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PREFACE

This report is a collective summary and assessment of the important
findings obtained from the research on the mechanics of ballast compaction.
The work is part of a contract to evaluate ballast coppaction and recommend

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

._recbpmendations'for further studies are presented. This study was conducted

by the Research Foﬁndation of the Staté Universiﬁy of NewAYork at Buffalo
(SUNYAB) under contract to the U.S. Department of Transportation, Transpor-
tation Systems Center, in Cambridge, Massachusetts, sponsoréd by the U.S.
Department of Transportation, Federal Railroad Administration, Office of
Research. The contfact number was DOT/?SC/lllS. ‘The technical monitgr was
Andrew Sluz. . |

The Prinéipal Investigator for the study was Ernest T. Selig, Pgo-
fessor of Civil Engineering‘at SUNYAB. Technical direction of the work des-
cribed in this report was also provided by Tai~Sung Yoo, Research Assis-—
tant Professor, and Carmen M. Panuccio, Research Engineer. Participating
in the various phases of this study were Clement W. Adegoke, Jorge E. Alva,
Hwang-Ming Chen, Adrian T. Ciolko,‘Jémeé i. Johnson, Michéel i. Mann, Donal&'Rﬂ
McMahon, Brian C. Dor%art; HarrybE. Stewart, and Robert C. Wayne, former Grad-
uate Research Assistants at SUNYAB.~

The authors would like to extend their appreciation to the following
individuals for their contributions and suggestions: 1) Warren B. Petgrson,
Assistant Cﬁief Engineer, Maintenance of Way, Soo Line Railroad, 2) David R.

Burns, Railroad Industrial Engineering Consultant and former Illinois Central
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Gulf Railroad Cost Consultant, 3) F. L. Peckover, Railroad Geoteqhnical Con-
sultant and former Geotechnical Enginegr for the Canmadian National Railways,
and 4) Stephen Brown, Senior ﬁecturer in Civil Eﬁgiqéering, University of
Nottingham, England.

The outstanding cooperation of the Illinois Central Gulf Railroad,
Southern Railways, and Canadian National Railways in permitting the b;ilast
_ tests on their tracks is gratefully acknowledged. The cooperatidn of the
. Transportation Test Center (TTC) atvtﬁé Faciiity for.AcceleratedZService

Testing (FAST) track in Pueblo, Colorado, in the ballast, subballast, and

subgrade studies is also acknowledged.
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EXECUTIVE SUMMARY

A study was carried out to ob;ain information on the.physical state
of ballast in track and its influence oh track performance. Particular
emphasis was placed on improvement of ballast properties by compaction.
Methods of measuring the physical state were'developed ang then used to
investigate a wide variety of track conditionms. oK

As might be éxpected,‘no_evideﬁcé was fqund‘that the tamﬁing operation '
has any significant effect on the:subBall#st ahdksubgra&e performance. How-
.ever, the influegcé of t{gffic was felt even:down into the subgrédee Cyclic
st:gssés from the succession of train axle loads caused cumulative vertical
strains which produced a contribution to settlement from the subgrade, as
well as from the ballast and subballast layers.

No subballast and subgrade measurements were aﬁailable in tests in
which crib aﬁd shqulder compaction were involved. Ho&ever, based on exper-
ience with compaction, as well as thé observations associated with tamping,
no significant effects on the subballast énd subgrade behavior are expected
from surface crib and shoulder compaction uéing avajilable machines.

Newly deposited ballast‘conditions occur with such maintenance operations
as‘undercutting, sledding, aﬁdvnew éonstruction; 'The_béllast.density is
usually loweéf.for thesg conditions; As a‘result, the deﬁsity is usualiy
‘increased uﬁder the tie by tamping. However, under the center of the tie, as
well as in the crib, the ballast will remain loose.

The primary effect of the crib and shoulder compactor is in the crib near
the rail where the compacting plates are applied. When a crib and shoulder

compactor is used following tamping of newly deposited ballast, the ballast

density in the crib near the rail increases significantly. A small increase

xii



may also occur under the tie near.the rail.

Traffic significantly increases the amount of compaction in the crib
and under the tie from that provided by tamping and crib and shoulder com-
paction. A valuable objective of further research would be to find out how

to produce the traffic-induced level of compaction as part of the maintenance

)
N

operation so that the track will be stable before the application of traffic,
rather than be stabilized by traffic.

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

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

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

would develop under train load with the ties fastened to the rail.
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Furthermore, this increased resistance may only be teméorary.

.One of the accepted benefits of crib and shoulder compaction of ballast
is to reducé the slow order time for traffic imposed because'of the reduced
lateral stability after tamping. The res;lts suggest that the compaction
process provides thé equivalent of about 0.2 million gross tons (MGT) of

train traffic in stabilizing the track. Thus, immediate operation of trains

at the speed otherwise permitted after 0.2 MGT of slow orders could be initia-

ted immediately. Low traffic dénsity lines mighf benefit more than higher
‘density lines, since:the period of time for sloﬁ orders would be much longerv
on the ldy dénsity lines.

.Slowvordersvshould be more nécessary in maintenance operations involving
uﬁdercugting and ballast replacement because the ballast bed will generally
be much looser. Normally, the compaction process follows the final tamping-
surfacing~lining operation with fuily ballasted cribs. However, considera-
tion éhouldfbé given to compaction before the cribs are filled in order to
provide a greater depth of peﬁetrétion of the COmpaction effect into the bal-
last below.the bottom of tie. The benefifs of this approach might be particu—
iariy useful for the reballasted track. Test results have shown‘that the
lateral tie resistance is greater when compaction is done on a fully ballasted
crib than on a partially-filled crib. To conclude from this that‘compaétion‘
is most effective using full cribs may Bé'misleading, because in the LTPT
measurements, a substantial part of the lateral resistance comes from the
crib. However, the bottom of the tie provides a m;ch greater proportibn of
the resistance for loaded ties under train traffic. Possibly the benefits

of compaction would be increased by a sequence which first provides compaction

- with low-cribs, followed by—ecrib—£illing and—a-second-application-of compac=

tion. Further studies are needed to evaluate this possibility.

Xiv
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“Another important application of crib and shoulder compaction is in
conjunction with spot maintenance, where loosening of the ballast has
occurred around oﬁly some of fhe ties. The use of crib and shoulder com-
paction will reduce ‘the physical state difference in.the ballast between
the disturbed cribs and thevundisturbgd cribs.

By far the most significant benefit of using crib and shoulder compac-
tors ‘that has béen expréssed by railroad users is associated with maintenance
that must be done during hot weather. For'aﬂvafiety of rggsons,itrack maiﬂ—_
tenance involving tamping may be impossiblewto defer until é Sufficienfly |
cool period. 'Im such céses; immediate s;abilization is a very important
safeguard that even slow order traffic cannot provide. | ‘

Eéonomically, the benefits of crib and shoulder tompaption would be
'greétest if a substantial lengthening of the maintenance life of the track
were to result. 'This would occur either if the rate of settlemgnt were re-

" duced by compaction, or the uniformity of settlement were improved by compac-
tion. Unfortunately, the.availablé field information is not adequate to
confirm this benefit, although intuition suggests that it must be true to a
éertain extent.

In general,.the results of this study suggest that: .

.1) The §Qdition of crib-énd.shoulder comﬁéctioﬁ to the maintenance

: opération is Beneficial, | |
2) Crib and shoulder compaction with exis;ing machines and proéédures
doeé not festore the ballast to the same degree bf stability that
is providea by traffic, and

3) The full potential of compaction of ballast, including the optimal

use of the vibratory compaction parémeters, has not yet been reached.

Continued research on ballast pﬁysical statevand its relationship to
track maintemance and track performance is needed. This effort will lead to

Xv



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

relation to its influence on track performance.
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1.\ iNTRODUCTION

The type and condition of ballast and subgrade are key factors in
the performance'of track structures. During the service life of the
track, permanent straiﬁs accumulate in the substructure, causing perma-
nent deformation, which is visible as deterioration of surface and line.
This degradation of‘the track geometry leads to decreased safety,
including increased potential for derailmeqf, and increased &amagé to
_equipﬁentvand iading,unless additibpal trask méihtenance ié bro;idéd,
or train-speed, hénce service level{ is réduced. 6ver the past few
decades, traffic loads have increased, and at the same time,economicv
factors have restricted the amoﬂnt of maintenance thaf can bé done each
year. In §ractice, the maintenance cycle frequéncy is often dictatéd by
_ factors such as availability of money and equipment to do the required-
work, rather than by.the'amoﬁntéof track déteri&ration. Thus , American
railroads have had'increasing diffiqulty in ﬁaintaining the desired high
service level. An estimate éf the dollar value of the maintenance |
deficit for all of U.S. railroads wés reported by Wardk(Ref. 1) to be
$10 billion:

Raymond (Ref. 2) reports that apéroximatély 40% of the $100 million
that Caﬁadian railroads_épend on trackvstructure mainfenaﬁce:relates to
5alla§t méinteﬁancg-éldﬁe; Ait is a’éafe assumption, therefore, that at‘
least in dollar value, the ballast,as well as the subgrade part of the
track substructure, is important in ﬁhe upkeep of a track's éervice level.

Ballast maintenance is the means for controlling the deterioration
of track geometry, irrespective of what the dfiving forces_behind the
geometry‘changes are. Whether the structural deficiency is in the bal-

last, the subgrade,'or the track superstruéture (cross-tie and up), or



even if the track degradation is due to én overloading of the normal
traffic-carrying capacity of the track, the correction is usually affec-
ted by reworking the ballast. However, reworking of the ballast, in
turn, changes its physical state and leaves it prone to increased defor-
mation and,hence, track settle@ent. This problem is compounded not only
by a limitation of mainfenance funds, but aléo by an insﬁfficiency‘of
the tools available to the railroads for assessing the cause of the
problem and oﬁtimizing the ﬁse of‘the méinéenance funds . Unfortunatel?,
there exists- no uniform criteria for méintenance ﬁhat can be applied to

railroads in general. Although many railroads do keep some type of

maintenance records, the definition of performance for any particular
section of tr&ck is usually dependent on the subjeqtive evaluation of
‘the track foreman.

Specifically, the'mechanical'properties of ballast that afe.involved
" in the ballast-compaction/track-performancé problem result from the
physical state of the ballast. Physical state is commonly defined by
1) the in-place density, and 2) by the indéx properties of the indivi-
dual material particles such as size, distribution, shape, angularity,
and hardness. The in-place demsity of ballast is a result of some type
of compaction p:ocess.‘_Typicélly, the résulting initial density is
crééted by mainteﬁa;ée tampiﬁg, and subseﬁueﬁt density cﬁanges-resulf
from train tr;ffic as well as environmental factors. Experience has
shown that tamping does not produce a high degree of compaction, and
there is clearly little geomeﬁry control in achieving compaction by
train traffic. Therefore, consideration is now being given to additiqnal

compaction during maintendance using special machines or new techniques.




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

Several relevant questions_ideﬁtified at the onset of this study

were as’followsg | |

1. How muéh_can Ballast be compacﬁed?

2. What degree of compaction.can be achieved by Qarious mechanical
processes involved in track constructioﬁ and maintenance opera-
tions and by train traffic?

3. How mucﬁ adaitional compaction can be achieved: by altering nor-
mal processés or by adding ﬁew‘processeé, such as those'involving-

'compactorsi

4. What are the best means to achieve compaction?

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

The reséarch subsequently fééused upon establishing and, wheré possible,

‘ impleménting the métﬁods by which answers could be obtained. The éollective._
findiﬁgs are summarized in.this fiﬁal rééort. Section 2 covers ﬁhe technical
review of ballast compaction and relafed topics fro@ Ref. 3. Section 3 covers

‘the laboratory and field ballast physical state measureﬁents from Refs. 4, 5
and 6. The research summary aﬁd conclusions are presented in Section 4. Sec-
tion 5 recommends several areas of study requi?ing further and more detailed
researché Two other reports prepared in this study concern stress and strain
measurements in the ballaét, subballast and'subgradé at the FAST track (Refs.
7 and 8). These will be summarized separately.

3



2. REVIEW OF RELATED TOPICS

The subject of ballast coﬁpaction and its influence on track per-
formance encompasses a variéty of specific, related t;)pics° In this study,
these topics have been individually treated in sufficient detail to
present their relative importance and contrib&kions to the~béllast-
compaction/track-performance problem (Ref. 3).. A comprehensive summary
" and the~éssociate§,éritica1 éssessment of the-reviewéd materials wiil
be presénteduhéréin. L | o .

.Tﬁe performance of conventional railroad track systems is directly

a function of the complex interactions and Subsequent responses of the
track system components under train traffic and environmenﬁally induced
~stresses. The functiomal relationshibs existing between track performance
and the individual track system componeﬁts, which include the rails, ties,
and fas;eners, and in particulaf,'the bailaSt, subballast, and subgrade,
have not been'éstablishe&. -Other conditioﬁs being equal, the ballast

and subgfade behavior associafed with the in-situ_physical states, espe-
cially that existing after programmed track maintenance ope;ations,have
‘been identified as the most significant contfibuting factors which

affect the performaﬁce of the track inrsérQicé, 'Available field
méasurements or criteria whiéh'ﬁave been use& as indicators of overall
track performance are those relaﬁing to vertical and 1a£era1 track stiff-
ness, track ggometfy; safety, ride quality, and maintenance effort.
However, each individual item has not proved to be sufficient aloﬁe for
representation of the overall track system performapce.

Several_empirical_track_designwmethods_in*cur:ent_usage_and_thg

recent development of amalytical track models, with the emphasis



concentrated upon the representation of the ballast and subgrade mater-
ials, are availéble.' However, these techniques aré presently limited in
their capability for predicting track performance. The priﬁary reason

is the lack éf corroboration with field data. This situation has recently
been shéwn to be improved bybAdegoke's (Ref. 9) analysis and comparison
of the predicted responses to the generated substructure stress and strain
measurements from the field instrumentation installed at the FAST track.

Bgllast~matgrials; as derived from Varibus foék.sources or from by-

p;oducté of manufacturing procésses,.also inherenfly pdssésé;different
particle physical and chemical.properties. Mény standard labqratory
index property tests, suchias those for abrasioh‘resisténce,Vabsorption,
shape, and soundness, are currently utilized to quantify'and categorize
the relative merits of these different ballast types. However, an indi-
vidual index property test by itself cannmot clearly be used as a direct
.indicator of e#pected field performance of the ballast matrix in the
track structure under traffic loading and envirommental condi;ions. This
latter feature is particularly evident from thé‘lack of suitably defined
trends and from the differences in éublished opinions, which in fact

are primarily subjective interpretations, as to what values of what index
" properties represent the best ballast;_ |

: :-Granuléf matefia1s, whicﬁ\iﬁclude ballast, gfe typicallj categorized
as discrete pa;ticulate‘systems having diécgrnable particle dimensions,
ranging from sand to boulder sizes. The fuhdaméntal soil mechanics prin-
cipies representing strength determination apply equally well to all
granular soils. However, ﬁost of the a&ailable information aefining the
characteristic static or dyﬁamic stress-deformation behavior is related

to sand-size particles and is determined from laboratory strength property



tests. Alternative methods based upon shear strength parameters obtained
from modelled gradation éurves have been proposed as a viable means of
'es;imating the properties of larger-sized materials. However, these
techniques have only a Iimited amount of supportive &ata. Therefore,

the behavior of ballast-sized materials must be determined directly from
laboratory strength tests, in lieu of abplying previously published
strength information on granular material§1 An assessment of the con-
-ventional étatic and dynamic test épparatus and procedureS»indicatés
‘that the cyelic or reéeated load‘triaiial test offers the greatest pbteh»
tial for realistically determihing the ballast behavior. For this tegt,
the imposed st?ess conditions #nd types of dra}nage can be cpntrolled

for specimens prepared at given levels of cémpaction. Ballast behavior,
as determined from laboratory tests, needs to be supplemented with in-
situ strength data on thé ballast physical state. An evalugtion of the
~available field methéds indicates that the plate bearing test is best
suited for this purpose.

