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PREFACE

This report describes an investigation to develop field methods for measur-
ing ballagt compaction. Tﬁe work is part of a contract to evaluate ballast com-
paction an& recommend guidelines f&r using compaction to improve track perfor-—

) ,
mance. The Contract Number is DOT/TSC/1115.

This study was conducted by the éisearch Foundation of the State Univer-
sity of New York at Buffalo (SUNYAB) under contfact.to the U.S. Department
of Tranéportation, Transpdftation Systems Center, in Cambridge, Massachusetts,
gponsored by the U.S.ADepartment of Transport;tion, Federal Railroad Admiﬁis—
tration, Office of Research. The iechnical Monitbr waé Andrew Sluz.

The Principai Investigatorlfor the study was Ernest T. Selig, Profes- -
sor of'Civil Engineering at. SUNYAB. Techﬁical direction of ghe work described
in this report was also provided by Tai-éung Yoo, Research Asgiétant Pro-

* fessor, and Carmeﬁ‘M.‘Panuccio,‘ﬁeSearch Engineer. The study of thé ballast
density tests was conducted by Hwang-Ming Chen, the plate load tests by

Robert C. Wayne, and the lateral tie push tests by Adrian T. Ciolko.

All three persons were éraduate research assistants at SUNYAB. Their reports,
which.form the basis for this cénttact report, were'prepared in partial fulfill-
ment of the deg:ee of Master of Science in Civil Engineering. The final apba—

- ratus fof.the fiéld density tests described in Appendix Akﬁas developéd b§

James I. Johnson. The final apparatus for the field plate and lateral tie

push tests deséribed-in Appendices C and D was developed by Brian C. Dorwart.

Both of these persons were graduate research assistants at SUNYAB.
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EXECUTIVE SUMMARY
J

A review of the state-of-the-art of ballast revealed the need for suitable
metﬁods to measure ballast coﬁpaction. Affer considering possible alternatives,
three methods were selected for study. The first determines in-place densify.
The gecond determines plate bearing resistance, whiéL is a measure 6f>the

' stiffness and strength of b#llast}. fhe third determines lateral tie resistance
to displacement. This is an indirect measure of both physical-state and com-
p;ction;:but it.is_the onlf one;of the th?ee mé;hods tﬁat has been used in the
past to any significaqt extent.

A study.of ballast density measurement methods was undertaken in the lab-
oratofy witﬁ ﬁhé primary purposes of developing 1) methéds fhat are sui;ablé
for appLication to ballast‘méterials, bothrin the laboratory and ;ﬁbthe field,
and 2) methods of'&etefmining reference densities that could -be uééd in assess-
ing the amount 6f ballastrcoﬁpaction achieved»in'the field‘duringftrack con;“

- struction and maintenanvce> operations. A technique employing the water-replace- s
ment concépt.was selected as the’most feasible appfoach for ballast density
determination. . This method inﬁolves measurihg the ﬁolume of an excavated hole
in the ballast bed by lining the hole with a membrane and determining the
volﬁme of water requifed to fill the hole. A series of density measurements
eﬁploying this method was pefformed to estéblish appropriate'testing procedures
and to determine the most suitable dimensions and volume of thg excavated hole.
Various deviqes were considered for apélying the compactive effort to the sam-
ples. for determination of reference densities. The beét-approach_involved the
use of a rubber-tipped impact hammer appiied to the surface of ballast placed
in layers in a steel mold. |

The successful development of a ballast density measurement method is a .

noteworthy achievement of this study. With careful attention to test techniques

xiii




and use of special apparatus, consiétent tést résults can be obtained and
differences in ballast density can be detected. The study showed that the
sample boundary conditions have a major effect on the magnitude of the cal~
culated density. Thus, the weight 6f a ballast sample cémpacted into a con-
tainer,‘diVided by the container volume, will not be an accurate indication
of the sample density. Boundary corrections mﬁgt be applied to get the cor-
rect density. Furthermore, the study showed that values of density obtained
with one method:of measurement will ﬁrobab;y not be comparable with values
using another method. |

Research was undertaken to éssess‘the usefulness of plate load tests
fo: ballast physical state measurement, and to develop procedures'for the
tests._ Various types of seating materials and different plate sizes and .
shapes were investigatéd.‘ The effects of repeated loading and ballast layer

depth were explored. Finally, the influence of using &et or dry ballaét was
considered. |

Thé recommended test uses a vertically-loaded 5-in.-diameter qircﬁlér
plate seated on the ballast surface using gypsum plas&er. The most- useful
parameter found to>représent the load—-deflection results from the test is
the load per unit plaﬁe area perAunit deformatidn. This is determined by
measuring the load required to settle the piate, an amount ranginglfrom 0.1
to 0.3 in.

A test involving lateral displacement of individual ties or tie panel
sections has been éidely used as a measure of lateral resistance of track.
Several investigators have also used this test as a means of evaluating the
effectiveness of ballast tamping and compaction operations. In this study,
the factors influencing the test results were investigated to assess the use-
fulness of the test for these purposes, and to determine the most suitable

apparatus and procedures for field use.

xiv



The recommended test procedure requires pushing the tie from the ceptroid
of the end face, rather than from thé top as is. sometimes done. The lateral
resistance was shown to be highly semsitive to ballast type, tie condition, and
especially the dep;h of crib and shoulder ballast. Thé results indicated that
correlation Between lateral resistance meaéure& in the single ;ie test and
frack lateral resistance is. complicated and ﬁust'take into account the effect
of the rails, the iﬁﬁeraction between adjacent ties, and the‘train vertical

loading, if present.

xv/xvi



1. INTRODUCTION . : ©

It is well known that ballast plays é key role in the performance of track
‘structures. The mechanical properties of ballast that are involved result from
the physical state of the ballast. Physical state is defined by the_in-place
density as well as by the other index facéors like size, distribution, shape,
angularity and hardness of thelballast‘pafticles. For a given ballast material
the index properties are fixed. The density ‘state, on the other hand, is
controlled by mechanical processes applled in the field.

Compactlon is deflned as the densification of materLaI b;imechanlcal
means. Hence, theyln-place density of ballast is a result of some type of
‘compaction process. Typically’the resulting density is created'by mainteﬁance
tamping opera;ions plﬁs train traffic. Experience has shown that tamping does
not produce a high degree of cpmpaétion and there are clearly.disadvantages in
achieving compaction by tfain4traffic, Thérefore; additiopal compactioﬁ
'.using special machines or new techniques may also be desirable. A'

This reéearch project has resulted from the need for more information on
the.subjéct of ba11ast.compaction. This study will seek answers to such
questions as the following: : ‘

1. How‘ﬁuch can ballast be compacted?>

‘2.= Whét degree of cpmpaétion can be achieved by various mechanicél
Processes involved in track construction and maiﬁtenahce operations and
by traln traffic? ..

3. How much add1tiona1 compaction can be achieved by altering normal
processes or by adding new processes such as those involving compactors?

4. What are the best means to achieve coﬁpaction7

5. What are the benefits of prov1d1ng add1t10na1 compactlon in compari-
son to the effort and cost 1nvolved7

To achieve these objectives a méans of measuring compaction is essential.
However, tHe lack of suitable methods became‘evidentAafter a review of the
state-of-the-art-of ballast compaction. Therefore, effort was devoted to develop-
ing methods that could be used to measure the physical state of ballast. in the
field. After éonSidering possiﬁle alternatives, three methods were selected
for study. The first determines in-place density which,is a direct measure of
comﬁaction. The second determines ?late bearing resistance which is a measure

of the effect of compadtion on ballast physical state. The third detérmines



lateral tie resistance to displacement. This is an indirect measure of both
physical state and compaction, but it is the only one of the three methods -
that has been used in the past to any significant extent. A ‘
A study of ballast density measurement methods was undertaken in the lab=
oratory with the primary purposes of developing 1) methods that are suitable
for application to ballast materials, both in the laboratory and in the field,
and 2) methods of determining reference densities that could be used in assess=
ing'the amount of ballast compaction achieved in the field during track con= ‘
struction and maintenancedoperations. To accomplish these objectives, a sample .&
preparation technique was first developed for reproducing’teSt”samples’with r
acceptable precision.. Then various possible'methods of compaction measurement S
.:were-examined Based on these results; a technique employing thevwater- .

' replacement concept was selected as the most feasible approach for ballast. _
density determination. This method involves measuring the volume of an exca=
vated hole in the ballast bed and weighing the removed material. A series of
~ density measurements employing the water-replacement method was performed to
establish appropriate testing procedures and to determine the most snitable
- dimensions and volume of the excavated hole. A specially designed density
"apparatus of either circular or oval base shape was used in these tests.

" Meéthods were also investigated for pteparing loose and dense ballast o .

Samples-for determination of reference densities. Various devices for applying |
the compective effort to the samples were considered. The best approach
involved the use of a rubber-tipped impact hammer applied to the.surface of
ballast placed in layers in a steel mold.  The reference density was established
by extrapolating the relationship between ballast density and compactive effort.

A variety of materials_ranging from crushed angular rock to rounded river gravel
were used to represent s range in.ballast types in the development of the test
procedures,

Plate load tests have prev1ously ‘been directed towards applications such as
determining the ultimate bearing capacity of soils in foundation engineering,

and minimal acceptable design strengths for highway and airfield pavement thick-
ness determination. The application of the plate load test for ballast materials .
has been limited, and only recently has this test gained recognition as a means
of determining . the in-situ. strength of such-materials. - ' T

The report describes an experimental program for evaluating the use of the

plate load tests for ballast material. The research concentrated on studying



the fictors which might affect the load-deformation results and en assessment of
the usefulness of plate load teste as a possible field method to evaluate the
effectiveness of ballast tamping and consolidation operations.

The scope of this study includes the development of testing apparatus and
procedures. Three local ballast materials were investigated, namely crushed
limestone, washed éravel, and steel furnace slag. Samplelpreparation tech-
niques were developed to obtain the desired ballast demsity states. Various
types of seating material and different platerfizes and'shapes,were.investigated.
The effects of repeated loading and ballast layer depth were explored. Finally
the influence of using wet or dry ballast was considered.

) In conventional rallroad track structures, the ballast serves a ‘Tumber of
:purposes 1nc1ud1ng providing resistance .to ‘lateral track- dlsplacement. The
lateral resistance of track is important in maintaining track geometry under
traffic loading and in prevention of train derailments. The lateral resistance
of unoccnpied»treck must also be'sufficient‘to prevent horizontal buckling of the
track due to constrained thermal expansion, especially with‘continuous welced.
'rail.‘ When the track. is occupled lateral strength must sufficiently resiet '
,both thermal loads and the lateral component of wheel lToads- The re51stance to )
buckllng forces and lateral wheel loads is prlmarlly prov1ded by the ballast-.
tie interaction. . Currently, a test involving dlsplacement of individual ties
or tie paneltsectione is the most widely used field method used in obtaining the
value of lateral resistance. This test has been termed the lateral tie pull or
push test (LTPT). Several investigatore have also used this test as a means of
evaluating the effectiveness of ballast tamping and compaction operetions.

This laboratory evaluation of the lateral tie push test concentrates on

~ studying the factors affecting~the load-displaceméent -curves for single ties. The
aPPQratus developed in the laboratory was also utilized in field tests to study

. ballast compaction. An attempt was made to verify the usefulness of lateral tie
push tests as a method of evaluatlng track stablllty and track malntenance
operatlons as well as ballast. compactlon. Ex1st1ng 1aboratory and field test

- data from the LTPT are assessed and compared to results obtained in this study.

Two local ballast materials were used in the laboratory tests. - These are
a crushed limestone and a slag.. The effects of the following factors on

‘strength and deformation were investigated: 1) crib and bed density state,
2) crib depth, 3) tie age, 4) tie weight, 5) cycling of load, and 6) testing

- errors.



In addition to the presentation in this report of the results of the
laboratory studies, appendices provide a detailed description of the apparatus
and procedures for each test developed after extensive field experience with

the methods.



2. REVIEW OF PREVIOUS WORK : i

In this chapter a revieu is made of previous work ccncerning methods of
field density and bearing plate measurements with emphasis on those that are
relevant to ballast applications. In addition all available informatiom on ,
methods that have been used for the lateral tiefpush test is summarized. This
is a specialized test that has been developed specifically for use in evaluating

parformance of railroad track structures.

2.1 REFERENCE DENSITY ‘TESTS | - A ,

A necessary part of density evaluation of field compacted materials is
the availability of a standard compaction test to provide a reference value

~with which to compare the field measurements. ) '

The principal methods of compacting soil andfgranular materials in the
reference tests employ an effort applied either by impact, kneading, vibration;
static pressure or gyratory straining. The reasons for the different types |
are ba31ca11y to account for the ‘range of compaction characteristics among soils
and to simulate different field compaction condltions.‘ In each case the
material is compacted in a mold in one or more layers. - .

The impact method which is the one most w1de1y used, compacts the soil.
w1th an impact force generated from a steel hammer. of spec1fied weight and shape
falling freely from a specified height. The principal variables with this
method are the weight of the hammer, height of the fall, dimEHSLOnS of the mold,
number of soil layers, number of blows per layer, and maximum particle size
naterial’used in the test. These and other factors influencing the test results
are discussed in detail in Ref. 1. The impact methods generally used in the

‘United States are the ASTM D-698 and D-1557 standards, or the corresponding
AASHTO T-99 and T-180 standards. One of the major limitatious of the impact

- method in general is that it applies cgmpactive effort in a quite different way
from field methods. Breakage of coarse particles during the test is another'
problem. Howeuer, the impact-type compaction method is simple in operation;
.uses inexpensive apparatus, and has an easily defined and controlledleffortq_

The standard impact method is not suitable for ballast materials although
the method has been used for crushed aggregate materials used in highway base
coarse construction. The reasons include:” 1) significant degradation of

samples under impact, 2) too small a mold size, and 3) insufficient compactive



effort. Howaver, the comcept has potential and may be applicable to ballast if
sqitably modified.

An alternative impact rodding method has been used in determination of
‘the unit welght of aggregate for the concrete design and for determination of

"quality of slag and lightweight aggregate. A testing procedure using this
method has been standardized in ASTM C-29, AASHTO T19, and also in British
Standard 812. The test consists basically of rodding or tamping the aggre-
gate sample into a mold in three layers, applying 25 strokes per each layer
’ w1th a 5/8-in.- diameter steel rod approx1mately 24-1n long.

The compacted state of cohesionless materlals is usually dnscrlbed in
terms of relative denSLty, which requires determlnatlon of max1mum and m1n1-
mim. reference dan51t1es. V1bratory compactlon hds been found to be one‘ol the =
most_effgctlveAmethois of achieving the maximum density of such materials. The
most commonly used mefhods involve aither a table=-type vibrator to which the
sample is attached in a container'(ASTW D=2049), or a surfacefvibrating tamper
which is imposed ou the surface of a sample in a contalner (Ref. 25).

The limitations of the varlous .vibratory compactlon methods are pr1nc1-
pally that: 1) the mechanisms of demsificatiom are not w=11 defined, 2) the
l magnlfud@ of compactlve effort is mot known, and 3) the condltlons of. vibration
giving maximum. dens1ty vary with typg of material and method of compactlon.
Vibration, if not properly applied, can also cause breakdown of large particles,
especially 1n}un1formly-graded materials. ‘Tﬁe ASTM standaxrd method (D=-2049)
is not suitable for compacting granular materials of usual ballast size. How-
ever, other Vibratbry~teéhniques have been -used for particle sizes larger than
1 in., such as for the compaction control in rockfill dam construction (Refs. 2,
3, & 4). Acéo:ding to Frost (Ret. 4)rvarxous methods of vibratory compaztion
ranging from vibrating tampgfs to a vlbrating table with a 3.75-cu yd mold have
been used to determine the maximum denéity of rockfill materials for various
_dam construction works.

Recent developments in the application of vibratory techniques for ballast
tamplng and compaction in the railroad industry have initiated some studles on
Jlbratory.compactlon behavior of ballast materials at Canadian National Rail-

“ways (Refs. 5 & 6) and at Queen's University (Refs. 7, 8, & 9).

Although most of the vibratory methods are intended to produce “maximum“-

deﬁslty,lin reality they do noﬁ. These tests are more properly termed a refer-

ence test for dense state. In fact, the maximum densities of various rockfill



materials determined with vibratory methods have been found in most occasions
to be lower than the field compacted density (Refs. 2 & 3). However, vibratory .
methods do have potential for reference compaction tests on ballast materials. V

The static compaction method -involves the\application of a steady pressure
over the entire surface of the material sample in a container. This method has
been used only to a limited extent and primarily in early soil compaction test-
‘ing. This method is- not effective as a compaction reference test for ballast
materials._' . ) |

The kneading compaction reference test method was developed to more
closely-simulate.field compaction represented‘by sheepsfoot or' tamping rollers.
The basic,principlecof the kneading;conpactor‘is the;gradual application and A
- release of pressure on a compaction foot whose eree is much. smaller than the .
-surface area of the specimen in the container; The result is the development
of large shearing strains with sufficient pressure to conpact the soil. This.

method is most effective on fine-grained, cohesive soils; it is not considered

o
&y

,approprlate for ballast materials.

' Gyratory compactlon represents the latest development in compaction
methods that attempt to more closely duplicate field procedures. The specimen
in a special. contalner is subjected to a gyratory shear motlon while under a
prescribed pressure. However, the equipment is expen51ve and not in common use.
Also, the s1ze of the compaction mold.in presently avallable equipment is not
large enough for ‘ballast materials. The gyratory method has potential as a
research tool, but does not appear to be an appropriate choice for use as a

~ballast reference density test. _

‘ A variety of factors influence compaction test results (Ref. 10). For
aggregate»material, such as ballast, these include: 1) perticle size, shape,
hardness, specific gravity and gradation,. 2) size and shape of compaction
container, and 3) compaction effort. -Informetion on these factors may be
obtained from references 12 to 23. '

The contalner used in compaction tests usually has a cyllndrlcal shape.
Shergold (Ref 19) reported that the effect of the unfilled voids at the
boundary between the aggregate and the smooth inner surface of the cylinder can
be neglected, provided that the diameter of the largest pieces of aggregates
was not more than one-eighth that of the container. However, no. experimental

data were provided to support the conclusion.



Mainfort and Lawton (Ref..ZO) conducted compaction tests on gravel, crushed
limestone, and slag using mold sizes of 4-in. diameter by &4-in. depth, and 6-in.
diameter by 6-in. depth. The compactive effort was about 56,700 lb=-ft/cu ft,
~similar to that of the ASTM D-1557 or AASHTO T-180 test. The particle size
ranged from 1-1/2 in.to leas than the No. 4 sieve. The test results indicated
that slightly higher dehsity was produced in the 4-in° mold than in the 6-=in°
mold when the percentage retained on the No. 4 sieve was less than 60%, and
a hlgher density was produced in the larger mold as the percentage of coarse
partlcles in the mixture increased. However, the max1mum difference in dry
den51ty was on the order of 3 1b/ft3
‘1.5, lb/ft .

Hosking (Ref. l1) measured the uncompacted bulk density by filling rounded

, with most values not exceedlng the 1 to

gravel, ifregular gravel,vand crushed rocka; having a grading of 1/2 to 3/8 in.,
into various sized containers. The results indicated that a larger container
gave a hlgher value for the uncompacted bulk density. This was explained by
concluding that the larger contalnerghad a smaller proportion of unfilled

f boundary voids. The results also:indicated that the boundary effect was of
little significance for crushed rock, probably. Further tests with different
compactive efforts were carried out on the three different aggregates. The
results showed that'the.smaller the cohtainer'size,~the higher the compacted
Bulk density, provided that the same number of blows per layer was used in
various sized containers. This mav have resulted from the fact that the applied
compaction effort per unit volume was higher in the smaller -containers than in

_ the larget containers. o ’ -

In addition, Hosking preaented the following relevant findings:

1) With the~same aggregate type and particLe size,tange,:a-higher un-
compacted bulk density was produced in a larger container (Fig. 2-1). With
the same aggregate type and container, but different-particle size range, the
uncompacted bulk density of aggregates consistently increased when ‘the maximum
partlcle size was less than some value, and decreased as the maximum particle
size was larger than this value.

' 2) In the compacted state, for the same type of materials, the same
amount of compaction per unit area applied pnoduced a higher compacted density
in a larger container than in a smaller container.- However, the range of

difference was small when the maximum particle size was 0.25 in. (Flg; 2=2).
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The compactive effort per unit volume in Fig. 2-2 is actually larger in smaller
containers than in larger containers; howevef, reverse results in densities is
observed. This is believed to be caused by the influence of container boundary
conditions. » _
3) Fig. 2-2 also shows that the amount of increase in compacted density
is higher in larger containers than~in_sma11er containers. Comparison of
Figs. 2-1 and 2-2 indicates the influence of the maximum particle size 1is
dependent on density. Fig. 2-2 illustrates that with the same amount of com-
pactive effort per unit area for a given container, the compacted density
increases or remains pnchanged as the_maximum particle size increases, which
is different from the trend shown with an uncompactéd sample. -
| 4)  Both uncompacted and compacted bulk density of aggrégétes seéﬁ to
increase wiﬁh increasing container size; however, -the amdunt of increasei
depends upon the material tyﬁe and particle size range (Figs. 2-3 & 2-4);
From Fig. 2-4, Hosking (Ref. 11) concluded that the value of bulk denmsity
obtained in the different éqntainers would not vary by more than 17 for any
given:size of aggregate, if the smallest size of container that is permitted.
for the different sized aggregates is limited to the following values:

»

Aggregate Size . Container Volume

(in.) ' (cu f£t)
2 ‘ 1
1 12
1/2 - 1/4

1/4 , ' - 1/10

Stephenson (Ref. 3) used a specimen container having 41 in. in diameter
and 46 in. ihvdepéh, with a volume of just over one cubic yard, to determine
the maximum and minimum density. of rockfill materials. The inside of the
container was vertical for 24 in. and then rounded into a sphérical-shaped_

" bottom in order to avoid the inaccurécy which would probab1y>érise from the
irregular surface effects in the inside corners of a flat-bottomed container.
However, no comparative tests and data were mentioned; and the maximum density
produced with the spherical-shaped bottom container and vibrating table was
still lower than the compacted field density. A metal box of'cubic.shape

measuring 0.5 x 0.5 x 0.5 m has also been used for a vibrating compaction test,
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using the suspended vibro-percussion:plate on crushed stone (Ref. 21). However,
the cubic-shaped mold is generally not favored for aggregate material, due to
the inaccuracy of compaction results which will arise from the effects of
corner conditions.
A possible source of error in determining the bulk density of aggregates

~ compacted in the compaction mold is in determining the volume of the compacted
specimens. This source of error does not'exist for fine-grained soil in which
the top of the compacted sample éan be made fluéh with the top of the mold.
However, it is hard to aCcuratély level off the top surface of the aggregate
"ma;eriél compacted in a moldz In addition, with uniform, céarse,aggregate,

the .volume is'ﬁot properly defined by a smooth outer surface, because paft of
the volume of the boundéry voids would be filled_with particles if the same
"material were surrounded by more ballast. So_far,_no suitable method has been

suggested: for ﬁhe correction of such boundaiy effects in 6rder to determine the

true bulk density or void ratio of aggregate materials.

