib and shoulder compaction to the maintenance

operation is beneficial,

2) Cridb and shoulder compaction with existing machines and procedures
does not Testore the ballast to the same degres of stability that is
provided by traffic, and

3) The full potemtial of compaction of ballast including the optimal

use of the vibratory compaction psrameters has not yet been reached.



5. RECOMMENDATIONS FOR FURTHER STUDIES

As a result of this study on the machanics of ballast compaction, several
areas requiring further research have been identified. These areas are expected
to supplemsnt or extend the existing knowledge and general trends established by
this present program, or are topics related to this study but not investigated
due :o. time limitations. The subjsct arsas recommended for further study, which

have aot been ranked in order of importance, are as follows:

1. Develop a track performance index which can be used to realistically evaluate
the cost effectiveaess of alternative compaction procedures for given rated levels

of track performancs.

2. Use analytical track modals wvhich predict the elastic and inelastic behavior
of the ballast and subgrade together with property tests on ballast samples com~
pacted to various degrees, to establish a maintenance life prediction method

representing the affect of ballast compactiom.

3. Correlate lateral tie push (pull) test results for umnfastened and unloaded
individual ties with lateral track stiffness mesasurements, both with aand without
vertical loaé. Study further and in more detail the factors influsancing lateral
resistance of ties. Mors accurate data could be gsnerated as imputs for lateral
track stability models for thermal loadings and for dynsmic lateral wheel loading
experienced during traffic. The factors considered might include: a) differeat
ballast types, gradations, harduesses, amd particle shapes, b) effects of water,
cemsntation, frost, foulad ballast with differeat plasticities of the fine fractiom,
c) various shouldsr vidths and slopes, d) differeat heights of superelewated ties,
and @) tie type, shape, hardness, and age.

4. Conduct further comtrolled field studies om various track sites to establish
the trends vith train traffic determined with the ballast dewsity tast, the plate
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load test, and the lateral tie push test trends for tamped-only and tamped-
compacted conditions. Adequate documentation of the track conditions, mainte-
nance and traffic history, and the existing environmental factors during testing

period are a necessity.

5. Conduct experiments to more precisely identify the influence of the control-
ling parameters in tamping and vibratory ballast compaction. PFactors to consider
for the tamping operation include the number of tamping insertions, heights of
track raise, the depth of tamping toc;l ingertion, and tamping force and frequency.
For the ballast crib and shoulder compactor the factors might include the vibra-
tion time, the static dowa pressures, spplied dynamic force, frequeacy, displace-
mat amplitude, and the number of compaction passes. Also included should be a
study ;:t the compaction process, such as compaction of the crib ballast in lsyers,
i.e., first on a semi-filled crib and then on & reballasted full crib; and inves-
tigating the effects qf using only crib plates or only ;honunr plates, as wll as
the combination of the two.

6. Continue the lsboratory study of the changes in the ballast physical state amnd
the amownt of compaction achieved with a single cridb compaction plate over a range
of frequencies and vibration timss. Several other factors to consider are: plate
sizse ngl shape, constant strokes qutu.h versus coustamt load amplituds, fouled

or wet ballast, different ballast materials possessing different particle shapes

and gradations, and the use of a subballast and/or subgrade as a supportiag msterial.

7. Iavestigate the differemces in track behavior for tamped-cnly amd tamped-com-
p.ctgd conditions with traffic at the instrumeated ballast test sectiouns at PAST.
The effects of ballast type, ballast depth, ties spacing, cie type, and the amowmt
of track raise should be takem into comsideratiom.
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APPENDIX A

SUMMARIES: VOLUMES 1, 2, 3, AND 4

Tais report provides a technical review of literature concerning ballast
compaction and ballast-related factors influencing track performance.

The performance of railroad track systems 1s a function of the character-
istics and the complex interactiors of the track system components under traf-
fic and environmentally-induced stresses. Descriptions of the track components
are presented in the report, including the rails, ties and fasteners, and in
particular, .the ballast, subballast and subgrade. Also, the relationships
wvhich exist between the track System components and track performance have
been discussed. The ballast and subgrade behavior were shown to have a signi-
ficant effect on the performance of the track in-service.

Recently developed analytical track models have been described with par--
ticular emphasis concentrated on the Tepresentation of the ballast and subgrade
materials. Kouint. the reliability of these models for predicting °rack per-
.tor-m was not established. The primary reason is the lack of corroboration
vith field data. Available field measurements or criteria that are ::dicators
of track performance are track stiffness, track geometry, safety, ride quality,
and maintenance effort. Howaver, each individual item is not sufficient for
Proper representation of the overall thck systea performance.

