US.Department

PBR 2-192204

Mechanics of

g Ballast Compaction
Volume 4: Laboratory
Investigation of the Effects of
Field Compaction Mechanisms
NATIONAL TECHNICAL
INFORMATION SERVICE
R L
FRA/ORD-81/164 Minsl Repert This dosument is avalisbie
OOT-TSC-MRA-81I, IV Maerch 1952 © the U.S. public through
the Natiens! Teshniesl
C.M. Panuscio information Serviss,

V.



NOTICE
This document {s disseminated under the sponsorship
of the Department of Transportation in the interest
of information exchange. The United States Covern-
ment a:slncs no 1iability for its contents or use
thereof.

NOTICE

The United States Government does not endorse prod-
ucts or menufacturers. Trade or manufacturers'
names appear herein solely because they are con-
sidered essential to the object of this report.




Toechnicel Repo:t Decumentetion Pege

m Ne. —_— 2. Gevernment Acceasien Ne. 3. Recipiont's Cetalog Ne.
FRA/ORD-81/16.4 PR32 19 220 4
-ﬁ-ﬁlo ond Subtitle m
MECHANICS OF BALLAST COMPACTION March 1982
Volume 4: Laboratory investigation of the Effects of |6 Perferming Orgenization Code
Field Compaction Mechanisms DTS-731
8. Performing Organizetion Repert Ne,
7. Auther's)
C.M. Panuccio, D.R. McMahon and E.T. Selig DOT-TSC-FRA-81-3, IV
9. Porforming Organizetion Neme end Address 10. Weork Unit NﬁRAlS)
Departaent of Civil Engineering * RR219/R2309
State University of New York at Buffalo 1. Cearrest or Gront No.
Parker Engineering Building DOT-TSC-1115
Buffalo NY 14214 13. Type of Revert end Peried Covered
12. Spensering Agency Neme ond Address Final Report

U.S. Department of Transportation

Federal Railroad Administration Jan 76-Sep 79
Office of Research and Development 1. S0 Aroney Code
Washington DC 20590

15. Supplomentery Netes U.S. Departmernt of Transportation

Research ard Special Programs Administration
Transportation Systems Center

Cambridge MA 02142

*Under contract to:

16. Abstrest

This report describes a preliminary series of laboratory tests which attempt
-to simulate some of the effects of maintenance procedures and traffic on the "
physical state of ballast as measured by the ballast density test, plate load
test, and lateral tie push test. The first part of the report examines ballast
compaction with a commercial vibratory plate. The second part considers manual
tie tamping. The third part investigates the effect of cyclic loading of ballast
with a surface plate, which represents plates on crib and shoulder coapaction
machines. Vibratory compaction and traffic were shown to be effective means of
compacting ballast. However, more research is needed to quantify the effects
of the controlling veriables.

This report is Volume 4 of the Final Report on the subject contract.

A

V. Koy Werde . Dlomibunen Srosemite P
S g
Ballast, compaction, density, bearing OOCUMENT 16 AVAILABLE TO THE US. FUSLIC
test, lateral tie push test, tamping, Wﬂ':::mu’m::. '
trackbed VIRGHNA 23900 :
19, Sesunty Clossil, (ol Sois reper®) . Sewwrity Classil. (of this page) No. of Poges | I Price
Unclassified Unclassified | 136

Perm DOT P 1790.7 3-7)




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 b;lla-t compaction and recommend guidelines for using
compaction to improve track performance. This study was conducted by the Research
Foundation of the State Unlversity of New York at Buffalo (SUNYAB) under contract
to the U.S. Departnen: of Transportation, Transportntion Systems Center, in Cam-
bridge, Massachusetts, sponsored by the U.S. Department of Transportation, Fede-
ral Railroad Adminiscration, Gffice of Research. The contract number was DOT/
TSC/1115. The technical monitor was Andrew Sluz.

Principal Investigator for the study vas Ernest T. Selig, Professor of
Civil Engineering at SUNYAB. Technical direction of the work described in this
report 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 Rescarch Assistant at SUNYAﬁ during this part of thg research. Help in
conducting the laboratory tests was provided by C. A. Thomas, Uddergraduate Re-
search Assistant, and H. E. Stevart, Graduate Research Assistant. Technical ad-
vice on instrumentation and measuresant techniques was provided by B. C. Dorwart

and J. I. Johnson, Graduate Research Assistants.
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Units

length

area

force
(weight)

pressure

pressure/length

volume

density

ADDITIONAL CONVERSION FACTORS

in.
ft
8q in.
8q fc.

1b

1b/sq in.
(psi)

1b/ecu in.
(pei)

cu ft (fts)

15/£e3 (peg)

(in.z)

(ftz)

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

millimeters
meters

square
centimeters

square
meters

nevtons
ki lonewtons

per square
meter

meganevtons
cubic meter

cubic meters

megagrams per

cubic meter

Multiply By S

25.4
0.305
6.45
0.0929

4.45

6.89
per 0.2716

0.03

0.016

ol

kN/m

MN/m

Mg/m
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EXECUTIVE SUMMARY

The first part of this report describes an investigation of tamping
and compaction of ballast using laboratory-simulated field conditions. A
track bed was constructed in ti.e laboratory and tie tamping and compaction
operations were pctforuod. in order to examine the effects on the resulting
physical state of the ballast. The ballast physical state was measured
using the three in-situ tests developed at SUNYAB. These were the pl‘ate
load test (PLT), which Weasures vertical ballast stiffness, the ballast den-
sity test (BDT), and the lateral tie push test (LTPT), which measures the
resistance c;ffeted by the ballast to an individual tie displaced laterally.
In general, tamping machinery is used for track maintenance work, while ties
are manually tamped only for spot work. However, all of the tie tamping in
this project was performed manually, becsuse mechanical tamping equipment
could not be used in the laboratory.

Simulation of a railroad track ballast bed that has been conditioned by
traffic, but which has not been recently subjected to maintenance operations,
vas attempted in the laboratory by £filling & large test box with a 12-in.-
(0.305-m~) thick layer of limestone ballast and compacting it with a vibra-
tory plate compactor. An increase in ballast density of about 12 pef from
the loose state was observed after only 25 to 50 passes with the vibratory com-
pactor. Most of the ballast boating stiffness increase occurred within approxi-
mately 500 passes of the vibratory plate compactor. The laboratory ballast
density and stiffness values after 1000 compactor passes compared favorably
well with field test results for a track bed after long periods of traffic.

Several lateral tie push tests were performed when a standerd railroad
tie was placed om the compacted bed with no crid or shoulder, sad the effects

xi41
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of various weights placed on the tie were evaluated. Tests were also per-
formed for a semi-filled crib, a full crib, and a full crib with a surcharge
lcad. The ballast shoulder section was subsequently formed and lateral tie
push tests were performed on a compacted base, as well as a loose base re-
sulting from various amounts of tamping raises. These ballast physical
state test results were also compared with previous reported data.

The lateral resistance of an individual tie after manual tie tamping
vas not affected by the height of the tamping raise for a full, loose bal-
last crib and shoulder condition. The lateral tie resistance increased
nearly linearly as the amount of ballast in the cribs increased. Even when
the cribs were over-filled, the tie resistance continued to increase in a
similar fashion. Thus, the crib component of resistance is a significant con-
tributor to the total lateral resistance of an unloaded tie. For ties of
various weights placed on a compacted base with no crih'ot shoulder ballast,
the lateral tie resistance was approximately equal to one-half of the tie
weight.

The field lateral tie resistance forces from the LTPT were generally
greater than the laboratory forces for the tamped-only condition by 50 to
150 1b (223 to 668 N). The laboratory PLT and BOT results, however, com-
pered vnf} favorably to the field test results for the tamped-only condition.
Thus, representative field track conditions appear to have been reproduced
in the laboratory.

The second part of the report describes an investigation of the factors
influencing ballast compaction with surface vibrating plates. This series
of tests with a single oscillating plate on the ballast surface was intended

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

To accomplish this, a single, flat, steel plate having disensions 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 was recorded for 4 loose, crushed limestone ballast in
small test boxes under controlled loading conditions. The effects of the
following factors on the compaction of ballast were investigated: 1) magni-
tude of static load, 2) magnitude of cyclic load, 3) ballast depth, 4) cycles
of loading, 5) frequency, and 6) lateral boundary effects. In addition, BDT
ani PLT tests were performed on the compacted zone after the required number
of loading cycles was achievaed. These two physical state tests permit a com-
parison with field experience.

The cumulative cyclic deformation (settlement) of the plate increased as
the ratio of cyclic to static load vas increased for a given static load. The
cumulative cyclic deformation also increased as the static load increased for
4 constant ratio of cyclic to static load. The ballast density increased by
only about 3 pcf from the loose state after application of 300 load cycles.
The final density state appeared to be 1nd§pqu¢nt of the loading conditions.
The plate bearing stiffness value &t a given deformation increased as the sta-
tic load was increased for a given ratio of cyclic to static load. Similurly,
as the ratio of cyclic to static lo.d vas increased for a given static load,
the bearing stiffness increased. When the sample ballast depth was decreased,
both the static deformation and the cumulative cyclic deformation decreased.
When the lateral boundary constraints of the box vers removed by using a larger
box, the deformations incressed for a8 given set of loading condit.ions, but
the amount of compaction was essentially unchanged. Within the frequancy
range of 0.1 to 2 Hz, the ballast physical state resulting from compaction
wich 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 observed physical
state in the field under two conditions. These conditioms vere under the cen-
ter of the tie after reballasting and in the crib near the rail after tamping.
However, the ballast stiffness in the crib after crib compaction in the field
wvas much greater than that achieved i; any of the lab tests. The conclusion
was drawn that the vibration effects from the high frequency used in the

field contributed significantly to the amount of compaction achieved by an

oscillating plate.

xvi



1. INTRODUCTION

The track system response is directly affected by the-physical
state of the ballast material within the track bed. Changes in the
physical state, as well as track geometry, are primarily attributed to
train traffic loading conditions, environmental influences (such as tem-
perature and weather), and track maintenance operations. These features
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 induced upon the ballast behavior, such that iso-
lation and quantification of either variable is difficult to assess.
However, track maintenance is a relatively short term condition, which
easily provides for measurement of the changes in fhe ballast state with
respect to different maintenance practices. .

One such maintenance practice commonly used to vectify track geo-
metry irregularities resulting from train loadings is an out-of-face
surfacing and lining operation 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 wm)] and subsequently leaves the ballast
in the cribs and under the tigs in a rather 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 latorai
track buckling. Traffic can proceed at normal operating speeds once a
sufficient amount of tonnage has passed and the track has achieved a

stable condition.




however, while the lateral resistance to track buckling increases
with traffic, a Progressive deterioration of track geometry 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 trangported goods results. Also, a reduction in
train speed is required to prevent possible derailments. Thus, ahother
out-of-face surfacing and lining operation is necessary, and t@e process
is repeated.

The addition of ballast crib and shoulder compaction machines to
normal track maintenance operations supposedly reduces the number of slow
orders, lengthens cycle times for major track maintenance, and initially
increases track stability. This machine follows the ballast tamping-
leveling-lining machine and densifies the ballast in the crib zones near
the rails and on the shoulder. Linited use of these compaction machines
has been made in the United States and, thus, the implications on the
long-term effects of extending the time for Programmed track maintenance
cycles and increased track stability are not well established.

In addition, different ballast compaction machines possess signt-
ficadtly different characteristics, which compound an evaluation of their
effectiveness in compacting ballast. These characteristics include the
size, shape and location of thq cridb and shoulder plates, the static down
pPressure, the generated force, and the application time.

The compacted state of the ballast in the cribs and under the tie
is changed by three different Processes: 1) tamping, 2) crib and shoulder
compaction, and 3) train traffic. Oanly a limited amount of reliable fielg

T T e e e e e
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data are available, and laboratory 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 cong}ructed and tie tamping operations were performed
upon a typical track structure in order to examine the resulting physical
state of the ballast. In addition, the effects of crib compaction on
the ﬁallast state were also investigated. Where applicable, the changes
in the 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
stiffncs;, the ballast density test (BDT), and the lateral tie push test
(LTPT) which measures the resistance offered by the ballast to an individual
tie displuced laterally.
Since the ballast in an old track bed is compacted in the center
of the track as well as in the area under the rails, it was decided that
the entire track bed should be compacted: The simulated track bed for
the present study wvas formed by running a vibratory plate compactor over
a 12-in. (0.305-m) deep layer of limestone ballast in a large test box.
At certain intervals during the compaction, ballast density tests and
plate load tests were perfoimad in an effort to determine the degree of
compaction achieved. The results of these tests are analyzed in Sectiom
3 and compared to related field test results in order 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 operation. 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 operat;on are provided by Selig, et al. (Ref. 2).

In general, tamping machinery is used for large scale track rehabilitation
work,while ties are manually tamped only on small track work jobs. The major
advantages in using a mechanical tamper over manual tamping are thai mechan-
ical tamping 1).13 much faster, and 2) provides more uniform tamping from
tle to tie. However, all of the tie tamping in this project was performed
manually, since it is more easily adaptable to laboratory conditions. The
effectiveness of tgis tamping procedure was evaluated by the LTPT, PLT, and
BDT and compared to available field data in Section 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 cohducted. Vibrating compaction nlates placed on the crib
surface are the principal means in densifying the ballast. Thus, the
silpl;st approach is a simulation of a single crib compaction plate on a
volume of ballast equivalent to that which would be compacted in the crib
by one plate.

A single flat steel plate having dimensions comparable to those in the
revieved specification sheets of ballast compactors (Ref. 2) was fabricated
and attached to a structural cyclic load actuator. The load~-displacement
response wvas recorded for a loose crushed limestone ballast in small test

boxes under controlled loading conditions. The effects of the following
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factors on the compaction of ballast were invescigated:b 1) magnitude of
static load, 2) magnitude of cyclic load, 3) ballast depth, %) cycles

of loading, 5) frequency, and 6) lateral boundary effects. In addition,
BDT and PLT tests were performed on the compacted zone after the required
number of loading cycles was achieved. These two physical state tests are
A the only availabie methods by which comparison can be made to field data
and, thus, infer the reliability of this laboratory simulation. The results

of this investigation are presented in Sectiom 5.
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2. COMPACTION CONSIDERATIONS
2.1 CURRENT METHODS OF MEASUREMENT

The key element affecting track systeu response is the changes in the
physical state of the 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 method is at best only an indirect indicator of the
ballast state, since the r;sistnnce is a function of the amount of ballast-
tie interaction. However, this test is directly relevant in determining
the availability of lateral tie resiscance to prevent track buckling.