2.2 FIELD DENSITY MEASUREMENT |
. Severai,methéds are currently available for~ﬁeasuring the ih-pléce unit

weight or density of compacted soil. Most oflthe methods are destructive be-
caﬁse.theyiinvblveithg removal of either disturbed or undisturbed samples for
determination of,sample_wéight and véluﬁe; For‘éxamplé, replacement (or dis- .
turbed sample) methods involve removing poréion5~of compacted materials by
diggiﬁg a éuitable-sized hole, and then refilling thé'hole with any suitable
" material of‘knpwn unit weight, such as dry sand, oil, gypsum, or water contained
in a flexible liniﬁg. The removed sample‘is weighed, and its in-place volume
determined by the amount of replacing material needed to refill the hole.
The‘most.commonly used replacement methods are sand cone method, thekrubber‘
balloon'method, water'ring method, and oil replacement method. A non-destruc-
tive technique utilizing nuclear fadiétioﬁ is also available. All of the
~methods have beén involved in highway applications. Some are primarily_éatis-
factbry for cohesive, fine-grained soils, but some ére also satisfactory for
coarse-grained materials.

Oﬁe of the oldest and most commonly used methods is the sand cone test
(ASTMVD-4556). In this test, the volume of a hole carefully dug in the material
is determined by measuring the amount of dry sand needed to fill the hole when

poured through a special come.
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The accuracy oflthe sand cone method is limited mainly by the control on the
unit weight of the poured sand and its ability to completely fill the test
hole. The former is affected by the height from which the sand is poured, the
amount of vibration present, and the moisture or contamination in the sand; The
advantages of this method are that it is simple in concept and uses inexpensive
" apparatus. However, in open-graded, coarse aggregate, such as ballast, sand
will be lost by seepage into the voids unless techniques can be developed to
form a lining inside the hole. Thus, this method does not appear suitable -
for -ballast density measurement. . 1 \' _ -
The rubber balloon method (ASTM D-2167) is similar to that of sand replace-
. ment, except that the volume of the hole-is:determlned from.the amount of
water forced‘into'a balloon placed in the hole until it fills -the hole. The
Washington densometer is another version of the method_iniwhich the balloon is -
filled'from the bottom up, thereby flushing the air out  to the surface. This
method is not affected by ground vibration, and no tedious nor' frequently
needed calibration of unit weight of the replacing material is necessary. The
accuracy‘of the method ls affected by the ability of the balloon to fit the hole -
-without disturbing the hole volume.- Although this method has potential for
applicatioﬁ to ballast materiala, the fluid pressure needed to expand the
balloon to fit the hole might disturb: the test hole, the normally sharp
surface of the aggregates in the sampllng hole may -easily damage the rubber
balloon, and the placement.of the apparatus on the ballast surface may disturb
the unstable hole beoause the ballast has little binder.
| The water replacement method has been used for the materials having large
particle sizes, such as-rockfills (Ref. 3). A 6-ft-diameter by 8-in.-high rihg
made of structural plate is used as a template to guide hole digging, and |
polyethylene sheets are laid loosely over the ring so that they are in as close-
contact as possible with the inside of the ring and the rock surface. The
amount of water needed to fill the 'lined hole indicates the volume of the
material removed for weighing. A mixture of plaster and sand is usually used
to £fill in the large pockets ln the excavated hole so that no stray projections
remain which could tear the lining sheets. 1In such cases, the volume of
mortar used should be determined. |
The oil replacement method uses o0il instead of water to fill the test hole

without the use of a lining. Therefore, this method cannot be used for open=-
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graded or pervious granular materiéls in which oil might be lost by seepage.
The accuracy of the method is affected mainly by the permeability of the
material tested and the determination of the proper oil surface. Variation in
unit weight of the oil with temperature changes, and the amount of air trapped
in the oil also affect the results. | . ’

In the above-mentioned replacement methods, tﬁe size of the test hole
" needed to obtain‘é représentative sample generally depends on the size of the
aggregate. For coarse~grained materials, the minimum suggested diameter is.
three times the maximum g;rticle size (Ref. 22). Generally, the larger the .
test hole, the more accurate is the demsity .detemninat:i.on.-‘< However in ballast
the densiﬁy gradients are significant so that sample sizes are limited by the
exterit to which these gradients ére to be evaluated. )

In the drive sampie method (Ref. 24), a tube of known volume is dri?en into
the soil and then excavated.' The weight of éoil,contained in the tube is divided
by ﬁhe tube volume to obtain the dénsity.f In the block sample méthod
an ﬁndisturbed block of soil iS‘cérefully carved out and removed to determine
its weight and volume. However, this'method is suitable oniy for samples that
remain intact dufingvsampling. Obviously, these two methods cannot be used
for aggregate materials such as ballast, because of the large particle size and = .
non-cbhesive nature of these materials. i B

A block of insitu sample may also be solidified with artificiallmeans, such
as by quick hardening chemicals‘or by freezing; Chemical grouts'haVe been
used on some occasions for similar purposes during soil sampling (Ref. 26), and
thé freezing method has been found applicable in saturated sands (Ref. 27).

These methods may have potentiai for Ballast materials; however, suitable
techniqueg apparently have not yet been perfected. .

A non-destructive technique utilizing nuclear radiation has also been
develoéed for measuring soil density (ASTM D-2922 ). The nuclear method is
based on the principle of gamma ray scattering by material due to its mass '
" demsity. For a given rate of emission of gamma rays into the soil, the iﬁtensity
of the radiation reaching the detector is inversely proportional to the density
of the material. '

The two different types of nuclear methods involve direct transmission or
back=-scatter tgchniques.‘ The former requires that a probe containing the

radiation source is placed in the soil. The detector is either at the surface
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or-inserted in the soil so that the radiation passes directly through the soil
to the detector. The latter employs a surface radiation sogfce with radiation
back-scattered to a surface detector. The nuclear method is rapid and non-
déstructive, and can be used for a wide range‘of materials. However,

the instrument is considerably more expensive than the apparatusfrequired for
the other methods, and muét be handled by operators with radiation safety train-~
ing. -For ballast materials the pronounced effect of surface roﬁghness will
iimit the accuracy of the:back-scatter method, while probléms associated with
prqbe insertion will adversély influence the‘direcf transmission method. -

».The most frequently used method for ballast density measurement seems'td be
“the nucleér method (Refs. 21, 28, and 29)i'lVersions of the instruments>triedv
in Eﬁrope are shownrin Fig. 2-5. Problems gnCountere& with this approacﬁ
indicate that successful application is limited primafily to situations in which
‘the source and detector can be rigidly installed in the ballast in the loose
state for use in measuring the density changes while the instrument remains in
place; o A o ' . o

According to Riessberger(Ref; 29) aqé.Bifmann (Ref. 28), water, sand, or
_gypsum fepiaéemént methods have been tried to a limited extent in ballast.
However, they reported that the quantity of saﬁples required. is so large that
these methods may not be convénienf in the field. A search of the literatﬁfe
-has thus indicated that satisfactory general methods for ballast densityJ

determination haQe not been developed for field use.

2.3 PLATE LOAD TESTS .

Previous applications of plate- load tests for soil have included deter=- A
mination of allowable bearing pressures for foundation design, meaéurement of

stiffness for pavement design; in-situ estimation of stress-strain properties,

'and compaction evaluation.' The methods, procedures.éﬁd equipment used vary
‘acéording to each individual application. Generally, plate load teéts are.
acééﬁpliéhed by applying static loadshto the plate and measuring the resulting
deflections. Often the-meésﬁrements are also taken during subsequent unload-
ing to determine the soil rebound characteristics.

-Commonly ﬁsed'plate sizes range from 12 to 30-in. diameter. The maximum
size of plates that are suitable for ballast application are limited by spacing
of ties or dimensions of crib sections. The plate must be capable of fitting

within the bearing area of a removed tie as well as within the crib width.
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Also, the plate size needs to be limited to avoid averaging over the local
variations in ballast state being studied, and to minimize the influence of the.
underlying subballast and subgrade layers. The lower bound on plate size is
largely'determined by the maximum ballast size. The maximum ulate size suitable
for ballast is thus about 8-in.-diaméter.' )

The prior application of the plate test for soil compaction evaluation
using a 6-in.-diameter blate (Refs. 30, 31, & 32) is the most relevant to this
study. 'Thé size was chosen so that the zone of influence;would be limited to
6 to 12 in. in depth, corresponding to the usual lift thicknesses, and the
Arequlred reaction. load would be compatible with the weight limitations of a
vehicle on which the apparatus is mounted. '

The bearlng plate apparatus is shown schematlcally in Fig. 2-6. A 6- ih.-_

' dlameter steel plate is attached to the end of a steel shaft by a swivel joint
to permit it to adJust to the slope of.the ground surface. A cross arm is
attached to the loading shaft by a bushing'ahd swivel joint so that the reference
‘feet, which also swivel, can adjust to the soil surface. An electrohydrauiic
system was also used to provide a presaribed time~dependent load on the plate.‘
The load-51nkage output was dlsplayed on an x-y recorder.

Prior to -the seating ‘of the plate, the ground surface was smoothed .FoLlow-‘
1ng the appllcation of a seating load of 200 1b, the load was increased at
500 1b/sec to a maximum of 4500 1b or a maximum sinkage of 1 in. The load was

~ then released and the apparatus lifted from the ground. A typ1ca1 plot from
this test is illustratedAin Fig. 2-7. The index parameter determined from the
graph is the load at 0.1 or 0.2-in. total plate displacement after correcting
the initial portion of the curve by extrapolation. The observed trend of plate
load with roller.coverage is compared in Fig. 2-8 with the trends for seismic
velocity and density for the same conditions. A |

The plate load test has only recently been applled to the evaluatlon of
in-situ ballast material. The limited amount of data obtalned has been used
as.inputs for estimation of the in-situ ballast stiffness or strength in
track model studies or as a means of evaluating the effectiveness of certain
track maintenance operations. The results of these studies are presented in
the following paragraphs. ‘ ' v

In 1976 Battelle Columbus Laboratories petfqrmed plate bearing tests in

- tangent track of the Florida East (oast Railruad (Ref. 33). A total of 10
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plate bearing tests were conducted on'the crushed granite ballast material,
using an 8-in.-diameter plate placed on plaster of paris with a 150-1b seating
load. The use of the plaste: for seating was based on preliminary studies of
seating techniques carried out at the State University of New York (Ref. 46).
The first 6\tests ﬁere performed by removing two adjacent ties and the tests
'Awére located at 3 points along the footprinﬁ of the tie at:.ll) midway bétween
thé rails?\Z) 6.5 in. gage side from the centerline of ﬁhe rail seat, and

-3) 18 in. field side from the centerline of the rail seat. The load=deflection
plate Bearing measurements. were made for 20- and 24-in. tie spacings on ballast
in tangent track. The effective ballast depth was determined to be 6.5 in..
under_thé'bo;tom of the ties. Then the ballast crib was excavated at the
location of the removed ties and an_édditional'é platé bearing tests were
performed oﬁ the subgradé l)‘midﬁay between rails, and 2) 6.5 in. gage side
from the rail seat.. ‘ ' _

The ballast moduli values for tie‘ceﬂter, 6.5 in. gage'sidé and 18 in.

‘field side were 994, 1989, and 2188 lb/in.3, respectively for 24~in. tie .
spacing and 915, 1273 and 1830 lb/in.3 respectively for 20-in. tie spacing.
For the subgfade, the moduli values at tie center'and 6.5 in. gage side were
1233 and 1153 lein.B,,respectively for 24-in. tie spacing’an& 397 and 676
1b/in.3, respectively;fdr 20-in. tie spacing. .All moduli were computed at
0.05-in. deflection for the.pefformed:tests. Burmister's elastic layer

theory (Ref. 34) was used to determine material properties based on the load-
deflectioén characteristics for a c1rcu1ar loaded plate by representing the
system as an elastlc half space formed by separate layers of ballast and
subgrade. _ ‘

‘A series of plate load tests,weré performed 6n thg Kansas Test Track '
(Ref. 35) to establish values of'ﬁertical subgrade moduli. The procedure was
 simiiar to the ASTM D-1194-72 method. A 30-in.-diameter bearing plate was used
in conjunction‘with 24-in. and 18-in.'p1ates to form the plate stack placed on
top of the crushed Pueblo slag ballast material. Sand was used to esfablish a
‘uniform seating’bf the bearing plate on the ballast. One test wés performed on
top of the in-place ballast in sections 4, 5, and 7 yielding moduli values of
225, 210 and 280 lb/in.3, respectively. One additional test carried out on the j
lime-stabilized subgrade layer in section 5 to ascertain the influence of the

ballast layer on the sﬁbgrade response to the plate loads, yielded a moduli
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value of 170 1b/in.3. Also,‘two reload curves were obtained for Section 5 to
obtain some indication of performance under repeated loads. The ballast moduli
values were nearly double those from first cycle of loading. All modulus values
were adjusted for plate bending.
 The research presented on plate loaé tests in this report was motivated by
- work performed by the Canadian National Railway (Ref. 36). The CNR work
involved the evaluation of track mainténaﬁce»operations or more specifically,
~compaction of nickel.élag ballast material. The method used to analyze ;he
effect of ballast compaction was to perform in-situ plate load tests. These
tests were performed-in track crib sections on both gidesyof the rail, on the
shoulder surface, and under the ties. The folloﬁiﬁg'procedufe-was used for
performing the tests: ' ' 4 ' B |
1) . Clean test afea of all loose ballast, making it as level as
possible. Use a 5-in.-diameter steel plate (19.6 sq in.). | _
'2) Spread l/4-in. size pea gravel on test area to 1/4=in. thickness
over an area of 6-in.-diameter. Place steel plate on surface and tap gently
with hammer while. using small level to obtain cbmpaét level surface for plate.
3) Center the loading piston and deflection gauge over test area..
Lower the loading~foot to about 1/4 in. above ballast éurféce. Connect dial
gauge aﬁa.chéck its stability. | | . .
» 4) Lower the loading foot to apply a seating load of 250 1b (12.7 psi).
At this pressure, close valve of hydraulic ram and adjust deflection dial
gauge to zero. ' , .
| 5) 'Apply load at uniform rate of 0.5 in. penetration in 1.5 to 2.0 min.
Record‘pressure for every 0.05 in. deflection to maximum of 0.5 in. Release
load. ',
_ 6) Plot presspre-deflectionvcufve on graph. Ballast bearing index value
is pressure for 0.3 in. deflection. ‘ |
-7 Record any unusual conditions in test site or procedure. Do not test
during passage of train on adjacent track.
Four tests were performed for each test condition, e.g. for shoulder or
crib surface location, and the results averaged.
The advantages of this plate test include small load reaction required by
the small plate diameter,.mobility.of equipment, and the speed of performing
the test. The observed sensitivity of test results to changes in ballast type

and density state, also points to the usefulness of the test results. However,
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whether a static test can be used to represent the effects of dynamic ioading

from traffic was questioned. The reported limitations of the plate load test
include the need to average many tests for the same conditions to obtain .
reliable quantative values and the critical importance of proper plate seating.
The results appear sensitive to large particles, variations in ballast depth,
and the amount of water in the ballast. , - .

The CNR results show an increase in ballast bearing values with compaction
presumably because of an increase in demsity. The report does not give actual
density values obtained, but only a subjective-statementfabout the degree of

compaction. For. loose, medium dense, and dense states measured, average

. ballast bearing index (BBI)'values.wereil34, 276 and 347 lb/in.z;.respectively.

2.4 LATERAL TIE PUSH TEST |

The resistance to displacement of a loaded cross tie has been used as a
means of evaluating track performance and ballast mechanical state. The three
basic type of such tests are: 1) the longitudinal tie push test, 2) the
vertical tie load test, and 3) the lateral tie push or pull test.

Ballast material in the -crib provides longitudinal (parallel to rails)
resistance, which may be evaluated by the longitudinai tie push test.. The -
results of this test are primarily usedftohascertain the effectiveness of
" ballast resistance.to the braking and acceleration forces of traims. The
effectineness of thisutest in evaluating ballast comnaction is presently unknown,l
because little study has been made of this test. To conduct the test the tie N
‘plates and spikes are first detached from a single tie and then a force is applied
to the side of the tie using the rail as a reaction. Load and displacement are
~measured and a load-displacement curve is obtained. Inaccurate results are
obtained if tie.rotation occurs, but this is hard to prevent because of the
difficulty in determining the points on the tie to which load should be applied.

The vertical‘tie load test is used to determine the compressibility or
stiffness of the ballast and/or.the subgrade. In effect, this is a_plate load
test using the tie as the nlate. After the rail fastenings and tie plates are
removed from one tie, vertical load is appiied and displacement is measured. The
results of this type of test should show an increase in stiffness with compaction;
The main disadvantage of the test is the great amount of force necessary to

31gn1f1cant1y displace the tie.
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Of all the tests discussed in this section, the one most widely used is
the lateral tie push or pull test (LTPT). chaver,‘there exist several methods
.for_conducting this test, and lack of‘standardization causes many discrepancies
in test results. Basically, the test consists of measuring the force required
to displace ties laterally (parallel to the long dimension of the tie) without
any vertical load except for their'ownfweight. Currently; the test is being
utilized to measure the effects of accelerated ballast compaction, which is
accomplished by crib and shoulder mechanicel compactors to restoregsome of the
track stability lost in track maintenance operations. A
| ‘'There are two types of LTPT's. One measures the resistance of an individual
tie, wblle the other measures the resistance of panel sections connecting more
than one tie. In the single tie test, spikes and tie plates are flrst removed
from the»test tie, and then a push or pull force is applied in the lateral
direction. The force is measured by a pressure gauge or a load cell, while
deformation is recorded by a dial gauge of a displacement transducer.

In the panel tests, the ties remain attached to one or both rails. The
displacement.of each individnel_tie,is usually measured, together with the load
" applied to the entire panel through the rail. The panel test requires a much
greater reaction force ano a>much-morejelaborate instrumentation package than'
does a single tie pusn_or pull test. The panel test also cauees some dis=-
ruption of;train traffic, in part because of the necessitp for cutting the rails
or unbolting the joints. However, many agencies cousider the panel test to be
more representative of.track parformance because it tests tne.integrated |
system of ballast ties, fasteners end rails. The individual tie push test is
more appropriate as a measnre of ballast compaction than the panel test, there~
"fore details of the test procedures and apparatus for this LTPT will be empha51zed
in this review. ' , '

Several different t&pe of’apparatus and_procedures have been used by
' investigators in the past. For example, ENSCO, Inc. and the CNR have applied
the lateral force to the top of the tie by means of a hydraullc jack. This jack
is held in place by a frame or box bolted to the top of the tie, and reactiomn
1S‘prov1ded,by the rail (Fig. 2-9). 1If the jack 1s not rigidly held in place,
it has a tendency to either 1lift the tie or to apply an additional vertical
'normelbforce, thus changing the frictionai contribution to lateral resistance
from tie bottom. ENSCO, Inc. also used an A=-frame type device braced against
one rail which pulled the tie by means of a cable (Fig. 2-10). This cable was
attached to the top of the tie on the end. Load application on the top of the
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tie can induce a moﬁent which either 1ifts the tie or increases the normal
force, thus influencing the lateral resistahce. CANRON used a frame to push
on the end of the tie (Fig. 2~11). This appeared to be a good design because
load was applied and measured close to the line of action of the ballast
resisting forces. All of the test apparatus and procedures are summarized in
Table 2-1. .

Matlsa Materiel Industr1e1 (Ref. 37) reports on trials conducted in Italy.
Lateral resistance was measured after compaction on two track sections, one -
' laé%rwith wooden ties and the other with concrete ties. Track liftigg, leveling,
tamping, and ballast regulation were performed prior,tO'coﬁpaction. Ballast
type was not mentioned. The testlng apparatus consisted of a hydraullc jack
mounted w1th a pressure gauge and connected to elther a pressure or load cell
to measure the force used to move a single tie (Flg. 2-12). The hydraullc
jack was. rigidly attached to the top of Ehe tie and one reil was used as the
reaction. . A displacement transducer cpnuected to the top of the tie and to the
other raii is used to measure deformations; Eighﬁ'ties were tested in each
sectiun. The results show a 1atera1 re51stance for the concrete ties that is
257% greater than for the wooden ties. Also, compaction xncreased lateral
~ resistance by an average@of 39%. The 1nvestigetors stressed ballast regulatienf N
. es;very impurtant in obtaining proper cdmpactiun., 8

The resistance of individual ties-to lateral movement was chosen as the
means to determine the effectiveness of the Plasser CPM 800=R compactor on -the
Canadian Netional Railroad tests (Ref. 38). At this site, the ties were
wooden, the rail was 132 RE and the ballest type was crushed rock. Tests were
performed in the undisturbed ballast condition, after tamping, after cdmpaction;
‘and’ later at various levels of traffic tonhage.' Four ties were‘tested in each .
case. Testlng equlpment consisted of a hand-operated hydraulic jack with
pressure gauge readout for load and a direct reading dial gauge for deformation
(Fig. 2=9). Recorded values included pressure ‘required to displace the tie 20,
40;p80, 120, and 160 thousandths of an inch. Some tests were discarded because
of obvious errors in results. Conclusions made were the following: '

i) Lateral resistauce after tamping was 55% of the undisturbed value
‘prior to tamping. | . -

2) Lateral resiSQance after tampiﬁg and compeCtion was 85% of

previously undisturbed value.
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TABLE 2-1,

REFERENCE

Matisa Mate;iel Industriel
(Ref, 37) Fig. 2-12.

Canadian National Railways °
(Ref. 38) Fig. 2-9.

British Railways (Ref. 39)

.

ENSCO (Refs. 40, 43 & 44)
Figs. 2-9 and 2-10. .

Plasser & Théurer Testing
Division (Ref. 42) Fig. 2~13.

CANRON Fig, 2-11.

FOR LTPT ON INDIVIDUAL TIES

LOAD'MEASURINC SYSTEM

‘TYPE

Hydraulic hand pump

& jack with pressure
gage. Also pressure
or load cell.

* Mydraulic hand pump

& jack; 1 5/8" diam.

piston, Pressure
gage similar to
ENSCO.

Assumed hydraulic

jack & load cell,

Hydraulic hand pump

- . & jack with pres-

sure gage.

Hydraulic hand pump .
& jack, with strain-
gage-type load cell.

.Hydraulic hand pump

& jack,

Hydraulic hand pump

& jack with plessuret

gage.

Between rails on
top of tile.

One rail used as
reaction,

Jacking box
attached to bolt
or spike.in tie
between raila.
Rail used as

. reaction,

Between rails on
top of tie.
Attached to bolt
in tie, , Rail used
as reaction,

A-frame attached
to one rail.
Chain connected
to top of tie, -

_Rails used as

reaction.

" Similar to CNR

type.

