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V PREFACE

This report is a collective summary and assessment of the important 

findings obtained from the research on the mechanics of ballast compaction.

The work is part of a contract to evaluate ballast compaction and recommend 

guidelines for using compaction to improve track performance. . In addition, 

recommendations for further studies are presented. This study was conducted 

by the Research Foundation of the State University of New York at Buffalo 

(SUNYAB) under contract to the U.S. Department of Transportation, Transpor­

tation Systems Center, in Cambridge, Massachusetts, sponsored by the U.S. 

Department of Transportation, Federal Railroad Administration, Office of 

Research. The contract number was DOT/TSC/1115. The technical monitor was 
Andrew Sluz.

The Principal Investigator for the study was 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 were Clement W. Adegoke, Jorge E. Alva, 

Hwang-Ming Chen, Adrian T. Ciolko, James I. Johnson, Michael J. Mann, Donald R. 

McMahon, Brian C. Dorwart, Harry E. Stewart, and Robert C. Wayne, former Grad­
uate Research Assistants at SUNYAB.

The authors would like to extend their appreciation to the following 
individuals for their contributions and suggestions: 1) Warren B. Peterson,

Assistant Chief Engineer, Maintenance of Way, Soo Line Railroad, 2) David R. 
Burns, Railroad Industrial Engineering Consultant and former Illinois Central
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Gulf Railroad Cost Consultant, 3) F. L. Peckover, Railroad 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,
Q

Southern Railways, and Canadian National Railways in permitting the ballast 
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Transportation Test Center (TTC) at the Facility for Accelerated Service 
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EXECUTIVE SUMMARY

A study was carried out to obtain information on the physical state 
of ballast in track and its influence on track performance. Particular 
emphasis was placed on improvement of ballast properties by compaction.
Methods of measuring the physical state were developed anc? then used to

ninvestigate a wide variety of track conditions.
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. Cyclic 
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 were available in tests in 
which crib and shoulder compaction were involved. However, based on 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.

Newly deposited ballast conditions occur with such maintenance operations 
as undercutting, sledding, and new construction. 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 loose.

The primary effect of the crib and shoulder compactor is in the crib near 
the rail where 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
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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

paction. A valuable objective of further research would be to find out how

to produce the traffic-induced level of compaction as part of the maintenanceo
operation so that the track will be stable before the application of traffic, 

rather than be stabilized by traffic.

Traffic degrades track by creating permanent settlement, which is gene­

rally associated with irregularities in surface and line. Thus, maintenance 

tamping is required periodically as part of the process of reestablishing 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 mechanical 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.

Crib and shoulder compaction was also observed to consistently increase 
the lateral tie resistance compared with the resistance following tamping only. 
However, the percentage increase measured with the LTPT is believed to be 
much greater than the corresponding increase in track lateral resistance which 

would develop under train load with the ties fastened to the rail.

xiii



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 necessary in maintenance operations involving 
undercutting and ballast replacement because the ballast bed will generally 
be much looser. Normally, the compaction process follows the final tamping- 
surfacing-lining operation with fully ballasted cribs. However, considera­
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 bal­
last below the bottom of tie. The benefits of this approach might be particu­
larly useful for the reballasted track. Test results have shown that the 
lateral tie resistance is greater when compaction is done on a fully ballasted 
crib than on a partially-filled crib. To conclude from this that compaction 
is most effective using full cribs may be misleading, because in the LTPT 
measurements, a substantial part of the lateral 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 
w-i-th—-low—cribs-,—followed—by—crib—fi-l-l-i-n-g— and—a—second—application—o-f—comp.ac=—  

tion. Further studies are needed to evaluate this possibility.

Furthermore, this increased resistance may only be temporary.

xiv



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 ties. 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 \hat has been expressed by railroad users is associated with maintenance 

that 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. In 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 maintenance life 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 field information is not adequate to 
confirm this benefit, although intuition 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 is beneficial,

2) Crib and shoulder compaction with existing machines 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 reached

Continued research on ballast physical state and its relationship to 
track maintenance and track performance is needed. This effort will lead to
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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.

0
*
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1. INTRODUCTION
The type and condition of ballast and subgrade are key factors in 

the performance of track structures. During the service life of the 
track, permanent strains accumulate in the substructure, causing perma­
nent deformation, which is visible as deterioration of surface and line. ft
This degradation of the track geometry leads to decreased safety, 
including increased potential for derailment, and increased damage to 
equipment and lading, unless additional track maintenance is provided, 
or train speed, hence service level, is reduced. Over the past few 
decades, traffic loads have increased, and at the same time,economic 
factors have restricted the amount of maintenance that can be done each 
year. In practice, the maintenance cycle frequency is often dictated by 
factors such as availability of money and equipment to do the required 
work, rather than by the amount^of track deterioration. Thus, American 
railroads have had increasing difficulty in maintaining the desired high 
service level. An estimate of the dollar value of the maintenance 
deficit for all of U.S. railroads was reported by Ward (Ref. 1) to be 
$10 billion.

Raymond (Ref. 2) reports that approximately 40% of the $100 million 
that Canadian railroads spend on track structure maintenance relates to 
ballast maintenance alone. It is a safe assumption, therefore, that at 
least in dollar value, the ballast,as well as the subgrade part of the 
track substructure, is important in the upkeep of a track's service level.

Ballast maintenance is the means for controlling the deterioration 
of track geometry, irrespective of what the driving forces behind the 
geometry changes are. Whether the structural deficiency is in the bal­
last, the subgrade, or the track superstructure (cross-tie and up), or

1



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 reworking 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 
problem and optimizing the use of the maintenance funds. Unfortunately, 
there exists no uniform criteria for maintenance that can be applied to 
railroads in general. Although many railroads do keep some type of 
maintenance records, the definition of performance for any particular 
section of track is usually dependent on the subjective evaluation of 
the track foreman.

Specifically, the mechanical properties of ballast that are involved 
in the ballast-compaction/track-performance 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 material particles such as size, distribution, shape, angularity, 
and hardness. The in-place density of ballast is a result of some type 
of compaction process. Typically, the resulting initial density is 
created by maintenance tamping, and subsequent density changes result 
from train traffic as well as environmental factors. Experience has 
shown that tamping does not produce a high degree of compaction, and 
there is clearly little geometry control in achieving compaction by 
train traffic. Therefore, consideration is now being given to additional 
compaction during maintenance using special machines or new techniques.
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The need for more information on the subject of ballast compaction 
has resulted in this research project. This study seeks to investigate 
the mechanics of 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 achieved by various mechanical 

processes involved in track construction 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 those 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 answers could be obtained. The collective 
findings are summarized in this final report. Section 2 covers the technical 
review of ballast compaction and related topics from Ref. 3. Section 3 covers 
the laboratory and field ballast physical state measurements from Refs. 4, 5 
and 6j 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 concern stress and strain 
measurements in the ballast, subballast and subgrade at the FAST track (Refs.
7 and 8). These will be summarized separately.
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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 contributions to the ballast- 
compaction/track-performance problem (Ref. 3). A comprehensive summary 
and the associated critical assessment of the reviewed materials will

l ‘ *
be presented herein.

The performance of conventional railroad track systems is directly 
a function of the complex interactions and subsequent responses of the 
track system components under train traffic and environmentally induced 
stresses. The functional relationships existing between track performance 
and the individual track system components, which include the rails, ties, 
and fasteners, and in particular, the ballast, subballast, and subgtade, 
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 operations, have 
been identified as the most significant contributing factors which 
affect the performance of the track in service. Available field 
measurements or criteria which have been used as indicators of overall 
track performance are those relating to vertical and lateral track stiff­
ness, track geometry, safety, ride quality, and maintenance effort.
However, each individual item has not proved to be sufficient alone for 
representation of the overall, track system performance.
____ Several empirical track design methods_in. current usage__a_nd_the______
recent development of analytical track models, with the emphasis

4



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 situation has recently 
been shown to be improved by Adegoke's (Ref. 9) analysis and comparison 
of the predicted responses to the generated substructure stress and strain 
measurements from the field instrumentation installed at the FAST track.

Ballast materials, as derived from various rock sources or from by­
products of manufacturing processes, also inherently possess different 
particle physical and chemical properties. Many standard laboratory 
index property tests, such as those for abrasion resistance, 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 clearly be used as a direct 
indicator of expected field performance of the ballast matrix in the 
track structure under traffic loading and environmental conditions. This 
latter feature is particularly evident from the lack of suitably defined 
trends and from the differences in published opinions, which in fact 
are primarily subjective interpretations, as to what values of jfhat index 
properties represent the best ballast.

Granular materials, which include ballast, are typically categorized 
as discrete particulate systems having discernable particle dimensions, 
ranging from sand to boulder sizes. The fundamental soil mechanics prin­
ciples representing strength determination apply equally well to all 
granular soils. However, most of the available information defining the 
characteristic static or dynamic stress-deformation behavior is related 
to sand-size particles and is determined from laboratory strength property
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tests. Alternative methods based upon shear strength parameters obtained 
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 must be determined directly from 
laboratory strength tests, in lieu of applying previously published 
strength information on granular materials. An assessment of the con­
ventional static and dynamic test apparatus and procedures indicates 
that the cyclic or repeated load triaxial test offers the greatest poten­
tial for realistically determining the ballast behavior. For this test, 
the imposed stress conditions and types of drainage can be controlled 
for specimens prepared at given levels of compaction. Ballast behavior, 
as determined from laboratory tests, needs to be supplemented with in- 
situ strength data on the ballast physical state. An evaluation of the 
available field methods indicates 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 related to the levels of track performance, in at least a quali­
tative sense. In the past, for most geotechnical engineering applications, 
this relative degree of compaction, as used as a means of field compaction 
control, has been most easily and conveniently determined by comparing in- 
'situ soil moisture-density measurements with the appropriate laboratory 
compaction test results. Several laboratory compaction methods, such as 
impact, kneading, static, and vibratory tests, have been developed in an 
attempt to simulate the characteristics or the anticipated end-product
results of conventional field compaction equipment. However, these

(
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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 done. However, in this study, three tests have been 
identified as potential means of representing the ballast physical state ? 
(Ref. 4). These are: 1) an in-situ ballast density test with a reference
density test, 2) a single lateral tie push test-on an unloaded tie, and
3) a small plate load test.

