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PREFACE

This report has been generated as part of a sub-contract between the
Association of American Railroads Research and Test Department, and the
‘University of Il1linois.

This sub-contract is part of a 1arger contract which is a cooperative
effort between the Federal Railroad Administration and the Association of
American Railroads on improved track structures. The entire program is in
response to recognition of the desire for a more durable track structure. To
this end, the program is a multi-task effort involving 1) the development of
emp1r1cu1 and analytical tools for the description of the track structure so
that the economic trade-offs among track construction parameters such as tie
size, rail size, ballast depth and cross section, type, subgrade type, stiff-
ness may be determ1ned 2) methodo]og1es to upgrade the existing track struc-
tures to withstand new demands in loading, 3) development of performance
specifications for track components, and 4) investigating the effects of various
levels of maintenance. :

This particular report presents. the results of Ballast and Foundatijon
Materials Evaluation Study. Emphasis is on characterizing the response of the
structural support elements (subgrade, subballast, and ballast) with respect
to in-service loading conditions.

A special note of thanks is given to Mr. William S. Autrey, Chief Engineer
of Santa Fe, Mr. R. M. Brown, Chief Engineer of Union Pacific, Mr. F. L. Peckover,
Engineer of Geotechnical Services, Canadian National Railway, Mr. C. E. Webb,
Asst. Vice President, Southern Railway System, as they have served in the capacity
of members of -the Technical Review Committee for this Ballast and Foundation
Materials program, and Dr. R. M. McCafferty as the Contracting Officer's Technical
Representative of the FRA on the entire research program.

G. C. Martin

Director-Dynamics Research
Principal Investigator

Track Structures Research Program
Association of American Railroads



FOREWORD

The Department of Civil Engineering of the University of I1linois at

Urbana Champaign is currently conducting a broad based research program

entitled "Ballast and Foundation Materials Research Program". The University

of I11inois is serving as a sub-contractor to the Association of American
Railroads. The research program is sponsored by the U. S. Department of
Transportation, Federal Railroad Administration.
The research program consists of six work phases which are detailed
below:
Phase I - Technical Data Bases (completed)

Phase II - Development of Structural Model and Materials
Evaluation Procedures (completed)

Phase III - Parameter Studies and Sensitivity Analyses (completed)

Phase IV - Materials Evaluation Study (this report)
Phase V - Economic Evaluation

Phase VI - Preparation of Conclusions, Summary and
Recommendations

This report presents the results of Work Phase IV. Emphasis is on
characterizing the response of the structural support elements (subgrade,
subballast, and ballast) with respect to in service loading conditions.
Properties of the subgrade, the subballast, and the ballast that signifi-
cantly influence track structure behavior and performance have been
identified. Because of the varied nature of the subject matter and be-
cause it is felt that some of the subjects may be of particular interest
to the individual user, the report is organized into five separate parts.

Part A includes the evaluation of 7 ballast and subballast materials.
Particular attention is paid to the resilient (elastic) response and to the

permanent strain response, especially under mixed loading conditions.



vi

Part B is a presentation of the plastic strain and degradation re-
sults of ballast materials subjected to long term (1 million repetitjgns)
loading. |

The results of investigations of the plastic strain response and the
resilient behavior of subgrade materials are presentegvin Part C. Ten
soils were studied, and emphasis was given to determining.the effects of
changes in density and moisture conditions. | |

Environmental conditions, inc]udﬁpé freeze-thaw‘aﬂa]ysis,_and the re-
sults 0f‘ch§nges in those conditions forms Pa(t_quf the report.

Although summary -and conclusions sectfoné dré“ﬁht]uded jn the individual
pakts, a comprehensive summary and conc1usidhs_sectioh‘is présented 1h‘Part
E because it was felt that the casual keader'woq1d better appreciate the

overall thrust of the study tthUgh such a section. °
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PART A ' w

o INTRODUCTION

1.1» Statement of the Prob]em _ ‘

Ra1]roads have 1ong used ballast to prov1de'supp0rt for the ra11 t1e
system and to provide ‘a free draining medium.:  Two of'theﬂproblems related
to the performance of ba]]ast mater1als are the excess1ve e1ast1c deformat1ons
caused-by the rapid app11cat1on and remova] of the whee] 1oads,and the w
accumu]at1on of large plastic deformations’ resu1t1ng from many repet1t1ons
of 1nd1v1dua1 whee] 1oads - _lA\. L f . ‘

Excess1ve elastlc deformat1ons tnvthe ballast can cause shorten1ng of .
the- ra11 t1e life because of fat1gue resu1t1ng from 1ncreased bend1ng
stresses In addition:the. ride- qua11ty ‘of ‘both fre1ght and passenger cars
is reduced if the e]ast1c deformat1ons 1n the convent1ona1 ra11way track
support system (CRTSS) are excessive. S o

. The plastic deformations necessitatewcbnttnual realignmentiof'the e

rail-tie system by addition of ballast. Present maintenance practice is
to tamp only the portion of the ba]last near the rail and to leave the
center undisturbed. The practice results in the addition of ballast
primarily in the proximity of the rails; ballast pockets result (1)*. The
ballast pockets serve as traps for water; the result is almost continual

saturation of the subgrade, thus worsening an often bad situation.

Continued maintenance therefore is not always a satisfactory solution.

* Numbers in parentheses refer to entries in the List of References.



Modern ana]yt1ca1 mode]s can be used to 1mprove the present
exper1ence or1ented des1gn of ra1] tie support systems However before
modern techn1ques can be applied adequate input in the form of mater1a1

.response parameters must be obta1ned To date, such 1nformat1on has been
',1ack1ng The response of granu]ar mater1als has been shown to be stress
.dependent, i.e., the response of the mater1a1 depends upon the app11ed
state of stress Therefore to accurate]y pred1ct the structura] response
of the CRTSS the test method used to eva]uate the granu]ar mater1a1s
, shou]d s1mu1ate the in serv1ce dynamic stress cond1t1ons

; Severa] 1nvest1gat1ons (2 3 4, 5) of the repeated load behav1or of
granular mater1als have beén made Both r1g1d conf1nement and tr1ax1a]
[.equ1pment have been used to study dense graded aggregates and sand but
B ]1tt1e work has been done 1nvo1v1ng open graded aggregate such as ballast.
In add1t1on most of the research has been d1rected toward stud1es of the
elastic (res111ent) propert1es of the mater1a1 11tt1e attent1on has been
paid to the plastic behavior of aggregate subJected to repeatedrload
cond1t1ons v' o | o | ‘

Repeated 1oad tr1ax1a1 test1ng of a var1ety of aggregate types would
appear to be the most appropr1ate method for 1nvest1gat1ng the elastic as
well as the p]ast1c behav1or of ba]]ast mater1a]s Prev1ous 1nvestlgat1ons
1n which actual 1oad1ng cond1t1ons were c]ose]y s1mu1ated have g1ven :

exce]]ent resu]ts for conven1ent app11cat1on to f1n1te e1ement techn1ques
1.2 Objective and Scope - »
The objective of this research“Was to inyesttgateuthe effects of

material ‘type and gradational changes on both the elastic -and plastic



repeated Toad behav1or of baTTast The 1mportance of stress h1story,
stress Teve], and degree of compact1on on the response of the mater1aTs was
a]so 1nc1uded | ' | o )
: It was 1ntended that the resuTts be used for mater1aT characterization
input to advanced structuraT mode]s, such as the ITT1 Track procedure (6).
Such methods are necessary to adequate]y pred1ct CRTSS structuraT response
and to a1d in the des1gn of the ra11 tie support system ) |

The work was d1v1ded 1nto four phases Phase I 1nvo]ved the T1terature
_ survey d1scussed in Chapter 2 The 11terature survey ‘was concerned pr1mar11y
"w1th repeated Toad test1ng of granuTar mater1a]s and the factors influencing
~the resuTts of such tests | R '
N Dur1ng Phase II J sampTes of severa] types of baTTast were obta1ned
:‘and the mater1aTs were subJected to several standard character1zat1on tests
to enabTe Tater correTat1ons w1th the repeated Toad behav1or of the "
Vaggregates The resu]ts are 1nc1uded in Chapter 3. o l

Phase 111, the Taboratory test1ng program, aTso is 1nc1uded in Chapter
3. Based on the results of preT1m1nary tests, a standard procedure was
deve]oped for test1ng cy11ndr1ca1 spec1mens subJected to constant confining
pressure and a repeated dev1ator stress Both eTast1c and pTast1c |
deformat1ons were carefuTTy monltored dur1ng the test program " So that
compar1sons coqu be made, severaT types of mater1aTs (basa]t Timestone,
sTag, etc. ) and var1ous gradat1ons were 1ncTuded 1n the Taboratory study.

Data reduction and analysis, Phase IV, are included in Chapters 4 and
5. The res1T1ent moduTus port1on of the program is presented in Chapter 4.

Equations were deveToped to relate resilient modulus-to the sum -of the



principal stresses, and the signif{ée;ee“of the variables considered is
presented. The analysis of the permepent”deformation data recorded during
testing and the attempts to relate permanent'deformation:toématerial
.properties,*to gradations¢to;compaction‘1evel55andftolstreSs=1eve1\are
presented in Chapter 5.

Chapter 6 includes the :summary. and conclusions reached .during thev““
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CHAPTER 2 o
LITERATURE SURVEY

(o

2.1 Concept.of Reéi]ient‘ModuTus |
N»Modern~ana]ytica1-techniques for predicfing the structurdl response in

.layered systems require better characterization of the dynamTc?resﬁdn§e of
materials than can'beeobtained.from étaticftestihgrmethOdsf ‘It is "desirable
to evaluate the response of granular materials under laboratory condi tions
which simulate the in service conditions. | |

To evaluate the repeated load behavior of granular materials, several
investigators (2, 3, 4, 5) have used the conventional triaxial cell with a
repeated deviafor stress and either constant or pulsed confining pressure.
In addition, some tests of rigidly confinedlmateriaTS have been attempted
with vary1ng degrees of success. _ » |

Several 1nvest1gators have used the concept of res111ent modu]us* to
descr1be the behav1or of granular materials subJected to repeated 10ad1ng
conditions. Values of resilient modulus, E.» at several stress states
are obtained from labofatory testing. To account for the stress dependent
nature of the materials severeT predictive equations have been deve10pea;

two of the more widely used equations are the following:

ko™ - S (2.1)

EY‘

and _ 5 ‘ g

1 m ’ .
K' o5 (2.2)

[zl
1]

* Res111ent modulus ‘is def1ned as the repeated deviator stress d1v1ded by
the recoverable portion of the axial strain.



where
K, K', n,,and m are constants determined from regression
analysis. of the 1aboratory‘data;.oswis»the confining -pressure;. and

© represents the first stress’invariant,gq].f o, * 03.

Typical results are shown in Figures 2.1 and 2.2.
Some of thé more important findings of previous investigations and
some of the factors affecting resilient response of granular matéerials

are discussed in Section 2.2.

2.2 Laboratory Invest1gat1ons

As previously noted, most of the repeated 1oad tests of granu]ar
materials have emphasized the characterization of the res111ent behav1or
of sands or dense graded aggregates. Much of the important work on
repeated 1oad testing of aggregates has been effect1ve1y summar1zed in
Reference 7. One of the 1mportant conclus1ons was that repeated load
. triaxial test1ng was the most su1tab1e method for eva]uat1ng the res111ent
.;response of granu]ar mater1als A more recent summary of repeated load
triaxial test1ng 1s-1nc1uQed 1nvA11en (5).

The remainder of this section will descrihe some of the factors

influencing thé;fé;@xts of repeated 15adftriakia1'testing;

2.2.1 Stress History'

It has been shown (3, 5) that if a specimen has not been overstressed
the resilient response measured after approximately 100 load cycles will
be representative of the material behavior throughout a complex stress

history. The consensus is that one specimen.can be used to measure the
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resilient response at several stress levels and that the séquence of stress
‘application has no significant effect on the results.

Mo}gan (8) determined that the resilient modulus of sand tested in
"“triaxial apparatus increased as the number of “1oad applications: increased

but reached a constant value after approximately 10,000 load cy@]es., From

)E"“tests of well graded aggregates, Allen (5) concluded the effect%lbf=stress

histoéy:Weﬁé small if the specimen had been conditioned for at ﬁeqst 1000

rebetitioné"to éiimiqaté adverse éeating effects. -

2.2.2 Frequency and DUratf;ﬁ'bfAand App]ica?ion

Hicks and Monismith (3) observedwﬁb‘ian;gnce on resi]ientémodu]us:v
values for load durations in.the range offO.1V£6“0325_seconds, ;ﬁggd;and
colleagues (7) concluded the change in the magnitude é%wﬁésilig%t modulus
of sand due to changes in load duration was small. For repeatéﬁ load
triaxial tests on granular materials Allen (5) found that the ﬁési]ient
»wgwodg]qg;Qigmnqt changegfor values of pulse duration in the ran@g qf'O,lo

. 1100‘Seéonds." . - Y S L

Kalcheff and Hicks (§jhcaﬁ;;d the frequency of load application from

10 to..80 repgtitionsiperlmjng;eianqﬁppncjyded,resi]jegt’mqu]us was

virtually insensitive to thanéééwiﬁ %Féquentyﬁim

2.2.3 Geometric Charatteristics of Aggregate

Huang (10) has defined geometric characteristics as the shape,
angularity, and surface texture of aggregate materials. Because geometric
characteristics of aggregate differ according to material type (1imestone,

basalt, slag, etc.) it is desirable to measure those characteristics.
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Two of thefmétﬁddE‘fbr:measuring shape, ahgularity, and surface texture are
~ the ‘Particle Index-Test (10) and the Pouring Test of -Ishai and Tons (11).
The Particle ‘Index Tést comparés the void ratio of single sized
aggregate ‘to that of uniform spheres. Recently the Particle Index Test
has*beeh made a tentative ASTM.standard. Typical values of particle index
1fangé from zero for highly polished aluminum spheres to near 20-for rough
“‘aggregate -such as slag.
" The Pouring Test “expresses the geometric. irregularity -(volume, specific
‘T .gravity, and aggregaté porosity) ‘of éggregaté. The test is conducted by
“~allowing aggﬁegateltc flow’ through an-orifice into.a container.-- The-r
'aggregate‘is Teveled. and weighed. '-The packing specific .gravitysy Gp;“is
déféﬁmined'byfcomparing~the weight of the aggregate:to-the weight of glass
beads "needed to fill the cbﬁtainerzfﬁThe geometrjc ifregularity-is expressed
© by the spééifit*rugoéity;ESrv;«“The specific rugosity of. smooth spheres is
" zéro.: Typical values of ‘specific rugosity range from near: 2. for: beach .
.j"'pebb1es to more than 20" for slag (11):
- Although neither of the above measurements has been related to the
‘‘repeated ‘load behavior of aggregate, sfudies have tied particle index to
cbmpaCtioh,‘statid‘éfrehgth,‘and field performance. " Huang, et-alu (12)
from tests ‘'of several different compacted materials found ‘an" almost:.linear
relationship between véid ratio and partiéle ‘index; theﬁaggkégateé.showing
.higher particle index values 'had the highest :void ratios.. ..
Huahgg“gjggl}n(12) also studied theeffects of geometric ‘characteristics
~on the strength of well gradéd-aggregate systems. -Several materials (gravel,

" mine c¢hat, crushed stone) were -tested in triaxial apparatus, using confining
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‘pressures .of 5, .15, and 30 psi (34,”103,:and-207 kN/mz);  The results,
‘consistent]y showed.tﬁat'both maxiﬁum stress difference,ahd.éng1e;of.d
shearing.resistance ‘increased as'pérticle index 1ncreased.-lu

A study by Thompson (13) on factors 1nf1uen¢ihg field -performance
-+ of soil-aggregate mixtures compared Burgraff éhgar»stkength with the - -

. particle index values of grave1<and'¢rushed stone mixtures. No‘signiffcant
correlation could be established between partic]e,index and -the Burgraff
_-shear.values possibly -because particle index isabase& on the,cbakse
‘aggregate fracfion (plus Nb.¢4) of the'mixture, and for-the -mixtures -tested
an average ‘of only 26% was retained on the No. 4 sieve. . Thus the;partic]e

findgx of the preponderance of the material was:not controlled which may .

. have adversely affected the results of the tests. Because in .general

ballast -consists of particles 1arger-than»the‘No, 4 sieve the particle
index -of ballast could be more»easi]yfcon;ro]]ed.forvcomparaiive,testing.
Although .neither Earticle‘fndex nor fhe Péuring Test results has been
related to repeated load performance;some.qual%tative analyses have been
-made. "
- From tests conduﬁted on well graded crushed gravel.and crushed rock,
- Hicks and Monismith (3) .concluded that résilient modulus at»aygjyen,stress
. Tevel increased with .increasing. particle angularity. dﬂaypes_and quer (2)
... observed--higher resi]iént modulus: values for gravel. specimens.than for
crushed stone when both were,compactéq to the same re]ative‘denéjty, |
© Allen (5) conducted- repeated load triaxiaf;tesfs on, crushed. stone,

gravel,-and a blend of the two. . In general Qhe,resilientwﬁodu1us values

",:of‘the'crushed-stone'wereas1ight1yjhigher than thosé of the graye];,the



12

resilient moduTus of ‘the biend generally was between the crushed stone
and the gravel. Allen (5) concluded material type (gravel versus crushed
* stone) was not a major factor affecting the resilient responsé of granular

T

materials.

2.2.4 Gradation. ...

,;;Althqugh,differences in gradation are readily observed from theﬁ
~results of sigve ana]yses, it is difficu}t to represent a particulﬂr '
;Jgrada;jonjbyég}sjng]e meqningfq] number. An attempt wq;fmade‘by Hudson -

(14) to estjmate:gradations throggh_the;use of the gradation parameter, A.
.The gradation. parameter is. defined as the 1pgarjthm toﬁthe_base 2 of the
ratio of 54.8 to the effectivé‘mean diameter in millimeters of:avﬁartjcular

size fraction.

The value of A for a size fraction can be”coﬁbﬁted'from"::

) .ZA - Sf:S L | |  (2.3)
d - »
where S
_ 0.443 (d] 7ld2) )
, - Tog (dy/d,) (2.4)
dy = size of larger sieve in mi]]imeteré, and

d2 size of smaller sieve in mi111meterst

- The ‘gradation parameter-of the aggregate system is the weighted mean
of tﬁe values of the individual size fractions.
- ‘A1thoﬂgh‘gradation-estimator3<such as-that of Hudson are_.available,
féw studies have attempted to relate.-them to repeated load behavior of

aggregate systems. .
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. ~ Most of the §tudie$ﬂof gradation_effectsJon resj1jent;response_have
involved either variations. in the amount of‘materigj passing the No. 200
sieve or blends of materials. Hicks and Monismith (3) obsgrQed decreéses
“in the resilient modulus values of we11‘graded materials as the figes
content was increased.

Barksdale (4) tested various soil-aggregate blends ‘and concluded 20%
soil, 80% éggregéte blends exhibited higher'va]Ues of resilient mo@u]us
at low Stress state than did 40% soil, 60% aggregate specimens. At higher
stress levels the situation was reversed. - Haynes and Yoder (2) obseérved
1ittle change in résilient modulus values of wéll‘graded'aggrégates for
‘ éhahgééuin the amount of material passing the No. 200 sieveiranging from
6.2 to 11.5 percent. T )
2.2.5- Degree_ of Compaction> o

Ballast is placed in the field in a fairly loose state, and tamping
is used to increase the density'of the material beneath the ties. It is
generally acknowledged that the ballast underneath the tie undergoes .
 lincreases'in.density due to the repeated 1oading of‘traffic. Becauéé of
-Jthe'éhanges in the‘in-service density of ballast and'bécayse batlast in
the field is not welT confined, ‘it is 1mpbftant to examine the response
at various densjties. '

- The effect of the degree of compaction on fesiiient‘modulus is nbt
well understood. A]though;severalfstudies haye included densjty as a
variable, the conclusions :have not been consistent. Hicks and Monismith
(3)“6btained higher resilient modulus Va]uesrfon samp1es compacted to;

higher densities, although the variations were slight. .
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Tro]]ope,Agt_gl.i(15) found that the resilient modulus of high
density dry sand was as much as 50% greater than the resilient modulus
of the same material in a loose state.

Allen (5) investigated the response of crushed stone and gravel.
- . materials and a blend of both.. In general the resilient modulus increased\‘
as density'fncreased (AASHTO Method T—99.versus AASHTO Method T-180); the
-effect was most-pronounced, although not without exception, at the lower

values.of the sum of principal stresses, o.

2.2.6 Degree of Saturation
For dense graded granular materials, increased levels .of saturation
‘generally resulted: in decreased modulus. values (2). The effect was more
pronounced for graveis than for crushed materials.
- _The results of research by Thompson (42) confirmed prerious findings
“that resilient deformations increase and thus resilient modu]us-deereases

"as. the degree of saturation increases.

2 2. 7 Stress Leve]

A]] of the prev1ous studies of elastic response of granu]ar mater1als
have shown that the most s1gn1f1cant factor affect1ng the res111ent modu]us
1s the stress state | | |

V F1gures(2 1 and 2 2 show typ1ca1 const1tut1ve re]at1onsh1ps based on
Equat1ons 2.1 and 2.2, respect1ve1y A]though the model based on conf1n1ng
pressure gives good results, the first stress invariant, 0, mode] is

preferabTe%because it affords better correlation coefficients and reduced

scatter. The two figures depict typical results for the two models for a
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single specimen;‘and’effectiveiy show the -advantages -of ‘the model based on
‘the first stress invariant.

Most of the investigations to date ‘have been accomplished USTng;
constant confining pressure, but recently some studies have used cyclic
confining -pressure as well as cyclic deviator stress (5, 16). Allen and
Thompson (17) concluded that although the constant confining pressure tests
" ‘overestimated the resilient modulus, the use of ‘the constant conf1n1ng
pressure tr1ax1a1 test was justified as a means of .characterizing the

resilient response of granular mater1als.

© 2.2.8 “Specimen Size

" Two geometFicaT considerations affect static triaxial test resultst
specimen height to diameter ratio, ‘and specimen diameter to maximium -
particle size ratio.ffBiéhop and -Green- (18) ‘concluded -the sample height
‘should be at Teast twice the diameter in order to minimize adVersevend
effects. Studies by Holtz and Gibbs (19) and by ‘Leslie (20) findicated
that to obtain good test results the specimen diameter shou]d be 4 to 20
times the maximum partic]e size Proport1ons of the 1arqe 51ze part1c]es
greater than 50 percent requ1re the ratio to be. c]oser to 20

As a]ready po1nted out the above recommendat1ons app]y to,stat1c
‘test1ng Apparent]y there have been no stud1es extend1na the resu]ts to
vrepeated Toad test1ng a]though it is be11eved the same recommendat1ons
‘are app]1cab1e - ’ |

The resu1ts of some of the more 1mportant res111ent test1nq

~

“1nvest1gat1ons are 1nc1uded in Table 2.1.
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. Table 2.1. Summary of Repeated Load Tests
S of Granular Materials.

*Selected References Only.

Reference:-. . o e Maferia] . Factors Investigated . -
Hayheé.end Yoder = Gravel and Crushed  Effects of moisture content and
(2) Stone gradation on E
Hicks and-Mondi-.... .. ,Well Graded Crushed  Effects of material type, grada-
smith (3) Gravel and Crushed  tion, density and degree of
L Stone. ., . . saturat1oniqn E . o
Barksdale (4) .. .. Soil- -Aggregate _ Stress level effects on plastic
" Blends strain; gradat1on and mo1sture
3 4 effects on E :
Allen (5). - ,Gravel and- Crushed Effects of cyclic confining pres-
Stone sure, mater1a1 type, and stress
IR : ’ .h1story on. E CL
Kalcheff and. - ..Cru§hed,5tene Gradation, frequency of Toading,
Hicks (9) ‘ stress history effects on E.3
: stress history effects on .
plastic strain behavior
ORE (25) o Ballast Permanent defermatiénhahd'E}
Brown and Hyde =~ Crushed Stone | Effects of cyciic confining pres-
(30),, ... sure.on E_; effect of stress

h1story oh plastic strain be-

havior.
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2.3 Factors Affecting the Permanent Deformat1on Character1st1cs
of Granu]ar Mater1als

‘Most of the factors. affect1ng resilient behav1or of granu]ar mater1als
discussed in the prev1ous sect1on probab]y 1nf1uence the repeated 1oad :

p]ast1c stra1n behavior 1n similar manners a]though few stud1es actual]y

- have exam1ned the var1ous-factors Some'of‘the resu]ts of stud1es=on‘%ﬁ

) permanent deformat1on character1st1cs of granu]ar mater1als are. 1nc1uded
in this section.
Barksda]e (4) tested severa] types of dense graded materials 1n -

TEaAb bl § ot e Lo
tr1ax1a1 apparatus ‘One ‘of the most 1mportant conc]us1ons from Barksda]e's

accumu]at1on decreases as the number of load app11cat1ons 1ncreases, but

'"dlfbeyond a cr1t1ca1 va]ue of dev1ator stress: the rate of p1ast1c straﬁn L

7
accumu]at1on 1ncreases w1th ‘incredasing numbers of 1oad app11cat1ons

‘ 'Typ1ca1 resu]ts are shown 1n Figure 2.3." s shown" in the’ f1gure the
trend for the rate of p1ast1c strain accumu]at10n to 1ncrease was.
established pr1or_to the application of 5000 Toad cyc]es.~ In'add1tTon_ o
__Bargsda1e’showed~that'b]ends of 20% soj} 80% aggregate exper1enced
hsjghffieant1yf1oherfp]astjelstrains than 40% soil, 60% aggregate b1ends
Barksda1e also conc]uded"that‘for a 5‘percent reduction in max1mumAdens1ty
(T- 180) the repeated load. p]ast1c strain at ‘various numbers of 1oad
app11cat1ons almost doubled, but for" 1ncreases 1n dens1ty beyond max1mum,
Tittle reduction in p]ast1c-stra1n was observed.
An 1nterest1ng method for predicting permanent axial strain caused

. by repeated Toading was proposed by Barksdale (4).° Barksdale modified -
the hyperbo11c stress-strain methods of‘Kondner“(Z])'and Dunean and'Changv

(22) and developed the following expression for predicting the permanent
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strain after 100,000 load cycles for .well graded materiais:

(o) - 03)/E;

P 1'_ (07 - 05)(1 = sin ¢) R%'

2(C cos ¢ + 04 sin pi '

;nhere .”e = permanent axial strain,
'Ei ﬁia re]at1onsh1p de|1n1ng the initial tancent modu]us, ps1,
. C = cohes1on psi, | A ’
¢ = angle of‘Tnternai friction, degrees, and
R, = a ratio re]at1ng the stress d1fference at fa11ure to the
stress d1fference wh1ch the stress stra1n curve approaches

" at 1nf1n1te stra1n

Allen (5) found that an 1ncrease in dens1ty from T-99 to T 180
resu]ted ‘in- decreased accumu]ated repeated 1oad deformat1ons and that
crushed material exper1enced 1ess p]ast1c stra1n than d1d grave]

Haynes and Yoder (2) tested well graded crushed stone and grave1
materials and found that repeated'Toad permanent deformat1ons depend on
density and on degree of saturation. Low density and high degree of.
saturation resulted, in the h1ghest 1evels of permanent deformat1ons

Lau (23) conducted repeated load tr1ax1a1 tests on sand and found

> that the permanent stra1n 1ncreased as both the number of 1oad.cyc1es and
. the ratio of repeated deviator stress to maximum static deviator stress
increased. The latter result nas more pranunced fcr highhcdntining

pressures than for low confining pressures,
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~~uRepeatedv1Qad;triaxiaTetestinsuofabal1aSt\KGOPﬁPrmingﬁto the: .-
: ganadianCNationa1<Raj]waxs_gradation),wasxaocomp]ished,beO]owekere3(24){
- Jt<wasnconc}uded;that;a&supstantjalzportjon_of_thedpermanent“deformation
“occurred, during the first loading cycle and the deformation occurred at a
4 ;decreasingﬁrate~forasubsequent»oyc]est -0lowekere also concluded that‘
:permanentvstrain increasedwas,the;applied deyiator”stresstincreased,and
- as. the; confining- pressure decreased. . _»d. G
. The; 0ffice for.Research and Exper1ments,_0RE, (25), from repeated

1oadatr1ax1a]htestang of ballast, arrgved¢atatheifo]1ow3ngfpred1gt1ye

e, = 0. 082" (1000~ "38.2) oy = 0«3.):2; (14 0.2 Tog:-N) =~ (2.6)
’“*ﬁhéreﬁf:7“fﬂ€pf?'hermanentﬁaxia15strafn-afteraﬂftycles%”x'g21"

1n1t1a1 poros1ty,

dev1ator stressy kgf/cmz, and

01 = 03

‘»'GN =number~of;repeated 1oad1ngscyc}es;';t

A]though Equat1on 2 6 shows the permanent stra1n to be’ proport1ona] to
1»poros1ty, to number of cyc]es of 1oad1ng, “and to dev1ator stress squared,
ORE. has not 1nc1uded the conf1n1no pressure as a ‘factor d1rect1y 1nf1uenc1ng
:Lpermanent stra1n It shou]d be noted that accord1ng to Equat1on 2.6 the

”3f1rst 100 cyc]es of 1oad1ng are extreme]y 1mportant No 1nformat1on on the
!standard error of est1mate for Equat1on 2.6 was 1nc1uded by ORE

Snyder (26) used a ser1es of arcs and spr1ngs to prov1de ‘confinement

in a un1que form of tr1ax1a1 test Granu]ar mater1a1s were subJected to

repeated 10ad1ng, and the p]ast1c stra1n was mon1tored Snyder eonc1uded
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thatﬁas‘the”haXTﬁom~size'6?’the”aggregate’TntreaSed“it bettar” Fesisted
. permanent” deformation and except at véery high levels-of deviatér' stress
the'p1aStTo“deformation{was41fnéar’With'respeot to the Togakithm: of the.
- ﬁdmbe? 6?'10éd’éyé1es»fi ST e e e
‘ Ho]ubec (27) concluded from repeated 1oad tr1ax1a1 tests performed
on’ dense graded aqgregates that the permanent strain depended -on both
the magn1tude of the.cyclic dev1ator»stress;and-the conf1n1ng pressure
andfthat'COhesion'was‘a signﬁfiéant:tactoriiniresisting'plastde:strain.
"Other conc]us1ons of the study by Holubec were’ that’ crushed’ grave] |
resisted repeated load deformations better than d1d crushed $tone’and
that highwdensities.better resistedgp]astic»strain; »HQIUbec concluded
that variation .in-the angle of internal friction was not,an important -
factor in determining,the;plastic;strain»behayﬁor«ofagranu1ar materja]s.
Another important study involving aggregate. was done by WOng‘(28).
One dimensional repeated 1oadptestingwoqueyeralxtypesﬂofwba]1ast¢was‘
accomplished using. an oedometer. - The .conclusion. was that the vertical

‘ stra1n 1ncreased only s]1ght1y w1th 1ncreases 1n the repeated ax1a1

\s_pstress ~In add1t1on, the vert1ca1 deformat1ons d1d not corre]ate W1th o

: :;sthe mechan1ca] propert1es (Los Ange]es abras1on crush1ng va]ue, ”}.

