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PREFACE

This report describes a laboratory investigation of ballast physical state
changes associated with simulated field compaction techniques. The work is part
of a contract to evaluate bellast compaction ard recommend guidelines for using
compaction to improve track performance. This etudy was conducted byhthe Research
Foundation of the State University of New York at Buffalo (SUNYAB) under contrectb
to the U.S. Depertment of Transporration, Transportarioe Systems Center, in Cam-
bridge, Massachusetts, sponsored by‘the U.S.‘Department of Transportation, Fede-
ral Railroad‘Administration, Office of Research. The contract number was DOT/
TSC/1115. The'technical monitor was Andrew Sluz.

frincipal Investigator for the study was Ernest T. Selig, Professor of
Civil Engineering at SUNYAB. Technical direction of the work described in this_
repert was.also provided by Carmen M. Panuccio, Research Engineer. The labora-
tory work was principally the responsibility of~Donald‘R. McMahon, who was a
Graduate Research Assistant at SUNYAB duriﬁg this:part of the research. Help in
conducting the laboratory tests was prorided by C. A. Thomas, Undergraduate Re-—-
search Assistant, and H. E. Stewart, Graduete Research Assistant. Technical ad-

vice on instrumentation and measurement techniques was provided by B. C. Dorwart

and J. I. Johnson, Graduate Reseerch Assiétants.

iii



METRIC CONVERSION FACTORS

. . . Py = L .
Approximate Conversions to Metric Msasures — Approximate Cenvarsions fram Metric Measures
Symbal Whoa You Kaow . Yo Find Srmbel - ‘Symbel When Vou Nnow . Muliiply by e Find Symbol
Symbal ultiply by o Fin ymbol . h—
’ ) - = LENGTH
LENG = , :
TH h——t mm millimeters 0.04 inches in
—_— om centimeters 0.4 inches in
. . ’ —_ tt
in inches *2.6 centimeteso cm - wm meters 33 toat
ft feet 30 centimaters cm - — ::n : meters 14 ".:d. ":
yo yards ) 0.9 maters m — kilometers [ X3 miles m
mi miles 1.6 kilometers km —_
. - AREA
AREA =
) : X 2 - — ot square centimeters 0.1¢ square inches in?
in square inches 6.6 squars centimeters om — 2 square meters 1.2 square yards
'yldz square '"; ::9 . square "":"' :z - hmd " square kilometers . (X square mifes wit
squars yasds . square meters —. ha hectares (10,000 m?) 25 acres
mid - square miles 2.8 square kilometars xm? —_—
acres 04 hectares ha = . )
LY —
MASS (weight] | :  __MASS [weight)
e —
ot ounces F] grams [ ——3 s grams et ounces o
. . — ag Rilograms 2.2 pounds L
Ib pounds 0.46 kitograms kg - 0s (1000 & 1.1 hort ¢
short tons 0.9 tonnes t —— ' toands { o) * ons
{2000 1b} S _E .
YOLUME — VOLUME
t5p teaspoons 6 miltiliters ml - __: m) millititers 0.03 fluid cunces . floz
Tosp tablespoons. 16 ml ——— ] liters 21 pints pt
fl oz fluid ounces 30 milliliters ml w —_ ! liters 1.08 quarts qt
< cupe 024 liters [} - [} liters 0.2¢ o galiens gal
ot pints . 0.4 litars ) S m? cubic meters 3% cubic feat w
qt quants 0.95 liters ] —_ - m? cubic meters 1.3 cubic yards yd’
gal gallons 38 liters ] —= .
1 cubic fest . 0.03 . cubic ‘meters m? = . .
yé? cubic yards 0.76 cubic meters m? Lod - TEMPERATURE {exact)
TEMPERATURE (exact) . _— c Celsiun /5 (than Falwenheit *r
— temperaturé &dd 32) temperatuse
°F Fahrenhsit 5/9 (after Colsius °c -—=
' b i temperature - —= oF
32 —= *F 52 s8e a2
10 3 2.54 teadctiyl. Fue uiver exact 13 and mure 3 Vables, see NBS Misc. Publ. 286, 3 -
Units ol Weights #nd Measures, Price $2.25, SD Calalog No. C11.10:286, g' -—




" Units

length

area

force
(weight)

pressure

pressure/length

© volume

density

ADDITIONAL CONVERSION FACTORS

Sngoi
in.
ft

sq in.. (in.
sq ft.

1b

1b/sq in.
(psi)

1b/cu in.

(pei)

cu ft (ft3)

1b/ £t (pcf)

(£62)

2)

TO CONVERT

From .

inches
feet

square
inches

square

feet

pounds

pounds

per

_ square
inch

pounds
per
cubic
inch

cubic
feet
pounds
per

cubic
foot

v/vi

To

milliGeters
meters

square
centimeters

square
meters

newtons
kilonewtons

per square
me ter

meganewtons per 0.

cubic meter

cubic meters

megagrams per

cubic meter

Multiply By Symbol

25.
0.

6.

0.

0

4
305

45

.0929

.45

.89

2716

03

.016

mm
m

2

cm

kN/m2

3
MN/m

Mg/m3



TABLE OF CONTENTS

Secﬁion ' : Page
1. INTRODUCTION - | | ~ ‘ 1
2. COMPACTION CONSIbERATIONS 6

2.1 Current Methods of Measurement | : 6
2.2, 01d Trackbed aﬁd ManuaI Tie Tamping’ 8
2.3 Crib Compaction Apparatus . | . A le

3. INVESTIGATION OF STMULATED TRACKBED . 22
3.1 Apparatus and.Procédures ' - 22
3.2 Test Results e o 29

3.3 Comparison with Field Data. i | 35

4. INVESTIGATION OF MANUAL IIE TAMPING ' ; 37
4.1 Apparatus and Procedures - ) - 37

4.2 Test Resﬁlts ‘ | : ' 42
4.3 Compariéon with Field Data - 63A

5. INVESTIGATION OF CRIB COMPACTION PLATE 68
5.1 Apparatus and Procedures - o .68

5.2 Test Resﬁlts } _. | . _k B

- 5.3 Comparisoq‘with Field Data - ‘. 107

6. SUMMARY AND CONCLUSIONS . . - | 112
6.1 Simulated Trackbed | | 112

6.2 Manual Tie Témping 113
6.3. Crib Compaction Plate: | 114
REFERENCES 119
APPENDIX A - REPORT OF NEW TECHNOLOGY 121

vii



Figure
2.1

2.2

2.3

3.1

3.2
3.3

3.4

3.5°

3.6

3.7

4.1

4.2

4.3

4.4

4.5

LIST OF ILLUSTRATIONS

TYPICAL BALLAST CRIB AND SHOULDER COM-
PACTION MACHINE (REF. 9)

SCHEMATIC DIAGRAM OF THE LOCATION AND SIZE
OF BAMLLAST CRIB AND SHOULDER COMPACTION
PLATES

BALLAST AREA IWFLUENCED BY SINGLEDCRID CoM-
PACTION PLATE

SCHEMATIC DIAGRAM OF LARGE TEST BOX (REF. 1)

GRADATION CURVE FOR CRUSHED LIMESTONE BAL-
LAST

- TLLUSTRATION OF WATER REPLACEMENT APPARATUS

SET UP FOR BALLAST DENSITY TEST (REF. 1)

ASSEMBLED PLATE LOAD TEST APPARATUS (REF. 1)

‘RELATTONSHIP BETWEEN BALLAST DENSITY AND NUMBER

OF COMPACTOR PASSES FOR A SIMULATED TRACK BED

RELATIONSHIP BETWEEN STRENGTH AND NUMBER OF COM-
PACTOR PASSES FOR A SIMULATED TRACK BED

STRENGTH—DENSITY RELATIONSHIP FOR THE SIMULATED
TRACK BED

ASSEMBLED LATERAL TIE PUSH TEST APPARATUS (REF. 1)
TYPICAL LTPT LOAD-DISPLACEMENT CURVES

THE EFFECT OF THE HEIGHT OF A TAMPING RAISE ON
LATERAL TIE RESISTANCE

RELATTONSHIP BETWEEN LATERAL TIE RESISTANCE ON A
COMPACTED BASE WITH NO SHOULDER BALLAST AND CRIB
DEPTH

20

23

24

27

28 -

31

32

34

40
45

49

52

THE EFFECT OF AN OVERFILLED CRIB ON LATERAL TIE RESIS- 54

TANCE FOR A COMPACTED BASE AND NO SHOULDER

viii



Figure
4.6

4,7

4.8

4.9.

5.1

5.2

5.3

5.4

5.

5

5.6

5.7

5.8

: .

9

.10

RELATIONSHIP BETWEEN LATERAL TIE RESISTANCE
ON A COMPACTED BASE WITH NO CRIB OR SHOULDER
BALLAST AND TIE WEIGHT 0

BALLAST DENSITY FOR DIFFERENT TAMPING RAISES AND

BALLAST PLACEMENT CONDITIONS

' BALLAST BEARING INDEX AT 0.2 IN.-(5.1 MM) DEFOR-

MATION FOR DIFFERENT TAMPING RAISES AND BALLAST
PLACEMENT CONDITIONS

COMPARISON OF LTPT DATA AFTER TAMPiNG
SCHEMATIC DIAGRAM OF THE TEST SETUP

SCHEMATIC DIAGRAM OF PLATE LOAD TEST (PLT) APPAR-
ATUS SETUP

TYPICAL LOAD-DISPLACEMENT CURVE FOR CRIB COMPACTION

PLATE - WITH DEFINITION OF TERMS

'RELATIONSHIP BETWEEN MEAN STATIC LOAD AND STATIC

" DEFORMATION IN THE SMALL TEST BOX

STATIC DEFORMATION AS A FUNCTION OF INITIAL BOX
DENSITY FOR 12 IN. LAYER DEPTH IN SMALL TEST BOX

TYPICAL CUMULATIVE CYCLIC DEFORMATION—CYCLES OF
LOADING RELATIONSHIPS AT FREQUENCY = 1/2 HZ IN
SMALL TEST BOX FOR 12-IN. (0.305 M) BALLAST DEPTH

THE EFFECT OF VARIOUS STATIC AND CYCLIC LOADING
CONDITIONS ON CUMULATIVE CYCLIC DEFORMATION

THE EFFECT OF VARIOUS LOADING CONDITIONS AND CYCLES

OF LOADING ON BALLAST DENSITY

THE EFFECT OF VARIOUS LOADING CONDITIONS AND.CYCLES
OF LOADING ON THE BALLAST BEARING INDEX AT 0.2 IN.

(5.1 MM) DEFORMATION , -

THE RELATIONSHIP BETWEEN BALLAST BEARING INDEX AT

57
60
62

69

76
79
81
83

85

88
91.
92

94

0.2 IH. (5.1 MM) DEFORMATION AIID LOAD RATIO FOR VARIOUS

STATIC LOAD RATIOS

ix



Figure
5.11

5.12

5.13

5.14

5.15

5.16

5.17

THE RELATIONSHIP BETWEEN CUMULA’I'IVE CYCLIC DEFOR-
MATION AND LOAD RATIO FOR DIFFERENT BALLAST DEPTHS

THE RELATIONSHIPS BETWEEN THE CYCLIC COMPONENT OF
DEFORMATION AND BALLAST DEPTH

THE EFFECT OF BALLAST DEPTH ON THE BALLAST BEARING

"INDEX AFTER 300 CYCLES OF LOADING

THE RELATIONSHIP BETWEEN CUMULATIVE CYCLIC DEFOR-

- MATION AND LOAD RATIO FOR DIFFERENT LATERAL BOUNDARY

EFFECTS

THE EFFECT OF TEST BOX SIZE ON THE BALLAST BEARING
INDEX AFTER 300 CYCLES OF LOADING

THE RELATIONSHIP BETWEEN CUMULATIVE CYCLIC DEFOR-
MATION AND LOAD RATIO FOR VARIOUS FREQUENCIES .

.THE EFFECT OF FREQUENCY ON THE BALLAST BEARING INDEX

AFTER 300 CYCLES OF LOADING

99

101

103

105

106




4.1

4.2

5.1

5.2

LIST OF TABLES

CHARACTERISTICS OF BALLAST CRIB AND SHOULDE
COMPACTION EQUIPMENT '

TEST PROGRAM FOR MANUAL TIE TAMPING IN CRUSHED

. LIMESTONE BALLAST

COMPARISON OF BALLAST PHYSICAL STATE TEST DATA

LOW FREQUENCY TESTS FOR SINGLE OSCILLATING PLATE
ON LIMESTONE BALLAST

BEST FITTING EQUATIONS FOR CUMULATIVE CYCLIC DEFOR-~
MATION VS. CYCLES OF LOADING -

xi

64

77

86



AASHTO
BBI
BBI
BDT
CCD
CNR

DCDT

FAST
1CG
ISL

LR

LTPT

LVDT
MGT
MIS
PLT
SLR

USsCs

" LIST OF ABBREVIATIONS AND SYMBOLS
American Association of State Highway and Txansportafion Officials
Ballast Bearing quex, psi
Modified Ballast Bearing Index, pci
Ballast Density Test |
Cumulative Cyclic Deformation, in.

Canadian National Railroad

= Direct Current Displacement Transducer

Elastic Recovery, %

frequéncy,-Hz

Facility for Accelerated Service Testing; Pueblo, Colorado
Illinois Central Gulf Railroad | .

Initial‘Static Load or tie resistance at zero in. tie displacemen;,»}b
Load Ratio of cyclic load to static load

Lateral Tie PuSh,or’Pull»Test

Linear Variable Differential Transducer-

Million Gross Tomns

Materials Testing System

Plate Load Test

Load Ratio of Static Load to ;496 lb‘(663l N)

Unified Soil Claésification System

Number of cycles

Cumul;tive cyclic deformation, in.

Total or peék displacement per cycle in inches

Rebould displacement per cycle after complete unloading in inches

correlation coefficient

xii



EXECUTIVE SUMMARY

The first part of this report describes an investigaﬁion of témping
and compaction of ballast using laboratory-simulated field conditions. A-
track bed was constructed-in ti.e laboratory and tie tamping and compaction
operations were performéd in order to gﬁémine the effeéts on thg resulting
physicai state of the ballast. The ballast physical étate_%as measured
usiné-the-three in-situ tests develdped at SﬁNYAB. Thése were the p%atei
load test (PLT), which measures vertical ballast'stiffnesé, the ballast den-
sity test (BDT), and tﬁe lateral tie push test (LTPT); ﬁhich measures the
resistance ;ffered by the ballast to an individual'tie displaced léterally,
In'general, tamping méchingry is used for track maintenance work, while ties
are manuélly tamped only for spo&bwork. However, all of the tie tamping in
this project was performed manualiy,'because mechanical tamping equipment -
could not be.uged in the laboratory.

Simulation of a raiiroad track ballast bed that has been conditioned by
traffic, but which has not been recently subjected to maintenance operations,
was attempted in the laboratory by fiiling a large test box with a 12-in.-
(0.305-m-) thick layer;of limestone ballast and'éompacting it with a vibra-
tory plate compactor. 'An increase in ballast dehsity of aﬁout 12 péf from
the loose state was observed after only 25vto 56 passes with the vibratory com-
paétof. Most pfvtﬁe ballast beariﬁg stiffness increase occurred within approxi-
'mately 500 passés of the vibratory plate compactor. The laboratory ballast
density and stiffness values after 1000 compactof passes qomparéd favorably
well with field test resﬁlts for a track bed after long periods of traffic.

SeQeral lateral tie push testé were performed when a standard railroad

tie was placed on‘thevcompacted bed with no crib or shoulder, and the effects

xiii . v



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

The lateral resistance of an individual tie aftef manual tie tamping
. was notvéffected by the heigh;'of the tamping raise for a full, loose bal-
last crib.and shoulder condition;! The lateral tie resistance increased
neariy linearly as the amount of ballast in the cribs increased. Evén when
the cribs were over-filled, the tie resistance cbntinﬁed to inerease in a
. similar fashion. Thus, the crib component of resistance>is a signifiéant éon—
tributor to the total lateral ?esistance of an unloaded tie. Fof tiés of
various weights placed on a compactéd'base with no crib.or shoulder ballast,
the lateral tie resistance was approximately equal to one-half of the tie
weight. | |

'Ihe field lateral tie resistance forces from the LTPT were generally
gfeater than ;he laboratory forces for the tam;ed—only condition by 50 to
150 1b (223 to 668 N). The laboratory PLT and BDT results, however, com-
pared verf.favofably to‘the field test results for the tamped-only condition.
Thus, representative field track conditions appear to have been reproduced
in the laboratory.

The second part of the report describes an investigation of the factors
influencing ballast compaction with surface vibrating plates. This series

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

to simulate a typical compaction element from a crib and shoulder compactor.

To accomplish this, a single, flat, steel plate having dimensions comparable



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 waé recorded for a loose, crushed limestone.ballast in
sﬁall test- boxes under conttolled loading conditions. The effects of the
following factors on the compaction of ballast were investigéted: 1) magni-
tude of staticlload,_Z) magnitude of cyelic load, 3) ballast depth, 4)4cyc1es
of loading, 55‘freqﬁency,.and §)vlatera1 boundary effects. 1In addition, BDT
and PLT tests were pe;formed on the compaﬁtedvédne after the required number
of loéding cycles was achieved. These two physical state tests permit a com-
pafison with field experience.‘

| The cumulative cyclic deformation (Settlement) of the plate increased as 4
therratio of cyelic to static load was increased for a given static load. The
- cumulative cyclic‘déformation also increased aé the sfétic ldad increased for
a constant ratio of cyclic to.static load. The bailast density increased by
only about 3 pcf from the loose state after application.of 300 load cycles.
The final density state éppearéd to be independent ‘of the loading conditibns.
The plate bearing stiffness va;ue at a given deformation increased as the sta-
fic load was increaééd for a given ratio of cyclic to static load. Similarly,
-~ as the ratio'of cyclic ‘to static load was inéréased‘fbr a given static lo#d,
tﬁe béaring stiffness increased. When the sample ballast depth was decreased,
both the static deformation and the cumulative cyclic deformation decreased.
When the lateral boundary constraints of the box were removed by using a'larger
box, the deformations increased for a given set of loading éonditions, buF

the amount of.compéction 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.