The strength and compressibility.characteristics associated with the
relative degree of compaction of bailast within the track structure are
directly related to the levels of track performance, in at least.a quali-
tative sense. In the past, for most geofechpical engineering applications,
tﬁis relative degrge'of éompacfion, as used as a means of field compaétion»
control,'has been most easily and coﬁvenientlyvdetermined by comparing in-
"situ soil ﬁoisture-density measgrements with the appropriate laboratory
compaction test results. Several laboratbry compaction methods, such as
impact, kneading, static, and vibratory tésts, have been developed in an

attempt to simulate the characteristics or the anticipated end-product

results of conventional field compaction equipment. However, these

(



methods have limited application for determining the compactibility of bal; '
last materials. At present, no quantitative ballaé; compaction specifica- -
tions are available. Furthermore, measuremeﬁt of the degree of ballast
compaction is rarely done.  However, in this study, three tests have been
identified as potential means of representing the ballagt physical state ¢
(Ref. 4); These are: 1) én in-situ ballast density test with a reference
'dengity test, 2) a éiﬁgle létefal tie p;sh fest'op an unloaded tie; and

3) a small flate load test.

The rate of change in the ballast physical stéte 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_opefations. Ideally, an "undisturbed" ballast trackbed after
conside?ablé traffic is the<m95t desirabie cﬁndition from a‘stability
vie&point.v The r;ason is that the subsequent correction of track geometry
defects with mechanized track maintenance.equipment inevitably disturbs
the stable céndition created by traffic. Therefore, the éffect,that
present track maintenance processes have upon changing the ballast physical
staﬁe reqﬁires considerable.attention. To aid in undérstanding these

-effects, béth researchers and pfactitiopers should be completelybfamiliar
with.the-principal types of tfack maintenance equipment and the associafed
field procedures in current use.

Several field methods have been devised as meésures of track perfor-
mance unde; traffic following the tamping, leveling and lining operation,
and the more recent ballast c?ib and shculaer compaction process after
tamping. Lateral resistance of single tie and multi~tie track sectioms
is the method most frequently used for measuring track perﬁormance, but

alternative means including track geometry, track settlement, vertical

7



ballast stiffness, and ballast density measurements appear to be gaining
popularity. A broad and detailed interpretatiop of all results is iimited
_ because several factors, such as the differences in testing equipment and
techniques, and track.conditions, exefcise'some influence on the meaSuréd
results, and each field method in itself is not indicative of the overall
track system.performance. In addition,(%he amount that the ballaét is
cpmpacted with crib and shoulder compactors is a complex function of
ballast-ComQactof interaction. Bésides ghe initial ballast physical
state'aﬁd‘Other in-situ traék conditions, the cémpactor charécte?istics

of static force, generated;dypamic force, vibration frequency, and dura-
tion of vibration have an influence on the results. Insufficient informa-
tion is available to"pred;ct their quantitative effect on ballast com-
paction. However, in a quaIitaéive sense, the supporting evidence and
published opinion appears to indiéate benefits of mechanical ballast
coméaétion following the usual tamping operation.

The'relationships between the ballast cﬁmpaction parameters and the
traék performance level‘parameters are quite complex, and hence an eco-
nomic assessment is difficult. Limited published info;mation is avail-
able on costs rglated to track maintenance, such as materials, labor,
andveqqipment, and significantlyAless with regard to ballast crib and
shoulder compaétibn.equipﬁent. The mefhods of éconbmic anéiysis avaii-
able for track maintenance- operations are dependent upon the geographic
location andAthé specific in-situ track conditions. Thus, they are pfe-
seﬁtly of iimited capability in assessing the actual cost-beﬁefit rela-

tionships derived from ballast compactiom.

The-practices_and principles of geotechnical engineering provide

direct and valuable input into understanding the behavior of the ballast,



-subball#st, and subgrade within the track structure from the imposed load-
ing enviromment. But due to the variability of the train loading conditions
and the associated eﬁvi:onmental iﬁfluences, as well as the changes in bal-
last physical state with track maintenance operations such as ouﬁ-of-face
suffacing and lining, and crib and shoulder compaction, the development of
a quantitative understanding of the meéhanisms causing bailast compaction
is inherently more complex. The lack of in-sit& measurements and the

. limited applicability ofblaﬁoraﬁdry‘propertx test reSulﬁs and éompﬁter-
oriented track design models, still prohibit a thorough underétanding of
all the factors influencing these bailast compaction mechanisms. Thus,
further research is necessary in order to reasonaﬁly establish a foundé—

tion toward these goals.



3. BALLAST PHYSICAL STATE MEASUREMENTS

The lack of suitable methods of quantitatively measuring compaction
became evident after a review of the state-of-the-art of ballast compactibn.
Therefore, effqrt was devoted to developing methods that could be used to
measure the physicai state of ballast in the field. After considering
possiblp alternatives, the three most érémising methods were selected for
study. fhese tests are as follows; ’

1, The ballast denéity test (BDT) déterﬁines the in-situ'density,
which is a direet measure of coﬁpaction (Fig. 3.1). "Used in cénjﬁnction
with this measurement is the reference density test,which provides the means
to assess the amount of ballast cpmpaction achieved in the field (Fig. 3.2).

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

3. The lateral tie push;test (LTPT) determinéé the resistance offered
by the ballast to a tie displaéed laterally, which is an indirect measure
of the physical state and‘COmpaction (Fig. 3.4).

Each of the final ballast physical state test apparatus and the associa-
>ted test procedures were-the refined products developed after several
iterations of tgsting. Deﬁailed component descriptions of each apparatus,
the propef fiéld‘testiné sequence, and fhe abpropriate data réduction pro-
cesses are provided by Selig, et al. (Ref. 4). Particularly noteworthy is
the fact that these methods cén ea;ily be employed by practicing railroad
engiheers. |

In order to assess the potential of this equipment and the reliability .

of the*test-resuitsi—extenstve*iaboratory—and—fieid—investigations—weré

conducted in an effort to evaluate the sensitivity of the measurements to

10
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differenqgs in ballast types and in the amount of ballast compaction
achieved. The average ballast index properties of the materials selected
for testing are compiled in Table 3.1, which, in fact, displays a repre-
sentative cross section of ballast types currently being utilized. Dif-
ferences in the baliast‘mineralogies, particle shapes, and¢gradations

are particularly evident. Previous analysis (Ref. 5) of the changes in the
in-situvballast gradations at FAST indicated only slight differences for
éevérél different fraék conditions; thus; Lhe aﬁefage graﬁation Qalués
shown in Table 3.1 are conéidered réprQSenCAtive. The supplementél indgx
values obtained from other published sources demonstrate fairly good agree-
ment and consistency of results with thése determined in this study.

The initial laboratory test programé (Ref; 4) were designed such that
an evaluation of éactors inflﬁencing the test results accompénied improve-
ments to theAabparatus and procedures. Follow-up testing (Ref. 6)
specifiaﬁly focused upon 1abo;atory simulation of certain field combaction
processes; such asAa compacted track bed, manual tie tamping, and ballast
crib and shouldef compaction. The claimed advantages offered by the iast
_process as an integral part of normal programmed track maintenance are
especially importanﬁ, since fhe popular opinion is in their favor.v There=-
fore, the machine parameters considefed for inyestigation were obtained
from'available speéificatioﬁs of c&mmércial eéuipment (Table 3.2). 1In each
of the preceding cases, laboratory tests were performed either in a
test box duplicating a field érack structure, or in containers
having boundary conditions equivalent to those experienced in the field.

Ballast sample preparation procedures were dictated by the type of field

compactiom process to be simulated:

14
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Table 3.1. Average Index Properties of Labotatory and Field Ballast Materials Tested

R Y BOLLAST
Uroparty Rounded  plasL Fias ! S rn
Limestone Gravel Sieel flag Bicke] Slap Rallways Slag amd
(lef. 1) (Ref. ) (‘:rumlll:d Limealone Limes tone -
rantie {200)
Shape Angulav Rounsded Subrronnded Anpguiar Angularx d and l_\-l;}‘.llllll'
] Subangular .
Neminal
Size (in.) e - =112 34 -2 1-1/2 - 2 174 -2 1 -2 36 - 2-1/2 W2 - 1-12
/4 - 1/ 2)
liean Slze, .
LAY (in.) Ll 1.1 1.8 0.6 1.2 1.2 0.9 (1.1)
ARFA
- -- r 24 & (A
Gradat Lo 4 a 1 Jow 24 & 4 ) A (4)
Uoad CormiLy
Coefficient, G 1.4 1.4 1.1 8.1 1.4 1.6 2.0 (1.5
Concavily . ’ )
Ceeffltent, € 1.0 1.0 1. 2.5 1.2 1.1 1.3 ¢1.0)
mified Sofl
Classiflcation Gr cr ar ™~ ar P GF (@r)
Speelliec Gravity: .

Nulk 2.71 2.75  1.97(2.0 - 2.5) 3.4001.14) 2.67 2.07 & 2.58 (2.63)
Appatent 2.1 2.77 2.20 3.42(3.41) 2.71 2.39 & 2.068 --
Absarptlon, 7 0.40 0.45  5.43(1.0 - 5.0) 0.25(0.32) 1.93 .- {L.67)

Finklne
Innjt-n"““l o - 0T ) o o (9.6[
Partiele .
Pddex - - - - - " (12.2)
i Loa Avprlea
Abraaion, 7 . - b (22.1) - .- (25.7)
Crurhing -~
Valun, 7 - - -- (i8.5) -- -- (19.73) .
Sounduens, 7,
(Clve cyclos)
Hapnenlum
Snlfate - - .- (n.22) -- -- {i.m
Sodiun
Iave T - b (0.42) -- --
¥
The index propertlen are speclfied separately fur the twn ballase types by an "&" ou are othewwlae combined. -

» .
Yalues ahoun [n parentheses are ohtained [ram the clted eelerence.

T Grualied

Crushed

rapyocks Granilte
Ranali(20c}) { 1on}
-Irny,ulnr Angular
34 -2 3B - b-1/2
-2 {3/8 - 1-U/)
1.1 (1.3) 0.9 (v.7
4 4 &S
1.8 (1.4) 1.9 (2.9
1.2 (1) 1.1 ()
.ur [(13] ar (e
(2.94) (2.67)
(n.2) ("4
S (2. (20.8)
(1n.4) (14.2)
(132.2) (18.8)
(13.1) (18.4)
(0.5%9) 0.77)

[type of saoumtness (sl net specified]




Table 3.2. Characteristics of

Ballast Crib and Shoulder Compaction Equipment

Crib Compaction Plates

Yodel Application Frequenc Rated Force tib)
Reference Manufacturer Number Time (Sec.) E Qaz) Size Static Dynani &
12 Plasser Variable
and VDM80OU 1-15 8.5 114.7 in2 1729 110l
Theurer '
13 Plasser- Variable .
American vpusoor (0 1-20 35-38 %6 in. - -
Used 3 x 12 {ina.
14 Plasser VDMB00 Variable 38.5+ 9.8 in. - -
. ’ x 8.5 in ]
15. Plasser )
and CPMBOOR Yariablet 38.5 ~10 in. - -—
Theurer . Length
16 Plasser- CPMBOOR Variablet 38.5 14 in. x — -
. American 8-7/8 in.
17 Plasser- CPM800 Variablet 38.8 14.5 in. 1250 1600
American 3 and 5 Used x 5.5 in. :
18 Piasset_ ' Mainliner : -
and Universal Variablet 38.5 *10 in.*+ -— -—
Theurer 06-16CTM . Length
15 Plasser ’
and 903 SW Used 3 - - -— -
Theurer,
Windhoff
14 & 18 - Windhoff BV 102 Variablet 48 10.25 in. - 2203+
Used 4 ~ 8 x 9.4 1inm.
BV 1028 Variable* 48 " + - 2203
BV 103 Variable® 48 " -— 2203+
FD 41 Variable 48 - - 1542-
2 -2 3745
19 Tamper cscC Variable -— - - -—
13 Tamper csc 1-9 =53.3 <12 in.
" Used 3-4 x 7-1/2 1in. - -—_
19 Matisa D=912 Variable 50 _— - 0-5500
9 -10 -
D-912R, Variablet 50+ - - -5500+
D=9 0 - 10 0-5500+
20 Matisa - 3-20 46.7 8 ia. - 2200-
x 10 in 3750
20 Penn Central Variablet - - -— _—
w/Jackson Vib- - :
rators
20 Jackson - 2—="20 60~73 87 in: 275 6900
x 12 in.
t Assumed

16



Q

The field ;:.ests were conducted on operating trgck at the following rail-
road sites: i) Canadian National Railways station yard in Belleville,
Ontario, 2) Southern Railways site near Lynchburg, Virginia, 3) Illinois
Central Gulf (ICG) site near Kankakee, Illinois, and 4) the Department of
Transportation Facility for Accelerated_Servide Testing (FAST) near Pueblo,
Cdiorado.,_The Pertinentttréck and ;eét conditions are summariZed in
Taﬁles 3.3 and 3.4, resgéctivély. The primary objeétive of these field

tests was to investigate the changes in the physical state of various bal-

last types with respect to different track maintenance operations and traf-

fic conditions (Ref. 5). In addition, the feasibility of utilizing the

results of these methods as potential indicators of track performance will

- require further consideration.

The following sectibns will effectively Summarize the .major findings-

rand general trends resulting from tﬁe analysis of all laboratory and field

investigations with the ballast physical state tests. Laboratory and field
data for similar conditions are illustrated in a combined fashion for com~

parative purposes and, where possible, will be comparéd and assessed with

- the conclusions obtained from other published sources. The techniques

have proven‘suitabie for railrbad application, and the measurements are
considered reliable with an adequate accuracy. The test results preéented
in this report provide very important and badly needed information on the
in-situ ballést physical states under various conditionms. They constitute
a significant enhancemenﬁ of knowledge toward a better understanding of

track response and its relationship to track performance.
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Table 3.3. Track Conditions for SUNYAB Test Sites

Maximum Annual

Track Speed Traffic Type of Type of A Ties
Railroad Classification (mph) (MGT) Track Rail = Type Dimensions Spacing
CNR No. 2 mainline -- ~-= Tangentl 78 ft Wood (#1) - 19 1/2 in.
: station yard . bolted
Southern — - 20 to Tangent "132 RE Wood 8.6 ft 20 in.
30 CWR . length
ICG Freight Class #5 50 23 Tangent 132 RE Wood (ocak) 7 in. x 20 to 22 in.
: ' CWR 0old & new 9 in. x
8.4 ft
FAST Test Track 48 135 to  Tangent 136 RE  Wood (oak) 7 in. x 19 1/2 in.

150 bolted new .9 1in. x
' 8.5 ft
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Railroad

CHR

Southern

Ica

FAST

Total Hao. of Tests: BDT = 174, PLT

* Table 3.4. Test Conditions

Height of
Tauping
Raise (in.)

Jast_Loads Ballast Type

for SUNYAB Test Sites

Compactor = 7

Vibration

Time (sec)

Averape Wumber of

State Tests
T IO ¥ T ¥ _
Under Center  lmder CGenler
Rail = of Track Rail of Track

Before Tamping illckel Slag
Tamped Unly ' 1-1/2

Tamped-Cowpacted

Tawpcd Unly Crushed Granite -

Tamped-Compacted

Limestone and -
Steel Slag

Tamped Only

Tamped--Compacted

Tawped Plus 5 MGT 1l to 1-1/2

After Track a) Crushed Granite
Construction; B) - Crushed Linnstone
Before Traffic ¢) Crushed Traprock

135 MGT Only ' b) and ¢) )

" " 1" 1 (h)
2 (c)

0.1 HGT " " " <

Tamped (nly

135, LIPT = 70

3-1/2

4 . —— _— —

2 B . - -

4 — — — -

(ALL In-Crib Only)

A 4 10 4 9
8 4 - 10 4 10
16 8 6 5 21

(a1l of Tests Iu Crilh; Nalf of Tests Under Tie)

8 . _ _ -
[2) 4 12 4 5
8 4 12 . 4 5
8 4 12 5

(Badf ol Tests Tn Crib; Ualf of Tests Under Tie)
(Total Number of Tests for Each Ballast Type)



" 3.1 BALLAST DENSITY TEST

This ballast density physical state is genefally expressed in terms of the
following parameters: 1) dry density (Yd), 2) void ratio (e), and 3) percent
compaction. The percent c&mpaction normalizes the measured dry density by»aﬁ ulti-
mate density computed from th{ reference density test;Fesults on the same graded
material. This approach estabiishes a comparative:basis for different ballast
typéé. One éignificant_point is that thé resultingApeécentages achieved from the .
field tests are often in excess of 100. percent. This 6ccnrs to a large exﬁept

" because the density test boﬁndary conditions give computed ultimate density values
.which are typciaily low by approximately ten percent.