\,Qvf]ak1ness 1ndex, spec1f1c grav1ty) of the aggregates A cont1nuat1on
-, of. the study of Wong was. done by B1shop (29) An 1mportant‘oonc1us1on
was that the p]ast1c stra1n due to repeated 1oad1ng was a functton of
‘(.the type of ba]]ast although no ana]ys1s by type was 1nc1uded o

.. Two 1mportant stud1es (9, 30) ‘have shown that un11ke res111ent

,‘stra1ns, plastic. stra1n accumu1at1ons are dependent on the stress o
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application sequence.-~The total p]astic:strain was 1ess;when the specimen
“was subjected to gradually increastng stress Tevels than when the highest
stress level was app1ied tirst. TypicaT:results are included in Figures
2.4, 2.5, and 2.6. .

- A recent studytbyftade and Duncan (31) offers a reasonable explanation
for the‘stresS“history,etfects on'permanent deformation behavior. Their
thedry is that‘e1aStic strain_is determined primari1y by the elastic
deformations of tndtvidua] parttcies, but plastic strain;resu]ts fron
stidtng between particles. When'a triaxial specimen (constant confining
Apressure) of a cohes1on1ess material is subJected to an initial load, Targe
p]ast1c deformat1on is caused by the rearrangement of part1c1es The
-p]ast1c-def0rmat1on is accompanjed by smaller e]ast1cﬁdeformat1on. When
thejspecimen‘is unloaded and retoaded'to the previous stress Jeve],
thédretica]]y only e1asttc deformation will be observedsi Honever, tn the
actua1 case some additiona] plastic strain accumu1ates uith each'1oad1ng
cyc1e f after several repeated ]oad1ng cyc]es the spectmen is subjected
to a dev1ator stress greater than that prev1ous1y exper1enced the stress-
stra1n curve w111 cont1nue 1n the d1rect1on of the or1g1na1 curve An
examp]e of th1s type of sequence 1s “shown"in Figure 2.7.

The effect can also be exp1a1ned in terms of stress path and stress
1eve1 The stress path for a triaxial samp]e subjected to an increasing
ax1a1 stress wh11e the conf1n1ng pressure is he]d constant is shown as
Ithe vert1ca1 Tine in Figure 2.8. Stress; level, as defined by Lade and
.Duncan, refers to "the fract1on of the soil strength which is mobilized."

The fa11ure 11ne in F1gure 2 8 represents the maximum possible stress level



‘Permanent Strain, %

23

(o=o3) psi - Type of Loading -
o 7.3 -36.3 Incremented
[ 7.3-50.3 Incremented
0o 173-65.3 Incremented
v 7.3-79.8 Incremented
[ ] 7.3-94.3 Incremented”
A 7.3-94.3 Single Stage
3 e

o3 = 7,3 —36.3 psi

Number of Cyéles o

Figure 2.4. Effect of Stress Sequence on Permanent
Strain Response.(Reference 30). - '
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Additional Plastic "Strain
. Elastic Strain
Initiol Plastic Strain

Figure 2.7. Schematic of Repeated Loading Response for
Triaxial Compression.
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Figure 2.8. Schematic of Possible Stress Paths
in Triaxial Compression.
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'<f0rfthe=materiaii" Primary Toading. occurs when thestress Tevel is

- increased beyond the previou§ maximum: * Lines (a) and'(b) in Figure 2.8
- are- stress: paths for primary 1oadﬁqgfcomparedfto.that répneSénted by ithe

' vertichi;1ine: Plastic- strain.occurs. during.‘the primary loading phase.
If ‘thespecimen’.is:subjected:to:repeated Toading at the original:stress
level, theoretically only elastic strains will ‘occur. ' Or: stated another
way, large additional plastic strain results-if the specimen is .subjected
to a stress level greater than previous stress levels. They concluded
that stress changes are of three types: primary loading, unloading, and
reloading, and that only primary ]0ading~causes large plastic strains.
Thus stress history affects repeated 1oéd response, specifically the
permanent deformation characteristics.
Field evidence of the importance of the maximum loading conditions

: (or‘primary 1dading) on the permanent deformation of ballast has been
presented by ORE (32). They concluded that smaller loads cause "negligible
‘settlement” and that “small numbers of large dynamic Toads ... determine
the deterioration of the track level, rather than the general level of the

axle loads."

2.4 Summary

| Table 2.1 summarizes some of the important studies of the resilient
and plastic behavior of granu]a; materials. The most important variables
aré generally believed toVBe the magnitudes of the repeated‘deviator stress
and confining pressure, the number of load applications, and the density.

Additional factors such as material type and gradation, stress history,
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and the duration and frequency of.load application affect the results of
repeated 1oaditests, but the effects are not well known. More research
».is needed to determine the repeated load behavior of baj]ast and to.relate
gradation and material type t0~performance‘undef in service conditions.
-Chapter 3 describes a laboratory testing program designed to.measure
~elastic and p]asticndefoﬁmations of several. types of-ba]]ast,under

~various conditions of repeéted Toading.
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CHAPTER 3
LABORATORY TESTING PROGRAM

3.1 Ballast

Several types (limestone, granite, s]ag? etc.) and gradations of
materials are used for ballast. The standard gradations recommended by
the American Railway Engineering Association (AREA) are shown in Table
3.13 the No. 4 and No. 5 gradations are used more frequently than are the
others. Table 3.2 includes typical ballast material types and the amount
of each used for the years 1971 and 1972. To gain knowledge of the
behaviofa] effects due to material type, aggregates from several different

sources were selected for characterization and for repeated Toad testing.

3.1.1 Descriptidn of Materials

Seven materials commoﬁ]y used for ballast were chosen so that
comparisons of their repeated load behavior andlnath61 properties could
be made. |

Because 1limestone is thekmost commonly used ballast type, preliminary
testing was conducted using a dolomitic Timestone obtained from a quarry |
near Kankakee, I]1inéis. Thé same limestone was used in the main testing
program also. |

| The other materials obtained were a blast furnace slag from Chicago;

granitic gneiss from a quarry-near Columbus, Georgia; basalt from New
Jersey; crushed and uncrushed gravels from a pit near McHenry, Il1linois;
and a second type of blast furnacé slag from the Kansas Test Track. The \

original source of the Kansas Test Track slag was Pueblo, Colorado.



Table 3.1.

AREA Recommended Bdllast Gradations (Reference 33).

flominal Amounts Finer Than Each S1eve (Square Open1ng)
Size Percent by Weight -
Square No. | No.
Size NoJ Opening 3" 2-1/2" w2 “1-1/72" 1" 374" “1/2”‘ 3/8" 4 8
24 2-1/2"-3/4" 100 90-100 25-60 0-10 0-5
3 2"-1" 100 95-100 35-70 0-15 0-5
4 1-1/2"-3/4" 100 90-100 | 20-55 | 0-15 | 0-5
5 1"-3/8" 100 90-100- | 40-75 15-35 0-15 0-5
57 1"-No. 4 100 95-100 25-60 0-10 0-5
(1 inch = 2.54 cm) -

2€
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Table 3.2. Amounts of Ballast Used by Material

Type (Reference 79).

1 Materialj-"

Amount, Short tons

Limestone and Dolomite

Granite .

Slag (air'coo]éd b]ﬁst fﬁrnacé) '
Gravel | -

Other Stone . - . . R
Tfap'Rock

Steel S]ag

Sandstone and Quartzite

1971 1972
6,153,000 7,250,000
5,388,000 6,162,000
3,174,000 3,686,000
2,347,000 2,229,000

- 1,538,000 | N.A.
- 989,000 2,332,000
- 855,000 1,327,000
610,000 1,014,000

N. A. = Data Not Available
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* With the eXceptTOn of the Kansas Test Track slag, the materials were
sieved and eachlsize of material was stored in a separate container for

recombining into the desired gradations“ The various ba11ast gradat1ons

of the sampTes tested are shown in F1gure 3.1.;

3.1. 2 Character1zat1on Tests ‘ ‘

. In order to re]ate the resuTts of the repeated Toad . tests to the -
phys1caT propert1es of the materials, standard tests were performed.
The standard tests and references are .included in Table 3.3. 'Iniaddition,
an amp]1f1ed discussion of the var1ous test procedures is 1ncTuded in

Reference 39’

The resuTts of the tests are summarized in Table 3.4.0 -

3. T 3 Static Tr1ax1a1 Tests-

To enable comparisons w1th the hyperb011c stress stra1n Taw (4, 21,
22) stat1c triaxial tests were performed on med1um dens1ty, No. 4 baTTastP
‘gradat1on spec1mens of T1mestone,,gran1t1c gne1ss, Chicago.slag,_basalt,
grave], and crushed gravel. OnTy tWO'TeveTS of confinfngfpressure ‘5 and
15 psi- (34 and 103 kN/m ), were used The resuTts are presented in Table

3.5. The values for ¢ shown are taken from the tan nts to the respect1ve

failure circles on the Mohr- Cou]omb failure enveTope

3. 2 Testing Program
S1nce the purpose of the research was to study the behavior of
ballast materials under simulated loading conditions, the repeated load

triaxial test was selected as the.primary method.



Percent Finer

2
100

Si;el\?e Size, inches .
S

172" 3/8

NO.IO

1-1/2"

N

3/4

- NO.4

80

70

eo}

AV

A\

\

\

40

Np:5-j>\

30

20

\<Kcnsas' Test Track Slag

“..

o -

Figure 3.1.

Ballast Gradations Tested.

<

1



Table 3.3.

Tesf

36

Standard Characterization Test References.

Designation

asTM(?) aasyTo(P) British Standard(¢)

Particle .
Index

Speéific
Gravity

Los Angeles
Abrasion - '’

Gradation
Parameter(e)

‘Flakiness
Index

Soundness

Crushing
Value

a) Reference
c) Reference

(
(
(
(

d) Reference

(e) Reference

b) Refeﬁence'

(d)

Tentative

C 127 T 85

C113] T 9%

81215

C 88 T 104

 812-34

3% :

36 N
37 ‘
38
14



Table 3.4. Characterization Test Results.

Los Angeles

“Soundness

Furnace Slag

Particle ‘gpecific Abrasion Gradation Flakiness Crushing
Material Gradation = Index Gravity loss, % Parameter Index Loss, % Value
Limes tone 2.626  34.2 22.7
-No. 5 13.80 1.846 17.52 12.3 i
. No. 4 13.75 1.074 16.78 18.5
Well graded 14.09 2.039 17.33 15.3
n=1/2 14.07 2.295 17.04 14.5
n=1/2 14.07 2.178 17.04 " 14.5
CA-10 13.90 B 4.959 13.00 14.5
Granitic 2.679 -~ 34.7 . ~26.1
Gneiss No. 5 13.61 1.846 15.60 0.23 .
No. 4 13.45 1.074 14.39 0.25
We]1 graded 13.68 - 2.039 15.71 0.26
Chicago - ‘ 2.133  37.8 - 37,3
Blast ‘No. 4 15.68 C. 1.074 3.59. 0.75
Furnace "Well graded 16.63 2.039 3.76 0.87
Slag ‘ ’ _
Basalt L 2.775 12.3 k v ~12.4
Mo. 5 - 15.10 1.846 19.69 6.14
~ No. & ¢ 15.40 1.074 17.33 4.93
= Hell graded 14.83 . . L + 27039 16.11 4.86
Crushed S 2.678  28.0 . - . 720.0
Gravel . No. 4 11.85 B 4 S 1.074 -~ 10.12 7.45 .
Gravel - 2.658  23.2 T 13.8
No. 5 . 7.54 1.846 4.03 5.06
No. 4 10.17 1.074 5.79 5.78
Well graded 8.86 . 2.039 6.53 5.84
Kansas Test - 2.521 26.7 | - 25.2
Track Blast No. 5 14.10 ' 1.846 5.39 0.87

L€



“Table 3.5. ~Sta{1c‘Triégia1 Test Results.

o . : _ Confining | Maximum v
Material o Density : Pressure Deviator - ¢

Type . Grédation - “(pcf) (psi) " Stress (psi) - (dégrees)f
Limestone - . No. 4 97 . 5 - 32.9 - 45
S o 97 15, 73.4 28
Granitic o R | S
3 ~ No. 4 - 97. - S5 42.3° 46
Gne1s§/ . K 7. 15 , 6371 . 15

ol

Chicago Blast - j - . - ) K "
. , No. 4 70 5 : 31. 47.
< Furnace Sfag = So.700 0 15 - 59,

N~

46

‘Basalt . -~ . MNo.4 - 95 5 ~ 36.
R ) 35

97 - .15 . - 8l.

oo

- Crushed No. 4 102 5 27,

| | » 42
Gravel - S (2 [ . es8.

32

a4

" Gravel . ' " No. 4 105- - T 5 - : 26.
Lo : L e LAk

105 - 15 . 78,

[e) Vo) OO

Note: T psi = 6-89ﬁ kN/m2 £

8¢
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3.2.1 Testing Equipment

A U.S. Army Engineer Waterways Experiment Station triaxial cell
design was modified, and the cell was fabricated at the University of
I11inois. Because of the large max imum s1ze of the aggregate to be
tested, the ce11 was constructed with an 1ns1de d1ameter of 11 inches
(279 nmm) to provide the capability for testing 8 inch (203 mm) diameter
cylindrical spec1mens 16 inches (406 mm) high Afschematic diagram of
the tr1ax1a1 cell:is shown in F1gure 3 2, and an overa]] view of the
equipment is shown 1n Figure 3.3.

The confining pressure was supniied by means of air pressure'end,~
was not cyc]ed during the tests. Thevrepeated deuiator stress was applied
by a hydraulically ectuated piston; contro1 was byﬂmeans of a c1o§ed Toop
electronic system. Input for the 1oad‘contro]fwas provided by a function
generator connected through e]ectron1c contro]s to the hydraulic actuator

Severa] 1nvest1gators (3, 5 7) have exper1mented with changes in
the duration of the repeated Toad and have found no significant dependence
of the res111ent behav1or on the duration of ]oad especially if the
durat1on is on the order of 0.]0‘to 0.15 seconds. . Unfortunately the
effects of duration of Joad on the permanent defornation behavior of
granular materials is not known.

I The effect on resilient behav1or of the frequency of applied Toad
was stud1ed by Seed et al a] (7).‘ So 1ong as the frequency was in the
range of those expected in seru1ce the effect on the resilient response
was slight. From repeated load triaxial tests of ballast ORE (32)
concluded that there was little influence on permanent deformation

results for frequencies in the range of 0.1 to 30 hertz.
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To satisfy:the.constraintSvof-the,edutpment and to approximate the
in serv1ce cond1t1ons ‘a frequency of .50 applications per minute and a.
haversine 1oad pu]se of 0. 15 seconds durat1on were se]ected

The spac1ng'of_truqks on4r01]1ng stock varies,. and the pulse caused
by. the~secdhd truck on«One,carA0verTaps that Of:the-first»truck on the
fo]]owing car. These two factors cause problems in,anaiyzing the in
serVice'frequenqy]and.duration;ofwloeding of ballast. -The frequency
. (50 :cycles per'minute)-and_duration'bfgload (0.]5_secohds) selected are

equivalent to a train speed on the order of 80-.mph.

3. 2 2 Instruuehtatton
The tr1ax1a1 chamber pressure ‘was mon1tored by a gauge on the air

.supply 11ne 1ocated 1mmed1ate]y adJacent to the pressure regu]ator The
axial Toad was mon1tored hy means of a load cell mounted between the
hydraulic actuator and the loading rod. A two channel high,speed“strib
- chart recorder was used to observe the output of the load cell. |

. Two methods were used to observe the axial deformations. The. primary
method for measuring the resilient deformation was, by.two electronic-optical
~-scanners. " The collimators. measured the vertical-motion of. black and white
targets: placed at the upper ahd-]pwer quarter points uf‘the,specimen.
Each target consisted of one black and one white.rectqngu]ar@strip, 11/4
by 2 1/2.inches (32 byﬁﬁAgmm) eaeh,-uhich:were held to the specimen
membrane by doubled sided tape. The chamber pressure insured the membrane
"~ was molded firmly to the specimen thereby e]imjnating slippage between
specimen:and - targets.. The ﬁoVements Qf;the targets were.sensed by the

optical heads'ahd,converted into_an electrical 'signal; the difference in
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- movements. was recorded as output on the strip recorder. -

The primary method for'me53uringﬁthejpenmanent‘defOrmatiOns was by
a 1ineér5vaniab1eLdifferentia] tnensfdnmer‘(LVDTY‘mounted at ‘the -top of
" the hydrauli¢ actuator. The;LVDT‘Signa1 was tecqrdedfsimu1taneou51y with
“’the collimator signal so that' the permanent:as well as the resilient
“deformations were observed.

"“’The LVDT measured deformatiOns-ovet*theientire~specimen']ength, and

' was-iiséd as a ‘backup to and - for comparison-with the optical method. of
obtaining resi1ientfdeformations.'f' '

The optical heads were mounted 1ndependent1y on a geared stand and a
Ad1a1 1nd1cator was used to measure, the re]at1ve d1stance the heads were
rezeroed a backup means of measur1ng the permanent deformat1ons was

$thereby provided.

'352?3‘4Sbeéimen“Prépanatibn
‘Because one of the objectives of this: study was to determine the -

- effeCtS'bffgradation5and maximum size on ballast:behavior two different
“samplé sizes were used: '‘SampTes 6 inche5>(152 mm) in diameter were used
“for the No. 55b611ast'gfadatibn which “has a-ﬁaximqm particle size of 1 1/2
iinehe§;f38vmm): ;The'Nn; 4°ballast gradation has a maximum particle size

of 2 inches (51 mm), and therefore larger samples 8 inches (203 mm) in

“diameter were used: “Thus a diameter- t6 maximum ‘particle size ratio of 4
“was maintained , |

'A11 'of the prepared samples had'a height to diameter ratio of 2:1 or

" more td”minimfte’thé'endfeffects on deformation measurements es:reported

by Bishop and Green (18) and Durican-and Dunlop (40):
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To minimize segregation and to insure Qradation control each specimen
was weighed out by thirds for each of the size fractions and each third was
placed in a separate container. With the exception of the CA-10 specimens,
the aggregate was washed to remove the fines, drained, and compacted

FEN S S
AN

1mmed1‘:‘\1-,e]y,,.‘“__,,W”i

The spec1mens were- prenared 1n a split mo]d c]amped to the sample base

as shown 1nkF1gure 3 4 A rubber membrane was -used 1ns1de the mold, and a

.«..h

vacuum was- app11ed through the attached tub1ng to hold the membrane against

the mo]d

Because of the open graded nature of ba]]ast vibratory compaction was

-'

selected. Compact1on was accomp11shed by a method similar to that described

by Rostron ietfl“ (41) wh1ch used a v1bratory hammer and a compaction foot

nfdiameterbthan~that of theymold. The compaction equipment

To determ1ne the compact1on character1st1cs of the aggregate and for

a check on degradat1on dur1nq compact1on, 11mestone of No. 5 ballast

the v1brat0ry compactor The resu1ts showed that}11tt1e increase in
-density was attained for compaction times greater than 45 seconds and that
gradation change for the limestone due to compaction was extremely small.
For example, the amount of material passing the No; 4 sieve 1ncreased from
2.5 percent to 4.0 percent after compaction for 45 seconds per layer. The
“increase was less (less than 1 percent) for the shorter compaction times.
Because densfties_are genera]]y‘not specified when ballast is placed,

no attempt was made to attain specific densities. Instead three degrees



45

Figure 3.4.

Compaction Mold.
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Compaction Equipment.

Figure 3.5.
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of compaction were selected. For low density specimens, each layer of
aggregate was placed and‘rodded:10 times. For medium density specimens
each layer was compacted for 5. seconds w1th ‘the vibratory hammer, and for
the high dens1ty spec1mens each- of the three layers was vibrated for 45
seconds.’ ‘.ZL~¢r. '”ﬁé

After compact1on the height of the spec1men was recorded the mold was
removed, and a second membrane was placed over the specimen because almost
without exceptvon the or1g1na] membrane was" punctured during compact1on
A typ1ca1 comp1eted samp]e 1s shown in F1gure 3.6.

In~ add1t1on to the No 4 and No 5 ba]]ast gradat1ons tested two
other gradat1ons were used For compar1son w1th the open graded mater1a1s,
two CA- ]0 (a standard I]]1no1s Department of Transportat1on gradation)
11mestonerspec1mensvweremtested. The CA-]O gradation used 1s‘shown in
Figure 3“7;“ The spec%mens'were compaoted at 6'percent moisture content,
or s]1ght1y dry of the opt1mum as determined by AASHTO T-99. Two 1eve1s
of compact1on, 5 seconds per 1ayer and 45 seconds per layer, were used
for the CA ]0 spec1mens of medium and h1gh dens1ty, respectively.

The gra1n s1ze d1str1but1on for a dense graded material can be

)
determined- through use of the Ta]bot equat1on

100 (%) o - (3.1)
where d is the sieve size in question, p is the percent of material

finer than the sieve, D is the maximum size of the aggregate,

and n is an exponent, usually between 1/3 and 1/2,
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Usually maximum density for an aggregate will occur if the exponent, n,

is 1/2. To,evaluate'the effects of a slight change in gradation from
current.ba]1ast specifications, the Talbot equation with an exponent equal
to 2/3 was used. The gradation'resn1ts from the Talbot equation were
}maintained only through No. 4 sieve.” To ensure a high permeabt1ity'rate
no material finer than the No. 16 sieve was used. AThe gnadation selected
and the perméabi]tties of some other coarse‘materials'are shown in Figure
;3.8.‘ A conservattve‘estimate of the permeability of the:”ne11 graded"
fmateria] is 5000 feet (1500 m) oer day’ ‘Two other specimens'wtth gradations
6btained: us1ng an exponent of 1/2 for the Ta]bot equation. were also tested.
The sma]]est mater1a1 in.these two spec1mens was coarser than the No. 10
:s1eve the gradat1ons are shown in F1gure 3. 9. All of the well graded
ispec1mens were compacted for 5 seconds for each of the three 1ayers A
‘summary of ‘the pr1mary test spec1mens and the1r mater1a1 “types,- gradat1ons,

.dens1ttes,.and void ratios is included in Tab]e 3.6.

‘3.2.4- Testing Sequence

| thm’tthtte-e]ement analysis of CRTSS (6) values were obtained for
‘the stresses at various po1nts in the ballast. The reference section
dparameters are descr1bed 1n Table 3.7. Representative values of deviator
'stress of 45 psi (310 kN/m ) and confining pressure of 15 psi (103 kN/m2)
(or a stress ratio hereafter shown simply as 45/15) were se]ected; and
pre]imtnary tests were conducted using two medium density No. 5 ballast
‘gradation specimens. The densities of the samples were 104 and 103 pcf
(1670 and 1650 kg/m3), respectively. To check on stress history effects

on permanent strain behavior of open graded materials the first sample
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‘ Table 3.6. Summary of Primary Test Specimen Properties.
::Compaction”

Material - o o N ‘- P Density Void
Type 7 __Gradation. Level (pef).. Ratio

ooolow. L 90.
Med ' - 103.
High . ~106.
Low : - 88.
No. - Med - .95,
o No. 4 . ‘ High 99,
" well graded . Med (111,
: n=1/2 : Med _ r112.
n=1/2 © Med . 112.
CA-10 Med . - 123.
CA-10 .. . High.. . .130.

Limestone = .. 't ..~ .No.
s No.

No.

- No.

B 01OV O

SOV 00 =1 1 (0 O 0.0 AN W
CO00O000OOOO
PN
o)

Low . 89.
Low 93.
. .No. Med . 97.

~No ‘High -~ 102.

well graded ~ Med . 114

Granitic . ¢ - . No.
Gneiss f. o .- -« No.

[efolo¥ole]
~I
—)

Chicago Blast - - .. . o omm
Furnace Slag - 5 mgffi‘ : hgg E ) ??
m © oo Now Ase oo High LT3,

o ‘ well graded Med = - 86.
P ; , No. 4. Med 95,

7 well graded” it Med oot 116

00 W oL W NON

Cﬁushed'Gfave1 ' - No. 4 ' Med ) 100,

CMed T 126,
Low. . - 102.

L Med . - 107.

No.
No.
C , - No, 4 High. ", 112.
{ oo o meee od o well graded- - Med- oo 31

Kansas Test * . 'No. 5 Low ., 90.
Track-Blast « z = = Now 5 - v oo Medv o 298:

Furnace Slag * S No. 5" ~ High # ©100.

COO OCOoOCOO © OO0 OO0 —
w
—

. '\O'QO'CD“,

*Low - rodded 10 blows per layer
Med - 5 seconds per layer vibration:
High - 45 seconds per layer vibration
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Table 3.7. Reference Section Parameters (Reference 6).

" Rail - 136 1b/yd (68 kg/m) rail

4 (

1= 94.00 in" (3954 cm?)

"E =-30,000 ksi (207,000 MN/m%)

| Iiéi - Timber ties

width = 8 1in. (50.3 cm)

Thickness‘= 7 15. (17.8 cm)

Length = 8 t (2.44 m)

Tie Spacing = 20 in. (50.8 cm)

‘ Cqmpressive Modd]us = 1,250 ksi (8618 MN/m2)

Effective bearing length under each rail = 18 in. (45.7 cm)

Ballast - Crushed stone ballast, AREA No. 4 Gradation
S uo=0.35

Ballast Depth = 12 in. (30.5 cm)
SUbba]]ast - none

Subgrade (Embankment Material) - Depth = 275.0 in. (6.99 m) .
n = 0.47



55

was tested using gradually increasing stress levels. The permanent strain
results are shown in Figure 3.10. A second sample was tested at 45 psi
(310 kN/mZ)repeated deviator stress and 15‘psi (103 kN/m?) confining
pressure. The results are shown in Figure<3.11. The total permanent
strain realized during the gradually increasing stress level sequence was
less than that obtained when the specimen was first subjected tn a high
stress Tevel. The results are simi]arito those o%AKaicheff'and Hicks (9)
and of Brown and Hyde (30), although their results were obtainéd using
dense graded crushed stone. o .

Although it was recognized that’streés history affects éhe permanent
| strain resu]ts it was dec1ded that va]uabie 1nformat10n couid be. obtained
by subJecting each specimen to a standard conditioning phase (5000 load
applications at 45 psi (310 kN/m ) ‘repeated deviator stress and 15 psi.
(103 kN/mZ) confining pressure). During the conditioning phase neadings.
of the accumulated permanent deformation were taken at 10, 100, 1000, and
5000 load applications. Following the conditioning phase, the second
phase of the testing program was started. After‘tne speéimené Wére tested
for resilient modulus at 7 different stress levels, the plastic strain
portion of the testing sequence wns begun. To observe'any'change in the
resilient behavior é second resilient modulus test was conducted after the
5000 1oad applications of the 60/15 stress ratio, although two of the
samples failed before the second resilient modulus test could be conducted.

Based on data presented by Barksdale (4) 5000 was selected as the
number of cycles to be run at each stress ieVeivbecause most of the curves

of permanent strain versus logarithm of the number of cycles had either
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leveled off or had started to increase dramatically by the time 5000 Toads
had been applied.

The comp]ete testing sequence is presented in Table 3.8.
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Table 3.8. Standard Test Sequence.

Number
93 9 . 9/9% of (1 (2)
Phase .. psi psS i psi Repetitions Readings
1. Conditioning 15 45 3 5000 10
: . - 100
1000
5000
. II. Primary
a. Resilient 15 60 4
: o 15 30 T2
10 40 4
10 20 2
5 20 4
5 15 - 3
5 10 2
b. Permanent 5 20 4 5000 - (2)
, 15 60 4 5000 . (2)
c. Resilient (3)
d. Permanent 5. 30 6 5000 (2)
5 40 -8 5000 (2)
15 90 6 5000 (2)
15120 8 5000 (2)

(1) 5000 or until failure
(2) same as for conditioning phase
(3) same as the first resilient
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CHAPTER 4
RESILIENT MODULUS RESULTS

4.1 Introduction

The results of the resilient testing portion of the program are
presented in this chapter. The resilient modulus values obtained after
the conditioning phase are compared with those obtained following the
repéated load testing at a stress level higher than that used during
conditioning. Correlations of the material characterization values shown
in Chapter 3 with the resilient modulus tes% results are presented. Also
included in Chapter 4 are analyses of differences in the resilient behavior

due to material type, density, and gradation.

4.2 Computation of Resilient Modulus

The resilient modulus, Er’ has been defined (Chapter 2) as the
repeated deviator stress divided by the recoverable axial strain. The
methods of instrumentation used in the test procedure and the oétput from
the strip recorder are included in Chapter 3. Because the resilient
modulus for a granular material is not constant but varies with the state
of stress, analysis of the Er values at various stress levels can be used
to develop a regression line depicting the stress dependent behavior.
The results from the regression analysis are used in the form of Equation

2.1.

4.3 Results of Resilient Testing Program ]
Table 4.1 summarizes the results of the resilient modulus versus

first stress invariant regression analyses including the standard errors
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'
Table 4.1. Results of Resilient Modulus Testing Program.

 After ‘the 5000

_— ‘ .Cycles at op/o3 =
' ~ After Conditioning ' 60/15
o ., Compac-f o ~ Standard 3 ~ Standard
Material ' ‘ 'tion"S]ope,‘Intchept, Error of|Slope, Intercept, Error of
Type Gradation Level n - K, psi Estimate. n ,5, psi . Estimate
Limestone MNo. 5 Low |0.40 11,236  0.021 | 0.44(8) 9320(2)  q.014
Med 0.52 5640° © '+.0.018 0.52 5545 0.029
High | 0.54 7296 0.035 0.48 7851 0.025
No. 4 Low |:0.51 6513 0.035 | 0.54 5293 0.018
Med 0.47 5883 0.022 0.57 4948 0.033
. -High | 0.46 . . 8636 0.022 0.52 ° 6363 . 0.026
Well graded Med 0.59 5149 0.016 0.67 3287 0.027
R - - Med |- 0.65 ~ ,4281 . 0.018 0.60 5069 ~.0.017
Med 0.61 ‘4733 ©~ 0.017 | 0.66 3268 - 0.018
CCA-10. . . Med | 0.65 2598 . 0.011 | 0.73 1702 - 0.007
' High | 0.60 = 4186 0.006 0.59 3582 - 0.017
Granitic No. 5  Low | 0.19*% 34,127 0.047 | 0.43 10,172 0.022
Gneiss , No. 4 .. Low 0.60 . 5128  0.009 | 0.60. 4124 .0.029
C -7 Med 0.53 6819 0.022 failed - '
o High |. 0.52 . 8076 0.024 | 0.54 .. 7384 .0.016
Well graded Med 0.56 7092 0.013 | 0.65 4215 0.021
Chicago No. 4 Low 0.64 ~ 4122 ' 0.020 0.68 2974 0.020
Stag ..., . .. . Med |.0.71., 3466 . 0.018.|.0.81 1433 €.036
o '~ "High | 0.63 5269 0.018 | 0.77 1957 0.008
. Well graded Med. | 0.70 . 4899 0.015 { 0.70. ... 4259 ..0.024
Basalt No. 5 Med 0.47 -8944 0.029 0.46 9249 0.023
No. 4 Med 0.65 4725 0.022 0.52 7963  0.031
Well graded Med. | 0.60 7145 . 0.015 (. 0.65 5962 0.012
Crushed . No, 4 = Med | 0.56 . 784 . 0.025 [ 0.50 .10,147 - . 0.029
orave] Wy & _ 0o : ) _ oY o
Gravel - No. 5 Med 0.59 5388 0.025 | 0.59 6756 0.030
.- No. 4 _  Low | 0.53 ., 8228 ..0.035 | .failed.. . . .
’ ' " Med 0.49 10,431 - 0.040 0.57 S 7531 '0.028
... . .. High| 0.38. 25,187 0.015 .| 0.47 14,772 . ,0.025
 Well graded Med 0.60 ° 7781 "~ 0.016 0.57 ~ 8070 '0.032
Kansas =~ No. 5~ Low | 0.58 5626 0.008 | 0.53 ~ 7864  0.012
Test Track . .Med | 0.49 .13,092  0.011 (. 0.46 16,784 . .. .0.014
Slag High| 0.58 - 8244 0.027 0.68 " 3525 0.020
*

Not significant at o = 0.01,
(a) Results after 20,000 cycles at op/o5 = 45/15.
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of estimate. As notédVW1th 6ne'eXCepti6h a115werelstgnificant‘at o = 0.01:
_Although the standard errors of est1mate appear to be extremely low

they are assod1ated w1th the pred1ct1on of the 1ogar1thm of E As an

111ustrat1on of the actua] error 1n the pred1ct1on of the res111ent modulus, .

