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PREFACE
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monitor was Andrew Sluz.
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Professor of Civil Engineering at SUNYAB. Compilation of the material
described in this report was principally provided by Tai-Sung Yco,
Research Assistant Professor, and Carmen M. Panuccio, Research Engineer.

The authors would like to extend their appreciition to 1) David
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eer;ﬁg; University of Nottingham, Engiand, and 4) Warren B. Peterson,
Assistant Chief Engineer, Maintenance of Way, for the Soco Line Railroad,
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Al o it e 2

EXECUTIVE SUMMARY

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

The performance of railroad track systems is a functiou of the character-
istics and the complex interactions of the track system compcneats under traf-
fic and environaentally—indueed stresaes. Descriptians of the track components

\
are presented in the report, ineluding the rails, ties and fasteners, and in

- particular, the ballast, subballast and subgrade. Also, the relationships

wﬁich exist between the track systeﬁ doﬁponents and track performance have
been discussed. The ballast and subgrade behavior were shown to have a signi-
ficant effect on the performance ef the track in—service.

Recently developed analytical track modela have been described with par-
ticular emphasis concentrated on the representation of :he ballast and subgrade
materials. However, the reliability of these‘models for predicting track per-
formance was not established. The priﬁary‘reason is the lack of corroboration
with field data. Availlable field measurements or‘criteria that‘are indicators
of track performance are track etiffness; track'geometry, safety, ridelqualitp,
and maintenanceleffort. However, each indivi&ual item ia not sufficient for
proper representationm ot 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 soundnese, 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 materizls may be determined
from laboratory tests. The conventiomal statiﬁ and dynamic test apparatus
and procedures, as Qell as the factors affecting the test results, have been
discussed and assessed with respect to use with ballast materials. The cyclic
or repeated lo;dztriaxial test appears to be particularly sultable for deter-
mining,chejballast gtress~-strain and strength properties. Laboratory test
data need to be correlated with in-situ data representing theﬁe properties.

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

The strength and compressibility characteristics of ballast are directly
related tor the relative degree of compaction of ballast within the track strue-
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 avail#ble and measurement of the degree
of ballast compaction 1is 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 changé in the ballasf physical state within the track struc-
ture caused by train traffic loading and environmental conditions is highly
depéndent upen the initial Stacé achieved from the track maintenance operaticms.
Ideally, an "undisturbed' ballast trackbed after considerable traffic is the
moSst desirable condition from a stabilitcy viewpoint.‘ The reason is that the
subsequent correction of track geometry defects during maintenancerby ballast
tamping disturbs the stable cou&ition created by traffic. Therefore, the
effect that present track maintenance processes have upon. changing the ballasc
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physical state shouid‘be stu&ied; To aid in understanding these effects, the
'princiéal types of track maintenance equipment'and the assoclated field pro?
cedures in current use have been described. |
The ballast étate produced by the tamping, leveling an& lining operatioms,
and the more recent ballast crib and shoulder compaction process after tamp-
ing are discussed in relation to their eipectedreffecz ﬁn tfack performanée
under traffic fbllowing'maintenance. Lateral resistance of either single tie
or tie panel sections is the most frequén:ly used method for measuring track
performaﬁce reléted.to ballast conditions. However, altérnative ﬁethods, inclu~
diné track geometry changes, ﬁrack or ballast stiffneés, and ballast density
‘have also been used, Suppor;ing evidence obtained with~these—methods and pub-
lished opinion indicate that mechanical ballast comﬁac:ian followigg the tamp-
inp operations should be beneficial. VTbé degree and nature of the benefit was
not clearly established, howevgr. |
The amoun;'thac the ballast is compacted with present crib and shoulder
- compactors 1s a complex function not only of the initial ballast physical state,
but also the compactor characteristicé including static‘férce, generated dyna-
mic force, vibration frequency, and‘dufation of vibration. . However, sufficient
information is not available to determine the effects of these factors on bal- .
i;sﬁ compa;tion. Therefore, laboratory and field investigations are requirad
to find the_most effeétive means of obtaining‘the desired physical state of
ballast.
The economic aspects of track maintenance are bfiefly discussed to provide
a basis for assessing the coét-effectivene;s of ballast compaction. This sub-
ject was shown to be complex and requires further study.
The practices and principles of geotechnical engineering provide direct and
valuable input into understanding the behavior of the ballast, subballast and

subgréde materials under the imposed loading environment. However, the lack of
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field measurements and the incomplete development of both labtoratory property
tests and computer track design models require further research in order to
establish the needed understanding of ballast properties and their relatiom

to track performance.
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1. INTRODUCTION

This study basically.concerns ballast compaction and its rglatibnship
to track performance. As part of the study, an extensive review was made
of a wide range of ralated topics. Some of these topics deal with geo-
technical engiﬁeering and others with railroad engineering. Oune of the
purposes of this report 1s to relate these two disciplines. 1t is expected
that some of the bagic information will be well known to some Teaders, but
unfamiliar to others. The report should be a convenient reference, eithgr
as a refresher or an introductionm to the topics covered.

Section 2 of the report generally describes the current design practices
and the various components used in the construction of conveational track
structures. Emphasis on the subé:ructure'(ballast, subballast, and subgrade)
fesponses as de:erﬁinedrfrom analytical models and observed field measure-
ments will be discussed in relétiou tb track performance. The chemical
and physical properties used to characterize ballast materials are presented
in Section 3 along with the appropriate test specifications and typical
values. Section 4 is principally concerned with the behaviér of gramular
materials subjected to static énd‘dynamic loading in laboratory scrength
property tests and in field tests. The physiéal state of granular macerialg,
which is usually expressed in terms of density, that is achieved by labor-
atory methods and by conventional field compaction equipment 1s describéd
in Section 5. Inciuded are several proposed mechanisms explaining the
compaction process. This information is directly relevant to the ballast
physical staté conditions achieved by current track maintenance equipment
and practices, especially the tamping~levelin;—lining and ballast compaction

operations, presented in Section 6., The effect that track maintenance



operations, in particular the addition of ballast crib and shoulder com- -
paction, has upon track performance is discusséd in Section 7. The
importan£ parameters affecting ;he compaction of ballast materials are
more thoroughly assessed in Section 8. Finally, a general treatment on
track maintenénce costs 1s contained in Sectiol 9 to .establish the basis
for potential economlic relationships between ballast compaction’and

track performance.



2. TRACK SYSTEM

The purpose of this chapter is to provide a brief review of the ;;ack
system components and performance. This necessary background information
for the research is presented primarily for those readers not already familiaf
with the subject. In addition to original source documents, a technical
Teport prepared.by the Universicy of Illinois (Ref. 1) was‘particularly use-
ful in providing information for this chapter. -

2.1 DESCRIPTION OF TRACK COMPONENTS

The three main parts.of'the conventional track system are the track
structure, the ballast (and subballast) and the :oaduay. The compone;:s
of the track structufe-are the rail, the tie and the tie-plate, the fastenings,
and auxiliary facilities such as signal and communication systems. In addition
to the subgrade sv;l.ppc;rting the ballast and the track structure, the rocadway
includes the drainage system for the track. All of these ccomponents play a
significant role in the perfcrm;nce of the system under variocus loading con-
ditions and environmental chanées. However, the ballast and the subgrade are
the most‘complex and least understood part of the system.

The track components described in this chapter are used in all track
systems. However, the specific details vary from one country or state to
another. ﬁmphasis in this report is on American and Canadian pfactice.

Rail. The rail 1s the immediate structure supporting and guiding the
rélling stock. It reduces the level of loads from the train, and distributes
them overAche tiés; The size and cross—section of the rail have been
subjected to continuing changes over the years. Consequently, a variety
of rail designs with different weights, ranging from 60 to over 150 1lb/yd,
héve been available in the market. However, AREA now recommends only the
8ix standard sections listed in Table 2.1 (Ref. 2).

Selection of rail size depends on such factors as the traffic, the

structural requirements, availability of rail, and the economics of track
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Table 2.1. AREA Recommended Rail Sections (Ref. 2)

Moment of
Weight Area, A Inertia, I,

Rail Size 1b/yd (Kg/m) in.2 (cm?) in.4 (ex®)
90 RA-A 90.0 (44.7) 8.82 (56.90) 38.7 (1611)
100 RE 101.5 (50.4) 9.95 (64.19) | 49.0 (2039)
115 RE 114.7 (56.9) 11.25 (72.58) 65.6 (2730)
132 RE . 132.1 (65.5) | 12.95 (83.55) 88.2 (3671)
136 RE ‘7 136.2 (67.6) 13.35 (86.13) | . 94.9 (3950)
140 RE 140.6 (69.8) 13.80 (89.03) | 96.8 (4029)




construction and maintenance. There is no rational method considering the
overall aspects on the above requirements. Instead, the usual procedures
are to establish minimum size based on thé structural and electrical needs,
and then to consider the economic aspects for the final selection of the
rail. The recent trend of rapidly increasing labor costs has created a
general tendency to use heavier rail than required by the structural needs
to reduce the cost of maintenance and replacement wofk.

Conventional rails are joined together with bolted joint bars that
connect rails of standard lengths. Rail lengths of 39 ft have beem a recent
standard, but to halve the number of joints, rail welded into 78 £t lengths
is now commonly used on main:lines,,

The bolted rail jéints have been one of the major locations of maintenance
®roblems. Discontinuity of track running surface pto&uces dynamic impact
loads battering the'rail surface and the joint éﬁds. This creates rough
riding ﬁfack and undesirable train vibration. The combination of the
impact load and the reduced raill stiffness at the joints causes greater
stress omn tﬁe ballast and subgrade. This in turn, increases the‘permanent
settlement which produces uneven track. The pumping action at- the joints
also accel®rates rail failure, tie wear, and fouling of ballas£ at the joinc.
Hence jolnts generally increase tréck deterioracion.

Although much progress‘has been made in improving joints, a better
solution is to eliminate the joint entirely by the use of continuously
welded rail (CWR). Various advantages of CWR include substantial savings
through reduced maintenance césts through extended rail life froﬁ the
elimination of joint wear and batter, improved riding quality, reduced
wear an& tear on rolling stock, and less deterioration of ballast and sub-

grade conditions. Disadvantages are 1) breakage or buckling of. track from

-
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temperature induced changes in rail stress, 2) difficulties in changing worn

and defective rails, or in tie remewal, and 3) higher initial costs of welding,

transporting, and laying longer rails.

Tie and Tie-Plate. The tie, or more specifically the cross tie, receives

the load from the rail and distributes it over the-undérlying ballast. The

tie also plays the important role of holding the twd rails #t the correct sep-
aration:or gage. 'The tie is usuallf a piecg dﬁpcimber varying in cross section_
from 6 in. by 6 in. to 7 in. by 9 1#. éﬁd in length from 8 té g ft.(Ref. 1).
However, with diminishing availability ana‘increasing price of wood, alterﬁative

forms of ties have been developed, the most common of which are concrete ties.

- Longer life is one expected advantage of the concrete ties. In addition, the

greater weight of concrete ties provides an importaﬁt st#ﬁility advantage over
wood with continuocusly welded ra%}s. |

A gteel tie-plate is inserted between the rail base and thé top of the
tie to prdtecc the tie from mechanicél wear, and to distribute ﬁherrail loads
throughout the bearing area of the plate, therefore reducing the maximum pres-

sures on the tie, ,Ihe_éhoulder of a tie-plate, when secured firmly onto the

tie, help restrict the lateral motion of the rail to hold proper line and gage.

Various designs and sizes of tie-plate are now available, generally ranging from

a width of 7-3/4 to 8 in., and a length from 12 to 14 in. The size of the tie-

plate 1is an important factor in determining the stress reduction in ties; how-
ever; selection of the plate is usually based on economic consideracioné. Com~
monly, a plate which gives the least overall cost for the tie and plate combined
is used. | |

Fastening and Anchoring. The fastening is the key element holding ‘the

rail to the tie or other support. Generally speaking, the basic role of the
fastening is to maintain the rail gage, and to restrain the lateral and long-
itudinal movements of the rail. Howevér, the effectiveness of this role

varies with the type of fastener and the type of the track structure. In

-
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the conventional track with ballast and wooden ties, the role of the fasteners, -
which are usually cut or screw-type steel spikes driven directly again;t the
edges of the rail base, is essentially limited to maintenance of the track gage.
The spikes driven into wooden ties are not expected to hold the track structure
vertically under traffic or prevent longitudinal rail movement. However, in
the case of concrete ties, the fastenmer maintaina noé}only latera; alignment,»
but alsc provides vertical and lomgitudingl restraints to the rail movement.
In such cases, the resiliency of the fastener becomgs an impqrtant perférmance
factor. |

. The mgjor roie of the anchor is to transmit to the ties the longi;udihal
raill loads generated by the aécelerﬁcion and'braking of the trains and by the
thermal expansicn and contraction forces. For the jointed rails, it also helps
tc maintain proper expansion allowance at the joint gaps, thus assisting in
maintenance of proper line and gage. The number of anchors needed increases
when the ballast in the eribs 1s not properly compacted.

Ballast and Subgrade. The ballast is selected noncohesive material placed

on toﬁ of the track subgrade to support the track structure. Conventional bal-
last is the uniformly-graded and angular granular aggregate which is tamped
under and around fhe ties, and performs several important functions:
1. to limit tie movement by res-isting vertical, lateral and lomgitudinal
forces from the train and track.
2. to reducs the streéses from train loads applied to the subérade of
‘'roadbed, thus limiting permanent settlement.
3. to provide immediate water drainage from the track structure.
4. to help alleviate frost problems.

5. to facilitate maintenance surfacing and lining operations.



6. to retard vegetation and resist effects of fouling from surface
deposited materials.
- 7. to provide support for ties with the necessé;y resilienﬁe to
absorb shock from dynamic loads.

Traditionally, angular, crushéd, hard stoﬁés and rocks, #niformly graded
to drain freely, free of dust and dirt, and no:'pfaﬁe to ceménting action
have been considered good ballast materials. However, at présenq‘no universal
agreementrexiéts concerning the specifications for the combination of the
ballast materiai,index characteristics such as size,rshaﬁe,'hérdness, abrasion
resistance, and composition that will provide-tﬁe best track performancé; This - -
1s a complex subject thatlié still Béing‘reseﬁrched. hAvail#Bi;ity and
economic considerations have ﬁeen the prime factofs considefed in the selection
of ballast materials. Thus, é wide variety bf mate?iais have been used for
baliast in the Unitéd States and Canada such és crusheﬁ éfanite, basalt, lime-
stone, slag aﬁd gravel (Ref. 3). The best materials, such as crﬁshed rock,
are used on the main line craék, while the poorest, like gravel, are-usually
restricted to use on sidings orVSpur_lines.

AREA specificétions (Ref. 2) recommend five different gradations for -
‘crushed stone and crushed slag. Most of the,gradatiOAS fall within the sizé
range of aboutl/4 in. to 3 1in. According to Ref. 3 published in 1957, che
most commonly used ballast gradations were AREA No. 4 (nominal size range =
3/4 in. to 1=1/2 in.) and AREA No. 3‘(nominal size range = 1 in. to 2 in.)
AREA also recommends three different gradations for gravel (Ref. 2), depending
on the percentage‘of crushed particles specified. The particle size range
varies from 1=1/2 in. down to approximately medium sand size (about 0.4 mm).
The TFRA épecifications for pit-run gravel ballast (Ref. 4) extend the upper

end of the size range to 2-1/2 in.



The mechaniéal properties of ballast result from a combination of the.

physical properties of the individual ballast material and its in-situ (i.e.,
in-place) physical state. Physical state can be defined by the in-place den-
sity, while the physical properties of the material can be described by various
indices‘of particle size, distribution, shape, angularity and hardness. The
in-place density of ballast 45 a rasult of some type of compaction process.
The initial density is usually created by maintenance tamping, and subsequent
density changes result from train traffic combined with-envifonmental factors.
Experience has shown that tamping does not produce a high degree of compaction
and there 1is clearly litctle: gecmetry control in achieving compaction by train
traffic. Therefore, consideration is now being given to additional compacticn
during maintenance using special machines and/or uéw techniques.

Subballast is used as a transition layer between the ballast and the sub-
grade. In most new comnstruction, the subballast prevents the mutual penetration
or intermixing of the subgrade. and ballast and reduces frost penetration into
the subgrade, in addition to fulfiliing some of the functions of the ballast,
Subballast thus reduces the required thickness of ballast, usually & more expen-
siv§ material, thereby providing an economic bemefit.,

Any free-draining sand and/or gravel materials could serve as the sub-
ballast, as long as they meet. the proper requirements of a fiitering material.
AREA specifies that materials for subballast should conform to ASTM D-1241,
"Standard Specification for Soil-Aggregate Subbase, Base, and Surface Courses."
The thickness of the subballast to be placed 9gn the completed subgrade may

vary, but usually is specified as 12 inches or less. Where practical, subballast
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‘should be placed in layers and thoroughly Eompacted in accordance with
standardxpractice so as to form a stable foundation for the ballast.
The subgrade is the layer §f material on which the balléﬁt/subballast
layers rest, whose functional requirements are to:
l) .support, withouﬁ appreciable permanent deformation, the ‘maximum
dynamic, :raffic—inducedfstressésﬁtransmitted through the ballast.
2) resist the cyclic stresses without excessive cumulative volume or
streagth reduction. |
.3) be non;frOSt susceptiblé.and‘be volumetrically.stable during
cycles of wetfing and drying.
4) resist softening that causes pumping and penetratiﬁn igto'the‘
ballast. |
The subgr;de is a very important_component in the tfack‘structure, which
has frequently been the cause of track failure and the development of poor
track. Unfortunately in existing track, the subgrade is not involved in the
maintenance operation and ;ittle can be doné to alter its characteristics
without major track reconstruction, i.e., removal and‘replacement of track,
ballast and .subballast, |
The‘preseﬁt state-of-the art of track deéigﬁ as 1t ;oncernS'the ballast
and subgrade isrverydempirical, and the factors controlling performance are
poorly unﬁerstood. Reliancé on past experience can be very misleading, because
not only is the expgrience at a particular site a complex and unknown function
of many factors, but the controlling factors are often not even adequateiy
documented. For example, tc asseés the reasons why a particql;r section of
track mightAbe "poor track"”, it is necessary to know 1) the characteristics of
the ballast and subgrade, 2) the maintenance history including ffequency and

type of operation, 3) environmental factors, and 4) traffic history. Only the
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last item is readily determined, although the second and third can sometimes be
estimated from avallable reccrds. Necessary information.of the charactgristics
of the ballast and Subgradé of existing track, however, is practically non-
existent. Even the classification of these materials is in doubt, not to
mention their physical state. At best, a knowledge of the present condiﬁions
of a site based on a field examinatiorn is éll that is possible, bécause past
records are not normally available.
2.2 TRACK SYSTEM RESPONSE
Loading. While performing its functions of supporting and guiding the
rolling wheels, the track system receives various loadings from the trains
and the track structure. In addi;ion, the track system i3 also subjected to
expansion and contraction loads from envirommental changes, especially
temperature.
-The nature of the loading conditiou of a track system is quite coﬁplex,
and its magnitude varies with the chargcteristics of the whole system and
the interaction between each compoﬁenc. However, it may be conveniently
categorized into the three orthogonal components as follows:
l: Verticdl loads ffom a) the static weight of the track, and from b)
the dynamic forces generaeed from the train motion. |
2. Lateral loads from a) the train reaction to the track geometry
deviations, such as forces from self-excited hunting motions, b) the
forces ﬁecessary‘to guide the train through curves, and ¢) resistance
to thermal expansion ér "sunkinks."
3. Longitudinal forces from a) traction and braking of the trains, and
b) thermal expansion and contraction of the rails, especially when
continuously welded rails are used.

The vertical lcading conditions have been given the most attention in the

past. Gross vehicle loads range upward to about 130 tons (120 metric toms)
‘ 11



for some cars, ;o 140 tons (130 mecric tﬁns) for locomotives. Wheel loads
oﬁvipusly depend an the number of axles per.vehicle (usually 4 for cars and
4 to 6 for locomotives), the distribution of load, -and the gross load. The
upper limit on static wheel loads is on the order of 25,000 to 35,000 1b
(11,300 to 15,500 kg.) |

Dynamic or impact loadingvcaused,by train in motion can be substantially
greater than the static values. The dynamic effects have not been well defined,
but estimates have ranged fromSSO to lOOZ‘of the static lbads, tc a one percent
incréase forﬂeaéh 1 mph speed increase over 5 mph (Ref. 5, 6). Furthermore,
severe rock and roll can sometimes produce whéei lifting from a rail,
causing up to dduble the wheel ioad,qn the aajacent rail.

Main line track traffic voiumes range froﬁ cne million or less gross
tons per year to about 50 to 60 million gross tons (45‘to'54 million metric
tons) annuélly. Asﬁuming an average axle load of 30 tons, this répresents
33,000 to 2,000,000 cyecles of load application. ’

Lateral wheel_;oading characteristics are very complex and much more
‘ difficult to define. Iﬁstead,>the maximum lateral forces are usually derived
as a percentage.oflthe vertical load, which ic known.as the derailment
quotient. A derailment quotient of about 0.8 has been suggested by Prause
et al. (Ref. 5) for estimation of the maximum expected lateral force baséd
on the nomina1 static wheel load. Lateral forces caused by "sunkinking' are
also not well defingd. An empirical wvalue of 300 1b lateral restraint per
tie in an unload condition has been suggested by Magee. (Ref. 7) |

Analytical Track Models, The principal function of a track medel is to

interrelate the components of the track structure to properly represent their
complex interaction in determining the net effect of the traffic loads on the
stresses, strains and deformaticns of the system. Such modeling provides the

foundation for predicting track performance, and therefore technical and
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economical feasibility of track design and maintenance procedures. Analyses
are complicéted, however, by the fact that fhe physical states of the ballast
and subgrade, but eépecially the ballast, change with time. Because
maintenance life is measured in years, these long-term effects must be con-
sidered. A considerable amount of effort has been devoted ;o the dev;lopment
of track models that could realistically represent the actual behavior of the
track system subjected to various loading conditions. However, more research
is needed for reasons including: 1) the difficulties of handling cbe éomplexicies
inherent to each component of the track structure and their interaction |
under lcada, 2) lack of adequate unders:anding on the ballast and subgrade
behavior to define the model requirements, 3) lack of field daﬁa on track
performance for validating the models, or A) high computer.costs iﬁ running
the most elaborate of the computer models.

Since the railroad track is generally subjected to three-dimensional loads,
i.e., loads in vertical, lateral, and longitudinal directions, various ana-
lytical models have been suggested for each of these éomponents of tﬁe tr;ck
response or for multi~dimensional representations. However, the vertical be-
havior of the track structure has‘received the major effort, The following is
a brief summary'of the existing models which are available for ;ertical responsé
analysis of conventional raiiroad ﬁraék.

Based on a theory of a continuous beam on an'elastic foundation,‘Talbot
(Ref. 6) made significant contributions iIn understanding the behavior of a
railway track system under‘fehicle loading. The concept of 'track foundation
modulus" was introduced, and mathematical formulationé were developed for
calculation of the deflection and moment in the rail. Clarke (Refs. 8, 9)
summarized the above approach to present a basis fof track design prﬁcedures.

However, this theory does not include several important factors which are
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knoun-to affect the stresses and deflections in railroad track, such as
longituéinal locads from thermal stresses, a restoring moment proportional to
the rotation of‘tﬁé rail and-tiés,‘the eccentricit& of the vertical load om
the rail head, or any track dynamic effects. In addition, a rather significant
limitation tovthe‘approach is that it does not adéquateiy model the stress-~
strain behavior of the ballast and subgrade.

. o - '

Meacham, et al. (Refs. 10, 11) and Ppause, et al. (Ref. 5) attempted to
overcame'somé of the limitations ﬁf‘the ea;lier beam on elastié foundation
approéches by dgvgloping a theorecical méthod forrthe determination of the_
."track ﬁodu;us“ v;lue. Each component of‘track structure was‘represented by.

a séries of elastic spriﬁés. The spring stiffness was coﬁputed by considering
various track parameters, such as rail typg, tie'type,»bailast depth, ballast
type, subgrade ﬁype,‘and':%e-gpacing. | |

7 The finite beam on elastic‘féundation afprdach is basically'similar to

the above th;ories,‘except that it considers the tie as a finite beém resting
on ah elastic (Winkler-typé) foundation to represent the responsé of a tie
resting on the ballaét. The approﬁch éas'extenaively studied by Hetenyi (Ref.
12), and vafious analysié methods for the solution have been presented. For
example, Barden (Ref. 13) coﬁsidered non=-uniform foundation modglus, aﬁd Har-
rison, et al., (Ref. 14) inéludgd a noﬁ-uniform beam aeéﬁion and alnon-uniform
foundation as well. An Approximate analytical method was developed which makes
"assumptions about the distribution‘of wheel load over the rail and across the
ties. The vertical stress distribution with depth in the ballast and subgrade
layers under any given tie is then computed using the ﬁoussinesq-theory. Ireland
(Ref. 15} presented a design chart for ballast-subballast depth selection ver-
sus cohesive strength of subgrade soil using this approach.

An approach was developed at AAR that uses Burmister's multilayer theory
for the ballast and subgrade and a structural model for the rail-tie inter-

action. The contact between a tie and the ballast was represented by a series
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of circular areas with uniform pressure. The superstructure and the sub-
structure models were combined and extended by Batcelle to form the model

termed MULTA (Ref. 16). This is a three-dimensional model; however, hhe proper-
ties within any layer are constant and cannot be varied with horizontal
bosition.

Finite element methods have also been applied to the track structure
analysis by various researchers. Lundgrem, et al., (Ref. 17) developed a two=
dimepsional system, assuming the plain strain behavior of a longitudinal
QeCtion of unit thickness along the vertical‘centefline of the rail. Svec,
et al., (Ref. 18) employed a three~dimensional model that represented a
detailed description of the physical system. ‘The rail-tie system was added
to the model as simple beams,‘and non-linear mechanical properties of ballast,
subballast, and subgrade were obtained from laboratory tests. One feature
0f the procedure was the representation of the ballast and subballast as no;
tension materials. However, the model did not have clearly defined failure
criteria.

Development of a finire element model, ILLITRACK; was undertaken at the
University of Illinois (Ref. 19). It was not a three—dimensio#al model, but
consisted essentially, of two ;wo—dimensional medels, one transversé, the other
longictudinal, employing ocutput from the longitudianl model as inpu: to the
transverse model. In this manner,‘a three~-dimensional effect is obtained
with less computer cost than with a three-dimensional model. Nonlinear,
mechanical properties for the material were obtained in the laboratory from
repeated load triaxial tests. An incremental load technique was employed
to effect a solution. Explicit failure criteria were developed for the
ballast,lsubballast and subgrade material. Hoﬁever, the model does not

prevent tension from being transferred across the rail base into the tie
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plate. Further study is needed to determine<whetheg\th§ combined two-

dimensional models employed in ILLITRACK tepresent three-dimensional physical -
conditions as expected. Certainly the three-dimensional qualities of the
track étruéiure need to be fully accounted for go successfulix,ppedict the _
behavior of the railway track sy#tem using finite element models.

The mathematical mﬁdels developéd for predicting track performance under

~dynamic load have been limited almost entirely to recoverable deformations,
thus, they do not adequately represent the_faccOrs inveolved in.maintenapce
lifé.prediction. However, even the properties associated with recoverable
deformation do no; fully represent the stress-st;te—dependent behavior of
ballast and soil under cyclic loads. Although recently a considerable effort
has been dévoted to studying fhe cyclic behavior of thése ma;erials, measures
such as a resilient modulus should be designated as cyclic index properties
rather than behavidrél properties, because they represent only a few special
stress paths aﬁdla;e not applicable without a factor to compemsate for the
effect of stress path.

Presentli':hé approach to predicting permanent deformation of track
caused byballast and subgrade behavior is patterned aftef;methods used in-
highway flexiﬁle pévement design (Ref. 20). An elastig trapilmodel is used
to predict stresses in the ballast and subgrade fr;m traffic loads, and
repeated'load triaxial tests are used to determine limiting threshcld stress
and cumulative strain as a function of confining pressure and number of cycles
of deviator stress. ﬁepeated loads start ffom a zero load and arebincreased
to some predetermined magnitude and then decreased to zero,{thus never putting
the sample in extension in the axial direction. The process 1is repeated uptil
either the desired number of cycles of é limiting permanent straiﬁ is reached.
Track settlemeﬁt is predicted by summing inelastic strains from the triaxial o

tests for the stress conditions determined from the elastic model.
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Measured and Predicted Response, The nature of thre recoverable deforma-

tions of ballast-and subgrade as well as the stresses and strains in these
materials from traffic load have been predicted using the various‘available
track analytical models. These same response parameters havelbeen determined
experimentally on actual track structures. The resulting data have been used
not only to study the track behavior, but also to evaluate the analytical
models. However, the difficulcy in measuring stresses and strains particularly
in the ballast, has greatly restricted the amdunt of such data that has

been obtained. Thé.examples that follow will illustrate the general trends
from both the analyticai and experimental studies.

Salem {(Ref. 21) studied the vertical stress distributio;s in the
ballast and subgrade under sgatically loaded wood ties 1m a series of
laboratory tests with various ballast depths} ties spacings and ?allast type.
Fig. 2.1 shows that chat, pit run gravel and crushed slag ballast ﬁroduce
nearly the same vertical pressure below the center line of a single tie. Fig.
2.2 shows the average vertical pressure distribution when 12 to 30 in. of
ballast were used at a tie spaciﬁg of 21 im. Fig, 2.3 illustrates the
average vertical pressure distribution on the subgrade in a longitudinal
direction parallel to the tie and below its center line at a deéth of 18 in.
of ballast. These tests indicaced thét the depth of ballast section needed
to get a fairly uniform pressure on the subgrade equals the tie spaciang minus
three Inches. A comparison of measured and calculated values also. indicated
that, while the sha#e of the measured and calculated curves are similar, the
calculated pressures may be considerably different from the measured daﬁa.

Analytical predictions of track response weré made using MULTA for a
particular range of track parameters.l This analysis assumes uniform proper-

ties under the tie, which is usually not the case, and the ballast is assumed
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to be much stiffer than the subgrade. The following general trends were

shown (Ref. 16):

1)

2)

3)

4)

The ﬁaximum bending moments at the center of the tie decrease as
ballast depth inéreases. However, the maximum rail seat bending
moments increase by a smali amount, approximately 5%, ;hen the
ballast depth increases from 12 to 36 in.

The vertical rail displacement and the rail bending moment decrease,
while the rail seat load increases as the ballast depth increases.
The deviatoric -and bulk stresses at the mid-depth of the ballast
decrease rapidly as the ballast thickness increases. However, this
decrease is a result of stress attenuation with dep;h. Because the
rall seat load and maximum pressure at the bottom of the tie i;crease
with ballast depth increase{ at a common depth in the ballast the
stressesshouldaétuélly increase with increase in ballast layer
thickness.

The maximum fertical stress on the subgrade surface and the stresses
in the subgrade decrease rapidly with increasing ballast tﬁickness.

This trend is also largely a result of attenuation of stress with

depth.

The most extensive track response measurement program undertaken to date

is being conducted at the FAST track in Pueblo, Colorado. Included are strains

in the ballast and subballast, vertical stress at the subballast-subgrade

interface, and vertical deformation of the subgrade surface relative to an

anchor point apprbximately 10 ft below this surface. -The strain measurement

method in pérticular is new and provides important  data not previously available.

This instrumentation is described in detail in Ref. 22.
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Among the observations from the reccrds obtained when a three-car train

passed slowly over the instrumented wood-tie sections are the following:

1)

2)

3)

4)

5)

6)

The permanent strain and deformation from -one pass of the train was
negligible comparéd te tﬁe elastic components.

The 131 ton (119 metric ton) hopper cars p:oduced larger response
than the 131 ton (119 mej:ric‘tan)‘ Locomotive, because of the higher

axle loads.-

- The variation‘in stress, straiﬁ or deformation as gach individual

axle i&‘a group passes-over the gage ig small compared to the group
average, indiéating th#t the rail is distributing the axle loads over
distances exceeding tﬁe'axle spacihg.

The vertical strain in the baliast is méstiy neéative (extension)
beneath the center of the tie at the»Cépterline of ﬁhe track. The
extension‘and comﬁression strains‘beﬁeath this poiﬁ: in the subbailast
are app;oximately equal.

The subgrade deflection was always downward realﬁive to the un-

loaded track position, and the subballast strains beneath the

rail were essentially cnly compressive.

The ballast strains were extensional at the midpoint of the cars as
a result of spring-up of the rail. However, part of this extension
could be a resul£ of iifting of the tie from the ballast becausé
the top part of the strain gage was attached to the tie rather

than to the ballast surface.

Analytical models that directly predict permanent ballast strain and

cumulative track settlement from traffic loading have not been developed.

Also, very little experimental data is available from the field. The current

project at FAST is providing important new information on this subject, however.

Cumulative ballast and subballast strain, and subgrade deflection have been

22



V)

measured as a function of total traffic load for a wvariety of track conditionms.
A typical set of results is shown in Fig. 2.4 for ome track sectiom. Strain
measurements of this type have not previously been available.‘ The slopes of
all of these curves decrease rapidly with increasing traffic, but the permanent
subgrade settlement still continues to accumulate significantly even after 100
million gross tons (91 million metric tons) loading.

2.3 PERFORMANCE AND DESIGN OF TRACK SYSTEM

Performance Measurement. The track performance is. the degree of the

effeﬁtiveness with which a track‘system fulfills its intended purpose, thgt

of providing the rail surface conditions:qecessary for the safe, confortable,
ecoﬁamical operation of :hé tréins using the system. Each component of the
track system contributes to this overall track performance. Thus track per-
formance is also an_indication of how well these components perform their
individual function. Although the tfack performance could be illustrated in
terms of the behavior of the track system componenté, insufficient ianformation
is availlable to accurately evéluacg the contribution of individual components
to the overall track performance.

Irack performance is ﬁurfently represented by a) measurements of
‘structural capability that could be-related to :hé :rackiperformance under
loading, b) track‘physical appearance:and its changes, and/or c) the effects
of track in service, such as safety, ride quality, and derailment frequency.
The most frequently used criteria for the track performande are:

1) Track Stability or Load Bearing Capacity as measured by track modulus,

track settlement, or track and tie résistauce.

2) Track Geometry as represented by gage, surface, twist, superelevation,

or alignment.

3) Saftey as indicated by maximum allowable operating speed, slow speed

restriction, or derailment frequency.
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4) Riding Quality as represented by passenger comfort, frequency and
‘ amount of lading damage, or rate of equipment deterioration.
5) Maintenance Requirements as indicated by amount and frequency of
maintenance.
6) Eavironmental Effects such as vibration and noise transmitted to
the surrounding»community.

These criteria are interrelated and nome of them is universally superior
to others in defining the track performance. Instead, all of these criteria
ideally should be-integrafed into a-single‘iﬁdex measuring the relacive
ability of the overall‘track system to perform its function. |

Performance can be represented either by measurement of the ph&sical
quanticies representing the above listed terms, or indirectly by determination
of the costs involved. The latter method ocould be more definitive in
representing the overall picture of track performance than the formgr, if a
reasonable scheme of converting the physical significanéelof the criteria
inte monetary values could be established. However, two major factors
governing track perfﬁrmanceléhich could be measured quantitatively at the
present time are track geometry and track stability. |

| The parameters describing the track geometry are gage, line and surface;

Equipment and methodology have been developed to evaluate such properties as
cross level, gage, lonéitudinal rpughness, and longitudinal differential
settlemeﬂt, with various rail inspecticn-cars and/or manual procedures.

The gage is the distance measured between the inside heads of rail 5/8
in. below the top of rail. The gage must be held within reasonable limits ,
yet there must be some play between the wheels and rails. 1In the United
States, according to AREA standards, this play is 19/32 to 38/32 in. Because
of the normal play and the tapered tread of the wheels, lateral sinusoidal

motion is normal as the train progresses. This is no problem, provided the
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impact speed is not too high. If the g#ge opens, or if the gage varies, then
the force of the wheel flange against the rail will be increased, and undesirable
lateral accelerations will be imparted to the wvehicle body.
Line as used here refers to the adherence of the center line of the
track to the established alignment as indicated by the corresponding pre-
sence or lack of irregulariﬁies‘and departures from the designated position at
individual locations along the vails. The effects of poor alignment are_rough
riding, excessive and irregular rail uear,jandla'cohtribution to the development
of poor sﬁrface.' In multiple~-track terriﬁory or oﬁher locations of limited
'cleérance, poor aiignment may also lead'tq‘dangerous clearance situatioms.
Surface refers to the adherence to established grade and uniformity of
;rﬁés level iﬁ the plane across the heads of ‘the two rails. It also :
includes adherence to the established superelevations on curves. It is
importagt to understand that.éood surface applies to the.track'in its loaded
- rather than unloaded position. Track which shows perfect cross level and
gage whenrunloaded may not be level under traffic.
It is obvious that the aforementioned track conditions closely relate
to general safeﬁy, comfor;, and economf{ For example, if intolerableblevels
" of certain of these track conditioﬁs exist, then problems such as freight
damage, derailments, or equipment damage, may occur. It should be acknowledged
that thé toleiablé ievels of certain pertinent track surface conditions will
vary with the users. . For example, high-speed pﬁssenger train service requires
different lévels of track surface conditions than does é typical freight
" train operation. This is apparent when the FRA Track Safety Standards are
examined fof different clasgés of track.
The track stability is the capabiliﬁy of a track system to sustain thé

imposed loads from the track structure, the traffic, and the environmental
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changes. This stability can be measured in terms of the amounts of deformation
of the track structure under load, such as in the track modulus test or the
lateral tie displacement test. Details of some of these tests for indirectly
measuring the track performance are described in Section 5.

