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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 Illinois,

This sub-contract is part of a larger 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 torecognition of the desire for a more durable track structure.
To this end, the program is a multi-task effort involving 1) the develop-
ment of empirical and analytical tools for the description of the track
structure so that the economic trade-offs among track eonstructjon parameters
such as tie size, rail size, ballast depth and cross section, type,
subgrade type,. stiffness, may be determined. 2) methodologies to
upgrade the existing track structures to withstand new demands in loading,
3) development of performance specifications for track components, and
L) investigating the effects of various levels of maintenance.

This particular report is one of the first outputs from the study
and essentially describes a state of the knowledge on ballast and
foundation materials.

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

Mr. W, B. 0'Sullivan as the Contracting Officer's Technical Represen-

tative of the FRA on the entire research program.

G. C. Martin
Director-Dynamics Research
Principal Investigator
Track Structures Research

_ Program
Association of American Railroads
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CHAPTER 1
INTRODUCTI ON

. THE PROBLEM

Track stability is essential for economical maintenance’ana'construction.
Trains impose various types -of loads - (vertical, lateral, longitudinal) on the
‘track structure and the track -system deforms. Additional-loads and stresses
can arise through a combination of. these - for example, warp;ywhich arises
from differential cross levels at separate locations ‘within the span of a set
of car trucks on‘oppesite rails. - The,track_strueture also experiences vibra-
tion from.several sources - compression‘and-release as wheel_ioads pass,:.

" "bounce'' imparted by spring action_invthe car trucks, effects_of'raiitjoint
- location vs car trnck,center spacing, impact:from irregularitieshin track
and/or equipment, and the frequency and duration of time within which- these
effects are produced. Although the track deformation is primarily elastic in
nature, permanent deformationfmay‘a]so accrue under the action of repeated-
loading. -

An adequate engineering analysis of track system reSponse.and_performance
involves -the consideration of ‘the components of the track system; rail-tie
.-assemblage,. the ballast materials, and the subgrade soil. Obvious—p?ob}ems
-arise from vertical loadings, but the effect of ballast characterlsttcs, es-
pecially the geometric properties, .on lateral and longltud1nal:stabltrty”are
- of much significance. Lateral and longitudinal forces are delivzred from.

. modern-heavy wheel loads. Even more significant -is the need for;restraintwof

- continuous welded rail where the type of ballast and design of ballastpsection
can be critical items. Extremely high thermal expansion and eontractiongforces
can be found in,the rails. The interactions between ballast particles, between
ballast and subgrade, and between‘ballast‘andgties require full investigation.

o ‘To facilitate the englneerlng design of the track support system, it is

essentlal to have available the technology. necessary to: B

1. Determine the response (stresses, strain, deflection) of the track

support system to load; ‘ . o B |

2. Define the interactions among the various components of the track

support system (track-tie, ballast, subgrade);



3. Evaluate the significant engineering properties and/or characteristics
of the track support 5ystem components; .

L. Develop "transfer functions' and material utilization criteria by
which it Is possible to predict performance (Tong-term behavior)
based on track support system response (instantaneous behavior);

5. Assess the effects of environment (primarily moisture and temperature)
on track support system response and performance.

Recent efforts to deVelop structural response and performance models for

. highway and airfield pavements have indicated that the problem is extremely

EQmplex. There is no reason to assume that track support system response and

. performance will be less complex. ' '

.Aithough thedproblem Is complex, it has been demonstrated that with
appropriate materials testing methods and analytical structural models, it is
possible to accurately predict the structural response (instantaneous behavior)
'of,a-pavemenf"subjected to transient loading. 'Less success has been experienced
in pfedicting pavement performance. Performance prediction is much more compli-
cated because of the problems associated: wnth the adequate consuderatlon of
a) envnronmental effects, b) materlal property ‘changés wuth tzme, c) loadjng
_Spectrum, etc.

‘Regardless of the problems assocuated with predlctlng performance, the
- first step toward deveIOp:ng improved capabi]xtles for cons:derlng track system
performance is the simultaneous development of materials tesxxng and evaluation
bprocedures:and a mechanistic structural model. The structural modej must
eorrectly represent the stress-straln response of the subgrade and ballast
materials and also adequately simulate the behavior of the rail-tie assemblage.
It is not possible to establish a geod pepformanCe model without first devel-

' oping a satisfactory structural response model and acceptab]e materlals ‘testing

and. evaluat ion procedures. -

~~-PROJECT RESEARCH OBJECTIVES
_ The specific objeetiveSjof'thié research program are ‘the following specific
tasks. ) - ' - ‘ »

Task l Identify failure and other useful performance criteria for

ballast and foundation materials.



Tasg‘Z: ldentify‘reTati§h§hips'Betweéh loading-énvironment and ballasf

| énd fddndation méterial behavior.

Task 3: Idenfify environmental factors that influence ballast and
foundation material behavior and the relative extent and
importance of these. ‘." ‘

Task 4: Identify material parameters that are meanfngfu] for evaluating
performance and test procedures for determining these properties.

Task 5: For the total track structure performance, identify reﬁétionshfps

’ between ballast and foundation material behayibr, aha environ-
mental factors for combinations of materials, loadings, environ-

. ~ Mment and track configuration. ' - ,-

Task 6: Perfo?m rank ordering.of,the;ba]last,.éubbaliast, and subgradé

f’ materials. according to theirfperformanée in service.

Task 7: Identﬁfy-procedures where ballast and foundation materials
propéftieS*may?be-modified to improve material performance.

Task'8:1 Ident}fy the cpsts:aséociated with the;use of éach type of

ballast materi§1m

PROJECT -WORK PLAN

The’Work plan outlined below describes the major phases of the project
activity.- The manner in which the various phases of project-activity contribute
to the accomplishment of the specified tasks is indicated in Table 1.1.

Phase 1 Technical Data Bases

The relevant literature pertaining to thenpertlneht.properties‘of granh]ar
materials, ballast materials, fine-grained soils, and structural models will be
reviewed. Based on the reviews and other available information sources, current

'tecﬁﬁfcal data bases will be developed. ' | ‘

Phase 11 . DeveIOpmentléf a Structural Model and Materials Evaluation

_ Procedures -

A "mechanistic structural analysis model' will be developed and testing
.procedures will be estéblished for evaluating the properties of the ballast and
foundation matefials needed as inputs to the structural model. |

Phase il1 Parameter Studies and Sensitivity Analyses

The structural mode! developed in Phase |l will be utilized to establish

the effects of various parameters on the response of the railway support

h_3—



Table 1.1 -Work Phases Contributing to
the Achievement of the Designated Tasks

| TRl 1y VooV
] X
2 X X
3 X X
l X X | X X
5 X X | x X
6 X X | x X
7 X X | x X X
8 X X X X X




structore. .Some significant -parameters to bewcohsidered”wlllflnclude:
1.. Sybgrade’soll;reslllence*propertles:-

Ballast‘and subballast material resilience properties -

:Ballast and subballast thicknesses . -

Ballast-tie parameters

Rail-tie parameters

o Ul o~ W N

. Environmental factors such as temperature and moisture

Phase 1V . Materlals Evaluatlon Study

Based on Phase L, II, and IlI findings, _lt will be pOSSlhlg,tO ldentlfy |
those material (s subgrade soil, ballast,-subballast) pr0pertlesgthat»slgnlfl-
cantly |nfluence track structure behav:or and performance. A serles of’
laboratory tests w1ll be conducted wuth selected foundatlon sonls .and ballast
and subballast materlals to determlne thelr pertinent englneerlng pr0pert|es
as. preVIously ldentlfied The ballast,vsubballast, and foundat:on materials
selected for use ln the laboratory study will represent a range in: both
englneer|ng propertles and types -and sources of materlals T

Phase V Economic Evaluatlon

Costs associated W|th the use of each type of ballast materlal erl be
ldentlfled and the cost effectheness of the varlous ballast materlals ranked
both as to transportation costs. and stablllty. In so, dOIng, the concept of

overall economic costs, C_, will be introduced.