~ consider the following example:

. E, = 6513 a0
Cotp L .
) - standard ehror; Sxy = 0.035 -
‘therefore, Tog E,, = [Tog 6513 + 0.51 Tog 6] + 0.035,

Afckwhich yields, for © equal to 100.pst (689 kN/m?), 4.834 + 0.035, a range
_for E_ of 62,951 td'73,96]:p$i (434 to 510 uh/mz). The error in the
prediction Qf Er=js therefore considerably ]arger then the stehqerd error .
of estimate. ‘A]ee.althOugh the standard error of estjmate isAconstant on  ”
‘“'the 1ogarithmic'eca1e theterror in the breqiction"of Er;is greater for
1arge values of ©, than for sma]] values. . | _ . o

F1gures 4.1 through 4.32 dep1ct the resu]ts of the res1]1ent modu]us ”
_port10n of the test1ng program. Ana1ys15'0f‘the results is in subsequent
sections: o '

Figures 4.1'through'4.6,show,the‘re]atibnships between resilient
modu1u$;‘Eé; and the ﬁum of principal stresses, 0, for 6 specimens of =
diffehent_materiq].types;hut of‘thetéame gradation (No.>4 ballast) and
' compactive effbht‘(medium)(k;With‘the(e}ceptiqn of the granitic gneiss;

: " two sets;of'data,hepresehting,va1ue§ ihmedtété]y:after the conditioning
phase.andvf0110wthg the SQdotcycTe§ ef 60 psi (414 kN/mz) rebeated deviatoh

"'istress‘ahdlfs péi”(]OS'kN/m?)-contihing'phessure_ahejshqwn.



Resilient Modulus, Er, ksi

~go}
70}

64

6, kN/m?

200 300 400 500

200

NN

P

. o/crU

20

TEEPIII E O- After Conditioning
e " E,: 5883 %%
;= 0984 -
O~ After The 5000 Cycles Of Ec%":. =%5Q-
et ) Ezr~:‘

. 0.57
| s 1894_}784 ] .
RS

{100

~20- . - 30, 40 50 60 70 80

8=a)+203, psi .

Figure 4.1.V.Re]ationship between E and © for No. 4 .

~ Gradation Limestone, Medium Density.

200 .



Reﬁﬁeq:fModghﬁﬁﬁE,, ksi

200

65

8, kN/m

100 - 200 0. 400 500

10

20

lTo- Affer Condltlonmg
Erz 6819 8
_.LF . .0.987
Speclmen Fauled Before Complehng The
60

o1"03 _
5000 Cycles Of ——3— T

PR Urhﬂ;lf e b L) -

20 " 30 40 50 60 70" 80 100
e = &‘|1+263 '7‘ psie

Figure 4.? Re]at1onsh1p between E and @ for No. 4
‘Gradation’ Gran1t1c Gne1ss, Med1um Dens1ty

el

200

100




66

8, kN/m?

Figure 4.3. Relationship betwéenvEr and 0 for No. 4

Gradation Chicago Blast Furnace Slag, Medium

Density.
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Figures 4.7,;hrpugh:4.14 dépict the results for specimens of the
~same gradation (Nq..4)rbut prepared at compactive efforts different from
the medium density specimens:of Figures 4.1 through 4.6. Figures 4.7,
4.8, 4.9,Iand 4.10 show the results for the specimens that were prepared
_using the‘rqdding‘techniqge on]y. Figures 4.11, 4.12, 4.13, and 4.14 are
the results for No.,4 gradation specimens compac;ed;for 45 seconds per.
layer (high density).. _ _ ‘

Figures 4.15 through 4.18 are the results for No. 5 ballast gradation
specjmehs cpmpacted_for 5 sqconds per layer (medium density) and Figures
4.19, 4.20, and 4.21 show the results for three different No. 5 gradation
materials compacted by the rodding method only. A1l of the'linear ‘
regression results were significant at o = 0.01 except for the values for
the granitic gneiss tested immediately after conditioning. ~No ekp]ahation
is kriown' for the erratic behavior of this’ specimen. Figures 4.22 and 4.23
are ﬁhe feéu]ts‘for two No. 5 ballast gradation specimens preparéd by
compacting each layer for 45 seconds.

The results for 5 "well graded" specimens ‘are shown in Figures 4.24
'fhfougH 4.28. ‘A1l of the well graded specimens were compacted for 5 -
‘seconids per layer (medium density).

" The results of two additional limestone specimens with gradations
only slightly different from well graded are shown in Figures 4.29 and
4.30. The rééi]ieht modulus lines for these two specimens are‘exfreme1y
close to those shown in Figure 4.24, the we11'graded fimestone specimen.
Because the gradations of these three limestone specimens were extremely

close and because the densities and void ratios after compaction were
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almost id%ntﬁca], it is belijeved that the simi]arity aang the'reéu]ts

affords a check on the rebéatabi]ity of the testing procedure‘in general.
Figuré§44.31 énd 4.32 show the fegression lines for two limestone

.uspécimens of CA-]Oqgrédatibn'of medium and hibh denSity,.reSpectively.

" The resilient behavior of both specimehs is cdnéide?ab]y Towér‘thah that

of the open graded materials. It should be noted that the results for

the CA-10 Tlimestone agree closely with those for similar material tested

by Allen (5). ' ' |

» The following sections present the analysis of the resilient modu1us\

results accordingrto gradation; den%ity, stress hisfory, ahd'bésic

material properties.

4.4 Correlation with Characterization Test Results |
. Attempts were made to correlate resilient modulus values with the
mechanical, properties of the aggregate which are pregented jn:TabTe,3.3.
Because of the difficulty in using equations fqr correlation, the values
. of intercept, K, and slope, n, obtained from the regression analyses were
used. 0Only the equations devg]oped for the resilient response immediately
after conditioning were considered because some of\thehspgcimens.fai1gd
before the second resf]jent'response tests could be conducgeq. JTaEle 4.2
prgsents the results of the simp}g correlation analyses.
. For the first correlation analysis all 32 samples wefe considered.
The significant. (o = 0[05)»cqrre1ationswwere; '
(a)_)iptercept‘wifh particle index and crushing .value (1nvers¢),\
(b) slope with specific gravity (inverse), and

(c) Slope with crushing value.



- Table 4.2. Correlation Coefficients for Regression Analyses
of Resilient and Characterization Test Results.

Slope, n° - =.077 .265 -.322 . .346

* significant at o = 0.05

-.398

: >
aj .;
= 5,0 |
R @ - = c s ) )
[«}] (&) v C -+ o [%2] (7] O
— "w— oo Sy © — 4D - B [«}] <
(8] Y - += (' = L o= X B =t e Q
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B - @ [72 I < o ER ;o T [go J = .S > ©
(o] (=X [@ o] Q. O. “ © r— — (@] S =
= wn — =t a.- > IGH-W o W &)
A1l 32 specimens . |
Intercept, K -.387% .249 -.301 2100 -.035 -.283 137 -.124 -.356*
Slope, n ~ .355  -.488% .148 -.078 -.121 .260 .288 . -.188 393
14 No. 4:gradat%on Specimens o ,
Intercept, K Z.689*% 331 -.367 .640% -.748* -.108 . 184 .08 -.518
Slope, n J711%  -.588* 184 -.781* .785% -.254 -.264 -.535% ~..589*
6 No. 4fgradatidn;§pecimens (medjum density) v
Intercept, K. -.986* .514 -.194. .850* -.986* -.130 -.183 14 -.569
" Slope, n~ .724- -.580 -.086 -.786  .825% -.513 -.300 -.590 ~.425
9 specimens (3 gradations ofjeach of 3 types of materia]) ,
~ Intercept, K. -.217 - .162  -.310 .172 -.156 ~-.08% -.308 -.387 -.447
-.237 - .27 -.145 -.309
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Another analysis was made in which only the results for the No. 4
ballast gradation were considered. The following. s1gn1f1cant ( = 0.05)
correlations were observed:

(a) 1ntefcept hith particle index and void ratio (1nverse)

(b) = intercept with density,

(c) ,s]bpe‘withvspecific gravity, density, and soahahess

~(inverse), and

(d) slope with particle index, void ratio, and Crushfhg value.

Because al1:14 of the No. 4 gradation specimens were included in the abQQe};
ana]ysis;‘there was some 1nherent bias,Ae.g., one basa1t saecimen but 3 -
1imestoneispeeimens here included. To give equal weighting to each |
material tybe,ahother analysis included only the medium density No:- 4
gradation spec{mens.’ The signifieant'(a #'0:05) corre]ations were
reduced to- h

(a) ¢ 1ntercept w1th part1c1e 1ndex and vo1d ratio (1nverse),

(b) intercept with dens1ty, and

(c)’ sﬂope.w1thavo1d rat1o.

To 1nc1ude gradat1on parameter on an equa] basis, 3 levels of
gradat1on of each of 3 mater1a1 types (11mestone, basalt, and gravel)
were included.in another correlation analysis. Neither intercept nor
slope was foUnd-to correlate signifiéant]y (o =AO 05) with any of the
material propert1es for the ana]ys1s of these 9 samp]es

From the resu]ts of the corre]at1on ana]yses no cons1stent relations
could be established, a]though in severa] 1nstances the intercept and

particle 1ndex‘va1ues seemed to be related.
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Further attempts to determine the effects on resilient response of

gradation changes and material type are reported in the following section.

4.5 Analysis of Variance Resu1ts

AdditionaT%attempts were made to determine the effect on resilient:
‘response-of materia] type and gradation through the.use~Of§randomtzed )M,L
;complete b]ock‘(RCB) analyses. ~ The effects of loading history ‘and
'ire1ative density'were investigated also. The results of the analyses
are 1nc]uded in Tables 4.3 and 4.4. |

Because prev1ous research (5) has shown that the effect of var1at1ons
;1n the s]ope (n) and 1ntercept values (K) of the pred1ct1ve equat1ons for
resilient modu]us often is to cancel one another two va]ues of E were
fca1cu1ated at values of the f1rst stress 1nvar1ant 0, of 35 ps1 (241
;kN/m ) and 90 psi (621 kN/m ). Thus the variables included in the ana]yses
were K, n, E,. at 35 psi (241 kN/m2) and Er at 90 psi (621 kN/m?).,“ |

To determine the effect of maximum particle stze, two gradaticns
(No. 4 and No. 5 ballast) each ot 5 material tybes were considered:* None
’of the four variab]es showed significant (a =.0.05) differences aue tdi:
the change in gradation. The conclusion was that there is no difference
in resilient modulus between the No. 4 and No. 5 gradat1ons

To further examine the effect of gradat1on 3 levels. of gradation.
(No 4 No 5, and well graded) each of 3 material types (11mestone,
_basa]t and gravel) were 1nc1uded 1n the ana]ys1s Only one of the four
variables, Er at 90)ps; (621 kN/m ), proved to have s1gn1f1cant ( 0.05)
differences due to gradation. The values of Er at 90 psi (621 kN/m )'wé}ér

further analyzed using Duncan's multiple range; no differences were found
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¢

Table 4.3. Randomized Complete Block Analyses of
Resilient Test Results.
v, - -
w w
Lo Lo o BN
o .
o ol o Ln
a (@) o
u Ly
< w,. 4 2
(] ol © o
pc} o
[t — p |-
. =~ 2 == =
F va]ues for max imum o S _ , e
size analysis (No. & 0.081 - 0:149 - 0.199 0.014
and No. 5 gradat1on§)v .
F values for grada- R R R PI.
tion analysis (No. 4, 0.021 0.737 10.10% 4.75
Ne;.5,-and well graded |- . : ST S T e P
for 3 material types)
F values fér‘dehsity : C R T R CIR R
analysis (low, medium, | , 1.229 . 0.270 3.701 .. .2.810
and high dens1ty for R o ‘ I o
each.of 6 spec1men ,
types) - '
F values for stress RS el T
history effects (be- 3.312 3.727
fore and after 5000 - = o :
cycles at oD/o of
60/15)

*significant at o = 0.05 :

Mu1t1p1e range test Of Duncan for E at 90 p51

-

lGradat1on

DEu_ji

77.1-

I

No.
Méah%value of.
Ei-at 90 psi,~ . - 69.8
ksi .

Well Graded

4
N

‘Note: a Tine beneath values 1nd1cates that no significant
difference exists.
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Table 4.4. Randomfzed Complete Block Analysis of
Resilient Test Results by Material Type.

Intercept, K
Slope, n

Er at 90 psi
Er’at 35 psi

F values for material
type analysis (1ime- ‘ ‘ ' ~

stone, granitic gneiss,. . ..j  3.62 |, . 14.30% |- .- 7.66% |. . .. 5,90%
Chicago slag, and gravel; o S -
3 gradations of each) .

*significant at o = 0.05.

‘Multiple range test of DUncah for slope, n:

‘Gravel Limeétone : "'G&anitié Gneiss Chicago S]&Qr‘

Mean value ' S ' ’ -
of slope -0.47 - :0.48 - - . 0.5% - o . 0,66 .

Multiple range test of Duncan for Er at 90 psi:

Limestone  Granitic Gneiss  Chicago STag - Gravel .

Mean value of .. = - o seo T T R S
Er at 90 psi, . 59.6 ~78.0 " 82.3 107.7
ks.i ) , D N I o ) ’ ! ? R ' to . :

Multiple range test of Duncan for,Eé at 35 psi:

Limestone  Chicago Slag - Granitic Gneiss ~ Gravel -
Mean value of » : - R ‘ ST
E.at35psi, 380 4.3 4.5 70.3
o 3t 883 cme ‘ _

Note: "a line beneath values indicates that no significant’
difference exists. ,
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between the va]ues for the No. 4 and No. 5 ba]]ast gradations, but both
Jwere 51gn1f1cantiy lower than the values for the well graded specimens.
In general, the effect on re51iient modulus of changes in gradation was
slight.

The effect of density was inciuded by considering 3 density‘]éveis 3

- (Tow, - edium, and high) each of 6 different specimen materia]s From
}Tabie 4.3 it.can be seen that there were no differences among the (
‘resilient responses.

Also included in Table 4.3 is the anainis of the:nesifient‘responses
of the specimens to determine the effect‘of.ioading history{,-Noneqof the .
four variables was 51gnif1cant1y ( O 05) different for the two tests
conducted. The conc1u51on that the reSilient response of granu]ar
materials remains: essentially unchanged throughout a complex loading
history thus is reinforced (3, 5, 9).

To include the effect of material type, an.anaiysis'Was made of Tow,
medium, and high. density, No. 4 ballast specimens of 1imestone, granitic
gneiss, grave], and Chicago slag. The resu]ts are shown in Table 4 4

There was no difference in the va]ues of 1nterceot K among the )

4 materials considered, but significant (a = 0.05) differences among the
material types did exist for slope, E; at 90 psi (621 kN/mZ);wandaEf'atkf‘
35 psi (241 kN/m?),k:A further.analysis (Table 4.3) was made using the
mu]tip]e'nenge test}ot bunean. | | |

A]though differences:among*the.vaiues for the varionsimateriai tnyesz
are shown, no consistent trends can be noted. The Chicago slag'had the

highest value of slope, n, and the vajue was signjficantiy different frqm
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" the other three. For the va]ue556f E}‘at 35 psi (241 kN/mz) and at 90

psi (621 kN/mz),:tﬁé'graVél épeCimens“had the h1ghest'méan'va1ues and the

values were significantly different from those for the other three

material types.. ' , \ N
,i,A]though resi]ient‘response depends somewhat opumgtefjal_fybég the

1a;k of consistency in_ the data prevents makingAanyﬂépecifjc gong]usioﬁ§:;

The djfferences in rési]ient behavior were‘sovs]ightlas toﬁbe‘neg]jgiﬁlel,

from the CRTSS structural response standpoint.

" 4.6 "Summary _ |

The‘resiiieht\responSe'of granular materials cannot’ readily- be: 1inked
to material properties. In addition the resilient response is a1mo%t'?"'
totally independent of gradation, loading history, and density. °ATthough
some dependence of resilient response on material type can be Shown, the~.
effeéts‘are\hot‘éohsi§tent. None of the othe%'yérﬁables‘ﬁS‘héariy so-
important a Barameter.in determining the resilient response of granulai ™

materials as is the stress level.’
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CHAPTER 5.

e
SR BT

. PRESENTATION" AND- ANALYSIS. OF RESULTS FOR PLASTIC BEHAVIOR

5.1 Introduction

Permanent deformation is a major factor contributing to'the‘
deterioratdon of thejCRf357 ‘Some research has been’ done pn.the'permanent :
deformat10n behav10r of’ dense graded aggregates, but Tittle research has
been done concern1ng the repeated Toad' character1st1cs of open graded
mater1a1s such as ballast. Th1s chapter presents the accumu]ated p1astic:'
strain results of the repeated load tests conducted on a varietywof'material
types ofopenfgraded.nature,andﬁa]so the results forftwc dense graded
specimens: e

Al1. of the primary test specimens were conditioned. for SQQOEcycles.i_
at.a deviator.stress of 45 psi (310 kN/mZ) and_a,confining pressune,of\Al
15 psit(]OS_kN/mz)fﬂ The.permanent deformations recorded by the_LVanﬁx
method were djvjdedyby,thehspecimen‘hejght?to obtain the strains atllogﬁﬁ
100, 1000, and 5000 cycles. It should be noted that;the-p1asttcﬁstrain
data obtained during the conditioning phase have not been influenced by
any stress history effects and are probably the most representative
resu]ts for making direct comparisons. |

After the conditioning phase the stress ratio was 1ncreased; 5000
Toad cycles were applied at the new stress level. The process was repeated
until the sample failed. 'The entire test sequence is included in Table 3.8.
WheneVer 5 percent strain was attained at any given stress Tevel, testing

was discontinued.

/
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The sample he1ght at- the start of each 5000 Toad cyc]es was taken

as the gauge 1ength for strain determ1nat1on

5.2 Plastic Strain Reéu]ts

‘ The.purpose of this part of the research was to determine the effects
of.materia1'type and gradation on the plastic strain behavior under
rebeated load condittohs of a variety of aggregate types. The effects of
stress h1story, degree of compact1on and stress Jevel were cons1dered a1so

Before{the pr1mary tests were started, preliminary samples were tested
tevdeterm1ne the effects of stress history on the p]ast1c strajn behav1or
of open graded materials such as ballast. The resu]té are incﬂuded:tn
section 3.2.4. | '

After eanefu1_consideration of the prelihinary test results, the
primary testing pnogram waS Started. Figures 5.1 through 5.§ are plots—
of permanent strain versus loéarithm of the number-of cycles,fon the‘data

obtained during the conditioning phaée of testing. As pnevious]y noted
ithe data collected during the conditioning phase have not been influenced
bf the effeets of other stress levels (no etress history). The\reé@1t$!
obtained at stness levels other than conditioningiare included in-Fngres.
5.10 through55 40A The fo110w1ng sections include the analyses of the
data co]]ected dur1ng the permanent deformation port1on of the test1ng “

program.

5.3 Linear Regression Analysis
Linear regress1on ana]ys1s was used to deve1op relationships between

the plast1c stra1n and the correspond1ng number of loading cycles.
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Three types of régression analyses were used: arithmetic, semi-log, and
log-log (strain versus number of cycles, strain versus logarithm of number
of cyc]es, and Togarithm of strain versus logarithm of number of cycles, |
, respect1ve1y) In general the best resu1ts were obtdiﬁed for p]aétic
stra1n versus the 1ogar1thm of the number of cyc]es The sjoﬁes obtainedli
from the 11near régression equations were used in gttempts-tq furtﬁef
analyze p]asticbstrain behavior. Because strain is zero at the'start of 5
testing and because on]yTthe trend of plastic strain is.of practical
importance,* the equétion intercepts were not included in the'ana1yses.v

Téb]e‘5.1 is a .summary of the slopes and corre]ationucoefficients for
the data obtained at a repeated deviator stress of 45 psi (310 kN/m2) and
a confiningipressure of 15 psi (103 kN/mZ). The analysis qf'the data
obtained at the other stress Tevels is included in Table 5.2, . Because the -
sémi—]ogarithmiﬁ ana]yses;proved to prqvidé the best results;'théy are the
oniy ones included in Table 5.2.

In all cases an increase in stress ratio (repeated deviator stress :
divided by conf1n1ng pressure) resu]ted in additjona] p]éstic strafn
accumulation during the 5000 cyc]es ’Howevef, stregslkatio by jtself = -
cannot be used to pred1ct adequate]y the plastic strain behav1or of |
ballast mater1a]s Both repeated deviator stress and conf1n1ng pressure ,ii
must be considered together because the app11cat1on of a stress ratio of
4 énd a confining prgééure of 5 psi (54 kN/mZ) is usﬁa]]j much less séVé}é?
than the same stress ratio in conjunction Qith a 15 psi (103 kN/mZ) |
confining pressure. For example, in Figure 5.12,‘the results Fbr.]ow

density, No. 4 gradatioh limestone, a stress ratio of 4 and a confining
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4

ifTang 5;1;f{Redressioh‘Ahé]yses;o%}PTasﬁié Strain during'Conditiéning Phase.

". Type of Regression Analysis

S R ol 1o9-ep - Tou N
S ' Compac- N R -
R T tioh(é) . - Correlation. | ) Correlation Standard error | .~ .. Correlation
- Material . Graqation‘—[Level -Slope . Coefficient | Slope Coefficient . of estimate-” | Slope = Coefficient
" Limestone i Low. 0008 - .644. 1.07 - .986% .196 Jod Lo
S - Med- .000% - - .999* - - 219 . .943% .042 2209 .977*
" . High® | -.0000 "~ .907* 022 - l970* .007 .348 .998*
Low - |..0008 -..612 | 1.a7.  log1* 382 .372 .874%
. Med - - | .0003.  .845% .678  .995* . .075 308 .984%
No. & .. "High [ .0000 % .s02* .088 .967* ,028 .162 .996%
““Wwell-graded Med. | .0od2 7 .803° (555 . .900% .21 | 208 985
" 'well, graded . Med - | 20002 . . .767 ' 619, . .996* .057 .284 ©.932%
.. wiell graded . Med . . | 10002 °.897* - 507 1.080% 112 .188" .998*
 TUCAT10. .. - Med- - | 0004+  --.830% - | 1.06°: . .g95% SL9 .282 .987*
s .. CA-10 " - High- | .o001 - .882% - .309-  °.985% ©.060 .260 © - . :998%
Granitic CNo. 5 sbow | 0002 . u613° 609 - .981* Sa33 520 . .942%
Gneiss R R " o . .
' No. 4 . Low .0004  .715 112 - .982x .210 .296 .942%
S No. 4 - Med .0002  “.800% 632 .999* .029 .276 .969*
No. 4 . High .0001  .9a2* - | 218 .952% .077 a7 :991*
_ _ ©ewell graded ‘Med .0002. . .755 417 .og6* .043 .203 .981*
Chicago Blast: - : . . ) S o - o
Furnace Slag = No. 4 “Low .0005 W72t - 1.26 .964* .348 127 .930*
N . No.'4 . Med .0004 . .876* 797 .985* .153 .304 .994%
No. 4 “"Migh. | .0005°" ' .036* . .936. 879 .557 .501 .957%
N © - well graded Med | L0002, T.838* | .43 .96 081 .203 .993%
Basalt . HNo.5  ‘Med .0001,  .657 A7 Loge 107 .168. . .938*
A © No. 4 - Med .0003 791 .668  .999% .028 2217 . .981*
graded * Med 0001  .773* - .327 . .997* © 029 224 0 .979*
Crished Gravel: " No. 4 . Med- | .000¢ - ..G846* . | .5137 . .995% © < ' .gsg 202 - 905
Gravel < N5 Med | -.0001  .795 297 . .995 .033 208 .984¥
No. 4 :low | L0003  .796% . | .727 . .998% 085 160 . .ga8*
4 . “Med- | .0002 ©.923* L3917 ¢ .0B4x ..089" .265 . .997*
4 " 'Wigh' | .0000 ' .B5e* 023 .994% .003 m .999%
o “v'wel1 graded ‘Med | .0000  .840% - 152 . .994% 018 128 .999
 Kansas‘Test - No. 5 . Low L0001 725 | 422, .99a* 051 28 lo7ex
. Track Blast : No. 5 . Med .0001 - .732* . 51 .999% .066 .205 .969%
© Furnace Slag'”~“No. 5 "“High {.0000 i .953* ©..047° . -.954* .021. .098 .975%
:'(a) Low = rodded 10 b]ows per 1ayer
. -Med - 6 seconds per layer vibration : ,
3 i High - 45 seconds per layer v1brat1on ’ L
,flswmﬂu@@ta1&@}_<
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Table 5.2. Regression Analysis of Plastic Strain at
o Stress Levels Other Than Conditioning.

Stress ;p‘log N Regression Results

Level
G_/g Standard

. Matérial . Gradation . Compaction D" "3 . Slope  Correlation Error of
Type 4 . Level - (psi/psi) - Coefficient Estimate

\¥a

“Limestone . No.- © Med . :': ) 6C/15ﬁ 4;‘.504h . :832 . .0hk2
_ ©30/5. . . .021 .. ,901 " .0lh4
Lo/5 .123 .875% . . .090

'90/15" 2,876 - 860«  1.716

e , “* High L 60/15- .01k -.929 .003
" S o 40/5.. .007 T .929 .00k
: | 90/15.  1.026  .747 .966

No. & - Low 30/15°  .010° " i9h45* : .004
20/5.: L .05 . .931% - .019
'60/15 2.207 7 .935% ‘ .969
30/5. - 164 - 908 - - . ,083

S . . .
. Med © +30/15" 005 . - .98L4x .001
' ' 20/5 .020 .997* .002
60/15 - .776 . = w970% 232
30/5 . . .150 8375 117
. High ©20/5 .005 977% .001
; 60/15 .256 . .895% 126

- 30/5 .068 .976% 017

. hosst. o 3.4360 0 B26x 1,985

' Well Graded Med +..20/5 ... .0l . ..895% ..  .006
.. 60715 . - .L66 .981% 100

30/5° - .175 .765 B Y

- ho/5 77 7 ..815% .138

- 90/15, . 216 L 5.933% 511

120/15.. | 2.203 . .8h8x 1.267

p—

Med' . 20/5 - LOMk ¢ 932 0 -t 006
T L 460/15° %399 7 ..907% .., . .202
30/5 .043 .893x% .024

Lo/s 288 - .B56x 7190

90/15 . 1.9TY T L gk 698

120/15 -~ = 3.169 .= + . .804 .= 1.537

Med 20/5 026  .885x .015
60/15 .334 .908% 169
30/5 . .069 .855% .0k6
40/5 .52k .839% 374
90/15 .384 .933% .519
120/15 2.583  .860 1.232

—
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- .- Table 5.2. (continued).

Stress € -log N Regression Results
Level P

L T B g /o ) ) Standard
5 Material " . Gradation = Compaction D" 3. Slope Correlation Error of
Type = - = h Level - (psi/psi)- + . Coefficient ' Estimate

- Limestone © CA*10 .- Med - 20/5 .016 .89k .009

N B T 60/15 .947 - L920% ¢ - 4l

S 30/5 .104 .8hox . . .071

Sl koS 1.510 .850% .948

’ 90/15 . 1.692 1.906% .708

High 20/5 - .005 ©.938% .006

Cte 60/15 422 J912% .206

30/5 .054 .845% .037

40/5 .505 .806* .Loé

90/15 1.389 .896% .750

120/15 1.923 845 .833

Granitic: ... No. 5 .. ‘Low. 20/5 .006 .979% .001]

Gneiss " . ST 60/15 .287 © 942 14

oL ey 30/5 .021 ©.952% .006

4o/5 124 .933% .052
90/15 2.294 .965% ©.576

No. & Low: 20/5 .052 .998* .004

: S 60/15 .107 .967% .031

30/5 .016 .993% .002

Lo/5 452 .883% .264

90/15 7.500 177 3.924

o Med 20/5 .016 .962% ~.005

R 60715 $233°.933% 0 .079

 High 30/15 .028 .984x .004

- 20/5 .036 .937 .020

60/15 .243 .902% 118

30/5 .051 .897% .~ .027

40/5’ T L125 .892% - .070

90/15 2.478 .930% .9h2

© Well Graded  Med: 20/5 .0l .955% .004

S S 60/15 .302 .928% 132

30/5 .027 .970% .007

Lo/5 1,319 o .836% .229

90/15 1.403 ©.985% .233

120/15 1.881 8375 .860
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Stress '€ ~log N Regression Results
‘ Level P_. -
L B < oo - o Standard
. Material Gradation Compaction D73 Slope Correlation Error of
. Type . t Level Apsi/psi) -. . . .. Coefficient ..Estimate
. Chicago . No.. 4 Low . 20/5 .061 .842% .043
Blast ' : 60/15 1.444 .872* .881
Furnace - 30/5 .163 .811% .128
Slag Lo/s . h61 .778% .365
90/15 2.706 .849 1.458
Med - 20/5 .036 .821% .027
: 60/15 2.091 .848 1.421
30/5 .231 .819% .185
Lo/5 .51k .792 .430
90/15 5.878 .828% 2.742
High 20/5 .020 .915% .010
e 60/15 .956 .897%.. .512
30/5 .088 .830% .064
ko/s - Ry .778 .390
90/15 3.298 .876% 1.397
Well Graded Med 20/5 .017 . .879% .010
: : T 60/15 .535 . .935* .233
N 30/5 .078 .809* .062
o Lo/s .615 .798* 452
90/15 1.476 .951% ..522
120/15° . 1.726 .848* .858
Basalt No. 5 ‘Med 60/15 .076 .921% .035
30/5 .015 .996%* .001
Lo/s .104 .958%* .034
90/15 547 .962%* .169
120/15 .936 .959% .303
No. -4 Med - 20/5 .019 .9L47* .008
: . 60/15 .361 .858=* .235
30/5 104 .930% .049
Lko/s 3. 118 -+ - .932% 478
90/15 2.157 .990* .313
Well Graded Med 20/5 .010 .939% .004
s 60/15 .135 .948* .049
30/5 .018 .9h5* .007
Lo/s .048 .910% .024
90/15 .691 . .965%* .205
120/15 .745 . 940* .299
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Table 5.2. (continued).