The rate of change in the ballast physical state within the track 
structure caused by train traffic loading and environmental conditions is 
highly dependent upon the initial state achieved from normal track main­
tenance operations. Ideally, an "undisturbed" ballast trackbed after 
considerable traffic is the most desirable condition from a stability 
viewpoint. The reason is that the subsequent correction of track geometry 
defects with mechanized track maintenance equipment inevitably disturbs 
the stable condition created by traffic. Therefore, the effect that 
present track maintenance processes have upon changing the ballast physical 
state requires considerable attention. To aid in understanding these 
effects, both researchers and practitioners should be completely familiar 
with the principal types of track maintenance equipment and the associated 
field procedures in current use.

Several field methods have been devised as measures of track perfor­
mance under traffic following the tamping, leveling and lining operation, 
and the more recent ballast crib and shoulder compaction process after 
tamping. Lateral resistance of single tie and multi-tie track sections 
is the method most frequently used for measuring track performance, but 
alternative means including track geometry, track settlement, vertical
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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 measured 
results, and each field method in itself is not indicative of the overall 
track system performance. In addition, ̂ he amount that the ballast is 
compacted with crib and shoulder compactors is a complex function of 
ballast-Compactor interaction. Besides the initial ballast physical 
state and other in-situ track conditions, the compactor characteristics 
of static force, generated dynamic force, vibration frequency, and dura­
tion of vibration have an influence on the results. Insufficient informal 
tion is available to predict their quantitative effect on ballast com­
paction. However, in a qualitative sense, the supporting evidence and 
published opinion appears to indicate benefits of mechanical ballast 
compaction following the usual tamping operation.

The relationships between the ballast compaction parameters and the 
track performance level parameters are quite complex, and hence an eco­
nomic assessment is difficult. Limited published information is avail­
able on costs related to track maintenance, such as materials, labor, 
and equipment, and significantly less with regard to ballast crib and 
shoulder compaction equipment. The methods of economic analysis avail­
able for track maintenance operations are dependent upon the geographic 
location and the specific in-situ track conditions. Thus, they are pre­
sently of limited capability in assessing the actual cost-benefit rela­
tionships derived from ballast compaction.
---- Xhe-practices_and_princip-les—of—geote-chnicaJ._engineering_provjLde____
direct and valuable input into understanding the behavior 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 environmental influences, as well as the changes in bal­
last physical state with track maintenance 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-sitA measurements and the 
limited applicability of laboratory property 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 reasonably establish a founda­
tion toward these goals.
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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 considering 
possibly alternatives, the three most promising methods were selected for

*
study. These tests are as follows:

1. The ballast density test (BDT) determines the in-situ density, 
which is a direct measure of compaction (Fig. 3.1). Used in conjunction 
with 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 vertical ballast stiff­
ness, which is a measure of the effect of compaction on the ballast 
physical state (Fig. 3.3).

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

Each of the final 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 sequence, 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 railroad 
engineers.

In order to assess the potential of this equipment and the reliability
of the test results, extensive—-laboratory—and fieid—investrgatfons- were-- —
conducted in an effort to evaluate the sensitivity of the measurements to
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Figure 3.1. Schematic Diagram of Improved Ballast Density Apparatus
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Figure 3.2. Reference Density Apparatus
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Figure 3.3. Assembled Plate Load Test Apparatus



*

Figure 3.4. Assembled Lateral Tie Push Test Apparatus



differences 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, andrgradations 
are particularly evident. Previous analysis (Ref. 5) of the changes in the 
in-situ ballast gradations at FAST indicated only slight differences for 
several different track conditions; thus, the 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 those 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 simulation of certain field compaction 
processes, such as a compacted track bed, manual tie tamping, and ballast 
crib and shoulder compaction. The claimed advantages offered by the last 
process as an integral part of normal programmed track maintenance are 
especially important, since the popular opinion is in their favor. There­
fore, the machine parameters considered for investigation were obtained 
from available specifications of commercial equipment (Table 3.2). In each 
of the preceding cases, laboratory tests were performed either in a 
test box duplicating a field track structure, or in containers 
having boundary conditions equivalent to those experienced in the field. 
Ballast sample preparation procedures were dictated by the type of field 
~compaction~proeess~ to~be~simuTated~
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Table 3.1. Average Index Properties of Laboratory and Held Ballast Materials Tested
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Table 3.2. Characteristics of Ballast Crib and Shoulder Compaction Equipment

Crib Compaction Plates
Reference Manufacturer ModelNumber Application Time (Sec.) Frequence

4 (Wx) Size RatedStaticForce, ttb) Dvnami
12 PlasserandTheurer VDM800U Variable

1-15 38.5 114.7 in.2 1729 1101
13 Plasser-American VDMS00R Variablet? 1-20Used 3 ,35-38 =6 in. x 12 in. -- —

14 Plasser VDM800 Variablet 38.5t 9.8 in. x 8.5 in. — —

15 . Plasserand
Theurer

CPM80QR Variablet 38.5 -10 in. Length —

16 Plasser-American CPM800R Variablet 38.5 14 in. x 8-7/8 in. — —

17 Plasser-American CPM800 Variablet 3 and 5 Used 38.8 14.5 in. 
x  5.5 in. 1250 1600

18 Plasser _ and
Theurer

MainlinerUniversal06-16CTM
.Variablet 38.5 =10 in.t Length — --

15 Plasserand
Theurer>Windhoff

903 SH Used 3 - - — —

14 & 18 . Windhoff 3V 102 Variablet Used 4-8 48 10.25 in. x 9.4 in. — 2203t

BV 102S Variable'.1" 48 If ^ — 2203
BV ,103 Variablet 48 If -- 2203+
FD 41 Variable2-20 48 — 1542-3745

19 Tamper CSC Variable — — —

13 Tamper CSC 1-9 Used 3-4 =53.3 =12 in. x 7-1/2 in.
19 Matlsa D-912 Variable0-10 50 — — 0-5500

D-912R,D-9 Variablet0-10 50t — — 0-5500t
20 Matisa -- 3-20 46.7 8 in. x 10 in. -- 2200-3750
20 Penn Central w/Jackson Vib- Variablet -- — — —

rators
-Jackson------- ------- 2^ 20-------- SO -7'3----- 8 ~ r f u--

x 12 in.

t Assumed

16



The field tests were conducted on operating track: at the following rail­
road sites: 1) Canadian National Railways station yard in Belleville,
Ontario, 2) Southern 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 and test conditions are summarized in 
Tables 3.3 and 3.4, respectively. The primary objective of these field 
tests was to investigate the changes in the physical state of various bal­
last types with respect to different track maintenance operations and traf­
fic conditions (Ref. 5). In addition, the feasibility of utilizing the 
results of these methods as potential indicators of track performance will 
require further consideration.

The following sections will effectively summarize the major 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, where possible, will be compared and assessed with 
the conclusions obtained from other published sources. The techniques 
have proven suitable for railroad application, and the measurements are 
considered reliable with an adequate accuracy. The test results presented 
in this report provide very important and badly needed information on the 
in-situ ballast physical states under various conditions. They constitute 
a significant enhancement of knowledge toward a better understanding of 
track response and its relationship to track performance.
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Table 3.3. Track Conditions for SUNYAB Test Sites

Maximum Annual
Track Speed Traffic Type of Type of Ties

Railroad Classification (mph) (MGT) Track Rail Type Dimensions Spacing

CNR No. 2 mainline Tangent 78 ft Wood (#1) 19 1/2 in.
station yard bolted

Soiithern _ m 20 to Tangent 132 RE Wood 8.6 ft 20 in.
30 CWR length

ICG Freight Class #5 50 23 Tangent 132 RE Wood (oak) 7 in. x 20 to 22 in
CWR old & new 9 in. x

8.4 ft

1’AST Test Track 48 135 to Tangent 136 RE Wood (oak) 7 in. x 19 1/2 in.
150 bolted new 9 in. x

8.5 ft



Table 3.4. Test Conditions for SUNYAB Test Sites
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3.1 BALLAST DENSITY TEST

This ballast density physical state is generally expressed in terms of the 
following parameters: 1) dry density (y^), 2) void ratio (e), and 3) percent
compaction. The percent compaction normalizes the measured dry density by an ulti­
mate density computed from th£> reference density test results on the same graded 
material. This approach establishes a comparative basis for different ballast 
types. One significant point is 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 typcially low by approximately ten percent.

The field measurements obtained at four railroad sites are summarized in 
Table 3.5. The average percent compaction values were 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. Con­
ceptually, the tamping operation produces a loose density state in the cribs and 
under the ties, which would indicate that the ballast dry density 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 simulated field compaction operations can be reasonably reproduced 
in the laboratory. For ballast in zones under the rail (average of inside and 
outside rail tests), manual tie tamping in the laboratory produced nearly identical 
values for both the 2—in. (51—mm) and 3—in. (76—mm) track raises at locations in 
the crib and under the tie. Note that the cribs were reballasted following i~ainpingT 
except in one case for the 3-in. (76-mm) raise in which a BDT measurement produced 
essentially the same density (Ref. 6). These laboratory results also compare
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Table 3.5. Average Ballast Density Test Results for all Railroad Sites

Kail 1 ond Hal InsL 
Type

Track Ooud ll 1 on ___Measured Dry Density ( p c Q  ____
___  In C r i h ____ Under Tie____
Center Under Center Under 
Track Ra 11__  Track Rnjl__

cim NJcI-el before Tamping 1 63.6 --
Sing Tamped Only 163.1 --

Tamped -Compac led 166. 2 --

■Sent lie i n Crushed Tamped Only -- 107.3 -- --
(iranlle Tamped-Compac 1ed -- 17.1.8 ' --

ICC* l.lnu'stone Tamped Only 96.2 92.0 86. 9 102.5
aiVI Tamped -Compile led 91.6 96.6 87.9 103.1

•Steel Slag Tamped plus 5 MOT 107.6 101.1 103.6 117.1

FAST Cvnalitfil Tamped Only 101.0 100.3 96.1 106.6
Ora nl te

Crushed Tamped Only 1 04.9 106.1 98.0 112.7
Limes Lone 115 HOT 112.2 117.9 109.7 116.6

Tamped Only 110.6 96.6 107.6 115.1
0.1 HOT 112.3 110.5 106. A 112.2

Crushed Tamped Only 107.6 110.2 106.0 118.3 „
Traproak 135 MOT 118.2 113.3 . 117.1 127.2

Tamped Only 117.9 115.9 116.6 119.6
0.1 HOT 120.1 113.1 115.3 119.6

Void Ratio _(e) _______  ___  Perce n t Compaction
In Cri li I'uder Tie In Crlh Under lie

Coulee Under 
Track Hail

Center Under 
Trac It Ra 11

Center Under 
Track Kail

Center Under 
Track__ M  i l_

- 0.69 
0.50 
0.68

-
93.9
91.5
93.5

-

0.63 -- 101.1 --
■■ 0.62 118.1 .