Track Design . The design of the railway support system has been mostly
empirical, particularly in the U.S; However, recent systems research has
developed a better understandiﬁg of transient loading behavior of the‘;ail-
way support system. This work has alreadyrlaid the basis for more raticmal
track design methods.

Numerous theories, tachniques and/or prdcedures have been developed
for calculating stresses and deflections in the railway suppo;t system. Most,
however, havé concentrated on "realistic" representation of tﬁe rail-fastener-
tie components, while representing the ballast and subgrade either as springs
or as a lipear elastic layer. Details of various techniques and procedures
are summarized in Refs. 1 and 5.

The ‘current design practice for a:-gréde track is based on satisfying
a number of design criteria fof the strengch‘of individual track components.
These criteria include the following: W

1) bending stress in the.r;il base,

2) ctie bending stress,

3) pressuré-on the ballast surface under a tie, or

4) pressure on the soil subgrade.

The allowable values of these criteria are briefly discussed in Ref. 1.

Although it might be expected that the rail 3ize would depend on some
type of stress criteria, other system requirements such as wear ;ife, electrical
resistance, cost and fgture avallability, more frequently govern the rail
size selection. This means that tie size and spacing and ballast thickness
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are the remaining design parameters which are normally varied to satisfy the

‘component design cfiteria, and are the major parameters in track design trade-

off studies.
Ballast and subgrade soil materials receive inadequate consideration in

the analysis and design of conventiomal track support structures. Stréngth

properties of ballast and subgrade sb;l materials are rarely determined.

Models presently used for structural analysis df the track system do not
adequately consider the nature of ballast and sﬁbgrade soil materials. The
b&llas: depth ig_usually selected baéed on its éapacity to reduce che préssure
from individual ties to meet an empirically-based allowable pressure limit for
the subgrade. Most of the suggested design metﬁuds do not incorporate
important aspects qffthe ballast response under the traffic, such as stremgth
and stiffness characteristics under repeated loaa, and £al1ast property changes
witblclimatic or environmental exposure and tfaffic. .

Changes in Track.System with Servicé. Non-uniform tamping, soft and

decayed ties, lack of recent tamping, and depressed ballast under joirnts cause
deterioration of surface.. Over a peribd of ;ime with sefvice,,irregularity
in s;rface also develops due to differences in bearing pressures existing
! .

along ;he leng;h of the ties. Usually, the repeated applicatioh of this non-
uniform preséure undef the tles results in a greater depression under the rails
than at the cegtér, to form a so-called '"center-bound track".

Pumping joints which result from inadequate drainage, foulgd ballast,
and softening of the subgrade roughen the surface. Frost heave is a cémmon
cause of deterioration of the track surface during winter. Therwear of all
parts of\the track structure also contributes to deteriorafion of thé track
surface.. It becomes worsened when dynamic effects are imposed onto it. As

joints wear, bolts loosen, spikes become unseated, and plate cutting and
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wide gage occur, the track geometry is disturbed. Geotechnical factors such
as deveiopmeut of soft subgrade and ballast pockets, and instability of the
subgrade also cause loss of surface and line. These conditions are cumulacive
and lead to general‘track‘deterioration 1f permitted t¢ continue unchecksd.

The ballast in service is subject.to gradation changes caused by 1)
mechanical particle degradation during construction and maintenance work, and
under traffic loading, 2) chemical and weathering degradation from environmental
changes, and 3) migration of fine particles. Normally, open-graded ballast
is placedwhich facilitates maintenance operations and is free draining. 'If
the ballast degrﬁdeﬂ, it may lose its open-graded characteriscics. Additionally,
ir some cases cementing of the ballast méy occur, which produces a 1ayeerf
undesirable rigidity, reduciﬁg the resiliency.

When repeated loads are imposed on the ballast, stresses and moistume

~at the ballast-rcadﬁed interface may be sufficient to initiate a condition
whereby the roadbed and ballast start to intermix and cause ballast "fouling".
As time progresses and as track ballasting and resurfacing operations continue,
a subétantial amount of ballast‘;an be‘foréed into the roadbed and/or the
roadbed is forced into the ballasc; A "ballast pocket" also may form when
the subgrade is depressed by the stresses transmitted through ghe ballast.
Taese depressicns can trap water and hence lead to further track deterioration.

Saturated subgrade soils may alsc be pumped un into the voids of
ballast by repetitive lvads. Fine sand, silts and clays are susceptible to
pumping when water is present. In new construction and in major upgrading to
carry increasing traffic, such pumping action is reduced by using a layer of compacged
subb;llast material graded to act as a filter.

In existing track, pumping occurs most frequently under poorlyr main=-
tained rail joints. Muddy ballast at a rail jo£nt should not, however, be
assumed as a sign of subgradé puﬁping. ' Such fouling is sometimes caused by
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internal abrasion of the bzllast pieces under heavj dynamic loads. On main
lines in particular, bla gravel,éﬁd.ballast undérlying more recently placed
crushed ballast matefial seems to form an efféctiye filter against upwagd_
'pumping of the subgrade.

Susgrade pumping can be eliminated by';aking_corrective action such as by
.a) removingAfculed ballastdé%d reconstfucting the track uging a Subballasﬁl
filfer 1ayef, or b) laying § membrane under the ballast. The épplica;ion of
:more ballast without removal of the'fouled ballast_and correction of ‘the
causeris not recommended, és pumping will foul :he‘ﬁéw ballast. Iﬁ all cases,
.the total thickness of ballast and'subﬁallas;_must“be sufficient to spread
traffic loads to the subgrade without'ovetstréssing ic.

If the ballast material does not possess adequate stabLlity, fepeated
loading from the traffic will cause‘exéessive perménent deformaticn in the
ballast layer. This maj contributé to a 1055 of surface of the rail system.

' or compaction comntributes to an

In many cases, inadequate "densification'
accumulation of permanent deformation; while in othet cases, even when
the ballast 1s properly compacted, it does not possess .adequate stabil;ty for
the specific conditipns of loading, bailaSt ﬁhickness, and subgradg support,
for example. |

Soft spots areiareés along the track wherersettlement requires frequent
lifting to be carried éut. Such spotshave saturated soft subgrade and ballast
pockets that trap and hold water. Beavy traffic will accelerate the problem.
If frack can be taken out of service temporarily, and the cost is warranted,
'soft spots and ballast pockets canlbe-cured by: a) excavation and replacement
of the plastic subgrade soil with more stable soil, b) stabilization of the

subgrade s0il, and/or ¢) introduction of methods to reduce the amount of

water reaching the subgrade. If track cannot be taken out cf service, the
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conditions can be improved by providing better drainage of the subgiade and/or
injecting stabilizing chemicals if the soil conditions aré sﬁitable. A more
reliable approach, hoﬁever, is to add ballast and lay ties at a closer spacing
if necessary to reduce the stresses in the subgrade material. Longer ties will
also spread the traffic load over a wider area.

Frost heaving may occur in subgrade and ballast when fine—grain;ﬁ material
and molsture exist in the track and are subjected to freeziang Cemperature;

Moist soils display volume change upon freezing, and significant‘volume

increases occur when iéé lenses develop. Rough track is caused whenm a difference
in volume change of suhgradé soil'deVe;ops over short diﬁtdnces.along or

across the track.

The tamping process employed in track maintenmance is generally believed to
locsen ballast under the tie fromfits density state developed over time under
traffic loading. Tamping alsc leaves the ‘crib ballast very locse. Loose crib
Ballast is a disadvantage because it doés not contribute significantly to tie
lateral resistance, and it reduces the supporting capacity of the ballast under
the tie by providing less lateral confinement than dense crib ba;las:. For this
reason machines to recompact the crib and shoulder ballaé: after tamping are
now being considered in the U. §. and Canada to speed up the process of traffic-~
induced-dengification and provide a higher lateral track stability immediately
‘after maintenance. -

Very little direct evidence 1is available to suppovrt many Acf the above con;-
clusions because in-situ methods of measuring the ballast physical state have
been inadequate. However, new or refined methods recently developed at SUNYAB
have provided tools to further study the behavior of ballast. A detailed
evaluation of the techniques is given in Ref. 23.
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The following factors are considered in determining needs for track

maintenance:

1) Deterioration of track geometry (not included in the criteria until

recent years.)

2) Failure of track structure T

a)
b)
c)
d)

e)

Rail: Qear,corrugation, structural failure

Féstener: ‘broken an&.loosened '

Tieé: 1mechanica1 wear aﬁd decay, damﬁge due towaccident.
Ballast: ,degra&gtion, pumping, fouling, permaneﬁt deformation

Subgrade: excessive heave, excessive and uneven settlement,

infilrration of ballast

3) Reduced level of track performance

a)
.
e)
d)
e)
£)
g)

h)

Operating speed reduction

Increaséd frequency of slow speed orders
Increased rate of equipment deterioration
Increased lading damage |
Deterioration of riding quality

Ingreaaed level of noise .and vibration
Increased detailments and accidents

Others

4) Economical considerations

5) Availability of maintenance

The above factors are interrelated one to another. It is not known which ones

receive the most consideration, and what the criteria are for each factor.



3. AGGREGATE MATERIAL CHARACTERIZATION

Base courses for highways and airport pavements, shell and filter materials
for earth and rockfill dams, and backfill materials for retaining structures
and around culverts each use aggregates of certaln type and quality which are
expected to yileld the required atrength and other pertiment performance
character%?tics. However, economics is also an important factor in the material
selection., Alternative types of aggregates usually are.selected for a giveﬁ'
project by.subjec:ing representative gsamples to a series of index tests for
preliminary ranking with ;espect to behavior, bésed on appropriate classific;tion
systems or job specifications. The types of index propertj tests performed on
aggregates, the classification systems used as a relative ranking of different
aggregate materials, and the application of these tests and systems to ballast
materials will be discussed in the following sections.

0f all the engineering uses of crushed rock and gravel materials, ballast |
is the most severe with respect to both loéding and weathering. Loads under
rough rall joints are severe enough to shatter and abrade good quality rock,
and exposure of the ballast bed to weathering is complete. Neither road
noTr concrete aggregates are subject to sﬁch severe conditions (gef. 24) .

Both physical and chemical tests are used in assessing che-suicabiiity
of coarse-grained aggregates. The tests will cover such charactefistics as:
1) gradation, 2) sphericity, angularity, 3) specific gravity and absorptionm,
4) referénce density and void ratio, 35) hardness and toughness, 6) chemical
soundness, 7) abrasion resistance, and 8) freeze-thaw chafacteristics.
Such tests for ballast materials:are basically for evaluating quality. Many
of the quality tests have been developed as indirect indicators of potential
in-service behavior. However,Athese quality tests quite often evaluate

characteristics of the individual particles rather than the ballast mass {(Ref. 1).
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According to Ref. 29, most major contracts cevering the selection and
proguction of aggregates will include requirements which are based on the
. published stamdards of one or more of the following agencies-
1. American Association of State Highway Officials (Ref. 25),
2, American Society fer Testing and Materials (Ref., 26), |
3. Corps of Engineers (Ref. 27),
4. Federal Government (Ref. 28).
These specificatronsﬂinclude details which are of importance to
.thelproducer as pell‘as to the user, and they cover the range from
raw material to finished aggrega:e. Substantially the same subjects are
covered by each issuing agency, and subsequent portions of this chapter
‘indicate tee pertinent specification designacions and describe the scopes of
applicable specifications.
The purpose of this chapter is tersummarize the tests and spe;ificaticns
for aggregate materials that are relevan: to bellast. Ihe review presented
is a compilation of information obtained primarily from references 1 and

29, with appropriate condensation

3.1 GRADATION

The perticle size distribution dertermined by the separation of the

aggregate through a progressive series of sieves stacked from the coarsest

to the finest mesh screens, is known as its gradation. The cumulative percent
passing each eieve is plotted as a function of the sieve or screen size repre-
senting the particle diameter. Typical gradation curves for uniform and well-
graded sands and gravels are shown in Fig. 3.1. A uniformly-graded material
is one with a relatively narrow range of particle sizes, while a well-graded:
material has a good distribution of sizes over a wide range. Gradation is the

'key parameter used for classification of granular materials. The grading of
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7 granular soils influences the packing characteristics, ﬁenmeability,,com- '
pressibility, and shear étrength.“ 7 |
\ In order to reduce comstruction cnst, a great deal of the activity of
_various organinations has been concentrated on.;he standardization and, not
the least, on the unifdrm‘application of aggregate gradations. . In connection
- with the Incerstate Program, the Bureau of Publip Roads made a special study
of the problems involved in standardizing aggregate gradations and of the
economic gains therefrom. ' Subsequently, in 1961, a set of specifications was
issued as ; guiQeline for the varinus stares in.connection with the federal
highwayfniojecté:(ﬁef 30). The American Association of State Highway
Officials (AASEO)* through its committee on construction, made a complete
review of all state specifications for highway construction (excluding bridges)-
The intent was to develop AASHO standard:construction specifiqa:ions which
would be sufficiéntly brond to permit nheii»adoption Sylall of'the §;ates.
These AAsHO Guide Specifications fnr Highvnf Constrnction were published in .
1964 (Ref. 31).

The Bureau of Public Roads has outlined the goal of standardization of
aggregate grédation specifications as follows: |

"1l. ‘To develop a minimum number of standard aggregate gradations that
can‘ne nniformly adopted nationwide fof general usage,.while atjthé same
time recognizing the nned for some variationms by spenial provisions to fit
locally available materials.

2. To achieve uniformity in the number and sizes of -sieves to be used

in spécifying aggregate gradations.

.* Recently the name was changed to American Association of State Highway

an. Transportation Officials (AASHTO).
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3. To develop and adopt a simple and uniform system for identification
of‘the standard aggregate gradations (Ref. 32).

This subject was previously the basis of a cooperative study by the
National Sand and Gravel Associdtion (NSGA), the National Crushed Stome
Association (NCSA), the National Slag Association (NSA), and the major pro-
ducers and users of aggregate. The Joint Technical Committee proposed a
set of gradation specifications, which was approved by the Nacioﬁal Bureau
of Standards and published in 1948 by the Department of Commerce as a
Simplified Practice Recommendarion (Ref. 33).

Standard ballast gradings are identical with standard aggregate gradings.

This was decided in 1944 when the ballast gradings were first published in the o

AREA manual. The gradings ﬁave.noc been changed significantly since, in
spite of the particular requirements of ballast compéred to aggregates. This
suggests that the ballast gradings were chosen because they were available.
The important gradation designations‘for highway and railroad aééregates
are listea below: A
1. Standard Size of Coarse Aggregate for Highway Construction:
AASHTO Designation......ieveceeeaasesaMald
ASTM Designation........cceven esnsean D448
2. Crushed Stone, Cruéhed Slag, and Crushed Gravel for Dry-bound or
Water-bound Macadam Base Courses: .
ASTM Designatiofe.c..ceveescsnss eee-s..D694
3. Crushed Stomne, Crushed Slag, and éravel for Railroad Ballast:
Federal Specification Designation.....58=-C=743
AREA specifications. from manual (Ref. 2), the gradations for which
are also given in Table-j.l.
A special study on properties of sand and gravel for railroad ballast is

reported in Ref. 34.
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Table 3.1. AREA Gradation Specifications for Ballast (Ref. 2)

a) Crushed Stome and Crushed Slag

Amounts Finer Than Each Sieve (Square Opening)

.- al Size Percent by Weight
Size No. Square Opening _3" 2 1/2" 2" 11/2" 1" 3/6" 12" 3/8" Ro. 4 HNo. B
- 24 2 1/1"-3/4" 100 90-100 25-60 0-10 0-5
3 ' 2m-1" 5 100 95-100  35-70  0-15 0-5
4 1 1/27-3/4" 100 90-100 20-55 0-15 ' 0-5
5 1"-3/8" 100 90-100 4&0-75 15-35 0-15 0-5
57 ‘1"-No. 4 ‘ 100  95-100 25-60 0-10 0-5
b) Gravel
Aowts P :
Percent wts Piner Than Each Sieve {Square Opening)
Crushed Percent by Weipht
Size No. . Particles 1 172" 1" 1/2" No. & No. 8 No. 16 No. 50 Ko, 100
6-1 0-20 100 80-100 50-85  20-40  15-35 . 5-2§ 0-10 0-2
, /
6-2 2140 100 65-100 35-75  10-35 0-10 0-5
G-3 41-75 100 6095  25-50 0-15 0-5 )

¢} Pit-Run Gravel

Amounts Finer Than Each Sieve
Percent by Weight

Sieve Size

(Square Openings) Grade A Grade B
212" $7-100 97-100
Fo. & 20-55 20-65
No. 200 0-2 0-3
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The standard methods of gradation determinat;on are as follows:
1. Siéve Analysis of Fine and Coarse Aggregates:
AASHTO DeSLgnatiof..eeeessesneescssaseoannsssasssl2?
ASTM Designatiob..esecsareosnressosnssccrssenas ....Cl36
Corps of Engineers DesigmatioB...s.....ccc4..e00+.CRD=-C103-60
Federal Specification Designatiof..coce-c.. ves...Method 202.01
2. Amount of Material Finmer than No. 200 Sieve in Aggreg%te:
AASHO DeSLZNation. «.ueeenennseennnnnnneeenneneans T-37
ASTM DeSLENALEON. .t urrrrruerernesererrarnennaessC11T"
Corps of Engineers Designatiof.............s.....CRD-C105-57
Federal Specification Designation.......c.e.vnn.e Métﬁod 202.11
ARFA sbecifies that the amount of material inm ballast finer than No. 200
sieve be limited to a maximum of 1%.
3.2 SPHERICITY AND ANGULARITY
The engineering behavior of granular materials is dependent upon the
shape of the particlé as well as size. For example, feckover (Ref. 24)
cites the problem of "funning,rail" with uncrushed gravel ballast as an
example of the effects of‘par:icle shape on performance. Since a quantitative
‘ranking of .the geometrié features of individual parﬁicles is both difficule
and tedious, most engineers have identified the shape characteristics in
general terms. Identif;cation,is.usuaLly taken for an overall view of all
the particles which(will fit into one of the‘folléwing categories: rounded,
subrounded or subangular, aﬁd angular. However, research efforts in the
geologic sciences and concrete technology have maﬁe aids available thaf are
capable of defininé the particle shape characteristics more accurately. The
most commonly used terms describing the gecometric features of individual
particles are sphericit? and éngularity or roundness. The sphericity is

related to the proportion between length and breadth of the images, and the
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roundness by the curvature of the image edges (Ref. 35)L

Three classes of grain shape are defined as bulky grainms, flaky or
scale-like grains, and needle-like grains. Bulky grains have the length,
width, and thickness of the particles that are of the same order of magni-
tude, Flaky or elongated particles are defined as those whose least dimen-
sion is less than 60Z of its mean size (Ref. 1). Each of these terms can
be defined numerically by‘sphericity and rouﬁdﬁess.

Sphericity is a termrused to describe the d;fferencevbetween length (L),
© width (B), and fﬁickness (H). Wadell (Ref. 55)Adefines the equivalent diameter
of the particle (Dg) as the diameter of the sphere whose volume is equal

to the particle volume (V), that is,

De‘éié! ‘ . : :
T ‘ g (3-1)

Then, sphe:icity (X) is defined as.follows:
X = De/L L - (3-2)
A spheré has sphericity of unity, while flat or eldngatéd particles ha@e
values less than unity. Flatness (Fj is defined as :
TR . DR E Y
The elongation (E) is defiﬁed by; |
E = L/B . L (3-4)
Zingg (Ref. 37) and Mather (Ref. 38) have proposed classificatioﬁ‘ |
systems which numerically defiqe thé boundary values between spherical
flat and elongated particles. Powers (Ref. 39) defines the sphericity
factor to express the degree fo which a given irregular particle departs
. from sphericity. The emphasis was placed in relating the sphericity factor
to void ratio rather than quantitatively defining round or flat pafticles.
The methods of test for flat and elongated particles in aggregate are:
Corps of Engineers Designation, Coarse...... sus.. eee...CRD-C119-53

Corps of Engineers Designation, Fine.............. EEEERE CRD-C120-55



A flar particle is defined as one having a ratio of width to thickness greater
than 3: The length, width, and thickness, are, respectively, the greatest,
_intermediate, and leést dimensions of any particle as measured along mutually
;perpendicular'direc:ions. They should be considered as the principal dimen-
sions of the circumscfibing rectangular prism.

A procedure for determining the amount of '"flaky”" or elongated éarticles
has been developed and is covered by British Standard 812 (Ref. 40). A flaky
particle is defined as one whose least dimension is less than 60 percent of
its mean size. _

The Canadian National Railways specifies that ballast "Shall be free
from an excéss of thin or eiongated pleces" and indicates that the amount
shall be no greater than 30 percent (Ref. 24). A great variation (25 per
cent of mean) was éound among tests of in-service ballast (Ref. 24). Rad,
{Ref. él)‘found "flaky" particles tended to break down more rapidly in am
impact test than did rounded particles. 7

The definition of flaky (thin or elongated) particles varies, but
generally some ratio such as width to thickness, length to width, or at
least dimension to mean particle size is specified. Some examples of limifing
ra&ioe are 1.7 (British Standard), 3.0 (Swedish State Railways), and 4.0
(Ontario Ministry of Transportation and Commuﬁication) (Ref. 24).. The
"flakiness problem" is further compounded because no standard exists fo;
the allowable amount of flaky particles. The German Federal Railways
believes a denser ballast is achieved if some '"flaky" particles are included;
and, therefore, gpecifies both a minimum and maximum amount of such piece§
(Ref. 24).

Raymond, et al. (Ref. 42) numerically determined the Flakiness Index

and Elongation Index by British Standard 812 (Ref. 40), and the sphericity
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and roundness by Pettijohn (Ref. 35) for ten CNR ballast materials, and

then related these wvalues to observations qf lateral track stability made
by CNR personnel. From this study he suggested that limics to Be used as
a'stability guide were an Elongation Index of not greater than 10Z% and a
sphericify of 0.55 to 0.70. However, the’raﬁge’of sphericity values was
only 0.50 to 0.70 i the study. ‘Séecifiﬁftions for'flakiness index and
roundness limits could not be determined. The validity of these limits
still has to ﬁé established. |

Angularity of roundness 1s a measure of the sharpness of the-edges

and corners of a particle and is independent bf'shape. ‘Pettijohn (Ref. 35)

defines roundness (Ro) for a two-dimensional projéction of the particle as

. N Ri/N : . : ‘
R = E . ' (3-5)
() _— . . . )
. i=1 R : -

in which Ry is the individual radius ofva corner or edge, N is the
number of corners or edges, and R is>the radius of thé maximﬁm inscribed
circle. When the corners and edges are sharp, their average radius is
smail.and tﬁe rouqqness ié low, but when the average radius of the cor-
- ners appreaches that of the inscribed circle, the roundness‘value
approaches 1.0. Byldefinition; a sphere has a roundness of 1.0 as well
as a sphericity of 1.0. Other objects,.however, which are noﬁspheriéal,
may also have a roundness of 1.0, for example, as a capsule-shaped body,
which is essentially a cylinder capped by two hemispheres (Ref; 35).
Visual estimates of particle roundness and sphericity are normally
used in lieu of the more laborioﬁs method of image measurement. Charts
to aid in this estimating are ;vailable in Ref. 43 and 44. Io general,
although estimates of individual grains may vary significantly; average

values based on 50 or more particles tend to be similar, because the
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errors of estimaction are largely campensating in the absence of strong
operater bias (Ref. 35).

Although 1t 13 possible to separately measure the shape, the
angularity, and the surface texture of 1ndividuéi particles, the effects
of these on ballast stability seem t¢ be interrelated, and commonly a
single number representing the shape, angularity, and surface texture of
the aggregate is used (Ref. 1). Huang (Refs. 45 & 46) developed a
particle index test in which single-sized aggregate is roddéd in a
rhombohedral mold and the veoid ratio is compéred with the void ratio of
uniform spheres. Huang (Ref. 45) compared the value of particle index
with sphericity calculated according,to the method develope& by Wadell
(Ref. 36) for gravel and crushed stome and found.a good relationship
between the twc values for both materials., Recently Huang (Ref. 47)
modified the particle index test to us; a standard CBR mold, and the
test has been adopted asba tentative ASTM standard.

Ishai and Tons (Ref. 48) developed a pouring test for expressing,
geometric irregularity of particles by parameters which are related to
volume, specific gra#ity,‘and aggregate porosity. The pouring‘test 1s
coﬁducted by allowing aggregate to flow through an orifice in:q a |
container to overflowing, leveling tﬁe aggregate, and weighing 'it.

The packing specific gravity (GP) 1s determined by comparing the weight
to the weight of glaas beads which fill the container.

Differences in the shape, angularity,‘and surface texture of
aggregate may be due to geologic factors and production methods (Ref. 1).
Pit run gravels tend to be rounded, bﬁt because of their heferogeneous
nature, it is difficult to conclude much ébout thé surface texture of

gravels. Crushed materials tend to be more angular than gravels, but
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the surface texture of crusheé materials is primarily a fumction of the
grain size of the material. Crushed granite has a'rougher texture than
does crushed limestone.
3.3 SPECIFIC GRAVITY AND ABSORPTICN

The absorption test is used to determine the bulk and apparent
specific gravities of ‘the aggregate aloug with the amount of'water the
aggregate absorbs (Ref. i). ASTM (Réf. 26) defines bulk sPecif;c
gravity as the f§tio of 1) the weight in air of a given §olume of im-
perméable porcidn of a permeable paterial (thﬁt is, tﬁe volume of solid

matter -including its impermeable pores or voids) at a stated temperature

‘to 2) the weight in air of an equal volume of distilled water at a stated

temperature. The expression generally used to compute apparent specific

gravity (Gg) 1is

Gs =Y /Y, v | ' | (3-6)
in which'ys is the density of the solid particles, and Yu is the density of
water. Absorption is thg ratio of a) the difference in weight of saturated
5urface-dry sample and oveﬁ dry sample inlair to b) the weight of the
oven dry sample in air. Average values of bﬁlk specific gravity and
absorption4are available in Refs. 49 and 50. Values range from about
2.50 to 3.3 for bulk specific gravity, and from about 0.2 to 1.8 for
absorption.

The voids and the continuity of the voids affect the results of the
absorption tests. Slags and other coarse textured materials generally
show higher absorp;ion values than do_materials such as basalt. It.
should be noted that variations of more than 20 éercent for the specific

gravity of a particular type of aggregate are not uncommon.
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The methods of test for specific gravity and absorption of coarse
aggregates is:

AASHTQ Desigmatiom. . , . . . . . . . . . . 185

ASTM Designation . . . . . . . . . +« . «y. G127

Corps of Engineers Desigmatiom . . . . . . CRD-C107-60

Federal Specification Designation . .# . . Method 209.0

The field method of test for absorption by ;ggtega:es,is:

Corps of Engineers Designation . . . . . . CRD-Cl09-48
This me:ﬁod of test is intended for use in making an approximate deter-
mination of absorption (of moisture) by fine OoT coarse aggreéate.

Although specific gravity 1is not necessarily related to aggregate
behavior, Wadell (Ref. 51) indicates that three individual rock types having
loﬁ'specific graﬁities (shale, sandstone, and chert) may‘display poor
performance in concrete. Aughenbough, et al.(Ref. 44) had a similar :
conclusion based upon degradation of four different base course materials
during compaction. That is, dggfadation 1nqreased with decreasing buik
specific gravity. Raymond, et al (Ref. 42) studies of breakdown field
rating and bulk specific gravity of ballast materials showed leés break-
down for materials having a higher specific gravity. However, good cor-
relation‘for breakdoun‘field rating and absorption could not be established.
A minimumyvalue of 2.65 was suggested.

Brinkv(Ref. 52) reported that for a specific rock source, the absorp-
tion of the rock will be greater and the specific gravicy will be lower
for the more weathered material. Since the absorption of water by an

- aggregate has a relationship with the poré volume of the aggregate, Bloem
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(Ref. 53) believes 1t is more logical to evaluate the freeze-thaw resistance
by usiné the simple absorption test rather than by the sulfate soundness
test.

Canadian ﬁational Railway specifies the percentage absorption of
ballast material -should not be greater than 0.5%, and a minimum of 2.65
for the specific gravity of ballast (Ref. 24). |

- fﬁe absorption capacity of the aggregate‘is believed to Ee related to
Vthe weathering pbtential ﬁf the aggregate. Howevef; b;séd on the litérature,
there appears to be scme controversy as,tO'the significance of the test
‘ resultsv(Ref. 1). Peckover (Ref. 24) feels the absbrption test offers
little in addition to the soundness test and’thinks a direct measure of
the ﬁorosity of the rock is more important, .

Dalton (Ref. 54) found high testing variationsr(ag much as 60 percent
of the acceptable limit of 0.5 percent) for the abéorptiou test. He also
concluded that the absorption limit may allbv app;oval‘of ballast which
mﬁy break down too rapidly due to field weathering. Raymond, et al
(Réf. 55) fouﬁd good correlation between the ffeeze-thaﬁ, soundness, and
absorption test results.

3,6 REFERENCE DENSITY AND VOID RATIO

Multiparticle systems consist of three distinct phases: solid par-
ticles, and void space containing air énd/or water. The compactness or
packing is usually defined by the void ratio, the porosity or the density
of the bulk sample. The void ratio (ratio of volume of voids to volume of
sclids) along with porosity (ratio of volume of voids to total volume)
and density (ratio of total wéight to total volume) are affected by the

compactive effort imparred to the aggregate mass, as well as the aggregate
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shape, surface texture, and gradatioum. Dénsity, in addition, is a function
of the specific gravity of the minerals. In gemeral, the void ratio at
a given compactive effort is lower for well-éraded than for uniformly
graded materials, and for rounded grain than for angular grain material.
Powers (Raf. 39) investigated the void ratio in different combinations
of aggregate and found that 1if size groupé are similar, the size range
governs the void confent. He also found that small void ratios are
possible 1f large single~size fractions are combined withismall single;
gize fractions as well as if a uellr;raded material is considered. Lower
void ratios aie also an. indicator ofrhighe:_stability gnd lower compressibil-
ity characteristics of the material. |
Specifications for determining a reference density and void ratio for
concrete aggregates are:
Unit Weight of fine, coarse, or mixed aggregatas:
AASHO Designation . . . + ¢« ¢ & & & & . T19

ASTM Designatiom . . . .. .. .. . . . C29°

Corps of Engineers Designation . . . . . CRD=Cl06-57

-
*
.
.

Federal Specificacion Designation Method 201.0

Voids in Aggregate (for Concrete):

AASHO Designation . . ... « = aoa e . 2 . T20

ASTM Designatiom . . . . : D e 1

Corps of Engineers Designatiom . . . . . CRD-C110-48

AREA recommends a minimum compacted unit wejight for ballast of 70 to
100 lb/cu £t. (1120 to 1600-kglm3) for slag ballast materials (Ref. 2).

Heavy ballast is generally preferred to lightweight ballast because
it i3 thought to offer more fesistance to lateral movement (Ref. 24).

Little meaningful data has been obtained om the in-place void ratio,

porosity or density of ballast because suitable methods of measurement
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have not been available. Part of the effort in this present research
has been to develop appropriate methods and to use them to study the
density state of ballast in the field. The methods, including a refer-
ence density test, are described in Ref. 23.

Relative density* expresses the degree of compactness of a material
with reSpéct to the loosest (minimum density) and the densest (maximum
density) conditions of the material that can be attained by specified
laboratory proceﬁures.' Thus a material in the loosést state would have
a ;elative density of zero and in the densest state, of 100 percent. The
magnitude of the dry unit weight of a cohesionless material does not,
by itself, reveal whether it is loose or dense, because of the influence
of particle shape and gradatioﬁ on this property. .ASTM D 2049 (Ref. 26)
is a standard specification used to determine the‘maximum and minimum
void ratios for calculating relative demsity. The tjpes of errors in
determining relative density and a comprehensive review of these méthods
is given in Ref. 56. However, this method is not suitable for ballast
materials.

3.5 HARDNESS AND TOUGHNESS

Moh's scale ranging from 1 for talé to 10 for diamonds, provides
a relative measure of mineral hardness. It was developed in 1812 and
is now being used successfully for correlating physical and technological
properties of rocks. Approximately 70 percent of the crushed rock produced

in the United States is in the range of 3 to 4 on this scale (Ref. 57).

* Actually more correctly termed relative void ratio because it equals
the ratio of a) the difference between the maximum and sample void ratios
divided by b) the difference between the maximum and minimum void ratios.
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The hardness of rocks, on a broad range, can be covered by the fol-

lowing four categories (Ref. 29):

Soft Medium Hard - Very hard
\
Asbestos rock Limestone Granite Taconite
Gypsum rock Dolomite Quartzite Granite
Slate Sandstone: Iron ore Felsite
Talc : : " . Traprock Traprdck

Limestone

The toughness testﬁis made to determine the_resistance of a rock to
impact. Available standard tes; methods are:

Corpé-of Engineers Designation . . . . e CRD-C132~-53

Federal Specification Designation . ., . . . Method 207.0
Average values of toughness of the priﬁcipal kinds of rock are given in
Ref. 49. The range is ;bouﬁ 6 to 20.

Several other testing échemes have been developed for use in estimating
the hardoness of individual aggregate particles. ' The British‘uég British
Standard 812 4in which the aggregate is cdnfined in a mold and subjected
to 3170 psi (21.86 MN/mz) pressure (Ref. 58). The amount of breakdown
or change in gradation is used to calculate the '"crushing value."” Scalzo
(Ref. 58) attempted to correlate field degradation of ballast materials
withlthe crushing value. In genmeral, he found that good perforﬁance of
ballast was achieféd if the "erushing value" was less than 20 percent.

Raymond, et al. (Ref. 42) determined the *crushing value'" for 10
ballast materials using B. S. 8l2. A good correlation between breakdown

field rating and "crushing value' did not exist. However he suggested a-
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limit of not greater than 25%.

Rad (Ref. 41) proposed the -use qf an impact te;t which involves drop-
ping a weight a specified distance onto séveral particles and measuring the
change in size due to a given number of drops. He found rounded particles
to be lessdsuq;eptible to impact than were sharp particleu, which were in
turn less susceptible than flar or elongated particles. |
3.6 CHEMI&AL SOUNDNESS

The chemici; soundness test for aggregates is.used to determine their
resistancé to disintegration by subjecting the aggregates repeatedly. to
saturated solutions of sodium sulfate or magnesium sulfate. This method
fufnishes information helpful in judging the soundness of aggregates subjecﬁ
Lo véathering action, particularly when»adequate information is not avail-

‘able from service records of the material éxposéd fo actual.ﬁeathering
conditions. Test results by the use of the two salts differ cdnsiderably,
so that care must be exercised in fixing proper limits in any specifications
vhich require these tests. | -

Test épecifiéations for soundness of aggregate by use éf sodium sulfater
or magnesium sulfate are:

.AASHO Design;tion e m e e e e e e .'. . T104

ASTM Designatiom . . . . . . . . . . . . . CB8

Corps of Engineers Designation . . . . . . CRD-C137-62 and Cll5-55

Federal Specification Designation . . . . . Method 203.01 |
Soundness ﬁests such as ASTM CB8 and AASHTO T1Q4 comsist éf five cycles
of alternately socaking the aggregate in the saturated solution followed
by drying. Squndness is evaluaﬁed by calculating the loss or change in

gradation as a percentage of the initial weight. Factors affecting the
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results of the soundness test include typé of solution, number of cycles,
void characteristics of particles, mineralogy of aggregate, and présence
of fractured surfaces (Ref. L1).

The soundness test relates to disruption of the rock by tﬁe grcwth of
chemical crystals rather tham by the growth of ice crystals during freezing
and thawing and has been crigicized because it does nof simulate actual
conditions (Ref. 1). Addition#llf the soundness test has.been critici;ed
because it‘iS'not reprodﬁcible in diffgrent labora:;ries, eépécially if
sodium sulfate is used. - West, et al.(Ref. 59)'conc1u&ed the sbdium sulfate
test.did not prove useful or reliable. Bloem (Ref. 53) found that magnesium
sulfate produced more consistent results thgn did.sodium'sulfate, posasibly
because temperature variations affect the magnesium sulfate test less.

Freeze-:hawyZests (to be discussed in a following section) apparently
giQe results which predict the wéathering resistance of aggregate better
than does the soundness test (Refs. 24, 59, and 54). However, Raymond, et
al.(Ref. 55) found good correlaﬁion between field performance, the sodium
sulfate soundness and the freeze-:haw-(AASHTb T103) tests. He suggests a
value of sulfate soundness not greatér than 1.25% (Ref.;42). B;llast speci-

fications for sodium sulfate soundness reported by others are:

Source S ' Soundness Not to Exceed
1. AREA | | 10%
2. Canadian National Railvays (CN¥R) . | 5%
3. Canadian Pacific Railways (CPR) ‘ 107
4, Southern Pacific Transportaﬁiou Co. (SPTC) 102
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3.7 ABRASION RESISTANCE

Two testing prﬁced;res have been-devised to measure the resistance of
rock to abrasive wear. The Los Angeles abrasion test first came into use
in 1932, and it is now a requirement in most of the states. The Deval
test was devéloped yy the French in 1878 and subsequently modified in 1937.

It has been found to be of less value than the Los Angeles test as an

e

indication of the behavior of aggregate in actugl use (Ref. 29).

The.specif;cgtioﬁ for the.LoalAngeles procedure for the testing of
crushed gravel;‘rock, and slag or uncrushed gravel for resistance to
,abrasionris: | .

AASHO Desiénatioﬁ e i

ASTM Designatfion . - . « « « - . + . « . .. Cl3l

Corps of Engineers Designation . . - - .-{ . CRD—Cll7-46

Federal Specification Désignacion SRR Method 208.11 _ . -
Ledge rock, when hand broken into apéroximately cublcal fragments of the
specified sizes and tested in this manner, has been found to have‘alloss
of approximately 85 percent of that for crushed rock of_tﬁe same quality.