. Stress € ~log N Regression Results
. _ o ~ Level P

R S . . G /o - CoL Standard
- :Material -» Gradation Compaction . ., D3 - .. Slope Correlation . Error of
- Type - - - . - .Level (psi/psi) . Coefficient. Estimate

‘Crushed No. & - Med - .- 20/5 .023 .93L* . ,010

Gravel o .. 60/15 451 .890%* . .252

i IR . 30/5 116 .903%* 2061

Lo/s 2.064 .850% 1.223

Gravel " No. 5 - Med .0 60/15 .019 .920% .009

30/5 .210 .788 .180

ko/s -.3.075 .793 1.501

~No. 4 Low -+ 30/15 .005 .989% .001

SRS - . 20/5 .068 - .882%* .039

60/15 .557 - .930% .203

", Med .- 30/15 .00k .960% .001

- 20/5 ©.039 .930% .017

.. 60/15 467 .871% .286

-~ .30/5 .15 .811% .326

Lo/s 2.156 .788 1.217

High 20/5 . .01l .97k .003

60/15 .058.. .. .941x .023

30/5 .992 .866% ' .552

Lo/s 5.063 .946 1.098

Well Graded = Med 20/5 .008 .915% .005

60/15 .102 .907% .052

30/5 .03h .912% .017

Lo/s 1.244 .700 1.368

90/15 .739 .965% .216

120/15 1.963 .845% 1.141

Kansas No. 5 Low 60/15 LI .836* .079

Test 75/15 .458 .850% .279

Track 30/5 .034 .881=* .020

Slag : . 35/5 .080 8Lk .056

Lo/s 419 L713% .396

90/15 1.588 .962% .395
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Taﬁ]e 5.2. (continued).

Stress € -log N Regression Results .
" Level P
o e e T T 5 /o _ Standard
"Material Gradation Compaction . 9p/93 Slope Correlation Error of
" Type I Level (psi/psi) =~ - “Coefficient . ' Estimate
Kansas _No. 5" Med 60/15 .015 .910%  .007
 Test - Lo - . 30/5 -~ .035 S .957% - . 010
“Track A . .2 35/5 .057 o o.86hx L0036
~ Slag co . ho/s .0k6 .822% v .035
e s SRR - 50/5 .306. .895% .169
75/15 .036 - .838% .031
90/15 081 . . 794 .068
105/15 . .361 . .80k« ~..260
"~ High ©20/5 .003 .923 ~.002
60/15 .012 .766 .012
30/5 ~. 013 . ..904 .009
Lo/s5 .005 . 963%* .002
- 90/15 .012 - .896 , .008
105/15 .023 . .829 .019
- 120/15 . 77 LY .178
Sw50/5 ¢ .0L7 .915 .030
-~ = 135/15 1.301 .822% - .993
- .. 150/15 S 3.1 .682 3.072

fﬁLSignificanﬁiat o = O;QSL
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pressure of 5 psi (34 kN/m2) produced only 0.5 percent strain, but
app11cat1on of the same stress ratio and a confining pressure of 15 psi
(103 kN/m ),resu]ted in more than 3.5 percent strain. 'S1m11ar results.
. were observed fer'eimost é]],otithe specimens,tested.i In generaf7tor'e
" given stress ratio the sbecimen deformed significantly more at,htgh o
“confining pressures than 'at Tow confining pressures.
Becéuse‘bothlstréSs-ratio and deviator stresslmust beveonsidered.in

ana]yses of p]ast1c stra1n, attempts were made to eliminate stress state
as a var1ab1e. Regress1on analysis was used to develop 1mproved relat1on-
: ships between'the sem1-1og s]qpes presented in Tables 5.1 and 5.2 and
various<combinations'ot stress ratio and deviator stress. Tne results
of two of the attempts are shown in Tab]e 5 3. The‘regression equation
slopes generated from th1s type of mode11ng w111 be referred to as
stress factors". A low stress factor means the samp]e is 1ess sensitive
to high stress levels than is a specimen having a high stress factor.

J In general, the model which used deviator stress squared times stress
ratio cubed,proved slightly better than any.df the otners. Although the
majority of the regression'equations showedesignificant (e = 0.05)
~ correlations,. the standard errors of estimate were too large to-enable

- successful prediction of p]astie strain..

Attempts were made to- further analyze the stgnificant (o = 0.05)

correlations of the above results. Because of the varied effects of

stress level the analyses are included in the following sections.
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Table 5.3. Stress Factor Results.

- Material
Type.

Gradation

Compaction

Level .

Stress Factors Obtained from
Regression Analysis Using

GD ‘

)
(x 1076

(x.107%

. Limestone

- Granitic
Gneiss

Chicago[B1ast
Furnatce Slag’

Basa1t'
Crushed Gravel

 Gravel

Kansas Test
Track- Slag

No. 5. =

No. 4
ﬁé11.Gradéd

CA-10 - .

‘Med
_High
. Low
Med

" High .

Med

Med -

Med

Med. |

. High

- 406
163*

. 758*.

283*
- 15
154%

. 229%.

176*

178
170

1.80 .
.59
©5.30
2.02
c 4.34% -
.28*%
41>
.33%
17
A

Well Graded = .

Low

Low -

294%

951

96 -

" 304%
38*

SIL

-1

.24%

No. 4~

Well Graded - =~

oo LT

 341*

©o78ex |
 422%

22k

" — N

.08
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5.4 Corre]ations?hith Charaeterizetion Test Results

To determine possible 1%nks between plastic strain behavior and
material properties, cgrreietion analyses between various plastic strain

parameters ahd the.ﬁaterta]'characterization test results presented in

| Chapter 3 were accomp]ishedt ‘The results of the analyses are presented
in this sectton;:. : | |

The resu]t;.tor the correlation ana]ysi% of the p]astic strains
recorded at a stress ratio of 45/15 for all 32 samples are shown in
Table 5.4. : |

Signifieant (o = 0. 05)1cbrre1ations resu]ted between the 4 plastic
strain va]ues and both the 1n1t1a1 density (1nverse) and the void ratio.
The strain va]ue recorded after 5000 cycles a]so showed a significant
correlation wlth;the"grugh1ng va]ue test results. None of the other
variables achiered»é signiticant Tevel of correlation. The dependency
of plastic strain on initia] vddd ratio or density (or porosity) reported
by ORE (25) thus™ 1s re1nforced |

To eliminate gradat1on effects a corre]at1on analysis was performed
using only the resu]ts for the 14 No. 4 ba]]ast gradation specimens.
The plastic stra1n va]ues for two add1t1ona1 ‘stress ratios were included
in the ana]ys1s As shown 1n Tab]e 5.5 the s1gn1f1cant correlations were
much the same as” 1n the prev1ous analysis. None of the correlations for
the h1gher“stress 1eve1s was,s1gn1f1cant exc@bt for soundness value with
the p]ast1c stra1n after 100 cyc]es of a stress ratio equal to 20/5.
Furthermore, the s1gn1f1cant corre1at1ons with density were reduced to
the two str§1n va]ue§ recordedyafter 1000 and 5000 cycles of a 45/15

stress ratio;



Tab]e.5.4. Cbrrélation of Plastic Strain Results for 32 Specimens.

Stress Number

Level, of Particle .Specific

Los Angeiés
.Abrasion

~Void

Gradation Flakiness

' Crushing

'00/03{ Cycles - Index Gravity - Number . Density - Ratio. Parameter - Index - Soundness - Va]ue
| C10.| 150 ~214 75 . -.475%  .564* - .14] -.033 041 L2171
45/15 100- | -.178 -.223 217 ~.484*  571* -.128 -.010 .049 242
.1 1000 227 -:250- .287 -.521* .597* -.136 L .016° .038 2309
5000 |~ .252 -.331 .330 ~.536% :.578% -.098 -.046 .009 L371*

* N E - :b
§1ghﬁficant at o = 0:05 -

LGl



Table 5.5fi Correlation of'P]aEtic Strain'Besuits,foF 14 Nb. 4fGradatfbn Specimens.

Stress  Nuiber Los Angeles

8G1L

Level, .o -of .. Particle Specific  Abrasion . Void fGradatiQn Flakiness Crushing
ODﬂI3 "Cycles - - Index . Gravity - Number Density = Ratio Parameter - Index .Soundness Value
0 | .28 0 268 170 -.462 .619 - -.136 -.082 100 .22]
asjts | 100 .2z 277 0199 L 501, . 671, - -.097. . -.063  .035, . 265
| 10007} .376  =.328 - .268 - -.593, = .754, 028 -.034 .030 .346
5000 | .43 - -.451 - .38 . -.690 - .807 = -.055 '  -.153 - -.086 445
10| -.069 - .269 .48 094 - .008 043 .311 - -.085  -.009
20/5 | 100 =109 -~ 299 21 13,002 - .096 315 -.010  -.065
t 1000 of -.077 . .182 - .156 . -.022  .140 -.003. . .180. . -.125 .022
5000 | .2908 © -.260 . .391  -.426 - .494 ° -.098 -.041 = -.255 419
“10 4| .312 ¢ 2.185  -.316 -.158 . .445 - -.023 ~.353 101, —-.154
60,15 | 100 | 278 & =031 244 . -.254 416 - .308" .368 567 .. .115
1000 .| -.294  -.299  .331 . --.450 . .508 ~ .112". .05 412 .276

*Significant at o = 0.05
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In‘thé above ana]ysishndtlall df‘the material types were weighted
edualty;‘andther analysis therefore was conducted using only the 6 medium
dens1ty No. 4 gradat1on spec1mens ‘The resu]ts are shown in Table 5.6.
A]though part1c1e index correlated s1gn1f1cant1y w1th two of the strain
read1ngs, the resu]ts were not cons1stent The resu]ts of the analysis
in genera1 were too erratlc to draw any conc1us1ons

To include the gradation parameter, three gradation levels of each
of three material types (]1mestone basalt, and gravel) were used in
another corre]at1on ana]ys1s ‘The resu]ts, presented in Table 5.7, show
significant (d = 0.05) corre]ationsjbetween gradation parameter and 5 of
the recorded strain yafues;.:The rejationship is inverse which means
that thelstrains were highest for the more uniformty graded (No. 4)
specimenSLidﬁvfurther ana1}sts of gradation etfects will be presented
in'a latter section. | -

Table 5;8 presents the resu]ts for'%wo additional correlation
analyses;"The eﬁ filbg.N $1bpe;va]nes~for all 32 specimens (for a
stress ratto,of 45/15) correlated signiticantly (a.= 0.05) with Los
Ange]es Abras10n Number, dens1ty, vo1d ratio, and crush1ng va]ue When
the two dense graded (CA 10) spec1mens were 1eft out of the analysis the
resu]ts were ‘unchanged ‘except gradatidn parameter was an additional
“s1gn1f1cant corre]at1on . |

| Tab]e 5.9 presents s1m11ar ana]yses for the 'stress factors"
der1ved prev1ous]y The s1gn1f1cant corre]at1ons were density, vo1d
rat1o and gradat10n parameter w1th the stress factor derived using

the dev1ator@stress~squared~modelt The other analysis presented in



Stress  Number

: . Table 5.6. Correlation of Plastic Strain Resuifs for 6 No. 4 Gradation Specimens.

Los ‘Angeles

e

Void

. Gradation . Flakiness .-

.:Crushing

Level, of Particle Specific Abrasion

OD/G3 . Cycles = Index. Gravity Number . Density Ratio . Parameter .. Index " Soundness Value
o 10 |- .420- . 243 - =514 -.101 475 - =.330 - .348 -.155° -.220

55/]5 100 - .706 .182 -.288 -.271 701 -.113 .591 -.136 .001
1000 .814* -.100 .136 -.473 .740 .567 .622 379 .282

5000 .968* -.443 .193 -.803 .975*% .101 242 -.120 .552

10 .| -.386 AT 135 364 .490 - .833% 164 .862* -.235

20/5 100 | -.437 270 - .056 .458- 5561 .795 212 .840* -.328

1000 -.742 .158 .025 . .524 779 .397 -.244 .560 -.378

5000 -.301 -.594 .155 -.226 .219 -.1€3 -.878% -.119 .199

- 10 .624 .302 .696 -.106 .559 -.074 .581 -.064 -.374

60/15 100 . 287 -.029 . 285 -.125 174 L977%. 476 .851* .120
1000 .5417 -.891* .655 -.857* .573 .363 -.376 .113 .814*

* Significant at a = 0.005.

091
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1fTab1e-5,],__CorreIation of Plastic Strain Résu1tsffor 9 No. 4vGradation Specimens. .

Stress Number N  Los Angeles - L : . .
Level, . -of . .Particle Specific Abrasion -~ Void .Gradation Flakiness-. "~ Crushing .

‘op/og  Cycles - Index.  Gravity .  Number Density Ratio Parameter . Index Soundness .~ Value.
o 10 -.288 .37 -.322 ~- -.115 220 -.138 . 224 - "-[049 - -.217

45/15 | “100° .336 .240 -=.155 -1+ -.316 .374 -.349 .255 .151 -.029

1000 .343 .069 .041 -.477 -490 -.541 .28] .395 170

5000 | .272 .076 --.001 -.433 .443 -.559 175 .284 .091

' 10 | -.137 -.420 .379 -.138 - .052 -.484 -.187 .433 275

20/5 100 --.087 -.366 . ¢ ..336 0 -.30T - 214 o oo-c604 - =163 0 - L4250 .249

1000 | -.060 -.236 .184 -.357 .280 -.746%  -.208 .231 .09

5000 |_-.073 -.197 127 -.341 . .260 -.722* -.248 112 .023

o 10 .335 -.004 .109 ~-.261 .242 -.145 .287 - .288 .224

60/15 100 4 .319 ~ -.358 .506 -.383 .267 -.258 .337 - .769* .616

1000 .262 -.370 .496 -.504  .394 -.507 - .272 .785% .580

5000 - |__.244 -.293 . 380 -.597 .496 = -.710* 181 625 435

: 10 .076 . .167 -.176 .001 w024 -.199 -.018 102 -.162

30/5 + 100 | -.260 -.127 .005 -.274 226 -.794* -.398 .00 -.147

1000 -.326 - -.289 .166 -.280 .198 -.813*  -.448 .098 -.009

5000 | -.451 -.396 .243 -.071  -.054. . -.549 -.554 . .045 - .020

* Significant at o = 0.05.

91



" Table 5.8. Correlation of Regression Results.

>
+ [ S
x o (]
Q > O
u=3 - E . _
= . 0 = - -
— (] Q= - o
— o [y %] w)-
(3] O o c [ c % 0 o
— or— o O > [ o— 4. (O] [} <
(&) Y4 e + o + O = X [ - QO
o— o— =< n o— o & o— Q o < =
+ 8) I 0. o .T © X T < N —
- @ n S = o BeE © < S S @
) (= O L0 Q O: M o — ‘O R
o 2] — =T . o = oo L %2 (&)
STopes of
ep - 1ong
at op/og - » } : : , - .
45/15 for all .267 | -.292) .361*% .498* .b32* | -.070 .019{ .069 | .366*
32 samples » ' ~ '
Slopes of
€ " log N )
at oD/o3 = 271 -.3T1 .362%| -.609* .664* | -.373*| .013 .039 | .381%
45/15 for S D B :
open graded
samples only

* significant at o = 0.05/ @ i s v oabmo e n

29l



Table 5.9: Correlation of Stress Factor Results.

. . ;’-‘ >:’:’ '.‘
- + .
> o Q
[« > QO
2 € |k
— (] Q= o
e ' < S %] w
(<)) O Q< + o ) vy (=]
— M o o >3 ] — 4 < v =
(& Y B =i o) -+ o + O = X e o— Q
o - | << o~ © £ - U o .
+ . oo n h =] T o ~ T c ) —
[ [} v o = o— © S . [ = =] = ©
£ | 5|22 &8 | 2 |58 o8 | &7
Stress factor ,
obtained - u N . » .
with o .081 287 .A422} -.547*| ~.590*%| -.694*| -.114} -.049( .388
Stress factor ‘
obtained
with op’/o,> | -.472%| .026| .058| -.052 | .100 | -.672%| -.246| .092| -.136
- *significant at o = 0.05

€91l
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“Table5.9:is  for the' stress factors derived.géﬁng’the”deviatorVétrees
—*éﬁUared tiheS:tﬁe stress ratio cubedf(ordcbs/és3).‘ Particle index and =
gradation parameter were thevoniy 6bserved’significant correlations for -
- this“analysis. .0f the four factors-con$idered in.Tables 5:8°and’ 5.9, ¢
no variable afforded consistent significant’correlation values. -
~“In- géneral, none-of thefanélyses“COnsidered in Section 5.4 resulted

in’ consistent significant (a = 0.05) correlations between’ the vavious-
strain- parameters: and the"specimen-properties. However ‘an iriverse - = ¥
relationship between plastic strain and the initial void was presént in’
sevér51‘of”the'aﬁa1ysés; Because'of the téck-df consistent results and
becausé«qf»the-difficuntyviﬁ:estab1ishin§‘cau§a1 relationships through
corré1atibntstudies;ﬁanélysis of “variante was used?td'determine7pes§ibTe
differéncek'amOhg“the"b1aStjc“§traih resbénses of the samples due to’
gradation, compactioh; and'méteria1‘effects;“ a

5 5 Ana]ys1s‘of Var1ance : ;

I s

) The effects of mater1a] type compact1on effort and gradat1ona]
changes on the p]ast1c stra1n behav1or of aggregate are presented 1n H;

this section.

5.5.1 -Effects of Gradation - -

Because ‘changes- in gradation affett“ththbmpaétion characteristi¢s -
and ‘the maximum theoretical densityof aggregate, ‘gradation effects on'
“plastic strain behavior are difficult to-demonstrate quantitatively. " -
“Figures 5:3 through’5:8 show some of the effects, although the differences

4% density make diréct~c6mparisbns*difficu1t;° ot TREIE R
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.For_example, in Figure 5.3 the two plastic strain curves representing
the well graded and the medium density No. 4 gradation limestone specimens
arg.extremely close, but the density of the well graded specimen was. ]
16 pcf (256 kg/mz);greater than the density of the No. 4 gradation sample,
although the same compactive effort was. used for both specimens.  Figures
5.4 and 5.5 show similar results for granitic gneiss specimens and for
blast furnace slag specimens, respectively. In both cases the well graded
materials attained higher densities thanjdjd the .No.. 4:grada§ipn, although
the plastic strain curves were similar. Figures 5.6 and 5.8 show similar
trends . for gravel and for basalt, respectively. Figure 5.7 includes.the
plastic strain results for the CA-10 gradation specimens and-two well
graded specimens. Although the well.graded specimens attained densities
appreciably less than-those of the CA-]O,-thewp1ast1c,strain results for
all 4 samples were of the same order of magnitude.

To show quantitatively the effects of gradation, randomized complete
block (RCB) analysis was used to consider the p]éstfc stréin'détajfécordéd
at 10;”{06;-1000'éhd‘500bﬁcyc1es'fof several stress levels. Three material
types and;3 gfadétibn Tevels of eéchQWére ﬁnc]ﬁdéd. The.fesdlté'aré T
included in Table 5.10. 1In only two cases were the strains different.

A completely randomized design (CRD) analysis also was.used to
evaluate the effects of gradation on plastic strain behavior.. The .
significant (a_fIQ.OS)jresu]ts obtained in the stress .factor analysis of
Section 5.3 were divided, into two groups. on the basis of numerical ranking.
»As. previously mentioned a material showing a low streés;factor will.better

resist permanent deformation than.one with a high stress factor. The CRB



Table 5.10. RCB Analysis of Plastic Strain Results by Gradation.

166 - -

Mean Strain, %, for

. *significant at o=0.05 - - -

, . 3 Tevels of gradation(®)
Stress Number — — e
Level(a) of Cycles No. 5 | No. 4 Well Graded F Value
45/15 . 10 213 .380 2390 0.795
o 100 . 367 |. . .850. 707 . .| 1.328
1000 .523 1.653 1.077 2.642
5000 - .647 | 1.947 1.300 - 2.787
60/15 10 014 | oas 052 0.921
R 100 - 024 | 195 168 2.207
1000 .066 877 430 3.366
.| - 5000 L1467 | 1.680 | . .686 . . ..|12.693*.
30/5 ) 008 Lo | ot | .2a1
) ... 100 - .025 .067 025 .- .| 6.625
1000 070 .224 .065 11.355%
5000 284 725 .243 1.707

.- (a) Repeated deviator stress over confining pressure: ‘psi/psi<. -

(b): Based on.three'materfé]gtypes,ﬂlimestone,.basalt,-andfgravel-
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ana]ysis.considered the stress factor and gradation parameter as variables;
the results are shown in Table 5.11. Both of the variables (stress factor
and gradat1on parameter) were found to d1ffer s1gn1f1cant1y (d = O 05).

The No. 4 gradation spec1mens were in general among those in the 1ower half
of the ranking. The CRD ana]ysis 1ndicates that the No. 5 gradation ballast
and the we]] graded ba]]ast better res1st permanent deformat1on than does

the No. 4 gradat1on mater1a1

5.5.2 Effects of Material Type

.Beoaose of etonomic tonsiderations a ranking-of ballast aocording to
materiai type (s1a§,fgran1te, etc.) is deeirab1e.i This 'section includes
the ana]ys1s of plastic stra1n behav1or accord1ng -to mater1a1 type Some
1nformat1on is ava11ab1e from the p]ots of p]ast1c stra1n versus logarithm
of the number of cycles. For examp]e, F1gure 5.6 presents the’ p]ast1c
stra1n resu]ts of two No. 4 gradat1on grave] spec1mens compacted with. the
‘same effort. - As shown one spec1men conta1ned rounded mater1a1 and the
other-Wastmade from'crushed particles. The mater1a1 for ‘the two samples
was obtained from a single source. The crushed gravel sample éccumu]ated
more plastic strain, but-tor the same compactive effort the uncrushed
gravel attained a density 7 pcf (112 kg/m3) greater thanvdid the crushed
material. |

Randomized complete block analysis was used to determine the effect
of the material properties on the p]aetic strain after 10,.100, 1000, and
5000 cycles for various stress levels... Three materials: (limestone, basalt,
and grave])>and\3,gradations.of,each were. considered. in. the analysis.

The results of the analysis are shown in Table 5.12. No significant
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" Table 5.11. CRD Analy&is of Stress Factor Restlts

- by Gradation.

Analysis Using Streés Factor Based on 005/0D3

- Mean " Mean:
Number + Stress - - - -Gradation - -
- of - Factog . “ " Parameter, ;
Repetitions - (x 107°) - S
om0 200
S 290 0 - TA
. Fualue 0 25.9% 575

}‘JU:;Anaﬂysis‘Using Stress Factor Based on 002 .

= v, | - Mean C " Mean
Number .: . Stress'. : Gradation
. of Factgr ) Parameter,
Repetitions . (10°°) - R
10 126 1.98
10 461 ' 1.27
F value ‘ 15.5* ' 24.4*

*Significant at o = 0.05.
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Table 5.12ﬁqVRCBHAnq1ysisﬁ9f}P1astiq Strain Results by Material Type.

:‘Mean strain, %, for 3
Number . types of materiql_(b)
Stress(a) . of ;- — ORI
Level Cycles... | -Limestone Basalt Gravel F-Value
45/15 | 10 N 418 | .44 ©.281° '0.479
100 ... ]. .860 .776 .499 0.413
1000 1.333 1.210 J710 0.622
5000 : | 1.696 1.413 1.059 0.288
60/15 10 - |- .050 L0417 . .024 0.372 -
' 100 .266 .083 .055 2.857
1000 - .888 .261 .233 2.853
5000 1.282 .594 .596 3.485
30/5 0 | .oz |, .03 .012 | . 0.103
< 100 | .032 -} U032 0052 - 1.553
1000 11 .075 172 3.390
5000 .389 .153 11 1.875

(a) Repeated deviator stress over confining pressure; psi/psi

(b) Based on three gradations, No. 5, No. 4, and weil @f?d?dz-p,:t
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(o = 0.05) differences were found among the strain readings with regard to
material type. |
Complete]y randomized design analysis was used to determine_the effect

of various mater1a] properties on p]ast1c strain behavior.: The stress
‘factor values and the material propert1es (particle 1ndex, specific gravity,
“Los Ange]es abrasion number flakiness 1ndex soundness 1oss, and crushing
va]ue) were 1nc1uded as the variables. - The resu]ts (Tab]e 5.13) show there
‘were no s1gn1f1cant d1fferences for any of the mater1a] propert1es between

'the two: stress factor groups

v-,“5.5 3 Effects of Degree of Compaction

| The effect on plastic strain behav1or of various 1eve1s of compact1on
is shown in F1gures 5.1 through 5.6. A]] of the datalwere‘recorded dur1ng
lthe cond1t10n1ng phase of test1ng In every case the permanentﬁstrahn after
- 5000 cyc]es was apprec1ab1y less for the spec1mens compacted to the h1ghest
“levels of dens1ty The resu]ts of random1zed comp]ete b1ock ana]ys1s of
the € - 1og N regress1on equation slopes (at. 45/15) for 5 samp]e types and
:3 Tevels each of compact1ve effort (Table 5.14) show there were . s1gn1f1cant
(o = 0.05) d1fferences among the s1opes for the three" 1eve1s of compact1on
iFurther ana]ys1s using Duncan's multiple range test revealed there was no
ﬂs1gn1f1cant @d?a 0. 05) d1fference in s]ope between the h1gh and medium
compact1ve effort samp]es, but both were s1gn1f1cant1y d1fferent from the
‘1ow compact1ve effort samp]es The 1owest s]ope va]ues were those obtained
« for the h1gh dens1ty samp]es

A]though the effect of initial vo1d rat1o is pronounced no conc]us1ons

‘'should be,drawn with respect to density among mater1a1 types because of the



Mean -

Téb1e 5.13. CRD Ana]&sis:bf Stress Factor Results.

2Ana1ysis'Using Stress Faétor:Based on'oD5/0D3

*Significant at o = 0.05

. S ... | Mean _
Number Stress Mean Mean - | Los Angeles Mean Mean Mean _
" of Factor | Particle | Specific{ Abrasion Flakiness | Soundness | Crushing
Repetitions | (x 10‘5)1 IndeX' Gravity Number ’ Index Loss Value
11 .27 14.0 . 2.59 | 27.5 11.8 5.90 22.3
Al 2.90 12.8° | 2.5 | 29.4 10.1 4.52 227
FValue | 25.9% 1.8 .01 27 41 .32 .00
Analysis Using Stress Factor Based on GDZ'
- Mean : . ~ Mean - - : Y
Number ~Stress Mean - Mean - Los Angeles Mean Mean Mean
.. of. “Factor | Particle| Specific'| . Abrasion Flakiness | Soundness | 'Crushing
~ Repetitions (X 10-)7|  Index " Gravity Number  Index- Loss Value
10, 126 13.9 2.59 27.6 12.5 6.18 22,1
10 461" 14.5 2f51 : 33.2 12.3 5.94 27.1
F value 15.5* .56 .70 2.21 .00 .01 2.03

CLLL
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~ Table 5714, RCB Ana]ys1s of Regress1on Resu]ts by .

Compaction’ Leve]

Stress. Level,.. .. ‘
oD/03, (psi/psi) Mean S]ope f?r 3 Compact1on
Tt a)

Levels

Clow Medium " High

F' Value

S5 100 .8 265

;”*'ngniffcant'af o = 0.05

13.363*

(a) Based on 5 material types each, Timestone, granitic gneiss,
Chicago blast furnace slag, outwash and Kansas test track .blast .

furnace slag.
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- differences in the ease with which some types of materials, especially the
gravels, were compacted. For example the behavior of the No. 5 gradation
Kansas Test Track slag (Figure 5. 2) was comparab]e to that of the No. 4
gradatioh‘ghatei%(thuhe'5;6) a]though for a11 three 1eve1s of compaction

“the density for the gravel was approximately 10 pcf (160 kg/m ) greater
than for the slag.

A completely randomized design analysis of the stress factors and

void ratios (Table 5 ]5) 1nd1cates there is a s1gn1f1cant (o 6'05)
d1fference between the vo1d rat1os of the specimens w1th Tow stress factors
anq those in the group with high stress factor va]ues.

The results of the above ana]yses 1nd1cate that no other specimen A

,parameter is as 1mportant in 1nf1uenc1ng the permanent strain behavior as

-is the degree of compaction.

5.6 Comparisons with Hyperbolic Stress-Strain Law

The equation that Barksdale used for predicting'permaneht straih‘after
100,000 cyc]es of loading was phesented in Section 2.3. For cohesionleSS
: mater1als for wh1ch the dev1ator stress va]ue at fa11ure is known the

equat1on s1mp11f1es to

ep = (5.1)
CE. [1 - o
1 (07-03) 14

}
permanent axial strain,

m
It

where

m
I

initial tangent modulus, psi, .

deviator stress, psi, and
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Table 5.15. CRD Analysis of Stress Factor Results
by Void Ratio.

Analysis Using Stress Factor Based on 005/033

Mean
Number Stress
. of _ Factor6 Mean )
Repetitions (x 10™%) Void Ratio
11 .27 .514
1 2.90 674
F value. - 25.9*% 6.16%

Analysis Using Stress Factor Based oﬁvciz

D
Mean
Number Stress

of . Factor6 .~ -Mean
Repetitions (x 107°) Void Ratio

N .10 126 .515

10 461 .778

COF vdlue “15.5% 18.4%

*S1gn1f1cant at & = 0.05
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(01 - 03)u1t = the stress difference the stress-strafn curve

approaches at infinite strain, psi

Equation‘5.1 and the resu1ts of thetstaticftriaxta] tests_presented
in Tab]e 3.4 were used to calculate permanent strain values for 6 No. 4
ba]]ast gradat1on spec1mens of med1um dens1ty t The results and the strain
values recorded after 10 and‘100-cyc1es:of 1oadingqur the corresponding
repeatedf1oad_samp1es'are presented in Tab]e\5.]6;“The correlation
cdéfficients'are'O 50 and 0. 43 for the compariSOns"between the predicted
values and the 10 and 100 cyc]es recorded values, respectively. Neither
is s1gn1f1cant (o= 0.05).

Although the data available’are limited, there appears to be no
relation between the strains obtained through repeated load testing of
open graded materials and the va]ues predicted by the hyperbolic stress-

strain law.

5.7 Summary |
The- ana]yses presented in: th1s chapter have shown that the most

“1mportant factors: 1nf1uenc1ng the permanent deformat10n behavior of ba]]ast
are the number of repet1t1ons, the degree of compact1on, and the stress

Tevel. As previous studies a]so have shown, the increase in p}ast1c strain
inAgeneralsjs inverse1y proportional to the'numbergpf:loading cycles. In
every case the permanent deformation was 1east for the specimens compacted
with the greatest effort. The stress level effects are more difficult to
discern because both the deviator stress and the confining pressure and

not merely the ratio of the two must be considered. In addition, the -

permanent strain results are very much in accordance with the concepts. of
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Table 5.16. ..Comparisons with Hyperbolic Stress-StrainhLaWsResg}ts.

 Strain, %

L

Recorded after

Calculated from
' Hyperbolic
Material . 10 cycles » 100 cycles | Stress-Strain Law
Type S LR AR R
‘Limestone™ " - [* - 7 0.3087 ©0.837 | 0.406
Granitic Gneiss 0.347 0.953 ‘#Q.Sdé
~ Chicago Blast
Furnace Slag 0.376 ‘ 0.882 1.023
Basalt 0.589 o 1.213 0.593
Crushed Gravel 0.542 . - |  0.980 0.829
Gravel 0.240 0.503 ©0.297
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Lade and Duncan (31) ih“that‘1arge'strains{aééumu]ated during primary
loading but practically zero strain resulted during reloading or during
loading at reduced stress levels. | '. _ A ,‘
: "fhe effects en ee%manent deformation of gradatien are important to
-a -tesser extent than the above parameters In general, the No. 4 gradation
tended to resist _permanent, deformat1on 1ess than did the No. 5 or the
i ?ue]] graded" materials. -

h The effects of mater1a1 propert1es such as part1c]e 1ndex, flakiness
_1ndex, etc , are not cons1stent and therefore no conclusions are made with

respect to such propert1es.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

6.1 Summary

Ballast type materials from several sources were;tested in the
triaxial apparatus. In service conditions were siﬁu]ated by utilization
of a repeated deviator stress and constant cohfining pkessure. _Permanent.
strain and resilient mbduius characteristics were determined; the variabies
considered included material type and gradation, density, and stress level.
Equations relating resilient modulus to the first stressvinvar{ant'were
developed, and the results were analyzed with respéct to the Qariab]es.
The permanent strain results were analyzed with respéct to stress level,
and comparisons were made between the results according to material

characteristics, gradation, and density.