0.60 0.88 0.77 0.56 96.2 91.6 86.9 102.2
0.69- 0.76 0. 72 0.51 91.6 96.0 87.9 lot. 2
0.5) 0.69 0.59 0.66 UJ7.1 100.8 103.6 116.0

0.67 0.67 0.77 0.60 98.6 90.2 92.7 in*. . 2

0.62 0.65 0.76 0.52 ini .5 ton.e 96.9 109.10.5J 0.51 0.55 ' 0.69 107.7 109.3 106.2 110.00.55 0.78 0.57 0.69 107.0 93.5 106.2 110.50.52 0.55 0.61 0.52 . 108.7 107.0 103.0 100.7
0.68 0.65 0.77 0.56 , 97.6 99.9 96.3 107.10.52 0.56 0.57 0.65 107.2 107.2 106.2 115.)0.55 0.59 0.62 0.56 106.9 105.0 103.9 108.50.52 0.63 0.58 0.56 ion.9 92.5 106.6 108.5

*Dry density converted to an equivalent limes tone density
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favorably to the field measurements obtained after tamping, leveling and 
lining, although some differences in magnitude are evident.

Two test series are shown for the FAST field measurements. One is the
initial test series (I) conducted at the time of initial track construction
following maintenance tamping with some intermittent work train traffic. The
second is the supplemental test series (S), which represents 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 produced 
similar average percent compaction results each for the limestone and traprock 
ballasts. This implies that tamping equipment is somewhat consistent in achiev­
ing a certain ballast physical state for the same ballast material. However, 
this fact has not entirely been validated.

t

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 data (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 limestone (crib 
plate) tests (Fig. 3.5a). For the wide range of parameters considered (Ref. 6), 
frequency was determined to have a significant effect upon the changes in the 
ballast physical state.
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In the center of the track (Fig. 3.5a), the 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

Qprepared with approximately 50 passes from a vibratory plate compactor 
when 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 construction or complete ballast

r/
undercutting, b) after compaction immediately following tamping, c) after 
accumulation of traffic, and d) after maintenance tamping. 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 parameters such as ballast type, tamping, 
ballast compaction, and traffic. Ballast degradation, as reflected by 
gradation changes, was analyzed (Ref. 5), but provided only marginally 
useful information, and thus will not be discussed. This section will 
summarize the field results to present important aspects of ballast physical 
state based on the in-situ ballast density measurements.

a) Initial Tamping. The effects of initial ballast tamping of a newly 
constructed or freshly undercut track can be well characterized from the 
ballast density profiles obtained from ICG and FAST. The measurements after 
such tamping are qualitatively summarized in.Figure 3T6â  The results 
generally indicated similar ballast density distributions along the tie at
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Figure 3.6. Schematic Illustration of Ballast Density Profiles Under Different Track Conditions



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 along the tie, with the magni­
tude being slightly lower in the rail area than in the center, except for 
the FAST traprock. For the same track condition, the ballast density 
under the tie varied significantly along the tie, and it consistently 
demonstrated a much denser state in the rail area than in the center.

In the center of the track, the under-tie density was lower than the 
crib density, but in the rail area the density was much higher under the 
tie than in the crib. The latter was approximately 11 to 15 pcf (0.18 to 
0.24 Mg/m̂ ) higher at FAST, and 9 to 12 pcf (0.14 to 0.19 Mg/m^) at ICG. 
The above density difference in the rail area where the tamping opera­
tion is concentrated illustrates an important aspect of ballast densi- 
fication during tamping. When the ballast layer is initially very loose, 
as in a newly constructed or completely undercut track, ballast densifi- 
cation may very well occur from particle vibrations imposed by the 
vibrating tamping feet and from the squeezing action, along with the con­
finement provided by the tie bottom.

b) Crib and Shoulder Compaction. It is a widely accepted conviction 
that crib and shoulder compaction reduces the adverse loosening effects 
of ballast tamping and contributes to the restoration of track stability 
by ballast density increase. However, the compaction mechanisms pro­
ducing these changes have not been completely understood.

Figure 3.7 summarizes the results from ICG regarding ballast den­
sity, in terms of average void ratio, changes with ballast crib and 
shou-l-de r -eompac t i-on-j—a nd -ta mp-i-ng—at—d-i-f f ere n t—1 oca t-ions in—the- ba-l-la-s-t 
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 questionable (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 increased from compaction, as expected. But the magnitude 
of such increases differed from location to location in the ballast layer. 
Obviously, the ballast density increase due to crib and shoulder com­
paction was concentrated in the crib where the compaction operation is 
performed. As shown in Fig. 3.7, ballast density increase in the crib 
in the rail area 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 
density 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 increase due to ballast compaction subsequent 
to tamping diminishes with accumulation of traffic in the crib, but some­
how the effects of ballast compaction under the tie.appear to have been 
accentuated. It is not clear at the moment, due to insufficient data, 
whether or not the trends are representative and correct. But, inter­
estingly, Birman and Cabos (Ref. 21) observed with nuclear density 
measurements that the initial density difference before traffic,which 
had resulted from different ballast compaction methods, still remained 
pres erved^even_a£ter_ s igni ficant—tra f f ic._____________________ _________
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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 and compaction procedures. There was 
about a two percent increase over the in-crib density achieved after 
tamping at the CNR site, and about four percent and seventeen percent 
at the ICG and SR sites, respectively.

Figure 3.6b shows generalized ballast density distribution along 
the tie after crib and shoulder compaction. Since the ballast density 
increase .is mainly concentrated in the rail area in the crib, ballast 
density distributions basically similar to those after tamping are

b

expected. However, the amount of scatter in the measured 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 tests at 
a Canadian 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 traffic, the magnitude of 
ballast density increase from ballast compaction appears to be signifi­
cant. However, it is questionable whether the same degree of track stabi­
lity restoration will be achieved from compaction as from traffic.

c) Accumulation of Traffic. Summarizing the measurements at FAST, 
Fig. 3.8 illustrates ballast compaction changes with accumulation 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 MGT after initial construction and tamping, 
and during an additional 0.1 MGT after maintenance tamping. Although 
the data do not provide sufficient information on the exact patterns
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of compaction growth for different ballast types, the results explain 
well the overall trends of ballast density changes throughout the 
traffic history tested.

The two different ballasts, having similar particle shapes and 
gradations, exhibited very similar ballast compaction changes during 
the first 134.6 MGT of traffic. Regardless of ballast types, the most 
significant increase was noticed under the tie in the ceiiter where 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 crib was intermediate, and was 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 uhder-tie density was still higher 
in the rail area than in the center, but the difference was smaller than 
those after tamping or after compaction. The crib ballast density was 
relatively consistent along the tie, and the magnitude was about the 
same as under the tie in the center.

Data obtained after traffic often indicated a trend of ballase den­
sity decrease from inside the rail to outside, particularly in the crib. 
For example, an average difference of 5.6 pcf (0.1 Mg/m ) was noticed in 
the crib density after traffic at the ICG site. Presumably, with lack o-f 
confinement, ballast particles in the crib and outside the rail could 
easily have flowed toward the shoulder during vibration and repeated loa­
ding cycles imposed by traffic, instead of being densified in place.

The effect of the additional 0.1 MGT of traffic at FAST after main­
tenance tamping is not conclusive. The density change and its magni­
tude were quite irregular, varying with ballast types and measurement
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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. Instead, it could either densify or loosen the ballast layer 
depending on the ballast conditions. With accumulation of sufficient 
traffic, ballast will eventually be densified as shown after 134.6 MGT 
of traffic. qThere is not enough data at this time to determine when and 
how fast the ballast compaction increases 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 
measurements after traffic, tamping on a track previously subjected to 
traffic is shown to have consistently loosened the ballast layer regard­
less of location of measurements. The density decrease was quite signi­
ficant in the rail area, almost totally eliminating the compaction 
achieved during traffic after initial tamping. Even in the center where 
no insertion of tamping feet was made, the ballast density is shown to 
have consistently been reduced. Figure 3.6d illustrates schematically 
the probable ballast density distribution after maintenance tamping.

The amount of such density decreases due to maintenance tamping 
appears to be dependent on various factors such as track conditions, 
particularly ballast type and condition. For example, less than one 
percent density decrease from the undisturbed track condition in the 
crib under the rail was noticed at the CNR site, while more than four­
teen percent decrease was observed in the limestone section at FAST. In 
fact, the ballast density in the limestone section after maintenance 
tamping was even lower than that after initial tamping. One of the 
possible reasons for such a significant decrease in the limestone 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 were obtained from the recorded load-displacement curves in 
order to evaluate the changes in the ballast physical state. The index 
determined to be most suitable for the data analysis is the

Ballast Bearing Index, B = ■£ ■ (3.1)A .
The parameters are defined as:
P = load in lb (N) at 0.1, 0.2, and 0.3 in. (2.5, 5.1, and 7.6 mm) 

displacement,
A = area of the 5-in. (127-mm) diameter plate in square inches 

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

As illustrated 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 each 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 part, indicates the capability 
and sensitivity of each test to identify and monitor the ballast physical 
state changes. ~

For the under-rail locations, the laboratory manual tie tamping pro­
duced comparable B values to those obtained with the mechanized field 
tamping equipment (Fig. 3.9). After tamping a pre-existing.compacted 
trackbed, the ballast stiffness will apparently reflect differences in 
the amount of track raise. This effect is especially more pronounced
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Thein the crib than under the tie when reballasting is not performed.
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 and 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 approximately equal for the two cases. This result was
expected beca.use several, tests conducted in this study indicated that 

' * •
rigid bottom boundaries encountered 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 was that a 2 in. (51 mm) raise resulted in a slightly greater stiff­
ness under the tie than a 3 in. (76 mm) raise. However, the in-crib B 
values were equal for these two cases, since full crib ballast conditions 
existed.