Ballast materisls possess different particle physical and chemical proper-
ties. Many laboratory imdex property tests, such as those for abrasion resis-
tance, absorption, shape and soundness, are currently utilized to qu-tiﬁ and
Citegorisze the relative msrits of these differeat ballast types. The applicab.e
test standards and ballast specificatioms limits have been cited and the basic
test procedures, as well as the factors inflwencing the test results, have been
discussed. Nowever, at present, a proven method for rating ballast usiag these
index properties does mot exist.

87



The stress-strain behavior of ballast-sized materials may be determined
from laboratory tests. The conventional static and dynamic test apparatus
and procedures, as well as the factors affecting the test results, have been
discussed and assessed with Taspect to use with ballast materials. The cyclic
or repeated load triaxial test appears to be particularly suitable for deter-
mining the ballast stress-strain ind strength properties. Laboratory test
data ﬁod to be correlated with in-situ data Tepresenting these properties.

An evaluation of the availaile field methods indicates that the plate bearing
test is best suited for this purpose.

. The strength and compressibility characteristics of ballast are directly
related to the relative degree of compaction of ballast within the track struc-
ture. Methods used in geotechnical engineering practice for msasuring and
specifying compaction are reviewed. However, it was shown that these msthods
have limited application for ballast materials. Furthermore, no quantitative
ballast compaction specifications are available and measurement of the degree
of ballast compaction is rarely done. However, an in-situ ballast densicy

test, a small plate load test, and a single lateral tie push test on an unloaded
tie have been identified as potential means of representing the ballast phyifical
state,

The rate of change in the ballast physical state within the track struc-
ture caused by train traffic loading and envirommemtal conditions is highly
dependeat upon the initial state achieved from the track msintenance operations.
Ideally, s “undisturbed” ballast trackbed after cousidereble traffic is the
wost desirable condition from a stability viewpoint. The reasom is that the
subsequent correctiom of track sscmstry defects during maintenence by ballast
tamping disturbs the stable comdition created by traffic. Therefore, the
effect that pressat track msintenssce Processes hewe won chengiag the dallast



physical state should be studied. To aid in understanding these effects, the
principal types of track msintenance equipment and the ‘ulocuud field pro-
cedures in current use have been described.

The ballast state produced by the tamping, leveling and lining operationms,
and the more recent ballast crib and shoulder compaction process after tamp-
ing are discussed in relation to their expected effact om track performance
under traffic following maintenance. Lateral resistance of either .cxtn.le tie
or tie panel ssctions is the most frequently used mathod for msasuring :raf:k
performance related to ballast condiu.on.. However, alumtivc'-:hods. iaclu-
ding track geometry changes, track or ballsst stiffness, and ballast density
have also been used. Supporting evidencs obtained with these msthods and pub~-
1ished opinion indicate that mechanical ballast compaction following the tamp-
ing operations should be beneficial. The degree and nature of the benefit wvas
not clearly established, however.

The amount that the ballast is compacted with preseat cridb and shoulder
compactors is a coqiox function not only of the initial ballast physical state,
but also the compactor characteristics including static force, generated dyna-
mic force, vibration frequemcy, and duration of vibration. However, sufficient
informativa is not available to determine the effects of these factors oa bal-
last compaction. Therefore, lsboratory mad field investigations are required
to find the most effective msans of obtaining the desired physical state of
ballast.

The economic aspects of track msintenance are briefly discussed to provide
& basis for assessing the cost-effectivensss of ballast compection. This sub-
Ject was showu to be complex and require further study.

The practices and primciples of geotachaical eagissering provide direct aad
velusble input iato wnderstamdiag the bahavior of the ballast, subbsllast aad
svbgrade materisls wnder the imposed losding envirommsat. Newewer, the lack ef

s



field measurements and the incomplete development of both laboratory property
tests and computer track design models require further research in order to

establish the needed understanding of ballast properties and their relatiom

to track performance.



SUMMARY
Volume 2

A review of the state-of-the-art of ballast revealed the need for suitable
methods to measure ballast compaction. After considering possible alternatives,
three methods were selected for study. The first determines in-place density.
The second determines plate bearing resistance, which is a measure of the
stiffness and strength of ballast. The third deterines lateral tie resistance
to displacement. This ir an indirect measure of both physical state and com—
paction, but it is the only one of the three methods that has been used in the
past to any significant cxicnt.