6.2 Conclusioris

During this investigafion the following ?onc]uséons were feached:

1. The resilient response of a Specimen of open graded granﬁIar
material is independent of stress history‘so Tong as the specimen has not
been subjected to a stress level which would cause fai1ure;

2. The resilient moduius,of.open graded materiais is appreCiab1y
higher than'thaf of dense graded aggregate for a given stress level.

3. The resilient modulus of 6pen graded materials 1is virtually
insensitive to changes in gradation and compaction level. The dependence
of resilient response on material type is weak and inconsistent, and

therefore no conclusion is drawn with respect to material type.
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4. Stress Ieve](is‘the VartabTefmost directly influencing the
resilient modulus of granular materials. The. stress dependent nature of

Hba]]ast(type;materia]s can bB‘ChﬁraFtQV{ZdebY«thﬁ predictive equation:

CE s kOT o e e (201)

5. ’1ﬁ”shafp“é6nt}55£ to the resilient behavior; plastic strafn is
‘affected By‘stress history. The:etfect”can‘be”éxpfainedlin"terms“pt'
“pr1mary 1oad1ng, un]oad1ng, and re]oad1ng Large p]ast1c stra1n resu]ts
‘dur1ng pr1mary 1oad1ng Dur1ng un]oad1ng and re]oad1ng e]ast1c stra1n
:"derélops'whith ?sraCépmpanTed'by'a‘sma11 amount'of p1a$t1c‘strain.

7‘36i: For Tow Stress feveisvaastﬁC_stra}n’ds propOrtdonaT'td'the
logarithm of the hﬁmbé#’of’é&t1és " As the StreSSJTereTbis increased a
"cr1t1ca1 va]ue" is reached and the rate of p]ast1c strain accumu]at1on
thén increases. A | S L
ﬁ>7 P1ast1c stra1n accumu]at1on 1s not so]e]y a funct1on of the
‘”repeated dev1ator stress but depends on both the dev1ator stress and the
conf1n1ng pressure B | | o

’ '81 In genera] " the No 5 ba]]ast and the "we11 graded" spec1mens
“;tended to res1st permanent deformat1on better ‘than did the No. 4 gradation
'mater1a] C s SRt e e s Lo

| 9;; There s’ a def1n1te dependence of permanent strain’ behav1or on

compaction level. In every case the accumulated permanent strain was
nleastAfor,specjmensjgompactedﬁtp thexhighestsdensitjesfqi:w

- 10...- No, definite.concTusion.can. be made with respect}tp_the_effects on
plastic strain behavior of material properties such as.parttcle index,

" -soundness$’, - Los* Angeles ‘abrasion®1oss; and ‘Flakiness index. s =~
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PART B
CHAPTER 7

sT0 0

.. .. INTRODUCTION

“Because railway ballast 15 'subjected in the field’to  Targé niibers of

repeated loadings and because only recently have solutions to the states of

stress in ballast become available the characteri;ationwof'the,repeated

1oad permanent deformation-has not been addressed readi]y 'It is desirable

: to determ1ne the response, both p1ast1c and e]ast1c of var1ous types and

(pgradat1ons of ba11ast subJected to s1mu1ated f1e]d stress cond1t1ons AJso

because ba]]ast necessar11y w111 suffer some. breakdown due to repeated me-

chan1ca1 1oad1ng, character1zat1on of 1ts degradat1on* 1s requ1red before

‘l1nte111gent cho1ces 1nv01v1ng ba]]ast se]ect1on can be made

Modern 1nvest1gat1ons (25 32 44 45) have used 1arge d1ameter tr1ax1a1
cells and repeated loading techn1ques to determ1ne the behav1or of ba]]ast

but add1t1ona1 test1ng 1s needed to def1ne the affects of 1ong ‘term (10

. or more cyc]es) 1oad1ngaon ba11ast mater1a15 As an outgrowth of 1ong term

test1ng valuable degradat1on information a]so may be obta1ned

. Because of the success, of other 1nvest1gat1ons,,the repeated 1oad tr1-

L;miax1a1 procedure Ts a. 1og1ca1 choice of.test method Ipfgrmatfon‘pn‘the

elastic and permanent deformat1on.response of.ballast materials can be

.., 9ained easily through the use of repeated load triaxial investigations.

7.2 ObJect1ve and’ Scope’

The ob3ect1ve of this vésedrch was ‘to determine the ‘effects of 105

'to”106'cyc1eS‘of JOadﬁng'on”the permanent defOrmatfon'behavior’Of six ballast

*Degradation-as.used :in this. report refers.to breakdown due:to, Toading only.
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material types. Also studied was the mechanical breakdown of the aggregate
after 106 loading cycles.

It was the intent of the study that the results be used to correlate
f1e1d performance w1th Iaboratory resuIts of permanent deformat1on behavior,
'aIthough a study of the f1e1d performance of baIIast was beyond the scope.
of th1s 1nvest1gat1on »

The work was d1v1ded 1nto four phases Phase I 1nvoIved a 11terature
survey of Iaboratory stud1es and in serv1ce eva]uat1ons of both the permanent
»deformat1on behav1or of baIIast .and the breakdown of baIIast and 1s presented
_in Chapter 8 A o
| Phase II 1nvoIved estabesh1ng a standard test sequence Six typesh
“(I1mestone, basaIt etc.) of mater1als were seIected ‘and were tested 1n a
large d1ameter,trhax1a1_ceII,under conditions of repeated dev1ator stress
and constant conf1n1ng pressure. . The results are'incTuded in Chapter 9.

Chapter IO (Phase III) presents the permanent deformat1on data obta1ned
during the Iong term test1ng program and the anaIyses of the resuIts with
;regard to mater1a1 character1st1cs prev1oust determ1ned (I). AIso 1ncIuded
*1n Chapter IO are the resuIts of two spec1mens tested at Iow conf1n1ng pressure.
| Phase IV 1nv01ved estab11sh1ng mean1ngfu1 measures of degradat1on and
anaIyz1ng the gradat1ons of the sampIes before and after test1ng Rhase Iv

is 1nc1uded in Chapter 11.

The summary and the concIus1ons are presented 1n Chapter 12
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, CHAPTER 8
LITERATURE SURVEY o

8.1 General

| The primary factors influencing the répeated Toad, hermaneﬁ% Stréin
behavior are the stress history, the stress 1eVéf, ihc]udfng both déViafor
stress and confining pressure, the degree of compaction, and tHé nuﬁber 6f
Toading cycles. The type of ba]Taét (1iméstone, basalt, etc.) and the
gradation are important‘but to a lesser extent. An ampiified disﬁuséioh
of the factors is included in References 39 and 44. This report thérefdre
will be limited to the findings of other long term tests of bé]]aét, to the
results of degradation sfudies, and to field studfes’of ballast deformation

and degradation.
. Oy

8.2 Permanent Deformation

8.2.1 Laboratory InVestigations of Permanént Defdrhatigﬁ éehév{of
Heath and Shenton (45)Atested fhrée'gradations of Me]ddn'StéﬁehbaTlast
-in a triaxial épparatué (9 in: by 9 1n.) and measuréd the ﬁerménent‘defbfma—
tion due to repeated 10a&1ng. jThree Tevels of cdmpactfoﬁ‘were 1n9eééigated.
The important conclusions were: | | o o
1. The first 16$d application causes as much a§ 35 tb 45 percéht

/ cycles.

of the total deformation produced by 10
vA2. The péfmaﬁent deformation fesu]fing from the first load cyc]é
is greatly dependent on the degree of compaction.
3. The initial deformation and the rate of permanent deformation
accumulation both depend on the applied stress.
| Studies by ORE (32) were based in part on that of Heath and Shenton,

and therefore the conclusions were similar. One important additional con-

clusion was that the larger of two different loads, such as would result
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from wheel flats, causes the preponderance of the deformation.

Wong (28) tested ten types of ballast in a one dimensional (rigidly
confined) repeated load apparatus for 100,000 cycles at a stress of 100
psi (690 kN/mz).' The permanent strain was proportional to the logarithm
of the number of cycles and was Teast for samples’ compacted to the h1ghest
dens1ty An average of 50. percent of the total strain occurred on the first
cycTe. wong found no correlations between permanent strain and the mechanical
T‘or phys1ca1 propert1es of the aggregate : ’

Tr1ax1a1 testing of baTTast was accomp11shed by Chung (46) . The tests
were not repeated Toad tests but were stat1c tr1ax1a1 ‘tests in wh1ch the
effects of gradat1on dens1ty, and conf1n1ng pressure were 1nvest1gated
vThe max1mum dev1ator stress vaTues were obta1ned for sampTes of h1gh dens1ty
when tested at h1gh conf1n1ng pressures The effect of gradat1on was sT1ght.

-ATthough the tests were stat1c tests another ser1es of tests was conducted
on spec1mens wh1ch had been "preToaded" The preToaded spec1mens were sub—
- jected to as many as 10,000 cycTes of a repeated ax1a1 pressure to s1mu1ate
f1er Toad1ng, before they were . tested stat1caTTy ,The‘d1fferences between
the two types of tests were m1n1ma1 L ;1:»‘= ‘ |

Olowokere (24) extended the study by Chung to 1nc]ude repeated 10ad

_tr1ax1a1 test1ng of baTTast The mater1a1 tested was, descr1bed as Coteau
; ’d010m1te, the var1ab1es 1nvest1gated 1nc1uded the magn1tude of the cycled
“dev1ator stress The f1rst cycTe vert1ca1 stra1n resuTted 1n about 50
“percent of the stra1n accumuTated dur1ng TOO 000 cycTes, and the totaT
fstra1n 1ncreased w1th 1ncreas1ng repeated dev1ator stress o

B1shop (29) extended the one d1mens1onaT tests of WOng to 1nc1uderthree
other types of ballast: St Marc T1mestone, Nouvelle 1gneous, and Sudbury
slag. The important conclusions of the study showed differences in the

' permanent deformation behavior by ballast type. On the average the St.
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Marc 1imestone accumulated more permanent strain. than did .the other.materials.
- Lau (23) Qonducted‘repeatedfqoad triarial tests onasand;andgconcTuded

that. the permanent axial strain increased as the.number,of:cycles;increased

- but.at a decreasing rate. . Lau also found that the;critféa] valuye, for. the

.. repeated deviator stress was between .50 and .62.5 percent of the static

« triaxial value.. -

8.2.2° Ffer.CorreTations‘u!:

L1terature on permanent deformat1on studies in the f1e]d is extremeTy
T1m1ted Perhaps most notewo:thy is the study by Heath and Shenton (45).
" In add1t1on to the Taboratory test1ng prev1ou51y d1scussed observat1ons
of permanent deformat1on at f1e]d s1tes were also made PTates were in-
sttaTTed beneath each of ten consecut1ve t1es, and the TeveT of each pTate
| was mon1tored after var1ous amounts of Toad1ng The conc]us1ons were:
- 1." There is a Targe deformat1on dur1ng ear]y Toad1ng A
2. The permanent deformat1on tends to be proport1ona1 to the ’
JTE]ogar1thm of the number of axTe Toads ; B

'3, The magn1tude of the f1e1d deformat1ons tended to "correspond"vy
to those observed in the Taboratory ii” The f1e1d deformat1ons were sT1ght1y
| greater than the Taboratory resuTts suggested |
‘ Aga1n the ORE (32) resuTts were based in part on the above 1nvest1gat1on
';aTthough some add1t1ona1 var1ab1es Wwere 1ncTuded The conc]us1ons therefore
are much the same as those of Heath and Shenton It is 1nterest1ng to note
that the f1e1d 1nvest1gat1on of the effect of baTTast th1ckness resuTted in
more total settTement for the sect1ons us1ng 30 cm (12 in. ) of baTTast than

"7 for the section w1th on]y 20 ‘em (8 in. ) of ballast.

8.3, Degradation . ... .- }

- .Before.a meaningful specification can.be written for, ballast resistance
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to degradat1on due to repeated 1oad1ng, test1ng of many types of mater1a1s
and ana]ys1s of the resu]ts must be accomp11shed A method of measuring
the repeated Toad degradat1on of ba]]ast through sieve analysis and observa-
tion of change in gradat1on 1s possible. For example, No. 4 ballast should
have no mater1a1 passing the No. 4 sieve; thus the amount of mater1a1 pas-
s1ng the No. 4 sieve after in service loading nght serve as a measure of
degradation. 'Honeuer the ba]]ast gradation in place prior to loading must
be knoWn before coniparisons can be made. The prob]em therefore is twofold:
a measure of degradat1on must be def1ned and a method must be deve]oped for
samp11ng in place ba]]ast 4
Two problems common to both laboratory and f1e1d degradat1on stud1es
are thosée of variability (or repeatability) of the sieve analyses and the
.resultant prob]em»of sample size determination. l ' _
| NCHRP - Report 34 (49) presented stat1st1ca1 concepts and nomographs
for samp]e we1ght and the requ1red number of samp]es Various samp11ng
methods were tested and standard dev1at1ons that cou]d be expected for
the various s1eve sizes were determ1ned For. examp]e for amounts of ma-
ter1a1 pass1ng the No 4 sieve rang1ng from 5- to 8 percent the standard
dev1at1on expected is approx1mate1y 3 percent A
| NCHRP Report 46 (50) cont1nued the above -study and inc]uded‘degradation
- due to constructfon operattons Severa1 sect1ons were constructed of well
graded mater1a1s, the degradat1on due to construction was much less than
expected. For amounts of mater1a1 passing the No. 4 sieve rang1ng from 1.3

tov7.5 percent, the standard»dev1at1on var1ed from 0.4 to 2.9 percent.
8.3.1 Laboratory Degradation Studies.

Laboratory investigations of aggregate degradation can- be divided into

two groups: those that deal with breakdown due to repeated loading and those
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that are Concerned with phedicting degradation.caused by weathehing. The
latter subject has been covered in Reference 39; this section will cover
only studies 1nvo]ving degradation of ballast que to répeated loading.

In addition to the measurements of permanentvdéfohmation previously
ditcussed; Wong (28) determined the breakdown of the ballast materials
teéted: No material passed the No. 4 sieve in the initia]‘grading.‘ Break- -
down was defined_as any material passing the No. 4 sieveléftervtésting and
the bheakdown was subdividéd into the amount passing the No. 200 sieve. The
results of the study indicated that breakdown was indépehdent of initial
void ratio for ballasts blaced in a Toose state and that particle shape did‘
not affect the breakdown. Furthermore, degradation ihcreased_both as the
number of loading cycles and as the cycTed pressure inéréased. The‘amohnt :
of material passing -the No. 200 sieve WaS small and was "indepéndeht of
initial density-and pressure." S1gn1f1cant corre]at1ons were obta1ned
between breakdown and both Los Ange]es abrasion 1oss and crush1ng va1ue
Wong's results were based on the r1g1d1y conf1ned test -.a procedure re-
su1t1ng in higher stresses’ than would norma]]y occur in the field.

Chung (46) evaluated degradatjon fo119w1ng his triaxial tests. He
concluded- that breakdown increased as both initial density and cell pres-
sure increased bht was independent of stréss-strain;curve results. The
repeated.load triaxial testzreSq]ts\of OJowekene'(24) indicated that break-
down increased as the cell contining bressdre increased" Bishop (29) con-
cluded that ba]]ast breakdown increased as the cyc]ed pressure increased
but was 1ndependent of 1n1t1a1 dens1ty, the amount of material passing the
No. 200 s1eve was shown to be - 1ndependent of both 1n1t1a1 dens1ty and cyc]ed
pressure.- ‘ ‘ b

Eéke and Morris (515'modi?iéd'the LotlAnéeJés’éhraéton test to produce.

a greater percentage of fines and fines of a more plastic nature. In the
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modified- test, the aggregate was subjected to abrasion in, the standard

machine without the use of the steel balls. -A four hour run was used instead
of . the standard 500 revolutions. . The fines produced tended. to be mofe plastic,
~and the amount of material passing the No. 200 sieve increased as compared
with the standard test. For example, in the standard test on basalt the -
amount -of material passing the No. 200 sieve was 7.5 percent; the fines. .

were nonplastic; and. the Los.Ange]eS.abrasion loss was 16.2 percent. The. -
same material subjected: to the modified test produced material with 8.3

percent passing the No. 200 sieve and.a plasticity index.of 6.8; but. the .
.Los Angeles abrasion- loss decreased to.12.2 percent.

A series of tests-was.conducted by.AREA (47) in an attempt to correlate
laboratory test results with field performance. Los Angeles abrasion loss,
sieve:analysis, and sdundness (magnesium sulfate) were-determined -for-field
samples of. 36 ballast types. “Generally.. ... no correlation was found bet-
ween the evaluation of field performance . . . and the tests performed on.
those samples . . ." (47).- In another AREA study (34, .48, 52) 17 types of ballast
were subjected to repeated loading in.a, full -scale.oscillation device and
the degradation of-each type of ballast was compared:to the physical pro- -
perties of the material.. No.significant results were reported although
"good -correlation" was found between results of a Los Angeles test (con- -

ducted :without a surcharge) and the degradation from the oscillator. test..

8.3.2 Field Degradatfanw§£ud;ésr

Several studies of the in service degradation of highway aggregates
have been made, but few field investigations:of ballast breakdown are-
avai1éb1e. The most.significant, research is,probably.Dalton's (53) study -

of the in service degradation of 10 types, of crushed ballast. . Adjoining
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quarter mile sections of track were ballasted with materials from different
' seurces. Polyethylene sheeting was installed at the top of the subgrade so
“'that any fines-generated by degradation COuldfbe“reEOVéred and ‘the ballast’
would 'not foul from beneath. Samples were taken at the time of construction
and-after each of the three following years. The samples wefe tested for’
flakiness, ‘absorption, Los Angeles abrasion, and soundness; sieve analysis-
was also accomplished so that comparisons could be made with the original
gradation. After three years, three ballasts (two limestones and an in=
trusive igneous) had broken down enough so that dréfndge'waSZaffected.1‘The
conclusions of the study were that the-absorption, soﬁhdness; and Los ‘Angeles
‘abrasion tests do not adequately evaluate aggregate resistance to freeze-thaw
and mechanical breakdown. o
'f“f‘It*isvinteresting-to note that the materials used in-the field study
by ‘Dalton (53) were the same ones tested‘in.tﬁe aforémentioned Taboratory -
investigation of Wong (28). Table 8;1 is a'comparisdn’of the»ﬁesu]ts~0f~ -
J’thé»bréakdown obtained ‘in Wong's laboratory research with the evaluations
of the same materials used in the in- service tests reported by Dalton.
Total ‘breakdown was defined as any material passing the No. 4 sieve. Al
. though fhére appears to be some relationship betweeﬁ the‘dua]itatiVe eVaTUa—
tions and the total breakdown, it is difficult to'fiﬁd'any“corre]ation bet-
ween the minus’200 (passing the No. 200 sieve) breakdown and either the -

qua]itative’eva1uations or the total breakdown results.

8.4 :Summary

. Although-no well established methods have been developed for charac-
terizing laboratory or in service degradation of ballast due to either -
mechanical mechanisms or:weathering, the studies of Dalton (53) -and Wong ©
(28) appear promising, especially for establishing criteria for measuring

the amount of breakdown.
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.~ . | Shale

S]ag

Table 8.1. Comparison of Field and Laboratory Ballast Degradation
(References 28 and 53).
BALLAST CANADIAN NATIONAL RAILWAYS BREAKDOWN DUE TO
FIELD EVALUATION REPEATED LOADING
TOTAL (%) | MINUS 200 (%)
Dulude Bréakdowﬁ is minimal énd thé
quantity of fines is not ~0.69 0.08
s1gn1f1cant
Joliette >Some breakdown, but ba]]ast 1 és 0.23
Limestone . - remains free draining S SRk
Montreal Noticeable .breakdown; not _ 2.923 - . 0.05
Limestone ~ seriously affecting drainage = ’ )
St. Marc Excessive breakdown; 3.71 - 0.17
Limestone drainage is impeded o :
Coteau STight breakdown; ‘ot N ‘
Dolomite impeding~drainage 1f°9 ; ‘,0'07
>St.,Isiere Significant breakdown; . . 1.04 009
Limestone drainage impeded ’ .
| Marmona Minimal breakdown, not’ "]'21 o 0”68
Traprock impeding drainage = N o
Noranda No noticeable breakdown; - ;
Slag free draining though excess 0.89 0.06
minus 200 breakdown
Nouvelle Major chemical breakdown 1'27 ' 0.06
Igneous - el 0.
Sudbury No noticeable breakdown; -
‘ freé draining -~ 0.71 0.03
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CHAPTER 9

I3

LABORATORY TESTING PROGRAM

..9.1 Ballast

Six types of ballast were selected for testing under conditions of re-
peéted 1oéding.é Because the American Rai]way;Eﬁgineering Associéfioh’(AREA)
No. 4 ballast gradation is usgd'most often the approximate center of the
recommended gradation Timits Was selected fdr testing. Both the gradation

of the samples tested and thefAREA No. 4 Timits are shown in Figure 9.1.

9.1.1  Description of Materfa]s

The materials se]ecfed for testing were dolomitic Timestone from
Kahkakee; I1inois; granitic gneiss from Columbus, Georgia, blast furnace.
stag from Chicago; basalt from New Jerse&;'and'crushed and unérushedngrave1s
from~McHe9ry, ITlinois. The matefials were sievgd‘into various sjze frac-
~tions and were recombined as needed to conform to thé standard testing |

gradation.

9.1.2 Characterizatioh Tests

| Because théré is interest in re]atihg mechanical breékdown to the
physical properties of ballast, the fo]]owihg standard tests were per-
formed: particle index, specific gravity, Los-Ange]eé abrasion, flakiness,
soundness, and crushing value. The standard tests and references are included
in Table 3.3. An amplified discussion of the tests is available in Reference
39. o

The results of the tests are summarized in Table 9.1.

9.2 Testing Program
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Table 9.1. Characterjza;ion;Test‘Rgsq]tsuﬁ.~~

Particle
Index

Specific |
Gravity -

"77m3L05<AngeTe§; S
. Abrasion

~ Flakiness
Loss; %

Index

Soundness
Loss, %

Crushing

Value

Limestone

Granitic Gneiss

Chicago Blast * |

Furnace Slag
BaéaTt. 2
Crushed. Gravel®

‘Gravel

13.75

13.45

15.68
15,40

- 11.85 - |

10.17

2626

| 2775
2:;678

1 ‘;2.653

34.2

34.7

12.3
28.0 - °

@z

37.8 7

16.78

- 14.39

3.59

17.33

1012 .

5.79

18.5

0.25

0.75

4,93
7.45 .

- 5.78

22.7
26,1
137.3

20.0

13.8

€6l
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9.2.1 Triaxial Equipment
See Section 3.2.1
9.2.2 Instrumentation . .

See Section 3.2.2

9.2.3 Specimen Preparation

See Section 3.2.3

9.2.4 Testing Sequence

Two series of tests were chosen. The first involved the application of one
million loading cycles'at a repeated deviator stress of 45 psi (310 kN/mz) and 15
psi (103 kN/mz) confining presﬁure.‘.The stresses were se]écted<a§ rebfesentatiVe
of those prédicted by.finite element téchnfdue‘(G)AfoJéééuf in an/é1ehent of. bal-
last 16céted 1mmeaiate1y beneath aitie. Dﬁring tﬁe.téStiﬁg brogram and deforma-
tions were measUred atvieast és often as 10n'cyc1¢,;ﬁhére n is ah'{nteger. The
deforﬁatiohs were converted to strains by dividiné by ‘the éahp1e.height.

To characterize the permahent deformation charaéteriétics.of baltast at é
Tow confining pressure, or that existing near the ba]]ast-sdbgrade interfacé, a
second series of tests was run. The specimens for this series were prepared in
the same manner as for the first tests, although only two specimens (1imestone
and gravel) were teéted. A deviator stress of 12 psi (83 kN/m2) was selected as
typical of the in service stress, and the testing procedure started using a con-
fining pressﬁre of 3 psi (21 kN/m2). Each specimen was subjected to 100,000
1bading cycles at the 3 psi (21 kN/m2) confining pressure; the confining pressure
was then reduced to 2 psi (12 kN/m2) and: another 100,000 cycles applied. The con-
fining pressure was reduced further to 1 psi (7 kN/m2) and a third set of 100,000

cycles was applied. »
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9.2.5 Degradation Measurement

After the application of one million load cycles, the sii p;imary test
specimens were removed from the triaxial cell, and sieve analyses weke ac-
complished. The specimens tested, their material types, gradationé,‘densiJ
ties and void ratios are included in Table 9.2. A detailed description of

the testing equipment’ and procedures is contained in Referénce 44.
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. Table 9.2. Test Specimen Properties.

Test Density Void
Sequence Material (pcf) Ratio

Long Term Limestone 93.4 0.7%

Granitic Gneiss 96.4 .73

Chicago Blast

Furnace Slag 71.0 67

Basalt 96.0 .80

Crushed Gravel 99.8 .67

Gravel 104.4 .59

Low Confining ) jpestone 9.3 0.70

Pressure
Gravel 105.2 0.58
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CHAPTER 10
PRESENTATION AND ANALYSIS OF ‘PERMANENTDEFORMATION- BEHAVIOR

10.1 Introduction
This chaptér”presents the'plastic strain resu]ts of,the primary series
tests and a]so the resu]ts of the two specimens tested at’ mu1t1p1e stress

levels and 1ow conf1n1ng pressures

10.2 Plastic Stra1n Results for Pr1mary Testing Series
One of the obJect1ves of the research was to characterize the long
term permanent deformatlon behav1or of ballast mater1als The only var1ab1e ‘
1nvo]ved in the pr1mary test1ng series was mater1a1 type Compaction Tevel,
gradation, and stress Tevel were the same for all spec1mens | »
Figures 10.1 through 10. 6 present the resu1ts of the‘tests” In add1t1on,
to fac111tate direct comparisons by material type, - Table 10 1 is- a summary
of the plastic strain data for al1 six spec1men5\ahd for the Tlinear regres-

sion analysis results.

10.2.1 .Regression Analysis

To determine the trend of permanent deformation as the number of
lToading cycles increased,linear regression between the plastic strains
and the logarithm of the corresponding number of cycTes was accomp1ishee.
Previous research (44) has shown that the semi-log analysis is appropriate |
for determining the trend of deformation behavior. Because the trend with
tonnage (or time) is of most practical significance for ballast, the inter-
cepts are not included. As noted the linear regression results are in-

cluded in Table 10.1.

10.2.2 Relationship of Plastic Strain to Material Properties

Table 10.2 presents the correlation coefficients of the analysis for



Tab]e'10.1. Permanent Strain and _Regression Resu]ts for

Long Term Test1ng

Permanent Stra1n at Number of Cyc]es of
Load1ng Equal to

Regression
Results (e -Tog N)

_ *Significant at o = 0.05. .

. | nl 3 4 5 6 ) Correlation
Be]]ast Type ]O. »10 10 . 10 10 10: S]ope‘ Coefficient
Limestone . 0.58 | 1.69 | 2.96 | 4.50 | 5.90 |-6.05 | 1.17 | .997%

- Granitic Gneiss| .60 | 1.44. | 2.74 | 3.43 | 3.66 | 3.92 75 .962%
‘Chicago Blast | ' : e . e .
Funade Stag |3 | 89 [ 199 | 358} 667 | 8.30 1.48 655+
- Basalt . 20 | .62 | 1.14 |1.57 | 2.02 | 2.5 | a0 | 982+

* Crushed Gravel | .23 | .57 | 1.20 | 1.88 | 2.27 | 2.45 46 - .987*

Gravel 42 | .71 | 105 | .47 | 1.92 | 2.39 .37 | 993

861
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Table 10.2.

Correlation Métr{x fof the Physica] and

. Mechanical Properties of Ballasts Tested.

4 -

DATA FIELD 1. .2 3 .5 ) 6 7 . a 9 10
1 100000 ) ___-_o_.4_uag________,_o_.ggq_a_a_ -0.74300 0.9B172% 0.26567 -0.16528 \0.47697 —0+54359 -0.12562
2 -0.41742 100000 ~0.63301 0e91692% =0 +57839. . 0469573 0429503 ~0.86972*% ° -0,23980 -0.02934
3 0.09022 -0063301 1.00000 ‘~0e53150 - 0422825 ~0432355 0.01521 0.86223% 0.328%51 0463702
4 -0074300 0.91692% -0453150 100000 -0 +855]16% 0438369 De 26985 ~-0.86353F 0.07280 0.02023
5 0.95172 —Q. e 0922825 _—Ne85516% 100000 0010359 ~0e19237 = Q.61675 .  =045533 _ -0.10719
6 026567 0.69573 =0 ¢32355 0+38369 010359 1.00000 0. 44054 ~0+42333 -0+49709 0.17811
7 -0'e 16528 G+29503 0.01521 0426985 '=0e19237 " De44054 100000 ~0.+28507 : 018376 - 0423216
8 047697 -D.86972% 0.86223% -0486353% . 0e61675. -0.42333 ~0+28507 1.00000 0.06639 0.31049
9 -0,54359 -0o23980- 0432891 0.07280 . -045533 -0.49799 0+ 18376 0006639 100000 © 0653752
10 0412562 002934 0.63702 0.02023 T=0e10719 0.17811 0423216 0.31049 0+53752 1.00000
11 0.16803 -0.02177 0+61163 =0e11042 0416302 0.43229 0.42411 0.34934 © 0426198 0.91259 *
12 0.31638 -0.18714 073688 - -0.30167 0433538 0435545 N.29234 0455301 011800 0484175 *
13 _DeASS594 =0 e42193 - - 079332 . .=0e53530. . . ._0.51070. 020842 0032909 0.69802 0410653 069900
14 0054727 —0.76924 0.79162 20.82103% 0.65823 —0.16196 0.18559 0.85174% - 0.18930 T 0.44282
15 ‘0454596 ~0,.87778% 0.77910 -0.89526% 67582 -0.32632 093920 0+90045* 0.21419 0.34585
16 0.56998 ~0487551 0074327 -0.90736 0.70176 -0.31939 0407920 0.88742% 0.10703 0.21928
17 -0e55919 - 4521% . 0e72485 . =0e94928%  007029) 2@ -—0.45166 . -0.08709 0.92104" 011334 014335
18 052150 —0 49 39 29% Ce77571 -0.93063% 066936 ~0.45770 -6,99318 D.94386% 0013220 0.19338
19 . 023653 -0.62006, 0o 80043 -0.58523 0.35900 ~0.16758 0448005 069407 030040 0.44081
20 0.57546 —o.azoss C.78478 '~0+86853% 065188 - - ~0.22315 -0+09135 0.88514% . .0.18083 040357
DATA FIELDil 12° i3 1a 15 16 17 : 18 19 20 T
1 016803 0.31638 0.45594 Ce54727 0454596, 0.56998 0.55919 ° 0.52150 0,23653 0.57546
2 -0.02177 -0418714 -0,42193 ~0476924 ~0+87776% ~0+87551* -0.94521% -Ne93929% -0462006 ‘=0.82086 *
.3 . _0.61163 _ 0s73688 __ 0e79332 . _ 079162 . . 077910 . 0.74327 = 0.72485 = 0.77571 ' 080043 0.78478
a ‘Z6.11042 030167 ~0.53530 =0.82103% —0.89526% ~0.90736 <0+ 94928 =0.93063%* T -0.58523 =0.86853 %
s 0.16302 0.33538 0451070 0065823 ° 067562 0e78176 070291 066936 ° 035900 " 0469188
6 " 0643229 0.35545 Ce20842 -0.16196 -0.32632 -0.31939 -0+45166 -0 45770 -0.16758 -0.22315
7 0e82411 . Ne29234_ 032909 . _De18559 0403920 007920 -0.08709 -0,09318 0+48005 0409135
8 0.3493% 6.55301 Ce69802 0.85174% 0.90045% 0.88742% 0+ 92T04% B.IAIBGH 0.69307 0.88514"
9 0.26198 9.11800 Ce10653 0.18930 0.21419 0410703 O.11334 0,13220 " 0030040 0418083
10 0.91259* 0.84175% C. 569900 0.44282 0434585 0.21928 0+14335 0.19338 0.44081 0.40397
11 100000 o.%_zf_s_gj;" CeB87286% 0459368 - _0.45539 037029 . 024779 0028393 0.58193 0.53842_
12 0e.96284% 1.80000 0.94903% 0.71175 059275 0+52796 0.42343 046227 0.65 6940
13 0.87286% 0494903 % 1.00000 0.88749% C 79286 0.75714 065846 0..68366 0.83186% 0.85209 *
14 (059368 0e71175 0.88749% 1. 00000 0.98098% 0.96565% 0.91837%* 0.92355* 090629 | 099479 %
15 . 0.45539_ 059275 0679286 _ 0.98098% © 100000 0.98507* 097173 %  0.97334*% - 0485720% 0.99372
16 - 0.37029 0.52796 0.75714 0496565 0.98507% 000 . . .
17 0.24779 De42343 . 0465846 0e91837*. Ce97173% 0.98307* 100000, 0.499683% 0.78897 0.94605 *
18 Q.28393 0.46227 0e68366 O+ 92355% 0« 97334% 0.98073% 0.9968 ‘1400000 - 0.80432 0.94941 *
19 0458193 065852 o.e'u 86% 0490629k 085720 = DeB7164% 078897 __ _0eB80432 1.00000 0.86964 *
20 0453842 +66540 8526‘ 0.99479% 0.99372% TO757T* 0., 94605% T, qag‘ﬂ*“' B XY TTTTTIL.00000
: * gignificant at o = 0.05 3
** gee text for explanation of data fields

N
Q

‘Ol
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the mechanical and physical properties of the materials tested, for strain

readings at various cycles of loading, for degradation of the samples after

one million Tloading cycles, and for the slope from the permanent strain-

logarithm of numbers of loading cycles regression. A complete listing of

the data fields represented in Table 10.2 is as follows:

1.
2.
3.

