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EXECUTIVE SUMMARY

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

' The performance of railroad track systems is a function of the character-
istics and the complex interactions of the track system components under traf-
fic and environmentally—induced stresses, Descriptions of the track components

(S .
ies and fasteners, and .in.

are presented in the rép;)rt, .including the 'rails, t
{partiéular; the ballast, subballast and subgrade;r.Aisb; the_relationships
wﬁich ekist between the track system components and track performance have

been discussed. The ballast and subgrade béhavior were shown to Have a signi-
ficant effect on thé performancé of the track ?n—ser?ice.

Recently déveloped analytical.track models have been described with par-
ticular emphasié concentrated on the representation of the ballast and subgrade
materialé. However, the reliabiii;y of’these'models for predicting track'pef—
forﬁance was not established. The priméry reason is the lack of corroboration
with figld data.A Available field meésureménts or criteria that are indicators
of track perf&rhaqce are track stiffness, track geometry, safety, ride quality,
and maintenance effort. However, each indiﬁidual itém is not sufficient for
'brope: repreéentation of the overall tfack.sys;em performance.‘

Ballast matefials passess differént‘particle physic#l and chemical proper-
ties. Many laborétory index property tésts, such as those for abfasion resis-
tancé, absorption, shape and soundness, are currently ﬁtilized to quantify and
categofize the relative merits.of'these different baliaét types. The applicable
vtest standards and ballast specifications limits have been cited and'fhe basic
test prdpedu;es['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—éized materials may be determinéd
from laboratory tests. The conventional static and dynamic test apparatus
and procédures, as well as the factors affécting the test results, have-been

" discussed and assessed with reépect‘td use with ballast materials. The cyclic
or repeated load triaxial test appears to be particularly suitable for deterf’
miﬁing the?ballast stress-strain and strength propertf%s. Laboratory tés;
data need to be"co:;éléted with in-éitu data representing these properties.
An'evaluatidﬁ_ofjthe availaﬁlé field methods indicates:that the pléte beafing}

_test is best suited féf,this puipqse.

The strength and'gompressibility characteristics of ballast are directly
related to the relative_degree of compaction .of ballast within the track struc-
ture. Methods used in geotechnical engineering practice for measuring and
specifying compaction are reviewed. Howevef,iit was shown that thesé methods
have 1imited.application for bal;ast materials. Furthermore, no quantitative
ballast compaction specifitationé‘afe availéble and ieasurement of the degree
of ballast compaction ié rarely done. However, an in-situ ballast density
test, a small'plate load test, and é single lateral tie push test on an unloaded
tie haveibeen idéntified as potential means of representiﬁg the ballast physical
state.

The rate of change in the ballast physical state within the track struc-

~ ture céused by train traffic loading and.environﬁental cpnditioﬁs is higﬁly,.
dependent upon tﬁe initial state achieved from the track maintenénce operations.
Ideally, an "undisturbed" baliast trackbed after considerable tfaffié.is the
most desirable condition from a stability viewpoiﬁt. The reason ié that. the
éubsequént correction of track'geometry defects during maintehépce By ballast
tamping disturbs the stable con&ition created by tréffic. Therefore, the

-effect tha; present track maintenance processes have upon changing the ballast
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physical state should be studied. To aid in un&erstanding these effects, the
principal types of track maintenance equipmeht and the associated field pro—'
cedures in current use have been described.

The ballast state'produced'by thé-tamping, leveling and lining operations,
and the more fecent ballast crib and‘shpulder compaction process after tamp-
ing are discussed in relatiom to their expected effect on track perform#nce
under traffic following maintenance. Lateral resistance of either single tie
ot.tie panel sections is ﬁhé most ffeQﬁéntly used-methqd~fdr méaéuring track
‘performance related to ballast conditioné; 'waéver, alterﬁativéAméthods, iﬁélu—
diné tfack geometry changes, frack or\ballést stiffness, and ballast demnsity
have also been used. Supporting evidence obtained with these methods and pub-
'lished opinioﬁ indicate that mechanical ballast compaction following the taimp-
iﬁg operations should be beneficial. The degree and nature of the benefit was
ﬁot'clearly established, however.

The'émount that'the ballast‘is compéctedAWith presenf crib and shoulder
compactors is a complex function not only of the initial ballast physical state,
but also the coﬁpactorvcharacteristics iﬁ@luding static force, generated dyna-
mic forcé, vibration freéuenﬁy, and duration of vibrafion° However, sufficient
information‘ié_not available to determine the effects of these factors on bal-
llasf compactioﬁ._vTherefore, l;boratory and field investigations'are reduired4
to“fiﬁdtthe most effective means of obﬁaininé the desired physical stété ofl
.baliast. |

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

The practicgs and principles of geotechnical engineering proﬁide direct aﬁd
valuable input into understanding the behavior of the ballast, subballast and

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

to track performance.
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i _ 1. INTRODUCTION

This study basically concerns ballast compaction and its relationship
to traék performance. As ﬁarf of the study, an extensive review was made
of a wide range of related topics. Somé of these topics deal with geo-
technical engiﬁeering an&otherswith railroad ;;gineering. " One of .the
purposes 6f this report is to reiaté thése_two disciplines. .It is expected
that some of thelbasic information will be well known ;o_somé‘readers;_but
unfamiliar to others. The reporf should be a convenieﬁt(fefefeﬁce, éither
és a refresher or an introduction to the topics covéfed.

Section 2 of the repdrﬁ generélly dgscribes the current design practices
and thevafiouscompénents used in'thg construction.of conventional track
structures. Emphasis on the substructure (ballast, subballast, aﬁd subgfade)
fesponses as determined.from_analytical models and observed field measure-
ments will be discussed in relation to track performance. The chemical
andvphysical pfoperties used t0'characterize ballast_materialé are ﬁresented
in Section 3 along with the appropriate test Specificétions and.typical
values. Section 4 is principallyAconcerned with the behavior of granular
materiaLs.subjected to static and dynamicyloéding in laboratory strength
property tests:and invfield testsf' The physical state of granular @aterialé,.
which is usually expfessed in téfms'of denéity, that is échieved by labor-
atory methods and by'cqnventional field compaction equipment is described
in Section.S. Inciuded are several proposed’mechanisms explaining the.
compaction process. This information is directly relevant to the ballast
physiqél state conditions achieved by current track maintenance equipmeﬁt
and practices, egpecially the tamping—leveling—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, haé upon track performance is discussed in Section 7. The
important parameters affecting the compaction of ballast materials are
more thoroughly assessed in Section 8. Finally, a general treatment on
track maintenance costs is coﬁcained in Section 9 to establish the basis
for potential economic relationships between ballast compaction and

track performance.



2. TRACK SYSTEM

The purpose of ﬁhis chapter is to providé a brief review of the track
system components and performance. This necessary background information
for the research is presented primarily fof those readers‘not already familiar
with the subject. 1In addition to original source documents, a technical
report”prepared by the Universitykof Illinois (Ref. 1) was\particularly uée-
ful in providing information for this chapter.' ‘
2.1 _DESCRIPTION OF TRACK COMPONENTS

The:fhree main par;s-pf»tﬁe convgnti§nal tfaék»systém are.the track
structure, the ballast (and'subballast) and the roédway; Tﬁe componeﬁts
6f the track structure are the rail, the tie and ;he'tie;platg, the fastenings,
and auxiliary facilities such as signal and coﬁmunication systems, In addition
té the subgrade éupporting the ballast and. the tfack_structure, thg roadway_
includes thé drainage system for the track.‘ All of these components play a
significant role in the pérformance of the system under various loading con-
ditions and environmental ch;néés. However, fhe ballast and the subgra&e are
the most complex. and leasf understood part of the syste@. |

The track components described in this chapte; are used in all track
systemsr ‘'However, the specific defails vary from one country of state to _
_anothef. Emphésis in this report is on Americén ahd Canadién practice.

ggi;, The rail is Ehe immediaté étructure‘sﬁpborting and guiding tﬁe
rolling étock, ‘It reduces the levél of loads from theAtr;in; and‘distributes 
“-them over the‘ties. The size and croés—sectipn of the rail have been
subjected to‘céntinuing changes over the years. Consequently, a variety
of rail designs with.different weights, ranging from 60 to over 150 1b[yd,
have been available in tﬁe market. However, AREA now recommends only the
six sfandard sections listed iﬁ Table 2.1 (Ref. 25.

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. ARFA Recommended Rail Sections (Ref. 2)

Momeﬁt of

: Weight Area; A Inertia, I,
Rail Size | - 1b/yd (Kg/m) in.2 (cm2) in.% (cm®)

90 RA-A 90.0 (44.7) 8.82 (56.90) |  38.7 (16l1)
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 136.2 (67.6) 13.35 (86.13) 9.9 (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 aspécts on the above requirements. Instead, the usual preocedures
afe tobestablish 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 tendgngy to use heavier rail than requf%ed by the structural needs
to reduce the cost of maintenance and replacement work.

Conventional féilé aré-joined together ﬁith baité&,joint bars that
- connect raiis}of sténdard lengths. Rail lengths of.39 ft have been # récent
standard,lbﬁt to halve the number of joints, rail welded into 78 ft lengths
- is now ‘commonly used on main lines. |

The bolted rail joints have been_qné of the major locations of maintenance
probleﬁs. . Discontinuity of track running surface produces dYnamic.impact. '
loadg ba;tering the_rail surface and the joint»endé. This creates rough
riding track and undesirable trainivibratidn} The*cdmbinatiﬁn.of thé
impact load and the réduced rail étiffness at the joints causes greater
stress on-tﬁe ballast and subgrade.  This in turn, increases the permaﬁent
setflement which produces uneven track. »The pumping qction at the joints
also accel®rates rail failure, tie wear, and fouling of ballast>at the joint.
Heﬁce joints genefally increase track deterioration.

Aithough mﬁch pfogress has been méde ip improving joints, a better
- solution is to eliminate 'the joint entirely by the use of continuously
welded‘rail (CWR) . Va?ious advantages of CWR include substantial savings
through reduced mainténance césts through extendedlrail life frdm the
elimination of joiﬁt wear énd Batter, improved riding quality, reduced
wear and tear on rolling stock, and less detérioration of ballast ana 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 éhanging worn
and defective rails, or in tie renewal, 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 underlying ballast. The
tie also plays the important role of holding the two rails at the correct sep-
aration or gage. The tie is usually a piece of timber varying in cross section
from 6 in. by 6 in. to 7 in. by 9 1n..and in length from 8 to 9 ft (Ref. 1).
_However, w1th dlmlnlshlng avallablllty and 1ncrea51ng prlce\of wood, alternatlve
forms of-:les have been’developed, the most common of which are concrete ties.
Longe: life is one expected advantage ;f the concrete ties. -In addition,‘the
greater weight of cthrete ties provides an important stability advantage over
wood with continuously welded rails.’

A steel tie-plate is inserted between thg rail base énd the top of the
tie to protect the tie from mechanical wear, and to distribute the‘raii loads
throughout the bearing area of the plate, thereforg reducing the maximum pres-
sures on the tie. The shoulder of a tie~plate, when secured firmly onto the
tie, help restrict the lateral motion of the rail.to hoid proper line and éage.
" Various designs'and>sizés of tie-plate are now available, generally ranging from
a w1dth of 7-3/4 to 8 in., and a length from 12 to 14 .in. The size of the tie-
plate is an ‘important factor in determlnlng the stress reductlon in ties; how-
ever, selection of the plate is usually based on economic considérations. - Com~
monly, a plate which.gives the least overall édst for the tie and plate combined
is uéed.

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

rail to the tie or otherlsupport; 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. However, the effectiveness of this role

varies with the type of fastener and the type of the track structure. In
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the conven;ional track with ballast and wooden ties, the role of the fasteners,
whigh are usually cut or screw-type steel spikes driven directly again;t the
edges of’the-rail.base, is éssentially limited to maiﬁtenance of the track gage.
kThe spikes driven into wooden ties ére not expected to hold the.track structure
vertically under traffic or prevent-longitudinal rail movement. However, in
the case of concrete ties, the fastener maintains no;)onlyglateral alignment,.
but also providés vertical and longitudinal restraints fo the ra11 movement.
In such ¢éses,‘fhe resiliency éf the fastener becOmeé an importaﬁt ﬁerfofméhqe
faétor.. I | |
The major role of the anchor is to transmit’to fhe ties the.longitudinal
rail loads generated by the acceleration and braking of the'tfains_and by the
thérmal'ekpansion and contraction forces. For tﬁe jointed rails, it also helps
to méiﬁtain;proper expansion allowance at the joint gaps, thus assis;ing in
maintenancé of proper line and gage. The number of anchors needed increa;es »
when the ballast in the cribs is not properly compacted.

Ballast and Subgrade. The ballast is selected noncohesive material placed

" on top of the track subgrade to support the track structure. Conventional bal- -

last is the uniforﬁly-graded and angular granular aggregate which is témped-

' undér_énd around the ties, and perfdrms.several impﬁrtant functions;

1. 'tﬁ limit tie.mbyemgntlbf resisting vertical,ﬂlaterél and longitudinal
forcés from the train and tréck.

2. to reduce the streésés from traiﬁ loads appiied to the gubgrade of
roadbed, thus limiting permanent settlement.

3. to éro&ide immediate water drainage from the track structure.

4. to help alleviate frost problems.

5. to facilitate maintenance surfacing and lining operationms.



6. to retard vegetaﬁion and resist effects of fouling from surface
deposited materials.
7. to provide support for ties with the necessary resilience tov
absorb ‘shock from dynamic loads.

Traditionally, angular, cruShed,'hard stones and rocks, uniformly graded
to drain freely, free of dust and dirt, and not prone to cémenting action
have been considered good ballast materials. However, at present no uﬁiversal
agreement exists céncerning the specificafibns for ﬁhe.combination of the -
ballast matefial‘index cﬁaracteristics such aé size, shape, ha;dness,.abrasion
_resistance; an& composition tﬁat will provide.the best track performancé. This - -
is a compiex subject that is still being researched. Availability and
economic considerations have been the prime factors considered in the selection
of ballast materials. Thus, a wide variety of materials havé 5een.ﬁsed'for
ballast in the United States and Canaaa such as crushed granite, basalt, lime-
étone, siag and grével‘(Ref; 3). The best materi;lé; Such\as é;uéhéd rock,
are used on the main line track, while the poorest, iike gravel, are usually
rest;icted to use on sidings or spur 1ines; ’

AREA specificationé (Ref° 2) recémmend five different gradations for
"crushed stone and crushed slag. Most of the gradations fall within the size
range of aboutl/4 in. to 3;in-AAccordipg to Ref. 3 published in 1957,';he
most commonly used ballast gradations were AREA No. 4 (nominal size range =
3/4 in. to i‘l/Z 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 péréentage 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 FRA specifications for pit-run‘gravel ballast (Ref. 4) extend the upper

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



‘ Tﬁe 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 staﬁé.f Pahysical state canibe defined by the in;pléce den-
sity, while the physical properties of tﬁe material can be described by various
indices of particle size, distribution, shaﬁé,'angularity and hardness. The
in-place density of ballast is a result of some type of compaction process.

'Thé initial density'ié.ﬁsually\created bf maintenance ;ampiﬁg, ;nd subseqﬁént
density ch_;ﬁges _reéulﬁ from tféin traffic combined ﬁith env:.i.llfonmental'fact_ors.. '
Experiénce has shown that tamping does not produce a high degree of compaction
and there is clearly little~géometry éontrol in achieving‘compaction‘by train
traffic, Therefore, considergtion is now being given to adgitional compaction
during maintenance using speciai machines and/or new techniques.

Subﬁallast is used as a tramsition layer between the ballast and the sub-
grade. In most new construction, the subballast prevénts the ﬁutual penetraﬁion
or intermixing of the subgrade and ballast and reduces frost pemetration into
the-subgrade, in addition to fulfilling some of thé functions of the ballast. .
Subballést thus reduées the required thickness of baliast, usually a more expen-
sive material, ;ﬁereby prqviding an economic bgnefit.

Any free—draining saqd and/or gravel matefiais»could-serve as thé éub-
b#llast; as long‘as thé& meet the proper requirements of a filteriné materiél°
AREA épecifiéé that materials for subballast should conform to ASTM D-1241,
"Standard Specificétion for Soil-Aggregate Subbase, Base, and Surface Courses.'
The thickﬁess of the subballast to be placed on the completed'subgfgde 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 compacted in accordance with
standard practice so as to form a staBle foundatioﬁ for the ballast.

The suEgrade is the layer of material on which the ballast/subballast
layers rest, whose functional requirementé are to:

1) support, without appreciable permanent deformation, the maximum

dynamic, traffic~-induced streéses transmitted through the ballast.

2) resist the cyclic stresses without excessive cumulative volume or

strength reduétion. _ |

3) 'be.npn-frost suéceptiﬁle an&_be volumétriéaily'stabié during

cycles of wetting and drying.

4) . resist softening that causes pumping and penétration into the

ballast.

The subg;ade.is a very important componeﬁt in tﬁe traék structure, which .
has ffequently been the cause of track failure and the devélopﬁent of ‘poor
track. Unfortunately.in existing track, the subgrade is not involved in the
maintenance operation and little can be done to alter its characteristics’
without major track reconstruction, i.e., removal and replécement of track,

: Ballast and subballast.

.The present state—of-the art of track design as it concerns the ballast
and subgrade is very empiricai, aﬁd'the faétofs coﬁtrolling perférmance are
pqorly‘understood. Reliance on past experience can be very misléading, because
not only is the experience at a farticular site a éomﬁlex and unknbwn'function A
of many factors, but the contrqlling factors_are 6ften~not even adequately
documented. For example, to assess the reasons why a particular section of

' track might be "poor track", it is necessary to know 1) the characteristics of

the ballaét and subgrade, 2) the maintenance history including frequency and

_type of operation, 3) environmental factors, and 4) traffic history. Only the
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last item isvreadily determined, although the second and third‘can sometimes be

estimated from available records. -Ngcessary information‘of the characteristics

of the ballast and subgrade of existing track, however, is practically non-
existent. Evén the classification of these materials is in doubt, not to
ﬁention their physicaljstate. At. best, a knowledge of the presént conditions
oan site based on a field examination is all that is possibie, bécause past
records are not normally available. |

2.2 TRACK SYSTEM RESPONSE
'.Loading. fWhiie pérformiﬁg‘its.functiéps of supporting and guiéing the

rolling wheéls; the track s&stem feceives various loadings from the trains

and the track structuré. In addition, the track system is also subjected to

expanéion and contraction loads from environmental changés, especially

.temperature.

The ﬁature of thg.ioading condition of a track"systém is quite compiex,

'and its magnitude varies with the characteristics of the whole system and

the interaction between each éompoﬁent. Héwever, it may be cbnyeniently

_ categorized into the three orthogonal components aslfollows:

.l. Vertical loads from- a) fhe‘statié weight.of the track; and from b)
the dynamic forces generated from tﬁe train motion.

2. Latéral loads from a) the train reaction to-the track geometry
deviaéions, sﬁch aévforces from self-excited hunting motions, b) the
forces necessary'to guide the .train through curves, and c) resistance
to thermal expansion or "sunkinks."

3. Longitudinal forces from a) traction and braking of the ﬁrains, and

" b) thermal’expansion and contraction.of the rails, especially when
continuously welded rails are used.

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

past. Gross vehicle loads range upward to about 130 tomns (120 metric tons)
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for some cars, to 140 tons (130 metric toms) for locomotives. Wheel loads
obviously depend on the number of axles per vehicle (usually 4 for cars and
4 to 6 fo; locomotives), the distribution of load, and the gross load. The
upper limit on static wheel 155@15 is on the order of 25,000 to 35,000 1b
(11,300 to.15,900 kg.) | |

Dynamic or impact loading caused by train in motion can be substantially
greater than the static valueé.\'The dynamic effects have not been well defined, \
but estimates havevraﬁged from 50 to 100% of the s;atic-lbads, to a one-peréeny
:increase for.each i mph speed increase over 5 ﬁphj(Ref..S, 6). Furtherﬁore,"-
severe roék and roll can sémetimes produce whéel lifting froﬁ a rail, |
causing up to double the wheel load on the a&jacent rail.

_Main line track traffic Voiumes range from one million or less gross
tons per year to ébout_SO to 60 million gEGSS tons (45 to 54 million metric
tons) annually. Assuming an average axle load of 30 tons, this represents .
33,000 to 2,000,000 cycles of load applicétion..

Lateral'wheel'loaAiﬁg characteristiqé are very cqmple% and much more
difficult to define. Instead, the maximumvlateral forces are usually derived
és dApercentage of the vertical load, which is known as the derailmeﬁt
quofient. A derailment quotient of about 0.8 has been suggested by Prause
et al. (Ref. 5).for-e$timation of thé.maximum'expected latexél force baéed
on the nominai static wheel‘load@ Latefal férces caused bf "sunkinking" are
also not well defined. An'empiricél value of 300 15 laterai restraint per
tie in an unloéd éondition has been suggested by Magee. (Ref. 7)

Analytical Track Models. The principal functioh of a track model is to

interrelate the components of the track structure to properly represent their
complex interaction in determining the met effect of the traffic loads on the ' T,
stresses, strains and deformations 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 the physical states of the ballast
énd subgrade, but eépecially the ballast, change with timel Because
maintenaﬁce life is meésuréd in years, theée long-term effects must be con-

" sidered. A considerable amount of effdrt has been devoted to the development
of track models that could realisticallerepresent the acﬁual behavior of tﬁe
track system subjected to various lqéding conditions. However, more research
is needed for reasons inciuding:- 1) the difficulties-of_handiing the cbmplexities_
inherént‘to'eaéh component of the track gtructure_and their interac;ién
undér loads, 2) lack of adequate ﬁnderstanding on the béllast and subgrade -
behavior to define the model requirements, 3) lack of field data on track
performahce for validating-the m;deis, or 4) high computer.costé in runﬁing
the most elaborate of thé'coﬁputer models.>

jSince the railroad track is generally sﬁbjécted to ﬁhree-dimensioﬁal,loads,
i.e., load; in veftical,‘lateral, and 1ongitudinai directions, various ana-
lytical ﬁodéls have been.éuggested for gach of these components of the track’
response or for multi-dimensional representations. However, the vertical be-
havior of thé track structure has received the major effort. The following is
a brief summary-of the existing'models Which are available for vertical response
aﬁalysis_of conventional failroad Erack,‘

Based on a theory of a continuous beam on an elastic foundation, Talbot
(Ref. 6) made significant contributions in understanding the behavior of a
railway track s}stem under vehicle loading. The concept of "track foundation
modulus" was introduced, and mathématical formulatioﬁs were developed for
calculation of the deflection and moment in thevraii- Clarke (Refs. 8, 9)
summarized the above approach to presént a basis for track design procedures.

However, this- theory does not include several important factors which are
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known to affect the stresses. and deflections in railroad frack, such as
longitudinal loads from thermal stresses, a restoring moment propoftional to
the rotation of the ;ail and ties, the eccentricity of the vertical load on
the rail head, or any track dynamic effects. In addition, a rather significant
limitation to the approach is that it does not adequately model the stress-
strain behavior of the ballast and subgrade. N
. ' v
Meacham, et al. (Refs. 10, 11) and Prause, et al. (Ref. 5) attempted to

overcome some of the limitations of ;he earlier beam on elastic foundation
apﬁrogches by deﬁéloping a theoretiéal‘mefﬁod for the determination of thel
"track modﬁluS" value. Each componen; of track structure was represented'by.
a Series of elastic springs. -Tﬁe spring stiffness ﬁas computed by ¢onsidering_
varioué track parameters, such as ,rail type, tie type, ballast depth, ballast
type, subgrade type, and tie-spacing.
o The finite beam on elastic foun&ation approach is basically similar to
the above theories, except that it considers the tie as a finite beam résting
on an elastic'(Winkler-type) foundation to represenf the responsé of a tie
resting on the ballast. The approach was extensively studied by Hefenyi (Ref.
12), and various'analysis methods for the soiution have beeh presenfed. Fér
exéﬁple, Barden (Ref. 13) éonsidered non-uniform foundation modulus, and Har-
_ fison, et al., (Ref. 14) included a non-uniqum beam section and a non-uniform
fdundation as well. An approximate analytical method was developed which makes
' assumptions about the distribution of wheel load over the rail and éctogg the
ties. The vertical stress distribution with depth in the ballast and subgrade
layers under any given tie is . then computed using the Boussinesq theory. .I;eland
(Ref. 15) presented a design chart for4ballast—subballast depth selection ver-
‘sus cbhésiﬁe strength of subgrade soil using this approach.

" An approach was déveloped 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 ahd extended by Béttelle to form the model

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

Finite element methods have also been applied to tﬁe track structure
analysis by various researchers.  Lundgren, ét al.,'(Ref.l17) devéloped a two-
‘dimensional»system, assuming the plain strain behavior 6f a longitudin;ll
éeétion of unit thickness #loné the vertical ceﬁtefiine of the rail."Svec,
et al., (Ref. 18) employed a threé—dimensional model.that'represented a
detailed description of the physical systém. The rail-tie system was added
to the model as simple beams, and non-linear mechanical properties of ballaét,’
subballast, and éubgrade were obtained from laboratory tests. One feature
of the procedure was the representation of the ballast and subballast as no-
tension materials. However, thé model did not. have clearly defined failure
criteria.

Development of a finité elément model, ILLITRACK; waé undertaken .at the
University of Illinois (Ref. 19). It was not a three-dimensionai.model, but
éonsisted essentially, of two two-dimenSional models, oneitransverse,fthe other
longipuéinal, employing. output from the longitudianl model as input to the
transverse model. Imn this manner; a three—dimepsional effect is obtained
with less computer cost than with a threefdimensional ﬁodel° Nqnlipéar,'
mechanical properties for the material were obtained in the laboratory from
repeated load triaxial tests. An incremeptal load technique was employed
to effect a solution. Explicit failure criteria'wefe developed for the
ballast, subballast and subgrade material. Héwever, the model does not

prevent tension from béing‘transferred across the rail base into the tie
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plate. Further study is needed to determine whether the combined two-
dimensional models employed in ILLITRACK ?epresent three-dimensional physical
conditions as expected. Certainly the three-dimensional qualities of the
track structure need to be fully accouﬁted for to successfullY;ppedict the .
behavior of the railway track system usinglfinite element models.

The mathematical models developéd for predicting track performance under
dynamic load have been limited almost entirely to recdverable deformations,
thus, they do not adgquatelj represent the factors involved. in maingenapce

 1ife.prediction, However, even the proﬁerties'associated ﬁith recoverable
‘défofmation do not fullyvrepreéent the stress-st;te-depeﬁdént behavior of
ballast and soil under cyclic loads. Although recently a considerable effort
has 5een devoted. to studying the cyclic behavior of these-matefials,‘measures
such as a resilient modulus should be designated as cyclic index propertieé
rather than behaviorél properties, because they_represent‘only‘a few special
stress paths and are not=applicéble without a factor to compensate for the
efféct of stress path.

Presently the approach to predicting permanent defofmation of track
"caﬁsedlnrballast and subgrade behavior is patterned after methods used in
highway flexible pavement design (Ref. 20). An elastic traéﬁ model isvuseﬂ
to predict stresses in the ballast and subgrade from traffic loads, and
repeated load triaxial tests are used to determine limiting threshold stress
‘and cumulative strain as a function of confining pressure and number of g&cles
of deviator stress. Repeated loads start from a zero load and are increased
to some predetermined magnitude and then decreased to zero, thus never putting
the sample in extension in the axial direction. Ihe process is repeated until
either the desired number of cycles of a limiting permanent strain is réached.
Track settlement is prédicted‘by"éﬁﬁming inélastic strains from the #riakial
tests for the stress conditions determined from the elastic model.
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'Measured and Predicted Response, The nature of the 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. Thesé same response parameters have been determined_
experimentélly on actual track structures. The resulting data have been used
not oniy to étudy the track behavior,obut also to evaluate the analytical
models. However, the diifficulty in‘meésuring stressés and strains particularly
in the baliast, has greatly ;eStricted-thé amouht of such data that ﬁas
been obtaihéd, Thé.examples that followvwili illustrate the general trends
from both the analytical and experimental studies. |
; .Salem (Ref. 21).studied the vertical stress distributio;s in the

ballast and subgrade under sfatically loaded wood ties in a series of
laboratory tests with v;rious'ballast depths} ties spaéings and_ballast type.
Fig. 2.1 shows that chat, pit run gravel and crushed slag ballast produce
ﬁeafiy the same vertical pressu;é below the center line of a single tie. Fig.
2.2 shows the avefage vertical pressure distribution when 12 to 30 in. of_
ballast were used at é tie spacing of 21 in. Fig5.2°3 illﬁstrates‘the
average vertical pressure distribution on the subgrgde in a longitudinal
direction parallel to the tie and belo& its center line at a'depth of 18 in.
df ballast.' Thesé tests indicated that the dépth of ballast section needed
to get'a fairly uniform pressure on the subgrade equals the tie spacing minus
'thfee inches. A comparison of measured and calculated‘vaiues also.indi;ated'
that, while.tﬁe shafe of the measured and calculated curves are similar, the
calculated pressures may be considerably different from the measured data.

_ Analytical predictions of track response were made‘using MULTA for a
particular range of track parameters. 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 maximum bending moments at the cente;-of the tié decrease as
ballaét'depth increases. However, the maximumvrail seat bending
moments increase By a small amount, appfoximately'SZ, when the
baliast'depth increases fiom 12 to 36 in.

The vertical rail displacement and the rail bending moment decreasé,
whilé the rail seét 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 depth. Because the

rail seat load and maximum pressure at the bottom of the tie increase

with ballast depth increase, at a common depth in the ballast the

stresses should actually increase with iﬁcrease in ballast layer
thickness.

The maximum vertical stress on the subgrade surface and the stresses
in the subgrade decrease rapidly Qith increasing ballast thickness.
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 ballasﬁ and subballast, vertical stress at the subballast-subgrade

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

anchor point approximately 10 ft below this surface.  The strain measurement

method-in particular 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 records.obtéined when a threejcaf train
passed slowl& over the instrumented wood-tie sections are the following:

1) The pérmanent strain and deformation from one pass of the train was

negligible compared to the elastic components.

"2) The 131 ton (119 metric ton) hopper cars produced lgggér résbonse
than the 131 ton (119 metric ton) locomotive, because of the higher

\ axle loads>.'_‘

3)- Tﬁe variation in stféss, strain 6r_def§rmation.as‘each'individual
'a_.scl_e in a .group ﬁasses ovérA the g.age. is smél_l’compéred t';o the gro_ui:
average, indicaﬁing that tﬁe rgil is diétributing the»axle_loads over
distances exceeding the axle spacing,‘

4) The vertical strain in the ballast is mostly negative (exfension)
beneath the center of the tie at thg centerline of the track. The
extension and compression strains beneath this point in the subballast
are app;oximately equalf

5) The subgrade deflection was always downward fealtive fo the un;
loaded track position,.and the subbailast strains béneath the
rail were essentially only compressive. |

6) . The ballast strains were extenSioﬁal at the midpoint of‘the cars as
a result of spring-up of the’rail. ﬁowéver, pért of this extensidn
could be a result of lifting of the tie from the ballast beéause
the top part of the strain gage was attached to the tie rather
tﬁan to the bailast surface.

Anaiytical models tﬁat difectly predict_ﬁermanent Eallast strain and
cumulative.track settlement from traffic loading have not been developed.
Aiso, very little éxperimental 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
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measufed as a function of total traffic load for a variety of track conditions.
A typical set of results is shown in Fig. 2.4 for one track seﬁtion.‘ Strain |
measurements of this type have not previously been available. The slopes of‘
all of these curves decrease rapidlyﬂwith_increasingVtraffic, but the permanent.
subgrade settlemént still continues‘to'accumplate significantly even dfter 100
million gross tons (91 miilioﬁ metric tons) loading.

2.3 PERFORMANCE AND DESIGN OF TRACK SYSTEM

Performance Measurement->bThe_ffa¢k perfor@ance is the dég:eé.of the
effectivgness'with which a track sjétem fulfills its intended purpﬁse, that
of providing the rail surface conditioﬁs:necessary for the safe, confértable,
" economical qperation of the trains using the system. Each componént of the
frack system contributes to this overallétrack pe;formance. Thus track . per-
formance iS'aléo an indication of how well thesé componenté ﬁerform'their
individuél function. Although the,tfack performance could be illustrated in
Atermé of the behavior of the track system'compbnents, insufficient iﬁformation
is available to accurately evéluate the contribution of individual components
to the overall.track performance.

Track perfofménce is currently repreéented.by a) measurements of
structural capabilify that could be related-to‘thé track perférmance under
) ioéding, b) tfaék physical appearance and iﬁs changes,_and/or c) the effects.
ofvtrackdin service, such as safety, ride quality, and derailment frequénc}.
The most fféquently used cri;éria for the ﬁrack performancévare:

1) Track Stability or Load Bearing Capacity as measured By track moddlus,

track settlement, or track and tie resistance.
2) Track Geometry as represented by gage, surface, twist, superelevation,
or alignment. o
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 iading damage, or rate of equipment deteriorationmn.

5) Maintenance Requirements as indicated by amount an& frequency of

~maintenance.

6) Environmental Effects such as vibration and noise transmitted to
the surrounding cpmmunity.

. These criteria are interrelated and none.of them ie universally snperior

rn orhers in defining the track.performaneef‘ Instead, all of.these.criteria

“ideally should.be integrated into a single index meesuring the reiatine

ebility of the overall track system to perforn irs_function.

Performance'can be represented either by meaenrement of the physiceir
quantities representing the above listed terme, or indirectly.by determination
of the costs involved. The latter method could be more definitive in
. representing the overalljpicture of track performance than the former, if a
 reasonable scheme of converting.the physical significance of the.criteria
“into monerary values could be established. However, two major factors
governing track'performance which could be measured quantitatively at the
present time are track geometry and track stability. |

The parameters describing the track'geometry are gege, iine and surface;.
Equipment end_methbdology have been developed te evalneteAench properties as
cross level, gege, lonéitudinel roughness, end lengitudinal differential
settlement, with various rail insnection'cars and/or manual_procedures.

The gage is the distance measured between the inside heads of rail 5/8
in. below the toptof rail. fne gage must be held within"reasonable limits ,
yvet there must be some play between the wheels and rails. ~ In the United
States, according to AREA.standerds, 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 gage opené} or if tﬁe gage varies, then
the force of the wheel flange against the rail will be increased, and undesirable
lateral ac;élerations will be imparted to the vehicle 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 irregularities and deparfures from the designéted position at
individual locations along the rails. The -effects oflpoor alignment are rough
riding, excessive and irregular rail wear, and a contribution to the development
of poor surface. In mulfiplg-track territ&ry or other locatibﬁé of limited
clearance, poor aiignment may~also‘lead to dangerous clearance_sifuatioﬁs°
Surface refers to.the adherence to established grade and uniformity of

cross level in the plane across the heads of the two rails. It also
includes adherence to the established supereievations on curves. It is
important to understand that good surface applies to the track in its loaded
rather than unloaded position. Track which shows perféct cross level and
gage when unloaded may nét be level under traffic.

| It.is obvious that the aforementioned track conditions closely relate
to general safety, comfort, and economy. For example, if intolerable levels
of certain of these track conditions exist, then problems such as fréight:
damage, derailments, or equiément daqage, may occur. It should be aéknowledéed
thaﬁ the tolerable levels of certainhpertinent tréckusurface conditions will
‘vary with the users. For example, high—speed passenger train service requirés
different levels of track surface conditions than does a typical freiéht
train operation. This is apparent when the FRA Track Safety Standards are
- examined for different classes of ‘track.
| The track stability is the capability of a track system to.sustain the

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 . .Theidesign of the railway support system has been mosfly-
empifical, particulariy invthe U.S. However, récent sjsteﬁs research has |
developed a better understanding of trénsient loa&ing behavior of the_réilf
, way:suﬁpért,sfstém; This work has.already léid ﬁhe baéis for ﬁore.ratiqnal.
ktrack.design meﬁhods; | | o

Numerous‘thebries, tachniques and/or pracedures have been developed .
for calculating stresses and deflections in the railway support sstém. Most,
however, have concentrated on "realistic" representation of tﬁe rai%-fasteqer—.
tie components, while'representing,thg ballast and subgfadé either as springs
or as a liﬁear elastic -layer. Details-of various techniques and proceduresﬂ
are summarized in Refs. 1 and 5. |

The ‘current design practice for at-gréde track is based on satisfying
a number of design criteria for the stfength of individual track componenté;'
These criteria include the following:

| 1) bending stress in the réil base,

©2) tie bendiﬁg stress,

3) .pressﬁré on the ballésﬁ‘surface under a tie, or'

4) pressure on the soil subgrade. |
The allowable values of these criteria are briefly discusséd in Rgf. 1.

Aithough it might be expected that the rail size would depend on some
type of‘stress criteria, other system;requirements such as wear life, electrical
resistance, cost and future availability, more frequently govern the rail
size.sélectioﬁ. 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 criteria, 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 conﬁentioﬁal track support structures. Strength
properties of ballast and subgrade soil materials aré rarely determined.
Models presently used for structural analysis of the track sfstem do dot

-4adequate1y consider ;hé naturevof-Bailast aﬁd éubgrade'éoil materiglé. fhe
ballast depth is usually.selected based on iﬁs éépacity to redﬁce the'pressﬁre
from individuai ties to meet an empirically—bésed allowable éressure'limit fof
the subgrade. Most of the suggested design methods do not incorporate
jimportént aspects of: the ballas;lresponsevunder the traffic, such as étrength
and stiffness characteristics under fepeated load, and ballast property changes
with climatic,or_environmenta14exposUre énd traffic. ;

Changeé in Track System with Servicé. Non-uniform tamping,ébft and

decayed ties, lack of récent tamping, and depressed ballast under joiﬁts cause
deterioration of surface. Ovef a period of time with service, irregularity

in surface also develops due to differences in bearing pressures existing
along the leﬁgth of the ties. Usually, the reéeafed application of this non-
'Uniform pressufé under the ties results in a greater depression under the rails
’éhan at the center, to form a so—calledA"éenter-bouqd track“.