For the LTPT on individual ties, the spikes, 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 perpendicular
to the rails is measured.

Panel section tests encompass the same basic testing technique. In-
stead,a short segment 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 attached to one rail at the center of the
‘panel section. The total force required to move the panel section is
seasured, and the rc;ulting displacement of each tie is recorded. This method
is favored over the single tie test because the rail-tie-ballast interaction
is believed to more closely duplicate the actual lateral resistance of track
to buckling.

SUNYAB has been actively involved with ballasc physical state changes

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



the factors affecting lateral tie resistance was conducted by Ciolizo (Ref.
3). Panuccio and Dorwart (Ref. 4) correlate field LTPT results with train
traffic loading and track maintenance operations. In the latter case, the
tamping and crib and shoulder compaction operations are emphasized.

The 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 the most effective and reliable means of evaluating
the amount of ballast compaction. Laboratory evaluations were performed
by Chen (Ref. 5) for the BDT and by Wayne (Ref. 6) for the PLT. Panuccio
and Dorwart (Ref. 4) and Yoo (Ref. 7) correlate field t;st results for the
PLT and BDT, respectively.

The in-situ ballast density test essentially measures the density of
a small volume of material at specific locations in the crib or under the
tie. This basic method involves excavating of a hole approximately 7 in.
(178 mm) in diameter and 5 in. (127 sm) deep, lining with a flexible membrane,
and measuring the volume of witer required to fill the hole. The weight of
the excavated ballast material is measured and the density computed. This
technique has been referred to as the water replacement method and is a
direct measure of the amount of compaction.

The plate load test is performed at the same test locations as the
density test. This test involves the static loading of a 5-in. (127 mm)-diameter
rigid plate and simultaneously measuring the deformation resulting from
that loading. This method gives a relative measure of the ballast stiffness

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



The preceding discussion of SUNYAB's ballast physical state tests was
pPresented in capsule form, however, further discussion will ensue in the
following chapter. The details of the final test apparatus and test pro-
cedures for the lateral tie push test, the in-situ ballast density test,
and the plate load test are described by Selig, et al. (Ref. 1).

2.2 OLD TRACKBED AND MANUAL TIE TAMPING

Immediately after track lining and 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 traffic passes
over & section of recently surfaced track, the track structure slowly settles.
The track bed ballast, as well as the surrounding crib and shoulder ballast,
densifies and obtains varying degrees of stiffness. 1In a relative sense,
the ballast achieves its most stable condition iamediately before the track
is subjected to another out-of-face maintenance operation.

For the ballast located directly underneath the tie, i.e., the track
bed, a s-ootﬁ surface is formed at the tie-ballast interface. This smooth
surface is the product of traffic loading, which causes a high degree of
ballast particle interlocking and mechanical degradation of the ballast
particles. Thus, if a tie vas carefully removed from an old track structure,
i.e., one that has been subjected to several million gross tons (MCT) of
tt;ffic since its last maintenaance cycle, the ballast surface under the tie
would be very smooth and the crib ballast would be compacted to such a state
that it would 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



condition occurs with the tamping operation while ;nother condition is achieved
with the application of several MGT of train traffic. The ballast under the
tie in the track bed will undoubtably demonstrate the greatest differences

in stiffness and density for the two conditions.

Previous laboratory investigations in the areas of track bed simulation
and tie tanping are limited. Peterson (Ref. 8) built a simulated track bed
by compacting a 12-in. (0.305-m)~thick layer of initially loose ballast in.
two 6-in. (0.152-m) lifts with a vibratory plat; compactor. The area under
the tie ends, i.e., outer 34 in. (0.864 m) of the tie and 6 in. (0.152 m)
of the shoulder extending beyond the tie ends, was compacted by making 5
Passes with the compactor for each 1ift. The ballast under the center third
of the tie was left uncompacted. A track section consisting of a three tie-
rail system was placed on the track bed and full cribs and shoulder were
formed. Manual tie tamping was performed on the track section with stan-
dard hand tamping irons however, the tamping procedure was not specifically
stated. A 0.45 MGT equivalent train traffic loading was used to seat the
track section prior to performing lateral tie pull tests.

Ciolko (Ref. 3) determined the effect on lateral tie resistance for
simulated track beds prepared in loose and dense states. The ballast depth
was approximately 12 in. (0.305 m) in both cases. The loose density condition
vas achieved by pouring ballast with a small free fall height from containers
into a test box. The dense state was achieved by compacting a ballast area
10.5 ft (3.20 m) long by 2.87 ft (0.875 m) wide with 4000 uniformly distri-
buted blows from a pneumatic plate tamper. A tie vwas placed on the track

bed and, the cribs and shoulder were fét-d by placement of the ballast in

9



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

These two previous laboratory investigations apparently attempted to
achieve and evaluate only relatively different ballast physical state con-
ditions‘boch in the crib and under the tie, which were probably sufficient
for their purposes. However, to more effectively simulate field conditions,
such as the common tie tamping procedure performed on a highly trafficked
or compacted track bed, the laboratory sample Preparations must closely
duplicate the resulring fiald ballast physical‘states.for proper evaluation.
It is these objectives that this current study will attempt to fulfill.

Ciolko's (Ref. 3) large test box,designed to represent a section of a
typical track stucture,was available and the same crushed limestone ballast
was used, provides the required laboratory apparatus and materials. In
addition, a vibratory plate compactor was employed as a means to quickl&
and effectively achieve the compacted track bed condition. Manual tie
tamping was accomplished with the standard track tools and the recom-
mended field procedure. The BDT, the PLT, and the LTPT, were also available to
evaluate the simulated field conditions.

2.3 CRIB COMP:CTION APPARATUS

Characteristics of Field Equipwent. Ballast compactors (Fig. 2.1),
wvhen usgﬁ; are the final operation in programmed track maintenance after
lining-lcv;ling and Eanping. Generally, a set of eight crib compaction
plates compact the billast in the same crib ares as the ~amping tools.

The center of the plates both inside and outside the rails in the crib are
located 9 in. (229 mm) to 11 in. (279 mm) from the rail ceaterline. Simul-

tanecusly, another longer pair of compaction plates, with or without an
10
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attached shoulder pressure plate, compacts the ballast at the tie end or um
the shoulder (Fig. 2.2).

The compaction plates are initially set into vibration, hydraulically
lowered onto the ballast until a predetermined static down pressure is
achieved, vibrated for q\ptallt application time, and then raised. The op-
erator then positions th; crib compaction platesr over the next tie and the
cycle is repeated automatically.

Each conpaction plate generates two components of force to the ballast.
The first is a hydraulically applied static load. Tha second is a cyclic
load induced by the vibratory motors. Vibrating motors of the crib, shoulder,
or tie end compaction plates are one of two types (Ref. 10):

1) a ;otating eccentric mass producing a constant generated dynamic
force at a given frequency, or

2) an eccentric shaft producing a constant smplitude of oscillation.

An adequate comparison of the two methods is prohibited, since reliable
field measurements of the relative degree of ballast compaction are not
available. .

The available nmanufacturer's specifications on ballast crib and shoulder
compaction equipment are shown in Table 2.1. Included are characteristics
of the compacting 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 equipment occur with the type and out-
puts of the vibratory motors. The toliability of the rated dynamic force
is questionable, since this value depends upon the physical state of the

ballast and the subsequent interaction with the compacting plates.

12
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Table 2.1. Characteristics of Ballast Crib and Shoulder
Compaction Equipment

,__m_c {omoaccioq Places
Model Application Tequenc

Refarence Manufacturer Number Time (Sec.) t(Hz ) $ize Raged Force (1b)

Plasser Varisble 2
9 r::t“ VDM 00U 1-13 38.5 114.7 1a 1729 1101
1 Plasser- Varisble
American VDrSOOR 1-20 35-38 <6 1in. - -—
Used 3 x 12 ia.
12 Plasser VONM800 Var. ‘et 38.5¢ 9.8 {a. - -
x 8.5 ta.
Plasser
13 aad CPMBOOR Variablet 3.5 <10 n. - -
Theurer Leagth )
14 Plasser- CMMaoor Variablet 38.5 14 in. x - -
American 8&7/9 ia.
15 Plasser- Cre0o Variablet 8.8 14.5 4a. 1250 1600
American 3 and S Used x $.3 {a.
Plasser Mainliner
10 and Universal Variablet 38.5 %10 in.* - -—
Theurer 06-16CTM Length
Plaseer
&} aad 90) W Used 3 - - - -
Theurer,
Windhoff
Windho v 102 Varishbler 48 10.23 8. — 2203
10 & 12 “ £ Used 6 - 8 x 9.4 in.
sV 102S Varisbler 28 "ot - 220
3V 103 Varisblet <8 " ¢ - 2203+
s Variabl 48 - - 1362-
™ 2. 20 348
18 “amper csc Variable - - - -
i Tamper CcsSC l-9 <33.3 2i2 im.
L Used J=s x 7=1/2 in. -
i6 Macisa D=912 Variable 30 - - 0=5500
9 -1
0-912%, Yariable* 30t - - 3-3300*
D=9 0«10
. cisa - 3«20 6.7 8 ia. - 2200-
i7 b x 10 tr. 3730
1?7 ?enm Ceucrai Variablet had - - -
v/Jacksoa Vib= -
racors
- ckson e 2-2 60-75% S ia. 278 6900
L da x 12 ta.
- Assumed
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Table 2.1. Characteristics of Ballast Crib and Shoulder
Compaction Equipment (continued)

Tie ¥nd or Shoulder Compaction Plates

Model Frequency Rated Force
ence Number (i ) Size Shape Static L}c
9 VDM800U s 52.8 in. flac 2203 2623
x 9.8 {na.
3s 51.2 in. Flac 2203 1729
x 7.9 in.
A
26 e
1 VDMS0OR 3s5-38 in. Flac -— -—
leagth
12 VDMS00 s+ 57.1 ia. Mat - L
x 7.9 in.
n crsooR 3st .5 ft. Mac - -—
x 8 ia.
14 CPMBOOR st 4.3 tt Flat - -
x 8 {n.
13 CPMS00 26.3 83 ia. Tlac 1500 1700
x 8 ia.
10 Mainliner 33+ 4.3 fe. Flac — -—
Uaiversal x 8 in.
06-16 CI™ -
3 903 s - - . -— -
0612 V102 « $3.2 ta. Tac (- 2203+
% 12.6 ia.
3V102s 48 " Flac - 2203+
V103 48 " Me- -— 2203+
™ 4l -— - - - -
il csC 253.3 35 fe.
u m‘ - -
leagzh
16 0-912 50 - Nat - 2=6600
b-9122, 50+ - fac* - 0=5600+
D=3
17 Maciss 6.7 - flac .- 3300-3300
a7 Pemm Cemtral 72 14 ia. .- . -
v/Jackson 7ip- x 18 {a.
racors
17 Jacksoa 60-7% 24 fn.
X 3‘.3 “a - - -

* Tie Dnd Acts on a Horizoncal Shoulder Section, Shouldsr Accs om tae 3luped Shoulder Sectica
* Assumed
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The manufacturer's literature on ballast compactors suggesteu cne fol-

lowing major advantages for use of this machine in conjunction with normal
track maintenance operations:

l. Increase in the lifetime of cross level, line, and surface, and
éhus maintenance inﬁérvals. o

2. Reduction in the number of loose ties; which are a cause of track
deterioration, increased rail end wear, and increased rail failures.

3. Reduction in the number of slow orders after compaction compared to
after tamping only.

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

5. Under the tie, compaction increases vertical track stiffness and
provides a uniform bearing surface (pressure distribution) which is less
likely to deteriorate than after tamping alone.

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

7. Vibrating frequency is equal to frequency of ballast, thus obtaining
optimum compaction, i.e., increase in ballast density. -

However, Powell (Ref. 18) reports that crib and shoulder compaction
is effective in increasing the lateral resistance after tamping, omly if
a sufficient amount of ballast is present in the crib, i.e., a full crib.
Some of the other listed items also are questionable.

The benefits listed indicate that track structure will respond more

favorably for the short and long term conditions with the use of crib and

16



shoulder compaction following tamping than.w;th tamping only. These.findings
are primarily supported by European studies, which from available published
literature apparently lack sufficient quantities of reliable experimental
data. Also, the implication that the same benefits would be derived on
American railroads is misleading, since existing axle loads, track structures
and.ttack maintenance practices are distinctly different from those in Europe.

Laboratory Representation. In the summary of available manufacturers'
literature on ballast compaction machines in Table 2.1, emphasis was con-
centrated upon tihe characteristic features of the compaction plate equipment.
The compiled data indicated the range of variables to be considered in .
designing the laboratory simulation of a single crib oscillating plate.

The first factors to be determined for the crib plate were represcin-
tative cross-sectional dimensions and ballast surface con:act shape. The
plate shapes illustrated in Table 2.1 are composed of the three following
types: 1) a V-shape with a large or small apex angle located either in
the center or offset from the center of the plate, 2) a flat plate with
flared ends, and 3) a spherical shape with a large or small radius of cur-
vature. Experimental data regarding the effectiveness of plate shape on
the compaction of ballast are nonexistent. Therefore, the conveational
flat crib plate was selected for this study.

Since the crib plate shape was determined, the physical dimensions 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
varied from 5.5 to 9.4 in. (140 mm to 239 mm). The plate areas ranged from

80 to 115 1n.2 (0.052 w? to 0.074 m?). However, the plate widths and areas

17
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are assumed to be cross-sectional features of the plate and probably smaller
than the actual widths and areas which come into 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.z (0.075 nz). This
value is close to the single crib compaction plate area of a Plasser and
Theurer VDM 800 U. For this plate area, reasonable estimates of the plate
length and width for use in this study were 14.5 in. (0.368 m) and 8 in.
(0.203 m), respectively. These dimensions were also very close to those
measured on the FRA ballast compactor at the FAST site in Pueblo, Colorado.
That machine was a Plasser-American CPM 800.R 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 compaction plate. The roportc§
values from Table 2.1 were 275 to 1729 1b (1224 to 7694N) for sratic load
and 1101 to 6900 1b (4899 to 30,705 N) for single amplitude cyclic load.
However, an uncertzinty exists as to the methods used to obtain these rated
load values. Thus, the effect of these variabies on the compaction of bal-
last must be thoroughly examined. -The Plasser and Theurer VDM 800 U does
appear to have reasonable values of static load, i.e., 1729 1b (7694 N),
and cyclic load, i.e., 1101 1b (4899 N), when the weight of the machine is
considered.