10.
1.
12.
13.
14,
15.
16.
7.
18.
19.
20.

Particle Index
Specific Gravity

Los Angeles Abrasion Value

.‘Density

. Void Ratio

. Flakiness Index
. Soundries< Value
. Crushing Value

. Permanent Strain at 1 cycle

Permanent Strain at 10 cycles
Permanent Strain at 102 cycles
Permanent Strain at 10° cycles

Permanent Strain at 10 cycles

Permanent Strain at 10° cycles

6

Permanent Strain at 10° cycles

Degradation, percent passing No.
Degradation, percent passing No.
Degradation, percent passing No.

Dégradation, percent passing No.

Slope b%iep - log N

Significanf.(a = 0.05) correlations for

density with the étrains at 105 and 10

i

¢

10
20
200

permanent strain were observed for

loading cyclés (inverse), for specific
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gravity with the' strain at 106'Eyt1es of']dading (inverse), for crushing -
"-value with the strains at-10° and 106'1oading cycles, gnd“for the éﬁ#ng N siope
with specific gravity ‘(inverse), with density (inverse) and with crushing
“.value. Thus crushing value i$ the simplest test result related to long

term permanent strain. The remainder of the'Signiftééht correlation coef-

ficient values will be considered in Chapter 11.

10.3 Results for Low Confining PressurevSpgcjméngb .

Because research (44) has shown large Variations 1nuthe,pgrménent
deformation behavior of rounded versus angular materials at low confining
pressureb(S psi/ 34 kN/m2 or less) but little differgncé.jn that behavior
at higher confining pressures (15 psi or 103 kN/mZ)[the néed existed for
characterization of such materials at reduced stress‘leveis, In addition
finite element aha]ysis (6) has shown‘that the mihéf.prihtjpgt stress;o3,
can decrease to near or less than 1 951'(7 kN/mz) at thé ha]]ast;subgrade
interface. For these reasons two;éhectmens-weré.tnc]udgdfin the program’
for testing at Tow stresses. Because;the'fogus:qufonﬁ;harécterizing the
behavior of angular versus rounded,materiéls the serieé was limited to two
samples, a limestone and a grave],;\Because the:Mqunry_grayeT_1skpre_
dominantly limestone, there was 1itt1e:difterence, except‘thkparticle
index*, between the two mater1a]s | | o .

A]though research (9, 30, 31 44) has shown that the magn1tude of
plastic strain is affected by stress h1story, 1t 1s be11eved that valuable
information on the relative behav1or of mater1als can be ga1ned by sub3ect1ng

specimens to mixed loading states, espec1a11y 1f the m1xed ]oad1ng involves

“ *Particle index as def1ned by Haung (10) includes shape, angd]é}ity;’
. and surface.texture. .. .. .. AU " :
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only successive increases in the deviator stress to confining pressure ratio.
“1?Thé résthé df the“teété areyéﬁowh'in Figures TOe7 ahd 10”é: . There was
11tt1e d1fference between the behav1or of the- spec1mens at 3 ps1 (21 kN/m )
conf1n1ng pressure, but at the 1ower 1eve1s of conf1n1ng pressure more
p]astic strain was observed for the“gravel specimens' It is interesting
that the curve for the grave] spec1men ‘at'1 psi (7 kN/m ) conf1n1ng pres—
sure 1s.mare[1rregular than that of the 11mestone and shows an 1ncrease
in rate. of stra1n accumu1at1on wh11e that of the 11mestone appears to be

. N
1eve]1ng off
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| CHAPTER 11 -
PRESENTATION AND ANALYSIS OF DEGRADATION RESULTS

11.1 Introdoction"f.' .

Exeessﬁve breakdown of ballast results in decreased'drainage,"inereased
saturat1on and poss1b1y decreased 10ad carry1ng capac1ty Therefore, it
is des1rab1e to determ1ne the re]at1ve suscept1b1]1ty of ba]]ast mater1a]s
to both mechan1ca1~breakdown and weather1ng action. -The fo110w1nq sect1ons
re]ate the repeated 1oad1ng breakdown of ba]]ast to the phys1ca1 propert1es

of the materials and to plastic strain character1st1cs

11;2 Criteria.

” Beoause thefba1]ast gradation tested (AREA No. 4) contained no material
g pass1ng the No. 4 s1eve, 1t was decided that the amount of pass1ng the No 4
»s1eve after test1ng wou]d define the "total degradat1on“ of the ba]]ast The
total degradat1on was subd1v1ded 1nto the amounts pass1ng the No 1Q,sNo, 40,

» and No. 200 s1eves - Results are shown in Table 11.1.

E 11.3 Corre1ations W1thsMateria1 Properties T o R

To determfne‘the re1evancy of the various standard tests, the test“re-
sults and,thelamounts passing,the No. 4, No. 10, No. 40 and. No 200 siemes
were‘used in sdmp1e‘correlation'analyses The resu]ts are shown in Table
- 1o.2. The most cons1stent1y s1gn1f1cant ( = 0.05) correTat1ons were bet—
- ween degradatton and:spec1f1c gravity (inverse), degradation_and’densityj
(1nverse{, and’degradation and erushing value. It is interesting that |
none of the standard test results achieved a significant correlation thh

the amount passing the No. 200 sieve.

11.4 Correlations with Plastic Strain

Several interesting significant (a = 0.05) correlations were noted



~Table 11.1. Degradation Results for Lorig Térm Testing.

Percent Passing P R,

.- Size. " Original- . Gravel - Gneiss . .'Gravel . Limestone . Slag :  Basalt.

1120 %5 95.83 97,60 - 95.00. . 96.70 96:40.7 - 95.51

o a0 40.07 42,66 | _'4f§éoli a6 4§}45f; o 4&,4@5
s 75 ewm 11.90 . ',iffgéfé {:;-ié{zz f _—‘..15:625  ;ﬁ 7J2,4§?
yg 2.5 2.8 3.29 - éf35fi ;{ ‘ih.sgf 5.60 8 [é.os;
No. 4. - o 03 10.75 : A~1§;74;fﬁ'5; =l'].sz : -éﬁzzg;, f: 29.431
No. 10 0 0.26 0.50  ;  16;48?; Sooss j;ssf  R
" No. 40 0o ‘0.23 : "0.40‘11 ' ‘6;371i Zf 'Jb.séi '9}97". = :5f2&i
No. 200 o 019 _olzé | égzsff B 'b.44- : 0;3915_ -} 'L@.]ﬁ;

Note: Gradations are for the materfa]fbeipwihg fhe'abplicgtion
of one mi1Tion Toading cycles - (op/oy = 45 psi/15 psi).

Zle
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between the degradation and permanent strain results. The total degradation
(amount passing No. 4 sieve) the No. 10 degradation, :the No. 40 degradation
and the No. 200.degradqtion qi] correlated §jgn1fjcaﬁt1y.with the permanent

6

strain at 105'and 10 foading cyé]es., In addition, thére\was a significant

correlation between the No. 200 degradation and the permanent strain at 10*
Toading cycles. One othgr permanent strain variab1e; the slope of ep - log N.
regression, achievéd signifiéant éorréfatiohs wiﬁh allifbuk of the degradation

measures.

11.5 ‘Néfure,gf Fines ‘

fq $dd1t{on to the sieve anaTysis"¢0ndﬂcted?6n‘fhé TOﬁgkferm;Toéding
speciméné, the fine material (minus. No. 40 siéve)'wdg éhecked for plasticity
- (ASTM D 423, ASTM D 424). AI1 of thé‘fihes,with;thelexcepfi%h“of fhe' o
1imest6he:matéria1; we#éinonpiaétﬁé. 'fhe 1jme§t§@e~?1ﬁg§ h&d:a pTéétic.:

index df’3.
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CHAPTER 12
SUMMARY AND CONCLUSIONS

12.1 Summafy

Six types of ballast were tested in the repeated load triaxial ap-
paratus for one million Toading cycles each. The compactive effort and
gradation for each specimen were the same. ‘The permanent strain behavior
and gradation characteristics of the materials were determined. In addi-
tion, two specimens were tested at low confining pressure to determine

the behavior of rounded versus angular particles.

12.2 Conclusions

1. Permanent strain observed at 105-and at ]06 loading cycles cor-
related significantly with crushing value. Crushing value appea%s to be
a promising test for predicting resistance to Tong term, permane;t defor-
mation in ballast.

2. Angular materials offer better resistance to permanent deformation
at low confining pressures than do rounded materials.

3. The significant correlations for degradation were observed with
crushing value, specific gravity (inverse), and density (inverse). No
material property correlated significantiy with the No. 200 degradation.

4. Long term permanent strain (105 and 106 loading cycles) correlated

signifiqant]y with the degradation results.
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PART C
CHAPTER 13

FOUNDATION MATERIAL TESTING PROGRAM AND PROCEDURES

13.7 General
| This report discusses the subgrade soils evaluation inyestigation and
forms part of the Phase IV - Materials Evaluation Study. A series of lab-
orétory tests Have been conducted with selected foundation soils to deter-
mine their pertinent engineering properties. For this study the engineering
properties that were evaluated can be broadly categorized as:
1. Resilient Response
2. Permanent Deformation
The above properties were determined using repeated load triaxial tests.
Extensive work has already been done in repeated load testing of fine—gréined
soils and a literature review has been presented in the earlier phases of this

research program (39, 54).

13.2 Soils

The soils selected for investigation are Tisted in Table 13.1, which
also summarizes basic engineering prdperties of the soils. The soil selection
was carried out such that it would include soi]svranging in anticipated engi-
neering behavior from good to bad and ranging in texture from clay to sand.
Four of the soils were obtained from I11inois locations, two came from Georgia,
one came from the KansaslTest Track site in Kansas, and three came from South

Carolina.

13.3 Testing Program and Procedures
The procedure for the resilience testing is described in detail in
Reference‘55and'therefore only the major aspects of the procedure will be

discussed here.



Foundation
Sample
Number -

Pedological
Name-& Horizon

1

10

Appling
Cecil
Davidson B2
Dickinson C
Drummer B
Fayette B
Fayette C

Greenville

(Kansas Test
Track Soil)

Norfolk 82

Table 13.1. Soils Used.

Parent
©  Material

Predominént1y residuum
from granite

Residyum from acidic
rock (granite gneiss
and granite) :

Residuum developed over
basic igneous-and meta-
morphic rock

Fine sandy Toam

3-5 ft. of loess on
Wisconsinan Till

> 4-5 ft. of Peorian
Loess

> 4-5 ft. of Peorian
Loess

Residuum from moderately
fine and fine textured
costal plain materials

Not available

Residuum from thick beds
of unconsolidated sandy
loams and sandy clays of
the costal plain :

Sampling
. Location

Greenville County
South Carolina

Cétawba County,
South Carolina

Spartanburg County,

South Carolina

Whiteside County, IL

Champaign Co, IL
Henry County, IL
Henry County, IL

Peach County,
Georgia

MnﬁsT%tTmck.

Peach County,
Georgia

Unified Soil

Classifica-
tion )
CH

CH

SM
CH
CL

ML

CL

CH

SC



Resilient Permanent

Liquid Plasticity % Clay Response Deformation
Limit Index (<0.002 mm) Testing Testing

71 . 38 . 50 Yes

53 27 .4 Yes

70 34 54 Yes Yes
Non Plastic -8 ' Yes

52 28 38 Yes Yes. .

43 21 31 : Yes Yes

32 9 . . » 18 Yes ‘_ ’ Yes

35 23 T 39 " Yes

58 38 — Yes

2 18 " 27 Yes Yes

8L¢



3-Way

Solenoid Valve’

. | T
% Movable Reoﬂctior‘\ Frame %
-9 h d
S * i |
4 Bellofram -
CAir
Cylinder

Timer

>

| ~— Collar

Split Mold—, N ~

Ny

; Cbmpnction Foot .

:\s( See Detail)

pecimen

N

N

Cente

Figure 13.1. Schematic Diagram of Kneading Compaction Apparatus.

{ Rébcfion Frame ,

rline Peg . %

=<—Comprassed Air .~

3/8" NC Thread:

3/4"

<

612

"FRONT VIEW

Compaction Foot Detail



220

5 13.3.1 Spec1men Preparat1on

: Spec1mens measuring 2 in. (5 1 cm) in diameter by 4 in. (10.2 cm) in
he1ght were prepared us1ng a m1n1ature knead1ng type compactor as shown

in F1gure 13 1. The spec1mens were prepared in sets of at least three at
-mo1sture and dens1ty cond1t1ons representat1ve of expected field condi-

Kt1ons (us1ng the AASHTO T 99 procedure) The “specimens were wrapped in

. piast1c paper_and p1aced51n a constant tempéra%déé°ﬁo§mfat%77°ﬁ té'cuéewr

for a minimum of 7 days prior«to the repeated  Toad testing. '™ ~ "

13.3.2 Specimen Testing ‘ _

The repeated load test equipment used 1s?shoun tanigure 13.2 The
pneumatic loading apparatus 1s capable of app1y1ng repeated dynamic loads
of controlled magn1tude and durat1on l ‘ %

In the resilience test1ng sequence, spec1mens uere tested w1th no lateral
confining pressure, i.e., 03 = 0. It has been shown (55) that the effect of
small magn1tudes of conf1n1ng pressure as norma]]y encountered in a sub-
‘grade 5011, on the res111ent response of the subgrade so1ls {(fine- gra1ned)
cohes1ve)i1s not s1gn1f1cant§" The spec1mens were.p]aced in the’ test1ng :
device and conditioned with 1000 axial stress app]ications of a predetermined
‘magnitude Fo]]ow1ng specimen cond1t1on1ng, the res111ent behavior of a set
of spec1mens was determ1ned at’ var1ous 1evels of ax1a1 stress, gy At each

1ncrementa1 stress 1eve1, approx1mate1y 10 ctress app11cat1ons ‘were applied

to the spec1men and the res111ent deformat1on was recorded Thevstress level

“was 1ncrementa11y 1ncreased, approx1mate1y 355 psi (20 35 kN/m ) per ‘incre-

ment, until a substantia]\amountvof”permanent~deformation_deye]oped,vmahing
it impossib]e to further record the resilient behavior.
For the permanent deformat1on test1ng sequence, the spec1mens were sub-

Lo
jected to approx1mate1y 10 OOO 1oad app11cat1ons and the permanent deformat1ons
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were recorded at various intervals. Usually four specimens were tested for
each set of preparation conditions,:with each of the specimens being tested
at a different stress level. The range of stress 1eve]s used depended on
the type of so11 and preparat1on cond1t1ons and genera]]y ranged from about

3 psi (21 kN/m ) to about 50 psi (345 kN/m ) Deformat1ons correspond1ng to
| approx1mate1y the first 1 percent of permanent stra1n were measured by an

LVDT (Linear Variable D1fferent1a1 Transformer) and thereafter the stra1ns

were measured by a dial gage attached to the loading apparatus.
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CHAPTER 14
© e FOUNDATION MATERIAL TEST RESULTS

14.i' Res111ence Test Resu]ts
o The res1]1ent response is determ1ned by the res1]1ent modu]us, ER’ which

it

1s ca]cu]ated by d1v1d1ng the repeated deviator stress, o by the

b~ "%

]

res111ent or recoverab]e stra1n, sR, 1 e.

D o - ’3

E.. = :
R €R

R e
The five soils included in the Resilient Response Testing are listed in Table
13.1. For each soil, two sets of specimens were tested - one at optimum moisture
content (AASHTO T-99) and one at‘ohtimum h]us 2 percent moisture content. For
fine-grained soils, the resilient modulus hes been shown to be a function of the
repeated deviator stress, and generally decreases with an increase in deviator
- stress. Plots of resilient modu]us versus repeated deviator.stress for the five
soils are given in F1qures 14 1 to 14.8. fhe plots typica11y>disp1ay a "break
point" deviator stress where there was a substant1a1 change in the slope of
ER - 9 relation. Linear regression analyses were conducted using data for
deviator stresses less than and greater than the break point deviator stress.
From the two linear regressioh eqhations, it was possible to determihe their
point of intersection. |

In Figures 14.1 to 14.8 it shou]d be‘noted that:

1. Moisture contents are expressed re]at1ve to the opt1mum moisture
content for the soils

2. K] is the slope, ksi/psi, for. the left part of the plot
3. K2 is the slope, ksi/psi,»for the right part of the plot
4, K3 is ERi’ the resilient modqlus_in ksi at the interSection point, and

5. Ky is opis the deviator stress in psi at the intersection point.
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14.2 Permanent Deformation Test Results
The seven soijls that were tested for evaluation of permanent deformation
behavior are listed in Table 13.1. Three sets of specimens were prepared
for each soil for the following conditions:
, J; 0pt1mum moisture content and 95% AASHTO T- 99 dens1ty )
2. Opt1mum mo1sture content and 100% AASHTO T-99 dens1ty -

_.3..0pt1mum moisture contents plus 4 percent and 957 percent
‘ T- 99 density

F1gures 14 9 to 14 15 show the plots of permanent stra1n versus number ..
of 1oad app11cat1ons at d1fferent stress states for the above seven so1ls,
‘and F1gures 14. 16 to 14.22 show the p1ots of accumu]ated permanent stra1n -

versus dev1ator stress at the end of 5000 1oad app11cat1ons The ep f N i
jdata of F1gures 14.9 to 14.15 can be fit to the following equat1on using

stat1st1ca1 methods (56).

e = ANb%
where ’ep = permanent axial stra1n
| * N = number of load app11cat1ons
bA,b = exper1menta]1y determined coeff1c1ents

The determ1nat1on of A and b for each s0i1l cond1t1on 1s tabu]ated in Tab]e -
]4.1. It can be seen that the re]at1onsh1p ep = AN representsAthe'data
fairly we11 from»a statistical viewpoint. A correlation analysis was pérfif
formed corre]at1ng 1og A to the stress Tevel, Ope and b to the stress aeVe1%
IcD. The analys1s,1nd1cated no significant correlation.for the b -coefttcient
to the stress level, Ops for any condition, suggesting that coefficient b is
dependent on soil type only. Log-A did correlate significantly (at the 95
-percent level) with the stress level, 9ps in all cases where there were at
least four observations, suggesting that the coefficient A is'a function of

the stress level and placement conditions.
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Table 14.1. Permanent Strain Relations for the Soils Used.

Density Moisture Applied Coefficient Coefficient
Soil % AASHTO T-99 Content Deviator Stress b A -4
Oy» psi (x 107
Davidson B2 95 opt 5 0.0942 1.61
95 opt 15 0.1172 10.89
100 opt 15 0.1013 2.84
100 opt - 25 0.1114 10.14
100 opt 35 0.1205 26.42
100 opt 40 0.2117 56.18
95 opt + 4% 5 6.1071 3.32
95 opt + 4% 15 0.0956 13.52
95 opt + 4% 25 0.1641 27.10
Dickenson C 95 opt 3 0.2796 5.81
95 opt 5 0.2363 33.57
100 . opt 5 0.2521 10.59
100 opt 8 0.2639 18.75
95 opt + 4% 3 0.2158 34.12
95 opt + 4% 5 0.2734 68.08
Drummer B 95 opt 15 0.0592 4.52
95 opt 30 0.1038 5.28
95 © 7 opt o 50 0.0759 ¢ 13.06
100° " opt. . . - 5 0.0788 3.12 :
100 opt ’ 15 0.0985 4.90
100 opt 30 ~ 0.0567 12.76
100 opt 50 . 0,0452 34.04
95 opt + 4% 5 0.1052 1.39
95 opt + 4% 15 0.2000 1.38
95 . opt + 4% - .30 0.1246 . 8.20
95 - " opt + 4% : 40 0.1475 12.88
«Fayette C 95 opt 5 0.0380 ©110.09 )
95 opt 15 0.1222 11.19
95 opt 25 0.2200 21.09
100 opt . 5 0.0873 12.42.
100 opt 15 0.1392 18.76
100 opt 25 0.1348 43.65
100 opt 30 0.1380 70.15
95 opt + 4% 5. 0.1617 1%.02
95 opt + 4% 10 0.1756 42.46
v 95 opt + 4% 15 0.1726 138.04
95 opt +'4% 20 0.1332 410.20
Fayette B 95 opt . 5 - . 0.1839 2.02
e 95 4 - opt  .° 15 - 0.1010 9.86
95 opt. 25 0.1667 - 20.80
95 opt 30 0.1726 32,14
100 opt 5 0.1015 6.71-
100 . - .~ . opt w. - 15 . o 01053 . . . .9.84
100 opt 30 0.1466 44,57
100 opt 40 0.2029 49.77
95 opt + 4% 5 0.1068 8.89
95 _opt + 4% 15 0.1086 32.28
95 opt + 4% 20 0.2328 95.72
Kansas Test - . ‘ Eo . o
PR 90 pcf 30% . - 5 0.2228 5.28
Track Sofl Qpcf . 304 . 15, . 0136 66.28
95 pcf 26.5% 5 0.1503 5.34
95 pcf © 26.5% 15 0.0963 39.73
95 pcf 26.5% 30 0.1273 93.43
Norfolk 82 - 95 opt 5 0.0967 2.32
95 opt 15 0.1306 14,39
95 opt 20 0.1102 30.97
95 opt 25 0.2068 38.19
100 opt 5 0.1066 4.34
100 opt - 15 0.1127 23.07
100 opt 25 © 0.1056 55.98
100 opt 30 0.1976 91.20
95 opt + 4% 5 0.1185 72.61
95 opt + 4% 10 0.0958 308.32

95 opt + 4% 15 0.0873 625.17
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This is also evident from Figures 14.9 to 14.15. The permanent
deformation response of the soils is very much stress-dependent with most
of the soils exhibiting pronounced increase in the rate of permanent strain
w1th increase in dev1ator stress. Most of the so1ls (at g1ven mo1sture
content and dens1ty) a]so exh1b1t a "thresho]d stress 1eve1" wh1ch is
‘defined as the stress 1eve1 above thch the permanent deformat1on of the -
"s0il under repeated toading 1s rapid and below which the rate of cumulat1ve
. deformat1on from add1t1ona1 stress applications is very small.

The effect of one cyc]e of freeze thaw on the accumulation of permanent
iﬂeformathn~was a]so eya]uated forﬂDnummer B and is shown in F1gure_]4323;;
It éan bé eeen that even one'cyc1e.of.freeze—thaw is sufficient to produce
more detr1menta1 response in the soil speCImen as cnmpareu to the soil spec1—
men not subJected to any freeze thaw cyc]e - ‘

i
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14, 3 Summary and Conclusions

* K number of factors were found to s1gn1f1cant1y influence the res111ent
Behav1or'9f the five soils 1nc1uded in the resilient responSe test‘program.
These factors are discussed below. | | R |

1. Compaction Condition
" Since a single level éf density’(95%>AASHTO’T-99)“Wa§ used in
the  test program, conclTusions can not be drawn directly about the inflience
of density On:kesilient‘réspbhsé of fine-grained soils. However, a general
conclusion ‘that can-be drawn from the technical Titeraturé is that reduced
density‘1ééds'to‘gréateﬁ'res§1fehce'(1ower:reszient\hOdUTus)‘(78f;

" The ‘éffect of moisture was found to be very‘sighiffcant.“ Ihcfeasing
the moisture content by on]y:ébodt 2 percent Ted to greatly reduced resilient
moduli for the soils tested as shown in Figures 14.1 to T4.8. "Exbressihg the
moisture- -density re1at1ons in terms of degree of saturat10n, 1t can be con-
-c1uded ‘that 1ncreas1ng ‘degree of ‘saturation of f1ne gra1ned soils leads to
‘1ncreas1ng"res1]1ency and consequent]y decrea$1ng ‘resilient moduli.

2. Stress Level ‘ |

The resilient respoﬁsé‘ofufhe_soilé.féStéd vas determined at
“various stress-levels and it can beseén from Figures 14.1 to 14’g fhat for
"the 0115 “tested, the resilient modulus ‘is not constant but rather is influ-
enced by the magnitude of the repeéféd5&xié]“§fké§s'(dé?fa£or{stréés).

3. So11 Type | -
F1ne—gra1ned 50115 may exhibit substant1a1]y d1fferent resilient
‘response characteristics due 6" ihherent variations in soil properties such
as plasticity, CIay-ahd'sﬁ1t'éontents,"organié“matteF”COntéhf; clay mineralogy,
The factors that significantly influenced the permanent deformation

‘test results of the seven soils tested are summarized below.
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1. Compaction Condition A N
| For_most of the seven.soi]s tested, increased moisture content
‘ﬁanq rgdgced depsjty?1gd)po;increased accumu]atiqn:gf R?Vmaﬂe"t;stfain,with
| inéreasing'number of load applications. Thus specimens qompaqted,at.]OO:
percent AASHTO T-99 density gave better response under repeated loading
than those_compacted‘at_95.perceht AASHTO T-99 density and specimens com-
. pacted.at optimum moisture content .(95% T-99 density) gave better response
.ithat‘thosevspecimen§ cgmpaqtéd at,optimum;p1u§:qugqggnttmqistune;cbntent
§95%\T-99 density)t Thi§ is.clearly evident from Figures 14.16 to 14,22
which show fﬁg permanent strainAaplthe!end of 5000 }oqd,app]ications. .

Thus, under actua]ifielq‘conditions a,soi1.with a high degree of
, .saturation can be expected to settle very much, accelerating the develop-
ment of poor track conditions.. ..

2. Stress Level
o As mentjoned prevjous]y,.thg,permaqent;defonmatiqn response of the -
soils testgd is strgss7d¢pendentﬁwi§h;mQSt}of the soils exhibiting pronounced
increase in the rate of permanent strain with increase in deviator stress.
Most of the soils also exhibit a "threshold stress.level" which is defined
~as the stress level above which the permanent deformation.of .the squg under
_repeated loading is fapjd and'be1ow:whigh the,rapeﬂoﬁ;pUmu]qtiyeidefgrmqyion
from additional stress applications is very small. ..

3. ereze-Thaw.Effects .

__Althqggh¢the effeqtzof,free;e—tpaw4on:thqﬁngumulation of per-
_,m;nent_dgfprmatibn.is presen?qdlfok only one S?j]avPV¢V10H§rWQEK5~(3Q;,&])
‘_have)a1ép;establj§hed'the;detrimental:gfchtsﬁof“fneezg-ﬁhawwon soils. Thus,
it can be concluded that even one cycle of freeze-thaw is sufficient to greatly

_.reduce the resistance.to permanent.deformation.. . . . -« ..
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PART D
CHAPTER 15

‘TEMPERATURE REGIME CHARACTERIZATION

15.1 Introduction

Environmenta] exposure conditions have a gubstantial effect oﬁ the
instantaneous behavior of the conventional railway track support system
(CRTSS), as well as on the long term behavior and performance. The nature
of. the ballast and subgrade materials and the track support system geometry
make the materials sensitive to certain environmental exposure conditions.
The environﬁenta] factors of significance are temperature and moisture.
Certain aspects of the temperature conditions such as freeze-thaw and
frost heave are important not only in terms of design of the track sup-
port system but also in terms of material quality and property evaluation.
The moisture regime that exists in the track‘support system is also an im-
portant consideration. Factors such as precipitation, water table position,
permeability of ballast and subgrade‘materials, and local drainage conditions
have an influence on the moisture regime of the system. ‘.

Improved CRTSS analysis and design procedures require the quantification
of moisture regimes in the track support system both as a function of time
and of space.

This pakt of the report describes investigations‘made to characterize
the temperature regime in‘a typical track section at two geographical loca-
tions: Chicago, I]]iﬁois, and Springfield, I11inois. The characterization
was made by using a one-dimensional, forward-finite-difference heat-transfer
computer model developed by Dempsey (57). The computer model output

can be'bresented as temperature-depth profiles in multi-layer systems.

15.2 Description of the Heat Transfer Model

In general, the program performs the following functions:
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1. Reads in climatic data which does not change from

year to year for a station,

2. Reads:in the daily climatic record,

3. Computes radiation ouantity; air temperature and -

| convention coefficient,

4. CaTcuTates the temperature profile in the multi-layer

| section being analyzed, and

5. Calculates the depth of frost penetration.

The validity ofvthe heat-transfer model has been established 1in
previOus studies (57) by comparing predicted temperatures .with temperature
data from Taboratory studies and from the.AASHO ‘Road Test at Ottawa, I17inois.
ExceTTent compar1sons between theoret1ca1 temperatures and measured tempera-
tures 1nd1catedvthat the assumptions, idealizations, .and approximations made
- during the deve]opment of the heat-transfer modeT-were~vaTid"for predicting
'temperaturetprofiTes'for use in studies of:muTti—Tayer‘pavement-systems.