The physical state for the loose ballast condition in the lab prior to
compaction with the oscillating plate was comparable to the.dbservéd physical
state in £he field under fwo conditions. These conditions were undér the cen-
ter of the tie after reballastingland in the crib near the rail after tamping.
However, the ballast stiffness in_the-crib after crib compaction in the field
was much greater than -that achieved in any of the lab tests. The conclusion
was drawn that the vibration effects from the high frequency used in the
field contributed significantly to the émount.of compaction acﬁieved By an.

oscillating plate.




1. INTRODUCTION

The track system response is directly affected b§ the physical
state of the balléét material within the track bed. Changes in the
physical stéte, as well as track geometry, are primarily attributed to
traig traffic loading conditibns, eé%ironmenfal‘influences (such as tem-
perature and weather), and track main;enance operétions‘ These.féatures
have a profound impact upon the ballast state with regard to vertical
track stiffness and lateral track stability.

»The first two factors are time dependent, and consequently an
interactive effect is iﬁduced upon the ballast behavior, such that iso-
lation and quantification of either variable‘is difficult ﬁo assess.
However, track maintenance is a relatively short term condition, which
easily provides for measurement of the changes in the ballast state with
respect to different maintenance practiées. ;

One such maintenaﬁce practice commonly used to rectify track geo-
metry irregularities resulting from train loadings is an out-of-face
.surfacing an& lining operatién which utilizes a ballast tamping-leveling-
lining machine. This operation generally requires raising‘the track [1
in. (25.4 mm) to 3 in. (76.2 mm)] and subsequentiy leéves_the ballast
in the cribs and under the ties in a rathef loose and unstable state as
. compared to a dense state from traffic-induced compaction. ’Slow orders
are usually initiated in order to minimize the possibility of lateral
track buckling. Traffic can proceed at normal operating speeds once é
sufficient ambunt of tonnage has passed aﬁd the track has achieved a

stable condition.



However, while the lateral resistance to track buckling increases
with traffic, a progressive deterioration of track géometry also simul-
taneously occurs.. When track line, surface and change in cross level
approach intolerable limits, then damage to the track system, components
of the train, and to the transported goods results. Also, a-reduction in
traih speed is required to prevent possible derailments. Thus, ahother

.out-of-face surfacing_and iin?ng operation is'necessary,and the proéess
is repeated;

The addition of ballast crib and shoulder compaction machines to
pormal track maintenance operations supposedly reduces the number of slow
orders, lengthens cycle.timés for major track maintenance, and initially
increases track stability. This machine follows the ballast tamping-
leveling—}ining machine and densifies the Ballast in the crib zones near
the rails and‘on the shoulder. Limited usé of these.compaction machiﬂes
has been made in the United States.and, thus, the implications on the
long—-term effects ;f extending the time for programmed track maintenance
cycles énd increaéed track-stabiiity are not well established.

In addition, différent ballast compaction machines possess signi-
ficantly different characteristics, which éompound an evaluation of their
effecfiveness in compacting ballést. These characteristics include the
size, shape and location of the crib and shoulaer plates, the static down
pressure, the generafed force, and the application time.

The compacfed state of the ballast in the cribsvand under the tie

is changed by three different processes: 1) tamping, 2) crib and shoulder

compaction, and 3) train traffic. Only a limited amount of reliable field



data are available, and 1aboratofy data are nonexistent to quantify the
differences in ballast physical state caused by these compaction processes.
The objective of this current'research is the laboratory simulation
of the three field compaction processes previously mentioned. A simulated
used track bed was consfructed and tie tamping operations were performed
upon a typical track structure in order to examine the resulting phyéical
state of the ballast. In addition, the effects of cfib compaction on
the ballast state were also investigated. 'Where applicable, the changes
in fhe ballast physical state were evaluated using three in-situ tests
developed at SUNYAB, which have been described by Selig, et al. (Ref. 1).
These tests are the plate load test (PLT) which measures vertical ballast
stiffnesé, the ballast density test kBDT), and the lateral tie push test
(LTPT) which measures the resistance offered by tﬁe ballast to an individual
tie displaced laterally.
Since the ballast in an old track bed is compacted in the center
of the track as well as iﬁ the area_under the rails, it was decided that
the entire track bed should be compacted. The simulated tfack bed for
the present study was formed by running a vibratory plate compactor over
a 12-in. (0.305-m) deep layer of limestone ballast in a iarge test box.
At cértain intervais during the compaction, ballast denéity tests and
plate load tests.were performed in an effort to determine the degree of
compaction achieved. The'regult; of these tésts are analyzed in Section
3 and compared to related field test results in orde; to evaluate the
effectiveness of this compaction technique.

In addition to creating a simulated track bed, the laboratory test

3



track section was also subjected to a tamping opeiation. In everyday practice
of railroad maintenance operations, two methods are available by which ties
can be tamped. One method is by mechanical means and the other is manual.
A discussion of the. specifications of different types of mechanical tampers
and details of the tamping operation are provided by Selig, et al. (Ref. 2).

| In'general,'ﬁamping machinery is used for large scale track rehabilitation
work, while ties are manu#lly ;amped only on small track work jobs. The major
advantages in using a‘mechanical taméer over manual tamping.are that mechan-
ical tamﬁing l)‘is much faster, and 2) provides more uniform tampiné from
‘tie to tie. Howevér, all of the tie tamping in this project was pérformed
‘manually, since it is more easily adaptable to laboratory conditions. The
éffectivenéss of this tamping éroceduré was evaluated by the LTPT, PLT,,and»
BDT‘and compared to available field data invSé;tion 4.

Since very little is known about the effectiveness of ballast compaction
machines, an investigation of the factors influencing this method of ballast .
compaction was conducted. Vibrating compaction »lates placed on the crib
surface are the principal means in densifying the ballast. Thus, the
simplest approach is a simﬁlation of‘a single crib combaction plate on a
volume of béllast equivalenﬁ té that which would be éompacted in the érib
by one plate. | |

A single flat steel blate having dimensions comparable to those in the
reviewed specification sheets of ballast compactors (Ref. 2) was fabricated
and attached to-a structural cyclic load actuator. The load-displacement |

response was recorded for a loose crushed limestone ballast in small test

boxes—under—controlled loadiwg conditions. ~The effects of the following



féttors on the compaction»of ballast were investigated: | 1) magnitude of
static load, .2) magnitude of cyclic load, .3) ballast depth, 4) cycles

of loading, 5) frequency, and 6) la;eral bodndary effects. In additiom,
'BDT and PLT tests were performed on the compacted zone after the required
number of loading cycles was acbieved. These two physical s;ate tests are
A the only available methods by Which comparison can bé made to field data
and,.thus,»inferAthe reliébility of tﬁis laboratory.simulation. The results

‘of this investigation are presented in Section 5.



2. COMPACTION CONéIDERATIONS
2.1 CURRENT METHODS OF MEASUREMENT

The key elemeﬁt affecting track system response is the changes in‘the
physical state of thé.ballast material with respect to tamping, crib and
shoulder compaction, and train traffic. The changes in ballast state are
most commonly measured b;’single and panel section lateral tie pull or push
tests (LTPT). This méthod is at best only an indirect indicator of the
gallasﬁ statg, since the r;sistaﬁce is a funcﬁion of the.amount of béliast-
tie interaction.f However, this test is directly relevant iﬁ determining
the availability of lateral tié resistaﬁce to prevent.track buckling.

for the LTPT on individual ties, the épikes, tie plates and rail anchors.
are removed from the tie. .Then by using the rails as a reaction,.the load
required to move the tie a certain distance'in a direction pefpendicular
to the rails is.measured.

Panel section tests encompass the same basic testingAtechnique. In—'
stead,a short segﬁeﬁt of track consisting of several ties spiked to the rails
is ‘detached from the main track. The_rails are of equal length and usually
cut in the same crib, A yoke is attachéd to one rail at the center of the
panel section. The total ﬁorde fequired to move thé panel section.is
measured, and the rESulting displacemeﬁt of each tié is recorded. This method
is favored over thg single tie test becauée the rail-tie-ballast interaction
is believed to more closely duplicéte the actual léteral rééistance of track
to buckling.

SUNYAB has been actively involved with ballast physical state changes

obtained from single lateral tie push tests. A laborétory evaluation of



the factors affecting lateral tie resistance was conducted by Ciolizo (Ref.
3). Panucéio‘and Dorwért (Ref. 4) correlate field LTPT resultsvwith train
traffic loadiﬁg and track maintenance operations. In»the lafﬁer caée; the
tamping and drib agd shoulder compaction operations are emphasized. &

Ihe SUNYAB in-situ ballast density test (BDT) and the plate load test
(PLT) methods are believed to be direct measures of the ballast physical
state.and.presently.ﬁhe_most effecﬁive and reliable means of evaluating
the.amoﬁnt'of baiiaét;comﬁaction. Laboratory evaluations were performed
by Chen (Ref; 5) for the BDT and by ﬁayne (Ref. 6) for the PLT.l Panuccio
and Dorwart (Ref. 4) and Yoo (Ref. 7) correlate field tést results for the
PLT aﬁd BDT, respectively. |

‘The in-situ ballast density test essentially_meaéures the density of
a sméll leume of material at specific locations in-ﬁhe crib or under the
tie. .This.basic method involves-excav;ting of a hole approximately 7 in._
.(l}S mm) in diameter'andFS in. (127 mm) deep, lining with a flexible membrane;
and measuring tﬁe volume of water required to £111 the hole. The weight of
the excavated ballast material'is meésured and the density computed. THis
technique has been referred to as tﬁe water replacement method and is a
’ difec; measure of the.amount of compaction. |

| The plate.load test is performe& at the same test locations as the
density test. This test involves the static loadiné of a 5-in: (127 mm)-diameter
rigid plate and simultaneously measuring the deformation fesulting from
that loading. This method gives a relative measufe §f the ballast stiffnesé

and of the effect of compaction on.the ballast physical state.



The preceding discussion of SUNYAB's ballast paysical state tests was
presented in capéule form, however, further discussion will ensue in the
following chapter. The details of the final test apparatus and tes#tpro-
cedures for the lateral tie push test, the in-situ ballast density test,
and the plate load test are descriﬁed by Selig, et ai. (Ref. 1).

2.2 OLD TRACKBED AND MANUAL TIE TAMPING

Immediately aftér track lining apd'surfacing, i.e., raising and tamping, .
the ballast in the cribs, on the shoulders and under the ties is in the
loosest physical state that exists for field conditions. As tr;ffic passes
6ver_a section of recently surfaced track, the track structure slowly settles.
The track ﬁed ballast, as well as the surrounding crib and shoulder ballast,
densifies and obtainé.varying degrees of stiffness. In a relative sense,
the-ballast achieves its most stable condition imﬁediately before the track
is subjectéd fo another out-of-face maintenance operation.

For the ballast located directiy underneath the tie,Ai.e., the track
bed, a smooth surface is formed at the tiengllast interface. This smooth

“surface is the product of traffic loading, which causes a high degree of
ballast particle interlocking gﬁ& mechanical degradation of the ballast

" particles. Thus, if a tie was ca?efullj removed from an old track structure,
i.e.; one that has been subjécted to several million gross tons (MGT) of
traffic since its last maintenancé cycle, the ballast surface under the tie
‘would be vefy smooth and the crib ballast would be compacted to such a state
that it Qould almost remain in place. |

From the previous discussion, the ballast at a given location in the

track structure attains two distinctly different states of compaction. One

8



condition occurs with the tamping operation while another condition is achieved
with the application of several MGT of train traffic. Thé ballast under the

* tie in the track bed will undoubtably demonstrate the'greatest differences

in stiffness and densitf for the two conditions.

Preéevious laboratory inyestigations in the areas ofrtrack béd simdlation
and tie tamping are limited. Petersqn (Réf. 8)>Bui1t a simulated track bed
by.cpmpacting-a 12-in. (0.305-m)~thick layer of iﬁitially lpose‘ballastvin
two 6-in. (0.152-m) lifts,wiﬁh a vibratory ﬁlat; compactor. fhe’area undef
the tie ends, i.e., outer 34 in. (0.864 m) of the tie and 6 in. (0.152 m)
of thé shouldef extending beyond‘thevtie ends, was compacted by making 5
passes with the compactor for each lift. The ballast under the center third
of the tie was leff uncompacted. A track section coqsisting of a three tie;
raii system was piaced on the track bed and full cribé and shoﬁlder were
formed. Manual tie téﬁﬁing was performed on the track‘sectién with étan—
dard hénd tamping irons however, the tamping ﬁrocedure was pot specifically
stated. A 6.45 MGT equivalent train traffic loading was used to seat the

 track secti&n prior to performing latéral tie pull tests.

Ciolko'(Réf. 3) determined the effect on lateral tie resistance for
simulated track beds’prepéred in_léoée'and densevstateé; The bailaét depth
‘was appfoximately 12 in. (0.305.m) in botﬁ cases. ‘The loose density condition
was achieved by boﬁring ballast with a small frge‘fall height from contéine;s
into a test box. The dense state was achieved by compacting a Ballast area
10.5 ft (3.20 m) long by 2.87 f£ (0.875 m) wide with 4000 uniformly distri;

- buted blows from a pneumatic plate tamper. A tie was placed on the track

bed and, the cribs and shoulder were formed by placement of the ballast in



a loose'state. No tie tamping per se was performed prior to testing.

These two previoué laboratory invesﬁigations apparently attempted to
achieve and evéluate only relatively different ballast physical statg éon—
ditions hoth in the crib and under the tie, which were probably sufficient
for their purposes. However, to more effectively simulate field conditionms,
such as the coﬁmon tie tamping procedure ﬁerforﬁed on a highly trafficked
or compacted track bed, the laborafory samplé preparatipns must ciosely
duplicate the resulting field ballast physical-states.for proper evaluation.
It is these ijectives that this current study will'attéﬁpt to fulfill,.

Ciolko's (Ref. 3) large test béx,designed to represent a section of g
typical track stucture,was available and the same crushed limestone ballast.
was used, provides the required iaboratory apfaratus and materials. In
addition, a vibratory plate compactor was employed.as a.means to quigkly'
and effectively achieve Lhe compacfed track bed condition. Manual tie
. tamping was accomplished with the standard track tools and the recom-
mended field ﬁrocedure. ‘The BDT,_the PLT, and the LTPT, were also,availaﬁle
evaluate.ﬁhe simulated field conditions. N

2.3 CRIB COMPACTION APPARATUS

Characteriétics of Field Equipment. Ballaét compacéors (Fig. 2.1),
when used, are-the final operation ih programméd track.maintenahce afterv
lining-leveling and tamping. Generaliy, a sef of eight crib cémpaction
plates compact the ballast in the- same crib a;éa as thé tamping tools.

The center ofAthe plates both inside and outside the rails in the crib are

located 9 in. (229 mm) to 11 in. (279 mm) ffom the rail centerline. Simul-

taneously, another Ionger pair of compaction plates, with or without an

10



Tt

B B B & @ B N B & @

Figure 2.1. Typical Ballast Crib and Shoulder Compagtion Machine (Ref. 9)



attached shoulder pressure plate, compacts the Ballast at the tie end or on
the shoulder_(Fig. 2.2).

The compaction plates are initially set into vibration, hydraulicélly
lowefed onto the ballést until a predetermined static down pressure is
achievgd, vibrated for a preset application time, and then raised. The op-

" erator then positions the crib compaction plates over the next tie and the
cycle is,repeated automatically.

Each compaction plate gener;tes two components of force to the ballast.:
The first is a hydraulically applied static'load. The secohd is a cyclic
load indﬁced by the vibratory motors. Vibrating motors of the crib, shoulder;
or tie énd compaction‘plétes aré one of(two-types (Ref. 10):

1) a rotating eccentric hass.producing a constant generatgd dynamic
force at a given frequenéy, or

| 2) an eccentric shaft producing a constant amplitude of oscillation.

An adequate comparison of the two methods is pfobibited, sinée reliable
field measurements of the relative‘degree of ballast compaction are not
available. }

The avéilable manufacturer's specifications on ballast crib and shoulder
éompaction equipment are‘sﬁown in Table 2.1. 1Included are characteristics
of thé‘comﬁacting plates, such as type, shape, and size, range of application
or cycle time, frequency’of vibration, as well as the rated static and
dynamic forces. Major differences in equipmeht occur with the type and out-
puts of the vibratory motors. The réliability of the fated dynamié force

is questionable, since this value depends upon the physical state of the

ballastand—the-subsequent—interaction-with—the—compacting—platess
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Figure 2.2. Schematic Diagram of the Location and Size of Ballast
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Table 2.1. Characteristics of Ballast Crib and Shoulder

Compaction Equipment

Crib Compaction Plates

i Model Application Frequency Rated Force (1b)
Reference Manufacturer Jumber Time (Sec.) f(Hz ) Size Static Dvnamic
Plasser Variable 2
Theurer
11 Plasser- Variable
: American VDMBOOR 1-20 35-38 ~6 im. — _—
Used 3 "% 12 in.
12 Plasser VDM800 VariableT 38.5% 9.8 in. _— -—
' x 8.5 in.
Plasser’ .
13 and CPM80QQR Variablet 38.5 <10 in. — _—
Theurer ‘Length
14 Plasser-~ CPM80JR Variablet 38.5 14 in. x — -
American 8-7/8 in.
15 Plassger- CPM3Q0 Variablet . 38.8 14.5 in. 1250 1600
American 3 and 5 Used ® 5.5 in.
Plasser Mainliner
10 and Universal Variablet 38.5 10 in.t — -
Theurer 06-16CTM Length
Plasser :
13 and 903 swW Used 3 s B - _— -
Theurer,.
Windho££ '
. — 203+
Wind f BV 102 Variablet 438 10.25 in. 2203
10 & 12 Jindhoff Tod 4 o 8 < 9.4 in.
BV 1028 Variabletr 43 " + - 2203
3v 103 Variablet 48 " b - 2203+
FD 4 Variable 48 - - 1542~
. 2 - 20 3745
15 Tamper csC Variable - - - -
L T ¢sC 1-93 <33.3 312 inm.
1z amper S Used 34 < 7-1/2 in. -—= _
16 Macisa D-912 Variable 30 - - - 0~3500
9 - 10
D-912R, Variablet - 50T ) - - 2-5300t
D-9 0 -10
17 i - 3 - 20 46.7 3 in. - 2200-
17 Macisa < 10 in. 3750
17 Penn Cencral Variablet - - - -
w/Jackson Vib= -
rators . » A= 2 a%e 5900
> ! - o—=2a0 (o)™ =ik =712
17 Jackson 12 in.
= Assumed
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Table 2.1. Characteristics of Ballast Crib and Shoulder

- Reference

9

1.