Pumping joints wﬂich result from inadequate drainage,'foulea ballast,

and sbftening of the subgrade foughen the surfacé. Frost heave is a common
~cause of deterioration of the ﬁrack surface during winter. The wear of all
parts of the track structure also contributes to deterioration of the track
surface. It becomes worsened when dynaﬁic 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 development of soft subgrade and ballast pockets; and instability of the
subgrade also cause loss of surface and line. . These conditions are cumulative
and- lead to general track deterioration if permitted to continue uncheckeéd.

The ballast in service is subject to gradation changes caused by 1)
mechanical particle degradat%on during eonstruction and maintenance werk; and
under traffic loading, 2) chemical and weathering degradation from environmentall
changes, and 3) migratisn of fiae_particles. Nermally, open-graded_ballast'

‘is placedwhich facilitates maintenance operations and is free draining. If

the ballast degrades, it may lose its open-graded characteristics. Additionally,

in some cases cementing of the ballast may occur, which produces a ;ayer of .
undesirable rigidity, reduciag the resiiiency.

When repeated loads are imposed on the ballast,’ stresses and moisturne
at- the ballast-roadbed interface may be sufficient to lnltlate a eondltlon
whereby the roadbed and ballast start to intermix and cause ballast "fouling".
As time progresses and as track ballasting and resurfacing operations continue,
a substantial amount of'ballast can. be forced into the roadbed and/or the
roadbed is forced into the ballast; A "ballast pocket" also may form when
the subgrade is depressed by'the stresses transmitted through the ballast.
These depressions can trap water aad hence lead te further track deterioration.

Saturated subgrade seils may.aiso be pumped upAinto the voids of
ballast by repetitive loads. Fine sand, silts and clays are susceptible to
pdmping when Water.is present. In new construetioh and in major upgrading tb
carry increasing traffie. such pumping action is reduced by usiﬁg a layer ef compacted
subballast material graded‘to act as a filter.

“In existing track, pumping occurs most frequently under poorly main-
tainedvrail jointg. Muddy ballast at a rail joint should not, however, be
assumed aS‘a sign of subgrade pdmping. Such fouling is sometimes caused by
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internal abfasion of the ballast pieces under heavy dynamic loads. On main
lines in particular, old gravel and ballast underlying more recently placed
crushe& ballast material seems to form an effective filter.against upwazd ..
pumping of the subgrade.

Subgrédelpumping can be eiiminated by taking.correcgive agtion’such as by
a) removing fouled »allast and reconstructing the track us'ing ‘a subballast?
filtgr layer,.or b) ;aying a)membrane under the ballast.‘ The applicatioﬁ‘of
more béilast_without removal of the fouled‘béliast and corréction of ‘the
cause is not fécommended, asbbumping will foul the new ballast. In all cases,
the total thicknéss of ballast and-subballqst must be éufficient to spréad
traffic loads to the subgrade without overstressing it.' |

If the ballast material does not possess adequate stability, repeated.
loading from the traffic will cauée»excessive permanent deformation in the "
ballast layer. This méy contribﬁte td-a iqss of. surface of the rail system.
. In many cases, inadeduateV"densification" or compaction conttiButes to an
aécumulation of permanent dgformation; wﬂile in other_caseé,veven when
the ballast is propefly-compacted, it does not possess adequate stability for
the specifiic conditions of loading, ballast thickness, and subgrade suppqrt,k
for example. |

Soft spots ére:areas élong the track where'settlement-requires freéuent.'
lifting to be carried'out. Such.spotshave safurated soff sﬁbgfade and ballast
pockets that tfap and hold watef; Heavy traffic will acpelerate the problem.
If track can be taken out.of service tempora?ily,Aand the cost is warranted,
soft spots and ballast pockets can be cured by: a) excavation and rgplacement -
of ﬁhe plastic subgrade soil with more stable soil, b) stabilization of the
subgrade soil, énd/or c) introduction of methods to reduce the amount of

water reaching the subgrade. If track cannot be taken out of service, the
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conditions can be improved by providing better drainage of the subgrade and/or
‘injecting stabilizinglchemiéals.if the séil conditidns are suitable.' A more
réiiable approach, -however, is to add»béllast and lay ties at a clbser.spacing
if necessary.to re@uée the stresses in the subgrade ma;érial. Longer ties will
also spread the ﬁ?affic load over a wider area. -

Frost heavingvmay occur in subgrade gnd ballast when fine-grained material
_'andvmoisture exist in.ﬁhe track and are sﬁbjected to freeZingitempefature.

Mgis; soils display volume change upon ffeezing;fand Significant volume

increases occur when ice'lensésvdevelop. Rough track is caused when a difference
in vqlume changé-of subgrade soil devélops ove? short distances along or

across the track.

The famping process(employéd‘in track;mainteﬁancé is generally believed té
loosén ballast under the tie from its,denéity_staté‘developéd over timé.under ,
tréffic loading. Tamping also leaves the'crib ballast very loose. Loose crib
ballast-is a diéadvantage because it éoes not contribute significantly to tie
lateral résistaﬁce, and it reduces'thg'supportihg capacity of the ballést'under
the tie by proViding less lateral confinement than dense crib ballast. For this
reason machines to recompact the‘crib and shoulder ballést after tamping are
'now.being considered in the U. S._and Canada tdlspeed up the process of traffic-
.induced-dénéifiéation and proﬁide a ﬁigher lateral tféck stability.immediétely
affer maintenance.

Very iittle direct evidence is available to support.many of the above con-
clusions beéause in~situ methods of measuring the ballas; physical state have
been iﬁadequatej 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 éonsidefed,in determining needs for track
maintenance:
l). Deterioratioh‘of track geometry (not included in the criteria until
recent years.)
2) TFailure of track structure
a)v Rail: wear,corrugatién, structural failure

b) Fastener: Jbroken and looséned‘
c) Ties: mechanical wear and décay, damége due fo accidenﬁ.
d) Ballast: degradation, pumping, fouling, permanent deformatioﬁ
e) Subgrade: exéessive heave, gxcessive and uneven settlement,.
infiltration of béllast
3) Re&ﬁced level of track performance
. a) . Operating speed reduction -
_ b) Increased frequency 6f slow speed_orders
c) Increased rate of equipment deterioration
- d) Incregsed lading damage
e) Detérioration of riding quality
f) 1Increased level of ﬁéisg and vibration
é) Increaéed detailments and accidents |
h) Others |
45 Economical considerations
5) Avéilability 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.
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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 certain t&pe and quality which are
exnected to.yield the resuired strength and other pertinent performance
character%?tics. However;?econonics is also an important factor in the materiai
selection. Alternatine types’ of aggregates ususlly are selected for a_giveﬁi.
.projeeexby subjecting representa;ive‘samp;es to a series ef index tests for
preliminafy'ranking with respect tn behavior,'basee onlsppropriste classificstion
.systems or job.specifications.lThe types of index property tests performed on |
'aggregates, the claSsification systems used as a relafive ranking of different
sggregate materlals, and the appllcatlon of these tests and systems to ballast
materials will be discussed in the follow1ng sections.

Of all the engineering uses of crushed.rqck and gravel-materials, ballsstf‘
is the nost severe with respect to both losding and weathering. ‘ Loads under
rough“railljoints are severe enough to snatter and abrade good quality rock,
and exposure of the 5allast bed to weathering is‘compleee. Neither road
nof csncrete aggregates are subject to such severe conditions (Ref. 24).

Both physical and chemica; tests are used in assessing tne suitsbility
of coa:se-grained aggregates. The teses'will-cover snch eharactefistics asf
1) gradation, 2) sphericity, angularity, 3) spec1f1c gravity and absorption,

4) reference density and void ratio, 5) hardness and toughness, 6) chemlcal
soundness, 7) abrasion resistance, and 8) freeze-thaw characteristics.
Snch'tests for ballast materials'are besically fof evaluating quality. Many
of the qualiey-tests have been developed as indirect indicators of potential
in—service'behaviors However, these quality tests quite often evalnate

characteristics of the individual particles rather than the ballast mass (Ref. 1).
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According to Ref. 29, most major contracts covering the selection and
prodﬁction of aggregates will include requirements which are based on the
published standards of one or more of the following agencies:

1. American Association of State Highway Officials (Ref. 25),

2. American Society for Testing and Materials (Ref. 26),

3. - Corps of Engineers (Ref. 27),

4. Federal Government (Ref. 28).

Thése-specifications include details which are of importance to

£he producer as well as to the uéer,»and they cover the fangé from

raw material to.finished aggfegate. Substantially the same subjects are
covered by each issuing agehcy, and subsequent portions of this chapter
indicate the pertinent specification designations and describe the scopes of
applicable specifications.

The purpose of this chapter is to summarize the teéts and. specificaticns
for aggregate materials that. are relevant to ballast. The review presented
is a compilation of information obtained primarily from references 1 and

29, with appropriate condensation.

3.1 GRADATION

The particle size distriﬁutioﬁ dertermined by the separation of the

aggregate through a progressive series of sieﬁes stacked from-the coarsest

to the finest mesh screens, is known as its gradation. The cumulative percent
passing each sieve 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 rélatively 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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:'granular soils igfluences the packing characteristics, permeability, com-
pressibility, and shear strength.

In order to reduce construction cost, a great Qeal of the activity of
_various organiéations has been concentfated on the standardization and, not
the least, on the uniform application of aggregéte gradations. In connection
with the Interstate Program, the Bureau of Public Roads made a.speciél stddy
of fhe problems involved ‘in standardizing aggregate gradgtions.aFd of the -
ecoqomic'gains therefrom. -Subsequently, in- 1961, 4 set of specifihations'wag‘
issued as a guideline_for the Qarious state;;in.conneéfion with the fedefal
highway projects‘(Ref. 30). The Amefican Aésociation of State Highway
foicials.(AASHO)% through its committée on construction, made a complete
review of ;ll state specifications for highway construction (excluding bridges).
The intent was:to develop AASHO standard construétion specifications which
would be sufficiently broad to.permit their adoption by all of the states..
These AASHO’Guide‘Specificétioﬁs for Highﬁay'Constructionbwere_pubiished in
1964 (Ref. 31). - |

.Thé Bureaquf Public Roads has oqtlined the gqal of standérdizatioﬁ of
aggregate gradation specifications as follows:

1. To develop a miﬁimum number of standard aggregate gradations that
Acan'be uniformly adopted nationwide fdf general usage, while atfthe same
timevfecqgnizing ihe nee& for‘SOme variétiéns by”épecial provisions to fit
locallylavailabie materiéls.

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‘ideptification
of the standard aggregate gradations (Ref. 32).

“This‘subject was ﬁreviously the basis of a cooperative study by}the
National Sand and Gravel Association (NSGA), the National Crushed Stone
Association (NCSA), the Naﬁional Slag Association (NSA), and the major pro-
ducers and usérs of aggregate. Thé.Joint Technical Committee propbsed a
setAof gradation specifications, which was.appréved by the National Bureau
of Staﬁdardé-and pubiished in 1948 by the Departﬁent of Commérce‘as a
Simpiified Practice Recommendation (kef. 33).' _

Standard ballast gradinés are identical with standard aggregate gradings.
This was decided in 1944 when thé.ballast grédingé weré first qulished in the
AREA_manual. The gradings have noﬁ been chénged significantly since, in N
spite of the pafticulaf requirements of ballast cpmpéredvto aggregates. This
suggests that'the.ballast gradings were chosen because they were availablg.
| The important'gradation designatiqns for highway an& railroad gggrééates
. are-listed-below: |
1.. Standard Size of Coarse Aggregate for Highway Conétruction:
AASHTO DeSignatione...eevesoceesessso. M43
ASTM Designatién; ..... ....,.3.;.=.,,,;D448
2. Crushed‘Stone; Crushed Slag, and CrﬁShed'dfavél for-bry—bound or
Water-bound Macadam Base-Coursegz | | |
- ASTM Designation..f.................;.D694_
3. Crushed Stone,.Crushed Slag, énd‘GrAQel for Railroad Ballast:
Federal Specification Designatior.....SS—C-743
AREA specifications from manual (Ref. 2), the gradations for which
are also'giVen in Table 3.1.

A spééial study on propertiés of sand and gravel for railroad ballast is

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

a) Crushed Stone and Crushed Slag

Amounté Finer Than Each Sieve (Square Opening)

Percent by Weight

Nominal. Size

Size No. Square Opening _3" 2 1/2" 2 11/2" _ 1" 3/4" 1/2"  3/8" WNo. & No. 8
24 2 1/2"-3/4" 100  90-100 25-60 Y 010 0-s
"3 211" 100 95-100  35-70  0-15 0-5
4 1 1/2"-3/4" 100 90-100 20-55 0-15 0-5
5 o 1m-3/8" ' 100 90-100 40-75\,_15-55‘ o-15> Q-5
. 57 - ‘1"=No. & AbAlod" 95-100 25-60 0-10 0-5
b) Gravei
Percent Amounts F%ner Tg::czzthgii;Zi éiquafe Opening)
» . Crushed d gat
§ize No. Particles 1 1/2" 1" 1/2" No. 4 No. 8 No., 16 No. 50 No. 100
G-1 ' 0-20 - 100 80-100 50-85  20-40  15-35 5-25 0-10 0-2
G-2 21-40 100  65-100 35-75 10-35 0-10 0-5
25-50

G-3 41-~75 100 60-95

¢) Pit-Run Gravel

'Sieve Size

(Square_Openings)
2 1/2"

No. 4

No. 200

Amounts Finer Than Each Sieve

0-15 0-5

Percent by Weight

Grade A Grade B
97-100. 97-100
20-55 20-65

0-2 0-3
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The sténdard'methods of gradation determination are as followgz
1. Sieve Analysis of Fine and Coarse Aggregates:
AASHTO Designation........................v......,.,T27.
ASTM Designaﬁion.................,.3..;;0...,....C136
Corps of Engineers De51gnat10n.............,.....CRD-C103-60
Federal Specification. De31gnation..........o.go.,MEthod 202.01
2. Amount of Material Finer than No. 200 Sieve in Aggregate:
| -AASHO De31gnat10n..................;.............T 37
ASTM De51gna1ton.................;.....;;........C-117
Corps of Enginegrs Designation.....;..;.....,....CRD-C105—57
Federal Specification Designation......,;........MEthod-ZOZyil
AkEA.specifies that the ;mount of materigl-in ballast finer than No. 200
-sieve be limited to a maximum of 1%.
.3;2l SPHERICITY AND ANGULARiTZ
The engineering behavior of granuiar materials is depéndent upon - the
shapé of the particle as well.as size. . for example, Peékover (Ref. 24)
cites tﬁe problem of "running rail" with uncrushed gravel ballast as an
exaﬁplé of the'effects of particle shape on performance. Since a quantitative
‘ranking of .the ggometric features oﬁ individuai parﬁicles is both difficult
and tedioﬁs; most engiﬁeers have identified the shape charécteristiés in
genérai termé. Identification is usually taken for>an overall view of all
the particles“wﬁ;ch will fitvinto one of the fdllowing qategoriés:\ rounded,
'subrounded or subangular,'aﬁd angular. ﬁowever, fésearch‘efforts in the
geologic sciences and concreté technology have made aids available that are
capable of defining the‘ﬁérticle shape characteristics more accurately. The
most commonly ﬁsed terms describing the geometric features of individual
partiéles:are sphericity and.angularity or. roundness. The sphericity is

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

- Three classes of grain shape are defined as.bulkyigrains, 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 elongaﬁed particles are defined as those whose least dimen-
8ion is less than 60% of its mean size (Ref. 1). Each of thése terms can
be defined numerically by .sphericity and roundﬁess, {

Sphericity ig a term uséd to~des§ribe the difference between length (L),
width (B), and thickness (H). Wadell (Ref. 36):defines thg equivalent diameter
of thé pafticle-(De) as the diameter of the éphere whose volﬁme is equal |

to the particle volume (V), that is,

De =31 6V . B
w : (3-1)

Then, sphericity (X) is defined as follows:
X=De/t . o (3-2)
A spheré has sphericity'of unit&, whilé flat or éloﬁgatéd particles have
valués less than unity. Flatness (F) is defined as : '
| F=B/H . ' S (3-3)
.The elongation (E) is defined by;
E=1L/B. . R - - (3f4)
© Zingg (Ref. 37) and.Mather (Ref. 38) havé.pr0poséd classification
systems which numerically defiqe the‘béundary values between spherical
flat éﬁd eiongated particles. Powers (Ref. 39) defines the sphericity
factor to ekpress the degree to which a givén irregular particle departs
from sphericity. The emphasis was placed in relating the sphericity factor
to void ratio rather than quantitativély defining round or flat particles.
The methods of test for flat and élongated pafticles in aggregatetare:
Corpé of Engineers Designation, Coarse; ................. CRD-C119-53:

Corps of Engineers Designation, Fine......c.cvveuenenenns CRD-C120-55
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A flat particle is defined as one having a ratio of width'ﬁo thickness greater
than 3. The length, width, and thickness, are, respectively, the greatest,
intermediate,‘and least dimensions of any particle as measured.along'mutually
perpendicular directions. They should be considered as the principal. dimen-
sions of the dirCumscribing rectanguiar prism.'

A précedure for determiﬁing the amount of "flaky" or elongated particles
has been developed aﬁd is covered Sy 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 Cana&ian‘National Railways spgcifies thaf Ballast "shall be f;ee

from an.excess'of thin or elongated pie;es" and indicates that the aﬁount
'sha;l bé no greater than 30 peicent (Ref. 24). A gréat variation (25 per
cent oflmeaﬁ) was found among testé of in-service ballast (Réf. 24). Rad,
(Réf.‘;l).foﬁnd "flaky" particles tended to break down more rapidly in an
impact test than did rounded particles.

" The definiﬁion of flaky (thin or elongated) p#rtiqles vafies, but
generally séme ratio such as width to thickness, length to width,'oriat‘
leasé dimension to mean particle-siée is sﬁecified. Some examples of limiting
rafioé are 1.7 (British Standard), 3.0 (Swedish Sfate Railways), and 4.0
(Ontario Ministry of Transportation and Cqmmunicatioﬁ)‘(Réf,'24)7 _The
"flakineés.problem" is furéhe;'compoﬁndedAbecausé no standard éxists.fdr
the alloﬁablé amouﬁt of flak& particles. The GermanvFedefal Railways |
believes a denser ballast is achieved if some "flaky"~particles afe.included;
and,‘therefore, épecifies both a minimum and maximum_aﬁoﬁnt of suéh pieces
(Ref. 24)., | n

Raymond, et al. (Ref. 42) nume?icélly 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 rélatéd these values to observations of lateral track stability made
by CNR personnel. From this study he suggested that limits to be used as
a stability guidé were an Elongation Index of not greater than 10% and a
sphericity of 0.55 to 0.70. However, the range bf sphericity values was
Aonl? 0.50 to 0.70 in the study. Sﬁecifisftions for flakiness-index and
roundness limitsrcould not be determined. The validity of thése limits

'still has to be established.

,Angularigy'dr'roundhéss is a measure of the sharpness of the edges
and corners of a particle and is independent of shape. Pettijohn (Ref. 35)
defines roundness (Rb) for a two-dimensional projection of the particle as
N Ri/N

R, =1L _f‘ : i (3-5)
i=1 R :

‘in which Ri'is the individual radius of‘a éorner or edge, N is the
numbéerf corners or edges, and R is the radius of the maximum inscribed
‘circle.~.When the corners and edges are sharp; their average radius is
small and the roundness ié low, but when the average radius of the cor-
ners approaches that of the inscribed circie, thé roundness value
appfoaches 1.0. By-définition, é sphere has.a roundness qf 1f0 a; well
as a spheficity of l.b. 'Otheerbjects, howe&er,'ﬁhich are nonspheriqal,
may also have a:roundness_of 1.0, for'egample, as avcépsule-shaped body,
which is essentially a cylinder capped by two hemispheres (Ref. 35).
Visual estimates of pafticle roundness and spheriéity are normally
used in lieu of thé more laborious method of image measurementq.‘Charts
to aid in- this estimating are available in Ref. 43 aﬁd 44, In general,
although estimates of individﬁalAgrains may vary éignificantly; average

values based on 50 or more pafticles tend to be similar, because the
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errors éf estimation are largely compensating in the absence of strong
operator bias (Ref. 35). |

Although it is possible to separately measure the shape, the
angularity, and the surface texture of individual particleé, the effects-
of theseron ballast stability seem to be intefrelated, and commonly a
siﬁgle number representing the shape, angularity, and surface texture of
the aggrégate is usédl(Ref. 1). Huang (Refs. 45 & 46) developed a
particle index test in which siﬁgle—sized aggreggté is rodded in a
rhdmbohedral mold énd fhe void ratio is compafed With thé vdid'ratio o£"-'
.uhifofm>sbhefeé. Huang (Ref. 45) éompared.the'vélué of particle index
with’spherigity_calculated according to the method deﬁelope&lby Wadeli
(Ref. 36) for gravel and crushed stonme and found a good relationship
between the two values for both materials. Recently Huang (Ref. 47)
modifigd'the particle index test to use a standard CBijold, énd the
'test.hés been adopted as a tentative ASTM standard.

Ishai and Tons (Ref. 48) developed a pouring test for expressing
geometric irregulafity of particles by parameﬁers which are‘#elatgd to
volumé, speqifid gravity, and aggregate porosity; The pouring test is
coﬁducted by‘allowing aggregate to flow through an 6rifice into é
cbntainer to‘overflowing,-leveling the aggrégate, and wéighing it.

" The pgcking specific gravity'(Gp) ié dete:mined by-compa;ing thé weight-
to the weight of glass beads which fill the coﬁtéiner; |
Differences in the shape, angularity, and surfacg texture of
aggregéte may ge'due to geologié fac;ors and production methods (Ref. 1).
Pit run gravels tend to be rounded, but because of their heterogeneous
'nature, it is difficult to conclude much about the surface téxture of

gravels. Crushed materials tend to be'more'angular than gravels, but
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the surface texture of crushed materials is primarily a function of the
grain size of the ﬁaterial° Crushed granite has a'rougher texture than
does crushed limestone.
3.3 SPECIFIC‘GRAVITY AND ABSORPTION

The absorption test is used to determine the bulk ana apparent’
specific gravitie§ of the.aggregate algng withAthe amount of water the
:aggregate absorbs (Ref. I).' ASTM (Ref. 26) defines bulgvspecific
- gravity as‘the'fafid of i)"the weigﬁt iﬁ air of a givén volume of im-
berﬁéable portion of a perﬁeable m#terial (thét is,‘the volume of solid
matter including its impermeable pofes 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 éompute appérent specific

gravity (Gg) 1is

e =y, - (3-6)
invwhich Yg is the density of:the solid particles, and Y,, 18 the dénsity of
water. Absorption is the ratio of a) the difference in weight of saturated
surfacé-dry sample and oven dry sample in air to b)_the weight of the
:oven.dry sample in air. Average values of bulk specific gravity and
absorption.éfe.available in Refs.'49yand'56; Values_range'froﬁ abouti'
2.50 to 3.3 for bulk specific g?avit&, and from about 0.2 to 1;8 for
ébsérption.

The voids and the continuit& of the voids affect the results of the
absorption tests. Slags and other coarse textured materials generally
show higher absorption values tﬁan do matérials such gs“basalt. It
should be noted that variations of more than 20 percent 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:l

AASHTO Designation. . . . . . .. ... .. T85

ASTM Designation . e c. . C127

Corps of Engineers Desiggation e e e . CRD-C107-60

Federal’Specification Designatioﬁ<. ¥ ... Method 209.0A

‘The field mefhod of test for absofpfiop b&,aggregates is:

Corps of Engineers Designation . L. .. CRD-C109-48
This méthod of ﬁest is intended for use in making an apﬁroximate deter-
minaﬁion'of abéorpﬁion (of ﬁoisture) by fine or coarse éggregate.

Altﬁough specific éravity is not necessarily re;ated to aggregate
behavior,'Wadell (Ref.-51) indicates that thfee individual rock types having '
1oﬁ‘specifié g;a@igies (shale, sandstone, and chert) may display poor.
performaﬁce ih éoncrefe. Aughenbough, et al. (Ref. 44) had a similar -
cpnclusiﬁﬁ based upon degradation 6f four differen; base course m#terials
dufing cdmpaction. That is, degradation increased with decreasing bulk
;pecifiC‘gravity, Raymond, et al (Ref. 42) studies of breakdown field
rating and bulk specific grgvity of ballast materials showed less break-
down for materiais having.a'higher specific gfévity.v‘HéweVer, good cor- _
relation for bfeakdown field rating'and absorﬁtion coﬁld not be éstébiished;
A minimum vélue of 2.65 Qas suggested.

.Brink (Ref. 525 reported that for a specific rock source, the absorp-
‘tion of the rock will be greater and the specific gravity will be lower
for the more weathered maferial. Siﬁce the absorption of water by anA

aggregate has a relationship with the pore volume of the.aggregéte, Bloem
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(Ref. 53) believes it is more logical to evaluate the freeze-thaw resistance
by using the simple absorption test rather than by the sulfate soundness
test, o

anadian National 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).

The abgorptiqh capécify of the aggregate is believed tovbe-related to
the weathering potential of'the aggregate. However, baéed on the iitérature,
therg.apbears"to be some controversy as to the significance.of the test |
results (Ref. 1). Peckover (Ref. 24) feels the absorption test offers
little in addition to the soundness test and thinks a direct measure of
the porosity of the rock is more important.

Dalton (Ref. 54) found high ;est;ng variations (és much as 60 percenf
of the aéceptable limit of‘0.5 percent) for the absorptioﬁ test.v He also.>
~concluded thaﬁ thé absorption limit may allow approval of ballast ﬁhich
may break down too rapidly due fovfield weathering. Raymond, et al-

(Ref. 55) found good correlation between the freeze-thaw, soundness, and
absorptioﬁ test results. |
3.4 REFERENCE DENSITY AND VOID RATIO

Multiparticle systems COnéist‘of three &istinct phases? solid pér-
ticles, and void space.céntaining,air and/or Watef. The compactness or
packing is usuallf defined by the void ratio, the porosity or the density
of the bulk samble. The void ratio (ratio of volume of voids to volume of
solids) along with porosity (ratio of voluﬁe of voidé to total volume)
and density (ratio of total weight to total volume) are affected by the

compactive effort imparted to the aggregate mass, as well as the aggregate
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shape, surface texture, and gradationm. Dénsity, in addition, is a function
of the specific gravity of the minerals. In general, the void ratio at
-a given compactive éffort is lower for wéll—graded than for uniformly
graded materials, and for rouﬁded.grain than for angular.gra;n material.

fowers (Ref. 39) investigated the yoid ratio in different combinations
of‘aggregate and found that if size groups‘are similar, the size range
governé ﬁhe void content. He alsb,fouﬁd that smali'void ratios are
poSsiﬁle if large single-size fractioms arevcombined-with small single-
. size fractions as well as if ; well—gradéd méterial ié considered. Lower
'void-fatios are éléo an indicator of highe: stabilit& and lower compressibilf
ity characteristics of tﬁe material. 4

Speéificationé for determining a reference density énd‘void ratio for
_cdncrete aggregates are: |

Unit,Weighﬁ ofAfine, cbafse, o;’mixéd aggfegates;

AASHO Designation « . . « o « '« o0 o o & Tl9,>

.ASTM Designation _; ; © e e e e ; . e C2§

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

Federal Specification Designation . . . . Method 201.0 -

Voids in-Aggregate (fof Conérete)ﬁ
AASﬁO Designation . Ce e e e e e e e T20
' ASTM Designatiéﬁ ;,u « e L‘; .l. . . . . €30
" Corps of Engineers Designation . . . . . CRD-C110-48
AREA recommends aAminimum‘compacted unit weight for ballast of 7Q»to
100 1b/cu ft.'(liZO to 1600 kg/m3) for slag béllast materials (Ref. 2).
Heavy ballast is.geﬁeraily preferred to lightweight ballast because.
it is thought to offer more resistance to lateral movement (Ref. 24).
Little meaningful daté has been obtained on'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 reSeérch
has been to develop appropriate methods and fo use them to study the
density state of ballast in‘the field. The methods, including a refer~'
ence density test, are described in Reg; 23. | |
Relative densitﬁ*expfesseé thg degree of.compactness of a material

with respect to the loosest (minimum density) and the deésest (maximuﬁ
.density),conditioné of the’matefial Ehat can be attained by spécified
1aboféfory ﬁrbcedﬁres.i Thus a materiél-ih.ﬁhe.l§OSESf state wouid.have .
a‘relativg density of zero and in the densest state, of 100 percent. The
magnitude of the‘dry'ﬁnit weight of a cohesionless météfial does not,
by itself, reveal whether it is loose or dense, because of the influence
of particle shape and gradation on this propérty;‘ ASTM D 2049 (Ref. 265
is a'standard specificatioﬁ used to determiné the maximum -and minimum
voidfratios-for,calculétiﬂg relative density. The ﬁ&pes of errors.in
determining rélative &ensity and a comprehensive review of these methodsA
is given in Ref. 56. However, this method is not suitable fér'baliast
materials.
3.5. HARDNESS AND TOUGHNESS

: ﬁ;h's scale ranging from‘l'for Ealé‘to 10 for diamonds, pfoQides
a relative measure of mineral hardnesé. It was developea in 1812 and
is now being used successfully for correlating physical and technological
propertiesvof 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)0

_ * 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
Asbeditos rock _Limestone Granite Taconite
Gypsum rock Dolomité Quartziﬁe Graniﬁe
Slate _ | Sandstoné‘ | irén ore Felsite
_Talc | o ' S Trapfock " Traprock
Limesfoné

The.topghness test is made to de#ermine the resisténce of a rock to
iﬁpaqt; Available standérd test methods are: |

Corps of Engineers Designation'. . : . . . » CRD-C132-53

Federal Specification Designation e e e Methéd-207.0
Average values of téughness of the principal kinds of rock are given in
"Ref. 49. The range is about 6 to 20..
f Several other testing schemes have been developed for ﬁse in estimating
‘ the hardﬁesé of individual aégregate particles. 'The Bfitish use British
Standard 812 in wﬁich‘the éggregate-is confined in a moid and subjected
to 5170 psi (21.86 MN/mz) pressure (Ref. 58).‘ Thé amoﬁnf of Breakdoﬁn
or changé in gradation is used té calculate the "crushing vaiue." Scalzo
(Ref. 58) attempted to porrelate field degrédation of ballast materials
with the crushing value. In general, he:found that good performance of
ballast was achieved if the "grushing value" wés less than 20 percent.

Rayméﬁd, et al.(Ref._42).determined the "crﬁshing value" for 10
ballast materials using B. S. 812. A good correlatiqn 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 of an impact test which involves drop-
ping a Wéight a specified distance onto several particles and measuring the
change in size due to a given number of drops. He found rounded pérticles
to be less éusceptible to impact than were sharp particles, which were in
turn ;ess susceptible than flat or elongated pagtigles.

3.6 CHEMICAL SOUNDNESS |

Thevchemical soundness test for aggregates is used_to'determiﬁe théir
resisfgnce té disintegration by subjecting the aggregates repeatedly to
éaturated solutions of sodium sulfate or magnesium sulfate. Tﬁis method
furnishes information helpful in judging the soundness of aggregates subject
io weathgring aétion,'particularly when adequate information is not avail-
able from sefvice records of the maferial exposed to actual weathering
conditions. Test reéults by the use of fhe two salts differ comsiderably,
8o that care must be exercised in fixing proper limits in any specifications
which require these tests. |

Test specifications for.soundness of aggregate by use of sodium sulfate
or magnesium sulfate are:

‘_'AASHO Designation . . . . . Ce e e e e . T104

ASTM Designétion e e e ; . .. . . C88

Corps of Engineers Designation . . . . . . CRD-CL37-62 and C115-55

Federai Specification Designation . . . . . Method 203.01
Soundness tests such as ASTM-CSS and AASHTO T104 consist af five cycles
of alternately soaking the aggregate in the saturated solution followed
by dfying.: Soundness is evaluated 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 type of solution, number of cycles,
void characteristics of particles, mineralogy of aggrégate, and presence
of fractured surfaces (Ref. 1). |
| The soundness test relates.to disrdption of the rock by the gréwth of
chemical crystals rather than by the growth of ice crystals during freezing
and.thawing and has been criticized because it does not simulate actual
conditions (Ref. 1. Addi?ioﬁally the soundness test.has'Been‘criticized
. becaﬁse it'is.not rebroduciﬁle in'diffgrent labofatories,<especially if.t
sodium sulfate is used; West;;et al. (Ref. 59) concluded the sodium sulfate
test did not proﬁe useful or reliable. Bloem (Ref,'535 found that magnesiﬁm
suifate prqduced more consistent results than did sodium sulfate, possibly
because temperatﬁre variationé affect the magnesium suifate test less.
Freeze—thaw tests (to be discussed in a following sé&tion)‘apparently
gi&e results Which'preAict thé weathefing resistance of aggregate‘bétter
than does the soundness test (Refs. 24, 59, and 54). waever, Rayﬁond, et
al.(Ref. 55) found éood correlation between field performance, the sodium
sulfaté soundness and the freeze—théw~(AASHTb T103) tests. He suggesté a
value of sulfate soundness not greater than 1.25% (Ref. 42). Ballast speci-

fications for sodium sulfate soundness repbrtéd by others are:

Source : _ : Soundness Not to Exceed
1. AREA S ‘ | S 10%
2. Caﬁadian National Railways (CNR) - | 5%
3. Canadian Pacific Railways (CPR) 10%
4. Southern Pacific Transportaﬁion Co. (SPTC) | : » 107
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3.7 ABRASION RESISTANCE

Two testing procedures 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 developed by the French in 1878 and subsequently modified in 1937.
It has been found to be of less value than the Los Angeies test as an
indication of the behavior of aggregate in actual use iRef. 29).

The-specificatidn for the Los Angeleé procedure for:the‘tésting'of
'crushed gravel, rock, and slag or uncrushed gravel for resistance to
ébrasioh is: ,-

AASHO Designation . . . « . ¢ o ¢« ¢ o « . . T96

TAéTM Désignation T N K X §

Corps of Engineers Designation . . . . .-. . CRD-Cl17-46

Federal Specifiéation Dgsignation ,'. .« e . Method~208.ll
Ledge réck, when hand broken into approximately cubical fragmeqts of the
specified sizes and tested in this manner, has been found to have a loss
of approximately 85 percent of that for crushed rock of the same quality.

The Los Angeles abrasion testing machine ;onsists of a steel cylinder
in which the ﬁaterial is rotated, together with cast iron or steel spheres, for
500 to l,OOd revolutioné. The sample ﬁay be either wetror dry. British
Railways uses the wet mode as a standard for ballast appfoval. The
abrasive wear is reported as the difference between the retained weighf 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 tyﬁes of rock range from 14 to 47
(Ref. 49). Among the factors influencing the Los Angeles test results are
number of revolutions, sample moisture conditions during test, uniformity
of aggregate, aggregate shape, gradatidn,'and mineralogy (Ref. l).

AREA specifications reﬁommend that LA abrasion losses be limited to a
maximum of 40 percent (Ref; 2). High quality aggregateubase course materials

oot : v
considered écceptable.for highwa&s and airfields normally have losses less |
than AO‘fOHSO percent.

| Attempts have been made4£o correlate Los Ahgeles abrasioﬁ aaté'with
‘ fiel& degfadation (Ref. 1). West, et al. (Ref. 59) obtéined good results -
.by'running both wet an& dry tests. Scaléo (Ref. 58) found that the values
.cérrelated'well except for basalt. -According to Goldbeck (Ref. 60) the

Los Angéles abrasion test 'gives a pretty fair indication of the service
value 6f'ballastr" Dalton (Ref. 54)‘fqgnd that the Los Angeles abraéion ‘
test aléne was not an entirely reliable indicéfor-of ballast quality. He
also indicated that ballast with abrasion los;es slighﬁly in excess of the
maximum allowable may be satisfactory if the resistance to freege—thaw is
good. |

Raymond, et al., (Ref. 42) reportsythat a good correlation between
breakdéwﬁ field rating‘and Los Angeles abrasion does not‘exist fof the
10 ballast types studied. Limiting Qalues ﬁabulated by Raymond et al;

(Ref. 55)-for other railways are shown below:

53



Source L. A. Abrasion Limit

<)

AREA _ 40%
CNR | 20%
CPR - 40%
SPTC o 25%

The specification for the Deval procedure for the testing of crushed
gravel, rock, and slag or uncrushed gravel for resistance to abrasion is!

AASHO Designation . . . + . . . .. .. T3 and T4=35

ASTM Designatipn e ... D2-33 (1968) and D289-63

‘Corps of Engineers Desiénatien e o o o e 'CRD-Cl4l—56

Federal Specificetion Designation .. Method 208.0

‘ The Deval abrasion testing machine‘consists of a hollow iron cyclinder

in which the meterial te be tested is rotated 10,000 revolutions with an

abrasive cﬁarge of six cast-iron spheres. .The difference betweep the retaieed
weighteon the designated screen and the weight of the original sample, ex-
pressed as a percentage of the original weight is the 1oss by abrasion.
The test is still specified, but the method is essentially obsolete° Averege
wear values for principal types‘of rock are 2.5 to 10.0 according to Ref. 29.';
3.8 FﬁEEZE—THAW CHARACTERISTICS |

' The procedure to be foliowed in tes;ingraggregates to determine their
resistance to dieintegration by freezing.andAthewiﬁg is:

BASHTO Designation . . . . . . .. ... TL03

Ihis test furnishes informetion helpful in judging the soundness of aggregates
subjectedAfo weathering action. However, in selecting aggregates, principal
dependence should be placed on service records ef the materials when exposed

. to actual weathering conditions. In the absence of such information, the
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test method affords a useful gpide. Because of the limited amount of infor-
mation»concerning the significance of the test results and because §f the
lack of information as to the uniformity of tests made in different labor-
atories,'the test method should no; be‘uéed arbitra;ily fof rejection; it
should be used'onlj go furnish informétion to indicate whether or not the
materials require fgrther investigatibn of their soundness (Ref. 29).

Several versions of freeze-thaw tests have been used to evéluate
aggregéﬁe resistéﬁcé ﬁo disintegration by5¢y61ésof freeze-thaw (Ref. 1).
In general, either partial or completé iﬁmersidn é#ﬁ be used, and the fiﬁid
caﬁ be either water or a water-alcohol solution. Although the AASﬁTO pro-
cedqre does not recommend the number of cycles, some authorities have recom—
mended the.use'of as many as 50 freeze-thaw cycles. Raqun&, et‘al..(Ref. 42)
“has u;ed 58 cycleé with a 48 hour period per cycle. ResistanCe:is meésurea
by the change in gradation caused b; the testing. Rapid’freeze~thaw tests
are open to criticism in that they do not siﬁulate fhg actﬁal rates of teﬁr
.perature change to which the ballast is subjected. However a high number
of éycles or a lohg'éycle time is impractiqal and uneconomical in most
;pproval ﬁestsbecause of the'time and cost involved.