The Los Angelés abras;on testing machine consists of a.steel cylinder
in which the material is rotated, together with cast iron or steel spheres. for

500 to 1,000 revolutions. The sample may be either wet or dry. Britiéh

Railways uses the wet mode as a standard for ballast approval. The
ébrasive.wear is reported as the difference between the retained weight on
the designated screen and the weight of the original sample, expressed as

a percentage of the original weight.
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Average wear values for principal types of rock range from 14 to 47
(Ref. 49). Among the factors influencing the Los Angeles cest results are
number of revolutions, sample moisture conditions during test, uniformity
of aggregate, aggregate shape, gradation, and mineralogy (Ref. 1).

ARFA specifications recommend that LA abrasion losses be limited to a
maximum of 40 percent (Ref. 2). High quality aggregate base course materigls
considered acceptable for highways and airfields normally have losses less
than 40 to 50 perceat.

Attempts have been-ma§e to correlate Los Angeles abrasion data with
fielﬁ degradation (Ref. 1l). West, et al. (Ref. 59) obtained good results
by running both wet and dry tests. Scalzo (Ref. 58) found that the values
correlated well except for basalt. According to Goldbeck (Ref. 60) the
Los Angeles abrasiocn test "gives a pretty fair indication of the service
value of ballast." Dalton (Ref. 34) found that the Los Angeles abrasion
test alone was not an entirely reliable indicator-of ballastr quality. He
also indicated that ballasﬁ wi:h abrasion losses slightly in excess of the
maximum allowable may be satisfactory if the resistance to freeze—tﬁaw is
good.

Raymond, et al., (Ref. 42) repdrts that a good correiationtbetween
breakdown field ratingrand Los Angeles abrasion does not exist for the
10 ballast types studied. Limiting values tabulated by Raymond et al.

(Ref. 55) for other railways are shown below:
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Source L. A, Abrasion Limit

AREA S - 402

CNR : 202 '
CPR _ 402
SPTC : 25%

The sp%gification for the Deval procedure for the testing of crushed
gravel, rock, and slag or uncrushed gravel for resiscanCE't? abrasioen is:..

AASHO Designation .« . . . . . « . . . . T3 and T4-35

ASTM Designation . . . . + - + « » . . D2-33 (1568) and D289-63

Corps of Enéineers Designa:ioﬁ . ; . . . CRD-C141-56

Federal Specification Desigpation . . . - ﬁethod 208.0

The Deval abrasion testing machine consists of a hollow iron cyclinder
in whiéh the material to be tested 'is rotated 10,000 refolutions with an
_ abrasive charge of six East-iron spheres. Ihe‘difference‘between the retained
weight on the designated screen and thé welght of the‘original sample, ex-
pressed as a éercentage of the original weight is the loss by abrasionm.
The test is still speéified, but the method is essentially obsolete. Average
wear values for principal'types pf rock are 2.5 to 10.0 according to Ref. 29.
3.8 FREEZE-THAW CHARACTERISTICS

The procedure to be followed in testing agpregates to determine their
resistance to disintegration by freezing and fhawing is:

AASHTO Designatiom . « . . . . - . . . - T103
This test furnishes information helpful in judging the soundness of aggregates
subjected to weathering action. However, in selecting aggregates, principal
dependence should be placed on service records of the materials when exposed

to actual weathering conditions. -In the absence of such information, the
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test method affords a useful guide. Because of Ehe limited amount of infor-
mation concerning the significance of the test results and because of the
lack of information as to the uniformity’of tests made in different labor-
atories, the test method should not be used arbitrarily for rejection; it
should be used only to furnish information to indicate whether or not the
materials require further investigation of their soundness (Ref. 29)-

Several versions of freeze-thaw tests have been.msed to evaluate
aggregate resisténce,:o digintegration by cyciesof freeze-thaw (Ref. 1).

In general, either partial or complete 1mﬁersicﬁ can be used, and the fluid
can be either water or a»watef-alcohol solutiou;' Although-the-AASHTO pro=
cedure does not recommend the. number of cycles, some'authorities have recom-
mended :he‘use of as many as 50 freeze-thaw cycles. Raympnd,.eg al. (Ref. 42)
has used 58 cycles with a 48 hour period per cycle. Resistance is measﬁred
by the change in gradation caused by the testing. Rapid freeze-thaw tests
are open to criticism in that they do not simuléte the actual rates of tem=
perature change to‘which the ballast is subjected. However a high number

of éycles or a long cycle time {s impractical and uneconomical in most
approval testsbecause of the time and cost involved...

Particles with fractured.surfaces may offer more opportunity for pene-
tration of water and hence for freeze-thaw degradation. Also elongatéd,
angular particles offer more surface area,fhan do smooth, spherical particles.

Peckover (Ref. 24) and West, et al. (Ref. 59) feel the freéze-chaw
test yields results useful for predicting resistance to field weaﬁhering

(Ref.. L)m Raymond, et al., (Ref. 42) did not find a good correlation
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between breakdown field raﬁing and freeze~thaw values for iO ballast materials,
but suggests 3.0% as a limiting value.
3.9 OTHER PROPERTIES

Several other tests with some relevance to ballast are briefly summarized
below. All are of interest in aggregate selection and applicatiom.

1. Production of Plascic‘Finés in Aggrega;es |

The durability factor is a wvalue 1ﬁdicating the reiative resistance of
.an aggregate to producing detrimental clay~like fines when Qubjected to the
prescribed,mechénicél methods of dégradation.' In the California Highway
Department.test‘(Califoruia Test Nb; é29)‘the durability is measured b&
agitating aggregate in water and measuring the change in gradation.

The method for determiniﬁg the duraﬁility factor of aggregates is:‘

AASHTO Designation . . « « « « 4o v v + o = o « . T210

California Designation . . . . . .. .‘. - e e . .229-C

2. Plasticity of Fines V

Excessive fines content normally is‘not permitted for high quality
'ba;last materials. However, some lower quality ballast and many subballast
ma;erials may have a substantial_amount of fine materials.

In general, it is found that sfability of the granul&r material is
adversely affected by fines ﬁich high plaéticity. Atcerberg limits
(ASTM D 423 or AASHTO T 89 and T 90) can be used to determine the plasti-
city characteristics of the faction finér th;n the number 40 sieve (0.425mm).

‘fypical ballast specifications do not contain any limitations concerning
plasticity characteristics (Ref. 1). Subballast materials in general fdllow
limits set by ASTM D 1241 for soil-aggregate mixtures, which requires that

the liquid limit be less than 25 and the plasticity index be less than 6.
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3. Percentage of Particles of Less than 1.95 Specific Gravity in
Coarse Aggregates | |
The method of test for the approximate determination of shaie in
coarse aggregate 1s:

3

AASETO Designation « « o « o o + o « « . . T150
The test separates, along with the shgle, other particles of low épecific
gravity br relatively ﬁigh surface area such as iron oxides, soft par:icleé,
anq other small materials.

4. Clay Lumps in Aggregates

The method of test for the approximate‘determination of clay lumps in
the routine examination of aggregates'is:

AASHO Designation » - » » » o« o o o ... . TL2

ASTM Designﬁcion S IR T Cl42

'Corps of Engineers Designation . . . . .. . . CRD=Cl42-65

-Federal Specification Desigmation . . . . . . Heth;d 205.0
Clay lumps and friable'particles are limited té 0.5 percent by the AREA
specification (Ref. 2). . ASTM Cl42 déscrihes clay lumps and friable par-
ticles as particles than can be broken with the.fingers_éfter'qhe aggregate
has been soaked in water for 24 + 4 hours (Ref. 26).

5. Soft Particles in Coarse Aggregates |

The method of test for determiﬁiné the quantity of soft particles in
coarse aggregates on the basis of scratch hardness is:

AASHO Designation . . . . « . . . &« . + « ... T189

ASTM Designatiom . . . . . « . « - ... - . . C235

Corps of Engineers Designation . . . . . . . CRD~C130-57

Federal Specification Designation . . . . . . Method 228.0
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This test is to be used to identify materials which are soft, including
those formed of a soft material and those which are so poorly bonded that
. the separate particles in the piece are easily detached from the mass.
The test is not intended to identify other types of deleterious materials
in aggregate.

A sigdy of tests for the determination of soft pleces in aggregate
gave as a conclusion,that ﬁhe scratch-hardness test using a hard yellow
bréss scribg was the only one considered suitable for laboratory and field
use (Ref. 61). 'Partitles are "soft" if a groove is made withqut the depo-
sition of bfass: AREA recommends that soft particles be limited to less

than 5 percent (Ref. 2).

6. Method of Test for Clay Lumps and Friable Particles in Aggregates
{Slaking Test Method)

The method of test for determination of clay lumpé and friable par¥
ticies in aggregates by slaking in water is: *

Corps of Engineers Designation . . . . . . . . . CRD=C118-55

7. Petrographic Analysis

Petrographic analysis (ASTM C295) is the microscopic examination of
rock samples and the identification of the constituents. The CNR commonly
uses this method of analysis for ballast characterization (Ref.24).

| Sevefal investigators (Refs. 24, 59, 62, 63) have attempted to cor-

relate the results of petrographic analysis of the particleé with field
degradation. The results of petrographic analysis are greatly affected
by the experience level of the petrographer and by the lack of quantitative
analysis criteria. Because the nature of petrography is subjective, the

results may have extreme variations (Ref. 1).
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The mathod for the petrographic exaﬁination of reprasentative saﬁeles

of materials proposed for use as aggregates 1n concrete is._

ASTM Deeignation .‘;'.IL_.:. S €295
Corps. of Engineers Designation-. ¢ « « +« » « GCRD-Cl1l27 =64
The specific procedures employed in the petrographic examination of any

ORI
sample will largely depend on the purpoae of the examination and the .

nature of the sample (Ref. 29) ’ C \

Nomenclature has beeu prepared to provide brief, useful and accurate .

descriptiona of samerof the more common or more important natural materials
found as constituenta of mineral aggregates. These are apecified,lu ,

ASTM Designation . ;7;-g“;'._..3f. ¢+ e . G294

Corps. of Engineers Designation . . CRD-C139-56
The descriptions pravide a basis for cemmon understanding when they are
used to designate aggregate canstituents. These‘descriptions are'not
adequate to permit the accurate identification of the natural constituents
of mineral aggregates. In many cases, this identification can only be .
made by a qualified geologist mineralogist, or petrographer using the
apparatus and procedures of these sciences (Ref. 29).

Identification of the'constituent materials in a mineral aggregateamayr

facilitate the recognition of its properties, but identification alome, ' = - "~ i D

however accurately it may be accomplished is not a Sufflcient basia for
predlcting the behavior of aggregates in service. Mineral aggregatesﬁtomj - ,t“
posed of constituents of any type or combination of types may perforﬁneellferu
poorly 1in service.dependinglupon‘the exposure to which they are subjected,
theaphysical and chemical propertiee of the matrix in which they may be em~
bedded, their physical cendition at the time they are used, and upon bther_.fﬁ
facters-(Ref.729j. ‘
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3.10 BALLAST IDENTIFICATION

Ballast can be categorized as crushed stone or rock, processed gravel,
pit-run gravel, and slag. Crushed stone, as an aggregate produced from
processed rock, is identified with the associated geologic rock source.

A great deal can be gained from a knowledge of rock identification.

In addition to their varying intrinsic properties, rocks may be affected

in different ways by the aggregate prﬁcessing itself. Some rock types,

after processing, will have bectter finished shapes than others. Granite,

for example, has a good quality for aggregate and yields a good finished
product, :although it 1s the source material for less than 8 percent of
quarried aggregate. Approximately 11 percent of all quarried rock is

basalt, diabase, and éabbro,,a group gemerally known as "Craﬁrock." Thése
are dark, ﬁeavy rocks with a tendency to crush to flat pleces in the finer
sizes. Limestone and dolomite are the most widely found common quarry rocks
and account for approximately 71 percent of the total. These high-caleium-
stones usually crush tolyield well-shaped aggregate and.lend themselves well
to processing by impact breakers and hammer mills. Sandstone may vary greatly
in its physical properties and must be checked carefully before it is used as
an aggregate. Approximately 4 percent of quarried aggregate is produced

from this type of rock (Ref. 64).

It is bécoming increasingly'important to include detailed petrographic
examination in the evaluation of any raw material for use as ballast. Such
an analysis as a quality test by qualified persomnnel is both quick and -
reliable. In order to make a petroéraphic.examination of fock samples fof
aggregate, it is necessary to be able to identify the various rock types.'

Information for identification may be found in Ref. 65.
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Processed gravel is pit-rum gravel which is washed and screened and/or
crushed. These materials are found as gravel deposits formed as a result
of glacial or fluvial action, Idemtificatiom 1is usually restricted to parti-
c¢le size and shape characteristics rather than identifying the mineral comsti-
tuents or rock type. ASTM D2488 (Ref. 26) is a standard method used tb visually
identify and describe such materials.

Slags used as ballast and subballast aggregates are principally the non-
metallic by-products of mecal—making furnaces. .Identification is associatéd
~with the type of processing, {.e., air- or water-cooled, and type of metal ofe
processed, such as copper or nickél, Three general types are air-cooled blast-

furnace slag, granulated blast-furnace slag, and steel or open-hearth slag.
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4, MECHANICS OF GRANULAR MATERIALS

~ The design andhperformance of tfack‘structures isriqfluenced by the
stacic and dynémic stress-deformation and strength chafacteristics of the
- ballast and the undérlying soii layers. The mechanicél properties repré-
senting the material résponse is determined either from tes;s on specimens
in the %aboratofyluﬁder the anticipated field stress conditions, or from
tests conducfed in the field on undisturbed materiél samples. In this s
chapter the paraﬁetersldefining the stress;&efo:mation and strength
characterisﬁicé Eill be desﬁribed, the metho&s by which they are ﬁeasured
will be expla.ine:d, and the factors influencing the properties will be dis-
_cussed. “ -

Sdil is.a material-whose ﬁehavior is nonflinear\and in?lastic,'as well

as stress-history’and-strain-rate dependenﬁ. Hence, the stress-deformation ,
and strength behavior is complex,.so tﬁat for practical applicacions, a
simplified representation in the choice sf the mechénical froﬁerties is
~always necessary.
'Usiné the soil classifiégéion systéms common to,géotechnical engineering,
‘ ba;last maté:ials willjgene:aliy be categorized‘as'haviﬁg their primary
componén;iin‘the gra§21-§i:e parriﬁle range. AREA specifications (Ref. 2)
fdf'cfushéﬁ étoﬂe, crushed slﬁg, and crushed gravel ballast indicate uni-
formly-graded ﬁaterial,}wbe£eaé‘those‘specifications for pit run gravel are
far a well—graded»mﬁteriai. ‘Pit run gravel contains sand-size as wgll as
gravel-siZe.pér;icles. Furthermore; degradation of particles or infiltration
of fine materiél can coﬁvérf a uniform, gravel-size ballast to a material
which includes sand and silt-size particies. Thus, although particles larger
than sand size ére norﬁally desired in ballast, ballast materials can encompass

most of the gradation and particle sizes of granular soils.
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An abundant amount of information is available in the literature on
the behavior of granular soils, althoﬁgh much more relates to sand-size
materials than to gravel-size materials. These materials are identified
primarily by size classification, with minor emphasis placed on the geologic
origin and compositional characteristics of the material. Unfortunately,
the latter factors are quite important for ballast materials. Because only
a small percent of available information 1is directly derived from tests
on ballast materials, this ch;pter will present a general treatment of the
mechanical behavier of non-cohesive or granular materials, ehat is, all of
those primarily composed of sand and gravel.

4.1 STRESS-DEFORMATION AND STRENGTH BEHAVIOR

Basic Concepts. Granular soils may be visualized as an assembly of

particles which can be combined in a variety of packing arrays with a
range of density or void ratio. The voids between the particles are
filled either with air or water or botﬂ. When a granular m;terial is
stressed, it will deform by a combination of: 1) compression of individual
particles and breakdown at the particle contact points, and Z) movement cf
particles relative to each other. This movement is resisted by friétion_
at the contact points, plus interference between particles throug# inter-
locking. Both mechanisms of resistance are a function of the stress level,
with the consegquence that the resistance to deformation under stress
inéreases with the mean stress level, all other factors being equal.
Stresses épplied to a granular soil are transmitted ;hrough either the
contact points‘or the pore fluid. The average stress on a cross-secticn
through the soil has been shown to be éppropria;ely represented by the

sum of the effective or intergranular stress and the pore pressure.
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Because the pore pressure has no .shearing resistance, the effective stress
controls the streﬁgth and mechanical béhavior of the soil;
vIn a partially saturated granular soil, the eéﬁivalent ﬁ&re pressure’
1s essentially equal to the pore air presguré, which is usﬁéll& étmos?ﬁeric
"and hence taken aé zero. In such a cage the>efféctive'stress.equals the
total stress. For a soil that is eséentially‘séturated, thﬁf is,.with all
of the voids full of watér, the equi;alen:-poré pressure equals the pore
-watér pfessuré. ?ecause the seil pérticles.énd the-watef ;re S;th 1#-
compressible compared to‘the soil skeleton, when a saturated samﬁie is
stressed, the pore water pressure can cﬁange'sigﬁificanﬁiy,fand.hence alter
' the magnitude of strength and sﬁiffnes;.‘ Sﬁchudhanéés will not ocecur if
adequate drainagéris allowed so‘that the poté ﬁﬁterﬂpressure will.rémain
canstang, usually at atmbsphéric préssﬁre, and hence taken as zefo. Thus,
again, the effective stress equals the total s:ress; |
During loadihg,.a‘soil may be drained, undrained; or partially drained
_w;ch respect‘to movement of pore fluid.  In ;he ﬁndfained caéé the 5oundar§
of the soil is-restricted'SOVthat no pore fluid can fléw in or bdt Af the
sample. In the drained case pore fluid can mové in or oﬁt:af-thé-sample‘to
accommodate volume changes of the soills:ructure with no pore pressure change.
Thé partially drained case is, of course, the'éituation interﬁédiate to the éther two.
A partially saturatéd or dry granular soil will behave the same whether
itlis.drained or undrained during loading, bécause the compressibility of
the pore air is sufficiently greaf to ;esul; in little change in pore pres-
sure when the goil structure changes in volume. In the drained conditionm,
saturated soils will also behave about the same as those that are partially

saturated or dry, because the flow of pore water accommodates the volume
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¢hange without any pore pressure change. However, the mechanical pro-
perties will be very different for saturaced, granular soils in undrained
loading, because of the change in pore pressure which will result in a
change in effective stress.

In ché cagse of a typical ba;%as: material without fines and with the
underlying boundaries open to drainage, the ballast‘will have a low degree
of saturation, and the total stresses will be equal to the é%fectiﬁe
stresses. With the lateral and underlying boundary sealed, the ballast can
become saturated, but if the loading 1s slow enough to permit upward .
drainage of pore;wa:er; the ballast will still behave as a drained material.
However, when the ballast becomes clogged with fine ma:erials,‘the permeability
may become small enough that the rate of dissipation of pore'pfessure is
slow enough during dynamic loading that the ballast will behave in an undrained
manner with a buildup of pore pressure and, consequently a significant alter-
ation in the mechanical behavior. |

fhe most common method of measuring the stress-strain and strength
properties of a soil is the triaxial test illustrated conceptually in Fig. 4.1.
A cylindrical sample of soil is surrounded-by an impermeable membrane and
placed in a fluid-filled chamber, so that an all-around confining pressuré
(03) can be appliéd to the outside of the sample., An additional axial com-
pressive stress (01 - 03) is then applied to the sample, causing a compres-
sive deformation under constant total lateral stress. The resulting stress
state is represented by an axial tﬁtal stress (0;) and a lateral total
confining stress (03).

Typical stress—-strain curves from such a test are illustrated in Fig. 4.2.

The dense soil shows a significantly higher strength than the loose soil at
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coustant confining pressure. ;n the drained case, a volume change will ‘occur
during loading, with the dense sample at first decreasing in volume and then
dilating to a volume greater than its initial volume; But the loosﬁ.soil
shows a continﬁally decreasing volume. In contrast, for the saturated,
ﬁndrained case, no volume change can ocﬁur. Instead, for the loose soil,
the pore water preséufe increases during loading, while for the denmse soil,
the pore pressure at first increases and then shows a significgnt reduction.
This pore pressure change will alter the effective stresses so that the
dense sﬁil is'étfonger than in the drained case, while the 1oo§e'soil is
weaker than in ﬁhe drained case. | .

1f the Qr;ined fests are Tun atrdifferent f;tal confining pressures,
thé stiffness and>s:reng:h,will increase as the confining pressure increases.
Th; Stréss;state af the peak points can be represented by Mohr's circles as
shown in Fig. 4.3. For ideél behaviof of cohesionless soils, the circles for
different confining pressures will all be gangent to the same straight line

through the zero stress stdte,"Cohesion is assumed to be zero, and therefare

the strength parameter is the angle of shearing resistance ¢. In the undrained
' case where the pore pressure changes (Fig. 4.2b), the peak value of 03 - O3

. will be different for the same value of gg. The drained and undrained Mohr's

circles for the loose soil in Fig. 4.2 are compared in Fig. 4.4. A lower
value of strength parameter is obtained for the undrained test when the
results are represented in terms of total stress. Hoﬁever, the effective
stress circle for the undrained case has the same strength parameter as
thaf for the drained case. This is a consequence of the fact that strengtﬁ
is governed by effective stress rather than by total stress. The results

for the dense scil would be analecgous, except that in the dense case the
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undrained circle will be larger than the drained circle, and the effective
stress circle for the undrained case will shift to the right of the total
stress circle until it becomes tangent to the ¢ line.

Factors Influencing Behavior. Granular 5oil behavior in the laboratory

and in the field is affected by characteristics of the soil type, imposed
gtress conditions, and type of drainage. Variability in test results on
identically prébared specimens 1is accounted fér by the preceding factors
as vell as by the limitations in the test procedures and equipment. Thg
latter, however, will not be considered in this chapter. Tﬁe main factors
influenciﬁg cohesionless soil behavior are: 1) degree of compactness, 2) degree
of confinement, 3) plasticity of the fine fractiom, 4) degree of saturatiom or
drainage coudiﬁions, 5) parﬁicle shape, 6) gradation curve charaéteristics, 7) par-
ticle size or principal component, 3) type of test and 9) rate and type of loading.
The treatment of these factors in this chapter will be general and hold. for
a majority of cases, although specific conditions can be encountered which
will contradict the generalized behavior. .

Soil particles may be arranged in either a loose (high void ratio or
low relacive density) or denée {(low void ratio or high relative deﬁsity)
state depending upon the émounc of energy imparted to ché soil. Dense soils
have a higher modulus -of deformation, a higher peak stress (compressive
strength) and a lower strain at failure than loose soils {(Fig. 4.2). After
the peak stress has been reached, dense soils show a reduction in stress
with increasing strain while loose scils often continue to show a comstant
stress or>increasing stress with increasing strain. Upon loading, loose
drained or unsaturated samples underge a volume reduction and subsequent

decrease in void ratio, whereas dense samples dilate and increase in void
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ratio. At some strain after failure both curves when extrapolated will
asymtotically apprgach‘the same stress and will essentially have the same
vold ratio, which is defined as the eritical void ratio.

_Two samples identically prepared but tested under diffe;ent confining
pressures will show appreciable differences in\behavior. While the failure
strains are eséentially the.same,'samples at higher confining pressures
have a higher modulus of deformation and peak stress. The higher strength
is primarily due to the additional interlocking of :hé grains under the
higher coufiniﬁg pressure. »

The presence of plastic fines tends té lubricate the larger particles
such that a reducfion of interpart1c1é<friction occurs. The result is a
lower modulus of déformation, lower peak stress and higher failure strain
than those existingrfor non?blastic‘fines (Fig. a.Sa). The‘differeﬁceS'in
the two curves can be accounﬁed for by the qu;ntitf aﬁd the degree of
élasticity ¢f the plastic material.

- Since granular materials without fiﬁes are highly permeable, pore
water cannot completely fill (satura;e) the void space unless tﬁe flow
is restrained. The behavior nfrsoil‘that is both saturated and undrained
.during loading is quite different from that which is fullyldfained‘or
unsaturated (Fig. 4.2). However, on an effective stress basis ;he results
are essentially.the same. |

Angular particles interlock more than rounded particlés and ;hus have
a higher peak stress. As shown in Fig. 4.5b, the modulus of deformation
is lower and. the failure strain is higher for angular particles than
rounded particles with uniform grading at the éamé relative density,

but different void ratios. However, the influence of shape on failure
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Figure 4.5. Illustration of the Effect on the Axial Stress-Strain Relationship
of Plasticity of Fines, Particle Shape, Gradation, and Particle Size
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strain and modulus values is not clearly established in the literature.
The difficulty arises in obtaining samples of nearly the same grading,
maximum and minimem void ratios, but different particle shape.

Well-graded and uniformly—graded materials represent the extréme
grading limits.‘-Well-graded solls have a larger number of contact points,
thus producing‘a higher degree of interlocking and shearing resistance.
These materials have a higher peak stress (Fig. 4.5c), but the comparison of

modul@s of deformation and failure strain is not well established, due to

differences in the magnitude of the limiting void ratios and relative demsities.

The angle of shearing resistance is highly influenced by the particle

-size5 Beported trends are for both increasing and decreasing friction

aﬁgle with decreasing pgrticle size. Smaller ;izé'particles have more
particle contact area, thus ﬁroducing a more uniform distribution of shearing“
stresses within the soil specime;s. Large particles have a higher &egree of
crushing and fracturiﬁg, but these effects also produce greater interlocking.
An importaﬂt factor to consider for comparison of stress-s;rain curves is
denseness of p;fﬁicle packing. As shown-iﬁ.Fig. 4.5d, sand exhibits a higher
peak»strgss thaq gravel, but this is for samples prepsred at th; same void

ratio. The sand 15 in a dense .state, whereas the gravel 1s in a loose state.

' This “factor alone strohgly‘influences the results and would be misleading

for thé comparisons made here. The proper parameter used should be relative
density, which would give gravels the higher peak stress and modulus of
deformarion. Failure strain is essentially the same for the two materials.
The behavior of granular snils is a function of the method by which
stresses are applied to the specimen. The isotropic or hydrostatic com

pression test, the confined or one-dimensional compression (ocedometer)
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test and the trixial test each attempt to simulate the in-situ stress
conditions. The results obtained from each are vastly different (Fig., 4.6a).
In isotropic compression, the sample is subjected te the same stress on all
sides with small étrains accompanying increasing stress. Failure of the
specimen does not occur. In the confined compression test, no lateral

yvield occurs during axial load, but strains are greater than in the iso-
tropic compression test at the same stress level. In criaxial.combression,
lateral yield occurs during the application of the axial load under counstant
lateral stress. Strains dre larger than in the two bre;ious cases,-aqd |
"sample failure can occur.

Strain rate can have a significant effe;t on the magnitude of the res~
ponse of éranular soil to‘loading. Typical static strain rates are 1/120 to
1/30%/sec whereas dynamic strain rates are greater than 1/30Z/sec and can
exceed 1000%Z/sec. Specimens at high strain rates have higher peak stress
and modulus of deformation and lower failure strain than samples art low
strain rates (Fig. 4.6b). However, for granular soils the strain rate
effects are not usually large, and can often be negleccted.

Soils may be subjected to both static and dynamic_loads. The latter
can be either repeated, or cyclic, or'high strain rate loads. Cyclic load
testing usually involves the appliﬁation of an alternating axdal stress
added to a hydrostatic state of stress, which causes shear stress reversal
within the specimen (Fig. 4.6c). Repeated load testing is similar to cyeclic
loading except that the axial stress is usually aiternated from zero to a
maximum state of stress with no shear stress reversal occurring (Fig. 4.64d).
The drained cyciic and repeated load tests shoﬁ an increasing modulus with
number of cycles, and dynamic modulus is usually greater.than the ‘static

modulus.
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A summary of the variables and the desired properties asscciated with

stress-strain curves, such as peak stress, initial modulus of deformation
and failure strain, are shown in Table 4.1. These variables are also
ranked as to the importance of the parameter with respect to the effect on
strength determination. As can be seen, the degree of compaction, confine-
ment, saturation, and rate of loading affect the behavior of a given s0il,
- while particle shape, plasticity of the fine fraction, gradation and soil
type cause differences in the behavior of different soils.. The variables
influencing the behavior the mns£ are level of com@action, degree of con-
finement, and scil type. |

‘Theoretical Relationships. Several theories have been advanced to

describe the étress—strain behavior of granular soils. The limiting factor
is that verificétion'of these theories is mainly for sandy type soils and
not for gravel. Because gravels or ballast materials are as much a par-
ticulate system as sands, the theories based on sand behavior can be usged
as a reasonable approximation of the coarse~grained material behavior as
well, Treatment of the static and dynamic behavior theories will be des-
criptive rather than a detailed presentation of equations involved.

Rowe (Ref. 71.), aund Newland and Allely (Ref. 72) both proposed static
stress-dilatancy relations to define granular soil behavior. King and
Dicken (Ref. 73) showed the two theories are founded on the same basic
‘stress and volume change equations and only differ with the final assumptions
made to allow interpretation of experimental results. Thervalues of
empirical effective interparticle friction angle, were essentially the same
on dense §and samples in drained triaxial compression tests. Rowe's

(Ref. 71) theory is accurate at high stress levels where slip strains
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Table 4,1, Summary of Effects of Individual Variables on Stress-

Strain Properties

Indicated Factor has Greatest Effect for:

Zaordg
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Low Importance
Unimportant

Not Well Defined

78

- - . Initial -
Variable Peak Modulus of Failure
' Stress Deformation Strain %*

l. Degree of Compactness
(Relative Demsity, Void Ratio) ‘

(a) Loose (b) Dense (b} {b) (a) v
2. Degree of Confinement _ ,

(a) Low - (b) High _ (b) (b) same v
v3}. Plastlcitytof Fine Fractiom :

{(a) 0 ‘(b) PI = const (a) (a) (b) - L
4. Degree of Saturation; (b) S (b) “(b) total

Type of Drainage , ‘ ‘ , stress L

S = S_ = 100

(2) o™ 0% .(b) ° % , same same -  same eﬁig:::veu
5. Particle Shape . . -

(a) Rounded (b) Angular = (Db) N N - L
6. Gradation Curve

Characteristics

(a) Uniformly graded () N N L

{b) Well graded
7. Soil Type | ‘

(a) Sand (b) Gravel (L) (b) same v
8. Rate of.Loading - ‘ '

(a) Low (b) High (B (b) (a) L

* Importancé'of This Vériable in Relation to Strength



dominate. Lade and Duncan (Ref.74 ) developed an elastoplastic static
stress-strain theory for sand. The theory is applicable to general three-
dimensional stress conditions, and it models several essential aspects of
the soil behavior observed in experimental investigations: nonline#rity,
the influence of Ogs the influence of Cys stress-path dependency, shear-
dilatancy effects, and coincidence of stress incremeat and strain incre~
ment axes at low stress levels with transition to coincidence of stress

. and strain increment axes at high stress levels. Rqsults of cubical
triaxial tes:s,,torsicn shear tests, an& tests performed using various stress-
paths were analyzed using the tﬁeory; and it was found th;t‘the stress—
strain and strength characteristics observed in these tests were predicted
with reasonable accuracy. The theory can be modified for repeated‘loading
by changing the initial stress-strain conditions.

Hardin and Drnevich (Ref. 75) proposed a hyperbolic shear stress-
shear-strain relation to define soil behavior during dynamic lcading. é;od
agreement between experimental results and theory was obtained for sandy
soils. Reasonably good agreement was also obtained by Seed and ;driss
(Ref. 76) for plots of shear modulus as a function of log of spe;r strain
amplitude for other sand aﬁd some gravel soils using the same equations.
Knosla and ﬁu (Ref. 77) proposed an elastic-plastic work hardening theory
to predict soil response to diverse stress paths from results of hydrostatic
compression and drained compression tests, conducted under both stacic and
cyclie loading conditions.

In general, each theory was confirmed by experimental results obtained
from laboratory tests, but the generation of the stress-strain curve

requires the input of the properties derived from these tests. The primary
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value of these relaciqnships for this study is to explain the experimental
trends rather than for incorporation‘in theltheoretical models of the track‘
structure.
4.2 STATIC LABORATORY PROPERTY TESTS

Descriptions’of the type of tests, methods of testing, factors influencing
stres-strain béhavio; and typical laboratory results will be briefly discusséd

for gravel~sizi particles under.staﬁic loads.

Static Triaxial Tests. The triaxial compression'test is used to measure
the shear séreﬂgth of-a soill under controlled drgiﬁaée conditions. Althougﬁ_
né ASTM standard method exists, the basic dumpoﬁents of the test remain un=
changed becﬁeen laboratories and can be found in any basic soil mechanics
laboratory testing manpall(Ref. 78,-79, and 80).

| Granular solls are prepared as cylindrical specimens with .a length at
least twice the diaméter by some method of impact or vibratory‘compaction
in a dry to fully saturated state t: a specific density.-  -Samples éncased in’
a rubbgr membrane are placed within a testing chamber and subjected to
a predetermined value of confining pressure, 0;. The sample first under-
goes isotropic compressioh, where, if drained, a volumetric decrease occurs.
A backpressure may be internaliyAapplied to the 5pécimen fo ensure saturation
or simhlatenthé:in-situ pore pressure. An axial compressive stress termed
.the deviator stress, ¢, - O,, is applied to the specimen at strain rates of
1/4% to 2% per minute (Ref. 78) until failure occurs. The peak deviator stress
is used to determine the major principal stress, g). Three or mofe tests
are performed'at different confining pressures to define the Mohr's failure
envelope in terms of effective stresses. This envelope is usually in the

form of a straight line passing through the origin from which the slope
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determines the angle of shearing resistance, ¢, (?ig. 4.3).

The following fac;ors have been shoﬁn to affect triaxial compression
test results: maximum particle size, particle shape and surface characteristics,
confining pressurs, demsity or void ratio, soil gradation, amount and plas-
ticity of fines, and specimen diameter to maximum particle diametgr.

Leps (Ref. 81) reviewed and compiled friaxial compression test data
‘for rockfill materials. Correlation of-anéle of shearing resistance, ¢, -
to normal pressure on the failure plane, Oy showed that the higher ¢ values 4
at a given Oy are associated with high déhsi:y, well-graded and strong
particles, while lower ¢ values-correspaud‘:o low density, poorly=-graded,
and weak particles. The effects of relﬁtive density, gradationm, particle
shape, crushing scrength, and degree of saturation could>noc be quantitatively
isolated. |

A listing of references containing property data on gravel and rockfill
materials from static triaxial tests inciude: Chen (82), Zeller and Wulliman
(83), Lewls (84), Lowe (85), Fukuoka (86), Townsenq and Madill (87), Marachi,
et al. (68), Becker, et al.'(88), Gray (89), Yoder and Lowrie (90), Schultze
(91), Ferguson and Hoover (92), Banks and MacIver (93), Sowers (94), Holtz |
and Gibbs (95), Leslie (96), Marsal (97), Lee and Farhoomand(é%), Marsal
(99}, Marachi, et al. (100), Fumagalli (101), Glynn (102}, Bodgﬁton (103),
Al-Hussaini (104), Kalcheff (66), Holtz and Eilis (105), Huang, et al. (106),
National Slag Association (107),. and Jones, et al. (108). TFor ballast matef—
ials the references are: Raymond, et al. (55), Chung (109}, Raymond, ef al.
(42), Olowokere (110), and Rostler, et al. (111).

Static Direct Shear Test. The direct shear test is a shear strength test

under drained conditions, in which the specimen is forced to failure om a
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\ predetermind plane(s). An ASTM standard method for consolidated-drained
conditions in single aﬁd double shear, ASTM D3080, is available. Details of
the test prﬁcedures can also be found in soil mechanics laboratory manuals.
Other investigators have modified testing equipment to suit specific needs of
Ibading and drainage condiﬁions; however, the test basically remains the
same. The specimen is prepared wet or dry to a specific denéity, in a rigid
circular or amnular ring or in a square box, by vibration or compaction tech-
niques; The function of the rigid container is to permit no lateral deforé—
ation.of the specimen. AThus the frictiomal reéistance developed is through
particle inter;ctions which will yield the angle of shearing resis:ancé. A
predetermined normal load ‘is applied to-the:top of the specimen at which time
the shear box may be filled to saturate the spécimen. The specimen ié‘
allowed to drain and conéolidate under the desired norﬁal force or increments
thereof prior tb shearing. Backpressurgs cannot be applied, nbr can pore
water pressures be meaguredhduring testing. A horizontal force, i.e., the
shearing force, is applied to the top of the shear box at a controlled rate
of deformation, or it can bevappliéd/at a constant strain rate which is the
same as-fhat stated for triaxial compressiocns tests. The peak horizontal
stress is taken as the failure shear stress, and the failure envelope for
three or more tests performed at different normal loads defines the angle of
shearing resistance (Fig. 4.7).