-Qhéfeé,VC;.‘%«'f(¥]* xz,.xs; gétietcéji ii ‘:l;":'t,. ”h’;s_'w_jmjlii E‘(].])
and x| = purchase prlce
Xy = transportation:costi
X, = track. malntenance cost (frequencY of surfacung and';ﬁ"

"smoothlng cycle)
xh‘=f tie llfe‘Wlth\varlOUS‘ballast'types.-icost“effectsffliﬂfJ

'xs,”xs; etc. = other cost factors related to ballast °



Phase VI Preparation of Conclusions, Summary, and Recommendations

Data and information obtained from the technical literature and that .
developed in theiproject~will be summarized and analyzed with respect to es-
tablishing definitive responses to the previously described tasks. Appro-'
priate conclusions and recommendations will be developed -and areas of

technological need will be identified.

- REPORT OBJECTIVE

The objective of this report is to deveIOp and summarlze the status of

current technology relative to the following: ' _

1. Procedures and technlques for evaluating ballast and subgrade materlal
properties (shear strength, resilience, susceptabllity to plastnc
deformatlon, capacity for lateral and longitudinal restraunt, etc.)

2. _Factors which significantly influence material pr0pert:es (water
‘confent, density, durability, loading conditions, gradations, etc.)

3. Relatlons between material properties and track system reSponse'aHd

' ,performance leadlng to an identification of the cause and deVelopment
of failures and other useful performance criteria, performance |nd|ces,'

' or material parameters required to elude failure will, where possub]e
at this stage of effort, be identified. L ;

:4. Review and application of ''structural models'' such aS'thoee of
‘Meacham, Lundgren, and others relative t0'predicting.tﬁe behavior of
the track support system (subgrade-bailast-tie-rail system).

- 5. ldentify "transfer functions' which relate track system reSponse,_:
o stress or straln levels in materials and subgrades, etc., to

performance.

REPORT . ORGAN | ZAT1ON

General history, background, and other pertinent considerations are pre=-
sented in Chapter 2. .Chapters-3 and 4 are devoted to extensive discussion of _
ballast and roadbed materials. Existing methods for analysis and design of the
rai lway support.system are reviewed in Chapter 5. Chapter 6 covers the effect
of the‘bal1a$t and roadbed meteria] strength properties on track support system
response.‘ In Chapter 7, various aspects and considerations relative to predict-

ing‘the performance of railway support systems are discussed. Chapter 8

-6~



contains a summary and conclusions relative to the current technology for

analyzing and designing railway support systems.



’c-HAP,TER, 2
- THE RAILWAY SUPPORT SYSTEM
HISTORY -
 The first railroad track in the United States is said to have been used
to haul granite for the construction of the Bunke¢ Hill Monument in 1826, The
track consisted of timber stringers laid on stone sleepers ‘set in the sub-
grade. Later, about 1830, rai Iroads replaced the timber stringers with a
flat-bottomed Tee- Rall attached to timber sleepers or. ties.. The cross tles,
obtained from timber cut along the right of way, were embedded . in broken stone
or gravel, also obtained along the location site. Varlous materials were used
over the ensuing years--sand, gravel, cinders, sea shells, lumpS ef burnt clay,
and sometimes plain sdil. Track for the heaviest traffic however used crushed
-Arock prepared gravels, and where available, -crushed slag : Which of these
"~ many types of ballast are the most stable and economical has been determlned
largely by experience of individual railroads--and that _experience has.varied.
There has been little effort to lncerporate stability factors into ballast
specifications. A principal reason for the use of ballast is to distribute"
the load ‘to”the roadbed. Providing drainage and resilience for the track-tie-
structure are important ballast functlons, but anchoring the track providing .
vertical, lateral, and longitudinal restraint Is & primary and essential i
function.. The need for high quality ballast has become even moré critical’
recently because of ‘the increasing demands placed on the rallway support struc-
ture by rising volumes of traffic, heavier wheel loads, higher speeds), hlgher ‘
centers of gravuty,.longer truck centers, and ‘three axle trucks, - o

PERTINENT COMPONENTS OF
“THE RAILWAY- SUPPORT- SYSTEM

~ The conventional rallway support system I's made up of certain components

including rails, ties, tie plates, spikes, Joints, ballast, and roadbed.’

Rails

Rails" range in welght from 90 to 155 lb/yd (45 to 78 kg/m), although
lighter sections are used on some low-den5|ty ‘branch lines. The usual ra:l
weights are 115 or 119 1b/yd (57 or 60 kg/m) for lines of 11ght and medi um

_9_



traffic density and 132 or 136 Ib/yd (66 or 68 kg/m) for lines of high
traffic density. Weights of 140 1b/yd (70 kg/m) and heavier are found
- where traffic volumes are very heavy. Rall steel has a modulus of elasti-
clty of 30 x 10% psi (207 x" 10° '

found in Chapter A,Rail,of the ‘American Railroad Engineering‘AsseciatiOn}s

kN/m2). Chemlcal specifications can be

‘Manual of Recommended Practice (2.1). Allowable bending stress in rail is
~ In the 30,000 to 35,000 psi range (207,000 to 241,000 kN/m?). Other perti-
nent properties of rails are given.in Table 2,1,

Recently, AREA (2.2) has recommended the type of rails used be 1imited
to the following: '
140 RE (RE = AREA design ‘designation)
136 -RE L
»132 RE -~
119 RE
115 RE | o
- 106 CF&l "(CF & | = Colorado Fuel ‘and lron designtdesignation)
100 RE - o R
90 RA-A (RA-A . Amer. Railway Assoc. type A designation)

WOOd Tles

WOod ties are in almost universal use on United States railroads. ,These

- used in main line track, AREA grades 4 and 5, measure 7. in. (17.8 cm) deep
‘By 8 in. (20.3 cm),wide,and 7 In. (17.8 cm) . deep by 9 in. (22.9 cm) wide -
vrespectively. Lengths are 8 ft. (2.44 m), - 8-1/2 ft (2.59 m), or 9 ft
'ﬁ(2.74m)t The 9 ft (2.75 m) tie has been recommended by AREA for all new

eonstrQCtton_and tehabilitationt The 8-1/2 ft (2.59 m) tie 1s most commonly

used for high-density lines. Wood tles are spaced on 18 in. (45.7 cm) to

26 in. (76.2 cm) centers but 19-1/2 in. (49.5 cm) and 22 in. (55.9 cm)

(giving 24 and 22 tiles per 39 ft (11.90 m) rail length respectively) are

mos t frequent]y found in main tracks. Wood'tiea'welgh 150 to 200 1b

(68 to 90 kg) ' .

fConcrete T|es

‘ Concrete ties flrst appeared in the Unlted States with a 200-tie in-~

u:stallatlon by the Readlng Company.. Various. types of relnforced monollthlc '

- 'I 0...