L-frame resting on
both rails. Jack
located parallel

to end face of tie.
Rails used as reac-
tion,

VTYPES OF LOAD AND DEFORMATION MEASURING SYSTEMS

DEFORMATION MEASURING SYSTEM

TYPE

Dfsplacement transducer

" Dial gage

Assumed displacement -
transducer

Dial gage °

Dial gage and dispiace-
ment transducer .

Dial gage

Dial gage

PLACEMENT

Using rail opposite
load aystem as refer-
ence with top of tie
outside of rail.

Tripod placed on shoul-
der, string connectiag
dial to.top of tie.

Tripod placed on shoul-

- der, taut wire connec-

ting dial to top of tie.

Tripod placed on shoul-
der, taut wire connec-
ting dial and transducer
to top of tie.

Mounted between rails.
Stand connected to tie.
Dial at top of railhead.

Tripod placed on shoul-
der, string connecting
dial to top of tie.
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3) After 0.6 MGT traffic had occurred following tamping, the percentage
tie lateral resistance was raised to 108 for the tamped only section and 116
for the tamped and compacted section. - '

. 4) After 1.2 MGT load, the percentages were 143 for the tamped only

section and 152 for the tamped and compacted section.. )

5) Comparison showed that a 7 in. by 9 in. tie has a lateral resistance
33% greater than a 6 in. by 8 in. tie. .

In a report by Powell (Ref. 39) of the British Railways Engineering Research

SDiv151on, the effectiveness of the VDM 800 crib consolidator was investigated
using the lateral tie resistance test. All the tests were performed on single
ties only. The testing procédure is not described. The ties were type Cs3
concrete ties, the crib material was. limestone ballast (1.5 in. maximum size),
and the shoulder“width was 18 in. Several tests were performed with no crib or
shoulder in order to measure base friction effects. Also ihvestigated was- the,
effect of:crih overfill height (25 mm and 50 mm). Tests were performed on
loose,, tamped only, and tamped plus compacted ballast states,

. The results showed that any type of malntenance operation improves the
value of lateral reSLStance from the loose condltlon. "Crib compaction reduces
the value of re51stance of -tamped only track if suff1c1ent ballast is not present.
Where enough ballast was present before compactlon, the con31derab1e increase of
40% in lateral resistance was obtained. The author recommends at least a
25 mm overfill of ballast_bevpresent before using the consolidator. The report
concluded that '"failure to insure that there is plenty of ballast present will -

" mean that compaction w1ll be detrimental to lateral stab111ty of track."

Westin (Ref. 40) investigated the use of the FRA crib and shoulder consoll-_
dator on sections of B & M and-Southern Railway System track after maintenance
operations1. The tests were performed on single wooden-ties. fwelve to twenty
~ ties were unfastened from the rail in compacted and uncompacted sections.
Ballast type was not mentioned. Load was applied by a hydraulic jack in
increments of tie movemeht up to a total of 4 mm. Measurements were done on
compacted, Uncompacted, and undisturbed sections after 0, 1.0, and 2.0 MGT
traffic on the B & M track, and O, 0.5, and - 1 5 MGT of traffic on the Southern

rack following tamping. ' .
In these tests, out of face maintenance operations reduced lateral tie

resistance to a level of 60% below the undisturbed condition. Although the
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ballast consolidator iﬁproved the initial resistance by 20%, compaction was
found to have no long term effect. Comparisons of tie resistance at 0.5, 1, 2,
3, and 4 mm displacements of tamped uncompacted and tamped compacted to un~
disturbed conditions shows that the percent difference was not dependent on
deformation level. The tests performed were sufficient to support a claim that
with statistical certainty, measured improvement in the lateral stability of
individual wooden ties in the track observed prior to exposure to traffic is
attributed to the effect of the co&paction. However, after'track had been
exposed to 0.5 MGT, there was no significant difference in the lateral resistance
of the ties between the compacted and- the uncompacted sections.

Relssberger_(Ref. 41) tested individual ties using a hydraulic jack and
‘dial gauges for load deflection measutements. His apparatus was similar to
that used by the Italian State Railways (Ref. 37). He investigated parameters
such as compactlng tlme, amount of train trafflc, different consolldatlng
equipment and number of tamplng tool insertlons. _Fifteen to twenty ties were
tested, but the type of tie or type of ballast was not specified Graphs were
presented showing the dlstrlbutlon of d1splacement at constant load- level,
which illustrates the-1nctease in lateral resistance qver tamped only track
resulting from crib consolidation. His-conclusion‘waS'that total lateral resist-
.ance consists of contributions from three equa1YCdmponents.which are the ballast
in thencrib the Ballast at the end of'the tie, and the ballast on the’bettom of -
the tie. Also stressed in hlS conclusion was the necessity for a suff1c1ent
amount of ballast in the crib -for satisfactory compaction. He also stated that -
the single tie lateral test is the most practical and economical means of
obtaining lateral resistance of track. o

The Plasser and Theurer Testing Division (Ref. 42) investigated the. extent
to which crib compaction produces an increase in resistance to lateral displace-
ment, which is reduced after tamping. Also to be determined was the influence
of track geemetry and elevation on lateral resistance. Density measurements
were obtained for yét another correlation. The apparatus setup (Fig. 2-13) was
the same as that mentioned in Ref. 41, and some of the results were taken from
that report. | ‘

Tests were performed before and immediately after maintenance, as well as
after 45,000 and after 90,000 tons load. Individual B58 concrete ties were
displaced to a maximum of 4 mm. The investigators concluded that there exists

no difference in lateral resistance between single and double tamping and tie
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head compaction. It was observed that lateral resistance immediately after track
maintenance work without crib cdmpaction is 477 of the undisturbed value, which
is high if one bears in mind that this value contains the effect of shoulder
compaction in accordance with German National Railways specifications. With
compaction following tamping, an initial value of 57% is reached. After
90,000 tons load, the lateral resistance without compaction is apprbxiﬁétely
. 56% of the undisturbed value, but with compaction a value of 64 to 667 is
reaéhed. Also establishea by the researchers was that after 90,000 tons load
there 1is a-substantial difference betweén compacted and uncompacfed track.
This effectiveness extends over and beyond the first 100,000 tons load after
méintengncea> ' | | | 4 _ ’ ' _
_  The effects of accelerated ballast c§nso1idatioﬁ were tested By»ENSCO
a(Réf.'43) on the Boston and Maine, the Chessie, the Missouri Pacifié, the -
Penn Central, and the St. Louis and'Southwestern railroads, and at three sites
on the Southern railroad.. Tests were done before and after traffic, and after .
maintenance operations, both-with and without ballast compaction in the cribs
and shoulders. Indicators of track stability such as individual tie resistance,
‘panel résisténce, and track settlement were evaluated. The results were notgd»
to be influenced by the rate of loading and the émountfof fines in ﬁhé ballast
.béd,F;The:authorsrwere nncertainAwhether‘undisturbed track‘always yieldS‘higher
lateral resistance than surfaced track. :The information contained 'in this
report was also mentioned in Refs. 40 and 44. 7
Laferal tie displacgment tests under test section‘MM-77_weﬁe performed
on singlé ties utilizing a hydraulic- jack with force levels read fromAa
pressure‘gaug% and a displécement transducer to monitor deformations; Results
of one test éeries»indicated that before traffic, ties with compacted crib
-ballést-offered_muéh'greater resistance~£o'movement than ties onbuncompacted
ballast. Before traffic, at Z'ﬁm lateral tie displacement, the average lateral
resistance was 36% higher than that in uncompacted ballast. The same ties were
tested again at Q.45 and 1.36 MGT. The ties in compacted ballast continued to
show slightly more resistance than the ties in uncompacted.ballast°
In a later test series, tests were conducted at several levels of traffic
up to approximately 1.7 MGT. Force was measured with a strain gauge type load
cell, while displapementvwés measured with a potentiometric displacement trans=-

ducer. Outputs were continuously plotted on an X-Y recorder. The tie was
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displaced a maximum of 0.5 in. Tests of ties after track work and a small
amount of traffic showed that new ties in compacted ballast had an average
resistance to lateral force 45% higher than the resistance of new ties in un-
compacted ballast at 4 mm displacement. The test further showgd that compaction
restored an average of 20% of the lateral resistance that had been lost during
the disturbance of ties and ballast by maintenance work. Tie resistance was
reduced by 70% by maintenance work from the undisturbed state. Also indicated
was that accelerated compaction had the effect equivalent to approximately
181,000 tons of traffic. O0ld ties were found to have 127 more resistance to
lateral force than new ties in disturbed ballast. +

A review of literature on single lateral tie pull or push tests shows .
obvious differences in test equipment, test procedures and test respl@s;
Because of the variation 'of test results between researchers, more complete
documentation of test and site conditions is required, even though similar type
equipment is used. ' Standardization of test equipment and procedures could
decrease variation in test results and lead to a better evaluation of other
factors influencing-test results. Research results seem to favor the use of
ballast compaction equipment in track maintenance. Although many of these
results are a funct?on'of the particular track site and maintenance conditions,
- these results méy be cémpared in a relative manner. For example, one para-
meter frequently investigated was change in lateral resistance as‘é result of
machine-~induced crib compaction. Comparison of the results in the form
represented by percentage increase iﬁ lateral tie resistance resulting from
compaction would eliminate the effect of errors in numerical values of-
resistance caused by various types of apparatus. Statistical analysis of test
results to determine if the effect of compaction is significant with respect
to the effect of other variables as well as random errors should also be
performed. '

| Considering all the variables, difficulty arises in determining the effects

of any given variable. Review of the literature provides areas of study to be
investigated further. For example, more research 1is necessary‘on the influence
of ballast type on compaction effectiveness, and also on the mechanisms causing
lateral resistance as well as other factors influencing test results. However,
it is probably most important that the lateral tie pﬁSh test be standardized
in order to expedité the goals of further research.

Based on the review of previous experience as well as preliminary lateral

tie push tests conducted in this study, listed below are the factors most
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likely to influence the LTPT test results with a single tie:
a. Alignment of Apparatus
1 Application of the load off the line of action of the resisting
force, thus applying a moment to the tie. An example is loading at the top of
‘the tie in contrast to loading at the cross sectionsl area at the tie head.
2) Application of vertically or iaterally inclined loads on the
tie as a result of a non-rigid reaction frame for the load jack. )
3) Degree of alignment of deformation measurlng system parallel :
w1th the centerline of tie. ¢ ‘
b. Accuracy of the Measurement System

o L) Errors in monltoring of loads and deformatlons. Contlnuously
recordlng load cell-transducer systems prove to be more sultable than
mechanical dev1ces such as dial gauges or pressure gauges.

. 2) Degree of independence of deformation monitoring support system
from loadxng devxceg Because the loaded rail is sub jected to bending and |
causes subsequent movement of adjacent ties and connecting rails, these track
coﬁpdnents may not bé suitable as a displacement reference.

c.. - Physical State of Ballast »
. 1) - Change in luorication (moisture) of ballest particles,
. . V ) _
"2)- - Depth, type, and gradation of ballast. »
3) Condition of-ballast materials, such as degradation, pumping of " -
fines and.ballast cementation.
d. Track conditions
i) Crib andbshoulder dimensions.
2).' Type and size of ties. )
- 3) Age and condition of ties (non-square end, crooked tie, ete).
e. ‘Procedures ‘ ' |
D Varying deformation rates between ‘tests or differences in stress-
or-strain~-controlled tests.
:2) Height of track lift (raise).
3) Characteristics of consolidation machine,lsuch as down pressure,

cycle time, amplitude and frequency. Also differences in tamping machines used.
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3. INVESTIGATION OF BALLAST DENSITY TEST

The ballast density test investigation involved the development of, first,
a sample preparation_technique‘for reproducing test specimens with acceptable
precision, second, methods of in-situ density measurement, and third, a reference
density test., The apparatus, procedures and results used in each of these
tasks will be described in this chapter. Additional details are available in
Ref. 45,
3,l BALLAST MATERIALS A
A variety of ballast materials were selected to provide a range of materlal
-parameters such as material type, gradation, and particle shape. The ballast
Vmaterials used in this study Were two crushed limestones, a crushed granite,
two crushed slags, and a rounded natural gravel. One of the crushed limestones
and the granite were from the FAST track in Pueblo, Colorado. The other lime-~
stone.was-locally obtained £rom a quarry in LeRoy, New York. The two limestones
and the granite had angular particles and a similar uniform gtadatlon. ‘The .
. gravel was obtained from a river bed in the Buffalq area. The shape of most
‘ perticles is foune. The material was screened. to provide the same gradation -
Aes the~1imestones-and granite.. One of the slags was a. local blast furnace slag
pbtained inLBhffanf ‘The material is very porous,- and the particles are .
ﬁnifotmly graded with a rounded shape. The other slag was. a well-graded n1cke1
slag ballast obtained ftcm a sectien of the CNR track during a field_trip to
Belleville, Ontario. The nickel slag particles were heavy and hard, but the
ballast was fouled by intrusion of fine materials. The gradations and classi=-

fications of these ballasts are given in Fig. 3~1 and Table 3-1.

3.2 'APPARATUS AND PROCEDURES

Sample Preparation = To develop the sample preparation techniques, possible
compaction methods were examined as discussed in Section 2., Based on the |
literature review,; four types were chosen and tried for compacting the selected"
‘ballasts. They are: 1) an impact hammer, 2) a low=frequency, pneumatically
actuated surface tamper, 3) a hand-operated vibratory tamper, and 4) a steel
tamping rod having a 5/8~in.~diameter and 24-in. length. Several limitations
were found with the latter three compactors; satisfactory results were obtained
only with the impact hammer. ‘4

Several ways were tried in which the compactive effort was produced by

impact of a falling weight on the ballast surface. Direct impact of a steel
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Mean Size, Dsq (in.)
~ ARFA Gradation

:Uniformity

Coefficient, Cﬁ
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Coefficient, Cc
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- TABLE 3-1. INDEX PROPERTIES OF BALLASTS TESTED
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weight produced breakage of the ballast. However, when a rubber pad was.inserted
between the weight and the ballast, this problem was eliminated. With this
method, compaction effort was easy to control and to reproduce. The level of
compaction effott could be varied by changing>the magnitude of the weight or
the drop height. Furthermore, the magnitude of the compactive effort was
readily specified in terms of the weight timee the height of drop, in the same
ﬁanner as used for the standard ASTM compaction tests (D= 698 and D=~ 1557). ).
Thus, the impact method was selected as the most suitable for compact1ng
ballast specimens for the laboratory 1nvestigation.‘
The 1mpact compactor used. in the tests is shown in Fig. 3-2. it

is similar in many respects to the manual compactor used in the ASTM tests.
The principal difference is the addition of a rubber head to the falling welght.
<AA2f3/AAih.—diameter rammer't1pped with a rubber mallet provides a 7.8-1b drop
weight, freely falling'from 17 in. above the sample surface.

. To prepare»uhcompacted'samples, the ballast was unlformly placed in a
- steel container without using the impact hammer by gently pouring'therballast
from e'scoop with a miniﬁuﬁ,height‘of fall. To prepare compacted samples, the
ballastwsample is placed lodsely in the steel container in three-equal layer

increments. A spec1f1ed number of blows for the deSLred effort was then de11vered

o unlformly over the surface of each of the three 1ayers of ballast by the 1mpact

compactlon hammer.
The steel containers were either'19-in.idiameter by 12-in. deep or 12-in.-
diameter by'12ein. deep. The latter is shown in Fig. 3=3.

Container Density Measurement - Because the top surface of the ballast

sample in the steel containers is difficult to level and contains large=sized
voids, for the sample preparation only 80% of the depth of the container was
filled with ballast. The volume of the unfilled‘portion was measured with one .
Aof three»methods (Fig. 3=4): 1) water replacement, 2) plate cover, 3) probe.

The water replacementvmethod measures the unfilled volume defined by a
thin plastic membrane fitting into the voids. In the plate cover method, the
upper boundary was defined as the bottom of a plate placed on the ballast
surface. Thebprobe method considered the boundary to be given by the contact
points of a probe inserted through holes in a surface plate. The distance from
the top surface of the container to the particle surface was measﬁred at a

large number of positions distributed uniformly over the surface. For the

42



| &————— LIFTING HANDLE
L1 |

2" )))))4——-—— WOOD BLOCK
T ' ,
" |=—— STEEL TUBE
<} sTEEL ROD
. 1‘7"
o sam | STEEL HEAD -
3 ‘
Ly " - F= ' ) 4 7
2-127 1 <——— RUBBER HEAD

— b 2-3/4"

A

FIGURE 3=2. IMPACT COMPACTION HAMMER

43.



TOP

VIEW
l‘_‘ 14"
|~ - 12" ]
i i
_JE- 3/8"
SIDE 3/8" Ef'
VIEW E 12"
N
N 3/8" -
BT 7 A

k_f— 18" ___| T

1" .

! FIGURE 3=3. REFERENCE DENSITY TEST CONTAINER

44



cY

COVER PLATE)

HOLE PIATE N\

BALLAST _

a) PLATE COVER METHOD b) PROBE METHOD c) WATER RE PTACEMENT METHOD

FIGURE 3-4, BALLAST VOLUME DETERMINATION METHODS



lQ-in.-diameter>container, 30 points were selected; for the l2-in.-diameter con-
tainer, a plastic probe position template was constructed with 33 holes. The
‘average probe depth below the top of the container was used to determine the
unfilled container volume. Once the unfilled volume was obtained, the volume
of sample was calculated by subtracting the unfilled volume from the total
container internal volume. The ballast density was defined as the weight of
sample divided by the container volume. The density obtained with water
_replacement,cover plate, and probe methods are de51gnated by Yur? 7pc, and'ypr,
respectively. -

.In=Situ Density Measurement - For in-situ ballast density measurement, .the -

-density device developed.coﬂsisted of either an 8-in.-diameter circular ring
(Fig. 3-5) or an 8-in.-wide by 16-in.-long oval ring, both 1-1/2-in. high.

The oval*riog,'having a larger sectioo'area for the.aame width, waa designed

to provide a larger sample size thao.the circular one within the width of a tie"
bearing area. The membrane used to line a hole excavated .inside the ring was

a very thin plastic sheet. The volume of water placed in -the membrane-lined
hole was uged -to determine the hole volume.

After a series of laboratory tests had successfully demonstrated the
va11d1ty of thlS method -and the potentlal of the technlques utilized, the‘.
'den31ty devices. were completely redeSLgned to 1mprove them for field tests. Thei
oval dev1ee is shown in Fig. 3-6 and the set up of either device is illustrated
in Fig. 3-7. The section areas remained about the same as with the preliminary
apparatus, but the ring height was aignificantly increased to 6 in. to provide
sufficient water pressure to cause a better copformation of the membrane onto
- the voids in the ballast surface.. A point -gauge was also designed for measuré
ing-the distance of the center of the water surface inside the measuring ring
to the top surface of the ring.‘ The gauge consisted of a cone-shaped probe
attached to a micrometer, and a supporting bar. The membrane was also changed
to a_tery thin, high quality latex rubber sheet. Thevdegree of expandability
of the particular latex membtane was very satisfactoy.

The final apparatus and procedures atre described in detail in Appendix A;
-The following procedures were used in performing the laboratory tests using the
1-1/2-in. high measurlng rings: ) ,

1) The ring and the base plate were seated on the leveled surface of the
prepared ballast sample. A small amount of surcharge was applied to the base

plate to hold it in olace and stabilize the ballast particles.
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2) A plastic membrane was laid over the ring and adjusted in as close a
contact as possible with the inside of the ring and the surface of the ballast.

3) The water was poured into the plastic membrane to within about 1/2 in.
from the top edge of the ring.

4) The volume of water added and distance from the top edge of the ring
to the water surface were measured and recprdeG,

5) The;Water and plastic membrane were removed, with care taken not to
disturb the ring.. Yoo ) )
4 6) Ballast was then excavated carefully{by hand within the measuring ring
to form a sampling hole of appropriate volume. v |

7). A plastic membrane was agaln placed over the excavated hole and the
"ring.‘ Care was taken to av01d dlsturblng the adJacent ballast. Then the
. hole was filled w1th water to the approprlate level (Fig. 3-5a). - -

8). The volume of added water and distance from the top edge of the.ring
to the'water.surface'were again measuredlandjrecordeda' ,

*The volume of the sampling hole was determined in two different~ways. The
first assumed that the bottom surfaterof the measuring ring defined<the top
boundary of the sampllng hole. The second assumed that the surface was approxi-e
., mated by the membrane fitting the v01ds on the top surface. - The density
determined with the former approach was de31gnated "level hole den81ty", YL

and that with the latter approach was "non-level hole den81ty";‘y o

3.3 TEST RESULTS .

Container Density = To develop a technique for. preparing the test samples

with acceptable reproducability, a series of tests were conducted ou the crushed
LeRoy'limestone and rounded gravel using-the special impact compaction hammer
- and the 19-in.-diameter container. - ‘

The average and range of container densities obtalned with the different-
volume determination methods for several levels of compaction are listed in
- Table 3~ 2 for both materials. '

The results for the 11mestone ballast plotted in Fig. 3 8 illustrate a
counsistent relationship of increasing density at a decreasing rate with in-
creasing compactive effort, typical of field compaction behavior.

A good reproducability of results was obtained with these procedures.
Although variations in the observed container density are very small for each

individual volume measurement technique, a very significant difference exists
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1s

Ballast
Type
LeRoy
Limestone

Rounded
Gravel

TABLE 3-2. SUMMARY OF DENSITY TEST RESULTS IN 19-IN, CONTAINER

Sample State:

Number of layers:
Blows/layer:

Layer thickness (in.):
Hamner drop (in.):

Number of Tests:

Samble Density (pcf)

Plate method
Probe method _
Watervr replacemgnt

Plate method.
Probe method
Water replacement

Loose Medium

1 3

0 39

12 4

0 10

3 3
Mean Range Mean Range
79.8  0.59. - 88.0  0.82
86.6 0.3 96.2  0.81 -
83.8  0.26 93.0 0.24
9.3  0.13  100.8  1.12
102.9 0,80  110.1 ~ 1.02
99.3  0.43

106.3 0,52

%

. ©
' Medium-Dense Dense

3 3

-39 60

4 T4

17 17

3 3
' Mean - Range Mean Range
90,4 0.54 92.7  0.07
98.4 0.67. 101.1 0.62
S 94.8° 0.12 97.0  0.40
102.0 0,39  102.7  0.00
112,2 0.05 113.7 0.71
0.23 108.6 0.07
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B3

in the average density value between the three measurement techniques. The
countainer samble density obtained with plate cover method is the lowest, that
with the probe method is the highest,'and the water replacement value is in
between. Furthermore, the density range between the loosest and densest states
for the same compaction prdcedures is about'the same as the range between the
different sample volume measurement methods. Obviously, the choice of boqndary
conditions plays a crucial role in the accuracy of the calculated sample density.

A very good linear correlation was found between the container densities

~obtained with the various volume measurement techniques. However, the correlation

- was a function of the ballast type and container used. The container density

measured with the water replacement‘method is believed to represent a more

“correct boundary condltlon at- the top surface of the -sample than the other two.

methods. However, the effects of the smooth contalner side and bottom boundary
still also must be considered to- obtaln the true sample den31ty ~ These
corrections will be conS1dered later in this "chapter.