Taylor (Ref. 112) and Rowe (Ref. 113) reported values of sﬁearing resis-
tance, ¢, for samds to be about 1° to 2° larger from the direct shear test
than from the triaxial compression test. These are small differences from
an engineering viewpoint, and the results are essentially the éame. Such

comparisons for gravels have not been made. It has also been noted that
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the stiffness and'Poisson's ratio éénnot be determined from the direct shear tesg.
The following factors have beeﬁ showﬁ co-affect dire;t shear test results:

the change in the.area of the sample with shear deformation; the possibility

that the actual shear failure surfacg i8 net ﬁlane, and not necesszarily the’

weakest one; nonuniformity of stresses over the shear surface; the ratio of

specimen thickness to maximum particle gize; and the same factqrs which affect

triaxiél test results with the exception of confining pressure which should

be replaced by normal load.

| The refereﬁces contalining direct‘éhear property data for graveis and

' rockfill materials are: Lewis (Ref. 84), Fukuoka (86), Hemnes (114),

Sowers {(94), Wilsom and MArandn(l15); Bisﬁop_(llﬁ), and Boﬁghton {103). fhis

~ test has not been performed on ballasﬁ materials; |

One-Dimensional Compression Test. - The one-dimensibnal éompression test

(oedometer test) is concerned with the deformation tesponﬁe in the axial dir-
eﬁtion while the specimen is festrained against lateral strain. Thisrtest'is
more commoniy known as the consolidation test, in which the porevwéter pres-
sure of saturated sample is allowed to dissipate under the a@plied load.
ﬁowever, due to the high permeability of granular soils,'there is essentially
no pore preséure development; and thué, the load is immediateif‘transferred
torthe soil pafticles. The ASTM standard for this‘test is D2435-70, and
similar procedufes can be found in soil ﬁeéhanics laboratory manuals. Specimens
are usually prepared by compaction or vibration techniques within a rigid
‘circular container. An axial load is applied to the specimen, and the defor-
mation recorded is the total deformation which remains constant under the
applied load. The axial load is increased in increments and the deformations
recorded in a similar manner until the maximum load is reached. A failure
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condition is neot reached in this type of test, but a stress-strain curve iq
obtained such as shown in Fig. 4.6a.

Since this test permits no lateral strain of the specimeﬁ, several
investigators have devised test equipment which can measure the horizontal
stress. This correspon?azco the at-rest atate, which defines the coefficilent
of at=-rest pressure, Kb' as the ratio of the effective horizontal stress to
the effective vertical stress. This coefficient was theoretically related

to the peak value of the angle of shearing resistance, ¢, by Jaky (Ref. 117) as
R,=1l-sin¢ . ‘ - (4-1)

This equation reasonably approximates experimental results for sands in-
vestigated by Moore (Ref. 118), Hendron {Ref. 119), and Al-Hussani (Ref. 120).
The factors affecting ocedometer test results are: side friction which
permits a non=-uniform distribution of stresses within the specimen, thus pre=
vent&ng a one-dimensional state of strain; ﬁarticle crushing; spécimen thick-
ness to maximum particle diameter; and the samé factorsa whichvaffecc direct

shear test results.

In order to define a general stress-strain relationship f;om experimental
resuits, property‘data:from-the followihg‘references on gravels or rockfill
materials should provide useful information: Fumagalli (Ref.‘101), Murdock (121);
Kjaernsli and Sande (122), Boughton (103), Sowers, et al. (123), Pigeon (124)
and Bermell (125).

4.3 MODELING TECHNIQUES

‘The asize of conventional triaxial, oedometer and direct shear test equip-
ment has prohibited the testing of rock or large gravel size particles
often used in rockfill dams.l Some investigators have constructed apparatus

capable of testing this full size field material. However, the testing equipment
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costs and sample preparation time makesrthis apﬁfoach undesirable. A number
of methods have been developed by which the particle sizes of the field
material, termed the prototype, is scaled downward to sizes easily accommodated '
by avallable test equipment, termed the modél. These modeling techniques are
an‘atcempt fo duplicate the behaviot of the prbtotype material.

| The modeled material must conform to certain fundameﬁtal requirements,
such as density, particle shape, relative grading and mineralong Disc;e-
tion must be used in applying results for material not satisfying the preceding
critéria. The modeling methods develbped'haﬁe been:applied to a limited
number of cases; so theilr general validity 'is not yét determined.

The various modeling methods ﬁill be described and subsequently eval-
uated to detérmine the most suitable method. The reliability of the stremgth
test results is difficult to assess, since one criterion for the rejection of
a metﬁpd would be a field failure of the prototype maﬁeri#l...This event has
not occurréd in any of the past experience. -

Zeller and_wullimann (Ref. 83 ) developed the scélping techniqﬁe'for
the Goehenenalp Dam shell ﬁaterial. Scalping employsvthe removal of the
coarser protétype material to obtain different grain size distribﬁtions
(Fig.lk.a). Each grain size curve contained the same percentage of quartz,
feldspar and mica, and the particles were subanéular to angular in shape.
Results from triaxial compression tests were not influenced, provided that
the specimen diameter was at least five times the maximum grain size. The
shear strength of the shell material is obtained by extrapolation of the
shear strength versus porosity curves for the maximum particle diameter of
each gradation curve (Fig. 4.9).

lewis (Ref. 84) performed drained direct shear tests on different
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'sizes of crushed granite having one size stone for each grading. The modeled
material maintained the same density, parficle shape and relative grading
of the full scaie materials. The author obtained a linear relationship‘be-
tween effective angle of internal frictionm and log of particie size for
6 cm square and 12 in. square shear boxes (Fig. 4.10). These results were valid
for particle sizes nﬁtigxceeding 1/40th the wid#h of the shear box. The
friction aﬁglés for larger grain sizes are obtained by extrapolating this
straight linef , |

'.Fukﬁbka (ief. 86) attempted to establish reiaﬁionshiﬁs between grada-
tion curves of materials and the physical properties of soils by using
Talbot's equation for an ideally grﬁded material.~ Talbot's equation is

] ,

p =100 (3) : o " (4-2)

in which d is the diameter pf thé'sievé, p is the percent paésing a>given d,

D is the maximum pafticle diamgter, and n is an index varying from 0.15 to
0.55. The objective of this study was to find the n value yielding the

most desirable properties of soils used as constructibn mate?ials. The

auﬁhor was not dirgctly‘concerned with scaling down the sizes of the prototype
material, but rather, determining the best grading of the field material

based upéﬁnétfeﬂgth characteristics. Thus, the field material can be screened
and processed with the expectation that the behavior from laboratory tests
‘will be duplicated in the field. This method can be utilized for the pur-
poses of scaling by performing strength tests on soils Having different

values of D and n. The results can then be extrapolated to the prototype
material which conform te the proper grading from laboratory tests (Fig. 4,11).

For these soils, as those tested by Fukuoka (Ref. &86), the specimen diameter
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must be at least six times the maximum particle diameter for the well-graded

materials.

Lowe (Ref. 85) modeled a wgll-graded river csbble gravel and a skip=-
graded-terrace cobble‘gravel to be used for the shell of an embankment by
the parallel grading method. The modeled gradétion curve‘was 1/8 the size
of the prototype ﬁéterial (Fig. 4.12)‘and the particles duplicate the

shape and mineralogidal cbmposition of the field material. ,The-authof

justifies the use of the parallel grading method based upon theoretically

derived equatioﬁs for uniformly packed elastic spheres. The contact stresses
and strains are functiops of the applied external stress and the modulus of>
elasticity bfzthe sphere material. The size ofrthe spheres d;d not affegt
thé contact stresses and strains; therefore, the behavior of the model and
ﬁrototype.matérial should be similar. Samples wefe prepared at void ratios
expected in the prototype material and tested in ﬁriéxial énmpression with
the specimen diameter four times the maximum particlg gize. For desipgn pur-
poses, the anglg of iucernal friction angle of the prototype river cobble

gravel was taken 292 to 3° less than the friction angle of the modeled material,

- .whereas the terrace cobble gravel friction angle is assumed to be equal for

model and prototype, since the author did not state otherwise.

Fumagalli (Ref. 101) states that reduced scale tests can be simulated

- when the following requirements are met: 1) similarity of the gradation curve,

2) same initial void ratio. and 3) the same shape coefficient of the material.
The shape coefficient is the ratio of the volume of the granules to the
volume of the spheres circumscribing them. The quadratic grain size curve

is used for modeling and is expressed by‘

p =100 DB , (4=3)
Dmax )
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inwhich D is the particle diameter, p is the percent in weight passing for
a given D, and Dmax‘is the‘mAximum particle diameter. The auﬁhor does not
correlate prototype to model gradation curves, but compares results for
various size modeled materials using testing equipment with different dia-
meters. The implication is to grade thelfield‘material by the laboratery .
gradation curve yielding the most favorable behavioral characteristics.
Results from tests performed indicate the ratio of the maximum particle
diameter to the‘dia@eter of the speéimen must Bevequal to or less than 1/5
for well-graded matefiél‘and‘less'thén 1/5 for moﬁogranular materiai.

Frosf (Refs. 126 and 127) propésea modeling by the replacement method.
The coarse fraction,rwhich cannot be ptepafed in the testing equipment, is
replaced by the finer fraction-satisfying either of the following: ;)Ithe
same weight, 2) the same crogs-sectional area, 3) the same surface area, or 4) the -
same volume as the_doar#e oversize fraction omitted. In all cases, the
maXimum and minimum particle sizes of the replacement fraction are selected.
The author uses 1 in. or 2 iﬁf, and 3/4 ;n., 3/8 in., or the number 4 sieve,
respe;tively. The replaced and replacement material beth have the éame
minimum particle size.

The first ca#e‘is similar #o the weight replacement method used in
laborétory compaction tests. The coarse fraction between the maximum par-
ticle diameter of the prototype material and the minimum particle size
of the replacement material is replaced by weight with the coarse fraction
of the selected maximum and minimum particle sizes of the replacement

material (Fig.4.13% For cases 2 and 3, a point for the model gradationm

" curve is obtained from the equation,

d .6
p=m Zp : | (4-4)
D gs

ave
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in which p is the percentage of the replacement fraction by weight, dave is
the average particle gsize of the replaéement fracfion, Dave is the average
particle size of the replaced fractiom, Gs is the specific gravity of the
replaced fractionm, 8g is the specific gravity of the replacement fractiom
and P is the percentage of the replaced fraction by weight. The wmodel
gradation curve is drawn through three known points: the maximum particle
size of the model material with 100Z finer than by weight, the p value at
dave’ and at the particle diameter of the prototype material Qith 0Z passing

(Fig. 4.13). The 4th case utilizes a method similar to cases 2 and 3;

however, the equation is of the form,

p = T P : . (4-5)
Both equation (4=4) gnd (4~-5) are derived from geometry with the assumption that
the replacement‘fréction has similar degrees of lack of sphericity as the
reglaced fraction. The author does not present shear strength test results,
but indicates the c¢ross sectional area replacement method will moré closeiy
duplicate—the expected laboratory maximum dry demsity of the prototype
material.

The modeling techniques which have been preseﬁted and discussed are:
scalping, trial and error method of méximum particle size to size of theé
test specimen, Talbot's equation, parallel grading, square root method, and
the weight or volume replacement methods. The parallel ‘grading method is
best suited for modeling be;ause: 1) the method is theoretically justified,
2) obtaining and preparing the gradation curve of the modelled material is

relatively easy, 3) the field material can be used, instead of being screened

and processed as implied from Talbot's equation,and the ‘square root method,

93



4) the stremngth results of Ehe prototype do-not have to be obtained by the

extrapolation techniques used for the scalping and the ratio of particle

size to test specimen size methods, and 5) other researchers, such as Marachi,

et al. (Ref. 68), Becker, et al. (Ref. B8), and Chen (Ref. 82 ), have
used this method with much success. |
4.4 FIELD METHODS

The most widefy used field methods for granular soil property deter-
mination are those for~penetratioﬁ resistance, California Bearing Ratio
(CBR), plate bégriné resistance, ﬁnd seismic¢ ‘velocity. The penetration
devices and the CBR test are not suitable.fdr ballast measureﬁent,'however,
' because of the large particle size in rélgtion to the equibment dimensions.
Thus only the plate and seismic tests will be discusse&.

Plate Beaping Tegt.  Several types of p;atg bearing test have been
devised to evaluate the,strengtﬁ char#c:eristic570f gravelly soils. Two
test procedures have been standardized by ASTM, one for nonrepetitive static
tests (ASTM D1196) and the other for repétitive static plate load tests
(ASTM D1195). A pyramid of rigid steel ﬁlates fanging from 6 in. to 30 in.
" in diameter is loaded by a calibratedlhydraulic jack. The test is stress
controlledl The plafe»deflection at various loads is measured and the mod-
ulus of subgrade reaction, k, is compﬁted by dividing the load by the plate
area and by the deflectionm.

Factors which affecf plate test results are plate diameter, plate shape,
loading rate, maximum grain diameter, size of test pit, ground water level,
overburden pressure, and method of seating plate on the test surface.

McLeod (Ref. 128) performed repetitive plate bearing tests on gravel

base course. and subgrade materials at ten airport runways which have been in
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service for several years. Plate diameters of 12, 18, 24, 36, and 42 in. were
used, and compared to data obtained By the standard 30 in. diameter plate.

A linear relationship between unit load and the perimeter area ratio Wwas
obtained at different deflections for each test section.

Zimpfer (Ref. 129) iavestigated the effects of plate radius to\base
course thickness with plates having 1.95, 4, 8, and 12 in. diameters on a 4
to 11 in. thick limerock gravel base material over a clay-sand sﬁbbase. Test
results indicate that a minimum base fhickness of 1.5 times the diameter of
thehloaded plate is necessary for calculation of the modulus values. Fair
agreement is obtained between Burmister's two-layered system theory and
' experimentallresults. Thus, the authors think the use’of layered theory is
quite promising. Young's modulus values were used, and are calculared by
knowing the subgrade modulus, k, at the desired deflection. .The k values
for the base material varied from 10.4 x 10-3 pei for 1.95 in. diameter
plate to about 1.7 x 103 pei for 12 in. diameter plates at O.i #n. deflection.

Meigh and Nixon (Ref. 13Q) performed plate bearing tests using 18, 26,
and 36 in. diameter plates and 12 in. square plates.

Rodin (Ref. 131) compared results of plate bearing tests with 18 in. and
3G in. diameters, and 12 in. square plates. Testing'was'stress controlled
with load increments of 15 minutes in sandy gravel and gravel deposits at
various depths.

Dvorak (Ref. 132) examined the deformatiom properties of sandy gravels,
gravelly sands and clayey silty gravels in-situ by means of loading tests;
From a great number éf tests -the authors were able to draw the conclusion
chat. for a well-graded gravel sand, the maximum particle diameter of a grain,

dmax’ may be as large as 100 to 150 mm for a plate area of 0.1 m? (14 in.
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diameter); i.e., d .= 0.3 to 0.4 times the plate diameter.

Nielsen and Lowe (Réf. 133) conducted a laboratory investigation with
plate load tests to determine the mpdulus of elasticity of a select base -
and crushed rock base course materials for 2 and 3 layered systems on a

mechanical subgrade. The device’simnlates the action of a natural subgra@e

‘and provides a yielding support for pavement studies. Rigid bearing plates

30, 24, 15, and 8 in. in diameter were used, and tests performed in accordance
with ASTH D-1195-57. All four bearing tests were conducted on the same base.
Each plate Has*subjected‘tb three &omplete load cycles. The authors

believe that the third loading Eyclé 1s representative of the true load-

deflection felationships of the base material, and should be used to deter-

mine the modulus of elasticity andrPoisson's ratio.
VSelig (Ref. 134) also conducted 6 in. diameter plate load tests om .
base céurse mhtgrials.as 4 means bf measuring thé effect§ of field compaction.
Details of the apparatus and procedure are described in (Ref. 135).
Plate bearing tests on ﬁallast materials have been performed by

McLean, et al. (Ref. 136), Peqkover (Ref. 137), and Prause (Ref. 138).

- The test results are discussed in Ref. 23.

Seismic Velocity. Dynamic disturbances, such as a hammer blow, applied

to the '‘ground surface will generate three types of waves: compression,

shear, and Rayleigh. A description of these waves and their measurements

" —are given in Ref. 139.

The compression wave has the highest velocity so it can be measured by

‘observing the travel time of the fastest surface disturbance. From this

measurement the Young's modulus of elasticity can be calculated if the mass
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dengity and Poisson's ratio are known or estimated. The Rayleigh ;ave is a
surface wave that travels with a velocity very nearly equal to the shear
wave veloecity. 1Its velocity is measured by applying steady-state vibration
to the surface and determining the wave lenéth of the surface wave. From
this Rayleigh wave measurement the shear modulus can be calculated if the
mass density is known. Young's modulus can be calculated from shear modulus
if Poisson's ratio is assumed. Howéver, vibration affects the physical state
of ballast so this technique may not Se suitable. -
The seismic.method of testing offers the following advantages: 1) thev

dynamic moduli can be determined under the in-situ state of stress, 2) large
areas can be covered, and thus a better average of the layer properties may
be determined, and 3) a site may be covered quickly. However, because the
tests are conducted using very low stress level disturbances, the resulting
moduli are probably much larger than the moduli representing the material
behavior in a track structure under train loading. Factors influencing test
results are material type, degree of compactness of the material, moisture
conditions apd fest procedures.

Heukelom and Foster (Ref. 140) used high ffequency'(I0,00d Hz) and low
frequency (600 Hz) steady state vibrations to obtain the stiffness, and
hence wave velocity values of base course materials from which the dynamic
modulus of elasticity was determined, The wave velocity in homogeneous clay
gravel ranged from 190 to 320 m/sec and the resultiné Young's modulus was
2100 to 6000 kg/cm®. Bergstrom (Ref. 141) demonstrated agreement between
the dynamic Young's modulus derived from velocity measurements on homogeneous

soil with the moduli from bearing tests.
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Selig (Ref. 134) usged sei;mic compression wave velocity measurement as
a meﬁns of evaluating che factors influencing compaction of base coufse
materials. Details of the apparatus and procedure are described in Ref;

135, Seismic velocity'was shown to increase with number of compactor coverages
an? thickness of base course materials. The sail type also was a s;gnificant
factor, with the clean limestone ylelding the highest seismic velocity.

Seismic wvelocity values varied froﬁ 420 to 780 ft/sec for the base course
materials tested. No meaningful correlations couldrbe established between
seiémic veiociéy and the oﬁher strengtﬂ teststor weﬁ dengity. More fesearch
was shown to be needed on tﬁe relationship of the compression wave velocity

to the ﬁaterial physical state conditioms.

Weaver .and Rebull (Ref, 142) applied seismic techniques to the measure-
ment of soil compaction for constr;ction con:;ol on eight sand}-gravel
embankment prdjects. No twa of the eight soils exhibited similar relationships
between compression wave wvelocity and either wet,idry, or percent maxiﬁum
density. Values of wet density, however, produced the leésf scatter in cor-
fel;tion with velocity. However, a larger dégree of scatter would occur for
the.édmputed Young's modulus of elasticity, since this modulus is proportioned
té the velocity sqﬁared. The researchers concluded that direct correlations
between veiocity and soil density 1) have no linear relationship individually,
2) have no useful relatiomship bf s0il group, and 3) show a scatter far beyond
that expected onlthe basis of individual test ;epeatability, thus making their
use impractical for compacfion control,

4.5 DYNAMIC PROPERTY TESTS

The category of dynamic test considered in this chapter involves some
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type oflrepeated load or cyelic load. The other category of dymamic test
concerns the affect of loading or strain rate during a single load applicatioen.
However this type of test has not been commonly applied to granular materials.
yFactors influencing dynamic test results include shear strain amplirtude,
void ratio, number of cycles of loading, effective mean principal stress,
degree of saturation and stresa history. |

Cyelic simple éhear apparatus suitable for testing coarse dry gfanula:
material was developed by Ansellvand,Brown~(Ref. 143). Both volumetric
and shear Q:rains.could be measured as well as the normal and shéar stresses.
The device consiété of a rectangular box with ends that rotate to shear the
sample. The sample size is. 210 mm x 140 mm by 30 mm deep. A &escription of
the apparatus an& an evaluation of its suitability are given in the reference.
A brief review of other, previously used, app;oaches is also given.

. Sparrow (Ref. 144) developed a repeated load biaxial shear device ‘for
testing ballast in a mannér in:ended to simulate the stress conditions under
a tie during operations like tamping and traffic. The device contains a
10 cg cgbe specimén. The four vertical boundaries are interleaved to permit
independent horizontal movement with large deformation. Repeated loading is

) applied with pneumatic actuators with each of the two horizontal axes indepen-
dently controlled. The horizontal top and bottom bound;ries have a.constant
forcelapplied, but movement must also be restricted to clear the moving sides
of the box. Thus the cyclic loading and deformation is.essentially biaxial.
Phillips (Ref. 145) obtained good correlation in trends between. the permanent
strain results with this biaxial box and repea;gd load triaxial test on
similar ballast material;

Another type of cyclic simple shear test uses a wire-reinforced mem-
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brane to confine the soil. The sample 1is subjected to‘an applied vertical
load and deformed in shear at frequencies ‘on the order of 1 to 2 Hz. How-
ever, évailable apparatus-of ;his type 1s not suitable for coarse materials
such as ballast. |

In the resonant coiumn test, solid or hollow cylindrical specimens in
an 1sotropic state4of'stress are excited at the top or bottom in either the
longitudinal or torsional modes of vibration. The frequency of loading
ranges from 20 to 100's of Hz. The sample strains in this test are genmerally
much smalléé than those in the triaxial of gimple shear ‘test. Because of |
the vibration sensitivity of ballast, this test may also not be suitable for
 use with ballast. Also apparatus used to date (1978) will not permit large
‘enough sample size. |

Wong, Seed and Chan (Ref. 1&6) used cyclic-griaxial test to stuﬁj the
strength loss in -saturacted, undrained 5aﬁp1es of gravel‘soils. Their apparatgs
provided the stress state shown in Fig. 4.6c by aphlyiné aﬁ alternating ten-
sion—compression axial load(deviator stress)‘to 2 hydrostatic stress state.

. Both triaxial compression tests and one-dimensional compression tests
iare performed with_thg-type of loading-shownlin Fig. 4.6d. These testﬁ, desig-
nated repeated load teéts, are usually stress contrelled. Repeated loads
sta?t frcm zero and are 1gcreased to some predetermined magnitude and then
decreased to zero again, thus never putting the sample igto axial extension.
The pfocess is repeated until either the desired number of cicles or a limiting
permanent strain is reached.

Repeated load triaxial tests on gravels haye been reported by Bamert,
Schnitter and’Weber (Ref. 147), Hicks and Monismith (148), Hicks (149),

Dunlap (150, 151, 152), Seed et al. (153), Barksdale (154), Wolfskill (155),
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and Allen (156). One-dimensional compression tests omn gravel hgve been re-
ported by Chen (82) and Scﬁultze_and Coesfeld (157). Repeated load triaxial
compression tests on ballast materials were perfofmed by Chung (10%), Ray-
mond, Gaskin and Svec (42), Olowckere (110), Thompson (158), Knutson, et al.
(159), and Rosgtler, et al. (111). One-dimensional compresaioﬁ tests on
ballast materials are presented by Bishop (16Q0), Powell (lﬁl),'and Wong (162).

The in-situ ballésc behavior associated with in~service :raffic ioads
i3 currently most easily similated in the laboratory by the cyclic and
repeated load cr;axial tests. These tests cqnceivably have the capacity toi
réprésen: the stress conditions imposed upon the loaded in-gitu ballast
material. Assuming that the in-situ state of stress and ballast physical
state are appropriately def;ned, then the regi;ient (elastic) and the
residual (permanent) ballast properties are easily derived. The parameters
usually determined are the resilient strain, the residual strain, the resil-
ient Poisson's ratio, and the*resilignt modulus (repeated deviﬁcor stress/
resilient axial strain). A relationship for each parameter with cycles of
loading can be established. However, the resilient modulus and the permanent—'
sﬁrain or deformation are the parameters receiving the most attention.

A recent and extensive réview of previoﬁs reééarch on granular materials
by Knutson, et al. (Ref. 159) and by Thompson (Ref. 158) provided a basis for
an experimental program to inveatigate the variables most likely té influence
the behavior of several ballast materials. These studies confirmed past
findings that identified stress lével as the most important variable affécting
the resilient modulus (Er). That is, the Ep value would increase as stress
level increased. For open=-graded ballast materials, the resilient modulus

was shown to be only slighﬁly affected by material type and, virtually inde-
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pendent of changes in gradation, stress history; and density.

Stress ievel, number of loa& applications, and degree of Lompac;ion,
i.e., initial density, were also cﬁnfirmed by Knutson, et al. (159) to be
the most impportant v#riables affecting permanent deformatioﬁ.ﬁf ballast
materials. In general, the cummulative permaneﬁt deformation increases
with increasing cycles of loading and is much greater fof~specimens prepared
at a loose initial density state than at a dense state. Permanent deformatiqn
was alaolshoun‘to be slightlyriufluenced by differences ia gradation and in
‘particle shape.” o

Particle breakdown or change in the initial gradation occurs after
many applications of repeated load or under the applicaﬁion of high confining
stresses. This effect becomesuﬁore pronounced with angulaf pafticles.chan
rounded particles because of the higher particle cont#et stfeéses. Well-
graded materials also experience less breakdown than uniformly-graded
'matérials; gince mofe‘points of particle contact are presenf. IndiQidual
particie strength is another factor influencing the degree of crushing. The
amount of‘saﬁple degradation may‘be defined in :érms'of the particle breakage
fa;;or, "B," defined by Marsal (Ref. 97). Examples of particie degradation
~are shown in Duqiap,(Ref. 151), Wolfskill (155), and Chen (82) fﬁr gravel
'80ils, and Olowokere (110), Chung (109), and Bishop (160) for ballast

materials.
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5. COMPACTION OF GRANULAR MATERIALS

The degree of compaﬁtion is one of the moat important parameters influenciﬁg
the mechanical properties and engineering performance of the soil. Especially
in granular or cohesionless materials, the density has been gemerally used as
a degscriptive parameter of physical state for various aspects of soil behavior.
Compaction is the volume reduction of soil by means of mechanical manipu;ation.
It involves the ;educ:ian in air voids through pafticle rearrangement, while
the water content of the soil geng:ally remains constant. Consequently, the
degree of saturation increases,during‘compactién.‘ Since compaction does not
involve expulsion of pore water, it can be accomplished relatively quickly.
Thus, 1t should be distinguished from consolidation which is the gradual volume
reduction process through expulsion of pore water in fine—grained soils. It
should also be distinguished from tamping which is a process of particle
rearrangement with mechanical stirringor pounding action, causing either
densification or locsening. The above three terms are often used interchangeably
in the railroad industry in relation to demsification of ballast.

| The purpose of co@pactiou is to impart to a soil desired properties
it‘does not have in its existing staté, or to i;prove the physical performance
of soils. In generél practice of geotechnical engineering, qombaction is
performed for purposes such as 1) to increase strength, 2) to reduce compres-
sibility, 3) to minimize the volume change potencia;, 4) to decrease'permeability,
5) to control resiliency properties, and 6) to reduce frost susceptibility.

To be effectively used, compaction has to be properly applied considering
the purposes to be achieved and the compaction conditions given, such as soil
type, moisture condition, and cheipresent and subsequent changes of environmental
conditions.
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This chapter summarizeé the basic principles of compaqtion, with emphasis
on_granular soils. that is coarse-grained soils that have,littlé cohesion, like
sand and gravel. Effects of compaction on the mechanical properties of granular
materials are reviewed, and various methods of laboratory compaction are -described.
Special attention is given to vibratory compaction. Highway related :field com-
paction methods and compaction control are briefly introduced, and .then various
éspects of the ballast compaction applications are discussed.'

5.1 LABORATORY COMPACTION TEsTS

Laboratory ?oﬁpéction testsriﬁvolve applying a certai# amount of compactive
effort to soil samples in a container of a given volume. Since the first intfo-
duction of the compaction tests by Proctor (Ref. 163), various methods of labor-
atory compaction have been proposed and used 1) as means of determiniﬁg proper
compaction to be achieved in the field, and 2) as a research tool fof investi-

'gating compaction behavior of thg soii in the laﬁoratory. |

The principal types of iaboratory compaction effort are the impact type,
the kneading type, the vibratory type, the st‘at:ic type, and the gyratory type.
Among the reasons for the different compaction efforts are 1) to accommodate
the fact;thaf one soil is differenf from another in its response to comp#ction,
Hand 2) to simulate the field compaction behavior with different rollers as
ciosely as possiBle. A summarvy of the methods and the factors influencing
the results are given in Ref.7166.

Impact Compaction. The impact compaction method is the mosﬁ widely used

of the laboratory methods. Soil is compacted with the force generated from a
hammer of specified weight and shape freely falling from a specified height.
The variations in the method are a function of the weight of the hammer, height

of the fall, diménsions of the mold, number of soil lavers, and maximum particle
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gize material being compacted. The most commonly used impact methods are

1) ASTM D=-698 or its AASHTO equivalent T=-99 which uses about i2,400 ft-lb/cu
ft efforc, and 2) ASTM D-1557 or AASHTO T - 180 which uses 56,000 ft-lb/cu ft
effort. A disadvantage of the method is that it applies the compactive

effort 1in a’manner that is quite different from field methods. In.the case of
ballast, another serious disadvantage is the particle breakage caused by

the impact of the steel hammer.

Typical iaboratory4test results for two differeant sizes pf graded crushed
limestone are shown in Fig. 5.1 for three different impact compactive efforts
(Ref. 165). The dry density achieved 1s highest when the material is close
to or at saturation, and somewhat lower when compacted dry. The lowes? |
densities occur for compaction at moisture contents between the dry and saturated
states. Such a trend 1s characteristic of compaction behavior of granular
materials, especially sands. It is partially qu to the capillary stresses
develbped in the partially saturated sdil which tend to resist the compactive
effort. Free draining materials, for example open-graded crushed rocks,
generally either exhibit no distinct optimum at any moisture content or yield
the highest dry unit weight at the maximum moisture content that can be used,
f.e., when saturated (Refs. 165 and 166).. |

Many types of equipment and procedureslfor both field and laboratory
compaction will produce some breakage of aggregate particles, particularly
with uniform gradation and high éngularity like ballast. However, lnsufficient
data are available for correlation of degradation with-various compaction
procedures and compactive efforts. Increase in compactive effort in general
résults in an increase in degradation. The rate of degradation is high during
the initial part of the application of compactive effort, and thereafter
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becomes less‘as the compactive effort is increased. Degradation during
compéction not only influences maximum dry unit weight directly by pro&uciug
a more widely-graded particle-size distributionm but, it also results in a
change in specific gravity of the total aggregate. This is the result of
exposing a greater number of previqusly impervious voids in the individual
particles and thus increasing the apparent specific gravity as the particle
size is reduced. |

Other Methods. The kneading method was developed in an effort to devise

a2 method of laboratory ﬁomﬁaetion that would ﬁore closely simulate field com—
paction. It was recognized that rubber-ctire and sheépsfoot rollers apply
pressure briefly with lirtle or no impact but with some kneading or shearing action
in the soil. With the kneading method, a comﬁaction foot is ﬁsed that is much |
smaller in area than the exposed s50il sample surface area. The foot.pressure
-built up gradually, aliowed to dwell on the s;mple for a specified duration of
time, and then again gradually/releaaed. An important aspect of‘kneading |
compaction is the development of lateral shearing stresses and strains which
appear to be amalogous to those developed during compaction by a sheepsfoot
‘roller. )

Parameters defining the compaction effort of Eneading compactors are
peak foot pressure, cycle time, dwell time, size of mold, number of soill layers,
and number of applicatioms per layer. Although the Harvard miniature compactor
which employs kneading compaction techniques is frequently used (Ref. 167},
there is presently no standard test method for determining maxitum dry density
and optimum water content that applies to kneading-type compactors. However,
two AASHTO standards using kneading compaction (T-173 and T~175) are available

for compacting soil specimens for othef purposes. Details of this test appar-
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atus as well as other lkmeading compactors can be found iﬁ Ref. 164.

The staﬁic éompaction method invoivgs slow application of pressure to
moét or all of ;ﬁe exposed soll surface and holding it for specified time.
This methed was used‘only to a limiteé extent in early soil compaction
testing. Now, if is rarely used except for cémparison with other methods or

' fof‘preparaticn of soil samples for property tests. It is expected to be
ineffective in comﬁacting ballast. Surface area of pressure app;ication, rate
of increase; dwéll timé, size of mold, numbef of layers (often only one), and
thé choice of c&ypreséion from one or both end; qf specimen.are'variébles in
'the static compaction test.

The vibratory method was developed mainly fof compaction of granular
soils because this method is one of the most effective means of achieving
the maxiﬁgm density in such materials.

Various vib?atéry techniques have been suggested énd.studied. ‘Thg most
commonly used method involves a table-type vibrator to whiéh a éample container
is affixed. Vibration‘is iﬁposed by shaking the container either wvertically

~or heorizontally with sample under controlled surcharge. Based on several
studies (Refs. 168 and 169, for example), a procedure using a vertically
vibrating table method has been adopted as an ASTM Standard (ASTH D-2049).

‘ Ygf;'thébmethod has been found to have many limitations (Ref. 170).

Another approach to vibratory compaction appliés a vibrating tamper .to
the surface of the sample. This method has been widely used in Europe, and
is very effective in achieving a relatively high density (Ref. 171)7

The limitations of various vibratory compaction methods are 1) they do
not recognizelthe difference befween effects éf impact of a weight and motion

of the material particles, 2) it is hard to determine the magnitude of the compactive
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energy, and 3) conditions of vibration giving maximum densi;y vary with the
type of material and other compacting conditions as well.

The parameters needed to &efine the vibratory compaction testing conditions
are the vibration frequency, amplitude, duration, surcharge, and specimen condi-
tions. Further aspects of vibratory compaction will be discussed later in this
chapter.

Gyratory compaction (Ref. 172) represents the latest development‘iu labor-
atory techniques that attempts to duplicate the effect of field methods. The
method éimulgtes action of field compactor; by providing gyratory shear.while
the soil is under a prescribed pressure. This is a useful method for under-
standing the basic compaction ‘behavior of the soil, which simultaneousiy provides
a measure of the build up of the strength and stiffness qf the materials as it is
being compacted.

Pressure level, number of cycles, magnitude of gyration angle, and mold
glze are among the factors defining the gyratory compaction test conditionms.

The equipment is very expensive, and not suitable for the large sample sizes
required with ballast.

The unit weight of aggregéce test {ASTM €29 and AASHTO T19) is also a
type of compaction test, even thoqgh thé purpose is slightly different from
the above described tests. The test consists basically of rodding or tamping
the aggregate sample into a mold in three layers, applying 25 strokes pef
layer with a 5/8-1in.~diameter and approximately 24-in.-long‘steel rod. The
method does not provide a high degree of compaction.

The test results are used for the concrete design purposes and for deter-
mination of quality of slag and lightweight aggregate, instead of for specifying

the degree of compaction. Factors influencing the results of this test are
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given in Ref. 173.

Further researﬁh on laboratery methods suitable for bailas£ compaction
was performed in this study to develop a simple and effective means of obtaining
a reference density. The appératus and procedures are described in Ref..23.
The appreach uses a falling rubber-tipped weight ﬁo compact ballast placed in
layérs in a preﬁcribed mold.

Different compaction mﬂthodslhave been discussed, and various parameter}
involved in cthe compaétiom proéesses have been indicated for each type of fest.
Other factors that affect results of the compacﬁion tests are #ize'and shape
of mold, suppért of mold, sample preparation cechnique, type, magnitudé and
distributidnrof compactive effort, soil cemﬁérature, method‘of molsture deter-.
mination, method of volume determination, layer thickness and total depth,
degree of degradation during compaction, and soilAtype. Detailed.discussion;
of each factor can bg found in Referencés 164 and 174.  Results relevant to
ballast are presented‘in'Ref. 23.

5.2 VIBRATORY DENSIFICATION

As illustrated previously,.cohesionless.free-draining soils do not
. exhibit well-defined moisture—dénsity relationships. Instead, relative den-

- sity plays the major role in &efining;the staﬁe of compaction and the beﬁavior
6f'ésﬁ§actéd soils. The calculation of relative denéity requires determination
of maximum and minimum densities. The vibratory methéd is most gffective in
achieving maximpm density of such soils. Considering the relevance of the
subject to thelballast materials, vibratory densification behavior of cohesion-
less soils will be discussed in detail in this section. M?thods of vibratory

compaction in the laboratory have'already been described in the preceding
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section of this chapter.

Influencing Factors. There are various factors comntrolling vibratory

compaction behavior of cchesionless soils, and considerable effort has been
devoted to delineating the effects of each of the controlling parameters

and the mechanisms associated with vibratory compaction. The important para=
meters may be conveniently categorized as describing the 1) vibratiom, 2)
surcharge, 3) test conditions, and 4) soil. Since the maximum density achieved
from vibratory compaction is the result of the interaction among these para-
meters, it is difficul; to se;ara:e one parameter from others and assess its
effects on demsification. In fact, the large number of parameters and their
complicated interaction have resulted in various misleading and contradictory
conclusions about vibratory compaction.

The vibration parameters include‘frgquéncyy displacement, velocity, and
acceleration. These are interrelated so that any two of them describe any
vibration condition. Despite the interrelationship, acceleration has been
identified as the primary vibration factor. The relationships obtained between
density and acceleration, howe#er, differ,considerably, as shown in Fig. 5.2.
The range of acceleration at which maximufi densification occurs is 0.5g to
over 2g, or anywhere in the tested range. Furthermére density ‘may or may not
decrease beyond the maximum, depending upon the type and amount of surcharge,
mode and direction of vibration, and other test conditions. General trends
that most investigators seem to agree with are that a sbrcharge reduces the
densifying effect of vibration especia;ly at high frequencies, and that over-
vibration may occur, mainly at low frequen;ies and with no surcharge. Further-

more, most investigators agree on a vibration period of 1 to 5 minutes to reach
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most of the densification.

Fig. 5.3 illustrates the interrelationship of the effects of the vibration
parameters on the density. A series of demsity contour lines are shown as a
function of frequency and acceleration, clearly indicating that for a given

~ frequency Qr acceleration, density may either decrease or ingrease with an
increase in either parameter.