Particles with fractured surfaces may foer more opportunity for pene-

- tration of water and hence for freeée-thaw degradation. Also elongated,(
angular‘partiéles foer more surface area than dq sﬁooth, spherical parf.‘icles°
Peékover (Ref. 24) and West, et al. (Ref. 59) feel the'freéze—thaw

test yields results useful for predicting resistancé to field ﬁeathering

"(Ref. 1). Raymond, et al., (Ref. 42) did not find a good correlation

!
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between breakdown field rating and freeze-thaw values for 10 ballast materials,
but suggests 3.0% as a liﬁiting 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 applicationm. |

1. Production of Plastic Fines in Aggregates

The durability factor is a value indicating the relative résistance of
an aggregate to producing detrimepfal.ciay;like'fines when subjected ;o_thél
llbrescribed mechéniéal methods’of degrédation.5iln’the Célifornia High%ay_
Dgpartment.test (California Test No. 229) the durability is measured by
agitating aggregate in water and measuring the change in gradation.

The method for detefmining the durability factor of aggregates is:

AASHTO Designation . - + '« « v « o o o + o o o . T210

California Designation . . . ¢ ¢ o ¢« o % s o o o 229=C

2. Plasticity of Eines

Excessive fines content normally is not permitted for high quality
ballast matérials. However, some lower quality ballast and many subbailast
materials may have a suﬁstantiai_émount of fine materials.

in general, it is found that stability of the granular material is
adversely affected by fines with high plastiéity. "Atterberg limits
(ASTM D 423 or AASHTO T 89‘and T 90) can bé used to detefmine the'plasti—v
city characteristics of the faction finer than the number 40.sieve (0.425mm) .

Typical ballast'speéifications do not contain any limitations concerning.
plasticity characteristics (Ref. i). Subballast haterials in general follow
limits set by ASTM D 1241 for soil-aggregate mixtures, which requires that

the liquid limit be less tham 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 shale in

coarse aggregate is:

AASHTO Designation . + « « . « « . . . . . T150

The test ééparates, along with the shale, other particles of low specific

' gravity or relatively high surface area such as iron oxides, soft particles,

‘and 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 o o o

 ASTM Designation . « . « . . & . . . .

Corps of Engineers Designation .. .

-Federal Specification Deéignation . o .

- Clay lumps and friable particles are limited

T112

C142

 CRD-C142-65

Method 205.0

to 0.5 percent by the AREA

specification (Ref. 2). ASTM Cl42 describes clay lumps and friable par-

ticles as particles than can be broken with the fingers after the aggregate

has been soaked in water for 24 + 4 hours (Ref. 26).

5. Soft Particles in Coarse Aggregates

The method of test for determining the quantity of soft particles in

coarse aggregates on the basis of scratch hardness

AASHO Desigpation e e e e e e e e e e .
ASTM Designation e e e
~Corps of Engineers Designétioﬁ .‘. ..
Feaeral Specification Desiénation . e
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T189

€235

. CRD-C130-57

Method 228.0
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Tﬁis test is to be used to identify materials which are soft, inciuding
those formed of a sof; material and those which are so poorly bonded that
the separate particles in the piece are easily detached from tﬁe mass.
The test is not intended to identify other types of deleterious ﬁaterials
in aggregateO' .

_ A study of tests for the determination of soft pieces in aggregate
gave as a conclusion,that ﬁhe scratch-hardness test using a hard yelloﬁ
brass.scribe was the only oﬁe considered suitable for laboratpry and field
use-(Ref.‘él).> Partitles are "sbft" if a groove is made without the dépo— ‘
sition of brass. 'ARﬁA recommends that soft particies 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 1ump§ and friable par—.
ticles in aggregates by slaking in water iss

Corps of'Engineers Designation e e . . CRD-C118-55

7. Petrographic Analysis

. Petrographic analysis (ASTM C295) is the microscopic examination of
rock samples and ;he identification of the constituents. The CNR commoniy
uses this method of analysis fo; ballast characterization (Ref°24).

SeQeral investigators (Refs. 24, 59, 62,-63) have atﬁempted to cor-
relate the results of petrographic anélysis‘of the particles with field
degradation. The resﬁlts of petrographic an&lysis 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 method for the petrographic examination of'reﬁresentative samples
of materials proposed for use as aggregates in concrete is:

ASTM Designation . . . . . . . . « . . . . ; 0295

Corps. of Enginéers Deéignatioﬁ &« + « <.+ . . CRD-C127-64
The specific'procedures emplo&ed in the petrographic ekamination of any
' saﬁple will lgrgely depend on the’purpose of the examination‘and thé\
nature of the sample (Ref. 29).

; Nomencléture has been preﬁéred to provide brief, useful;'and acguréte'
déscriptiohs §f some éf fhe ﬁoré common or mbie important néturai materials_
‘found as conStituents of mineral aggregates. TheseLare specified in: |

ASTM Désignation e e e C294

Corps of Engineers Designation . .-. . . . . CRD=Cl39-56
The descripﬁions provide a basis for common understanding wﬁen they are
used to designate aggregate constitﬁénts. ‘These descriptions aré not
adequate to permit the accurate identifiéation of the natufailéonstituents
of mineral aggregates. In many cases, this identification can only be
made by a qualified‘geologis;, mineralogist, or petrographer using the
apparafus and procedures of these sciences (Ref. 29).

Identification of thé constifuenﬁ materials in a mineral aggregate may
facilitate thé‘recognition of its prpperiies, but idéntification aloﬁe,
hbwgfer accurétely it may be accomplished, is not a sufficient basis for
predicting the behavior of aggregates in service. Mineral aggregateé com-
pose& of constituénts of any type or combination of types may perform well or
poorly in service depending upon the exposure to which they are subjected,
the physical and chemical propgrtiesvof the'matrix in which they may be em-
bedded, their'physical condition at the time they are used, and upon.other

factors: (Ref. 29).
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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 sfone, 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 ﬁay be affected
in different ways by the aggregate processing itself. Some rock types,
after processing, will have better finished shapes than others. Granite,
for example; hés a gbod,quality for aggregate and yields a géod finished
pf&duct, although'it is the source material fér less than 8 percent of |
quarried aggregéte. _Approximately 11 bercent of‘all quarried rock is
basalt, diabase, and éabbro,_a group generally known as 'traprock." These
are dérk, heavy rocks with a tendency to crush to flat pieces in the finer
sizes. Limestone and dolomite are the. most ﬁidely found common quarry £§cks
énd account for approximately 71 percent of the total. These high-calcium-
stones usually crush to yield well-shaped aggregate andhlend themselves well
to processing by impact breakers and hammer ﬁills. San&étone may vary greatly
in its physical properties and must be checked carefully bgfore it is péed as
an aggregate. Approximately 4 pércent of quarfied aggregate is produced
from this type of rpck'(Ref.f64)u

It is becoming increasingly impértant to include detaile& petrographic
examination in ﬁhe evaluation of any raw maferial for use as ballast. Such
an analysis as a Quality test by qualifiéd persohnel is both quick and
reliable. In order to maké a petroéraphic examination of rock samples fof
aggregate, it.is necessary to be able to identify the wvarious rock types.

Information for identification may be found in Ref. 65.
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Processed gravel is pit-run 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. Identification is usually restricted to parti-

cle size and shape characteristics rather than identifying the mineral consti-

‘tuents or rock type. ASTM D2488 (Ref. 26) is a standard method used to visually

identifg and describe such materials. : _ 4
Slags used és ballast and subballast aggregates are principally the non-
metal;ic by-prdducts of metal—making'furnaces. Identificatioﬁ is associated .
with the type of processing, i.e., air- or water-cooled, and type of metal ofe
processed; such as copper or nickel. 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 and‘performance of track structureé is influenced by the
static and dynamic stress~deformation and strength characteristics of the
ballast and the underlying soil lgyers. The mechanical properties repre-

. senting the material response is deqFrmined either from tests on specimens
in tﬂe laboratory under the anticipated field stress conditions, or from
tests conducted in the field on undiéturbed material samples. In ;his
chaﬁter the parameters-dgfiging>the éﬁress—deforﬁation and strength
,characteristids will be deScfibed, the meﬁhdds by which they afe measured.
will be explained, and ;he factors.influencingvtﬁe properties will be dis-
cussed.

" Soil is a material whose behavior is non-linear and inelastic,‘aé well
as stress-history and strain-rate dependent. Hence, the stress-deformation
an& strength behavior is complex, so tﬁat for practical applicatiomns, a
simplified representation in the choice of the mechanicalipropérties-isA
always necessary.

Using the soil cla;sification'systems common to geotechgical engiﬁeering,
ballast materials will generally be categorized as having theif Primary
component in the gravel-size particle range. . AREA specifications (Ref.'Z)
for crushéd stone, crushed slag,.and crushed gravel ballast indicate uni-
'formly—graded materiai, whereas those épecifiéations fdr pit rum gravel are
for'ajwell—graded material. Pit run graﬁel contains sand-size és well as
gravel-siie particles. Furthermore, degradation of particles or infiltration
of fine material can convert a uniform, gfavel—size ballast to a material
, which includes sand and silt-size éarticles, Thus, although particles larger
thanvsand size are normally desired in ballast, ballast materials can ehcoﬁpass'

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 gfanular soils, although 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, "
'thevlatter factors are quite impoftant for ballast materials. BecauSe'only
a small percent of available infofmation is directly derived from ﬁests
~on ballést materials, this chapter will present a general treatment of the
) mechaniéal behavior of non-cohesive or granular-materials, that 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 asseﬁbly of -
particles-which can be combined in a variety of packing arrays with a
range of denéity or.ﬁoid ratio. The.voi&s between the particleg are
filled either ﬁith air or watér-or both. Whén a -granular métefial is
stressed, it will deform_by a combination of: l) compressionvof individual
particles and breakdown at the particle contact points, and 2) movemené cf
particles relative to each other. This movement is resisted by friction
at the contact points, plus intérference between particles through inter-
lbcking. Both mechanisms of resistaﬁée are a function of the stress ievel,
with the consequence that the resiétance to deformatién undér stress
increases with tﬁe mean stress level, all other factors being equal. -
Stfésses.épplied to.é-granular éoil-ére gfansmitted fhrough either the
contact points or tﬁe pore fluid. The average stress on a cross-section

through the soil has been shown to be appropriately 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 resisﬁance, the effective stress
controls the strength and mechanical behavior of the soil.
In a partially safurated granular soil, the equivalent pore pressﬁre'
is essenti#lly équal to the pore air pressure, which is usually atmospheric
\
aﬁd hence taken as zero. In such a case the effective stress equals the
total stress. For a soil t@at is essentially saéurated,-that.is, with all
of the §oids full of ﬁatér; the equi;alent'poye pressure equals the pore
 water pressuré. Because‘the‘soii-pérticlesiénd the &ater are bbth in-
compressible compared to.the soil skeleton, when a saturated sample is
streésed, the pore water pressure can change significantly, and hence élfef
- the magnitude oﬁ streﬁgth and stiffness. Such changes will not occur if
. adequate‘drainage is allowed so that the pore water pressure will remain
coﬁstant, usually at atmbsphefic pressure, and hence taken as zero. Thus,
again, the effective stress equals the total stress.
During 1dading, a soil may be drained, undrained, or partially drained
with reépéct to movement gf pore fluid. 1In the. undrained Ease the boundary
.of the soil is restricted-so that no pore fluid can flow in or out of the
sample. In the drained case pore fluid can move in or out of the sample to
‘acédmmodate volﬁme chénges of fhe soil structuré ﬁith no pére pressure change.
'vThe pdrtially'drained case is, of course, the sitﬁation intermediate to the other two.
A partially saturated orAdry granular soil will behave the same whether
it is drained or undraiﬁed during loading,'becauseAthe compressibility of
the pore air is sufficiently great to resuit in little changg iﬁ pore pres-—
sure when the-éoil structure changes in volume. In the drained condition,

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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change without any pore pressure change. However, the mechanical pré-
perties will be very different for saturated, granular soils in undrainéd
loading, Because of the change in pore pressure which will.resﬁlt in a
change in effective stress.

In the case of a typical ballast matefial without fines and withithé
underlying éoundariés open té drainage, the ballast will have a low degree
of saturation, aﬁd the total stresses will be equal to the é%fective
stresses. With the lateral and-underlying,boundary sealed,'thé ballast_cén '
become saturated, but if the loéding.ié‘sloﬁ eﬁough to permit'quard. '
drainage of pore watef, the ballast will still.behavé as a drained material.
However, when the ballast becomes clogged with fine materials, the permeability
may become small enough that the rate 6f dissipation of pore pressure is,
slow enough during dynamic loading that the ballast will behaQe in an undrained
mannef with a Buildup»of pore bressure and, consqugntly é significant alteff
ation in‘théfmechanical behavior.

/ The most common method ofAmeasufing'the‘stress-strain and strength
properties of a soil is the triaxial ﬁest‘illustratgd»conceptually in Fig. 4.1.
A cylindrical saﬁple of soil is surrounded by an impermeabie membrane and
plécéd'in a fluid—filled chamber,vso that an all-arbund confining pressurem
A (03).can be applied to the outside of‘the sample. An’add;tional éxial com~
pressive stress (01~- 03) is then applied to the sample, causing a compres-
sive deformation‘under-cbnsfant total lateral stress. The resulting stress
state is represented by an axialltétél stress (Gl) and a lateral tétal
confining étress (03).

Typicél 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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Figure 4.1. Stress Conditions for Stress-Strain
Determination of Soil in Triaxial Test:
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Figure 4.2. Typical Static Axial Stress-Strain Curves for Cohesionless
Soils at Constant Total Confining Pressure
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constant coﬁfining pressure. In 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 loose soil
shows a‘continﬁally degreasing volume. In contrast, for the saturated,
undrained case, nb volume change can occur. Instead, for the loose soil,

the poreAwater pressure increases during loading, while for the denée soil,

the pore pressure at first increases and then shows a significgﬁt reduction.

‘This pore pressure change will alter the effective stresses so that the

deﬁse soil is stronger ;han in the drained case, while the looseé soil is
weake; than in the drained case. |

If the draiﬁed tests are run at different tqtal confining pressures,
the stiffness and strength will increase as the confining pressure increases.
The stress state af the peak points can be represented by Mohr's circles as
shown in Fig. 4.3. For ideal behavior of cohesionless soils, the circles for
differeqt confining pressures. will all be tangent to the same straight line
through the zero stress state. Cohesion is assumed to be zero, and therefore
the strength parameter is the angle of éhearing resistance.$. In the undrained

case where the pore pressure changes (Fig. 4.2b), the peak value of 01 - O3

will be different for the same value of_03° The drained and undrained Mohr'é

- circles for the loose soil in Fig. 4.2 are compared in Fig. 4.4. A lower

value of strength parameter is obtaine& for the ﬁndrained test when the -
results are represented in terms of total stfess. However, the effective
stress circle for the undrained case has the same strength parameter as
that for the draiqed 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 soil would be analogous, 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 soil behavior in the laboratory

and in the field is affected by characteristics of the soil type, imposed

stress conditions, and type of drainage. Variability in test results on
idenfically prepared spécimens is accounted fér by the ﬁrecgding factors

as well as by the limitations in the test,procedﬁfes and equipment. The
"latter,'however, will not be considered in this’cﬁapter;‘ The main fgctors
influencing cohesionless soil behavior ‘are: 1) degree of cbmﬁactness, 2) degree

of confinement, 3) plasticity of the fine fraction, 4) degree of saturatién or
drainégé condiﬁions, 5) particle shape, 6) gradation curve characteristics, 7) par-
ticle size or principal component, 3) type of test and 9) rate and type of loading.
Tﬁe treatmeht of these factors in this chapté?‘ﬁill bé.general and hold,for
a'majority of cases, althoﬁgh specific conditions caﬁ be'encountergd which
will contra@ict the generalized behavior.

Sﬁil partigles may\be arranged in either a loose (high void ratio or
low‘relative,density) or dense (low void ratio or high relative deﬁSity)'
state depending upon the amount of energy imparted t0rthé soil. Dense sqils
have a higher-modulus of deformafion, a‘higher peak stress (coﬁpressive
stfength) and a lower sfraiﬁ at failure than loose soils (Fig. 4.2). After
the peak stress has been reached, dense;sdils show.a reduction in stress

“ wifh increasing strain while loose soils often continue to show a constant
stress.or.increasing stress with increasing étrain. Upon loading, loose .
drained or unsaturated samples undergo a volume reduction and subsgquent

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 wiil
asymtotically approach the same stress and will essentiaily have the same
void ratio, which is defined as ;he critical void ratio.

Two saﬁples identically ﬁrepared but tested undef different confining
pressures will show appreciablé differences in behavior. While the failure

3

strains are ességtially the same, samples at higher confining pressures
Aave a highér modulué of deformation and peak stress. The higher strength
is primarily dﬁe to the‘additioﬁal intérlocking of the grains under the
higher confining pressuré." . |
The ?resence of plastic fines tends to lubricate fheglarger particies

such that a reduction of interparticle frihtion oécufs. fhe result is a
lower modulus of deformation, lower peak étreSS'and higher failu;e strain
than those existiné for non-plastic fines;kFig; 4.5a). 'The differénces in
the two curves can be accounted for by the quantify.and‘the iegfee\ofv
- plasticity of the plasﬁic material. |

- Since granular ﬁéterials without fines are highly permeable, pore
water cannot completely fill (saturate) the void space‘unlesé the flow
is restrained. The behavior of soil that is both séfurated and undréined
during loading is quite different from that which is fully drained or
unsaturated (Eig. 4.2). .Howevef, on an efféctive stréss basis thé results
are ésséntialiy the same. |

. Angular pafticles iﬁterlock more thén rounded particles and thus have
a higher peak stress. As shown in Fig. 4.5b, the modulus of defofmation
is lower and therfailure strain is higher for angular particles than
rounded particles with uniform grading at the same relative density,

but different void ratios. However, the influence of shape on failure
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of Plasticity of Fines, Particle Shape, Gradation, and Particle Size

73



strain and modulus values is no£ clearly_established in the 1iteratgre.
The difficulty arises in obtaining samples.of nearly the same grading,
maximum and minimum void ratios, but different particle shape. |
Well-graded and uniformly-graded materiaIS'represent the extreme
grading limits.‘ Well—gr;déd soils have a larger number of contact points,
thus‘producing a higher dégree of interlocking an& shearinguresistance. 0
‘These materials have a higher peak stress (Fig. 4.5c), buf the comparison of
modulus ofAdeformation and>failure sﬁraiﬂ,is not well established, due to
Qiﬁfefeﬁceé in the magnitude of‘the iimiging void ;atibs and'relative densitieé,
The angle of shearing resiétance is ﬁighly influenced by the particle |
. size. Reported trends are for both incréasing and_decreasing friction |
angle with decreasing pafticlé size. Smaller size particles ha&e more
particle cqnﬁacf area, thus\ﬁroduéing aimore uniform distribution of shearing .
stresses within the soil specimens. Large partiéles have a higheﬁ degree of
crushiﬁgjand‘ffacturiﬂg, but these effects also prdduce greatér intérlocking.
An important faétor‘to‘consider for comparison of stfess-strain curves is
denseness of particle packing.‘ As shown in Fig. 4f5d, sénd‘exhibiﬁs a higher
peék stréss-than gravel, but this is fbp samples prepared'at fhé same void
ratio.- The sand is in a dense state, ﬁhereas the gravel'is in a 106se state.
This factor alone étfongly iﬁfluences the results and would be misleading
for the compérisoﬁs made here. The prqpef éarameter'used should be relative
density, which would give gravels the'highér peak stress and modulus of
defofmation. Failure strain is essentially the same for the two materials.
The behavior of granular soils is a function of the metﬁod by which

stresses are applied to the specimen. The isotropic or hydrostatic com-

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

yield occurs during axial load, but strains are greater thamn in the iso-
tropic compression test at the same stress levél. In‘triaxial compression,
lateral yield occurs during}fhe application of the axial load under comstant
lateral stress. Strains 4dre larger than in the two previous cases, and
sample failure can occur.A |

Strain rate can have a significant effect on the magnitude of the res—
ponse of granuiar soil to loading. Typicél static strain rates are 1/120 to
1/30%/sec whereas dynémic strain rates are greater than 1/30%/seq and can
exceed 1000%/sec. Specimens at high strain rates have higher. peak stress
and mbdulus of deformation and lower faiiure strain than samples at low
strain rates (Fig. 4.6b). However, for granulaf soils the straih rate
effects are not usuallyxlarge, and can often be neglected.

Soils may be subjected to both static and dynamic loads. The latter
can be either repeated, or cyclic, orﬂhigh strain rate loads. Cyclic load.
testing usually involveé the application of an alternating axial stress
added to a hydrostatic sfate of sfress, which causes shear stress reversal
within the specimen (Fig. 4.6c). Repeatéd load testing is similar ﬁo cyclic
loading egcept.that the axial stress is usually alternated from zero to a
maximum state of stress with no shear stress rgversal occurring (Fig. 4.6d).
The drained cyclic and repeated load fests show 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 associated with
stréss—strain curves, such as peak stress, initial modulus of defofmation
and failure strain, are shown in Table 4.1. These variabies are also
ranked as.to the importance of the parameter with respect to the effect on
sfrength determination. Aé can be seen, the degree of compaction, confine-
ment, saturation, and rate of loading affect the Behavior of a given soil,
whiie particle shape, plastié&;y of the fine fraction, gradation and soil

type cause differences in the behavior of different soils. The variables

influencing the behavior the most are level of compaction,'degreé of con-
finement, and soil type.

‘Theoretical Relationships. Several theories have been advanced to

deécribe the étress—straih behavior of granular soils. The limiting factor
-is that verificatioq‘of these thgories is mainly for'sandy type'soils and
not fo; gravel; Because gravelsior ballast matérials are as much a par-
ticulate system as sands, the ﬁheories Based on sand behavior can be used-
as a reasonable approximation of the cbarse-grained material behavior as
well. Treatment of the static and dynamic behavior theories_will be des-
criptivé rﬁther than a detailed presentation of equations involved.

Rowg (Ref. 71), and‘Newlana and Allely (Ref. 72 ) both proposed Qtatic
stress-dilatanc& relations to define granular soil behavior. King and
Dickeh (Ref. 73 ) showed the two theories are founded on the same basic
stress and volume change equations and only differ with the final assumptions-
ma&e to allow interpretation df experimental results. The values of
empirical effective interparticle fric?ion angle, were essentially the same
on dense sand samples in‘dfained triaxial compression tests.. Rpwe’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:

Initial A
Variable Peak Modulus of Failure
Stress Deformation Strain »*
l, Degree of Compactness
(Relative Density, Void Ratio) .
(a) Loose (b) Dense (b (b) (a) v
2. Degree of Confinement o B : A
(a) Low. (b) High . B ¢-)) (b) - ~ same . v
3. Plasticity of Fine Fraction o L -
(a) 0 - (b) P1 = const (a) (a) - (b) . L
4. Degree of'Saturation; (b) _ b) : _ b COtalv .
Type of Drainage . o ‘ : (b) stress L
a) S_=0% (b) S_ = 100% A ' i
(a) 0 (b) 0 : - same same - «  same - egﬁggggveu
5. Particle Shape . . : '
(a) Rounded (b) Angular ) - ‘N L. N . L
6. Gradation Curve '
Characteristics . . ‘ .
(a) Uniformly graded (b) N N : L
(b) Well graded .
7. Soil Type . ’
(a) Sand (b) Gravel (b) (b) o ‘same v
8. Rate of Loading ‘
(b) () “(a) L

(a) Low (b) High

*

Zac<g

Importance of This Variable in Relation to Strength

Very Important
Low Importance
Unimportant

Not Well Defined
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dominéte. Lade and Duncan (Ref.74 ) developed an elastoplastic static
stress-strain theory for sand. The theory is applicable to geperal three~
.dimensional stress conditions, and-it models several essential aspects of
the soil behavior observed in ekperimental investigations: nonlinéariﬁy,
the influence of O35 the influence of'oz, stress-path dependency, shear-
dilatancy effects, and coincidence of stress incrémént and sfrain incre-
ment axes at low s;ress levels with transition to coincidence of stress-
and strain increment axes at high stress-ievels. .Résults‘oflqubicalA
’tfiaxial tests, forsion shear te$ts, aﬁd teétéJpefformed usiﬁg various stress-
paths were analyzed using the tﬁeory, and it waé 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 éonditions. | -

Ha;din and Drmevich (Ref. 75) propoSed-é hyperbolic. shear stress-
shearQStrain.¥elétion to define soil behavior during dyﬁamic lgading. Good
aéreement between exﬁerimental results and theory was obtained for sandy
soils. Reasonably good agreement was also obtained by Seed and Idriss
(Ref. 76) for plots of shear modulus as a function of log of shear strain
amplitude for‘other_sand‘and some gravel soils using the same equations.-
Knosla and Wu (Ref. 77) proposed an elastic-plastic work hardening theory
Fo predict.sbilbresponse to diverse stress pafhs from results of hydrostafic
comprgssion and draineH compression tésts, conducted under both static and‘
cyclic loading conditions.

In genéral, eacﬁ theory was qonfirmed by experiméntal results-obtaiﬁed
from laboratory tests, but the éeneration of the stress~strain curve

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

Descriptionskof the type of tests, methods of testing, factors influencing
stres—-strain behavior and typical laboratory results will be briefly discussed

.

\for gravel—sizq particles under static loads.

Static Triaxial Tests. The triaxial compfessipn test is used to méésure_
'the sheér'sfrength‘of_a soii under controllqdydrainage.conditiops. ‘Although
né ASTM standard method éxisfé, the basic 6omponents of the test remain un-
- changed between laboratories and can be found iniany basic soil mechanics
laboratory testing manual (Ref. 78, 79, énd‘80)u’
| Granular soils are prepared as cyliﬁdricai speciméhs with a length ag
léast twice the diameter by some method of impact or vibratory compaction _
iﬁ a dry to fully s#turated state to a specific density. ' Samples encased in - -
a rubber ﬁembrane are pléced within a testing chamber aﬂd subjected to
a predetermined value of confining pressure, 03. The sample first under-
goes isotropic compression, where, if drained, a volumetric decrease occurs.
A backpressure may be internally applied to the specimen to ensure saturation
or simnlate the in-situ péré pressure. An axial compressive stress-terﬁed
the deviatér streés, o] —:03, is applied to the séecimen.at strain raﬁes of
1/4% to 2% per minute (Ref; 78) until failure occurs. The peak deviator stress
is used to determine the ' major principal stress, Ji. Thrée or more tests
- are performed at different confining bressures 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 factors have been shown to affect triaxial compression
test results: maximum particle size, particle shape and surface characteristics,
confining pressure, density or void ratio, soil gradation, amount and plas-
ticity of fines, and séecimen diameter to maximum particle diameter.

Leps (Ref. 81) reviewed and compiled triaxial compression test data
for rockfill materials. ®orrelation ofranéle of shearing resistance, ¢,
to normal pressu?e on the failure plane, GN;'showed ;hat the higher ¢ values 
at a'given Oy are‘associatéd with high‘dénsity, well-graded and strong
particles, while lower ¢ values correspond to low density, poorly-graded,
and weak particles. The effects of relétive density, gradétion, particle
 shape, crushing strength, and degree ofAsaturation could’not be quantitatively
isolated. | |

A listing of references containing property data on gravel and rockfill
materials from static triaxial tests include: Chen (82), Zeller and Wulliman .
(83), Lewis (84), Lowe (85), Fukuoka (86), Townsend 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);'Mafsal (97), Lee and Farhoomand (98), Marsal
(99), Marachi, et al. (100), Fumagalli (lOl);(Glynn (102), BOdgﬁton (103),
Al—Huésaini (104), Kalcheff (66), Holtz and Ellis (105), Huang, et al. (106),
National Slag Association (107), and Jones, et al. -(108). TFor baiiast mater-
ials the referénces are: Raymond, et al. (55), Chung (109), Raymond, et al.
(42), Olowokere (110), and Rostler, e£ al. (lll)t

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

under drained conditions, in which the specimen is forced to failure on a
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predetermind.plane(s). An ‘ASTM standard method for consolidated-drained
conditions in single and double shear, ASTM D3080, is available. Details of
the test procedures can also be found in soil mechanics laboratory manuals.
Other investigators have modified testing equipment to suit specific needs of
loading énd drainage conditions; however, the test basically remains the
same. The specimen is prepared wet or drylto a specific density, in a rigid
circular or annular ring or in a square box, by vibration.or compaction tech-
niques. The function of the rigid container is to permit ﬁo lateral deform-
ation of the specimen.' Thus the frictional resistance devéloped is through
particle interactions which will yield the angle_of shearing resistancé. A
predetermined normal load is applied to the.top of the specimen at which tim;
the shear box may be filled to saturate the specimen. The specimen is
allowed to drain and consolidate under the desired normal force of increments
thereof prior to shearing. Backpressures cannot be applied, nor can pore
water preésures be measured during 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 be applied at a constant strain rate which is the
same as that stated for triaxial compressions tests. The peak horizontal
stress is taken as the failure shear stress, and the failure envelope for
three or moré tests performed ét different normal loads defines ;he angle of
shearing resistanée (Fig. 4.7).

Taylor (Ref. 112) and Rowe (Ref. 113) reporﬁed values of shearing resis-
tance, ¢, for sands 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 same. Such

comparisons for gravels have not been made. It has alse been noted that
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fhe stiffness and Poisson's ratio camnot be determined from the direct shear test. -
The following factors have been shown to affect direét shear test results:
the change in the area of the sample'with shear deformation; the possibility
that the actual shear féilure surface is not plane, .and not necessarily the-
weakest one; nonuniformity of stresses over the shear surface; the ratio of
specimen thickness to maximum particle size; and the same factors which affect
triaxial’test results with the exception of confining pressure which should
be replaced’by normal load.
The references containing.direct sheaf property data for gravels ‘and
rockfill materials are: Lewis (Ref. 84), Fukuoka (86), Hennes (114),
Sowers (94), Wilson and'Mafand (115), Bishop (116), and Boughton (103). This
test has not been performed 6n"ballast materials.

One-Dimensional Compression Test. The one~dimensional compression test "

(cedometer test) is concerned with the deformation response in the axial dir-
ection while the specimen is restrained against late;él stéain. This test is
more commonly known as the consolidation test, in which the pbre water pres-
sure of saturated sample is allowed to dissipate under the applied load.
However, due to the high permeability of granular soils, there is essentially
no pore pressure developmen;; and thus, the load is immediately transferred
to the soil”particles. The ASTM standar& for this test is D243$-70,'and
simiiar procedures.caﬁ be found in soil mechaniés 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 ﬁannér until Ehe maximuﬁ load is reached.‘ A failure
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condition is not reached in this type of test, but.a stress-strain curve is
obtained such as shown in Fié. 4.6a.

Since this test permits no lateral strain of the specimen, several
investigators have devised test equipment which can measure the horizontal‘
stress. This'corregpon?s to the at-rest state, which defines the coefficient
of at-rest pressure, Kb’ as-the ratio of the effective horizontal stress to

v : -

the effective vertical stress. This coefficient was theoretically related

to the peak value of‘the_angleAbf'éhearihg resistande, ¢, by Jaky (Ref. 117) as

K, =1~ sin ¢' . A (4-1)

‘

This equation reasonably approximates.experiﬁental reéults for sands in-

. vestigated by Moore (Ref. 118), Hendron (Ref. 119), and Al-Hussani (Ref. 120).
The factors affecting-oedometer»teSt results are: side friction whicﬁ .
permits a nOn—pniform digtribution of stfesses within the spgcimen, thus pre-.
venting a one-dimensional state of straing éartiéle,érushing;'specimen thick-
ness to maximum particle diameter; and the sameAfactors_which affect direct -

shear test results.. |

In order to define a general stress-strain relationsﬁip<from‘experimental
results, property déta Erom the followihg.referencés on graveis_or rockfill
materi#ls shquld provide useful.information: Fumagalli'(Ref. 101), Murdock (121),
Kjaernsli énd Sande (122), Boughton (103), Sowers, e£ al. (123), Pigeon (124)
" and Bernell (125). ’ |
4.3 MODELING TECHNIQUES

The size of conventional tfiaxial, oedometer and direct shear test equip-
ment has prohiBited the testing of ;oék or large gravel size particles
offen used in rockfill.dams. Some investigators have.construcfed apparatus

capable of testing this full size field material.. However, the testing equipment
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costs and éample preparation time makes this approach undesirable. A nuﬁber

of methods have been developed by which thé particle sizes of the field
material, termed ﬁhe prototype, is scaled downward to sizes easily accommodated
by available test equipment, termed the model. These modelingAtechniques are
an attempt to duplicate the beha?ior of the prototype material.

The modeled material must conform to certain fundamental requirements,
‘such as density; particle shape, relative grading and mineralogy. Discre-
tion must be used-in applying resulfs fo: material not'satisfying tﬁé preceding
criferia;  The modelipg»meéhods déyelobed have been applied to a limited
numbér of cases, so their general validity is not yet determined.

The various modeling methods will be described and subsequently evéi:
uated to determing the most'suitable metﬁod. .The reliability of the strength
test results is difficult to assess, siﬁCe one criterion for the rejectioﬁ of
la meﬁhod would be a field failure of the prototype material. This event has
not ogéurré& in any of.the past experience.

Zgller and Wullimann (Ref. 83‘) developed the scalping fechnique'fpr
the Goehénenalp Dam éhell material. Scalping gmpléys the removal of.the
coarser prototype material to obtain different grain size distributions
- (Fig. 4.8). Each grain size curve contained the same percentage of quartz,
feldspar and miéa, énd the particles were subangular to angular in ghapé.
Results from triaxial.compression.tests were not,infiﬁénced, provided that
the spécimen diameter was at least.fivé times fhe maximum grain size. The
shear strength of the shell m;terial is obtained by extrapolation of the
shear strength versus porosity curves.for the maximum particle diameter of
each gradation éurve (Fig. 4.9).

- Lewis (Ref. 84) performed drdined direct shear tests on different
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‘sizes of crushed granite having one size stome for each.grading. The modeled
material maintained the same density, particle shape and relative grading

of the full scale materials. The authbr obtained a linear relationship be-
tween effective angle of internal friction.and log of particle size for

6 cm square and 12 in. square shear boxés (Fig. 4.10). These results were ﬁalid.
for particle sizes not gxceeding 1/40th the width of the shear box. The 5
friction.angles~for larger>grain sizes are obtaine& by'extrapolaﬁiﬁg this |
straight line. |

”.R Fukuoka (Ref. 86) attemptedyto establish relatiohships between g:éda—

tion curves of materials and the physical properties of soils by uéing
Talbot's~equation for an ideally graded material.‘ Talbo;'sbequa;ion i;

.d ﬁ B
p = 100 ( 5 ) T : _ . (4-2)
§ . o |

in 'which d is the diameter of the sieve, p is the percent passing a given d,
D is the maximum particle diameter, and n is an igdéx va¥ying ffom 0.15 to
0.55. The objectivevof this study was to find the n‘value yielding the
ﬁoét desirable properties of soils used és construction materials. The
author was not dirgétl& concerned with scaling down the éizes of thé prototype
material, but rather, determining the best grading of the field material
based ﬁpon strength characteristics. Thus, the field mﬁteriél can be scféeﬁea'
and proceséed wiﬁh the expectation that the Behavior ffom léboratory tests
will be duplicated in the field. This method can be utilized for the pur-
poses of scaling b& performing strength tests on soils héving different
values of D and n. The results can then be extrapolated to the prototype
matefial which conform to the proper grading from laboratory tests (Fig. 4.11).

For thege soils, as fhose tested by Fukuoka (Ref. 86), the specimen diameter
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must be at least si# times the maximum particle diameter for the well-graded
materials.

Lowe:(Ref. 85) modeled a well-graded river cobble graﬁel and a skip-
graded terrace cobble gravél to'bé used for the shell of an embankment by
the parailel grading method. The modeled gradation.curve was 1/8 the size
of the prototype maferial (Fig. 4.12)Vand the particles duplicate the
shape and mineralogical cbmposition.of the field materiaﬁﬂ The authof
justifies the use of thg parallel grading method base? upon theoreticélly
defived equgﬁions for uﬁifdrmly packed-elastic sPheréS. The contact étresses
andvstraiﬁs are functions of the applied external stress and the.modulps of
elasticity of ihe sphere material. The size of the épheres did not affect
the contact stresses and.strains; therefofe,‘thevbehavior of - the model and
prototype maﬁerial should be similar. Samples-were prepared at void ratios -
e#pected in the proto;ype'material andzteéted in triaxial cémpfession with
the specimen diameter four times the maximum particig.size. For design pur-
poses, the angle of internal friction éngle of the prototype river qobbie
gravél was taken 2° to 30 less than the friction angle of the modeled material,
‘'whereas the terrace cobble gravel friction angle is assumed to be equal for
ﬁodel and prototype; since the author did not state othérwisé.

'Fumagalli (Ref. 101) staﬁes that reduced scale tesps can>be simulated .
wﬁen the followiﬁg:requirementsiare met: 1) similariﬁy of the gradation curve,
2) same initial void ;atio, and 3) the same'shape coefficient'of the material. -
The shape coefficient:is'the raﬁio of the volume of the granules to the
volume of fhe spheres circumscribiﬁg them. The quadratic grain size curve

is used for modeling and is expressed by

p =100 D (4-3)
Dmax

90



O
O

\ \/d;s. -
N\

,~MODEL

PROTOTYPE-"

PERCENT PASSING
N
O

o

LOG PARTICLE DIAMETER (MM)

Figure 4.12, Gradation Curves by Parallel Grading Method (Ref. 85)

3
100 : —8 :
. NN, ]
e 80r wEeHT 8 T/
= REPLACEMENT
u. GSC)— . :3u " -
= '3 2
f 40[CROSS SECTIONAL / ]
i & SURFACE AREA - ~
& 20} REPLACE~.Z ‘\ ]
o| == PROTOTYPE
1 ] 1 1
0 00l ol 10 100

PARTICLE SIZE (IN.)