. -Table 2.1. _Pertinent Rail Properties
(From Ref. 2.14)

-11-

Area  A -~ {Moment of Inertia -
A o Weight: - T o o, WAS
Rail Size 1b/yd (kg/m) | in." (em™) | ;0 &t .2
BR-98 . -98.1 (48.7). | 9.61 (62.00) 40.7 (1695) h.2n
S 49 199.6°(49.4) | 9.76 (62.97)| 43.7 (1819) you8
‘IQOVREjii 101.5 (50;45 ‘ 9.95 (64.19)| 49,0 (2039)  h,ngE 
SNCF 50. 102.2 (ﬁoﬁy):- 10,00. (64,50)| . 48;5 (2019). '§!85.-
JNR 50T {107.5 (53,3) 10.52 (67.90)| 54.8 (2280) 35;21f~
.’SSA(JEV}/Bﬁloéi:109.7,(54.5). 10,75 (69.34)| 56,4 (2346) 5.5
115 RE ... . 1;4.7 (56.9) 11.25 (72.58) | . 65.6 (2730)-- ‘5.83
119 RE 118.8 (58.9) | 11.65 (75.16)| 71.4 (2972) © 613
S;éofgjﬁy):} 121.8 (60.4) }1,9j"(7§.86) ,73.4‘(3055) 6.16
~JNR 60, 122.6. (60.8) i2;01 (77.50) ‘74;2 (3090) 6.18 -
S 64 ~]130.8 (64.9) 12.82° (82.70) | 78.1 (3252) '6;09:f~
SR {1320 (65.5) 12.95 (83.55) | 88.2 (367))- ":6}31;”
136 RE - [136.2 (67.6) | 13.35 (86:13) | _94.9 (3950) A8 A N




ties were tested‘throuéh,1930 but experienced difficulties with fastenings,
short circuits of signals, and shattering under derailments.

Interest in concrete ties revived in the 1950s as timber costs increased
and European railroads e*perienced successful use of pre-stressed tieS.

The need for an alternative for the wood tie prompted the AAR to develop
several designs. Of these, the Type E was adopted as having a reasonable
economic parity with wood ties based on a 30 inch (76 cm) spacing.

Modifications in design to overcome distress noted in field tests led
to the AAR Type 3 tie,.commer¢ia]1y designated as the MR 3. .This tie hés |
deepened tié seats and a 25 percent prestress increase using four 7/16 in.
(1.1 cm) diameter bright steel strands. These designs have also experienced
distress including insert pﬁllohts? torsional cracking in the mid-portion,
broken clips and bolts, spailing of rail seat shoulders, aﬁd flexural cracking
beneath the rails. Flexural cracking, originating in the bottom surface-
beneath the rail seat,>propégated upward to the top iayer of reinforcing
wires. Failure of the crack to close (a major function of . pre-stressing)
indicated insufficient strength and bonding.

With the Portland Cement Association and American,tehéht Institute
Committee 545 joining with.the AREA Special Committee on Concrete Ties,
corrective action for fhese weaknesses and improved specifications were
developed, preéented for test and discussion, and finally revised for
publication in Chapter 3 of the AREA Manual (2.1). |

‘Included in the corrective measures is a.recommended reduction-in
prestressed transfer distance by use of a gentle release of pre-stressing
and a deformed or chemically treated wire. (Thé use of rusted wire was
suggested as an interim solution.) Flexural moment (for 30 inch (76 cm)
tie spacing)was increased to a positive value of 300 kip-in. (33.9 kN-m)
under the fail seat (with some allowance for negative flexural moment at
that- location) and tie center negative moment was increased to 200 kip-in.
(22.6 kN-m) along with improved uplife requirements for the fastenings.
Flexural requirements are to be revised correspondingly for tie spacings
less than 30 inches (87 cm). Finally, the impact factor used in developing

flexural. requirements was increased from 50 to 150 percent.
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An excellent discussion of the history of concrete ties may be found

in Reference 2.19.

Tle~Plates

, For wood - tles, rails are set ontie plates to reduce crushing and abrasnon
of ties. Plates are generally 7- 3/4 in. (19.7 cm) to 8 in, (20 3 cm) wude A
and from 12.in. (30. 5 .em) to 14 in. (35.6 cm) long, a few hlgh-degree curves
(6—degree and over) are laid with l8 in. (45 7 cm) 16ng plates. '

!

» SElkes

B ~ Plain cut spikes 9/16 .in. by 5-1/2 in. (l L em by 14.0 cm), 5/8 |n.,by

6 in. (1.6 cm by 15.2 cm), and 5/8 in, by 6-1/2 in. (1.6 cm by l6 5 cm) are
used both for rallholdlng and for plate-holdlng holes in the t|e plates.

The last two are used with the heavner rall sectlons and/or ‘special applica=

tions such as ‘on curves.

-Joints ‘ ‘ 7 .
Rails are rolled 39 ft. (11.90 m) in length (a few are-rolled; 78 ft
(23.8 m)) and are joined together either by bolted: joints (usually 6~ hole bars
36 in. (91 ¢m) in length but many with 4-hole bars 24 in. (6l cm) in. length)
or by welding into lengths of 1440 ft (439 m) which may, in turn, be fleld-'
. welded into rails many thousands of feet or- even mlles in length _The thermal
expan5|on and contraction forces of such long ralls are restrained by rall

;anchors, haV|ng a friction grip on the rail base, that transmnt the thermal

Aforces to the tles.
‘ In l|eu of CWR and to reduce end batter, some roads have la|d ralls Wlth

tlght J0|nts, i. e., no allowance for expansnon or contractlon. "To- lnsure a
*hlgh degree of permanence, “the JOInt bars may be glued with an epoxy glue to’

Athe rails in addltlon to the use of hlgh strength bolts. Rail anchorage o

- stmllar to that rcqu:red for CWR should be used with these |nstallat|ons.

~Further dlscu5510n of bonded or glued JOlntS may be found in Reference 2 20.:.
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Ballast, Subballast, and Roadbed

The rail-tie assemblage is normally founded upon ballast and in some cases
subballast which in turn is founded on the roadbed. Each of these components
has certain required characteristics. These components will be discussed more

extensively in subsequent sections.