12

14

15

10

13

i0 & 12

16

11

16

17

17

Compaction Equipment (continued)

Tie End or Shoulder Compaction Plates

Model Frequency

Number £(Hz.)
VDM800U 15

35

VDMBOOR - 35-38
VDM800 35t
CPMS80OR 35+_
CPM8OOR 3st
- CPM800 24.5
Mainliner ~ 35t
.Universal

06-16 CTM

903 SW -
BV102 " 48
BV102S 48
3vi03 48
D4l -
CsC -—
CsC ¥53.3
D-912 30
D-912R, 50+
D=3
Macisa . 46.7

Penn Central .72
w/Jackson Yip-
racors

Jackson 60-73

Size

52.8 in.
x 9.8 in.

51.2 in.
x 7.9 in.

T g fr

. in.
length

57.1 in.
x 7.9 in.

18 in.
x 13 in.

24 in.
x 36.5 in.

Rated Force (1b)

Shape Static Dynamic
Flat 2203 2623
Flat 2203 _ 1729
Flat -— -
Flat el -
Flat bl -
Flat - -
Flat 1500 1700
Flat - -
Flac - 2203+
Flat - . 2203+
Flac - 2203%
Flac_ - -

"Flac - ' | 0-6600
Flac+ - 0-6600+
Flat - 3300-5300

* Tie End Acts on a Horizontal 3houlder Seccion, Shoulder Acts on che 3loped Shoulder Section

* Assumed
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The manufacturer's literature on ballast compactors suggestea tne fol-

lowing méjor advantages for uée of this machine in conjunction with normal
track maintenance operations:

1. 1Increase in the lifetime of cross ievel, line, and sﬁrface, and
ghus,maintenance intervals. o

2. Reduction in the number of loose ;ies; whichxape a'causevof track
deterioration, ipéreased rail end wear, and increased'rail,failureg; -

3. Reduction in the number of_élow orders after c0mpaction.compared t6
after tamping only.

4. Compaction plates deliver uniform force to the ballast; therefore,
unifofm compaction, frack resistance, and settlement.

5. ﬁnder thé tie, compaction increases vertical tragk stiffness and
provides a uniform béaring surfacé.(pressuré &istribution)_which is less
likely to deteriorate than éfter tamping alone.

6. Increase in lateral and longitudinal traék resistance and track
stability, both immediately and long term.

7. Vibrafiﬁg'frequency is equal to frequency of ballast, thus obtaining
optimum compacfion, i.e., increase in ballast density.

vHowever, Powell (Ref. 18) reports that cfib and shoulder compactién“
is effective in increasing the lateral resistance after tamping, only if
a suffiéient amount 6f ballast.is present in ghe crib, i.e., a fuil crib.
Some of the other listed items also are questibnable.  -

.The benefits listed indicate that track structure will respond more

favorably for the short and long term conditions with the use of crib and
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shoulder compactibn following tamping than wifh tamping only. These~findings
ére primarily supported by European sﬁudies, which from aﬁailable published
literature apparently lack sufficient quantities of reliable experimental
data. Also,lthe implication that the same benefits would be derived on
American railroadsGis misleading, since existing axle loads, tréck structures
and track maintenance praqti;es aré diétinctly differeﬁt from those in Europe.

Laboratory Representation.  In the summary of available manufacturers'

literatufe on ballast compacﬁion madhines in Table.Z.l, emphasis was con;
centrated upon the charaéteristic features of the compaction plate equipment.
The compiled data indicated the range of variaﬁles to be considered in
designing the léboratory simulation of a single crib qséill;ting plate.

Thé first factors to be determined for ;he crib plafe wére represep—
,tativg c:oss;sectional dimensions and ballast surface contact shape; The
plate shapes illustrated iﬁ Table 2.1 are composed éf thé thfee foilowing
typés: 1) a V-shape with a large or small apex ang;e located either in
ﬁhé center or Offse; from the center of ghe plate, 2) a flat plate with
flared ends, and 3) a spherical shape with a large or small radiué of cur-
vature.  Experimental data regarding the effectiveness of'plate shapé on
'the compaétion of ballast are nonexistent. Thérefore, the cényentiona}v
flat crib plate was selected for this study. |

 Since the crib plate shape was determined, the phyéical diﬁensions of
the plate were taken into consideration next. From Table 2.1, the plate
lengths varied from 10 to 14.5 in. (0.254.to 0.369 m), and the plate widths
varigd from 5.5 to 9.4.in. (140 mm to 239 mm). The plate areas ranged from

80 to 115 in.‘2 (0.052 m? to 0.074 mz).‘ However, the plate widths and areas
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are assumed to be cross-sectional features of the plate and probablyvsmaller
than ﬁhe actual widths and areés which come iﬁto contact with the crib bal-
last. An evaluation of all available data produced a reasonable estimate
of equivalent flat crib plate contact area to be 116 in.2“(0.075 mz). This
value is‘close to the single crib_compactidn plate area of a Plasser and
Theurer VDM 800 U. For this plate area, reasoﬁable estimates of the plate
length ana W#dth for use in this study were 14.5 in; (0.368 m) and 8 ih.‘
(0n203 m); respectively. These dimensions were also Qery close to those
measure& on the FRA ballast comﬁadtor at the FAST site in PueBlo, Colorado.
-That machine was a Plasser-American CPM-SOOQR with plate dimensions of 14
in. (0.356 m) by 8-7/8 in. (0.225 m )([Ref. 14].

The next factors taken into consideration were the magnitudes of the
applied static and cyclic loads per crib compactibn plate. The reported
values from Table 2.1 were‘275 to 1729 1b (1224 to 7694N) for static load
and 1101 to 6900 1b (4899 to 30,705 N) for single ampiitude cyclic load.
However; an uncertainty exists as to the methods used to obtain these rated
ioad values. Thus, the effect of these variables on the compacﬁion of bal-
last must be thoroughly examined; The Plasser and Theurer VDM 800 U does
appear to have reasonable valﬁes of static load,_i.e., 1729 1b (7694 N),
and cyclic load,‘i.e., llOi 1b (4899 N), when the weight of the machine is
considered. | |

The final characteristics to be considerea for the crib plate are the
frequencj and application time for the cyclic load. Operating frequenéies

of 38.5 to 75 Hz and application times of 3 to 5 seconds are common. For

these conditions, the range of an equivalent number of loading cycles would
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'be‘from 116 to 375. Since the structufal load actuator used in this study
is capable of applying cyclic loadg at low frequencies oﬁly, i.e., less than
2.Hz, field frequéncies and application tiﬁes will be simulated for an equiv-
alent number of loading cycles, rather than frequency'and time. For this
study, 300 cycles was.considered a realistic estimate. The assumption“was
a1%o made thaf thé cyclic load could reasonably be represented by a sine
wave loading function. | | |
. Given.the size ofAthéAérib compaction plate, the.eQuivalent volume df*
ballast material affected by the crib plate must be determined. Thi; con-
dition is'illustrate& in Fig. 2.3 for a 22;iﬁ. (0.559~m) fieAspgcing and.a.
fuil ballast crib. Both the latefal boundaries and depths for in the crib
énd under thg tie ha&e been assuﬁed to be represent;tivé of field conditions.
The béllast depth under the'base.of the tie was assumed equal to ; depth - |
‘which Wouid be diéturbed.by inseftion of the tamping tools. Thﬁs, a Iikely.
choice for a ballast depth is 12 in. (0.305 m). Since the-effective dep;h
over which the compaction plate acts is not known, several tests will be
performed with ballast depth as a variable. |

‘The crib plate definitely affects the ballast within the crib zone and
somewhgt underneath-the’tie. Based on a 5-£n. (0:13—m) dePth ﬁndér the ﬁie;'
én‘equiVaient surfaée area was obtaine& by pfoportioning the volumes of |
material within the crib zone and under the tie. The computed surface area 
was approximétel& 362 and 410 in.2 (0.234 and 0.264-m2) for.ﬁie spacings.of
20 and 22 in. (0.508 and 0.559 m),.respectively. Thus, a test chamber,
which is 20 in. (0.508 m) square and 12 in. (0.305 m) deep, was considered

representative of an equivalent volume of ballast affected by a single crib
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compaction plate. Since the 20-in. by 20—ig. (0.508-m) box would have
~ relatively rigid sides, testing in a largér box will be considered in order
to idenfify the differences in lateral béﬁndary conditions.r

The ballast matefial selected for this séudy is a uniformly-graded,
crushed liméstqpe. This appears to be a common material used for railroad
ballast on U.S. track. Alsd, gincé the tamping tools leave the crib bal-
last near the rails in a loose:staﬁe, test séecimens will be prepared ini-
tially at a loose deﬁsity. |

Each of the previously mentioned factors will have an éffec; on the
amount of compaction thelballast material has achieved with the crib com~

paction plate. In order to identify the changes in physical state, the

plate ioad and in-situ ballast density tests will be utilized.
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3. INVESTIGATION OF SIMULATED TRACKBED

3.1 APPARATUS AND PROCEDURES

| Test Box. A schematic diagram of the large test box used is the same
as that reported by Ciolko (Ref. 3) and is shown in Fig. 3.1. The box is
‘constructed of 3/4 in. (19.1 mm) and 1/2 in. (12.7 ,mm) plywood and is rein-
forced by 2 in. by 2 in. (50.8 by 50.8 mm) steel angle iron. Two steel A-
frames are attached to each side of.the test box and are located in such a
positién that blacement Af the two é ft (1.83 m)-long 132 RE.rails will

set the rails into proper track gage.

Ballast Materials Tested. The. ballast material selected for testing
was the same crushed limestone use& by Ciolko (Ref. 3). The limestone,
obtained from local quarries, was classified in the USCS syétem as GP, by
AASHTO as Al,and by AREA as No. 4. The gradation curve is shown in Fig. |
3.2, alpng with AREA sfecification limits on the No. 4 stone. Thé particle
shape was angular with a specific gravity of 2.7 and absorption of 0.4%.

Sample Preparation Technique. In this study, the ballast was first

prepared for the simulated track bed test series. The resulting ballaét-
physical state would provide a suitable track bed condition for the ensuing
ballast preparation techniques used in the manual tieAtamping'series.in
Chapter IV. 'However, the sample preparation techniques for the two test
series will be discussed éeparately.

Ballast was shovel;ed into the test béx for a full 12-in. (305-mm)
depth leaving it in a loose condition. The initial ballast physical state

and its variability along the entire track bed was expected to primarily

affect the initial rate of change of the physical state properties with the

22



£C

PLYWOOD SIDES AND BOTTOM | RAIL . TIE LOCATION

A _ IE_‘! /
Jf\ nt %ﬁﬁ;;b = 1} . 1l
=== T T T e [~ T T
[] 1 3405
S | | S I
11 = . L.:;::Wh:*; 374 — | “LI———
TOP. VIEW.

1 - 128"

STEEL CHANNEL WOOD BRACE
RA,IL*.SQ?P.QI_*T\
Ly S ANGLE IRON
1
|
J

187" ' i

SIDE VIEW

Figure 3.1. Schematic Diagram of Large Test Box (Ref. 1)



e

PER CENT FINER BY WEIGHT

U.S. STANDARD SIEVE OPENING IN INCHES

U.5. STANDARD S!EVE NUMBERS

PER CENT COARSER BY WEIGHT

Figure 3.2. Gradation Curve for Crushed Limestone Ballast

A HYDROMETER
100 6 4 3 1% 1 % % % 3 4 6 8101418 20 29 40 50 70 100 140 200
T I} ’ T TTTTYT 1T 0 T T 7T 1 o
7\
A
%0 \! 10
v
A |
80 L L L ! 20
e t—— CRUSHED LIMESTONE | :
] [
i
70 30
{
L}
40 T 40
I
I ..
30 0
40 60
[
10 = - 70
i  AREA LIMITS FOR NO. 4 STONE
2 AT ’ 80
VN A
VY F
10 i 90
L 1 [N
?oo 100 5!:) 10 0.5 0.! 0.03 00l 0.003 03’
l GRAIN S1Z8 MILLIAETERS ) ) ' ) 0.001 ..
GRAVEL 1 SAND
[ cosstes TR ST romi ] TCTT — ST O CLAY J




fn

amount of applied cbmpaction effort, but not the finai "stabilized" con-
dition achieved after large amounts of compaction. Prior to compaction,
rubber mats were placed on top of the ballast over ;hé entire track bed.
These rubber mats served: to prevent the ballast particles from "bouncing"
out of the Bed during vibratory compaction, and to preVent particle degrad-
ation. The simulated trégk bed was then created with 1000 passes from the

vibratory plate‘compactor over the entire length of the test box.

Vibratory Plate Compactor. The mechanical’cdmpactor used t§ prepare

the simulated track bed is a portable vibratory plate compactor, model S-50,

- manufactured by Stone3thstruction Equipment, Inc. (Ref. 19). The steel

base plate dimensions are 3/8 in. (9.53 mm) thick by 24 in. (0.61 m) in.
width and 21 in. (0.53 m) in length. At operating‘speediwith the clutch

engaged, the engine rotates an eccentric shaft which causes the base plate

_to vibrate. The rotation propels the machine forward, as well as imparting

a compaction force to the ballast. The manufacturers' specifications
(Ref. 19) rate the operating frequency at 83.3 Hz and the generated dynamic

force at 5000 1b (22.3 KN).

Test Procedures and Program. After the ballast was initially prepared

- in a loose density state by the previously described technique, the Vibratory'

plate compactor was used to éompact the ballast. At certain intervals during

the compaction process, ballast density tests and plate'load tests were

performed in ordér td monitor ;he changes in physical state of the ballaét.
‘The individual locatioqs of these tests Qere selected such that fhe

following requiremeﬁts were fﬁlfilled:  1) all tests were pérformed in the

center zone of the compacted track bed, 2) at a given number of passes, the
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BDT's and PLT's were spaced at sufficient distances apart so as not to inter-
fere with an adjacent test, and 3) after thé completion of next successive
series of compactor passes, BDT's and PLT's were perfbrmed at 1océtions which
would not have been influenced by previous testing. The plaster of paris
used for the PLT and BDT was femoved from thﬁ track bed at the éomplétion
of a test, and the resulting void was fille& with fresh'ballast{

The BDT apparatﬁs‘(Fig: 3.3) cdnsisted of a 7.5 in. (191 mm) inside |
diameter surface ring 6 iﬁ. (152 ﬁm) high‘with top and bottom plates, a
thin fle#ible rubber membréne, and a miérometer point gage. The circumfer-
ence of the‘test héie is initially séabilized with a p1aster of paris mix-
ture to prevent the ballast particles from caving into the hole dﬁring exca-
vation. A water volume measuéing device (not shown) is used in conjunction
with the point gage to measurelthe vol;me of ‘'water required to replace-thg
volume of excavated b;llast material. The head of water wiﬁhin the surface
‘ring is sufficient to ponformlthe membrane to the ballast surface in the
sampling hole both before and after excavation. The ballast density is
qalcuiaﬁed by dividing the weight of the excavated ballast by the volume of
the hole.b |

, The primary components of the PLT logding systey (Fig. 3.4) were a :

' 20—toﬁ (178 kN) capacity hydréulic load jack connected té a hand ﬁump and
~an electronic load trénsducer. The latter wés a four-arm bridge strain
gage type load ceil havihg a 10-ton (89;kBQ capacity. The load cell is
rigidly fixed anc coaxially aligned with the moving head of the.hydraulic

load jack, and thus both provide direct measures of the apnlied load. The

load cell output signal was connected to an Z-Y recoruer.
The deformation system is comprised . of a direct current displacement
transducer (DCDT) and a dial indicator which are also in coaxial arrangement.
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The DCDT is powered by a 6 volt battery and is also connected to the X-Y
recorder. The deformation system is mounted on a modified camera tripod
equipped with a displacement lever arm. The lever arm is inserted into a

slot in the deformation reference block, which is seéted on the 5-in. (127-

mm) diamezter 1l-in. (25.4-mm) thick steel bearing plate. The bearing plate
. s _ ‘ i v

is initially set in a.level‘position on ahthin layer of plaster of pgris.

. The hydraulié hand pump‘wasAused to displape'the-load jéék piston and
subsequently tﬁe.piate such thatrthe rafe of deformation was about 0.25 in.
(6.4 mm) per minute until a deformétidﬂ of 0.3 in. (7.6 mm) was reached.

At this point, the jack pressure was ﬁhen releasgd to unload the plate.
This loading process was repeated a maximum of five times in the same man-.
‘neftexgeptAthat the tesf was stopped at the peak load achieved during the

_ first loading cycle rather than éf‘O;B-in. (7.6 mﬁ) deformatiah.

?rom the recorded resuits for each piate test, the parameter Ballas;'
Bearing Index (BBI) was determined. ' The BBI is equal to the plate load at
0.1, 0.2 or 0.3 in. (2.5, 5.1 or 7.6 mm) displacement divided by the plate
area; |
3.2 TEST RESﬁLTS

At»each test interval during-ﬁhe compaction of the tratk bed,'i;e.,>
after 2 pasées, 5 passes, etc., a minimum of two plate léad tests and oﬁe
in-situ ballast density test were performed. Tﬁese'éhysical staﬁe tests
Wduld determine the number of passes required to achie;e an old track bed-

cdndition using the vibratory plate compactor..

In-Situ Ballast Density Tests. Generally, the ballast density increased

.as the number of passes with the vibratory plate compactor increased
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(Fig. 3.5). An apparently '"stable" density condition is quickly produced
with 25 to 50 passes. The density vélue achieved was approximately 110
pef .(1.76 Mg/m3). After 50 passes, there was only a slight increase in
density with additional passes from the compactor. This ié particularly
evident by noting that the final average ballast density at 1000 passes
was 111 pcf (1.78 Mg/m3).‘

There existed a large differeqce.in'the initial density values at. zero’
passes (Fig.” 3.5). This-can quite possibly be attributed to the’sample ﬁre—
paration teéhniqué, which may have pfoduced a non—uniformvdensity distri-
bution along the:length of the tr;ck bed. This technique could have also
been responsible for some of the scatter in the density measurements with
thé'higher number of compactor passes. The data scatter might also be in-
fluenced slightly by any nonuniformity!of ‘the coﬁbacfion’bfécedure and the
associated baliast density test sampling locatioﬁs. Howefer, for tﬁe'du-_
plicate density tests performed at 50 and 200 passes, reasonably reproducible

density measurements were obtained.