The field measureﬁents obtained at four railroad sites are summarized in
Table 3.5. The’average percent compactioﬁ values were sglecte& for cdmparison
with laboratory data for the tamping, tamping plus crib and shoulder compaction '
operations, and heavily trafficked céﬁditions (Fig. 3.5). The void ratio values
would have generated a similar series of curves, but not the dry density.v Con-
ceptually, the tamping operation produces a loose density state‘in the cribs and
under the ties, which would indicate that the ballast dry density for materials
pbsseséing similar gradatibns is a function ﬁf the p#rticle specific gravity (éee
Tables 3.1 and 3.5).

Principally, Fig. 3.5 illustrafes that tﬁe ballast density test results
obtained from simulated field compaction operations can be reasonably reproduced
in the laboratory. For ballast in zones under the rail (avérage of inside and
outside rail tests), manual tie tamping in the 1ab6ratory produced nearly identical

values for both the 2-in. (51-mm) and 3-in. (76-~mm) track raises at locations in

the crib and under the tie. Note that the cribs were reballasted following tamping.,

except in one case for the 3-in. (76-mm) raise in which a BDT measurement produced

essentially the same density (Ref. 6). These laboratory results also compare

20
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Table 3.5. Average Ballast Density Test Results for all Railroad Sites

Rajliond  Ballast Track Comlil{on . ieasure Dry Density (pef) _ Void Ratte (e) oo Prrcent Compactiow (75
Type e Under The _— ~ _ InGrlh T T in Grib ~bndey e
CenLar Center  Uudev Ceulee  Uwder Gudex ] Cralar Center tndey
______ e et e Fxack Rall | Track  Rofl Track  Rall _ Rail Rail = Track  bail
CiR Njclel Belore Tawping -- 143.6 -- -- .~ <049 -- -- -- 93.9 -- --
Slap Tamped Only -- 143.1 -- -- -- n,sn -- -- -~ 91.5 .- --
Tampad -Conpac el -- 1962 - -- -- 0.43 -- - -- 95.5 -- --
Soutlinrn  Crushed Tamped Quly -- 1073 - ~- -- 0,63 - .- -- -- 101.1 -- --
tranfte Tamped -Canpactad -- 123.8 -~ -- -- 0.42 .- .- . -~ 118.1t . -~ .-
(IR Limcstone  Tamped Only 96.2 92.0 84.9 102.5 0.60 0.8a 0.1 0.3 96.2 91.6 84.9 2.2
anl Tamped -Compacted 91.4 96.4 47.9 3.1 0.69. a.76 0.72 0.5 9.4 96.0 87.9 101.2
Steel Slag Tamped plus 5 NGT  107.6 1011 101.6 117.1 n.,5) 0.69 0.59 044 luz.1 100.8 103.6 116.0
EAST Crushed Tamped Only 01,0 100.3 9%.1 1064 0.67 0.67 0.77 8,60 98.6 98.2 4Y2.2 104.2
Gicanite
Crushed Tawped Quly 104.9 1041 9.0 112.7 0.62 0.65 0.76 0,52 101.5 100.8 9.9 9.1
Lirestone 135 MGY 112.2 11?2.9 109.7 114.4 0.33 0.51 0.5 0,49 107.7 109.3 106.2 110.4
Tamped Only 110.6 9.6 107.6 114.1 0.55 0.78 Q.57 .49 107.0 93.5 10%.2 Hu.s
0.1 HGT 112.3 110,55 106.4 112.2 0.52 0,58 0.61 0.52 . 1087 107.0 103.0 18,2
Cruahed Tamped Only 107.6 11n0.2 1040 118.3, . 10.68 0.65 0,77 0.5 37,6 9%.9 94.3 7.1
Traprock 135 M6T 118.2 113.3 . 117.1 127.2 0.52 0.56 0.57 0.45 107.2 107.2 106.2 15,1
Tamped Only 117.9 115.9 114.6 119.8 0,55 0.59 0.62 0.54 166.9 105.0 103.9 108.5
0.1 NGT 120.1 il.t 115.3 119.6 0,52 0.63 0.58 0.54 108.9 92.% 1046 108.9

*Dry density converted to an equlvalent limesione density
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Figure 3.5. Comparison of Laboratory and Field Average Percent

Compaction Measurements for Several Track Conditioms
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favorably to the field measurements obtainea after ﬁamping, leveling and
lining, although some differences in magnitude are evident.

‘Two test series are shown for the FAST field measurements. One is the
initial test seriés (I) conducted at the time of initial track construction
- following maintenance tamping with -some intermittenﬁ work train traffic. The
second is the supplemental test series (S), which repréfents 135 MGT of applied
train traffic}followed by maintenance tamping. ‘It is particularly interesting
- to note that the under-the-tie:values at ‘'FAST for these two seriéé produced
simiiarvaverage percent compaction results each for the limestone and traprock
ballasts. This implies that tamping equipment is somewhat consistent in achiev— 
.ing a certain ballast physical state for the same ballast material. However,
this fact has not entirely been wvalidated.

Crib and shoﬁldef compaction following tamping»demonstr#ted increased per-
cent>compaction o&er that of tamping only in the crib near fhe rails for both
laboratory and field data (Fig. 3.5). In general, this éffect-is difficult to
quantify, since the adequacy of the laboraﬁory simulation of the field compaction
prbcess is uncertain. This is evidenced by the small.change in compaction'
;chieved from a very loose densiﬁy state for the laboratory limestoné (crib
plate)'teéts (Fig. 3.5a). For the wide range of parametefs considered (Ref. 6),
- frequency was determined to have a significant effect dpon‘the cﬁénges.in'the

. ballast physical state.
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In the center of the track (Fig. 3.5a), the laboratory reballasfing
technique in the crib resulted in comparable amounts of compaction to that
obtained in-situ after track maintenanﬁe. Tﬁe FAST supplemental tests are
an ekception, since traffic history is a likely influencing factor.  Under
the tie (Fig.‘3.5b), a simulated old trackbed condition was apparently
prepared with approxi&gtely 50 passes ffom_a vibratory plate compactor
when compared to the undisturbed state éreated by train traffic (Ref. 6).
However; thg limited sampling depth of tﬁe ballast.density meésuring
device, that is 4 to 5 in._(O.l to 0.13 m), limits the generélization of
this conclusion.

Thréughout the field study;>the four typical track conditioms tested
' wefe: a) aftgr‘initial tamping during new co?struction or compléte ballast
» under;utting, b} after compaction immediately following tamping, qj after
accumulation of traffic, ;nd d) after maintenance tamping. For_each of
these track conditions, changes in the measured ballast density and its
distribution along the tie are examined to assess the-effects on the ballast
physicél state of important track.parameteré such as ballast type, tamping,
ballast ;ompaction, and traffic. Ballast degradation,.as reflected by
gradation changes, was analyzed (Ref. 5), but provided only marginally
useful information, and thus will not be discussed; This secfion will -
summérize the field results to present importaﬁt aspects of ballast physical -

state based on the in-situ ballast density measurements.

a) Initial Tamping. The effects of initial ballast tamping of a newly
constructed or freshly undercut track can be well characterized from the

ballast density profiles obtained from ICG and FAST. The measurements after

SUch tamping are qualltatlvély summarized in Figure J.ba. The results

generally indicated similar ballast density distributions along the tie at
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both test sites, even though the two sites had quite different track con-
ditions, notably ballast conditions and nature of track work. The ballast
density in the crib is relatively uniform along the tie, with the magni-
tude being slightly lower in the rail afea than in the center, except for
the FAST traprock. For‘the same track condition, the ballast density
under thé tie varied significantly aiong the tie, and it consistently_
demonstrated a much denser state in the rail area ;han in the center.

In'the center of the track, the under-tie demsity was lower than the

‘crib'density, but in the rail area the density was much higher under the

tie tﬁan in the crib. The latter was approximately 11 to 15 pef (0.18 to
0.24 Mg/m3) higher at FAST, and 9 to 12 pcf (0.14 to 0.19_Mg/m3) at ICd.
The above density difference in the rail area where thevtamping opera-
tion is conceﬁtrated illustrates an importan£ aspect of ballast densi-
fication during tamping. When the ballast layer is initially very loose,
as in a néwly constructed or completely undercut track, ballast densifi- -
cation may very well occur from particle vibrations imposed by the
vibréting tamping feet and from the squeezing action, along with the con-
finement provided by the tie bottom.

-b) Crib and Shoulder Compaction. It is a widely accepted conviction

that crib and shoulder compaction reduces the adverse loosening effects

of ballast tamping and contributes to the restoration of track stability
by ballast density increase. However, the compaction mechanisms pro-
ducing these changes have not been completely understood.

Figure 3.7 summarizes the results from ICG regarding ballast den-

: sity, in terms of average void ratio, changes with ballast crib and

shoulder-compaetion;—and—tamping—at-different locations-in—the-ballast

layer. The 1ong—term effects of the ballast compaction are also
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illustrated with measurements assumed to have been obtained after at
least 10 MGT of traffic. However, this situation is questionable (Ref. 5),
but will be discussed due to the péssible implications which may result.

Comparison of the meaéurements obtained from the tamped-only (TU)
aﬁd the tamped and éompacted (TC) conditions generally indicate ballast
density increased from compaction, as expected. But the magnitude
of such increases differed from locaéion to locétion in the ballast layer.
Obviously, thg ballast dénsity increase due to crib and. shoulder com-
paction?was concentrated in the crib.wheré the cémpaction operation is
pe:formed. As shown in Fig. 3.7, bailast density increase in the crib
in thelrail area was quite.significant; However, the effect of the same
ballast compactidn procedufes dn other locations, i.e., in the center
énd undér the tie, appears to be very limiped, even though a slight
density ihcrease was often noticed in those areas.

As preﬁiously stated, the 1ong-tefm effect of'ballast'éompaction on
the ballast physical state after accumulation of a significant amount of
‘traffic is not conclusive. Generally, the measuréments at ICG seem to
indicate that the density increase due to ballast'compaction subsequent
to tamping diminishes with accumulation of traffic in the crib, but some-
hbw.thé effects of ballast'COmpa;tion under'the fieAappear to have been
accentuated. It is not cléar'at the momént, due.to insufficient data,
whether or not the trends are representative and correct. But, inter-
estingly, Birman and Cabos (Ref. 21) observed with nuclear density
measurements that the initial densit& difference before traffic,which

had resulted from different ballast compaction methods, still remained

preserved even after significant traffic

’
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The magnitude of ballast density increase from crib and shoulder
compaction varied significantly among differenf sites, presumably due
to different track conditions and compaction proéédures. There was
about a twb percent increase over the in4crib density achieved after
tamping at the CNR site, and about four percent an& éeventeen percent
at the ICG and SR sites, respectively.

Figure 3.6b shows generalized ballast density dis;fibution along
thé tie after crib and shoulderVCOmbactiéﬁ. Since the ballast demsity-
i;creaSe.ié mainly concentrated iﬁ the rail area in the crib, ballast-
densit& distributions basically similar to those after tamping are
expected. HoWever; the amount of scatter iﬁ_thelﬁeasured ballast density
from one tie to another appeared>to be quite reduced, compared to the TU
.cpnditions. As Hardy (Ref. 22) éssefted from é series of field teéfs at
a Canadian National line, the uniformity of ballast demsity distribution
albngithe track could be'oﬁe of the importént faétors cbntributiﬁg to
the track performance.

Compared to the density obtainedlafter traffic, ﬁhe magnitude of
ballast density increase from ballast compacﬁion appears to be signifi-
cant. However, it is questionable whether fhe Same degree of t%aék stabi-

lity restoration will be achieved from compaction as from traffic.

¢) Accumulation of Traffic. Summarizing the measurements at FAST,

-Fig. 3.8Ai11ﬁstratéshballast compaction changes with accumulation of
;raffic. Ballast densiéies at different locations Wifhin the frack
structure are compared for two different levels of accumulated traffic,
i.e,,‘during the first 134.6 MGT'after initial construction and tamping,
and dﬁring an additionél 0.1 MGT after maintenance tamping. Althotgh

the data do not provide sufficient information on the exact patterms
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of compaction growth for‘different ballast types, the results explain
well the overall trends of ballast density changes throughout the |
traffic history tested,

The two different ballasts, having similar particle shapes and
gradations, exhibited very similar béllast 6§mpaction changes during
the first 134.6 MGT of traffic. Regardless of ballast types, the most
significant increase was noticed undervthe tie in the ceilter where thg
ballasttw§s initially very loose. 'The_émalieét increase was under thé
tie in the rail area where the>béliast ﬁas generally dense prior to -
traffic. Tﬁe change in the crib was intermediate, and was about the'
same along the tie.

The basic pattern of ballast density state along the tie did not
alter with traffic (Fig. 3.6¢c). Thé ﬁnder-tie density was still higher
- in the rail area than in the center, but the difference was smaller than
‘thosé after tamping or after compaction. TheAcrib«ballastvdensity %as
relatively consistent élong the tie, and theAmagnitude was about tﬁe
same as under the tie in the-center. |

Data obtained after traffic often indicated a trend of ballast den-
sity decrease from inside the rail to outside, particularly in the crib.
For example, an average difference of 5.6 pef (0.1 Mg/m3) was ndticed in
the crib denéity after traffic at the ICG site. Presumably, with lack of
confinement, ballast particles in the crib and outsidé the rail could
easily havé flowéd tbward the shoulder during Qibratiqn and repeated loa-
ding cycles imposed by traffic, instead of being‘densified in place.

The effect of the additional 0.1 MGT of traffic at FAST after main-
tenénce tamping is not coﬂclusive. The density change and its magni-

tude were quite irregular, varying with ballast types and measurement
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locations. The 0.1 MGT of traffic aftgr such tamping does not appear

to be significant enough to cause any ballast densification under traffic
loading. Instead, it could either densify or loosen the ballast layer
depending on the ballast conditions. With accumulation of sufficient
traffic, ballast will eventually be densified as shown after 134.6 MGT

of traffic. QT%gre is not enqugh data at this time to determine when and
how f#st the ballast compaction increases with‘tfaffic.

d) Maintenance_Taﬁping. -Effects of maintenénce_tamping on the bal-.
last denéity change caﬁ‘also be_examinéd from Fig. 3.8. Compared to the
measurements>after tfaffic; tamping oﬁ a tréck previousiy subjected to
traffic is shown to have consistently léosened the ballast layer regard-
less'of location of measurements. The density decreasé was quite signi-
ficant in the rail area, almost totally.eliminating the compaction
achieved during traffic after initial gamping. Even in the center Qhere
no.inseftion of tamping feet was made, the ballast density is shown to
have consistently been reduced. Figure 3.6d illustrates schematically
the probable ballast density distribution after méintenance tamping.

The amount of such density decreases due to maintenance tamping
appears to be dependent on‘various factors such as‘track conditibns,
pqrticularly ballast type and condition. For example, less than one
percent density decrease from the undisturbed track condition iﬁ the
~crib under the rail was noticed at the CNR site, while more than four-
teen percent decrease was observed in the limestone section at FAST. 1In
.fact, the ballast density in the limestome section after maintemance
tamping was even lower tﬁan that after initial tamping.. One of the

possible reasons for such a significant decrease in the limestone sec—

‘tion might be fouling from the degraded ballast particles.
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3.2 PLATE LOAD TEST

For the plate load test, several streng£h]and deformation
indiceé were obtained from the redorded;load-displaceﬁent curves in
order to evaluate the changes in the ballast physical state. The index
determined to be most suitable .for the data amalysis is the

Ba}last Bearing Index; B ='§ '» - o - _ (3.1)

. The parameters are defined as:

load in 1b (N) at 0.1, 0.2, and 0.3 in. (2.5, 5.1, and 7.6 mm

P =
displacement,: ‘
A = area of the S-in; (127-mm) diameter plate in square inches

1]

19.63 in.z‘(0.0127 mz). In particular, the B value ét 0.2-in.
(5.1-mm) plate dispiacement of the first loading cycle was considered
represgntative for an adequate and reliable comparison of the conditions .