BALLAST MATERIALS

Types and Quantltles of Ballast Materials’ Used

The types or klnds and quantltles of ballast mater|als used by var|ous
rallroads depend on a number of factors |nclud|ng

1. type and amount of ‘traffic
. tonnage | '
. ‘types of ballast avallable

. subgrade and cllmatlc conditions

"o W N

. certain complex economlc factors

‘ _Table 2.2 and 2.3 summarize the results of a questionnaire sent out by
AREA Committee 1 (2.12) to various rallroads'toldetermlne ‘the types and- - -
gradations of ballast used. ' - ' o

Table 2.4 summarlzes ‘the quantities of varlous types of. ballast used in

the years 1971 and 1972 as reported by the Bureau of Mines (2.3). In a recent
lssue of MODERN RAILROADS (January, 1975) the results of a questlonnalre
indicatedva total of 18,300,000 tons (16,600,000 metric tons) of ballast is
to be placed in 1975. 'A number of . rallroads did not respond, thus the total

probably will be substantlally greater. )
Tables 2.5, 2.6 and 2.7 summarize the recommended AREA gradatlons for

'varlous types of ballast materials.

Functlons of Ballast

Peckover (2.4) states that "Good ballast material provides elastlc'support
.-and anchorage for track with a minimum of maintenance.vb Functlons of ballast
as. defined by Hay (2 5) and Peckover (2. 6) are paraphrased below:
cdes Transmit the |mposed loadings unlformly to the roadbed at a pressure
'tolerable for the partlcular material in the roadbed.
2. PrOV|de uniform support for the ties with the necessary degree of

elastICIty and resilience to absorb vibrations and shock.

_14_



Table 2.2. Types of Ballast Used
(From Ref. 2.12)

. . ... | .. . No.of B . .
Type o RR Using f ’ Percent
'Lihéstohe- N A D 35 : . . “38.6
Slag | | 23| 25.0
éranite 2 - ' 150 __. . :» 16.3
Trap Rock ' 8- . | E 8;7
Quartzitg' .o ‘ I | .5;4
Dolomite? - : 3 3.3
Basalt R i 1
Rhyolite o 1
Burned Shale j o 1.21 1.1
| i 92k : 100.0
. Gravel
Pit Run N 10 TS
Crushed 7 244
w§shéd : 3 lo.é
Washeéd aﬁd 9 ,31.6
" " Crushed :
g : 29%

*Actual total is less; some railroads use more than one type.
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Table 2.3, Size of Ballast Used
, (From Ref, -2.12) _

o AREA. - ~ No. of

Type . Spec. No. Size (in.) = RR Using Percent
Stone 24 1/2 - 3/4 9 9.8 .

3 -1 16 Ry

4 1/2 - 3/4 40 43.5

5 - 3/8 10 10.9

- 3/8 2" . 2.1

3/4 - 3/4 2 2.1 |

13- 58 Ty by
1 1/2 -1 1 1
1 W2 - 1/2 . ok w3

172 - 14 e i}

/4 - 1/2 2 2.2

3/8 - 3/8 1 .
" 92¢ 100.0
. Gravel 6-1 8 27.6
| 6-2 y i3.8"
©G-3. 7 24.1
“ it Run 10 34.5
29% 100.0 -

% Actual total is less: some railroads use more than one type.
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Table 2.4, Materials Used for Railroad Ballast

(From Ref 2 3)
ﬁater{él _ .+ - .- Amount, Short tons _
T 1971 . 1972

“Limestone and Dolomite . 6,153,000 7,250,000 '
Granite ' | 5,388,000 | . 6,162,000
Slag (alr cooled b)ast furnace) A3,l?b,006“‘ ..A-3,686;090
Gravel ' 2,347,000 2,229,000
Other Stone 1,538,000 N.A. A"
Trap Rock S 989,000 - | - 2,332,000 -
Steel Slag " 855,000 1,327,000
_Sandstone and Quartzite 610,000 1,014,000

N.A. = Data Not Avallable.

Table 2,5. AREA Gradation for Crushed Stone and

Crushed Slab (From Ref. 2 l)

‘Nominal Amounts Finer Than Each.Sieve (Square Openlng)
. Size _ - Percent By Wenght )
Square- N : o . : No. | No.
Size No. | Opening | 3" 2 1/2- 2 1172t 1 /4 f a2y {380 | b | 8
o |2 '/zu_3/hn 100"} 90-100" 25-60 ' 0-10 Yb-s 1 ol
‘30 Qom0 Fioo o | esti00 [ 3570 | o-1s . | o5
LR ERI ISV {100 Teoti00 | 20-55 [ o-15" | . | o5
5 =378 100 | ‘s0-100 | 4o-75 | 15-35 | 015 | 05|
57 - | 1"-No. 4 100 | 95100 25-60 |-~ | o-10] 0-5 |




" Table 2.6. AREA Gradations for Gravel
(From Ref. 2.1) -

Table 2.7. Specifications For Pit-Run

Gravel Ballast (From Ref.,2.15)

Percentf; N Amounts Finer Than Edch Sieve (sqdare Oﬁening)
) Crushed -~ |-~ ) ) Percent By Weight
Size No. | Particles |-1 1/2" "op/2" [ Ne. . No. '} © No. | No. No.
: 4 8 16 50 100
6-1 0-20 | 100 [80-100 {50-85 |'20-h0 | 15-35 | 5-25 lo-10 | o-2
6-2 21-40 | 100 |65-100 {35-75 {.10-35 | o-t0 | o0-5 |
G-3 by-75 | 100 }60-95 25-50 |. 0-15 "0-5 . -

. - v <Amouﬁt§ FinertThanhEach Sieve
Sieve Size . L : _Percent By Weight
(Square Openings). ___Grade A __.__Grade'B
2 1/2 in. ] . 977100, . | . 97-100
No. b .. - F . v 20-55 - 20-65
" No. 200- B Y = S -3
Ko
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:3. Anchor the track ln place and resist verticai lateral

~and iongitudcnai movement.

4, Provide immedlate or free drainage and prevent the growth,

'of vegetation."

- f5; Resnst degradatlon due to physncai forces exerted by
“_trafflc and maintenance equipment and. envi ronmental.

, “factors such as freeze thaw, wet- dry, etc.

6. Faciiitate maintenance .operations such.as, correction of _

surface and ilne and baiiast cieanlng Operations. N
‘J_‘Z,rReS|st fouilng and cementlng .. :

;8.~Minimize climatic influences  (frost: heave, sweiiing, etc.,) -

B
[

~in: the: roadbed

Baiiast Faliure

NN

‘ A In generai baiiast s considered to have “falled” or to be Inadequate
‘yif the Foregoing baiiast functlons are not- provnded ..It should be empha-A
-isized hcwever _that many |nterreiated factors can contribute to “degradatlon”
or ioss in functionai abiilty of a track support structure--ballast is oniy
one component in the system,

In the fOIIOW|ng, a number of baiiast materlai characterlstlcs .

are dlscussed which are beiieved to be reiated to or contribute to a: ioss-

in functional ability of the track suppprt system .