The final characteristics to be considered for the cridb plate are the
frequeuncy and application time for the cyclic load. Operating frequencies
of 38.5 to 75 Hz and application times of 3 to 5 secorids 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 structural load actuator used in this study

is capable of applying cyclic loads at low frequencies only, i.e., less than
2 Hz, field frequencies and application times 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
alfo made that the cyclic load could reasonably be represented by a sine
wave loading function.

. Given éhe size of the crib compaction plate, the equivalent volume of
ballast material affected by the crib plate must be determined. This con-
dition is illustrated in Fig. 2.3 for a 22-in. (0.559%-m) cie spacing and a
full ballast crib. Both the lateral boundaries and depths for in the crib
and under the tie have been a;su-ed to be representative of field conditions.
The ballast depth under the Sase of the tie wvas assumed equal to a depth
vhich would be disturbed by insertion of the tamping tools. Thus, a likely
choice for a ballast depth is 12 in. (0.305 m). Since the effective depth
over which the compaction plate acts is no: 4nown, several tests will be
performed with ballaaﬁ depth as a variable.

The crib plate definitely affects the ballast within the crib zone and
somevhat underreath the tie. Based on a S5~-in. (0.13~-m) depth under the tie,
an equivalent surface area was obtained by proportioning the volumes of
material within the crib zone and under the tie. The computed surface area
vas approximately 362 and 410 1n.? (0.234 and 0.264 2) for tie spacings of
20 and 22 in. (0.508 and 0.559 m), respectively. Thus, a test chamber,
which i{s 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 crid
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compaction plate. Since the 20-in. by.ZO-in. (0.508-m) box would have
relatively rigid sides, testing in a larger box will be considered in order
to identify the differences in lateral boundary conditions.

The ballast material selected for this study is a uniformly-graded,
crushed limestone. This appears to be 4 common material used for railroad
Ballast on U.S. track. .lso, since the tamping tools leave the crib bal-
last near the rails in a loose state, test specimens will be prepared ini-
tially at a loose density.

Each of the previously mentioned factors will have an effect on the
amount of compaction the ballast material has achieved with the crib.co-
paction plate. In order to identify the changes in physical state, the

plate load 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
position that placement éf the two é ft (1.83 m)-long 132 Rz.rails will
set the rails into proper track gage.

Ballast Materials Tested. The ballast material selected for testing
wvas the same crushed limestone used by Ciolko (Ref. 3). The limestone,
obtained from local quarries, was classified in the USCS system as GP, by
AASHTO as Al, and by AREA as No. 4. The gradation curve is showm in Fig.
3.2, along with AREA specification limits on the No. 4 stone. The ﬁarticlo
shape was angular with a specific gravity of 2.7 and absorption of 0.4X%.

Sample Preparation Technique. In this study, the ballast was first
prepared for the simulated track bed test series. The resulting ballast -
physical state would provide a suitable track bed condition for the ensuing
ballast preparation techniques used in the manual tie tamping series. in
Chapter IV. However, the sample preparation techniques for the two test
series will be discussed separately.

Ballast was shovelled into the test box 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
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amount of applied compaction effort; but not the final "stabilized" con-
dition achieved after large amounts of compaction. Prior to compaction,
rubber mats were placed on top of the ballast over the 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 track 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 compactor used to prepare

the simulated track bed is a portable vibratory plate compactor, model S-50,
manufactured by Stone Construction Equipment, Inc. (Ref. 19). Th; 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 speed with 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 compact the ballast. At certain intervals during
the compaction process, ballast density tests and plate load tests were
perforred in order to monitor the changes in physical state of the ballast.
The individual locations of these tests were selected such that the
following requirements were fulifilled: 1) sll tests were performed 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 the completion of next successive
series of compactor passes, BDT's and PLT's were ne_formed at locations which
would not have been influenced by previous testing. The plaster of paris
used for the PLT and BDT was removed from thg track bed at the completion
of a test, and the resulting void was filled with fresh ballast.

The BDT apparatus (Fig. 3.3) consisted of a 7.5 in. (191 om) inside
diameter surface ring 6 in. (152 wm) high with top and bottom plates, a
thin flexible rubber membrane, and a micrometer point gage. The circumfer-
ence of the~test hole is initially stabilized with a plaster of paris nix-
ture to prevent the ballast particles from caving into the hole during exca-
vation. A water volume uasut:ing device (not shown) is used in conjunction
with the point gage to measure the volume of water required to replace the
volume of excavated ballast material. The head of water within f;hc surface
ring is sufficient to conform the membrane to the ballast surface in the
sampling hole both before and after excavation. The ballast density is
calculated by dividing the weight of the excavated ballast by the volume of
the hole.

The primary components of the PLT loading system (Fig. 3.4) were a
20-ton (178 kN) capacity hydraulic load jack connected to a hand pump and
an electronic load transducer. The latter was a four-arm bridge strain
gage type load cell having a 10-ton (89-kN) capacity. The load cell is
rigidly fixed anc coaxially aligned with the moving head of the hydraulic
load jack, and thus both proviie direct measures of the apnlied load. The
load cell output signal was connected to an Z-Y recorder.

The deformation system is comprised of a direct current displacement
transducer (DCDT) and a dial indicator which are also in coaxial arrangemsent.

26
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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 uounted 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 seated on the 5-in. (127-
mn) diameter 1l-in. (25.4-mm) thick steel bearing plate. The bearing plate
is initially set in a level position on a thi;rlayer of plaster of varis.

The hydraulic hand pump was used to displace the loaé jack piston and
subsequently the plate such that the rate of deformation was about 0.25 in.
(6.4 ocm) per minute until a deformation of 0.3 in. (7.6 mm) was reached.
At this point, the jack pressure was then released to unload the plate.
This loading process was repeated a maximum of five times in the same man-
ner except that the test was stopped at the peak load achieved during the
first loading cycle rather than at 0.3 in. (7.6 mm) deformation.

From the recorded results for each Plate test, the parameter Ballast
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 RESULTS

At each test interval during the compaction of the track bed, i.e.,
after 2 passes, 5 passes, etc., a minimum of two plate load tests and oﬁc
in-situ ballast density test were parformed. These physical state tests
would determine the number of passes roquired to achieve an old track bed

condition 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 valuc achieved was approximately 110
pcf (1.76 Mg/m3). After 50 passes, there was only a slight increase in
density with additional passes from the compactor. This is particularly
evident by noting that the final average ballast density at 1000 passes
was 111 puf (1.78 Hg/m3).

There existed a large difference in the initial density values at zero
passes (Fig. 3.5). This can quite possibly be attributed to the sample pre-
paration technique, which may have produced a non-uniform density distri-
bution along the length of the track bed. This technique could have also
been responsible for some of the scatter in the density measurements with
the higher number of compactor passes. The data scatter might also be in-
fluenced slightly by any nonuniformity of the compaction procedure and the.
associated ballast density test sampling locations. However, for the du-
pPlicate density tests performed at 50 and 200 passes, reasonably reproducible
density measurement:; were obtained.

Plate Load Test. The BBI values obtained from plate load tests at
each given number of passes were averagedat 0.1, 0.2 and 0.3 in. (2.5,

5.1 and 7.6 mm) deformation. These - .rage values were plotted against the
number of passes in Fig. 3.6. Examination of Fig. 3.6 reveals that the
ballast stiffness continued to increase vith the number of compactor passes
until 500 passes was reached. At this point, the BBI values essentially
stabilized at the three deformation levels.

The maximum average BBI value at 0.1 in. (2.5 mm) deformation was spprox-
imately 192 psi (634 kﬂ/lz), while at 0.2 in. (5.1 mm) this value was
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279 psi (1922 kN/m’). The curve for 0.3 in. (7.6 mn) deformation was reason-
ably extrapolated after 200 Passes because there are no test values tc sub-
stantiate the curve. As the number of passes increased, the plate load
resistance increased such that the test could no longer be carried out to
0.3 in. (7.6 mm) deformation without causing some damage to the large test
box.

Unlike the ballast density test results, the plate load test results
formed well defined trends with number of compactor passes and displayed
reproducible test measurements. Once the BBI values stabilized, however,
the scatter of the test results increased slightly. The riacons for this
data scatter may, in part, be similar to thaose described for the in-situ
ballast density test.

Correlation of PLT and BDT Results. For each given number of compactor
pas‘el, the average BBI values and the average ballast density measurements
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 large scatter of data points but the general
trends srill appear. Initially, as the ballast density increased, then so
did the Bf. values. However, as the number of passes with plate compactor
increase beyond approximately 25 passes, the ballast density leveled off
very quickly (see Fig. 3.5). The BBI values did not level off uncil approx-
imately 500 passes had been completed (Fig. 3.6). In other words, the BBI
continued to increase with very little change in density. It is possible,
therefore, to have two vastly different stiffness moduli 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
very sensitive to changes in the ballast physical state. However, the dif-
ferences in the plate resistance and density trends witb number of compactor
passes may be accountable for other reasons. The BDT primarily samples the
top 4 to 5 in. (0.10 to 0.13 m) of the ballast layer, whereas, the PLT
effectively measures the ballast resistance to depths of 10 to 12 in.

(0.25 t00.31 m). With a few passes from the vibratory plate compactor, the
ballast surface may quickly achieve a compacted state while the underlying
ballast may still remain in a relatively loose state as compared to the sur-
face. The PLT and BDT would thus measure t;; slightly different ballast
physical state condit’ ins. Additional passes from the compactor wculd sub-
sequently produc: higher degrees of compaction below the surf;cc ballast.
These changes vould be more adequately reflected in the plate resistance
measurenents rather than in the ballast density.

3.3 COMPARISON WITH FIELD DATA

The plate load test and in-situ ballast density test results obtained
from the simulated crushed limestone track bed are compared only to SUNYAB
field data obtained with these devices. These field physic~l state test
results are more thoroughly examined and compared with other available field
data elsevhere (Refs. 4 and 7).

The field test sites were at both the Illinois Central Gulf Railroad
(ICG) and at the Facility for Accelerated Service Testing (FAST). The
ballast at ICG was a mixture of cleaned and screened in-situ limestone and
steel slag. ‘Tho ballast physical state tests vere conducted at a traffic

condition estimated at 5 MGT after the most recent tamping operation. At
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FAST, these tests were conducted after 135 MGT of traffic on a crushed
limestone ballast. The ballast gradations are similar in all cases.

The comparable field test location for the simulated track bed is in
the center of the track and under the tie. For the plate load tests, the
average BBI value at 0.2-in. (5.1-mm) deformation was 107 psi (737 kN/ns)
at ICG and 307 psi (2115 kN/m3) at FAST. The simulated track bed at {000
compactor passes produced a value of 279 psi (1922 kN/m3) which 18 in fairly
good agreement with the FASTA data.

The in-situ ballast density test results at FAST yielded an avei:age
density of 109.7 pef (1.76 Hs/n3). At ICG, the corresponding average was
101.2 pef (1.62 l‘.g/na), which is a value based upon an equivalent limestone
density. An average density of 111.0 pcf (1.78 Hg/n3) was obtained after
1000 passes from the simulated track bed, which again demonstrates good
agreement with 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
was also closely duplicated. 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 N). The
depth of the box is 19 in. (483 mm) which allows for the tie to be used on
top of a 12-in. (305-mm) layer of ballast. This.depth of ballast beneath
the tie,which was used for the simulated “rack bed, is a standard used by
the railroad industry. The width of the test box is 35 in. (U.89 m). When
the tie is placed in the center of the box, two 13~in. (0.330-m)-wide cribs
are present on each side of the tie. This dimension yields an equivalent
tic spacing of 22 in. (0.56 m), which also is a standard employed by several
different railroads. The test box is long enough, i.e., 186 in. (4.73 m),
to accommodate the testing of 12 in. (305 mm) or less flat lhéuldcr width
and variable shoulder slopes. In this study, the width was 12 in. (305 mm)
and the slope was 3 horizontal to 1 vertical.

Tamping Equipwment. The manual tie tamping was performed using two
standard hand tools that are commonly used in railroad trackwork. One of
these tools is a ballast fork, which is used for tie tamping and shovelling
or "forking” ballast. The ballast fork is similar to a combined short handle
shovel and farmer's pitchfork. The end of the ballast fork primarily con-
sists of a series of ten parallel metal prongs. One advantage of using a
ballast fork instead of a shovel to move ballast is that the fork enables
the 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 unlimitad number
of functions in everyday railroad trackwork.

§ggg%e Preparation. Once the simulated track bed was prepared after
1000 passes from the vibratory plate compactor, the track section was-ready ¢
for the tamping operation. The tie was positioned in the center of the
test box such that both cribs were of equal width. The cribs were filled
and shoulder section formed by shoveling the crushed limestone ballast
(Fig. 2.2) into place in a relatively loose density state. Most of the
particles in the crib that extended appreciable distances above the top
of the tie were removed by running the ballast fork over the tie surface.

The rails were set into position, thus leavinec a snace between the rails and
the tie.

In order to tamp the ballast underneath 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 horizontal into the shoulder bal-
last and under the tie end. A spacer, having a thickness equivalent to a
standard tie plate, vas inserted between the rail and the tie. By utilizing
the shoulder ballast as a fulcrum, a sufficient dowvnward force was applied
to the free end of the lining bar to move the tie and spacer upward until
contact vas securely made with the rail base. This process subsequently
created a void under the tie. Using the ballast fork, the crib ballast
outside cthe rail was cleared from the edge of the tie until this void was

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

the tie just inside *he rail. The lining bar was withdrawn from the shoulder
ballast and the tie remained in place. 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;fotn the cribs and
shoulders. Thus, tamping was performed at a total of eight locations under
the tie, the same eight locations that are tamped mechanically by a tamping
machine.

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
density test (BDT), the plate load test (PLT), and the lateral tie push test
(LTTT). The BDT and the PLT apparatus were previously described in Section
3.