_:investigated (Ref. 5)':.,‘

As illustrated in Fig. 3.5 for the ballast density measurements,
tﬁe 1ab6ratory and field plate load test results are similarly compared
iﬁ Fig. 3.9. The values are shown symmetrical‘about.the ceﬁﬁer of the
track. For each specific ballast type, the B values &emonstrate a near1§
parallel consistency with the average peréent compaction values for the
' same respective track\éonditions. This, in paft, indicates the capability
and sensitivity of égch test to identify and monitor the ballasﬁ physical
state changes. ' : .

For the under-rail locations, the laboratory manual tie tamping pro-
duced comparable B values to those obtained with the mechanized field
tamping equipment (Fig. 3.9). After tamping.a pre-existing compacted
trackbed, the ballast stiffness will apparently reflect differences in

the amount of track raise. This effect is espec¢ially more pronounced
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in tﬁe crib than under the tie when reballasting is not performed. The
B value for the slightly less than semi-full crib, resulting from a 3-in.
(76 mm) raise, in the laboratory was more than twice the fespectivevfully
ballasted condition in the crib and also equal to the under-tie values.
The reason for the latter is that the éﬁickness of the loose ballast layer
created by .the manual tamping operation, which overlies the compacfed

v

trackbed, was approximately equal for the two cases. This result was

‘expected because several tests conducted in this study indicated that

rigid bottom boundaries encountered at distances less than 6 to 9 in.
(152 to 229 mm)vbeiow the ballast testing surface would significantly
increase the measured ballast stiffness. Also noted inAthe laboratory
tests was that a-Ziin. (51 mm) raise resulted in a slightly greater stiff-
ness under the tie than a 3 in. (76 mni) raise. Howéver, the in-crib B
values wefe»equal fof these two cases, since fuil crib ballast conditions
existed. | |

The FAST traprock, which received approximately a 2 in; (51 mm)
tamping raise, and the mixture of steel slag>and 1imestone'at ICG, which
- was undercut and then tamped, both démonstrated‘goodAagreement_with the
laboratory limestone ballast B values under the rail. The FAST limestone
" section, however, was raised approximately 1 in. (25 mm) and yielded
' siightly higher stiffness Valﬁes than the preceding ballast types.
Since the tamping tools are éenerally inserted 4 to 7 in. (102 to 178 mm)
below the tie bdttoﬁ, the ballast mass is éxpected to be disturbed for a
sufficient depth. However, énvironmental and traffic history apparently
influenéed the FAST limesﬁone, since the tamped ballast directly under
the tie was observed to have retained. its compacted state and not en-

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

The effect that crib compaction has upon the ballast physical state
is illustrated in Fig..3.9a for the iimeséone (crib plate) tests. The
laboratory compaction was accomplished with a low frequency oscillaging
crib plat%, as previously described for the ballast density test. Al-
though a small increase in baliast stiffness is obtained with this crib
éompaction_method coﬁpared to fhe very 106§g density state gﬁistiﬁg after
taﬁping without_compaqtion, the B value‘af£er compaction is significantly
lower than the corresponding field values from ICG. This observation is
consistent with the ballast density test results 'as well. The better com-
_paction effectiveness becaﬁse of ‘the vibration effects from the much higher
frequency ﬁsed with the field equipment apparently accounts for this dif--
ference (Ref. 6).

‘The.laboratory sample preparation techniques, employed to place in
the crib either the limestone or the steel slag ballast, quiﬁe effectively
simulated the reballasting methods used in the field when the ICG data in
the center of the track are considered (Fig. 3.9a). Although- the FAST sup-
_ plemental tests include traffic history effects, the traprock ballast dem-
onstrates fairly good agreément with'the 1aboratory‘data. The traprock
at the traék center may have loosened when the tamping operation was per-
formed, thus reducing the ballast stiffnéss. However, this same effect
was not indicated by the ballast density test results (Fig, 3.5a) and,
therefore, this conclusion is presently uncénfirmed.

In the center of the track uﬁder the tie, several different levels

of compactive effort were applied to the laboratory limestone ballast

trackbed in an attempt to achieve the range of ballast stiffness observed

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

Based on a comparison of laboratory stiffness values with-those ob~
tained at 135 MGT of traffic applied at FAST, approximately 500 passes
with a vibratory plate compactor are requiredito simulate aAcompacted
trackbed condition in the field resulting from years of traffic. This
appears contradictory to the ballast density test results, in which only
50 compactor passes in the laboratdry_establisﬁed the field t:ackbéd den-
sity condition. The reason may be because the depth of'compactibﬁ in-
créases as the number of COmpéctor passes inérease55 The ballast denéity'
test measured the top 4 to 5 in.'(102 to 127 mm), while the plate test
was influenced by ballast conditions as deep as 12 in..(305 mm). Thus,
tﬁe stiffness meaéured by the plate test will continue to increase for.
more passes than the density. Another possible reason is that very
small density inc;eases, afﬁer'the ballast is in‘a'relatively dense state,
can cause a large increase in ballast stiffness because of the increased
particle iﬁterlocking effects.

The preceding discussion is illustrated in Fig. 3.16, which compares
the measured ballast stiffness with the meaéured density for a represen-
tafive portion of all the laboratory and field data. Thé'density values
are diéided by the reference density, Yﬁgf’ to adjust for differences in.
effects of ballast gradation, particle specific gravity, and to a certain
extent, the particle shape. | |

In Fig. 3.10a, the ballast density, Ygox® ¥as obtained by dividing
the ballast weight by the container volume. Because of excess ballast ,
void space at the box boundaries, the calculated density with this approach -
is knoﬁn to be significantly lower than the more ;epresentative in-situ

ballast density,

YapT (Ref. 4). The excess void space is that part of the
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voids in the sample adjacent to a container boundary which woﬁld be filled
with parts of other particles, if the sample were instead surrounded by
ballast father than a container. This void space repreéents a signifi-
.cant volume for material as coarse and uniformly graded as ballast.

Q .

Based upon/previous correlations of these two density measuring tech-
niqqes for limestone ballast, corrections to the values of Ypox ¥ere es-
timated for séveral states of compaction. This:subsequgntly resulted in A
sﬁifting tﬂe solid cu?ve fdr'the limestoéne stréngth—density trend inA
fig;'3°10a to the dashed curve. vThis.dashed curve agrees reasoﬁably well
with the laboratory and field trends in Fig. 3.10b. In each cése, the
ballast stiffness represented by the béllast bearing index appears to in-
crease at é growing ;até with increasing dénsity. |

While the.ballast density test is limited in its ability to detect
the small chaﬁges that can still affect stiffness, it may prdﬁide use-
ful information for identifying the-relative-degree of compaétibn when
used in conjunction with the reference density test. Thg ultimate den-
sity computed‘from the reference density test, with the abpn?priate sur-
face boundary voi@ coirections'incorporated; would most likely represent
a good estimatévof the'maximum possible coﬁpaction state. As‘was pfe-'
viously notéd, the ultimate density value was estimated to be low bf
at least ten percent as a resul£ of the boundary void error. If this
correction were made.to the values of YREF used with the data in Fig.

at which the rapid increase in ballast stiff-

3.10, the demnsity, YBDT;

ness occurred would be approximately equal to YREF®
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In order to place the plate load test and the>in-situ ballast
density test results in a practical perspective, typical track conditions
are listed in Table 3.6.with tentatively assigﬁed values. The average
percent’ compaction (density.state) was quélitatively ranked, since the
lack of suitably defined trends prohibited specific quantitative sub-
dividion. The average ballast stiffness values were determined from
and limited to the several field track éonditions investigated in thi;
“study, which will be elabo;atéd‘ﬁpoﬁ in the following.paragraphs. The .
specified limits aré insufficient for genéfal ﬁse and definitely requife
additional in-situ data for confirmation.

Except for.the in-crib'values‘at 5 MGT, the ballast strength pro-
' ’files.for the ICG track system are shown in Fig. 3.9. The crib and
shoulder compaction ;nd traffic‘clearly'increased the baIlast stiff-
n ness.near the rail, both in the crib and under the tie from the‘tampedl
only condition. Tﬂe center of the track location both under the tie
and in the crib appears to be little affeé;éd by the compaction process,
but. is significantly affected by the aéplication of traffic; Traffic
causes increases of 145 to 206% under the tie and in the criﬁ, respec-
tively, at the center of track.

- The under-rail location incfeased in sfrength both with compéétion
and traffic;‘ The undervﬁie, ;amped—only values increased 277% with
compaction and 213% with 5 MGT of app1ied traffic when compared to the
tamped-only condition. Note that:some of the B values at 5 MGT were
estimated, since the baliast.was extremely stiff; therefore, the tests

could not be conducted to 0.2 in. (5.1 mm) deformation. The in-crib,

tamped-only-values—increased-93%with—eompaction,and-187% with5-MGT

of traffic.
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Table 3.6. Strength Distribution for Various Conditions on Wooden Tie Tangent Track

Qualitative Typical Track¥ Location . Average Ballast
Density State Conditions In-Crib Under-Tie Bearing Index
: Center of Under Center oft Under at 0.2 in.(5.1 mm)
Track Rail Track Rail (psi)
very loose a)undercut and X X <75
reballasted . Co
b) tamped only X
loose a)tamped only X X < 150 .
b)tamped-compacted X X . X
c)low MGT traffic X
medium-dense a)low MGT traffic ) ' ' X < 250
b)low to high X

MGT traffic

c)moderate to high X
MGT traffic

dense a)moderate . v - X < 375
MGT traffic

very dense a)high MGT traffic X > 375

*Arbitrary MGT traffic levels: low < 1 to 2, medium 1 to 2 —= 5 to 10, high > 5 to 10; and
assuming no intermediate maintenance.

*This location is dependent upon the previous traffic and maintenance history.




For the FAST track, the ballast bearing index values are not shown
in Fig. 3.9 for the 0.1 MGT traffic condition.nor for the 135 MGT condi-
tion in the crib. These results will be briefly diséussed, but the details
can be o£tained elsewhere (Ref. 5).

'The limestone ballast measurements show increasing ballaét strength
after tamping with the_applicatiﬁn of traffic. At the centéi of track
under the tie, the>beafing index increased 577 f;dm the loose state after
tamping to a'vaiue equal to the undisturbed condition wiﬁh‘théuapplication<
of 0.1 MGT ofAtraffic. The bearing index in the crib at the center of the .
track increased by 22% with 0.1 MGT of traffic, becoming 64% of the undis-
turbed value. |

The near—the%rail locations for both under the tie and in the crib
increase consistently with the applied traffic. The under-tie strength
increased. 34% from tﬁe tamped condition with the applicétion of 0.1 MGT
of traffié, and 2762 with the application of 135 MGT of traffic. The
‘erib strength increased'48% and 1157 for the same';espective fraffic
conditions. | 4

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

Under the tie, the center of track strength values for traprock

were erratic with traffic conditions. However, an increase of 597

occurred in the crib with 0.1 MGT of traffic after tamping, which was

also approximately equal to the undisturbed condition.
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The mosf pronounced feature displayed in Fig. 3.9 for the FAST data
is the increase in the ﬁnder-rail, under-tie B values with increasing
traffic. However, the amount of data scatter also increases:simultan-
eously (Ref. 5). The trends in the crib are much less pronounced. The
difference in strength with ballast type under éimilar conditions is

.evident. The limestone after tamping has a slightly greater strength
than traprock. However, the traprock demonstrates a greater rate of
.stfength increase thanwlimestohe With the_apﬁiication of 0.1 Méf of
traffic, both in the cfib and under the'tie. Forlthe undisfurbed state
qat 135 MGT, the‘liméstone has a significantly greater strength than the
traprock under the tie, bﬁt'in the'crib thelstrengths aré nearly equal.

A general comparison of the FAST and ICG siteé for the tamped-only
condition indicates that the under-tie and in-crib strengths under the
rail are similar in magnitude for all ballast.types. The slightly lower
values at ICG may be accounted for by the ballast underéutting.and clean-
ing operation. Crib and shoﬁlder ballast compaction at ICG>increases the
ballast strength in the crib to values comparable to the 0.1 MGT traffic
condition for the FAST limestone. However, the undér-éie strengths with
ballast compaction at ICG are considerably less than the 0.1 MGT condiﬁ'
tion at FAST. For the 5 MGT traffic conditiom at ICG, thelunder-rail

~ba11as£ strength increases considerably, both under the tie an& in the
crib.> This might possibly be attributed to environméntal influences in
addition to applied train traffic. Apparently the former is a more sig-
nificant factor at ICG than at the FAST‘site. |

Ihe center of track stiffness values are éependent upon the track
history,énd the results are not necessarily indicative of the traffic

«

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

The in-situ plate load test (PLT) has previously received very
little attention with respect to measuring the relative changes in the
é%llast physical state. The only available source of information to
supplement SUNfAB's data was suppf}ed by Peckovér (Ref. 20) for the
CNR, which also motivated the work in the preéent study. - - -

o Peckover (Ref. 20) utilized.the PLT as a means of evaluating the
efféctiveness of different track maintenance operations on the vertical
ballast stiffness. A 5-in. (0.127 m)-diameter plate was used for this
study, and the test procedure was similar éo SUNYAB's with some .slight
differences (Ref. 5). The test results obtained by Peckover (Ref. 20)
were, however, considered representativé. ‘

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

Fér the test sections containing the in-situ crushed rock ballast,
the track was tamped, leveled, and lined, but thelheigﬁt of track raise
was'not specified. This operation was followed by crib and shoulder
compaction in which both Matisfa and Jackson ballast compactors were
used (Table 3.2). Seétions of both undercut sites were also compacted.

However, it is assumed that this track first received tamping, and

possibly—surfacing-and—liming;after reballasting andprior-tocompaction-

The final test condition investigated was on an "undisturbed' ballast
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for which the amount of train traffic loading waé not reported. Full
crib ballast conditions are assumed to exist at fhe time of testing.

The.PLT's of concern here weré performed adjacent to the rail in
the crib and under the tie. Since the test locations are_only quali-
tatively known, these locations will bé referred to as under-the-rail.

The average ballast bearing index (B) values ét 0.3 in. (7.6 mm)
displacement aré graphically illustrated in Fig. 3.lla for t;e various
track conditions. Peckovér indiéafes a large variation in these test
results. Also, the plate‘fesistance values have apparently been combined
for the twp.ballast>compact§rs and for the two ballast types tested for
the.ﬁndércutting operation.

Figure 3.11aAindic;tes thaﬁ the tamped-uncompacted condition (TU)

produces the lowest B values both in the crib. and under the tié for the

- crushed rock ballast. These values-are approximately 25% of the

‘raspective undisturbed track condition values. With the application of

crib and shoulder compaction to a tamped-only track (TC condition), the..

B values increase by a factor of 5 in the crib and a factor of 3 under

the tie with respect to the TU condition. The tamped-compacted condi-

tion yields B values comparable to the undistﬁrbed‘track condition. fhe
reasons for such a remarkable increase cannoé presehtly 5e explained.

The effect of undercﬁtting énd replacemeﬁt with a new ballast is
also illustrated in Fig. 3.1la. The under-tie values are slightly
higher but are still comparable to the tamped-uncompacted con&ition,'
However, thé in-criﬂ values are a factor of 2 greater. Since the resulté
of the two new ballast types were comﬁined for the undercutting operation,
the differences in B values with the fU condition‘méy be attributed fo

differences in particle shape, in gradation, or in ballast types. With
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the data in the present form, this situation cénnot.be resolved.

When crib and shoulder compaction are applied to the undercut condi-
tion, the B values increase by a: factor of at least 2 for.both undexr-tie
and in-crib values. The interesting feature for this condition is that
the in-crib values are slightly greater than the under-tie values. This
opposes the trends established for the other track conditions, .and
again, no qpparent explanation is avéilable.- In general, the undercut
and compacted‘condition.yieids B values comparable to thevt;mped- |
compacted (TC) conditionm, énd‘follows a trend similar to the réspective
tamped-only condition.