‘Plate Load Test. The BBI values ob;ained from plate ioéd tests at
each given number of passes were a&eragedatyo.l, 0.2 and 0.3 in. (2.5,
5.1 and 7.6 mm) deformation. These ayeragévvalueé weré plotted agginsf the
number of passés in.Fig. 3.6. Examination of Fig. 3.6 reveals thatAthe
ballast stiffness éontinued‘to increase with the number of compactbr passes
until 500 passes was reachea. At tﬁis point, the BBI values essentially
stabilized at the three defofmation levels.

The maximum average BBI value at 0.1 in. (2.5 mm) deformation was approx-

imately 192 psi (634 kN/mz), while at 0.2 in. (5.1 mm) this value was
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279>psi (1922 kN/mz). The curve for 0.3 in. (7.6 mm) deformation was reason-
'abiy extrapolated after 200 passes because there are no test values to sub-
stantiate the curve. As the number of passeé increased, the Plate load
resistance increased sﬁch that the test could no longef_be carried out to
0.3 %?. (7.6 mm) defo;matiop.without causing some damage to the large test
box. | s
Uniike thé ballast deqsiﬁy test results, the plate 1oadvte$t reéults

formed well defiﬁed‘trends~ﬁitﬁ number of compactor‘passéé‘and diSplayed.
reproducible test measurements.--Once the BBI values stabilized,.however,
the scatter of the test.results increased s;ightly.- The reasons for this
data scatter may, in part, Ee similar to those describedvfor the in—situ

ballast density test.

Correlation of PLT and BDT Results. ‘For each given number of compactqf

pasées, thelaverage BBI values‘and-the'average'ballast density méasurements
are plotted in Fig. 3.7. The resulting curves at 0.1 and 0.2 in. (2.5 and
5.1 mm) deformation produced a La;ge écatier of data points but the general
trends still appear. Iﬁitially, as the ballast density increased, then so
did_the BBI Values; Hoyever, as the numbef of passes with pléte compéctof
.increase'Beyond apﬁroximately 25ipassés;_thelballast density leveled off
.very quickly (see Fig. 3.5). »The BBI valueé did nbt leQel off until approx-~
imately 500 passes had been completed (Fig; 3.6).° Iﬁ other Qords, the BBi
continued tb increase with very iittle change in demnsity. It is éossible,
therefore, to have two v;stly different stiffness ﬁoduli values for the
same density value. This‘fact suggests that plate load tests may be a

' better indicator of the physical state of the ballast.
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As indicated by Panuccio and Dorwart (Ref. 4), the plate load test is
vefy sensitive to changes in the ballast pﬁysical state. Howgver, the dif-
ferénées.in the plate resistance and density trends with number of compactor
passes may Be accountable foryother reasoné. The BDT primarily samﬁles the
top 4 to 5 in. (0.10~to_0.13'm) of the ballast 1ayer, whereas, the PLT
effectively measurés the ballast resistance to depths of 10 to 12 in.

(0.25 t;0.31 ﬁ)f With a few paSses:ffdm tﬁe Vibratqry piaﬁé compéctor; the
ballast surfgce may quiékiy‘échie§e'a éompacted state whiie”the underiying
ballast.may still remain in a relatively loose state as combared to the sur-
face. .The‘PLT and BDT would thus measﬁre téﬁ slightly different ballast
physical state conditions. Additional passes from the compactor would sub-
sequengiy produce higher degrees of compaction beldw the surf;ce baliast.-
These Qhangés Would'be more adedua;ely reflected in the plate resistance
'measurementé rather Ehan iﬁ the béllast density.

3.3 COMPARISON WITH FIEtD DATA
| The plate load test and in-situ ballast density test results obtained
from the simulatéd ¢rushed limgstone track bed are compared only to SUNYAB
field data obtained with these de?ices. These field physical state test
results aré.morevthorpughiy examinéd and compared with other‘avaiiable fiéld
dataleiséwhere.(Refs. 4 and }).

The field gest sites were at both the Illinois Central Guif Railroad
.(ICG) and at the Facility for Accelerated Service'Testing (FAST). The
ballast at ICG was a mixture of cleaned and screenedvinfsitu>limestone énd
steel slag. .The ballast ph&siqal,state.tests were conducted at a traffic

condition estimated at 5 MGT after the most recent tamping operation. At
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FAST, these tests were coﬁducted after_135 MGT of traffic on a crushed
 limestone bdllast. The ballast gradations are simiiar in all cases.

The comparable field test location for the simulated track bed is in.
the center of the track and uhdér the tie. For the plate load tests, the ,
average BBI value at.O.Z-in. (5.1-mm) deformation was 107vbsi (737 kN/m3)
‘at ICG and 307 psi (2115 kN/m?) at FAST. The simulated track bed at 1000
cpmpacfor #asses pfodgced é.value of 279 psi (l922IkN/m3) which'is in faifiy
.good agreément with thé'FASTvdata.> . |

The in-situ ballast_density testlresults at FAST yielded an average -
density of 109.7 pcf (1.76 Mg/mB). At ICG, the corresp&nding average was
101.2 pef (1.62 Mg/m3), which is a valué based upoh an equivalent limestone
‘density; An average density of 111.0 pcf (1.78 Mg/m3) was obtained'after
1000 passeé from the simﬁlated track bed, yhich again'demonstrates-good
agreement wiih the FAST data. |

In general, these comparisons indicate that a representative track bed
was Successfully constructed in the laboratory with the sample preparation

~ techniques used.
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4. INVESTIGATION OF MANUAL TIE TAMPING -

4.1 APPARATUS AND PROCEDURES

Test. Box. In addition to the features described in Section 3.1, the
test box (Fig. 3.1) was designed such that the actual field track>structure
w%§ also élosely duplicatéd. The tie tested was 9 in. (229 mm) wide by 7
in. (178 mm) deep by 102 in. (2.59 m) long and weighed 208 1b (926 NJ. The
depth.of thé box is 19 in. (483 mm) which alldwé for the tie to be ﬁsed on
top of é lé—ini (BCS-mm)rla&er of,ballast;'“Thisidepth of.bailast bénéath
the tie;which was used for the simulated track bed, is a standard uéed by
the railroad industry. Thevwidth‘of the test,box'is 35 in. (0.89 m). When
the tie is placed in the center of the bok; two 13-in. (0.330-m)-wide cribs
are present on each side of the tie. This dimension yields an eqﬁivaleqt‘
tie spacing‘ofAZZ in. (0.56-m); which also is a standafd emplqyed by ;evérgl,
 differént réilrbads.‘ The test»ng”is long enough, i.e., 186 in. (4.73 m),
to accommodate the testing of 12 in. (305 mm) or less flat shéulder width

and variable shoulder slopes.‘ In this study, the width was 12 in. (305,mm)

and the slope was 3 hnorizontal to 1 vertical.

- Tamping Equipment.' The ménual.tie tamping was performed using two
standard hand fools that.are commonly used in railfoad tréckwork;* One of
thesé tools is a ballaét fork, which is use& for tié tampiﬁg and sﬁovélling
. or “forkiﬁg” bailast. The baliast fork is similar‘to a combined short handlg
shovel and farmer's pitchfork; The end of thé ballast fork primarily con-
sists of a series of ?en'pgrallel metal prongs. One advantége of using a
ballast fork instead of a shovel to move ballast is that the fork enabies
, fhe user to sift the fine grained materials out of the ballast.
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The other hand tool used in the tie tamping test series is a lining
bar. A lining bar is a round steel rod which is blunt on one end and wedge-
shaped or pointed on the other. This bar serves an almost unlimited number

of functions in everyday railroad trackwork.

Samp%e Preparation.-'Once the simulated track‘bed was prepared after
1000 passes from the vibratory plate compactor, the track section was ready “ v
for the tamping operation. The tie was‘positidﬁéd in-thé centefvof the-
test box such that both cribé were of equal width. Thé cribs were:filled
and shouider section forﬁed by‘shoveling the crushed limestone ballast

(Fig. 2.2):into place in a rélatively loose density state. Most of the
particles in the crib that extended appreciable distances #bove the top

of the tie were removed by running the ballast fork over the tie surface. L >
. The rails were set into éosition; tﬁus leaving.a sﬁaée be;ween the rails and
the tie.- |

In order to tamp the ballast underneéth the tie, the tie first had to

be raised. This was accomplished by shoving the pointed end of the lining

bar at approximately a 45° angle to the horizéntal into the shoulder bal-

last and under the ;ie end. A spacer, having a thickness equivalent to a
staﬁdard tie ﬁlate; was.iﬁsertéd between the rgil and the tie,‘ By'ﬁtilizing
" the shoulder ballast as a fulcrum, a sufficient downwardrforce was applied
to the free énd of thé lining bar to move the tie and spacer upwérd until
coﬁtact was securely ﬁade with the rail base. This process subsequently
created a void under the tie. Using the ballést fork, the crib ballast 4

outside the rail was cleared from the edge of the tie until this void was

visible. Ballast was then shoved, with the fork, from the crib into the ol
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void until the void was packed as tightly as possible. This processvwas
repeated in the opposing crib outside of the rail and on both sides of

ﬁhe tie just inside the rail. The lining bar was withdrawn from the shoulder
ballast and the tie remained in placéw The spacer was then removed. This
tamping sequence was also performed at the other end of the tie’for the

same four locations. Additional ballast was used to,r;form the cribs and
shouiders. Thus, tamping.was-performé& at a total of eight-locétions under
.the tie,'Fhe'samé eigﬂﬁ locdtions that;are tamped méchanicallyhﬁy a téméiﬁg
maéhine.

Test Procedure and Program. The changes in the physical state of the

ballast for the manual'tie tamping test series were evaluated by the ballast
denéity test (BDT), the plate load test (?LT), and the lateral tié pushvteét
(LTPT). The BDT gnd the PLT apparatus were previously described in Section
3. o

The lateral tie push test apparatus is schematically illustrated in
Fig. 4.1.. The load and displacement measuring instrumenta;ioh are the same
as those usedvfor the plate load tests. Thé LTPT épparafus also utilizes
the PLT structural load frame which; when claﬁped to tHe rails, provides thg
'appropriate load.reaction from the track.stfucturél Thé load frame is mod-
ified for tie push testingvby rigidly éffixing the L—frame attachment to |
the end of the load frame. The léad assembly is mounted within fhe L-frame
attachment in a hérizontal position suéh that the load system.is éoaxiall&
aligﬁed with the center line of the tie (Fig. 4.1). Inrorder to insure gopd
seating and uniform load distribution at the tie end, a serrated seatingi

plate assembly is attached to the end of the load cell. This LTPT apparatus
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provides the closest direct measurement of the ballast resisting forces
acting upon a laterally displaced tie.

Theatie displacement is measured by the DCDT and dial indicator con-
nected in coaxial alignment and mounted horizontally on the deformation sup-
port frame. This frame is rigidly clamped to the same end of the tie that
the load g&stem acts upon. The end of the DCDT's moveable core ;s spring
~ loaded against thé,reference;plate of the displacement’feference'stand.

The tribod—;ype reférenée étand is securely seated én the ballast éhoulder
and provides a reference datum point for the tie displacement measurements.

Using the hydraulic hand pump, load was applied to the tie end at a
deformation rate of 0.25 in./min (6.35 mm/ﬁin) until a maximum displacement
of 0.25 in.-(6.35 mm) was reached. At this point, the maximum load and
displacement were simultaneously recorded, and the jack pressure was‘released,
which thus relieved the load on the tie. The permanent displacemenf was
then recorded. The test procedurg was then repeated for a second cycle.

The techniques used in the LTPI data reduction are very similar to those
that are used for plate load test data reduction. For both cycles of the
- load-displacement plots, the cqrresponding loads or lateral tie reéistance
vélue af 0.039 (1), 0.079 (2), 0.157 (&) énd 0.25 in; (6.35 mm) displace-~
ment levéls wére obtained. The initial static load (ISL) was determined
by defining the load point where tie displécement began to occur. Also

computed was the elastic recovery (E ) of the tie, which is defined as
: : T

A, — A ) .
E =2 % x 100z, (4-1)
r

P

in which Ap and Ar = peak and rebound displacements, respectively.
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The test program for the manual tie tamping series is listed in Table
4.1. The effects on lateral tie resistance of the féllowing factors wére
investigated: 1) different tie weights, 2) varying crib ballast depthé with
né shoulder, 3) overfilled cribs with no shoulder, and 4) height of and
procedure used for theAtamping raise. Several duplicate tests were incor-
porated into the test p:ograﬁ for checks on reproducibility of results.

For each~individual test series within the test program; the.simuiated
track bed remained compactea until the tie tamping operation Qas performed.v
After completing all testing on the tamped tie, the crib and shoulder ballast
was excévated, and the tie was removed. Abproximately 2 to 3 in. (51 to 76
mm) of the remaining loose surface ballast was also removed such that the
original track bed was exposed. In order to "smooth" out the surface of
the simulated track bed which~had been somewhat disturbed as a result of
tampiﬁg operations, the rubber mats were placed over the ballast and the
vibratory plate compactor with the added steel basé plate was run over the
track bed fof 50 passes. The procedure for tie and ballast placement con-
ditions was_then repeated for the next tampingAtest series.

4.2 TEST RESULTS

Tyoical'LTPT Load-Displacement Curves.. Several of the lateral tie push
tést>(LTPT) loéd-displacemeﬁt curves on individual ties are shown in Fig.
4. 2. Eacﬁ curve is labeled with the appropriate test identification num-
ber; the ballast conditions that existed during testing, and the number of
the applied loading cycles. These load-displacement curves are representative

test results for most of the factors that were investigated.
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Table 4.1. Test Program for Manual Tie Tamping in Crushed

Limestone Ballast

: Total
LTPT Height
Series Density . Test Factorst of Other Tests#
No. State - No. Investigated Raise(in.)Density Plate Load
1 Compacted Base, 1 Yo Crib, 0 - -—
Loose Crib & No Shoulder
Shoulder
I . . 2 No Crib, Q - -
No Shoulder
I ’ 3 No Crib, 0 - -
No ‘Shoulder,
Wt. on Tie
=191 1b
1 ' 4  ¥o Crib, No 0o . - -
Shoulder, Wt.
on Tie=191 1b
I 5 No Crib, No o] o -—
’ Shoulder, Wt.
on Tie=402 1b.
I 6 1/2 Full Crib, 0 -— -—
No Shoulder
I ’ i 7 Full Crib, Q Before -
No Shoulder LTPT
I-7: -1
I 3 Full Crib, 9 -— —
Full 12 in.
Shoulder
I 9 Full Crib, 0 - =
A No Shoulder,
Crib Load
= 253 1b
1 . 10 Full Crib, 0 - -
Yo Shoulder,
Crib Load
= 500 1b
I ' 11 Full Crib, . 9 - -
No Shoulder,
Load Removed
L 12. Tull Crib, [} - -
No 3houlder,
Loosened Crib
T 13 Full Crib, 2 After After LTPT I-13:
Tull Shonlder, LTPT I-1, I-2,
After. Tamping I-13: -3, I-4.
I-2, I-5,.I-4%
I-3
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Table 4.1, Test Program for Manual Tie Tamping in Crushed

Limestone Ballast (continued)

» Total
LTPT ' Height
Series Density Test Factors+ of Other Tests#
No. _State No. Investigated Raise (in) Density Platé Load
IT Compacted Base 1 No Crib, -0 - -
Loose Crib & No Shoulder
- Shoulder
I , 2 Full Crib, -~ 0 Before Befoie LTPT
No Shoulder LTPT ITI-3: II-1
. - 11-3%:
‘ II-1
II ' 3 Full Crib, 3 ' After  After LTPT
Full Shoulder, LTPT I1-3: 1I-2,
After Tamping IT-3:: I1-3, I1-4
11-2, 11-5, 1I-6,
II-3 IT-7
I1I "~ Compacted Base 1 Full Crib, : Before Before LTPT
Loose Crib & Full Shoulder 0 LTPT ITI-1: ITI-1
Shoulder ITI=+1: -
III-1
ITI 2 Full Crib, 0.5 -— -
Full Shoulder,
After Tamming
III , 3 Full Crib, 0.5% . . -
: : Full Shoulder,
- After Tamping
I1I o ' 4 Full Crib, - 0.5% - . -—
: Full Shoulder,
After Tamping
I1I 5 Full Crib, - =~ 0.5% -— -

. Full Shoulder,
- After Tamping

T All LTPT had 2 Cycles of Load

# Performed on_ ( Conditions Established for the Giwven LTPT Test No. But— meedlatei¥————————
Before or After That LTPT is Run.

+ After Tamping and Before Filling Crib

In Addition to Preceding Raise
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In general, the shapes of most LTPT load-displacement curves are fairly
uniform although differing in the magnitudes of load. 1Initially, the rate
of change of applied load with tie displacement is very large. Howe&er, as
tie displacement continually increases, the slope of the curve decreases
until the load is nearly conetant. This response is typical and is con-
firmed from previous studies (Refs. 2, 3, and 4).

,AS one might expect'from the curves in Fig. 4.2, the'condition that
offered the.least leteral'tie resistance was. (Test Né. I-2) for a tie
resting on a compacted tfack bed with.nq crib or shoulde? ballast. If the
tie #eight for the previous condition is nearly doubled (Test No.. I-3),
lateral tie‘resistance demonstrates a marked increase>at all displacement
levels. However, more important. than increase tie weight, is the effect a
semi-full cribv(Test No. I-6) or a full crib (Test No. I-7) has'upbe increasing
lateral resistance for a tie on a compacted baee and no shoﬁlder ballast.

Tes;s were also performed in ﬁhich surcharge loads were applied to full
. crib ballast conditioﬁs in order to simulete overfilled cribs (Test No. I-9).
From Fig. 4.2, for ties on a compacted base, the lateral tie resistance for
a surcharged’crib with no shoulder ballast slightly exceeds the tie resis-
tance for a full crib and no shoulder condition (Test ﬁo. I-7) and yields
comparable tie reSistanees.values for e fﬁll crib and full sheuldef‘condition
(Test No. III-1). This comparison providesAsome indication as. to the impor-
tance of crib bellast in the resistaﬁce to lateral tie movement.

- The greatest lateral tie resietance occurred for the full crib and

shoulder ballast conditions in the after tamping stage (Test No. II-3).