In-Sltu Dens1ty - Based ‘on a prellmlnary evaluation of alternative methods,_’

the water-rlng,method was adopted for development as the most feasible means of

. measuring in-situ ballast density. 1In this deveIopment the~boundary and

volume of the excavated hole and the shapa and cross-sectional area of the

measuring ring were con51dered. The tests were performed in the 19-1n.-d1ameter

"éontainer‘using the saﬁple»preparatlon techniques described and the FAST

limestone ballast. Sample conditions ranged from loose to dense. Both the

" non-level hole density CyN), and the level hole den51ty (yL) were calculated.

Section A of Table 3-3 llsts the average container. sample den51ty and its

‘standard deviation for each sample condition. The results again confirm the

satisfactory sample preparation techniques for preparingvthe ballast'aample with
acceptable. reproducability. Section B of Table 3<3 also Iists the ayerage«value
and the standard deviatiod of the non-level hole density and the level hole
density measured in the prepared ballast samples with the circular ring
apparatus. Much more scatter is-noticed.in the sampling hole density than in
the container sample density. This may result from the necessarily smaller

sample size with the hole density method. Fig. 3-9 indicates that the non-

'level hole den51ty is about 10 to 12 pcf larger than the level hole denSLty.

The average level hole den51ty is 1arger than the average container

den51ty obtained with plate cover method, but smaller than that with the probe
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TABLE 3-3. COMPARISON OF CONTAINER AND HOLE DENSITIES FROM TESTS WITH FAST LIMESTONE BALLAST

Sample State: Very Loose Looée.' Medium. Medium-Dense
Compactive | Number of Layers: 3 -3 . 3
Effort: Hammer Drop (in.).: 10 ,i17 t 17
Blows/Layer: : - 30 30 60 .
Number of Tests: 10 4 A o 10
Sample Deﬁsity.(p:f) Méan Standard Mean Standard Mean S3tandard Mean  Standard
Deviation Deviation Deviation Deviation
A. Container Density ‘ 4 ’
1. Plate - 87.1 0.36 92.8  0.15 - 93.6  0.59 '95.4  0.60
2. Water Replacement 91.1- 0.3 97.4 0,12 98,7 - 0.42  100.0  0.47
3. Probe . 93.0 0.78 100.7 . 0.70 102.8', 0.30 104.3 1.07
B. Hole Density . L
1. Non-Level 100.7 1.64 -105.8 1,25 107.8 . 2.96 110.5 2,64
2, Level 90.9 1.09 96.5  1.40 98.1  1.76 98,7 2.26
C. Container density 101.0 0.42 108.7 110.3  0.64

corrected with

factor LAV

NOTE: Container used was 19-in. diameter

©0,39

111.0 .. 1,64
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method ‘The average level hole denSLty is very close to the container density
obtalned with the water replacement method. However, this does not mean that
the level hole density is better than the non=-level hole density. The top
surface is flat and the remaining boundary is membrane-lined to fit the voids
for the level hole in-situ method, while the same:boundaries are handled in
just the reverse manner for the container water replacement method. Hence,
compensating boundary effects may explain the agreement between the two methods.
A comparlson of the non-level hole dens1ty with the container sample

density in Fig. 3-10 indlcates that the average non-level hole density is’
larger than' the average containen den31ties with any of the volume measurement

methods, further demonstrating, that the boundary of the container has a 51gn1~'
flcant effect on. the magnitudé of the ballast den51ty measurement.,

Boundary Correction = The in=situ den51ty cannot be compared with the

container denslty when the boundary condition of the container 1s'comp1ete1y
.different from that of a sam.ple'hole° A correction factor for the effects of
the container boundaries is needed,. both to permit a meaningful comparison and
_to helé determine the correct value of the ballast density. Several correction
factors were counsidered, all of which are based on the assumption that the
correct boundary. of the ballast sample is represented by the water replacement i
'membrane. , ‘
First, the correction factor C was- defined as the ratxo of volume-

difference between the plate and water replacement methods in the-cqntalner

to the cross sectional area of the. container, that is:

\' -V
A pc wr : o
Cc_— AT y , (3-1)
s .
whete
' Vpc = volume of ballast sample measured with plate cover method,

Vwr = volume of ballast sample measured with water replacemeht method,
and .

AS = top surface cross-sectional area of the ballast sample in the
container. :

Using the correction factor, Cc, the corrected container sample den51ty

would be calculated accordlng to the equatlon'
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1Y)

v = — 4 , (3=2)
ce V__ =C, (Ab)_ :
where
ce = ballast density in container, using correction factor Cc
W = weight of ballast sample in the container,
Vﬁr = volume of container sample measured with water replacement
method, and
Ab = side and bottom boundary area between container and ballast

sample.

Another correction factor, CH’ was defined frcm the in-situ dEHSlty measure-

_ment as represented by the’ equatlon

VL -V ! o .
' CH = el L 5 . (3=3)
r - .
where _ :
Vt = volume of the sample hole»with.a.level top surface,
Vh = volume of a sample hole with a non-level top surface, and
:Ar = cross-sectional area of the measuring ring.

The container Sampledensity‘us_ing‘cH is calculated. in the‘same,manner‘as

- Eq. (3-1),7excep; that Cc is replaced with Cq.

The valwes of Cc and CH for each sample representing different density states

X

are listed in Table 3=4. . The Cc values are larger than the CH valnes; and the

factors appear to be independent of the amount of compaction. The average value

of CH for all density‘states was defined as the correction factor C av®

Fig. 3-11 compares the container sample density obtained w1th the water

replacement method and the corrected container sample density using both C
and Cav' The correctlon represents about a 12 -pcf increase in container
density. Fig. 3-11 also shows that Ca is a better factor than CH’ because

the data show less scatter.

A comparison of the level hole in-situ density with the container sample'

density corrected with both C, and CaV (Fig. 3-12), indicates that the container

H

sample density after correction is much larger than the level hole density.

contrast, Fig. 3-13, comparing the non-level hole'density with the container

density obtained with the water replacement method and corrected with Cx

C__, indicates that the non-level hole density is very close to the container

av
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TABLE 3-4. SUMMARY OF CORRECTION FACTQRS'FOR FAST LIMESTONE BALLAST IN 19-IN, CONTAINER

- Sample State as Defined in Table 3-3

Corcection factor Cy (cm) - o v Correction faction Ce (cm)
Test Very ' a ‘Medium- Véry' o , | Medium-
Number Loose Loose ~°~ Medium = Dense . Loose Loose Medium Dense
1. 0.88 0.92  0.80 0.76 1.16 - 1.28 - 1.32 0.85
2, 0.88 11.09 0,84 0.72 1.15 1.22 141 L2l
3. ~0.89 0.68 © 0.89 0.89 - . 1.1 1.31 - 1,26 0.77
4. S 113 2,95 . 0.77 S 057 109 1,21 1,27 1.29
5 0.59 - . 0.78 © 107 y 1.28
6. 0.81 | ~.0.81 © 110 ) | L 1,37
7. 0.76 | 17 .07 1.19
s. . 0.83 | 03 T e e " 1.28
9. 0.73 . 0.68 0.98 o 1.40
10. 0.9 . | 06 127 1.28
Average 0,84 0.91 0.83 0.85 1,1 1.26 © 1.32 1.19
Averagé'CH = 0.85 em - ke ' ‘ : Averagg'c =1.19 en
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density after correction. The non-level hole density appears to be better than
the level hole density for representing the true in-situ ballast density. In
this comparison all of the boundaries, both of the container sample and the hole
sample,-have been corrected for the surface void effect as approximated by the

water replacement method.

 Hole Size Evaluation - The volume of a test hole used for the in-situ

.density measurement of coarseigrained‘materialS‘must be much larger than
with fine-grained soil. However, for ballast, insufficient information is’
available to indicate how large\the sampling hole should be and what the effects
of the hole: volume ou the measured ballast density are. In order to understand’
these factors, tests were copducted with different hole sizes for both loose
and dense ‘samples of FAST limestone. The-tests were performed in the 19-in.~
diameter container, and the in-situ hole density was measured using:the circular
ringvapparatus.- The hole volume was varied by digging the sample hole deeper
for each new volume, while maintaining the same surface area. The depths
ranged from 4 in. to 6 in. ‘ S

The measured level hole and non-level hole den51t1es were independent of
the volume of the hole for ballast in the loose state. -~ However, as Fig. 3-14.
-1nd1cates, for the sample in: the compacted condition the non-level hole densitrH =
is independent. of. the test hole volume, but the level hole den31ty increases |
with increasing hole-yolume.~ These test results support the conclusion that
the non-level hole densit& method is better than the level hole density method
for representing the field density, because the former is independent of the'
volume of the sampllng hole when using the specially designed 8- 1n.-dlameter
‘circular ring apparatus. " B

To further evaluate the effects of the shape and the volume of the sample
hole on the in-situ density measurement, tests were conducted using the oval
ring for comparison with circular ring; For these tests FAST limestone samples
were prepared in the 19-in.-diameter container. The non-level hole density
with the oval ring was independent of the volume of the test hole, the level
hole densities increase with increasing hole volume. Also the non-level hole
densities were the same for the'oval and circular ring devices. The results
showed that the oval and circular rings worked equally well,'and the size of
sample with the circular ring apparatus appears to be sufficient for the size

of the ballast material tested.
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Reference Density Test =~ The reference density test was studied using

samples of FAST limestone, Buffalo slag, crushed granite, and nickel slag. The
samples were compacted with various compactive efforts, nsing the impact
hamner (Fig. 3-2) and the 12-in.-diameter mold (Fig. 3-3) The water replacement,
plate cover, and probe methods were employed to determlne the volume of sample
~in the contalner. No partlcle degradation was observed during these tests
using the rubber-tipped hammer. '

~ From the test results, a curve relating the density to the compactive
effort was obtained. The reference densities were calculated by.extrapolation,
‘based on the assumption that the density~compactive’ effort curve, such as .
Flg. 3-8, has a hyperbollc shape as 1llustrated in Fig. 3= 15a. - The equation for.,
the hyperbola is: ' : ' '

by =373F%TFT (3-4)
. 1 1
where .
E = compactive effort, ft=1lb/cu ft,. ,
A y = density increase above the value at zero compactive
effort, lb/cu ft,
a =a coeff1c1ent equal to the reciprocal of the in1tia1 tangent o
1 and, . _ ‘
. b = a‘coefficient equal to'the'reciprocal of therdensity increase
1 at infinite E.

"Eq. (3=4) may be plotted in a linear form, using the transformed axes shown in
Fig. 3-15b. The equation for the linear form is:

E = a + b . E . R 9 . (3-5)
A v b 1 , .

where- )

intercept, and

a
1

b
1

slope.

The coefficients are determined by least squares fit of Eq.(3=5) to the pairs of

experimental values for Ay and E. The ‘reference density is then taken as:

Yare =8 Yu1e 7% J - (3-6)
where ‘ a
'A'yult'= lim Ay = % , and
1
Em®
Yo = uncompacted density when E = O.
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Heance,

Yale TE*Y, (3-7)

The density - compactive effort relationships obtained from the reference
~density test on the FAST limestone are illustrated in Fig. 3-16. The trans-
formed hyperbolic plot for these response curves is shown in Fig. 3-17 and the
calculated. ultimate density increments also indicated. The ultimate or reference
density obtained from Fig. 3~17 are shown in Fig. 3-16. 1In general, the trends
~ for the Buffalo slag, the crushed granite and the nickel slag are the same as
those for the FAST limestone.

The calculated reference densitles for each tested ballast are listed in
Table 3=5, .- The nickel. slag has -the largest reference density, .and the Buffalo
slag’has the. lowest. Thls trend is expected, based on the dlfferences in the
ballast particle specific gravity. The value of reference density of each
material will also depend on the material type, gradation, particle shape, and
particle size. Also indicated in Table 3-5, for comparison, are the ultimate
densities for the FAST limestone ballast calculated from the results of com=
pactlon tests using the 19-in.-diameter container. The ultimate densities of
' the limestone-are essentially iﬂentical for both size containers, except for the
values obtained with the probe method ' .

The recommended apparatus and procedures for the reference den51ty test are:

contained in Appendix B.
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' TABLE 3-5.
y

Ballast Type

FAST‘Limestohe
Buffalo Slag
Crushed Granite

. Nickel Slag

FAST Limestone

ULTIMATE DENSITY OBTAINED FROM HYPERBOLIC ANALYSIS

Ultimate Density

(1b/cu ft) » Container

Probe Water ' ' Plate Used
" Method Replacement Method

N ! . 11

111.9 103.6 98.6 | - .

- ‘ o i 12 in. diam
71.9 67.0 62.7 L .
. T y

128.7 119.1 113.6 ‘12 in.high -
' 168.0. 153.2 . '148.2
107.2 98.5 19 in. diam

103.0
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4. INVESTIGATION OF PLATE LOAD TEST

The principle purpose of the plate load test. investigation was to develop
suitable test techniques for field application. Emphasis was placed.on_plate
seating conditions, plate size and shape, and interpretation of the plate load-
deflection curve. A total of 84 tests were conducted using three ballast
materials having several densityvandilayer thickness states. The apparatus and
procedures, and results of this investigation are presented in this Section.
Additional details are available in. Ref. 46.

4.1 APPARATUS AND PROCEDURES |

- Ballast Materlals = Three ballast materlals were selected for testing to

-representearwlde~range»of-ballast type in the-plate'teSt evaluation. These
were crushed limestone (LeRoy Limestone), rounded éravel and blast furnace'”-ﬁ
slag (Buffalo Slag).. The index properties and- gradations of these materials are
given in Fig. 3-1 and Table 3-1. p L ,
Apparatus = The apparatus for the plate 1oad test is lllustrated in Flg. 4=1, -
Ballast was placed in a 19=in.-diameter by 12-in.~deep steel container, the
' same as that used in the ballast density tests. Loading,and-recording of the
plate load-deformatioh response was accomplished with a Tinius Olsen coﬁpressibn
’i machine using a 12 OOO-lb-load—range. The load calibration_of.the‘maehine was’
" checked using & proving ring. o ] | a
~ Three steel plates 1-in. thick were fabricated to assess the effect of
plate size and shape. One was a 5-7/8 in. by 3-3/8 in. rectangular plate
(area 19.8 in.2?); the other two were circular plates, one of 8-in.-diameter
(area 50.2‘in;2) and the other of 5-in.-diameter (area 19.6 in.®). These
dimensions were choSen based partly on experience with previous plate tests
performed on ballast, and the size of the test container. However, the primary
considerations for plate size were those related to the field conditioms be1ng
evaluated,_lncludlng the usual crib and tie widths..
Two compactors were devised to achieve wmedium to densefballast
states without causing particle breakage. Oneiwas the impact hammer shbwn.in
Fig. 3-2 which was used in the ballast density test.investigation. The second:
compactor consisted of a pneumatic tamper (Fig. 4-2), with the rate of impact
slowed so that the blows could.be recorded. The bottqm of the tamper was faced‘

with a 3/4-in.-thick rubber pad to prevent ballast. particle breakage.
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Procedures - Three states of den51ty were selected for the testing program:
loose, medium dense and dense.

The loose state was obtained by sprinkling the ballast carefully into the
ballast container from a shovel. When the ballast filled the container and:
the surface was leveled by runnlng a steel straight edge over the top of the
container, the surface was then'visually inspected and any large voids that
remained were hand filled. This method produced a very cousistent loose dehsity
state. \ | - ’

The medium dense state of cd%pactﬁzlinvolved.first sprinkling the ballast
into the centainer using the procedure for the-looseastate, but in 3 layers. of '
5 in. each. Then the impact compaction hammer was: used to apply 30 Blows to- i
eachllayer. After the final layer was compacted, the ballast was leveled off
in the manner used for the loose state. This method of compactlon also provided

a reproducable density state.

For the dense state of compactiom,. the ballast was sprlnkled into the
- container in three lifts of about & in. thlckness,each in the loose state.

' After each lift theé pneumatic compactor was used, deIivering,lSO-blows per
layer. After coﬁpactlon, the total ballast thickness in the container was
about 10;1/2 to llliﬁ;, ot 1 to 141/2 lh. below'the rim of‘the container. The
- - sample-density in the container was{determlned usiﬁg theIWater~replaeement
.method described‘in Section 3.2. With this-method-a thin rubber membrane was-
blaced over the‘hallast and then covered with 4000 cu ¢m of water. The distance -
from the water surface to the top of the container was taken at 8 points and
averaged. ‘ ‘ -

~Dense ballast samples of 6~in. and 9-in. thickness were also prepared. To
compensate for the fact that‘the ballast specimen did not fill the containmer,.
concrete shacers were.placed‘in the bottom of the container. For the 9~in.-
thick sample a 3-in.-thick concrete spacer was used. Two ballast layers were
then placed in 5-in. lifts and each compacted with 170 blowe of the pneumatic
tamper.. The 6-in.-thick sample used a 6-in.=~thick concrete spacer. The ballast
was placed in a 6-in. loose layer and compacted with. 225 blows of the pneumatic '
tamper. ,4

All,except two test series were prepared and tested dry. The wet samples
were prepared by saturating the ballast for 24 hoﬁrs and then letting it drain.

Three methods of seating'the loading plate were utilized. In the first

method the loading plate was placed as level as possible in the center of the
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container directly on top of the prepared ballast. The container was then placed
in the loading machine and a 100-1b seating load was applied to insure firm
contact between the plate and the ballast particles. The recorded load-
displacement curve was extrapolated back to zero load to obtain the zero deform-
Aation'point, ‘ '
| The second method was similar to one used by Peckover (Ref. 36). A
1/4-in.-thick layer of pea gravel was spread over the plate loading area on
top of the ballast material. The plate was then placed and leveled on top of
the pea gravel. The test sample was then placed in the loading machine and the
lOO lb seating load applied.. A
.The third method used plaster of paris as a seating materlal One pound
of plaster was mixed with 220 cc of water and spread over the plate loadlng
area. The plate was placed on top of the wet plasta:and leveled by tapping it
into place. The excess plaster along the perimeter of the plate was 1mmed1ate1y
cut away to insure that the effective loading area was the same as the plate
size. The plaster of paris took about 20 minutee.to set, after which the
container was placed into the loading machine and the lOO-lb seating load applied.
Compression testa on the plaster of paris were conducted in order to see if
the-plaster contributed significantly to measured deformation of the plate usedv
‘to calculate the ballast bearing‘stiffness.\ A S-ln.-diameter plate was used
while varying the thickness of plaster of paris layers placed on the steel
platform of theltesting machine. Setting time was equivalent to that useéd for
the plate load tests om ballaat. The effect of the plaster of paris was found
to be negligible for the anticipated'plate load levels. ‘
Preliminary tests were performed to establish suitable loading procedures (
for this investigation. The following conditions were selected: - .
1) 1Initial seating load of 100 1b.
2) Deformation rate of 0.25-in. per minute.
3) Load to 0.3-in. deformation and unload to 100 1b.
4) TLoad cycled 5 times between the peak value from the first cycle

(at-0-3-in.—deformation) and the 100-1b seating value.

4.2 TEST RESULTS
‘A list of the plate series tests conducted is given in Table 4-1. Density

values measured for the loose and dense compaction states are given in Table 4-2.

75



TABLE 4-1.

Test P Ballast
Series* Material

A-1 LeRoy limestone
A=2 ‘ ' "
sy

B"]. ) S . 1"

E<l Buffalo slag
E=-2 ' ) "

F-1. . Rounded gfa&elv
Fe2 - e

G=~1 "~ LeRoy limestone

G=2 ' ’ "

H~2, H=2A ST

Be3 "

PLT TEST PROGRAM

9-in. depth

- dense

9-in. depth

loose
6=in. depth

dense
6=in. depth

loose=wet .

dense=-wet

Note: * 4 tests were conducted for each series (total = 84).

*% 12-in. ballast depth unless otherwise indicated.
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Compaction Seating _ Plate )
State¥x* Condition Size (in.)
loose none S;in; diam.
E pea gravel "
" plaster of paris "
" " S-iﬁg diam.
" .noue . 0
medium plaster 6f paris 5=in. diam. .
dense. | o " )
loose " I
'densév " " .
iooéé: " "
depse " no ; PR
loose " fectangulaf
(3-3/8 in. x 5-7/8 in.)
dense " rectangular
‘ (3-3/8 in. x 5-7/8 in.)
loose

5-in. diam..



TABLE 4=-2. AVERACE DENSITY OF BALLAST MATERIAL

State of Y4 | " Yuet
Ballast Material =  Compaction (1b/cu ££) (1b/cu ft)
Rounded Gravel loose 100.1
dense 108.5
Buffalo Slag  loose 60.6
dense - 70.5
LeRSy Limestone loose 86.4 85.4

med.~dense . 95,6 : 98.5
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Strength and Deformation Indices =~ Sevéral indices were used in this study

to represent the characteristics of the recorded load~deformation response.
First, all graphs were corrected to establish the zero-load intercept by inter-
polation from the 100-1b seating load condition as shown in Fig. 4-3. The
five selected indices were: ‘

1) Ballast Bearing Index (BBI) in units of 1b/in.é
| BBL = P/A , ' - | (4=1)
load at O. 1, 0.2, or 0.3 in. plate deformation (1b),

plate area (in.2).

)
in which P
A

' Ballast: bearlng values were calculated at. deformatlons of 0.1, 0.2 and
0.3 in. in order to 1nvestigate at which- deformatlon level. .the least amount of -
scatter occurred in the test results. . Peckover (Ref. 36) used 0. 3-in.. deformatlon
and he indicated in private communication that- the least scatter occurred at 4
this deformation level. ‘ o ' .

2) Mod1f1ed Ballast Bearlng Index (BBIk) in units of’ lb/1n.

RUAS (4-2)

where A =0.1, 0.2 or 0.3 in. deformation. =
. BBL, isccomputed'fromﬁthe BBI values at each of the rhreeldeformation level

values. The BBIR value is analogous to subgrade modulus, k, used in highway
engineering plate load tests. '

3) Modified Resilient Modulus (E_) in units of 1b/in.2

rm.

. | = (?p - 100)/ (A,LA) , - (4=3)
where PP = peak load (1lb), and

A = recoverable deformation per cycle of unloading (in.).
The modified resilient modulus, illustrated in Fig. 4~4, is similar to resilient
soil modulus except that deformatiou replaces strain values. The E value is
computed for each cycle of unloadlng.
4) Modified Modulus of Deformation (E ) in units of lb/lnc
(P - 100)
p

E_ = , (4=2)
o @A) :

where A the total deformatiom per cycle (in.).

This index is also illustrated in Fig. 4-4.
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5) Range Ratio (Rr).

The range ratio is the difference between the maximum and minimum of
the four values of index parameter for a given deformation cycle divided by
‘the average value. This method of analysis was used in lieu of computing
‘standard &eviation. ' |

Parameter Effects = The parameter effects to be discussed are: seating

conditions, plate size, plate shape, water presence, layer thickness, ballast
type»and density state.