A study of ballast density mesasurement methods vas undertaken in the lab-
oratory with the primary purposes of developing 1) methods that are suitable
for application to ballast materials, both in the laboratory and in the field,
and 2) methods of determining reference densities that could be used in assess-
ing the amownt of ballast compaction achieved in the field during track con-
struction and msintenance operations. A technique employing the wvater-replace-
meat concept was selected as the most feasible approach for ballast density
determination. This method involves massuring the volume of an excavated hole
in the ballast bed by lining the hole with a mesbrane and determining the
volume of water required to fill the hole. A series of density msasuremesnts
employing this method was performed to establish sppropriate testing procedures
and to detsrmine the most suitsble dimsmsions and volume of the emcavated hole.
Various devices were comsidersd for spplying the compactive effort to the sam-
Ples for determination of reference demsities. The bestc approech ianvolved the
mofaﬂhb:wm:m:mwummdmtphﬂ
in layers in a steel mol..

The successful developmant of s ballast donsity ssasuremsnt method is a
notevorthy ashisvemsnt of this study. With careful atteatioa to tast uehlq.o
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and use of special apparatus, consistent test results can be obtained and
differences in ballast density can be detected. The study showed that the
sample boundary conditions have a mjor effect on the magnitude of the cal-
culated density. Thus, the weight of a ballast sample compacted into a com-
tainer, divided by the container volums, will not be an sccurate indication
cf the sample density. Boundary corrections must be aprlied to get the cor-
qrect deasity. Furthermore, the study showed that values of density obtained
with one method of msasurement will probably not be comparable with values
usi:ng another method.

Research vas undertaken to assess the rsefulness of plate load tests
for ballast physical state msasurement, and to develop procedures for the
tests. Various types of seating materials and different plate sizes and
shapes ware mn;tipud. The effects of repeated loading and ballast layer
depth ‘were uploroq. Finally, the influence of using wet §r dry ballast wvas
ccnsidered.

The recommended test uses a vertically-loaded S-in.-diamster circular
plate seated on the ballast surface using gypsum plaster. The most useful
paramster found to represent the losd-deflection results from the test is
the load per unit plate area per unit deformation. This is determined by
msasuring the load required to settle the plate, an amownt. ranging from 0.1
to 0.3 1in.

A test involving lateral displacemsat of individual ties or tie penel
sections has been widely used as a msasure of lateral recistancs of track.
Several investigators have also used this test as a mans of ewvaluating the
effectiveness of ballast tamping and compaction operations. In this study,
the factors influsaciang the test results were hvutt.u“uuuughom—
fulasss of the test for thess purposss, ead to determine the moet suiteble
apparatus end procedures for fisld wee. |



The recommended test procedure requires pushing the tie from the centroid
of the end face, rather than from the top as is sometimes done. The lateral
Tesistance was shown to oe highly sensitive to ballast type, tie condition, and
especially the depth of crib and shoulder ballast. The results indicated that
correlation between lateral resistance measured in the single tie test and
track lateral resistance is complicated and must take into accowmt the effect

of the rails, the h:oractign between adjacent ties, and the train vertical

loading, if present.
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SUMMARY
Volume 3

The three most promising methods for identifying tne physical state of
ballast were determined to be the plate load test (PLT), the lateral tie
push test (LTPT) with single ties, and the ballast density test (BOT). The
plate load test determines the pressure on the ballast surface from s “
5-in.-diameter plate which is required to produce a specified amount of
surface deflection, usually 0.1 to 0.3 in. The resulting parameter, termed
ballast bearing index, is a .nuura of the ballast stiffness. The lateral
tie push test determines the force to push a tie up to 0.25 in. horizontally
when the tie is unfastened from the rail. This gives indirect measurement
of ballast physical stste but it is directly related to the amount of
lateral restraint to the track provided by the ballast. The ballast
density test determines the weight of ballast particles per unit volume of
ballast structure. This is & direct messure of the degree of compactness
of the ballast.