The effects of surchar;; on vibratory densification is illustrated in
Fig. 5.4, This particular example was obtained from a test using air pressure
to confine the sample during vibratioea. Ic‘is seen that as the confining
pressuneinéreases the acceleration required to initiaté dénsification increases.
This acceleration is believed to be the critical value which is required to
overcome the contact forces between the particles. Little densification would
occur below the level, and above it, a terminal density would be achieved
dependent on confining pressurg,'bu: independént qf the ini:ial'telative
density. |

The above described trends regafding to the surcharge, i.e., a density
decrease with increasing surcharge, could well be reversed when a dead weight
surcharge is used, depending on its magnitude aﬁd interaction with other
influencing factors (Rgfs. 169, 171, and 186);' An example is sﬁown in Fig.
5.5, which illustrates that.dead weight surcharge equivalent to 21.4 ési
on the top of a 8ilt :ompacted on a vibrating table improved densificatiom
compared to open mol& tests without surcharge.

| There are many factors associated with different testing conditions and
techniques which affect the degree of.vibratory densification of granular soils.
They include mold size, moisture content, degree of saturation and drainage

conditions during the tests. It is almost impossible to separate the effects
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of these parameters and generalize the trends. However, there are minor f#ctors
which would not change the basic principles of vibratofy compaction.

The soil parameters include soil type, particle shape and size, gradation,
specific gravity, and water content. Effects: of these parameters during
vibratory demsification should follow the basic-principles applied for general

\
behavior of granular solls. For example, the soil with higher uniformity

coefficient would compact more densely than those of lower values, if other

characteristics remain the game.

Results with Gravel-Size Soils. Thé pastvstudies‘of vibratory compaction
of granﬁlar solls have been mostly for silt to sand size SOiis. Iﬁtereét in
vibratory compaction 6f particle sizes larger than sands seem to have originated
for compaction control in rockfilli&am constructién‘(Refs. 187, 188, 189).
According to Frost (Ref. 188), various methods of vibratory compaction rangiang
from vibrating tampers to vibrating table with 0.75 cu yd mold have been used
to determine the maximum density of rockfill materials'for various dam construction
works. |
No differences in the basic pheﬁomena have been reported between the large
size aggregates and sands. However, many difficulties have arisen with the
former material. Large particle size requires a large size mola or container,
and, therefore, heavy vibratory eéuipment is needed. In fact, the maximum
densities of various rockfill materials determined with vibratory methods have
been found to be lower than with othet metheds such as impact compaction (Ref. 187).
Either the compactive-effort was not encugh or ;he optimum condi;ioné of vibra-
tory compaction were not achieved in those tests. Segregation of the sample
during vibration also is a problem associated with vibracory compaction of
large size soils, in addicion to the difficulry in determining the density value.

117



The use of viBfatory techniques in ballast tamping and compaction in the
railroad industry have been the basis for some studies on vib;atory compaction
behavior of Ballast materials, such as reported in Refs. 160, 161, and 190 through
193. The test resuits on verious types of ballast materials ranging from crushed
rock te sleg, with particle size between No. 4 and 1-1/2 in. sieves, have shown
the same zeeeral trends for density relationship to acceleratiom reported for
sand-size matefia.ls. In general, mximm density was achieved with acce;.eration
,levels at 2.5 to 3 g' 8 within approximately 20-~30 sec of vibration time. How-
ever, a surcharge of up to about 5 psi increased maximum peak density compared

" to zero surcgharge, and further increase in the surcharge reduced the amount of

compaction at any acceleration.

Mechanisms of Vibratory Compaction. Four pbssible meehanisms for explaiﬁing

-the effect of vibration for compacting granular'soils may be_dedueed based on 7
the past studies., They are 1) particle vibratiom, 2) impacf, 3) strength
reduction, and 4) cyclic loading (Ref. 194). »
The application of vibratioﬁ to the soil causes individual soil particles
“to vibrate. As they vibrate, the particles can settle into either a more com—
- pact or a looser state, depending on conditioms. However; a very small emounc
of cehesionlbetweeh particles, even as little as provided by capillary moisture
films in clean sands, can prevent this arrangemen;. Thus, particle vibration
is believed to‘ be important for dry or submerged granular materials and for
clean ballast, but not for other materials or conditioms.
The second mechanism speculates that the impact forces from the surcharge
weight or compacting device during vibration is the major cause of compaction.

This mechanism requires that the weight or device break contact with the material

118



during the cycles of vibration, a situation that often does not occur.
The third mechanism is based on the fact that application of vibration
can reduce the strength of the material and hence makes the material easier
to compact, This ﬁechanism is likely to Be-effeccive for ballast. However very
little direct evidence is available to demonstrate the role of this mechanism.
The fourth mechanism is particle rearrangement from cyclic straining of
the material produced by the application of vibration. This phehomenon has
been clearly demonstrated (Ref. 194). Even without any significant accelgracion
Ar'impac:,'cyclic loading has been found consiétenﬁly to cause cémpaction.
This mechanism seems to be the best e#planation of why vibrati;n works in any
materials with cohésion. | |
5.3 FIELD COMPACTION
Equipment. A large variety of mechanical equipment is available for com=-
paction of soils; however, they can be grouped accord;ng to basic types. Although
6verlap is likely with any subdivigion, the follawing seems to be gemerally
acceptable: - |
1) pneumatic tire rollers
2) vibratory smooth-wheel rollets
3) plate vibratorg
4) smooth wheel power rollers
5) tamping roliers
6) segmented péd and grid rollers
D) rammer§ or tampe?s o
8) track-type tractors.
Selection of compactof depends on various factors influencing compaction

results in the field. Soil type and mcisture condition often dictate type of
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equipment_énd methods of usé. The inten&ed function.bf the compacted\m#tefial

is one of the importéht féctors to be considered. Table 5.1 summarizes‘characteristics
of various compactors. Detailed discussions on thé subject should be referred
to Refs. 196, 197. |

Among th? above-mentioned compactors, Qibr#ﬁory compadtors have been recog-
nized as the most effective means of comﬁactiné granularzmatéfials as weli as

rockfill materials. Especially‘in ballastvcoﬁpaction,>methodsrusing vibratory
tamping or plate vibrators have become a major :echniqué; | |

Thé-factorsiinfipencing field compactioﬁ res;lts in;lude-soil type, water

or chemical additiyes, methods of compaqtion, methédnof preparation, uniformity
of procedures, and the énviranmental par#meters. Generally, the effects of -
these factors in the field would be the saﬁe as in the laﬁoratory, although in
the field variability of.conditions often makes it gifficult:td detect the
individual effects of each parameter. Proper‘understanding of the effects wﬁuld
help engineers in the field to seiect the right compactor for a given job, and
thé appropriate. conditions of moisture, layer thickness, and number of coverages
or compaction time.

In the past, little progress has been made in the fbrmulation of equations
"which explain and predict comﬁactor performance., Even determining the principal
“pafé;égers‘for each type is not coﬁplete; and, in fact, is still a subject of
much disaéreement. There 1is also an uncertainty about the influence of some
.0of the parameters, such as the role of inflation pressure for pneumatic rollgrs,

and frequency for vibratory rollers. |

A set of eqﬁations fpr defining compactive effort of basic classes of

roller has been developed (Ref. 198). Expressions are derived for calculating

production rate and horsepower requirements, based on the concept of work done
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by the‘towing unit through drawbar force. Although the compactor models used
are elementary, they do provide a first approximation fo¥ these three system
characteristics (compactive effort, production rate and horsepower) in terms

of the basic contrﬁlling parameters, including compactor weight, rolling width,

layer thickgess and travel speed. The resulting expressions have been checked

ueing available data on compactor performance. Unfortumately, agdirect measure

of compactive effort has almost never been made %n all of the field tégting
conducted in the past which is reported in the literature. This an other
basic omissions make it 1mpos§ible to obtain-aﬁ accﬁra£e check on the equations
and a precise eséimate of the coefficients required. Nevertheless, the approach
takén is suitable for a preliminarylcompactor analyais, and it is believed to
be thé best approach available at present for analyzing compactor performance

ﬁo aid in developing design specifications and in selecting comp#ctors for 2
given job.' Further work on methods of coﬁpactor analysis is needed. .

Compaction Control. The purpose of compaction is to imprové one or more

engineering propgrties of a given material, and hence, to improve the performance
of the material in a givén application. Therefore, conceptually any material
propertieé related to the performance improvement sought during compaction
could be used as criteria indicating the effectiveness of compaction and
determining the level of compaction required in a given application. These
inciude strength, compressibility, resiliency, wave velocity, and density. The
preblem then is te determine what magnitude of these properties are desired
and how to specify and control them. By far the most widely used property for
control is demsicy. |

Density is the most widely and frequently used property for the compaction

measurement, even though it may not be the best. The popularity seems to
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originate from the facts that density along with moisture content tan in general
define. the compaction behavior of soil reasonably well, and limiting values of
density can be determined with relative ease for most materials. Previously
used field methods for measuring the density of compacted materials .are descrihed .
in Ref; 23‘f However, ballast is quite different from most highway materials.t"j”
- None of these methods are suitable for measuring ballast compaction. JThus,“
further’research was conducted to develap a method The results of this effort

are presented in Ref. 23.

A method which measures the velocity of seismic waves travelingdthrough,;lﬁ"

the material mass has been used to determine the compactness of the material.;fng"”"“

The seismic wave velocity is relared to both the maas densi:y and th

‘modulus of ‘the material. The velncity of the wave generated by the impulae(w
of a hammer striking a metallic plate or spike on the ground is measured with
a gseismograph. This is done by determining the elapsed.time for the wave to"f
travel from the triggering device to the semsing device;

This non—destructive method can- cover a large-area'of a compacted.zone <
in a short time period, without any material Preparati°“-"H°é??¢‘-‘?FFéQPtsp“";
to correlate the seismic velocity with density and other"soil propertiesfhavedz
so far beenlrelatively unsuccessful. even though it has-been clearly dembnstrated :
that velocity ia quite sensitive to changes in compaction (ﬁefs 135 142) |

| Measurements of strength and stiffness have often been made on compacted‘
solls to obtain design information and determine the degree of compaction’as
well. Honever, only the plate load tests can he used on ballast.lvThe plate-
bearing tests indirectly‘measure‘the degree of compaction of the'sdil]from;the
vertical force-deflection characteristics under a given size of bearing‘area.

This method, which is relatively rapid and non—-destructive, may be ‘used on a
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variety of materials. A review of this method is given in Ref. 23. Further
development of the plate load test for ballast use is also described.

An alternative method of compaction measurement has recently been suggested,

using an inductance type gauge (Ref. 199) which measures the soll strain by

the change in the electro-magnetic coupling between pairs of disc-~shaped sensors
embedded in tﬁe material being compacted. This relatively new approach has

been evaluaied and shown to be successful in granular materials in a series of
field compaction tests (Ref. 200). One of the major ;dvantages of the method

is a possibiiity;of continuous monitoring of cthe material behavior during and
after compaction. ‘It is particularly useful in case of coarse;grained materials
in which other conventional density measuring techniques are not‘suitableg

Compaction Specifications There are two basic approaches for specifying

" compaction. The first, and oldest, is "method specification,"” in which factors

such as type of compactor, speed, layer thickness, and number of passes or
compaction time are prescribed. The second is "end result' specificationm,

in which minimum properties required of the final product are stipulated.
Presently, 2 minimum density is by far the most eommonly used performance cri-
terion.

Thg trend in highway construction in the United States has been incfeasingly
in favor of thé ena-result approach, because it is more flexible and gives the
contractor the opportunity to select the construction method most suitable to
him. The obvious limitation of this approach is its dependence on the quality
of criteria used and the reliability of the method for determining whether the
objectives have been achieved. While this approach may be simple in concept,
it is difficult tec achieve in practice. The reasons for this difficulty include

the frequently large point-to-point variability of the compacted state of the
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material coupled with the inability of present measurement techniques to sample
a sufficient number of points rapiﬁly enough to keep pace with the conmstruction.
In practice, then, a combination of fhe "method” and the "end result’ approaches
is usually emploved.

5.4 BALLAST COMPACTION CONSIDERA&IONS

The ballast materials being presently used are characterized as open=-graded,
coarse-grained aggregates yith free drainage. ‘They are also initially clean.
Such materials pose difficulties in determi?ing and contrclling the amount and
state of compactionm.

| Typically, such materials do no:.exhibi: the well-defined maximum dry densigy
at an optimum mnisture‘coﬁgent, The resulting density for a certain compactivé
effort is sensitive to changes in gradation, degradation, and moisture content.
Furthermore, reference density and optimum compaction conditicns are hard to
‘establishw There 13 also a lack of compaction testing methods for this type of
material. The standard procedures used for highway and airfield comnstruction
are not adequate.

The above problem becomes compounded in the case of field measurements.
During mechanical compaction the compactive effort is usually cgncentrated in
certain areas, such as below :ﬁe ties and gribs, neaf the rails; and shoulders.
Therefore, the resulting compaction is nonuniformly distributed over the whole
area of ballast. The traffic induced compaction is also believed to occur in
the limicted area.un&er the ties. The nature of non-uniformly distributed com—
paction may require separate specificatiéns for ballast compacticn in
different areas, and will require measurement methods that camn properly test
the areas affected by compaction.

‘

There are two basic approaches for the ballast compaction measurements.
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One is to measure the compaction itself, and the other is to determine the
effedcs of ballasticomﬁaction. Therformer approach includes density tests,
stfength or stiffrness tests, or the evaluation of the Sallast-étructure change
‘before and after compaction. The_iatter approach is mainly concefnéd with
the track geometric configuration and ‘track stability changes due to ballast
compastion, subh as track settlement, lateral and 1ongitddinal tierresistance,
track modulus, and track geometry. The problem with this aﬁproach ;s the
diﬁficulty in separating out effects of compaction'frbm the effects of other
factors like tréffic or subgrade conditions or environmentai.r' |

. The most frequently method of densitf measurement for ballast has beén the
nuclear method (Refs. 201, 202, 203, and 204). This method has been wiﬁely
;ried in European'coﬁntries, and various versions of'instrumeﬁ:s devised. In
‘;ny case, thi§ method requires placing a probe(s) ;nto the Ballast, which
causes a éhange of ballast conditions, espéciaily in the neighborhodd of thé
tube. |

Various replacement methods have alsc been used in ballast densi;y measure-
lment. According to Riesébetger (Ref.‘202) and Birman (Ref; 203) water, sand,
or gypsum replacement ‘methods have ‘been tried to a limited exﬁent. Hawefer,
‘the quantity of sappleS"required was so larpge that these methods were mot suit-
aBle for use in tréck structures.

Plate load tests have also been used for ballast compaction evaluatioﬁ‘
{Ref. 2C2), by measuring the force-deformation characteristics of a plate on
the ballasf. A detailed procedure has»been suggested by CNR (Ref, 137).

Track settlement surveys, in which both differential and owverall track
settlement are determined to indicate the effects of ballast compaction, may

be used as an indirect measurement of ballast compaction (Ref. 205). However,
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the evaluation of settlemént i3 not a suitable means to measure the effect of
ballast compaction, because it depends on many other parameters of greaﬁer
influence, |

Tie displacement tests determine the effect of ballast compaction on the
resigtance of ties to displacements in either lateral or longitudinal directions.
There are two different metheods of lateral tie displacement tests: single-tie
test, and multi-tie test. Details of the procedure invelved in each of the
methods may bg found in Ref. 205. fhe lateral resistance is so much dependent'
on the lift during tamping‘:hat the :esf resulcs may not indicate the specific
affect of ballast compaction, especially when the measurements are made'immediatelf
after tamping. A | :

The tie load test, orb't:racl-c modulus test provides a measure of vertical track
stiffness which could be used to compare compacted and uncompacted areas. It
has been long used to obtain design 1nformati§n for the track system. Details
of the tests were discussed in Sectionm 2.

Affer'considering the various Alternative approaches for measuriag ballast
compaction, three me:hods‘were_ gelected for further development. These are,

1) water replacement for density determination, 2) small plate ;oad test for
vertical ballast stiffness determination, and 3) resistance of a single unloaded
tie to lateral displacement. This work, iﬁcluding the test proéedures gnd the
type of results obtained, is described in detail in Ref. 23. |

The’objectives of ballas£ compaétioﬁ are 1) to limit, if possible, the
settlement of the track under the effect of traffic loadings, 2) to avoid dif;
ferential settlement as the track deflects under load, and 3) to assure a resis-
tance, immediately after maintenance work, to lateral and. longitudinal track

displacements which will guarantee track stabilicy through the restraint
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deformartion as a consequence of traffic and temperature variations.

The following must be taken into account to determine thé optimum com-
paction level for given compaction conditions:

1. the "anvil" effect of the foundation

2. ballast particle size and the overall dimensions of the ballast section
as well as the gradation of :hé ballast material, and

3. existing conditions pfior to compaction, such as the quélicy of
tamping and train traffic from ;he compietion of tamping.up to commencement of
compaction. o o | ‘

The gime interval for compacting Ballast as well as Apﬁropriate conditions
of compactor operation should be.determined based on a.caféful conﬁideration ‘
of varicus factors 1nc1uding'track conditions,‘thé level of performance, and
economic faétors. | | |

The probable optimum level of ballast éoﬁbaction is depen&ént on the baliast
properties, ballast coﬁditions after tanpiné, and thé required level of performéﬂce.
At present no iﬁformation is available to‘establish:suicable quantitative ballast

compaction specifications..
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6. PRESENT PRACTICE OF BALLAST RELATED
TRACK CONSTRUCTION AND MAINTENANCE

Track construction can be Interpreted as Fhe entire sequence aof operations
associated with eitﬁer 1) the installatiomn of ﬁew track,‘or 2) as a major
rehabilitation (recomstruction) of existing track, including rail and tie
removal, and the addition of extra ballast material for the track bed.

The current situation of the railroad industry in the U.S. ;ndicaces
that new track construction for distances greater than a few miles is un~-
common and probably not economicélly justifiable when compared to the costs
‘involved with upgrading the existing, aﬁd possibly poor quality, lines.
Furthermﬁre.track construction procedﬁr&s, specifications and particulariy‘
costs are highly dependent upon the locality, which prohibits generalizationms
to be made for new track constructicn. Genefal construction procedures for
new track are specified in AREA Manual (Ref. 2). Detailed diécussions of
néw track constructién will not be presented in this report since the amount
of new track construction is extremely sﬁall.compared to the amount of up- |
grading of existing lines. Thus, thé emphasis in this report will be placed
upon the rehabiiicacion‘of existing lines with on-track equipment. |

This research effort concerns the physical state of the ballast material
in the track bed and the felationship of this state to track p;rformance.
Understanding the maintenance processes which affect the state of the ballast
materiél is necessary. Thus this chapter will emphasize ballast~related
maintenance operations.

‘ _ -

The main categories of track maintenance wofk which will be discussed

are 1) track renewal, 2) tie and rail replacement, 3) ballast cleaning,

4) ballast hauling and distribution, 5) ballast shaping, 6) track surfacing
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and lining with ballast‘tampiﬁg, and 7) ballast compaction. A complete
compilétion of information for all types pé existing track maintenance equip-
ment in each of these categories was not feasible. .However;an adequate
coverage of the subject was obtained from readily available literature.
_ Equipment types and p:bcedures used for these maintenange operations may
differ between railroads, since the experience of the maintenance-of-way
dgpartyeut and the available‘materials, labor and eqﬁipment will\influence
the approéch taken. | |
6.1 TRACK EVALUI[A'I‘ION‘

"Maintenance of a given section of the track structure is required if
- one of the following conditions indicates the need fdr an improvement of
>track conditions:l poer riding quality,'excessive lading damage, derail-
_ meﬁ:s,,visual,inspec:ion indicating‘de:e:io;atioﬁ of ;hé track
components,'br exceeding the frack;safety specifications which are recorded
from trac? measuring cars. Hay (Réf._206) states that altﬁough.track,
geometry and track mat;rial can be discussed separately, they do not
act independentiy. Other things being equal,.the material in a track with
good geometrical”properties will qutlas: that in a track with poor‘liﬁé
or surface. Conversely, scund track material will help preserve geomeérical
quality while material weaknesses act to destroy geometrical quality so
that permanent deformation is caused by loads which could otherwise be
easily carried. Poor geometry also hastens material we#r by increasing the
magnitude of dynamic loads imposed on ché track and its elements.

The track méaSuring car method is currently used by some railroads and

provides a more effic:lie'nt, reliable, and quantitative means th>a.n visual

observation for pinpointing already hazardous or developing track problem
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areas over many miles of track. The most efficient distribution of track
maintenance equipment, manpower and material 1s essential. With track
recording cars reliance does not soclely have to be placed on subjective
opinion as to the quality of track by different track supervisors on different
stretches of track. However,the track geome:rylcar should not be ccnsidéréd
a panacea for tréck maintenance problems, but should still be supplemented
by visual track inspection, since determinaticn of the many components com—
prising the track system can occur and not necessarily be identified by
the track geometry car.

Examples of the manufactured equipment which records the deterioration
of the track geometry are given in Table 6.1. However, some railways have
designed and built their own such equipment. Track geometry, inspection,
recording, measuring, and evaluation are ché designations given to these
vehicles. However, each ﬁerforms one or more of the same basic funccions
of measuring the variation in gauge, surface, line and twist of the track.
Differences in measurement equipment involve type and spacing of the measuring
wheels and methods of measqremenc,‘measuring‘devices, and computer facilities
for the data obtained. b

At the FRA track program review (Ref. 210), Meacham of Baételle-
Columbus Laboratories and Corbin of Ensco, Inc., presented research progress
reports on their developmént of track measuring systems. While not serving
the same function nor providing the same capabilities of manufactured track
gecmetry defects, thelr efforts are concentrated towards a means.of evaluating
track geometry defects. Meacham is developing an inécrument to measure track
impedance which operates from an intermittently ﬁtationary car, while Corbin is
develering a continuously moving measurement of wertical track stiffness using

the Southern Railway's track measurement car.
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Plasser literature (Ref. 208) illustrates the "fault' zones which are
most likely to lead to changes of track geométry and discusses the measure-
ment of a particular track parameter. It also indicates the following effects
that a change in a track parameter has on train traffic:

1. Gauge: Variations can lead to uneven car and rail wear.

2. Surface Irregularities: Improper seaming, missing ties, or washed
out roadbeds lead to ride discomfort for passengers and damaged cargo.

3. Rail Profile: Changeg in longitudinal level lead to vibration and
bounce difficulties, especially at high speeds.

4. Rail Alignment: Horizontal irregularities in tﬁe rail damage-
both freight and car. |

5. Superelevation of Cross level: Improper superelevation can lead to
excessive and uneven wear at wheel-rail contact points and to derailments
of trains negotiating those curves at high speeds.

6. Twist Measurement: Metal fatigue and roadbed erosion cause dis-
tortion of two rails which will cease to run at parallel levels. The car
axles become twisted causing increased car and track wear, and cargo damage.

' Blanchard (Ref. 211) also states that gauge, line and level are all inter?
dependent. He states :hgt gauge is the most critical and is most likely to
influence a change in line and level. |

An important advantage of track recording cars is that a means is pro-
vided to quantitatively compare track conditions over a railway system with
track standards which have been seﬁ. Other advantages as reported by the
equipment manufacturers are as follows:

1. A means is provided for railway administrations to plan trackwork

management and maintenance policies.
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2. Recording is accomplished under djnaﬁic load siﬁilar to that of
normal traims.

3. No .speed reduction is needed when passiné through switches.

4, Parameters measured can be‘graﬁhiﬁally'ﬁlotted as well aé stored
on tape and ﬁnalyzed on a computer. |

- 5.. For each paramgﬁer'ﬂeasured, indication of ;he amplitude of fauilts

above the designated safety level, and the exact location 1is ;rovided on
the records by the computer. k ‘ 7 : | .

6. The rec‘ic-}rdiug cars can phy31CAUy mark faults on the track usiﬁg a
‘paint marking device (Ref. 209).‘ ‘ r

7. The parameters weasured may provide a good tool to indicagg the
'effectivenéss of ballast compaction (Ref. 212).
6.2 TRACK RENEWAL

The largest scale track maintenance operation is the removal and.re-
placement of ties, rails .and fasteninés of ihe track supérstructure in a
single continuous process rather than repiacement of the individual track
‘éomponeﬁts. The track renewal train or grack'relaying train with this -
assembly line principle was developed specifically with this concept in
mind. ﬁurns (Ref. 213) states that the prime advantage ofitﬁis’method of
maintenance is a significant reduction in track maintenance costs and track
fime-requirements. However, such equipment, briefly describgd in Table 6.2,
has not been usgd in the past U.S. :réck maintenance programs.

ihe wideﬁpread adoption‘in Europe of concrete ties and continuous welded
rail has created the need for machines capable of replacing ties out of face.
European maintenance of way machinery manufacturefs have built machines for

this purpose using essentially four different approaches. These machines
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_have also been used for replacing wood ties with wood ties. Brief descriptions
by Burns (ﬁef. 213) of each of the four basic type of machines follow.

The Valditerra System, developed by Matisa, removes the rail and old
ties and installs new ties and rail within ome machine and within a short
distance. Plagser and Theurer have also developed a similar machine. The
long-term average production rate of this type,gf machine is approxiﬁa:ely
825 ft/hr with a 1/2 hr start up and 1/2 hr clean up.

The two-train system, an earlier Plasser and Theurer development, has
twuiself-containéd‘machipes working relatively independently'oflone another.
The first picks up the track §nd removes the ties aﬁd rail. The second
installs the ne; ties and rail. Between the tHO‘iachines is a length of
track-that is clear of both ties and rail. In this section, it is possible
to perform such operatioms as‘subgradévstabilization and bailaét cleaning
by off-line eqqipment.“The continuous production rate of this system is
approximately 900 fﬁ/hr with a 3/4 hr start up‘énd 3/4 hr clean up period.

With the panel-track system, developed and used extensively in Russi#,
panels of the ol& track are‘removed by a specifically designgd on-track
‘crane, moving ﬁackward and pushing flat cars ahead ;f itseif, PAnels of
new track are laid by a similar crane pulling flat cars of new p;nels behind
it. The jointed rail is later replaced by continuous welded rail.

A system, develo?ed by the French, uses a gantry crane which, while
running on the new continuous welded.railrthat has been previously_laid on
the shoulder, picks up panels of the old track, and also places the new
ties. Another machine positions the new rail om the ties.

In princiﬁle,‘the Matisa f811 or the recently develoﬁed Plasser and

Theurer SUZ 500, are similar in operation (Ref. 213): A single machine
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removes and installs the new track within a short distance, thus precluding
any operation on the ballast other than levelling off the cribs. These
machines receive their alignﬁent from the original track, but the super-
elevation can be changed. The Matisa P81l also incorporates vibratoery
platas to compact the level ballast bed after tie removal and plowing of
the crib material. The SUZ 500 may or may not contain this feature. The
average production rate of this type of machine is 500 ties per hour or’
825 feet per hour, with 1/2 hour for start-up and 1/2 hour fof clean up
(Ref. 213). However, the rated production rate 1is 2000 ft/hr for the Matissa
P811. .

6.2 RAILS AND TIES

Decay, abrasion, fatigue and breakage of wood ties due to train loading
and environmental factors periodically necessitate the replacement of this
component. The average lifespan of wood ties on mainline track is estimated
to be 25 years. Some U.S. railroads are currently cousideriug introducing
concrete ties as an glternative to wood ties with the expectation of increased
levels of track performance. Foreign railroads have experienced satisfactory
results Qith concrete ties. However, with the higher axlé loaés in the U.S.,
the effect on the.track maintenance cycle 1s still uaknown. F&ilurés of
concrete ties occur with fraecture at the raill seat area or cracking of the
tie.

Since wood ties are far mere common, only the procedures for their re-
rlacement will be discussed. The main steps observed in one field operation
ars as follows:

1. A mechanical spike puller is used to remove the spikes from the

ties marked for replacement. The tie plates are alsc removed.
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2. A tie cutter is used next to cut the ties into thirds. The center
third of the cut tie is plicked up by the machine #nd deposited oﬁ top of
the crib, while the outer thirds are mechanicaily pushed ocutward onto the
shoulder. The pienes‘may be chipped; Euried or carriedlaﬁay,

3. A ballast‘scarifie# with rotating blades‘cleaﬁs out the ballast
where the old tie was embedded so that tﬁevnew fie can be inserted easily.
.Ballast ﬁolledted under \the rails dufiﬁg the scarifying npe;ation‘is leveled
by the same machine. | :

4. A tie inserter piéces new ties part of the way under one rail. Theﬁ
~the‘tie is mechanicall} pushed 1n£6 its proper poaiﬁion on the ballast bed,

5. The tie plates and spikes are replagéd; It neceésary:fie spaéing -
-and gage are. first adjusted. |

A complete and‘iliustrative hanuairbf'rail déféﬁté has been campiled by
Sperry Rail Service (Ref. 217). Serious defects; such as excéssive wear
or breaks, would require replacement of the rail secti&n. In the U;S.,
defective joiﬁted rail is often replaced éith'contiﬁuous‘welded rail.

| Procedﬁres for bandling, tran5p§rting, unloading, and ing:alling rail
are described in AREA Manual (Ref. 2). ‘Few‘manufacturers' specifications.
on rajl iayingrequipment were availaBle. The new rail is loaded in the yard
on rail handling cars by forklifts or cranes, and transported to the desired
track section and unloaded on the shoulder by cranes. Rail fastenings are
removed by conventional methods. The defective rail may be removed and the
new rail installed by using derricks, cranes or a sleeper-positiouing—and-
rail-displacing machine, such as the Plagser Theurer IP 101. Rail fastenings

are subsequently reconnected.
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6.4 BALLAST CLEANING

Increasing costs for material, and for handling and transporting of new
ballast have caused maintenance of way engineers to seek alternate metheds
by which to restore badly fouled track-beds with a clean, uniformly-graded
ballaét matefial. Crib and shoulder ballast undercutters and cleane£9‘repre-
sent a solution. This equipment performs the functions of removing and
‘screening the ballast existing under the tfack.anﬁ then redepositing the
desired gradation of material into the crib. Separated material coarser
and finer than the selected gradation limits of th; ballast redepbsited
in the c¢rib is placed by conveyor at the side of the track or locaded into
open cars. A selection of available ballast cleaning equipment is described
in Table 6.3.

Plasser and Theurer, Canron, Secmafer and Kershaw pfoduce the heavy-
duty ballast undercutters and cleaners to perform thé complete operation
on tangent and curved track. The Plasser and Theurer model RM 74 U has the
additional capability of undercutting and cleaning at switches. The Plagser .
machines are also capable of treating the subgrade with a bitumen spray, or
introducing a éand blankét or membrane on the subgrade while performing
undercutting and éleaning. The Secmafer machine (2i4) levels and compacts
the ballast such that the track can be immediately returned to service.

The rated-productions are from 460 to 850Icu yd/hr, but these numbers are
dependent upon machine working speed, depth of cut under the tie, degree

of difficulty in disaggregating the ballast mﬁteria; and physical obstacles
such as road crossings, bridges, and switches.

Smaller machines are available tc remove only the crib, or the shoulder

or crib and shoulder but. do not clean the ballast. In some cases the shoulder

.- i
‘ I
) |
|
|
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material is cleaned and redeposited at tbe tie end.

Loram (Ref. 221) produces dual machines, called Autotrack and Autosled,
which raise the track, plow out the fouled ballast bed to the shoulder area,
or sled the ballast to distribute the crib material underneath the ties, and
replace defective ties. Reballasting normally follows this oper;tion. This
method does not incorporate rail removal and replacement.

One ballaat undercutter and cleaner obgerved in operatiocn was model
RM 74-UHR, manufactured by Plasser and Theurer Company. Total weight of
the machine ‘is 70 tons. It has a working speed of ;bout 10 to lSrfeet per
minute. The undercutter is capable of cutting laterally up to a distance of
two feet away from the end of the ties and to a depth of ten to 33 inches
under the tie. One operator is required, along with a mechanic and one or
two laborers. Near the center of the machine a large hydraulic r;m clamps
underneath the rail heads and lifts the track up about one inch above the
original level. A lafge conﬁinuous chain with cutting teeth passes under-
neath the tie. These teeth scrape out tpe ballast from under the tie, carrying
it to the shoulder, where it transports the ballast up into the machine,
where a screen shaker 1s located. The cutting chain is not plgced parallel
to the bottom‘of the.tigs, but is pitched two inches dowmward on the outside
raii for easier collection and transport of the béllast and to provide a
sloped surface for drainage. The large shaker inside the machine contains
various sized screens with square openings. Material whose particle size is
either above or below the range of screen sizes is discard;d in a windrow
about 15 ft from the edge of the :Efck by an overhead conveyor. The remaining
ballast particles are redeposited inm the crib in the previously undercut

sections by another set of conveyors.
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- The amount of material removed in the cleaning bperatian represented as
much as 1/3 to 1/2 of the initial ballast volume, but because this was
mostly fines filling the voids of the larger stome particles, the bulk vol-
ume of the cleaned baliast was not reduced by as muéh‘volume as that of the
material removed. However, additional required ballést was provided by a
ballast train. The‘cleaning operation was not very éffective during rain,
because the fine material tended to cake when wet, thus giogging the screens.
To what extent the material from the varidus screens was remixed before
depésiting undef the track was notidetefminéd. |
6.5 ' BALLAST DISTRIBUTION AND SHAPING

A ballast train is required to réplenish the ballast ﬁaterial in the
crib after a cleaning operation or deposit additional material im the crib
(reballasting) befdre or afiér a major life.

A ballast equiiizer or regulator is needed fo f11l the cribs and to shape
the shoulders of the ballast after raising and tampiﬁg. In operation, excessive
ballast between the'rails ig plowedlto regions outside of the rail, into the
¢rib and also onto the shoulder. One or two passes may be required for the
shaping and filling operaﬁion depending upon the amount of,ballast-materihl
to be movgdi - The regulator can also piace ballast in the cribd for reb;llasting
purposes by transferring ballast from the shoulder. This machine is equipped
Qith a shoulder former to ﬁhape or dress the shoulder to the desired slope
and shoulder width at the tie end. This operation can be performed simul-
tanecusly with material being plowed out from the track center. The final
operation of removing excess ballast not pléwed out from the track center as
well as ballast which has accumulated hear'the rajls is pefformed by thé

ballast broom or sweeper. Shoulder forming and sweeping operations can be
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accomplished by the ballast equilizer when moving in eitherbdirection.v How-
ever, uniformity of geometric appearance and cleanliness of the track structure
are also obtained prior to and after track tamping.

Other functions of a ballast regulator as reported by Rershaw (Ref. 218)
are: 1) dressing ditch in multi?le track, 2) scarifying and deweeding ballast
shoulders, 3) breaking up mud pockets at tie ends, and 4) plowing ballast from tie
ends to improve drainage.

A re?resentative list of ballast regulators is given in Table 6.4 In
addition to the function of ballast regulating, the Jacksom spreader§ and
Plasser and Theurer profilers shape the profile of the embankment.

6.6 SURFACING, LINING, AND TAMPING -

Thentrack-geometry congists of crosslevel (surface) and longitudinal
alignment (line). Surfacing and lining operations are performed simultan-
eocusly or in close conjunction to correct track gecmetry defects. Applications
include major out-of-face trackwork requiring reballasting with 4 to 6 in.
raiges, for skinlifring involving track raises up to 1/2 ;o 2 in., or spot
work In short track sectioms.

Fundamentally, three processes are 1ﬁvolved: 1) raising the :fack to
the proper elevation, 2) adjusting the track horizan:ally to align ic, and
3) tamping the ballast to repack it in the voids under the tie near the railgs.
Surfaciﬁg and lining operations require tamping to fill voids under the tie
created by repositioning. IHowever,tamping may be done alone by a machine
that does not have controls for surfacing and lining if the track is already
in proper position and it only needs ballast to be packed under the tie.

Ballast in the crib remains in a loose state after tamping thus reducing

lateral tie resistance and lowering bearing support underneath the tie
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compared to the undisturbed ballast state. Opinions differ about the state
of the ballast beneathrthe tie affer tamping.

The specifications'for Canron, Plasser and Theurer and Jackson Company
ballast tampers that are used for tangent and curved track, switches, and
joints are listed in Table 6.5. Modéls of other tamping machines for which
gpecifications were not obtained, are-listed in Table 6.6. The data included
in Table 6.5 are 1) weighc‘of equipment, 2) production travel speed, 3) ‘
tamping tool characteristics such as location, number of tools, amplitude,
frequency, rated static and dynamic forcéﬁ, and 4) surfacing and lining
operations used. The lining and leveling systems in use are descrﬂ?ed by
Diaﬁ and Janderes (Ref. 223) and should be referred to for further details.
Variations in shape and léngth of tamping tools are also noted to occur.

The tamping operation can be uaed in conjunction with or independently
of surface and lining operations. Present day taﬁping equipment all utilize
the vibratory squeeze principle with either a synchronous or a non-synchronous
squeeze action. In the synchromous squeeze, equal system pressure i3 spplied
to each opp&sing pair of vibrating tines which move the same disténce until
the desired squeeze pressure.is reached. For the non=-synchrompus squeeze,
the hydréulic pressure in the opposing tines may be different and is a function
of the ballast resistance. When the pre-established pressure is achieved in
one tine the movement ceases and the. opposing tine squeezes until ﬁhe same
pressure is reached. Plasseﬁ and Theurer (Ref. 208) utiliie the non-synchronous
concepts while Canron (Ref. 207) uses the synchronous squeeze action. Jacksen

(Ref. 222) appears to use a concept similar to Canron.
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Table 6.6.

Additional Ballast Tamping Equipment

Other tamping equipment for which information or specificacion sheecs ware aot obeainad,

1.

3.

MANUFACTURER

Marisa (Ref. 207)
Robal

Plasser & Theurar (Ref. 208) -

a)

b}
c)

d)

e)
£

9]
h}
1)

N

k)

MODEL
BMNRI 85

Supermat 62.43

' Coiversal Duomacic
06-32

Universal Yardmastsr
U™ 8-L

General Road=aszer
GBM 15C

Tie Tamper PII-16

Rocadmaster Specﬁ.al
07«5uper 32 2V

WE 75

WE 275

- Main Liner Uziversal

06 Series
Beaver 4-73
73
800

Plassermacic 06-3

Reproduced from
est available copy.

>,
§%§§
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COMMENTS

-\

Tanper-Liner

Swicch produccion tamping, 2 -
4 gool wmits, can surface &
line a switc fa 30-45 min.