“This—tie resistance is significantly higher than the tie resistance obtained
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under similar conditioﬁs with the tie resting on a compacted base (Test No.
III-1). This result is understandéble and expected.' Undernéath fhe gie

at the tie-ballast interfacé, a compacted‘base will have a smooth béllast
surface while a freshly tamped base would exhibit a rougher surface. Thus,
the differences in lateral tie resistance would be primarily attributed to
the differences in the base compqneﬁt_of resistance. 'F;om‘Fig.-A. 2, it

is abpafent that ﬁhe.SeQOnd~Cycle of lbading.usually offers slightly greater
latéral tie re;isﬁancé than does.the first‘dycle. This is ﬁost likely thé
result of a densified ballast shoulder condition due to load cycling.

The LTPT loads at severalAdisplaéement levels and the percent elastic
recovery (Er) were détermined for all tests performed. However, Panuccio
and Dorwart (Ref. 4) have concluded that- the Er and the initial static ;oad
(ISL) values do not offer aﬁy potentiai as possible means of évaluating fac-
tor; invéstigated by the LTPT.- These values wili, therefore; not be elaﬁorQ
ated upon further. Also, LTPT serieé Number I-4 and I-12 will not be dis-
cussed since the actual test conditions'existiﬁg during the time of testing
are questionaEle_

The tie for eagh.test.condition (?able 4.1) geqerally receiyed two
cycles of 1oéding. With.the exception of testé performed:wiﬁh a full'bal;
last shoulder, the laterél tie resistaﬁces froﬁ cycle one and cycle two Qill
be évéraged to present the geperal trends. In some of the cases with no‘
shoulder; cycle number two produced slightly greater tie resistance load
values than cycle number one. It is assumed that this difference is the
result of a slightly changed Ballast physical state condition occuring in

the cribs or under the tie during cycle 1. This difference also may have

47,



occurred with the‘.individual-sample preparation for each test conditiom.
Thus, using the average lateral tie resistance at each displacement level
appears acceptable. Also, as previously indicated, the variation of lateral
tie resistance between both cycles is more pronounced for a full Qﬁllast
shoulder condition and, fherefore, the results for the two loading cycles

will be analyzed separately.

Effect of Height of Raise. The test tie was raised by the sample pre-

béraﬁioﬁ procedure describéd in section 4.1. In éach case, the tie'iﬁitiaily
rested on the compacted base éurrounded by full ecribs and shoulder. This
condition will repreéént a zero track raise; =Fo'r test series I and II, the-
ties received full réises of 2 and 3 in. (51 and 76 mm), respectively. In
test séries IITI, the tie was rai;ed and tamped in a series of four 0.5-in.
(12.7-mm) increments until a full 2-in. (51-mm) raise was achieved. After

a given increment, the crib; were refilled énd the shoulders reformed prior
to testing.

- The lateral tie resistance as a function of the height éf thé tamping
raise'is shown in Fig: 4.3. Included in this figure are the first cycle
loads atA6.0397 and 0.157 in. (1 and 4 mm) displacement levels and the
'secqnd cycle loads at 0;157 (4 mm) displacement.‘
| The first apparent result is that all tests conducted in the after
tamping condition yielded significantly greater tie resistance vélues than
the test conducﬁed with a compacted base condition, i.e., zero tie raise.
This trend is exhibited at all displ;cemént levels.and both cycles of loéding

(Ref. 20). The reason, which has been previously discussed, is believed to

be—the—differente—in—fhe—surface—roughness*of—the—baiiast—underneath—the tie:
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An examination of Fig. 4.3 reveals that for test series III, the incre-
mental tamping raises produced fairly consisfent lateral tie resiétances
at all displacement levels for both cycle i and 2 tie loadings. This result,
in part, indicates uniformity of the manual tie tamping procedure and sub-
sequent reproducibility of the test results. 1In a éomparison to thé results
ofAthe two tests perfofmed with full 2-and 3 -in. (51 -and 76-mm) tamping
raises, a 3-in. (76-mm) full raise produced results cbmpérablg to the incrg%
mental raise, while the 2-in. (Slfmm)‘fﬁll faise yieldéd slightly greater
“tie resistance values{v These findings appear to be consistent at all dis-
plécement levels énd for both loading‘cyclés (Ref. 20). An explanation
for the different results obtained from the full 2 in. (51 mm) raise is not
readily available, except fqr a possible association witﬁ~normal testing
variability. An overall assessment of the test results presepted in Fig.
4;3’indicates tha& iateral tie reéistance of.a single tie does not appeaf:
to be a funcfioﬁ of theAheight of the tamping raige nor of the metHod used
to 'achieve the raise, i.é., full or ih lifts.
- For all tests receiving a tampiﬁg réise, the average second cycle lateral
tie resistance of 551 1b (2452 N) .was generally 64 1b (285 N) or 13 percent
greater than the_average first cycle tie resistancé values at 0.157 in.
(4 mm)’displécement. ‘This trend is consistent for the data ;ets shown in
Fig.'4.3; Densification of the ballast shoulder during testing appears to
be the most piausible:explanation for these numerically small load increases.

Effect of Crib Depth. Several.tests were performed in which the depth

_ of the crib ballast was varied while all other conditions were kept constant.

For all tests, the tie was placed upon the compacted track bed and no shoulder
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ballast was formed. Crib ballast was generally prepared in a loose density
state.

The three followingvcfib ballast depth conditions were inves;igated:

1) zero or no crib, 2) 3.5 in. (89 mm) of ballast or .semi-filled crib, and

3) a full 7 in. (178 mm) crib section. The importance of ballast crib depth
6ﬁ the lateral tie fesistance is sﬁown in Fig;'4.4ﬁ N&Ee,Atﬁat the first
and secbnd cycle loads were averagéd fo; each test conaitiqn‘at each dis-
plaéemént'level,.and the loads from both cycles of loadihg generaliy yieidi
similar results. This averaging will, theréfore, not iqfluence the data
analysis. |

As expected, tie resistance increases with the increasing amounts of
crib bailast. For:all displacement‘levelé, fhe,relationéhinbetween lateral
" tie resigtancé and crib depth appears tb be nearly iinearo‘ A full crib
offers-three times more.and a semi-filled criﬁ offers appréximatély.tﬁo
times morevlateral resistance thaﬁ a no crib baliast condition. This trend
is consistent at each displacement level (Ref. 20)°,

In conjunction with the first cyéle lateral>tie resistance for a zero
prack raise in Fig. 4.3, the contributions of three gomponents of tie resis-
tanée can be determined with Fig. 4.4 for a loose crib and»shoulder;.and,a»
compact base. At 0.157 in. (4 mm) displaééﬁent, shoulderlresistépéé is 16
percént, crib resistance is 56 pércent, and base reéistance is 28 peréent of
.the'total resistance. The ;onsistency in the test results is also demon-
strated at all displacemenf levels and, more importantly, ipdicates'that
crib .ballast is the main component of the total lateral tie resiétance°

Effect of Overfill Height. -In order to determine the effect of
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overfilling a railroad track crib‘with ballast, two tests were performed in
Whieh a surcharge load provided by concrete‘cylinders was uniformly distri-
buted w1th1n each crib along the entire 1ength of the t1e. The first test
‘was conducted with a surcharge load of 250 1b (1113 N) added to each crib
while the second test used a 500 1b (2225 N) load. The lateral pie push
tests.were performed with the tie resting on a compacted b;ee; No shoulder
bailastjwas.used anduthe cribs were-fqll with loosely placeq balleSt.

'Tpe sﬁrchafée loads were conperted to a polume of ballast in order to
determine the crib pallast overfill height that each surcharge load repre-
sented. Generally, the ballas& ip the crib is in a loese state and has a
‘ballast. density of'approximatelylloo pcf (1.6 Mg/m3). -Whep this density is
divided by the surface area of the erib 'from end of tie to end of tie, the
surcharge loads of 250 1b (lll3 N) and 500 1b (2225 N) ylelded equivalent
overfill heights of 3.1 in. (79 mm) and 6.2 in. (158 mm), respectively.

Thus, the average 1atefal tie resistance for both the firet and second loading
cycles can now be more conveniently iliustratedlas a function of crib ballast
height (Fig. 4.5). The left 31de of Flg 4.5 is the same as Flg. 4 4, whlle
the right side shews the equivalent overfill heights. In general for each
displacement leﬁei,'the relationship betpeen two'parameters approaches linearity.

Weight of Tie. Several tests were perfofmed with the tie resting on

" the compacted base wlth no crib or shoulder ballast and different uniformly .
distributed dead loads were applied to the top of the tie. Lateral tlelre81s—
tance was determined for 1) an unloaded tie weighing 208 1b (926 N),'.'z) 191
1b (850 Hj added te the unloaded tie, and 3) 402 1b (1789 N) added to the

unloaded -tie."
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The relationship of lateral tie resistance as a function of tie weight
is shown graphically in Eig. 4.6. Generally, the lateral tie resistance
increases linearly with increasing tie weight.

For these tests; the smooth ballagt surface underneath‘the tie is the
only component of‘resistance, so cyclic loading of the tie is expected to
yie;d fairly reproducible results. 'The differences that eﬁist are primérily
~attributed to.thé nonﬁnifprmity of the éoﬁpacted-frack bédlcondition along’
‘the iength of the tie?. Neverthe;esé, load valﬁes for both cycles of loadingf

at each displacement level were averaged since the‘laterai‘tie-resistancés
for this_condition are considered .as part of the normal data scatter.

The linear relationships 'showm in Fiz. 4.5 also pass‘throug§ the origin,
whiéh is reasonable considering the fundamental law of sliding frictional
»resistance. The lateral tie resistance under these conditions ié equal
to half of the tie weight at 0.157 in. (4 mﬁ)‘displacement. This value of
J.5'is a fairly :eliable averagé because the range is 0.43 to 0.54 for
+0.0394 to.0.25 in. (1 to 6.35 mm) displacement levels, respectively (Ref. 20).

Density and Plate Load Tests. For comparative purposes, the average

ballast density (Fig. 3.6)~and the average BBI valués'(Fig. 3.7) at 0 and

at 1000 passes from .the éimuléted track bed tests were used as ?eference

stafes‘for the.BbT's and PLT's performed during the manual tie tamping sefiesh
The infsituAballast Qensity test results from the manual tie taﬁping

series are shown graphically in Fig. 4.7 for each-specific test location.

In the center of the track, the ballast densities in the crib and under the'

tie are comparable_td the average densities obtained from the simulated track

bed after 0 and 1000 passes, respectively. The test results are 112.8 pcf
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(1.8 Mg/ms) under the tie and 100.3 pef (1.6 Mg/m3) in the crib. The under-
tie density is expected to be similar since the center of the track is not
directly affected by the manual tamping process. The ballast density in the
crib, in part, reflects the reproducibility of tﬂe loose state ballast place-
ment conditions. |

For tests performed ﬁear the rails in the zones of tamping, two notéﬁle‘
features_illﬁstrated in Fig.»4.7 for the under-tie aﬁd in—triB tests are:
11) ballésfvdensigies are significanﬁly lower than the respective ceﬁﬁer of
.track values, and.2) similar results are produced for the two different
tamping raises. Note for the tests in the crib after a 3-in. (7%-mm)
raise, the two ballast densities differed someﬁhat. But the density for a
partially full crib is representative of the loose crib ballast and not the
compacted track bed. Therefore, the individu;l bailastvdehsities and the
resqlting average of 93.0 pecf (1.49 Mg/ﬁ3) for the 3-in. (76-mm) raise
are, thus, comparable to thé 94.3 pcf (1.51 Mg/m% density achieved fof the
2-in. (51-mm) raise. ‘

Although the densities in the crib near the rails are lower than the
center of track density aﬁd the average density at 0 pasées from the-simuf
léted frack bed, it is uncertain if tﬁé tamping process éolely produced'é
looser density stafe. This reéult may have been the product of thé rebal-
'lasting technique ‘'used or simply associated with the nérmal amount of data
scatter.‘ The laﬁter is based upoﬁ the fact that a density of 93.7 p;f
(1.5 Mg/m3) was achieved from one test at 0 passes for the simulated track

bed tests (see Fig. 3.6). The range of 90 to 96 pcf (1l.44 to 1.54 Mg/md)

would, however, be typical of a loose density state conditiom.
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The ballast densities under the tie in the zones of tamping were approx-
imately equal and have an aﬁerage of 101.3 pecf (1.62 Mg/m3). fhis value'is
significantly g;eater than the<cri5 ballast density in the tamped zone, but
comparable to the center-of-track density in the crib. Density sﬁmpling in-
to the top surface of the compacted track bed is not a major influencing
factor. This béllast is inevitably disturbed by the tamping process to a
depth oflappriximately l—l/Z iﬁ. (38 ﬁm)~below‘the compacted track Bed'sur—
.face.‘ This; in'addition to- the height of thé tié raiées, wouid yiel& typical
sampiing deﬁths for the ballast density test. In ggneral, these test results
tend to indicate that the manual tig tamping p:dcess exercised in this study
left the ballést under‘the tie in a looser stgte.than that which existed
bef§revtam§ing.-

. The plate lqé& test resulfs that were obﬁained from the manual tie tam-
ping éeries’arevprééented for the BBI vaiaes at 0.2 iﬁ. (5.1 mp) &eformatioﬁ
as strength profiles in Fig. 4.8 since these values best represent the general
'trenng

The results of the ﬁlate load tests performed under the tie in the cen-

ter of the track are-very high because very little ballast migrated under the
ﬂcentér of tie during the tampingfproceéé. In éssence,ithe centef_of tr;ck
piaté tests were pgrformed on the compacted track bed.v Tﬁe scatter of‘daté
-poiﬁ;s in the center of track is also on the saﬁe order oflmagnitﬁde as the
data in Fig. 307'after.about 500 passes for the simulated track bed.‘ From
Fig. 4.8, the range of the BBI values at 0.2 in.:(5.l mm) deformatioﬁ is

from 236 psi (1262kN/m2) to 318 psi (2191 kN/mz). The a&erage value of 264
psi (1819 kN/mz) is consistent with the 279 psi‘(l922 kN/mz) average obtained
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after 1000 passes for the simulated track bed.

Genérally, the plate load tes£ results were -fairly consistent for each
different amount of taﬁping raise under the.tie—under the rails, i.e., the
area most affected by the tamping procéss. The BBI.values after a 2 in.

r

(51 mm) raise were glightly gr%?ter than those obtained after a 3 in. (76
Amp) raisé.‘ The average BBI at 9.2 in. (5.1 mm),#éform;tion after a 2 in.
(Si'mﬁ)'raise was appfoximately 128 psi (882‘kN/m2) but for a 3 in. (76 mm)'raise.
it was appréximateiy'll6 psi (800 kN/m2). This result appearé iagical because,
after a 2-in. (51—mm).raise, therevis a thinné; layer of loose béllast between
the bottom of the tie and the.compacted track bed than there is after a 3-in.
(76~mm) raise. Ho&ever for Both Easeé, the close'proximity of the compactéd
track Bed is expécted to slightly influence thé fesuitiﬁg,ballast stiffness.
'Thé manual tamping prﬁcéss did feduce ghevavérage ballasﬁ ;tiffness'under} .
the rails to 46 percent of ghé centef of the track ballast étiffness; Thek-
results of‘these plate load tests confifﬁs the general trend stated for the
ballast density testé (Fig. 4.7a).

For plate ldéd tests performed in the crib unde; the rails, the average
BBI at 0.2 in. (5.1 mm) deformation in Fig. 4.8b is éppr&ximately 52 psi
(385.kN/m2). This is approximatley 43 percent of the respective under-tie
values. 'There is very'little scatter among the tesﬁ results in the cribs
and the two tamping raises yielded nearly identical results for the full
crib'ba;last coﬁditions. The plate resistance after tamping is ioﬁgr than
the BBI value of 74 psi (510 kN/ﬁz) at zero'péssesfon the simulafed track bed.
This élso‘follows the same trend exhibited for the ballast density tests in‘

the tamped zones of the crib (Fig. 4.7b). Although the results of these two
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ballast physical state tests are consistent, it is still inconclusive to
' state that the tamping précess solely produéed a iooser crib ballast condition.

One plate‘load_test, i.e., PLT II-5, was performed in the tamped zone
of the crib prior to reballasting. Fig. 4.8 shows that the BBI value of 129
psi (889 kN/m?) at 0.2 in. (5.1 mm) deformation is significantly greater.thaﬁ .
 thé BB} values in the.crib, but itvis.approximately eqﬁal to the under-tie
values. This result is expécted becauSeAthé ballast ﬁeét conditions are
éimilarAfor b&th thié,test and th&ée undér‘the>tie; in each‘case, approk—
imately 4 in. (O.lOZ'm)‘of loose ballast'ovérlies,the>COmpacted track bed,
therefore, the plate resistances are comparable. |

A correlation of the plate load énd ballast density tests results for
the manual tie tamping series follow the same trends established for the
éiﬁulated}track bed (see Fig. 3.8).
4.3 COMPARISON WITH FIELD DATA

4 . The ballast_physical’state test results obtained‘from available field

1inveétigations were compared to those obtained in.this-study to provide an
indication of the reliability of the iaboratory test procedures used here.
Pertinent lateral tie push test results are grapbical;y'compéred in Fig.
4.9, whileplateload‘test and in-situ baliast dénsity tesﬁ resﬁltslare pro-
vided in Table 4.2. For convenience, the ballast bearing indéx at O.Z-in.
(5.1-mm) deformétion_for the PLT and lateral tie resistance at 6.157—in.
(4—ﬁm) displacement for the LTPT were considered representative for compar-
ative purposes. |

A comparison of data from SUNYAB field'testing at bdth Illinois Central

Gulf Railroad (ICG) and at FAST was done by Panuccio and Dorwart (Ref. 4) and
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Yoo (Ref. 7). The former report includes both PLT and LTPT data, while the
latter includes the BDT measurements.

The ballast at ICG was a mixture of steel slag and limestone. At ICG,

- the ballast physical state tests were performed in three different track

conditions: 1) tamped only, 2) tamped and compacted, and 3) tamped plus
5 million gross tons of traffic. A limestone ballast was tested at FAST

for the tamped only, 9.1 ﬁGT;'and 135 MGT conditions. The track struéturgs

‘i.e., tie weights and, ballast crib and shoulder conditions, were similar

for both the laboratory and fiel& tests.

A comparison of the average first cycle LTPT load—displaqément curves
after tamping for this project (Fig. 4.9a) and the field curves (Fig. 4.9Db)
indicates the laboratory values of lateral tie fesistancé range from 50 to
159 1b (223 to 668 N) lower than the field results. The reéson for this
diffefgnce is not readily apparent, because both the test épparatus and the
test procedure were the same. However, an examination éfAthe ranges of the
iateral tie resistance values at 0.157 in. (4 mm) displacement indicates
more favorable agreement.