Index parameters from test series A are plotted in Figs. 4=5 to 4=8 to illus~
trate the general chafacteristics of these parameters. The ballast bearing index,
BBI 1ncreases in an approximately" 11near manner with incre351ng deformation

(Fig. 4-5) As a result _the modified ballast bearing 1ndex, BBI is approx1-

’
i“mately independent of deformation (Fig. 4 -6). The modified madu?us of deform-
ation, E o’ increases at a decreaSing rate with each successive load cycle

(Fig. 4-7). However, the modified resilient modulus,(Erm, which represents

the rebound characteristics of the ballast is relatively independent of the
number of cycles;.decreasingvsome with successive-cycles (Fig. 4-8). The
vatiation in values of‘Er‘m between &uplicate samples is’quite»large;

Test series A used a S—Ln.-diameter plate, Leroy limestone. and a loose
-ballast state to -test each seating condition. Test series B differed ounly by
using an 8-1n.-d1amete: plate and by elimination of the,use of pea,gravel. The
results are shown in Figs. 4=5 to 4-16. In series A more consistent results were
produced with the plaster of paris. In addition, the BBI and BBIk values
showed a marked increase using the plaster of paris. The B series showed
”greater scatter using the plaster of paris compared to no seating material, but
the BBI and BBIk values-were much larger-yith the plaster. This increase in
value can be attributed in part to a larger and more uniform surface bearing
area produced by seating the plate on the plaster. The rounded pea gravel
exhibited excessive movement duting plate loading because of the rounded
character of the pea gravel particles. When no seating material was used
ballast particle breakage occurred during loading. This tended to unlevel the
loading plate slightly and therefore change the stress distribution. With the
plaster of paris, the plate remained level and very little ballast degradation
took place during loading. The.best seating method used the plaster of paris.

' The test series used to evaluate the effect of plate size ware A-~1 and A=3
for the 5-in.-diameter plate, and B-1 and B-2 for the 8-in.-diameter plate

(Figs. 4=5 to 4=10). The larger plate proauced greater index values as expected.
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FIGURE 4=5, EFFECT OF SEATING MATERIAL ON PLATE TEST RESULTS FOR
5-IN.~DIAM, PLATE ON LOOSE LEROY LIMESTONE
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During the testing greater particle degradation occurred with the 8-in.-diameter
~plate. 1In addition, much more spread in values is apparent using this larger
plate and the rigid container boundary has a greater influence. The 5-in.-
diameter plate appeared to be the preferred choice. ' _
The effect of plate shape was observed by comparing the results from
series A=3 and D-1 for the 5-in.-diameter circular plate of area 19.6 sq in.
with results from series G-1 and G-Z for the rectangular plate, also of area
19.5 sq in. (Figs. 4-11 and 4-12) The least amount of scatter of values
occurs Wlth the circular plate. The rectangular plate produced BBI and BBIk ”
values consistently hlgher than those of the circular plate by about 15% Plate
shape does not appear to be a 51gn1f1cant factor, however, plate shape  may be
an importarnt aspect when the geometry of the test area is taken into consideration.
The effect of wettlng the ballast is observed by comparing the results from
. series A= 3, D=1, I~ l I-2 for. the 11mestone ballast (Fig. 4-13 and 4-14). The
wet condition does.have:a definite affect ‘on the index values. The loose wet '
state produced a much greater scatter of values than the loose dry state. The
"wet‘state generally_gave lower. index values than the dry state. These lower
values may be attributed to the lubrication of particles from the water..
_ The zone of. stress 1nfluence produced from a. c1rcu1ar plate is dependent on
- the slze of. such a. plate. The significant stresses extend to a depth of at
'least 1 3/4 times the diameter of the plate. For a 5= in.-diameter plate with
the 12-in.-deep test container a depth to diameter ratio of 2.4 Was’attained.
The effect of layer depth’was checked by comparing the results. from series H for
the 6- and 9-1n. th1ck samples W1th those from series A-3 and D-1 for the. 12—1n -
_thick samples. The actual test results (Fig. 4-15 and 4=-16) showed that the
BBIk values for the: 9-1n.,layer increased 244 in the loose state and: decreased
. 9% in the dense state; the 6-1n. layer 1ncreased 20% in the loose state and 117
in the dense state. However, considering the data variability, a reasonable
couclusion is that increases in layer thickness above 6 to 9 in. would not
significantly affect the results. |
_Test series A-3, pD-1, E-1, E~2,F-1 and F-2 compare the three ballast

materials. The BBI and BBI values for the slag were 117 lower in the loose

k .
state and 18% lower in the dense state compared to those of crushed limestone,
'while the rounded gravel gave higher values than the limestone (Fig. 4-17).

b
However, the rounded gravel exhibited very erratic index values. During testing,

excessive particle movement was noticed. This can be attributed to the rounded
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40 T o I l . L
' ' O]
5-IN,=DIAM, DENSE _
30 §~ -
25 SMALL RECTANGULAR, -
: " DENSE
20 L -
15 -
T , SMALL
O] RECTANGULAR,
0L 0 : LOOSE -
. \
\ . D -
 5-IN,=-DIAM,"
, \ a
Sk B -
0 "‘_'.'"_ |
CYCLE NUMBER.

FIGURE 4~12. EFFECT OF PLATE SHAPE AND BALLAST DENSITY ON MODIFIED
MODULUS OF DEFORMATION ON LEROY LIMESTONE

89



BALLAST BEARING INDEX, BBI (PSI)

400 [~
3 ‘

- 300

200

100

L.OOSE, DRY

0.1 0.2 0.3

DEFORMATION (INJ)

FIGURE 4-13. PLATE TEST RESULTS FOR SEVERAL BALLAST STATES WITH
5-IN.-DIAM,. PLATE ON LEROY LIMESTONE

90




30 k

P
o
V

MOD, MODULUS OF DEFORM,, E, (1000 PSI/IN.)
'—l
(@]
|

FIGURE 4-14.

DENSE, DRY

DENSE, WET

RV,

LOOSE, DRY 7

LOOSE, WET O3 |

1 2 3 4 5
REPEATED CYCLES

INCREASE IN MODIFIED MODULUS OF DEFORMATION WITH LOAﬁ
CYCLE FOR SEVERAL BALLAST STATES WITH 5-IN.-DIAM. PLATE
ON LEROY LIMESTONE

91



1600 ‘ — — -

X (PSI/IN.)

MODIFIED BALLAST BEARING INDEX, BBI

DEFORMATION = 0.2 IN,
B o ‘ .
%00 L - 5 - , o
. " A . . . - .
a
. 0o
1200 L
‘ DENSE
BALLAST
1000 L
goo L a o
600 L
. o . |
0 | O -
400 | & o - ,
s | ~~~_( LOOSE
A A O BALLAST
200 L
.O / ] | 1

6 ' } 9 12
’ LAYER DEPTH (IN.)

FIGURE.4-15. EFFECT OF LAYER DEPTH ON MODIFIED BALLAST BEARING INbEX
' - AT 0.,2-IN, DEFORMATION ON LEROY LIMESTONE ’

92



MODIFIED BALLAST BEARING INDEX, BBL, (PSI/IN.)

1600 — — : -
1400 L .
DENSE (~
BALLAST 2 - ,
] _DEFORMATION (IN.)
1200 L
. 0.3
0.2
1000 | 0.1
800 L S .
600 L -
400 |
L.OOSE
BALLAST
200 L
0 L | 1

6 ' 9 12

LAYER DEPTH (IN.)

FIGURE 4=16. AVERAGE EFFECT OF LAYER DEPTH ON MODIFIED BALLAST
BEARING INDEX ON LEROY LIMESTONE .

93



06

BALLAST BEARING INDEX, BBI (PSI/IN.)

1600 — T T 1 1
- - ‘ : ‘ ROUNDED GRAVEL
0.1
[ Jo—.
1200 |- » 0.2
| . SLAG O 0.3
DEF ORM~
‘ : ATION (IN.)
800 |_ c T
= -
400 |- -
- .
0 1 i L 1 | |
120

50 6 . . 70 g0 - 90" 100 110

v

BALLAST DENSITY (LB/CU FT)

FIGURE 4~17. RELATIONSHIP OF BALLAST BEARING INDEX TO BALLAST
DENSITY FOR THREE BALLAST TYPE.



character of the material which did not éxhibit good particle interlocking
tendencieS'from compaction.

Preparation of each sample to‘provide the desired state of compaction
yielded reproducible densities. The crushed limestone in the loose state had
an avérage density of 86.3 1b/ft2 for.27 tests. Sample variance ahd standard
deviation were 0.47 and 0.68, respectively.. In the demse state the average
density from 20 testé was 97.8 lb/ft3. Samplé.variance and standard- deviatiom -

-were 1.51 and 1.23, respectively.‘
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5. INVESTIGATION OF LATERAL TIE PUSH TEST

The factors influencing the lateral tie push test were studied in the
laboratory by counstructing a cross-section of a ballast bed large enough to
hold a single wood crosstie. -The apparatus, procedures and results are described

in'this chapter. Additional details are available in Ref. 47.

5.1 APPARATUS AND PROCEDURES

" Apparatus = Overall dimensions and the configuration of .the box constructed
to hold the ballast for the lateral tie push test (LTPT) are shown in Fig. 5-1. |
Load was transferred through four A-frames which supported the 6. O-ft=long -
pieces of 132 ﬁE'rail. The-rails were clamped 1n place on the frames. ,F

' The box was designed. to permit variable tie 51ze, shoulder slope, ‘tie
spacing, ballast depth, and ballast shoulder width. For all of_the tests _
conducted in this study, the ballast depth under the tie was 12 in., the' shoulder
slope was 3 horizontai to 1 vertical,‘and:the shoulder width was 12 in. The .
" ties tested were 9 in. wide by 7 in. high, and 10l in. long. The volume of the
box was 58. cu ft. 'The box wall stiffness was adequate to prevent significant
Ayielding of the sides from ballast pressure when thetbok-was filled. . |

The LTPT apparatus was developed for field use. The ioadihg frame for
pushing the- tie was designed to orovidexproper'EOrce alignment, adequate |
‘stiffness- and portabillty. The most important feature was the ab111ty to apply
the lateral push force on the end face of the tie. In addition, the frame,
while being light enough to be easily‘carried, had to be stiff enough to prevent
large bending and twisting doring>forcelapplicatione Ease and speed of setup
were also major cohsideratione for both the load frame and the.diéplacement
measurlng device. .‘

The selected design concept was patterned after the CANRON apparatus. The .
‘dimensions and the functlon of each member are shown in Fig. 5-2 and the
asseﬁbledvapparatus is shown‘in‘Fig..5-3. This configuration accommodated
variable rail sizes, tie plate»thicknesaeé, tie lengths and
tie depths., The frame was attached to the rails by means of steel wedges,
which, when placed between the frame and rail heads, pretented horizontal and
vertical movements of the frame relative to the rails.

A 20-ton capacity hydraulic load jack with 4.75 in. stroke was attached
to the L=£frame .to apply the lateral force. The force was measured using a
_ siﬁple load cell fabricated  at SUNYAB to expedite the tests. The transducer

was a pair of inductancé strain coils (Ref. 25). Signal conditioning was provided
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by a Bisou soil strain gage instrument which is designed for field use. The
load was also checked by means of a hydraulic pressure gauge.with'a range of
0 to 2000 psi mounted on the hydraulic hand pump. Force calibration curves
were established for the ICLC and pressure gauge.

Tie'movement was monitored using a differential transformer displacement
transducer (DCDT type). The range of travel of the transducer was i 0.5 in,‘.
To provide a calibration for the displacement instrumentation, a manually read
mechanical deformation dial gauge with 0.001 in. resolution and 1 in. stroke
was used in parallel with the DCDT. The dial gauge and DCDT were attached to
a small piece of angle irom secured to the tie and to a fixed reference beam
placed parallel to the rail. The beam, de51gned for fleld use, was: long
enough to rest on ties 5 ft away on each side of the tie being tested

Outputs from the ICLC and the DCDT were plotted in carte51an coordinates
on an X=-Y recorder to produce a force-displacement curve. Satisfactory data
“reduction cannot be accomplished without such graphical records. A

For evaluation of the LTPT results, the ballast phy51ca1 ‘state was deter-
‘mined using the PLT and BDT descrlbed in Sections 3 and 4. The hydraulic load -
jack as well as‘the force and'diSplacement'measuring system-from the'LTfT wareln
- used. for the PLT. Reactioun for the plate load was provided by a beam Elxed to’
the two rail pieces and force-displacement graphs were obtained with X- Y

recorder."

5.2 BALLAST MATERIALS TESTED
The ballast materials chosen for the tests were the crushed LeRoy limestone
and the Buffalo slag whose index properties are given in Fig. 3=l and Table 3-L.

"Sample Preparation Techniques ~ The ballast preparation procedures used do

'-not resemble those 1nv01ved in track construction and maintenance. Because the
‘use of representative procedures was not feasible in this preliminary study of
the LTPT, the objective instead was to adopt simple, but reproducable methods.

To- prepare ballast in a loose state under the tie, the ballast was care=
fully poured into the test box from. pans in increments of 100 1b for the limestone
and 75 1b for the slag.'The free fall height was limited during pouring in order
to achieve as loose a state as possible. After the ballast depth reached
approximately 12 in., filling was stopped and the tie was placed on the ballast
and centered in the box. Any apparent large voids under the tie were manually

filled in order to have ballast in contact with the entire base of the tie.
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Preparation for the dense ballast state under the tie followed the same
procedure as that for the loose state, but before tie placement the ballast -
was compacted with the pneumatic plate tamper shown in Fig. 4;2. -Compaction
of ballast under the tie was performed following the LTPT testing of ballast in
the loose state after crib and tie removal. Particle degradation with the
tamper was prevented by epoxying a l.5-in.-thick rubber pad to the 6-in.-
diameter-base plate of the taﬁper. Compaction effort was represented by 4000
blows for the limestone and 1000 blows for the slag, distributed over the‘
surface area including the entire width of the box and extending approximately
1 ft beyoud both ends of the tie. For the limestone, the compactive effort per
unit volume was roughly the same as used for preparing the dense samples in the
- PLT study (Chapter 4). The surface of théllimestone ballast under the tie was
slightly irregular because of particle displacement by the tamper. Because
fewer blows were used for the slag, the slag surface was flatter. The sole
purpose of compaction under'the tie was to obtain a density state different
from the loose state and to investigate its effect om the lateral force-‘
displacement response of the tie. Following compaction, the tie was placed on
the ballast and centered in the box. ' Any large voids under the tie were again
manually filled to maintain ballast contact under the entire tie. ‘

After tie placemeht, ballast was depoéited into the .crib in a- loose state
by the procedure used under the tie until the ballast reached the top of the
tie. Ballast for the shoulder and slope was also deposited in the same manner
until it counformed to the specified geometry. _

Crib compaction, following compieﬁion of a test series witﬁ the crib ballast
in the loose state, was achieved using the pneumatic tamper. Zones of compactionw
in the crib and shoulder were essentially those where a ballast compaction
machine would operate in actual tfack maintenance work. Thus SO'Elows were
applied to the surface for a 1-ft length of crib area inside and outside of
each rail. 1In addition 150 blows were applied to'a 6-in.-wide strip on the full
width of each shoulder. This effort corresponded roughly té that used for the
compacted state under the tie. This procedure was used for both the slag and
the limestome ballast. Particle degradation was not noticeable on the surface
in either case. ‘

Test Procedure - The procedures used for a typical LTPT are as follows:

"1) The end of the tie at which the lateral force was to be applied was

cleared of ballast sufficiently to accommodate the L-frame and load jack assembly.

101



2) The deformation reference beam wés placed across the box in a position
where it would not be disturbed by movement of either the rail or the tie.

3) The angle iron deformation plate was rigidly attached to the tie, allow=
ing a 4-in. space between the plate and referénce beam to accommodate large

lateral tie movement. ~The plate was also aligned carefully with the centerline

of the tie.

4) The load frame with the load jack and the load cell was positioned on
the rails over the centerline of the tie as shown»in Fig. 5-2. The steel
wedges were inserted to tighten the frame vertically and horizomtally. The'
load jack and ICLC assembly was then adjusted so that the point of lateral
force application was at the center of the tie end and so that the loading .
direction would be parallel to the centerline of the tie.

5) The hydraulic jack was extended by hand pumping until the load cell
was in contact with a 5-in.=-square, aluminum, load distribution plate placed '
against the end of the tie. The plate had a countersunk hole in the center to
receive the end of the load cell and a serrated face against the tie to prevent
slippage during testing.. )

- 6) The deformation measuriﬁg system was positioned and the X-Y reéorder
prepared for the test.: Initial dial and preséure gage readings were taken.

7). The lateral force was applied at a deformation rate of approximately
0.25 in./min until a maximum deformation of 0.25 in. was reached. During this'
process readings were manually taken of the pressure aﬁ which deformation started
to occur, the peak pressure, and the peak dial gauge'reading.

8) The hydraulic pressure in the load jack was then released at an unload-
ing rate approximately the same as the loading rate. The rebound dial gauge
reading after unloadlng was recorded.

9) A second cycle of force was then applled, repeatlng the procedures in
steps 7 and 8.

A total of eight'different ballast beds were prepared. For each bed a
series of tests were performed each involving 2 lateral force cycles. Tie
displacement for each successive two-cycle test starfed from the position
remaining after the preceeding series of cycles on that ballast bed. Thus,
only the first force cycle in each éeries represented undisturbed conditioms.
Although this stage testing will undqubtediy cause some bias in the results,
the limited effort that could be devoted to the study necessitated such as

approach.
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In the crib and under the tie, density changes frdﬁ~tie ﬁovement are
expected to.be negligible. A smoothing of the ballast-tie contact sﬁrface
might occﬁf with tie movement which would reduce the frictional resistance
between ballast and tie. If so, the effect would be especially true for the
angular, crushed limestone. ¥owever, cycle No. 2 forces were generally higher
then cycle No. 1 forces which is the opposite of the trend that,might be expected
from such a disturbance. Th% mechanisms causing this force change with repeated
cycles is uncertain. In the case of compacted crib and shoulder fests, definite
density changes occur within the comﬁactedlzones as a result of compaction. Any
built-in lateral stresses due to compaction are believed to still exist for
subsequent cycles. 7 ! ( A

... Testing. Program - A_description'bf the test.conditions: and: méasureménts.

made in the eight test series is given inm Table 5-1. This table indicates the
type of test, density state, characteristics of tie and factors: investigated.
.Table 5-145150 indicates the locations for the ballast density. and plate load
tests. _
For both .the Iimestbne éndfélag.ballaSts, the density'statészinvestigated werer
» 1)1 Loose ballast in the crib and shoulder and under the tie.
2) Compacted crib: and shoulder with loose-baIlgst'under’the'tie;'
. -+ 3) Compacted crib and shoulder with compactéd ballast under the tie.
Ballast bed variables within a test series include full crib and .shoulder,
full crib with no shoulder, and no crib andhshoulder; Other facfors considered
were crib depth, tie condition, lateral force alignment and vertical tie load.
Crib depth effect was stuéied by performing tests with 0, 3.5, and 7.0 in. crib
depths with no shoulder present. A tie with ballast cemented to the bottom by
plaster of péris was used to simulaﬁe an old tie for comparison with a new tie,"
The. effect of lateral and vertical offset of the load jack Was'investigated by
conducting the LTPT with the jack in various positions. The effect of tie
weight was considered by placing 400 1b of dead weight on a tie with no crib

and shoulder present.

5.3 TEST RESULTS
R From the force~displacement graph for each cycle the following values
weré deterﬁined: »

1) Lateral force at start of‘fie‘movement, termed initial static force
2)‘ Latefal force after 2 mm and 4 mm of each tie later displacement, the

displacement levels most commonly used in previdus practice.
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TABLE 5-1. TESTING PROGRAM

DENS ITY TIE TIE FACTORS

OTHER TESTS

STATE AGE  WEIGHT INVESTIGATED DENSITY

PLATE L.OAD

LTPT BALLAST
SERIES NO. TYPE
1 LeRoy
Limestone
2 LeRoy
Limestone
3 V LeRoy
Limestone

Loose Base, New
Crib & Shoulder

Loose Base, New
Crib & Shouldex

Loose Base, New
Compacted Crib
& Shoulder

100 1b - A ~ Full crib &

100 1b

100 +

400 1b

100 1b

100 +
400 1b

b

Approximate Densi-
ty Obtained Prior
to Testing Based
on Test Box Volume
and Welght of
Ballast Used

Shoulder

Full crib &
Shoulder

Full Crib,
No Shoulder

No Crib,
No ‘Shoulder

Vertical Jack
Offset - Back
of Jack Raised

Vertical Jaék
Offset - Back
of Jack Lowered

Loaded Tie

Full cCrib &
Shoulder

Full Crib,
No Shoulder

No Crib,
No Shoulderx

Loaded Tie

Density #1
Performed in <
Compacted Crib

* All LUPT Tests listed included two cycles of lateral force
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TABLE 5-1. TESTING PROGRAM (CONTINUED)

DENSITY

LTPT BALLAST ) TIE TIE FACTORS OTHER TESTS
SERIES NO. TYPE STATE AGE  WEIGHT INVESTIGATED* DENSITY PLATE LOAD
4 LERoy Loose Base, New 100 Ib. A = Full Crib & Density # 2 PLT #1 Per-
Limestone Loose Crib Shoulder Performed in formed in Loose
& Shoulder B - Full Crib, Loose Crib Crib after
. LTPT 4B
No Shoulder
Density #3
. 7 PLT #2 Per-
Performed under
formed under
Tie after Test
W Tie after
- LTPT 4B
5 LeRoy Compacted Base, New 208 1b A Full Crib & Density #4 PLT #3 & #4
Limestone Compacted Crib ) " Shoulder Performed after Performed on
& Shoulder B ’ Base_ Compaction Compacted Base
o B - Full Crib, e ' .
No Shoulder Before LTPT 5A before LTPT 5A
C-1 = Full Crib,
’ No Shoulder,
Lateral OEfset
‘ Right
' c-2 - Lateral Offset
Left
P = No Crib,
; No Shoulder
208 +
400 1b E = Loaded Tie

* All LTPT Tests listed included two cycles of lateral force

F =

Loose Semi-Filled Crib,
No Shoulder
( 3 cycles)
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TESTING PROGRAM (CONTINUED)

*All LTPT Tests listed include two cycles of lateral force

crib, No
Shoulder

No Crib,
No Shoulder

&5

TABLE 5-1.
LTPT BALLAST DENSITY TIE TIE FACTORS . _ OTHER TESTS
" SERIES NO, TYPE STATE AGE WEIGHT . INVESTIGATED> DENSITY PLATE LOAD
S LeRoy Both Loose & old 166 1b A - No Crib, .
Limestone Compacted Crib ' No Shouider
. ‘ geggzu;::r on B = Loose Full cCrib
€. ' & Shoulder
C - Loose Full Crib,
- No Shoulder
D - Compacted Full
Crib & -Shoulder
E ~ Compacted Crib,
" No Shoulder
F = No Crib,
No Shoulder
166 + .
400 1b G ~ Loaded Tie
7 Buffalo Loose Dase, New 208 1b A - Full Loose Approximate Densi~ PLT #5 Perfor-
Slag Both Compacted crib & ty obtained prior med on lLoose
& Loose Crib & Shoulder to 7A bqsed on Slag in Crib-
Shoulder ‘ Test Box Volume & before LTPT 7A
‘ B - Full Loose Weight of RBallast
crib, No ght PLT #6 Perfor-
Shoulder Density #5 on med under Tie
, . Loose Slag in after LTPT
C - No Crib, Crib before 7
No Shoulder
208 + . LTPT 7A-
400 1b D - Loaded Tle
E = Loose Semi-filled
' Crib :
F - Compacted Full
crib & Shoulder
.'G = Compacted Full



LOT

LTPT BALLAST
SERIES NO, TYPE

TABLE 5-1. TESTING PROGRAM (CONTINUED)

DENSITY TIE TIE
STATE : AGE  WEIGNT

'FACTORS

OTHER TESTS

PIATE LOAD

8 Buffalo
Slag

* All LTPT Tests

‘Compacted Base, New 208 1b

cridb & Shoplder

208 +
400 1b

INVESTIGATED*

A - Full crib &

Shoulder .