The lateral tie push test apparatus is schematically illustrated in
Fig. 4.1. The load and displacement neasuring instrumentation are the same
as those used for the plate load tests. The LTPT apraratus also utilizes
the PLT structural load frame which, when clamped to the rails, provides the
appropriate load reaction from the track structure. The load frame is mod-
ified for tie push testing by rigidly affixing the L-frame attachment to
the end of the load frame. The load assembly is mounted within the L-frame
attachment in a horizontai position such that the load system is coaxially
aligned with the center line of the tie (Fig. 4.1). In order to insure good
seatin: and uniform load distribution at the tie end, a serrated seating

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

The tie displacement is measured by the DCDT and dial indicator con-~
nected in coaxial alignment and mounted horizontally on the deformatien sup-
port frame. This frame is rigidly clamped to the same end of the tie that
the load ﬁ;scen acts upon. The end of the DCDT's moveable core is spring
loaded against the reference plate of the displacement reference stand.

Tue tripod-;ype reference stand is securely seated on the ballast shoulder
and provides a reference datum point for the tie displacement measurements.

Using the hydraulic hand pump, load was nppliea to the tie end at a
deformation rate of 0.25 in./min (6.35 mm/min) 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 displacement was
then recorded. The test procedure was then repeated for a second cycle.

The techniques used in the LTPT data reduction are very similar to those
that are used for plate load test data reduction. For both cycles of the
load-displacclont plots, the corresponding loads or lateral tie resistance
value at 0.039 (1), 0.079 (2), 0.157 (4) and 0.25 in. (6.35 sm) displace-
ment levels were obtained. The initial static load (ISL) vas determined
by defining the load point where tie displacement began to occur. Also
computed was the elastic recovery (Er) of the tie, which is defined as

=&
! .A’;——r

r a
P

in which Ap and Ar = peak and rebound displacements, respectively.

x 100%, (4-1)
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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 following factors were
investigated: 1) different tie weights, 2) varying crib ballast depths with
no shoulder, 3) overfilled cribs with no shoulder, and 4) height of and
procedure used for the tamping raise. Several duplicate tcsts were incor-
porated into the test »rogram for checks on renroducibility of resﬁlts.

For each individual test series within the test program, the simulated
track bed remained compacted until the tie tamping operation was performed.
After completing all testing on the tamped tie, the crib and shoulder bailast
was excavated, and the tie was removed. Abproxinately 2 to 3 in. (51 to 76
mm) of the remaining loose surface ballast was also removed such that the
criginal track bed was exposed. In order to "smooth" out the surface of
the simulated track bed which had been somewhat dis;urbcd as a result of
tamping operations, the rubber mats were placed over the ballast and the
vibratory plate compactor with the adided steel base Plate wvas run over the
track bed for 50 passes. The procedure for tie and ballast placement con-
ditions was then repeated for the next tamping test series.

4.2 TEST RESULTS

Typical LTPT Load-Disvlacement Curves. Several of the lateral tie push
test (LTPT) load-displacement curves on individual ties are shown in Fig.
4.2. Each 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
LT Beight

Sexies Jensicy Test Factorst of Other Testsé
Ho. -Stace So.  lavescigaced Raise(in.)Densicy Plage Losd

I Compacted Base, 1 %o Cribd, L) - -—
Loose Crib & No Shoulder
Shoulder
bé 2 %o Crid, 0 -— bt
o Shoulder
b4 3 Bo Crib, 0 - -
%o Shoulder,
We. on Tie
=191 1b
b ¢ 3 No Crib, Mo 0 -~ -
Shoulder, Wec.
on Tie=191 b
1 S No Crib, Mo 0 -— -
Shoulder, Wec.
on Tie=402 1b.
T (] 1/2 N1l Crtd, O - -
%o Shoulder
I 7 Pull Crib, ] Before -
¥o Shoulder LT
f=7: =1
T 3 full Cribd, 9 d -
Pull 12 in.
Shoulder
t 9  Full Crib. o - -
%o Shoulder,
- Ceid Loed
-« 253 1y
i 10 Pull Crib. 9 - -—
Jo $houlder,
Cetb Load
= 3500 1»
T 12 Full Creid, . 9 - -
Yo Shoulder,
Load Removed
4 12 Jull Crtb, 9 - -
Bo Shouldar,
Loosened Crid
b4 13 Pull Cetd, 2 Afcer Afcer LTPT T-13
Nall shonlder, L I-1, I-2,
Afcer Tawning I-13: T=3, I-4.
I-2, I-5. I-4
1=}
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Table 4.1, Test Program for Manual Tie Tamping in Crushed
Limestone Ballast (continued)

Total
LTPT lieight
Series Density Test Factors+ of Other Tests#
Jo. _State No. Investigated Rgige (jn) Density Plate Load
O II Compacted Base 1 No Crib, 0 _ -
Loose Crib & No Shoulder '
Shoulder
II 2 Full Crib, 0 Before jefo;p LTPT
‘ No Shoulder LTPT II-3": II-1
11-3%:
I1I-1
II 3 Full Crib, 3 After After LTPT
Full Shoulder, LTPT II-3: 11-2,
After Tampino I1-3: - I1=3, II-4
II-2, II-5, II-6,
II-3 I11-7
111 Coupacted Base 1 Full Crib, Before Before LTPT
Loose Cridb & Full Shoulder 0 LTPT III-1: III-1
Shoulder III<]:
III-1
I11 2 Full Crib, 0.5 - -
Full Shoulder,
After Tamming
III 3 Full Crib, 0.5* — —
Full Shoulder,
After Ta-ping
111 4 Full Crib, 0. 5% - -
Full Shoulder,
After Tamping
I11 S Full Crib, 0.5* - -—

Full Shoulder,
After Tamping

+ All LTPT had 2 Cycles of Load

$ Performed on Condi;ion- Established for the Given LTPT Test No. But Ismediately
Before or After That LTPT is Run.

+ After Tamping and Before Filling Crib

* In Addition to Precediag Raise
&4
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In general, the shapes of most LTPT load-displacement curves are fairly
uniform although differing in the magnitudes of load. Initially, the rate
of change of applied load with tie displacement is very larg=. HRowever, as
tie displacement continually increases, the slope of the curve decreases
until the load is nearly constant. 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 lateral tie resistance was (Test No. I-2) for a tie
resting on a compacted track bed with no crib or shoulder ballast. If the
tie weight for the previous condition is nearly doubled (Test No. I1-3),
lateral tie resistance demonstrates a marked increase at all displacement
levels. However, more important than increase tie weight, is the effect a
semi-full crib (Test No. I-6) or a full crib (Test No. I-7) has upon increasing
latcral resistance for a tie on a compacted hase ind no shoulder ballast.

Tests were also performed in which su:charge loads were applied to full
crib ballast conditions in order to simulate 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 No. I-7) and yields
comparable tie resistances values for a full crib and full shoulder condition
(Test No. III-1). This comparison provides some indication as to the impor-
tance of crib ballast in the resistance to lateral tie movement.

The greatest lateral cie resistance occurred for :he full crib and
shoulder ballast conditions in the after tamping stage (Test No. II-3).

Thin tie resistance is significaantly higher than the tie resistance obtained
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under similar conditions with the tie resting on a compacted base (Test No.
III-1). This result is understandable and expected. Underneath the tie

at the tie-ballast interface, a compacted base will have a smooth ballast
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 component of resistance. From Fig. 4. 2 it

is apparent that the second cycle of loading usually offers slightly greater,
lat;ral tie resistance than does the first cycle. This is most likely the
result of a densified ballast shoulder condition due to load cycling.

The LTPT loads at several displacement levels and the percent elastic
recovery (Er) were determined for all tests performed. However, Panuccio
and Dorwart (Ref. 4) have concluded that the Et and the initial static load
(ISL) values do not offer any potential as possible means of evaluating fac-
tors investigated by the LTPT. These values will, therefore, not be elabor-
ated upon further. Also, LTPT series Number I-4 and I-12 will not be dis-
cussed since the actual test conditions existing during the time of testing
are questionable.

The tie for each test condition (Table 4.1) generally received two
cycles of loading. With the exception of tests performed with a full bal-
last shoulder, the lateral tie resistances from cycle one and cycle two will
be averaged to present the general 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
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occurred with the individual sample preparation for each test condition.
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 ballast
shoulder condition and, therefore, the results for thg twvo loading cycles

will be analyzed separately. s

Effect of Height of Raise. The test tie was raised by the sample pre-
paration procedure déscribed in section 4.1. In each case, th; tie initially
rested on the compacted base surrour-ed by full cribs and shoulder. This
condition will rcpreiint a zero track raise. For test series I and II, the
ties received full raises of 2 and 3 1in. (51 and 76 mm), resﬁectively. In
test series III, the tie was raised 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 cribs were refilled and the shoulders reformed prior
to testing.

The lateral tie resistance as a function of the height of the tamping
raise is shown in Fig. 4.3. 1Included in this figure are the first cycle
loads at 0.0397 and 0.157 in. (1 and 4 wm) displacement levels and the
second cycle loads at 0.157 (4 mm) displacement.

The first appatoht result is that all tests conducted in the after
tamping condition yiclded significantly greater tie resistance values than
the test conducted with a compacted base condition, i.e., zero tie raise.
This trend is exhibited at all displacement levels and both cycles of Loading
(Ref. 20). The reason, which has been previously discussed, is believed to

be the difference in the surface roughness of the ballast 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 consistent lateral tie resistances
at all displacement levels for both cycle 1 and 2 tie loadings. This result,
in part, indicates uniformity of the manual tie tamping procedure and sub-
sequent reprodiucibility of the test results. In a comparison to the results
of the two tests performed wilh full 2-and 3 ~-in. (51 - and 76¥m) tamping
raises, a 3-in. (76-mm) full raise produced results comparable to the incre-
mental raise, while the 2-in. (51-mm) full raise yielded slightly greater
tie resistance values. These findings appear to be consistent at all dis-
placement levels and for both loading cycles (Ref. 20). An explanation
for the different results obtained from the full 2 in. (51 mm) raise is not
readily available, except for a possible association with normal testing
variability. An overall assessment of the test results presented in Fig.

4.3 indicates that lateral tie resistance of a.aingle tie does not appear
to be a function of the height of the t;lping raise nor of the method used
to achieve the raise, i.e., full or in lifts.

For all tests receiving a tamping raise, the average second cycle lateral
tie resistance of 551 1b (2452 N) was generally 64 1b ' 85 N) or 13 percent
greater than the average first cycle tie resistance va.ues at 0.157 in.

(4 mm) displacement. This trend is consistent for the data sets shown in
Fig. 4.3. Densification of ;ho ballast shoulder during testing appears to
be the most plausible 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
50
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ballast was formed. Crib ballast was generally prepared in a loose density
State.

The three following crib ballast depth couditions were investigated:
1) zero or no crib, 2)3.5 in. (89 mm) of ballast or semi~-filled crib, and
3) a full 7 i{n. (178 mm) crib section. The importance of ballast crib depth
on the lateral tie resistance is shown in Fig. 4.4. Note, that the first
and second cycle loads were averaged for each test condition at each dis-'
Placenent level, and the loads from both cycles of loadt;g generally yield
similar results. This averaging will, therefore, not influence the data
analysis.

As expected, tie resistance increases with the increasing amounts of
crib ballast. For all displacement levels, the relationship between lateral
tie resistance and crib depth appears to be nearly linear. A full crib
offers three times more and a semi-filled crib offers approximately two
times more lateral resistance than a no crib ballast condition. This trend
is consistent at each displacement level (Ref. 20).

In conjunction with the first cycle lateral tie resistance for a zero
track raise in Fig. 4.3, the contributions of three components of tie resis-
tance can be determined with Fig. 4.4 for a loose crib and shoulder, and a
compact base. At 0.157 in. (4 am) displacement, shoulder resistance s 16
percent, crib resistance is 56 percent, and base resistance is 28 percent of
the total resistance. The consistency in the test results is also demon-
strated at all displacement levels and, more importantly, indicates that

crib ballast is che main component of the total lateral tie resistance.

Effect of Overfill Height. In order to determine the affect of
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overfilling a r#ilroad track crib with ballast, two tests were performed in
which a surcharge load provided by concrete cylinders was uniformly distri-
buted within each crib along the entire length of the tie. The first test
was conducted with a surcharge load of 250 1b (1113 N) added to c2ach crib
while the second test used a 500 1b (2225 N) load. The lateral tie push
tests were performed with the tie resting on a compacted base. No shoulder
ballast was used and the cribs were full with loosely placed ballast.

The surcharge loads were converted to a volume ot ballast in order to
determine the crib ballast overfill height that each surcharge load repre-
sented. Generally, the ballast in the crib 1; in a loose state and has a
ballast density of approximately 100 pcf (1.6 Hg/ns). When this density is
divided by the surface area of the crib, from end of tie to end of tie, the
surcharge loads of 250 1b (1113 N) and 500 1b (2225 N) yielded equivalen”
overfill heights of 3.1 in. (79 mm) and 6.2 f{n. (158 mm), respectively.

Thus, the average lateral tie resistance for both the first and second loading
cycles can now be more conveniently illustrated as a function of crib ballast
height (Fig. 4.5). The left side of Fig. 4.5 is the same as Fig. 4.4, while

the right side shows the equivalent overfill heights. In general for cach
displacement level, the relationship between two parameters approaches linearity.

Weight of Tie. Several tests were performed with the tie resting on
the compacted base with no crib or shoulder ballast and different uniformly
distributed dead loads were applied to the top of the tie. Lateral tie resis-
tance was determined for 1) an unloaded tie weighing 208 1lb (926 N), 2) 191
1b (350 li) added to the unloaded tie, and 3) 402 1b (1789 N) added to the

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

For these tests, the smooth ballast surface underneath the tie is the
only component of resistance, so cyclic loading of the tie is expected to
yield fairly reproducible results. The differences that exist are prinnril;
attributed to the nonuniformity of the compacted track bed condition along
the length of the tie.. Nevertheless, load values for both cycles of loading.
at each displacement level were averaged since the lateral tie resistances
for this concition are considered as nart of the normal data scatter.