A detaﬁ]ed'presentatTOn"ofithe development, validation; and utiliZation-

. of the heat-transfer.modeTl .-can be found in:Referencesr57,A58,'and"59.

'15 3 Input Parameters Requ1red for the Heat Transfer Mode] »
The 1nput parameters requ1red for the computer mode111ng can be 1%
d1v1ded 1nto two maJor categor1es extr1ns1c and 1ntr1ns1c factors
Among the extr1ns1c factors, Toad and c11mate are the most 1mportant
For th1s 1nvest1gat1on onTy c11matac factors were cons1dered CT1mat1c
| _factors can be subd1v1ded as foTTows | o S
o 1. Temperature factors “ |
~a. A1r temperature

i

b Short wave rad1at1on rece1ved at the earth s surface
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C. Long.waue radiation emdtted at.the earth's surface’

d. Wind o
2. Hydrau1ic factors

a. Precipitation .

b. Evaporation

c¢. Condensation
3. Geographical factors

a. Altitude

b. Latitude . .

: +C. Degree.of Exposure -
d.-Nearness of bodies of water .

. The importance of the above-factors-has been-discussed in detail by Dempsey

.. (57):

f,Muchhof‘thfs climatic information can be easily acquired. ‘The National
Climatic Center, current]y-]ocated'in,Asheviile;.North'Caro]fna, complies
- daily climatic data for each of its nationwide ueather stations, A typfca]
first Order ESSA '(Environmental Sciences ServicesﬂAssociation)'weather~Bureau
daily c]imatic data card is described in Table 15.1. Informat1on used as in-
put to the heat transfer mode] 1nc]udes the stat1on number, date max1mum |
and m1n1mum da11y temperatures average da11y w1nd ve10c1ty, and percent
sunsh1ne - ‘ » o | |

| The amount of short wave rad1at1on rece1ved at the earth S surface
and the amount of 1ong wave rad1at1on em1tted at the earth s surface are
also necessary input data to the heat transfer mode] Methods for obta1n1nq
_these data are discussed extens1ve1y by Dempsey (57)

The 1ntr1ns1c factors wh1ch 1nf1uence frost act1on are shown in Figure

15.1. The most 1mportant factors are therma] conduct1v1ty, heat capacity,
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Table 15.1. Description of Climatic Data Card for a

First Order ESSA Weather Bureau Station

- (Reference 57).

Columns -+

1 - 5*
6 - 7*
8 - ox
10 - 11%
12 - 14*
15 - 17%
18 - 21
92 - 24
.25 - 27
28 - 31
.32 - 35
.36 - 38
39 - 40
41 - 50
“51 - 62
- 63
64 - 65
66 - 68%
69 - 71*
72 - 74
75 - 77
78 - 79

Categori
“Station No. -
Year
Month
Day

Maximum temperature, F

.- Minimum temperature, F

Precipitation.- mignight to midnight

Snowfall - midnight to midnight

‘Snow depth-at 1900 (to'be decided on according
.. to records)

.. Sea level pressure in a.m. (4 colums -

0630 approx.)

B Sea Tevel gressuré in p.m. (4 .columns - 1830

approx.) .-
Relative humidity at 0630 or 0700 :
Relative humidity at 1200 or 1230 (at 1900
"~ from 1901-1915 at SPI)
Days with the following:

41 Fog 46 Snow

42 Thunderv 47 Glaze .

43 Sleet: 48 Dust Storm ,
44 Hail 49 Smoke or Haze . -
45 Ra1n 50 B10w1ng Snow

‘ ;B1ank (ice, frozen and river ‘gage head1ngs)
~ Blank

- Da11y prevailing wind d1rect1on (to 8 d1rect1ons)

‘'use second number if more than one Tisted

o }TAverage daily wind velocity -in tenths
- Percent of possible sunshine #° -

Mean daily temperature (machine calculated)

. 'Number of hours of sunshine .in tenths
f;kDegree days - computed from daily mean (65 F -

daily mean) (machine calculated)

- * Data required in heat-transfer quélt )
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and ‘latent heat of fusion. The thermal conductivity, K, is the quantity

of heat which floes normally across a surface of unit area per unit time

. under a unit thermal gradient and has the units of Btu/ft-hr-CF (CaT/m—hk-OC).
* The heat capacity, C, is the amount of thermal energy necessary to cause a
one degree temperature change in a unit mass of substance and has ‘the units

Btu/1b-OF (Ca]/kg-oc). The Tatent heat of fusion, L, is the change in

- -thermal energy in a unit volume of material when the moisture in that ma-

terial freezes or thaws at a constant temperature. It has the units of -

- Btu/ft’ (CaT/mS); ~

15.4. Limitatfons of thewHeat'Transfer Model L '
Because thevheat transfer model was deve]opéd to evaiuate the frost
action and temperatu}e related effeéfs in mu1tf-]ayered bavement systems,
some of' the idealizations, dssumptions and approximations made during its
development may not pertain to a ballast-subgrade system. The most noticeable
deficiency in the heat transfer model as it relates to a ballast-subgrade
system is that it does not adeqUéte]yiaccouht for the hydraulic factors,
the most~impbrtant‘of which js precipitation.” The hydraU]iC’factors were
ignored in the initial development of the heat transfer model because in
general . it-is assumed'that properly constructed” pavements prevent the in-
fi]tratibn of 'surface water (57). 'furner'and Jumikis (60), Kubler (61),
and Moulton and Dabbe (62) have all established that»ihere is a‘general
tendency for. the soil moisture content to vary with the seasons; the high-
est value occurs during the months of spring thaw.. Alkinson and 'Bay (63)
found that rainfall during the spring increased the thawing rate in a soil
and Franklin (64) found that percolating water can cause rapid changes in

soil temperature.
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A second shortcoming of the model is that it does not account for
the_prégence‘of_snow cover. The effect of 'snow cover is difficult to_ana]yze‘
- and. predict. . Snow cover acts as.an insulating.-layer which retards fro$t pene-
tration during cold periods and retains it during ‘the thawing.period. Kubler
(61) has found that the depth of frost penetration increases with 1ncreasfng
depths of snow cover.

 These shortcomings may all have a significant effect on the characteriza-
tion of temperatufe regimes in a ballast-subgrade :system. If. the effects:
of variable water contents, percolating water, and snow cover‘becomé bettér
understood it will be possible to incorporate them into the heat transfer
model to provide a more accurafe and represéntétive'charaéterization of

teﬁperatuke regimes in the baTTést-suerade seétions.

15,5.‘Evajuatjon,of the Thermal Properties of Subgrade and Ballast

- . For the purposes of this investigation an jdealized track -support -
system was selected.. The idealized section consists of 12-inches (30 cm)
of 1imestone ballast (AREA Gradation No: 4) overlying: an A-6.(AASHTO‘
Classification) subgrade soil. 'Rails and ties were not considered in - .
this study. |

~In recent years, numerous -investigators -have performed eXtensiVe=’f

laboratory and field. studies concerning the thermal propeyrties of soils.
The most -comprehensive treatment of. the. thermal conductivity of_sofls was
_presented by Kersten (65). .In his investigatibﬁ Kersten aha]yzed,the».'.’
effecté‘of moisture content, mineralogical composition, soil texture,
.density, and temperature*on;soil thermal_conductivity. Kersten*fduhd‘thaf
the:therma1uéonductivityhof a soil generally 1nCredsed'with ihéreasing;*‘t'
water content, increasing quartz quality content, 1ncreasing'partiCié

angularity, and increasing dry density. Kersten also observed that
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1,-.

B therma] conduct1v1t1es 1ncreased w1th 1ncreas1ng sod]ﬂtemoeratures 1n the

“ 40 70 F (4 4 - 21 1 C) range and that 11tt1e change in therma] conduct1v1ty
.h;w1th temperature was noted in so1ls at temperatures we11 be]ow the freez1ng
A{po1nt ‘ A | |

As a resu]t of th1s 1nvest1gat1on,_Kersten deve]oped emp1r1ca1 equa-

i

mo1sture content and dry dens1ty -The equat1ons for unfrozen and frozen
5011 conditions were cons1dered to be accurate w1th1n 25 percent. The

equations “for the infrozen and frozen.cond1t1ons, respéctively are as ~

-t LIS i

follows:
1. For'fineidrafnéd so11 (D < O 074" mm)

- O 01Y _
(0 9 ]?g o 0 2)]0 e (1601)

e o Unfrozen:., K.u.,?

o o

(10)9 OOZY 4 0. oasw(1o)° 008y™ . 15.2)

FrOZent ’K{ = 12 ‘

2 ‘Eor.:coarse gra1ned soi]sS(D5d15~0$074;mh)?%f”

o ;-!‘r,xji':-c.:;ﬁn:-' Cowe e 0;._0]Y,’,:: ' T D
Unfrozen: Ku'—'(o - ]ﬁg w+ 0. 4)‘v . (15.3)
T 0. 013y 0. 0145Y I
'.:FFOZend-‘KH” LA 076(1Q) :~¥20 032W(]0) i (1554)
where Ku.? unfrozen therma] conduct1v1ty (Btu/ft hr- F)

B
1

CE
I

= frozen therma1 conduct1v1ty (Btu/ft hr F) .

j water content (percent) B
%yt dpy density (]bs/ft ) ‘
Dgo = particle dtameter at 50% passing. i o sy el ek

2
ll

‘”“'ffar*%he%f%ééifﬁ§“§6%1 “the therma] conductivity, Kf; is taken as the

4 " .
ST R

aveﬁage of the Unfrozen and frozen therma1 conduct1v1t1es,‘}””{ h
s . "'("v: . K + K SELLET _::;»3-:"; e o ! g Y R P TR '"r.,;' :..\".: B
‘Kf 2 . ~' - (15.5)
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Add1t1ona] methods for ca]cu]at1ng the therma] conduct1v1ty of heter-

' ogeneous mater1a1s based on a var1ety of assumpt1ons and s1mp11f1cat1ons

S
have been presented in References 66, 67 68 69 70, 71, and: 72 It:has

""been reported by Johansen (72) that when the therma] conduct1v1t1es of the

components do not d1ffer by more than an order of magn1tude, the s1mp1e
"ﬁgeometr1c niean equat1on 1s sat1sfactory for comput1ng the therma1 ¢on-

. duct1v1ty of a saturated so11 The geometr1c mean equat1on is:
'n :

R U
where:‘~ ch?; therma1 conduct1v1ty of a 2 phase component system |
'Aé = thermal conduct1v1ty of the solid phase
A1 = thermal conduct1v1ty of the.pore f1u1d phase .
n = vo1umetr1c fract1on of the so]1d phase

‘Horai (73) has 1nvest1gated the therma] conduct1v1ty of rock forming
minerals. Some of. h1s resu]ts are presented in Tab]e 15 2 |

Many of the prev1ous1y ment1oned methods or equat1ons may be sat1s-
factor11y used to ca]cu]ate the therma1 conduct1v1ty of - saturated subgrade
so1] _ However, extrapo]at1on of these equat1ons to the computat1on of ther-
‘mal conduct1v1t1es for ba11ast mater1a1s must be carefu]]y ana]yzed Johansen
(72): states’ that in rock’ masses the change in pore fluid- from water to air
Teads to a therma] conduct1v1ty rat1o AZ/A], between 100 and 300 Johansen
(72) also states that at 1arge rat1os of AZ/A (greater than 10), the 1nf1uence
of the m1crogeometry makes it 1mpossab1e to pred1ct therma1 conduct1v1ty of
cored rock samples with acceptab]e accuracy In such cases on]y exper1menta]
stud1es can give an adequate- degree of accuracy. s

. Th1s prob]em 1s compounded when cons1der1ng ba]]ast or, 1arge s1zed

crushed rock For poros1t1es on the order of 40 80 percent a1r convect1on

and heat rad1at1on beg1n to play 1mportant ro]es as: heat transfer mechan1sms



Table 15.2. Thekma],COhductivity of Somé Rock'Férming Minera]s'(Referente 73).

. AVERAGE K

VARIATION IN K

M;NE?AL -"'w/M—OC {j'Ca]/mfhr4°CBtu/ftéhr—°F«w/mOQC Ca1/mrhr—QZBtu/ft-hr-°F -
Quartz .77 110.3 4.45 _— = —_
. Feldspars R o o :
- Orthoclase 2.0 28.7 - 1.16 1.7-2.3% 24.3-33.0 0.98-1.33
- Plagioclase - ' S 5 ' L o
- Albite 2.2 31.5 1.27 1.9-2.3 -~ 27.3-33.0 .1.10-1.33
Anorthite - 1.7 24.3 -0.98 —_ — —_—
Micas . S ' . - ‘
Muscovite 2.3 32.9 1.33 2.2-2.5 . 31.5235.9 1.27-T.45 -
" Phlogopite © 2.1 -'30.0 - 1.21 1.9-2.3  27.3433.0 1.10-1.33
" ‘Biotite * 2.0 28,7 . 7 - 1.16 1.7-2.3  24.3-33.0° 0.98-1.33
" Pyroxenes - 4.3 61.7 2.49 3.8-5.0  54.5-71.6 2.20-2.89
| - Amphibot 3.5 *-50.0 - 2.02 2.5-5.0  35.9-71.6  1.45-2.89
OTivine’ 4.5 644 - 2.6 3.0-5.0 . 42.9-71.6 1.73-2.89
Calcite 3.6 51.5° . 2.08 — — .

vL2¢
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0h1y limited information is available regarding the thermal conductivity of
large size crushed materials. Vanpelt (74) has presented therma1 conductivity
data for six crushed stone aggregates in a study which exam1ned the feasi-
bility of using crushed stone in p1pe:1nsu1at1on systems Vanpe]t S 1nvest1-
gation (74) considered two different types of aggregate, a crushed gran1t1c
gneiss and a gravel material consisting mostly of river deposited quartzp '
stone. The gradations of the aggregate tested are shonn‘in Tab1e 15.3. fThe
results of the investtgation are summarized in Tab]e 15.4; For the 1 1/2
inch (38-mm) gravel and crushed stone the therma]iconducth1ty varied bet-
ween 0.2 Btu/Ft-hr-CF (4.96 Cal/hr-n-°C) to 0.3 Btu/ft-hr-OF (7,44 Cal/hr-m-C)
while the génera] range for all the materials tested was'only O.ﬁ66 Btu/tt-hr-oF
(4.14 Cal/hr-m-°C) to 0.3 Btu/ft-hr-°F (7.44 Cal/hr- -1-°¢) over the 50 to-80 °F
(10 to 26.7 °c) average mean temperature range B |
Calculations of ballast therma] conductivities were attempted using:
Kersten's equations (15.3 and ]5.4),.the geometric meanvequation‘(15.6)
and Kersten's equations with.the u term neg]eoted.. With Kersten's equa- -
tions the values used for y” and w were consistent with the ba11ast type'
/ selected and for the geometr1c mean equat1on, values used for Az (ca1c1te)
and A1 (a1r) were based on Horai' s recommendat1ons (73). . The vo]umetr1c
fraction of these constituents were determined by a we1ght-vo1ume ana]ysns
of the ballast consistent with the ballast type seﬁectedf- The results of
these calculations are shown 1in TabTe 15. 5>_, ‘ ; . B
As can be’ seen from Tab]e 15. 5 the geometr1c mean equat1on and ' C
.Kersten S equat1ons with the w term neg]ected pred1ct conduct1v1ty va1ues
very close to those presented by Vanpe]t (74) « Kersten s equations w1th W
of 2.2 percent g1ve conductivity va]ues s11qht1y higher than those presented

by Vanpe]t. Based on these ca]cu]at1ons and the work done by Vanpe]t



Stone

Table 15.3. GRAIN SIZES OF THE SORTED AGGREGATES (REFERENCE 74)
(Percent Retained by Weight)
Sieve Sizes Finer Than
Material 11/2" 1" 3/4" /22 3/8" No. 4 No. 4
1 1/2" Gravel 12 65 17 3 2 <1 <1
3/4" Gravel 0 7 60 19 11 3
3/8" Gravel 0 <1 68 31
1 1/2" Crushed 3 64 25 7 <] <1 <]
Stone
3/4" Crushed 0 6 71 18 4 1
Stone
3/8" Crushed 0 1 69 30

9/¢



TABLE 15.4 THERMAL CONDUCTIVITY RESULTS OF SIX STONE AGGREGATE SAMPLES (Reference 74).

Q
Dry Average Sampl% Heat
Density Void Specific Heat Flow - AT Mean Tgst Flov K o
Material pef Ratio Gravity Direction F Temp F (Btu/hrft“) (Btu/ft-hr- F)

3/8" Gravel 104.8 .63 2.73 Down 9.5 55.9 3.75 0.218
: Down - 24.6 61.5 - 9.96 0.223

Down k9.0 " 75.6 20.k49 0.23

105.3 .62 2.73 Up 10.9 . sh.6 . k463 0.241

' Up 27.0 - 63.8 11.91 0.24

' . Up - . k9.1 4.9 , 21.29 0.237

'3/8" Crushed 106.0 LT3 2.9k Down . 10.5. s4.8 3.27 0.173
Stone ; o : Down - k9.1’ 75.4 16.83 0.189

. 106.0 .13 2.94 Up 9.4k - 5.2 ‘ 3.36 0.197

N Up - 24h.3. 61.6 - 8.94 0.203

_ Up -~ 50.Y 75.0 I 18.05 0.198

3/4" Gravel ¢ 103.h_ - .70 2.77 Down - 9.7 - 5k 4.60 0.232
ST eI N .Down = 50.8 - Th.6 22.87 0.236

e Up 9.7 sk.5 . 4.96 0.26
©103.2. .68 2.77 . Up 25.6 62.3 ‘ 12.09 0.248

S : wonTe T : S " Up . 51.4 73.9 i 23.52 0.241
3/4" Crushed. 105.6 .71 2.89 Down ~10.0 . 5L4.5 " 3.51 - 0.184
Stone [ . . Down 47.8 CoT3.h 0 20.16 0.220

el e - Up » o 11.6 55.4 - 5.31 0.237
105.6 .T1 2.89 Up 25.6 62.2 - 10.91 0.223
R e . . Up  L9.9 T4.0 a 20.60 0.216
1 1/2" Gravel . .105.9 -.... .60. ... , 2.7l . . . Down. - .. 10.k 53.5. . 5.22 . . 0.268
LT Lovh : ;. Dowm cobk7.6 0 73,9 e - 2h.LB s - 0.274

106.6 .59 2.71 - Up 11.3 '53.9 6.ulh 0.30

Up 25.0 61.5 1L.03 0.297
. Up . 489 . k6 .. 26.52 0.287
1.1/2" Crushed 102.6 R TT R 72491 pr e A Down™ 0 o01003 0 ¢ f5W.3T L v b2l 0.216
Stone : o Down k9.9 - 75.0 . 21.65 ©0.229

' Up 10.7 54.8 : coh.37 0.213 -

103.3 N (5 2.91 , -Up 25.4 63.5 10.1k. 0.209
- Up 4.1 Thol 19.58 0.209

112



Table 15.5.

278

Calculations.

Results of Ballast Thermal Conductivity

", Kersten's Equations
. (Reference 57)

R

. Geometric. Mean - -
Equation (Reference 71)

.Kersten's Equation
neglecting the wk

-~ {Btu/ft-hrlF

Cal/m-hr-oC|Btu/ft-hrlF

cal/m-hr-CcC

Cal/m—hr—ob

Btu/ft-hrF

486 12.0

9.24

373

.26  6.48

265 6.57.
262 6.49
259’ 6.42 -

7.53

1,304
.208 | 5.15
12 2.77
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thermal conductivity values for the unfrozen freezing and frozen ballast
conditions in the range of 0.26 Btu/ft-hr-°F (6.42 Cal/hr-m-°C) were selected
as input values to the heat transfer model.

Thermal conductfvity values for the subgrade were calculated from
Kersten's equations (15.1 and 15.2) based on a unit weight of 128.7 1b/ft
(2062 Kg/m3) and a water content of 17.0 percent. These values were 0.92
(22.8 Ca]/hr—m—QC) and 1.13 (28.0 Ca]/hr-m-OC) for the unfrbzen and frozen
conditions respectively. _

In addition to the thermal conductivity eqdéffphg,’Kerstgn (65)
deve]oped equations to Eompute the thermal heat capécjty of'a soil -

* water mixture. These equations are as follows for the unfrozen and frozen
soil respectively:

100 Cp + 1.0 w

Cu =00 ¥ w | (15.7)
100 C + 0.5 w .
G =—To0 v w (15.8)
where C, = unfrozen heat capacity (Btu/1b-°F)
C; = frozen heat capacity (Btu/]b-oF)_
C, = @ constant (Btu/1b-F)

| water content (percent)

Similar equations were developed by Jumikis (75) and Aldrich (76).
Kersten (65) has indicated that a value of Cm of 0.17 Btu/1b-°F represenfs
an average for most soils at temperatures near the freezing pbint. Kersten
has been supported in this veiw by Aldrich (76). Jumikis (75) and Johnson
(76) have concluded however that the thermal heat capacity of dry soil,
minerals, and rocks vary within narrow limits and that a value of ¢, of
0.20 Btu/]b-oF (0.20 Ca]/kg-OC) is a good average value. In view of the

extensiveness of Kersten's investigations a value of Cm of 0.17 Btu/1b-°F
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(0.17 Ca]/Kg-OC) was selected for this study This leads to thermal heat
capacities for the unfrozen and frozen cond1t1ons of 0.188 Btu/1b- Op (0.188
Cal/kg- C) and 0.177 Btu/]b- (0. 177 Ca]/kg C) respectively, for the
ballast, and 0.29 Btu/]b-oF (0.29 Cal/kg- C) and 0.22 Btu/]b-oF:(0.22
Ca]/kg-OC) respectively, for the subgrade. Kersten also:concluded that
factors such as density, particle size and shape, and mineralogical com-
position have Tittle if any effect on the heat capacity of soils and that
the heat capacities for most base, subbase, and subgrade materials are..
approximately:equal- -

The 1atent;heat of fusion becomes :important when determining the heat
capacity of a material during freezing. During freezing, water gives off
heat energy‘known as -the latent heat of fusion. .This process creates a lag
in temperature changes withntimeawhich retards the rate of frost penetration.
The latent heat effect was 1ncorporated into the heat transfer model by.
making use of a freezing zone from 32°F to 30°F (0 C to -1.1 C); The therma]
heat capacity, Cf, of a material in this zone.can be calculated; according to

Dempsey (57), by the equation: -~ .

. 100(w)y~ L S L
e T w0y | o s
where' Cf}= freez1ng heat capac1ty (Btu/]b— F)
| _,Y_:?(un?_t.we‘wht,(1,bs/ft,>, | S
‘de ;idry‘density (]bs/fts) _ S : w/
| Q' = water content (percent)

This equat1on y1e1ds va]ues of freez1ng heat capac1t1es of 1 .55 Btu/]b OF
(1.55 Cal/kg- C) and 10. 49 Btu/1b F (10.49 Cal/kg- C) for the 11mestone
ba11ast and A-6 subgrade respect1ve1y It should be noted that euen at
water contents as sma]] as 2.2 percent the va]ues of these freez1ng heat
capac1t1es are much 1arger than those for the unfrozen and the frozen

conditions.
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* CHAPTER 16
TEMPERATURE REGIME EVALUATION

16.1 Initial Analysis

To obtain a sufficiently extensive and accurate characterization of
the -temperature regime at'a*particular geographical location-a 20'jear*
‘period of record was analyzed. Tw0'I11inois_1ocations were selected:
Chicago and Springfield . Climatic data for the two locations were obtained
from the I11inois State Water Survey. A perjod of record:from 1928-1947
was.selected. . For Chicago, I11inois,-a period of seven months per year
/(October through April) was analyzed. -For Springfield, I11inois, the’

+ period was reduced to six months (October thrOugh March):-:The-va1ue§¥of
-1 .the -intrinsic factors for ballast and»subgradefused‘in the analyses were
discussed in Section.15.5"and are. summdrized in Figure 165Tf' S
~Qutput parametera'constderéd‘weret'
T+ 1. Monthly aVerage~mean‘temperature '
2. Monthly average mean temperature above~freeztng i
3. Monthly average mean temperature below freezjng and

‘4. Average number of freeze—thaw cycles per month'“”

Temperature outputs were generated for the ba]]ast surface and the
ballast-subgrade interface. Freeze- thaw cyc]e data were generated for the
ballast surface, the mid-depth of the ba]]ast the ba]]ast subgrade 1nter—
face, and 2 in. (51 mm) below the subgrade surface o

Resu]ts of the pre11m1nary ana]ys1s are presented an Tab]e 16 1 for
the 20- year per1od of record cons1dered R o o |
' The most not1ceab1e observat1on which can be made from)exam1n1ng and

'ana]yz1ng the data in Tab]e 16. ] is that ‘the character1zat1on does not

Tt



Ballast «. = .= ;>_;<;~~«'{iag . K;.= .265 Btu/ft-hr-F (6.57 Cal/m-hr-°C)
Depth ]2 OII (30 5) o . e L Kf= .262 BtU/ft"hY‘-o‘C. (6.49 Ca]/m-hY‘-OC) ’
v = 98.1 ]bS/ft (]57'] kg/m ) . - ’ . K'I = ,259 BtU/ft-hY‘—oF (6.42 Ca]/m-hr-OC)
Y4 = 96.0 JPS/ft (1538 kg/m )y ‘N g, =.0.188 Btu/]b-oF'(O 188 Cai/kg o).
Wi = 209 © S Ce = 1. 55 Btu/1b-CF {(1.55 Cal/kg- C) _
- - C; = 0.177 Btu/1b-°F (0.177 Cal/kg-C)
////4%%g§§' . L . L 5\\\\\

0.92 Btu/ft- hr-oF (22.8 Cal/m-hr-°C)
1.02 Btu/ft-hr-F (25.3 Cal/m-hr-°¢)
1.13 Btu/ft hr-°F (28.0 Cal/m hr- C)

Subgradéii> ,
Depth 132.0" (3 35 m)

= 128.7 1bs/ft (2062 kg/m )
/ 17. OA

0.29 Btu/]b-;F (0.29 Cal/kg-C)
10.49 Btu/1b-%F (10.49 Cal/kg-C) .
0.22 Btu/1b-°F (0.22 Cal/kg-°c)

i

O 00 X < N
1

Figure 16;1;;,Maté%ia1<Prbbert%ésffor Idea]ized'Bal]ast-Subgﬁade System.

2 Q‘.
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Table 16.1. Initial Results of Temperature Regime Evaluation.

Station October November : December Januar Febuar{ , Mar April Year
Location  Ave. o) v,5(0) ave. of@) v a(d) pue. (a) y g(B) pue @)y a(b) pye M) y g(b) ppe a(a) 1,20) ave. of@) v,2(®) ave. (@) y 4(b)
AVERAGE MEAN TEMPERATURE : '
-Springfield .
Node 1 70.2 22.0 31.4 51.5 17.3 33.7 39.7 14.6 37.1 36.6 15:6 44.1 41.5 18.0 44.2 53.7 21.3 39.9 — — —  99.0 22.0 45.C
Node 7 62.3 2.45 3.93 54.2 3.69 6.84 45.1 2.91 6.51 40.712.49 6.21 40.8 2.33 5.71 46.9 3.47 7.36 — — —  48.4 8.53 17.7
Chicago’

Node 1 - 66.3 20.3 30.6 48.9 16.1 33.0 36.4 13.6 39.0 33.6 14.4 44.2 .37.0 16.4 45.5 48.8 i9.6 40.3 61.7 22.6 36.7 47.6 21.8 45.9
Node 7 60.5 2.53 4.19 52.2 3.55 6.82 42.8 2.95 6.96 38.5 2.22 5.82 38.0 '1.96 5.12 43.4 3.23 7.39 52.03.38 6.50 46.9 8.52 18.2

RVERAGE MEAN TEMPERATURE ABOVE FREEZING

Springfieid \ .
Node' 1 . 70.2 22.¢ 31.3 £3.5 16.2 30.2 45.4 11.3 24.8 44.5 10.8 24.2 48.7 14.6 29.8 56.7 20.0 35.2 — — — 54.4 19.4 35.6
Nede 7 62.3 "2.45 3.93 54.2 3.69 6.84 45.1 2.91 6.51 40.7 2.49 6.21 40.8 2.33 5.71 46.9 3.47 .7.36 — — — 48.4 8.53 17.7
Chicago

Node 1 86.4 20.2 30.5 ' 51.5 14.6 28.4 42.6 9.51 22.1 41.9 8.94 21.1 46.1 11.7 25.3 53.1 17.8 33.5 62.0 22,5 36.3 . 53.5 19.0 35.5
~oge 7 8G.5 2.53 4.19 52,2 3,55 6.82 42.8 2.95 6.96 38.5-2.22 5.82 38.0 1.95 5.10 43.4 3.23 7.39 5203.38 6.50 46.9 8.52 18.2

AVZRAGE MEAN TEMPERATURE BELOW FREEZING . N

Springfield ) )
'NOCe'l None 'None None 23.4 3.06 14.2 20.8 6.24 31.4 18.6 7.58 45.1 19.9 6.02 33.8 23.5 3.80 183 — — — 19.8 7.35 38.5
Node 7 Nene None None None None WNone None None None None None None None None None None None None — —  — None None None
Chicage
Node 1 28.41 0.71-2.64 13.51 3.67 17.2 19.6 7.08 38.2 18.4 8.32 48.9 19.5 7.06 40.9 32.8 3.98 18.6 26.51.66 6.2 19.4 8.11 42.8
Node 7 None None None None None None None None MNone None None None 29.7 0.17 0.57 None None .None None None None 29.7 0.17 0.57
NUMBER QOF FREEZE-THAW CYCLES
Springfield
Node 1 0.0-.0.0 0.0, 4,1 3.45 8.41 12.8 5.64 44.1 15.9 6.71 42.4 12.9 6.01 .46.6 5.85 4.72 72.2 — —  —. 1.5 10.5 20.4
Node 4 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.68 170 1.0 1.03 102 0.5 0.83 165 0.05 0.22 447 — — — 1.95 1.61 82.3
Nede 7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00 00 00 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Node 8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chicago
Qode 1 0.16 0.5 31.76 5.21 3.5 67.0 14.4 5.6 39.1 18.4 6.4 35.0 16. 9 4.7 27.9 8.9 5.1 56.8 0.6-1.7 225.3 64.6 13.6 21.0
:oge ; 0.0 0.0 0.0 0.0 0.0 0.0 9 1.1 7.2 1.4 1.4 948 .7 .8 139.5 0.16 0.5 317.6 0.0 0.0 0.0 3.20  2.17 68.6
noae 7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0. 0.0 0.050.23 436 0.0. 0.0 0.0 0.0 0.0 0.0 0.05 0.23
Node 8. 0.0 0.0 0.0 -0.0 0.0 0.0 0.0 0.0_ _0.0 0.0 0.0 0.0, 0.0 0.0° 0.0 n.0_ 0.0 0.0 0.0 0.0, an n.g n.%_,?gén
“oge ; - aE ;urface N Node 4 - Mid-depth of ballast
ode 7 - at ballast - subgrade interface Node 8 - 2 in (5.08 cm) below subgrade surface

(a) Standard deviation, °F
(b) variance, percent

Note: The average temperatures are given in degrees Fahrenheit.