The FAST traprock, which received approximately 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 limestone ballast B values under the rail. The FAST limestone 
section, however, was raised approximately 1 in. (25 mm) and yielded 
slightly higher stiffness values than the preceding ballast types.
Since the tamping tools are generally inserted 4 to 7 in. (102 to 178 mm) 
below the tie bottom, the ballast mass is expected to be disturbed for a 
sufficient depth. However, environmental and traffic history apparently 
influenced the FAST limestone, since the tamped ballast directly under 
the tie was observed to have retained.its compacted state and not en­
tirely become disaggregated due to the tamping (Ref. 5). In general,
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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 illustrated in Fig. 3.9a for the limestone (crib plate) tests. The
laboratory compaction was accomplished with a low frequency oscillatingA
crib plate,, as previously described for the ballast density test. Al- 
though a small increase in ballast stiffness is obtained with this crib 
compaction method compared to the very loose density state existing after 
tamping without compaction, the B value after compaction is significantly 
lower than the corresponding field values from ICG. This observation is 
consistent with the ballast density test results as well. The better 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, employed to place in 
the crib either the limestone or the steel slag ballast, quite effectively 
simulated the reballasting methods used in the field when the ICG data in 
the center 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 when the tamping operation was per­
formed, thus reducing the ballast stiffness. However, this same effect 
was not indicated by the ballast density test results (Fig. 3.5a) and, 
therefore, this conclusion is presently unconfirmed.

In the center of the track under the tie, several different 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 consistent 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 of traffic. This 
appears contradictory to the ballast density test results, in which only 
50 compactor passes in the laboratory 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 4 to 5 in. (102 to 127 mm), while the plate test 
was influenced by ballast conditions as deep as 12 in. (305 mm). Thus, 
the stiffness measured by the plate test will 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 interlocking effects.

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

In Fig. 3.10a, the ballast density, y , was 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, y (Ref. 4). The excess void space is that part of the oDT
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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 y were es-BOX
timated for several states of compaction. This subsequently resulted in 
shifting the solid curve for the limestone strength-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 void corrections incorporated, would most likely represent 
a good estimate of the maximum possible compaction state. As was 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 y _ used with the data in Fig.REr
3.10, the density, at which the rapid increase in ballast stiff-BUI
ness occurred would be approximately equal to yREr
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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 elaborated upon in the following paragraphs. The 
specified limits are insufficient for general use and definitely require 
additional in-situ data for confirmation.

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 crib and 
shoulder compaction and traffic clearly increased the ballast stiff­
ness 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 increases of 145 to 206% under the tie and in the crib, respec­
tively, at the center of track.

The under-rail location increased in strength both with compaction 
and traffic. The underlie, tamped-only values increased 27% with 
compaction and 213%. with 5 MGT of applied traffic when compared to the 
tamped-only condition. Note that some of the B values at 5 MGT 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-onlyva-lues—increased- 93%-w-ith—compaction-,—and-187-%--with—5 MGT---
of traffic.
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Table 3.6. Strength Distribution for Various Conditions on Wooden Tie Tangent Track

Qualitative Typical Track* Location Average Ballast
Density State Conditions In-Crib Under-Tie Bearing Index

Center
Track

of Under Center 
Rail Track

of+ Under 
Rail

at 0.2 in.(5.1 mm) 
(psi)

very loose a)undercut and 
reballasted

X
1

X < 75

b)tamped only X
loose a)tamped only X X < 150

b)tamped-compacted X X X
c)low MGT traffic X

medium-dense a)low MGT traffic X < 250
b)low to high 
MGT traffic

X

c)moderate to high 
MGT traffic

X

dense a)moderate 
MGT traffic

' X < 375

very dense a)high MGT traffic X > 375

*Arbitrary MGT traffic levels: low cl to 2, medium 1 to 2 5 to 10, high > 5 to 10; and
assuming no intermediate maintenance.
+This location is dependent upon the previous traffic and maintenance history.



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 crib. These results will be briefly discussed, but the details 
can be obtained elsewhere (Ref. 5).

The limestone ballast measurements show increasing ballast strength
0after tamping with the application of traffic. At the center of track 

under the tie, the bearing index increased 57% 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 crib at the center of the 
track increased by 22% with *0.1 MGT of traffic, becoming 64% of the undis­
turbed value.

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 34% from the tamped condition with the application of 0.1 MGT 
of traffic, and 276% with the application of 135 MGT of traffic. The 
crib strength increased 48% and 115% for the same respective traffic 
conditions.

The under-rail plate resistance for traprock appears to rapidly 
increase with applied traffic. The under-tie B values increase 100% 
from a tamped condition with the application of 0.1 MGT of traffic, and 
236% with 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 tie, 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 MGT of traffic after tamping, which was 
also approximately equal to the undisturbed condition.
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The most pronounced feature 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 
traprock under the tie, but in the crib the strengths are nearly equal.

A general comparison of the FAST and ICG sites for the tamped-only 
condition indicates that the under-tie and in-crib 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 crib to values comparable to the 0.1 MGT traffic 
condition for the FAST limestone. However, the under-tie strengths with 
ballast compaction at ICG are considerably less than the 0.1 MGT condi­
tion at FAST. For the 5 MGT 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 environmental influences in 
addition to applied train traffic. Apparently the former is a more sig­
nificant factor at ICG than at the FAST 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 maintenance operation performed at the time of testing.

43



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 
l&llast physical state. The only available source of information to 0 
supplement SUNYAB's data was supplied by Peckover (Ref. 20) for the 
CNR, which also motivated the work in the present study.

Peckover (Ref. 20) utilized the PLT as a means of evaluating the 
effectiveness of different track maintenance operations on the vertical 
ballast stiffness. A 5-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) 
were, however, considered representative.

The plate load tests were conducted on a tangent section of CNR 
track with wooden ties. The principal ballast type was an in-situ 
crushed rock. However, at two different locations the ballast trackbed 
was removed and replaced with a new crushed rock ballast and a new slag 
ballast, after a ballast undercutting operation was performed.

For the test sections containing the in-situ crushed rock ballast, 
the track was tamped, leveled, and lined, but the height of track raise 
was 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 compacted. 
However, it is assumed that this track first received tamping, and 
possibly ~surfacing^and lining, a fter reba-liasti:ng~and—pri~or-to—compaction- 
The final test condition investigated was on an "undisturbed" ballast
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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 rail in 
the crib and under the tie. Since the test locations are only quali­
tatively known, these locations will be referred to as under-the-rail.

The average ballast bearing index (B) values at 0.3 in. (7.6 mm)
0displacement are graphically illustrated in Fig. 3.11a for the various 

track conditions. Peckover indicates a large variation in these 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 3.11a indicates that the tamped-uncompacted condition (TU) 
produces the lowest B values both in the crib and under the tie for the 
crushed rock ballast. These values are approximately 25% of the 
respective undisturbed track condition values. With the application of 
crib and shoulder compaction to a tamped-only track (TC condition), the.
B values increase by a factor 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 comparable to the undisturbed track condition. The 
reasons for such a remarkable increase cannot presently be explained.

The effect of undercutting and replacement with a new ballast is 
also illustrated in Fig. 3.11a. The under-tie values are slightly 
higher but are still comparable to the tamped-uncompacted condition. 
However, the in-crib values are a factor of 2 greater. Since the results 
of the two new ballast types were combined for the undercutting operation, 
the differences in B values with the TU condition may be attributed to 
differences in particle shape, in gradation, or in ballast types. With
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the data in the present form, this situation cannot be resolved.
When crib and shoulder compaction are applied 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. In general, the undercut 
and compacted condition yields B values comparable to the tamped- 
compacted (TC) condition, and follows a trend similar to the respective 
tamped-only condition.

Peckover's (Ref. 20) investigation revealed several other important 
findings. For the undisturbed track condition and for the several dif­
ferent types of track maintenance 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-near the rails were approximately equal for test locations at the 
top of the crib ballast and at the base elevation of the tie between 
ties, which were both significantly less than B values directly under 
the tie. The test results also indicate 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. 3.11b along 
with GNR's data in Fig. 3.11a. This figure displays two particularly 
interesting features. First for the undisturbed condition, the under-tie



and in-crib B values are of comparable orders 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, yields under-tie B values comparable to the 

 ̂ SUNYAB TU condition. In general, this latter factor indicates a reliable 
degree of reproducibility for the tamped-only condition for different 
ballast materials of different test programs. Note that the ICG track 
for the TU Condition was undercut 10 to“12 in.""(0.25“ to 0.31 m) While 
the CNR undercut-only condition was approximated as a 6 in. (0.16 m) 
cut (Ref. 5). The slightly higher CNR B value may be attributed to 
an influence of a more rigid base.

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

Due to the nature of SUNYAB's data, an attempt will be made in 
order to determine an equivalent amount of train traffic, as implied by 
the plate load test, that is initially offered by ballast crib and 
shoulder compaction on a tamped-only track. By combining the three 
ballast types tested, the TC condition under-the-rail is shown to be 
somewhat in between the TU and 0.1 MGT traffic conditions for both under 
the tie and in the crib. If the relative change in B values for the FAST 
limestone from the TU to 0.1 MGT traffic conditions for both under the 
tie and in the crib is compared to the relative change for the ICG data

__ from_IU_to_TC—conditions-,—the—result—is—that—the—TC—condition—is—equiva-
lent to slightly greater than 0.1 MGT 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. c

In general, insufficient quantities of under-rail plate load test 
data, especially at intermediate traffic levels, limits the establish­
ment of clearly defined plate resistance trends with track maintenance 
operations and train traffic loading. Thus, the differences 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 "undis­
turbed" track condition and the amount of traffic at which plate resis­
tance cannot be differentiated for either track condition are presently 
indeterminate due to the lack of available data.

3.3 LATERAL TIE PUSH TEST

The lateral tie push test has previously received a considerable amount 
of field use in order to evaluate the in-situ track conditions. An analysis 
of the load-displacement curves for single tie tests on wooden ties (track 
panel tests excluded) indicated that lateral tie resistance can be adequately 
compared from the 0.0394 to 0.25 in. (1 to 6.35 mm) displacement levels (Refs. 
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 instances, the maximum and minimum values measured for a particular 
condition will be illustrated to provide an indication of the amount of data 
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 the 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 
resistance was adjusted to an equivalent wood tie weight of 208 lb (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 states equiva­
lent to the very loose, loose to medium-dense, and dense states, respec­
tively.