At both field sites, plate load tests were performed at various locations

‘within the.track structure}(Table 4.2). After the tamping operation at ICG,

tﬁe average BRI at 0.2 in. (5.1 mm) deformation under the tie and under the
rail Qas 119 psi (820 kN/mZ). The same test conditions at FAST yielded a
value of 155 psi (1068 kN/mZ). The laboratory tests produced a comparable
average BBI of 122 psi (841 RN/mZ). |

Plate load tests were also performed in the crib area‘undef the rails

which is where the tamping tools operate, i.e., approximately 6 in. (0.153 m)
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from the base of the rail. The BBI value at 0.2-in. (5.l1-mm) deformation
was 60 psi (413 kN/mz) at ICG and 70Ap§i (482 kN/mz) at FAST. The aﬁerage
ﬁBI of 53 psi (365 kN/mzj in thé laboratory géve a comparable resul;° For
this particular test conditioh, the BBI values from the laboratory manual
tie tamping operation showed very good agreement with the results obtained
after mechanical tie tamping from both field sites.

The in-situ béllast dénsity test reéults demonstrate the same consistency
as the plate load tests under the rails for the after tamping condition
(Table 4.2). 1In the crib, the ballast density for this project was 93.4
pcf (1.49 Mg/m3) which is comparable to the 92.1 pcf (1.47 Mg/m3) for ICG
and the 96.6 pcf (1.55 Mg/m3) for FAST. .Under the tie, this project yielded
a density of 101.3 pecf (1.62 Mg/m3) which is reasonably close to the 102.5
pcf (1.64 Mg/m3) obtained at ICG but significantly less than the 114.1 pcf
(1.83 Mg/m3) obtained at FAST. The reasons for the FAST result being greater
may be attributed to the track loading history and other factors at FAST
whiéh are adequately discussed by Yoo (Ref. 7). In general, the manual
tie tamping operation satisfactorily duplicates the field ballast density
conditions.

Platé load'testS'were‘also conducted ﬁnder the tie in the center of the
track, i.e., cenﬁered Between the rails. For this test location, é similar
discussion was previously focused in‘Chapter 3 upon the end results ob-
tained from the :simulated old track bed conditions.- After 5 MGT of traffic
at ICG, the average BBI at 0.2 in. (5.1 mm) deformation was 107 psi—(737

kN/mZ), and the density was 101.2 pef (1.062 Mg/mB). After 135 MGT of traf-

fic at FAST, the BBI was 307 psi (2115 kN/mz), and the density was 109.7
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qu (1.76 Mg/m3). In the laboratory, the corresponding average BBI value
was 264 psi (1819 kN/mz), and the ballast dénsity was 112.8 pcf (1.80 Mg/m3)A
which are comparéblerto the FAST results at 135 MGT. 'Note, however, that the
laboratory center of track BBI values are low compared to thoée obtained
under the rails for 5 MGT at ICG and 135 MGT at FAST (Table 4.2).

Generally, the plate load test and in~situ ballast density teét data
. obtained in this project were in fairly goodAagreeﬁeﬁtAwifh all of the field
test data.'.The LTPT data from this project followed thé séme gene¥al trend
in that the lateral tie resistance obtained in the labor#tory was comparablé,

but somewhat less than the resistances obtained in the field.



5. INVESTIGATION OF CRIB COMPACTION PLATE

5.1 AfPARATUS AND PROCEDURES

Test Boxes. The ballast test samples were prepared in 12-in. (305—ﬁm)_
deep small and large test boxes, which were 20 in. (0.508 m) and 36 in.
(0.914 m) square, respectively. The walls of each test box are constructed
of 3/4-in. tl9—mm) ply&ood and reinforced with Z;iny (51-mm) steel angle
ifon; The angie iron proyided the additional lateral stiffness to ens&re
the container was rigid. - The bottom of thé test boxéé are éiso 3/4 in.
(19-mm) plywood and all bolt holes are counter sunk such that the connectors
‘were flﬁsh with the plywood surface. This latter feature in conjunction with
the stiffness of the basé prevents the tést box deformation from influencing
the test results. |

For the tests with the 9 in; (229_mm) and 6 in. (152 mﬁ) ballast deﬁths;
18-3/4 in. (0.48 m) diameter concrete spacer disks were fabricated and placed
inside the test box prior to fillipg with ballast. These were the samé disks

that Wayne (Ref. 6) used.

Crib Compaction Plate. The crib plate is constructed of 7/16 in. (11 mm)
thick steel plate having an 8-in. (203-mm) width and 14-1/2-in. (368-mm )
length. The plate was reinforced against bending by welding 3—in. (76-~mm)
chénnel sections in a rectangular arfay'on the plate. de narrow steel
plates were wélded on the opposite flange of the channels to prévide a com-
-patible attachment to'thé bottom loading head of the MTS actuatorb(Fig. 5.1);

Two 18-in. (0.457-m) long aluminum S6 I-beam sections were placed ver-

tically to act as structural fillers between the bottom of the actuator and

the top of the compaction plate. The height and clearance between the I-
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beams was sufficient for placement of the deformation measuring system.
The crib compaction plate and the I-beam could easily be attached as a rigid
unit to the MTIS actuator by four threaded rods.

Load and Deformation Systems. The load applying and measuring system

were provided for by the Structural and Méterials Testing System, Model 902.-
38 (Ref. 21); The three basic components of the system used are the structural
actuator, the electronic¢ control panel and the hyaraulic poweriéuﬁply. The
‘loads are p?ogrammed thréqgﬁ the control panei and are hydrauiically applied
'through thé structural actuator. The control panei is capable of operating
on either load éqntrol.or stroke (displacement) control.‘ The maximum load
capability of the actuator is 250~kips (1,112 kN) static force and i 250 kip
(1,112 kN) .dynamic force. The maximum stroke capacity is + 4 inches (102 mm).
Also located on the control panel is the function generator which controls
_thé type of cyclic waveform applied, i.e., sine Wave; andAthé applied fre-
quency. Located on the structural actﬁator is.a load cell transducer for
‘recording the applied loads and a linear variable differential transformer
(LVDT), which measures the displademgnt, The MIS operates on the '"Closed
Loop Control" concept. This entails constantly making an adjustment to
ei;her the load or the stroke Based on the féedback signal.

| The MTS actuator was sﬁspended from an H-frame éonstructed of heavy
structural steel sections (fig. 5.1). Ample space'is provided for the crib
compaction plate apparatus and ﬁhe test 5oxes°

The load input was recorded by wiring the Y-axis of the X~Y recorder

‘into the MTS load transducer conditioner module. This module converts an

AC—current to DC current which drives the recorder pen on thé lLoad axis.
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Originally, the plan was to use the LVDT located bﬁ the structural
actuator to measure the ballast deformation under the applied static and:
cyclic loading conditions. However, deformations in the compaction plate

_attéchments and the structural H-frame proved to be significan; with re=-
spect to the measured ballast deformations. Thus, a new system was devised,
with an independent displacement transducer, i.e., DCDT, to eliminate thié
error. | | |

The DCDT is conneéte& in a.series arrangemeqt with a mechanical dial
indicator ha&ing 1 in. (25.4 mm) travel. ‘The displacement gages are rigidly
‘fixed and aligned onza'support track such‘that ﬁheir pistdhs move ffeely.
This is also the same deformation measuring system that is used for the
plate_ioad test. | | |

The deformation system ié'locéted between Ehe I-beams of the gssembled
crib compaction plate“apparatué (Fig. 5.1). A seating hole is loéatEd at
the centef of'the plate, éuch that the DCDT records the average élate dis-

" placement -and is pot influenced by plate rotation. The simplicity of this .
systems provideé for eésy assémbly and alignmgnt.

The DCDT was powered with a DC current pfovided by é standard 6-volt
lantern battery:'_The voltage generated from the DCDT~core.movement powered

'the pen along the X-axis on the X-Y recorder.

Sample. Preparation. The technique used satisfied two requirements:

1) the ballast sample would have a reproduciblé initial box demsity, and
2) the sample had to be in a loose density state. The same crushed limestone

(see Fig. 3.2) was used for these tectz.

A large metal scoop was filled with ballast and was held with the open
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end of the scoop rested on the base of the test box. The scoop was gradually
tilted such that the ballast was gentiy deposited uniformly across the area
of the box. This procedure was continued until the ballast was level Qith
the sides of the test box. The sample was leveléd even with sides of the
box by running a straight edge across the toﬁ. Any ballastvparticles that
extended above the bottom of the étraight edge were removed., Any large-voids
created by thié process were filled such that the ballast was entirely below
fhe straight edge. This process resulted in a very flat, even ballast surface.
This technique was successful in fulfilling the two major objectives.

The overall average initial box density of 26 tests is 82.1 pcf (1.312 Mg/m3)
and the standard deviation is 0.992 pcf (0.016 Mg/m3). The standard devia- |
tion is very low which means that reproducibility of the sample préparation
technique is good. Also, the ballast was prepared in a léose state, when
compared to loose state ballast densities of other published laboratory
reports (Refs. 3, 5, and 6).

| The 6-~in. (152-mm) ana 9-in. (229-mm) layer depth samples were pre-
pared in a siﬁilar fgshion to that of the 12-in. (305~-mm) deep samples
previously described. The difference was that the concrete spacer disks
were placed in the bottom of the test bdx prior to filling with ballast.
The technique used to prepare the large 3-ft (0.915-m) square test box
samples was exactly thé same as the small test box preparatioﬁ technique..
However, the initial box densities were not recorded for the large test
box series.

Leveling of the ballast surface was an important step to insure proper

operation of the MTIS structural actuator. The actuator offers only axial
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resistance or applies only an axial load. An uneven ballast surface would
have created a bending moment in the ;ctuator as the load was applied. An
applied bending moment of significant magnitude thus has the capability of
damaging the actuator.

Test Procedure and Program. - After the baliast was prepared, the sample

was subjected to static and cyclic loading utilizfng the single crib com-
. paétion plate. The procedure for a typical test is as follows:_. L -

1. With the MTS structﬁral actuafor in fully retracfed positién, thé
ballast test box cqntaining the prepared test sample was carefully cgntered
under the crib compaction plate apparatﬁs; |
| 2. The DCDT was cénnected to the X-axis and the MIS .load transducer
conditioner module was ﬁifed inﬁo the Y-axis of the X-Y recorder.‘.The MTIS
digital display was set to read the applied. load. |

3. Calibréte the displacement>input:by mo?ing the brass. rod an equal
distance, usually 0.4 in. (10.1 mm), into and out of the DCDT housing
sevgral times.

4. Axes were inscribed on the load—disﬁlacement curve,‘énd the piot
was labeled with the déte, test .series number, rgcordér voltage range settings,
 and test conditions..

5.' The MIS was switched to load’control, and a small seating léad,
approximately 100 1b (445 N), was applied by the compaction plate to the
ballast sample.

6. The déformation system was positioned and the DCDT was set so that
‘it was fully retrgcted.

7. At this point, the dial gagé reading on the deformation system and
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the MIS digital display reading were recorded. These readings represented
the initial point of the static loading portion of the load-deformation curve.

8. On the MIS control panel, the frequency and the fypé of waveform
(sine) desired weré programmed through the function generator. The cyclic
load was) programmed through the Span I control on the command input module
énd the load trénsducer conditioner module. The number of cycles was also ’
specified. |

9. The ioéd on the ballgé; was inéreased gradually until the programmed
initial static load was achieved.

10. The deformation dial gage reading and the digital display reading
on the MIS control pénel were recorded after the deformation ceaéed at the
static .load level.

11. The programmed cyclic load was applied. The recorder pen remained
in the down position for 15 to 20 cycles, or until-the permanent deformation
for each cycle became very small. The pen was theﬁ lifted and placed down
on a regular interval basis, usually every 25 cycles.

12. When the given number of loading cycles was reached, the program
was stopped and both the dial gage reading and the MTS digital display
reéding wére recorded. - a

13. The static loéd was éradualiyAreduced to approximately'lOC ib
(445 N), wherein the final digital display and dial gage readings were re-
corded.

14. The deformation system was removed, and the small load on the

ballast was removed.

In order to evaluate the changes in the physical state of ballast with
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the crib compaction plate, the plate load test (PLTj and the in-situ béllast
density test (BDT) were emplo?ed. Complete descriptions of the test apparatus
and test p;ocedures have been provided in Section 3. |

However, the PtT loading system (Fig. 5.2) was adapted.to the loading
head of the MTS structural actuator, which primarily pro#ided the dead
weight reaction. The height of this system was approximately equal to tﬁat
of the assembled crib compaction plate_apparatus;' Thué,>the two systems
were easily interchangeablé and ﬁo modification was requifed.to the femaining
gest equipment. The stroke-of fhe MIS actuator was sufficient to properly
position either Apparatus with respect to the testAspecimen heiéht.

4 The test program was desighed in such a manner so that the effects ofly
Variationé,on the ;tatic and cyclic loads could be examined. ©Other effects
that were tested were the inf;ueﬁce of the_la?er depth and the effect of
~lateral boundary conditioms. A summary of the tests ﬁerformed ﬁith the
variables for each test‘are shown in Table 5.1. Also listed is the physical
state test-that_was,performéd following each compaction.test, |

5.2 TEST RESULTS

Load-Displacement Curves. A typical load-displacement curve illustrated

in Fig. 5.3'shows that the ballast was first loadéd sﬁatically to a predetér—.
" mined level and then cycled about Ehat level QithAa predétermined cyclic load
for a given number of cycles. Thé MTS normally required several cycles
before it actually reached the full programmed cyclic load. FolloWing
cycling, the ballast was unloaded. Examination'ofvthese curves'(Ref.-ZZ)
revealed two important points: .l) the programmed cyclic load was rarely

), i.e., the mid-point

achieved, and 2) the mean static load (F ,
static mean
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Table 5.1. Low Frequency Tests for Single Oscillating Plate

on Limestone Ballast

Mean

'Frequehcy Stacic Cyélic | Load Ballast Test
Test f Load - Load . Rario No. of Depth Box® Other
. ¥o._ (8z ) “(1b) (1b) (Cyclic/Static) Cycles (in.) Size Tests
WL 2 149 804 0.537 . 300 - 12 Small PLT
1c - 1/2 1544 813 0.527 . 300 12 Small PLT
2 1/2 1458 808 _ 0.554 1500 12 Small PLT
3A 1/2 2107% 914 0.434 300 12 Small PLT
‘33 1/2 3176 1844 0.581 300 12 Small PLT
3ic 1/2 3130 1817 . 0.s81 . 300 12- Small PLT
4a 172 6197 3728 0.602 " 300 12 A Small PLT
34 U2 1479 694 0.469 300 S 12 Small  BDT
64 1/2 1497 688 0.460 1500 12 Small 80T
7a 1/2 3155 1768 0.560 300 12 Small  BDT
8a 1/2 1518 776 0.510 150 12 Small  BDT
94 4.0 1482 354 0.239 300 12 Small PLT
104 2.9 1532 544 0.420 300 12 Small BDT
ila 1/2 1499 1258 0.839 30 12 Small BLT
12a 1/2 3000 2790 2.900 300 12 Small PLT
. 128 1/2 2939 2729 ) ‘_ 0.929 - 300 . 12 Small  8DT
1 12 356 2591 ©0.821 - - 300 12 Small  PLT
Ba 12 1511 1262 - "0.835 300 12 Small  2DT
144 /10 1306 1190 - 9.790 300 12 ' Small  eLT
15A w2 1si 758 0.502 - 300 9 - Small LT
158 /2 182 347 0.572 - 300 9 Smail PLT

+ Small Box = 20 in. x 20 in. x 12 in., Large Box = 36 in. x 36 in.
" 12 in. An Initial Level Box Density Obtained for Each Sample

* 1/2 Sine Wave Used, All Other Tests are Full Sine Wave
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Low Frequency Tests for Single Oscillating Plate

Table 5.1.
on Limestone Ballast (continued)
&y
Mean-
Frequency Static Cyclic Load Ballast Test
Test £ Load Load Ratio No. of ' Depth Boxt . Other
No. (Hz.) (1b) (1b) (Cyclic/Static) Cycles {in.) Size Tests
15¢C 1/2 1480 . 316 0.551 300 9 Small PLT
16A 1/2 1455 829 0.570 300 6 Small PLT
168 1/2 1496 768 0.513 300 6 Small PLT
174 1/2 1426 771 0. 541 300 12 Large PLT
178 1/2 1453 781 0.538 300 12 Large PLT

T Small Box = 20 in. x 20 in. x 12 in., Large Box = 36 in. x 36 in. x 12 in.

An Inicial Level Box Density Obtained for Each Sample
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between the lower and upper cyclic peak, did not coincide with the initial

static load (F

static initial). However, these fea;ures 40 not pose a sig-

nificant problem, and have been takén into consideration during the data
reduction process (Ref. 22).

From Fig. 5.3, the intergépt of the load-displacement curve was easily
defiﬁed by a linear extrapolation of the static loading portion of the curve,
and préportipning the recordéd static load outputs for zero 1b load, which
subéequeqély defined—zero displaéement. Thé average cyclic 1§ad w;; obtained
as one-half the total cyclic load output (peak to peak).  As previoﬁsl&
stated, this would subsequently define the mean static.load>during cycling
and the assqciate&Amean static deformation could then be determined. The
cumulative cyclic deformation (CCD) was determined as the deformation from
the beginning of the first cycle to the unloading side of thé cycle in
question at the mean stétic load.

Static Loéd.'Fof all of the test.performed in the small test box with
a 12 in. (305 mm) ballast depth, the mean static deformation increased as
the mean static load was increased (Fig. 5.4). The shape of the oyerall
avefage curve is concave upwards. The expected shape of this curve is
' coﬁcave downwards. The reason for tﬁe departufe.from the expécted behavior
‘is that tﬁe étatic deformation fér the 6197 1b (27,577 N) loéd is low. This
may have been caused by.the limited depth of the test box. 1In othet wqrds,
the effect of the bottom boﬁndary influenced this test.