€82
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appear to be representative of anticipated field conditions. For 1nstance
at Springfield, no freezing activity was experienced at the ballast-subgrade
interfaCe for the entire 20 year period of récord, and in Chicago,fonly one
month showed any interface freezing. z

A study of the input parameters to the heat transfer model 1ndicated
that onTy two var1ab1es, the baTTast thermaT conduct1v1ty and the heat
capac1ty, coqu vary substantially. from the1r ass1gned values. S1nce only
T1m1ted 1nformat1on was found in the T1terature about these two var1ab1es,
1t was dec1ded to conduct -a series of Taboratory tests together w1th com-
puter s1mu1at1on of these tests to further evaluate ballast thermal pro-

pert1es

;g 16. 2 Laboratory EvaTuat1on of BaTTast Thermal Propert1es ‘
Nfb The Taboratory tests and the correspond1ng computer s1muTat1on evaTuate
baTTast therma] conduct1v1ty values and aTso the reTat1ve 1mportance of
R therma1 conduct1v1ty,‘heat capac1ty, dens1ty, and water content w1th res—
pect to heat transfer in ballast. ' . |
In the Taboratory 1nvest1gat1on sampTes;of five types of baTTast were
prepared to the gradat1on shown in Figure 16 2 The sampTes were pTaced in
a dry cond1t1on 1n a styrofoam mo]d ) The mold. d1mens1ons were seTected SO
that the baTTast sampTes woqu be ]2 1n (30 cm) h1gh and 8 in. (20 cm) in
d1ameter and protected by not less’ than 2 in’ (51 mm) of styrofoam on the
s1des and bottom: | o |
Dur1ng preparat1on of the sampTes, thermocoup]es were pTaced at the
bottori and at the th1rd po1nts SO temperature changes ‘within the samp]e
could be accurately mon1toredcwgth tjme. Initial temperature read1ngs
were 60°F (15.6 OC). The sampTes were than placed in a constant temperature

(22°F,- 5.6°C)cabinet. Temperature readings were taken every hour until all
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Figure 16.2. Laboratory Gradation Used to Evaluate Ballast Thermal Properties.
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the thermocouples had stabilized at approximately 22°F (-5.6 °C). Typical
results are included in F%gu}é 16.3 which shows plots of change in tempera--
ture, AT, versus time for three depths. 4

;The results indicate that some air.cdnrection is prdbab]y takfng place
in the open graded materials tested. Also, only 28 hours or less was re-
quiredifor a]]ﬁthe thermocohp1es to stabilize to a constaht temperature of
22°Ff(-5.6 OC)a;’it?Was also found that there appeared to be no lag in
temperature changes with time at the freezing po1nt which suggests that
the latent heat of fusion effect is either insignificant and may be ne-
glected or more probab]y that since the samples were prepared in a.dry
?condifion, the freezing heat cepacity calculated by Equation 15.9 is lower
ithan originally determined. -
; The computer simulation of the laboratory conditions was carried out
}qsing the heat transfer model. The laboratory setup was as shown. in Figure
16.4. The variables of thermal conductivify,ﬁheat capacity, density, and
water'centent, were examined for the renge,bf values given below:

3a11ast Thermal Conductivity e' ‘0.20 to 1.0 Btu/ft-hr-°F
| . (4.98 to 24.8 Cal/hr-m-C)

Ballast Heat Capacity S 0.15 to 0.21 Btu/1b-°F
- (0.15 to 0.21 Cal/kg-°C) .

Ballast Density - : ﬁ 95.0 to 100 1b/ft3
:' e - (1362 to 1602 kg/m°)
}Eeilast WaterACOnfent 0.75 to 2.0 percenf:
The deheify and water content values were obtained from the study
reported in Part A of th1s report 4
The most prom1nent 1ntr1ns1c factor exam1ned affect1ng temperature
changes in the ballast w1th t1me s the therma1 conduct1v1ty As can be

seen from Figure 16.5 there is a s1gn1f1cant d1fference between thermal

conductivities of 0.2 Btu/ft-hr— F (4.98 Cal/m-hr- C) and 1.0 Btu/ft—hr— F
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Node 1

=t j ® o
e Ballast' - K, = 0.6 Btu/ft-hr-°F (14.9 Cal/m-hr-0C)
", . Depth = 12" (30.5 cm) Ke = 0.6 Btu/ft-hr-°F (14.9 Cal/m-hr-°C)
g .v298.1 Tbs/Ft3(1571 kg/m°) Ky = 0.6 Btu/ft-hr-CF (14.9 Cal/m-hr-°C)
wh = 2.2% S
’ C, = 0.17 Btu/Tbs-°F (Cal/kg-C)
Ce = 0.18 Btu/1bs-°F (Cal/kg-°C)
. = 0.17 Btu/1bs-°F (Cal/kg-°C)
;
STYROFOAM Depth = 2.0 (5.08 cm)
— v = 1.0 Btu/ft (16 Kg/m°):
, o \ wh =-0.1% R V
Node 8 \ Sl o' o
\ - K, = 0.2 Btu/ft-h¥-°F (4.96 Cal/m-hr-°C)
© Ke = 0.2 Btu/ft-hr-°F (4.96 Cal/m-hr-°C)
T\ K, = 0.2 Btu/ft-hr-F (4.96 Cal/m-hr-°C)
~ : T
. | W .
\  C =.0.25Btu/1b-F (Cal/kg-°cC)
P, 0. (., 0
\ C. = 0.25 Btu/1b-"F (Cal/kg-"C)
' ¢, = 0.25 Btu/1b-CF (Cal/kg-°C)
1
Node 40

Figure 16.4. Material Properties Used

.in the Computer Simulation of Laboratory Conditions.
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(?4.8 Ca1/m—hr—°C). The difference becomes even more pronounced with depth.
The results indicate there is a possible upper bound value for ballast thermal
‘ conductivity. ' _ } |

Figure 16.6 shows the effect of varying the heat capacities. It can’ |
be- seen that the effect is not nearly so great as is the effect of chang1ng
the thermal conduct1v1ty

A third baT]ast propekty which was varied was~thé_unit weighé. A
typiéai resu]tiof this simulation.is shown in Figure 16.7. Over the range
of densities investigated,la comparatively small effecf was noted.

‘The final factor which‘was varied was the water contentlof the:Ea11astl
No noticeab]e‘effect was noted over the range of values (O;75-2.0%)§exam1ned.

’The‘primary'purpose of the computer simulation and 1qboratory investiga-
tion was to obtain more reliable thermal conductivityy&alges for the unfrozen,
freez}ngfand frozen ba}lasf conditiqns. From a comparison of the results df
the 1abofatory tests and the computer simulations, it was conc]ﬁded that use
of ballast thermal conductivity values from 0.7 t0;1.0iBtu/ft-hr-°F (17.3
“to 24.8 Ca]/m-hr-OC) were acceptable. Note the values are 3 to 4 times
those presented in Table 15.5. »

Tt was concluded that the values of ballast thermal conductivity as
computed by Kérsten's equations and as presented7by Vanpelt were too low
to be used in the characterization of temperature regimes in a ballast-
subgfade system.. Because of convectiVe processes, hfgher ballast cbn- |
ductivity va]ﬁes'would give more realistic characferization of actual

field conditions.

16.3 Se]ectioh of Ballast Thermal Properties
Based on the previous resu]ts three changes were made 1n the input
variables originally selected. Add1t1ona1 va]ues of therma. “conductivity, .

K,> were selected for analysis. For Chicago, values for K, of 0.5 Btu/ft-hr-CF
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(]7 39 Ca]/m hr- C), 0. 75 Btu/ft- hr- F (18.57 Cal/m-hr- C) and 1.0 Btu/ft-
hr-°F (24 78 Cal/m- hr- C) were examined. For Springfield, an. additional..
value of Kb of 1. O'Btu/ft—hr—~F (24»78 Ca]/m-hrAOC) wanSelected~'

As a second change the freezing heat capacity of the ballast was de;
creased to a value c]ose to that of the unfrozen and frozen cond1t1ons tol
eliminate the latent heat of fusion effect. The effect d1d not occur in -
the 1aboratory tests. A heat capacity value of O. 18 Btu/]b Of (0.18 Ca1/‘
- kg= %C) was se1ected )
(“' The th1rd change was. to decrease the water content of the ba]]ast from
- 2. é percent to 0.25 percent Although the computer s1mu1at1ons 1nd1cated
‘ that changes in the ballast water content at these sma11 va]ues would have
11tt1e 1f anX effect on frost action, the reduction was. made to be cons1stent
w1th the decrease in the freez1ng heat capacity as ca]dulated by Equat1on
15.9. This reduct1on in water content also d1ctated a decrease in the un=
frozen and frozen heat capacity as computed by Equat1ons 15.3 and 15.4.
These va]ues were adjusted to 0.172 Btu/1b- O (0. 172 Cal/kg- OC) and 0. 17
‘4Btu/1b— F (0117 Cal/kg- -9C) respectively. ?.E
Because‘the effects of changes in densityion ballast frost penetrattcn
_ were shown by the computer simulations to be s11ght no further cons1dera-
t1on was g1ven to variations in density. ‘

The va]ues noted were 1ncorporated 1nto the heat transfer mode1 andg
' temperature prof11es were generated for the 20 year period of record forf
each stat1on and for each vaTue of ballast thermal conductivity exam1ned.i‘

The resu]ts;are;shown‘1n;Iab1es,16.2#and 16.3.

16.4 Discussion of Results ﬂ o
The output data for Chicags, I11inois shown in Tables 6.2 and 16.3

indicate that the surface of the ballast is subjected to an average of



Table 16.2, . Results of Temperature Regime Evaluation for Chicago (K = 0.5 and
0. 75 Btu/ft hr-OF).

. . October ’ Novemb r Decembe: ) January Yy Marc Apr b r b
Stfﬁég'{ion Ave. o (2) v, %(b) ‘Ave. o(a V "’(b) Ave, o(a v, %(b) Ave. ot (@) v, 3! (b) Ave. c(aS %( ) Ave. o?a) v, %(b) Ave. o}a) V,% z(b) Ave. a( ) v, %( )
AVERAGE MEAN TEMPERATURE
Chicago (KB =0.5)* ’ . : . g

Mode 1 65.0 19.0 28.8 48.8 15.2 31.4 36.3 13.0 36.5 33.5 13.7 42.3 36.7 15.7 43.9 48.2 18.6 38.7 61.1 21.3 34.8 47.3 21.0 44.4

Node 7° 61.1 3.67 6.0V 50,6 4.78 9.48 39.7 3.87. 9:84 35,9 2,77 7.71 35.9 2.86 7.92 43.2 4.40 10.1 43.7 45.0 8.38 45.8 0.13 22,2
Chicago (KB = 0.75) % o , ‘ ) - o . , ) ) |

Noce 1 657 .18.0 27,4 48,7 14.6 30.0 36.2 12.4 34.8 33.4 13.0 40.2 36.5 14.9 41.9 47.9 17.7 37.1 60.8 20.3 33.4 47.1 20.3 43.1

“fiode 7 - 61.5 4.44 7.24 49.5 5.50 11.2 -38.3-4.23 "11.1 34,7 3.04 8.73 35.0 3.24 9.20 43,3 5.11 11.7 54.7 4.23 9.55 45.4 11.0 24.2

AVERASE MEAN TEMPERATURE ABOVE FREEZING

Chicago (Ky = 0.5)*, L ' ‘ » 4 . : _ oo : :
Node- 1 66.1 18,9 28,7 51.4 13.7 26.6 42.7 8.86 20.6 42.0 8.29 19.5 46.0 10.9 23.5 52.8 16:6 31.4 61.5 21.2 34.4 53.4 18.0 33.7

Node 7 61.1 3.67 6.01 50.6 4.78 9.48 .39.7 3.87 9.84 36.1 2,66 7.33 36.1. 2.78 7.62 43.2 4.40 10.1 53.7 4.50.8.38 46.0 10.0 21.8
Chicago (¥g = 0.75)}* , A .
Wede 1 . - 65.8.18.0 27.3 51.1 13.1 25.7, 42,1 8.48 20.0 41.5 7.8¢ 18.8 45.3 10.3 22.7 52.0 15.9 30.5 61.2° 20.2 32.9 52.9 17.5 33.0
tiede 7 €1.5 4.40 7.24 49,5 5.50 -11,2 38.5 4,19 10,9 35.2 2,77 7,74 35.4 3.04 8.42 43.3 5.11 11.7 54.7 5.23 9,55 45.9 10.73 23.4
AVERAGE MEAN TEMPERATURE. BELOW FREEZING : . !
Chicago (K, = 0.5)* - . e ' - . o A a
Nods 1 28.9 0.65 2.31 24,7 3.75 16.5 20.8 6.91 35.0. 19.6 8.07. 43.7 -20.3 6,90 37.6 24.6 4.05 17.9 27.8 1.13 4.12 20.6 7.86. 39.0
Hode 7 None' None None None None None .30.0 0.0 0.0 29.4 0.32 1.09 28.5 0.88 3.18 :None None MNone None None None 29.4 0.37 1.30 8
Chicago (Ky = 0.75)* ; ’ : : S ' : : =
tode 1 28,9 °1.21 4.21 25.0 3.37 14.6- 21.1 6.54 32,5 20.1 7.65 40,2 20.9 6.60 34.8 24.9 3.85 16.9 28.2 1.35 4.80 20.9 7.52 36.6
Node 7 None None None - None None None 29.3 0.37 1.25 20.5 0.7t% 2.68 28.5 0.70 2.62 None None None None None HMone 28.6 0.77 2.76
HUMBER OF FREEZE-THAW CYCLES ) : :
Chicago (KB = 0,5)* . R . .
: Node 1 © 0.i5 0.45 326 6.00 3.71 61.9 15,5 5,44 352 19.4 5,95 30.7 18,1 4.65 258 10.1 5.68 56.3 0.55 1.35 207 69.8 15.1 21.7
Node 4 0.0 0.0 0.0 0.35 0.87 232 3.2 2.59 80.9 5.95 4.22 71.0 5.6 4.19 74.7 1.6 2.21 138 0.0 0.0 -0.0 16.7 7.87 47.2
Node 7 0.0 0.0 0.0 0.0 0.0 0.0 0.05 0.22 447 0.75 1.33 177 0.1 0.31 308 0.0 0.0 0.0 0.0 0.0 0.0 0.9 1.48 165
Node 8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.15 0.67 447 0.05 0.05 447 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.9 447
Chicago (K 0.75)*
" Node-1 0.10 0.45 447 "5.55 3.69 €6.5 14,9 5,58 37.6 19.0 6,10 32.2 18.0 47.7 26.6 9.3 5.41 58.2 0.6 1.35 225 67.3 14.6.21.7
Node 4 0.0 0.0 0.0 0.55 1.10 200 4.8 3.43 73.6 8.85 5.50 62.1 8.4 4.75 56.6 2.3 2.96 129 0.0 0.0 0.0 24.9 10.2 40.8
Node 7 0.0 0.0 0.0 0.0 0.0 0.0 0.20 0.41 205 0.75 (€.,97 129 0.%0 1.05 210 0.0 0.0 0.0 0.0 0.0 0.0 1.45 1.67 115
Node 8 0.0 0.0 0.0 0.0 .0.0 0.0 0.05 0.22 447 0.80 1.3 170 .0.10 0.31 308 0.0 0.0 0.0 0.6 0.0 0.0 0.95 1.57 165
Node 1 - at surface = . Node 4 - Mid-depth of ballast
Node 7 - at ballast-subgrade interface . Node 8 -- 2 in. (5.08-cm) below subgrade surface

Units are Btu/ft-hr-°F
" (a) - .Standard deviation, °F
(b) - Variance, percent

Note: WThe;average temperatures are given dn degrees Fahrenheit.



. Tab]e_16.3.- Rgsu]ts of Tgmperature}Regime Eva]uation:(KB =1.0 Btu/ft—hr—oF).

October

tati
Saation Ave. a(a) V,%(b)

Location
AVERAGE MEAN TEMPERATURE
Chicago (KB =1.0)*

Node 1 65.6 17.3 26.4. 48.7
Node 7 61.7 5.01 8.14 49.0
Springfield (K; = 1.0)* )
Node 1 L — — 512
Noae 7 o —_ —_ 50.9

AVERAGE 'MEAN TEMPERATURE ABOVE FREEZING
Chicago (kB = 1.0)*

Node 1 65.6 17.3 26.3 50.8
Node 7 61.7 5.01 8.14 49.0
Springfizld (K3 = 1.00*
- Node 1 . — -—_— — 52.9
Node 7 — — —_ 50.9

AVERAGE MEAN TEMPERATURE BELOW FREEZING

Chicago (KB = 1.0)*
Node J 28.7 0.0 0.0 25.4

Node 7 None ‘None None None
Springfield (K =1 .0)*
Node1 = . =~ — — 253

Node 7 —_ _— — None
NUMBER OF FREEZE-THAW CYCLES

Chfcagq (KB = I;O)f
Node 1 "0.05
~ Node 4 0.0
Node 7 0.0
- Node 8 . 0.0
Springfield (Kg = 1.0)*
“Node 1 - -
. Node 4-- —_ - -
Node 7 — = =
- Node 8 —_ == -

OO
coao
OO0
hh

OO oW

oL w.
=YXl
(=3,

Node 1 - at
Node 7 - at

‘November

14.1 "29.0 36.2 11.9 33;4, 33.
5.97 12.2..37.6 4.46 11.9 34,

-—m
]
~N
oy

15.1 29.6- 39.5 12.8 32.8 36.4 13.6

‘6.01 11.9 40.0 4.77 12.0 36.6- 4,05

12.7 24.9 41.8 8:16 19.3 40.9 7.58
5.97 12.2 38.0 4.34 1.4 34.9 2.8
14.1 26.5 44.5 9.8 21.9 43.5 9.3
6.00 11.9 40.2 4.72 11.8 37.2 3.5

3.15 13.4 21.5 6.26 30.4 20.4 7.27

None None 29:1 0.53 1.82 28.0 1f95
2.86 12.2 22.6 5.56 25.5 20.8 6.77
None- None 28.9 0.52 1.79 28.3 1.04
3.32 6.70 14.6 5.60 38.5 18.4 6.44
1.28 160 6.4 4.42 69.0 10.5 6.06
0.0 0.0 0.75 0.97 129 1.45 2.28
0.0 0.0 0.15 0.37 244 0.70 1.17

3.25 84.4 12,6 5.73 45.6 15.7 6.38
0.88 220 5.40 4.52 83.7 7.75 5.43
0.0 0.0 0.25 0.64 225 0.75 1.07
0.0 0.0 0.05 0,22 447 0.40 1.10

surface
ballast-subgrade interface

* - Units are Btu/ft;hrfoF“‘
(a) - Standard deviation, °F
.. (b) Variance, percent

Note: The aVerage temperatures are given in de

v

" December Januar,
Ave. c(a) V,%(b) Ave. o(a) V,%(b) Ave. ofﬂy V,%(b)

35.0
58.0
157
167

40.6
70.0
143
274

Februar

Ave. o

13.0
6.00
0.55
0.0

Node

4 -

Node 8 -

grees Fahrenheit,

‘.

(a v'%(b)

27.3
55.3
199
222

47.2
81.7
217

447.

March

Ave. c(a) V.%(b) Ave. o(

con®
oom®
&8

5.35

1.25
0.0
0.0

o w
ow
—

3.45
None

ocoowo
oON— O
W W

5

~

3.
2.2
0.0
0.0

Mid-depth of ballast
2 in. (5.08 cm) below subgrade

—
AD

cO0.O.—
o000
ococoa

b i Year .
a) y,2tb) ave. of2) y g(b)

surface

56¢
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65-70 freeze-thaw cyc]es per year‘-From statistical analysis, there is a " °
95 percent probability (+ 2 standard deviations) that during any one"

year there will be from 35 to lodgtreez1ng and thawing cycles at the sur-
face: for' the case where KB is1.0 Btu/ft-hr- F (24.8 Ca]/m-hr--c). This - = -
indicates that the aggregate particles near' the surface of the ballast -+ °
are exposed to an: extensive number of freeze-thaw cycles which increase -
the ‘weathering of the ballast.

* Cyclic freeze-thaw is not limited to the surface. As can be ‘seen from
Table 16.3, for Chicago (for K of 1.0 Btu/ft-hr—OF) at the mid-depth of : = -
the ballast, there are on the average 30 freeze-thaw cycles peryear The
number decreases to 3.1 cycles per year at the ballast- subgrade 1nterfacev
and 1.3 cycles per.yesr at a depth of 2 in. (51 mm) 1nto the subgrade Thus
in Ch1cago the weather1ng aSSOC1ated w1th freez1ng and thaw1ng occurs through-
out the full depth of ba]last For sma]]er values of therma1 conduct1v1ty
(K = 0. 5 or 0 75 Btu/ft hr- F) the 1ntens1ty of frost act1on and resu1t1ng
weather1ng decreases w1th depth »

The freez1ng and thawing act1v1ty 1n Spr1ngf1e1d, 1s not as 1ntense as
in Ch1cago As shown in Tab]e ]6 .3, for K of 1.0 Btu/ft hr- F an average
of 50. 4 20. 8 1.55, and 0 55 freeze thaw cyc]es occur at the surface, the
ba]]ast m1d depth the ba]]ast subgrade 1nterface and 2 1n (51 mm) 1nto ‘
the subgrade, respect1ve1y. Thus, the freez1ng and thaw1ng in the ba]]ast j
remains s1gn1f1cant ~The above character1zat1on was conducted for an
1dea11zed CRTSS sect1on of 12 in. (30 cm) of ba]]ast over1y1ng the subgrade _
soil. A]though the 1dea11zed sect1on may ex1st 1mmed1ate1y after construct1on
of the sect1on the th1ckness of the ”unfouled" ba11ast tends to decrease w1th
time due to ba]]ast 1ntrus1on The 1ntrus1on 1S-dependent on severa1 factors

1nc1ud1ng the magn1tude of the whee] 1oads, the amount of traff1c, and the
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subgrade condition and is.accelerated by cyclic.freezing and thawing at the
ballast/subgrade:. interface.: Since -strength-loss: in soil. withincreasing .
freezing and thawing cycles is. a .well. known phenomenon, it is: expected -that
heavy traffic during periods of subgrade -thawing will result in;accelerated
ballast ~intrusion.. As'intrusion:ﬁncreases the depth to: the interface de- -
creases, the thermal conductivity increases,wthe number. of freeze thawgcycles
increases, and the overall strength decreases. Thus the general track condi-
tion deteriorates at a faster rate-in:areas where there, is .freezing and thaw-

ing aC,t*ivi;ty;. e T

16.5 Conc]us1ons

From th1s 1nvest1gat1on the fo110w1ng conc]us1ons can be drawn

”'1 The heat transfer mode1 as deve]oped by Dempsey (57) is an

Vnexce]]ent too1 for the character1zat1on of temperature reg1mes in an ’
1dea11zed ba]]ast subgrade track support system o | o

2. Further 1nvest1gat1ons 1dent1fy1ng and measur1ng the effects o
of ra1nfa11, internal mo1sture movement and snow ‘cover on frost act1on
are needed 'SO that the heat transfer mode] can‘be mod1f1ed and updated |
to more accurate]y s1mu1ate CRTSS f1e1d cond1t1ons S |

3 More accurate est1mates of the therma] conduct1v1t1es of ba11ast
mater1a1$ under f1e1d cond1t1ons are needed as 1nput for the heat transfer";
mode] R U PR . . e

4, Further 1nvest1gat1on re]at1ng the degradat1on of ba]]ast ma-
ter1a1s to cyc11c freez1ng and thaw1ng is needed Informat1on generated
by the heat transfer ‘model can be used to determ1ne warm1ng and coo]1ng
:rates, durat1ons of free21ng and thaw1ng cyc]es, freez1ng and thaw1ng (
temperatures and the number of free21ng and thaw1ng cyc]es - The resu]ts ﬂﬁ‘

cou]d be used in contro]]ed 1ong term cyc11c freez1ng and thaw1ng tests

to examine and determine weathering characteristics of ballast materials.
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PART E
CHAPTER 17

MATERIALS EVALUATION STUDY SUMMARY AND CONCLUSIONS

17.1 Summary

Ballast type materials from several sources were tested in the.
triaxial apparatus. In sefvice'conditions were sihﬁ]atéd'by utilization
of a repeated deviator stress and constant confining pressure. Permanent
strain and resilient modulus characterist{Cs were determfned; the variables
considered included material type and gradation, density, and stress level.
Eduations relating resilient mon]us to the firstAstress invariant were de-
ve]opéd, and the results were ana]yzed with respect to the vériab]es. The
permanent strain results were analyzed with respéct to stress level, and
comparisons were made between the results according to material charactef—
istics, gradation, and density. -

In,additiqn, six types of ballast Werg tested in the repeated load tri-
axial apparatus for one mi]]ion Toading cycles each. The compéctive effoft
and gradation for each specihen were the same. The permanent strain behavior
and gradation characteristics of tHe materials were determined.y Iﬁ addjtion,
two specimené were tested at Tow confining pressure to detérmine tﬁe behavior

of rounded versus angular particles. | |

Ten soils also were tested to determine the resilient and permanent
strain characteristics of subgrade materials. Thé variables included
mofsture content and ‘freezing and thawing of the samples.

In another portion of the study, laboratory tests and computer simula-
tions were used“tb determine the thermgl properties ofvba11ast. Subsequent
thermal regime characterizations were conductéd for a typical track structure

at two different locations.
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17.2 .Cohclugfqhs' \
_Ihe.signifidqnpfcqﬁc]usions reqﬁhed during_Part;A Qf,fhis;gtudy;arez
1. The rési1ign§;response_of;a specimen gﬁ»open graded granular. . -
, material isjfndependent of stress history so.long.as .the specimen has not
been §ubquﬁgd.po a stress level which would causehfailune.
2. The resilient modulus-of. open graded materials is appreciably . .
higher thén that of dense graded aggregate for.a given. stress level.
,“3.;The'resi1i§ntﬁquqlu§3qf’qpeh graded materials is .virtually in-
. sensitive to éhgqggs_in_gradatiqn and:compqctionfleve1,;JThe“dependence;
;of‘yesiljepﬁjresponse_pn.mgﬁerjaljtype.ig.weak;and,incoqsistantgﬁqnd':-
therefore no conclusion is drawn with respect to‘materia1 type.. ..
4:AStregsiJeyg1:isfthe_yapiablq_mgstgq1rect1y7inf]qenqingythel
resilient modulus of .granular materials. The ggnqgshdgpendgntquture.qf
bg1lqst,;ype:material§ gqnfbe%qharactefi;ed,Qy the predictive.equation:
S E o K en“ SERICE "‘ R (2 1)
B In .sharp contrast to the. res111ent behavior, p1ast1c strain. is .
ﬂaffected by ., stress h1story The effgctgcap~be explained. in terms of pri-
" mary loading, unloading, and fg]quing;; Large.plastic strain.results ..
during primary 1oad1ng During unloading and.reloading elastic strain
_develops which. 1s accompan1ed by a small amount of plastic: -strain,
6.;Fop(]%w?sprgs§?]eygls.pla§;iq_stngin1is,pfgp9rtionqlutqfthe Togarithm
of. the.number .of .cycles.. As the .stress level.is increased a "critical value"
isahgached,and;thegrate.Qf‘plastic,strain accumulation then increases.
_ 7. Plastic strain accumulation is not solely a function of the:.
repegted,deyjq?on_gtnegslput depends, on poth\ﬁhe:devthorwgtrgss and the
ﬁAconfining~prgssqre;,, |
8. .In general, the.No. 5 ballast and the "well graded” specimens ..
tended to resist permanent deformatioﬁ better than did the No, 4 grada-:

tion material.
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9. There is a definite dépendence of permanént strain behavior‘on
compaction Tevel. Ineévery case the accumulated permanent strain was
least for 'specimens compacted to the highest densities.

"10. No definite conclision can be made with respect to the effécts’on
plastic strain behaviorr of material properties such-as particle index,
soundness;, ‘Los Angeles abrasion Toss, énd“fTakinéss:fndéxg7

Following ‘are the conclusions from Part B:

" 1:-Permanent strain -observed at 10° and'at 10°

Toading cycles cor-
related significantTy with crushing-value. Crushing valué appears to be a
promising test for predicting resistance to long term, permanent deformation
in ballast. ' '
42;’Angu1aﬁ-maféhialé offer bettér resistance to permanent deformation

at low confining pressures than do roundéd materials.

" 3, The'significant correlations for degradation were obsérved with"
crushing value, specific gravity (inverse), and density (inverse). No
material property correlated significantly with the No. 200 degradation.

4. Long term ‘permanent str‘ain'(-TO5 and 10691oadihg ¢ycles) correlated

significantly with the degradation results. : ‘
* “"The conclusions from Part C areé -as follows: ’

1. The effect of soil moisture was found to bé_STghificanf.”'Inﬁréasing
the moisture content by orly about 2 percent led to greatly reduced resili-
‘ent moduli for the soils tested. “Increased degree of "saturation of fine
grained soils Teads to?intreasing;kesi1iency and consequently deé#éasing
resilient ‘modiili: - '

-2 The resilient response of the soils tested ‘was determihed at < -
various stress levels. For the soils tested, the resilient modulus s not
constant -but 1§ “influenced by the magnitude of the'repeated axial $tress

(deviator stress).-
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3. Fine-grained soils may exhibit substantially different resilient
response characteristics due to inherent variations in soil properties
such as plasticity, clay and silt Contents, organic matter content, clay
mineralogy, etc.

. 4. For most of the soils tested, increased moisture content and re-
pduced densitx,ledcto‘inqreased accumulation Qf permanent strain with in-
creasing number of load applications. Thus specimens compacted at 100
percent AASHTO T-99 derisity gave better response under repeated loading
‘thdn those compacted at 95\percent.AASHTO T-99 density and specimens com-
paéﬁed atwoptimum mqisture content (95% T-99 density) gave better response
than those specimens compacted at optimum plus 4 percent moisture content

(95% T-99 density).

Thus, under actual field conditions a soil witha high degree of 'saturation
cdn be expected to settle very much, accelerating the development of poor
t?ack conditions. B S v

‘5. The permanent deformation responses of the soils tested are stress-
dependent with most of the soils exhibiting pronounced in¢rease in the rate
of permanent strain with increase in deviator stress. Most of the soils
exhibit aA"threshold stress level" which is defined as the stress level
above which the permanent deformation of the soils under repeated loading
is rapid and below which the rate of cumulative deformation from additional
stress applications is very small.

6. Although the effect of freeze-thaw on the accumulation of permanent
deformation is presented for only one soil, previous works (80, 81) have also
established the detrimental effects of freeze-thaw on soils. Thus, it can be
concluded that even one cycle of freeze-thaw is sufficient to greatly reduce

the resistance to permanent deformation.



303

"' Part D conclusions ‘are-as follows:

"¢ 1.7 The' heat transfer model as deveioped by Dempsey (57) s an ex-
cellent tool for the -characterization of'temberature°régimes in an
idealized ballast subgrade tfack support system.

"' "2. Further ih&estfgétidﬁs‘ident??ying and measuring the effects df
‘rainfall, internal moisture movement; and snoW cover ‘ofi frost action are
needed 'so that the heat transfer model can Be modiffe57énd'uﬁdated to more
accurately simulate’ CRTSS field conditions. |
. 30 Moré accurate estimates of the thermal conductivities of ballast
' materials 'under ‘field conditions are needed as input for the‘heat transfer
4. Further investigation relating the degradétion of ‘ballast materials
- to-cyclic: freezing.and -thawing: is needed.:“Information generated by the - !

.-heat :transfer model can.be used to determine warming and cooling rateé,

durations of freezing and thawiné temperatures, and the number -of freezing

-~ - and thawing:cycles. - The results could be used :in. controlled, long term

- cyclic freezing and :thawing tests to examine and determine weathering. - 5

characteristics. of .ballast materials.
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