Peckoyer;s (Ref. 20) investigaéion revealed several other important
findings. For the undisturbe&.track condition and for the several dif-
. ferént types of track maintenanée operations, plafé load tests performed
on the flat portion of the ballast shoulder produced sfiffness values
indicative of a relatively looéé density Staée,<~Witﬁ the categories
established in Table 3.6, the equivalent B values would be in the very
loose to loose range; For an uﬁdisturbed track,.the B values in the
crib-near the rails were abproximately equal for test locations at the
top of the crib ballast and at the base elevation of the tie between
ties, wﬁich'were both significancly less than B values directly under
the tie. The tesf results aléo indiéaﬁe that ballast crib and shoulder
compaction is generally superior to either crib or shoulder compaction
séparétely.

The ballast bearing index (B) valués for SUNYAB's under-rail PLT
data at 0.3-in. (7.6-mm) displacement are illustrated in Fig. 3.11b along
with CNR's data in Fig. 3.lla. Tﬁis figure displays two particularly

interesting features. First for the undisturbed condition, the under-tie
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and in-crib B values are of comparable orders of magnitude for CNR and

SUNYAB. The second is that very good agreement exists for the tamped- .
uncompac ted (TU’ condition for both data sets in the crib and under the
tie. Also, the CNR undercut-only condition, i.e., assumed tamped and
possibly surfaced and lined, yields under-tie B values comparable to the
SUNYAB TU condition. In general, this'létter factor indicates a rg}iable‘
degree of reproducibility for the tamped-only condition for different
ballast materialé of different test‘progréms. Noée'ﬁhat the ICG traek
for the Tﬁ céndition'was undercut 10 tO'IZLth¥(O.25"to 0.31 m) while

the CNR undercut-only condition was approximated as a 6 in. (0.16 m)

cut (Ref. 5). The slightly'highef CNR B value may be attributed to

an influence.of a more rigid base.

A comparison of.the_tamped-compacted (TC) conditioné for CNR and
SUNYAB produced the greatest differenmce in test results; The CNR . B - -
values are 1-1/2 to 2 times 1argérithan those for SUNYAB. This dis-
crepancy is presently not explainable.

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

tie and in the crib is cdmpared to the relative change for the ICG data

from TU to TC conditions.,the result is that-the-TC-condition-is—equiva

lent to slightly greater tham 0.1 MGT of traffic. Considering both
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cases previously presented, a reasonable equivalent traffic estimate
appears to be 0.1 MGT. The lackiof any trafficked condiﬁions for the
CNR data prohibits such an estimate; howéver, a 0.1 MGT value appears
to be low. - a

In general, insufficient quantities of under-rail plate load test
data, esPecialiy at intermediate traffic levels, limits the establish—
ment of qlearlf.defihéd platé resistancé trends with track mainfenance
operations>and train gréffic loéding. Thus, the differences for'the
tamped—uncompactédvand tamped-compacted conditions, as well as differ-
eﬁces in ballast type and fhe effectiveness of different ballast crib
and shouldef coﬁpactién equipment, cannot easily be quantified. In addi-
tion, both a regsonablé MGT of traffic whichfprovides a stabie or "undis-
turbed" track condition and the amount of traffic at which plate resis-
tance cannot be differentiated fér either track.qondition are preséntly

indeterminate due to the lack of available data.
3.3 LATERAL TIE PUSH TEST

The lateral tie push test has previously reéeived a considerakle amount
of field use'in order to evaluate the in-situ track conditioms. An analysis
of ‘the load-displacement curvéé for single tie tests on wooden ties (tfack
panel tests excluded) indicated that lateral tie resistance can be adequately
compared from the 0.0394 to 0.25 in. (1 to 6.35 mm) displacement‘lévels (Refs.'
4 and 5). The following discussion will deal more specifically with the ﬁest
results at 0.157 in. (4 mm) displacement, which is considered representative.
.In certain iﬁstance;, the maximum and minimum values measured for é particular
conditian will be illustrated to érovide an indication of the amount of data

variation associated with displacement.
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Several load-displacement curves obtained in the laboratory from
simulated field tfack maintenance processes are compared to the field
results in Fig. 3.12. Except for the &eficient crib andvshoulder béllast
after tamping at FAST, the track structures were similar in all cases.
Also, in some of the laboratory tests, the base component of lateral tie
resistance was adjusted to an equivalent wood tie weight of 208 1b (926 N).
The laboratory trackbed conditions were'&efined with descriptive»terms for
the different ballast physical stateé, since this was’sufficient'enéugh
for mdSt'purpdséé, Arough correlation with the rankings established in~ "~
Table 3.6 would have the loose, compact, and very compact states equiva-
lent to the very loose, loose to medium-gense, and deﬁse states, respec-
tively. |

In general Fig. 3.12 indicates that the average lateral tie. resis-
tances>measu;ed.at the varigys track sites were greater than the values
obtained from the simulated.labofator§ tests. For the tamﬁéd-uﬁcomﬁécted'
condition (Fig. 3.12 a and b), a favorable agreeﬁent for the load-
displacement curves might be assumed, since a loose ballast -density state
generally exists around the ties. However, a detailed analysis of the
field data, which is presented later, will demonstrate that these lateral
tie resistance values'(Fig. 3.12 b) are low by approximately 100 1b (445 N).
The difference in.the laboratory and fiéld data is possibly due to slight

" differences in the structural arrangement of the ballast particles, even
though density'measurementé indicate the existenég of a loose density
state, In the field, a greater number of ballast particle contacts are

likely to occur in the vicinity of the tie, due to vibrations imposed by

the—track—maintenance—equipment—of worktrains—In—fact,—a—similar-effect

has been measured elsewhere (Ref. 23) in the field with limestone ballast,
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although on concrete ties. In the present laboratory investigatiom, it
was also determined thqt a second cycle of reioading on a wood tie with
full loose crib and shoulder conditions would result in a 75 to 150 1b -
(334 to 668 N) increase in lateral tie resistance at 0.157 in. (4 mm)
displacement (Refs. 4 and 6). “Thus, the differences between the labor-
atory and field data may have been partially explained, but requires
further coﬁsideration.

The differences in thé’tampedFCOmpacted conditiQn results (Fig.
3.12_c and 4) m;y aris; from the fact that the method and amount of
‘compactive effoft applied by the pneumatic tamper in the labora;ory
tests was insufficient when compared to that of the ballast crib and .
shoulder compactor. The one trend consistent fpr both the laboratory
-and field data i; that crib and shoulder compaction increases the lateral
tie resistancg. This‘feature is particularly evident for each of the
_respective test conditions shown in Fig. 3.12 a and c.

The laboratory lateral tie push test data do reveal several
findings which are applicable to infsitu.conditions,

1. The 15tera1 tie resisténce‘of a new wood tie after maﬁual tie

tahping and reballasting does not appear to be affected by |

the height of the tamping raise, from 1/2 to 3 in. (13 to 76 mm),
nor the fype of raising operation, that is, a full raise or in
lifts. | |

2, 'Reballésting enfirely under the tie, in the crib, and on the

shoulder yields results nearly identical to manual tie tamping
'plus reballasting.

3. In the loose density state (Fig;‘3.12 a), the ratio of the

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

the in-situ ballast densities; that is, approximately 1.6.
Other conditions being equal, the bulk specific gravity would

be the determining factor (Table 3.1).

Note, however, that the preceding observation pertains only to

the loose density state, since the introduction of an appreci-
able amount of compactive effort will predominate as the
influencing ﬁac;o:. Figure 3.125 appropriately demonstrates
this poiﬁt. For equivélent compactive efforts in the crib areas

near the rails and on the shoulder slope, the steel slag ballast

is more reSponsivé, as indicated by the greater increase in

lateral resistance to the applied cpmpaction than the limestone
ballast. While the particle shapes of‘thg‘two»ballast types are
somewhat different, ;he mos:_plausible-explanation-isvthe differ-
ences in the. surface roughness characteristics of the ballast
particles. Thé honeycombed surface and the 1owér fraCturing
stréngth of the asperiéies for the slag apparently contributed
significantly tO'haviﬁg a greater number of particle-éie coﬁtacts?
a higher degree of particle interlocking, and-largér residual’
lateral streéses,being re;ained after compaction, which subse-
quently increased the léﬁeral tie resistance. |

For the simulated old tie on a slightly compact limestone track-
bed condition, the greater lateral tie resistance, over that of

a new. tie, can primaril& be attributed to the extremely rough

characteristics near the rail areas on the underside of the tie.

‘This is. noticeable for both the reballasted conditiomn (Fig. 3.12a)

and the crib and shoulder compacted condition (Fig. 3.12¢).
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In o;der to illustrate the indepenaent effects on the total lateral
tie resistance, the contributions of the individual componénts of.tie
resistance; that is, the base, crib, and shduldér, are shown in Fig° 3.13
for the.laboratory conditions investigated. The testing'was per formed
wifh standard railroad wood ties having dimensions of 9 in. (229 mm)
wide by 7 in. (178 mm) deep by 102 in. (2.59 m) long and various
weights. Ties with geomeﬁric or physical dissimilarities to that used “
here, &ifferent ballagt_types and densities, or especially, the methoqs
-utilized for criﬁ and shoulder co@paction may produée-somewhat-different
trends. This type of data‘may be found elsewhere (Refs. 24 and- 25), but
must be extensively evaluated to place it in a compatible form.

The average relationships displayed in Fig. 3.13 are the combined
efforts of two laboratory test series (Refs. & énd 6), which represent
nuﬁerous tests. Within and between pfpgrams, several duplicated test
conditions, which included cyclic tie léading, yielded fairly réproducible
~la£era1 tie resistance values; The daté variation between duplicate con;-
ditions was approximately the same order of magnitude as that existing

with cyclic tie loading, both of which may be the result of slightly
different ballast placement conditions. Thus; the aVeraging technique
used, although quantitatively not entirely valid for generél»purposes;
still approbfiately reflects the genmeral ﬁrendé,

In Fig; 3.13a, the base component of tie resistance demoﬁstrates
distinctly linear relationships with the equivalent weight on the tie.

The most interesting point here is that the compacted limestome and steel

slag ballasts exhibited the same trends; that is, the tie resistance is

approximately one-half the tie weight. Also noteworthy is the fact that

very little compactive effort is required to create a smooth limestone
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Figure 3.13. The Three Components of Lateral Tie Resistance at 0.157 in. (4mm) Displacement
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ballast trackbed sufface, since the compact and very compact states
yielded nearly identical results. The loose limestone ballast defin-
itely produced a rougher ballast surface; thus, an increase in lateral
tie resistance is expectgd. Assuming the effects of ballast fouling or
ballast cementation, which may result from traffic-induced degradation,
are minimal in-situ, then the behavior of the limestone ballast might
also be typical fqr ﬁraprock and granite. .The éteel slag, Howgver,
opposes the trend of‘deqreased lateral resistaﬁc¢ for new wood ties
.wi;h,increasedABallasﬁ compaction. A.greater nﬁmber»of ballasf parti-
cle surface contact points with the tie and the associated increase

in particle interlocking would possibly explain this phenomenon.: This .
does require further experimental vefificétion. In summary, the contri-
bution of th;-base component to the total lateral tie resistance is
reasonably and ;ealistically displayed in Fig. 3.13a and establishes
a-foﬁndation.for future estimation purposes.

The contributions of the crib (Fig. 3.13b) and shoulder (Fig. 3.13c)
baliast to ;aterél tie resistance exceed that offered by the b;se (Fig.
3.13a) for fully ballasted conditions. The relationships a%e apparently
nonlinear. and most 1ikély second-order polynomials ﬁith respect to ballast
depth. It must be étressed'that the relationships presented for fhe com-
pacted condition are only approximate, and are valid only for the amount
of compactive effort applied by the pneumatic tamper in fhe laboratory
programs . None#the less, the data do reveal, as also indicated in Fig.
312,-increases in lateral tie resistance with compaction, more so in the
crib than om the shoulder.‘ In part, this latter fact is consistent with

the findings of others in that crib compaction is apparently better than

just shoulder compaction (Refs. 25 and 26), and crib and shoulder
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compaction combined appears to be better than either operation performed
‘independgntly (Ref. 25). In additiom, crib and shoulder compéction after
" the tamping opefation appears to be more effective when the cribs and
sﬁoulders have been overfilled with ballast (Ref. 23). However, as
showvn in Fig. 3.13b for the loose density state; the effect of just the
additional ballast from overfilling would éartially account for an
increase in%lateral tie resistaﬁce.»_This track condition was prepared,
but not testéd, in Ref.‘23. . The effect;veness of cbmpacting-anlOQer-
filled ballast section ﬁay not be as pf§nouncéd, but étill appears'to be
sigﬁificaﬁt.
As previously stated, the magnitude of‘the ballast density in the
loose‘state is roughly éorrelated to the measured lateral tie resistance.
The limestone ballast was 60% denser’than the steel slag ballast, which
produced approximately the same difference in tie resistance (Figs. 3.12_
;nd 3;13). This effect is moré-éronounced for the crib ballast than for
the shoulder, and for a fully ballasted condition than the;semi-fﬁll case.
’ In»addition, lone full cribs for this limestone and steel slag ballast
account for 40 to 50 percent of the total resistanee (Fig. 3.13), which
'is consistent with the ORE (Ref. 25) findings. '
The precéding discuésion foéused upon the contributioﬁs that the
'base,‘the.érib, and-the shoulder have upon the'total lateral tie resis-
tance. Although the.felationships Qeré developed under contolled
laboratory conditions, the resulting trends provide wvaluable guides by
which to aid in the assessmé;t of measured field data. .To demonstrate

the usefullness and applicability of these results; one typical field

situation will be considered.
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Readdressing Fig. 3.12b, the field tamped-uncompacted condition
shows comparable lateral tie resistances for the three.cases tested,
‘although several features unique to each-caSe, such as differences in
ballast type, height of tamping ra;se, and deficient crib ballast,
existed during testing and will affect the results. The conclusion
that the field tamping operation éhould produce apéroximately the same
lateral tie resistangeé for different‘;ites is still valid, because it
can'qualitatively-bershowﬁ that the éffééts §f the preceding features
"~ essentially coﬁﬁterbalancéd'ééch other. This strongly séressés the
’ imﬁortance of adequately documgnting records of field test conditions;
so that the results can be properly evaluated.