B ~ Full Crib,
No Shoulder

C = No Crib,
No Shoulder
(3 cycles)

D - Loaded Tie

listed include two cycles of lateral force

DENSITY

Density #6 on
Compacted Base
before LTPT

8A

Density #7 on

Dense Crib be-

Eore,LTPT 8A

PLT #7 on Com-
pacted Base
before LTPT 8A



3) Maximum cycle lateral force, which is thé force at 0.25 in. lateral
displacement. ‘

4) Rebound displacement when lateral force is rémoved.

5) Percent elastic recovery, defined as rebound displacement divided by
maximum cycle displacement. _ ‘ . )

Lateral resistance is a functiom oflballast ty?e. The maximum cycle
lateral force and the percent elastic recovery are both higher for the lime-
stone than they are for the slag. The average maximum force for the limestone
is.31% higher than average magimum force for the {lag. 1In the liﬁestone, maxi-
mum force increases by an average of 10% from cycle 1 to cyclé 2 while the slag
cycling decreases the maximum force by 6%. The average percént elastic recovery
 for all cycle i testé in the limestone is 15 while the cycle 2 average is 19.
If the high values from the’tests investigating lateral and vertical offset are
omitted from these calculations, the average percent elastic recovery of the
limestone for cyclehl and 2 combined is about 15.. For the Slag, cycle 1 percent
elastic recovery averages 10 and for cycle 2 tests the average is 12. In general,
percent elastic reéovery increases with cycling. ‘ |

The_limestone~series 1, 2 and 4 were used as reproduéeability‘checks on the
lateral tie push test. Comparison of first cyc1e data from tests 1A, 2A and
4A (full loose crib and shoulder) shbwed.little variation, the lateral resist-
ances at peak displacement level being 530; 554 and 565 1b, respectively and

the percent elastic recovery being 7.5%, 5.6% and 8.6%. Most of the comparable

| tests in the slag, series 7 and 8, showed little variation. However, the values
for other displacement levels or for the second cycle sho&ed more variability,.
but this may have been caused by sample disturbance. Nevertheless, the conclu-
sion was made that the LTPT as performed here is reasonably reproduceable.

Lateral force is shown in Fig. 5-4 as a function of,displapement for the
limestone series, 1 through 5. Two of these curves represent no crib and shoulder,
. but the others are for full crib and shoulder. .The lateral force for cycle 2 is
greatef than the force for cycle 1 for most displacements. Most of the force
increase orcurs between zero and 2 mm displacement. The lateral resistance
appears to come primarily from the crib and shoulder in these tests. The-
decrease in required lateral force with increasing extent of compaction was a
surprise. A significant reductiom in 1atera1'force when the shoulder is removed
is indicated in Fig. 5~5 by comparison with Fig. 5-4. Resistance to displacement
for a half~filled crib is approximately double the resistance for the empty crib

when no shoulder is present.
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The léte:al force results from the 1imestone series 6 involving the simulated
old tie are shown in Fig. 5-6. For this series both the compacted crib and the
compacted shoulder gave a higher resistance than the corresponding loose states.
Elimination of the shoulder reduces the resistance by about 10 to 40%. Between
the start and'the end of the set of tests in series 6, the lateral resistance
of the tie base with no crib and shoulder more than doubled. . However,
elimination of the crib still reduced the resistance by an additional factor
of 2 to 4, over the lowest values with a crib and no shoulder. |

The results of the tests from series 7 for the slag ballast with a loose base
are shown in Fig..5-7. The change in resistance was small after 2 mm lateral '
displacement. The loose crib and shoulder required about 10 to 40% less force
_than_the-compactéd crib and shoulder for Ehé-same displacement. Again the |
resistance with the half-filled cribs was approximately double thé resistaﬁce
for the empty crib when no shoulder is present. Removal of the loose shoulder
~ reduced the resistance with the loose crib by up to 40%, but the results with
the loose crib and no shoulder change significantly between the beginning and
the end of the series. ‘ -

The results for the corresponding slag ballast series 8 with a dense base,
are given inm Fig. 5-8. This series clearly diStingﬁishes the effects of the
crib and shoulder ou the lateral forcé required to displace-the tie. The tie
lateral resistance decreased by about 30 to 40% with shoulder removal, and
- decreased by an additional 70% upon removal of the crib as well.

The shoulder contribution to tie lateral fesistance in Ehe limestone
ballast is summarized in Fig: 5-9, using the lateral forces at zero and 4 mm
displacement. The trends at 2'mm and 0.25 in. displacement are the same. At
4 mn displacement shoulder removal reduced the lateral resistance by about
30%, while ﬁhe initial static force was reduced by about 50%. The'compactioh 
states.of the ballaét in the crib and under the tie are not a major factor in‘
fhe trend. The corresponding resuits for the slag ballast are shown in Fig. 5-10.
The decrease in lateral resistance at 4 mm displacement upon shoulder removal
 was about 257 and the initial static force decreased by about 357%.

The effect of crib depth on lateral resistance with no shoulder present
is shown in Fig. 5=11 for both the limestome and the siag ballasts using the
lateral force at zero and 4 mm displacement. The crib material was in a loose
state in all cases.. The limestone was compacted under the tie while the slag

was loose, but the base contribution to resistance with the limestome was not
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significantly affected by the compaction state. Increasing the crib depth from
half=-full to full, increased the lateral resistance in the limestone ballast

by a factor of 5 to 6 above the resistance with an empty crib, while for the
slag ballast the increase was a factor of 2 to 3.

The effect of the weight was investigated by conducting tests with no crib
or shoulder ballast, but with a dead weight of 400 lb distributed over the'tiee
Two ties of nearly identical size were used, one weighing 100 1b and the other
weighing 208 1b. The results are given in Fig. 5-12 in terms of lateral force
required for zero and 4 mm displacement. Each‘line is an average for cycles 1
and 2 because no coﬁsistent difference was observed between the cycles. For
each set of test conditions the increase in force was approximately proportional-
to tie weight (6r vertical force applied to the ballast under the tie).

For these cases, the approximate coefficient of base friction defined as the

ratio of lateral force to vertical force at 0.25 in. displacement are as

follows:
Coefficent of
Coudition , Base Frictiom
~ Limestone, new tie ' O.S.to 0.8
Limestone, old tie . . . 1.0
Slag, new tie ' 0.3 to 0.5

The slag ballast gave the lowest coefficient of friction and, of course,
the tie with ballast cemented to the bottom gave the highest. The coefficient
for the limestone ballast was about 60% greater than that for the slag under
similar tie conditioms. Inierlocking of the ballast bed with the ballast parti-
cles cemented onto the bottom of the tie (simulated old tie)_causedvthe lateral
resistance from.the base to equal the vertical force applied to the Base.

The effect of alignment of the lateral force axis on the iateral resist-
ance of the tie was determined by changing the inclination and point of appli-

‘cation of the force on thg end of the tie as illustrated at the bottom of
Fig. 5—13,. The results presehted in terms of lateral forée at zero and 4 mm
displacement suggest that errors caused by misalignment are not‘likely to be
serious. They probably will not exceed 57 with reasomnable care in adjusting

the apparatus if the reaction frame does not bend excessively under load.

The percent elastic recovery did not correlate in any well defined way
with the ballast compaction state in the crib and under the tie or with the

amount of shoulder or crib material. ‘“owever, percent elastic recovery is
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greater for the simulated old tie than for the new ties and feCOvery is greater
in general for the second cycle than the first cycle. Although the amount of
horizontal offset did not effect percent elastic recovery, the recovery increased
by a factor of 4 to 5 with vertical offset. .For all baliast conditions with
the new tieé, the percent elastic recovery ranged from about 6 to 16, with the
simulated old tie it ranged from 13 to 26, while for vertical offset it
'increased to values as high as 30. ' L
Density and Piate Tests - Density measurements were performed by tﬁé water

replacement method in the LTPT program in order to investigate the densiﬁy states
associdted with each degfee of compactio;. Average box densities were also computed
for the looée stateiof the limestone and slag during initial sample prepara-
tion. Table 5-2 lists the densities:obtained by:the two methods. Each density -
is the result of a single test. The measurement locations are indicated in
Table 5-1. For both the slag and the limestone, densipy increased with either crib
compaction or base compaction. The loose density state under the tie is assumed
to be the same as that measured in the crib. With crib compaction, the loose
limestone ballast increased in crib density from 98 to 102 1b/ft®. Density
under the tie shohed a slight increase of 0.7 lb/ft:".3 after crib compaction. The
compacted limestone base yielded the highest density; 105 1b/ft®. This is
expected because the compactive effort was considerably greater than the effort
~used in the crib with the limestone. .
The slag showed similar trends in density change with amount of compaction.

The order of increasing density was loose state, compacted crib and compacted
.base. The average loose density wés calculated from the volume of the test box
and the total weight of ballast placed in the‘box. For the slag, this box
density.was the same as the loose crib denéity determined by the water replace-
ment method; for the limestone the box density wés 8 1b/cu ft lower than the
crib density.

- Two factors exist which limit the usefulness of these density measurements
" to just an approximate indication of the physical state in these tests. First,
the number of density measurements for each condition were insufficient to
account for point to point variatious.: Second, systematic errors exist betwéen
the water replacement method and average box method which will affect numerical
comparison. One important reason for the systematic error is the difference in
the amount of surface void volume in the.sample boundary included in thé

definition of volume of ballast. This problem is described in Section 3. How-
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TEST NO.

1

B*

B*

TABLE 5-2.

DENSITY DETERMINED FROM WATER REPLACEMENT

METHOD AND TEST BOX VOLUME

LOCATION

LeRoy Limestone,
Compacted Crib

" LeRoy Limestone,

Loose Crib

LeRoy Limestone,
under Tie After LTPT

- #4

LeRoy Limestone,
after Base Compaction

Buffalo Slag, Loose

Crib

Buffalo Slag, Compacted
Base

Buffalo Slag, after
Crib Compaction

LeRoy Limestone, before
LTPT test Series 1A,
loose state

Buffalo Slag, before LTPT
test Series 7A, loose state

DRY DENSITY (1b/cu

£t)

Jo1.7
97.9

98.6

64.1

90.0

60.5

*Density B1 and B2 computed from volume of test box and weight of

ballast
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ever, a numerical comparison of density values is Valid.if the same method of
determination is used.

The values of ballast bearing index measured in the limestone and the slag
ballasts are given in Fig. 5-14 as a function of plate deformatioﬁ. Eaph data
point is from an individual PLT. The PLT measurements under the"tie.were made
after the series of lateral tie push tests were completed. The PLT in the crib
were made at the beginning of the series before any appreciable crib disturbance
occurred. The BBI values for the loose ballast under the tie are much higher
than those for the loose ballast in the crib and similar to those'f0r-the dense
ballast under the tie. The measured values of ballast density are compared to
the BBI values in Fig.,S-ls. The density values for the loose state under the 1
tie (the lower of the‘two sets of values under the tie in Fig. 5-15) are m;dﬁay'
between those for the loose state in the crib and the dense state under the tie.
Thus, thé high BBI values for the loose state under the tié appears to be
partly a result of some densification during crib compaction and during
disturbance from the LTPT. However, an increase in confinement by compaction
of ballast directly below the crib could have caused an additional increase in
 BBI values. ' A

The BBI values for the loose state in the crib are similar to BBI values
for the loose state in the PLT study reportéd in Chapter 4, for the same ballasts.
However, the BBI values for the dense state under the tie were much lower than
those in Chapter 4 for thé dense state. One possible reason is that tﬁe
ballast under the tie was compacted from the surface in a single 12-in.-thick
la&er, while the ballast in ‘the Chapter 4 study was compacted in 4~in.-thick

layers during sample preparation.
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6. SUMMARY AND CONCLUSIONS

A summary of the study and conclusions from the results will be discussed

for each of the three test methods separately.

6.1 BALLAST DENSITY TEST _

The primary purposes of this investigation were 1) to establish a means
of compacting ballast materials in the laboratory' to provide a reference density.
for a particular ballast, and 2) to develop an in-situ density measurement
technique for determining ballast compaction in the field. A wide range of lab-
oratory studies were conducted in pursuing these objectives, including a review
and evaluation of the currently used laboratory compaction methods and field
density measurement techniques for applicability to ballast materials. Ballast
-materials used in the tésts ranged from crushed limestone and granite to \
rounded gravel and slag. Particle gradation varied from uniform to a wide range
with fines. For the in-situ density measurement, the concept of water replacement
in a membrane-lined hole, with both circular and oval rings to accommodate
various sample volumes, was.adopted and assessed. For the laboratory compaction
test, mainly the impact-~-type compaction method, with a specially designed
hammer, was adopted in compacting ballasts. The containers used were either
12-in. diameter by 12-in, high, or 19-in. diameter by 12~-in. high.

The results of the tests have been discussed. Thé important conclusions
are the following: w .

1." The sample prepération Eechniques developed in this study can give a
high reproducibility in preparing the samples for testing. The standard
deviation of the container sample densities obtained using these prepérétion
procedures was less than one 1b/ft®.

2. The container sample density'obtaihed with the plate cover method was
the smallest,‘and with the probe method was the highest, and with the water
replacement method was intermediate. The container density measured withAthe
water replécement method was believed to fepresent a more realistic boundary
condition at the top surface of the sample than the other methods.

3. The containér densities after adjusting with correction factors CH and
Cav are much larger than those obtained with the probe, the plate and the water
replacement methods. This indicated that ballast density calculated by

dividing the sample weight by the volume of a smooth-boundary container will be
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much too low. However,:the'correctioh factors developed in this study may not
be entirely accurate for correcting the effects of the boundary conditioms. 'Thus,
a further investigation of this matter is required. .

4. The results of the laboratory density measurement tests indicated that
the level hole density value depends on the volume of the sampling hole, but
the non-level hole density does not. Therefore, the conventional water replace-
.ment method which uses the level hole density approach for field density
determination of aggregate materials is not the best method. Based on the test
results in thisstudy, the non-level hole density method is suggested as the
best approach for ballast materials. ' : '

5. According to ‘the tést resﬁlﬁ'in this study}.the circular and'the oval
ring apparatus worked equally well, and a sample size of about 0.9 cu ft appeéfs
to be sufficient for typical ballast materials. However, in order to provide
sufficient water pressure for a better conformation of the membrane to the
‘ballast surface in the sampling hole, the specially designed density device
having a ring height of 6 in. is suggested for field density measurement. The
recommended apparatus and testing procedures are given in Appendix A.

6. The main limitation of the water-ring method in field density measure-"
ment is that considerable time and care are required to perform a test. Improve-
ments such as the manufacture of a flexible shaped membrane bag instead of the
flat membrane sheet and the mechanization of water-filling and measdring may
achieve a reduction of the testing .time.

7. The equipment for the reference density test developed in this study
- worked very well in producing repeaﬁable compacted densities of ballast materials.
The size of the 12-in. diameter by 12-in. high compaction mold was sufficient for
the aggregate size of ballast materials. No particle breakage was observed from
.compaction using the rubber-tipped hammer. The reébmmended testihg procedures
and apparatus for the reference density test are given in Appendix B. .

8. The ultimate density, calculated from a hyperbolic analysis of the
density-compaction-effort relatibnship obtained with the impact coﬁpaction method,
is recommended as the choice of reference density. The procedures for éalcﬁlating

the ultimate density are also given in Appendix B.

6.2 PLATE LOAD TEST
The results of this experimental investigation of plate load tests on

ballast material indicates that this method is feasible for evaluating the
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physical state of such material. The research conducted explored many of the o
factors that influenced the plate load-deformation curves such as different
ballast materials, seating material, layer depth, saturation, plate size and
plate shape.

Previous work with plaée load tests om ballast materials has been directed
towards in-situ tests in actual field conditions. Results obtained are then
used as index values to evaluate the condition of such ballast and/or the effect
of any maintenance operations performed. Sometimes the data collected is analyzed
by Burmistér's elastic layer theory as a basis for predicting ballast load=-,
.deflection characteristics and to determine ballast modulus values. However,
little effort has been devoted to studying the factors that may influence such
- results. ' . - . ' '

The ballast materials used in this study were crushed limestone, steel
furnace slag and rounded gravel. Each ballast material was compacted in several
states of density. Three plate seating methods were used: pea gravel, .
plaster of paris, and plate placed directly on the ballast. The plaster of
paris was found to be the best seating material of the three and it gave the-most
consistent results. The plaster of paris also helped to maintain a level plate
position and produced a more uniformly distributed pressure on the ballast surface.

Three -plate sizes were used: 5-in.-diameter, 8-in.-diameter, and a 3-3/8 in.
by 5-7/8 in. rectangular plate. The 8-in.~diameter plate produced excessive
particle breakage. The rectangular plate gave 15% higher index values than the
circular plate. The 5-in.~diameter plate produced the most consistent results.

_Testé in a saturated ballast state gave lower index values than in a dry
state. This may be attributed to more particle lubrication aiding slipage dufing
loading. 4

The 12-in.-layer depth ofAthe container with the 5-in.-diameter plate was
selected for the majority of tests because of the least amount of influence from
the container wall and bottom boundaries. From the test results it can be seen
that the two thinner layers, 9-in. and 6-in., did have some effect ou the index
values. This condition needs to be considered in field applicatioms because the
plate results can be influenced by the underlying subgrade if the ballast thick-
ness is small enough. '

Reproducible densities were obtained for each state of compaction of the
various materials. The results indicated a strong correlation between state of

compaction and modified subgrade modulus values.
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Recommended apparatus and procedures for the field plate test om ballast

are described in Appendix C.

6.3 LATERAL TIE PUSH TEST

. Lateral tie push tests were performed in the laboratory for the purpose
of evaluating the factors that influence this test. Prior to testing, a
literature- review surveyed previous investigationms, coﬂcentratiﬁg on test
apparatus, procedqyes and proﬁlems encountered. Results were also considered
for purpose of data comparison. An assessment of these factors helped in the
development of the equipment and methods used. Two ballast types were tested,
and the research effort concentrated on factors influencing the lateral load-
displacement curves for single ties. An attempt was also made to verify the
usefulness the lateral tie push (or pull) test as a method of evaluating track
stability and track maintenance operations,

The following conclusions have been made based on the study results:

1. Lateral tie loading should be applied horizontallyvat the centroid of
the ‘tie cross-section. This is most easily done at the end of the tie.

2. In crushed limestone ballast, crib and shoulder compaction produced a '
'107% average increase in lateral resistance. With added base compaction, the
percentages in relation to the loose state were 3.3% as an average for lst cycle
loading. | »

, 3. For the slag ballast, crib and shoulder compaction increased total
resistance by an average of 207. With base compaction, the per cent increasé
Was 40.3% compared to the loose base case for chles 1 and 2.

4. A simulated old tie on a dense, crushed limestone base showed an ave-
rage increasé of 20 to 30Z for the first cycle loading as a result of ¢rib and
shoulder compaction. o | | |

5. An old tie, with a high degree of particle embeddment at the base,
shows higher lateral resistance than does a new tie. Specifically, with crib
and shoulder compaction oh a dense crushed limestone base, an old tie exhibits
25% higher lateral resistance than does a new tie with the corresponding density
- states for first cycle loading. . . |

6. In limestone, crib resistance is 5 to 6 times higher for a full loose
crib (7 in.) than a semi-filled (3.5 in.) loose crib.

7. 1In slag, crib resistance is an average of 2.4 times higher for a full

loose crib than a semi-filled loose crib.
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8. The crib ballast does not contribute to percent elastic recovery for
both slag and limestone. ‘

9. At peak displacement for crushed limestone, an approximately 1 to 1
relationship exists between base resistance and tie weight for an old tie on a
dense base, whereas for a loose base with a new tie this value is approximately
0;75. Base compéction decreases the ratio between base resistance and tie
weight to approximately 0.47.

10. At peak displacement for the slag, a 0.64 ratio exists between base
resistance and tie weight on a dense base, whereas this relationship on a loose
base is 0.34.

11. ?ercent elastic recovefy does nof correlate well with tie weight.

12. Offsetting the loading point of the 1oad jack in the vertical plane
causes significant changes in recorded load values. An offset of 1/2 in. will
change the total resistance by 3%.

| 13. Percent elastic recovery changes by 4 to 5% if thé vertical load jack
offset is 1/2 in. upward or downward.

14. The effect on lateral resistance of horizontal offset is a factor which
will not have much influence on test results. For an offset of 1/2 iﬁ. almost
no change in- load can be expected. _ , .

15. Percent. elastic recovery does not change with a 1/2 in. lateral offset
of the load jack. .

16. The base and shoulder contribute the largest components to percent
elastic recovery. ' )

17. The laboratory lateral tie push test as performeq in this study is
reproduceabie. Both load levels and elastic recoveries upon unloading show
consistent results.

The ballast placement and compaction methods used in the laboratory tests
probably pfoduced a ballast condition quite different than that existing in the
field. Thus the numerical results may differ from those that would be observedb
in field tests omn track.

In genefal, examination of the faétors influencing lateral tie displacement

" tests showed test results to be highly sensitive to ballast type, tie type and
age a1ong with procedures and apparatus. Assuming elimination of apparatus and
procedural differences, the single tie lateral tie push can probably be the most
effective method of maintenance operation evaluation. It has the advantages of

speed and mobility unlike panel lateral tie resistance tests, and results yield
similar conclusions for both types of tests. Appendix D describes apparatus and

procedures for the field lateral tie push test.
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APPENDIX A. FINAL APPARATUS AND RECOMMENDED PROCEDURES
FOR IN-SITU BALLAST DENSITY MEASUREMENT

A-1. APPARATUS

1. Surface Ring
The surface ring is the major constituent of the baliast density appara-
tus. It serves both as-a guide for excavating the hole in the ballast and
"as lateral support for the upper portion of the membrane when water is placed
in the linmed hole. . .Y . '

The surface ring has elther a c1rcular shape with a 7 1/2-in. (19.1 cm)
inside dlameter (Fig. A-1) or an oval shape with a 7 1/2-1n. (19. l cm) width -
. and a 13 1/2-in. (34.3 cm) length (Fig. A-2). Each has an upper section with
a height of 4 in. (10.2 cm) and a lower sectiom with a height of 2 in. (5.1 cm).