Tarps switen, frog, tangen:
& qurved track; 2 3-tool ar
6-tool heads

Spec, tamper & tandem tazping,
1% rool

Tangear & eurva, single caord
linizg & leveling, double out-
Puk, =ax. 2200 =z/h=.

Sleeper and comsolidatiag
places, also all round ramping
syscam

1l caoping wis, seouldsr &
erid, 1962. :

2 tamping wmie, shoulder &
erid, 1962,

Tilrabla tools, fer industrial
Tallways or city tracspor:t




The main differences in the tamping operation between manufacturers
occur in vibrating frequency and in amplitude of vibration of the camﬁing
tines. The frequegcf 1s 35, 53.5, and 70 Hz and the amplitude is 10 mm
(0.39 in.), 3/8 in., and 1/8 in. for Plasser and Theurer, Canron and Jackson,
respectively (Table 6:5). Other differences which exist are whether two
or three, or four ties are tamped simultaneocusly, the addition of tie-end
tamping or the addition of shoulder compacting §1ates.

Cassidy (Ref. 212) identifies some specific tamper design characteristics
which should be further described and quantified:

1. The bounds of the volume of the disturbed ballast.

2. The definitcion of squeéze'pressures, which is not well defined
in the company brochures. Some specifics to be quantified are:

a. Magnitude of maximum forces, bearing areas,
and max{imum prassures,
b. Force vs. time (or distance vs. time) curve.'
¢. The means by whit;.h the number of squeezes on a given tie is
| determined.

3. Vibration characteristics including whether t;.he vibration 1is force
controlled or. distance confrolled, and the exact means by which this is obtained.

The tamping procedure used by Canron, illustrating the vibratory squeeze
principle, is shown in Fig, 6.1. The tines are set intc vibration before
insertiod in the ballast. The steps in tamping are (Ref. 207): |

1. Downfeed: In addition to the free fall weight of the tamping
units, downthrust pressure om the ballast of up to 2,000 psi (140.6 kg/sq cm)
is available. Lower limit switches stop downfeed at a preselected depth which

is adjustable down to 6 in. (152 mm) below the bottom of the tie.
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" 'e¢) UP-FEED d} UP-FEED AND
: SQUEEZE OUT

Figure 6.1. Pinch and Squeeze Method (Ref. 207)
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2. Squeeze-in: The rate of squeeze-in is variable and is pre-set
to sult ballast condicidns. Interconnections in the hydraulic squeeze circuit
assure uniform squeeze pressure. Squeeze-in stops when a pre-set hydraulic
pressure 1s reached due to pressure build-up between opposing tools. Inter-
comnection of hydraulic squeeze circuits provides uniform squeezing along
the entire tamped area of the tie.

\ 3. Up~feed: The tamping tools during the initial portion of £he up=~
feed retract upward along the side of the tie, so that the crib ballaét will
fall against the sides of the tie to retain ballast in the tamped position.
The tamping toals‘returh to the upper limit prepared for next cycle.

For low lifts,*smnofhing, spot. track repair work, and tamping in con-
fined areas such as switches, small portable ﬂb'ratory tie tampers have been
used. Jackson (Ref. 222), Modern Track Machimery, Imc. (215), and Wacker
(Ref. 224) produce several hand tie tampers. These tampers are not production
oriented for large jobs of majdr”reballasting or out-of—face‘trﬁckwork. A
comparison of their effectiveness in b#Llast tamping compared to large tamping
machines is not known.

6.7 BALLAST COMPACTION

The final operation in major out-of-face trackwork afﬁer lining-leveling
and tamping 1s compaction of the crib and shoulder by the use of ballast
compactors. This practice has been frequently used on European railroads,
whereas in the U.S. it has primarily been used on a preliminary trail basis.

In operation , erib compaction plates are applied to the surface of the
ballast in the c¢rib area where the tamping tines are inserted. At the same
time, another set of compaction plates, with or without an attached shoulder

pressure plate, compacts the ballast at the tie end or on the shoulder. The
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purpose of the shoulder plates is to prevent the lateral flow of Bdllast
during compaction operations, particularly in the case of narrow shoulders.
. Vibration is produced by either of two methods:
1.‘ a fotating eccentric mass generating a constant dynamic force for
" a given frequency, or A

2. @an eccentric shaft producing a constant'amplitude‘of oscilla:iqn.
Thé lack of experimental data prohibits'a conclusion as to which 1is thé more
effective ﬁeans for ballast compaction.

Two manufacturers preséntly produce ballast compa;tors. The machines
developed by Matisa Materiel Industriel are handled in the U.S. by CANRON,
formerly known as Tamper._ Other machines have been developed by Plasser aqg
Theurer together with Windhoff. Specifications for representative ballast
compactors are given in Table 6.7;‘_Inc1uded are characteristics of the
compaction plates, such as typé, number, shape, amount ‘of doﬁn‘pressure
and location, production (dependent upon cycle time and tie spacing), ampli-
tude and frequency of vibration, as well as the rated stétic and dynamic
forces. Major differences in equipment occur with the type and outputs of
the vibratory motors. The reliability of the rated dynamic force is question-
able, since this value depen&s upon the -physical state 6f the ballast and
the subsequent interaction with the vibrating compaction plates. Excluded
from the list are one-of-a-kind machines developed by railroad companies for
experimental purposes.

Plasser and Theurer first-builtra‘cdmbined tamping and compacting machine,
a VKRO3 with crib compacting units, -in 1958. The VKRO3 was the forerunner

of the modern Plasser & Theurer combined leveling, tamping, lining, and

compacting machines (Ref. h27)
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A review of manufacturers literature on ballast compactors produced
the following as some of the claimed advantages for use of this machine in
conjunction with normal track maintenance operations.

l. Increases ballast density in the cribs and increases bearing support
under the tie following tamping.

2. Inqreases lateral and longitudinal track resistance and track sta-
bility, both immediately and long term, which prvides a gfeater security.
against track buckling and sun kipks.

3. Increases friction against the sides and ends of the tie.

4. Incre;ses the lifetime of cross level, line, and surface, so that
maintenance in:erﬁals are increased.

‘5, Shoulder compaction fills voids at the end of the tie.

6. Provides a uniform bearing surface (pressure distribution) under
the tie.

7. Permits higher train speed immediately after compaction compared to after -
- tamping only.

8. Reduces the number of loose ties, which are a cause of track deter-
ioration including rqil wear and fractures.

According to Powell (gef. 228), crib and shoulder compaction is effective
in increasing the lateral resistance after tamping, only if a sufficient
amount of ballast is present in the crib, i.e.,, a full crib, CNR has made
a preliminary revieﬁ of the cost and benefits of ballast compactors (Ref. 192).
Increased costs are incurred in owning, operating, and maintaining ballast
compactors, and in the additional ballast material required to fill the cribs.
Whether or not the long-term benefits justify these costs has not yet been

egtablished.
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ever, the confirmation is primarily limited to short term benefits. The degree

their shafts parallel to the rail. The arrangement of the eccentric masses

Some of the claimed advantages arxe based on experimentel findings. How-

of increase in the maintenance cycle is still indeterminate, although Birmann

and Cabos (Ref. 203) calculate this to be as mhch ag 33%. Other edvan:ages
listed, such as providing uniform support and resistance, have not been
verified. The conditions required to yield the highest degree of compaction,
particularly under the tie, have also not Been determieed.

Plasser and Theurer has recently developed the dynamic track stabilizer

_which is distinetly different from previously described mechiees. Instead

of compacting the bailast in the crib and shouider area by using surface plates,

the whole track is vibrated horizontally with a vertical load applied to the

rail. The machine has two counter-rotating eccentric masses orien:ed with

is such that the vertical component of vibration ie cancelled out and the

. horizontal of the vibratory force is in the direction parallel to the ties.
. Although the dynamic force 1is adjustable by varying the position of the

'eceentric masses, this is usually fixed and the dynamic' force ehanged only by

changing the vibration frequency, with the range of abou: 18 :o 40 Hz.

‘The mechanism of clamping the dynamic force gemerating component to the
rails is by means of rollers so that the machine can travel along the rail
during vibration. A typical travel speed is cne kilometer per hour. This
appreach is distinctly different from the c¢rib and shoglder compaction machine
which is stationary during the period of ballast compaction. A vertical‘force
is simultaneeusly applied to the rajil using the weight of the machine as
a reaction. The magnitude of the vertical force is controlled on the basis of

the vertieal displacement. Using a light beam system like that on tamping
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machines, the vertical displacement is controlled in reference to the rail
positions aﬁ the end of the machine. A maximum differential vertical dis-
placement between the vibrator and the references at the end of the machine
is selected, not to exceed 20 mm. The vertical force 1s adjusted automatically
until the displacement reaches this limit or until the maximum vertical force
is achieved, the latter being,equiva;en: to a light axle lcading on the.;rack
vehicle. Separate‘controls are provided on each side of the machine so that
deflection of each rail is independently maintained. Because this machine is
designed to be used after a tamping operation, the control of the vertical
displacement in the ﬁanner described is necésaary to maintain surface;
Otherwise, because of the variable resistance of_the ballast to vibration,
the use of this machine with a constant vertical force would reintroduce ir-
reguiarities in the track geometry.

Chapters 7 and 8 raview available results from studies of ballast
compactors, demonstrating the effeﬁts of the test barameters and the

effectiveness of the procedures on track performance.
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7. RELATIONSHIP OF BALLAST COMPACTION
TO TRACK PERFORMANCE '

In this chapter, vafious mefhods currently being used to measure track
performance are discuased.‘ This chapter will also identify the current trends
and methedelogy being eﬁployed in performance prediction, and the problems
involved with such predictions. fhe principal emphaais, hqweier,vwi;l be |
on the eﬁaluation of the effeﬁts of ballast conditions and compaction on track
performance based on a review of available literature.

7.1 TRACK PERFORMANCE MEASUREMENT

The currentlQ'available or most commnonly used techniqpeé of quantifying
the physical stateé of che tfack include track settlement surveys, tie displaéé-
ment tesis, track moéqlus tests, tréck geome;ryisurveys, and joint profile
surveys. |

Track Se:tlemenﬁ Survey. A track settlement survey»measurés both differ-

s {
ential and overall track settlement with respect to a fixed reference. Profiles

of rails are usually obtained at an appropriate station interval using the

standard physical surveying'equipment such as a tranmsit or level with rod and

i tape measure. Measurements are mgde-periodi;ally over time after maintenance,

and the profile immediately after tamping and before amy traffic, is generally
used as a reference. ‘The track settlement requires a long pericd of observation,
since the effects on the track settlement of various track components and of

the construction and maintenance are generally not expected to become evident
until the accumulation of significant traffic. Furthermore the evaluation

of track settlement is not a sufficientlmeans to assess the effects of ballast
compaction because settlement also depends on various other parameters of

equal or greater influence. For example, caution should be exercised in
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interpretation of results when the track has a subgrade layer which is suscep-

tible to environmental factors such as molsture changes, and frost.

'Tie Displacement Tests. Tie displacement tests involve measurement of the
resistance of a single tie or multi-tie pamel subjécted to either lateral or
longitudinal force. This type of test has been used both to evaluate the ballast
state and to assess track stability. The lateral tie pull or push test (LTIPT)
on a single tie, Yn particular, has been widely used throughout the world in
evaluating effectiveness of various maintenance'operaticns including crib
ballast compaction. The common procedures consist of removing the tie fastenings
under both rails to isolate a selected tie from the surrounding track structure,
and displacing the tie at a certain’r;te of loading or displacemeﬁ: while taking
measurements of the applied force and resultiﬁg tie displacement; Forces at
2 or 4 mm displacement are commenly used as typical resistance values. Dis-
placements are usually made by either pulling or pushing the tie with a'hydraﬁlic
jack reactiﬁg against the rail. Figure 7.1 illustrates various approaches '
currently being‘used in thae single-tie tests.

Some investigators favor testing with a multiple;;ie panel instead of
single-tie testing. Théir arguments are: 1) a single tie complgtely isolated
from the surrounding track ﬁculd nct represent. the lateral resatraint of the
actual track under traffiec, 2) a single tie would not simulate the effect
of pressure overlap within the ballast section caused by adjacent ties and
the effects and motions of crib ballast, and 3) the resistance provided by
the tie-fastenings and rails could not bé.inéiuded in the single-~tie tests.

In the multiple-tie tests, a panel of c?ack consisting of several ties
is separated from the rest, without removing the tie fastenings, and then

displaced as a whole. The number of ties involved in the test varies widely.
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TIE MOVEMENT DIRECTION
CYLINDER ——\, = DISPLACEMENT GAUGE

a) PUSHING AGAINST RAIL USING L-SHAPE KEY

"CROSSBEAM ,LOCKING
OVER RAILS /BLOCK

b) PUSHING AGAINST RAIL USING CROSSBEAM

LOADING
FRAME \

c) PULL]NG ON RAIL WITH LOADING FRAME

- FCABLES HOOKED
/ TO RAIL

d) PULLING ON RAIL USING CABLES

Figure 7.1. Schematic of Various Techniques Being Used
_in the lateral Tie Displacement Test
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Magee (Ref. 229) used two ties iIn track loading studies on polymer-stabilized
ballast. At the University of Illinois (Ref. 230), a 3-tie panel was used in
the laboratory simulation. In Japan, studies of lateral resistance of concrete
ties were performed'using 4 or more ties (Ref. 231). The British Transport
Commission (Ref. 232) reported the use of a 6-tie-track section, while a g-tie
section of track was used in Framce (Ref. 233). Reissberger (Ref. 202) also
reported wide uses of a ?;tie panel in other European countries. In the U.S.,
larger test sections seem.:o be favored. ‘The 19?2 AREA ballast test proposal
(Ref. 2 ) specified a minimum track length.of six feet. Track panelg‘of 39-ft
length were used in the studies on the FRA ballast compactor (Ref. 234). A
39-ft panel represents the entire length of a standard rail commonly used in
the U.S. The general set up of these tests is illustrated in Fig. 7.2.

¢ Regardless of the number of ties involved with the test, most of the
techniques currently used create an undesirad vertical force component on the
tie when the lateral force is ;ppliéd. This vertical force :ends to lift up
or force down the tie(s) and thus change ?he lateral resistance. Also, the
dis:urbénce during tie-fastenér removal and attachment of the loading scheme 
to tke tie in the case of a single-tie tesat may be gignificant.

The usefulness of the LTPT method with an unloaded tie as a'mea&ure of
the lateral restraint of a track is also questionable. First of all, the con-
tributions of the crib, the shoulder and the tie bottom to the total lateral
resistance is expected to be quite different for an unloaded tie than for a
tie carrying a portion of a vertical axle load. It 1is also well recognized
(Refs, 11, 235) that the track under traffic tends to 1ift some distance away
from the rolling wheel. This unloading effect is not considered in the

lateral tie pull test.
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Further details and a critique of the LTIPT method of track performance
measurement will be described later.

‘A longirudinal tie displacement test has been used also for evaluating
the resistance of track against longitudinal forces transmitted from the rails
such as those from braking and accelerating, and from temperature-induced
expangion and contractiem (Refs. 202, 205). Torconduct this tesr, selectad ties
are separated from the track and pushed in the longitudinal directien. A
single cie 1is usualiy invelved in the tesat using a test equipment configuration
such as that in Fig. 7.3. |

Track Modulus Test. The track modulus test is a measure of vertical

track stiffnegs under load. Track modulus is defined ags the load per unit
length of rail required to depress the rzil one unit of dispiacemenc. Generally,
a specified length of track is loaded with a étatic vertical load, and the cor-
responding deflection measured using a surveyor's transit. A4n example qf such
a test set up is shown in Fig. 7.4. An alternative mechod of meaSuring track
modulus would be to use a long flat car equipped with an unloaded floating
axle at the midpoint. The sections of the car over the trucks ar; loaded.
Tﬁe difference in track deflection between the unloaded and loaded axles is
continuously recorded as the car is towed along the track. Wi:h‘:he measured
force and deflectiom, track modulus is often obtained by solving the equation
for track deflection that has been derived from the amalysis of a comntinuous
beam resting on a continuous elastic support based on the work of Talbot
(Ref. 6 ).

The track modulus test has been long used to obtain design information
for the track system as well as to evaluate the track performance after con-

struction and maintenance., However, the test results do not distinguish the
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importance of contribution of various track components, such as the spacing,
dimensions, or qualicy of a tie, or the quality, depth and degree of com
paction of the ballast‘and subgrade layers.

Use of a vertical load-deflection test with a3 single tie isolated from
the surrounding track structure has also been reported in the 1icer;ture (Ref.
202). However, this test seems to be mainly related to studying the ballast

resistance under the tie. .

Track Geometry Surveying. Track geometry surveying with a recording car
is one of the-most popular methods used for determiﬁing the quali:y:and per-
fbrmance of track.} The parameters describing tfack geometry such as gage, line,
and ‘surface Qre usuall} measﬁred with an inspection vehicle, and continuously
‘fecorded in strip chart form. The ﬁeasufe of such parameters and their-cbanges
‘is a direct indication of track performaﬁce, especially the riding quality, and
has been widely‘usgd in the railroad for establishing qééds for mainteﬁance
work. fhe method, involving a véhicle travelling on the actual in;service track
at a speed comparablé to>the actual traffic, has an advantage not only of
representing the track performance more realistically than any other methods
previouslf described, but the entire length of a track section is surveyed rather
than just arfeﬁ discrete points. Alsc, the method can be used without disturbing
the track and interrupting traffic, and it can be done very rapidly without any
significant preparation.- |

Dynamic Displacement. Tests to measure the dymamic vertical displacement

at rall joints have also been used in assessing the track performance., An
example of a test configuration is shown in Fig. 7.5. This is of interest
because changes in track profile at joints in bolted rails contribute signi-

ficantly to rail and riding quality deterioration. An altermative method for
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to Measure the Settlement at Joint (Ref. 236)
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measuring dynamic deflection under moving traffic lead is showp in Fig. 7.6.
All of the methods described above measure only a qualitative picture of

overall track performance, even though methodology has been developed for

quantifying the results of most of the tests. There is aﬁ the present time

no way of relating the test results to an index that could uniquely definme the

-

level of track performance.
. Y.
7.2 "APPROACE TO PERFORMANCE PREDICTION

Prediction of track performanée for a given set of conditions is necessary
to provide ratiomal guideline; for track design, construction, and maintenance.
To do tﬁis properiy’the significance of each track compdhent should be‘quantified.

There are currently two approaches fpr track performance prediction. Ome
deals with the structural response of tr#ck (Ref. 1,210 ) and the other with
the physical condition (Ref.238). The former approachlrelaﬁes the measured
or calculated track response under different loading conditious to the long-
term structural behavior or performance of the track. The latter determines
track quali:y or performance based onFﬁrack geometry or dimensional changes

over a period of time and relates these to the track system parameters.

Structural Track Response. To use the track structural response approach,

.a complete understanding of track behavior under traffic léading and environ-
' mental changes has toc be achieved. Tbén an‘extensive data base is required to
develop the relationships between the dynamic track response and the long-term
" performance.  Unde;scanding of the track behavior at the presént time is
limited due to the complexities inherent not only in the track system, bu; in
the track loadings. Little meaningful data of the track respomse is available
from field measurements, and the effects of each component of the :fack system

on the measured responses are often not distinguished. In addition, it is also
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difficult to estimate the variations of the structural response expected with
time and environmental chénges. There have been no experimental studies of
track response with adequate consideratiom to such factors as material property
changes with time, differentvloading spectra, and environmental effects.

As a result of the limiﬁa:i;ﬁs‘of available experimental investigationms,
analytical models‘of‘the tracﬁ structure are very useful in predicting track
system response and,.particularly, in eﬁaluating the role of individual com-
pcﬁents._ Such models may ultimately providelanalytidhl tools for ﬁredicting
track performance; and therefore aid in ;he technical and economical evaluation
of track. Some of these analytical methods are déscribe& in Section 2.

Once the structural fesponse and the effects of components are identified;
they must then be related td:a track performance index or rating. That requires
extensive data obtained from the long-term Absefvation of traﬁk performance
undgrﬁarious conditions; and an ipdexing or rating system of track performance
which could possibly integrate the varioﬁs criteria.

Borrowing the concepts and approaches that have been developed for the
prediction of highway and airfield performancé, Robnett et al., (Ref. 1 ) suggests

the use of a "

transfer functi&n" for relating the structural response of track
to "performance.” |

In case of airfield pavements, tbe service life of the pavement has been
successfully rélated to the early life deflectioms based on road test results
(Ref. 239). ‘However, in the case of railroad track, the development of suéh a
transfer function 15‘§till in the conceptual stage. The more coﬁpliﬁated
interaction between larger numbers of structural components in track than in

pavements, as well as the lack of information required to develop a suitable

transfer function, have hampered the progress. No unique system for quantitative
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indexing or rating the performance level of track has been developed yet.
Instead, the current approach is to employ a set of criteria that each of the
components has to meet, and to estimate the level of track performaﬁce relative
te how waell each component satisfied these pre-determined criteria.

Robnett, et al. (Ref. 1 ) guggested using allowable s:;éss and strain
levels, and determining the degree of expected distress development by comparing
the track response with the allowable level. Meanwhile PfauSE, et al. (Ref. 210)
recommended using failure of components as the criterion. They suggested that
by establishing relations betweeﬁ the material properties and the crack‘sysCem
response and performaﬁce leading to an identification of the cause and develop=-
ment of failure, a track performance‘indéx could be developed. Such efforts
require extensive surveys and review of the past failure history, as well as
model studies of track rgs?cnse. Industry specifications also have to be
considered to establish prbper failure criteria.

In summary, the transfer functions for railroad track system performance
prediction are still in the conceptual stage. Understanding of track behavior
at the moment is very limited. Many parameters interact in a complex way under
traffic and environmental loads. Even the cricical response fegturas related
to performance have not yet been identified. Also, there is lack of.inférmétion
on track performance, in part, becausg of inadequate methods for track‘and
measurement performance ranking systems. Furthermore ﬁhe ralilroad industry
often does not maintain adequate documentation of in-~service comditioms, such
as maintenance and traffic history, which is absolutely ﬁecessary to develop
a meaningful.:ransfer_funccisn.

Recently an attempt has been made to investigate the performance of various

types of track components under controlled field testing conditioms. 4 facility
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fofaccelerated-service testing (FAST), consisting of various ctypes of crack
structure, including rail, ties, ballast and fasteners, has been constructed

at the US DOT Transportation Test Center im Colorado to gather infermation

on track and train performance. Althbugh.these tests are expected to provide
useful information for understanding track perforﬁance, the déta obfained

from FAST maj not cover a sufficiently broad spectra of track conditions needed
[ 4

for development of transfer functionms.

Track Quality Index. The track quality index approach, which has eveolved

from the needs for establishing rational guidelines for a track maintenance
program, ranks thé performance based on the changes in the ‘track geometry para-
meters such as gage; twist, surface, superelevation, and aligamenc (Ref.Z238).
The physical condition of the track has been one -of the most important factors
determining the maintenance'néeds bécause the track performance is clesely
related torthe track geometry. For‘exaﬁple, rough track resulting from unstable
track geometry increases the hunting of trucks, sway of cars and wheel-rail
forces. Such adverse effeﬁts of track geometry distortion obviously limit the
performance of track by‘causing poor tiding quality, increased deterioratibn
of locomotives, cars, and lading, reduced cperating speed, and increased pos-
sibility of derailments. |

‘Ihe basic approach for rating track based on measurements by a track
geometry inspection car islto determiﬁe how much the measured track geometry
deviates from the pre-éstéblished tolerance limits of the various track éeo-
metry parameters. Lo deriwving the track-quality index, various paraﬁéters are
assigned different weighting factors depending upon the nature aﬁd charactar-
istics of the track, and are summed into an index. The tolergncé deviations

may be subdivided into several threshold tclerance levels to which different
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weighting faétors can again be assigned, in order to reflect both the frequency
and the magnitude of tolerance deviations.

The track quality index is an indicator of the track conditions at the time -
of track inspection. However, when data are compiled over a sufficient period
of time, correlation can be made between track detericration rate aﬁd track
operating conditions such as speed and traffic density, for the purpose of track
performance prediction. If such correlations are obtained for a variety of
track structures, then an approximate relationship between performance and
track compoments can be established. The biggest problgm with th;s approach
is the determination of the existing ballast and subgrade conditioms.

Presently, the track inspection cars with modern high~speed inspecting
equipment, can measure not only the track geometry, but ride qu;lity, car
rocking, drawbar pull, acceleration on the axle, and any other data which are
ugseful in determining track performance. By integrating all this informationm,

a more meaningful track performance index might be generated. For example, by
comparing the track quality index for a pérticular segment to that of the total
system, a moré efficient track maintemance program can be established based om
priority needs. Also, the ratio of gross ton miles for a particular line to
system gross ton miles, or the ratio of net value of goods carried by division
or line per unit time to system net income per unit time can be integrated with
the track quality index to come up Qi&h overall prioricy—quality-profit rating
system.

The approach of track performance prediction is again based on the arbi-
trarily established tolerance limits and weighting scale in considering various
factors influencing track performance. For example, even the track geometry

tolerance limits vary widely among the railroads as illustrated in Table 7.1.
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However, this method is a simple means of estimating the track performance
basedlou end-results of‘track response. [n other words, unlike the structural
response appreach, the index approach may not require a complete knowledge
of track behavicr under different loading conditioms.
7.3 EFFECTS OF BALLAST CONDITIONS ON PERFORMANCE \
There are numercus parameters influencing various aspects of track per-
farmance. Since the track system consists of many different components which
contribute to the overall performance, and the term ''track performance"
includes a very broad. spectra of diffgrent criteria ranging frﬁﬁ the physical
appearance and stability of track to eccnomics of track operation, it may be
impossible to list all the factors influencing track performance in a simple
way. However, thevfactors may be conveniently categorized as track structure,
traffic, and environmen;al parameters. In the track structure category, design,
construction, and present conditions of each track componenmt such as rail,-
tie-plate, anchoring, tie, ballast, and subgrade are included. Traffic comditious
include traffic locads and density, speed, and types of service such as passenger
or freight. Témperaturé and weather changes, as well as nature and character-
istics of the‘surroundings are environmental factors to be‘considered.
Assessment of effects of individual parameters described above, which is
- one of the subjects to be solved yet, is beyomd the scope. of this report.
Instead, this section will consider the effects of ballast properties on track
performance, and the development of ballast properties through mechanical
processes such as tamping, traffic and cowmpactiom.

Track Stability Considerations. One of the ways that ballast affects

track performance is through its effect on track stability ineluding lateral,

locngitudinal, and vertical tie resistance, track settlement, and track geometry
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changes. The effects have been mainly measured in terms of such physical para-
meters. Hence, in this section, the effects of ballast will be described in
those terms. -

In an attempt to establish correlations between . various laboratory-deter-
mined index properties and performance in the field, CNR placed ten'different
ballasts in adjoining 400-m sections of track and annually observgd track and
ballast characteristics as well as made classiffcation tests on‘ballast samples
taken from géch section (Ref. 54 ). Each sgection wag evaluated by eye in terms
of the amount of ballast breakdown, stability ofwthe ballast bed, and amount
of maintenance reéuired. | '

Raymond (Ref. 42, 241, 242 ) conceived excessive breakdown of the ballast
particles and‘instability of the ballast bed as the two major reasons for'
unsatisfactory track performance,ét the test track. Tbus he assigned tvo.Aif-
ferent field ratings to eaﬁh‘ballast, ocne for bre#kdown and the other for
stability. The laboratory tests conducted to represent ballast breakdown char-
acteristics measured specific gravity, absorption, LA abrésicn resistance,
chemical soundness, crushing value,'and freeze-thawlresistance. Tests to
define the stabiliry characteristics measured flakiness index, sphericity,
roundnéss, and elongation iﬁdex. These laboratory test results were then
statistically correlated to the field ratings. No apparent correlation was
noticed except with the sodium sulphate soundness vaiue. The stability field
rating showed poor correlation with the shape tests, although sphericity wa;
the best among‘:heltests. The fact that the index tests do not consider or
simulate actual field conditions at all, and that the figld'rating was rather

subjective, may explain such poor correlatien.

Even though a satisfactory correlation between the index properties and track
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performance has not been established, ﬁhe_varipus specifications for ballast
from different railroads include and are based prima?ily upon such tests as
part of the criteria determining acceptance of ballast, largely b;sed on some
consensus of practical experience. For example, Conrail includes absorptiom,
Deval abrasion, LA abrasion, sodium sulphate soundness, and cementiﬁg value,
along with gradation requirementa. Certaiqu more research on this topic is
needed. : \

Ballast Compaction Benefits. Ballast compaction has been recognized as

one of the important factors influencing track performance. For example,
Hardy (Ref.243) noted from a series of field tests conducted on a Canadian .
Ngtional branch line, that.:he‘uniformity of the ballast compaction appeared
to be of greater importancé than the thickness of ballast with respect to
rail stresses, which he considered as an indicator of the track performance.
Based on the measurement. of the maximum rail stresses in the web and flange
of 60-1b and 100-1b rails for the warious ballast and subgrade conditions
under different loading, Hardy emphasized the need of ballast compaction
under the ties to reduce effects of the irregularities in the ballast and,
therefore, to increase the stabilicy of the track.

However, assessment of effects of ballast compaction on :ra;k performance‘
is very difficult. Because of the large number of parameters involved, and
the'lack of methods for determining ballast compaction, the current understanding
of ballast compaction and its effects on various aspects of track performance
are very limited. Numerous factors have been identified that affect ballast
densification during construction, maintenance, and service, as summarized in
Table 7.2. Most of the factors represent specific f£ield conditious, and their

relative importance varies significantly with time and environmental changes,
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Table 7.2.

Factors Influencing Ballast Densification during

Subgrade

Ballast

Track
Structure

Maintenance

Procedures

Compaction
Procedures

Traffic

Environment

Construction, Maintenance and Service

. Ballast supporting comditions .
. Drainage
. Gradation

. Type

. Size, shape, and gradation
. Durability and hardness

. Ballast layer dimensions

., Presence of subballast

. Degree of fouling

. Type, size, and conditions of rail, fastening
and ties .
. Geometry S

. Quality and amount of lifting, lining, tamping,
and compaction

. Frequency

. Sequence of different maintenance operations

. Compactor design characteristics and operatiocn,

' such as tool arrangement, shape of compacting
.shoe, static pressure, dynamic pressure,
frequency of vibration, duration of vibratien,
ete.

. Density
. Speed
. Axle load

. Precipitation )
. Temperature, including frost effects
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as well as with location. Therefore, the problem of ballast compaction must
be;examined taking into consideration all the parameters related to .each

track component, methods and quality of maintenance work, existing conditions
prior to the maintemance and compaction work, a;d traffic conditioms.

) When a track deteriorates beyond acceptable liqits, the track is subjected
to various maintenance operations, such as skin lifting, ballasting, and tamping.
The tamping operatiou,'employing vibrating and squeezing tocls, imevitably
disturbs the ballast which had been previously compactgd by traffic. The sur-
facing and lining operation changes the pattern of tie support appreciably.

Voids are created under the‘center of the tie. Under tﬁe tie in the tamped

zone squeezing creates a short tépered colum or pyramid of perhaps moderately
compacted ballast beneath the tie with loose and disturbed ballast on either
side. This short eolumn of compacted ballast with fairly locose surrounding
ballast in the crib area would reduce track stability and create rapid settle=-
ment of the track under subsequent traffic, particularly in the first few loads
following :amping; Raising and tamping also lowers the leﬁel of the ballast in
the crib on the sides of the tie in the vicinity of the rail and therefcre
reduces the resistance to lateral or longitudinal displacement. Such reductioms
may cause a seriously unstable track condition after tamping, particularly in a
case of continuocusly welded rail at high ambient températures.

A tange of 30 to 70 pércen: reduction in lateral and longitudinal resis-
tance of track after tamping compared to undisturbed track has been reported
depending on the track conditions, methods of measurement, and the nature of
the maintenance work involved. However, as will be seen later, this reduction
will be slowly recovered with the accumulation of further traffiec. For example,

it has been gemerally reported that about 1,000,000 gross tons of traffic are
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required for full recovery of the lost resistance. *©

To reduce this adverse effect of’camping, and to enhance the process of
restoration of track stability, ballast crib compaction has bsen suggested.
By adding ballsst, and compacting ;ﬁe loose ballast in the crib and om she
shoulder immediately after tamplng, the'stsbility deficiencies caused by’

ballast tamping and lining are reported to be offset at least partially. The

" settlement of track under traffic, as wéll'as differential settlement, may be

limited or avoided, and the lateral and longitudinal resistance can be assured
even immediately after maintenance work.

Ballast compaction immediately after tamping is reported to reduce 1)

the cost of slow orders that usually are put into effect while traffic recompac:s

disturbed ballast, 2) the possibility of sun kinks that may occur in some areas
after track maintenance during hot weather, 3) the possibility of damage to
subgsade.of_mafginal strsng:h thst may occur while pgdestals of ballast tamped
under.the tie are transmittiﬁg concentrated loads, but particularly the
reducfion in maintesance‘frequency, have not been clearly pro?en in research
to date. |

Ballass srib compaction hss fecelved a signlficsnt amount of attention

during the last two decades. Various rallroads in European countries had an

. earlier start on this approach, than in the U.S5. and Canada, because of the

much tighter track tolerances-speclfied in Europe. Even though a wide range

of vesults of measurements on track have been reported, ballast crib compaction
shows fairly ccnsistent patterns. These sre examined in the following sections
of the report based‘on measurements of physical state, lateral tie resistance,

longitudinal tie resistance, rail settlement and track geometry changes.
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7.4 CRIB COMPACTION STUDIES

Bearing Resistance and Density. The Canadian Nactional Railways (Ref. 137)

investigated the effects of various track mai;tenance operations, including
ballast compaction, on ballast condition expressed in terms of a ballast bearing
resistance from a plate load test. The ballast bearing index was d;fined as

the vertical force per unit arsa under a 5 -in.-diameter plate on the ballast
surface at 0.3-in deflection. This parameter was measured in:four different
positions around and under the ties after track lining, surfacing, and crib
compaction.

Even though significant variations in track conditions were noticed, the
results {(Table 7.3) yielded severazl interesting facts. The track tamping,
surfacing, and lining work disturbed the ctrack substantially. <Crib and shoulder
compaction after_crack work appears to rest:re the ballast state to a degree
that Yaries significantly, depending on the type of track work and the positiocn
of the ballast. ‘Generally, in the shoulders and c¢rib area where the compacticn
is applied, the bearing resistance is increased to a value equal>to or greater
than that prior to tam@ing. However, under the tie the effect of compactiocn
was very limiced.

Birmann and Cabos (Ref. 203) measured the effect of ballast;compaction
directly by determining changes in density. In a series of field tests at a
northern German track'site, the ballast density was measured using a nuclear
method. Data were obtained in the same locations before and after traffic
under different compactor static pressure, dynamic force, vibration frequency,
and vibration period. The results indi;ated the following:

l. An increase in the static coqpacticn pressure from 125 to 375 kg had

a significant influence on ballast density (Fig. 7.7).
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" Table 7.3. Variations of Ballast Bearing Index with Varicus Maintenance OperaE}qns

(Ret. 137)
Measurement Shoulder Crib Crib Under
at Surface at Surface at Depcth Tie
1. Original Original 131 264 260 535
BBI Values .

(lb/sq in-. at 0.3 imn.)

2. Compaction Percent of

Shoulder Omly Original | 103 . 115 113 110
Crib & Shoulder Values 106 121 134 96
Track Work Only "

Lining Only 50 73 102 100
Surfacing & Lining 73 24 70 27 .
Undercutting Only 51 56 71 J6
Track Work and ‘ '

Compaction -
lining & Shoulder 74 . 86 138 136
Lining, Shoulder 117 86 105 99

& Crib
Surfacing & Shoulder 96 34 63 46
Surfacing, Shoulder 158 116 114 73
& Crib Compaction
Undercutting & Shoulder 88 58 92 57
Undercutting, Shoulder 107 + 126 125 57

& Crib Compaction
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DENSITY OF BALLAST (T/M?)

Figure 7.7,

IMPACT FORCE = 700 KG
VIBRATION FREQUENCY = 40 HZ

VIBRATION TIME =8 SEC

| STATIC FORCE

,,—;’UNCOMPACTED
f”’a
fa'd
3 L | | .
| 3 8 14 30 60 20

TIME UNDER TRAFFIC (DAYS)

Effect of Static Force on Compaction of Ballast with
Windhoff Machine of German Federal Railroad (Ref. 203)
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2. In contrast,-an increase in the dynamic force from 700 to 1000 kg
appeared to have a less important effect (Fig. 7.8). However, the method of
measuring the dynamic forcé was not indicated, so these values may not be
correct.

3. An increase 6f vibration period from 10 to 12 seconds resuited in
higher densities (Fig. 7.9). »‘

4. A frequency change from 40 to 47 cpé had no appreciable influence.

5. An increase in the ballast density‘with accummulatiecn of traffic loads
was apparent in all of thé cases; However, the change in densicty dué'to
‘traffic was considerably smaller in the compacted sections :haﬁ in the.uncdm-
pacted sectionms. | |

6. After seven months under a daily traffic of 23;000'tons, all the
rcompactéd sections still had a higher ballast degsity thanlthe'unccmpacted .
sectioﬁs.‘ |

The Yugoslav Railroad (Ref. 244) alsc fepb:ted nuclear density measurements
before énd after crib compaction with_.the Plasser cfib‘compactor VDMB00.

Density ﬁeasurements were made at 20 and 30 cm below the top of the tie, at
12‘iocations each. How the ballast density was measured is not known. The
results consistently showed higher ballast density after compaction than before
compacti&nlkFig. 7.10).

Lateral Resistance. Eisenmann and Gnad {Refs. 2&5;246) conducted lateral

tie tests using panels of 7 ties at a German Federal Railway (DB) track.