In general Fig. 3. 12 indicates that the average lateral tie resis­
tances measured at the various track sites were greater than the values 
obtained from the simulated laboratory tests. For the tamped-uncompacted 
condition (Fig. 3.12 a and b), a favorable agreement for the load- 
displacement curves might be assumed, since a loose ballast density state 
generally exists around the ties. However, a detailed analysis of the 
field data, which is presented later, will demonstrate that these lateral 
tie resistance values (Fig. 3.12 b) are low by approximately 100 lb (445 N) 
The difference in the laboratory and field data is possibly due to slight 
differences in the structural arrangement of the ballast particles, even 
though density measurements indicate the existence of a loose density 
state. In the field, a greater number of ballast particle contacts are 
likely to occur in the vicinity of the tie, due to vibrations imposed by 
the—track— maintenance—equipment—of—'worktra-i-ns-i— In—fact-, -a—similar̂ ef-fee£ 
has been measured elsewhere (Ref. 23) in the field with limestone ballast,
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although on concrete ties. In the present laboratory investigation, it 
was also determined that a second cycle of reloading on a wood tie with 
full loose crib and shoulder conditions would result in a 75 to 150 lb 
(334 to 668 N) increase in lateral tie resistance at 0.157 in. (4 mm) 
displacement (Refs. 4 and 6). 'Thus, the differences between the labor­
atory and field data may have been partially explained, but requires 
further consideration.

The differences in the tamped-cbmpacted condition results (Fig.
3.12..c. and .d) may arise from the. fact that the method and. amount 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 feature is particularly evident for each of the 
respective test conditions shown in Fig. 3.12 a and c.

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

1. The lateral tie resistance,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 ram), 
nor the type of raising operation, that is, a full raise or in 
lifts .

2. Reballasting entirely under the tie, in the crib, and on the 
shoulder yields results nearly identical to manual tie tamping 
plus reballasting.

3. In the loose density state (Fig. 3.12 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).

4. Note, however, that the preceding observation pertains only to 
the loose density state, since the introduction of an appreci­
able amount of compactive effort will predominate as the 
influencing factor. Figure 3.12b appropriately demonstrates 
this point. For equivalent compactive 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 
somewhat different, the most plausible explanation is the differ­
ences in the, surface roughness characteristics of the ballast 
particles. The honeycombed surface and the lower fracturing 
strength of the asperities for the slag apparently contributed 
significantly to having a greater number of particle-tie contacts, 
a higher degree of particle interlocking, and larger residual 
lateral stresses being retained after compaction, which subse­
quently increased the lateral tie resistance.

5. For the simulated old tie on a slightly compact limestone track- 

bed condition, the greater lateral tie resistance, over that of 
a new tie, can primarily be attributed to the extremely rough 

characteristics near the rail areas on the underside of the tie. 
This is noticeable for both the reballasted condition (Fig. 3.12a) 
and the crib and shoulder compacted condition (Fig. 3.12c).
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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 
resistance; 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 having 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. This type of data may be found elsewhere (Refs. 24 and 25), but 
must be expensively evaluated to place it in a compatible form.

The average 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, yielded fairly reproducible 
lateral tie resistance values. The data variation between duplicate con­
ditions was approximately the same 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 quantitatively not entirely valid for generaT purposes, 
still appropriately reflects the general trends.

In Fig. 3.13a, the base component of tie resistance demonstrates 
distinctly linear relationships with the equivalent weight on the tie.
The most interesting point here is that the compacted limestone and steel 
slag ballasts exhibited the same trends; that is, the tie resistance is 
approximatelv one-haIf the tie weight. Also noteworthy is the fact that 
very little compactive effort is required to create a smooth limestone
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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 is expected. Assuming the effects of ballast fouling or 
ballast cementation, which may result from traffic-induced degradation, 
are minimal in-situ, then the behavior of the limestone ballast might 
also be typical for traprock and granite. The steel slag, however, 
opposes the trend of decreased lateral resistance for new wood ties 
with increased ballast compaction. 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 verification. In summary, the contri­
bution of the base component to the total lateral tie resistance is 
reasonably and realistically displayed in Fig. 3.13a and establishes 
a* foundation for future estimation purposes.

The contributions of the crib (Fig. 3.13b) and shoulder (Fig. 3.13c) 
ballast to lateral tie resistance exceed that offered by the base (Fig.
3-l3a) for fully ballasted conditions.. The relationships are -apparently 
nonlinear and most likely second-order polynomials with respect to ballast 
depth. It must be stressed that the relationships presented for the com­
pacted condition are only approximate, and are valid only for the amount 
of compactive effort applied by the pneumatic tamper in the laboratory 
programs. None-the less, the data do reveal, as also indicated in Fig. 
3.12, increases in lateral tie resistance with compaction, more so in the 
crib than on the shoulder. In part, this latter fact is consistent with 
the findings of others in that crib compaction is apparently better than 
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). In addition, crib and shoulder compaction after 
the tamping operation appears to 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 state, the effect of just the 
additional ballast from overfilling would partially account for an 
increase in^lateral tie resistance. This track condition was prepared, 
but not tested, in Ref. 23. The effectiveness of compacting an over­
filled ballast section may not be as pronounced, but still appears to be 
significant.

As previously stated, the magnitude of the ballast density in the 
loose state is roughly correlated to the measured lateral tie resistance. 
The limestone ballast was 60% denser, than the steel slag ballast, which 
produced approximately the same difference in tie resistance (Figs. 3.12 
and 3.13). This effect is more pronounced for the crib ballast than for 
the shoulder, and for a fully ballasted condition than the-semi-full case 
In addition, loose full cribs for this limestone 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 the shoulder have upon the total lateral tie resis­
tance. Although the relationships were developed under contolled
laboratory conditions, the resulting trends provide valuable guides by

%

which to aid in the assessment of measured field data. To demonstrate 
the usefullness and applicability of these results, one typical field 
situation will be considered.
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Readdressing Fig. 3.12b, 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 raise, 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 sites is still valid, because it 
can qualitatively be shown that the effects of the preceding features 
essentially counterbalanced-each other. This strongly stresses the 
importance 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 
and 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 mm) displacement, is 
actually a test performed 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 approximately equal to that for the traprock ballast. Using 
the relationships developed in Fig. 3.13, the deficiency of crib and 
shoulder ballast accounts for approximately 110 lb (490 N) or 16% loss 
in—tie—res-i-staneê whieh—is—the—result—of—not—rebal-last-i-ng-i— T-he—resui­
ting average lateral tie resistances for the FAST ballasts would have
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been higher than that at ICG, which was reballasted. However, the steel 
slag used at ICG accounted for approximately 1/2 to 2/3 of the ballast- 
tie contact area (Ref. 5), which, if converted to the equivalent lime­
stone density effect on lateral tie resistance (Fig. 3.13), will 
increase the lateral resistance at 0.157 in. (4 mm) displacement by 
approximately 120 lb (535 N). Note that the ICG steel slag ballast 
is the reason for this difference in resistance for the loose ballast 
density state created by tamping and reballasting, but the same effects 
are uncertain with mechanical or traffic-induced ballast compaction.
Thus, the effect of the crib and shoulder ballast deficiency at FAST 
offset the use of steel slag ballast at ICG. In either case, compar­
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 an exact quantification of the component tie 
resistance changes is not possible, and the correlations are only pre­
liminary. More importantly, any such changes with traffic, which is 
the case for the 0.1 MGT condition at FAST, are presently unknown.

Although the functional relationships for the three components of 
lateral tie resistance with applied train traffic are nonexistent, the 
trends in Fig. 3(13 can be used in conjunction with field measurements, 
observations, and experience in an effort to generate the possible rela- 
tionships for conventional wood tie track structures. Firstly, the total 
lateral tie resistance generally increases with traffic after track main­
tenance tamping and, as will be demonstrated later, has a form which is 
hyperbolic in shape (Fig. 3.14). Assuming a fully ballasted condition 
and the occurrence and influence of ballast cementation and fouling are 
minimal, 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 crib 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 simultaneously increase tie resistance 
are: 1) vibrations from train traffic, and 2) slight cyclic lateral tie
movements from .traffic and thermally-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 a compacted mass. Incidentally, loose 
ballast shoulders were observed 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 a rough ballast 
surface. With applied train traffic, small indentations would occur 
under the tie in the rail seat areas due to the abrasive action of the 
ballast; but the trackbed would simultaneously 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 increased traffic, 
which would subsequently inhibit further wear and distortion to the tie 
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 the 
total resistance, depending upon the traffic level. This would imply, 
as illustrated in Fig. 3.14, that the crib ballast is the principal com­
ponent of lateral resistance. Particle vibrations from traffic, accel­
eration and braking forces from 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 
particle interlocking and large residual 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 resistance measurements.

Thus, the importance of maintaining full crib and shoulder ballast 
conditions must be emphasized. For this purpose, mathematical expressions 
can be derived for the geometry of a ballast cross section and tie spacing, 
which can be used in determining if a sufficient amount of shoulder ballast 
is available to fill the cribs and the remaining flat shoulder width after 
a normal tamping raise.. These expressions can also be modified for dif­
ferences in ballast density or void ratio.- Since the shoulder ballast 
is essentially in a loose density state, and since 12 in. (305 mm) wide 
shoulders are expected to offer only slightly greater tie resistance than 
9 in. (229 mm) shoulders (Refs. 25 and 27), then, reducing the shoulder
by—3—in-;— (-76—mm)—wi-1-1— provide—a— sufficient—amount—of—baT-last— to—fi-H— 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 
was 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 was 
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 by Canadian National Rail­
ways, CNR (Ref. 29), and Austrian Wesel Station (Refs. 26 and 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 
performed on four different tracks having crushed granite ballast and on 
one track site with a crushed limestone 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 tamped-uncom- 
pacted and tamped-compacted conditions with applied train traffic have 
been discussed and evaluated in detail for the available United States, 
SUNYAB, and foreign data (Ref. 5). In lieu of presenting the individual 
data points, only the final curves summarizing the trends will be illus­
trated for convenience.

In general, lateral tie resistance increased with the application 
of train traffic (Fig. 3.15). The tamped-compacted condition initially 
demonstrated a 33 percent greater tie resistance than the tamped-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 was consistent for both 0.0787 and 0.157 in. (2 and 4 mm) 
displacement 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 trends. The tie resistance trends were similar 
for the foreign data.