A 1/8-in. (0.3 cm)-diameter O-rlng is placed 1n the slot along the bottom.
surface of the upper section in order to prevent leakage of ‘the water. The

two sections are fastened firmly together by wing nuts on studs attached

to the base plate and extending to the top plate.-

2. Point Gauge
A point gauge provides an acpurate measurement of the water surface depth
below the top of the surface ring. o -
~ The point gauge consists of a l-in. (2.54 cm)-long'conical tip connected
to a micrometer. The micrometer is fastened to an aluminum cross_Bar, which

rests on top of the ring device (Fig. A-3).

3. Flexible Rubber Membrane v _

A thiﬁ membrane lining the hole in ﬁhe ballast to contain the water for
volume determination is clamped between the two ring sections. The degree
of ekpandability'of the membrane should be sufficient to -conform to the
ballast surface in the’sampling hole. A very thin, 0.007-in. (0.018. cm) thick,
high quality latex rubber sheet (dental dam) is'recémmended, For the circular
ring, the sheet must be at least 30 in. (76 ém) by 30 in. (76 cm) in size; for

the oval ring the sheet must be at least .30 in. (76 cm) by .42 'in. (107 cm).

4. Water Volume Measuring Device »
An electrically operated water volume measuring device very accurately
meters water placed into the hole and then pumps it out again. It also serves

as an immersion container for laboratory measurement of the displaced volume of
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solid ballast particles used in void ratio determination. This device is not
essential to the test, but rather it makes the test easier and faster. Alterna-
tive methods of measuring water volumé, such as the use of calibrated measuring
containers, are acceptable. '

' The volume measuring device is basically a 7 1/2=in. (19.1 cm)=-inside-
diameter, 28-in. (71.1 cm)-high, water tank equipped with electrically operated
pumps for mechanical water supply and return (Fié. A-4)., The volume of water
pumped into the sampling hole is monitored with a 24-in. (61 cm)-long satin chrome
scale with 0.0l-in. (0.025 cm) divisions, vertically mounted om an acrylic
plastic float. A cross bar on the top of the watér.tank_guides the floating
scale and provides a reference point for différential reading of water depth-.

in the tank.

5. Hole Template

A template is used to apply a plaster of paris layer on the ballast surface
to stabilize loose ballast particles around the hole and to provide smooth and
flat base for the ring device. The plastic template has either a circular or an
oval shape to fit the shape of the ring to be used (Fig. A-5). It has extended
tips around the circumference to form locking slots for the base plate of the
ring device. These locking slots prevent any accidental movement of the ring

device during testing.

6. Ballast Sample Basket

An acrylic container, with a #40 mesh screen bottom, is used to place
ballast particles in the Qolume measuring device and retrieve them again‘when
the volume of the ballast particles is measured for void ratio determination

(Fig. A-6).

7. Other Equipment
a. A wéighing scale accurate to 1 gm and with a capacity of 10 kg.
b. One or two suitable water containers with a 5~gal (4.5 liter)
» capacity each.
c. Sample bags.

d. Plaster of paris and appropriate mixing pans and tools.

A.2 PROCEDURES
The following steps are followed to measure the in-situ ballast density

using apparatus described in Section A.1l:
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1. Select the locatiom to be tested, and remove ballast particles down
to the top of the layer to be measured. Level off the exposed surface outside
the test hole location by rearranging individual ballast particles without
disturbing the ballast bed. | .

2. Seat the hole template on the prepared surface covering the ballast to
"be removed, and apply.the plaster of paris mix around the circumference of the
template (Fig. A-7a). Remove the template when the plaster of paris has hardened.

3. Seat the base plgte of the ring device and the lower rihg section on
_the prepared plaster surface. Be éure the\base plate is properly seated in the
locking slots. ‘ ‘ o _

4. Lay the‘rubbér membrane over-the bottom ring sectionm. vAlloW’enough
slack so that thé.mémbrane can'COnforﬁ fo.the voids in fhe ballasﬁ surface
within the ring when wéter.pressure isAappiied (Fig. A-7b). '

5. Place the upper4ring séction on top of the bottom section and securely
tighten the fastening wing nuts (Fig. A-7c). _

6. Fill the volume measuring tank with water, and check for anyrtrépbed
air in the system by just pumping water Back and forth. Record water tempér-
ature to check the effect of température changes on water volume during the
testing period. Record the initial water depth after the floatiﬁg scale is
stabilized. ' ' ‘  . _

7. Supply water from the volume measuring device to fill the ring to
1 to 2 in. (2;5 to 5.1 cm) from the top edge of the . upper ring section. Check
for leaks through the membramne and through the seam between the lower and
upper ring sections. Record’the final water depth in the tank. The difference
. between this dépth and the depth measured in Step 7 whep multiplied by the cross
sectional area of the tank gives the»ﬁolume of water placed in the ring device.

8. Record the depth to tﬂe water surface in the ring device using the
point gauge (Fig. A-7d). ' | »

9. Pﬁmp water out of the ring device. Then remove the upper ting and
rubber membrane, taking care not to displace  the measuring mold and not to
damage the membrane. |

10. Remove the Ballast particleslinside the ring by hand, being careful
not to lose any fine paéticles in the sample and not to leave any particles
that are moved during the excavation (Fig. A~7e). Extreme care should also be
exercised not to disturb the remaining ballast particles. V

11. Repeat Stéps 4 through 8 (Fig. A-7f, g).



FIGURE A~7. STEPS IN MEASURING IN-SITU BALLAST DENSITY
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12. Weigh the excavated ballast and record the weight. If the ballast is
wet, seal the sample immediately until it can be oven dried to determine the
moisture content. » |

13. Calculate thevvolume.of the hole (Vh) from which the ballast particles
were removed as follows:

(V2 + DZAt) - (V1 + DlAt) s

<
]

where v, = volume of water in ring device before hole is excavated,
2 : A
V2 = volume of water in ring device after hole is‘ excavated,
Dl = depth from top of ring device to, water surface-before'hble
- is excavated, . T

D2'=‘depth from top of rlng dev1ce to water surface after hole
is excavated, and :

cross-sectional area of water in ring.

x>
]

t .
14, Calculate the in-situ ballast density Qyn) by dividing the ballast

weight by the sample hole volume.

A;3 VbID RATIO AND SIEVE PROCEDURES

The following procedures are used to determine in-situ void ratio and
ballast partlcle SlZe distribution:

1, Fill the water volume measuring tank up to about mld ~height, and check
for any trapped air. '

'2.7 Immerse the ballast basket into the water, and record the initial water
depth after the floating scale has stabilized. i

3. Re-weigh the entire ballast sample removed in forming the hole.

4. Place the ballast samples into the basket while keeping the basket
1n31de the tank.- Be careful not to lose any ballast particles.

5. Fully immerse the.basket with ballast particles and.stlf ap‘the water
several times to extract any'air'bﬁbbles trapped between ballast particles.

6. Record the fiﬁal water depth when the fldating'scale has stabilized.
The change in water depth multiplied by the tank cross-sectional area is the
apparent volﬁme of ballast.partieles. This volume will be in error by the
amount of water absorbed by the ballast particles after immersion. The absorp-
tion depends on the material composition as ﬁell as the amount of water already
in the particles. 1In many cases, even if the ballast is dry, the water absorption
by the particles will be small enough to neglectr |

7. With the sample still inside, drain the water out of the device.through



a #200 washing sieve to collect the minus #40 particles.

8. Flush the tank by adding more water and pumping it out at a fast rate
to remove any fine particles in the system, including those adhering to the
coarse particles. Continue until the draining water is clean. Occasional
stirring up of the ballast particles will help.

9. Remove the ballast particles, both in the basket and in-the #200
washing éieve, and oven dry. ' .

10. Measure the oven~dry weight of the.samples, and perform the sieve
~analysis by conventional procedures. o

11. Calculate the in-situ void ratio (e) by

_.Vh - Vs
e ='—F ,
s
where Vh = volume of sample hole, and
A = volume of ballast particles.
12. Estimate the particle specific gravity (G,) by : ' .
C - (]‘ + e)'}’d : ’ : . - R
s~ ’ ' '
Yuet
where -+~ e ' = measured voidvratio,
Y4 = measured dry ballast density, and
Vet = unit weight of water.

Compare the above calculated specific gravity with the specific gravity’

measured according to ASTM C-127,
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APPENDIX B. RECOMMENDED REFERENCE DENSITY TEST
' FOR BALLAST MATERTALS

B.1 APPARATUS

1. Compaction Mold
The compaction mold has an internal dlameter of 12 1n., and a height of

12 in. (Fig. B=1lb). The volume is 0.785 cu ft.

2. Compaction Hammer

Compagtion is accomplished with a manually-operated impact hammer (Fig. B-la)
havingva 2 3/4-in.-diameter circulgr face, tipped with a rubber cylinder and
weighing 7. 8 1b. The rammer is equlpped w1th a sultable gulde sleeve to control
the height of drop to a free fall of 17 in. above the elevatlon of the surface.
~of the ballast sample. The guide sleeve has at least four vent holes not
smaller than a 3/8-in. diameter,'spaced 90 degrees apart and 3/4 in. from each
end and provides sufficient clearance that free fali of,the rammer shaft and

head will not be restricted.

3. Volume Measurlng Devices

The probe method for ballast volume measurement (Fig. B-2b) uses a metal
rod of 1/4-in. diameter and B;in. length,.graduated in 0.01 in. divisions. A 12-in.-
diameter plate with 33 probe holes uniformly distributed over the entire.
section area is used to locate the position of probe measurement.

b. Cover Plate .

A rigid, l2-in.-diameter plate fitting into the compaction mold with a -
slight clearence is qsed in an alternative method of volume determination
(Fig. B-Za){ On the top of the plate, a handle and at least four vent holes
‘having 3/8-in. diameter and‘spéced 90 deg. apart have to be provided. (

c.. Rubber Membrane

A membrane is used for the volume determination by water replacement
(Fig. B=2c). The membrane should be very thin and have satisfactory expand-

ability. A 0.007-in.-thick rubber sheet is recommended.

4. Supporting Equipment )
a. A balance or scale of at least 20 kg capacity, sensitive to 0.1 gm.
b. A container of 1l cu ft caﬁacity for water.

c. Ruler, sample pan, scoop, and graduated cylinder.
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B.2 TEST PROCEDURES FOR UNCOMPACTED SAMPLES

1. Sélect a representative sample bf about 1 cu ft. Then oven=dry the
sample and let it cool. }

2. Thoroughly mix the prepared sampie, using a scoop.

3. Loosely place the_ballast into the sample container in a uniform
manner by gently pouring the ballast from the scoop with a minimum height
of fall. Move the scoop in a spiral motion from the outside of the countainer
toward the center to form a uniform density without particle segregation.
Continue this prbcéss until the container is approximately 807 full.

4. Level the surface of the ballast in the container by filling any
large voids andiby.rémoving any particles which project out too much.

5. Measure the volume of the ballast sampie in the container, using the
volume determination procedures descriﬁed in Section B.4 of this appendix.

6. Remove and ﬁeigh the béllast in the container.

7. Rebeat this test at least once more. The average of all of the tests

~

run is uséd as the bulk density of the uncompacted sample.

B.3 TEST PROCRDURES FOR COMPACTED SAMPLES

1. Re-use the sample from Section B-2.- Thoroughly mix the'sample, using
a scoop.
2. Loosely place the ballast into the sample container in a uniform
layer of approximately 4 in. thick, by gently pouring the ballast from a scoop
with a minimum drop height, Move the scoop in a spiral motion from the out= ;
side . of the container towafdrthe center to form a uniform layer without particle
segregation. _ A . _ . o
3. Compact the loose layer of ballast by delivering a specified number
6f blows from the impact hammer. For each blow, allow the rammer to fall freély
from a height of 17 in.; and evenly distribute the blows over the surface of the
sample. The suggested number of compaction blows are either 10, 20, or 40 per
layer. ‘
4. Repeat steps 2 and 3 for the next two layers. When completed, the
sample should fill about 80% of the container depth.
5. Level the surface of the ballast in the container by filling any
large voids and by removing any large particles which project out too much.

6. Measure the volume of the ballast sample in the container, using
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volame determinatfon procedures described in Section B.4.

7. Remove and weigh the ballast sample in the container.

8. At least two tests shoul& be made for each compactive effort. The
average of the tests performed is taken as the bulk density of the compacted

ballast for the partlcular compactlve effort.

B.4 SAMPLE VOLUME DETERMINATION

- Three alternative methods are provided to measﬁre the volume of the
ballast sample in the container when the container is filled to about 807% of
its volume. These are designated the plate cover method, the probe method,

and the water replacement method (Fig.'B-Z)a

1. Plate Cover Method'
a. A cover plate is placed on the top surface of the sample in the

‘"mold, and the distance from the top edge to the plate cover is measured in

at least four positions equally spaced apart along the c1rcumference of the -

mold
b. 'The average height of the ballast sample in the mold is obtained

by subtracting the"average dietance measured in step a.plus the plate thick=-

ness from the inside depth of the mold. o
c¢. The volume of'the ballast sample is calculated as the average height

of the sample times the inside cross-sectional area of the mold.

2. Probe Method

a. A probe plate with guide holes is firmly set on the top of the pold.

b. The distance from the bottom surface of the plate to the ballast
particle surface dlrectly beneath the hole locationis measured by inserting
- the probe through each probe hole. ' -

c. The average height of the eample in the mold is obtained by sub-
tracting the average distance determined in step b. from the inside depth of
the mold. ‘ v h

d.- The volume of the‘sample is equal to the average height of the sample

times the cross-sectional area of the mold.

3. Water Replacement Method
a. A plastic membrane is laid loosely over the top surface of the ballast
sample so that it is in as close contact as possible with the inside of the

mold and. the ballastvsufface.
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b. The depression in_the membrane, is filled with water to within 1 or 2 in.
from the top of the mold.
c. The volume of water added and the distance from the top edge of the
mold to the water surface are measured in at least four poéitions equally ' N
spaced apart along the circumference of the mold.
d. The unfilled volume between the top edge of the containgr and the
ballast surface is determined from step c., and then the volume of the ballast
sample in the container is obtained by subtracting this volume from the

container volume.
' pe

B.5 CALCULATIONS

1. Compactive Effort and Density ' . . .
Calculate the éompaction effort and bulk density of the comﬁacted ballast
sample for each trial as follows: ' '
3WrDN '
E = s (B-1)

\'

and , _ ’ : _ ' -

Y = v b C - (B—Za) . . IS

Y = V_S._ 3 ' (B-Zb)

7wx“ ' v s “ g ' | » - (B=2c)

E = éompacting effort (ft-lb/cu ft),
= bulk density of a ballast sample obtained from using

the probe method, the plate cover method, or the

water replacement method, respectively (lb/cu ft),
\ v -,V = Volume of a ballasﬁ sample determined from using the probe
methed, thé nlate cover method, or the water replacement
method, respectively (cu £ft),.

W _ = weight of sample (1b),

W = weight of hammer.(lb),

152



D = free fall distance of hammer (ft),
= number of blows per layer,
VC = ballast sample volume in container corrected for

container boundary effects (cu ft).

2. Ultimate Deunsity

The sets of values of bulk density and compactive effort from the refer-
ence densityétest are plotted in the form given by Fig. B-3.  The data are
assumed to fit the hyperbolic form of Fig. B-3a which may be plotted in linear
form using the coordinates of Fig. B-3b. A straight line is fit through the
points in Fig. B=3b, either by eye or least squares curve-fitting methods. The.

ultimate density is calculated by the relationship

'}’Iu]_t = —I]).-+ yo ' ] A v - | (B-3)
' 1
where
b = slope of the line in Fig. B-3b,
Yo = uncompacted density when E = 0.
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APPENDIX C. APPARATUS AND RECOMMENDED PROCEDURES
FOR FIELD PLATE LOAD TEST

'C.1 APPARATUS
1. Load System

The assembled apparatus for the plate load test is shown in Fig. C-1.
Each component will be described in detail and its function will be
’explained in this iPpendix. The presentation is subdivided into the two

categories representing the two main components: 1) the load system in-
cluding the reaction frame, hydraulic jack and electricalfload cell, and 2)
the deformation-system 1nclud1ng a mechanical dial gage electronicbdis-
placement transducer and supporting apparatus

a. Load Bearing Plate

‘A circular steel bearing plate (Fig. C-2) having a 1-in. (2.54 cm)
thickness and a 5-in. (12.7 cm) diameter is used to apply the load to the
ballast. The plate is seated on a thin layer of plaster of paris covering |
" the ballast surface at the test spot.' The plaster ensures a level plate
- and distfibutes the load more uniformly.over the ballast surfaée. The bear-
ing plate has'a;hole reéessed in the center that is 1—9/16‘in.'(4.0 cm) in
diameter and 3/16 in. (0.48 cm) deep to receive the displacement referencé
block.

b. Displacement Reference Block

A displécement refergnée block, seated in the recessed hole on the load
’ bearing plate, establishes a reference point for measuring the average plate
Vertlcal displacement. | o ' '

The dlsplacement reference block is a partially slotted steel cyllnder
of 1-1/2-in. §3.8 cm) diameter and 2-3/8-in. (6.0 cm) height (Fig. C—o). The.
lower section which is 141/2—in.'(3.8 cm) high, contains a 5/16-in. (0.8 cﬁ)
wide slot 1 in. (2.54 cm) deep. At midheight of this section, a 1/8. in.
(0.32 tm) diameter and 1-1/2-in. (3.8 cm) long brass rod is press fit through
a hole, which is perpendicular to the slot and traverses through thé
exact center point of this lower section. The brass rod is called. the de-
formation reference pivot. The uppéf'sectioh, which is 7/8 in. (2.2 cm)
'high, is firmly fastened to the lower section by four 1/8-in. (9.32 cm) dia-

meter countersunk flat head screws. The top surface of the upper scction is
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machined to a concave shape for seating the load cell.

c. Load Cell .

An electrical load cell gives a continuous reading of the load applied
to the ballast during cycles of loading and unloading. The load cell must
have sufficient capacity for measuring the maximum expected applied load
(10,000 1b or 4500 kg). Input voltage to the load cell is supplied by an
appropriate power source and the output signals are recorded on the Y-axis
of a compatible X-Y recorder.

» The load cell is rigidly fixed to the»moving piston of the hydraulié
load jack in coaxial alignmeﬁt. The length and diameter of the load cell
must be such that the unit will not interfere with free movement'within'the>i
load jéék assembly suppoft frame. The load cell used with this apparatus is
shown in Fig. C 4. '

d. Hydraulic Load Jack

The hydraulic load jack is used to apply a vertical load to the bear-

ing plate. The piston and moving head may be advanced or retracted at the
proper deformation rate by either a manually or an electrically operated
hydraulic pump. The hydraulic pump is equipped with a calibrated fluid
presspfe gage to yisually indicate the magnitude of the applied load and
élso'to serve as a check on the load response of thenload cell. The load
jack, hydraulic pump and the attached hoses and connections must have suffi-
cient capacity for applyihg the maximum desired load_to'fhe ballast. The
 load jack used with this apparatus is shown in Fig. C-5.

The upper fixed'ehd«of the load jack 1is fittéd with an appropriately
sized steel base plate with a hemispherically shaped bearing tip protruding
from the free end of ﬁhe<baseiplate aﬂd located at the center of this plate.
This bearing tip allows small rotations of the hydraulic load jack duriﬁg
.testing or small misalignments during the assembly of the components. The
bearing tip is fastened by aAscrew and set into a counter sunk hole in the
| bottom of a thrust plate (Fig. C-7) which is a portion of the load instru-

' mentatlon support and reaction frame.

e. Spacer Cylinder

A spacer cylinder (Fig. C-6) is inserted between the load cell and the
moving head of the hydraulic jack in-order to lengthen the assembly to reach

the ballast at the bottom of a tie. The spacer is composed of a 6-in.
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(15.2 cm)-long steel pipe section with a 2-3/4-in. (7.0 cm) diameter and
3/8-in. (0.95 cm) wall thickness. At each end is welded a 1/2-in. (1.7 cm)-
thick steel bearing plate having a shape compatible with the connection
between the load cell and the moving head of the hydraulic jack. The spacer
cylinder is rigidly fastened to both units. The end bearing plates also
must be parallel with each other and perpendicular to the load jack piston
axis. The length of the pipe section depends upon the stroke of the load
jack, the lengths of the load jack and load cell and the needed vertical
spacing. ’ "

f. Load Jack Support Frame

The load jack support frame (Fig. C-9):serves the dual purpose both of
holding the hydraulic load jack and load cell assembly and also of trans-
ferring the applied load from the bearing plate to the structural load frame.
This support frame must have a structural capacity equivalent to the maxi-
mum loads expected for the load jack and load cell.

Four 1/2-in. (1.27 cm)-diameter threaded steel rods in a rectangular
array, connect the thrust plate (Fig. C-7) and a jack support plate’

(Fig. C-10). The rods must have a minimum léngth of 6 in. (15.2 cm) plus
the depth of the structural section of the structural load frame. In this’
apparatﬁs the rods were 13-1/2 in. (34.3 cm)-long. The thrust plate is
secured by 8 nuts at one end of the four rods. Slotted holes in this plate
make the frame assembly easier. A 1/4-in. (0.64 cm)-diameter bolt through
the center of the thrust plate into the bearing tip supports the weight of .
the hydraulic jack when the jack is not loaded. ‘

g. Reaction Plates

The reaction plates (Fig. C-8) are held together by a pair of springs
to prevent slippage from the rods in the frame. The location of the re-
action platés is set so that the distance to the roller bearings on the »
,suppbrt pléte is equal to the depth of the structural load frame. The re-
action plates are completely adjustable in the field once the entire
hydraulic load jack assembly is inserted between the structural sections of
the structural load ffame.

h. Jack Support Plate

The jack support plate (Fig. C-10), located immediately below the thrust
plate, performs the following functions: a) for vertical adjustment of the

hydraulic load jack assembly to the proper height above the displacement
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reference block, b) as a partial lateral brace for the load jack, c) to make
the load instrumentation support and reaction frame a rigid unit, and d) with
" the four roller bearings, the entire assembly can easily by moved along the
length of the structural load frame to allow for proper positioning.of the
load cell over the displacement reference block (Fig. C-3). ‘The support
plate is all steel construction and essentially consists of two halves of

a square plate 1/2-in. (1.27 cm) thick connected by two 3/8-in._(0.95 cm) -
diameter and 7-in. (17.0 cm) long bolts. When the two halves are joined,
the plate has a hole in the center 1/16 in. (0.16 cm) larger than the out-
side diameter of the load jack and four holes set to the proper spacing for
the threaded rods of the load support frame; Also mounted at the edges and
near the corners of the plate are four 3/4-in. (1.9 cm)-diameter roller'
'beérings, with a track width equal to the center-to-center distance between '
the two structural members of the structural load frame.

i. Structural Load Frame

The structural load frame provides the mechanism through which a suffi:“'
cient dead weight will produce the desired reaction for the plate load
applied to the ballast surface.: The dead'weight reaction is supplied by the
weight of the track structure in the vicinity of the test zone. Howevef,

- in addition, a track vehicle should be located as close as possible to the
test location to provide additional dead weight reaction to the track. High
upward forces applied to the track by the PLT apparatus might otherwise
cause track buckling. The frame must have sufficient capacity to resist the
expected applied maximum loads. "

The two basic components which comprise the frame are steel structural
sections (Fig. C—il) and rail clamps (Fig; C-12). ,

The two structural sections shoﬁld have avlength of 8 ft (244 cm) and
be spaced apart at a distance of 3/4 fo 1 in. (1.91 to 2.54 cm) greater than
the distance to the outsides of two threaded rods in the jack support frame.
This later feature aliows for propér positioning of the load cell over the
displacement reference block in the direction paraliel to the rails.