Figure 4.13. Gradation Curves by Replacement Methods (Ref. 126)

91



inwhich D is the particle diameter, p is the percent in weight passing for

a given D, and D

max 1S the maximum particle diameter. The author does not

correlate. prototype to model gradatiom curves, but compares results for
various size modeled materials using testing equipment with different dia-
meters. The implication is to grade the field material by the laboratory
gradation curve yielding the ﬁost favorable behavioral characteristics.
Results from tests performee indicate the ratio of the maximum particle

. diameter to the diameter of the:speeimen_muet be'equal to or less than 1/5
for well-graded material and less than 1/5 for monogranular materiai.

Frosf (Refs. 126 and 127) propesed modeling by the replacement ﬁethod.‘
The coarse fraction, which cannot be érepared in the testing equipment, is
replaced by the finer fraction satisfying either of tﬁe following: 1) the
same weight, 2) the same cross-sectional area, 3) the same surface erea, or 4) the
same volume as the coarse oversize fractiom emitted. In all cases, the
maximum and minimum particle sizes of the replacement fraction are seleceed.
The‘author uses 1 in. or 2 in., and 3/4 in., 3/3 in.,.or the number 4 sieve,
respectively. The replaced and replacement material both have the same
minimum particle size.

The first case is similar to the weight replacement ﬁethp&.used in
laboratory compaction fests.' The coarse fraction.between the maximum par-
ticle diameter of the‘prototype material and tﬁe minimum partiele 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-I3) For cases 2 and 3, a point for the model gradation

curve is obtained from the equation,

. d G ;
p = ave ——s— P s : (4—4 )
D g :
ave S
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in which p is the percentage of the replacement fraction by weight, dave is
thevaverage particlevsize'of therreplaqement fraction, Dave is the average
particle size of the replaced fraqtion, Gs is the specific g;avityvof the
replaced fractionm, gs.is the specific gravity of the replacement fraction
and P is the percentage of the replaced fraction By weight. The model
gradation curve is drawn througﬁ three known points: the maximum particle
size of the modéi material with lbOZ finer than by weight, the p value at
Vdave’ and at thé parficle diamefer of the prototype>m;tgriél with'OZ.passing
(Fig. 4.13).  The 4th case ﬁtilizes a method similar to caées 2 and 3; |
howeﬁer, the equation‘is of the form,
8s A

=g P S - 6
Both equation.(4-4),and (4-55 are defived from geométry with the assuﬁption that
'thé feplacement fracfion'haé simiiaf degrees of lack of sphericity és the
replaced fraction. The "author does not prééent shear strength test results,
but indicates the cross sectional area replacemeﬁt method will more closely
duplicate the expected laboratory méximum dry density of the prototype
‘material.

The modeling féchniques which have been prgsented and discussed are:
SCalping? tri;l and error‘ﬁe;ﬁod.of maximum particle size'ﬁo'size of theé
test sbecimen,.Talbot's equation, parallel grading, square  root metﬁod; andA
the weight or volume replacement methods. '~ The parallel ‘grading method is
best suited for modeling because: 1) the method is theoretically justified,
2) obtaining and preparing the gradation curve of the modelled material is

relati&ely easy, 3) the field material can be used, instead of being screened

and processed as iﬁplied from Talbot's equation and the square root method,
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4) tﬁe strength results of ;he prototype do not have to be obtaine& by the
extrapoiation techniques used for the scalping and the ratio of partiéle

‘size to test specimen size methods, and 5) other researchers, such as Marachi,
et a1. (Ref, 68 ), Becker, et aloi(Ref, 88, and Chen (Ref. 82 ), have

used this methéd with much success.

4.4 FIELD ﬁETHODS |

The most widefy used field méthods fof granular Soil'property detér—

mination<are ;hose fof pengt:ation resistance, Californié Bearing Ratio
o (CBR), plate Béariné ;esistance, and seismic vélocity. The penetration
devices and the CBR test are not suitable for ballast measurement,_howevér,
because of the large particle'size in relation to the equipmenf dimensions.
Thus only the plate and seismic tests will be discussed.
| Plate Bearing Test. ' Severai‘types of plate bearing test have been

devised to évaluate thé strength charécferistics;qf gravelly soils. Two
ﬁest procedures have been standardized by ASTM, one for nonrepetitive static
tests (ASfM D1196) and therther for repetitive static plate load tests
(ASTM Dll95). - A pyramid of rigid steel plates fanging from 6 in. to 30 in.
in diameter is loaded by a calibratéd hydraulic jack. ‘The test is stress
'controlledc The plafe deflection at‘ﬁarious loads is measured and the mod-
ulus of subgrade'reactioﬁ, k; is computgd by dividing the 1qad'by.£he plate
area and by the deflecfion.

Factérs which affect pléte test results aré plate diameter, plate shgpg,
loading rate, maximum grain diameter, size of test pit, ground water level,
overburden pressure, aﬁd method of seaping‘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>ino were
used, and compared to data obtained by the standard 30 in. diameter plate.

A linear relationghip Between unit load and the perimeter area ;atio Was
obtained at different deflections for each test section.

Zimpfer (Ref. 129) investigated the effects of plate radius to base

\
" course thickness with plates having 1.95, 4, 8, and 12 in. diameters on a &

to 11 in. thick limerock gravél base mate?iai over a clay-sand subbase. Test
- results indicate that a hinimum ﬁase-chiékneés of 1.5 times the diaﬁéter‘of
thé;loaded plate is_neéessary for calculation of the modulus valués; Fair
agreement is obtained-betweén-Burmister's two—layerea system theory and

' experimental.résults. Thus, the authors think the use of layered. theory is
quite promising. Young's modulus values were used, and are calculated by
knowing the subgradg modulus, k, at the desired deflection. The k values

»for the base material varied from 10.4 x 10° pci for 1.95 in. diameté:.

ﬁlate to about 1.7 x 103 ﬁci for 12 in. diameter plates at 0.1 in. defiection.

Meigh and Nixon (Ref. 130) performed plate bearipg tests using 18, 26,
'énd 36 in. diameter plates and 12 in. square plates.

Rodin (Ref. 131) -compared results of plate bearing tests with 18 in. and »
3C in. diameters, and 12 in.Asquare plates. Testing was-stress controlled
with load increments qf 15 minutes iﬁ sandy graﬁel and graVel deposits at
various depthsa' o

"Dﬁérak (Refo 132)’ekamined the deformaﬁion properties of sandy gravels,
graveily sanés and clayey silty'gravels in-situ by means of‘loading tests.
From a great number of testS'the'aufhofs were able to draw the conclusion
that for'a well—graded gravel sand, the maximuﬁ particle diameter of a grain,.

dmax’ méy be as large as 100 to 150 mm for a plate area of 0.1 m2 (14 in.
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diameter); i.e., dmax = 0.3 to 0.4 times the plate diameter.

Nielsen and Lowe (Ref. 133) conducted a laboratory investigation with
plate load tests to determine the modulus of elasticity of a select base
and crushed rock base course materials for 2 and 3 layered systems on a
mechanical subgrade. The device simﬁlates the action gf a natural subgrade
and provides a yielding supbort for’pavement studies. Rigid bearing élates
30, 24, iS, and 8 in. iﬂ diameter were used, and ﬁests performed in accordance
with ASTM D-1195-57. All four bearing tests wéfevgqnducted on the same base.
Each_plate_was'subjectéd to thfee complete-load,cfcles;A The authorS“
believe that the third loading cycle is representative of the true load-
deflection relationships of_the base material, and should be used to deter-
mine the modulus of elasticity and .Poisson's ratio;’

Selig (Ref. 134) also cdn&ucted 6 in. 'diameter plate load tests on
base course materials as a means of measuring the effecté of field compaction.
Details of the apparatus and procedure are described in (Ref. 135).

Plate bearing tests on Ballast 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 disturbanées, such as a hammer blow, applied

to the ‘ground surface will generate‘three types of waves: compression,
shear, aﬁd Rayleigh.. A description of fhese waves and‘their measureﬁents
are given in”Rgf. 139.

The compression wave has the highest velbcity so it can be ﬁeasured 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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density and Poisson's ratio are known or estimated. The Rayleigh wave is a
surface wave that travels with a vel&ciﬁy &ery nearly equal to the shear-
wabe veiocity. " Its velocity is measﬁred by applying steady-state vibration
to the surface-and determining the wave length of the surface wave. From
this Rayleigh wave measurement tbe éhear modulus can be calculated if the
mass density‘is known. Young's modulus can be caldulated‘from shear modulus
_‘if Poisson's ratiq is assumed. However, vibration affecté the physical étate
of ballaét so khis téchnique mﬁy not be suitable: |
.The seismic method of testing offers the following advantages: 1) the

dynamic moduli can be determigéd under the in—éitu‘State of stress, 2) large
areas can be covered, and thus a better average of the layer propertiesvmay
be determined, and 3) a site may be coverequuiékly. However, because the
tests are conducted using very iow 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
résults are material type, degree of compactness of the material, moisture
conditions and test procedures. |

Heukelom and Fqster (Ref. 140) used.high frequency (10,000 Hz) and‘low
frequeﬁcy (600 Hz) steady.stape,ﬁibrations to obtain the stiffness, and
hence wave veiocity values of base coﬁrse métérials,from which Ehe dynamic
modulus of elasticity was determined. - The wave velocity in homogeneous clay
Vgravel ranged from 190 to.320 m/sec and the resﬁlting Young's ﬁodulus was
2100 to 6000 kg/dmz. Beréstrom (Ref. 141) demonstrated agreement between
the dynamic Yéung's modulus derived from velocity measurements on homogeneoué

soil with the moduli from bearing tests.
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Selig (Ref; 134) used seiémic compression wave velocity measurement as
a means of evaluating the factors influencing compaction of base course
materials. Details of the apparatus and procedure are described in Ref.
135. Seismic velocity was shown to increase with number of compactor coverages
ane thickness of base course materials. The soil type.also was a significaﬁt
factor, with the clean limestone yielding the highest seismic velocity.
Seismié velocity values varied-froﬁ‘420 to 780 ft/sec for the base course

materials tested. No meaningful correlations could be established between

seismic velocity and the other strengtﬂ tests or wet deﬁsity. More research
was shown to be needed on thg relationship of the compression wave velocity
to the material physical state conditions.

Weaver and Rebﬁll (Ref. 142) applied seismic techniques to the measure-
ment of soil compaction for construction control on eight sandy—gra§e1
embankment projects. No two of the eight soils exhibited similar relationships
between compression wave velocity and either wet, dry, or ﬁercent maximum
density. Values of wet density, however, produced the least scatter in cor-
'relation with velocity. However, a larger degree of scatter would occur for
‘the computed Young's modulus of elasticity, since this modulus is proportioned
to the velocity sqﬁaredo The researchers concluded that direct correlatioms
between velocity and soil density 1) have no linear_relaﬁionship indiVidually,
2) have no usefui relationship by soil group, and 3) show a scatter far beyond
that expected on the basis of individual test repeatability, thus making their
use impractical fof cbmpaction control;

4.5 DYNAMIC PROPERTY TESTS

The category of dynamic test considered in this chapter involves some
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type of repeated load or cyclic load. The other category of dynamic test
concerns the effect of loading or strain rate during a single load application.
However this type of test has not been commonly applied to granular materials.
iFactors influencing dynamic test results include shéar strain amplitude,y
- void ratio, number of cycles of loading, effective mean principal stress,
- degree of saturation and stress_history; |

Cyclic simélg shear apparatus suitable for teSting coarse dry granular
mﬁterial was‘developed by Ansell and Brown (Ref. 143). Both voluﬁetrié
éhd shear‘sfrains é&uld be measured as Weil as thé norﬁal and shear stfesses.
The de&ice consists of a rectangular box with ends that rotate to shear the
sgmple. The sample size is 210 om x 140 mm by 30}mm deep. A description of
the apparatﬁs and én evaluation of its Suitéﬁility are éiven in the reference.

.A brief review éf otﬁer,-previously used, approaches-is also given.’

Sparrow (Ref. 144) deveioped a repeated léad biaxial shear dévice'for-~
testing béilast in a m;nnér intended ﬁo simulafe the stress conditions under
a tie during operations like tamping and traffic. The device contains a
10 cm cube spgcimén. The four vertical boundaries are interleaved to permit
independenf horizontal movemeﬁt wifh large deformation. Repeated lqading is

' appliéd with- pneumatic actuatprs with each of the two horizontal axes indepen-
dently controlled. .The horizqﬁtal'top and bottom boundaries have a constant
force-applieﬁ,‘butvmovement must alsd be restricted to clear the ioving_sides
éf ﬁhe box. Thus the Eyélic loading and deformation is‘essentially biaxiai.
Phillips (Ref. 145) obtained good correiation in trends between the pefmanent
strain results with this biaxial box and répeated load triaxial test on
similar ballast ﬁaterial.

Another type of cyclic simple shear test uses a wire-reinforced mem-
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brane to confine the soil. The sample is subjected to an applied vertical
load and deformed in shear ét frequencies on the order of 1 to 2 Hz. How-
ever, available apparatus of this type ig not suitable for coarse materials
such as ballast. | |
In the resonant columm test, solid or hollow c&lindrical specimens.in
an isotropic state of stress are excited at the top or bottém iﬁ either the
longitudinai orAtorsionél modgs of vibratioq. The frequency of loading
rangés from 20 to 100's of Hz.. The sample strains in this test are generally
ﬁuch smalléf than fhose in the triaxi#l;of simple shear test.-.Bécause.of
the vibration sensitivity of béllasﬁ, this tést may alSo-not be suitable for
use with ballast. Also épparatus used to dateA(l978) will not permit large
'enough sample size. | ‘ l |
Wong, Seed and Chan.(Ref. 146) uséd cyclic triaxial test to study the
strength loss in_saturated, undrained samples of gravel soils. Their‘apparétus
provided the stress state shown in Fig. 4.6c¢c bf applying an alternating ten-
sion-compression axial load(deviatér stress) to a hydrostatié stress state.
Both triaxial gombressién tests and one-diménsional compression tests
are performe& with ;he-type of loading shown in Fig. 4.6d. These tests, desig-
nated repeated load tests, are usually stress controlled. Repeated loads
start:from zero and.are incréased tp.somé predetermined magnitude.and then
decréaséd to zero again, thus never‘putting the sample igtd axial extension.
The process is répeated until‘eitﬁer the desired numbet of cycles or a limiting
permanent.strain is reached. |
Repeated load triaxial tests on gravels have been reported by Bamert,
Schnitter and Weber (Ref. 147), Hicks and Monismith (148), Hicks (149),

Dunlap (150, 151, 152), Seed et ai, (153), Barksdale (154), Wolfskiil (155),
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and Allen (156). One-dimensional compression tests on gravel have been re-
ported by Chen (82) and Schultze and Coesfeld (157). Repeated load triaxial
compression tests on ballast.materials geré performed by Chung (109), Ray-
mond, Gaskin and Svec (42), Olowokere (110), Thomﬁson (158), Knutson, et al.
(159), and Rostie:, et al. (111). One-dimensional compression tests on
bgllast materials are presented by Bishop (160), Powell (1§1), and Wong (162);

The';;—situ ballast béhavior associated with in-service trafficiloads
is currenf;y most easily simuléted in the laboratory by the cyclié and
repeate@lload triaxial tests. Thesé tests cohceivably have the capacity to
represent the stress conditions imposed upon the loaded in-situ}ballast
material. Assumfng that th; in-situ state of stress and ballast phyéical
state are appropriatély defined, then the regilientA(elastic) and the
residual (permanent) ballast properties are éasily defived. The parameters
usually deterﬁinéd~are the résilient strain, the residual étrain, the resil-

* ient Poisson's ratio, and the resilient médﬁlus‘(:epeated deviafbr stress/
resilient axial strain). A relationship for each parameter with cycies of =
loading can be established. Howefer, the resilient modulus and the permanent
strain or deformation are the parameters receiving the most attention. .

A recen; and extensi&e réview of previous reéearcﬁ on granular materials
by Knutsqﬁ, et al. (RefQ 159) and by Thompson (Ref. 158) provided a Basis for
an experimental program to iﬁbesfigaté the variables most likely to influence
the behavior of several ballast materials. These studies confirmed past
findings that identifigd stress lével as the most important vafiable affecting
the resilient modul@s (Er)'; That is, the Ef value would increase as stress

level increased. For open-graded ballast materials, the resilient modulus

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

Stress level, number of load applications, and degree of compaction,
i.e., initial density, were also c&nfirmed by Knﬁtson, et al. (159) to be
the most impportant variables affecting permaneﬁt deformation'of ballast
ﬁa;erials. In general, the cummulative permanent deformation inéreases
with increasing cycles of loading and is much greater for specimens prepared
at é loose initial density state than at a dense state. Permanent deformation
was also shown to be siightly influenéed by differences in'grada;ion énd in
particlé shape. | - |

| Particle breakdown or change in the initial gradationroccurs after

many applications of repeateﬂ load or under the application of high confining
stresses. This effec; becomes more pronounced with angular pérticles thaﬁ>
rounded particlés because of the higher particle contact stresses. Well-
graded materials also experience less breakdﬁﬁh théﬁ uniformly—graﬂed
materials; since more po{nts of particle contact are present. Indifidual_
particle strength is another factor iﬁfluencing'the degree of crushiﬁg. The
amount of sample degradation may be definea in terms of the particle breakage
-factor, "B," defined by Marsal (Ref. 97). Examples of particlé degradation.
are shown in Dunlap (Ref. 151), Wolfskill (155), and Chen (82) for gravel
soils, and Olowokere (110), Chung (109), and Bishoé (160) for ballast

materials.
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5. CQMPACTION OF GRANULAR MATERIALS

TQ? degree of comp#ction is one of the most important parameters influencing
the mechanical properties and engineering performance of the soil. Especially
in granular or cohesionless mﬁterials, thé density has been genefaiiy used as
-a descriptive p;rameter 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 Feduction in air voids ;hrough pafticle rearrangement,-while
" the ﬁater cantent'ofAthé soil gengrally reméiné constant. Conséqﬁently, the -
degree of saturation increaséé during compaction. Sinée comﬁaction>dbés not
involve expulsion of pore water, it can be acéomplished relatively quickly.
Thus, it should bé distinguished from consolidation which is the gradual volume ...
reduction process through expplsion»of pore water in fine~-grained soils. It
‘shou;d also be distinguished from tamping which is'a ﬁ;oceSS’of particle |
;ear?angement with mechanicél stirringor pounding éction, Cauéing'eitﬁér
densification or loosening. Thg above three ﬁerms are often.used‘iﬁterchaﬁgeably
in the railroad industry in relatidn to densification of ballast.

| The purpose of compaction is to impart to a soil desired properties
it does not have in its existing state, or to imprové the physiﬁal performance
of éoils° In general practice of gebtechnical enginéering, compaction is
pérfqrméd for.purposgs such as 1) to inérease sfrength,_Z) ﬁovreduce compres—
éibility, 3) to minimize the volumebchange potential, 4) to decrease permeability,
5) to_coﬁtrolAresiliency propérties,vand 6) to reduce frost>suséeptibilit§. |

To bg effectively used, compaction has to be propérly applied coﬁsidering

the purposes .to be achieved and the compaction conditions given, such as soil
1type, moisture condition, and thé present and subsequent changes of‘environmental

conditions.
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This chapter summarizes the basic principles of compaction, with emphasis

on granular soils. that is>coarse-grained soils that have little 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. Highwa& related field coﬁs
paction methods and compaction control are briefly introduced, and then ﬁarious
aspects of the ballast compaction applications are discussed.'
5.1 LABORATOKYlCOMPACTION TESTS

| Laboratory compaction tests invélve applying a certain amount of compactive
effort to soil samples in a container of a given volume. Since the first intro-
duction of the compaction tests by Proctor (Ref. 163) various methods of labor-
atory compaction‘have'been froﬁosed.and used 1) as means of de;erﬁining proper
compaction to be achievéd in the fiel&, and 2) as a research tool fof investi-~
gating compaction behavior of the soil in the laboratory. |

The principal types of iaboratory compacfion effort are the impaét type,

the kneading type, the vibratory type, the static type, and the gyratory type.
Among the reasons for the different compaction efforts are 1) to accommodate
the fact that one soil is different from another in its respomnse to compaction,
and 2) to simulate the field comp;ction behavior with.different rollers as
closely as possible. A suﬁmary of the methods andlthe factors'igfluencing
the results are given in Ref. 164.

Impact Compaction. The impact compaction method is the most widely used -

of the léboratory 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 layers, and maximum particle
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size material being compacted. The most commonly used impact methods are
1) ASTM D-698 or its AASHTO equivalent T-99 which uses about 12,400 ft-ib/cu
ft effort, an& 2) ASTM D-1557 or_AASHTO T ~ 180'Which%uses 56,000 f£t-1b/cu ft
effor;. A disadvantage of the method is that it applies the comﬁactive
effort in a manner that is quite differen& from field methods. In the case of
ballast, another serious disadvantage is the particle breakage caused by

v :
the impact of thg steel hammer.

beigal iaboratory tesf resulté fof'two diffefeﬁt sizes of graded crushed
limestone are shown in Fig. S,l for three different imﬁécf-compactive efforts
(Réf. 165). The dry density achieved is highest when the material is clése
to or at saturation, and somewhat lower when compactgd dry. The lowest
densities occur for compaction at mois;ure contents between thé‘dry and’saturated
states. Suqh a trend is characteristic of compaction behaviof’of granular
materials, especiaily sands. It is partially due to the capillar& stresses
develbped in the paftially saturatea séil which tend to resist the compactive
effort. Free draining materiéls, for example open—gradéd-crushedvrocks,
bgenerally either exhibit no distinct optimum‘at any moisture content or yield
the higheét dry qnit weight at the maximum moisture content that can be used,
i°e.; when satura;ed (Refs. 165 and 166).

Many fypeé ofléquipmeﬁt and procedﬁres for béth.field:and laborétory
compaction will produce séme'breakagé of aggregate particles, particularly
with uniform gradation and higﬁ aﬁgularity like ballast. However; insufficient
datd are available for correlation of degradation with various compaction
procedures and coﬁpactiveefforts. Increase in compactive effort in genéral
results in an increase in degradation. Thé rate of degradation i% high during

the initial part of the application of compactive effort, and thereafter
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becomes less as the cémpactive effort is increased. Degradation during
compéction not only influences maximum dry unit weight directly by producing
a more widely-graded particle-size distribution but, it also resulté in a
change in specific gfavity of the total'aggregate; ‘This is the fesult of
."exposing a greater number of previqusly impervious voids in the individual
.particles and thus increasing the apparent épecific gravity as the particle

size is reduced.

‘Other’Methods.A Tﬁe kneading method-wﬁs develope&-in an effort to devise
a method of laboratory cbméaction ;hat would more cloSeiy simﬁlate field com-
paction. It was recognized that rubber-tire and sheepsfoot rollers apply |
preséure briefly with little or no impact but with some kneading or shéaring actioﬁ
in the soil. Withvthe kneading method, a compaction'foot is used that is much |
smaller in area than the exposed soil sample surface area. The foot pressure
built up gradually, alloﬁed to dwell on the sample for a speéified.duration of
timé, and then,again gradually reléésed, An impo:tant aséect‘of kneading
cqmpaction is the development of lateral shearing stresses and strains which
appear to be analogous to those‘developed during'compaction by a sheepsfoot
roller. |

_Pargmeters defining fhe compactionveffort of ﬁneading compactors are
peak foot préssure, cycle fime, 3well time, size of mold; number of soil layers,
~and number of applications pér lé&ér. Although the Harvard miniaturé compactor
which employs kneéding compactioﬁ techniques isAfrequently used (Ref. i67),
there is presently no sténdard~test method for detefmining maximum dry density
and optimum water content that applies to kneading-type compactors. However,
two AASHTO standards using kneading compaction (T—173 and‘T—l75) are available

for compacting soil specimens for other purposes. Details of this test appar-
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afus as well as other-kneading compactors can be found in Ref. 164.

The static compaction method involves slow application of pressure to
most or all of the eqused soil surface and holding it for specified time.
This method w#s used only to a limited extent in eérly soil compaction
testing. Now, it is rareiy uséa except for comparisbn with other methods or
for preparation of soil samples for property tests. It is exﬁected to be
ineffective in'cémpacting ballast. Surface area of pressuré application, rate
of increase, dwell time, size of mold, ﬁumber of layers (often‘only'one), and
the choice of cbmpression from one or both ends df Specimen are va;iébles in
the static compaction test.

Ihe vibratory mgthod ﬁas developed mainly fof»compaction of granular
soils because this method is one of the mosﬁ effective meéns of achieving
the maxiﬁum densiﬁy in such materials.

Varigus vibratéry‘téchniques have been suggested and studied.' Thg most
commonly used metho& involvesva table-type vibrator to'whiéh a sample éontainer
is affixed. Vibration is imposed by-shaking the éontainer_either vertically
_ or‘horizonpplly with sample under éontrolled'surcharge; Based on several
studies (Refs. 168 and 169, for example), a procedﬁre using a vertically
vibrating table method has been adopted as an ASTM Standard (ASTM D-2049).
Yet, ﬁhe:mgthpd has been found to have many limitations (Ref. 170).

Another épproach to vibrétor& compaction applies a vibraﬁing‘tamper toA
-the surf#ce of the sample. This method4hés'been widely used in Europe, and
is véry effective.in achieving a relatively high density (Ref. 171).

The limitations of various vibratory compaction methods are 1) they do
not recognize the difference betﬁeen effects of 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 density vary with the
type of material and other compacting conditions as well.

The parameters needed to definme the vibratory compactioﬁ testing conditions
are the vibratiqn frequency, amplitudé;dufatiqn, surcharge, and specimen condi-
tions. Further aspects of viﬁratory compaction will be discussed later in fhis
chapter.

v _

Gyratory compaction (Ref. 172) represents the latest development in labor-
bétory techniques fhat attempts to dupiicate'the efféct ofvfiei& methods. The
methqd simulates action of field-éomﬁactor; by‘providing g&ratory ghear~while
the soil is under a prescribed pressufe, This is a useful ﬁethod for under-
standing the basic compaction behavior of the soil, which simultaneously provides
a measure of the build up of the strength and stiffness of the materials as it is
being compacted. .

Preséure level, numﬁgr of cycles, magnitude of gyration angle, and mold
sizé(are among the factors défining the gyratory compaction test conditidﬁé;'
The equipment is very expensive, and not suitable for the large sample sizes
required with ballast. |

The unit weight of aggregéte test (ASTM Cé9.and AASHTO T19) is ;lso a
type of ;ompaction test, even though the purpose is slightly different‘from.

. the above-described tests. The test consiscs basiéallyvdf-rdddiﬁg or tamping
Athé aggregate sample into a mold in three layers, applying 25 strokes pef
layer with a 5/8-in.-diameter and approximately 24-in.;long steel rod. The
method does not prpvide'a.high degree éf\compaction.

The test résults 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 research on leboratory methode suitable for bellast compaction
was performed in this study to develop a simple and effective means of obtaining
a reference density. The apbafatus and procedufes are described in Ref.’23°
The approach uses a falling rubber-tipped weight ﬁo compact ballast placed in -
layers in a prescribed mold. | |

Different compacfibn ﬁethods.have been discussed, and various parameters
involved in the compaction procesees have'been indicated forveach type Qf-test.
Oeher-facters‘that affeet resul;sAof the eompaction tests are size and shape

of mold, support of mold, sample preparation technique, type, magnitude and

[y
8

_distribution of.compactive effort, soil temperature, method of moisture deter-

mination, method of volume determination, layer thickness and total depth,

.

degree of degradation during compaction, and soil type. Deteiled.discussions
of each factor can be found in References 164 and 174. " Results relevant te-
ballast are presented in Ref. 23. |
5.2 _VIBRATORY ﬁENSIFICATION

As illustrated previously, cohesionless free~draining soils do not
.exhibit well-defined moisture-density relationships. Instead, relative den-
sity plays the major role in defining the etate of compaction and the behavior
of compacted soils. The celculetion.of relative density requires determination
Qf maximum'ane minimum densieies° The Qibratory method is most effective in
achieving maximum density of such soils. Considering the relevance of the
subject to the'ballast maﬁeriais, vibratory demsification behavior of cohesion-
less soils will be discussed in defaii in this section. Methods 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 controlling vibratory

compaction béhavior of cohesionless soils, and considerable effort has been'
devoted to delineating the effects of each of the controlling parameters

and the mechanisms associated with vibratory cbmﬁaction; The important para-
meters may be convenient;y ca;egbrized as describing the-l) vibratién, 2)
.surcharge,,3) test conditibhs, and 4) soil. Since the maximum densify ;chieved
_ from vibfato;y'compaction is the fesult of thé interaction éméng these p;ra¥
meters, i£ is difficult ﬁo separate oﬁé parameter ffom oﬁhers and assess its
effécté on densification. vIn fact, the large number of parameters and their
complicated interaction have resulted in various misleading and contradictory
conélﬁsipns.about’vibratory compaction.

The vibration parameters include frgqpenéy, displacement, velocity, and
acceleration. These are'interreiated so that any two of them describe any
vibfation'coﬁdition. Despite the interrelationship, acceleration has been
identified as the primary vibratién factor. The relationships obtained between
density and acceleration, however, differ considerably, as shown in Fig. 5.2.
The rﬁnge of acceleration at which maximum densification occurs is 0.5g té
over 2g, or anywhere in the tested range. Furthermore density may or may not
decrease beyond theﬁmximum,depending upon the type and amount of sufchafge,_
mode andndireé;ion of viBration, and other test conditions, Geﬁeral trends
that most inveétigatdrs seem to agree with are that a surcharge redgées Ehé
densifying effect of vibration'especially at high frequencies, and that over-
vibration may occur, mainl& ét low fréquencieé.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 d;nsification.

Fig. 5.3 illustrates the interrelationship of the effects of the vibration
parameters on the density. A series of density contour lines are shown as a
function of frequency and acceleration, clearly indicating that for a given
frequency ér ac&eleration, density may either decrease or increase with an
" increase in either parameter.

# The effec;s of surcharée on vibratory densification is illustrated in
Fig. 5.4. This particular gxamplé was obtained from a test using air pressure
tb cohfiﬁe the sample during vibration. ‘It is seen that as the gonfining
pressure increases the acceleration required to initiate densificétion increases.
This acceleration is believed to'be the critical value which is requiréd to
overcome the coqtaétvforCes betweén the particles.. Little densification would
occur below tﬁé level, and above it, a-terminal'deﬁsity would be achieved
dependeﬁt on confining pressure,'bgt indebendeﬁt of ﬁhe initial.relative
dénsity. | k

The above described frends regarding to the sufcharge, i.e;, a density

Y

decrease with incfeasing surcharge, could well be reversed when a dead weight
suréharge is used, depending on its magnitude and interaction with oﬁher
influencing factors (Refs. 169, 171, and 186). An example is sﬁown in Fig.
5.5, which illﬁstrates that dead weighfnsﬁrchargé equivalent to 21.4 ési
oﬁ the top of a silt :ompéctéd on a Gibr#ting‘table improved densification
compared to open mold tests without surcharge.

| ~There are many féétors associated with different testing conditions and
;echniques-which'affect the degree of vibratory densification of granular soils.
They include ﬁold siée; moisture ﬁontent, degree of‘saturation and drainage
conditions during the tests. It is almost impéssible to sepaf;te the éffects
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of these parameters and generalize'the trends. Howevér, there are minor factors
which would not change the basic principles of vibratory compaction.

The soil parameters include soilbtype, particle shape and size, gradation,
specific gravity, and waﬁer conteﬁt. Effects:.of these parameters‘during
vibratory densification should follow the Sasic principlesvapplied for general

. i \
behavio; of granular soils. For example, the soil with higher uniformity

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

characteristics remain the same.

kesults with‘Cravel—Size Sdils, The past‘studies of vibragory éompacﬁién
of granular soils héve been mostly fo: silt to sand size soiisf Interest in
vibratory coﬁpaction of particle sizes. larger than sandé seem to have o%iginated
for compaction control iﬁ rockfill dam construction (Refs. 187, 188, ;893.
Acéording to Frost (Ref. 188), various methods éf vibratory compaction ranging
from:vibrating tampers to vibratihg_table with 0.75 cu yd mold have been used
to detérmine the maximum density of rockfill materials for various dam construction
works.

| No differences in the basic phenémena have been reported between the large
size aggregates and sands. Howe&er, many difficulties ﬁave arisen with the
former mate;ial.' Large particle:sizé requires a large size ﬁold or container,
ahd, thgrefore,iheavy vibratory equipment is needed..'ln'fact, the:maximum
dénsitiés of various roékfill materialé deﬁefminedywith vibratory methéds have
" been found to be lower tﬁan with other‘methods suchlas impact campaction (Ref. 187).
Either the compactive effort was not enough or the optimum conditioﬁs of vibra-
tory compactién-were nof achieved in those tests. Segregation of the sample
during Vib?ation aiso is a problem associated with vibratory compaction of
large size soils,_in addition to the difficulty in determihing the'density value.
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The use of vibratory techniques in ballast tamping and compaction in the :
railroad industry have been the basis for some studies on vibratory compaction
behavior of ballast materials, such as reported in Refs. 160, 161, and 190 through
193. The test results on various types of ballast ﬁaterials rangiﬁg from crushed
rock to slag? with particle size between No. 4 and 1-1/2 in. sie?es, have shown
the same general trends for densit§ relationship to accéleration reported for ¢
sahd-size,matefials; In general, maximum densi;y was achieved wi;h acceleration
levels at 2,5 to 3 g's within approximatély 20-30 sec of vibfatidn.time._ How-
ever, a surcharge of up ta about 5 psi"iﬁéréased maxiﬁum péak‘density combared
to zero surcharge, and further increase in the éurcharge reduéed the amount of -

compaction at any acceleration.

.

Mechanisms of Vibratory Compaction. -Four‘possible mechanisms. for explaining

;he effect of vibration for éompacting granular soils may—bé deduced based on |
the past studies. They are 1) particle vibration, 2) impact, 3) strength
reduction,“and 4) cyclic loading (Ref. 194). ‘

‘The application of vibration to the soil causes individual éoil particles
to vibrate. As they vibrate, the particles can settle into either a more com-
pact or a looser state, depending on con&itions.ﬂ Howeﬁer, a very small amount
of éohesioﬁ betweeh.particles, even as littlé’as provided by capillary moisture
films in clean sands, éan’pfeQenf this arrangement. Thus, particle vibration
is believed to be important for dry of submergéd granular materials and for
clean béllast, but not for other materiaié or conditioms.

The second mechanism speculaﬁes that the impact forces from the surcharge
weight or compacting device during vibfatipn is the major cause of compaction.

This mechanism requires that the weight or device break contact with the material .
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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 makgs the ﬁaterial easier
fo compactf This mechéniém is likely to be effective forfballastQ Hdwevér very
‘little diréct evidence is available.to demonstrate the role of this mechanism.
fhe fourth mechanism_is particle rearraﬂgement from cyclic straining of
the material produced by the application.of vibration. This ﬁﬁenomenon has -
beeq_clearly demonétrated (Ref. 194),; Even'without any_significant acceleration
or impact; cyclic loédiné has Been found conéistently ;d,caqse compaction. |
This mechanism seems to be ﬁhe best explanation of why vibration work§ in any
materials with cohesidn. | |
5.3 'FIELD COMPACTION
Egﬁigment.; A large variety qf mecﬁéﬁiqal equipment is a§ailable for com-
paction'bf soilS;'however,.they can be grouped accordiﬁg to‘baéic types. Alﬁhough'
' bveriap is'likely with any subdivision,the following seems to be generally v
acceptable:
1) pneumatic tire rollers
2) vibratory smooth-wheel'rollers
- 3) plaﬁe vibrator;
4) -smooth wheel powér rollers
5)‘ tamping'rollérs ' |
6) éégmenfed pad and grid roilers
7) rammers or tampers
8) track-type tractors.
Selection of compactor depends on various factors influenéing compaction

results in the field. Soil type and moisture condition often dictate type of
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equipment and methods of ﬁse. The inten&ed function of the compacted material

is one of the important factors to be considered. Table 5.1 summafizes characteristics
of various compactors. Detailed discussions on the subject should be referred

to Refs. 196, 197.

Among th? ébove—mentioned compactor;, vibratory compactors have been recog-
nized as the most effective means of compacting granular materials as weli as |
.rockfill materials., Eépecially in ballast coﬁpécfion, methods using vibraﬁory
tamping or plate vibrators ha&e-become awmajof téchnique;

Theifactors infiuencing field‘compaction res;lts ihélude soil»type, water
or chemical additives, methods of compactidn, method of preparation, uniformity
of procedurés, and the environmental parameﬁers. Genéraily, the effects of
these‘factorsvin the field would be the same as in the 1aBoratory,talthough in
the field variability of éoﬁditions often makes it diffiéul;”to deteét the'
individqal effects of each parameter. Proper understanding of‘the effects would
hélp engineers in the fiéld to Selec£ the right compactor for a givgn joﬁ, and
the appropriate conditions of moisture, layer thickness, and number>of covefaggs
or compaction time.

| AIn»the paét, little progress has been made in the formulation of equations
Which explain and predict comﬁactor performance.'lEven determining the principal
parameters'for each type is not complepe; éﬁd, in,faét, is still avsquect of
much disagreémeng,, There is also_an uncertainty about the influence of some
of the parameters, such as the role of inflation pressure for pneumatic ro]..lers,9
and frequency for vibratory'rollers°

A set of equations for defining compactive effort of basic classes of
roller has been developed (Ref. 198). Expressions are derived for calculating
pfé&ﬁcfigﬁ rafe‘an&-horéééowef ¥equi;éﬁeﬁts,45;§éd on tﬁe-é6ﬁéep£ of wofk déne
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Type

Smooth-wvheel
self-propelled

Pneumatic-tired

roliers

Tamping roller
(sheepsfoot,
segmented)

Vibracory roller

‘Plate vibrator

Tampers

Track-type tractors

Table 5.1. Compaction Equipinent and Methods:_

Charrzteristic Variables )
(Both dependent & independent)

Number of rolls, gross weight, roll dia.,
roll width, 1b/in. of width

Nuwmber of wheels, gross weight, wheel

- spacing, type of roller, inflation

pressure, contact area, tire size.