The lateral tie resistances at high MGT traffic conditions, i.e.,
20 MGT (a reasonably assumed 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 principal component. Since the crib ballast is initially in a . 
loose state after tie tamping, the tie movements resulting from train 
loadings apparently produce a high degree of interlocking of the crib 
ballast between the ties. This is the most plausable explanation of the 
changes in lateral tie resistance from initial track maintenance with 
traffic other than environmental 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 variation in results between sites was obtained from 
ENSCO's (Ref. 17) test series which was on five participating railroads 
with each site having similar test conditions. 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 s la g. 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 locations 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 
amount 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 forces. Thus, clearly, the selection of the most suitable 
ballast type or ballast compactor is not possible.

In considering the previously stated factors, certain approaches 
were devised in order to correlate the lateral tie resistance values for 
each railroad. Two data-normalization techniques used to correlate the 
results were the load ratio (LR) and the compaction ratio (CR). These 
ratios appeared effective in negating the differences 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-ra'tiro~("tR)~approa'ch—provided—a—re'as-onabienne'thod- of—reTarirng—

J
the tie resistance values in a form such that the data were more directly
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comparable (Fig. 3.16). This dimensionless ratio is defined as:
ia = L/L0 , (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 LQ = tie resistance at the same displacement level as L,
brit for the tamped-uncompacted condition with zero applied traffic. As

0
shown in Fig. 3.16, the LR trends with traffic were similar at 0.157 in. 
(4 mm) displacement level for both tangent and curved track for all U.S. 
data.

This ratio was also used to determine the equivalent amount of traf­
fic on a tamped-only track for which crib and shoulder compaction immed­
iately after tamping was effective. The 0.0787 and 0.157 (2 and 4 mm) 
displacement levels yielded consistent values for each railroad and 
resulted in an average value 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 in order to estimate a "stable1' value for a 
load ratio and the associated amount of traffic loading. This tech­
nique has successfully been used in linearizing hyperbolic-shaped 
stress-strain curves for cohesive soils (Ref. 31) and for granular soils 
(Ref. 32). The linear form of the hyperbolic equation is:

= a + b (MGT) , (3.3)LR
in which a and b are constants. The stable or ultimate value for a 
load ratio is:

LRult = 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 to 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 a 
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 amount of traffic for the tamped-compacted condition, and U = tie 
resistance at the same displacement level and amount of applied traffic 
as C, but for the tamped-tincompacted condition.

A value of 2 MGT appeared to be a reasonable, conservative estimate 
for all U.S. data (Fig. 3.17) and 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 
approach is apparently not affected by ballast moisture (wet or dry) 
conditions at the time of testing (Ref. 5).

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. SUNYAB1ŝ data 
are considered highly reliable, but lack, the tie resistance values at 
intermediate levels of traffic to clearly define the trends for tamped- 
only and tamped-compacted conditions. Additional data would establish, 
as implied by the tie push test, whether the ballast crib and shoulder 
compactor is worthwhile as an integral part of a normal track maintenance 
program.
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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 compaction 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 previous traffic history. The reason is that the track main­
tenance operations have a significant influence on the ballast physical 
state and hence 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 study were examined the effects of such maintenance 
operations as undercutting, tamping-surfacing-lining, and crib and shoulder 
compaction.

A brief review 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 crib 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 information to the observed effects presented in this report.

The most significant accomplishments of this study are:
1. Development of recommended standard tests for measuring the

physical state of ballast in-situ._________ ___________________
2. The use of these measurements in the field to quantitatively 

evaluate the effects of crib and shoulder compaction on ballast
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physical state compared to the effects of maintenance and traffic. 
Instrumentation of the FAST track to observe the contribution to 
the dynamic and long-term deformation of track from the ballast, 
subballast, and subgrade.

This chapter will summarize 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 conditions, measuring the ballast physical state in-situ is very 
difficult. However, a direct quantitative measurement is essential to pro­
gress, for example, to sort out conflicting opinions as to the cause and 
effect of maintenance operations, to determine the degree to which the maxi­
mum compaction benefits are being achieved, and to determine the relative 
contributions of compaction to track performance. After an examination of 
the type of information needed and a consideration of previous experience 
with ballast physical state measurements, 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 past in measuring ballast density 
iri-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 installation. The nuclear method thus was not 
suitable to meet the requirements of this program. In this present study, 
a ballast density test (BDT) method was developed and successfully applied in 
the field and in the laboratory.
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Limited use has been made of plate bearing tests 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 load test (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 was made to determine the factors that influence the 
magnitude of the ballast resistance determined with this test. The results 
showed that the correlation between track performance and the lateral tie 
resistance was not a simple one because the way in which the ballast con­
ditions influence the resistance is different than in track under train 
traffic.

Based on a study of alternative methods of measuring the lateral tie 
resistance and after initial' laboratory and field experience with these 
methods, recommended apparatus and procedures were established for standard­
izing the LTPT.

The three physical state tests (BDT, PLT, and LTPT) have been developed 
to the point where they can be used in practice to supplement other observa­
tions on track performance such as track geometry measurements and mainte­
nance experience. Subsequent sections 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 strains which produced a contribution to settlement from the subgrade 
as well as from the ballast and subballast layers.

No subballast and subgrade measurements were available in tests in 
which crib and shoulder compaction was involved. However, based on exper­
ience with compaction as well as the observations associated with tamping, 
no significant effects on the subballast and subgrade behavior from surface 
crib and shoulder compaction with available machines is expected.

Newly deposited ballast conditions occur with such maintenance 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 as in the crib.

The primary effect of the crib and shoulder compactor is in the crib 
at the locations of application of the compacting plates (near the rail).
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 may also occur under the tie near the rail. ,

Traffic significantly increases the amount of compaction in the crib 
and under the tie after tamping and crib and shoulder compaction. Traffic- 
induced compaction under the tie is greater than with tamping and crib and 
shoulder compaction. The increment caused by traffic can even be greater 
in the crib. A valuable objective of further research would be to find out

75



how to produce traffic-induced level of compaction as part of the mainte­
nance operation so that the track will be stable before the application 
of traffic rather than be stabilized by traffic.

Traffic degrades track by creating permanent settlement which is gen­
erally manifested by irregularities in surface and line. However, at the 
same time, the ballast is compacted by the action of traffic and its proper­
ties will be improved unless the ballast degrades by mechanical breakdown 
or pumping from infiltration of fines and moisture. Thus periodically 
maintenance tamping is 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 lower the ballast density becomes.
The density of the tamped zones in the crib will be reduced the most, par­
ticularly for small raises.

The research results show that crib and shoulder compaction increases 
the plate bearing resistance both under the tie and in the crib compared 
to the effects of tamping only. The percentage of bearing resistance increase, 
of course, 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 consistently increase 
the lateral tie resistance compared with the resistance following tamping 
only. However, the percentage increase measured with the LTPT is believed 
to be much greater than the corresponding increase in track lateral resis­
tance which would develop under train load with the ties fastened to the rail.
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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 machines 
operating under different conditions. Since the effects of the vibration 
parameters on the amount .of compaction are interrelated, the application 
of conclusions from one particular test with a particular machine to 
another set of conditions must be done with considerable caution. Avail­
able information did not permit the establishment of any clear guidelines 
as to the optimum 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 
parameters like the ballast conditions.

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 summary of this information as it pertains to compaction 
with vibrating surface contacting elements is as follows:.

1. Static Contact Pressure
Up to some maximum pressure, an increase in pressure will increase the 

amount of compaction during vibration.
2. Generated Dynamic Force
The generated dynamic force should be distinguished from the dynamic 

force applied to the ballast. The difference in the two forces is primarily 
a function of the inertial resistance of the compaction elements. The 
generated force is created by the machine and usually can be defined: However,
the contact force will vary with the ballast conditions and is therefore dif­
ficult to define and 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- i
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 introduction of the impact mechanism in compaction compared 
to the situation where the plate is always in contact with the ballast.

3. Vibration Time
In practice, vibration times at "each particular ballast location have . 

ranged from two to twelve seconds. Increasing vibration time can either 
increase or decrease the amount of compaction, but increasing time on the 
order of seconds in the range of about zero to five seconds should continually 
increase the amount of compaction.

4. Vibration Frequency
The relationship between the vibration frequency and amount of compac­

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 degree of particle vibration, and frequency 
affects the number of cycles of loading applied at a particular location.

5. Geometry and Size of Compactor Plate
This variable will certainly affect the compaction results, if only 

because the contact pressures will vary with these parameters for the same 
static and dynamic forces. However, no information was found to select 
these parameters.

—4-4— BENEFITS-OF_BALLAST~~COMPACTTON
One of the accepted benefits of crib and shoulder compaction of bal­

last is to reduce the Slow order time for traffic because of the reduced
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lateral stability after tamping. The results suggest that the compaction 
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 the period of time for slow orders would be much longer 
on the low density lines.

Slow orders should be more critical in maintenance operations involving 
undercutting and ballast replacement because the ballast bed will generally 
be much looser. Normally, the compaction process follows the final tamping- 
surfacing-lining operation with fully ballasted cribs. However, considera­
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 tie. The benefits of this approach might be 
particularly useful for the reballasted track. Test results have shown 
that the lateral tie resistance is greater when compaction is done on a 
fully ballasted crib than on a partially filled crib. To conclude from 
this that compaction is most effective using full cribs may be misleading 
because in the LTPT measurements, a substantial part of the lateral resis­
tance comes from the crib when the tie is unloaded. 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 with low cribs followed by crib 
filling and a second application of compaction. Further studies are needed 
to evaluate this possibility.