At the FAST track in which reballasting was not performed, the
average tamping raises were 1 and 2 in. (25 and 51 mm) for limeétone'
and traproqk, reépeqtively. However, the.individual raise from tie to
tie can vary from the average by aé mugh as the average tie raise. This
is particularly evident for the limestone ballast in Fig.'3;12b, which,
for the low tie resistance value at 0.157 in. (4 mm) displacement, is
actually a test performed on a semi-full crib and shoulder. In all the
other tests in limestone and also for those in the traprock ballast, the
crib béllés; was generally an average of 1 to 2 in. (25 tov51 mm) below
the top of the tie. If the semi-full érib test is not considered, fhen
the average lateral tie resistance at 0.157 in. (4 mm) displacement for
limestone is approximatel& equal to that for the traprock ballast. Using
the relationships developed in Fig. 3.13, the defiéiency of crib and

shoulder ballast accounts for approximately 110 1b (490 N) or 16% loss

in tie -resistancey which-is—the-result-of-not-reballasting-— Theresul

ting average lateral tie resistances for the FAST ballasts would have
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been highef than that at ICG, which was reballasted. However, the steel
slag used at ICG accounted for appréximately 1/2 to 2/3 of the ballast-
tie contact area (Ref. 5), whiéh, if~converfed to the éqdivalent lime-
stone density effect on latéral tie resistance (Fig. 3.13), will
increase the lateral resistance at 0.157 in. (4 mm) displacement b&
approximately ‘120 1b (535 N). Note that thé ICG steel slag ballast
ié the reason for this difference in resistange for the loose ballast
_denéity state created by tamping and rébaliaéting, but the same éffectg
are uncertéin with mechanicél or traffic-induced‘ballaét cdmpéctioﬁ.
Thus, the effect of the crib and shoulder‘ballast'deficiency at FAST
offset the use of stéel slag ballast at ICG. In either case, compar;
able load-displacément curves are produced éfter thé tamping ppération.
The 1oad-displacemen£ curves in Fig. 3.12b will betu§e& és is for
correlation purposes, since an eiact quantificatioﬁ of the component tie:
resistance changes is not possible, and the correlations are only. pre-
liminary. More importantly, any such changes with traffic, which is
the caée for the 0.1 MGT condition at FAST, are presently unknown.
Although the functi§£a1 relationships for the three components of
lateral tie resisténce with applied train traffic are nonexistent, the
‘trends ip Fig. 313 can be used in conjunétion with field measurements,
.obsarvatioﬁs, an& experiencé in an effort to generate thé possible rela-
tionships for conventional wood tie track struétures: Fifstly, the total
lateral tie resistance generally increases with traffic aftgr track main-
tenance tamping and, as will be demonstrated la£er, haé a fo;m‘which.is
hyperbolic in shape (Fig. 3.14). As;suming a fully ballasted condition

and the occurrence and influence of ballast cementation and fouling are

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

After major track work, the mechanisms which might cause a loose
ballast shoulder to densify and simulﬁaﬁeougly increase tie resistance
are: 1) yibrations from train traffic, and 2) slight cyclic lateral tie
movements f;om.tfaffic and thermally-in&ucgd forces. The effects of
these mechanisms, howevér, are not éxpected to produce a substéntial
increase in lateral tie resistance, since the tendency will be for the
ballast particles to move laterally from the.lack of confinement rather
than to continually stabilize into a compacted mass. Incidentally, loose
ballast shoulders were observed aftér 5 MGT on the ICG site, after 135
- MGT at FAST, and were also noted by Peékovér (Ref. Zb)c

A hardwood tie installed in a clean, freshly tamped ballast track-
bed would initially have a smooth underside resting upon a rough‘ballast
surfaée. With applied train traffic, small indentations would occur
under the tie in the rail seat areas due to the abrasive action of Fhe
béllast; but the trackbed would simultaneously become compact and exhibit
a rather smooth appearance . Note thaf}for the traffickea'conditions at
ICG and FAST, the newer ties removed frpm the tréck reveaied indentations
on the botfom, but the ballast surface under the ties (old ties also) was
fairly flat with almost no visibie éigns of protruding Ballast partiéleé.
Thus, a decrease in lateral tie resistance would be expected. However,
the ballast trackbed progressively becomes stiffer with increased traffic,
which would subsequently inhibit further wear and distortion to the tie

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

Figure 3 .14 adequately displays the changes in lateral tie resis-
tance with train traffic for thg base-ang shoulder components previoﬁsiy
discussed. Each component may coﬁtribute from 10 to 25% of the
total resistance, degsznding upon the traffic level. This would imply,
as illustrated in Fig. 3.14, that the crib ballast is the principal com-
ponent of lateral réSistanceu Particle vibrations from traffic, accel-

_erétipn and brakigg forces'from ﬁrains,_aﬁq cyclic lﬁngitudinal tie
movements from changes in thermal stresses are most likely the inter-tie
compaction mechanisms, which would produce high degrees of ballast
pafticle interlocking and large residual lateral stresses. Apparently,
the initial tie spacing after track tamping,and thé{relati#e-;hangeé in
tie spacing with traffic, which is also dependent upon the rail aﬁcﬁor’
locations, are important factors ;o be considered when evaluating the

" variation in laﬁeral Fie resisténce measurements. -

Thus, the importance of maintaining full crib and shoulder ballast
conditions must be emphasized. For this purpose, mathematical expressions
" can be derived for the geometry of a ballast cross section and tie spacing,
which can be used in determining if a ‘sufficient amogﬁt of shoulder ballast
is»available to fill the cribs and the remaining flat sﬁoulder width after
a normal tampihg raiSe.: These expréssions caﬁ also be modified for dif-
ferenceé in ballast density or void ratio.- Since the shoulder ballast
is essentially in a loose density state, and since 12 in. (305 mm) wide
shoulders are expected to offer only slightly greater tie resistance than

9 in. (229 mm) shoulders (Refs. 25 and 27), then, reducing the shoulder

by—3—in- 676-mm)—wii1—provide*a—sufficient—amount—of*baiiast—to—fiii—thc

cribs and flat shoulders after a 1 to 1-1/2 in. (25 to 38 mm) tamping
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raise for most standard wood track.structures. A similar observation
was noted by Reissberger (Ref. 26) for the commonly used U.S. shoulder
slopes. | |

Of the tﬁree ballast physical state tests, the lateral tie push
(pull) test has been applied most frequently and, thus, supplied in-
situ data to supplement that obtained in this program. Information was
compiled from the following sources and will be identified hefeip with
the‘associﬁted titlesc' a) United Sﬁateﬁ by ENSCO, et al. (Ref. 17), and
Southern Number Two (Ref. 28), and 5) Foreign by Canadian National Rail~
ways, CNR (Ref. 29), and Austrian Wesel Station (Refs. 26 and 30).

In general,vthe track structures of these railroads were similar to the
ICG and FAST sites exceét for the Austrian Wesel station (Ref. 30) tests,
which had concrete tieé and gravel béllast. ENSCO (Ref; 17) tests were
performgd on four different tracks having cfushed granite ballast and-on_
one track site wiﬁh a crushed limestqne ballast. At the Southern Number
Two (Ref. 28) and CNR (Ref. 29) sites, Erushed granite and crushed rock
ballasts were respectively present.

The individual lateral tie push test results for the tamped-uncom-
pacted and tamped-compacted conditions with applied train traffic have
been discussed and evaluated in detéil for the available United States,
SUNYAB, and foféign data (Ref. 5). 1In lieu of presenting the individual
data points, only the final curves summarizing the trends will be illus-
trated for convenience.

In general, iateral tie resistance increased with the application
of train traffic (Fig. 315). The tamped-compacted condition initially
demonstrated a 33 percent greater tie resistance than the tamped-uncom-

pacted condition for all U.S. railroads. The results of SUNYAB's tests
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on ICG produced aimost,the same percent increase. This percent increase
in resis;anceAwas consistent for both 0.0787 and 0.157 in. (2 and 4 mm)
displacement levels on tangent and curved track. As ﬁraffic was applied
to the two diffefent track conditions, the difference in tie resistance
 steadily decreased and approached the same value. Wet ballast conditions
- were noted during certaiq intervgls §f testing, but this did not notice-
ably cpangg the gengral trends. "Ihe tie resistance trends were similar

: fbr the forqign.data. |

‘The lateral tie resistances at high MGT traffic conditipns, i.e.,
20 MGT (a reasonably assumed value, Ref. 5) for Southefn Number Two (Ref.
28) and>135 MGT for FAST, were significantiy greater than the values at
low amount of traffic. From a previqus discussion for the FAST data, the
base and shoulagr components of resistance were probably a small portion
of the total late;al resistance per tie; thus, the crib ballast is appar-
ently the prinéipal componeht.. 3ince the crib ballast is initiaily in a .
loose state after tie tamping, the tie movements resulting from train
loadings apparently produce a high degree of interlocking of the crib
ballast beEWeen the ties. This is the most plausable explanatiop of the
changes in iateral tie resistance from initial track maintenance.with
.traffic other than enVironhenpal influeﬁces or highly fouled ballast, A
similar reasoni#g was déduéed by the engineers for the 20 MGT condition
oﬁ the Southern track (Ref. 28).

The greatest variation in results between sites w?s obtainedAfrém
ENSCO's (Ref. 17) test series .which was on five participating railroads.
with each site having similar test conditio&s. The principal ballast
type was granite. These laterél tie resistances were significantly

greater than the results obtained from the test series performed by
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Southern Railways (Ref. 28) and SUNYAB. The ballasts tested by SUNYAB
were limestone, traprock, and a limestone and steel slag mixture, which x
showed very good agreement in iatefal resistance for the tamped-uncom-
pacted condition at zero MGT. The.granité éhould produce 1;tera1
reéistances comparable to>the limestone and traprock. However, the
large difference in the lateral tie resistances obtaimed by ENSCO an&
"SUNYAB were primarily attriﬁuted to the 1ocgtions of the loa& applying
- and meésuring_systems (Ref.»S)L

'The large differences in.réborted;latéfai‘tié;reéistahdé>valhes
between data sources'complicates the pfoblem of utilizing the lateral
tievpush test fesults on differeﬁt sites as a means of identifying the
changes in the pﬁysical_state of the ballast. With the limited quantity
of available data, this study could not isolate the effect of &ifferences in
amount of track raise or ballast type, let alone the differéndes in types .
of crib and:shoulder compaction:equipmené. The latter would encompass
the effect of such factors as vibration frequency,vcycle time, and static.
and dynamic forces. Thus; clearly, the selection of the most suitable
ballast type or ballastvcompactor is not possible.

In considering the previously stated factorg,.certain approaches_
were devised in order to. correlate the lateral tie resistance values for_
each railroad. Two data~normaliéation teChnidues used to correlate the
results were the loéd ratio (LR) and the‘compactionAratio (CR). These
ratios appeared effective in negating the différences in test apparafus,
and test procedures and tie age, and in properly establishing the trends

due to applied traffic and to crib and shoulder compaction (Ref. 5).

The—ibad—ratio—ftRﬁ”approach—prbvtded—a—reasonabie-method—of—reiattng——'—f——“‘———j*—
. | _
‘the tie resistance values in a form such that the data were more directly
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comparable (Fig. 3.16). This dimensionless ratio is defiﬁed as:

IR = L/L, |, : (3.2)
: in which L = tie resistance at a given dispiacemént level for either the
tamped-only or the tamped-compactéd condition, with or without applied
traffic, and L, = tie resistance at the same disblacement level as L,
.bgt for the tamped-uncémpacted condition with zero applied traffic. As‘

shown in Fig. 3.16, the IR trends with traffic were similar at 0.157 in.

(4, mmi) displacement level for both tangent and curved.tréck for all U.S.

déta.

This‘rat;o was'also used to determine the equivalent amount of traf-
fice oﬁ a tamped-only track for which crib and shoul&er compaction imme&-
iately aftef tamping was effective. The 0.0787 and 0.157 (2 and 4 mm)

displacémeﬁt levels yielded consistent values for each railroad and

resulted in anjaverage value of 0.17 to 0.19 MGT of traffic for allaraii-

- roads (Réf.>5). For'the reported annuél-MéT’; of traffic,'s to 4 days
of train‘traffic oﬁ'a tamped-only t?ack apparently produces the same
effect éé ballast compactors.

A transformed hype;bolic fitting technique for the LR - MGT curves
(Fig. 3}15) was utilized in order to estiméte é "stabie" value for a

‘loadlré;io and'thé associgted amount of tréffié'ldading. ‘This tech-

>nique has succeséfully been used in linearizing hypérboiiq-shéped
stress-strain curves for cohesive'soilé (Ref. 31) and for granular soils

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

MGT - a4 + b (MGT) " (33)

LR

in which a and b are constants. The stable or ultimate value for a
load ratio is:

LR‘ult = 1/b. (3-4)
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Using‘the transformed hyperbolic fitting technique, 20 MGT pf traffic
was determined to be a reasonable estimate of a "stable" or undisturbed
track condition.

The compaction ratio (CR) approach appeared to be an adéquate means
of determining the amount of traffic requifed such that the effect of
crib and shoulder compaction can no longef be distinguished'from a

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

. CR =->C/U_','. - | . - (3.5)
- in which C = tie resistance at a given displacement levelAand at a cer-
tain amount of traffic for the tamped-compacted con&ition, and U = tie
resistanchatlthe saﬁe displacement 1evé1 an& amount of applied traffic
as C, but for the tampediﬁncdmpacted condition.

A value of 2 MGT appeare& to be a reaspnable, conservative .estimate
for all U.S. dat; (Fig. 3.17) aﬁd is,consistenﬁ with ORE (Ref. 25)
findings for European railroads. This result was similar for béﬁh dis-
piacement levels and for both tangent and curved track. Aiso, the CR
approach is apbarently not affected by ballast moisture (wet or dry)
conditions at the time of testing (Ref. 5).

An dvgrall evaluation of the lateral tie push fest results indicates-
a definiteAdeficiency of field data suitablevfér a comprehensive evalua-
' tioﬁ of tﬁe factors affecting thé ballast physical state. SUNYAB's data
are considered highly reliable, but lack the tie resistance vélues éf
intermediate levels of traffic to clearly define the trends fof témped-
only and tamped-compacted conditions. Additiomal data would establish,
as impliea.by the tie push test, whether the ballast cfib and shouldgrv

compactor is worthwhile as an integral part of a normal track maintenance

program.
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Cross-correlations of lateral tie resistance and plate load resis-
tance values for the tamped-compacted condition and the tamped-uncompacted

condition with traffic were attempted, but provided no definitive trends.

G
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4. SUMMARY AND CONCLUSIONS

The purpose of this study is to evaluate the benefits of ballast com-
paction with crib and‘shoulder compaction machines, and to determine to
the extent possible the most effective compaction procedures. However,
early in the study it was concluded that these objectives could not be
aéhieved withoﬁt,considefing the infl?ence~of the ahcompan&ing méinten;nce
pﬁe;ations.a;d previous traffic_histor&. The reason is-tﬁat tHe traﬁk ﬁain—
tenance operations have a significant influence on the ballast physical
state and hence on the degree of effect of compactioﬁ and traffic on changes
in the physical state and in theAresulting track performance and service.
Tﬁerefore, in this study were examined the effects of such maintenance
operétions‘as undercutting, tamping-surfacing-lining, and crib and shoulder
comﬁaction.

A brief review of the ecoﬁomic factors invoived in track maintenance
was also made. The cost factors vary widely with ;he particular situation
and so it was not‘possible to provide a general-ecenomic aésessment of the
benefits of crib and shoulder compaction. Instead, the study has concen-
trated on determining the effect of crib and shoulder compaction on ballast
ph&sical state in comparison.wi;h the ‘effects of maintenance and traffic.
The economic evaiuation is best done by the railroad users by applying their
own cost information to the observed effects presented in this report.

The most significant accomplishments of this study are:

1. Development of recommended standard tests for measuring the

physical state of ballast in-situ.

2. The use of these measurements in the field to quantitatively

evaluate the effects of crib and shoulder compaction on ballast
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physical state compared to the effects of maintenance and traffic.
3. Instrumentation of the FAST track to observe the contribution to
the dynamic and loﬁg—tefm deformation of track from the ballast,
subballast, and subgrade.
This chapter will summarize the reéults of this study. . However, the

FAST instrumentation results will be omitted since these will be included

. in a separate summary report.

4.1 BALLAST PHYSICAL STATE METHODS

Both because of the nature of ballast material andhthe variability ofi
field conditions, measuring the ballast physical state in-situ is very
difficult. However, a diréct'quantitative measurement is essential to pré—
gress, for example,-tq sort ouf conflicting opinions as to the cause and
effect of méintenance'bperations, to determine the degree to whicﬁ the maxi-
mum compaction benefits are being achieved, and-to determine the reiative
contributions of compaction to track performance. After an examination of
the type of information needed aﬁd a consideration of pre&ious experience
with ballast physical state measurements, it was concluded that fhe most
useful measurements would involve bailast-deﬂsity, plate bearing resistance,
an& lateral resistan;e_of ballast té pushing individual ties. |

There has been little success in-the‘past in measuring ballast density

in-situ. No standard methods exist. The only useful data in the past were

obtained with nuclear probes at fixed locations which measured changes at

‘those locations after probe installation. The nuclear method thus was not

suitable to meet the requirements of this program. In this present study,
a ballast density test (BDT) method was devéloped(and successfully applied ih

the field and in the laboratory.
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Limited use has been made of plate bearing tests on ballast in the
past. However, the use of small bearing plates was'found to be very
promising. Therefore, techniques were evaluated and apparatus and proce-
dures developed for a ballast plate load test (PL?) that were suitable
for field and laboratory use.