Gross weight, type of foot, number of
feet/drum, area of foot, contact area
percent of total area, length of feet,
width of drum, contact pressure

Gross weizht, drum weight, roller width
and dia., frequency, amplitude, centri-
fugal force, speed of travel.

Gross weight, weight of vibrating plate,
contact area of plates, contact width,
frequency, amplitude, centrifugal force, .
speed of travel. ' )

weight, area of base, haight of jump,
frequency.

Gross weight, width of track, contact
pressure, speed of travel.

Applicability (Ref. 196)

Appropriate for subgrade or base
course compaction of well-graded
sand-gravel mixtures.

" May be used for fine-grained soils

other than in earth dams. Not suitable
for clean well-graded sands or silty
uniform sands.

For clean, course-grained soils with 4
to 8 percent passing the No. 200 sieve.
For fine-grained soils or well-graded,
dirty coarse-grained soils with more
than 8 percent passing the No. 200 sieve.

For fine-grained soils or dirty coarse-
grained soils with more than 20 percent
passing the No. 200 sieve. Not suitable
for clean coarse-grained soils. Parti-
cularly appropriate for compaction of
impervious zone for earth dam or linings
where bonding of 1ifts is important.

For éoarée—grained soils with less than
about 12 percent passing No. 200 sieve.
Best suited for materials with 4 to 8
percent passiag No. 200, placed thoroughly
wet.

For difficult access, trench backfill.
Suitable for all ingrganic soils.

Best suited for'coarse;g:ained soils with
less than 4 to 8 percent passing No. 200
sieve, placed thoroughly wet.



by the towing unit through drawbar force. Although the compactor mbdels used
are elementary, they do provide a first approximatioﬁ for these three system
characteristics (compactive éffort, production rate and horsepower) in terms "
of the basic controlling pérameters, in;luding compactor weight, rolling width,
layer thickness and travel speed. The resulting expressions have been checked
using available data on compactor performance. Unfortunately, a direct measure 0
of coﬁéactive effort has almost never been made in all of £he field testing

v conducted in the past which islreported in the litetatﬁre, This and other
’basic'omissions make it impossifte to obtain aﬁ accurate check on the equgtibns
and a precise estimate of the coefficients required. Nevertheless, the approach
taken isjsuitéble for a preliminary'compactor'anal;sis, and it is believed to

be the best approach available at present for analyzing compactor performance .

té aid in devéloéing design specificatioﬁs and in-selecting compactorS'fof a

given job. Further work on methods of compactor analysis is needed.

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

engineering properties of a given material, and henée, to.impfove the performance
of the material in a given application. Therefore, conceptually aﬁy maﬁerial
propertieé related to the performaﬁce improvement sought during compaction
could be uséd as criteria indicating the effectiveness of compaction and'
determiﬁing the level of coﬁpaction required in a given'appliéation. 4These
-include strength, compressibility, fésiliénéy,,wave velocity, and density. The
problem then is to determine what magnitude of these properties are desired
and how to specify and cbntrol them. By far the most widely used broperty for
control is den.sit};. |

Density ié the mo;t widely and frequenfly 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 can in general
define the compaction behavior of soil reasonably well, and limiting values of
density can be determined with relaﬁive ease'for most materials. Previously
used field methods for measuring the density of compactéd materials are described
in Ref. 23. However, ballast is quite different from most highway matérials.
None of these_methods.are suitable for measuring ballast compaction. :;hus, (
further research was conducted to develop a method. The results of this effort
are preseqtedliﬁ_Ref. 23.

A method ﬁhich measures the>velocity.of seismic waves traveling fhrough
the material mass has been used to determine the compactness of the material.
The seismic wave velocity is related to both the mass dénsity'and the elastic
modulus of the material. The velocity of the wave generated by the imﬁulse
of a‘ham@er striking a metallic'plate'or-spike on:the ground‘is measured with
a seismograph.i This is done'by determining the elapsed fime for the wave to
travel from the.triggeringAdevicé to the sensihg.device.

This non-destructive methbd can cover a large arga of a compacted éqne
in a short time pgriod,Awithou; any material preparation. However, attempfs
to correlate the seismic velocity with density and other soil properties have
so'far been relatively unsuccessful, even though it has been clea;ly demonstrated
that velocity is quite sensiﬁive fo changes in compaction (Refs. 135, 142).

vMeaéureménts of sfrehgthiand stiffness‘have often been made on compacted
soils to.obtain design information .and determine the degree §f coﬁ?actibn as
Well; However, only the plate ioad tests éan‘be used on ballast. The plate
beéring tests indirectly measure the degfee of compaction of the soil 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 metho& of compaction measurement has recently been suégested,
using an inducﬁance type gauge (Ref. 199) which measures the soil strain by
the change in the electro-magnetic coﬁpling,between pairs of disé-shaped Sensors
embedded in the material being compacted. This relatively new approach has |
been evaluated and shown to be successful in granular materials in a series of
field compaction tests (Ref. 200). One of the.méjof advéﬂtagesbof the ﬁethéd'
'is a péssibility of_continﬁous monitoring of the'material behavior duriﬁg'and
after coﬁpaction. It.is particularly useful in case of coarse;gfained'materials

in which other conventional density measuring techniques are not suitable.

Compactioﬁ Specifications There are two basic approaches for specifying
) compacﬁion; The first, anﬁ oldest, is "meth§d~specification," in which facﬁofs
such as type of‘compactbr, speed, layer thickﬁess,:and-number‘of passes or
compaction time are prescribed. fhe second is "end result"'épecification,

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

The trend in highway constructioﬁ in the United States has been increasingly
in favor of the end-result apfroéch, bécguse it is'moré flexible apd gives the
contractor. the opportunity tq select the construction method most suitable to
him. Thé obvious limitation of this approach is its dependence on the quality
of criteria used and the reliability of the method for aetermining whether the
ijectives have been achieved. While this approach may be simple in concept,
it is difficult to achieve in practice. The reasbhs for this difficulty include

the frequénfly lérge 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 rapidly enough té keep pace with the construction.
In practice, then, a combination of the "method" and the "end result' approaches
is usually employed.
5.4 BALLAST COMPACTION CONSIDERAfIONS
The ballast materials being presently usgd are charactérized as open-graded,
coarse—grained aggregates yith free drainagé. \They aré alsb initiaLly clean.
Such materials posg difficulties in‘determi?ing and_controiling‘th; aﬁount and
étaterf compactibn. |
Typically, such materials do not exhibit the Qell—defined maximum dry density
at an optimum moisture content. The reéulting density for a cerﬁain compactive.

effort is sensitive to changes in gradation, degradation, and moisture content.

Furthermore, reference density and optimum compaction conditions are hard to

establish. There is also a lack of compaction testing methods for this type of
material. The standard procedures used qu highway and airfield construction
are not adequate. : .

The above problem becomes compounded in the case of field measurements.

‘During mechanical compaction the compactive effort is usually concentrated in
certain areas, such as below the ties and cribs, near the rails, and shoulders.

Therefore, the resulting compaction is nonuniformly distributed over the whole

area of ballast. The‘traffic induéeq compactioﬁ is also believed to océﬁr in
the limited area under the ties; The nature of non-uniformly distributed com-
paction may require separate specifications for ballast compacfion in
diffeﬁent areas, and will.reqﬁire measurement methods that can properly test
the areas affecged'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
effects of ballast compaction. The former approach includes density tests,
strength or stiffness tests, or the evaluation_of the ballast structure change
before and after compaction. The‘latter-approach ié mainly cdncéfned with

the tréck geometric configuraﬁion and track staBility.changes due to ballast
coﬁpagtipn, such as track settlement, iaterél and longitudinal tie resistance, @
track modulus,.and ;rack'geometry. The problem with this approach is the
d%ffiﬁult? in separatiﬁg out effeéts‘of ¢6mpactioh f;om'ﬁhe effects of other
factors 'like traffic or subgfade conditions éf énvironmental.

The most fréquently method of densit}-measu;ement fbr ballast has been the
nuclear method (Refs. 201, 202; 203, and 204). This mgﬁhod has been widely
fried_in European countries, and various versions of instruments defiseqf In
‘any case, this method requires'placing?a probe(é) into the ballast, which_.
causes a change qf ballast conditions; esﬁecially in the neighborhood of thé

tube.

Various replacement methods have also been used in ballast deﬁsity measure- -

ment. According to Riessberger (Ref. 202) and Birﬁan (Ref. 203) water, sand,
or gypsum reﬁlacement meﬁhods have been tried to a limited extent. However,
the quantity of samples required was so large that these methods were not éuit—
éble for use in track structures. |

Piéte load tests have also been used fér ballast compaction evaluation
(Ref. 202), by measuring the force-deformafion chéracteris;ics of a plate on
thé Ballaét. A detailed procedure has been suggested bf CNR (Ref. 137).

Track settlement surveyé, in thch both differential and ovefall 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 seftlément is not a suitable means to measure the effect of
ballast. compaction, because it depends on many other parameters of greafer
infiuence.

Tie displacement tests determine the effect of ballast compaction on thé
resistance of ties to displacements in either lateral or longitudinal directions.
There are two different methods of lateral tie displacement tests: single-tie
test, and multi-tie test. Details of the procg&ure.involved in each of the
-methods may be found in'Ref.‘ZOS, .The lateral-resiétance is so mucﬁ dependent‘
én the 1lift during tamping that the test resﬁlts méy'not indicate ﬁhé spgcifiC'“'
effect of ballast compaction, especially when the measurements are made immediatelf
after tamping.

The tie load test, or track modulus test provides é‘measure of.vertical track
stiffneés which cbuld be used'to.cﬁmbare compacted and uncoméacted areas. It
has been long uéed to obtain design informaﬁibn for thévtréck system. ﬁetails
pf‘thé tests were discussed in Section 27 : .

After considering the various alternative apﬁroaches for measuring ballast ..
compaction, three methods were selected f?r furiher development. These are,

1) watef replécement for density détérmination, 2) small plate load test .for
vertical ballast stiffness determination, and 3) resisténce of a single unloaded
tié to lateral displacement. This ﬁork, including the»test'pfocedures and'the.‘
type of results obtaiﬁed, is déscribed in detail in Reff 23.

The objectives of ballast compactioﬁ are 1) to limit,fif pbssible, the
settlement of the track under the effect of traffic loadings, 2) to avoid dif-
ferential settlement as the track deflects under ldad, and 3) to assure a resis-
fance, immediately after maintenance work, to lateral and-longitudinal track

displacements which will guarantee track stability through the restraint

127



deformation as a consequence of traffic and temperature variations.

Thevfollowing must be taken into account to determine the optimum com-
paction ievei for given compaction conditionms:

1. the "anvil" effect of the foundatipn

2. ballast particle size and the overéll dimensions of the ballast sectioﬁ
as well as the gradation of the ballast material, and

3. existing conditions ﬁ;ior to compaction, such as the quality pf
tamping and traip‘traffic_froﬁ ﬁhé complgtion of.tampingrup to coﬁmepcement of
vcompaction. | |

Tﬁe time interval for compacting ballast as well as approfriate'cohditions
of compactor opération should be determined based on.a careful conéideration
§f various facﬁérs including’ track conditions, the lével 6f performance, and
economic factors.

The probable optimum level of ballast compaction is dépendenc én‘the ballast
'propertie55,ballast'condiﬁions after fampiné, and the required level of performance.
At present no infofmation is available to establish suitable quantitafive ballast

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

Track coﬁstruction can be interpreted as the entire sequence of operations
associated with either 1) the installation. of new track, or 2) as a major
rehabiiitation (reconstruction) 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. indicafes
that new.track construction for distances greater tham a fewAmiles is un-
cdmmon>and prapably not eConomicalLy juStifiable When coﬁpared to the éésts
-involved with upgrading the existing, and poséibly poér quality, lines.
Furﬁhermore,track construction procedures, specifications and particularly
costs are.highly dependent upon the localit&, which prohibits generalizations ™
to be madé for new track construction. ‘General construction procedures for
new tfack'are specified in AREA Manual (Ref. 2). Detailed discussions of
new track construction Qill not be presengéd in this_repoft'sihcg the amount
of new track chstructibn is extremely_small.cpmpated to the aﬁount of up-
grading of existing lines. Thus, the.emphasis in this réport will be placed
upon the rghabilitation of existing lines with on-track equipment.

This reseérch effort concerqs-the physical state of the ballaét material
in the track bed and the relétionshié.qf’this state td't¥aék performanée.;
Understanding the mainténance processes which affect the state of theﬂbéllasf
material is necessary. Thus this chapteriwill emphasize ballast-related
maintenancé operafions.‘

The main categories of track maintenance work which will be diséussed
are 1) frack-reﬁewal,.Z) tié.and réil_replagement, 3) ballast cleaning,

4)vballast hauling and distribution, 5) ballast shaping, 6) track surfacing
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and lining with ballast tamping, and 7) ballast compaction. A complete
compilétion of information for all types of existing track maintenance equip-
ment in each of these categories was not feasible. However, an adequate
coverage of the subject was obtained from readil& available literature.
Equipment types and procedﬁres used for these maintenange operations ﬁay
differ between raiiroa&s, since the experience of the maintenance-of-way &
dgpartment ;ﬁd_the available ﬁaterials, labor and equipment will influeﬁpe
thé approaéh taken.
6.1 TRACK EVALUATION

"Maintenance df‘a given section of the track structure is required if -
one of the following conditions indicates the need for an improveméﬁt of
track conditions: . poor riding quality, gxcessive lading damage, derail-
ments, visual inspection.indicating deferiofacion of the track
components, or exceeding the gfack.safety specifications which are recorded
. from track measuring cars. Hay (Ref. 206) states that although track:
geometry apdAtraék material can be discussed separately, they.dd not
act independently. Other things being equal, the material in a track with
good geometrical properties wili 6ut1ast that in a track with poor line
or surface. Conversely, sound track material will help preserve geomeérical
'qualityﬁwhile métérial Qeaknesses act to déstrby geometricai quality so
that permanent defo:mafion is caused by loads which could othefwise be
easily carried. Poor geometry also haétens»material wear by increasing the
magnitﬁde of dynamic loads imposed on the track and its elements.

The track measuring car method is currently used by'some railroads and
provides a more efficient, reliable, and quantitative means than Qisual

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 is essential. With track
.recording cars‘reliance does not solely have to be placed on subjective
opinion as to the quality of track by different track‘sﬁperviéors on different
stretches of track. However,the track geometry'car should not be considered
a panacea fqr tfégk maintenance probleﬁs, but should still be supplemented

by visual track inspection, since determination of the many components com-
prising»the tfack system can occur and not necessarily.be identified by
the‘track gEOmetry.car.

Exampies 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 eéuipment. . Track geometry, inspection,
recording, measuring, and.ev;luafibn are the designations given to these
vehicles.' However, eachyberforms one or moreAéf theasaﬁe-basic funcfiqns )
of‘measuring the variation in gaugé, surfaée,:line and twist of the track.
DifferenceS‘iﬁ measurementrequipment involve type and spacing of the measuring
wheels and methods_of measurément,.meagufing.&evices, and computer .facilities
for the data obtained.

At the FRA track program review (Ref. 210), Meacham of Battelle-
Columbus‘Laboratories and Corbin of.Enééo;'Ing;, presented research progreés
reports on their development of track ﬁeasuring sysfems. While not. serving
the same function nor providing the same capabiiitieé-of manufactured track
geometry defects, their efforts are concentrated towards a means of evaluating

track geometry defects. Meacham is developing an instrument to measure track
impedance which operates from an intermittently statioﬁary car, while Corbin is
developing a continuously moving me#surement of vertical track stiffness using

the Southern Railway's track measurement car.
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Table 6.1."

Hake

1. a)

b)

b)

c)

d)

e)

4. a)

MATISA
(Ref. 207)

MATLISA

TAMPER
(Ref. 207)

PLASSER &

THEURER
(Ref. 208)

PLASSER &
THEURER

PLASSER &
THEURER

TRANSMARK

Track Recording Car Descriptions Based on,Manufactureré' Litérathre

Model

M422

WE200
{(with B200 ser-
ies tamper, Ta-
ble 6.5)

Et80

EM50
EM100
EM40

Track Testing
Wagon

(Ref. 209)

' Type
Recarding

Recording

Valuator

Measuriag,
Evaluvation

Meésuring,
Evaluation

Track Geometry

Total

Height (kips)

" 50.6

70 .

70

Heasurements

7 Pa;ameters: iongitudinal level, 3 for
twist, superelevation, gduge, versines

4 Parameters: superelevation, twist; level
and alignment

7 Parameters: gauge,'twist; superelevation,
left & right surface, left & right line

12 Parameters: lateral acceleration of ecar
body, gauge, vertical irrégulerities in the
surface of both rails, superelevation, speed,
nmile post marker, special events marker, cur-
vature, twist (or crosslevel), profile and
alignment of both rails

1st track car
Same as EM80

Not for high measuring speeds

Parameters: top left & right, alignment,
twist, crosslevel (normal), cant & dynamic,
gauge, horizontal and vertical curvature,
vertical slope longwave, equilibrium speed,
vertical and lateral, ride index, vertical
slope left and right, horizoatal slope, ver-
tical and lateral bogle acceleration, dis-
tance travelled



Plasser literature (Ref. 208) illustrates the "fault" zones which are
most likely to lead to changes of track geometry and discusses the measure-
ment of a particulaf 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 séaming, missing ties, or washed
out roadbeds lead to ride discomfort for passengers ana démaged cargo.

- 3. Rail Profile: Changes in longitu&inél level lead to.vibration and

bounce difficulties, especiélly at high speeds.

4. Rail Alignment: Horizon;al irregulérities in the rail damage:-
both freight and car.

5. Superelevation or Cross lévglz Improper superelevation can lead to
excessive and uneven wear at wheel-rail contaét points and to derailménts

_of trains neéotiatiné those curﬁes'a§ high speeds.

6. fwisﬁ Measu:ement: Metal fatigue énd roadbed erosion cause dis-
tortionrof two rails which will cease to run at parallel lévels. The car
axles become twisted cgusing increased car and track wear, and cargo damége.

Blanchard (Ref. 211) glso states that gauge, line and level are all inter-
dependent. He states that gauge is the most critical and is most likely to

' iﬁfluehce'a c¢hange in line ana level.

An important advantage.of track reéording cars is that a means.is,pro—'
vided to quantitatively compare track conditions over4a railway system with
track standards which hayé>been sef. Other advantages as reported by the
équipmen; manufacturers are &s follows:

i. A means is provided for railway administrations to-plan trackwork

management and maintenance policies.
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~ 2. Recording is accomplished under dynamic load similar to that of
normal trains.

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

4? Parameters measured can be_graphicaliy plotted as well as stored
on tape and analyzed on a computer.

5. TFor each parameter meaéured, indication of ;he amplitude of fauit@
above thé designated safety lével; and the exact location is provided on
the recordé b& the computer. .

‘6. . The recording ;ars can ph&sicallyAmark faulfs on the track using ;
paint marking device.(Ref. 209). .

7. Tﬁe parameters méa#ured may provide a:good tool to indicate the
effectiveness of ballast compaétion (Ref. 212).
6.2 TRACK RENEWAL - |

The largest scale track ﬁaiﬁtenance-operation is the removal and're-A
placement of'gies; rails aﬁd.fastenings of the trackisupérstructure in a
single continuous process rather*thaﬁ replaéement of the iqdividual track
components. The traék renewal train of track relaying train with this
" assembly line principle was developed specifically with this concept in
mina. Burns (Ref. 213) states that the prime advantage of this method of
maintenancé is a significant reduction in q:ack maintenance costs and ﬁraék
-time requirements. However, such equipment, briefly déscribed in Tabie 6.2,
has not been used in the past U.S. tféck maintenance‘programsr

‘The widespread adopti&n in Europe of concreté ties and continuoﬁs welded
rail has created the néed for machines capaﬁlé‘of replacing ties out of face.
European maintenance of way‘machinery manufacturers have built machines for

this purpose using essentially four different approaches. These machines
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ngerence
1. (a) 207
2. (a) 208
(h) n
(c) "
. (d) "
(e) ”
(f) n
3. (a) 214
4. (a) 215
5. (a) 213,
216

Hanulactuier

Mat isa/
Canron

Plasser &
Theurer

Secmafer

Modern Track
Machinery

Rallways of
U.S.5.R.

Model
P-811
Valditerra
System

SUZ 350

SUZ 20001

SuzZ 500

SUZ 5008

SU7Z 500LS

- SUZ 5003

216 M8/M9

Table 6.2, Track Renewal Trains

Production

660 yd/hr (rated)

Min. ave. 10 ties/min

Max. ave. 17 ties/min

1640 ft/hr (ltaly) :
[825 ft/hr Burns (Ref. 213)]

1150 fe/hr
[900 ft/hr Burns (Ref. 213)]}

820 ft/hr

[825 fe/hr Burns (Ref. 213))

401 BR 48-61/63

Comments

Tangents ‘and curves as small as 3-1/2%; contains
roadbed plow and ballast compactor behind plow;
controlled tie spacing (automatic); can change ties
or rails, exclusively; uaed'in.tunnels, bridges,

stations

Tangents and curves, 2 ‘'machines,' 3 with ballast
cleaner : )

Gantry crane, old track removed in panels and new
track laid tie by tie .

Ohe 'machine’; can also remove old track in panels

One machine removing and'laying track with long
welded rails and individual ties; is specially
sulted for working in short track possessions.

One machine similar to above except one end of
machine on crawler. Can build new track. -

One machine removes the old track in panels and lays

the new track tie by the tie and welded rail

Gantry crane, old track removed in panels and new

laid tie by tie

Gantry crane, old track removed in panels and new
laid tie by tie

Gantry crane, old track removed in panels and new
track installed in panels. Rail later changed for
C.H.R.



have also been used for replacing wood ties with wood ties. Brief descriptions
by Burns (Ref. 213) of each of the four basic type of machines follow.

The Valditerra System, developed by Matisa,_removes the rail énd old
ties and installs new ties and rail within one machine and within a short
distange. Plasser and Theuref have also deﬁeloped a similar machine. The
long~term average production rate of this type of machine is approximatelyl

825 ft/hf with a 1/2 hr start up and 1/2 hr clean up.
| | The two-train sYstém, an earlier Pléssef and Theurer devélopment, hés 
tﬁb éelf-containéd machines working rélatively indepéndently-of-oﬁe another.
The first picks up thé track and reﬁoves.the ties and rail. The second
installs thé neJ ties-and_rail. Between the tw0'machineé is a length‘of
track that is clear of both ties and ?ail. In this section, it is possible .
to berform such o?eratiéns as subgrade stabili?ation and ballast cleaning
by‘off-line equipment. The continuousAﬁroduction rate of this system is
apprbximately 900 f;/hr with a 3/4 hr startvup and 3/4 hr clean up period°

With the panel~track s&stem, deVgloped and used extensively'ih Russia,
panels of the old track are removed by a specifically designed on-track
crane, moving backwérd and pushing flat cars ahead of itself.. Panels of
new track are-laiq by a simiiar craﬁé pulling flat'cars of new panels behind
it.v:The jointed rail is laterlreplaced by'qontinuous weldgd rail.

A system,'develébed by the French, uses a gantry crane which, while
running on the new continuous welded rail that has been previously.laid on
thé shoulder, picks up>panels of the old track, and also places the new
ties. Anothe? machine positions the new rail on ﬁhe ties.

In principle, the Matisa P81l or the recently developed.Plasser and

Theurer SUZ 500, are similar in operation (Ref. 213): A single machine
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removes and installs the new track_withih a short distance, thus precluding
any operation on the ballast other than levelling off the cribs. These
machines receive fheir alignment from the original track, but the super-
elevation can be changed. The Matisa P81l also incorporates vibfafory
plétes to compact the level ballast bed after.tie removal and plowing of
the crib material. The SUZ 500 may or may not contain tﬁis feature. The
average.productiqn rate qf this typé of machine is 500 ties per hour or

825 feet per hour, with 1/2 hour for start-up and 1/2 hour for clean up

“-(Ref. 213);' However, the rated production rate is 2000 ft/hr for the Matissa

- p8ll.

6.2 RAILS AND TIES

' Decay, abrasion, fatigue and bregkage éf wood ties due to train loading
and'envirdnmental factofs periodically necessitate the‘replacement of this -
componeﬁt. The ayerage‘lifespan of wood giés'on mainline track is estimated

to be 25 years. Some U.S. railroads are currently considering introduciﬁg

concrete ties as an alternative to wood ties with the expectation of increased
" levels of track performance. Foreign railroads have experienced satisfactory

. results with concrete ties. However, with the higher axle loads in the U.s.,

the effect on the track maintenance cycle is still unknown. Failures of

concrete ties occur with fracture at the rail seat area or cracking of the

tie.
Since wood ties are far more common, only the procedures for their re-

~

- placement will be discussed. The main steps observed in one field operation

are as follows:
1. A mechanical spike puller is used to remove the spikes from the

ties marked for replacement. The tie plates'are also 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 picked up by the machine and deposited om top of
the crib, while the outer thirds are mechanically pushed outward onto the
shoulder. The pieces may be chipped, burieﬁ or carried away.

3. A ballast scarifier with rotating blades cleans out the ballast
where the old tie was embedded sb that ;he new.tie can be inserted easif&.
Ballasf collected under the rails during the scarifying operation is leveled
by the same machine. |

4, A‘tie iqserter places new tiesrpart qf fhe way ﬁnder one rail. fhen
the tie is mechanically pushed into its propér posigion on the ballast bed.

5. The tie plateé and spikes are replaced.  If neceésary.tie spacing-
and gage are first adjusted. ‘ | o

A complete ;nd illustrative ménualiof rail defects hés'feeﬁ ;éﬁpiled ﬁy
Sperry Rail Service (Ref. 2175; Serious defects, such as.éxcesSivevwear
or breaks, would réqﬁire replécemgnt of the rail séqtion. In the U;S.,
defective jointed rail is often replaced ﬁith continuous.wélded rail.-

Procedures fof'haqdling, transporting, unloading, ana-installingArail
are described in AREA Manual (Ref. 2). Few manufacturers; specifications
on taii iaying-equipment were available. The new rail is- loaded in the‘yard
on fail haﬁdlihg cars by forklifts or cranes, and transported to Ehe deéired
track section and unloadea on the shoulder by éranes, Rail fastenings are
removed by conventional methods. The defective rail may be removed and the
néw rail installed by using derricks, cranes or‘a sleeper-positioniﬁg—and—
rail-displacing machine, such as the Plassér Théurer IP 10l. Rail fastenings

‘are subsequently reconnected.
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6.4 BALLAST CLEANING

Increasing costs for material, and for hand}ing and transporting of new
ballast havé caused maintenénce of way engineers to seek alternate methods
by whiéh to restore badly fouled track-beds with a clean, ﬁnifdrmiy—graded
ballast material. Crib and shoulder ballast uhdercutters and cleaners repre-
éent a soluﬁion.' Thig equipment perfofms the functions.of-removing and.
scfeening the ballast existing under the track and tﬁen redepositing the
desired gradation»df'material into‘the'crib}ijéepératéd matetial'coarser- -
and fiqer than the selected>gradati6n.iimits §f th; ballast redeposited
in the crib is placed by conveyor at the sidé of‘thé track or loaded into
open cars. A selection of available ballast cleaning equipment is descriﬁed
in Table 6.3.

flasser and Theurer, Caﬁron,'Secmafer and.Kéréhaw‘pfoduce'ghe heavy;
duty'béllast unde;cutters and cleanérs to §erf6rm tﬁé completg operation
l~on tangent and curved frack; fhe Plasser and Theurer model RM 74 U has the
additional capability of undercutting and\cleaning at s&itcheé; The Plasser
maChinéé are also c;pable'of'treating the subgrade with a bitumen spray, or
introducing a sand blanket or membrane on the subgrade while perfdrming
undercutting and cleaning. The Secmafer machine (2i4) levels and compacts
the ballast such ‘that the tragk can bevimmediatély returned to service.

The fated prdductions é?e from 460 to’850.cu yd/hr, 5ut these numbers are'
dependent‘upon machine workihg speed, depth of cut:unQef the tie, degree
of difficulty in disaggregating'the ballastAméterial and physical obstacles
such és roadAcrossings, bridges, and swifches.

Smallér machines are available to remove only the crib, or the shoulder .

or cfib and shoulder but do not clean the ballast. - In some cases the shoulder
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Zsfecencs

1. (a) 208

2.

3.

7.

“(d)
(o)

£

(2)

'O

(e)

{a)
()
(2)

(a)

(a)

(a)

(%)

214

97

218

Table 6.3. Eallast Undercutters and Cleaners

Manufacsuraz Model
Plassar § RME2
Theuzer
" 2M53
" . AM74T
Wiadhofs FR312
" Plassai s UFRS0
Theuzer
” - CRILL
" ¥acisa/ csuL
Caazon
" ' ¢330
(Paganelll
syscam)
« : .
Trae-
Gopher
Xarshaw ”
" P24
" u -L
Marooo o
Spena 3allasc -
Ciemning Servica
Loram -_
Secasier 4Q0MB-02

Producsiom

850' eu yd/hr
720 ea yd/h=

Up ta 460 eu yd/br

788 cu yd/hr

3 f#z2/miz wadercucsiag
8 f=/min tranching

500 cu yd/hr

430 iz. (u & ¢).

Commancs

Can put barriars cn subgrade, i.s., HiZiuen
spray, sand Slankec, styrcpors sasecs (u & c)*®

Can alse Lifz, liza, profils (u & )

Also used 3 switches and e:ésstag:. Can
incToduca sand Slankac. Depeh of cus 10 2o
Ceis ballast teamavez (z)*

Sheuldar clesner (sr & c)¥

Is used with
indhotf 7RIL2 : )

Crih cleanar; cas be equipped with shouldsr
plovw (:)_ .

Dapch of cut 4 in., mizimes undar cis, t8 30 ia.,
oaxinm from gap of rall (u & <)

Depek of cuz 12 =0 25.3 1.:. (u&c)'

5 iz. saximm cutzing degch, cut shouldar and
usder tia ousside rail, used a3t zoad cTossiags,
sporoaches o non-ballasted bHridges, one side
ac a time (T)

4~l/2 im. =un. cuz to 12 ia. zax (u & &)

- (u&ec)

Switch undercuster, 5 in. to § in. dapeh (u)*

Switch undercutter, rsquirss 2 passes (u)

8 in, cuz, Tedquirss 2 jassas
Plow shouldsz, chen undercuc track (u & 2)

Czib skalscomizar, bSridge approachas and
swicches alsa, 3 in. depeh, ia 2345 ouly (r)

Shoulder ballast claaper, also shapes slope
(se § )

Lavels, compaecss ballasc, alizms crack 23 such
degrae track can be teleasad fov zmasiie
irmediacaly after cleaning (3 & 2)

3 § ¢ » Wdercuss and cleans; u = wndercuts; St & ¢ © shouldatr remover and clasnar; T = remOVes ballase only
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material is cleaned and redeposited at the tie end.

Loram (Ref. 221) produces dual machines, called Autofrack and Autosled,
which raise the track, plowrout the fouled ballast bed to the shoulder area,
. or sled the ballast to distribute'the crib material undermeath the ties,)and
replace defective ties. Reballasting normally follows this operation. This
method does not incorporate rail removal and replacement.

One ballast undercutter and cleaner observed in operation was_model
KM 74;UHR, mahufactured.by Plasser éhd.Theurer Company.-,Total_wgight‘of
fhe machine is'70 tons. :It hasuaAworkiﬁg speed of ;Bout 10 to 15 feet pér
" minute. The undercutter is capable of cﬁtting laterally up:to a distance of
‘ tﬁo feet away from the end of the tie; and to a depth of ten to 33 inches
under the tie.‘ One operator is reqdired, along with a mechanic aqd one or
two laborers. Near ﬁhe center of‘the méchine a large hydrﬁulic ram clampS’
underneath tﬁé_rail heads ané lifts the track up about one inch above the
original levei.'.A lafge coﬁtinuous chain with cutting teeth passes under-

" neath the tie. .These teeth scrape out tpe ballast from under the tie, carrying;
it to the éhbulder, where it transports the ballast up into the machine,

where a screen shaker is located. The cutting chain is not placed parallel.

té the bottom of the tigs;»but is éitched two inches downward on the outside
:ail.for easier collectioﬂ'aﬁd'tfanspdr; of the ballast and to provide a

sloped surface forqdrainage. The lérge shaker inside the_machine contains
vérioﬁs sized screens with square openings. Material whose particle size is

~ either abéve or below the range of screen sizes is discarded in a windrow

about 15 ft from thé edge of the track by an overhead conveyor. ' The remaining
ballast particles are redeposited in the crib in the previously undercut

‘sections by another set of conveyors.
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The amount of material removed in the cleaning operation represented as
much as 1/3 to 1/2 of the initial ballast volume, but because this was
mostly fines filling thé.voids of the larger stone particies, the‘bulk vol-
ume of .the cleaned ballast was not reduce& by as much volume as that of the
material removed. - Howeveg additional required ballast was provided ﬁy a
ballast train. The cleaning operation was not very effective during gain,
becéuse ;he-fiqe maferial tended to cake when wet, thus clogging the screené.

To what extent the material from the various screens was remixed before

depositing under thetrack was not determined.

6.5 BALLAST DISTRIBUTION AND SHAPING

A Sallast train is:required to replenish the bailast material in the
crib after a cleaning operation or depoéit additioﬁal'material in the crib
(reballasting)‘befére or after a’majdr lift. - |

A ballast equilizer or-régulator is needed to fill-tﬁe c;ibs and to shapé
the shoulders of the Ballast after r#ising and tamping. Iﬁ operation, excessiQe
ballast between the fails is plowed'to fegions outside of the rail,'into the
crib and.aiso onto the shoulder. One or two passes may be required for the
shaping and filling operation depending upon the amount of ballast méteriél
to be moved. The reguiator can also place ballast in the crib for reba;lésting
purposes by transferring'baiiast frém'the shouldér. This machine is équipped
with a shoulder former‘to-shape or dress the shoulder to the desired slope
and shoulde; width at the tie eﬁd° This operation can. be performed simul-
taneously with material being plowed out froﬁ the t%ack center. The final
operation of removing excess ballast hot plowed out from tﬁe track center as
well as ballast which has accumulated near the rails is éerformgd by the

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

Other functions of a ballast regulator as reported by Kershaw (Ref. 218)
are: 1) dressing ditch in‘multigle track, 2) séarifying and deweeding ballast
shoulders, 3) breaking up mud pockéts at tie ends, and 4) plowing ballast from tie
ends to improve drainage.

N A'réprésentatiQe list of ballast regulators is.given in Table 6.4 In'
addition to the function of ballasé regulating, thé Jagkson sﬁreaderé.and
Plasser and Theurer profilers shape the profile of the embankment.

6.6 sunmcmé, LINING, AND TAMPING

The‘trackwgeometry consists of crosslevel‘(surfacei and'longitﬁdinal
alignment_(line). _Surfacing and lining operations are berformed’simultgn-'
eously or in ciose‘conjunction to corréctvtfackAgeometryvdefects._ Application§4
‘inciude major out-of-face frackwaﬁ requiring reballasting with 4 to 6 ip._ .
raises, for skinlifting involving track raises up to 1/2 to 2 in., or spot
work in short track sections. |

Fundamentally, three proéesses are involved: 1) raising the tfack to
the_p;oper elevation, 2) adjusting the track horizontally to align it, and
3) tamﬁing the ballast-tb repack'it in the voids undér thé tie near the rails_°
Surfacing'and lihiné Operations'requife tamping to £i1l voids under the tie
created by repositioning. However, tamping may be doﬁe aione by a machine
that does ﬁot héve controls for surfacing and lining if the track is already
in proper position and it only heeds ballast to be packed under the tie.

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

lateral tie resistance and lowering bearing support underneath the tie

143



24T

(a)

Re ference
{a) 207
(a) 218
(a) 208
(b) 11
(c) L]
(a) 222
(ll_) "
(c) "

219

Table 6.4.

Make
Tamper
Kershaw

Plasser &
Theurer

Jacksonr

Marmon



Ballast Regulators or Equilizers

Model Equipment

BEB-17 . Equilizer

26-1 Regulator

PHR-iOJ Regyiator

SSP8o » Rapid ballast profiling
UsP3000cC i Universal -ballast distrlbut;ng

and profiling

4-200 Straight wing spreader

4-150 ' Spreadex/ditchex
4-100 ' Spreader/ditcher with high
’ snowplow

Track Patrol On/off dressing machine



compared to the undisturbed ballast state. Opinions differ about the state
of the ballast beneath the tie after tamping.

The speéifications for Canron, Plasser and Theurer and Jackson Company
ballast tampers that are used for tangent aﬁd curved track, switches, and
joints aré listed in Table 6.5. Models of other tamping machines for which
specifications were not obtained, are.listed in Téﬁle 6.6. The data included
in Table 6.5 are 1) weight of equipment, 2) production travel .speed, 3)
tamping tool cha:acteristics such as location, number of tools, amplitude,
frequency, rated static and‘dynamic forcés,'and 4)- surfacing and lining |
operations used. The liniﬁg énd leveiing systems in use are described by
Diaé and Janderes (Ref. 223) and should be referred to-for further detai1s.
Variations in shape and length of tamping tools are also noted to occur.

The tamping operation can be used in conjunction with or independently

-of surface and lining operations. Present day tamping equipment all utilize

the vibratéry_squeeze principle with either a synchronous or a non-synchronous
squeeze action. In the synchronrous squeeze, equal system pressure is applied
to each opposing pair of vibrating tines which move the same distance until

the desired squeeze pressure-is reached. Ebr the non-synchronous squeeze;

the hydraulic pressure in the opposing ‘tines may be{diffe;ent and is a function
of the ballast resistaﬁce. When the pre-established pressure is échievéd‘in

one tiné the movement ceases and the opposing tine squeezes until the same

- pressure is reached. Plasser and Theurer (Ref. 208) utilize the non—synchrbnous

concepts while Canron (Ref. 207) uses the synchronous squeeze action. Jackson

(Ref. 222) appears to use a concept similar to Canron.
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Table 6

Manufacturer ‘Model No. Production
1. (Ref. 207) v
(a) Canron Jp 60 joints/
hr
(b) Tamper VI-Vibra- —-—
tool
(c) Tamper SVI-Switch ——
- Vibratool
(d) Tamper EAS Switch ———
Electromatic
Mark I
(e) Tamper EAS Switch ——
. Electromatic
Mark II
(£) Canron Electromatic 1500 ft/
Mark I hr
(g) Canron Electromatie 1500 ft/
Mark II hr
(h) Canron E-JI ——
Mark IIL
(1) Canron Mark IIL -
T 2233 DAG

(j) Matlsa

+2. (Ref. 222)
’ (a) Jackson

(b) Jackson

(c) Jackson

B200 series
201
202
204
220,230,240

Utiliry
tamper

2300

Automatic
tamper 4500 -

2300 to
3950 fc/
hr

© 750 ft/hr

1000 to
1200 fec/hre



.5. Ballast Tampihg Equipment

Type Track

Jolnts and correc-
tion, low spots

Tangent and
curved

Tangent, curved
and switches

Tangent, curved
and switches .