Another important application of crib and shoulder compaction is in con­
junction with spot maintenance where loosening of the ballast has occurred 
around only some of the ties. The use of crib and shoulder compaction will
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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 railroad users is associated with maintenance 
that must be done during hot weather. For a variety of reasons, track 
maintenance involving tamping may be impossible <o defer until a sufficiently 
cool period. In 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 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 settlement were improved by compaction. Unfortunately, the 
available field information is not adequate to confirm this benefit, although 
intuition 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 is beneficial,
2) Crib and shoulder compaction with existing machines 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 reached.
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5. RECOMMENDATIONS FOR FURTHER STUDIES

As a result of this study on the mechanics of ballast compaction, several 
areas requiring further research have been identified. These areas are expected 
to supplement or extend the existing knowledge and general trends established by 
this present program, or-are topics related to this study but not investigated 
due to time limitations. The subject areas recommended for further study, which 
have not been ranked in order of importance, are as follows: ,

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

2. Use analytical track models which 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 compaction.

3. Correlate lateral tie push (pull) test results for unfastened and unloaded
individual ties with lateral track stiffness measurements, both with and without 
vertical load. Study further and in more detail the factors influencing lateral 
resistance of ties. More accurate data could be generated as inputs for lateral 
track stability models for thermal loadings and for dynamic lateral wheel loading 
experienced during traffic. The factors considered might include: a) different
ballast types, gradations, hardnesses, and particle shapes, b) effects of water, 
cementation, frost, fouled ballast with different plasticities of the fine fraction,
c) various shoulder widths and slopes, d) different heights of superelevated ties, 
and e) tie type, shape, hardness, and age.

4. Conduct further controlled field studies on various track sites to establish 
the trends with train traffic determined with the ballast density test, 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, aod 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. Factors to consider 
for the tamping operation include the number of tamping insertions, heights of 
track raise, the depth of tamping tool insertion, and tamping force and.frequency.
For the ballast crib and shoulder compactor the factors might include the vibra­
tion time, the static down pressures, applied dynamic force, frequency, displace­
ment amplitude, and the number of compaction passes. Also included should be a 
study of the compaction process,, such as compaction of the crib ballast in layers, 
i.e., first on a semi-filled crib and then on a reballasted full crib; and inves­
tigating the effects of using only crib plates or only shoulder plates, as well as 
the combination of the two.

6. Continue the laboratory study of the changes in the ballast physical state and 
the amount of compaction achieved with a single crib compaction plate over a range 
of frequencies and vibration times. Several other factors to consider are; plate 
size and shape, constant stroke amplitude versus constant load amplitude, fouled 
or wet ballast, different ballast materials possessing different particle shapes
and gradations, and the use of a subballast and/or subgrade as a supporting material.

7. Investigate the differences in track behavior for tamped-only and tanned-com­
pacted conditions with traffic at the instrumented ballast test sections at FAST.
The effects of ballast type, ballast depth, tie spacing, tie type, and the amount 
of—track—raise—should-be—taken—into—considerations '
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APPENDIX A

SUMMARIES: VOLUMES 1, 2, 3, AND 4

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

The performance of railroad track systems is a function of the character­
istics and the complex interactions 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 
which 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 representation of the ballast and subgrade 
materials. However, the reliability.of these models for predicting track per­
formance was not established. The primary reason is the lack of corroboration 
with field data. Available field measurements or criteria that are indicators 
of track performance are track stiffness, track geometry, safety, ride quality, 
and maintenance effort. However, each individual item is not sufficient for 
proper representation of the overall track system performance.

Ballast materials possess different particle physical and chemical proper­
ties. Many laboratory index property tests, such as those for abrasion resis­
tance, absorption, shape and soundness, are currently utilized to quantify and 
categorize the relative merits of these different ballast types. The. applicable 
test standards and.ballast specifications limits have been cited and the basic 
test procedures, as well as the factors influencing the test results, have been 
discussed. However, at-present, a proven method for rating ballast using these 
index properties does not exist.
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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 respect to use with ballast materials. The cyclic 
or repeated load triaxial test appears to be particularly suitable for deter­
mining the ballast stress-strain and strength properties. Laboratory test 
data need to be correlated with in-situ data representing these properties.
An evaluation of the available 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 measuring and ^
specifying compaction are reviewed. However, it was shown that these methods 
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 density 
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 physical 
state.

The rate of change in the ballast physical state within the track struc­
ture caused by train traffic loading and environmental conditions is highly 
dependent upon the initial state achieved from the track maintenance operations.
Ideally, an "undisturbed" ballast trackbed after considerable traffic is the 
most desirable condition from a stability viewpoint. The reason is that the 
subsequent correction of track geometry defects during maintenance by ballast 
damping disturbs the stable condition created by traffic. Therefore, the •
effect that present track maintenance processes have upon changing the ballast
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physical state should be studied. To aid in understanding these effects, the 
principal types of track maintenance equipment and the associated field pro­
cedures in current use have been described.

The ballast state produced by the tamping, leveling and lining operations, 
and the more recent ballast crib and shoulder compaction process after tamp­
ing are discussed in relation to their expected effect on track performance Q> 
under traffic following maintenance. Lateral resistance of either swingle tie 
or tie panel sections is the most frequently used method for measuring track 
performance related to ballast conditions.. However, alternative methods, inclu­
ding track geometry changes, track or ballast stiffness, and ballast density 
have also been used. Supporting evidence obtained with these methods and pub­
lished opinion indicate that mechanical ballast compaction following the tamp- 

 ̂ ing operations should be beneficial. The degree and nature of the benefit was
not, clearly established, however. .

r The amount that the ballast is compacted with present crib and shoulder
compactors is a complex function not only of the initial ballast physical state, 
but also the compactor characteristics including static force, generated dyna­
mic force, vibration frequency, and duration of vibration. However, sufficient 
information is hot available to determine the effects of these factors on bal­
last compaction. Therefore, laboratory and field investigations are required 
to find the most effective means of obtaining the desired physical state of 
ballast.

The economic aspects of track maintenance are briefly discussed to provide 
a basis for assessing the cost-effectiveness of ballast compaction. This sub­
ject was shown to be complex and require further study.

i*'

The practices and principles of geotechnical engineering provide direct and 
4 valuable input into understanding the behavior of the ballast, subballast and

subgrade materials under the imposed loading environment. However, the lack of
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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 relation 
to track performance.

Q

C.
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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 is 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 extent.

A study of ballast density measurement methods was 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 amount of ballast compaction achieved in the field during track con­
struction and maintenance operations. A technique employing the water-replace­
ment concept was selected as the most feasible approach for ballast density 
determination. This method involves measuring the volume of an excavated hole 
in the ballast bed by lining the hole with a membrane and determining the 
volume of water required to fill the hole. A series of density measurements 
employing this method was performed to establish appropriate testing procedures 
and to determine the most suitable dimensions and volume of the excavated hole. 
Various devices were considered for applying the compactive effort to the sam­
ples, for determination of reference densities. The best approach involved the 
use of a rubber-tipped impact hammer applied to the surface of ballast placed 
in layers in a steel mold.

The successful development of a ballast density measurement method is a
noteworthy achievement of this study. With careful attention to test techniques
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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 major effect on the magnitude of the cal­

culated density. Thus, the weight of a ballast sample compacted into a con­

tainer, divided by the container volume, will not be an accurate indication 

of the sample density. Boundary corrections must be applied to get the cor- 

qrect density. Furthermore, the study showed that values of density obtained 

with one method of measurement will probably not be comparable with values 

using another method... __ .

Research was undertaken to assess the usefulness of plate load tests 

for ballast physical state measurement, and to develop procedures for the 

tests. Various types of seating materials and different plate sizes and 

shapes were investigated. The effects of repeated loading and ballast layer 
depth were explored. Finally, the influence of using wet or dry ballast was 

considered.

The recommended test uses a vertically-loaded 5-in.-diameter circular 

plate seated on the ballast surface using gypsum plaster. The most useful 

parameter found to represent the load-deflection results from the test is 

the load per unit plate area per unit deformation. This is determined by 

measuring the load required to settle the plate, an amount.ranging from 0.1 
to 0.3 in.

A test involving lateral displacement of individual ties or tie panel 

sections has been widely used as a measure of lateral resistance of track. 

Several investigators have also used this test, as a means of evaluating the 

effectiveness of ballast tamping and compaction operations. In this study, 

the factors influencing the test results were investigated to assess the use­

fulness of the test for these purposes, and to determine the most suitable 

apparatus and procedures for field use.
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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 

resistance was shown to be 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 account the effect 

of the rails, the interaction between adjacent ties, and the train vertical 

loading, if present.

0
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A
The th ree  most prom ising methods fo r  id e n t ify in g  th e  p h y s ic a l s t a t e  o f  

b a l la s t  were determ ined to  be th e  p la te  load t e s t  (PLT), th e  la t e r a l  t i e  
push t e s t  (LTPT) w ith s in g le  t i e s ,  and th e  b a l la s t  d e n s ity  t e s t  (BDT). The

A
p la t e  load  t e s t  determ ines th e  p ressu re  on th e  b a l la s t  su r fa c e  from a
5 - in .-d ia m e te r  p la te  which i s  req u ired  to  produce a s p e c i f ie d  amount o f  
su r fa ce  d e f le c t io n ,  u su a lly  0 .1  to  0 .3  in .  The r e s u lt in g  param eter, termed 
b a l la s t  b earing  in d ex , i s  a measure o f  th e  b a l la s t  s t i f f n e s s .  The la t e r a l  
t i e  push t e s t  determ ines the fo r c e  to  push a t i e  up to  0 .2 5  in .  h o r iz o n ta l ly  
when the t i e  i s  u nfastened  from th e  r a i l .  This g iv e s  in d ir e c t  measurement 
o f  b a l la s t  p h y s ic a l s t a t e  but i t  i s  d ir e c t ly  r e la te d  to  th e  amount o f
la t e r a l  r e s t r a in t  to  the track  p rovided  by th e  b a l la s t .  The b a l la s t  t

d e n s ity  t e s t  determines^ the w eigh t o f  b a l la s t  p a r t ic l e s  per u n it  volume o f  
b a l la s t  s tr u c tu r e . This i s  a d ir e c t  measure o f  th e  degree o f  com pactness 
o f  the b a l la s t .  07 ’ >r '

Apparatus and procedures werb developed  fo r  perform ing each o f  th e se  
t e s t s  in  th e  f i e l d .  Measurements were then made on e x i s t in g  track  to  
in v e s t ig a t e  th e  e f f e c t s - o f  tam ping, c r ib  an d ,sh ou ld er  com paction, and 
t r a f f i c  on th e  b a l la s t  p h y s ic a l s t a t e .  The four s i t e s  a t which the field 
t e s t s  were conducted were: 1) Canadian N ational Railways in  Belleville,
O n tario , 2) Southern Railw ays s i t e  near Lynchburg, V ir g in ia , 3) I l l i n o i s  
C entral Gulf (ICG) s i t e  near Kankakee, I l l i n o i s ,  and 4) th e  Department o f  
T ran sp ortation  F a c i l i t y  for A c c e lera ted  S erv ice  T estin g  (FAST) in  Pueblo,
C olorado. A v a ila b le  data from U .S . and fo re ig n  l i t e r a t u r e  for  d i f f e r e n t
track  m aintenance o p era tio n s and tr a in  load in g  c o n d it io n s  were c o r r e la te d
w ith  t h is  new d ata . *