The linear relationships shown in Fig. 4.5 also pass through the origin,
which is reasonable considering the fundamental law of sliding frictional
resistance. The lateral tie resistance under these conditions is equal
to half of the tie weight at 0.157 in. (4 mm) displacement. This value of
.5 is a fairly reliable average because the range is 0.43 to 0.54 for
0.0394 to 0.25 in. (1 to 6.35 ma) displacement levels, respectively (Ref. 29).

Density and Plate Load Tests. For comparative purposes, the average
ballast density (Fig. 3.6) and the average BBI values (Fig. 3.7) at O and
at 1000 passes from the simulated track bed tests were used as reference
states for the BDT's and PLT's performed during the manual tie tamping series.

The in~situ ballast density test results from the manual tie tamping
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 to the average densities obtained from the simulated track

bed after 0 and 1000 passes, Tespectively. The test results are 112.8 pcf
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(1.8 Mg/m3) under the tie and 100.3 pcf (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 the loose state ballast place-
ment conditions.

For tests performed near the rails in the zones of tamping, two notable
features illustrated in Fig. 4.7 for the under-tie and in-crib tests are:

1) ballasf densiéies are significantly lower than the respective center 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&--)
raise, the two ballast densities differed somewhat. But the density for a
partially full crib is representative of the loose crib ballast and not the
compacted track bed. Therefore, the individual ballast densities and the
resulting average of 93.0 pcf (1.49 Hg/-3) for the 3-in. (76-mm) raise

are, thus, comparable to the 94.3 pcf (1.51 Hg/n% density achieved for the
2-in. (51-mm) raise.

Although the densities in the crib near the rails are lower than the
center of track density and the average density at 0 passes from the simu-
lated track bed, it is uncertain if the tamping process solely produced a
looser density state. This result may have been the product of the rebal-
lasting technique used or simply associated with the normal amount of data
scatter. The latter is based upon the fact that a density of 93.7 pecf
(1.5 Hg/-s) wvas achieved from one test at N passes for the simulated track
bed tests (see Fig. 3.6). The range of 90 to 96 pcf (1.44 to 1.54 Hg/ls)
would, however, be typical of a loose density state condition.
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The ballast densities under the tie in the zones of taméing were approx-
imately equal and have an average of 101.3 pef (1.62 Hg/m3). This value is
significantly greater than the crib ballast density in the tamped zone, but
comparable to the center-of-track density in the crib. Density sampling in-
to the top surface of the compacted track bed is not a majox influencing
factor. This ballast is inevitably disturbed by the tamping process to a
depth of appriximately 1-1/2 in. (38 mnm) below the compacted track beq sur-
face. This, in addition to the height of the tie raises, would yield typical
sampling depths for the ballast density test. In general. these test results
tend to indicate that the manual tie tamping process exercised in this study
left the ballast under the tie in a locser state than that which existed
before tamping.

The plate load test results that were obtained from the manual cie tam~-
ping series are presented for the BBI values at 0.2 in. (5.1 mm) deformation
as strength profiles in Fig. 4.3 since these values best represent the general
trends.

The results of the plate load tests performed under the tie in the cen~
ter of the track are very high because very little ballast migrated under the
center of tie during the tamping process. In essence, the center of track
Plate tests were performed on the compacted track bed. The scatter of data
points in the center of track is wlso on the same order of magnitude as the
data in Fig. 3.7 after about 500 passes for the simulated track bed. From
Fig. 4.8, the range of the BBI values at 0.2 in. (5.1 am) deformation is
from 236 psi (1262kN/u?) to 318 psi (2191 kN/al). The average value of 264
psi (1819 kN/lz) is consistent with the 279 psi (1922 kﬂ/-z) average obtained
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after lOOO:passes for the simulated track bed.

Generally, the plate load test results were fairly consistent for each
different amount of tamping raise under the tie-under the rails, i.e., the
area most affected by the tamping process. The BBI values after a 2 in.

(51 om) raise were slightly gr%?tet than those obtained after a 3 in. (76

am) raise. The average 3BI at 0.2 in. (5.1 mm) deformation after a 2 in.

(51 mm) raise was approximately 128 psi (882 kN/mz) but for a 3 in. (76 mm) raise
it was approximately 116 psi (800 kN/nz). This result appears logical because,
after a 2-in. (51-mm) raise, there is a thinner layer of loose hallast between
the bottom of the tie and the compacted t;ack bed than there is after a 3-in.
(76~m) raise. However for botlL cases, the close proximity of the compacted
track bed is exp;cted to slightly influence the resulting ballast stiffness.
The manual tamping process did reduce the average ballast stiffness under

the rails to 46 percent of the center of the track ballast stiffness. The
results of these plate load tests confirms the general trend stated for the
ballast density tests (Fig. 4.7a).

For plate load tests performed in the crib under the rails, the average
BBI at 0.2 in. (5.1 mm) deformation in Fig. 4.8b is approximately 52 psi
(385 kN/nz). This is approximatley 43 percent of the respective under-tie
values. There is very little scatter among the test results in the cribs
and the two tamping raises yielded nearly identical results for the full
crib ballast conditions. The plate resistance after tamping is lower than
the BBI value of 74 psi (510 kn/-z) at zero passes on the simulated track bed.
This also 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 process solely produced a looser crib ballast condition.

One plate load test, i.e., PLT 1I-5, was performed in the tamped zone
of the crib prior (o reballasting. Fig. 4.8 shows that the BBI value of 129
psi (889 kN/mz) at 0.2 in. (5.1 mm) deformation is significantly gre~ter than
the BBD values in the crib, but it is approximately equal to the under:}ie
values. This result is expected because the ballast test conditiong are
similar for both this test and those under the tie. In each case, approx-
imately 4 in. (0.102 m) of loose ballast overlies the compacted track bed,
therefore, the plate resistances are comparable.

A correiation of the plate load and ballast density tests results for
the manual tie tamping series follow the same trends established for the
simulated track bed (see Fig. 3.8).

4.3 COMPARISON WITH FIELD DATA

The ballast physical state test results obtained from available field
investigations -ere compared to those obtained in this study to provide an
indication of the reliability of the laboratory test procedures used here.
Pertinent lateral tie push test results are graphically compared in Fig.
4.9, while plate load test and in-situ ballast density test results are pro-
vided in Table 4.2. For convenience, the ballast bearing index at 0.2-in.
(5.1-sm) deformation for the PLT and lateral tie resistance at 0.157-in.
(4-mm) displacement for the LTPT were considered representative for compar-
ative purposes.

A comparison of data from SUNYAB field testing at both Illinois Central

Gulf Railroad (ICG) and at FAST was done by Panuccio and Dorwart (Ref. 4) and
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Table 4.2.

a2) Loose Scate

Present
Study

Panuccio &
Dorvart
(Ref. 4) and
Yoo (Ref. 7)

b) Dense State

Presenc
Scudy

Panuccio &
Jocwart
(Ref. 4) and
Yoo (Ref. 7)

a)

b)

)

a)

b)

a)

o)

a)

b)

Comparison of Ballast Physical State Data

Test Conditiont

0 Passes,
Track Bed

Center of
Track

Under Rails
After Tamping

Under Rails
After Tamping
1. ICG

2. PAST

Center of
Track-ICG

1000 Passes,
Track Bed

Center of
Track

Under Rails
1. ICG-5 MGT

2. FAST-135
MGT

Canter of
Track
1. ICG-S MGT

2. FAST-135
MGT

Plate Load Test

BBI ‘psi) at 0.2 in.

In-Situ Ballast
Density Test (Pcf)

In=Crib Under-Tie In=Crib Under-Tie
-— 74 — 98.5
[ 4

- -— 100.3 -—
52 122 93.4 101.3
60 119 92.1*  102.5%
72 155 9.6 114.1
47 35 96.2% 84.9*
- 279 - 111.0
- 264 - 112.8
-— 373’ -— 110.8%
- 568 - 116.4
- 107 - 101.2%
- 307 -— 109.7

+ All Ballast is Limestone Except ilC Which is a Limestone and Steel Slag Mixcture.
All Ballasts Have 3imilar Gradatious.

x = Converted to an Equivalent Limestone Density.
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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, 3.1 MGT, and 135 MGT conditions. The track structures
i.e., tie weights a;d, ballast crib and shoulder conditions, were similar
for both the laboratory and field tests. .

A comparison of the average first cycle LTPT load-diaplacéncnt curves
* after tamping for this project (Fig. 4.9a) and the field curves (Fig. 4.9b)
indicates the laboratory values of lateral tie resistance range from 50 to
159 1b (223 to 668 N) lower than the field results. The reason for this
difference is not readily apparent, because both the test apparatus and the
test prccedure were the same. However, an examination of the ranges of the
lateral 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
vithin the track structure (Table 4.2). After the tamping operation at ICG,
the average BBI at 0.2 in. (5.1 mm) deformation under the tie and under the
rail was 119 psi (820 kN/m?). The same test conditions at FAST yielded a
value of 155 psi (1068 kN/lz). The laboratory tests produced a comparable
average BBI of 122 psi (841 kN/m?).

Plate load tests were also performed in the crib area under the rails

vhich 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. (5.1-mm) deformation
was 60 psi (413 kN/mz) at ICG and 70 psi (482 kN/mz) at FAST. The average
BBI of 53 psi (365 kN/mz) ir the laboratory gave a comparable result. For
this particular test condition, the BBI values from the laboratory manual
tie tamping operation showed very good agreement with the results obtained
atter mechanical tie tamping from both field sites.

The in-gitu ballast density test results demonstrate the same consistency
as the plate load tests under the rails for the after tamping condicion
(Table 4.2). In the crib, the ballast density for this project was 93.4
pcf (1.49 Hs/m3) which is comparable to the 92.1 pcf (1.47 Hg/n3) for ICG
and the 96.6 pef (1.55 Hg/m3) for FAST. Under ;he tie, this project yielded
a density of 101.3 pcf (1.62 Mg/ua) which is reasonably close to the 102.5
pef (1.64 Hg/n3) obtained at ICG but sighificantly less than the 114.1 pcf
(1.83 Hg/u3) obtained at F;ST. The reasons for the FAST result being greater
may be attributed to the track loading history and other factors at FAST
winich are adequately discussed by Yoo (Ref. 7). In general, the manual
tie tamping operation satisfactorily duplicates the field ballast densicy
conditions.

Plate load tests were 2lso conducted under the tie in the center of the
track, i.e., centered between the rails. For this test location, a 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 i07 psi (737
kN/n?), and the density was 101.? pcf (.62 Mg/m?). After 135 MGT of traf-

fic at FAST, the BBI was 307 psi (2115 kN/m?), and the density was 109.7
66



pcf (1.76 Mg/ma). In the laboratory, the corresponding average BBI value
was 264 psi (1819 kN/mz), and the ballast density was 112.8 pef (1.80 Mg/m3)
which are comparable to the FAST results at 135 MGT. Note, however, that the
laboratory center of track BBI values are low compared to those 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 test data
obtained in this project were in fairly good agreement with all of the field
test data. The LTPT data from this project foilowed th; same gene?al trend
in that the lateral tie resistance obtained in the laboratory was comparable,

but somewhat less than the resistances obtained in the field.
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5. INVESTIGATION OF CRIR COMPACTION PLATE

5.1 APPARATUS AND PROCEDURES

Test Boxes. The bzllast test samples were prepared in 12-in. (305-mm)
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. (19-mm) plyﬁood and reinforced with 2-in. (51-mm) steel angle
iron. The angle iron provided the additional lateral stiffneps to énsure
the container vas rigid. The bottom of the test boxe; are aiso 3/4 1in.
(19~mm) plywood and all bolr holes are counter sunk such that the connectors
were flush with the Plywood surface. This latter feature in coniunction with
the stiffness of the base pPrevents the test box deformation from influencing
the test results.

For the tests with the 9 in. (229 mm) and 6 in. (152 mm) ballast depths,
18-3/4 in. (0.48 m) diameter concrete spacer disks were fabricated and placed
inside the test box prior to filling with ballast. These were the same disks

that Wayne (Ref. 6) used.

Crib Compaction Plate. The crib plate is constructed of 7/16 1in. (11 mm)
thick steel plate having an 8-in. (203-mm) width and 14-1/2-in. (368-mm )

length. The plate vas reinforced against bending by welding 3-in. (76-mm)

channel sections in a rectangular array on the plate. Two narrow steel
Plates were welded on the opposite flange of the channels to provide a com~
patible attachment to the bottom loading head of the MTS actuator (Fig. S.1).
Two 18-in. (0.457-m) loag 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 MIS actuator by four threaded rods.

Load and Deformation Systems. The load applying and measuring system
were provided for by the Structural and Materials 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 hydraulic power supply. The

'loads are programmed through the control panel and are hydraulically applied

through the structural actuator. The control panel is capable of operating
on either load control or stroke (displacement) control. The maximum load
capability of the actuator is 250 kips (1,112 kN) static fowce and + 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
the type of cyclic waveform applied, i.e., sine wave, and the applied fre-
quency. Located on the structural actuator is a load ce)l transducer for
recording the applied loads and a linear variable differential transformer
(LVDT), which measures the displacement. The MTS operates on the "Closad
Loop Control” concept. This entails constantly making an adjustment to
either the load or the stroke based on the feedback signal.

The MTS actuator was suspended from an H-frame constructed of heavy
structural steel sections (Fig. 5.1). Asple space is provided for the crib
compaction plate apparatus and the test boxes.

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 the load axis.
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Originally, the plan was to use the LVDT located on the structural
actuator to measure the ballast deformation under the applied static and
cyclic loading conditions. However, deformations in the compaction plate
attachments and the structural H-frame proved to be significant with re=-
spect to the measured ballast defurmations. Thus, a new system was devise{
with an independent displacement transducer, {i.e., DCDT, to eliminate this
error.

The DCDT is connected in a series arrangement with a mechanical dial
indicator having 1 in. (25.4 mm) travel. The displacement gages are rigidly
fixed and aligned on a support track such‘that their pi;tonc move freely.
This is also the same deformation measuring system that is used for the
plate load test. .

The deformation system is located between the I-beams of the assembled
_crib compacticn plate appar.tus (Fig. 5.1). A seating hole is located at
the center of the plate, such that the DCDT records the average plate dis-
Placement and is not influenced by plate rotation. The simplicity of this
systems provides for easy assembly and alignment.

The DCDT was powered with a DC current provided by a standard 6-volt
lantern battery. The voltage generated from the DCDT c.re movement powerad
the pen along the X-axis on the X-Y recorder.