SRR lnadequate Baiiast Thickness "_“"

Celt R

‘AGThe baiiast iayer thickness may ‘not be thick enough to properiy
_rreduce stresses |mposed on the subgrade. Thisgmay lead to ex-'
‘_cessive eiastlc deformation and/or rutting in the subgrade and

can contribute to many. other types of distress.‘-g._

.........

L2 Inadequate: Ballast- Ressirency

Because’ of the dynamic action of imposed ioadlng, especiaiiy the

"'unsprung' welght of locomotives, ‘it Is desirabie to ‘have & - A
"resilient! support system, Major contributors to the resiilency .

‘are the ‘ballast and roadbed.: In some’ cases, cementing” of the‘

ballast has been reported which produces ‘a layer of. undesirabie

-]9_



~

"rigidity'. Experience has shown that limestone and certain types

. of slag are susceptible to cementing.'

Degredatlon of Ballast

No}helly; ”Open;greded“ ballast is placed which facilitates

maintenance operatibns and is ''free dralnlng“.7 1f-the ballast

breaks down -or ‘'degrades'' because of cllmatlc ‘and/or loading

factorss it may -Tose ‘its "open graded” characteristics. Addi-

tionally, it some cases ''cementing' may occur as described above.
Ballast Pumping -

When.nepeated loads are imbosed on the ballast, stresses at the
ballast-roadbed Interface may be sufficlent to:lnltiate a con=-
djtlonnwhereby the_roadbed,end’ballastustart-to Intermix and.
cause bailast "fouling''. As time progresses and as track
ballasting and resurfacing dperatlons continue, a substantial
amount of ballast can be forced into the roadbed and/or the

roadbed: |s4forced into the ballast. When this occurs, a “bal]ast”

‘- pocket''may form. Additional discussion of "ballast pockets'' 1s

. presented:in a subsequent section entltled ”Roadbed Fallures”.

In general, the intermixing of ballast and roadbed materfals IS

undeslrable due to the adverse effects of the roadbed fines on .

'the strength and free- dralnlng propertles of the ballast.’

Ballast Permanent Deformatlon

If the ballast materlal does not possess adequate stability,

repeated loading wlll cause excesslve permanent deformation in

~the ballast layer.- This may contributé to a loss of surface of

“the-rail system. In many cases, inadequate ''demsification" or

" “‘compaction ¢ontributes to an accumulation of permanent defor-

H

mation while in other cases, the bailast, even when properly .

.compacted does not possess adequate stablllty'for-the specific

condltlons(loadlng, ballast thickness, subgrade support, etc)

Fouled Ballast - ,
Excessive fines content of ballast contributes.to a loss of ”free

draining' nature, a decrease in shear strength -and. a loss In the

-20-



ability to facilitate maintenance operations. The fines that
contribute to ''fouled' ballast can come from external sources,

degradation of the ballast, and/or pumping roadbed.

SUBBALLAST MATERIALS

Functions of Subballast

According to Spang (2.21), the functions of the subballast layer also
called protective blankets are: '
1. Distribution of ballast pressure and traffic loads.
2. Damping of vibrations.
3. Filtering of the layers bordering above and below.
L, Protection of the subgrade or foundation layer against damage
caused by trust.

5. Preventing rain water from penetrating into the subgrade.

Types of Materials Used as Subballast

The following materials are normally considered for use as subballast:
1. granular materials such as crushed stone, sand-gravel,
slag, etc.

2. stabilized soil (soil-cement, 1lime-soil, etc.)

3. asphalt treated aggregate

Polyvinyl chloride (PVC) and woven or non-woven fabric have been used as
a separation layer between the granular material and the subgrade. There are
indications that certain of these materials may have potential as a separation
layer, but very limited documented results are available. Additionally, the
inclusion of PVC or a fabric may cause great difficulties during ballast

cleaning operations.

Other Considerations

When granular materials are used as subballast, it is important to have
a gradation which will satisfy filter requirements and frost susceptibility
requirements (when frost line reaches subballast).

The required thickness of a subballast layer may vary but normally ranges

from about 6 to 12 inches (15 to 30 cm) (2.1, 2.21). Minimum thickness require-

ments are normally controlled by construction equipment considerations.

-2]-



ROADBED

Function of Roadbed

Accordlng to Hay (2. 5) the roadbed is “The regular), prepared subgrade
on which are Taid’ the baliast sectlon, tles, and raits." Hay (2.5) states
that the roadbed (ther terms roadbed and subgrade will be used aynonymous
herein) has a three-fold functlon.‘ |

1. The weight of the tracks and ballast as well as the superlmposed

loadings are supported as uniformly as possible. -

2.- Dra;nage.|5;facnlLtated4(use of raised grade)..

3. A smooth; regular aurface is provided on which the ballast-

.section and.track structures can be laid—toithe esfabli§hed.

grade.

Types of Roadbed Fa|lures" o

Roadbed fa:lures or |nadequaC|es |nclude}

nr Pumplng of roadbed 50|I into the bal]ast.
2. Softenlng, rutting, and lateral movement of roadbed sonl
3.  Frost heaving and moisture |nducedwshr|nk-swellef roadbed

J,SO‘,i‘]f;-» \ .. B P

A recent proposed revision to the AREA Manual (2.18), Chapter 1, Part
1 - Roadbed; Section 1.4 - Malntenance, contains the FoIIOW|ng dlscu55|on '

of these aforementloned fal]ures or |nadequacies
: a. §ubgraqe.Pump|ng o

.-Saturated subgradeﬂsoils may be pumped up.into the voids of . ballast
by repetitive traffic loads.. Fine sand, silts and clays are susceptible to

| pumpihg when: water. is present.. In new construction and in major track, up-

gradlng to carry, increasing traffic,. such pumping action is reduce by

_using a layer of compacted subballast material graded to act as: a.f!lter.



In exjsting_track,;bumping occurs most frequently under poorly nain-
tained rafl'joints, Muddy ballast at a rail_jcint should not,"howeVer;'be
assumed as a sign of subgrade pumping. Such fouling. is sometimes caused by
internal abras:on of the ballast pueces under heavy dynamic . loads. On main
lines in partlcular, old gravel and ballast underlying more recently placed
crushed ballast material seems to form:an effective flltercagalnst-upward
pumping of the subgrade. Cause of ballast fouling should be checked by
excavation into the ballast section before remedial action is chosen

Subgrade pumplng can only be eliminated by holding. the unstable soil
‘in place. It is indicated that this. can be accompllshednby a) remOV|ng |
fouled ballast. and reconstructing the'track~using a-subbailast filter Iayer;
b) laying a membrane under ‘the ballast,. or c) -applying: a bituminous spray to'
the top of the roadbed. _

It 1s also stated that the application of more top ballast without re-
~moval of: the fouled ba]]ast‘is not recommended,has-pumping‘wi1l»foui’the(

new ballast.
b. Softenlng and Squeezing of Roadbed

Areas where track sett]es repeatedly under traffuc,_requlrlng perl‘.
odic surfacing, are sometlmes called "'soft SpOtS” . The sett]ement of track}
will be accompanled by soil squeezing up -between the ties or out at the
track shoulders, or bu]ging on the roadbed slopes. - ,

" Soft spots usual]y occur where there are p]astlc subgrade sou]s, water
trapped in. the roadbed, and heavy traffic.” Soft. spots usua][y,deveEOp as’
follows: ' ‘ | '

l)'.lw‘hen track is laid on plastic subgrade soil which. is not

. well compacted or stabtlized,‘traffic loads will cause “a
depression to form under each tie, capable of holding free -
water. ' ' ' ol '

2)'A$ the water cannot evapbrate, it remains in these de-

\ 'presaione, and ‘softens -and weakens the plastic soil ,

d3) Overstressed by . trafflc loads under the tles, the sol] ; ? .
VFSqueezes up, to a positlon of lower stress between tles,f:ff‘,;;‘

or where there is sufficient thlckness of ballast to

prevent this, moves laterally to the track shoulder.