Two rail clamps are attached’to the structural sections by 1/Z-in.

(1.27 cm)-diameter threaded steel rods passing through the rail clamp pressure
plates. The separafion of the rail clamps is equal to the distance between
the centerlines of the two rails. The threaded rods are fastened to the

structural sections. The length of ‘the pressure plate is cqual to the
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distance between the structural sections,while the rail clamps are i/8-in.
(0.32 cm) smaller in total width. A rail clamp is forced against the under-
side of the rail heads by tightening the pivotal adjusting screw. This will
restrict vertical and horizontal movements of the frame relative to the
rails. The frame is desighed for standard track gage and can be used on
standard rails. Difficulty will arise in using these rail clamps at joints
in bolted track.

2. Deformation System
[ 4

The deformation support system ensures proper support and alignment of
the dlsplacement 1nstrumentat10n with the deformatlon reference pivot in the
dlsplacement reference block. The follow1ng are the components of the de-
formation support system. '

a. Deformation Reference Beam

The deformation reference beam and support-pivot arm are the key
elements of this system (Fig. C-13). The 7-3/4-in. (19.7-cm)-long, 3/8-in.
(0.95 cm)-deep and 1/4-in. (0.64 cm)-wide aluminum reference beam is notched
at oné.end.' This notch is inserted the full distance of the slot underneath
the deformation reference pivot in the displacement reference block. Thus, the
center point of the reference pivot is located 1/4-in. (0.64 cm) from this
end of the beam. Fastened at the other end of the reference beam is an
- aluminum reference plate with a recessed seating hole to accommodate the
piston of the displacement gage. - In the center of the beam is a 1/8-in.

(0.32 cm) diameter pivot pin, which is press fit into a notched magnesium
(option aluminum) pivot arm. The beam rotates freely about the'pivotipin,
but is restricted from movément in any other direction. The exact distance
from the center of the pivqt pin to the center of the seating hole is
3-1/2-in. (8.89 cm) and equal to the distance from the center of the pivot
pin to the center of the deformation reference pivot in the reference dis-
placement block. Thus, a directvmeaéurement of displacement is obtained.

The length of the reference beam was deperﬁined to be the minimum acceptable
length such-that the deformation system would not interfere with the load
system. The notch in this beam always maintains contact With the reférence
‘pivot since added weight is applied at the other end by the seating plate and
force from the spring in the disPiacement gage. Measured displacement read-
ings are acceptable if the load bearing plate does not rotate more than 5 deg

during testing.
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b. Deformation Support Beam

The deformation support beam (Fig. C-14) both supports and correctly
aligns the displacement gages with the deformation reference beam. The pivot
arm must be perpendicular to the support beam. The support beam consists
of 1-in. (2.54 cﬁ) square steel telescopic tubing 22-1/4-in. (56.5 cm) long
with a i/4=in.‘(0.64 cm) steel plug at one end; which has a threaded hole
for the support pivot'arm'bolt. On the top of the tube section at 3-1/2-in.
(8.89 cm) from the plugged end is a 1/24in. (1.72 cm)-diameter hole for the
displacement gage pistoﬁ'to pass through. A steel slide plate, which is
1/8-in. (0.32 cm) thick by 3/4-in. (1.91 cm) wide and 8-in. 620.3-cmj long,
is welded 1/16-in. (0.16 cm) from the edge and perpendicular to the top of
the tubing. The plate is mouﬂted 2-in. (5.1 cm) from the plugged end and is
used to adjust the displacement gages on the support track for the'proper‘
vertical height.. '

c)- Support Beam Slide and ‘Level

The support beam slide and level (Fig. C-15a) is fastened to the bottom
of a camera‘tripod.by a singlevbolt and is used for lateral adjustment of
the deformation support beam with respect to the displacement reference block.
_ The slide is a éteel tube 1-in. (2.54 cm) square on the inside. This permits
free‘mqvement of the support beam, which has the same dimensions. Once the
.support beam is in position, a thumb screw lock secures the beam to the beam
slide. A 2—in.'(5.l cm) by 3-in. (7.6 cm) steel plate is welded to the top
. of the beam slide to hold bubble level in order to insure that the>defofmation
system is level. The distance from the camera tripod connecting bolt to the v
load area of the plate is roughly 8 to 10-in. (20.3 to.25;4 cm). The
laterai or vertical movements of the ballast particles at this distance
during loading of the bearing plate are not expected to be significaﬁt.

d. . Support Beam Counter Weight

The éupport beam counter weight (Fig. C-15b) is used to keep'the center
‘of gravity of the deformation system near the camera tripod connecting bolt.
A piece of solid steel bar stock is welded to a 3-in. (7.6 cm)-long piece
of steel tube the same as the bar slide. This 2.6 1b (1.18 kg) weight
slides on the support beam on the opposite side of the support pivot arm and
displacement gage. Once equilibrium is reached, the weight is.secured'in
place by a thumb screw..

e. Camera Tripod

A camera tripod used to support the-cntirce deformation system is equipped

170



TLT

' IZ SQUARE
TUBE

e 2" ]

SRR MR —

/TRIPOD

ATTACHMENT

HOLE

—I“
58

~BUBBLE LEVEL

Y

e

= e e . e e e e e - o

WELD
N

a) SLIDE AND LEVEL

FIGURE C-15.

-Mo:=
)
3
N —

3

L
2

—>

SCREW

-.—_

2“

ot

-« SOLID BAR
STOCK

e . " — - - -

¢I!mm:

b) COUNTERWEIGHT

SUPPORT BEAM COMPONENTS

- | -

'll
4 SQUARE

TUBE.

\— LOCK SCREW



with adjustments for aligning and leveling the system. The tripod stands
approximately 8-in. (20.3 cm) high when the three legs are fully opened. .
In the center of the tripod is a notched rod 8-in. (20.3 cm) long, which

is connected to the support beam slide. A small hand crank moves the rod
verticélly. The camera tripod must be of the type that the camera mount
pivot may be remounted at the bottom of the vertical adjustment rod for
attachment to the support beam slide. When the proper height is reached,
i.e., when reference beam is at the samé elevation as the bottom of the
reference pivot, the rod can be secured by a lock screw. At the bottom of
the rod and fastened directly to the beam slide is a ball bearing connected
to another lock screw. This feature allbws'for small.rotations of the de-
‘formation system in the plane nearly'perpendicular to the_verticél adjust-
ing rod.suéh that the system can be leveled. The vertical and rotational
adjustments should be performed together in order to position the

reference beam nearly level, but preferably 0.15 in. (0.38 cm) danward
from horizontal at the seating plate. This condition is desirable since

it will optimize the rotation of the reference arm by allowing the minimum
horizontal displacement at either end of the reference beam due to rotation.

f. Support Beam C-Clamp Lock

<

The support beam c-clamp lock (Fig. C-15c) clamps the deformation
support beam to one leg of the camera tripod. This provides for a more
stable and rigid deformation system and.prevents pqssiBle rotations due to
fasteners or connections not tightened securely.

g. Displacement Transducers

~ An electronic displacement transducer provides a continuous displacement
response of the plate during loading and unloading. The transducer must have
sufficient travel (preferably 1 in. or 2.54 Cm). Input voltage to the
transducer 1s supplied by an appropriate power source and the output signals
are recorded by a compatible X-Y recorder. - The proper attachments should
be fabricated to suitably connect and align the displacement transducer with
the dial indicator piston. | v

A dial indicator is used to provide a means of calibrating the
electronic transducer and also provide a visual check on the displacement
during the piate'loading. The indicator is graduatéd in units of 0.001 in.
(0.00254 cm) and is capable of recording a maximum deflection of 1-in.

(2.54 cm). The mechanical spring loaded pistoﬁ should move freely and be
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suitably connected to the electronic d15pla¢ement transducer. The piston
should also have attached a brass displacement calibration lever (Fig. C-16),
which has a lever length of 3/4-in. (1.91 cm).

 h. Displacement Gage Support Track

The displacement gage support track rigidly'attachés and aligns .the
displacement gages such that their pistons freely move (Fig. C-16). The

dial indicator is bolted and the displacement transducer is securely

“fitted with a retainer clamp conforming to the shape of the transducer. The

track is a l-in. (2.54 cm) magnesium angle section with one leg notched
1/8-in. (0.32 cm)-wide and 1/2-in. (1.27 cm)-deep for the full length of

the section. The lquth should be sufficient to agcommodate the sizes of
displacement gages used.w The dial indicator should be poSitionedAon the-
gége support track such that reading can easily be recorded.: The deforma-
tion system is placed between the structural sections of the structural load
frame, which may interferé with obfaining,the readings. The notched leg -

fits tightly to the slide plate of the deformation support beam and the

" track can-be vertically positioned to align and set the gage piston within

the seating hole in the reference beam. Lock screws secure the track to the

slide plate once positioning is completed.

3. . Other Equipment

The following other essential material and eQuipment is needed:
a. Plaster of paris and appropriate miking pans and tools.
b. Bubble level to adjust plate orientation.
X-Y recorder for load and displacement.
‘ d. Suitable powef supply for instrumentationL

e. Track car to carry apparatus and instrumentation box. -

C.2 FIELD TEST PROCEDURES

The following steps are involved ‘to measure the in-situ ballast plate

" load resistance using apparatus described in section C-1:

1. For tests on the tie bearing area, carefully remove all the ballast
in both adjacent cribs for the full depth and length of the tie. Carefully
remove the spikes, tie plates and rail anchors such that minimal disturbance

to the tie occurs. Rail jécks may be placed in the next adjacent full crib

-175



FIGURE C-16.

RS
\ o lll =
[ '{—
|
'MAGNESIUM TRACK ——> !
A : !
[}
1
§
]
“ '
9 |
|
I
]
1
!
DIAL INDICATOR H {
0.00! IN./DIVISION, i
" TRAVEL \ : !
) {JA)
- {
7
i
'CALIBRATION LEVER 8" :
WIRES FROM BOTH — i
EXTERNAL POWER . {
SOURCE AND X-Y A !
uaiy '
L— 350'L :
FCH P[]
TRACK LOCK SCREW ! S LY .;ﬂ
H
D.C.D.T. ALUMINUM DCDT. \
o Hl-r' RETAINER CLAMP !
BRASS DEFORMATION =l ) S ¥
PISTON FOR D.C.D.T. ——=
AND DIAL INDICATOR
|
FRONT SIDE

DISPLACIMENT TNSTRUMENTATION MOUNTLED
ON DISPLACEMENT GAGE SUPPORT TRACK

L74

NI
KCD
[e]
r
“i



not to be tested to raise the.fail. Carefully remove the test tie with
tongs such that minimal disturbance occurs to the baliast bed under the tie
and to the crib selected for testing. No removal of track components is
necessary for tests in the crib'providing that the deformation system 1s
positioned in the crib. If the deformation system is-position on an adjacent
tie, then the rail spikes must be removed from both ties adjacent to the
crib designated for testing. |

. 2. Select the center of spots to be tested in the crib and under the
tie. These might be the center of the track and 5 to.8-in. from the rail
base on the 1n51de and out51de of the rail. Mark the location on a draw1ng
‘Identify each rest plate with a number from the data sheet.

:3. In the crib remove any high ‘ballast partlcles 1n the plate seat-
ing area in order to achieve as level a surface as p0551b1e. Under the tie,
removal of partieles is not necessary. . .

4. Mix 6ne pound of plaster of paris with two pounds of water and
spread thinly over the plate seating area.

5. Place the 5-in.-diameter load bearing plate on the plaster of paris
and level the plate with a bubble level. Trim and remove the excess pléster
-of paris from around the circumference of the plate. Wait 15 to 20 minutes
-for the plaster to set. The resulting thickness of the plaster of paris
between plate and ballast particles should>5e approximately 1/8-in.

6. Place PLT structural load frame'on the rails in a position
straddling the plate.

7. Record the position coordinates of the test plate with reference
to the rails and adjacent ties. All measurements should be made within
1/8-in. (0.32 cm). The load frame may-be_used ae a reference datum for
~elevation measurements, | -

8. Insert the hydraulic load Jack assembly in the PLT frame over the
'test'piate. In the case of PLT tests under the tie, a 7—in. spacer disc is
first inserted betWeen the load jack and load cell.

9. Place the displacement reference block on the load bearing plate.

10. Use the hand pump to move the load cell such that contact is nearly
made with the concave seat in the displacement reference block.

11. Adjust the structural load frame_dnd the hydraulic load jack frame
so the-loading'piston is above the center of the reference block. Tighten
the nuts for the reaction plates; alsn, the rail clamps on the structural load

frame.
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o 12. Set up the camera tripod with the deformation system on level
ballast or on a tie plate placed on the ballast to give a firm foundation.

13. The displacement instrumentation mounted on the gage support track
can then be aligned and attached to the slide plate on the deformation
support beam. Temporarily seat the piston in the hole on the reference
plate. Level the deformation system by using the adjusting lock screws on
‘the camera tripod. Adjust the deformation system until the reference beam
can be inserted properly in the slot and under the deformation reference
pivot in the displacement reference block. The displacement gages should be
positioned such that there is approximately 3/4-in. (1.91 cm) of. travel
available. - _ ) |

14. Attach the related cables for the load and deformation systems to
the appropriate input lines on the recorder and to the appropriate external
pOwer sources. |

15.. Inscribe X and Y reference axes on the graph paper, when it is
properly positioned and attached to the recorder. Record the date, air
temperature and test number on the graph paper and on the data sheet.

16. Record several calibration traces for each load and displacement
on the X-Y plotter. For displacement calibration, first set the dial
indicator on a zero reading. Use the displacement calibration lever on
the dial indicator piston and move the lever upward to the full displace-
ment calibrafion distance. A value of 0.2-in. (0.51 cm) is suggested.
Record the calibration displacement value on the graph paper. Load cali-
bration éan best be done electricélly° ' | »

17. The recorder pen may now be conveniently positioned -on the graph
paper to record the load-displacement curve. Mark the origin point on the
graph paper.

18. Use the hydraulic hand pump to move the load jack and also the
load cell until the loading piston is nearly in contact with the seating‘-
hole in the displacement reference block.

' 19. Record initial hydraulic jack system pressure, initial deformation-
dial reading, and the cycle number.

20. With the hydraulic hand pump, displace the piston at a constant
deformation rate of about 0.25 in./min. until 0.3-in. of displacement is
reached. At this point, simultaneously record peak hydraulic jack pressurc,

and displacement reading from the dial indicator.
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21. At the instant peak displacement is reached, unload the plate at
approximately the same rate as.in loading. When the plate is completely
unioaded, but with the loading piston nearly in contact with the plate,
record the dial indicator reading.

22. Perform additional cycles of plate loading to the same peak
pressure as in the 1lst cyclé. ‘Use the same test prdcedure and record
the same load and deformation values. The:rebound—displacement point of
the previous cycle on the graph paper may be used as the origin point, for
the next loading cycle plot. '

23. Record any unusual test condition such as excessive plate rotation,
particle degradation, amount of fine ballast material, degree of saturaQ
tion of tie ballast, or problems encountered during testing."> |

24. Use the load and displacement calibration signals to properly scale
the axes of the recorded load-displacement curve. Then complute all
desired strength.indices for‘tﬁe first cycle of loading only, such as:
Ballast Bearing Index (BBI), Modified Ballast Bearing Ipdex'(BBIk),

Modified Resilient Modulus (Erm), Modified FModulus of Deformation (Em)’ and

. N _ :
/ Er = (.%T:‘_ \ IQO , (C-1)
c,) '

. the percent Elastic Recovery (E.) as

~

WhereAAL and /\; are recoverable and total deformation, respectively, per

T

cycle (in.). . For each additional cycle, compute only Erm’ ﬁm and Er'
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APPENDIX D. APPARATUS AND RECOMMENDED PROCEDURES
FOR FIELD LATERAL TIE PUSH TEST

D.1. APPARATUS

The assembled apparatus for the lateral tie push test is shown in
Fig. D-1. Each component will be described in detail and its function
will be explained in this appendix. The presentation is subdivided into

two categofiés: 1) the load system, and 2) the deformation system.

1. Load System

a. Serrated Seating Plate Assembly

The serrated seating plate assembly (Fig. D-2) insures good seating,
uniform load distribution and prevention of load cell slippage during test-
ing at the tie end. The assembly fits over the load cell and is fastened
to the load cell attachments on the moving head of the hydraulic load
jack. The plate also serves as a vertical adjusting guide for centering
the hydraulic load jack assembly at the tie end. |

The key.component is a 1/2-in. gl.27 cm)-thici aluminum serrated
seating plate 5 in. (12.7 cm) squaré. The plate area covers a sufficient
portion of the end area of most standard ties. The non-serrated side of
the plate has a centered seating hole of the same shape as that of the
PLT displacement reference block to fit the load bearing piston of the load
cell.

The serrated plate is connected at the edges by four springs, which
are fastened to 1-1/2-in. (3.21 cm)-long eyebolts in a 1/4-in. (0.635 cm)-
thick aluminum annulus 6 in. (15,24‘cm) in diameter. The annulus has an
internal radius to fit the load cell radius and the mating connector. The
springs should have a low stiffness and the length is a function of the
load cell height. This length is flexible since the eyebolts are used for
adjustment to provide a 10-1b (4.54 Kg) force necessary to maintain contact
between the serrated plate and the load cell bearing piston.

b. Load Cell v |

The load cell is the same as described for the PLT in Appendix C.

c. hydraulic Load Jack Assembly

The hydraulic load jack asscemilv is the <ame as described for the PLT in
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‘Appendix C. However, the lateral jack support plate and the vertical

adjusting plates in Fig. C-6 are described below rather than in Appendix C
because they are used just for the LTPT. A |

The lateral jack support plate (Fig. D-4) ensures that the hydraulic
load jack assembly maintains a horizontal position parallel with the
structural load frame. This plate is necessary; since the load instru-
mentation is fully supported at one end by thrust and pressure plates and

partially supported by the reaction plates near the midpoint of the load

- jack. The lateral jack support plate is placed on the two bottom threaded

rods of the hydraulic load jack assembly and positioned under the outer load
Jack cyllnder nearest to the moving head. This plate consists of-a 1l-in.

(2. 54 cm)—w1de aluminum bar stock with length and thickness dependent

upon the dimensions of the load jack and the load instrumentation support
and reaction frame. The top of the plate is inscribed with a seat having

a radius equal to the outer load jack.cylinder radius. On the opposite face.
are two seating grooves spaced to fit onto the threaded rods.

The vertical adjusting plates provide the means for raising or lower--

. ing the hydraulic load jack assembly so that this unit may be aligned

pérallel with the tie centerline. These'plateskare located nidway between
the pressure and reaction plates and opp051te the two threaded rods with
the lateral jack support plate. Two 3/8-in. (0.95 cm) thlck steel plates
are required (Fig. D-3). The length and width of the plates are again
dependent upon the size and spacing ofithe“threaded rods. Allen set screws
secure .the adjhsting plates to the threaded rodstat a l/’éin. (1.27 cm) -
spacing. The center of each piate has a l/2-in. (1.27 cm) diameter hole in
order to accommodate the connecting bolt for the vertlcal adJustlng screw
mounted in the L-frame.

'd. Structural Load Ftame

The structural load frame is the same as deseribed for the PLT in
Appendix C, except for the L-frame attachment (Fig. D-5). The L-frame pro-
vides support and reéction for the hydraulic load jack assembly, utilizing
the track structure as an anchor. The.L—frame consists of two 15-in.

(38.1 cm)-long structural steel sections similar to those of the structural .
load frame and spaced at the same distance. The load jack assembly is as
mobile in the L-frame as in the structural load frame. Transfer of the

assembly is easily accomplished b removing the two steel reaction platcs.
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The steel sections are welded at the top and bottom to 1/4-in. (0.635 cm)-
thick steel plates. In order to securely fix this attachment with the load
frame, steel support plates welded to the top of the structural sections
are located and dimensioned so that the L-frame may be snuggly inserted
between the flanges and perpendicular to one end of the structural load
 frame. Also, two 1/2-in. (1.27 cm)-diameter steel rods with a length equal
to the width of the load frame are inserted through‘closely fitting holes
bored in the same locations in the support plates at the end of the load
frame. These rods provide the shear and bending resistance for the antici-
pated lateral tie loads so that the "hydraulic load jack remains parallel
to the tie center. line ‘under load. '

The L-frame should adequately accommodate the hydraulic load Jack
assembly with adjustments so that the system can easily be adapted to
track systems having various rail heights, tie plate thicknesses, and tie
depths. The frame is also designed for standard‘S-l/Z—ft (259 -cm)-long
ties, but the load jack assembly is flexible enough so that tie lengths
from 8 ft to 9 ft (244 cm to 274 cm) can be handled ea511y

A 12 -in. (30.5 cm)- long and 1/4-in. (0.635) dlameter threaded steel
rod with a wingnut anustlng screw is inserted through the top plate of the
L-frame and fastened to the vertical adjustlng plates of ‘the load jack’
assembly. This provides a rellable method to vertically a@;ust the load

jack parallel tc the centerline of the tie.
2. Deformaticn Systeﬁi-

a. Deformation Support System

The deformation support system is attached to the top of the tie at
the end. It supports the displacement gages in order to accurately rmonitor
tie displacement during loading (Fig. D-6). A 37-in. (94 cm)-long, 1l-in.
(2.54 cm) by 1-in. (2.54 cm) magnesium T-section is bolted to plates hold-
ing the horizontal and vertical adjusting screws. The displacemenf gage
support track is capable of sliding into the correct position with
respect to- the reference stand on any of the legs of this deformation
reference arm. This arm has the same thickness as the slide pléte in the
.PLT deformation support system. Tlerefore, the two deformation systems
can be intérchanged easily.

Also, the reference arm length just extends beyond the L-frame attach-

-

ment. This setup provides for the most accurate measurement of displacement
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