SUMMARY
Volume 3
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The f i e l d  measurements showed th a t th e  b a l la s t  p h y s ic a l s t a t e  i s  
s i g n i f i c a n t l y  a f fe c te d  by tr a in  t r a f f i c ,  track  m aintenance p roced u res, and 
tra ck  c o n d it io n s  e x is t in g  p r io r  to  m aintenance. Tamping may d e n s ify  or may 
lo o se n  th e  b a l la s t  la y e r  depending on th e  type and natu re o f  tamping 
o p e r a tio n , tr a ck  c o n d it io n s , and lo c a t io n  o f  th e  b a l la s t  la y e r . T y p ic a lly ,  
tamping during i n i t i a l  co n str u c tio n  may in c r e a se  b a l la s t  d e n s ity  and 
s t i f f n e s s  under th e  t i e  near th e  r a i l ,  but th e  same tamping perform ed  
during tra ck  m aintenance a f t e r  t r a f f i c  w i l l  d is tu rb  and lo o sen  th e  b a l la s t  
la y e r  th a t  has been compacted by t r a f f i c .  B a lla s t  d e n s ity  and s t i f f n e s s  
in c r e a s e  from c r ib  and sh ou ld er b a l la s t  com paction was q u ite  e v id e n t in  the  
c r ib  near th e  r a i l ,  but the e f f e c t  o f  c r ib  com paction on th e  b a l la s t  under 
th e  t i e  was very  l im it e d .  The long-term  e f f e c t ,  o f  t h i s  b a l la s t  com paction  
was not c o n c lu s iv e ,  however, because o f  i n s u f f i c i e n t  d a ta . T r a ff ic  appeared  

? to  be th e  b ig g e s t  sou rce  o f  b a l la s t  com paction., , j
The b a l la s t  d e n s ity  t e s t  was shown to  be a u s e fu l to o l  fo r  determ ining  

th e  i n - s i t u  b a l l a s t  p h y s ic a l s t a t e . ,  The te c h n iq u es , which were im proved. 
through th e  f i e l d  ex p e r ie n c e , have proven su ita b le ,< fo r  r a ilr o a d  a p p lic a t io n ,  
and th e  measurements are con sid ered  r e l ia b le .  The d e n s ity  t e s t  r e s u l t s  
p resen ted  in  t h i s  rep ort provide im portant and needed in form ation  which 
w i l l  improve th e  understanding o f  track  perform ance.

The la t e r a l  t i e  push t e s t  r e s u lt s  in d ic a te d  th a t , a f t e r  d istu rb an ce  
from m aintenance o p e r a tio n s , a reason ab le  e s tim a te  o f  tr a in  load in g  req u ired  
to  r e e s t a b l is h  a " sta b le"  b a l la s t  c o n d itio n  i s  20 m ill io n  g r o ss  to n s (MGT) 
o f  t r a f f i c .  The amount o f  t r a f f i c  to  produce th e  same b e n e f it s  as c r ib  
and sh ou ld er com paction when used im m ediately a f t e r  tamping i s  about 0 .2  
MGT, or 3 to  4 days o f  average d a ily  t r a f f i c .  The e f f e c t s  o f  c r ib  and
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sh ou ld er com paction fo llo w in g  tamping cou ld  not be d is t in g u is h e d  from th e  
tam ped-only track condition after approximately 2 .0  MGT of traffic.

The p la te  load t e s t  b a l la s t  b earin g  index tren d s w ith  t r a f f i c  cou ld  
not be e s ta b l is h e d . However, th e  amount o f  t r a f f i c  eq u iv a le n t to  th e  
b e n e f i t s  o f  c r ib  and sh ou ld er  com paction appeared s im ila r  to  th a t  e stim a ted  
from th e  LTPT c o r r e la t io n .

I n s u f f ic ie n t  data in  th e  2 to  20 MGT range p r o h ib its  th e  esta b lish m en t  
o f  c le a r ly  d efin ed  tren d s w ith a p p lied  t r a f f i c .  A lso , e f f e c t s  o f  d i f f e r ­
en ces in  b a l la s t  ty p e , amount o f  tr a ck  r a i s e ,  c h a r a c t e r i s t ic s  o f  b a l la s t  
c r ib  and sh ou ld er com pactors, and tra ck  s tr u c tu r e  cannot be thoroughly  
ev a lu a te d . Further study o f  th e s e  f a c to r s  i s  s tr o n g ly  recommended. In 
such stu d ies^  adequate in form ation  on th e  track  s tr u c tu r e , t r a f f i c  lo a d in g
h is to r y ,  tr a c k  m aintenance h is t o r y ,  and environm ental c o n d it io n s  i s  impor­
t a n t .  In a d d it io n , stan d ard ized  BDT, PLT, and LTPT apparatus and t e s t •v
procedures are needed because th e  measured v a lu e s  are s e n s i t iv e  to  the
apparatus and p roced u res.
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SUMMARY
Volume 4

The first part of this report describes an investigation of tamping

and compaction of ballast using laboratory-simulated field conditions. A

track bed ;was constructed in the laboratory and tie tamping and comjpaction

operations were performed in order to examine the effects on the resulting ®

physical state of the ballast. The ballast physical state was measured

using the three in-situ tests developed at SUNYAB. These were the plate • •
load test (PLT), which measures vertical ballast stiffness, 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.

In general, tamping machinery is used for track maintenance work, while ties 

X' are manually tamped only for spot work. However, all.of the tie tamping in

this project was performed manually, because mechanical tamping 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, 
was attempted in the laboratory by filling a large test box with a 12-in.- 

(0.305-m-) thick layer of limestone ballast and compacting it with a vibra­

tory plate compactor. An increase in ballast density of about 12 pcf from 

the loose state was observed after only 25 to 50 passes with the vibratory com­

pactor. Most of the ballast bearing stiffness increase occurred within 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 periods of traffic.

*
Several lateral tie push tests were performed when a standard railroad *

* tie was placed on the compacted bed with no crib 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 a full crib with a surcharge 
load. The ballast shoulder section was subsequently formed and lateral tie 
push tests were performed on a 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.

The lateral resistance of an individual tie after manual tie tamping 

was not affected by the height, of the tamping raise for a full, loose bal­

last crib and shoulder condition. The lateral tie resistance increased 

nearly linearly as the amount of ballast in the cribs increased. Even when 

the cribs were over-filled, the tie resistance continued to increase in a 

similar •fashion.; ThusJ, A e  crib' component of resistance is a significant con- 
tributor to.the*total*lateral resistance of an unloaded tie. For ties of

. - ... r ♦ ... v-.r.-c -,.v< V r.cz . •variods-w£ightsuplaced’ oii a compacted, base with no crib or shoulder ballast,
i ■ r o&rthe lateral''fcie 'fesiStahde*was approximately equal to one-half of the tie 

weightj- D •• 'J,'K

The:flr:'eld ' l^'tOfai fie''resistance forces from the LTPT were generally 
greater' 3than "fHe 'faborat'Ory' forces 'for ~the tamped-only condition by 50 to 

150 lb (223 toif66B N)."J The laboratory PLT and BDT results, however, com­

pared very favorably to the field test results for the tamped-only condition. 

Thus, representative field track conditions appear to have been reproduced 
in the laboratory.

The second part of the report describes an investigation of the factors 

influencing ballast compaction with surface vibrating plates. This series 

of tests with a single oscillating plate on the ballast surface was intended

to_si.mulate—a_ty-pical-Gompae-t-ion—element— from—a— crib—and— shouidex-compactor’;—

To accomplish this, a single, flat, steel plate having dimensions comparable
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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) frequency, and 6) lateral boundary effects. In addition,'BDT 

and PLT tests were performed on the compacted zone after the required number 

of loading cycles was achieved. These two physical state tests permit a com-

if ‘f Vparison with field experience. • .
on b e iH U Jh02 si :*

The cumulative cyclic deformation (settlement) of the,plate;, increased as,, 3 -, ,-y fJOCir ''>C' •” v?-’ , 3 ■ j 1 ‘‘r ■ '
the ratio of cyclic to static load was increased for a given, static,.load., The. ■ .. ;;; • - f, ■.. rr£- ? •; £ V 3 c-'~    
cumulative cyclic deformation also increased as the static,.load-increased, for

aaiunni: zo dfno’.'o* fd;'' £ nc
a constant ratio of cyclic to static load. The ballastrdepsl,ty,:.incrfas§^;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 jCqnditdons. 

The plate bearing stiffness value at a given deforpation,inereqsed.^.^the,vsta-ac.i-• i boro \rrv.-i-hVv? ■' -. >■ - J ■- "
tic load was increased for a given ratio of cyclic, to,,static JLpad.. ^Similarly,' - . -» r . - ti ’-h 77 V \ "-'TO- m  ^•H * £*WO;* , C. “Si? 3 ■ *■'*•-*
as the ratio of cyclic to static load yas increased for a given static load, 

the bearing stiffness increased. When the sample ballast depth was decreased, 

both the static deformation and the cumulative cyclic deformation decreased. 
When the lateral boundary constraints of the box were removed by using a larger 

box, the deformations increased for a given set of loading conditions, but 
the amount of compaction was essentially unchanged. Within the frequency 
range of 0.1 to 2 Hz, the ballast physical state resulting from compaction 

with the oscillating plate was essentially independent of frequency.
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The physical state for the loose ballast condition in the lab prior to 

compaction with the oscillating plate was comparable to the observed 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 achieved in any of the lab tests. The conclusion 

was drawn that the vibration effects from the high frequency used in the. 

field contributed significantly to the amount of compaction achieved by an 

oscillating plate.

. ‘̂OTTCO or■wl 7.0 * ^  '*•'

. <f; frj 7- h  C * Z, 0  X • 1 »•' -• ■5‘

l
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APPENDIX B

REPORT OF NEW TECHNOLOGY

The work performed under this contract has led to significant new tech­

nology, improvement of existing technology, and new insights into the behav­

ior of ballast in track. Apparatus and procedures were developed for thQee 

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 significant 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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