Sample Preparacion. The technique used satisfied two requirements:

1) the ballast sample would have a reproducible inftfal box densify, and
2) the sample had to be in a loos.: density state. The same crushed limestone

(see Fig. 3.2) was used for taece tects.

A large metal scoop vas 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 gently deposited uniformly across the area

of the box. This procedure was continued until the ballast was level with

the sides of the test box. The sample was leveled even with sides of the

box by running a straight edge across the top. Any ballast particles that
extended above the bottom of the straight edge were removed. Any large voids
created by this process wer: filled such that the ballast was entirely below
the 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 pecf (1.312 Mg/n3)
and the standard deviation is 0.992 pcf (0.016 Hg/n3). The standard devia-
tion is very low which means that reproducibility of the sample preparation
technique is good. Alsc, the ballast was prepared in a loose state, vwhen
compared to loose state ballast densities of other published laboratory
reports (Refs. 3, 5, and 6).

The 6~in. (152-mm) and 9-in. (229-mm) layer depth samples were pre-
pared in a similar fashion to that of the 12-in. (305-mm} dee; samples
previously described. The difference was that the concrete spacer disks
were placed in the bottom of the test box prior to filling with ballasc.
The technique used to prepare the large 3-ft (0.915-m) square test box
samples was exactly the same as the small test box preparation 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 MIS structural sctuator. The actuaror 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 actuator as the load was appliad. An
applied bending moment of significant magnitude thus has the capability of

damaging the actuator.

Test Procedure and Program. After the ballast was prepared, the sample

was subjected t~ static and cyclic loading utilithg the single crib com-
paction plate: The Ptocedute for a typical test is as follova: ) -

1. With the MTS structural actuator in fully retracted position, the
ballast test box containing the prepared test sample was carefully centered
under the crib compaction plate apparatus.

2. The DCDT was connected to the X-axis and the MTS load transducer
conditioner module was wired into the Y-axis of the X-Y recorder. The MTS
digital display was set to read the applied load.

3. Calibrate the displacement input by moving the brass rod an equal
distance, usually 0.4 in. (10.1 mm), into and out of the DCDT housing
several times.

4. Axes were inscribed on the load-displacement curve, and the plot
vas labeled with the date, test series number, recorder voltage range settings,
and test conditions.

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

6. The deformation System was positioned and the DCDT was set so that

it was fully retracted.

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

8. On the MTS control panel, the frequency and the type of waveform
(sine) desired were progrsmmed through the iunction generator. The cyclic
load was, programmed through the Span I control on the command input module
and the load transducer conditioner module. The number of cycles was also “
specified.

9. Tne load on the ballast was increased gradually until the programmed
initial static load was achiesved.

10. The deformation dial gage reading and the digital display reading
on the MIS control panel were recorded after the deformation ceased 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 then 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 digical display
reading were recorded.

13. The static load was gradually reduced to approximately 100 1b

(445 N), wherein the final digical diiplay and dial gage readings were re-

corded.
l4. The deformation system was removed, and the small load on the
ballast was removed.

In order to evaluate the chances in the physical state of ballast with
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the crib compaction plate, the plate load test (PLT) and the in-siti .allast
density test (BDT) were employed. Complete descriptions of the test apparatus
and test procedures have been provided in Sectiom 3.

Howe ser, the PLT loading system (Fig. 5.2) was adapted to the loading
head of the MTS structural actuator, which primarily provided the dead
weight reaction. The height of this system was 2pproximately equal to that
of the assembled crib compaction plate apparatus. Thus, the two systems
were easily interchangeable and no modification was requirad to the remaining
test equipment. The stroke of the MTS actuator was sufficient to properly
position either apparatus with respect to the test specimen height.

The test program was designed’ in such a manner so that the effects of
variations on the static and cyclic loads could be examined. Other effects
chat were tested were the influence ot the layer depth and the effect of
lateral boundary conditions. A summary of the ccits performed with the
variables for each test are shown in Table 5.1. Also listed is the physical
state test that was perfurmed following each compaction test.

5.2 TEST RESULTS

Load-Displacement Curves. A typical load-displacement curve illustrated
in PFig. 5.3 shows that the ballast was first loaded statically to a predeter-
mined level and then cycled about that level with a predeterminei cyclic load
for a given number of cycles. The MTS normally required several cycles
before it actually reached the full programmed cyclic load. Following
cycling, the ballast was unloaded. Examination of these curves (Ref. 22)
revealed two important points: 1) the programmed cy:lic load vas rarely

achieved, and 2) the mean static load (F

static n..n)’ i.e., the mid-point
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Table 5.1. Low Frequency Tests for Single Oscillating Plate

on Limeszstone Ballast

fean

'Proquucy Scacic Cyclic Losd Ballast Test
Test f Loed Load Racio No. of Depth Box* Other
So. _(Pg)  (b) (1) = (Cvelfc/Seacic) Cycles _(4n.)  Size Tescs
1A s 2 + 1496 804 3.537 300 12 Small PLT’
1C 172 1544 813 0.527 300 12 Saall PLT
24 /2 1458 808 0.55¢4 1300 12 Ssall . PLT
3A 172 2107+ 914 0.434 300 12 Small PLT
s 172 3176 1844 0.381 300 12 Sssll PLT
iC 1/2 3130 1817 0.581 300 12 Saall PLT
EYY 172 6197 3728 0.602 390 12 Small 21T
5a 1/2 1479 694 0.469 300 12 Small B30T
6A 172 1497 688 0.460 1500 12 Small 80T
Ta 1/2 3158 1768 0.560 300 12 Ssall BOT
8A /2 1518 774 0.510 150 12 Ssall 8DT
9A 6.0 1482 354 0.239 300 12 Saall PLI
104 .9 1532 544 Q.420 300 2 Sasll 30T
ila 1/2 1499 1258 0.839 300 12 Seall PLT
LA /2 3000 2790 9.900 300 12 Small LT
128 172 2939 2729 0.929 300° 12 Sssll 20T
12¢ /2 1136 2591 0.821 300 &4 Saall PLT
13a 1/2 1511 1262 '0.835 300 12 Sasil 82T
144 1/10 1506 1190 2.790 300 12 Smali PLT
la /2 11 *%3 0. 502 300 9 Seall PN
33 /2 1482 347 9.572 300 9 Seall MT

t Sma’l Box = 20 in. x 20 in. x 12 in., Large Box = 36 in. x 36 {n. x
12 in. An Initial Level Box Density Obtained for Each Sample

% 1/2 Sine Wave Used, All Other Tests are Full Sine Wave

)



Table 5.1. Low Frequency Tests for Single Oscillating Plate
on Limestone Bailast (continued)

Mean
Irequency Static Cyelic Load Ballast Tesc
Tesc 4 woad Load Qacio No. of Depth Box? . Other
So. (8s ) (b)) (1b) Cyclic/Scatic Cycles _{ip.) Sige Testcs
15¢C 172 1480 316 0.551 300 9 Saall PLT
1oA 1/2 1455 829 0. 570 300 § Small PMLT
163 1/2 1496 768 0.513 300 6 Saall PMLT
17a 1/2 1426 m 0.341 300 12 Large PLT
17 1/2 1433 781 0.538 300 12 Large PLT

+ Sasll Box = 20 ia. x 20 in. x 12 in., Large Box = 36 ir. x 36 ia. x 12 {a.
An Inicial Level BSox 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 However, these features do not pose a sig-

static initial)'
nificant problem, and have been taken into consideration during the data
reduction process (Ref. 22).

From Fig. 5.3, the intercept of the load-displacement curve was easily
defined by a linear extrapolation of the static loading portiom of the curve,
and proportioning the recorded static load outputs for zero lb load, which
subsequently defined zero displaéencnt. Th; average ;;clic load wa; obtained
as one-half the total cyclic load output (peak to peak). As previously
stated, this would subsequently define the mean static load during cycling
and the associated mean 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 the cycle in
question at the mean static load.

Static Load. For all of the test performed in the small test box with
a 12 in. (305 sm) ballast depth, the mean static deformation increased as
the mean static load was increased (Fig. 5.4). The shape of the overall
average curve is concave vaatds. The expected shape of this curve is
concave downwards. The reason for the departure from the expected behavior
is that the static deformation for the 6197 1b (27,577 N) load is low. This
may have been caused by the limited depth of the test box. 1In other words,
the effect of the bottom boundary influenced this test.

The average curves for the 3090 1b (13, 751 N) and the 1519 1b (6260 N)
tests are also shown in Fig. 5.4. These load values represent the average

for each particular load level. To compute the 3090 1b (13, 751 N) average
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curve, the average deformations at 1519 1b (6760 N), 2107 1b (9376 N) and

309 1b (13, 751 N) were plotted. This latter curve is nearly linear, but

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

the 1519 1b (6760 N) tests was 81.9 pcf (1.312 Hg/ua) and for the 3090 1b
(13,751 N) tests was 32.1 pcf (1;315 Hg/m3). However, note the results from
one of - the 3090 1b (13,751 N) tests produced extremely low static deformations,
vhich when not considered, yields much better agreement between the two
average curves.

The relationship between the mean static deformation and initial box
density for different mean static loads is shown in Fiz. 5.5. The general
trend 1s for the static deformation to increase as the initial box density
decreases for a given mean static load. The static deformation increases
wich an incrcatinﬁ ®ean static load at a given initial box density. These
are both expected trends. However, the range of the initial densities from
81.0 pcf (1,298 Mg/m3) to 83.5 pef (1.338 Hg/-3) is considered acceptable
for the loose state, and, thus, the static deformations can be combined for
the respective mean static loads.

The tests conducted vith a mean static load of 1519 1b (6760 X) have a
low particle contact stress and, therefore, the effect of the Sottol box
boundary would be 1nsign1f1c;;t 16 comparison to the effect on the test with
& Pean static losd of 6197 1b (27,577 N). If the bottom boundary affected
the 1519 1b (7770 M) test it would also influence the 3090 1b (13, 751 W)
tests. This could be a partial explamation for the averages 3090 1bd (13,751 N)
test curve in Fig. 5.4 not being co-linear with the average 1519 1b (6760 W)
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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.cuuulative cyclic deformation (CCD) occuring with the
number of loading cycles are plotted in Fig. 5.6 for seveiral individual tests
conducted at a frethncy of 1/2 Hz in the small tes: box. These tests repre~
sent different static and cyclic loading conditions, and are also divided
according to different load ratios. The load ratio (LR) f&r a test is defined

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

F.vo
. LR = . cerelie . (5-1)
mean static
The load ratios for each individual test are also listed in Table 5.1.

The solid lines in #ig. 5.6 are linear regression equations for
log-log plots, which are compiled in Table 5.2 together with the correlation
coefficients. These coefficients show that there is very good correlation
betweer. the cumulative cyclic deformation and the number of cycles on a log-
log plot. The curves on these ploﬁs are, also, somevhat parallel.

The comparison oflche cumulative cyclic deformation for various load
ratios and mean static loads is more clearly 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,

£
SLR = _Bean static . ’ (5-2)
1490

The load of 1490 1b (6631 N) is the sverage of the lowest meen static

doads used during testing.
84



0.0 T Y -

ATC 2 LOAD (LB)/LOAD RATIO

1497 £ 688 /0.480
Q.

1496 £ 804 /0.537

s

149921288 /0.639 17 S

O.G } 1 1

: 1207 £914/0.434

CUMULATIVE CYCLIC DEFORMATION (IN.)

Figure 5.6. Typical Cumulative Cyclic Deformation-Cycles of Loading Rela-

tionships at Frequency = 1/2 Hz in Small Test Box for 12-im.
(0.305-m) Ballast Depth

85



Table 5.2. Best Fitting Equations for Cumulative Cyclic
De formation vs. Cycles of Loading

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

Test Primary Correlation
So. Yarishle(s) Eauacion Soafficienc, v,
8 Cycles = 150 y = 0.04 20+ 2% 0.99
1A " e300 y = 0.037x0- 386 0.954
1c " =300 y * 0.039:2-372 0.971
SA " e 30 y © 0.034x0-333 0.982
P " = 1500 y = 0.03622-3%? 0.992
“ " = 1500 ) y = 0.036x0-32¢ 0.909
ua Crelic Load = = 1260 1b y = 0.0338" 336 0.974
13A " y © 0.068:9-372 0.973
7Y Seacic Load = 2107 1b y © 0.038x9-273 0.986
léa £ = 0.1z, Cyclic Loade:l190 1b 7  0.083x0-329 0.782
194 £e20Me, » 26is by = 0.013x0-343 0.987
%4 £o 40N, " *:334 16y = 0.008x0- %41 0.993
154 Depth = 9 fa. , y = 0.061x0- 206 0.964
158 " a9t y © 0.028:0-3% 2.9%
15C " e9 1. y ® 0.029x0- 349 .99
164 " e ta. y = 0.018x0-33 2.992
163 " e§ta. ' y * 0.011:0- & 3.997
17a Bex Size o 3 fr x 3 fe y = 2.0692%- 337 0.900
3 Box $ize = ) fr x 3 £t y © 0.04150- 406 0.976
» Stactic Load = 3176 1b y = 0.017x% 32 2.997
3 " e300 n y = 0.03320- 306 0.997
n “ e N B y = 0.0362 387 9.987

P R e g [ I



Table 5.2. Best Fitting Equations for Cumulative Cyclic

Deformation vs. Cycles of Loading (continued)

Standard Condicicas: 1490 lb = 790 1b, LR = 0.53, f = 1/2 &z, 300 Cycles, 12 in.
Depch, Smsll Test Box

Scacic Load = 6197 1b

-

Ssuatice
y = 0.117x .37

y = 013320336
y = 0.101x9-37
y = 0.101x9-302

Correlation
Soefficlent, Y.

2.990
0.9es
0.993
0.992

Test Primary

N Yarisble(s)
12c Cyclic Load = 22591 1b
12a " - 22700 1»
123 ” = 22729 b
aA

vhere

x = Nymber of Cycles

y = Cumulacive Cyclic Deformation (iam.)

(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, the cumulative cyclic deformation increases
with the load ratio. These trends are what is expected. The one exception
to this trend occurred at 300 cycles for an SLR = 4, in which the cumulative
cyclic deformation was less than the curve for an SLR = 2. However, the
SLR < & represents only one data point, whereas the SLR =1 and SLR =2
represent several data points each.