Turnout, cross-
over and ladder
track

Tangent and
curved

Tangent and
curved

Tangent and
curved -

Switches 1ift &
1ine curved with
check ralls

Tangent and
curved

Tangent and
curved

Tangent, curved,
switches and
turnouts
Tangent and
curved

Frequency
Amplitude (iz) Laveling and Lining Operations
Positive 53.3 Automatic surfacing ﬁi:h infra-
3/8 in. : red beam
-— 53.3 With or without optional wire
—— 53.3 Referencé device for leveling &
lining and crosslevel indicator
Positive 53.3 Optional delta surfacing device
3/8 in. infrared beam
Positive 53.3 Optional delta surfacing device
3/8 in. infrared beam
Positive 53.3 Optional delta surfacing device
3/8 in. infrared beam
Positive 53.3 Optional delta surfacing device
3/8 in. infrared beam
- -— Optiohal delta leveling system
and ‘autograph liner
— - Autograph liner '
-— -— 3 pointvlevellng system; 4 point
lining; automatic
—— 70 Light
’ <
—— 75 Light
— 75 Crossleveling electro-optic servo- -

.controlled hydraulic system
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Manufacturer

Model No.

Table 6.5,

Production

(d) Jackson

(e) Jackson

3. (Ref. 208)
(a) Plasser
& Theurer

(b) Plasser
& Theurer

(c) Plasser
& Theurer

(d) Plasser
& Theurer

(e) Plasser
& Theurer

(f) Plasser
& Theurer

(g) Plasser
& Theurer

(h) Plasser
& Theurer

(1) Plaaser
& Theurer

5000

1600 ft/hr

6000

Roadmaster
Universal
06-1651LC

R.U. 06-16

Assistant
Roadmaster

UYT-2W75

UJT-06-16

Universal
07-16 DM

Duomatic
07-32 DN

Plassermatic
07-275 DN

(PLM 07-275 DN
or PLM 07-275)

Quatromatic

Up to
5000 f£tr/hr



Ballast Tamping Equipment (continued)

Type Track

Tangent and
curved

Tangent and
curved

Tangent and
curved

Tangent and
curved

Tangent and
curved

Yard, switch &
spot

Universal joint,
spot & tandem
. tamper

Tangent and
curved

Tangenﬁ and
curved

Tangent and
curved, switches
& crossings

Tangent and
curved

Amplitude

Frequency

(Hz)

Tamping and Lining Operations

75

75

Built—in'ttuss beam concept,
automatic, optional lightning
buggie

Automatic 11ft and leveling,
automatic 2-chord and laser
beam lining :

Lifting by wice surfacing device
and shadow board control; level-
ing with crosslevel pendulum

laser or optic leveling/lining

units (single chord measuring
system)

‘Infrared beam leveling

Laser or optic leveling/lining
units (single chord measuring
system)



Table 6.6. _Additional Ballast Tamping Equipment

Other tamping equipment for which information or specification shzets were not cbtained.

MAMNUFACTURER

Matisa (Ref. 207)

Robel

Plasser & Theurer (Ref. 208)

a)“

»)

e)

d)

e)
£)

g)
h)
1)

H

K

MODEL COMMENTS

BMNRI 85 —_

Supermat 62_.‘43 —

Universal Ducmatic Tau:per?Liner

06-32

‘Universal Yardmascer Switch produccion tamping, 2
.UM 8-L 4 tool units, can suriace &

line a switch in 30-45 min.

General Roadmastar Tamps switch, frog, tangeat
- GRM 16C : & curved track; 2 3-tool or
f=tool heads .
Tie Tamper PTT-16 ' Spot, tamper & tandem tazping,
15 cool -
Roadmastar Special Tangent & curve, single chord

lining & leveling, double ouc-
put, =ax. 2200 =/hz.

Q7-Super 32 RSV Sleepexr end comsolidating
plates, also all round camping
systam

WE 75 ' 1 tamping wit, shoulder &

erib, 1962.

WE 275 ‘ o 2 tamping unit, shoulder &
o crib,. 1962.
Main Liner Universal -_—
06 Series : )
Beaver 4-73 Tiltable tools, for industrial
73 railways or cicy =ranspor:
800 :

. Plassermacic 06-3 ——
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The main differeﬁces in the tamping operation between manufacturers
occur in vibrating frequency andvin amplitude of vibration of the tamping
tines. The frequency is 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 exisf are whether two
or‘three,. or four ties 3re tamped simultaneously, the addition of tie-end
tamping or ;he addition of éhouldér ;ompactingvplates.

Cassidy KRgf. 212) identifieé éome specific tamper design characteristics .
which should bé further described and quantified:

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

2. The definition of squeezelpressures, which ig not well defined
in the compény ﬁrbchures. Some specifics to be quantified-are:

a. Maénitude of maximum forces,fbearing aréas,
and maximﬁm pressures,
' b.. Force vs. time (or &istance vs. time) curve.
c. The means bvahiéh the number of squeezes on a given tie is
| determined.

3. Vibration chafacteristics including whet?er the Vibratiﬁn is force
~ controlled or distance controlled,‘and the exact means by which this is obtained.
:The tamﬁing-proceduré used by Canron, illustrating.the vibratory squeeze
- principle,.is sﬁan in Fig. 6.1. The tines are‘set into vibration before
insertion in the ballast. The steps in tamping are (Ref. 207): |

1. Downfeed: In addition to the freé fall weight of the tamping
_units, downthrﬁst pressﬁre on the ballast of up.to 2,000 psi (140.6 kg/sq cm)
is available. Lower limit switches stop downfeed at a preéelected dépth which

is adjustable down to 6 in. (152 mm) below the bottom of the tie.
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15?

a) DOWNFEED - - - b) SQUEEZE IN

¢) 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-seﬁ
to suit ballast conditions. Interconnectiops in the hydraulic squeeze circuit
assure uniform équéeze pressure. Squeeze-in stops when a pre-set hydraulic
pressure is reached due to pressurevbﬁild-u; between opposing tools. Int;r-
comnection of hydraulic squeeze circuits provides uniform squeezing along
the entire tamped area of the tie.

( 3. Up-feéd:  The tamping toéls during the initial portion of the up-:
feed retract hpward along the sidé'qf the tie, so thé; the criE ballast will
.fall against the sides of the tie tb rétain‘ballast iﬁ the tamped position.
The témping tools #eturn to the upper limit prepared for next cycle.

For low lifts, smoothing, spot track repair work, and tamping in con-
finéd areas such as switches, small portable vibfafory\tie tampers have. been
 used. Jac':kson' (Ref. 222), Modern Track ﬁac_hir-xéx;y, Inc. -(215), and Wacker
(Ref.'2245 produce severaliﬁand ;ie tamﬁers.‘ These tampers are not proddc;ion
. oriented for lafgé jobs of majér geballasting or out-of-face tfﬁckwork. Ar
comparison of their effectiveness in ballast tamping cbmpared to iarge tamping
machines is.not known.

6.7 BALLAST COMPACTION

The fi;al operatiop in major out-of-face tfackwork after lining-leveling
and témping is compaction oﬁ the crib and shouldéf by the use of bail#sf
compaétors.; ThisApracticé has been frequently used on European railroads,
whereaé in the U.S. it has'ﬁrimarily been Qsed_oﬁ a preliminéry'trail basié.

In operation , crib'compaction plates are_applied to the surface of the
ballast in the crib area where the tamping_tines are inserﬁed. At the séme
time, another set of compaction plates, with or Without an atﬁached shoulder

pressure ﬁlate, compacts the ballast at the tie end or on the shoulder. The:
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purpose of the shoulder plates isbto prevent the lateral fléw of ballast
during compaction operations, particularly in ﬁhe case of narrow shoulders.
Vibration is produced by either of two methods:

1. & rotating eccentric mass generating a constant dynémic force for
a given'frequency, or |

2. an eccentric shaft producing a constant amplitude of oscillation.
The lack of expefimental data prohibits a conclusion as to whigh is the more .
éffective means>fbr ballast-compaction.v |

Two manﬁfacturers preséntly produce bgllast compaﬁtbrs. The machines
developed by Matisa Materiel industrielarehandled in the U.S. by CANRON,
formerly known as Tamper. Other machines have been déveloped by Plasser and
fheurer together with Windhoff; Specifications for representatiﬁeAballast_
compactérs are given in Taﬁle_6o7; ‘Included are charactefisfics of the
compaction plates, éuch as typé, number, shape;‘amount of down pressure
" and locationm, praduction (dependent upon cycle -time aﬁd tie spacing), ampli-
tude and frequency of vibration, as well as the rated static and dynamic
forces. Major differences-in equiphent occur with.the type and outputs of
the vibratory motors. The reliability of the rated dynamic fofce is question-
able, éinée this valﬁe depen&s upon the physical state of the ballast and
the.sﬁbéequent intéréction with Ehg Qibratiﬁg’compacfion plates. Excluded
from thé list are one-of-a-kind machines developed by railroad companies for
experimental purposes.

‘Plasser and Theurer first built a.combingd tamping and compacting machine,
a VKRO3 with cnib compacting units, -in 1958. The VKRO3 was the forerunner
of the modern Plasser & Theurer combined leveling, tamping, lining; and

coﬁﬁéétiné-ﬁachinés (Ref. 227).
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' _ Table 6.7. Ballast Compaction Equipment

. Rated Force (1b)
Production Type Frequency . Down per plate

Reference Manufacturer Model No. (fr/hr) Vibration -Amplitude (iz) Pressure Static Dynamic
225 Plasser and vDM800U 2300 to 2950 Vibratory mo- 0.138 in. 38.5 (crib) - Crib- :
Theurer . tor, crib - constant 35 (tie end ) © 1730 1100
crank rockers, and shoulder) Tie end-
shoulder and : 2200 1100
° tie end - shaft . Shoulder-
type eccentric . 2200 2420
. drive '
208 Plasser and CPM-800-R -— ", assume " , as- " assume - C - —
Theurer . same’ sume same same
207 Tamper csc _— . Vibratory — — - — —
. motor C
226 Plasser and BKV142 -— (Same as VDM R . - — —
Theurer Mainliner 800 U)
Universal
06-16CT™M ] .
226 Windhoff BV102 — - - — -— — —
BV1025 -—= Vibratory —-— 48 (tie end) -—- - 2200
BV103’ -— wotor — " P — 1540 to
FD41 _ _— ‘ " _— n S 3740
208 Plasser and Dyn. Track © 5575 Vibratory mo- —_— 0 to50 O to 64 0 to 0 to
Theurer - Stabilizer tor, horlzon- . kips 24,000 64,000
. tal vibration o :
& vertical load
207 Matisa Compactors 1640 to 2620 Eccentric vib- -— 50 Adjustable --- Crib up
D-912 ration ' to 5500
D-9 . o '
v . . _ . Shoulder
D-912R ‘ up to 6600
208 Plasser and  901SW 2790 Assume vibra- - —_— ' — - N —

Theurer

tory motor
Windhoff .
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Table 6.7. Ballast Compaction Equipment (continued)

Shouldéf or Tie End Plates

Crib Plates

k : Shoulder . o
‘ No. Plates Contact Area - Head Pressure , - Contact Area
Reference . No. Units Per Unit Per Unit Shape Plates Length  Width Per Plate
225 2 4 115 in.2  v-Shape With or = 52.8 in. 9.8 in. 1039 in.>
' : o " Without - 9
403 in.
208 2 4 — Spherical " ‘54 in, 8 in, -—
' Automatic
Adjust any
. slope
207 2 - 4 - Manual T = —_— ——
Adjust any ' ' ’
slope
226 2 4 - —_— — C—— —_— —_—
226 2 2 - ‘Spherical = No S e —— —
2 4 o ___ Manual ad- o o L
' just slope ‘
2 4 —— — N L1] ——— ——— ——
2 2 - ——— No —— "y -
208 2 2 —— —~—— —-— — —— ———
207 2 - V-Shape ~ No - - -—
208 2 4 — No @ - _— —-

Spherical

.
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A review of maﬁufécturers literature on ballast compactors prdduced
the following as some of the claimed advantages for use of this machine in
conjunction with normal track maintenance operations.

1. Increases ballast dénsity in the cribs and increases bearing supporf
under the tie following tamping.>

2. Increases lateral and longitudinal track resistance and track sta-

" bility, both immediately and long term, which prvides a greater security

against track buckling and sun kinks.

3. increases friction égéihét ﬁhe sides and ends of the tie.

4. Inctééées the lifetime of cross level, line, and surface, so that.
maintenance intervals are increased. o |

5. Shoulder compaction fills voids at the.end of the tig.

6. Provides é uniforﬁ bearing éﬁrface (pressure'dis;ribution)'under
the tie. |

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

" tamping only.

8. Reduces the number of lobse ties, which are-a céuse of-track deter-
ioration’ including réil‘wear and fractures. -
| Accordiﬁg to Powell (Ref. 228), crib and shohldericompaction is effeétive
in increasing the lateral resistance after t;mping, only if a éufficient :

amount of ballast is pfeéent in the crib, i.e., a full crib. CNR has made

a preliminary review of the cost and benéfits bf 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

established.
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Some of the claimed advantages @ég based on experimental findings. How- -
ever, the confirmation is primarily limited fo short term benefits. The degree
.of increase in the maintenance cycle is stili indeterminate, although Birmann
and Cabos (Ref. 203) calculate this to be ﬁs much as 33%. Other advantages
lis;ed, suﬁh as providing uniform support and resistance, have not been
verified. .The conditions required to yield fhe highest degree of comﬁactipn,

_ partigularly undér the tie, have also not Been determined.

Plasser and Theurer has recently dévgioped'the dynamic track.stabilizér
which is distinctiy differenﬁ‘from previbusly d;scrib;d,machineé; Instead
of compacting the ballast in the crib and shoﬁlder area by using surface plaﬁes,
the whéie track is vibrated Qorizontally with a vertical load applied to the
’rail. The machine has tWO'counter—rotatiﬂg eccentric ﬁasses oriented with
theireshafts paralle; to the rail. vTﬁe arrangement of the eccentric mésses
is such that thgfvertical'component of vibfétion is canceiledlout and the
horiion;ai of ;he vibratory force is in the direction parallel to the ties.
Although the dynamic force is adjustable by varying the position of the
eccentric masses, this is usually fixed and the dynamic force changed énly by
changing the vibration frequency, with the range of about 18 to 40‘Hz,

The mechanism of clémﬁing»thé dynamic force‘generating component to the
réils is by means §f rollérs sa that the machiﬁe can travel along the rail
'during vibfation. A typiéal travel speed is one kilometer per hour. This
approach is distinctly different from the crib and shoqlder compaction machine
which is stationary during the period of ballast compaction. A vertical force
is simultaneously applied to the rail using the weight of the machine as
a reaction. The magnitude of the vertical force is controlled on the basis of

the vertical 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 at the end of the machine. A maximum differential vertical dis-
placement betweeq the vibrator and the references at fhé end of the machine
is selected,. not to exceed 20 mm. The verticai force is adjusted automatically
until the displacement reaches this limit or until the mgximum vertical force
is achieved, the latter being equivalent to a light akle loading on the track
vehicle.. Separate controls are provided on each side of the machine so that
'_ deflection of each rail is independentl& méinﬁained. ,Because.tﬁis machine is
designed to be used after a témping operation, the control of the Gertical
displacement-in the manner described is necessary to maintain‘éurface;
Otherwise, because of ;he variable reéistance of the ballast to'vibration,
the use of this machine with a constant vertical force would reintroduce ir-
regularities in the track geometry.

Chapters 7 and 8 review available results from studies-of ballast-
compactors, demonstrating the effécts of thé test parameters ana the

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

_In this chapter, various methods currently being used to measure track
performance are discussed. This chapter will also identify the current trends
'and methodology being employed in performance prediétion, and the problems
involv;d with such pfedictions. The principal emphasis, however, will be
" on fhe4evaluation of the effects of ballast conditioné'and.compéction on track
ﬁerformance based on a review of available literature.
7.1 TRACK PERFORMANCE-MEASUREMENT

The currently available or most commonly used techniQues of quaﬁtifying
the physical states of the track include track settlement surveys, tie displacew
ment tests, track modulus tests, track geometry:sufyeys, and joint profile

surveys.

Track Settlement Survey. A track settlement survey ﬁeasu:es both differ-

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 sdrveying equipment such as a transit or level with rod and
tape measure. Measurements are made periodically over time after maintenance,
and the profile immediately #fter tamping and befdre any traffic, is generélly
used as a reference. The track settlement reqﬁifes a long period 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 sufficient means to assess the effects of ballast
compattion because settlement also depends sn various other parémeters 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 moisture changes, and frost.

Tie Displacement Tests.- Tie displacement tests involve measurement of the

resistance of a single tie or multi-tie panel subjected to either lateral or
longitudinal force. This type of test has Eeen'ﬁsed both to evaluate the ballast
state and to assess track stabiiity. The latera; tie pull or push test (LTPT)
on a single tie, in pa;ticular, has been widely used throﬁghout the world in
évaluating effgctiveﬁess‘of vafiouS'maintenance oper#tiohs_including crib
baiia;t compaction. The common procédureé consiét_of rémoving the tie fasteﬁings
undér.both rails to isolate a selected tie from the surrounding track structure,
and displacing ﬁhe tie at a certain r;te,of loading~or displacement while takiﬁg .
méasqrements bf the applied force apd resglting tie displagément. Forces atA
2 or 4 mm displacement are commonly used as typical resistance values. Dis-
plécémgnts are usually made by either pulling or pushing.the Fie with a hydraulic'
jack reactiﬁg against the rail. Figure 7.1 illustrates various approaches
currently being used in the single-tie tests.
~Some investigators favor testing with a multiple-tie panel instead of

single-tie testing. Their arguments are: l> a single tie coﬁpletely isolaped
from the surrounding track would_ﬁot represent the lateral restraint of the
actuai track undgr traffic, 2) a singie'tie ﬁould not simulate tﬁe effect
of'pressﬁre 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 be included in the single-tie tests.

| In the multiple—tié tests, a panel of track 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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Figure 7.1. Schematic of Various Techniques Being Used
in the Lateral Tie Displacement Test
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Magee (Reff 229) used two ties in 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 perforﬁed using 4 or more ties (Ref. 231). The British Transport
 Commission (Ref. 232) reported the use of a 6-tie-track sectiom, while a 9-tie
section of track was used in France (Ref. 233). Reiséberger (Ref. 202) also
reported wide uses of a f—tie panel in other European countries. In the U.S.,
. .larger test sections segm.to be.faVored.' The 1972 AREA ballaét test proposal
(Ref..2 ) specified a minimum track:length.of six feet. Track panels 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 standafd rail commonly uéed ;n
the U.S. The general set up of these tests is illustrated in Fig. 7.2. -

Regardless of the number of ties_invélved>with.£he test, most of the
-tecﬂniques currently used create an undesired vertical force component on the
tie wheﬁ thellateral force is applied.. This vertical fprcé tends toilift up
or force down the tie(s) and thus change fhe lateral resistance. Also, the
disturbénce during tie-fastener remdval and attachment of the loading scheme
to the tie in the case of é single-fie test may be significant.

The ugefulﬁess-of tﬁe LTPT method with an unloaded tie as a.measure of
the lateéal restraint of a track is also questionable; First of all, the con-
tributions of the crib,bthé shoulder and the tie bottom to the total lateral
resisfance~is expected to be quite diffefent for an unloaded tie than for a
tie carrying a portion of a’vertical axle load. - It is aléo well recognized'
(Refs. 11, 235) that the track under traffic tends to 1lift some distance away
from the rolling wheel. This unloading effect is not cbngidered in the

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

A longitudinal tie displacement test has been used also for evaluatiﬁg>
the resistance of track against longitudinal forces transmitted from the rails
such as those from braking and accelerating, and from temperature-induced
expansion and contraction (Refs. 202, 205). - To“conduct this test, selected ties
are éeparated-from the. track and pushed in the 1ongitﬁdinal direction. A
single tie is usually .involved in the test using a testreéuipment configuratipn
such as that in Fig. 7.3.

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

track stiffness under load. Track modulus is defined as the load per unit
length of rail reqﬁired to depress the rail one ﬁnit of displacement. G;nerally,
‘a ?pecified length of track is loaded with a static vertical load, and the cof-
'respgnding defiection mgasurgd usiné a suﬁveyor's transit.” An example éf such :
a test set up is shown in -Fig. 7.4. An altérnativé:méthod'of measuring’tra;k

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 are loaded.

A

The difference in track deflection between the unloaded and loaded axles is
continuously recorded as the car is towed along the track. With the measured
. . : \
force and deflection, track modulus is often obtained by solving the equation
for track deflection that has been derived from the analysis of a continuous
beam resting on a continuous eiastic support based on the wdrk 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 quality 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 a single tie isolated from
the surrounding.track structure has also been reported in the liter;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 cér
is one of the most ﬁopular methods used fdr determining the qﬁality and per-
formance of track. The parameters describing track»geometry such.as‘gége, line,
and surface ;re usually measured with an inspection vehicle, and Eontinuously
‘recorded in strip chart form. The measure of such parameters and their changes
is a direct indication of track performance, especially‘the riding quality, and
has been widely used in the railroad for establishing néeds for maintenaﬁqe
work. Tﬁe meﬁhod, involving a vehiclé travelling on the actual in-service track
at a speed compérable to the actual traffic, has an advantage not only of
fepresenting the track performance more realistically thaﬁ any oﬁher methods
previously described, but the entife length of a track section is surveyed rather
‘than just a few discrete points. Also, the method can be used without disturbing
the track and interrupting traffiec, aﬁd it can be done very rapidly without any
significant préparatidn. |

Dynamic Displacement. Tests to measure the dynamic vertical displacement

at rail 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 alternative method for .
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. measuring dynanic deflection under moving traffic load is shown in Fig. 7.6.
All of tne methods described above measure only a qualitative picture of

overall track performance, even though methodology has been developed for

quantifying the resulﬁs of most of the tests. Thefe is at the present time

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

v

level of track performance.

f.Z APPROACH TO PERFORMANCE PREDICTIQN
Predictionvof trackvperformance~fof a given set of conditions is necessary

to»ﬁrbvide‘;nt;onal guidglines for track design,.construction, and maintenance.

To do this properly, the significance of eacn track component snould be quantified.
There are currently two approaches fdr track berformance prediction. One

deals with the structu;al response of tnack (Ref. 1,210 ) and the other with

the physicai condition (Ref.238). The former approach relates thg measured -

or calculated track response undef different loading conditions to the long-

term structnral behavior or performance nf the track. The latter determines

track. quality or performance based on track geometry or dimensional changes

over a period of timé and relates the;e_to the track system parameters.

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

~a complete understanding of track behavior undér traffic loading and environ-
mental changes has to be achieved. Then an extensive data base is required to
develop the relationships between the dynamic track response and the long-term
performance. Understanding of the track behévior at the present time is
limited due to the complexities inherent not only in fhe track system,<but in
the track loadings. Little meaningful data of the track response is available
from field measurements, and fhe effects of each component of the track system

on the measured responses dre often not distinguished. In additiom, it is also
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difficult to estimate the variations of the structural response expected with
time and environmental changes. .There have ‘been no exéerimental studies of
track response with adequate consideration to such factors as material property
changes with timé, differen; loading specfra, and environmental effects.

As a result of the limitations of available experimental investigations,
analytical models of the track structure are very useful in predicting track‘
systeh response and, particularly, in evalﬁating the role of individual com-
ponents., Such models m;y ultimately provide analytical tools forApredicting~,.
track performance, and therefore aid in the techmical and economical evaluation
of traek. Some of these analytical methods are described in Section 2,

Once the structural response and the effects of components are identified,
they must then be related to a track performance index or rating. That requires
extensivé,data obtained from the long-term observation of track performance .. .
under various conditions, and an indexing.or rating system of track performance
which could poséibly integrate the Qarious criteria.

Borrowing the concepts and apprdaches that have been deyeloped‘for the
predictioﬁ of highway and airfield performance, Robnett et al., (Ref. 1 ) suggests

1.

the use of a "'transfer function" for relating the structural response of track
to "performance."

In case of airfield pavements, the service life of the pavement has been
successfully relaﬁed to the early life deflections based on road test'results
(Ref.'239). However, in the case of railroad track, the development of such a
transfer function is still in the conceptual stage. The more complicated
interaction between larger numbers of strucﬁural components in track tﬁan 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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indexihg or rating the performance level of track has been developed yet.
Instead, thelcurrent approach is to employ a set of criteria that each of the
‘components has to'meet, and to estimate the lewvel of track performance'relative
to how well each component satisfied these pre~determined criteria.

Robnet;, et al. (Ref. 1) suggested using allowable stress and strain
levels, and determining the degree of expected distress development by comparing
the track responée with the allowable level. Meanwhile Prause, et al. (Ref. 210)
recommended using failure of compénents as the criteripn. They suggested that
by establishing relations between the ﬁaterial.properties and the tr&ck'system
response and.performance leading to an identification of the cause and develop—'
ment of failure, a track performance index could be developed. Such efforts
require extensive surveys and review of the past failure history, as well as
model studies of track response. Industry specifiéations also have to be
Vconsidefed to establish proper failure criteria. "> o “.

In édmmary, the'transfer functions for railroad track system performance
prediction are still in the cqnceptual stage. Undefstanding of track behavior
at the moment is very limited. Many parameters interact in a cqmplex way under
traffic.an& environmental loads. Even the critical response features rélated
to performance have not yet been‘ideﬁtified. Also, there is lack of information
oﬁ track performance, in part, because of inadequate methods for track and
measurement pefformanceiranking systems. Furthermore the railroad in&ustry
often does not maintain adequate documentation of in-service conditions, such
as maintenance aﬁd traffic history, which is absolutely ﬁecessary to develop
a meaningful transfer function.

Reéently én-attempt has been made to investigate the performance of.various

types of track components under controlled field testing conditions. A facility
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for accelerated service testing (FAST), consisting of various types of track
structure; including rail, ties, ballast and fasteners, has been constructed

at the US DOT Transportation Test Center in Colorado to gather information

on track and train performance. Although these tests are expected to provide
useful information for understanding track pe:formance, the data obéained

from FAST may not cover a sufficiently broad spectra of track conditions needed
for development of transfer functioms.

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

from: the needs for estébliéhing rational guidelines for a track maintenance
progfam, ranks the performance based on the changes in the track geometry para-
meters such as.gage, twisf:9 surface, éuperelevation, and alignment (Ref.238).
The physical condition of the track has been one of the most important factors
determining the méintenance needs because the track performance is closely
related to the track geometry. For example, rough track Feéulting,from unstable
track geometry increases the hunting of trucks, sway of cars and wheel-rail
forces. Such adverse effects of track geometry distortion obviously limit the
performance of track by causing_poo: riding quality, increased deterioration
of locomotives,'cars3 aﬁd-lading; reduced operating speed, and increased pos-
sibility of derailments. |

The basic approach for rating track based on measurements by a track
geometry inspection car is to deterﬁiﬁe how much thermeasufed track geometry
deviates from the pre-established tolerance limits of the.various track geo-
metfy parameteré. In deriving the track quality:index, various parameters are
dssigned different weighting factors depending upon the nature and character-
istics of the track, and‘a:e summed into an index. The tolerance deviations

- may - be subdivided into several threshold tolerance -levels- to which different
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weighting faeters can again be assigned, in order to reflect both the frequency
and the magnitude of tolefance 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 deterioration rate aed track
operating conditioms such as speed‘and traffic density, for the purpose of track
perforfance prediction. If such correlations are obtained for a variety of
track structures, then an approximate relationship between performance and
track coﬁponents can be established. Tﬁe'biggest problem with this approach
is the determination of the existing ballast and subgrade coﬂﬁitions.

Presently, the track inspection cars with modern high-speed inspeeting
equipment, can measure not only the track geometry, but ride quality, car
'_rocking,'drawbar puli, acceleration on the axle, ane any other data which are
useful in determining track performance; By integrating all this information,
a more meaningful track performance.index.might be generated. For example, by.
comparing the track quality index for a particuiar segment to that of the total
system, a more efficient track maintenance program can be established based on
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 wieh overall priority-quality-profit raﬁiﬁg
system. |

The abproach of traek performance prediction is agein 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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Track Geometry

Parameters

Table 7.1

Track Geohetrv Tolerance Limits for Various Railroads (Refs,

10, 240, 238)

FRA (for Class 6 Track)

British Railways

. Deutsche Bundesbahn

Japanese National
Railways

Gage

Distortion

¥

t
Surface

Alignment

Super%
elevation

For tangent track

min. 4 ft 8 in.

max. -4 ft. 8-3/4 in,

For curved track

min. 4 ft 8 in.
max. 4 ft 9 in.

1/2 in. in either

31 ft or 62 ft,
depending on

track conditions

For tangent

1/2 in. on
62 ft coxd

For curve .

-3/8 in. on

62 ft cord

5/8 in.

Maximum 1/8 in.

open or tight

1:500

3/8 in.
in 31 ft

+1/8 in.
based on
33 ft cord

+ 3/8 in.

For mainlines
min. 4 ft 8-1/4 in.
max, 4 ft 9-1/2 in.

For branch lines .
max. 4 ft 9-1/2 in.

1:500 (High Speed)
1:300 (Normal)

1 0.24 1n.

in 33 ft

+ 0.17 in.

+ 2 mm

max, 9/32 in. open
max. 5/32 in. tight

For mainlines
0.35 in.

For branch lines
0.43 in.

(base not known)

‘For tangent or

curve over 800 m
rad, + 0.28 in.

For curve less
than 800 m rad.
+ 0.35 in.

For tangent or
curve over 800 m

rad. + 8 mm

For curve less

‘than 800 m rad.

+9 mm



However, this meﬁhod is a simple means of estimating the track performance
based on end—results of track responsé. In other words, unlike the structural
response appfoach, the index approach may not require a complete knowledge
of track behavior under different loading conditioms.
7.3 EFFECTS OF BALLAST CONDITIONS ON PERFORMANCE
There are numerous parameters influencing various aspeéts of track per-~
formance. Since the track system consisté of many different components whiqh
contributé té the overall performance, and the term "track performance"
includes a very broad spectra of different criteria ranging froﬁ the physical
apéearance and stability of track to economics of track operation, it may Be
himpossible to list all the factors influencing track performance in a simple
way. : ﬁowever, the factors may be conveniently categorized as track structure,
traffic, and environmental parameters. In the track structure category, design,
coﬁstruction, and present cgnditions_of each ;rack componeﬁt-such aé_rail,'
- tie-plate, anchoring, tie, ballast, énd éubgrade ére included. Traffic conditions
"include traffic loads and density, speed, and ﬁypes of service such as passenger
or freight. Temperature and weather 'changes, as well as nature»énd character-
istics of the surroundings are environmental factofs to be consideréd.
Assesément of effects of individual parameters described above, which is-
one of the subjects to be solved yet, is beyond the scope of this report.
Instead, this section will consider'tﬁe effects of ballast properties om track
performance, and the development of 5allast pfoperties through méchaﬁical

processes such as tamping, traffic and compaction.

Track Stability Considerations. One of the ways that ballast affects
track performance is ﬁhrough its effect on track stability including lateral,

longitudinal, 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-
meteré. Hence, in this section, the effects of ballast will be described in
those terms.

In an aﬁtempt_to establish correlations between.various laboratory-deter-
mined index properties and performance in the field, CNR placed ten-differedt
ballasts in adjoining 400-m sections of track and annually observed track and
ballast characteristics as well as made classification tests omn ballast samples
taken from each section (Ref. 34 ). Each section was evaluated by eye in terms
of the amount of b;llast breakdown, staBility of the ballast bed, and amount
of maintenance required.

Raymoﬁd (Ref. 42, 241, 242 ):coﬁceived égcessive breakdown of the ballast
particles and instability of the ballast bed as the twb major reasons for
unsatisfactory track performance at the test track. Thus he assigned two dif-
" ferent field ratings to each ballast, one for breakdoyn.and the other for
stability. The laboratory tests conducted to represent ballast breakdown_char-
acteristics measured specific gravity, absorption, LA abrasion resistance,
chemical soﬁndness, crushing value, and freeze~thaw resistance. Testé to
define the stability characteristics measured flakiness index, sphericity,
roundness, and elongation index. These laborétofy test results were then
statistically correlated to the field ratings. No apparent cor;elation was
noticed except with the sodium sulphate soundneég valuén fhe stability field

rating showed poor correlation with the shape tests, although sphericity was B
the best among the tests. The fact that the index tests do not consider or
simulate actual field conditions at all, and that the field rating was rather

subjective, may explain such poor correlation.

Even- though-a satisfactory correlation between- the index properties and track -
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performance has not been established, Ehé:varipus_$pegifigaqions:for.ballastVn
from different railroads include and are based primarily 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 absorption,
ﬁeval abrasion, LA abrésion, sodium suléhate soundness, and cementiﬁg value,
along with gradation requirements. 'Certainly more research on this topic is
-neefed.

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
National branch line, that the uniformity of the ballast compaction appeared{
ﬁo be of greater importance than the thickness of ballast with respect to
rail s;re;ses, which he considered as an indicator of the track performance.
Based on the measurement of the maximum rgil stresses in the web and flange
~of 60-1b and 100-1b rails for the various ballast and subgrade conditiﬁns.,
under different loading, Hardy emphasized tﬁe nged of ballast compaction
under the ties to reduce effects of the irregularities in the ballast and,
therefore, to increase the stability of the track.

However, assessment of effects of 5allast compaction on tfack perfdrmance
isAvery diffiéult. Because of the.largg number -0of parameters involvéd, and
the lack of methéds for determining ballast compaction, the current undérstanding
of ballast éompaction and ité effects on various aspects of track performance
are very limited. Numerous factors hﬁve'been identified that affect ballast
densification dﬁring construction, maintenance, and service, as summarized in
Table 7.2. Most of the factors reﬁresent specific field conditions, and their

relative importance varies significantly with time and environmental changes,
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Table 7.2. Factors Influencing Ballast Densification during

Construction, Maintenance and Service

Subgrade

Ballast

Track
Structure

Maintenance

Procedures

Compaction
Procedures

Traffic

Environment

Ballast supporting conditions
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

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

Frequency :

Sequence of different maintenance operations

. Compactor design characteristics and operation,

such .as tool arrangement, shape of compacting
shoe, static pressure, dynamic pressure,
frequency of vibration, duration of vibratiom,
etc.

Density
Speed
Axle load

Precipitation

. 'Temperature, including frost effects
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as well as with location. fherefore, the problem of ballastbcompéction must
be examiqed taking into consideration all the parameters related to each

track comﬁonent, methods and quality of maintenance work, exiséing conditioﬁs '
prior to the maintenance and compaction work, and traffic conditionms.

When a track deteriorates beyond acceptable limits, the track is subjected
to various maintenance operations, such as skin 1lifting, ballasting, and tamping.
The tamping operation, employing vibrating and squeezing téols, inevitably
disturbs the ballast which had been previously compacted by traffic. The sur-
facing and lining operation changes the pattern of tie éupporﬁ appreciably.
Voids are created under the center of the tie. Under the tie in the taﬁped
zone squeezing creates a short tapered column or pyramid of perhaps'moderately
compacted ballast beneath the tie with loose and disturbed ballast on‘eithér‘“
‘side. This short column of compacted ballast with fairly loose surrounding
ballast in the crib  area would reduce track stability and create rapid settlé—
ment of the track under subseqﬁent traffic, particularly in the first few'loads
following.tamping. Ra;sing and tamping also lowers the level of the ballast in
the crib on the sides of the tie in the vicinity of the rail and therefore
reduces the resistance to lateral or longitudin;l displacement. .Such reductions
may cause a seriously unstable track condition after tamping, particularly in a
case of continuously welded rail at high émbient temperatures.

A range of 30 to 70 percent réduction in lateral and‘longitudinél reéis—
tance of track after tamping compared to undisturbgd‘track haé been repérted
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 bé élowly recovered with the accumulatidq of further traffic. For example,

it has beeﬁ generally reported that about l,OO0,000ngoss tons of traffic are
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required for full recovery of the lost resistance.

To reduce this adverse effect ofntamping, and to enhance the process of
restoration of track stability, ballast crib compaction has been suggested.

By adding ballast, and compacting the loose ballast.in the crib and on the
shoulder immediately after tamping, the stability deficiencies caused by
ballast tamping and lining are reported to be offset at least partially, The
settlement of track under traffic, as well as differential settlement, may be
limited or avoided, and the lateral and longitudinal resistance can be assurgd
even immediately after maintenance.wofk.

Ballast compaction immediately after tamping is reported té reduce 1)
the cost of slow orders that usually are put into effectnwhile traffic recompacts
disturbed ballast, 2) the prsibility of sun kinks that may occur in some areas
after track maintenance dufing hot weather, 3) the.pos;ibility of damage to
subgrade of marginal strength that may occur while pedestals of ballast tamped
under the tié are'transmitting concentrated loads, but particulafly thé
reduction in maintenance frequency, have not been ciéarly proven in research
to date.

Ballast crib compaction has received a significant amount of attention
during the last fwo decadés. Various railroads in European countries had an
earlier start on ﬁhis'approach, than in the U.S. and Canada, because of the
much tighter track tolerances specified in Eufope. Even though a wide range
of results of measurements on ;rack have been réported, ballast érib compaction
éhows fairly consistent patterns. These are exaﬁined 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 National Railways (Ref. 137)

investigated the effects of various track maintenance 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 défined as
the vertical force per unit area under a 5 -in.-diameter plate on the ballast
%Surface at 0.3-in. deflection. This parameter was measﬁredAin four different
positions around and under the ties after track lining, surfacing, and crib
cbmpaction. | |

Even though significant variations in track conditions were noticed, the
results (Table 7.3) yielded several interestiﬁg facts. The track tamping,
‘surfacing, and lining work disturbed the.track substantially. Crib and shoulder
cémpaction after track work appears to restore the ballast state to a degree
ﬁhaﬁ varies significantly, depending on the type of track work and the position
of the ballast. Genefally,~in the sﬁoulders and crib area where the compaction
is applied, the bearing resistance is increased to a value equal to or greater
than that prior to tamping. However, under the tie the effect of compaction
was very limited.