Apperatus and procedures were developed for performing esch of thess
tests in the field. Mesasurements were then made on existing track to
irvestigete the effects of tamping, crib and shoulder compection, and
traffic on the ballsst physical state. The four sites st which the field
. tests were conducted were: 1) Cenedian Netionel Railways in Belleville,
Ontario, 2) Southern Railways site nesr Lynchburg, Virginis, 3) Illinois
Central Gulf (ICG) site nesr Kankakee, I1linois, snd 4) the Oepartment of
Trensportation Facility for Accelersted Service Testing (FAST) in Pusblo,
Coloredo. Available dats from U.Sv. and foreign literature for differenrt
track maintenance operations and trasin losding conditions were correlsted
with this new deta.
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The field measurements showed that the bellast physical state is
significantly affected by train traffic, track maintenance procedures, and
track conditions existing prior to maintenance. Tamping may densify or may
loosen the ballast layer depending on the type and nature of tamping
operation, track conditions, snd location of the ballast layer. Typically,
tamping during initial construction mey increase ballast density and
stiffness under the tie near the rail, but the same tamping perfop_nd
during track msintenance after traffic will disturb ond loosen the bollnt R
layer that has been co‘apacted by traffic. Ballast density and stiffness
incresse from crib and shoulder ballast compaction was quite evident in the
crib near the rail, but the effect of crib compaction on the ballast under
the tie was very limited. The long-term effect of this ballast compaction
w.i not conclusive, however, becsuse of insufficient deta. Traffic sppeared
to be the .biggut source of ballast compaction. '

The ballast density test was shown to be a useful tool for determining
the in-situ bsllast physical state. The techniques, which were improved
through the field experience, have proven suitable for reilroed application,
and the messurements are considered relisble. The density test results
‘presented in this report provide important and needed informetion which
will improve thc understanding of track performence.

The lateral tie push test results indicated thet, after dittm
from -th Gperations, a ressonsble estimate of trsin losding required
to reestablish s "stable” ballast condition is 20 million oro&i( tons (MGT)
of traffic. The amount of traffic to produce the same benefits as crib
and shoulder compaction when used immedistely after tamping is sbout 0.2
MCT, or 3 to & deys of sverage deily traffic. The effects of crib and



shoulder compaction following tamping could not be distinguished from the
tamped-only track condition after approximately 2.0 MGT of traffic.

The plate load test ballest bearing index trends with traffic could
-not be established. However, the amount of traffic equivalent to the
benefits of crib and shoulder compaction appesred similar to that estimsted
from the LTPT correlation. 7

Insufficient data in the 2 to 20 MGT range prohibits the establishment
gf clearly defined trends with applied traffic. Also, effects of differ-
ences in ballast type, amount of track raise, characteristics of ballast
crib and shoulder compactors, snd trsck structure cannot be thoroughly
evaluated. Further study of these factors is strongly recommended. In
such studies, adequate infomtioﬁ‘on fho track structure, traffie loading
history, track maintenance history, and environmental conditions is impor-
tant. In addition, standardized BDT, PLT, and LTPT apparatus and test
procedures are needed becasuse the measured values are sensitive to the

spparatus and procedures.



SUMMARY
Volume 4

The first part of this report describes an investigation of tamping
and compaction of ballast using laboratory-simulated field conditioms. A
track bed yas constructed in the laboratory and tie tamping and compaction
operations were performed in order to examine the effects on the resulting
physical state of the ballast. The ballast vphysical state vas measured
using the three in-situ tests developed at SUNYAB. These were the plite
load test (PLT), which measures vertical ballut.stiffn;u, the ballast den-
sity test (BDT), and the lateral tie push test (LTPT), which measures the
resistance offered by the ballast to an individual tie displaced laterally.
A_In general, tamping machinery is 'uud for track msintenance work, while ties
are manually tamped only for spot work. However, all of the tie tamping in
this project vas performed msnuslly, because mechanical tawping equipment
could not be used in the laboratory. |

Simulation of a railroad track ballast bed that has been conditioned by
traffic, but which has not been recently subjected to maintenance operations,
vas attempted in the laboratory by filling a large test box with a 12-in.-
(0..‘§05—-) thick layer of limestone ballast and compacting it with a vibra-
tory plate compactor. Am increase im ballast density of about 12 pcf from
the loose state was observed after oaly 25 to 50 ﬁuus vith the vibratory com-
pactor. Most of the ballast bearing stiffness increase occurred wvithin approxi-
mately 500 passes of the vibratory plate compactor. The laboratory ballast
density and stiffness values after 1000 compactor passes compared favorably
well with field test results for a track bed after long perinds of traffic.