The resistance of ballast to tﬁe latefal displacement of an unfas-
tened, unloaded tie is the‘only test rela;ing to ballast physical state

that has been used to any.significant extent in the past. However, this

’

'is an indirect measurement of compaction compared to the ballast density
test and plate load test. The procedufes and apparatus that have been used
in the past have varied widely and these differences have a significant
effect on the results. However the lateral tie push test (LTPT) is senéi-
tive to the effects of maintenance, traffic and compactiop. As part of
this project, a study was made to detefmine the factors that influence the
magnitude of the ballast resistance determined with this test. The resu}ts
showed that the correlation between track performance and tﬁe lateral tie
resistance was not a simple one Because the.way in which the ballast con;
ditions influence the resistance is different .than in track under train
_ttaffic.

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

The three physical state tests (BDT, PLT, and LTPT) have been developed

to ;he point where they can be used in practice to supplement other observa-

tions on track performance such as track geometry measurements and mainte-
nance experience. Subsequent sections of this chapter will describe some

of the findings obtained by application of these measurements at track sites
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in the field and in controlled laboratory experiments.

4.2 EFFECTS OF MAINTENANCE OPERATIONS

As might be expectgd, no evidence was found that the tamping opera-
tion has any significant effect on the subballast and subgrade performﬁnce.
However, the influence of fraffic was felt even down into the subgrade.
Cyclic 16ading from the succession of train axles caused cumulative'verti—_
.cal strains Whiéh produced a cbntfibution to settlement‘from the sﬁbgfade-
as well as from the ballast and subballast layers. |

No subballast and subgrade measurements were available in tests in
which. crib and shoulder.compaétion was involved. However, based on éxper—
ienée with compaction as wgll as the observations associated with tamping,
vno significant- effeets on the subballast and subgrade behavior from surface
crib and shoulder compacﬁibn with available machines. is expected.

Newly deposited bailast'conditioﬁs,occur with such maintenanée opera-:
tions as undercutting, sledding; and new coﬁstruction. The ballast density
is usually lowest for these conditions. As a fesult, the density is usually
higﬁervin the tamped zone under the tie than-in the crib. Under the center
of the fie, the ballast will be as loose as in the crib.

_The primarj effect_of the crib and shoulderchmpactor is in the‘crib
at fhe Iocations‘of appiication of the compacting'plates (near the raii).
When a crib andvshoﬁlder compactor 'is used following tamﬁiﬁg of newly deposited
ballast, the ballast density in the crib near the rail increases significantly.
A small iﬁcrease may also occur under the tie mear the rail. B

Iraffic significantly increasés the amount of compaction in the crib
and under the tie after tamping and crib and éhoulder compaction. Traffic;
induced compaction under the tie is greater than with tamping and crib and
. shéulder compaction. The increment caused by traffic can even be greater

in the crib. A valuable objective of further research would be to find out
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how to produce traffic—induced level of compaction as part of the mainte-
nance operation so that the track will be séable before the application
of traffic rather than be stabilized by traffic. |

Traffic degrades track by creating permanent settlement which is gen-
erally manifested by irregularities in surface and line. However, at the
same time, the ballast is compacted by the action of traffic and its proper-
ties will be improved unless the ballast degrades by meqhénicalAbreakdown .

or pumping from infiltration of fines and_moisture. Thus periodically

maintenance tamﬁinéAis feéhifed“as part of the process of reestablishing
surface and line. This tamping loosens the ballast from its state after
traffic. The amount "of disturbance is directly rélated to éhe-émount of
the raise. The greater the raise, the lower the ballasﬁ‘density becomes. » y
The density of the tapped zones in the crib will be reduced the most, par-
ticularly for small raises.

The research resﬁits show that crib and shdulder compaction increases
the plate bearing resistance both under the tie and in the crib compared
to the effects of tamping only. The percentage of bearing resistance increase,
of coursé, is greaﬁest in the crib taﬁping zone: The bearing resistance
increase under the tie may be a resuit of greater ballast confinement from
.crib cpmpactiqn<rathef thén the chaﬁge in physical state of the ballast under
the tie. .

Crib and shoulder compaction was also observed to consistently incfease
the lateral tie resistance compared with the resistance following tamping

only. However, the percentage increase measured with the LTPT is believed

to be much greater than the corresponding increase in track lateral resis-

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

The information gathered in this study on the effects of vibratory
crib and shouldef compactors has been obtained with .a variety ef machines
operating under different conditions. Since the effects of the vibration
parameters on the amount of compaction are infidrrelated, the application
of conclusions from one par;icular test with a particular machine to
another set of conditions must be done wieh'coesidefaele caution. Avail-
eble information did not permit the establishment of any clear guidelines
as to the optimum operating conditions for crib and shoulder compactors.
No comprehensive test program was found which adequately considers the
vibratory compactor variables and their interrelationships on the effec- .
tiveness of compaction, particularly as a function of other influencing
parameters like the -ballast conditions.

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

1. Static Contact Pressure

Up to some maximum pressure, an increase in pressure will increase the
amount of compaction during vibration.

2. Generated Dynamic Force

The geﬁerated dynamie force should be distinguished from the dynamic
force applied to the ballast. The difference in the two forces is primarily
a funetion of the inertial resistance of the compaction elements. The
generated force is created by the machine and usually can be defined: However,
~ the contact force will vary with the ballast conditions and is therefore dif-

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

3. Vibfation Time |

":In'practice, vibration timeés at each particular ballast location have .

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

4. Vibratidn Frequency

‘The relatipnship bétween the vibration frequency and amount of cpmpac;
tion is not clear from available data. This observation is expected because
frequency affects the amount of compaction in several ways which may be |
conflicting. For example, frequenéy»affects the magnitude of the applied
force, frequency affects the degree of particle vibration, and frequency
~affects the number of cycles of loadingAaﬁpliéd at é particular location.

5. Geometry and Size of Compactor Plate

This variable will certainly affect the compaction results, if oniy
because the contact pressures will vary with these parameters‘for the same

static and dynamic forces. However, no information was found to select

these parameters.

‘4.4 BENEFITSOF BALLAST COMPACTION
One of the accepted benefits of crib and shoulder compaction of bal-

last is to reduce the $low order time for traffic because of the reduced
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lateral stability after tamping. The results suggest that the compaction
process provides the equivalent of 0.2 million gross ton (MGT) of train
traffic in stébilizing the track. Thus immediate operation of trains at
the speed otherwise permitted after O,Z'MGT of slow orders could beiinitig—
ted immediatel&. Low traffic density lines might ﬁenefit more than higher
density lines since thf period of time for slow orders would be much longer
on the low dengity 1iﬁes.
 \SioW orders should be mofe E;itical in‘maiﬁtenanée-oﬁerations involving'
undercutting and ballast réplacement because the ballast bed will generally
- be much looser. Normally, the compaction process félloﬁs the final tamping-
surfacing—lining opgration with.fully ballasted cribs. However, consiéer;-
tion should_be given to compaction befqre the cfibs are filled in order to
provide a greater depth of ﬁenetration of the compaction effect into the
ballast beiow the bottom of tie. ‘The genefité of this approach might be
particularly useful for the rebailasted.frack. Test results have shown
that the lateral tie resistance is greater when coﬁpaction is done on a
fully ballasted crib than on a partially filled crib. To conclude from
this that compaction is most effective using full cribs may be misleading
because in the LTPT measuréments, a;sqbstantiai part of the lateral resis-
tance‘comes from.the crib when the’tié is unloaded. Howevér;.the bottom of
the tie provides a much éreater p;opoftion-of the resistance for loaded ties
under train traffic. VPossibly the benefits of compactioﬁ would be increased
by a sequence which first provides compaction with low cribs followed by crib
filling and a second application of compaction. Further studies are needed
to evaluate this possibility.
Another important applicétion of crib and shoulder compaction is in con-
junction with spot maintenance where loosening of the ballast has occurred
arouna’only some of the'ties.‘ The Qse of crib and shoulder compaction will
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reduce the physical state difference in the ballast between the disturbed
cribs and the undisturbed.cribs.

By fa; the most significant benefit of using crib and shoulder comﬁac;‘
tors that has been expressed by railroad users is agsociated with maintenance
.that must be done during hot weather. For a variety of reasons; track
maintenance involving tamping may be impossible to.defer until a sufficiently
-cool_periad. In sﬁch-casés, immediate stabilization is a very.ﬁmportant
éafegua¥d_tha§ even slow order traffic cannot prdéide.. Economicalry, the - -
benefits of crib and shoulder compaction would be greatest if a substantial
-lengthening of the maintenance life of the traék weré to result. This would
occur either if the rate of settlement were reduced by compaction or the
uniformity of settlement were improved by compaction.‘ Unfortunately, the
‘available field information is not adequate to confirm this benefit, although
intuition suggests that it must be ﬁrue to a certain extent.

In general, the results of this study sugges; that:

1) The addition qf crib and shoulde; compaction to the maintenance

operation is beneficial,

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

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

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

80



5. RECOMMENDATIONS FOR FURTHER STUDIES

As a result of this study on thé méchanics of ﬁallas; compaction, several
areas requiring further reéearch‘have been identified. These areas are expected
to supplement or extend the existing knowledge and general trends estaBlished by
this present program, or.are topics related to_this"study but not investigated
due to ;ime limitations. Thé subjec; areas rgéommendéd for furfher study, which

have not been ranked in order of importance, aré as follows:

1. Develop a track performance index which can be used to realistically evaluate

the cost effectiveness of alternative compaction procedures for given rated levels

of track performance.

2, Use analytical tréck models which predict the elastic and inelastic behavior
of the ballast and subgrade together with property tests on ballast samples com—
pacted to various &egrees, to establish a maintenance 1life predie¢tion method

representing the affect of ballast compaction.

3. Correlate lateral tie push (pull) test results for unfastened and unloaded
individual ties with lateral track stiffness measurements; both with and without
verﬁical load. Study further and in more detail the factors influencing lateral
resistance of ties. More acéurate data -could be generated as inputs for lateral
track stability models for thermal loadings and for dynémic lateral wheel loading
experienced during traffic. The factors considered might iﬁclude: a) different

' ballast types, gradations; hardnesées, and particle shapes?'b) effects'éf water,
cementation, frost, fouled ballast with different plasticities of‘the fine fractionm,
c) vgrious shoulder widths énd slopeé, d) different heights of superelevated ties,

and e) tie type, shape, hardness, and age.

4. Conduct further controlled field studies on various track sites to establish

the trends with train traffic determined with the ballast density test, the plate
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load test, and the lateral tie push test trends for tamped-only and tamped-
compacted conditions. Adequate documentation of the track conditions, mainte-~
nance and traffic history, apnd the existing environmental factors during testing

period are a necessity.

5. Conduct experiments to more precisely identify the influence of the control-
ling parametérs in tamping and vibratory ballast compaction. Factors to consider
. for‘the tamping operation inclﬁderthe number of tamping'insé;tions, heights of -
'tfaég raise, the depth of tamping tgoi_inse;tion, and taﬁging forée aﬁd;frequency.
For the ballaét crib and shoulder compactor the factors might include the vibra—
tion time, the static down pressures, applied dynamic force, frequency, displace-
ment amplitude, and the number of compéction passes. Also included should be a
sﬁudy ;f the compaction process, such as compaction of the crib ballast in layers,
i.e., first on a semi-filled crib.and then on a reballasted full crib; and inves—
tigating the effécts-qf using only_crib_plates or only shoulder.plates, as well as

the combination of the two.

6. Continue the laboratofy study of the_changes in the ballast physical state and
. the amount of compaction achieved with a single crib coﬁﬁaction plate'over a range
of frequencies and vibration times. Severdl other factors to cpnsider.are: plate
size aﬁd shape, constant stroke aﬁplitgde.versus constant load amplitude, fouied
or wet ballast, differén£ ballast materials possessing'different particle shapes

and gradations, and the use of a subballast and/or subgrade as a supporting material.

7. Investigate the differences in track behavior for tamped-only and tamped-com-
pacted conditions with traffic at the instrumented ballast test sections at FAST.

The effécts of ballast type, ballast depth, tie spacing, tie type, and the amount

of-track-raise—should-be—taken—into—consideration:
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APPENDIX A

SUMMARIES: VOLUMES 1, 2, 3, AND 4

This report provides a technical review of literature concerning ballast
compaction and ballast-related factors influencing track performance.
The performance of railroad track systems is a function of the character-

istics and the complex interactions of the track system components under traf-

fic and environmentally-induced stresses. Descriptions of the track components

are presented in the report, including the rails, ties and fasteners, and in

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

which exist between the track system components and traék perforﬁance have
been discussed. The ballast and subgrade behavior were shown to have a signi-
ficant effect on the performance of the track in-service.

Recently deQé;oped analytical track models. have been describéd with par--
ticular emphasis concentrated on the representation of the ballast and subgrade. .
materials. However, the reliab@lity,of these models for predicting trgck per-
formance waé not established. The pfimary reason is the lack of corroboration
with field data. Available field measurements or criteria that are indicators
of track performance are-track stiffness, track geometry, safety, ride quélity,
and maintenance effort. However, each individual item is not sufficient.for
proper representation of the overall track'System»performénce.

Ballast materials possesé diffefent par;icle‘physical and chemical pfqper-

ties. Many laboratory index property tests, such as those for abrasion resis-

_ tance, absorption, shape and soundness, are currently utilized to quantify and

categorize the relative merits of these different ballast types. The applicable ’
test standards and ballast specifications limits have been cited and the basig

test procedures; as well as\the factors influencingAthe test results, have been
discussed. Ho&evér, at~pfesent, a proven method for rating ballast using these

index properties does not exist.
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The stress-strain behavior of ballas;—sized materials may be determined
from laboratory tests. The conventional stati; and dynamic test apparatus
and procedures, as well as the factors affecting the test results, have been
discussed and assessed with respect to use with ballast materials.. The cyclic
or repeated load triaxial test appears to be particularly suitable for deter-
mining the ballast stress-strain and strength propgrfies. Laboratory test
data ﬁeed to Be correlated with in-situ data representing .these properties.

Ah‘evalugtion of the available field methods inditates that the platé bearing

-iéét ié besﬁ‘sﬁifed for thié pu%éose;

- The strength and compreséibility characteristics of.ballasf are directly
related to the relative degree of compactioﬁ of ball;st.within the track struc-
ture. Methods used in geotechnical enginee?ing'ﬁfaétice for measuring and
specifying compaction are reviewed. However, it was shown that these methods
have limited application for ballast mate:igls. Furﬁhermore, no quantitative
ballast compaction specifications are available and measurement of thevdegree.
of ballast compaction is rarely done. However, an in-situ ballast dénsity
test, a small plate load test, and a single lateral.tie push test on an unloaded
tie have been identified as poﬁential me;hs of representing the ballast physical
state. |

The rate of change in theybaliast physical state witﬁin the track struc-
tufe caused by train traffic loéding ana environmental conditiéhs is highly
dependent upon the initial state achieved froﬁ the track maintenance operations.
Ideally, an "undisturbed" ballast trackbed after considerable tfaffic is ghe

most desirable condition from a stability viewpoint. The reason is that the

subsequent correction of track geometry defects during maintenance by ballast

tamping disturbs the stable condition created by traffic. Therefore, the

effect that present track maintenance processes have upon changing the ballast
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physical state should be stu&ied. To aid in unde:standing these effects, the
principal types of track maintenance equipment and the.associated field pro-
cedures in current use have been dgscribed.

The ballast state produced by the tamping, leﬁeling and lining operations,
and the more recent ballast crib and shoulder compaction process after tamp-
ing ére discussed in relation to their expected effect on track performance Q
under traffic following maintenance. Lateral fesistance of either single tie
or . tie panél sections is the most‘frequeﬁtly used method for measuring'track.
perfofﬁance.related to ballast conditioné;, However; éltérnative'methods, incluf

ding track geometry changeé, track or ballast stiffness, and ballast density

have also been used. Supporting evidence obtained with these methods and pub-

'iiéhed opinion indicate that mechanical ballast compaction following thg tamp-
ing operations should be beneficial. The degree and‘nature of thé benefit was
not, clearly establisheé, however.

The amounf that the ballast is compacted with present cribvénd shoulder
compactors is a complex function not on}y of the.initial ballast physical state,
4but also the compactor characteristics including stati; force, generated dyna;
mic force, vibrétion freéuency, and duration of vibration. However, sufficient
information is not available to determine the effects of these factors on bal-
last compad;ion°> Therefore, laboratory and field.inQesﬁigations are required
to_find the moét effective mﬁans of obtéining ﬁhe deéired physical state ofb
ballast.