They reported‘that the lateral resistance was éreatest Qhen the track had
settled under traffic. Tamping combined with a raise of 2 to 3 cm reduced the
lateral resistance to approximately 307 of the original, pre-tamped value.

Bowever, when the crib and shoulder compactor was used immediately after tamping,
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Figure 7.8. Effecet of Impact Force and Vibration Conditions on
Compaction of Ballast with Windhoff Machine of
German Federal Railroad (Ref. 203)
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the lateral resistance was increased prior to traffic to about 60% of the initial
value, but the original, pre-taﬁped‘resis:ance was not reached-until a traffic
load of some‘ZS0,0DO tons had been accumulated. An increase of 307 in lateral
resiétance by cribrand shoulder compaction was reported to equivalent to a
traffic load of approximately 60,000 tons. The authors also noted éhat when

the ballast compaction followeq behind the tamper without ;ntervening tr#ffic,
not only was the resistance significancly increased, but the uniformity improved
as well.‘

Birmann and ?abos (Ref. 203) also conducted field tests to investigate the
compaction effects éf‘a Europeanlcribrballast compactor. A tangent sectioun of‘
test track consisting of concrete ties on unifofm subgrade in northern Cermany
was subjécted to tamping. The effect of'compaction was measured periedically
as a function of track service Fime and traffic.-

The latefal resistance test results before and affer compaction are com-
pared in Fig. 7.11.. An increase of lateral resistance at 2 mm displacement
from 1370 to 1520 kg/m per unit track length was observed (i;e., 10.2% increase).
A static load of 6 tons reportedly was distributed over two axles 3.0 m apart
- during tests. However, it is not cleaf hqw the tests were conducted.

Plasser and Theurer {Ref. 247) performed lateral tie push tests to
evaluate the capability of their tamping machine and ballast compactor on a
900 m straight concrete tie track designed for 160 km/hr speed. The track was
divided into & sg?:tions prepared as follows: 1) tamped once, 2) tamped and
crib compacted, 3) tamped twice, and 4) tamped twicé and crib comﬁacted.‘ In
each section, 20 ties were tested in indiﬁidual tie push tests before and after the
above maintenanceland afrer 45,000 tons and 90,000 toms of traffic. After
tamping, a ballast plow filled the cribs. Compaction was then performed using
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a Plasser VDMB0OO-U machine. The maintenance including ballas: compaction
accﬁmulated an equivalent traffic load of 10,000 tons.

Fig. 7.12 summarizes the test results taken immediately after the main-
tenance work. The lateral resistance.at 1 mm and 2 mm displacements dropped
off to 47% of the values for the original undisturbed track. Crib compacc;on
‘restored the resistance to 57%Z, i.e., about IQZ increage. No difference was
noticed betwéen single and double tamping. The loss of laterzl resistance
waé recovered to 61% of the undisturbed values after 45,000 rons of traffie
‘accumulation (Fig; 7.13), and to‘about 65% after 90,000 tons (Fig. 7.14).

Klugar (Ref.7248) also reported similar test results obtained from 32
tests. conducted on a-Vienna—Cnuendrline in Aunstria, where 4.7 m track panels
of 7 ties each were tested. The track maintenance performed included lifting,
lining, surfacing, crib compaction, and shoulder compaction. Figure 7.15
summarizes the results, shéwing the lateral resistance differences between
various maintenance procedures. Curve 1 shows the resistance for the undis-
turbed track. This is the highest resistance measured. The lowest resistance,
curve 4, was obtained for iifting and fémping with no compaction; In this case
the resistance was 79% of the undisturbed value at 2 mm displacement. Adding
crib”compaction, curve 3, increased the resistance to 86% of the undistufbed‘
case; and adding both crib and shouldgr compaction, curve 2, increased the
resistance to 90% of the undisturbed case. Thus, shoulder compaction had only‘
a small influence on lateral resi#tance.

The total resistance,was assumed to comsist of 1) the friction caused by
the ballast pressure against the tie sides, 2) the passive resistance of
ballast against the end of the tie, and 3) the resistance along the tie bottom.

Klugar estimated the contribution of the crib and shoulder to the total
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resistance in the undisturbed state, U, by subtracting the calculated value

of regsistance for the first two of these componeants (author's UZ) from the

total resistance, U. This resulting curve 5 represents 637 of the undisturbed
resistance (curve 1) and about 70Z of the resistance after tamping and compacting
(curve 2).

Another interasting aspect of Klugar's study was the investigation of
the effect of the ﬁmount of 1ift on the laceral displacement resistance. The
results, shown in Fig. 7.16, are based on data in Ref. 249. For all three
maintenauc? procedurés (curves 2, 3, and 4), as the amount of raise or lift
increased, the lateral resistance decreased.

Matisa Materiel Industriel, SA, (Ref.250) also investigated the effective-
ness of its crib and shoulder compactor. A series of field tests involved
with 2 wood tile track at the German Railways examined the lateral tie resis-~
tance of a track pamel (7 ties) for different maintenance procedures, such
as lifting, camping, and leveling, with combinations of crib and/or shoulder
compaction. The vibration pericd during compaction was also varied from 5
to 9 seconds. The results indicated that with crib ani shoulder compaction,
the average lateral resistance of single ties reached 907 of che:inicial,
pre-tamped values, compared to About 407 immediately after tamping. Shoulder
compaction alone increased the resiétgnce to approximately 60Z.

In another series of single tie lateral tie resistance cests at an
Italian railroad between M{lan and Bologna, Matisa (Ref.250) observed an
increase of 397 in the average lateral resistance increase after ballast
compaction. However, it was noted that concrete tie resistance was much
higher at all times, about 2.6 times the resistance of wood ties.

Powell (Ref. 228) alsc investigated the effectiveness of a ballast
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compactor {(Plasser VDM80Q) in terms of lateral resistance of single ties.

The track, consisting of CS3 concrete ties on limestone ballast, was tamﬁed

and compacted, with either 1 or 2 in. of ballast overfill above the top.of

ties. The amount of track lift during tamping was only 1 ecm. The results

indicated that any form of compaction considerably improved the valﬁe of lateral ballast
resistance from the loose condition after tamping. Interestingly, it was

noted that crib compaction reduced the resistance value aover Eamped only

track when there was not sufficient ballast. However, when plenty of ballast

was present before compaction, a considerable improvement of lateral ;esistance

over tamped track was fouﬁd.

Riessberger (Ref. 251) reviewed various studies on the subject in different
European countries, including some of the above described studies, and concluded
that ballast compaction yields a substantial improvement in track geometry and
in the lateral stability of track along with the vertical and longitudinal sta-
bilities. He also concluded that ballast compaction increases not only the
average resistance but also the uniformity. Fig. 7.17, which summarizes the
review indicates that the lateral resistance for the cases in which comﬁaccion
was used was about 50 to 65% of the resistance of the undisturbed track.

The Federal Railrcad Administration of US/DOT acquired a ballast coméactor
(Plasser VMD800) in 1973 and iniciated a very extengive series of field tests
to study the effectiveness of crib an& Qhoulder ballast compaction (Ref. 205).
With the participation of five different railroads (Southern Railways, Boston
and Maine, Penn Cemntral, St. Louis and Southwestern, and Missouri Pacific) data
were collected to examine the effectiveness of using the compactor in conjunction
with the tamping operation on in-service lines. For comparison, data weres also

collectaed on the selected test lines with the same level of maintenance but
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without ballast compaction. The track conditions and traffic level of each
of the participating railroads were varied, but all of them had wood ties on
crushed AREA No. 4 granite ballast, except that limestone ballast

of the same size was used at the Pean Central site.

Each individual railroad selected four test sections, two in the body of
a curve and two on tangent track. Each section was approximately 1/8 mile in
length. All four sections were subjected to the same level of maintenmance, but
only one section on each of the curved and tangent tracks was compacted using
the FRA compactor. The measurements made included track settlement‘surveys,
tie=displacement tests, track modulus tests, joint profile tests, and a track.
geometry survey. These were taken immediately after the specified maintenance
work, and before any traffic, as well as at 0.5, 2.0, 5.0 and 10.0 MGT of
traffic.

Westin (Ref, 2352) reported the test results obtained from sections of
ta&gent track on the B & M and the Southerm railroads. In these particular
cases, lateral tie push tests weré conducted on 12 to 20 single ties in both
uncompacted and compacted sections'a: various time intervals. The results
showed that ballast compaction raised the initial tie'resistancg from 607
after tamping to 707 of its final expected value after compactiou., However,
it was indicated that the compactor had no long-term effect oﬁ laceral tie
resistance, and there was little difference between compacted and uncompacéed
ties after‘l/Z MGT.. The improvement in lateral tie resistance from the use of
the compactor was concluded to be no more than that achieﬁed by an esquivalent
traffic load of 100,000 to 200,000 gross toms.

Ensco reported (Ref. 236) the detailed test conditions, procedures, and

results of all the FRA taesting. Even though there were variations in the
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test results obtained depending om the &ifferencé in procedures used, such

as type of tests (individual vs panel), confiéuration and conditions of ballast

layer, rails, tie, and fasteners, the following general conclusions were reached:
1. Compaction increased.lateral resistance by an average of'a?proximately

40% of the values after tamping.

' 2. Compaction produced the least improvement in lateral resistance with
new concrete ties, approximatély 177 increase o?ér the tamped track, and pro-
duced the greatest improvement in wood ties, approximately 557 increase.

3. Compaction after tamping produced an aGerage lateral stabiliziﬁg effect
equivalent to approximately 440,000 gross tons of traffic when measured at
4 mm displacement. |

" The Canadian Natiomal Railways (Ref.253) also conducted a series of fiela
tests to @e:ermine the effectiveness of the Plasser Compac:of CPM-800-R, The
test site consisted of 132 1b RE rail, fully tie-plate, 6 in. x B in. wood ties
with some 7 in.x 9 in. ties, and crushed rock ballast. The latera; resistance
of single ties was measured after tamping, after compaction, and after 0.3,

0.6, and i.ﬁ MGTrof traffic. A total of 20 groups of ties were tested after
tamping only, and after tamping and compaction. Each group consisted:of six
individual ties. The.results indicated the following:

1. The lsteral resistance after tamping and before any traffic load passed
over the site was 55% of the previousl? undisturbed values.

2. The lateral resistance after tamping and compacting and before any
load passed over the site was 857 of the preﬁiously undisturbed Qalue.

3. After 0.6 MGT of traffic had passed over the site, the percentages wera
raised to 108 for tamped only and 116 for tamped and compacted sections. (The

reason that the percentage figures are greater than 100% has never been explained).
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4, After 1.2 MGT of traffic the percentages were 143 for tamped only
and 152 for tamped and compacted sections. 7

5. A comparison of tles of different gizes indicated that a 7 in.x 9 in,
tie has a resistance to initial displacement that is 33%Z greater tham a 6 in.
X 8 in. tie. |

Based on these tesat results, the CNR decided not to place a slow arder on
the finished track work when compaction was used, and trains were reportedly
permicted to go at timetable speed immediately after compaction.

Track Settlement. There are various reasous for track settlement, such as

1) volume reduction ffom particle rearrangement and from degradatiom of bal-
last during maincenance and under traffic, 2) ballast sginking and/or pumping,
3) ballast particle lateral displacement, and 4) subgrade‘consolidation. There=-
fore, measurement of track settlement as a means for evaluating the effactive-
ness of ballast compaction has serious limitations. However, various studies
have reported.that ballast compaction reduces the settlement of track after
surfacing or tie replacement, therefore emhancing the ability of the track to
achieve a stable gurface in a reduced time, and also increases the uniformity
of the settlement.

As shown in Fig. 7.18, obtained from an ORE study (Ref. 254), the tamped
track settled at a decfeasing rate foF an indefinite period.‘ Cn the compacted
track, although initial set:lemént was greater, that occurring after 100,000
tons of traffic was negligible. However, the amount of data is toco limited
to insure wvalid conclusions.

4 different pattern, but also in favor of ballast compactiom, is shown in
Fig. 7.19 (Ref. 254). A load moved repeatedly back and forth over a test track

producing the settlement shown, which increages with number of load cycles;
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Compaction reduced the overall average settlement after a given number of ?ycles
to about 607 of that for tamped only track. In the same test,lthe increase in
uniformity of the ballast layer gained by compaction was represented by the
standard deviation of settlement readings for each baliast condition 'and load
repetition. The values of standard deviation for the tamped-only tmack were
2 to 4 times largér than those for the tamped and compacted track.

Similar results to the above-mentioned studies have been ocbtained in the
FRA field testing programs described previously (Fig. 7.20 and 7.21). Com—
paction-reduéed cﬁe settlement of ties at rail joints caused by‘155,000-gross

tons of traffic by approximately 20%7 in curved track and 15% in tangent track.

Track Geometry. Birmann and Cabos (Ref. 203) investigated the effects of
compaction on track geometry deteriorationm Auring the field tests of compactor
evaluation described earlier. The track geometry'changes were determined during
the track acceptance survey; Fig..7.22 shows the ffequency curQes of the number
of points where the relative level had remained constant and where it had either
deteriorated or improved by 1 mm, 2 mm, or 3 mm. As can be seen in the figure,
iﬁ the uncbmpacted‘sections, th; relative levels have consistently deteriorated,
;nd the number‘of major faults in the leQel has increased.

Track quality measurements were ﬁaken with a special recording car on a
mainline of the Yugoslav Railways (Ref. 244) for a few months before and a year
after a track maintenance operation including ballast compaction. Figure 7.23
illustrates the rate of track deterioration in terms of twist, in the period
after tamping compared to the period after tamping and compaction.

Apart from a period of 24 days (4/21/70 to 5/14/70) immediately following
the operation, the rate of deterioration of track quality with compaction was

about 50% of that previocusly recorded without compaction. A 307 increase in
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the time between necessary tamping operations has been quoted for other studies
(Ref. 203 ).

Plasser and Theurer Testing Division (Ref. 247) also reported significantly
reduced rate of track deterioration when crib compaction was done om a concrete
sleepered track.

CNR (Ref. 137, 192, 255 ) alsc noticed that surface improvement seemed to
be achieved from compaction. However, CNR (Ref. 137) reported cthat the degree
of improvement in :surface obtained from compaction geemed to relate ﬁc the
initial roughness, and the type of defect causing the original roughness.

Reiner (Ref. 234) also concluded from the track geometry data recorde&
by a track inspecticn car in the previocously described FRA program, that compaction
could reduce the amount of surf#cing an& lining required, thus loweriﬁg.main—
tenance costs.

®
Qther Measurements. There are other types of measurements for evaluating

the effects of ballast compaction, such as longitudinal resistance of track,
track modulus, dynamic track settlement, and joint profile measurements. Some
of these measurements werezperformed in the previously described FRA program
(Refs. 205, 236 ) in addition to those already described. The results, for
example in Fig. 7.24, zenerally indicated advantages of ballast %ompaction after tamping.
7.5 STMMMARY | |
In summary, the results of various research described above indicates that
ballast compaction is beneficial. It is equally significant to note that no‘
negative physical results have been reported from ballast compaction. Even
though some quantitative results were prese;;ed: only qualitative conclusions

can be drawn at the present time, because of a large number of_parameteré in-

fluencing the test results. Test conditions varied widely, and most of the
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reports did not document fhem adequately. Therefore, a direct comparison of
values 1s not feasible, even batween test results obtained under simiiar
conditions. In addition, widely varying test techniques in the abgence of any
standard procedures makes such comparisons uncertain.

Again, as indicated by Génton (Ref. 201), the problem of ballast éompaction.
must be examined within the framework of am approach that groups those parameters
considefing 1) the embankment or foundatiom, 2) an understanding of the track
and its counstituent alements, and 3) the means and methods of positioning and
maintaining the track. l |

Also, ballast particle size and gradation, the overall dimensions of the
ballés: section, and existing conditions prior to compaction, such as the qualicy
of tamping and the amount of train traffic from the completion of tamping up to
commencaement of compaction, should ba congidered. For example, while a smaller-
sized ballast may produce less settlement in service than gne compesed of large
particles, it 1s equally true that resistance to lateral and longitudinal dis-
placement may be legss for the smaller material than for the larger. The coﬁ—
figuration of the ballast section, particularly the widcth and shape of the
shoulder, has a substantial influence on the resistance of the track to lateral
displacement, even though it has not been fully studied. |

It is also well understood that Feduced tie spacing could decrease the total
and differential settlement of track, for example, as the distribution of traffic
load onto the ballast and foumdation is distribut;d umiformly at redgced level.

The quality of tampiﬁg Plays a decisive role in the efficiency of compacting
cribs and even shoulders after tamping, which most of the above studies did not
mention. If the tamping equipment is not very efficient, a seﬁtlemen: of the

track under the effect of relling loads may be expected pricr to the compactiocn
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of cribs and shoulder.

Lining of track prior to compaction may alsc influence the results of
compaction. As Genton (Ref. 201 ) indicated, improperly lined track may
reduce lateral resistance of a track to 30 to 40% for a short periocd in spite

of subsequent compaction.
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8. AééESSﬁENT‘OF EFFECTSIOF éOMPACTOR PARAMETERS

8.1 BASIC PARAMETERS . ‘

Ballast compactors presently availabie in che g. S. s:mcltaneouslyf
compact ballast in the cribs on both sides:of each tie and/or shoulder
area, by exerting static down pressure. and a. dynamic force. Iheidfﬁaﬁic ’
| fcrce is generated electro-hydraulically with ei:her a ro:acing eccen:ric
mass or an eccentric shaft drive. Most of the compac;ors are currently
decigned to produce a constant‘stctic forcc aﬁc a dynamiclforce with-clcoﬁ—
stan:’vibra:ion frequcncy. The values cf :hese paramaters ‘often appear‘ca
have been more or less arbitrarily chosen.' As:summarized in Sectionuéj |
the ranges vary significantly, the s:acic force from about 1700 to 2200 |
1b, the rated dynamic force from approximately 1100 to 6900 Ib and che fjrﬁwnrﬁ.
vibration frequency from 25 to 75 Hz. However, most of the machines are
equipped to vary the duration of vibracion.. |

The main compactor parameters are static down pressure,Igenerated_cynamic )
force, vibrat;on frequency, and duracion.: These all have important_rples in |
determining the effectiveness of ballast‘ccmp;ction. Other factcrs:arc thc
general characteristics of cdmpactor} the conditionslcf ballast being'ccm-
pacted, and the foundation supporting_che ballast. Ballast‘cocpaction under
vibrating machines is a complex problem. The ballast and the.compactor inter-
act during vibration in such a way that a particular compactoc will rcact‘
differently with different ballast and machine comditions, amnd hence result
in a different degree of compaction.

Ballast compaction with vibration should be examined within a2 framework
that considers all of the important parameters i.ef, machine design‘chatacte;e

istics, vibration parameters, ballast type and the supporting foundation
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| conditions. However, at the present time thé:e has been no study of ballast
compaction th;: has conside:ed all of thése parameters. Important aspects

of interacticn have been either com@letely neglected or not understood in
past studies of ballast compaction. For example, in an acceptance test of an
FRA ballast compactor in which the static and dynamic forces, vertical dis-
placement, and vibration frequenc& were to be determined, Ensco (Ref. 256)
measured the dynamic force while the compacting head or plate was applied to
a rubber padded aluminum plate supported om a tie. The value obtained in
this manner doe% not represent the force exerted onto ballast during compaccion,
and may be misleading as far as the capaﬁility of the machine for compacting
b;ilast is concerned, because the transmitted dynamic force is a functionm of
the stiffness of the material being compacted.

Application of-vibratory compaction to ballast séems to have originated
from the succéssful use of such methods in.compaction of soils, especiall%
granular soils. There have been many studies of vibratory compaction of
soils in the laboratory and in the field, even though wvarious misconceptions-
and unéertainties.still exist. Yoo (Ref. 194) has recently presented an
,Iextensive summary of the past sﬁudies on this spbject; and déveloped a unique
theory for vibratory roller compaction of soils which considers the effects
of soil=compactor interaction. The_study identified the most important factors
governing the amount of compaction under a vibratory roller as being the
static force, the amplitude of drum motion, and the number of drum oscillations
per uniﬁ-&istance of roller travel. Even chough the major mechanism of
compaction achieved under the ballast compactor may be different from those
for vibratory rollers, the basic concept emphasizing the interaction of these

parameters could be directly applied to ballast compaction. In fact, as
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dascribed in Section 3, vibratery compaction behgvior of ballast materials
bhas been reported to be the same as other soils h;ving smaller particle
sizes (Refs. 1860, 161,‘190, 191, 193). No differences in the basic phenomena
have been observed from various laboratory tests.

8.2 OBSERVED EFFECTS

There 1s very little field data to assess the effects of various para-
meters that have been identified as the important ones for ballast compaction.
As illustratad previously, the interrelated effects of the various parameters
havé not been adequately con;idered for ballast compaction. ﬁowever,'the
following discussion is a summary of the effects of compactor parameters on
ballast compaction based on the past studiés reported so far.

Birmann and Cabos.(Ref. 203) investigated the effects on compaction of
the compacting head, static down pressure, the rated dynamic force, vibration
frequency, duraticn of vibration, and type of compactor shoes. The compactor
tested was a Windhoff crib and shoulder compactor which reportedly generates
the dynamic force from am eccentric rotating mass. The tests were conducted
in Northern Germany on uniformly tamped straight sections of an in-service
line with 23,000 toms of daiiy traffic. ~“Ballast density was measured at dif-
ferent traffic intervals with a probe-type nuclear gage. No iﬁformation on
ballast type and ccaditiong was repérted.

Fig. 8.1 compares density increase from ballast compaction, presumably
under the tie, for sections compacted with different static pressures, and
for a section tamped but not compacted. Immediately after the tamping, billas:
densities of compacted sections show significant increase over uncompacted
ones. The difference between lower and highef static pressures is not so evi-

dent for traffic of 8 days or less. However, the section compacted with higher
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Figure 8.1. Effects of Static Force on Ballast Density (Presumably Under
Tie--Replotted Based on the Data in Ref. ‘703)
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static pressure aéhieved sigﬁificancly highetr densities after 8 days of traf-
fic. The reasons for such a diffesrence upon accumulatién of traffic are
unknown. However,factors other than the initial compaction conditions appar-
ently influenced the results.

Fig. 8.2 illustrates similar observations made for different magnitudes
of dynamic force, apparently the generated force, while other parameters
remained the same. Again the effects of the rated dynamic force are not so
clear, after a small amount of accumulated traffic, but become evident wich
further accumulation of traffic. The higher generated dynamic for;e.produced
a higher density. It is surprising to note that the amount of demnsity increase
with traffic, i.e., the difference between denéity at zero traffic and the ul-
timate density achieved under the traffic, was relatively smaller in the case
of the lerr dynamic force than in the other cases.

Fig. 8.3 shows the effects of different durations of vibration omn the
ballast compactiﬁn. For the tested durations, no apparent difference was
noticed in the case of density under the tie. However, it is interesting to
note (Fig. 8.4) thar in the shoulder area, a shorter vibration time produced
a higher ballast density thanm a longér time.
| Birmanon and Cabos (Ref. 203) ;éported that the shape of the vibrator
shoes also appeared to have a.major.influence on compaction. However, nmo
specific data were given to support this claim.

The Plasser Company (Refs. 227 and 251) compafed the Plasser VDM 80Q-U
and the Windhoff ﬁV 204, the two major ballast compactors marketed in Europe,
to decermine the effectiveness of the compactors. The major difference between
the machines is probably the mechanism of dynamic force generation. The Plasser

machine has an eccentric shaft drive which produces a constant displacement
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amplitude during vibration, while the Windhoff machine is based on a rotating
eccentric mass, thersfore generating a constant dynamic fprce. The tests were
conducted on the Viemna-Graz line at Pottschach, and lateral tie resistance
was measured to evaluate the effectiveness of the tested machines.

One of the test parameters studied was the duration of vibraﬁion. Each
machine was tested using 2, 3, and 4 seconds. The lateral tie resistance as
a function of displacement for sections compacted with different durations of
vibration are described for the Windhoff machine in Fig. 8.5, for the Plasser
machine in Fig. 8.6. Also compared in thése figures are the tie resistances
for the tamped-only section. As can be seen in the figures, the trends with
vibration time are not avident, and different machines show different effects.
However, m.axi:mm resistance in both cases occurred with 2-second dperatian.
With the Windhoff machine the lowest resistance at 4 mm displacemgnt was
observed with 3 seconds of compaction, while for the Plasser machine the
lowest resistance occurred with 4 seconds of compactiom.

Ensco (Ref. 236) also reported little difference between 5-second and
S5=second vibration times from a series of field tests involved‘with the
Plasser machine conducted in 5 railroads in che U.S. The effects of vibration
duration, obtainmed from relevant laboratory vibratory tests (Réf. 193) on samples
contained in a mold, in which parti¢le vibration and impaét force likely play an
important role as in the ballast comﬁactiog, are consistent with these observed
field results on ballast. The-laboracoryltescs have indicated that density
increaée during vibration occurs virtﬁally within a few secon&s.v

Genton (Ref. 201) also conductad field tasts with a limited scope at
the LIM Access Spur Track at ﬁhe US DOT Tramsportation Test Center in Pueblo,
Colorade, to find,o#t optimum compaction conditions of a Jackson ballast
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compactor purchased for use in the construction of the LIM Track. Vibration
frequency was varied from 50 to 75 Hz,‘and vibration time from 5 to 10 sgcoﬁds.
The effectiveness of thé compactor was determined with rather crude techniques,
such as visual examination, comparative gonic evaluationlby means of écfiking
the upper tie surface, and depth of compactor shoésfimprint., Apparently,

Genton observed some degree of ballast particie movement in the crib near thg
ends of the tie when compﬁcced at high frequency, which he considered as an
undesirable condition, therefore discrediting ballast compaction with high
frequency such és 70 Hé. .

Summarizing ﬁhé observations made during the above tésts, Genton (Ref. 201)
suggegted that vibration frequency must be in the order of 37 to 50 Hz as a .
maximum, the duration of vibration should be between 3 and 6 seconds, and
the statiq pressure should range from 14.2 to 21.3 lb/in.2. ‘Genton indicated
that excessively high frgquencies might cause tﬁe 1atefal flow of ballast
particles and destroy the binding or constraining effectr of the ballast shoulders.y ,
Furthermore, an applica:ioﬁ period exceeding 6 seconds does not lead to fur-
ther compaction but, rather, incurs the risk of loosening the tamped regions
under the ties. Finally, he indicated that an exceptionally high static
pressure may reduce the amount of compaction and incraaée dégradation of bal-
last”particleé. However, the validicy of these conclusions are questioned
becauée of the test deficiencies.as wéll”as contradictions with some other
experience in vibratory ;ompaction.

8.3 CONCLUSIONS . &

The vibration frequency of the ballast compactors currently available

in the U.S. and.éanada seems to vary between 35 and 50 Hz. There seems to

be a general feeling in the railroad irndustry that higher frequencies than
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thése would cause gsignificant movement of ballast particles and therefore
prevent the binding of particles, and that frequencies lower thanlthese méy
not produce sufficient compactive effort. However, such conclusions are
misleading, because frequency i3 not the only parameter'de:erminiqg the
behavior of ballast during compacticn.

The static pressure seems to be needed to provide ballast particles with
some degree of confinement so that the lateral dispiaceﬁent or free "flow"
of the ballast particles being vibrated can be preventéd. Howaver, there is
plenty of evidence showing that too muéh surcharge load applied to tﬁe ballast
particles during vibration may reduce compaction by increasing the interparticle
force. It should also be noted that too much preséure.outo the ballast par=
“ticles further increases the ﬁossibilicy of ballast degradation during com—
pactioﬁ. Thus, the contribution of the static forece to the total amount of
compaction should not. be neglected. Possibly, the static pressure should be
low as compaction begina and then increased as the baliast beco:zes more
stable ag,the end of an operation at each location.

The rate of ballast density increase 1s most rapid at the start of -
vibration and diminishes quickly. Therefore an unnecessarily long durationm
of compaction, which adQerselylaffects productivity of the compactor, is not
warranted. A time of 2 to 4 seéonds seems to bé reasonable with the currently
available bailasc compactors. An automatic control could be provided to
stop the compaction at a certain ballast resistance, or dgforma:ion, for example.
However, more research is needed to identify the proper comditionms.

The desirable compactor parameters to be used should be determined in
sach particular case comsidering the ballast-compactor interaction problems.

For this purpose, proper understanding of the compactor behavior during
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compaction should be gained, and‘fhe effects of the influencing factors need
to be further studied.
Finally, it should be mentioned that the effectiveness of ballast compactién
is also very much dependent on the track conditions priof to compaction, such
as qualicy of tamping, the émounf and quality of ballast in ﬁhe crib and

shoulder area, and foundation conditioms.
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9., ECONOMICS OF TRACK MAINTENANCE

At present, maintenance of way engineers use several schemes by which
to plan track maintenance operations. Identification of poor quality track
sections either by visual inspection and/or track geometry cars will indicate
existing or potential problem areas. This information will either be analyzed
by computer methods or evaluated by the maintenance of way e;gineer to properly
decide upon the allocation of the labor force and equipment to the sections of
track with a high priority maintenance requirement. The objective:is to obtain
the most prowmising cost/benefit ratio or added profit for the added investment
by the railroad. *

Sevefal factors make econcmic comparisons of track maintenancérpractices
difficult to quantify. Besides the lack of published cost data, the variatioms
in laber rates, equipment availability and annual budget for track maintenance
operations for each railrcad add to the difficulty in presénting the economics
of track maintenance in the proper perspective. Therefore, the emphasis in
this section will be a partial treaﬁment of labor, materials and equipment
costs and the associated manpower, quantity and production rates. .Both total
costs and the individual cost compoment of labor, matérial and:equipment Qill
be discussed. Presén:acion will not deal specifically wi:ﬁ ballast alone, but
will consider the overall-track sysﬁem. Also some of the methods of economic
analysis will he presented.

9.1 TOTAL COSTS
The actual total cost of maintenance is reflected in the difference in

cost of conducting traffic before and after changes are made(i.e., track

maintenance) on a section of track. Besides the operational benefits of
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improved track conditions, the bénefits from a sales standpoint aré also
considered. However, only the total cost of the improvement of the track
system components will be re#iewed-here. »

Lenow (257)‘discussed the resurgence of light rail transit in the United
States. Tﬁe.author reﬁorts that the cost of rail construction varies from
$40/ft to 36075: depending upon the type of material used. fhe‘SOurce of this
infgrmatiou is not indicated,ror whether these values include material, labor,
and equipment costs. However, light rail tranmsit vehiFles do not exceed 66
ton gross, theréfo;é the track structure is light or, gradés steeper, and
curves sharper than conventional track. Conventional track is gemerally
considered to be 2 to 3‘times more exﬁensive. A general article (258) explains
the elements and economics.of optiﬁum tangent énd curved.trackrmaintenance.

The article deﬁls wi:ﬁ,rail maiﬁ:enancé, drainaée, stabilization, raii flaw
detection, weed control, ballasﬁ cleaning; rail installatiom, rail‘welding
and glued joints.

Punwani, eﬁ al. (259) in a report describing recommendations for the
proposed Facility for Accelerated Service Testing (FAST) estimates the following
benefits from the track tests: FAST will be useful to the railroad industry
in”improving productivity of equipment and labor through an increase in the
life obtained from track structures. By obtaining a wmore complete understanding
of track structure deterioration, the industfy will be better able to program
maintenance, optimize maintenance cycles and use improved materials that
result in lower total life cycle costs.

Cost data are given in Tables 9.1 and 9.2 for U. S. :qilWaYS.\ Table
9.1 shows 1973 expenditures for maintenance of way and structures. It is

expected ‘that tests conducted in the FAST will have an impact to some degree
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on 54% of the total amounts expended for maintenance of way. Material

costs for track represent 177 of the total maintenance of way and strucﬁures
budget. Expenditures comsist of rail replaceﬁent (approximately 6000 miles
(9654 km) 4is projected for 1975), tie replacement (20 milliom ties projected
for 1973), ﬁrack surfacing (47,000 miles in 1975), and other track materials.
Table %.2 shows estimates of annual maintenance costs pei track mile. A 17
increase in productivity of the dollar expended on maintenance of way would
result in annual savings of $24 millioﬁ. |

Elements of total life cycle costs for main line track are shown in
Tables 9.3. Many pbtent;glly beneficial concepts for track structures which
have a higher first costg are often rejected or put aside since there ié
no assurance of increased life or reduced ¢yclic maintenance costs. TFAST
will afford the opportunity to ascertain within a relatively short time
whether a‘concépt ig, in fact, cost effective. It will also affordlthe ap-
éortunity to concurrently tast the cost-effactiveness of more than one design
or asgembly altermative and to demoustra;e this in a meaningful way.

Ahlf (260) reports in the wark he did on heavy four-axle cars and
maintenance-of-way cbsts, that on the Illincis Central Gulf, 53% of the main-
tenance~of-way maintenance expénse and capital investment is iﬁ:remgntal
with tomnage; that is, it varies with tonnage hauled. Using the railrgad's

accounting system, Ahlf concluded the following breakdown of the incremental

costi-
PERCENTAGE CAUSE _ | ASSOCTIATED COST
36.32 Rail Deflectiom Subgrade stability, ballast, ties, track
inspection, lining, and surfacing.
12.5% Bending Stress Bolt tightening, turn out remewal, derailment
‘ repair, joint remewal, miscellaneous track
fittings.
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Table 9.3. Elements of Life Cycle Costs for Main Line Track (Ref. 259)

I. GRADINC & EARTHWORK, DRAINAGE

DOWN TIME AND 3REAR-TN
COSTS ASSOCIATED WIIE
MAINTENANCE AND/OR RENEWAL

Tho BALIAST - MATERIALS. DXV. DOWN TIME FOR SPOT TAMPTNG
EQUIPMENT IOVI. DOWN TRE POR RAIL EXD WELD & GRIND
1. 4. I IIVII. DOWH TDME FOR JOINT TIGRTENTNG
WATERTALS
5. omy arm PAEL TVIII. DOWN TDME FOR 00D TIE RENEWAL
IQUIPMENT  CONSTRICTION IXIX. DOWN TDE FOR SURFACDNG § LIVING
. am IXX. DOWS TDME FOR TIZ RINEUAL
D. ASSZMBLY  LABOR FIELD IXXI. DOWN TDME FOR 3ALIAST GLEANTNG AND/OR
T CONSTRICTION RENEWAL _
IV. TRACK SURFACING & ALIGRMENT IXXTI. DOWN TIME FOR ODD RAIL REVEWAL
V. BREAR-IN COSTS IZXIIT. DOWN TIME FOR RAIL RENEWAL |
VI, DOWN TDME TOXIV: DOWN TIME FOR STRFACTNG & LINDNG
: : FOLLOWING RALL/TIZ REMOVAL
*0r Presqnt leplicamant Valua for Prusent Trackage
MISCELLANEOUS ELEMENTS OF GORE .
) A
 NSPECTION FUNCTIONS TIXV. SLOW ORDER (WORE GNLY)
— .
YII. TRACK GEQMEYRY INSPECTION TOVI. WEED CONIROL
TIII. BAIL FLAW DETECTION DIXVII. STABILIZATION OF SOILS
X 5. DRATNAGE INSPECTION IXXVIII. DRATVAGE MAINTENANCE

8. BALLAST CONDITION INSPECTIION

MISCELIANEQUS DOWY TDME ELDMENTS

X, TIZ TISPECTION
XI. BAIL SORFACE
XXI. A. BAIL JOINT LNSPECTION

XIXIX.
n.

DOWN TIME FOR WEED CONTROL
DOWN TIME FUR SOIT STABILIZATION

B. IVSULATED JOTNT INSPECTION

IIIT. DOWN TDME FOR INSPECTION Tl
LII.
MAINTIMANCE /RENEWAL WORK ELEMENTS LLITI.
IIV. SPOT TAMPING o,
Iv. SEI¥ LIFT av.
SVI. 2AIL END WELDING & GRINDING —_—
XVII. JOINT TIGETENING SLVII.
ZVIII. ODD TIE RENEWAL e
TX. SURFACING & LINING .
KX. TIE RENEWAL
ZZT. BALIAST CLEANTNG AND/OR RESTWAL
IXII. ODD RAIL RENEWAL
TIII. AL RENEWAL
Iv.

STRFACLNG & LINING FOLLOWING RAIL/TIE REMNEWAL
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11.32 Contact Pressure Rail life, rail welding, rail renewal.

40.9Z ' Supervision & Direct relationship to above.
' Machinery

Table 9.4 from Means (261) gives 1977 labor, equipment, and material
costs for general site improvement and site clearing. The key itéms in these
categories are tie removal and installatiomn, and surface and lining of
existing track. Thé major cost for the latter 1s the height of track raise
which will dictate the amount of material needed fcr‘reballasting: Note
that variacions in wage rates, labor efficiency, union restrictions and
material prices will result in lecal f;uctua:ions from these average cost
figures. Cost indices for comstruction and labor are available to modify
tﬁe costs for different geographic regioans. It should be noted, however, that
. railroad labor rates are the same for the whole country and are 15-20% lower
than the averaée construction labor‘costs.