The éverage curves for the 3090 1b (13, 751 N) and the i519 1b (6760 N)

tests are also shown in Fig. 5.4. These load values represent the average

foreach particular load level. To compute the 3090 1b (13, /51 N) average .
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curve, the average deformations at 1519 1b (6760 N), 2197 1b (9376 N) and

3090 1b (13, 751 N) were pldtted° This.latter curve is nearly linear, but

has lower static deformations at.1519 1lb (6760 N) average curve. This dif-
ference cannot be explained by the average initial box density, which for

the 1519 1b (6760 ﬁ)‘tests was 81.9 pecf (1.312 Mg/m3) and for the.3090 1b
(13,751 N) tests was 82.1 pcf (1;315 Mg/m3)° However, note the results from“
one offthe 3090 1b (13,751 N) tests‘btoduced ex;remely'low static deformationé;
which when not considered, yields much Better agreement between the two
average curves. |

The relationship between the mean static deformation aﬁd initial,bok
density for different mean static loads is shown in Fig. 5.5. The general
trend is for the static.deformation t; increase as the initial box dgnsity
decreases for a given mean static load. The static deformation increases
with an increasing mean static load at a giveﬁ initial box density. These
are both expected trends. However, the range of t;e initial densities from
81.0 pcf:(l;298 Mg/m3) to 83.5 pef (1.338 Mg/m3) is considered acceptable
for the loose state, and, thus, the static deformations can be combined for
the respective mean sta;ic loads.

-The tests.conducted Withla mean static load_df 1519 lb_(6%60 N) have a
lowApéfticle contact»stress and, therefore, the effect of the ﬁottom box
boundary would be insignific;;t in comparison to the effect on the test with
a mean static load of 6197 1b (27,577 N). If the bottom boundary affected

the 1519 1b (7770 N) test it would also influence the 3090 1b (13, 751 N)

_ tests. This could be a partial explanation for the average 3090 1b (13,751 N)

test curve in Fig. 5.4 not beihg co-linear with the average 1519 1b (6760 N)
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test curve. The effects of ballast depth will be discussed in more detail
in the section on layer depth.

. Cyclic Load. The.cumulative cyclic deformation (CCD) occufing with the
number of loading cycles are plotted in Fig. 5.6 for several individual tests
coqducted at a freéﬁency of 1/2 Hz in.the small tesl box. These tests repre-
sent different static and éyclic loading conditions, and are also. divided |

accbrdipg to different load ratios. The load ratio (LR) for & test is defined

as the single amplitude cyclic load divided by the mean static load, i.e.

. LR = Fcyclic v-e (5-1)
i F
mean static

The load ratios for each individual test are also listed in Table 5.1. | .

The solid lines in Fig. 5.5 are linear regression equations for
log-log plots, which are compiled in Table 5.2 togéther with the correlation
coefficients. These coefficients show that there is very good correlation
between the cumulative cyclic deformation and the number of cycles on a log-
log plot. The curves on these plogs afe, also, somewhat parallel.

The comparison of.the cumulative cyclic deformation for various load
ratios and mean static loads is more ciearly illustrated in Figs. 5.7 for.
300 cycles. The relationships for 10 and 100 cycles were shown to be sim-
ilar'(Ref. 22). These plots are based upon a dimensionless quantity called
the static load ratio (SLR), which is defined as,

Fme&n static

SLR = ’ (5-2)
1490 ,

The load of 1490 1b (6631 N) is the average of the lowest mean static

Jloads used during testing.
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Table 5.2. Best Fitting Equations for Cumulative Cyclic

Deformation vs. Cycles of Loading

Standard Conditions: 1490 1b + 790 1b, LR = 0.53, £ = 1/2 Hz, 300 Cycles, .
12-in? Depth, Small Test Box

Test Primary Correlation
No. . Variable(s) Eguation. Coefficient, Y,,,].
8a Cycles = 150 v = 0.04 0+ 4% 0,996

1a " =300 y = 0.037x0- 386 0.954

1c " 300 . ‘ v = 0.039x2-372 0,971
sA " =300 - y - 0.034x0-333 0.982

28 * a 1500 y = 0.056x°"33° 9.992

64 " = 1500 y = 0.036x0-324 0.989
11a Cyclic Load = = 1260 lb y = 0.0533-“ 336 0.974
134 o g = 0.065x%-371 0.975

3a Static Load = 2107 1b y = 0.058x7- 275 0.986
Laa £ = 0.1#z, Cyclic Load=#1190 b y = 0.085x90-329 0.982
104 £ 2 2.0Hz, = =644 1b v = 0.015x07 343 . 0.987

94 £ = 4.0Bz, " =:354 1b  y = 0.008x° %41 0.993
154 Depth = 9 in. v = 0.041x0" 306 0. 964
158 " 29 in. y = 0.028x°" 3% - 0.998 .

©15C " =9 . v = 0.029x0- 349 9.994

64 " =6 in. y = 0.018x°"3 9.992
16B " = 5 in. _ y = 0.011x70- %4 9.997
17a Box Size = 3 ft x 3 ft v = 0.069x° 337 0.900
173 Box Size = 3 fr x 3 f: y = 0.041x°- %00 0.976

3B Stacic Load = 3176 1b v = 0.077x2" 32 0.997

3¢ " = 3130 1b y = 0.053x"- 396 0.997

7A " = 3155 1b y = 0.056x°0 3% 0.987
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Table 5.2. Best Fitting Equations for Cumulative Cyclic

Deformation vs. Cycles of Loading (continued)

Standard Conditions: 1490 lb £ 790 1b, LR = 0.53, £ = 1/2 Hz, 300 Cycles, 12 in.
Depth, Small Test Box

Test Primary , Correlation

Yo. Variable(s) Equation - Coefficient, Yooy
12¢ Cyclic Load = 2591 1b v = 0.117x%" 3 9.990
124 " = £2700 1b y = 0.1330-33€ 0.985
- 128 " 2 $2729 1b v = 0.101x9+379 0.993
A 0.302
4A Static Load = 6197 1b v = 0.101x 0.992
where

% = Number of Cycles
y = Cumulative Cyclic Deformation (in.)

(A Log = Log Scale)
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The general trend from Fig. 5.6 shows that the cumulative cyclic defor-
mation increases as the static load ratio increases for a given load ratio.
For a given static load ratio, thé cumulative cyclic deformation increases
with the lqad fatio. These trends are what is expected. The one exception
to this trend occurred at 300’cycles for an SLR = 4, in which the cumulative
cyclicAdéformation was ‘less than the curve for an SLR = 2. However, the
SLﬁ'z 4 represents oniy one daté-point, whereaé'the SLRJ: l'énd SLR =2
'représént several data poiﬁts each. | |

The curves in Fig. 5.7 recognized as valid the origin on the graph by

using (0,0) as another data point. The assumption was made tuat no cyclic

deformation could occur at a load ratio of zero. _Therefore, including (0, 0)
‘ aé an.actual data poiﬁt.for each set of curves appeared logical. For the
data.points of an SLR = 1, the #egression apaiysis yielded a straight. line
through.the origin for all cycles. However,‘for aﬁ SLR = 2, the line was
slightly curved conca&e upward at low load ratios. For the straight line
portion of the SLR = 2 curves andvthe SLR = 1 curves, the correlation co-
efficients are good kRef. 22). TFor-an SLR = 1.4 and 4, there is only omne
dataipoinq to representveach of the t&o conditions. A linear relationship
. was assumed for thése two cases and a partial line was dfawﬁ to show the
trend. |

In order to quantitatively analyze the cHanges in the physical state
of the ballast after compaction, either plate léad tests or <in-situ 5allastA
dengity tests were performed.

The in-situ ballast density test was performéd‘on the‘ballast in a

loose, uncompacted state which provided a reference point for the other
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tests. Ballast density tests were also conducted after compacting the Eal;
last with a static load of 1479 1b (6582 N) and a cyclic load of 694 1b
(3088 N) for 150, 300 and 1500 cycles. The resulting ballast density is
plotted with the number of loading cycles in Fig. 5.8. A linear relationship
exists between the ballast density and the cycles of‘loading; However,
after 300 cycles of loading [load = 1479.1 694 1b (6582.i 3088 N)], the bal-
last density has‘inéréased by only 3 pcf (0.043 Mg/mB) which is a rather |
sﬁall increment. For other ioading conditioné shown in Fig. 5.8;5there v
was very little differencé in the ballast density after 300 cycleé, with =
one ekception to this t:end. This was a test with a sta;ic load of 3155

1b (14,040 Ns and a cyclic.load of 1768 1b (7868 N) for 300 cycles. The
Ballast density test géve a result that is significantly greater than the
others and does not follow the trend set-by.the other_teéts. The initial
box density was somewhat higher fér»this gest but that reélly doesﬁ't offer
a valid explanation for the exceptionally high vélue; At this point, it is
uncertain as to why this test yielded such a high density.

As was donebwith the ballast density test, ballast in the loose uncom-
pacted state was spbjecped to é plate load test. The effect of‘the change
iﬁ ballast étiffheés with logaing conditions wéuld, thus,~6e,shown in
reiation to.ﬁhe loose state test.

The loading condition of 1490 1b (6631 N) static load and 790 1b

(3516 N) cyclic load was performed twice with 300 cycles and once with 1500

cycles. The relationship of the .BBI at 0.2 in. (5.1 mm) deformation with

the'log of cycleé of loading appears to be linear (Fig. 5.9). Because of

‘this relationship, the BBI and log of cycles of loading is assumed to have
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a linear relationship for all deformation levels and all other loading con-
ditioms.

One particularly interesting feature is that the BBI for the test with
a static load of 1499 1b <6671 N) and a cyclig load of 1258 ib'(5598-N) ié
greater than the tests with an éverage mean static load of 3095 1b (13,773 ﬁ)
and an-average gyclic load of 1810 1b (8055 N). This impliés that the load
'ratiﬁ has'a'gfeater influencé on the stiffness of the-bailast‘than does ﬁhe

static load ratio. This result is more clearly illustrated in Fig; 5.10.

Ballast Depth. Experiments were performed testing the effect of yarious
ballast depths in order to simulate the field‘condition in which loose, dis=:
turbed ballast is compacted on a dense compacted tfack bed. After tamping,
the cribs maf be filled or partially fillgd to various depths-with loose,
uncbmpacted ballaét. It was this condition that these experiﬁenté were
desiéned to simulafe.

‘The average initial box densities and the applied statié loads each
are nearly equal for the various layer depth &ests (Ref. 22), thus, a
comparison of staticideforma;ioné'can be made. Tﬁe average static defor-
mation for 12_in. (305 mm) layer depth for the 1515 1b (6760 N) tests_is
0.275 in. (6.99 mm), but the‘overéll avé;age at 1519 1b (6760 N) is 0.26 in.
(6.6 mm) baSedAon Fig. 5.4. The average static deformation for the 9 in.
(229 mm) layer depth tests is 0.185 in. (4.7 mm) and for the 6 in. (152 mm) -
layer depth test is 0.132 in. (3.4 mm). The general trend for static defor-
mations is that as the ballast layer depth decreases,-so does the static
deformation for é given static load. |

Wayne (Ref. 6) found that a stress redistribution in the ballast occurred
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at a depth of 12 in._(BQS mm) as weli as at the lesser depths and the depth
at which no bottom boundary effect tékes place is definitely greater than
12 in. (305 mm).. This is reaéonable considering tﬁat the ratio of plate
size to ballast depth is aﬁproximately equal to.l.O for a 12 in. (305 mm)
ballast depth. | h
‘The régreésion equations for cumulative cyclic deformation as a function
of the cycles>of-loading forl9 in. (229ﬁmm5 and 6 in. (152 mmj-ballast depths
- érevlisted in Table 5.2 along wiﬁh tiae correspondihg cSrrelatioﬁAcoefficients.
The coefficients in Table 5.2 show that there is a good correiation‘between the
cumulative cyclic deformatioﬁ and the cycles éf loéding on a log-log scale
for each of the individual tests. | | |
| In Fig. 5.1l,rthe cumulative cyclic deformatién—load ratio relationship
for the three;différent bhilast depths are plotted at 10, and'300-cyclés. |
The treﬁds‘are assumed to be linear and passing chrouéh the brigin.< The
complete lineé in Fig. 5.11 represent the 12 in. (305 mm) layer depth of
which the line for 300 cycles is the same as that appea;ing in Fig. 5.7 for =
an SLR of approximately 1.0. Fig. 5.11 demonstrates that fhe same trend
appears for cyclic deformation as appears for static deformation, i.e., that'
" deformation decreases as ballastudepth.dedreases.

This trend is more-clearly illustrated in Fig. 5.12, in which cumulative
c&clic deformafioﬁ is élottéd as a function of ballast depth for a load rétio )
= 0.54. From this figure, it appears that the amount of cémpaction decreases
with decreasing Ballastldepth. Also plotted in Fig. 5.12 is the cyclic
compaction strain (EC) which is defined as,

g = CCD x 100% ) ' (5-3)
Ballast depth
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To represent in terms‘of a peréentage, the quantity is multiplied by 100.
The values of cyqlic’compaction strain for the 9 in. (229 mm) and the 12 in.
(305 mm) layer tests are épproximately equal, but the values drop off
slightly as the depth decreases to 6 in. (152 mm), which generally indicates
comparable levels of compaction.

The changes in the physicai state of the ballast at various depths
éftér 300 cycles of loading are sﬁown‘in Fig. 5.13. The BBI at all three
deformations differs only slightly for the 12 in, (305 mm) and the 9 in.
(229 mm) layer depths. However, the BBI'Q for the 6 in. (152 mm) lay;r
depth incfease significantly, as much‘as twice the BBI ‘values obtﬁined at
the 9 ih; (229 mm) or-lé iﬁ. (?05 mm) layer depth tests. The BBI for the
6 in. (152 mm) layer test may be affected significantly by the bottom Boun-—
dary. | | |

Lateral Boundary Effects. The laﬁeral'boundary effects were tested

using the large test box, which has dimensions of 36 in. (0.914 m) by 36
in. (0.914 m) with a 12 in. (305 mm) depth. This box represents essentially
a ffee field condition because the ballast particles are unrestrained from
laterél movément. .The small box, which has dimehsions of 20 in. (508 mm)

by 20 in. (508 mm) with ; 12 in. (305 mm) depth, was us;d for all of the
| tests except those that tested'for lateral boundary effects. The lateral
constraints in the small box teéts were closer to the compactioh plate thén
they were in large box tests. The small box testé were an attempt to sim-.
ulate; not necessarily duplicate, the effect of in-situ ties which are close

to the vibrating ballast compactor plates.

The initial box density was not measured for the lafge box test serijes.
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' However, the ballast was prepared in exactly the same manner as the small

box tests. Therefore, it is reasonable to assume that the loose state bal-

last density for the large test box was nearly equal to the average density

for the small box tests, i.e., 81.9 pef (1.317 Mg/m>). Since the initial

box densities were nearly .equal and the samples were subjected to the same @
loading con&itions,'the static‘heforma;ions can be compared. The average

static deformation of the‘ballést in the small test béxgsubjected to é 1519

1b (6760 N) load, was 0.275 1n. (6.99 mm) (Fig. 5.4) anc 0.371 in. (9.42 um)
in;the‘large test box. This. represents a 35% ihcreasg in defofmatipns for

the large box over the smail box.

Frém a regression analysis, the resulting equations forcumulétivepyclic
deformation as a function of cyclés of loading for the large box tests aré ' 7 .
listed in Table 5.2.  Examination of thé,cdrrelation coefficients indicates
that there is a good log—log correlation.

Cumulative cyclic deformation, as a function of léad ratio, for.lO, 100
and 300 cycles is compared for boﬁh the large test box and small test box in
Fig. 5.14. Because of the limited number of data points,. the large box tests
are plotted as only partial lines passingvthrough the origin on thg graph.

As the lateral boundaries are reﬁoved; the cumuiative cyclic deformation‘
increases. - In othér;words, the same trend exists for ;yélic deformation as
exists for static deformation. ‘The average cumﬁlative cyclic deformation -
increaséd for the large box test over the small box tests by.76% for 10

fcycles, by 35%Z for 100 cycles and by 277 for 300 cycles. The percentage

increases at 100 and 300 cycles appear to be consistent with the percentage

increase of the static deformation for the large box tests. -
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The deformations, both static and cyclic, that occurred in.the large
test box increases by about 31% over the deformations obtained in the
small test box. However, there was very little'éhange in the plate load
test results between the two test box sizes, which is evident in fig. 5.15.
Boti box sizes yield siﬁilar EBI results at—all three defﬁrmation levels.
Also, the la;eral dipensions of the test‘bbedo not influenée these results
~ according to Wayhe‘(Ref.'ﬁ). Since the stiffness values for the two teSt.
box sizés'are simiiar (Kéf. 22), then so is the degree of:compéction of the

ballast in the zone under the oscillating plate.

The conclusion that can be drawn from this test series is that if no
lateral constréinté are applied, the tendency is.for the ballast particles
to move latérally rather ﬁhan to densify to a greater degree than occurred
»in the small test box. Thus, the net effect of compaction fof‘;he two
“test box sizeé is the same. o

Frequency. Most of thé tests were conducted at a_frequency of 1/2
Hzt However, in order to investigate the effect that frequency has An both
the amount of deformation as well as thevba}last physical state, three
tests were berformed in which the frequency was varied but all other
parametefsiremained constant. The different frequéﬁgies,used for the.ﬁhree
feéts were O.i, 2.0 and 4.0 Hz. For all three of these tests, nearly
the same mean static load was used; an average of approximately 1490 1lb
(6631 N). The resulting static deformations were previously included in
the diségssion of static.loads and were of the same order of magnitude as

other tests conducted with this mean static load.
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The effects of frequency on cumulative cyclic deformation is best re-~
presented as a function of load ratio for 10 and 300 cycles in Fig. 5.16.
The lines representing the 1/2 Hz test are the same reference lines for an
SLR ~ 1.0 for L0 and 300 cycles illustrated in Figs. 5.11 and 5.14. IExamin—
ation of Fig. 5.16 reveals that the cumulative cyclic deformations at a
given number of cfcles for bnth frequencies of é.O Hz and 4.0 Hz is less
‘than that for a_frequency of 0.5 Hz, while cumulative cxelic deformations
for a frequency of O;l Hzrwas greater than that for'a 0.5 ﬁz. -The general
trend shows that between the frequeneies of 0.1 and‘Z;O Hz, the cumulative
cyclic deformation decreases as the frequency increases. However, when the
frequency was increased from 2.0.Hz to 4.0 Hz, the'cumulatiue cyelic defor? .
mation increased, but not to the same order of magnitude that resulted from
the Q0.5 Hz tests. The limited number of &ata points makes it difficult to
establish conclusive trends concerning the effect of frequency on the amount
of‘cumulative cyclic deformation. The need for further examinetion.of the
frequency effect exists to substantiate the results obtained in these tests.