. -23..



4) In either case a ridge of impermeable soil is raised
. around each depression or ballast pocket, which is thus
capable of -holding a large amount of water. *Clay at the
base of the ballast pockets continues to soften and
squeezes out of position, making the condition self~
pérpetuating. S
lf_track can be taken out of service temporarily, and the cost is war-
ranted,,soft.spots and ballast pockets can be cured bys '
1) -Excavation.and replacement of the plastic subgrade
soil with more stable soil. '
' 2)"Stab|]|zat|on of the subgrade soil,
3) _ Introduction of a surface cap of stone screenlngs or.
) S|m|lar1y graded material on the top of subgrade to
reduce the -amount of rainfall reaching the subgrade.
L) Introduction of a waterproof membrane at the surface
4, of subgrade to prevent it from becomlng saturated
If track cannot be taken out of service, soft spots and bal]ast pockets
can be improved by one of the: fo]lownng
1) Drainage of the subgrade lf_water_can be’drained to a-
level lower than the base of the ballast pockets. The
method'oF_drainage‘shou]d be based on a field investi-
~ gation. Drainage pipes usually silt up. Excavation of
" track shoulders and’ replacement with perv1ous materlals
graded to act as a filter may offer relief. '
2)“ StablllZlng the subgrade soil with cement grout.
3) Stab:llZlng the subgrade by the controlled.addltlon.of
lime if conditions and subgrade'soils are suitable.
c. Frost Heaving . , o A
Frost heaV|ng of. roadbed and ballast IS caused by the snmultaneous:
presence of fnne-grauned material, water,. and freezung temperatures. Moist
.50115 display volume change upon freezing, but significant volume increases
occur only when lce lenses occur or develop. Rough track IS caused when
dlfference in volume change of subgrade SOI]S develop over short d|stances
along or across the. track. '

These dlfferences may be more or less than the average heavnng of the-

“track.” More heavnng than average (rlse in track) occurs typlcally at farm



and road crossing; less.heaving than average. (dip in.track) occurs typically’
at road crossings where sa]this-applied,,.A change from aiheaving-condition '
may occur at'bridge~abproaches or at.the:end of rock cuts: A latge propqrtion :
of all types of heaving eccyrs:in;regular.track.Where:no*undsual features
are present but a change. Tn subgradeAsoil occurs.. g

Rough track,. caused by frost heaving, .causes exce55|ve wear on-both.
track and .rolling-stock and: involves: the danger' of accidents, unless slow
orders are .applied or track condjtlons improved.‘ The most common method
_of imprdving the track surface is by the temporary shlmmlng of t|e5'~=However,«
“this is expensnve,.reduces the servnce life: of wood- tles, -and’ requlres an .
experienced labor force: to be kept on hand, - partscularly at.the start of:
free2|ng and thawing seasons when heavnng and . subsidence. occur relatlvely_ et
~suddenly. Concrete ties are normally not shimmed more than a. small amount.
Canadian Natlonal Railways personne] (2.6) have lndlcated the use of sa]t

for'reduc1ngbfrost heave of track structures.

_LOADING ENVIRONMENT
| OF_THE TRACK SYSTEM

The . Ioadlng environment for the track system must be though of ina:
three-dumensmona] ‘'system because loads are |mposed.|n the vertlcal longl-
tudinal and lateral directions. In the vertical direction,. the main sourcehﬁn'

' of loading is the wheel loads of the train. In the longttdﬂinal direction,.

. the loading can be cause by braking or traction of -the train and . thermal

expansnon-contractlon of the rails when contlnuously welded rails are used.
;Thermal forces are believed to be maximum toward the ends of ‘the CWR..‘I
the lateral, d|rect|on, loading can be: cause by motion “of the wheels (on: curves,l
braklng, etc.,) and. also. by thermal expansnon -and contractlon.

The ma-in, empha5|s in the Ballast and Foundation Materlals Research
Program.:is -the vertical loadlng aspect although'some attentlon 1is belng glven‘V
to the lateral restralnt capablllty effected by various types of ba]last and A

ballast sectlon geometry.

AVertlcal Load|ng Environment .

In con5|der|ng the deS|gn of the track support system, a number of aspects
of the vertical Ioadnng are lmportant including: ) _
1. Magnltude of gross vertical loads, axle loads, and wheel ]oads.

2. Dynamlc Ioadlng considerations.
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3. Number and frequency of load applications
a. Magnitude of Gross Vehicle Loads, Axle Loads, and Wheel Load
Gross vehicle loads range upward to 160 tons (145 metric tons) for
some cars to 190 or 210 tons (175 to 195 metric tons) for loeomotives. Table
2.8 summarizes pertinent facts concerning gross load for various cars and
locomotives.

Axle loads obviously depend on the number of axles per car or per loco-
motive, the distribution of load, and the gross load. Typically, cars have
either 4 (most common) or 6 axles, thus the load per wheel would range from
about 30,000 to 40,000 1b (13,600 to 18,100 kg) for typical heavy, loaded
cars. Maximum axle loads for locomotives are 65,000 1b (29,500 kg) or more.

Based on the foregoing, it is obvioius that the upper limit on static
wheel loads is on the order of 25,000 to 40,000 1b (11,300 to 18,100 kg).

b. Dynamic Loading Considerations

Dynamic or. impact loading caused by a train {in motion can cause
magnitudes of loading substantially greater than the aforementioned "static'
values. The dynamic effects have not been well defined but Meacham, et al.
(2.7) indicate that impact loading is twice the static loads. The railroad
industry has generally accepted a 50 percent increase, and Talbot (2.8)
suggested a one percent increase for each 1 mph (1.6km/h) speed increase
over 5 mph (8.0 km/h). For concrete tie design, dynamic loading is normally
assumed to be two and one-half times the static loading.

c. Number and Frequency of Load Applications

Main track traffic volumes range from one million or less gross
tons (0.9 million or less gross metric tons) per year to 50 to 60 million
gross tons (45 to 54 million gross metric tons) annually. |If one assumes
that an average car weighs 80 tons (73 metric tons), 50 tons (45 metric tons)
of pay load and 30 tons (27 metric tons) empty, and one-third.of the annual
tonnage arises from empty car movement, then Figure 2.1 depicts the average
car movements per year as a function of gross track tonnage. For example,
if the gross tonnage is 30 million tons (27 million metric tons), the the
number of car movement per year is about 475,000. |[f it is further assumed
that each car has four ax]es; then the number of load applications is about

1.9 million per year.
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: Table 2.8. .Typ‘Aical" Rolling Stock Data’,(From Ref.ﬂ._2.13) .