Hay, et al. (262) reports that the per foot surfacing and lining éost,
depending on the combination of machinery and manpower used, is between
$0.16 and $0.26 (Tablé 9.5). This cost is probably somewhat low due to the
low machinery costs used. ) ' |

Table 9.6 from Burns (Ref. 213) gives the associated cosﬁs for rail
and tie replacements, ba_llast ¢leaning, surfacing and clean-up operations. |
Included are labor force, and type of equipment used. This standard méthod
of track maintenance was compared to the costs of utilizing track renewal
trains such as. the Matisa P81l or the Plasser and Theurer SUF 500. The
costs used afe not total costs but;relacive costs and should be used for
comparison purposas only. For example, ballast cleaning cost 1s 56049/mile

but total cost,when items such as signal, switch, and grade crossing are included,
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Table 9.4. Total Costs for Site Improvement and Clearing (Ref. 261)%

, BEAUY CONSTRUCTION . ‘Daily Bare Costs TOTAL
- Crev Queput Cnie Mae. insc. Tocal oeLos?
AATLROAD Car buzpars W.D., scandard B=14 2 Ea. 500 2 bl $10
W.a-, haavy ducy . H 850 i 20 1295
Derails, hand chrow (sliding) . ‘ 10 1% 55 170 200
Hsnd throw with standard timbers 5.3 228 95 i 330
Rasurfaca and re-4aligd existing track 200 L.F. . 2.7 2.70 3.6¢
Por crushad stome ballast 9 $4.60 .
per ton, add 500 "o 3.10 1.03 4.15 4.85
=
Sidipg, yvard spur, level gragde, UI0 1b. Ny, .
rail, nev paterial on wood .
Ties B=14 39 L.F. 26 9 35 4l
Scael cios ambaddsd in comersce 2 " » 23 [ 76
Switch cimber. for a 7§ evicch, crec-
soted L7 H.F.B.M. 365 143 L 34 ] . 598
Complete saZ of Cilmbere, 1.7
¥.F.B.M, 1 Tocal 1360 535 1893 215
Ties, coucrace 8'=6" long, 30” O.C. w0 £, 26 §.70 3.7 38
Uood, crmascced, 4" x 87 x B'=§", .
C,L. loes L] 10 [ 15 19
t.C.L. loesx L] pe g -& 17 20
deavy duty, 7" x 9" x 8'-4",
C.L. locsx 0 1 7.63 21.65 %
L.C.L. lecs 10 : PL 7.3 22.65 27
a i Turnouss #8 imel. 100 1b. ratls, plates,
bars, frog, swizch poiccs, tim- .
bers amd tallasc 47 below bote ' . v
tom of cie 23 Ea. 2900 © 230 5230 6320
“heel stops {=ac'l. ranges $100 to ' L
$400) 14 ?r. 115 L] 151 180
N4

EXPLORATION & CLEARIDNC

Raflread zrack, ties and crack B=l4 10 L.P. 71 4.14 4.8% §.53%
Ballast 500 C.Y. W15 .90 1.0% 1.48
Removae and rveinscall ziss & ‘
track wizh aev bolts 5 spikas 50 L.F. 1.55 9.15 w.mn
Turmnoucs with aew dolcs 4.0
5 3pikas 1 Ea. 78 457 338 720
TEST PITS band diggizg, light seil 1 Clab 4.5 c.1. 15 1% 22
Heavy soll n 2.5 29 29 40
-
0 : =  owarhead
p - profi T 252; 10I added for subconcracears O & 2
L.7. = linear foot . ———— = = —
¢.1. = cudlc rerd Reproduced from
P = pair best available copy.
M.2.3.3, = 1000 board ceasure ]
Ea. = asach
L.C.i. = lass than csarlocad loc
C.L, = carload lo¢
0.C. = on center

Hoce: Concimgensy is T 2 to 3%
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Table 9.5. Summary of Cost Data for Lining and Surfacing Operations (Ref. 262) ‘

From Gensralized Raflroad Supplied Data 2

Macnine Mean Cast (Sﬁfer‘ Mean Jutput {Ft) “er Mean Cast (3] Per
Crganization Produstive Hour Prodyctive Hour Track Foat
Tamar, Liner 190 740 0.2

and dne or more
ballast rsgulators

Tamper - Liner and 138 557 0.21
gns hallast .
requlator

Tamper - Linar, 200 938 0.21
tandem tamper, and ’

ana ballast

regulator

Fran Catafled Railroad Supplied Jata

Magnine Mean (ast (3] fer Mean Jutput (FE] Per Mean Cost (3) Per
Organization Producsiva Hour Productive Hour Track Foot

Tamper, Liner 178 700 3.28
and ang ballast
regulator

Tamper-_iner 12 743 . a.18

and ane ballast
regulatar
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Table 9.6. The Standard Method (Ref. 213)

750 ties per mile, ballast cleaned, rail changed

Operation

Tie inspector

Tie train

Tie gang
Ballast claaning
Materia
distrihqtiun

Rail gang

Final sa;dadng gang
Clean up==ties .

Clean up—stea)
Tie transportatian .
Total

_Gang Description Labor & Equipment

" or Comments

Requires transportation to
starting point

Ties deliverad in weighted
average of standard gon-

dolas & special-purpase tie _‘

cars (work train crew not.in-
cluded)

204man gang, using tie saw

- Chain-typas undercutter, 700

cubi¢ yards per hour
Burro crane, with gondolas,

. distributing & setting tie -

plates, anchors, spikes, stc.

'44-man gang, ane rail at a

time .

2 tampers, hallast regulator
Only 25% of the ties picked
up. Burre crane & air dump
cars :

.Burre crane & gondolas

Man-Oays

Cast per miie Per mile
$ i Q.17
1,067 9.18
1,978 20.80
6,049 25.20
2,072 24.00
7,014 40.52
7858 4.28
eckc] 4.00
178 1.680

600 -_—
$2¢.101 169.85

| Table 9.7. Annual Costs per Mile ™Maintenance of Ballasc™
_ . (A.R.E.A. Report, Ref. 263)

MATERIAL $200

COST OF BALLAST -~  UNLOADING 24

CLEANING 104

§328

LABOR IN DISTRIBUTING 5180
MACHINERY NOT INCLUDED
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is approximately $12,000/mile, not including depreciation. Since the latter
method is yet untried in the U.S., the estimates of the potential savings
are uncertain. Details of the cost breakdown may be obtained by cousulting
the reference.

According to Ref. 212, approximate 1970 costs for Canadian railways are:

1. About $100,000,000 spent annually, with 40% of this for .
maintenance of ballast and subballast material.

2. About 100 derailments annually, with a cost of about
$25,000,000 actribuced to poor track qualicy.

Reference 212 alsoc provides a tabulation of the track maintenance cost
figures in an appendix based on Ref. 263 prepared from data furnished by the
Burlingron, C & O/B & 0, Chicago and North Western, Illinois Central, Santa
Fe, and the Association of American Railroads (AAR). The data were applied
to forty-two representative test miles of C & O/B & O track, representing
an approximate annual traffic density from one million to 40 milliom gross
tons; Equipment and laborrcoSts are assumed to be included with material coéﬁs.
The average annual costs for "maintenance of ballast' over the 42 test miles
are gshown in the attached Table 9.7. Ballast maintenance costs of the CNR
are shown Iin Table 9.8. Neither of these tables contain the cost of ballast
transportation thch is dependent on distance and can amount to several times
the cost of the ballast material. Note, labor and machinery account for
about 507 of the total cost.

9.2 MATERIALS COST

Robnett, et al. (1) states that at present, ballast selection criteria
are largely based on initial cosf, which includes aspects such as availability
and transportation costs, but which neglects for the most part, service

life and performance level considerations, except as such considerations
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Table 9.8.

Obtained from CNR, Ref. 212)

Maintenance of Ballast Costs (Approximate Figures

$PER MILE
SPERMILE | PERYEAR | SPER YZAR
gaLLAST
MATERIAL-NORMAL AESURFACING 750 157 8.5 MILLION
UNLOABING AND CLEANING® - 128 45 MILLIGN
TOTAL BALLAST 11.0 MILLION
 “DUT-OR-FACE™ LIFT
LABOR so0 " 21 MILLIGN
MACHINERY - - 21.MILLION
SPOT UFTS
LABOR PLUS MACHINERY - - 8.2 MILLION
TOTAL LASOR PLUS MACHINERY 124 MILLION
BALLAST PLUS LABOR PLUS
MAGHINERY - - A MILLICN
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are subjectively incorporated as a result of experience. This situation pro=-
vides an improper perspective of the importance of careful ballast selection,
since the exclusion of the latter tweo long-term, in-service cost factors
prevents proper assignment to "true ballast cost.” The influences of ballast
on other material and laboer accounts must‘be considered. Of the cost factors
affected by ballast properties (i.e., rail, ties, Other track materials, and
track laying and surfacing) track surfacing is the most significant and it
raprasents nearly one-quarter of all maih:enance-of-waf structures expenditures.
This source of expenditure reflects the freduency with which track smoothing,
surfacing, and reballasting oparations must be performed. Unfortunately,

the relationship between these costs and the degree of stability of various
ballaéts has not received quantitétiye analysis.

According to Ref. 1, from an inspection of the present nature of ballast
analysis and thiclness design, it is obvious that little progress can be
expected if these matters are left purely to the discretion of individual
railroads. Typically, each railrogd purchases ballast from on-~line pro=-
ducers, loads its own cars, and hauls the ballast as far as necessary or
practical. Seldom are ballast-type cost factors kept; rather, ballast costs
are lumped into system cost figures. The current system of ballast purchase
and use fosters a certain resgistance to changes in ballast selection. Additiomnally,
exclusive use of the products of on-line producers unnecessarily limits exper-
ience to just a few materials, thereby eliminating the ability to optimize
ballast selectien.

Peckover (24) appears to be the only available source which considers
che important cost components necessary for ballast selection. The qualiry

of the ballast material, average life of the ballast, average haul distance,
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material cost and frequency of maintenance cycle were factors included ia

the analysis. The method is an approximation of real overall costs and can

be used in planning maintenance opera;ions. Peckover's (24) conclusion of

the analysis is that superior ballast material should be used whenever a long-
ﬁerm cost analysis, i.e., ovef the anticipated life of the ballast, shows it
to be worthwhile. Evidence indicates thgc long hauls 6f.superior material
will frequently be écoﬁamical. Peckover (24) élso émphasizes inventories

of futﬁrg ballast sqppliés and the development of railway owned sources of
ballast.

A 1977 study by Hay, at al. (2625 indicates, in the absence of a work-
able guide, that most railroads base their ballast purchase discussions on
price, duraBilityaand transportaﬁion cost. However, very few railroads quantify
even the simple charges for on-line transportation movements and fewer still
assign‘such costs to their maintenance budgets. The report indicates (Table 9;9)
that the average purchase price of ballast is between $2.16 and $2.40 per
cu yd deﬁénding on the type of material. Ballast transportation cost depends
on many factors, but the study indicates approximately $0.009 per cu yd per
mile for an on-line movement and approximatelyrs times this figure for a
foreign line movement. The unloading cost was determined to be between $0.47
and $O.‘84 -per cu yd depending on whether unit train or work train delivery is
used.

9.3 LABOR COST

Chapel (264) reports on the transition of the railroad industry from
manual track labor to meéhanized maintenance equipment which usually requires
a single cperaﬁor. The reduction rin laborers required, the increased production-

rates of automatic machinery such as tampers, cleaners, distributors, plows

240



aqjeudogysanl)  :9d4nog

paep ojqn) 43d gy 2$ = paseyaang £y)juen Aq payubjon — 83144 aseldany veoy
paep 2yqn) sad g2 = 991.0g aseydang veay opdmys

ob'2 8L°c - 0L0 B | sysep{eq 490 11V
K K A 00°E - 591 6 sheys 11.4eap uodg
pue 3zetang jseiq
92 S2°¢ - v5°l st 81 jueay
L4 SC°E - 2070 (]| auoy som) j
:...m» agqn) aad §) (paegx 2qny sad ¢} fejaoyey spyv Gugseqd
asy44 abeaaay 33)44 vy abury -ang speos|jey jo aaquny adfg ejaayry

(297 °*I°¥ °‘Gr6T) ®IeQ 29714 @5kBYyd1ng 1se[leg Jo ALiemung °6°6 ITYBL

241



ST U R T SN LA N ST LA P L A L NI

and tie renewal equipment, and the better quality and uniformity of work are all
benefits from an economical standpoint. The author also stresses the use of
milti-purpose machines to reduce on=-track time. |

In 1970 Cassidy (212) reported AREA data (263) on labor costs for major
lifts and skin 1ifts (Table 9.10), and Fig. 9.1 showslhow labor costs for cyclic
track lining and surfacing vary with annual traffic density. Cassidy (212)
indicates both the AREA (Table 9.10) and the CN (Table 9.8) agree that the cost
Bf spot resurfé;ing to correct for differential track settlement after major
"out-of-face” resurfacings approachés the cost of "oﬁt-offfaqe" resurfacing.
Therefore, improvements in machinery and techniques which result in greater
ballast compaction will produce not 6nly better track quality, but reduced
maintenance cost as well.

Track laborers and machine operators pay scales for the majority of the
railroad industry are set by National Labor Agreeﬁent (265). A sample of
wﬁge scales for 7/1/76 ié shown as Table 9.11.
9.4 EQUIPMENT COSTS

The initial purchasing cost, and the subsequent fuel, oil, machine main-
tenance and operating costs ‘must be compared to the increase in productivity
and e;qnomiclgavings in order to justify the use of a piece of equipment.

The General Managers' Association of Chicago (Ref. 266) provides rates
. per day for track maintenance méchinery'rental betwéén railroads. Rates are
based on averages from data supplied by member railroads. These average values
include depreciation, interest, taxes and insurance, average c¢ost of repairs,
and cost of supplies. ‘Ope;étors' wages are not included in the remtal rate.
Unfortunately few railroads keep accurate track equipment maintenance cost data

and coupled with the natural tendency to underestimate costs, the resultant
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Table 9.10. Labor Costs for Cyclic Track Lining and Surfacing
(A.R.E.A. Report, Ref. 563)

ANNUAL - |

TRAFFICE MAJOR NO. OF ANNUAL

DENSITY LIFT @ SKIN LIFTS TOTAL CYCLE CoST
MG | $20%0 @704 COST (YEARS) PER MILE

3 $2.090 3-$2112 | $4.202 40 $105
5 2,090 . 2- ta08 3,498 30 116 ~

10 2,080 2- 1408 3,498 24 145

15 2,090 2— 1408 3,498 20 175

20 2,090 2- 1408 3,498 15 : 33

s 2,090 3—- 2112 4,202 15 281
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200
200

100

ANNUAL COST - DOLLARS/ MILE

Figure 9.1.

I L ] : 1
0 8 IC 15 20 25
ANNUAL TRAFFIC DENSITY-MGT
Laber Cost for Cyclic Track Lining and Surfacing (Ref. 212)
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Table 9.11. Rates of Pay, Including Cost of Living Adjustment, for Track
Workers and Machine Cperators (Raf. 265)
7-1-77
Track laspsctors §7.34
Section Forsmen ' 7.3
Mobile Track Foramen 7.41
8 4 3 Forspan (including Paint Foramen) 7.647
Aasistant Forsman (Secgicm & Movile Gangs) . 6.88
Assistant B & 8 Foreoan : 7.00
Tracicmn 8,22
Group 0 Machina Jpesraters 6.4
Tia adzer, powvar rail anchor applicacor, bolc tightsuing machine, cribbing
machine, discing machins, Dun-cica gauger, powmr tTack jack, rail lifcar,
crack linsr, oca-track mowing oachine, sslf-propalled growund rollar, portable-
powar brush saw, spike driver, spike puller, spika seczter, cis creosoce spray,
chamical or oil spray noc salf-propelled, cias brush, tis puller and inserrtar,
tractor and tractor mower, vheel traccor with back hoe, tia saw, tila bad scar-
ifisr, ola handlar, bydra spiks, povear wrench, rail gaugas, trenching machips
Group C Machiae Oparators 7.32
Muleipls tamper, salf-propellad ballasc drainage car (head and wing opera-
zors), salf-propelled CS—6 =ype chamical spray (head and wing operacors),
m~-track tamping jack, yard clsaner, grouting machins, ssali-propellad on=
track wvasd burzer, £Tack linar Fairmont Welll, chemical soray handlad by
work Graia (haad and wing operators), boltmascar-jointmastar, bhallass com=
pactor, salf-sropalled brush cutter aand ballast ragulacor
Group 3 Machins Cperacors (Roadway Machines) 7.36
Dragline, angla dozar, bulldozer, borro-grame, fronc-end loader, clam shall,
oobils craas, pile driver, mocor gradar, diich oparactor, Jordam digcher
spreadar, shisld banctam off-on ¢ragk crane, sulcipla purposa loco-crane 69304
Cazpentars 65.95
Carpancars' Halpars 6.46
Painrars 6.95
Painzers' Halpers 6.46
Magons 7.15
3cidgemem 6.21
Bridge Yatchzan 6.04
Whole Line Stael Gang
Scael 3ridge Forumen 8.6
Assistant Foraman 7.9
Sceal Bridgemaz 6.8
Stael Bridgesan 5.9
Stael Sridgemmn (3lackswmichs) 7.2
Stesl 3ridge lacchman 6.41
Derrick Eagiowers 7.47
Darrick Foremen T.37
¥octar Car Repairman
Laad Rapairmen 7.40
Rapalrmen 7.12
Bapairmen Helpars 6.54
Shop foremsn 7.96
Weldara
Yaldar Foreman .53
daldars 7.33
Grindar Cperators 7.18
_ <aldar dalpers 5.354
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average figures are considered to be very low, Examination of sample back up data
indicates a largervariation in depreciation, machine purchase price, main-
tenance cost, and a general lack in uniformity of railroad supplied data.

A sample listing of rental rates for the various types of track maincenance
equipment 1s shown in Table 9.12.

Railroads, iﬁ general, tend to not assign maintenance, fuel, and depreciation
to individual machines,'but compile the charges under I.C.C. account 269, work
equipment maintenance costs. AREA committee 22 developed a me:hod of assigning
maintenance cost. wh1ch while crude, seems to be more or less valid The method
has yet to be published, but it is as follows:

The ratio of work equipment maintenance budget (ICC Acect. 269) to

undepreciated value of work equipment (ICC Acct. 37) for a particular

railroad in 1976 is 0.21 (maintenance budget ratio). It is therefore

assumed that the annual running cost of an individual machine is 0.1

times its undepreciated value for a lightly worked machine, 0.2 for

an average, and 0.3 for a heavily worked machine.

It has been assumed that all machines operate for 200 sihgle shifts/year.

Therefore
Running cost/shlft-

(undepreciated value of machine) jmalntenance budget ratio). (9-1)
200

Per shift fuel and oill requirements have been determined by a similar
method and assumed to be: 1) for a lightly loaded machine 0.001 times the‘
undepreciated‘value per shift,’Z)‘fer an average loaded machine 0.003 times the
undepreciated value per shift, and 3) for a heavy loaded maehine 0.005 times
the undepreciated value per shifc.

The work equipment maintenance budget covers ;he ﬁechanics and their
trucks that are working with the preduction gaﬁgs. This was the method used

by Burns (267) and a sample of the costs calculated are shown as Table 9.13.
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Table 9.12. A Sample of Equipment Remtal Rates from GMA (Ref. 266)

TYPE QF SOUIFMENT RATE
Work train on moad - J-man crew S 53.7% ger hour
4=qan crow ad. "o
S-man crew

dallagt cars

Jallast criboing machines

1) Mamaratl oype 16.00 par day

5) Salf-propailed, trick mountad . 2%.20 " ¢
3allast raqulaters, canditionsry ind scariforg

4) Maintsapance Car (W=77 ar 2qual) 63.00 per day

b} Oistributor and Cledner ‘ 99.60 = *
Spike drivers

a) Non salf-propeiled 14.0Q0 per day

b) Self-grapelied single nead 15.00 *

¢) Self-oropelied single head, autsmatic feed 4300 *+
Soike puller |

a) Nom salf-grapalled : 3.0Q0 per day
8) Salf-oracelied 19.00 = v

Tie removers and/or %ie {nsertars

a) less than 30 H.2. 11.00 ger day

5) 10 4.7, and gver - 43.00 -

e} producticn tie injecesrs 19400 = "
Tia spacers : ‘ 43.20 ger day
Tie tammpers .

&) Hand neid, 2l (1nc1ud1ng sowar sourcs) 7.00 par day

b} Spat urd/ar switch, aslscoronic indicatars te2.ca. * ¢

¢} Production:

1] Without jacks or liners 103.00 * *
2) Autzmatic with jacks anly 1sT.000 » °
3} Autcmattc with liners and jacks 143.00, ° *
4) Switch tampers - hign groducsian 22400 » "

d) Seif msmming Jacks §3.e * ¢
Track brooms; saif-oropalled ' 45.00 zer day
Track cleaners :

1) Non=irack mountad ' 33.20 cer day

b) Track mounced {has car-nhandling capanility) 1¢1.0¢ ¢+ ©
Tracx. tinars

a) Without wire ndtcator, 10 4.7, or lass 12.20 par day

) Complete wizh wire indicatar, aver 1Q 1.7, 3.0 "
Camoacoars

a) Vibrstary . 4.20 ser day

%) Rollar cype, saif-gragailag q.¢a " v
2ail layers (not #ull revelving) 29. JU ser day

¢ Reproduced from
best available copy.

247




Table 9.13. Equipment Running Cost Using Maintenance Budget Ratio (Ref. 267)

EQUIPMENT PURCHASZ AND RUNNING COST PER 8 HOUR SHIFT

TODAYS cosT REPAIRS,
XEW . WHEN PARTS TOTAL
‘ COsT LAST LABQR/ COST PER
TYPE: {APPROX.) PYRCHASED SAIFT FUEL .- _ SHIFT

Alr Compressor $11,0Q0 $ 7,500 $5s 8T $§8
Anchor Applicator 12,500 7,300 12 4 14
Aytommbile 4,500 4,500 12 s 17
gallast Requiatar §5,000 26,300 4q 15 83
Back Hoe - 29,000 . 20,500 30 H 35
Bulldozer 67,000 22,500 45 18 60
durrg Crane 148,000 70,000 145 20 125
Carolineum Appiicacor 3,000 L] 1 g
Campactar 80,5800 79,000 95 20 113
Gauging Machine 7,000 - 7,000 12 2 14
Motor Car 4,300 3,000 5 1 ]
Motor Grader: 57,000 15,500 40 12 82
Rafl Liftar : 4,300 2,700 s 1 5
Spead Swing Highway

Truck Crane 85,000 €0,000 90 18 108
Soike Qriver 7,500 4,800 8 2 10
Spike Puller (Single) 4,400 2,500 ] 1 6
Soiker-nydra 53,300 31,200 S0 10 80
Tamper 50,000 34,000 70 20 20
Tamper-wiih Jacks 38,000 37,00C -+ 180 25 178
Tamper-Producsion 120,000 121,000 190 ko] 220
Tamper-3witch 190,300 280 0 310
Tamper-Quadromatic 350,000 §1% 80 565
Tia Shear gr Saw 47,800 27,290 45 g8 33
Tie Handlier 22,500 : 13,400 20 ¢ 24
Tie 3ed Scarifer 32,000 20,700 35 g 41
Tie Insertar . 8,300 4,200 7 ] 8
Tie Cribber ‘ 7,200 3,400 _ g 1 7
Tie Adzer . 14,800 . 7,300 15 2 17
Tie Plug Machine 2,100 3,300 8 1 7
Truck 12,500 : 12,000 40 10 %0
Truck Crane with
- Clamsheld 77,300 © 34,500 35 10 B3’
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It is interasting to note that for a production tamper, GMA cost including
depreciation is $183, the AREA method which excludes depreciation ;s 5220;
and a construction contractor would charge approximately $500 per day for a
similar machine. A further means of equipment comparisons would be based
upon the rated productions listed in Section 6.

9.5 METHORS OF ANALYSIS
-

The technique used to compare the effect of the alternative sections of
track selected for mainrenance on the company’s total operation is the dig-
counted cash flow analysis. Here the project costs are weighed against
financial benefits over the life of the project. Since numerous equations
are used in thisg type of-anﬁlysis, consult Grant et al. (Ref. 268) for further
details. This method 1s also suggested by AREA (Ref. 2). |

An example of this method is:given by Dunn, et al. (269) which was used
to evaluate different rail sectioms, tie types and tie spacings. The portiom
of this analysis dealing with track main:enﬁnce wa3 taken from AAR (Ref. 270,
271). ' ,

The following formula developad by Magee (Ref. 271) méy be used to
approximate annual track maintenance costs per mile of track constructed of
90 1b rail with train operacing.speeds of 50 mph. It is baseﬁlon current crack'
maintenance expe;ience as reported by American railroads.

M, = 982 () 0.282 o, (9-2)

where: M = Annual track maintenance cost per
¢  mile of single track, and

B = Annual traffic density (MGT).
The wvalue of'ME varies inversely as the square root of the moment of
inertia of ratl, i.e.

M o= (9=3)

1
c 103
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where I -’ﬁoment of inertia of rail {in.a).‘-‘

To compute Mc fﬁr any other rail section with moment of inertia I,
multiply the right-hand side of the square root of the moment of inertia of
90 '1lb rail to the square root of the moment of imertia of the rail section
desired, i.e.

(Tog) 005 6-22 o (9-4)
1 0.5 - T 0.5
where I = Moment of inertia of rail section desired.
a To compute=ME for ény ofher operating speed, multiply the tight~hand §1de
of Eq. 9-2 by the ratio of the speed desired (mph) to a speed of 50 mph.

Applying the appropriate factors to Equation 9- 2, gives _
: r
N.282 [6.22 v
M_ = 982(B) [: 0.3} Lso’ ] , R

Reiner (272) presents estimates and approximations with regard to the
magnitude of the penalty that maintenénce-of-way departments must pay in the
area of routine maintenance as a result of operating jumbe cars, i.e. 90 to
125 ton capacity cars. The average éreight car capacity is 65 toms. The increase
in total load also brings about an increase in wheel loads and wheel—raillpres—
‘sures. Besides-:he desire to compete better with other modes of transpor-
tation; thé higher capacity cars yield a more favorable payload/tare ﬁeight
ratio.l However,increasing wheel loads cause maintenance probiems, the most
éerious of which was said to belthe rapidly growing rates of deteriorationm
of the railé.

According to Ref. 272 the additiocnal maintenance-of-way and structure
costs assoclated with heavy wheel loads can be classed in two groups: 1) ad-

ditional investments, ‘such as costs of strengthening roadway and increasing

clearances, and 2) increased cost of rourine track maintenance which
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mogtly consist of cost elements which vary with the traffic volume. Methods
of estimating incremental cost factors are described in Ref. 272.

Reiner (273) utilizes a gystems approach in the determination of the
proper wheel load to yield maximum profit. This 1is qualitatively shown in
Fig. 9.2 which inrludes the pertinent parameters affecting profit. The author
.uses the relative cost factors for rail; crossties, and surfacing and lining
described in Ref. 272).

Danzig, et al. (274) builds on :he_work done by Reiner and attempted to
determine specific costs of various track maintenance function§ asropposed to
the averaging method genmerally used. This was accomplished by épplying pre-
dictive life cycle relationships to épecific track/traffic conditioms. The
study includes the predictions of various track compoment service lives, including
that of a surfacing cycle. The study assumes no deferred maintenance and a good

tie conditicum.

Rail life was determined to conform to the following formula.
_1565

121 121 ksz-l [ :] ' | o (3-6)

total main line track rail life in million gross tous,

where T
D = total annual tonnage in million gross tons,
W = weight of rail in pounds per year,

- K = relative life factor which reflects the physical condition associatad
with the track structure (This factor is the product of applicable
curvature, gradient, rail metallurgy, and a factor related to
whether the rail is continuously welded or joirted. These various
factors are multiplied together to arrive at the overall relative
life factor),

ijk = multiplier which relates the effect upon rail life of type i wheel
loads carried at class j speeds, in train service type k (This factor
is the product of applicable wheel loads, train speed, and train
service), and
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252



Digk = annual tonnage carried in type i wheel loads at class j speeds,

in train service type k.
The relative life, speed, wheel load, and train service factors were determined
lgrgely by careful observation. For table of the various factors, comsult
Ref. 274,

Tie life was determined to confirm to the following formula:

g L D 0. 315372 (4 0925-0.06077d)
m

A | (9-7)
i=]. 1-1 k-l Fij |

where H = tie life in years,

e = base of natural logarithams,
D = total annual demsity in wmilliom gross toms,

L = ralative life factor which reflects the influence which tie plate
size, rail type (CWR, jointed), gradient and track support quality
have upon tie. life,

ijk = multiplier which relates the effect upon rail life of type i wheel
loads carried at class i speeds in train service type k (This factor
is the product of the applicable wheel loads, train speed, and train
service), and

D
ijk = annual tonnage carried in type 1 wheel loads, at class j speeds, in
: train service type k. :

The various multiplier factors were determined by observation aﬁd detailed anal-~
yais of 10 tie reneua; projects. |

The following basic surfacing cycle equation (Eq. 9-8) was developed to
reflect the same track/traffic conditions attendant to the basic equations

developed for rail and ties. The frequency for surfacing was found to conform to

the following:

©121.31-D
L. M D 19,5 - ’
:E rzx E EJE (9-8)
i=1 j=1 k=1 | Figx
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where J = surfacing ¢ycle length in years,

M = relative cycle length factor which relates the effects of gradient,
track suppert quality, and rail weight on surfacing cycle length,

D= total annual demsity in million gross toms,
“1jk = mulciplier which relates the effectgupon surfacing cycle, length of

type 1 wheel loads, carried at class j speeds in trains service type
k, and : ' :

Dijk = annual tonnage cﬁrried in type 1 wheel loads, at class j speeds, in
‘ train service type k.

The relative multiplier factors are the same as used‘for the rail and tie life
with the exceptioﬁ of train service type. Passenger trains and unit trains
reduce the cycle lengths by 20%Z and 107, respectively. -

The study also developed unit cost formulas for undercutting, plowing,
and sledding, and fof turncut, and frack crossing replaceﬁent. The cost of a
mai#:énance operation is relatively Qimple to‘deterﬁine, but must be calcul#te&
with reference to such things as g;ogréphic location, ﬁethods, and equipment
available., The study attempts to determine accurate component life or cycles.
It is, therefore, a relatively simple matt;r tc then determine the various

aspects of track costing in terms of tomnage, speed, and axle loading.

254



10. SUMMARY

The subject of ballast compaction and 1ts influence on track perfor-
mance encompasses a varlety of specific, related toples. Each of these
toplcs has been individually treated In sufficient detail to presenc their
relative importance and contributions to the ballast compactiom-track per-
formance problem. A comprehensiw-re. sm and the asséciated critical
assessment of the rev}iewed material will be presented in this final chap-
ter.

The performance of conventiomal railroad track gystems is directly a

function of the complex interactions and subsequent responses of the track

system compoments under train traffic and environmentally-induced stresges®

Descziptions of the track structure have been presented, including the
rails, ties, and fastener‘s‘, and in particular, the ballast, subballast and
subgrade. Also, the relationships which exist between the track system com-
ponents and track perfbmnce have been demonstrated. The ballast and sub-
grade behavior with the associated in-situ physical states, especially
those exdisting after programmed track mainrenance operations, ;:Ls the most
significant contributing factor which affects the performance of the track |
in-service. Recently developed analytical track models have been described,
-with particular emphasis concentrated on the re.presentation of the ballast
and subgrade matarials. However, the raliability of these techniques for
praedicting track performance was not established. The primary reasom 1is

the lack of corroboration with field data. This situatiom, however, will
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be improved when the generated substructure stress and strain measurements
from the field instrumentation installed at the FAST track are thoroughly

analyzed and compared to the predicted respomses. Other available field

measurements or criteria have been described for use as indicators of tra;k

perfﬁrmance. These are track stiffness, track geometry, safety, ride
qualiry, and maintenance effort. However, each individual item is not
Sufficient,fbriﬁrnper representaticﬁ cf the overali track system perfor-
mance. ‘ |
Ballast materials, as derived from various rock sources or from by-
products of‘manufactu:ing_p:ocesses, also inherently possess different
particle physicgl and chemical propefties. Many laboratory iﬁdex property
tests, such as tﬁose for abrasion resistance, absorpticu,lshape andvsound-
ness, afe currently utilized to quantify and categorize the relative merits
of these different ballast types. The apélicable test standards and bal=-
last spegifications limits have been cited and the basic test procedures,
as. well as the faétors influencing the test results, hawve been discussed.
However, an individual 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 con-

ditions. This latter feature is particularly evident from the differences

'in published opinions, which in fact are primarily subjective in:e:preta- _

tions, as to what values of what index properties represent the best
ballast.

Granular materials, which include ballast, are typically categorized
as discrete particulate systems having discernible particle dimensions,

ranging from sand to boulder sizes. The fundamental scil mechanics
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Lrinciples representing strength determination apply equally well to all
granular soils. However, most of the availlable information defining the
characteristic static or dynamic stress-deformacion behavior i1s related

to sand-size - particles and 1s determined from laboratory property tests.
?Alternative methods based upon shear strength parameters obtained from
modelled gradation curves have been proposed as é viable means of :stimating
the properties of larger-sized materials. However, these techuniques

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 informatiom
on granular materials. The c¢onventional 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 ma:eriéls;

The cyclic or repeated load triaxial test offers the greatest potemtial

for fealistically determining the ballast behavior, since the imposed stress
conditions and type of drainage can be controlled for.specimens prepared

at given leve;s of compaction. Ballast behavior, as determ;ned from lab-
oratory tests, needs to be supplemented with in-situ strength data oﬁ the
ballast physical state. An evaluation of the available field methods ia-
dicates that the plate bearing test is best suited for this purpose.

The strength and compressibilicy char;cteristics associated with the
relacive degree of compaction of ballast within the track structure are
directly related to the levels of track performance, in at least a qual-
itative sense. In the past, for most geotechnical engineering applicatious,

this relative degree of compaction, 3s used as a means of field compaction
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control, has been most easily and conveniently determined by comparing‘in-
situ soil meisture-density measurements with the appropriate laboratery
compaction test results. vSeveral laboratory compaction methods have been
developed in éh‘attempt to simulate the characteristiecs or th; anticipated
end-product results of ;onventional fieid compaction equiﬁment. The test
spe;ifications, test prccedures,-éﬁd facto;s influencing the test results
for these laboratory methods, such as impact, kneading, static, and vi-
bratory ces:é{ have been discussed for granular materials.‘ However, these
methods have limited abplication for determining the compactibilitf of
ballast materials. _At presen:; no quantitative ballast compaction specifications
are available. Furthermore, measurement of the degree of ballast compaction
is rarely done. However, an iﬁ-situ ballast density test, a small plaﬁé
load test, and a siﬁgle iatgral tie push test on an unloaded tie have been
identified as potential meané of representing the ballast physical state.

The rate‘of change in the ballast physical state within the track
structure caused by train traffic loading and environmental conditions is
hiéhly 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 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
an equal amount of consideration. To aid in understanding these effects,

the principal types of track maintenance equipwment and the associated field
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procedures in current use have been described.

Several field methods have been devised as measures of track perfor-
mance, but more specifically each has been used as an indicator of the
benefits of adding ballast compaction after the track tamping, leveling,
and lining operation. The test equipment, test procedures, and typical
observed trends obcained with these field methods have been reviewed aad
presented, with the emphasis placed upon ballast compaction. The ballast
state produced by the tamping, leveling, and lining operation and the
more recent ballast crib and shoulder compaction process after tamping,
are discussed in relation to their expected effect on track performance
under traffic following maintenance.

Lateral resistance of gingle tie and multi-tie track sections is the
method most frgquencly used for measuring track performanca, but alternative
means including track geometry, track settlement, vértical ballast stiffness,
and ballast density measurements appearrto be gaining popularity. A bread
and detailed interpretation of all results is limiced because several fac-
tors, such as the differences in testing equipment and techniques, and test
conditions, exercise some influence on the measured results; and each method
in itself 1is not indicative of the overall‘track system performance. However,
in a qualitative sense, the supporting evidence and published opinion appear
to indicate benefits of mechanical ballast compaction following the usual
tamping operation. |

The amount that the ballast is compacted with criB and shoulder
compactors 1s a complex function of ballast-compactor interactionm.

Besides the initial ballast physical state and other in-sicu track
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conditions, the compactér characteristics of static force, generated
dynamié forcg, vibration frequency, and duration of vibra:ibn have an
influence onrthe resulté. However, insufficient information is available
to prediet their quantitative effect on ballast compaction. It is there~
fore imperative that more thofough and c¢ontrolled laboratory'and field

- investigations identify the relative importance of the factors influencing
ballast compaction to find the mosﬁ effective méans of obtaining the
desired physical ;tate of ballast.

The relationships between the ballast compaction parameters and ﬁhe
track performance level parameters are quite'comﬁlex, and hence an eco-
nomic assessment is difficult. Limited published information was available
on costs related t§ track maintenance, such as ﬁaterials, labor, and equip-
ment, and significantly less with regard to Eallas: crib‘and shoulder
;ompaction equipment. In addition, the several methods of economic
analysis discussed for track maintenance, although superficially treated,
are dependent upon the geographic location and the in-siﬁu track conditions.
:hus,they are of limited capability in assessing the actual cost-benefit
.relatio;ships dérived from ballast compaction. The economics associated
with ballast compaction, as wi:hiother major track maintenance cperations,
are as difficult to evaluate as the mechanics of ballast compaction and,
thus, deserve an equally important treatment,

The practices and principles of géo:echnical engineering provide direct
End valuable input for understanding the behavior of the ballast, sub-
ballast and subgrade within the track structure from the imposed loading

environment. But due to.the variability of the train loading conditions
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and the associated environmencal 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 ccmpaction
is inherently more complex. The lack of in-situ measurements, and the

L 4

limiced applicability of laboratory property test results and computer-

oriented track design models, still prohibit a thorough understanding of

all the factors influencing these ballast cowpaction mechanisms. Thus,

further researéh is necessary in order to reasonably establish a foundation

toward these goals.
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APPENDIX A

REPORT OF NEW TECHNOLOGY

The work performed undér this contract does provide a needed summary of
ballagt compaction and related topics existing prier to 1979. Available in-
formation on the effects of parameters influencing densification of ballast
with vibratory crib and shoulder compactors was shown to be inadequate to
determine the most effective combinations, A lack of metheds for rating bal-
last for its influence on track performance was noted. The need for methods

to meagsure the physical state of ballast in track was identified.
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