The effect that frequency has on the physical state of the ballast is
shown in Fig. 5.17. The loose, uncompacted state is included as a‘reference
‘point. Test 14A which had a frequency of 0{1 Hz is compared,to test 11A
which had:a frequency“of 0.5 Hz because the load ratios fur the two tests
are nearly equal, i.e. 0.79, and the static lead.ratios are the same. The
overali comparison of the three déformation leﬁels shows that physical states
resulting from the two tests is nearly the same. In order to compare test

9A with a frequency of 4.0 Hz to a test at 0.5 Hz, the BBI for a load ratio

of 0.239 at a frequency of 0.5 Hz were obtained from curves similar to and
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including Fig. 5.10. Fig. 5.17 suggests that there is an increase in plate
load resistancé (BBI) for all three deformation levels as the frequency is
increased. - —
An in-situ Eallast density test was performed on the sample that was
" compacted at a frequency of 2.0 Hz (Fig. 5.8) which gave a final density)of
88.57 pcf (1.419 Mg/m3). Neafly all of the ballast'denéity tests results,
regardless Qf the loadimg conditiéné, yigld a resulf.very ciose to 88.5 péf
(1.418 Mg/m3) aftér 306 cycles of loading. Although neither ﬁhe amount of
cumulative cyclic deforﬁatidn or the ballast density.ﬁést result indicate
_that a higher frequency causes é gré#te; amount of Compactién to occur, the
plate load test suggests, for frequencies greater than 0.5 Hz, that fre-
quency may have an.effect.. However, it is difficult to méké~valid éonclﬁsidns
Qﬁ theSe trendé with the limitgd amount of data available.
5.3° CdMPARISON WITH FIELD DATA
"There are two field studieé on ballast compaction that are available
and are comparable to this study. One is an investigation of ballast pro-
‘perties by SUNYAB at the Illinois Central Gulf Raiifaod (ICG) [Ref. 23 and
24]. There is a £angent dual main line, of which the Nortﬁbound was being
sﬁbjected to a majér maintenance program th;t included cfack undé:cﬁtting,
tie tamping and,crib ;nd shoulder ballast coﬁpacfion;- The fifst process was
the track un&ercutting in which all of the ballast material in the cribs,
shoulders and beneath the track was removed. All of the fines were removed
from this material and were deposited along the side.of the track. The
clean limestoﬁe-ballast was then dumped in‘the center of the track. The

track was raised and the ties were tamned. Additional slae ballast was
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Adeposited to £fill the cribs and shoulder sectionibefore the ballast compactor
was used. In-situ ballast density tests and plate ioad tests were performed
at various stages of the above program.

The lowest density state of 84.9’pcf (1.36 Mg/m3) was found under the
tie in the center of the track for the tamped but uncompacted stage. The
ballast in ghe cribs in the center‘of the track at the same stage was found
to have an average density of 91.8 pcf (1.45 Mg/ﬁa), The lowest density
state is comparable'to the loose state of 85.5 péf.(l.37 Mg/m3) obtained
in khis study. Thé method of placemeﬁt éf‘the béllasg may account for the
!difference'between the density under the tie and in the érib. Tﬁe ballast
undér the tie more or less migrated there from the‘cribs during the main-
tenance operations: The energy used in placing the ballast there was very
. low, thus the dénsity is low. The ballast in the crib, on the other hand;
was duﬁped from a‘height of a few feet. Thus, the energy associated with
théc ballast placement was greater and the density measurement yielded a
higher value. Incidently, these Hensity values have been modified to repre-
sent a 1007 limestone sample, sinée the raw data was for a limesténe and
slag mixture. The limestone at ICG was approximatelfithe same gradation as
the limestone. used in ;his project but it was less angular. |

In order to compare_the éffeé:s of the ballast compaction aﬁ ICG and
‘the simulated compactor, the change in crib béllast density must be examined.
The éompactor uséd at 'ICG operated at a frequency of 38:H; and was applied
for épproximétely 3.5 séconds. Thus,'the ballast was subjected to 133.
cycles of loading. The average density in the crib af;er tamping in the
3)_

area that is to be compacted was 92 pcf (1.474 Mg/m The average density,

taken imthe same area after tamping and compaction, was 96.4 pcf

(1.544 Mg/m3). This represents an increase in ballast density of 4.4
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. 3 ‘
pcf (0.07 Mg/m ) due to the use of the ballast compactor. This increase
is greater than the increase of 3,pcf_(0.048 Mg/m3) obtained with the
simulated compactor. A large part of this difference may depend on the

frequency used since it is the parameter with the greatest difference

_ between the two machines.. It has been shown in Fig. 5.8 that varying

the cyclic and static loads produces only a small change in the resulting
. _ A ,

‘ballast densityf

The plate load teet data was compared’ by either the EBI;'previously .
defined, or the Modified Ballast Bearing Index (EBIK). The BBIK'parameter'
is equal to the BBI at a given deformation level divided.by that-defor-
maticn, i.e. 0.1, 0.2,'or 0.3-1in. (2.5, 5;1, or 7.6;mm); An average
BBIK.ie.subsequently deterﬁined from ﬁﬁé three computed values.

Examination of the plate load tests reSults shows that.the'lowest
average BBIk occurred in the center of the track beneath the tie. Thié
value was 177 pci (48 1 MN/m ) whlch is very close to the 185 pc1 (50. 2
MN/m ) obtained in this laboratory experiment for the loose state. This
value is also coﬁsiStent with the ballast density tesr performed in the
same area. The average BBIK in the center of the track in the crib was
236 pci (64.1 MN/m3) which is consistent with the ballast density measure-~
ments in that it is an increase over the Below—tiervalce.‘ Ae ﬁas stated
earlier; the ballast in the cribs near the rails, where the compactor
plates are piaced, was a mixturevof siag and limestone ballasts. The
percentage of slag increased towards the outside of the track. The average
BBIK outside the rail was 697 pci.(189,3AMN/m3) and the averaée BBI,
inside the rail was 488 pci (132.5 MN/m3L but thevaverage‘value of all
tests was 572 pci (155.4 MN/m3). The large difference between the
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inside of the rail and the outside of rail results may not be entirely dué N
‘to the difference in ballast types. Wayne (Ref. 6) states that average
BBIK values for loose-states of limestone and slag are of the same ordér

of magnitude and the same holds true for the dense state values of the

two materials.

0 Since the BBIK is a function of the static load ratio, the load ratio
and theAcycles_of_loading at a given frequency, the.regulting BBIK of tﬁe
comﬁac;or was estimated'if it were operating'at a frequency of 0.5 Hz. That
estimate is 305 pci (82.8 MN/m>), which ie significantly different from

average BBI, value obtained at ICG of 572 pci (155.4 MN/ms)a ‘This fact

K
further reinforces the notion that the operating frequency is a significant
factér iﬁ changing the physicalbstate of the.ballast. The only ﬁesttthat
matches the stétic an&‘cyclic loads of the ballast compactor is Test IIAi
whose static load is 1,499 le(6,671 N) and whose cyciicvibad is 1,258 1lbs
¢ after 300 cycles is 420 pei (114.1
MN/m3) thch’is close to the inside of rail value of 488 pci (132.5 MN/mB),

(2,541 N)? The resulting average BBI

but is much lower than the average value of 572 pci (155.4 MN/m?)°

The second field study which is comparable to this laboratory project
was conducted by the Canadian National Railroad (CNR). [Ref. 17]. This
study %as concerned Qith plate loa& test results taken on fhe track shouldér,
under the tie, on the crib surface, and in the crib at a depth'equal to the
depth of the tie. Thé plate load test procedure was essentially the same
as the SUNYAB procedure with one major exception. Rather than using a load
cell to record loads and a DCDT to record deformations on an X-Y recorder,

CNR recorded dial gauge readings for deformations and hydraulic jack pressure )

for loads at various points in the test. These recordings were plotted “

to obtain a load-deformation curve. They also used pea gravel rather than
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plaster as a seating material. The CNR report provides BBI values at 0.3
in. (7.6 mm) deformation. These field plate load test data from the crib
near the rail were selected as mest appropriate for comparisen withvthe lab
results.A The.CNR ballast was crushed. stone. |

The BBI at 0.3 in.'(7.6 mm) deformation on the»undistarBed track was
264 psi (1,819 kN/mz). Exactly how many million gross tons of traffic had
passed over this track since its last track surfaciﬁg~program is not known.
After surfacing aad_liningbenly, the BBI at 0.3 in. (7.6 mm) deformation was
63 psi (434 kN/mz).- This is nearly the same as the.laberatory loose state
condition which.is-§2 psi (358 kN/@Z). fhe BBI at 0.3‘in. (7.6 mm) defor-
mation after crib and shoulder compactien was 306 psi (2,108 kN/mz). The
BBI at 0.3 in. (7.6 mm) detormatioh after undercuttiné.and_crib.compaction.
. was 412 psi. (2,839 kN/mz); and-after undercutting and crib and shoulder com-
pactioﬁ,was 333 bsi’(2,294kaZm2). After undereutting, the . track bed was
filled with eitﬁer slag or new crushed rock. Tﬁe abeve results are average'
values that represept many tests. Theistudy does not differentiate the-
test results for tﬁe different ballast types. All of the above values are
' signiflcantly greater than any of the wvalues obtained in.the laboratory
tests. The greatest value of BBI at 0.3 in. (7.6 mﬁ),deformation obtained
in the labdratory was.l40.psi (965ka/m2). The Statlc load for this test
was 6,197 1b (27 577 N) and the cyelic load was 3,728 lb (16 590 N). All of
the CNR values are also greater than the results obtained from ICG. .

Exactly why>the BBI values in the CNR study are so much'greater is
difficult to ascertain, but there appear to be factors that are differemnt in
the two studies ﬁhich influence the plate load test results. A more detailed
study on plate load test comparisons is discussed.by Panuctio and Dorwart

(Ref. 4).
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6. SUMMARY AND CONCLUSIONS

A summary of the three field compaction mechanisms simulated in the
laboratory for a crushed limestone ballast are presented.
6.1 SIMULATED TRACK BED |

An old railroad track bed, i.e., one that has not been recently sub-
jected to maintenance operations, was simulated iq the 1aboratory By filling
.a.large teét box wiﬁh 12 in. (0.305-m)'§f limestone ballast and compacting
it with a vibratcry plate compactor. The change in the ph&sical state of‘
the ballast during the compaction phase waé monitored by plate load tests
and in;situ bal;ast density tests which were performed at certain inter-
vals during the~compactioﬁ prébess. The main cdnclusions froﬁ this inves-
tigﬁtion are: |

1. The in-situ balléét density test; that were.perfo¥med during thé

compaction of the tréck bed-fiéldéd an a&erégé maximgm dry density of ap-
proximately 110 pef (1;76 Mg/m3) after only 25 to 50 passes with-tﬁe vibra-
fory compactor. This was én iﬁcrease éf about iZ pcf from the loose state.

2. The Bailast Bearing Inde# (BBI) Values‘obtained from the plate load
tests on the cqmpaéted trgck bed leveled off afte; approximately 500 passes
with the vibraﬁory platé coméactqr. The average ﬁaximum BBI value at 0.2
in. (5.1 mm) deformatioﬁ was approximatelyA279 psi (1922 kN/m2).

3. The laboratory ballast density and stiffness values after 1000
compactor passes compared favorably well‘with field test results for an old

track bed condition.

112



6.2’ MANUAL TIE TAMPING

Several lateral tie push tests were performed when a standard railréad
tie was placed on the compacted bed with no criﬁ,or shoulder, and tﬁe ef-
fects oflvarious weights placed on the tie were.evaluated. Tes;s were also

performed for a semi-filled crib, a full crib, and a full crib with a sur-

chérge :Bad. The ballast shoulder section was subsequently formed and lateral

ﬁie push_tests'were performed‘on.a'comp;gtedvﬁaseg as well aé a loose base
fesulﬁiné from various aﬁounts of tampi;g raises.A These ballast physiéal
state test results were also comﬁared with previous reported data?

The following summarizes the impoftant #est results obtained from these
Eests:

'l.)vThe latefai tie'Qe;isfénqe”of“an'indivi&uéi tieuaf;ef’ﬁanual tie
tamping doeéfnpt:éppear to be affec;ed b};thé heigﬁf qf:the ﬁamping raise nor:
the type of j#iéiné'oéerati;ﬂ,‘iié;; fuli'orfin»lifté.-‘Thié'is for a full
loose baliangcrib“ahd‘;hohlaér?Eéﬁditiﬁn.‘>

2. The»lateralitie résisténce increases néafly Lineariy aé’the amount’
of ballast in the criBs iﬁcreasés. Evgn When'the-cribs»arebo§erfilled, the
tielresistancé‘éontinﬁes to:incfeése.in a similar fashioﬁ, The érib component
of resistance is a §ignificant contributor &o the toﬁal lateral resistance
of an unloade& tie. a

- 3. Fdr ties of various equiyalen; weights placgd on a compactgd base .
with no crib or shoulder ballast, the lateral tie resistance is approximately
equal to one-half of:the tie weight.

4.1.The in-situ ballaét density test and the plate load test data for

both in the crib and under the tie locations produced fairly comnsistent
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results with respect to manual tie tamping. In general, both the ballast
density and ballast stiffness under the rails, i.e., the zones of tamping,
were.reduced after tamping was performed aﬁd each of these physical state
test values were comparéble for different hgights-of the ‘raises.

The field LTPT results from ICG and FAST were generally greater than the
laboratory teéts for the after-tamping condition by 50 to 150 lb-(223 to
668 N). This Aifference‘éannét-presently be exﬁlained; however, the'rénge
of lateral tié;resiétance vélueé‘at 0.157 in. (4 mm) displacement were ébm—
parable for the two conditions. The laboratory PLT and BDT reéuits, however,
cAmpared'very favorably to the field gest resqlts for the‘tamped—only con-
dition. Thus, tﬂis track?COnditidﬁ'éﬁﬁéﬁféqtsﬁiéy}ébrbddéiﬁle‘in tﬁe labor-
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6.3 CRIB COMPACTION PLATE"
This part of the'stuly was' condudted i o¥der to examine the effect that

various paréﬁetefS”havé‘én‘BéliésEJcampécgiga;'\Tﬁé béll;é;rcoﬁpa;tionlwas

performed in the laboratory 6ﬁ é'iimestdﬁéigéifagfhwiﬁh a simﬁlated ballast

ng at a low frequency.

compactor that consisted of a single ﬁléﬁé dééiii;t
The compaction effort included HOthlstétiE énd{cyélié‘igédiﬁg.' Apparatué'_
and experimental design,gonsi&eratiéns for this frojéct were a result ofla
réviéw of manufacturér's literature on ballast compactors whiéh provided
the specifications for the plate shape and size as well as the range of
static and cyclic loads to be used. The frequency and application ﬁime of
b;llast compactors'was consi&ered in determining the equivalent number of

cycles of loading. A test box with a volume of 2.78 cubic feet (0.0787 m3)

™~

was used for most of the tests, but a 9 cubic foot (0.25 m3) test box was
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used to test for lateral boundary effects. The effects of ballast depth

and loading frequency were also examined. The amount of compactlon for each

test was evaluated by one of the physical state tests developed at SUNYAB,

i.e., plate load tests or ballast density tests.

The following list is a summary of the results ftom the tests:

As the static load was increased, the static deformation also increased.
However; the overall relationship was. not linear; The bottom bou1dary
is belleved to have 1nfluenced the tests with large static loads.

When the initial box density increased, the resulting static deformation,
for a given static load, decreaaed.»

The cumulative cyclic deformation increased as the load .ratio was in-
creased.fot,a givenwstatiCiload"ratio; ‘The3chmulativé.éyclic deformation

1ncreased as- the statlc load ratlo 1ncreased for a constant load ratio.

PETL R B P 1’“

'of about 85 5 pcf (l 37 Mg/m3) to about 88 5 pcf (1.418 Mg/m ) for the

dense state after 3QO eyclesﬁ_ Ihe,flnal-dehsity state appeared to be

1ndependent of the loadlng condltlons.b

’ The BBI value at a glven deformatlon 1ncreased as the static 1oaa

ratio oas incteased for a given load ratio; _Similarly, as the load
ratio Was inereased for a given static load ratio, the BBI value
'increaaed;

When the sample ballast depth was decreased, both the statlc deformation
and the cumulative cyclic deformation decreased when comparing similar
loadiné conditions.

The BBI's differed only sligiatly for the 1Z ih. (305 mm) and 9 in. (229.mm)

115



layer depths, but they increased dramatically for the 6 in. (152 mm)
layer depths.

8. When the lateral boundary constraints were réﬁoved, both the static
deformation and the cyclic deformation increased for a given set of
loading conditions, but the BBI values were nearly the same. This Q
shows that the amount of compaction was eésentially the same for the
two test boﬁ'sizes.

ba Whén the effeéts ofVdifferent;fréqueﬁ;ies'we;; tested, it was foqnd
that the density Qas no different éfter compacfing at 2.0 HzAthan it

4

was after'compac;ing at O.S«Hz‘afte; the same number:of cycles and
similar ;oading:conditions; B
10. TFor eqﬁivalent:lpad ratios,,the.BBIfs reéulting from the 0.1 Hz téét

was essentially thé,séme as the'0,5'Hz testi Tﬁevtést ﬁerformed at‘a

frequeﬁcY’df 4.0 Hé resulted in gréater BBI's than the 0.5 Hz test

at én equivaleht load raﬁid. | |

The test results were also compared to results that were obtained from
physical state tests performed iﬁ the field. Of the.tests performed on the
Illinois Central Gulf Raiiroad, the only results for the_Loose state that
égreed with this experiment.wére locatéd uqder the tie in the center of
the track. Both thé ballast density tést ana plate load test results compare
favorably to the loose state tests for this project. Ihe BBI values in the
area tﬁat was under &irect contacﬁ with fhe vibrating.plate increased much

more than any BBI values in the lab tests. The CNR conducted a study in

BT ]

which plate load tests were perfbrmed on the track in different maintenance

stages. The loosest state that occurred in that study was after surfacing @
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v

and lining in the crib near the rail where tamping occurred. The plate load
resistance at that stage in the field was nearly equal to the loose ballast
results in the lab tests before compaction with the oscillating plate.
However, the field BBI values aftef crib compaction were significantly greater
than any values obtained in the lab tests after compaction with the plate..

The conclusion based on both the ICG and CNR comparisons is that the higher

frequencies in the field operation significantly affect the amount of ballast

-compaction. .
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