Birmann and Cabos (Ref. 203) measurea the effect of bailast compaction
directly by determining changes in density} -In a series of fieldAtests at a
‘northern German track'site, the ballast density was measured using a nuclear
method. Data were obtaiﬁed in the same locatioms before and after traffic
under different cémpactor:static'pfessure, dynamic force, vibration'frequency,
and vibrétioﬁ period. The results indicated the following:

1. An increase in the statié compaction pressure from 125 to 375 kg had

a éignificant influence on ballast density (Fig. 7.7).
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Table 7.3. Variations of Ballast Bearing Index with Yafiqus Maintenance Opera?}@ns

(Ref. 137)
Measurement Shoulder Crib Crib Under
at Surface at Surface at Depth Tie
1. Original Original 131 264 260 535
BBI Values _ _ ‘
(1b/sq in-. at 0.3 in.)
2. Compaction - Percent of .
Shoulder Omnly  Original 103 115 113 110
Crib & Shoulder - Values 106 121 134 96
3. Track Work Only " ‘ :
Lining Only 50 73 102 100
Surfacing & Lining 73 24 70 .27
.Undercutting Only . 51 56 71 36
4. Track Work and "
Compaction ’ : . .
Lining & Shoulder : v 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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Figure 7.7, Effect of Static Force on Compaction of Ballast with
: Windhoff Machine of German Federal Railrocad (Ref. 203)
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2. In contrast, an increase in the dynamic force from7fbd?toﬂI600-kgié‘5:7:‘

appeared to have a less important effect (Fig. 7.8). Howevec, the method. of

measuring the dynamic force was not indicated, so these values maylnot be

correct.

3. An increase of vibration period from 10 to 12 seconds resulted in-
: hlgher densities (Fig. 7.9). . : ' _'>1'x:}:‘hi“ .

4. A frequency change from 40 to 47 cps had no appreclable lnfluence. e

5. An increase in the ballast den31ty with accummulatlon of trafflc loads - o

was apparent in all'of the cases. However, the change in density due to

traffic was considerably smaller in the compacted sections than.ln-the uncom-

pacted sections.

6. After seven months under a daily traffic of 23 000>tons, all the
compacted sections stlll had a higher ballast den51ty than the uncompacted .
sections. .

‘The Yugoslav Railroad (Ref. 244) also reported nucleat density measurements
befote and after crib compaction with the Plasser.crib compactor VDM800.

Density measurements were made at 20 and 30 cm below the top of:the tie, at

12 locations each. How the ballast density was measured is notiknown. The

results consistently showed higher ballast density after compactionxthan,before

compaction (Fig. 7.10).

"Lateral Resistance. Eisenmann and Gnad (Refs. 245,246)‘conducted lateral -

tie tests using panels of 7 ties at a German Federal Railway (DB) track.
They reported that the lateral resistance was greatest when the trackrhad
settled under traffic. Tamping combined with a raise of 2 to 3 cm reduced the

lateral resistance to approximately 30% of the original, preetamped value.

However, when the crib and shoulder compactor was-used - -immediately -after tamping, -

184



STATIC FORCE = 125 KG .
IMPACT FORCE (KG)/ VIBRATION FREQUENCY

= o (HZ)/ VlBRATlON TIME (SEC)=

~

= l 000/47/12~_a -
@ |1000/40/10 >
2; 17 5

: i
=

© |6 -

> <

£ \UNCOMPACTED

= 1.5] L L

a | 3 8 14 30 60 200

TIME UNDER TRAFFIC (DAYS)

- Figure 7.8. Effect of Impact Force and Vibration Conditions on
Compaction of Ballast with Windhoff Machine of
German Federal Railroad (Ref. 203)

185



STATIC FORCE = 375 KG
IMPACT FORCE (KG)/ VIBRATION

%~ FREQUENCY (HZ) / VIBRATION TIME (SEC)=
2 s

E " [iooosa0/i2~ e . _

2 T e a = 500~ &
S 78" R ——r
- ) . O,

3 — 1700/47/12-

S | gl 1700747710 |
- 1000/47/10

%

E l.5 1 1 _ | L : ! 1 R
o | 3 8 |4 30 60 20

TIME UNDER TRAFFIC (DAYS)

" Figure 7.9. Further Examples of Effect of Impact Force and
Vibration Conditions of Compaction of Ballast with
Windhoff Machine of German Federal Railroad (Ref. 203)

186



¢ 250 T T T T || ) o

200

NUCLEAR DENSITY COUNT PER SECOND

AFTER
150 | 7 COMPACTION
| ) BEFORE
100 > COMPACTION
50 F .
O 1 1 1 ‘l 1 |
02 4 8 10 I2

TEST NUMBER

Figure 7.10. Bailast Density Increase with Ballast Compaction (Ref. 244)

187



the lateral resistance was increased prior to traffic to about 60% of the initial
value,. but the original, pre-tamped resistance was not reached until a traffic
load of some 250,000 tons had béen accumulated. An increase of BOZ_in lateral
resistance by crib and shoulder compactioanas reported to equivalent to a

traffic load of approximately 60,000 tons. The authors also noted éhat'when
the»béllast compaction followed behind the tamper without .intervening traffic,
not only was the reSistaﬁce significantly increased, but the uniformity improved
as well.

Birmanp and Cabos (Ref. 203) also conducted field tests to investigate the
compaction effects of a European crib baliast compactor. A tangent section of
test track consisting of concrete ties on uniform subgrade in horthern Germany'
was subjected to tamping. The effect of compaction was measured periodically
as a functidn of trackAservice time and traffic.

The lateral re;istange test résults‘before.and after 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 iength 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. Ho@ever, it is not clear how the tests were conducted. .

Plasser and Theurer (Ref. 247) performed lateral tie push tests to
'evaluate the capabilitonf their tamping machine gnd ballast compactor on a
900.m straight concrete tie track d;signed for 160 km/hr speed. The track was
"divided into 4 sections préparéd as follows: 1) tamped once, 2) tamped and

crib compacted, -3) tamped twice, and 4) tamped twice and crib compacted. In
each-section, 20 ties were tested in individual tie push tests before and after the
above mainteﬁance and after 45,000 tons and 90,000 tons of traffic. After

tamping, a ballast plow filled the cribs. Compaction was then performed using -~
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a Plasser VDM800O-U machine. The maintenance including ballast compaction
accumulated an equivalent traffic load of 10,000 tons.

Fig. 7.12 summarizes the test results taken immediatgly after the main-
tenance work. The lateral resistance at 1 mm and 2 mm displacements dropped
off to 477 of the values for the original undisturbed track. Crib compaction
restored the resistance.to 57%, i.e.,vabout 10% increase. No diffefence was
noticed between single and double tamping. The loss of lateral resistance
was recovered to GIZ-of the undisturbed values after 45,000 tons of traffic
accumulation‘(Eig. 7.13), and to about 65% after 90,000 t;ns (Fig. 7514).

Klugar (Ref. 248) also reported similar fest results obtained from 32
tests conducted on a Vienna-Gnuend line in Austria, where 4.7 m track panels
of 7 ties each were tested. 4The track maintenance performed included liftihg,
1iniﬁg, surfaéing, crib compaction, and shoulder compactioq.‘ Figure 7.15
summarizes the results, sﬁowing the lateral resistance differences between
yérious maintenance procedures. Curve 1 shows the resistance fqr the undis-
turbed ;rack. ‘This is the highest resistance measured. The lowest resistance,
curve 4, was obtained for lifting and témping with no compaction. 1In 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 undisturbed
case; gnd adding both crib and shouldgr compaction, curve 2, increased the .
resistance to 90Z of the undistﬁrbed caée. Thus, shoulder compaction had only
a small influence on lateral resistance.

The total resistance‘was assumed to consist of 1) the friction caused by
the ballast pressure égainst the tie sides, 2) theApgssive 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 c;Iculated value

of résistance_for the first two of these components (author's U,) from the

total resistance, U. This resulting curve 5 represenﬁs 63% of the undisturbed
resistance (curve 1) and about 70% of the resistance after tamping and compacting
(curve 2). |

Agother interesting aspecf of klugar's study'wés the investigation of
the effect of the émguﬁt of‘lift on the lateral displacement resistance. ’&he
results, shown in Fig. 7{16, are based on data in Ref. 249. For all three
maintenance procedures (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 érib and shoulder compactor. A sefies of field tests involved
with a wood tie track at the German Railways examined the lateral tie resis-
tance of a track panel (7 ties) for different maintenance procedures, such
. aéklifting, tamping, an& leveling, with'combinations of crib and/or shoulder
compaction. The vibration pefiod during compactioﬁ was also varied from 5
to 9 seconds. The results indicated th;t with crib and shoulder compaction,
the average lateral resistance of single ties reached 90% of the initial,
pre-tamped values, compared to about 407 immediately after tamping. Shouldér
compaction alone increased the reéistgnce to approximately 60%.

In another series of single tie lateral tie resistance tests at an
Italian railroad between Milan and Bologna, Matisa (ReffZSO) observed an
increase of 39% in the avérage latéral resistance increase after ballast
.compaction. However, it was noted that concrete tie resistance was much
higher at all times, aboﬁt 2.6 times the resistance of wood ties,'

- Powell (Ref. 228) also investigated the effectiveness of a ballast
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compactor (Plasser VDM80O) in terms of lateral resistance éf gingle ties.

The track, consisting of CS3 concrete ties on 1ihestone ballast, was tamped

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 cm. 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 err tamped only

track when there was not sufficient ballast. However, when plenty of ballast:

was present before compaction, a considerable improvement of lateral reéistance

over tamped track was found.

Rieésberger (Ref. 251) reviewed various studies on the éubject in different
European countries, including some of the above described studies, and concluded
that bailast compaction yields a substantial improvement in track geometry and
in the.léteral stability of track along with the vertical and lomngitudinal sta-
ﬁilities. He.also concluded.that ballast compaction increases not onl? the
average resistance but‘also the unifofmity.. Fig. 7.17, which éummarizes the
review indicates that the lateral resistance for the cases in which compaction
was used was about 50 to 657 of the resistance of the undisturbed track.

The Federal Railroad Administration of Ué/DOT.acquired a ballast compactor
(Plasser VMD800) in 1973 and initiatéd a very extensive series of field tests
to study the effectiveneés of cribvand shoulder ballast‘compaction-(Ref. 205).
With the participation of five different railroads (Southern Railways, Boston
énd Maine, Penn Central, St. Louié and'éouthwestefﬁ, and Missouri Pacific) data
were collected to examine the effectiveness of using the compactor in cqnjunction
with the tamping operation on infserviceflines. Fof comparison, data were also

collected on the selected test lines with the sameé level of maintenance but
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without ballast compaction. The track éonditions and traffic level of each
of the participating railraads were varied, bﬁt 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 Penn Central site.

Each individual»railroad selected four test sectioms, two in the body of
a curve and twg on tangent track. Each section was approximately 1/8 mile in
length. All fouf sectiéns were sﬁbjected to the same level of maintegznce, but
only one section on each of the curved and tangent trécks 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 surﬁey. These were taken immediately after the specified maintenance
work, and before any traffic, as well as atv0.5, 2.0, 5.0 and 10.0 MGT of
traffic.

' Westin (Ref. 252) reported the test results obtained from secﬁions of
tangent track on the B & M and the Southern railroads. In these particular
cases, lateral tie push tests were conducted om 12 to 20 single ties in both
uncompacted and compacted sections at various time intervals. The results
showed that ballast compaction raised the initial tie resistance from 607%
after tamping to 70% of its final expected value after compaction. Howe&er,
it was indicated that the compactor had no long-term effect on lateral tie
resistance, and ﬁhere was little difference between compacted and uncompacted
ties after 1/2 MGT. The improvement in lateral.tie_resistance from the use of
the compactor was concluded to be no more than that achievéd by an equivalent
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 testing. Even though there were variations in the
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test results obtained depending on the difference 'in procedures used, such
as type of tests (individual vs panel), configuration and conditions of ballast
layer, fails, tie, an& fasteners, the following general conclusions were reached:

l. Compaction increased lateral resistance by an average of aPproximately
40% of the values after tamping.

2. Compaction produced the least improvement in lateral resistance with
new concrete ties, approximately 17% increase over the tamped track, ana pro-
duced the greatest.improvement in wood ties, appfoxﬁmately 55% increase. .

3. Compaction'after tamping prddpced an average lateral stgbiliziﬁg effect
'equivalént to approximately 44d,000 gross tons of traffic when measured at
4 mm displacement.

| The Canadian National Railways (Ref.253) also conducted a series of field-
tests to Qetermine the effectiveness of the Plasser Compactor CPM—SOO-R,_ The
test site consisted of 132.lb RE raii, fully tie-plate, 6 in. x 8 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 l.é MGT of 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 lateral resistance after'tamping and before an& traffic load passed
over the site was 55% of the previously undisturbed values.

2. The lateral resistance after tamping and compacting‘and before any
load passed over the site was 85% of the previously undisturbed value.

3. After 0.6 MGT of traffic had passed over the site, the percentages were
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.percentagés were 143 for tamped only
and 152 for tamped and compacted sections.

5. A comparison of ties of different sizes indicated that a 7‘in,x 9 iﬁ.
tie has a resistance to initial displacement that is 337 greater than a 6 in,
'x 8 in. tie. |

Based on these test results, the CNR deéided not to place a slow arder on
the fiﬁished track wq;k when-compaction was used, and trains were reportedly
permitted to g; at timetable speed immediately after compaction.

Track Settlement. There are various reasons for track settlement, such as

iy vdlume reduction from particle rearrangement and from degradation of bal-

' last‘during maintenance and under traffic, 2) ballast sinkihg and/or pumping,

3) ballast particle lateral displacement, and 4) subgrade consolidation. There-
fore; measuremenﬁ of track settlement as a means for evaluating the effective-
ness of ballast compaction has seriqus-limitations; However, various- studies
.have reported that ballaét comﬁagtion reduces the séttiement of track after
surfacing or tie replaéement, therefore enhancing the ability of the-track to
achieve a stable surface in a reduced time, and also increases the uniformity

of the settlemént.

As shown in Fig. 7.18; obtained from an ORE study (Ref. 254), the tamped
track settled at a decreasing rafe foy an indefinite period. On the compacted
track, although initial settlement was greatef, that occurring after 100,000
tons of traffic was negligible. However, the amount of data is too limited
to insure valid conclusiomns. ' |

A different pattern, but also in favor of ballast compaction, is shown in
Fig. 7.19 (Ref. 254). A load moved repeatedly back and forth over a test‘track

producing the settlement shown, which increases with number of load cycles.
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Compaction reduced the overall average settlement after a given number of cycles
to about 60%Z of that for tamped only track. In the same test, the increase in
uniformity of the b;llast layer gained by compaction was represented by the
standard deviation of settlement readings for each ballast condition and load
repetition. The values of standard deviation for the tamped-only tzack were
2 to 4 times larger than those for the tamped and compacted track.

Similar results to the above~mentioned studies have beenvobtained in the
FRA field testing programs described previously (Fig. 7.20 and 7.21), Com-
paction reduced tﬁe settlemen;.of ties at rail joints‘caused by 155,000 gross

tons of traffic by approximately 20% in curved track and 157 in tangent track.

Track Geometry. Birmann and Cabos (Ref. 203) in&estigaced the effects_of
compaction on track geometry deterioratién during the field tests of compactor
‘evaluation described earlier. The track geometry changes were determined during
the track acgeptancé éurwey. Fig..7.22 éhows the frequency curves of the number
of points where the relative level had remained constant and whe?e it h;dveither
deteriorated or improved by'l mm, 2 mm, or 3 mm. As can be seen in the figﬁre,.
+in the uncompacted sections, the relative levels have Consistently deteriorated,

and the number of major faults in the level has increased.

Track quality measurements were taken with a special recording car on a
mainline of the Yugoslav Railways (Reﬁ, 244) for a few months before and‘a year
after a track maintenance operation including ballast compactipﬁ, Figure 7.23
illﬁstrates the rage 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) immediqtely following
the operation, the réte of deterioration of track quality with compaction was

' about '50% of that previously recorded without compaction.” A 30% increase in
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the tiﬁe’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 on a concrete
'sleepered track. |

CNR (Ref. 137, 192, 255 ) also noticed that surface improvement seemed to
be achieved from compacfion. However, CNR (Ref. 137) reported that the degree
of imérovément in ssurface ob;ained from compaction seemed to relate‘to fhe
' initial;roughness, and the type of defect causing the original roughness{

-Reine; (Ref. 234) also concluded from the track geometry data recorded
by a track inspection car in the previously described FRA'pfogram, that compaction
could reduce the amount of surfacing an& lihing required, thus lo§ering main-

tenance costs.

Other Measurements. There are other types of measurements for evaluating
thé éffects-of baliast compaction, such as longitudinal resistance of tfatk,
track mgdulus, dynamic track settlement, and joiﬁt profile measurement#. Some
of these measurements were performed in the previously<descriﬁed FRA program
(Refs. 205, 236 ) in addition to tﬁose already described. Thg results, for
example in Fig. 7.24, generally indicated advantages of ballast compaction after tamping.
7.5 SUMMARY

In summary, the results of vario;s research described abové indicates that
ballast compaction is beneficial, It is equally significant to note that no
negative physical results have-been feporfed from ballgst compaction. Even
though some quantitative résults were prese;;ed: only qualitative conclusions

can be drawn at the present time, because of a large number of parameters in-

fluencing the test results. Test conditions varied widely, and most of. the
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reports did not document them>adequately. Therefore, a direct comparison of
values is not feasible, even between test results obtained under similar
conditions. . In addition, widely varying test techniques in the absen;e of any
standard procedures makes such comparisons uncertain.

Again, as indicated by Genton (Ref. 201), the problem'of ballast compaction
must be examined Within the framework of an approach that groups those parameters
cénsidé:ing 1) the embankment or foundatiom, 2) an underStan&Eng of the track
and its éonstituent elements, and 3) the means and méth§ds of positioning and
maintaining the track. . |

Also, ballast particle size and gradation; the overall dimensions of the
ballast section, and existing conditions prior to compaction, such as the_quaiity
of tamping and the amount of train.traffic from the coﬁpletion of ;ampingrup to
commencement of compaction, should be considered. For example, while a smaller-
sized ballast may pfoduce less settlement in service than one cbﬁppsed of large
particles, it is equally trué that resistance to lateral and longitudinal dis-
placement may be>less for the smaller material than for thé larger. The con-
figuration of the ballast §ec;ion, particularly the width and shape of the
shoulder, has‘a substantial influence on the resistance of'thé track to lateral
displacement, . even though it has not been fully studied.

It is also well understood that ?educed tie spacing could decrease'ﬁhe total
and différentiﬁl settlement of tréck, for example, as the distribution. of traffic
load onto the ballast and foundation is distributed uniformly atAreduced level.

" The duality of taﬁping plays a decisive role in the efficiency of coﬁpacting
¢ribs and eveﬁ shoulders after tamping, which.most of the: above studieé did not
mention. If'the tamping equipment is noﬁ very efficient, a settlement of the

track under the .effect of rolling loads may be expected prior to the compaction
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of cribs aﬁd shoulder.

Lining of track prior to compaction may also 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 ?eriod in spite

of subsequent compaction.
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8. ASSﬁSéQﬁNT OF EFFECTS OF COMPACTOR PARAMETERS
- 8.1 BASIC PARAMETERS |

"Ballast comp;ctors presenfly available in the U.S.-simultaneoﬁsly
compact ballast in the cribs on both sides of eéch tie and/or shoq;der
area, by exerting static down pressure and a dynamic force. The dynamic
force is generated'electrp-hydraulically with either a rotating eécentric
mass.of an eccentric, shaft drive. Most of the compactors are currently
designed to produce a constant static force and a dynamic force with é con-
$tant vibration frequency. The values of these‘parameters\often appear to
have been more or less arbitrarily chosen. As summarized in Section 6,
the ranges vary significantly, the static force from about 1700 to 2200
1b, the rated dynamic force from apprdximately 1100 to 6900 lhuand the
vigration frequency from 25 to 75 Hz. However, most of the machines are
‘eqqippgd to vary the duration of vibfétion.. |

The main compactor parameters are stati; down pressufe, geﬁerated dynamic
'forée, vibration frequency, and duration. These all have important roles in
determining the effectiveness of ballast compaction. Other factors are the |
general characteristics of compactor; the conditions of ballast being com~ -
pacted, and the founda;ion supporting the ballast.VABallast compagtion under
vibrating machines is a éomplex problem. The ballast and the compactor iﬁter-'
act during vibration in such a way thatva particular compactor will react
differently with different ballast agd machine conditions, and hence'result
in a different degree of cbmpactionl

Ballast compaction With vibration should be examined within a framework
that considers ail of the -important parameters i.e., machine désign character-

istics, vibration parameters, ballast type and the supporting foundation
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conditions. However, at the present time there has been no study of ballast
compaction that has considered all of these parameters. Iﬁportant asbects

of interaction have been either completely neglected or not understood in
past studies of ballast compaction. For example, in an acceptancé test of an
FRA ballast comﬁactor in which the static and dynamic forces, vertical dis-
placement, and vibration frequency were to be determined, Ensco (Réf. 256)
measnfed the dynamic force while the compacting head or plate was applied to
a rubber .padded aluminum plate suppofted on a tie. The value obtainéd in
this manner does not represenf the férce exertea onto ballast during compaction,
and'may be misleading as far as the capability of the machine fpr compacting
ballast is concerned, because the transmitted dynamic force is a function of
the-stiffness of the material being compacted.

Application of vibratory compaction to ballast seems tb have driginated
from the successful use of such methods in compaction of soils, especially
granular soils. There have been many studies of vibratory compéction of
soils in the laboratory and in the field, eﬁeﬁ though various misconceptions
and uncertaintiés still exist. Yoo (Ref. 194) has recently presénted an
extensive summary of the past studies on this subject, and developed a unique
theory fér‘vibratory roller compaction of soils which considers the effects
of soil-compacﬁor 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 unit distance of roller travel. Evén though the major mechanism of

,compéction achieved under the ballast compactor may be different from those
for vibratory rollers, thé basic concept emphasizing the interactioq of tﬁese

- parameters could be directly applied to ballast compaction. In fact, as =~~~
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described in Sectioﬁ 5, vibratory compaction ‘behavior of ballast materials
has been reported to be the same as other soils having smaller particle
sizes (Refs. 160, 161,Al90, 191, 193). No differences in the basic phenomena
have been observed from various laboratory tests.
"8.2 .OBSERVED EFFECTS

There is-very little field data to assess the effects of various para-
métgfé that have Been identified as ihe important ones fg; ballast compaction.

As illustrated previously, the interrelated effects of the various parameters

" - have not been adequately considered for ballast compaction., However, the

following discussion is a summary of the effects of compactor parameters on
‘ballast compaction based on the past studies reported so far.

Birmann and Cabos (Ref. 203) investigatéd the effects.on compéction of
the compacting head, static down pressure, tbe rated dynémic_force, Qibratioﬁ
~ frequency, duration of vibration, and type.of compactor shoeé. The compactdr
testéd was g‘Windhoff crib an& shoulder compactor which reportedly generates
the dynamic force from an eccentric rotating mass. The tests were conducted
in Northern Germany on'uniformiy tamﬁed straight sectioqs of an in-service
line with 23,000 tons of daily traffic. Ballast density was measured at dif-
ferent traffic intervals with a probe-type nuclear gage. ﬁp information on
ballast type and conditions was repgrted.

| Fig. 8.1 compares density increase ffom ba;last compaction, presumably
under the tie, for sections compacted With different static pressures, and
for a section taméed but not cbmpacted. Immediately after thé-tamping, ballast
@ensities'of'compacted sections show significant ipcrease over uhdpmpacted_
ones. The difference between lower and highef static preséures is not so evi-

dent for traffic of 8 days or less. However, the section compacted with higher
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static pressure achieved significantly higher densities after 8 days of .fraf-
fic. The reasons for such a difference upon accumulation 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 with
‘further accumulation of traffic. The higher.generated dinamic force produced
a higher density. It is surnrising to note that the amount of density increase
with traffic, i.e., the difference between density at zero traffic and the ul-
timate density achieved under the traffic, was relatively smaller in tne case
of'the-lower dynamic force than in the other cases.

. Fig. 8.3 shows the effects of different durations of vibration on the
ballast compaction. For the tested durations, no apparent difference was. -
noticed in the caselqﬁ densit& under the tie. However, it is interesting to
note {(Fig. 8.4) that in the shoulder area, a shorter vibration time produced
a higher ballast density than ablonger tine.

ﬁirmann and Cabos (Ref. 203) .reported that the shape of the vibrator
shoes also appeared to have a major'influence on compaction. However, no
specific data were given to support this claim, |

The Plasser Company (Refs. 227 and 251) conpared the Piasser'VDM 800-U
and the Windhoff BV 204, the two major ballast compactors marketed in Europe,
to determine the effectiveness of the compactors. The najor differencevbetween
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, therefore generating a constant dynamic force. 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 vibrafion. Each
machine was te§£ed using é, 3, and 4 seconds. ‘The lateral tie resistance as
a function of disp;acementlfor sections compacted with different durations of
vibration are described for the Windhoff machine in Fig. 8.5, for the Plasser
machine in Fig. 5;6. Also compared in these figuresAare the tie resistances
for the tamped-only section. ' As can be seen in the figures, the trends with
vibratioﬁ time are not evident, and different machines show different effects.
However, ﬁaximum resistance in both cases occurred with 2-second operatiom.
With fhe Wiﬁdhoff machine the lowest resistance at 4 mm displacement was
observed with,3 seconds of compaction, while for the Plasser machine the .
lowest résistance occurred with 4 seconds of compaction.

Ensco (Ref. 236) also reported little difference Eetween 3~second and
5-second-bibra§ion times from a series of field tests involved with'the;
Plasser machine conducted in15 railroads in the U.S. The effecfs of vibration
“duration, obtained from releQant laboratory vibratory tests‘(Ref. 193) on samples
contained in a mold, in which particle vibration'and imbaét force likely play-an
vimpartant,rolé as in the ballast compactiom, are cbnéistent with these observed
fieid results on ballést. The laboratory tests have indicated that density
increase during vibration occurs virtually'within a few seconds.

Genton (Ref. 201) also cohducted field tests wiﬁh a limited scope at
the LIﬁ Access Spur Track at the US DOT Transportation Test Center in Pueblo,
Colorado, to find out optimum compaction conditions of a Jackson ballast
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compactor pﬁrchased fo; use in the construction of the LIM Track. Vibration
frequency was varied from 50 to 75 Hz, and vibration time frqm 5 to 10 seconds.
The effectiveness of the compactor was determined with rather crude techniques,
such as visual examination, comparative sonic evaluation by means of striking
the upper tie surface, and depth of compactor shoes imprint. Apparently,
Genton observed some degree of b;llastApartiéle movement in the crib near the
ends of the tie when coméacted.at'high frequency, which he considered as an
undesirable conditioﬁ, therefore &iscrediting ballast compaction with_high
freduenéy.such as 70 Hz. | |
Summarizing the observations made during the above tes£s, Genton (Ref. 201)

suggested that Vibration frequency must be in the orde:'of 37 to 50 Hz as av
maximum, the duration of vibration should be between 3 and‘6 seconds, and
the statié‘pressure ;hould range from 14.2 to 21.3 1b/in.?%. Genton indicated'
that excessively -high freéuencies mightvcéuse tﬁe'lateral flow of ballast
particles and destroy the binding or constraining effect of the ballast shoulders.
Furthermore, an application period exceeding 6 seconds does not lead to fur-
ther compaction but, rather, incurs fhe risk of loosening the tampéd régions
under ﬁhe ties. Finally, he indicated that an exceptionally high statié
pressure may reduce the amount of compaction and increase degradation of bal-
last‘particles. However,the yalidi;y_of these conclusions are gquestioned

. because of ﬁhe test deficiencies as well as contradictions.with some other
experienée in vibratory compaction.
8.3 CONCLUSIONS | o S

The vibration frequency of the ballast compactors currently available

in thelU.S. and Canada seems to vary between 35 and 50 Hz. There seems to

- -be- a general -feeling-in the railroad industry that- higher-frequencies tham
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these would cause significant movement of ballast particles and therefore
lprevent the binding of particles, and that frequencies lower thap these may
not produce sufficient compactive effort. However, such conclusions are
mislea&ing, because frequency is not the only parameter determining the
behavior of ballast during compaction.

The static pressure seems to be needed to provide bgllast particles with
some degree of confinement so that the lateral displacemgnt or frge‘"flow"
of the ballast particles being vibrated cén be prevented. However, there is
plenty of evidence showing that too much surcharge load applied to the ballast
particles during vibration ﬁa& reduce compactioﬁ by incjeasing the interparticle
forcé. It should also be néted that tbo much pressure onto the ballast par=
ticles further increases the possibility of ballast dégradation duringvcom-
paction. Ihus,;hg.coﬁtribution of the static force to the total amount of
'compaction‘should not be neglected. Possibly, the static,pressure'shOul& be
loﬁ as compaction begiﬁs énd then increased és the baliast beco:es mofe'
stable at the end of an operation at each location.

Thé rate of ballast density increase is most rapid at the start of -
?ibration and diminishes‘huickly. Therefore an unnecessarily long duration
of compaction, which adversely affects productivity of the compactér; is not
warranted. A time of 2 to 4 seconds seems to be»reasonable with thg currently
available bailaét compactors. An automatic control could be péovided to
Stop ;he compaétion at a certéin ballast resistance, or deformation, for exampie.
However, more research is needed to identify the propér conditions.

The desirable compactor parameters to be used should be determined in
each particulaf case considering the ballast-coﬁpactor interaction problems.

For this purpose, proper understanding of the compactor behavior during
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compaction should be gained, and the effects of the influencing factors need
to be further studied.
Finally, it should be méntioned that the effectiveness of ballast compaction
is also very much dependent on the track conditions prior to compaction, suéh
as quality of tamping, the amount and quality of ballast in the crib and

shoulder area, and foundation conditions.
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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 tréck 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 enginéer to propgrly
decide upon the allocation of the labor force'and equipméntAto the sections of
" track with a high priorit& maintenance requirement. The objective is to obtain
the most promising cost/benefit ratio or adde& profit for the added»inveétment

by the railroad.

Several factors make economic comparisons of track maintenance practices -

difficult to quantify; »Besidesfthe lack of published cost data, the variations

. in labor‘rates, equiﬁmeﬁt availability and annual budgét for_track maiﬁtenange
operations for each railroéd add to the aifficuit§ iﬁ:presenting the eéonomics
of track maintenanée in the proper perspective.' Tﬁerefore, thé'emphasis-in
thig section will be a partial treatment of lﬁbor, matefials and equipment
costs and the assoéiated manpower, quantity and production rates. Bqth total
costs andithe‘individual cost component of labor, material and equipment will
be discussed. Presentation will not deal specificaliy with ballast alone, but
will consider the overall track system. Also some of the methods of economic
anaiysis will be presented.
9.1 TOTAL COSTS

The actual total cost of maintenance is-reflécted in the differénce in
cost of conducting traffic before and after chénges are made(i.e., track

maintenance) on a section of track. Besides the operational benefits of
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improved track conditions, the benefits from a sales standpoint are also
considered. However, only the total cost of the improvement of the track
system components will be reviewed here.

Lenow (257) discussed the resurgence of light rail transit in the United
States. The author reports that the cost of rail_éonstruction varies from
$40/ft to $60/ft depending upon the type of ﬁateri;l used; The source of this
inforhation is not indicated, or whether these values include material, labor,

- and equipment costs.'_Howéﬁgr,light rail transit vehicles &o qot-éXceed 60 A
fon gross, thé;efore the track stfucture is light oi, grades steeper, aﬁd
curves sharper than conventional track.  Conventional track is generaily

. considered to be 2 to 3‘times more expensive. A general articlé (258) explains
the elements and ecdnomids of optimum tangent and curved track mainteﬁance.

The article deals with raii maiﬁﬁenance, drainége, stabiiization,-rail flaw

‘ detecéion, weed control, bailaé£ dleénihg, rail installation; rail wélding‘
aqd'éiued joints.- | |

Punwani, et al. (259) iﬁ awreport describiné recommendations for the
préposed Facility for Accelerated Service Testing (FAST) estimates the following
Henefits from the track tests: FAST will be useful to the railroad industry
in imprdﬁing productivity of equipment and Iabor through an increase in the
_-_lifé obtained from track_structureét By obtaining ; more cémplete understanding
of track structnfe deterioration, the industry will be better able to program
maintenance, optimize maintenance cycles and use impfoved materials that
result in lower total life cycle costs.

Cost data are given in Tables 9.17°and 9.2 for U. S. railways. Table
9.1 shows 1973 expenditures for maintenance of way and structures. It is
" expected that feéfs’conductéa;iﬁAfﬁé‘FAST will have an impact to some degree =
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Table 9.1. Maintenance of Way Expenditures. (Ref. 259)

M of Way
.14%
(1,864,292, 000)

NET RAILWAY OPERATING INCOME

-"% )

(1,037,122, 000) -

DISTRIBUTION OF RAILWAY
OPERATING REVENUES
(1973)

DIS1‘RIBUTI()N OF MAINTENANCE OF WAY EXPENSES - 1073

214e, 216c, 218, & 220c

*No breakdown avallable between running tracks and other (yard and awltchen)

654%

Icc A/C % Total
NO, - M of Way
Tolal M of Way - 1,964,202 100%,
(Frl. Service Only)
201+ Superintendence 188,407 10% -
~ 202¢ Itondway Maintenance 92,33;1 6%
Running Tracks
212¢ Tles-Running Trachs 109,441 %
2140 Rol-Ruuning Tracks 63,671 4%
2160~ Other Materialo-Running 89,919 6%
2180 _ Dallnst-Iunnlig Tracks 32,020 29,
220c Track Laylng & Surfacing- 424,029 22%
: Runilng Tracks "
Totnl of 201, 202c, 212c, 1,021,553
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Table 9.2. Estimates of M_aintenancé of Way Costs per Track Mile (Ref. 259)

ESTIMATED $12,000

TOTAL
MAINTENANCE
00STS PER
TRACK MILE

$ 9,202

(HVY. DENSITY) o
CLASS 4-5 © $16,720
_ PER YEAR

RAIL SERVICE IN THE MIDWEST AND NORTHEAST REGION
pe 11, Vol I, DOT, 2/1/74: COST ESTIMATE FROM
FRA/OFFICF OF ECONCMICS ORGD, AND OFFICE OF

‘SAFL'I'Y

MAINTENANCE OF WAY PER EQUATED TRACK MiLE

(Corrected to 1974 Prices - 5%/¥r.)

RAILROAD "A" ESTIMATE ($.50 per 1000 GIM

@ 30 NK}T DENSITY)

1 mile = 1.609 km
1 Gross '!‘on Mile (G'IM) = 1,46 Metric Ton km



on 547 of the total amounts expended for maintenance of way. Material

costs for track represent 17% of the tétal mainﬁenance of way and structures
budget. Expenditures Eonsist of rail replaceﬁent (approximately 6000 mileé
(9654 km) is projected for 1975), tie replacement (20 million ties projected
for 1975), track surfacing (47,000 miles in 1975), and other track materials.
Table 9.2 shows estimates of annual maintenance ;osts per track mile. A 17
increase in productivity of the dollar expended on maintenance of way would
result in annual savings of $24 million. |

| Elements of total life cycle costs for main line tfack are shown in -
Tables 9.3. Many potentially beneficial concepts for track sf:uctgres which
have a higher first costs are often rejected or put aside since.there ié

no assurance of'iqcreased life or reduced cyclic maintenance costs. FAST
will afford the,opportunity-to ascertain within a rélatively shbrt time

whether a concept is, in fact, cost effective. It will also afford the op-

portunity to concurrently test the cost-effectiveness of more than one design

or assembly alternative and to demonstrate this in a meaningful way.

Ahlf (260) reports in the work he did on heavy four-axle caré and
maintenance-of-way costs, that on the Illinois Central Gglf, 53% of the main-
tenance-of—way,mainteﬁance expense and.éapital invéstment is increﬁental .

_ with tonnage; that is, it varies with tonnage hauled. Using thé railroad's
éccounting system, Ahlf concluded the-following breakdown of the iﬁcrementél

costi-

PERCENTAGE ' CAUSE ASSOCIATED COST
36.37% Rail Deflection Subgrade stability, ballast, ties, track
: inspection, lining, and surfacing.
12.5% Bending Stress . Bolt tightening, turn out renewal, derailment
repair, joint remewal, miscellaneous track
fittings.
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Table 9.3.

FIRST COST*
I.
II..

III.

*0r Present

Elements of Life

'

GRADING & EARTHWORK, DRAINAGE
BALLAST - MATERIALS

LABOR
EQUIPMENT
A. TIE :
MATERIALS
B. oM LABOR PANEL
. . EQUIPMENT - CONSTRUCTION
C. aaIL
D. ASSEMBLY LABOR FIELD
CONSTRUCTION

TRACK SURFACING & ALIGMENT
BREAR-IN COSTS
DOWN TIME

RQeplacement Value for Prasemt Trackage

TNSPECTION FUNCTIONS

YII.
VIII..
.

X.
XI.

XII.

XI1I.

TRACK GEOMETRY INSPECTION

RAIL FLAW DETECTION

A. DRAINAGE INSPECTION

B. BALLAST CONDITION INSPECTION
TIZ INSPECTION

RAIL SURFACE

Cycle Costs for Main Line Track (Ref. 259)

DOWN TIME AND 3REAR~-IN
COSTS ASSOCIAIED WITE
MAINTENANCE AND/OR RENEWAL

IXXII.
XXXTII.
XXXIV.

MISCELLANEOUS ELEMENTS

-DOWN TIME

DOWN TIME
DOWN TDME
DOWN TIME
DOWN. TIME
DOWN TIME
DOWN TIME

DOWN TIME
RENEWAL

DOWN TIME
DOWN IIME

FOR SPQT TAMPING

FOR RAIL END WELD & GRIND
FOR JOINT TIGHTENING

FOR ODD TIE RENEWAL

FOR SURFACING & LINING
FOR TIE RENEWAL

FOR 3ALLAST CLEANING AND/OR

FOR ODD RAIL RENEWAL
FOR RAIL RENEWAL

FOR SURFACING & LINING

FOLLOWING RAIL/TIE REMOVAL

QF WORK -

=XV,
XXVI.
IXXVII.