The curves in Fig. 5.7 recognized as valid the origin on the grapa by
using (0,0) as another data point. The sssumption was made tuat no cyclic
deformatidn could occur at a load ratio of zero. Therefore, including (0, Q)
as an actual data point for each set of curves appeared logical. For the
data points of an SLR = 1, the regression analysis yielded a straight line
through the origin for all cycles. However, for an SLR = 2, the line vas
slightly curved concave upward at low load ratios. PFor the straight line
portion of the SLR = 2 curves and the SLR = 1 curves, the correlation co-
efficients are good (Ref. 22). For an SLR = 1.4 and 4, there is only one
data point to represent each of the two conditions. A linear relatiomship
vas assumed for these two cases and a partial line was drawm to show the
trend.

In order to quantitatively analyze the changes in the physical state
of the ballast after compaction, either plate load tests or in-situ ballast
density tests were performed.

The in-situ ballast density test was performed on the ballast in a

loose, uncompacted state which provided a referemce point for the other



tests. Ballast density tests were also conducted after compacting the bal-
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 + 694 1b (6582 + 3088 N)], the bal-
last density has increased by only 3 pef (0.048 Hg/u3) which is a rather
small increment. For other loading conditions shown in Fig. 5.8, there

was very little difference in the ballast density after 300 cycles, with

one exception to this trend. This was a test with a static load of 3155

1b (14,040 N) and a cyclic load of 1768 1b (7868 N) for 300 cycles. The
ballast density test gave a result that is significantly greater than the
others and does not follow the trend set by the other tests. The initial
box density vas somevhat higher for this test but that really doesn't offer
a valid explanation for the exceptionally high value. At this point, it is
uncertain as to why this test yielded such a high density.

As was done with the ballast density test, ballast in the loose uncom-
pacted state vas subjected to a plate load test. The effect of the change
in ballast stiffness with loading conditions would, thus, be shown in
relation to the 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 150C

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

the log of cycles of loading appears to be linear (Fig. 5.9). Because of
this relationship, the BBI snd 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-
ditions.

One particularly interesting feature is that the BBI fof the test with
4 static load of 1499 1b (6671 N) and a cyclic load of 1258 1b (5598 N) 1is
greater than the tests with an average mean static load of 3095 1b (13,773 X)
and an average cyclic load of 1810 1b (8055 N). This implies that the load
ratio has a greater influence on the stiffness of the ballast than does the
static load ratio. This result is more clearly illustrated in Fig. 5.10,

Ballast Depth. Experiments were performed testing the effect of various
ballast depths in order to simulate the field condition in which loose, dis-
turbed ballast is compacted on a dense compacted track bed. After tamping,
the cribs may be filled or partially filled to various depths with loose,
uncompacted ballast. It was this condition that these experiments were
designed to simulate.

The average initial box densities and the applied static loads each.
are nearly equal for the various layer depth tests (Ref. 22), thus, a
comparison of static deformations can be made. 'lfhe average static defor-
mation for 12 in. (305 mm) layer depth for the 1519 1b (6760 N) tests is
0.275 in. (6.99 mm), but the overall average at 1519 1b (6760 X) is 0.26 in.
(6.6 mm) based on Fig. S5.4. 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-
sations is that as the ballast layer depth decreases, 30 does the static
deformation for a given static load.

Wayne (Ref. 6) found that a stress redistribution in the ballast occurred
9
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at a depth of 12 in. (305 mm) as weil as at the lesser depths and the depth
at which no bottom boundary effect takes place is definitely greater than
12 in. (305 mm). This is reasonable considering that the ratio of plate
size to ballast depth is approximately equal to 1.0 for a 12 in. (305 mm)
ballast depth.

The régression equations for cumulative cyclic deformation as a rfunction
of the cycles of loading for 9 in. (229 mm) and 6 in. (152 mm) ballast depths
are listed in Table 5.2 along with the corrasponding correlation coefficients.
The coefficients in Table 5.2 show that ther? is a good correlaticn between the
cumulative cyclic deformation and the cycles of loading on a log-log scale
for each of the individual tests.

In Fig. 5.11, the cumulative cyclic deformation-load ratio relationship
for the three different ballast depths are plotted at 10, and 300 cycles.

The trends are assumed to be linear and ;asling through the origin. The
complete lines in FPig. 5.11 represent the 12 in. (305 mm) layer depth of
which the line for 300 cycles is the same as that appearing in Fig. 5.7 for
an SLR of approximately 1.0. PFig. S.11 demonstrates that the same trend
appears for cyclic deformation as appears for static deformation, {.e., that
deformation decreases as ballast depth decreasas.

This trend fs more clearly {llustrated in Fig. 5.12, in which cusulative
cyclic deformation is plotted as a function of ballast depth for a load ratio -
= 0.54. From this figure, it appears that the amount of compaction decreases
vith decreasing ballast depth. Also plotted in Fig. 5.12 1is the cyclic
compaction strain (ec) vhich is defined as,

€, " CD x 1002 . (s-3)

Ballast depth
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To represent in terms of a percentage, the quantity is multiplied by 100.
The values of cyclic compaction strain for the 9 in. (229 mm) and the 12 in.
(305 mm) layer tests are approximately 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 physical state of the ballast at various depths
after 300 cycles of loading are shown 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's for the 6 in. (152 mm) layer
depth increase significantly, as much as twice the BBI values obtained at
the 9 in. (229 mm) or 1z in. (305 mm) layer depth tests. The BBI for the
6 in. (152 mm) layer test may be affected significantly by the bottom boun~
dary. ,

La_t:c.nl Boundary Effects. The lateral 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 1n. (305 mm) depth. This box represents essentially
a free field condition because the ballast particles are unrestrained from
lataral movement. The small box, which has dimensions of 20 in. (508 mm)
by 20 in. (508 mm) with a 12 in. (305 mm) depth, was used for all of the
tests except those that tested for lateral boundary effects. The lateral
constraints in thz small bo.x tests were closer to the compaction plate :lnn
they were in large box tests. The small box tests vere 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 large box test sertes.
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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 pcf (1.317 Hg/u3). Since the initial
box densities were nearly equal and the samples were subjected to the same
loading conditions, the static'defomtions can be compared. The average
static deformation of the ballast in the sn]:l tut'box_,subjec:ed to a 1519
1b (6760 N) load, was 0.275 in. (6.99 mm) (Fig. 5.4) anc 0.371 {n. (9.42 1m)
in the large test box. This represeuts a 357 increase in deformations for
the large box over the small box.

From a regression analysis, the resulting equations for cusulattve cyclic
deformation as a function of cycles of loadins for the large box tests are
listed in Table 5.2. Examination of the correlation coefficients indicates
that there is a good log-log correlation.

Cumulative cyclic deformation, as a function of load ratio, for 10, 100
and 300 cycles is compared for both the large test box and small test box in
Fig. 5.1la4. Because of the limited number of data points, the large box tests
are plotted as only partial lines passing through the origin on the graph.
As the lateral boundaries are removed, the cumulativ: cyclic deformation
increases. In other words, the same tro&l exists for cyclic deformation as
exists for static deformation. ‘The average cumulative cyclic deformation
increased for the large box test over the small box tests by 76X for 10
cycles, by 35 for 100 cycles and by 272 fo.r 300 cycles. The percentage
increases at 100 and 300 cycles appear to be consistent with the percentage

increase of the static deformmtion 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 312 over the deformations obtained in the
small test box. However, there was very little change in the plate load
test results between the two test box sizes, which is evident in Fig. 5.15.
Botih box sizes yield similar EBI results at 'all three deformation levels.
Also, the lateral dimensions of the test box do not influence these results
according to Wavne (Ref. 6). Since the stiffness values for the two test
box sizes are -1-11& (Bef. 22), then so is the degree of compaction of the
ballast in tae zone under the oscillating plate.

The conclusion that can be drawn from this test series is that 1if no
lateral constraints are applied, the tendency is for the ballast particles
to move laterally rather than to densify to a greater degree than occurred
in the small test box. Thus, the net effect of compaction for ;ho two
‘test’ box sizes i- :he same. |

Frequency. Most of the tests were conducted at a frequency of 1/2
Hz. However, in order to investigate the effect that frequency has on both
the amount of deformation as well as the ballast physical state, three
tests were performed in which the frequency was varied but all other
paramsters remsined constant. The different frequencies used for the three
tests were 0.1, 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 1b
(6631 ¥). The resulting static deformations were previously included in
the discussion of static loads and were of the same order of magaitude as
other tests conducted with this mean si.atic 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 .10 and 300 cycles illustrated in Figs. 5.11 and 5.14. Examin-
ation of Fig. 5.16 reveals that the cumulative cyclic deformations at a
given number of cycles for both frequencies of 2.0 Hz and 4.0 Hz is less
than that for a frequency of 0.5 Hz, while punulaéive cyclic deformations
for a frequency of 0.1 Hz was greater than that for ; 0.5 Hz. The general
trend shows that between the frequencies of 0.1 and 2.0 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 cumulative cyclic defor-
mation increased, but not to the same order of magnitude that resulted from
the 0.5 Hz tests. The limited number of data points makes it difficult to
establish conclusive trends concerning the effect of frequency on the amount
of cumulative cyclic deformation. The need for further examination 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 tert llA
vhich had a frequency of 0.5 Hz because the load ratios for the two tests
are nearly equal, i.e. 0.79, and the static load ratios are the same. The
overall comparison of the three deformation levels 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 B3I 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 resistance (BBI) for all three deformation levels as the frequency is
increased.

An in-situ ballast density test was performed on the sample that was
compacted at a frequency of 2.0 Hz (Fig. 5.8) which gave a final demsity of
88.57 pef (1.419 !43/1:3). Nearly all of the ballast density tests ruultl,
regardless of the loading conditions, yield a result very close to 88.5 pcf
(1.418 Hg/l3) after 300 cycles of loading. Although neither the amount of
cumulative cyclic deformation or the ballast density test result indicate
that a higher frequency causes a gnaéc; amount of compaction to occur, the
Plate load test suggests, for frequencies sreater than 9.5 Hz, that fre-
quency may have an effect. However, it is difficult to make valid conclusions
on these trends with the limited amoumt of data available.

5.3 COMPARISON WITH FIELD DATA

There are two field studies on ballast compaction that are availadble
and are comparable to this study. One is an investigation of ballast pro-
perties by SUNYAB at the Illinois Central Gulf Railraod (ICG) [Ref. 23 and
24]. There is a tangent dual main line, of which the Northbound vas being
subjected to a major maintenance program that included track undercutting,
tie u-ping and,crib and shoulder ballast compaction. The {irst process vas
the track undercutting in which all of the ballast material im 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 limestone ballast was then dumped in the ceanter of the track. The
track was raisec anc the ties were tamped. Additiousl olas ballast wes
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deposited to fill the cribs and shoulder section before the ballast compactor
was used. In-situ ballast density tests and plate load tests were performed
at various stages of the above program.

The lowest density state of 84.9 pef (1.36 Hg/ma) was found under the
tie in the center of the track for the tamped but unco.pacted stage. The
ballast in the cribs in the center of the track at the same stage was found
to have an average density of 91.8 pcf (1.47 Mg/u3). The lowest density
state is comparable to the locse state of 85.5 pcf (1.37 Hg/l3) obtained
in this study. The method of placement c;f the ballast may account for the
difference between the density under the tie and in the crib. Tﬁe ballast
under 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 density is low. The ballast in the crib, on the other hand,
vas dumped from a height of a few feet. Thus, the energy ussociated with
that ballast placement was greater and the density measurement yielded a
higher value. Incidently, these density values have been modified to repre-
sent a 100X limestone sample, since the raw data was for a limestone and
slag mixture. The limestone at ICG was approximately the same gradation as
the linutou' used in this project Lut it was less angular.

In order to compare the effects of the ballast compaction at ICG and
the sinulated compactor, the change in crib ballast density must be examined.
The compactor used at ICG operated at a frequency of 38 Hz and vas applied
for approximately 3.5 seconds. Thus, the ballast was subjected to 133
cycles of loading. The average density in the crib after tamping in the
area that 1s to be compacted was 92 pcf (1.474 Mg/m’). The average density,
takem ia the same area after tamping and compaction, was 96.4 pet
(1.544 Mg/u’). This represents an increase in ballest demsity of 4.4
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pcf (0.07 Mg/m3) due to the use of the ballast compactor. This increase
is greater than the increase of 3 pcf (0.048 Hg/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 8reatest difference
between the two machines. It has beer shown in Fig. 5.8 that varying

the cyclic and static loads produces only a m!\all change in the resulting
ballast density.

The plate load test Gata was compared’ by eithet the B3I, prcviousl:y
defined, or the Modified Ballast Bearing Index (BBIt). The Bltt parameter
is equal to the BBI at a given deformation level divided by that defor-
mation, i.e. 0.1, 0.2, or 0.3-in. (2.5, 5.1, or 7.6~mm). An average
BBIy is r sequently determined from the three computed values. ’

Examination of the plate load tests results shows that the lowest
average BBI, occurred in the center of the track beneath the tie. This
value vas 177 pci (48.1 M¥/m>) which 1s very close to the 185 ped (50.2
m/-’) obtained in this laboratory experiment for the loose state. This
value is also consistent with the ballast density test performed in the
same area. The average nu‘ in the center of the tnck in the crid was
236 pci (64.1 ll/- ) wich 1s consisteat with the ballut density measure-
ments in that it is an increase over the below-tie value. As was stated
earlier, the ballast in the cribs near the ra:l.lo‘. vhere the compactor
Plates are placed, was a aixture of slag md limestone ballasts. The
percentage of slag increased towards the outside of the track. The average
BBI, outside the rail was 697 pci (189.3 Mi/m’) and the average BBI,
inside the rail was 488 pci (132.5 l./ls), but the average value of all

Cests was 572 pci (155.4 Mi/u3). The large difference between the
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inside of the rail and the outside of rail results may not be entirely due
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 order
of magnitude and the same holds true for the dense state values of the
two materials.