. +
c A - A
: S B .
Rolling Stock - Maxinum 'I..oad,, Axle coupléd End Axle to vheel L>ad per Inch|
S [Per wheel [ Percar | CONXTFT| Length . | - Coupling Line} Diameter| — of Wheer
‘4.—Whee1' 'rrucks |
Ore car BS 24,338 1b. | 184,700 1b.| 5t-0" 240-00 | a1 33 738 1b. -
-°°§§§?2,§?PF°‘ '32,8?5 'zéa,ooo s1-100  54;-6 /20| 34-3 1/4v 36 913
WO P Car 32,925' | 263,400 50-10" | "65'-0" 3%-9 1/3% . | . 36% 915
U268 Locomotive | 33,750 ,i 270,000 o1eas | 60%-2n Cgeeas 400 844
v"°g§:“§°ﬁTﬁh*_v 39,375 315,000 8'-0" 67'-2 1/2"| '3'-9 11/16"-| - 38" 1055_
6-3;hee1 Truck_a .
" AAR Car No. ' | 26,250 315,000 4°-6" 551=0 319 30 875
AAR Car No, 2 30,000 | 360,000 |- 5t-0% 60'=0v aree 33 909
MR car No. 3 . .| 32,875 394,500 | s'-6% | e5-0v .ﬁf—@r o sew 913
§D-45 Locomoti$8] 35,0000 - | 420,0000 | 60-9 1727 65+-8 6'=1/2" a0n 771

e (a). Up-—déted as per Car and Locomotive Cyclopedia, 1974
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- Figure 2.1. Average‘Number4of Rai lway Car.Movements Versus

Gross'AnnuaJ'Track Tonnqge._
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- The frequency of load appIICatiOns'imposed on a track is not constant‘
as a train passes.because the distance between the trucks of adjacent cars
does not normally equal the truck spacing for a particular car.

‘*jtln order ‘to~look at "the"frequency of load" appllcatlons at a p0|nt, one
" must know the axle. spacnng, “truck spacing, .and spac1ng between trucks. on
. adJacent cats ;: : h@jst,l - L el o ,". ”
" »j For. a typlcal car conflguratlon FigureIZIEVdeplcts the elapsed.time :
_between load applications as a functlon of speed for adJacent axles on the-
same truck and for the centerlnne of adjacent trucks on the same car. For.
example, the” elapsed tlme between load appllcatlons of adjacent axles on the
same truck is about 0 07 sec. for a Speed of 60 mph but is about 0! h sec. -
| for a speed of 10 mph Table 2. 9 summarlzes ‘the FRA. recommended maxnmum .

» perm|55|ble traln speeds for varlous classes of track

o )Lateral Loadlng

" Lateral loadlng of the track system can occur due to a) lateral wheel
loads on tangent sectlons, b) thermal expansion and contractlon, c) the f'”
“run|n“ and Mrunout' effect .and steady draft ‘and buff forces, and/or d) the -
m‘Jack-kn|f|ng of cars er locomotlves due to severe braklng or. curve negotl-i
“ation. , ' . , ; ' :

- Lateral wheel loading,characterlstics apparently are not wellAdefined;

: »Studies by Meacham, et al (2, 7) indicate that lateral whee1 loads normally’
. do not exceed 40 percent of the.- vertlcal loads’ but. at tlmes may |ncrease to
“60 percent of the’ vertlcal load " For de5|gn purposes, a lateral load of 90
1 percent of the vert|cal is suggested by Meacham, et al (2 7) Tests made A
wnth in- servnce cars have' lndlcated lateral wheel - rall forces ranglng from

: 16, 000 to 21, 000 1b (7 300.to 9, 500 kg) (2 9) up to 3l 000 1b (2. l7)

| - Lateral forces due -to “sunklnklng“ are-not well deflned although Magee
(2. 2) suggests a 300 '1b’ (l36 kg) lateral restraint per ‘tie |n an unloaded f'

) condltlon. ‘

ENVIRONMENTAL CONSIDERATIONS

EnV|ronmental exposure cond|t|ons have a very substantial effect upon
not only the lnstantaneous behaV|or of the railway . support system, but also :
' on its’ long term behavior and performance. The very nature of the component

materlals and the track system geometry make them extremely sen5|t|ve to

: certaln exposure condltlons.
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Table 2.9. FRA Allowable Operating Speeds
(From Ref. 2.15)

Over track that
meets all of the
requirements .for

The maximum allowable operating speed

For Freight Trains

For Passenger Trains

mph km/h mph ~ km/h
Class 1 track. 10 16 iS » 24
Clé§§ 2 track A 25 hd ,- 30‘.' .48f
Class 3 track 4o 6 60 9%
Class 4 track 60 96 Sb_A : 128
. Class 5 track - 80. 128 90 . 145
Class 6 track 110 177 | 110 177
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The environmental factors of apparent significance are temperature and
moistare. Certain aspects of temperature conditions such as freeze-thaw
and frost heave are important not only in terms of design of the support
system but also In terms of material quality and property evaluation.

The moisture regime that exists in the support system is also an im-
portant consideration. Factors such as precipitation, water table positlion,
permeability of ballast and foundation materials, local drainage conditions,
etc., all h;ve,an influence on the moisture regime of the system.

~ For design and analysis considerations, it is desirable to quantify the
- temperature and moisture regimes both as a function of space and time. The
presént state of technology however, does not allow for precise quantifica-

tion. |In some cases however, semi-empirical approaches are available.

TemEerature

The temperafgre regime that will exist in a typical railway support
syétem as a function of time and space is an important consideration.

The Corps of Engineers (2.10) has . used data from 361 U. §. Weather
Bureéu Stations to develop Alr Freezing Indices for the U. S.,bFigure,2.3}
The Air Freezing Indices do not define the temperature regime as a function
of space or depth, however. Other data are available concérning max i mum
depth of frost penetration, daily air temperatures, etc., which are impor-
tant, but cannot be used to accurately define the temperature regime in the
railway support system. {n 1970,Dempsey and Thompson (2.11) developed a
rational computer-based procedure that utilizes fundamental thermal proper-
ties of the materials and pertinent climatic data to predict the temperature
regime as a function of both time and space. Experience with this procedure
has shown that it is quite adequate for predicting the temperature
'regime for both time and space in a pavement system. Even though this pro-
cedure was developed primarily for use with pavement structures, it can be
used for characterizing the temperature regime in the railway support system.