. LXXVIII.

SLOW ORDER (WORK ONLY)
WEED CONTROL )
STABILIZATION OF SOILS

"DRAINAGE MAINTENANCE

MISCELLANEQUS DOWN TIME ELEMENTS .

A,
B.

RAIL JOINT INSPECTION
INSULATED JOINT INSPECTION

DOWN TIME FOR INSPECTION

MAINTENANCE/RENEWAL WORK ELEMENTS

XXIII.
IV,

SPOT TAMPING
SKIN LIFT

RAIL END WELDING & GRINDING
JOINT TIGHTENING

ODD TIE RENEWAL

" SURFACING & LINING

TIE RENEWAL

BALLAST CLEANING AND/OR RENEWAL

ODD RAIL RENEWAL

RAIL RENEWAL

SURFACIMG & LINING FOLLOWING RAIL/TIE RENEWAL
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OXIX.
.

DOWN TIME FOR WEED ‘CONTROL
DOWN TIME FOR SOIL STABILIZATION

MATERTIALS COST IN MAINTENANCE

LLI.
XTII.
ILIII.
JLIv.
av.
XLVI.
XLVII.
ILVIII.

XLIX.

WELD METAL

BALLAST

TIZS

TIE PLATES, O™ .
RaIlL ’

JOINT BARS, INSULATED JOINTS, EIC.
WEED CHEMICALS

STABILIZATLON MATERIALS
DRAINAGE MATERIALS



11.37% Contact Pressure Rail life, rail welding, rail renewal.

40.9% Supervision & Direct relationship to above.
Machinery

Table 9.4 from Means (261) gives 1977 labor, equipment, and materiai
costs for genergl site improvement and siﬁe clearing. The key itéms in these
categories are tié removal and installation, and surface and liniﬁg of_
existing track. The major cost for the lafter is the height of track raise
which will dictate the amount of matérial needed for rebéllas;iné, Note
that variations in wage rates, labor efficiency, union res;ricfions and
material prices will result in local fluctuations from these avérage cost
figures. Cost indices for COnstrﬁction and labor are available tq.modify-
the costs for diffefént geographic regions. It should be noted, however, that
railroad labor rates are tﬁe éame\for the whole ‘country and are 15-20% lower
' than the averaée construction labor costs.i_f

|  ﬁay,.et al. (262) reports that the ﬁef foof éurfécing and lining cos#,
"dependiné onvthe combination of machineyy and manpbwer used, is between
$0.16 and $0.26 (Table 945). This cost is probably somewhat low due to the
low machinery ébsg? used. . |

Table 9.6 from Burns (Ref. 213) gives the associated costs for rail
and tie replacements, ballast cleaning, surfacing and clean-up operations.

, Included are labor force, and type of equipment used. This standard method
of track maintenance was compared to the costs of utilizing}track renewal

"~ trains such as.the Métisa P811 or the Plasser and Theurer SUF 500.' The

costs used are not total costs But relative costs and should be used for .

' comparison purposes only. For example, ballast cleaning cost is $6049/mile

but total cost,when items such as signal, switch, and grade crossing‘aré included,
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Table 9.4. Total Costs for Site Improvement and Clearing (Ref. 261)%*

HEAVY _CONSTRUCTION .« Daily Bare Costs TOTAL
Crew Qucput Unie Mac. insc. Tacal INCL 0 & P
RAILROAD Car bumpers W.D., standard B~14 2 Ea. 500 270 770 910
W.A., heavy duty 2 850 270 1120 1295
Darails, hand cthrow (sliding) 10 115 55 170 © 200 -
Hand throw with standard timbers 5.3 225 95 320 380
Rasurfaca and re-aliga existing track 200 L.F. . 2.70 2.70 3.6G
For crushed stone ballast 3 $4.80 - .
per ton, add 500 " 3.10 - 1.05 4.15 4,85
Siding, yard spur, level grade, 106 1b. L
.rail, new matarial oa waod ’
ties. B-14 ¢ 59 L.F. 26 9 35 S
Steal ties embedded in concrate ) 22 " 39 25 64 76
.. Switch timber, for a #8 switch, creo- ) :
soted ) ] 3.7 M.F.B.M. 365 145 510 595
Complete $ez of timbérs, 3.7 . ]
M.F.B.M. . 1 Total 1360 535 1895 2215
Ties, concreta 8'-6" long, 30" O.C. : - 80 Ez. . 26 6.70 32.70 38
Wood, creosoced, 6" x 8" x 8'-6", ) V ‘
C.L. lots 90 B 10 [ 16 o 19
L.C.L. lots E ) . 90 11 6 17 20
‘Heavy ducy, 7" x 9" x 8'-6",
C.L. lots : 70 14 7.65 21.65 26
L.C.L. locs . 70 ’ ) 5 7.65 22,65 .27
Turnouzs #3 facl, 100 1b. rails, plates,
bars, frog, swisch points, tim- )
bars and tallasc §" below bac- : 72 )
tom of tie 23 Ea. 2900 °~ 2330 5230 6320
Wheel scops (mac'l. ranges $100 to . . , ’ .
$400) : % . Pr. . 115 38 . 153 : 130
\'4
EXPLORATION & CLEARING s
Railroad ;ralc.'c, ties and track B-14 . 110 L.F. | A 71 4.4 4,85 §.55
allast 500 C.Y. .15 .90 .05 1.45
Remova and reiastall ties & ) -
track with aew bolts & spikes 50 L.F. 1.55 9.15 10.70 14.40
Turnouts with new bolts . ’ :
& spikes i 1 Ea. 78 457 535 20
TEST PITS kand digging, light soil 1 Clas 4.5 C.Y. 16 16 22
Heavy soil " 2.5 " 29 29 . 40
" . .
0 = overhead ; .
P - profit ¥ 25%Z; 10% added for subcontractors 0 & P
L.F. = linear foot
C.Y. = cublc yard
Pr © = palr ‘ L
M.2.3.4. = 1000' board ceasura
Ea. = each
L.C.L. = less than carload lot
C.L. = carload loc
0.C. = on center

Noca: Canr.ingeﬂcy is ¥ 2 w0 3%
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Table 9.5. Summary of Cost Data for Lining and Surfacing Operatibns (Ref. 262)4'

From Generalized Railroad Supplied Data

Macnine Mean Cost (3] Per
. Organization Productive Hour

Mean OQutput (Ft) Per
Praductive Hour

Mean Cost (3) Per
© Track Foot

Tamper, Liner 190
and one or more
ballast regulators

Tamper - Liner and 135
one ballast
regulator

Tamper - Liner, 200
tandem tamper, and

.one ballast

regulator

720

657

§38 -

0.26
g.21

g.21

From Detailed Railroad Supplied Data

Machine Mean Cost (3) Per Mean Qutput (Ft) Per Mean Cost (3) Per
Organization Productive Hour Productive Hour Track Fogt
Tamper, Liner 178 700 Q.25
and ¢ne ballast
regulator
Tamper-Liner 122 743 Q.16
and one ballast
ragulator
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Table 9.6. The Standard Method (Ref. 213)

750 ties per mile, bailast cleaned,

rail changed
Gang Description Labor & Equipment  Man-Oays
Ogaration. . ar Commisnts Cost per mile Per mile
Tie inspector Requires transportation to ’
starting paint $ 27 Q.17
Tie train Ties delivered in weighted
. average of standard gon-
dolas & special-purpose tie ~
cars (work train crew: not.in<
ciuded) ) 1,067 9.18
Tiegang 20-man gang, using tie saw 1,976 20.80
Ballast cleaning - Chain-type undercutter, 700 ,

- - . cubic yards per hour © 6,049 . 25.20
Material Burro crane, with gondoias, : -
distribution . distributing & setting tie - ‘

plates, anchars, spikes, etc. 2,072 - 24.00
Rail gang 44-man gang, one rail at a o
time . 7,014 80.52
Final surfacinggang - 2 tampers, bailast regulator 785 4.38
Clean up--ties + Only 25% aof the ties picked
: . up. Burro crane & air dump ) )
. cars : 333 4.00
Clean up=-steel . . Burro crane & gondolas 178 1.60
Tie transportation . 600 —
Total $20,101 169.85

. Table 9.7. Annual Costs per Mile "Maintenance of Ballast"
- (A.R.E.A. Report, Ref, 263) )

MATERIAL $260

COST OF BALLAST - UNLOADING 24

CLEANING 104

$328

LABOR IN DISTRIBUTING s1ao'
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 uncertaiﬁ. Details of the cost breakdown may be obtained by consulting
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 attributed to poor track quality. '

Réference 212 also provides a-tabulation of the track maintenanqé cost .
figures in an appendix based on Ref. 263 érepated from data furnished by the
Burlington, C & 0/B & 0, Chicago and No:th'Westefn, Illinois Cehtral, Santa
. Fe, and the Association of American Raiqua&s (AAR). The data were 3ppiied
‘to forty~-two represenﬁative test miles of C & 0/B & O track, fepresentihg |
‘an approximéte annual traffic degsitY'ffom oné'ﬁillion to 4ﬁ million gross
tons. Eqﬁipment and Laborrcosts are assumed to be included with matefial costs;
The average annual costs for>"mainteﬁance of béllast"xover the 42 test miles
are shown in. the attached Table 9.7. Ballast maintenance costs bf the CNR
ére shown in Téble 9.8. Neither of these tables contain the cost of ballast
transportation which is dependent on distance and can amount to several times
the cost of the ballast material. ,Note;'labor and machinery account for |
abbut‘50% of the total cost.

9.2 MATERIALS COST'

Robnett, et al. (1) states that at present, ballast seléction criterié
are ;argely based on initial cost, which includes aspects such as availability
and'transportation costs, but whicP neglects for the most pért,‘service

life and performance level considerations, except as such considerations
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Table 9.8. Maintenance of Ballast Costs: (Approximate Figures

Obtained from CNR, Ref. 212)

MACHINERY

SPER MILE
SPERMILE | PER YEAR | SPER YEAR
BALLAST o
. Maf.smm.wonms. ngéuaé.acme 750 187’ &SMuLLION
UNLOADING AND CLEANING® - . 128 4.5 MILLION
TOTAL SALLAST 11.0 MILLION.
“QUT-OF-FACE™ LIFT N
LaBOR 500 ge LTMILLION
MACHINERY - - IMILLION
SPOT LIFTS
LABOR'PLUS MAGCHINERY - - 82 MILLION
TOTAL LABOR PLUS MACHINERY - - 124 MILLION
BALLAST PLUS LABOR PLUS .
' - - 22.4 MILLION

* .
.Obtained separately from A.R.E.A. Report (Ref. 263)
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are subjectively incorporated as a result of experience. This situation pro-
vides an improper perspective of the impoftance of careful ballast selection,
sincevthe excluéion of the latter two long-terﬁ, in-service cost factors
prevents proper assignment to "true ballast cost." The influences of ballast
on other material and labor accounts mustAbe 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
represents nearly one-quarter of all maintenance-offwéy structures expenditures.
This source of expenditure reflects the f;gquency with which track smoothing,
surfacing, and reballasting operations must be performed. Upfortunately,

the relationship between these costs and the degree of stébility of various
ballasts has not received quantitative analysis.

According to Ref. 1, from an inspection .of the preséht naturévof ballast
analysis and thickness design, it is obvious that little progress can be
expected if these matters are left burely to the discretion of individual
railroads. Typically, each railroad 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 resistance to change in'ballaét selection. Additionally,
exclusive use of the products of on-line producers unnecessarily limits exper-

ience to just a few maﬁerials, thereby eliminating the ability to optimize
ballast selection.

Peckover (24) appears to be the only available source which considers
the important cost components neéessary for ballast selection. The quality

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 in
the analysis. The method is an approximation of real overall costs and can
be used in planning maintenance operatioms. Peckover's (24) conclusion of
the analysis is that superior ballast material should be used whenever a long-
term cost analysis,.i.e., over the anticipated 1ife of the ballast, shows it
to be worthwhile. Evidence indicates that long hauls of superior material
will frequently be economical. Peckover (24) also émphasizes inventories
of future ballaét‘suppliés and the deﬁelopment of railway owned éources of
baliast. | | | |

A 1977 study by Hay, et al. '(262) indicates, in the absence of a work—'.
able guide, that most'railioads base their bgllaét purchase discussions on |
'priCe, durabilityiand transportation cost. However, very féw raiergds quantify
eveﬁ the_simple-chafgéé for on-liné Lfansportétion mﬁvementsAand fewer still
éssigﬁ such costs to theif maintenance budgets. The reportlindicates (I&ble 9.9)
that the average purchase price of ballast ié between $2.16 and $2.40 per
cu yd depending on the type of material. Ballast trénsportation.coét depends
on many féctors, but the study indicates apprbximately $0,009vper cu yd per
mile for ;n on-line movement and approximaﬁely 5 times this figure for a
foreign line moveménf. - The unloading cost was detefmined to be between $0.47
and $0.84 per cu yd depending on whether-unit tréin or work tf;in delivery is
used. |
9.3 LABOR COST

Chapel (264) reports on the transition of the railroad industry from
manual track labor to mechanized maintenance equipment which usually requires
; single operator. The reductioﬁ in laborers requifed, the increased production
" rates of‘éﬁtoﬁaﬁic ﬁééﬁihéfyAsucﬁ_as_tampers; éleahefs; Hiéﬁfibutors,_blows
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%

Téble 9.9. Summary of Ballast Purchase Price Data

Material Type

Number of Rallroads Pur-
chasing this Material

Range in Price

(1975, Ref. 262)

Average Price
{$ per Cubic Yard)

Limestone .
Granite

Blast Furnace and
Open llearth Slags

ALl Olher Ballasts

18
15

16

{$ per Cubic Yard)

1.02 - 3.3%
1.54 - 3.25
1.65 - 3.00

0.70 - 3.78

2.31
2.36

2.16
2.40

Simple Mean Purchase Price = $2.33 per Cublc Yard

Mean Purchase Price — Welghted by Quantity Purchased = $2.40 per Cubic Yard

Source: Questionnaire



and tie rénewal equipment, and the better quality and uniformity of work are all
benefits from an economical standpoiqt. The author also stresses the use of
mul;i—purpose machines to reduce on-track time;

In 1970 Cassidy (212) reported AREA data4(263) on labor césts_for major
lifts and skin lifts (Table 9.10), and Fig. 9.1 shows how labor costs for cyclic
t;ack lining and surfacing vary with annual traffic density. Cassidy (212)
indicates both the AREA (fable 9.10) and the CN (Table 9.8) agree that the cost
of spéF resurfacing to correct for differential tréck settlement After ﬁajar
"out~of-face” :esurfadingé approéches~the cost of "out—of?féce" resurfacing.
Therefore, improvements in machiﬁery and techniques which result in greater
‘ ballast compaction will produce not only bétter track quality, but reduced
) maintenance'cost as well.

- Track laborgrsvand macﬁiﬁe operators pay!sCales for the majority of the
'raiiroad industry are set by National L;bor‘Agreeﬁent (265)°!'A sample of
~wage scales for 7/1/76 is shown as Table 9.11.

9.4 EQUIPMENT‘COSTS

The initial éurchasing cost, and'thé'subsequent fuel, o0il, machine main-
tenance and operating costs must be compared to the increase in éroductivity
and economic savings in ordér:to justify the use of a piece of equipment.

The Generéi Managers' Association of Chicago (Ref. 266) proﬁides rates
per day for track ﬁaintenance machinery rental between railroads. Rates are
based bn averages from data supplied by'member railroédsu These .average values
include depreciation; interest, taxes and insurance, average cost éf repairs,
and. cost of supplies. Operators' wages are not inéluded in the rentél rate.
Unfortunately few railroads keep accurate tréck 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-RoEvo Report, REfl 263).

ANNUAL

TRAFFICE MAJOR NO. OF : ANNUAL
DENSITY LIFT @ . | SKIN LIFTS TOTAL CYCLE CosT.
(MGT) $2,090 @704 cosT (YEARS) | ' PER MILE -
3 $2,080 3-32112 $4,202 40 s105 -
5 2,090 2- 1403 3,408 30 118
10 2,080 2—- 1408 3,498 24 145
15 2,020 2~ 1408 3,498 20 . 175
20 2,090 2- 1408 3,498 15 . 233
25 2,090 3- 2112 - 4,202 15 - 281
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Figure 9.1. Labor 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 Operators (Ref. 265)

7-1-77

Track Inspectors - ’ . $7.34

Section Foremen : : 7.34

; Yobile Track Foreamen : 7.47
B & B Foremen (including Paine Foramen) 7.47
Asgistant Foreman (Section & Mobile Gangs) - 6.88
Assigtant B & B Foremen o ; 7.00
Trackmen ‘ . . 6.22

Group D Machine Operarors o 6.44

Tie adzer, power rail anchor applicator, bolt tightening machine, c:ibbing

- machine, discing machine, Dun-rite gauger, power track jack, rail lifter,
~ track liner, on-track mowing machinae, self-propelled ground roller, portable

Group C

Group B

powar brush saw, spike driver; spike puller, spike sezter, tie creosote spray,
chemical or oil spray not self-propelled, tie brush, tie puller and imserter,
tractor and tractor mower, wheel tractor with back hoe, tie saw, tie bed scar-
ifier, tia handler, hydra spike, power wrench, rail gauges, trenching machine

Machine Operators ' 7.32
Multiple tamper, self-propelled ‘ballastc drainage car (head and wing opera-

tors), self-propelled CS-6 type chemical spray (head and wing operacors),
oa~-track tamping jack, yard cleamer, grouting machine, self-propelled on- .

track weed. burner, track liner Fairmont W-1lll, chemical spray handled by

.work train (head and wing operators), boltmaster-jointmaster, ballas: com=

pactor, self-p:opelled brush cutter and ballast regulacor

Machine Operators (Roadway Machines) ' ’ ) 7.36
Dragline, angle- dozer,. bulldozer, borro-crane, f-on:-end loader, cla.m shell, ’

. wobile crane, pile driver, motor grader, ditch operator, Jordan ditcher

spreader, shield bantam off-on track crane, multiple purpose loco-crame 66304

Carpenters . : 6.93
Carpenters’ Helpers - 6.46
Painters 6.95
Painters' Helpers . . 6.46
Masous ' 7.15
Bridgemen ) 6.21
Bridge Watchmen 6.24
Whole Line Stzsel Gang . .
Steal Bridge Foremen . 8.36
Assistant Foreamen , 7.96
Steel Bridgemen ' ' : 6.87
Steel Bridgemen 5.95
Stael Bridgeman (3lacksmiths) 7.32
" Steel Bridge Watchmen 6.41
Derrick Enginears 7.47
Derrick Foremen 7.57
Motor Car Repairmen
Lzad Repairmen 7.40
Repairmen 7.32
Repairmen Helpers 6.54
Shop Foremen 7.96
Welders
Welder Foremen 7.53
Weldexs 7.53
Grinder Operators 7.18
R Welder Hdelpers 6.34
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average figures are considered to be very low. Examination of sample back up data
indicates a large variation 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 maintenance
equipment is shown in Table 9.12.

Railroads, in 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 method of assigning
maintenance cost which, 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 Acct. 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 singlé shifts/year.'

Therefore
Running cost/shift=

(undepreciated value of machine) (maintenance budget ratio). (9-1)
200 .

Per shift fuel and oil requirements have been determined by a similar
method and assumed to be:. 1) for a lightly loaded machine 0.001 times the
ﬁndepreciate& value per shift, 2) for an average loaded machine 0.003 times the
undepreciated value per shift, and 3) for a heavy loaded machine 0.005 times
the undepreciated value per shift.

The work equipment maintenance budget co&ers the mechanies and their
trucks that are working with the production gangs. 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 Rental Rates from GMA (Ref; 266)

TYPE QF £QUIPMENT : RATE

Wark train on road - 3-man crew $ 59.75 per hour
4-man crew g3.3:9 "
_S-man crew 78.00 * "
Ballast cars ' 7.00 per day
3allast cribdbing machines ¢ :
i) Momarail type 16.00 per day
8) Self-propeilad, track mountad - 2%6.00 * ¢
8allast raqulators, canditioners and scarifers . .
a) Maintanance Car (W-77 ar equal) = §3.00 par day -
b} Otstributor and Cleaner : 109.00 * »
Spike drivers . .
a) Non salf-propelled 14.00 per day
b) Self-prapelled singla head 1s.00 " *
c) Self-propelied single head, autcmatic feed 83.0c@ *
Spike puller :
a) Non self-propalled 8.00 per day
3) Salf-propelled : : 1.0 " *
Tie removers ind/or %is insertars
a) Tlass than 30 H.P. ’ ) 11.00 ger day
b) 30 4.P. and aver ' 43.00 . "
¢) production tie injectors o 104.00 .o
Tie spacars 43.0Q0 per day
Tie tampers ) ‘
a) Hand neld, all (incTuding pewer sourcs) ’ 7.0C per day
B) Spot and/or-switch, 2lactronic indicators 162.00 * ¢
¢) Production:
1) Without jacks or liners 103.00 * *
2) Automatic with jacks only 151.00 * ¢
3) Automatic with liners and jacks 183.00 *
: 4) Switgh tampers - high production 22400 " "
d) Self tamping Jjacks. §3.0¢ "
Track brooms; salf-gropalled ‘ 45.00 per day
Track cleaners
1) MNoneirack mounted 33.00 ger day
b) Track mountad (has car-nandling capapility) o ter.gg v v
Track liners
a} Without wire indicator, 10 H.2. or Tess © 7 12.00 par day
9) Complata with wire indicator, aver 10 4.3. 33.00
Caompactars _
a)} Vibratary 4.00 ger day
5) Roller type, salf-propeilad Q.00 " ¢

Rail layers {not full revelving) 20.00 per day
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Table 9.13. Equipment Running Cost Using Maintenance Budget Ratio (Ref. 267)

EQUIPMENT PURCHASE AND RUNNING COST PER 3 HOQUR SHIFT 0
TQDAYS CosT REPAIRS,
NEW WHEN PARTS - TOTAL
CosT LAST LABQR/ COST PER
TYPE , (APPROX.) PURCHASED SHIFT FUEL SHIFT
Air Compressor - - '$11,000 $ 7,500 $5s $T $6
Anchor Applicator 12,900 7,500 12 2 14
Automobile 4,300 4,500 . . 12 5. 17
Ballast Requlator 55,000 25,300 440 15 55 -
8ack Hoe .+ 29,000 . 20,300 kis B § - 38
8ulldozar §7,000 22,500 45 15 &0
8urro Crane © 148,000 70,000 108 20- 125
Carolineum Applicacar 3,000 ' - 5 1 &
Compactor . 80,000 79,000 95 . 20 115
Gauging Machine 7.000 7,000 - 12 2 . 14
Motor Car 4,300 - 3,000 5 1 8
Mator Grader 57,000 19,500 4Q 12 g2,
Rail Liftar : 4,300 2,700 ] 1 . 8
Speed Swing Highway ’ .
Truck Crane . 85,000 60,000 . - 90 18 108
Soike Oriver 7,600 4,600 - 8 2 10
Spike Puller (Singla) 4,400 2,500 3 1 8
Soiker-dydra 53,300 - 31,500 - 50 10 &0
Tamper . 60,000 54,000 70 20 30
Tamper-with Jacks - 83,000 - 37,000 - 150 25 175
Tamper-Production 120,000 121,000 19 30 220
Tamper-3wi tch 190,000 , 280 30 310
Tamper-Quadromatic 350,000 ’ §15 30 3683
Tie Shear ar Saw 47,8Q0 27,200 45 8’ 33
Tie Handlier 22,500 - 13,400 20 4 24
Tia 3ed Scarifar 32,000 20,700 35 8 41
ia Insertar 8,300 4,200 7 1 g
Tie Cribber 7,200 3,400 § 1 7
Tie Adzer 14,800 7,300 15 2 17
Tie Plug Machine 3,100 3,300 g 1 7
Truck 12,300 12,000 4Q 10 30
Truck Crane with
Clamshell 77,000 34,300 35 10 63
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It is interesting to note that for a production tamper, GMA cost including
dépreciation is $183, the AREA method which excludes depreciation is $220,
and a construction contractor would charge approximately $500 per day for a
similar machine. A further means of equipment comﬁarisons would be based |
upon the rated productions listed in Section 6.

9.5 METHODS OF ANALYSIS

The technique used to compare the effect of the altermative sections of
track selected  for maintenance on the company's total 6peration is the dis—'_
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 this t&pe of analysis, consult Grant et al. (Ref. 268) for further
details. This method is 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 sections, tie types and tie spacings. The portion
of this analysis'dealing with track maintenance was taken from AAR (Ref. 270,
271). | ) |

The following formula developed by Magee (Ref. 271) méy be used to
approximate annual track maintenance costs per mile of track constructed of
90 1b rail with train operating speeds of 50 mph. It ié based on current track
maintenance experience as reported by American railroads.

Mc = 982 (B) 0.282 ' Y . (9—2)

where: M Annual track maintenance cost per
€©  mile of single track, and

B Annual traffic density (MGT).

The value of M varies inversely as the square root of the moment of
c
inertia of rail, i.e.

M =z (9-3)

1
¢” —Tos
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where I = moment of inertia of rail (in.A).

To compute ME for 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 1b rai} to the square root of thé_moment of inertia of the rail section

desired, i.e.

I 0.5 - T o3

where I = Moment of inertia of rail section desired.
To compute MC for any other opérating'speed, multiply the right-hand side °
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 .
' - 0.282 [6.22 | v
M_ = 982(B) _[—WI , ]tso ] E (9-5)

Reiner (272) presents estimates and approximations‘with regard to the

magnitude of the penaléy that maintenance-of-way departments must pay in the
area of routine maintenance as a result of operating jumbo cars, i.e. 90 to
125 ton capacity cars. The.average freighticar capacity is 65 tons. The increase.
in total load also brings about an increase in wheel loads aﬁd wheel-rail pres-
sures. DBesides the desire to compete better with other modes of transpor-
tation, fhe higher capacity cars yield a more favorable payload/tare weight
rafio. However,incre;sing wheél loads cause maintenance problems, the most
serious of which was said to be the rapidly growing rates of deterioration
gf the rails.

According fo Ref. 272 the additional maintenance-of-way and structure
costs associated 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 routine track maintenmance which
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mostly consist of cost elements which vary with the traffic volume; Methods
of estimating incremental cost factors are described in Ref. 272.

Reiner (273)4utilizes a systems'approach in the determinatioﬁ of the
pfoper wheel load to yvield maximum profit. This is qualitatively shown'in
Fig. 9.2 which includes the pertinent parametefs 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 themwork done by Reiner and attemfted to
determine specific costs of various track maintenance funcgions as opposed to
the averaging method‘genefally used. This was accomplished by applying pre-
dictive life cycle relationships to specific track/traffic conditions. The
study includes the predictions of various track component service lives, including
that of a surfacing cycle. The study assumes no deferred maintemance and a good
tie conditiom.

Rail life was determined to conform to the following formula:

‘ D" 1.565
T = — ,
m n r .
~ D..
U U e 5114 , | (9-6)
SIS N vy

where T total main line track rail life in million gross tons,

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 associated
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 jointed. 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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DOLLARS PER YEAR -

MAXIMUM
PROFIT

~ FIXED EXPENSES

OPTIMUM
WHEEL LO‘AD\

] -

- WHEEL LOADS OF FOUR -AXLE CARS (TONS)

Figure 9.2. Typical Relationship for Costs, Revenues, and Proflt

vs. Wheel Loads- (Ref, 273)

252



Dle = 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
l§rgely by careful observation. For table of the various factors, consult
Ref. 274,

- Tie life was determined to confirm to the following formula:

g=_ L DO0.816872  (4.0925-0.060774d)
m n r D ] ) ' ’ : _ :
D D iik o | (9-7)
i=1 j=1 k=1 | Fijk|- . " )

where H = tie life in years,

e = base of natural logarithms,
D = total annual density in million gross tons,

L= relétive life factor which reflects the influence which tie plate
size, rail type (CWR, JOlnted), gradlent 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 j speeds in train service type k (This factor
is the product of the applicable wheel loads, train speed, and- traln
service), and

D
ijk = annual tonnage carried in type i wheel loads, at class j speeds, in

train service type k.
The various multiplier factors were determined by observation and detailed anal-
ysis of 10 tie renewal 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

121.31-D )

M D 10 - 1493

m o n r D, . (9-8)
D) ik ,
i=1 j=1 k=1 | Fiqx
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where J

surfacing cycle length in years,

M = relative cycle length factor which relates the effects'of gradient,
- track support quality, and rail weight on surfacing cycle length,

D = total. annual density in million gross tons,
Fijk(= multiplier which relates the effect upon surfacing cycle, length of

type i wheel loads, carried at class - j speeds in trains service type
k, and ' :

Dijk.= annual tonnage carried in type i wheel loads, at class j épeeds, in

train service type k.

The relative multiplier factors are the same as used for the rail and tie life
with the exception of train service type. Passenger trainé and unif trains
reduce the‘cycle lengths by 20% and 10%, respectively.

The study also developed unit cost formulas for undercutting, plowing,
and sledding, and for turnout, and track crossing_reblacement. The cost of a
maintenance operation is rélatively simple to determine,vbut must be calculated
with refereﬁce to such things as géographic location, methods, aﬁd equipﬁent
available. The<study attempts to determiné acéura:e component life or cycles.
It is, therefore, a relatively simple matter to then deterﬁine the Yarious

aspects of track costing in terms of tonnage, speed, and axle loading.
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- 10, SUMMARY

The subject of ballast compaction and its influence omn track perfor-
mance encompasses a variety of specific, related topics. Each of these
topicé has been individually treated in.suffiCient detail to present their
relative importance and.contributions to the ballast compaction-track per-
formance problem.' A comprehensive sumqajy and the associated critical
assessment of the reviewed material will be presented in this final\chap-
ter,

The performance of conventional railroad track syétems is directlx a
function of the comple# interactibns aﬁd subsequent respomnses of the track
system components under train traffié and environmentally-induced stresses.
Descriptio#s of the track'structuie héye‘ﬁeen presented, including the
‘ réils, ties, and fasteﬁers, and in éarticuiar, the ballast, subballast and
subgrade. Also, the felationships which exist betweenithé track system com-
ponents and track performance have been demonstrated. The ballast and sub-
grade behavior with the associated iﬁ-situ physical states, especially
thése existing after programﬁed track maintenance operations, is thé most
significant contributing factor which affects the performance of the track
in-servicg. Recently developedlanalytical track models have been described,
wifh particular emphasis concentraﬁed on the representation of the ballast
and subgrade materials. However, the reliability of these techniques for
predicting track performance was not established. The primary reason is

the lack of corroboration with field data. This situation, however, will
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be improved when the generated substructure stress and strain measurements
from the field inetrumentation installed at the FAST track are thoroughly
analyzed and compared to the predicted responses. Other available field

- measurements or criteria have been deseribed for use as indicators of track
performance. .These are track stiffness, tracé)geometry, Safety; ride
quality, and maintenance effort. However, each individual item is not
sufficient fo; ﬁroper_representation of the overall track system peffor—
mance.

Bal;ast materials, as derived from various rock sources or froﬁ by-
products of manufacturing processes, also inherently poesess‘different
particle physical and chemical ﬁroperties..vMany iaboratory index preperty
tests, such as those for abrasion resistance, absorption, shape and sound-
ness, are currently utilized to quantify and categorize the‘relative merits
of these different ballast types._ The'applicable test standards and bal-
last specifications limits have Eeen cited and the basic teet procedures,
as well as the factors influencing the test results, have been discussed.
However, an individual 1ndex property test by itself cannot clearly be
used as a direct: 1ndicator 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 interpreta-"
tions, ae to what values of what index properties represent the best
ballast. \ |

‘Granular materials, which include ballast, are typice%ly_eetegerized B

as discrete particulate systems having discernible particle dimensions,

ranging from sand to boulder sizes. The fundamental soil mechanics
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trinciples representing strength determination apply equaliy well to all
granular soils. However, most of the available information defining the
characteristic static or dynamic stress-deformation behavior is related

to sand-size~ particles andI;s determined from laboratory property tests.
Altgrnative methods based upon shear strength parameters obtained from
modelled gradation curves have been proposed as a viable meaﬁs of estimating
thg_properties of larger-sized materials. ‘However, these techniQues '
have oniy a'iiﬁited amount of supportive data. Therefore, the behavior

‘of ballast-sized materials must be determined directly from laboratory

strength Eests, in lieu of applying previously published strength information
' e

I3

on granular materials. Thé conventional static and dynamic test apﬁératué
and procedures, as well as the factors affecting the test results, have
been discussed and assessed with respect to usé with ballast materials.

The c¢yclic or repeated load triaxial test offérs ﬁhe greatest poténtial

for realistically determining the ballast beha#ior, since thewimposed stress
conditions and type of‘drainage can be controlled forvspecimens.prepéréd

at given levels of compaction. Ballast behavior, as determined from lab-
oratory tests, neéds to be supplemented with in-situ strength data'on the
ballast physical state. An evalgation of the available field methods in—
dicates tha; the plate bearing test is best suited for this purpose.

. The strquth and compressibility characteristics associated with the
relative degree of compaction of ballast within the track structure are
directly related to the levels of frack performance, in at least a qual--
itative sense. In fhe past, for most geotechnical engineering applicatiomns,

this relative degree of compaction, as used as a means of field compacticn
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control, has been most easily and conveniently determined by comparing in-
situ soll moisture-density measurements with the appropriate laboratory
compaction test results. Several laboratory compaction methods have been
developed in an attempt to simulate. the characteristics or thé anticipated
end-product results qf conventioﬁal field compaction equipment. The test
specifications, test procedures, and factors influencing the test resﬁlts
for these laboratory methods, such as impact, kneading, static, and vi--
bratory tests, have been discussed .for granular matgrials. However, these
methods have limited application for determining the compactibility of
ballast materials. At present, no quantitative ballast compaction specifigatiéns
are available. Furthermore, measurement of the degree of ballast compaction
is rarely done. However, an in-situ ballast Aensity test, a small plate
load test, and a single lateral tie push test on an unloaded tie have been
_identified as potential means of representing the ballast physical state.
The rate of change in the ballast physical state within the track
structure caused by train traffic loading and environmental conditions is
highly dependent upon the initial state achieved from normal track main-
tenance operations. Ideally, an "undisturbed" ballast trackbed after
‘considerable traffic is the most desirable condition from a stability
viewpoint. Tﬁe reason is that the subsequent correction of track geometry
defects with mechanized track equipment inevitably disturbs the stable
condition created by traffic. Therefare, the effect that present track
maintenance processes have upon changing the ballast physical state requireg
an equal amount of consideration. To aid in understanding these effects,

the principal types of track maintenance equipment and the associated field

258



procedures in current use ﬁave 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 ballastAcompaction after the track tamping, leveling,.
and lining operation. The test equipment, test procedures, and typical
obseryed trends oBtained with these field methods haﬁe been reviewed and
.presented, with the emphasis placed upon ballast compaction. The ballasﬁ
state produced by the tamping, leveling, and liﬁing operatioﬁ and the
more recegt ballast crib and éhoulder compaction process after tamping,
are discussed in relation to their expected effect on track performance
under traffic following maintenance.

Lateral resistance of single tie and multi—tié ﬁréck sections is the
‘ method most‘frequently used for measuring track performance, but élternative
means'including track geometry, track settlement, vertical ballast stiffness,
and -ballast density measurements aﬁpear to be gaining popularity. A broad
énd detailed interpretation of all results is limited because several fac-
tors, such as the differences in testing equipment and téchniques, and test
conditions, exeréise{some influeﬁce on the measured results, and each method
in itself is not indicative of tbe 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 coﬁpacted with crib and shoulder
compactors is a complex function of ballast-compactor interaction.

Besides the initial ballast physical state and other in-situ track



conditions, the compactor characteristics of static force, generated
dynamic force, vibration frequency, and duration of vibration have an
influence on.the results; However, insufficient information is available
- to predict their quantitative effect on ballast compaction. It is there-
fore imperative that more thorough and céntrolled laboratory and field
investigations identify the relative impbrtance of the‘factofs inflpencing
bailast com@action to find the most effective means of obtaining the
desired ﬁhysical ;tate of ballast.

The_relationsﬁips between ﬁhe ballast compaction parameters and the
track performance level parameters are quite complex, and hence an eco-
nomic assessment is difficﬁlt. ‘Limited published information was available-
on costs,rélated to track mainteﬁapce, such as materiais, labor, énd equip-
ment, and significantlylless with’fegard to ballast crib and shoulder
compaction equipmentf In addition, the several methods of economic
analysis diécusSea for t:ack maintenance, although superficially treated,.
are dependent upoﬁ the geographic location and the in-situ track conditioms.
Thus, they are of limited capability in assessing the actual cost-bemefit
relationships derived from ballast compaction. The économics associated
Qith béllast compaction, as with-other major track maintenance operationms,
are as difficult to evaluate as the mechanics of ballast compaction and,
thﬁs, deserve an equally important treatment,

The practiées and principles of geotechnical engineering provide direct
and 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 environmental influences, as well as the changes in bal-
last physical state with track maintenance operations such as’ out-of-face
surfacing and lining and crib and shoulder compaction, the development

of a quantitative understanding of the mechaﬁisms causing ballast compaction
is inherently more complex. The lacknof in-situ measurements, and the
limited applicability of laboratory property test results and computer-
“.oriented track design models, still prohibit a thorough underé;anding.of
all-the factors influencing these ballast compacﬁion mechanisms. Tﬁus,
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 ;his contract does provide a needed summary of
ballast compaction and related topics existing prior to 1979. Avéilable in-
formation on the effects of parameters iﬁfluencing densification of ballast
with vibratory crib and shoulder compactors was shown to be inadequate to
determine the most effective combinations. A lack of ﬁethédsvfor rating bal-

last for its influence on track ﬁerfofmance was noted. The need for methods

to measure the physical state of ballast in track was identified.
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