Several latersl tie push tests were performed vhea s stsadard mlrod

tie was placed on the compacted ded with mo crid or shoulder, and the effects

&
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of various weights placed on the tie were evaluated. Tests were also per-
formed for a semi-filled crib, a full crib, and & full crib with a surcharge
load. The ballast shoulder section was subsequently formed and lateral tie
push tests were performed on & compacted base, as well as a loose base re-
sulting from various amounts of tamping raises. These ballast physical
state test results were also compared with previous reported data.

'“he lateral resistance of an individual tie ;ftor manual tie tamping
was not affected by the height of the tamping raise for s full, loose bal-"
last crib and shoulder condition. The lateral tie resistance increased

ncntly lincnrly ss thc amount of ballast in the cribs increased. Even when

the czibs vere ovor-fillod, the tie resistance continued to increase ino a
similar fashion. Thus, the crib component of resistance is a significaat con-
tributor to the total lateral resistance of an unloaded tie. For ties of
various weights placed on a compacted base with mo crib or shoulder ballast,
the lateral tie resistance wvas appfoxinatcly equal to one-half of the tie
wveight.

The field lateral tie resistance forces from the LTPT were generally
greater than the laboratory forces for the tamped-ouly condition by 50 to
150 1b (223 ro 668 W). The laboratory PLT and BOT rasults, however, com-
pared very favorably to the field test results for the tamped-oaly comditiom.
Thus, representative field track conditions appear to have beem reproduced
in the lsboratory.

The second part of éhc report describes an investigation of ;h. factors
influencing ballast compaction vith surface vibrating plates. This series
of tests with s single oscillating plate oo the ballast nurfpeo was iatemded
to simmlate a typical compaction ola--t from a erib nnl shoulder c‘lpoceor'

To accomplish thts. s cin.ln !la:. steel placo-h-vta. dt--.ta- conperable
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to those for ballast compactors was fabricated and attached to a cyclic load
actuator. The plate was first loaded statically. Then an alternating load
was applied at a low enough frequency to eliminate vibration. The load-dis-
placement response was recorded for a loose, crushed limestone ballast in
small test boxes under controlled loading conditions. The effects of the
following factors on the compaction of ballast were investigated: 1) magni-
tude of static load, 2) magnitude of cyclic load, 3) ballast depth; 4) cycles
of loading, 5) frcqt.xency, and 6) lateral boundary effects. In addition, BDT
and PLT tests were performed om the compacted zone after the required number
of loading cycles was achieved. These two physical state tests permit a com-
parison with field experience. .

The cumulative cyclic deformation (settlement) of the plate increased as
the ratio of cyclic to static load wvas incressed for a given static load. The
cumulative cyclic deformation also increased as the static load increased for
8 constant ractio of cyclic to static lcad. The ballast density increased by
only about 3 pcf from the loose state after application of 300 load cycles.
The final density state appeared to be independent of the loading conditionms.
The plate bearing stiffness value at a given deformation increased as the sta-
tic load was increased for a given ratio of cyclic to static load. Similarly,
as the ratio of cyclic to static load was increased for a given static loaed,
the bearing stiffness increased. When the sample ballast depth was decreased,
both the static deformation and the cumulative cyclic deformation decreased.
When the lateral boumdary constraiats of the box were removed by usiag a larger
box, the deformatioms increased for a given set of loeding conditioms, but
the amount of compection was essentially unchanged. Within the frequeacy
renge of 0.1 to 2 Hs, the ballast physical state resultiag from compaction
vith the oscillatiag plate was essentislly independent of frequescy.



The physical state for the loose ballast condition in the lab prior to
compaction with the oscillating plate was comparable to the ocbserved physical
state in the field under two conditions. These conditions were under the cen-
" ter of the tie after reballasting and in the crib near the rail after tamping.
However, the ballast stiffness in the crib after crib compaction in the field
was much greater than that a¢hieved in any of the lab tests. The contlusion
was drawn that the vibration effects from the high frequency used in the
field contributed significantly to the amount of conbuction achieved by an

63c111¢:1ng plate.
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APPENDIX B

REPORT OF NEW TECHNOLOGY

The work performed under this contract has led to significant new tech-
rology, improvement of existing technology, and new insights into the behav~—
ior of ballast in track. Apparatus and procedures were developed for three
field test methods to measure compaction or its effects on ballast behavior.
The influence of maintenance tamping, crib and shoulder compaction, and traffic
on the physical state of ballast were assessed and a better understanding of
these processes was achieved. Laboratory tests showed the lignificant effect
of crib and shoulder conditions on resistance of ties to lateral displacement,
and also showed the influence of some of the parameters influencing compaction

with surface vibrating plates.
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