9 Since the BBI‘ is a function of the static load ratio, the load ratio
and the cycles of loading at a given frequency, the resulting BBIK of cﬁe
compactor was estimated .: it were operating at a frequency of 0.5 Hz. That
estimate is 305 pei (82.8 M/a3), which is significantly different from
average BBI‘ value obtained at ICG of 572 pci (155.4 lﬂ/-a). This fact
further reinforces the notion that the operating frequency is a significant
factor in changing the physical state of the ballast. The only test ‘that
matches the static and cyclic loads of th. ballast compactor 1s Test IIA
whose static load is 1,499 1b (6,671 N) and whoee cyclic load is 1,258 1lbs
(2,541 N). The resulting average BAI, after 300 cycles is 420 pci (114.1
m/-’) which is close to the inside of rail value of 488 pci (132.5 !./Is),
but is much lower than the average value of 572 pci (155.4 '/ls).

The second field study which is comparable to this laboratory project
vas conducted by the Canadian Mational Raflroad (CNR) [Ref. 17). This
study was concerned with plate load test results taken on :hc.tuck shoulder,
under the tie, on the crib surface, and in the crib at a depth equal to the
depth of the tie. The plate losd test procedure was essentially the same
as the SUNYAB procedure with one major exception. Rather than using a load
cell to record loads and # DCDT to record deformations om an X-Y recorder,
CNR recorded dial gaugs readings for deformations and hydraulic jack pressure
for loads at various points in the test. These recordings were plotted

to cbtaina a load-deformation curve. They also wsed pea gravel rather thea
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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 most appropriate for comparison with the lab
results. The CNR ballast was crushed stone.

The BBI at 0.3 in. (7.6 mm) deformation on the undisturbed track was
264 psi (1,819 kN/nz). Exactly how many million gross tons of traffic had
passed over this track since its last track surfacing program is not known.
After surfacing and lining only, the BBI at 0.3 in. (7.6 =m) deformation was

63 psi (434 kN/lz). This is nearly the same as the laboratory loose state
| condition which is 52 psi (358 kn/-z): The BBI at 0.3 in. (7.6 mm) defor-
mation after crib and shoulder compaction was 306 psi (2,108 kll/-z). The
BBI at 0.3 in. (7.6 mm) deformation after undercutting and crib compaction’
vas 412 psi (2,839 ldl/lz).; and after undercutting and crib and shoulder com-
paction was 333 psi (2,294 kll/lz). After undercutting, the track bed was
filled with either slag or new cru.shcd rock. The above results are average
values that represent Bany tests. The study does not differentiate the

test results for the different ballast types. All of the above values are
significantly greater than any of the values obtained in the laboratory
tests. The greatest value of BBI at 0.3 in. (7.6 =) deformation obtained
1o the laboratory was 140 pei (965 kN/a’). The static losd for this test
vas 6,197 1b (27,577 M) and the cyclic load was 3,728 1b (16,590 ¥). All of
the CNR values are also greater than the results obtained from ICG.

Exactly why the BBI valucs in the CMR study are so much graater is
difficult to ascertain, but there appear to be factors tuat are different ia
the two studies which influence the Plate load test results. A more detailed
study on plate load test cm is discussed by Panuccio aad Dorwert
(Ref. 4).



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 in the laboratory by filling
8 large test box with 12 in. (0.305 m) 'of limestone ballast and compacting-
it wicth a vibratory plate compactor. The change in the physical state of
the ballast during the compaction phase was monitored by plate load tests
and in-situ ballast density tests which were performed at certain inter-
vals during the compaction process. The main conclusions from this inves-
tigation are:

1. The in-situ ballast density tests that were performed during the .
coupaction of the track bed yielded an avctngc' maximum dry density of ap-
Proximately 110 pcf (1.76 Mg/m®) after only 25 to 50 passes with the vibca-
tory compactor. This was an increase of about 12 pcf from the loose state.

2. The Ballast Bearing Index (BBI) values obtained from the plate load
tests on the compacted ctrack bed leveled off after approximately 500 passes
vith the vibratory plat§ compactor. The average maximum BBI value at 0.2
in. (5.1 sm) deformation was approximately 279 psi (1922 ki/m?). T

3. The laboratory ballast density and stiffness values after 1000

compactor passes compersd favorably well with field test vesults for an old
track bed coandition.



6.2 MANUAL TIE TAMPING

Several lateral tie push tests were performed when a standard railroad
tie was placed on the compacted bed with no crib or shoulder, and the ef-
fects of various weights placed on the tie were evaluated. Tests were also
performed for a semi-filled crib, a full crib, and a full crib with a sur-
charge foad. The ballast shoulder section was subsequently formed and lateral
tie push tests were performed on a compacted base, a3 well as a loose base
r.esulting. from various amounts of tamping raises. ‘l:hue ballast physical
state test results vere also compared with previous reported data.

The following summarizes the {=portant éut. results obtained from these
tests: .

1. The lateral tie resistance of an individual tie after manual tie
tamping does not appear to be affected by the height of the tamping raise nor
the type of raising operation, i.e., full or in lifts. This is for a full
loose ballast crib and shoulder condition.

2. The lateral tie resistance increases nearly linearly u the amount
of ballast in the cribs incresases. Even when the cribs are overfilled, the
tie resistance continues to increase in a4 similar fashion. The crid component
of resistance is a significant coatributor l.:o the total lateral resistance
of an unloaded tie.

3. Por ties of various equivalent weights plach on a compacted base
with no crib or shoulder ballast, the lateral tie resistance is approximately
equal to one-half of the tie weight.

4. The in-situ ballast density test and the plate load test data for

both in the crib snd under the tie locatioans produced fairly coasistent
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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 taxping was performed and each of these physical state
test values were comparable for different heights of the ‘raises.
The field LTPT results from ICG and FAST were generally greater “han the

laboratory tests for the after-tamping condition by 50 to 150 1b (223 to
668 N). This difference cannot presently be explained; however, the range
of lateral tie resistance values at 0.157 in. (4 om) displacement were com-
parable for the two conditions. The laboratory PLT and BDT results, howvever,
ct;lparcd very favorably to the field t.ut results for the tamped-only con-
dition. Thus, this track condition appears to be reproducible in the labor-
atory.
6.3 CRIB COMPACTION PLATE

) This part of the study was conducted in order to examine the effect that
various parameters have on ballast compaction. The ballast compaction was
performed in the laboratory on a limestone ballast with a simulated ballast
compactor that consisted of a single plate oscillating at a low frequency.
The compaction effort included bo:ﬁ static and cyclic loading. Apparatus’
and experimental design considerations for this pruject were a result of a
review of manufacturer's literature on ballast compactors which provtdod
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 time of
ballast compactors was considered in determining the equivaleant number of
cycles of losding. A test box with a volume of 2.78 cubic feet (0.0787 u’)
vas used for most of the tests, but a 9 cubic foot (0.25 n’) 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 compaction for each

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

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

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

1. As the static load vas increased, the static deformation also increased.
Rowever, the overall relationship was not linear. The botton boundary
is believed to have influenced the tests with large static loads.

2. When the initial box denaitcy 1?creued. the resulting static deformation,
for a given static load, decreased. )

3. The cumulative cyclic deformation ‘ncreased as the load ratio was in-
creased for a given static load ratio. The cumulative cyclic deformation
increased as the static load ratio increased for a constant load ratio.

4. The ballast density incrcu'cd only a small amount tro= the loose state
of about 85.5 pcf (1.37 “8/-3) to about 88.5 pef (1.418 H'/-I!) for the
dense state after 30(‘_) cycles. The final density state appeared to be
independent of the iio.ding conditions.

5. The BBI value at a given deformation increased as the static load
ratio was increased for a given load ratio. ) Similarly, as the load

" ratio was increased for a given static load ratio, the BBI value
increased.

6. When the sample ballast depth was decreased, both the static deformation
and the cumulative cyclic deformation decreased vhem comparing similar
loading conditions.

7. The BBI's differed ouly sligatly for the 12 in. (303 mm) and 9 im. (229 =w)
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layer depths, but they increased dramatically for the 6 in. (152 mm)
layer depths.

When the lateral boundary constraints were removed, both the static
deformation and the cyclic deforration increased for a given set of
loading conditions, but the BBI values were nearly the same. This
shows th.t the amount of compaction was essentially the same for the
two test box sizes.

whén the effeéts of different freguen;;eu wvere tested, it was found
that the density was no different after compacting at 2.0 Hz than it
was after compacting at 0.5 Hz after the same number of cycles and
sinilar loading conditions. ‘

For equivalent load ratios, the BBI's resulting from the 0.1 Hz test
was essentially the same as the 0.5 Hz test. The test performed at a
frequency of 4.0 Hz resulted in greater BBI's than the 0.5 Hz test
at an equivslent load ratio.

The test results were alsgo compared to results that were obtained from

physical state tests performed in the field. Of che tests performed on the

Illinois Central Gulf Railroad, the "mly results for the loose state that

agreed with thig experiment were located under the tie in the cintct of

the track. Both the ballast density test and plate

favorably to the loose state tests for this project. The BBI values in the

area that was under direct coatact vith the vibrating plate increased much

wore than any BBI values in the lab tests. The CNR conducted a study 1in

which plate load tests were performed on the track ia different maintenasnce

Stages. The loosest state that occurred in that study was after surfecing
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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 befare compaction with the oscillating plate.
However, the field BBI values after crib compaction were significantly greater
than any values obtained in the lab tests after compaction with the plate.

The conclusion bi:sed om both the ICG and CNR comparisons is that the higher

frequencies in the field operation significantly affect the amount of ballast

compaction.

17/118



2.

4.

10.
11.

12.

13.

REFERENCES

Selig, E.T., Yoo, T.S. and Panuccio, C.M., "Mechanics of Ballast Compac-
tion: Vol. 2. Field Methods for Ballast Physical State Measurement,"
Final Report, State University of New York at Buffalo, Contract No. DOT/
TSC/1115, Submitted to Transportation Systems Center, U.S. DOT, Cambridge,
Massachusetts, September, 1980.

Selig, E.T., Yoo, T.S. and Panuccio, C.M., "Mechanics of Ballast Compac-
tion: Vol. 1. Technical Review of Ballast Compaction and Related
Topics,” Final Report, SUNYAB, Contract No. DOT/TSC/1115, Submitted

to Transportation Systems Center, U.S. DOT, Cambridge, Mass., September,
1980. .

Ciolko, A.T., "The Lateral Tie Push Test for Ballast Evaluation," M.S.

Project, Submitted to Department of Civil Engineering, SUNYAB, April,
1977. .

Panuccio, C.M. and Dorwart, B.C., "Correlation Studies for the Single
Lateral Tie Push Test and the Plate Load Test,” Internal Report, Bal-
last Compaction Study, Dept. of Civil Engineering, SUNYAB, August, 1978.

Chen, H.M., "A Study of Ballast Density Messursment,” M.S. Project Submit-
ted to Dept. of Civil Engineering, SUNYAB, February, 1977.

Wayne, R.C., "The Plate Load Test for Ballast Evaluation,” M.S. Project
Submitted to Dept. of Civil Engineering, SUNYAB, February, 1977.

Yoo, T.S., "Field Measurements of In-Situ Ballast Density,” Internal Re-
port, Dept. of Civil Engineering, SUNYAB, October, 1978.

Petersen, H.C., "Railroad Ballast Lateral Stability Test," M.S. Thesis

Submitted to Civil Engineering Department, University of Illinois at
Urbana-Champaign, September, 1975. .

Plasser, "Technical Description of the Consolidating Machine VDM 800 U,"
Maoufacturer's Literatures.

Plasser Information, "Consolidating Machines,” Manufacturer's Literature.

Pu\uecio‘, C.M., "Trip to Canadian Mational Railway Site,” Intermal Report,
SUNYAB, June-July, 1976.

Office for Research snd Ixperiments of the International Unica of Railways,
"Optimum Adaptation of the Conventional Track to Puture Traffic: Study
of the Change in the Track Level as a Function of the Traffic and of the
Track Components,” ORE Questiom D117, Report No. 2, UTRECHT, April, 1973.

Plasser and Theurer, Memufacturer's Literature om Track Maintemamce
ment Specificatioms.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

McMahon, D.R., "Visit to DOT-FAST Site in Pueblo, Colorado with SUNYAB
Staff for Field Tests," November, 1977.

Cunney, E.G., May, J.T. and Jones, H.N., "The Effects of Accelerated
Ballast Consolidation," ENSCO, Inc., DOT Report No. DOT-FR-76-02,
Springfield, Virginia, March, 1977.

Canron (Tamper and Matisa), Manufacturer's Literature on Track Mainte-
nance Equipment Specifications.

Peckover, F.L., "Ballept Compaction Tests," Canadian Natiomal Railvays,
Interdepartmental Correspondence, E 5510-9, Montreal, October 9, 1970.

Powell, M.C., "The Effect of the VDM 800 Crib Consolidator on the Value
of Lateral Ballast Resistance," British Railvays Engineering Research
Division, Technical Note No. L18, July, 1970.

Stone Construction Equipment, Inc., Stone Vibratory Plate Compactors,
Owner's Manual and Specifications, 1975.

McMahon, D.R., "Laboratory Investigation of the Changes in the Physical
State of Ballast from Simulated Field Compaction Mechanisms: Part II.
Track Bed and Manual Tie Tamping," M.S. Project, Submitted to Dept. of
Civil -Engineering, SUNYAB, September, 1978.

Operator's Manual, Model 902.38, Structural and Materials Testing Systea
June, 1967.

McMahon, D.R., "Laboratory Investigation of the Changes in the Physical
State of Ballast from Simulated Field Compaction Mechanisme: Part I.
Single Oscillating Plate,” M.S. Project, Submitted to the Dept. of Civil
Engineering, SUNYAB, July, 1978.

Panuccio, C.M., "Plate Load Tests, ICG Railroad,” Internal Report,
SUNYAB, April, 1977.

Yoo, T.S., "In-Situ Ballast Density Measurement at the ICG 8ite,” Internal
Report, SUNYAB, June, 1977.



APPENDIX A

REPORT OF NEW TECHNOLOGY

The work performed under this contract has provided new information on
methods and results of ballast compaction through laboratory tests simulating
field processes. The large influence of crib and shoulder conditions on the 9
resistance of single, unloaded ties to lateral displacement was demonstrated.
Repeated surface loading of ballast at low frequency was shown to provide
.co-pact:lon. Hovever, the study also indicated thnt. the vibration associated

vith the higher frequency loading provided by the field compaction equipment

vas much more effective in achieving compactionm.
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