The economic:aspects of track maintenance are briefly discussed to provide
a bésis.for assessing the cost—effectivenéss of ballasﬁ compaction. This sub-
ject was shown to be complex and require ‘further study.

The practices and ﬁrincipleé of geotechnical engineering prévide-dirept and
valuable input into understanding the behavior of the ballast, subballast énd‘

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

to track performance.
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SUMMARY
Volume 2

A review of the state-of-the-art of ballast revealed the need for suitable
methods to measure'ballast compaction. After considering bossible alternatives,
three methods were selected for study. The first determines in-place density.
The second determines plate bearing'resistance, which is a measure of the
étiffness and strength of ballast. The third deterines lateral tie resistance
"tovdi§p1a¢ement. This is an indirect'mEasure of both éhysical}state and_cOmf‘
ﬁéction,.but it is the:only one of the three meghods tﬁét has been used in tﬁe‘
past to anj sigpificant extent.

A study of ballast density mkasurement methods was undert#ken in the lab-
oratofy with ghe primary purposes of developing 1) methods that are suitable
for application to bailast maferials, both'in the laboratory and in the field,
and 2) methods of determining reference densities that-could be used in assess-
ing the amount of ballast compaction acbievediin the'field dufing track coﬁ- |
struction and maintenanqe operationé. A technique employing the water-replace-
ment concept was selected as the most feasibie‘approach for ballast density
determination. This method involves measuring the volume of an excavatéd hole
in the ballast bed by lining the hole with a membrane and detérmining the
’volume of water required to fill the holéi A.series of density meésurements
employing ;his method was perfdrme& to esﬁabliéh:appropriate te;ting procedures
and tp determine the most spitable dimensions and volume of the excavated hole.
Various'&evicés Were‘considered for applying the compactive effort to theAsém—
ples for determination of reference densities. The best approach involved the
use of a rubbér—tipped impact hammer applied to the,suffaée of ballast placed
in layers in a steel mold. |

The successful devélopment of a bailast density measurement ﬁethod is a

noteworthy achievement of this study. With careful attention to test techniques
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and use of special apparatus, consistent'tgst results can be obtained and
differences in ballast density can be detected. The study showed that the
sample boundary cogditions have a major effect on the magnitude of the cal-
culated density. Thus, the weight of a ballasﬁ sample compacted into a con-
tainer, divided by the container volume, will not be an accurate indication
of the sample density. Boundary corrections must be appiied to get the cor-
qrect density. Furthermore, the study showed that values of density obtained
with one method_of‘me;éurement will probably not BeAcomparable with values
‘using éngther method. . | | _

Research was undertaken to assess the‘usefulness of-piaté load tests
for ballast physical state measurement, énd to develop procedures for the
tests. Various types of seating materials and different plate sizes and
shapes were investigated. The effects of repeated loading and ballast layer
depth were explored. Finally, the influence of using wet or ﬁry béllast was
considered.’

The recommended test uses a vertiéally—loaded 5-in.-diameter cifcular'
plate seated on the ballast surfacg using gypsum plaster. The most useful
parameter found to represent the loéd—éeflection results from the test is
the_load per unit plate area per unit deformation. This is determined by
measuring the load required to settle thé plate, an émount_ranging~§rom’0.l
to 0.3 in. | |

A test iﬁvolving lateral displacement of individual tiés.or tie banel
sections has been widely used as a measure of lateral resistance of track.
Several investigators have also used this test as a means of evaluating the
effectiveness of ballast tamping and compaction operations. In this.study,

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

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

apparatus and procedures for field use.
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track lateral resistance is complicated and must take into account the effect

loading, if present.

3]

The recommended test procedure requires pushing the tie from the centroid
of the end face, rather thén from the top as is sometimes done. The lateral
resistance was shown to be highly sensitive to ballast type, tie copdition, and
especially the &epth of crib and shoulder ballast. The resﬁlts indicated that
correlation between later#l ;esistance meaéured in the single tie test and

Q

' 4
of the rails, the interaction between adjacent ties, and. the train vertical

AF
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SUMMARY
"Volume 3

The three most prom;sing methods Fdr identifying ‘the physical state of
baliast were deterﬁined to be the plate load test (PLT), the lateral tie
push tesf (LTPT) with single ties, and the ballast density test (BDT). The
plate load test determines the pressure on the ballast surface from a ¢
-5=in.-diameter plate which is required to produce a specified amount of
- surface deflection, ushally b.ﬁ to 0.3 in. Theiyesulting'parameter, terhed
ballast bearing index,.is a measure of the:béllaét.étiﬁfneSS. The lateral
tie pﬁsh test determines the force to push a tie up to 0.25 in. hofizontally
when the tie is unfastened from the rail. This gives indirect measurement
of ballast physical state butlit is directly related to the amount of
lateral restraint to the track provided by the ballast. The ballast
density test determines the weight of ballast particles per unit volu@e'of
ballast ‘structure. This is a“ﬁirébf*méaéhfé df:thé degree of compactness
of the ballast. S L |

Apparatus and procedures were developed for pérfdfmiﬁg'éabh of these
tests in<the fiéld.; Measurements were then médehbﬁaékiétiné:track to
investigateﬁthe-effectsfbfftémping;fcfiﬁ édd,sﬁoﬁlder compaction, and
traffic on the ballast physical staﬁe. The four sites at whiéﬁ the field
tests were conducted were:‘ 1) Canadian National Rai]ways‘in Belleville,
Ontario,AZ) Southern Railways site near Lynchburg, Virginié, 3) Illinois
Central Gulf (ICG) sité near Kankakee, Illinois, and: 4) the Department of
.Transportation Facility for Accelerated Service Testing (FAST) in Pueblo,

Colorado. Available data from U.S. and foreign literature for different

track maintenance operations and train loading conditions were correlated

with this new data.
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The field measurements showed that the ballast physlcal state is
significantly affected by train traffic, track maintenance'procedures, and
track'conditions exlsting prior to maintenance. Tamping may densify or may
loosen the ballast layer depending on the type and nature pf tamping
operation, traek conditions, and loeation'of the ballast layer. Typically,

tamping during initial construction may increase ballast'density and

" stiffness under the:tie near the rail, but the same tamping performed
~during track maintenance after traffic will disturb and loosen the ballast

" layer that has been compacted by traffic. Ballast density-and stiffness.

increase from crib and shoulder ballast compaction was quite evident in the
crib near the rall but the effect of crlb compactlon on the ballast under
the t1e was very llmlted The long-term effect of thlS ballast compactlon
was not conclus1ve, however, because of 1nsuff1c1ent data. TraFfle appeared
to be the blggest source~of ballast compactlon; | -

The ballast dens1ty test was shown to be a useful tool for’ determlnlng
the in-situ ballast phy51cal state. The techniques, which were 1mproved‘
through the field experlence, have proyven su1table for rallroad appllcatlon,

and the measurements are cons1dered rellable.;~The den31ty test results -

‘presented in thls report provide 1mp0rtant and needed 1nformat10n which

will 1mprove the understanding. of track performancee
The lateral tie push test results indicated that, after disturbance

from maintenance operations, a reasonable estimate of train loading required

‘to reestablish a "stable" ballast condition is 20 million gross tonsl(MGT)

of traffic. The amount of traffic to produce the same benefits as crib
and shoulder compaction when used‘immediately after tamping is about 0.2

MGT, or 3 to 4 days of average daily traffie., The effects of crib and
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shoulder-compaction following tamping could not be distinguished from the
’ tamped-only track condition after approximately 2.0 MGT of traffic.

The plate load test ballast bearing index trends with traffic could
not be established. However, the amount of traffic equivalent to the
beneflts of crib and shoulder compaction appeared slmllar to that estimated
from the LTPT correlation. .

Insufficient data in the 2 to 20 MGT range prohlblts the establishment
of clearly deflned trends with applled trafflc. Also, eFFects of dlffer- |
ences in ballast type, amount of track raise, characteristics of ballast
crib and shoulder compactors, and track structure cannot be thoroughly
evaluated. Further study.of these factors is strongly recommended. In
such studles, adequate 1nformat10n on the track structure; trafflc loading
hlstory, “track malntenance hlstory, and env1ronmental condltlons is 1mpor-
tant. In addltlon, standardlzed BDT PLT and LTPT apparatus and test

g vt f : -

procedures are needed because the measured values are sen81t1ve to the

5 E Ao e me mem o A
";.:’.."..\.".1 ey Aor oF, Ve Tl vt

apparatus and procedures. o
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SUMMARY
Volume 4

The first part of this report describes an investigation of tamping
and compaction of ballast using laboratory—sinulated field conditions. A
track bed pas constructed in the 1aboratory and tie tamping and compaction
operations were performed in order to exanine the effects on the resulting e
physical state'of the ballast. The ballast'physical state was measured
using the three in-situ tests.deyeloped,at SUNYAB. These'were the plate

load test (PLT), which measures vertical ballast stiffness, the ballast den-

'sity test (BDT), and the lateral tie push test'(LTPT), which measures the

- resistance offered by the ballast to an 1nd1v1dual t1e dlsplaced laterally

In general tamplng machlnery 1s used for: track malntenance work wh1le t1es

SLETI BT

are manually. tamped only for spot work. However{-all of the t1e tamp1ng 1n

N e

£ .HA,(!“ -}\, .\:.:‘ -..’ ,;c

e

this proJect was. performed manually, because mechanlcal tamplng equlpment
o f_.‘:‘ ':«.’,x ,' o5l " o ﬂ-J s ;k' FPSA e s .

could not be: used in. the 1aboratory.

12 meulsy HETLOALOE B3 BIORDSE LECLST LT aat s

Slmulatlon of a rallroad track ballast bed that has been condltloned by

=y
o

traffic, but whlch has not been recently subJected to malntenancedoperatlons,"
was attempted in the laboratory by f1111ng a. large test box w1th a 12 -in.-
(0.305-m-) thlck layer'of llmestone ballast and compactlngvlt w1th a v1bra—'
tory plate compactor. iAn inerease.ln ballast.density of‘about 12 pof'from
tbe looselstate was observed after only 25 to SOIpasses with the vibratory com-
pactor. Mostlof the ballast bearing stiffness increase occurred withln approxi-
mately 500 passes of the vibratory plate compactori The laboratory ballast
density and stiffness values after 1600>compactor passes compared favorably
well nith field test results for a track bed after long perlods of traffie.
Seyeral lateral tie push tests were performed when a standard railroad

tie was placed on the compacted bed with no crib or shoulder, and the effects
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of various weights placed on the tie were evaluated. Tests were also per-
‘formed for a semi-filled crib, a full crib, and a full crib with a surcharge 4
load. The ballast shoulder section was subsequently formed and lateral tie
~ push tests were performedbon a compacted base, as well as a loose base re-
sulting from various amounts of tamping raises. These ballast physical
state test results .were also compared with previous reported data.
The lateral resistance of an individual tie after manual‘tie tamping
" was not affected by the height.of‘the'tamping raise for a fnll,.loose bal-
last crib and shoulder condition. The lateral tie resistance increased
nearly linearly as the amount of ballast in the cribs increased. Even when

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

v . ~, s __\": 5oel
gy )_'_ AN A

similar“fashioﬁl“ Thus, fhe crib component of re51stance is a 51gn1f1cant con-

s - «‘"'”--”," "‘,:4,,= AR
I P ES IO Zitw LK PRIV § S

trlbutor to the’ total: lateral re31stance of an unloaded tie. For ties of
- T
vi- st "‘ TR u‘“:_,. PR Y

. N—

variotis® welghts placed on“a’ compact d. base%w1th no crlb or shoulder ballast v

o - > Lerey e ua
o

mate] ly equal to one-half of the tie

Mg

the lateral'tie tesistandé

- . L e e mpe e am et L g T T OCEEN * I b ',1 I
" red ol L DR T ve moakzealoote TEMLE wyEte sute wd
welght:- s

ST ral PR IR YR Rhe S U G R I PR

=" THe “£1i ld “Tatéral’ tle “résistance forces from the LTPT were generally

R P SR RS A "
ay s B m¥iL e A

greatertithan - “£Heé laboratory forces for the tamped-only cond1t10n by 50 to

gt LD DRARS Y

and BDT reSults, however com-

¥

l50'lb'€223 to”668“N?¢“ “The laboratory:bLTy
pared very favorably to the field test results for the tampedlonly condltlon.
Thus, representatlve field track conditions appear to have been reproduced
in the laboratory.

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

influencing ballast compaction with surface vibrating plates. This series

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

llro,simulate_aetypical_compaetion¥element*from~a—crib—and—shoulder—compactor.

To accomplish this, a single, flat, steel plate having dimensions comparable
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to those for ballast compactors was fabricated and attached to a cyclic load
actuator. The plate was first loaded statically. Then an alternating load
was applied at a low enough frequency to eliminate vibration. The load~dis-
placement response was recorded for a loose, crushed limestone ballast in
small test boxes under controlled loading conditions. ‘The effects of the
following factors on the compaction of ballast were investigated:- 1) magni-
tude of static load, 2) magnitude of cyclic load, 3) ballast depth 4) cycles
of loadlng, 5) frequency, and 6) lateral boundary effects. »In addition, BDT |
and PLT tests were performed on the compacted zone after the required number

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

parison w1th fleld experience. . L e e
bewrs TROT SONRIALEDT BLY ahd BRI = e
. T T _:'3 jE= VI
The Cumulatlve cyclic deformation (settlement) of the, plate,lncreased as .
GLi B :.; ~"‘.)L Y:J‘:'./,IC“‘J 21 3T TG T . BT 2N ‘
the ratio of cycllc to static load was 1ncreased fog‘ ;g1ven statlccload.q The
T .E.;~::E#ﬁ-ﬁg DETID R TE e ST PeFednlt ;
cumulative cycllc deformatlon also 1ncreased as_the statlc 1oad 1ncreased for
-~ ;)"13ﬁr, o d—’}"] o e re g Dl S RGN
a constant ratio of cyclic to static. load._vThg bglléstnd¢n§itys%qC§§§§§d;by
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il

only about 3 pcf from the loose state after appllcatlon of 300 load cycles.u

The final den51ty stat appeared to be 1ndependent of the loadlng;condltaons.

oo o
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The plate bearlng stlffness value at a glven deformatlon 1ncreased as.the,sta—

-5 R

i s by whe AR TR B

tic load was increased for a glven ratlo Oﬁ'pXFllc tonstatxc load. :Similarly,
A awrd xﬁ-(‘*"’“’* e "[" O R e ST AN

as the ratio of cyclic. to-static load was xncreased for a glven static load

the bearing strffness‘lncreased. When the sample ballast depth was decreased,
both the static deformation and the cumulative cyclic deformation decreased.
When the lateral boundary constraints of the box were removed by using'a larger
box, the deformations increased for a given set of loading conditions, bnt

the amount of compaction was essentially unchanged. Within the frequency

range of 0.1 to 2 Hz, the ballast physical state resulting from compaction

with the oscillating plate was essentially independent of frequency.
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The physical state for the loose ballast conditiom in the lab prior to
compaction with the oscillating plate was comparable to the observed physical
state in the figld under two conditions. These conditions were under the cen-
ter of the tie after reballasting and in the crib near the rail after tamping.
However, the ballast stiffness in the crib after crib compaction in the field
was much greater than that achieved in any of the lab tests. The con:lusion
was drawn that the vibration effects from the high frequency used in the

field contributed significantly to the amount of compaction achieved by:.an

oscillating plate.
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APPENDIX B

REPORT OF NEW TECHNOLOGY

The work performed under this confracé has led to significant ne& tech-
nology, improvement bf’gxisting technology, and new insights into the behav-
ior of ballast in track. Apparatus and procedures were developed for thQee
field test‘méthods to measure compaction or its effects on ballast behavior.
The influencerf maintenance tamping, crib aﬁd shoulder compaction, and traffic
on tﬁé~physical state of ballést were ésses;ed-and é better understanding of
these processes was acﬁieved. - Laboratory tests showed the significant effect. .

.

of crib and shoulder conditions on resistance of ties to lateral displacement,

-

and also showed the influence of some of the parameters influencing compaction

with surface vib:qting‘plates;
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