As an illustration of the type of data that might be developed with the
Dempsey and Thompson procedure, Figure 2.4 illustrates the freeze-thaw
cycles occurring at various depths in a typical highway pavement. Also,
Figure 2.5 illustrates the frost line under a typical pavement as a function
of time.
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Mean freezing index values
“expressed in degree days L o : : T
below 32°F. -~ T o S

Figure>2.3} Distribution of MeannFréezing—index,Values ' o
. ’in Continental United States (From Ref. 2.10). .

=33~



50 |

. ho

- Number ‘of Freeze-Thaw Cycles -

—
(=]

Dép th-in Pavement, cms

Pavement Section

2"1- - Asphalt Concrete

g ‘Cement~Aggregate
Mixture L |

A6 Subgrade

‘Loéotion . Springfield, lllinois

Severe Winter — Based on 30 Years
: of Dato

Figure 2.4,

] 6 8 10 - 12
Depth in Pavement, inches » :

Number of Freeze-Thaw Cycles at Various Depths
in.-the Pavement Shown Based on Thirty Years of
Climatic Data at Springfield, I11inois (From
Ref. 2.16). ' : .

_34;



Frost Depth (in.)

16

24

32

Lo

I-—— Nov. ——I-— —+— —-—ln——Feb —+—Murch—+—Aprl| —+— May -|——June—o|

10 20 30 IO 20

,l[lﬁ]llfr]]lllil]l

0 10 20 30 10 20 30

10 20 30 10 20 30 10 20 30 10 20

I’I'I’j'l’l'l’—l'l

Pl ittty WEEN Y

Figure

2.5.

Frost-Line Position in a Pavement
Test Section at 1400 hours (From

Ref. 2.11).

=35~

25

50

75

J100

Frost Depth (cm).



Moisture

Current technology has not advanced to the point that accurate pre-
diction of the moisture regime in a pavement or railway system can be made
as a function of time and space for non-isothermal, unsaturated conditions.
It does not appear that semi-empirical procedures are available for moisture
regime prediction either.

It is a well known fact however, that the moisture regime in a pavement
system ( and thus probably also in a railway support system--especially the

foundation soil layer) varies as a function of time and space.

ECONOMIC CONS i DERAT | ONS

. At present, ballast selection criteria ére largely based on initial
cost, wHich includesaspects such as avéf1abili£y and transportation costs
and neglectsfor the most part, service iife and performance level considera-
tions, except as such considerations are subjettively incorporated as a
result of experience. This situation provides an improper perspective of .
the importance of careful ballast selection, since the exclusion of the
latter two long-term, - in-service cost factors prevents proper assignmént to
""true ballast cost". The influences of ballast on other material and labor
accounts must be considered. Of the cost factors affected by ballast pro-
perties (i.e., rail, ties, other track materials, and track laying and
surfacing) track surfécing is the most significant and it represents:nearly
one-quarter of all Maintenance of Way and Structures expenditures; This
source of expenditure reflects the frequency with which track smoothing, sur-
facing, and reballasting operations must bé performed. Unfortuantely, the
relationship between these costs and the degree of stability of various

‘ballasts has not received quantlitative analysis,

| By inspecting the .present nature of ballast analysis and thickness
design, it is obvious that little progress can be expected if these matters
are left purely to the discretion of individual railroads. Typically, each
railroad purchases ballast from on-line producers, loads its own cars, and
hauls the ballast as far as necessary or practical. Seldom are ballast
type cost factors kept; rather, ballast costs are lumped into system cost
figures. The current system of ballast purchase and use fosters a certain

resistance to change in ballast selection. Additionally, exclusive use of
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the products of on-line producers unnecessarily limits experience to just a

few materials, thereby ellminating the abllity to optimize ballast selection.
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CHAPTER 3
BALLAST MATERIAL PROPERTIES

GENERAL

For efficient and effective utilization of ballast* materials, it is
essential the engineer have a knowledge and an understanding of the pro-
perties and behavior of the materials. Because ballast may be subjected
to large numbers of loadings and exposed to extreme weathering conditions,
many types of procedures and techniques have been developed to evaluate
ballast properties.

Required ballast properties are related to the functions of the ballast
and subballast system (see Chapter 2) and to the loading and expoﬁure condi -
tions.

Two extensive annotated bibliographies on soil-aggregate mixtures and
on ballast have been compiled and are included as additional references

following Chapter 3 list of references. -

EVALUATING BALLAST MATERIAL PROPERTIES

General

Tests for evaluating ballast materials basically fall into two categories:
1. tests for evaluating quality and
2. tests for evaluating load response or behavior
Many of the quality tests have been developed as indirect indicators of
potential in-service behavior. These quality tests quite often evaluate
‘characteristics of the individual particles making up the ballast mass. On
the other hand, the tests used for evaluating ballast material load response
typically are concerned with the load response of the ballast mass as opposed

to the response of individual particles.

*
Throughout this report, subballast is considered under the broader term,
ballast.
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Testing Procedures Used to Determine Quality

a. Freeze-Thaw Tests _

Several versions of freeze-thaw tests have been used to evafuate
aggregate resistance to disintegration by Freeze-thaw. AASHTO T 103 covers
the essentials of the typical testing procedure. In general, either partial
or complete immersion can be used during F-T, and the fluid can be either
water or a water-alcohol solution. Although the AASHTO procedure does not
recommend the number of F-T cycles, some authorities (AASHTO T 103) have -
_recommended the use -of as many as 50 F-T cycles. Resietance is measured by
the change in«gradatioh caused by the F-T-tesfing. Rapid freeze~thaw tests
are open to criticism in that they do not‘simU]ete the actual rates of tem-
perature change to which the ballast is subjected.’ Certafn]y-theraccelerated
tests using water—alcohoi-do not accurately simulate field conditions.

Particles with fractured surfaces may offer more Opportunlty for pene-
tration of water and hence for freeze-thaw degradation. Also elongated,
angular particles offer more surface area than do smooth,'spherical particles.

Peckover (3.1) and West, et al. (3.2) feel the freeze-thaw test ylelds

results useful for predlctlng resistance to field weathering.
b Soundness Tests

Soundness tests such as ASTM C 88 and AASHTO T ]04 use saturated so]u-
tions of sodlum or magnesium sulfate to determine reSIStance of aggregates to
disintegration. The test consists of five cycles of alternately soaking the
aggregate in the satufafed solution and:then drying. Soundness is evaluated
by calculating the loss or change in gradaﬁion as a percentage of the initial
weight. . _

‘The soundness test relates to disruption of the rock by the growth of
'chemlcal crystals rather than by the growth of .ice crystals durlng freeznng
and thawing and has been criticized because it does not simulate actual con-
ditTons. Additionally the soundness test has been criticized because it fs
not reproducible in different ]eboratofies, especially if sodium sulfate Is
: used. 'West, et al. (3.2) concluded the sodium sulfate test did not prove use=-
ful or reliable. Bloem (3.3) found that magnesium sulfate produced more - |
consistent results than did sodium sulfate, possibly because temperature

varlations affect the magnesium sulfate test less. <
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Freeze-thaw tests apparently give results which predict the Weathening
resistance of aggregate better than does the soundness test (3.1, 3.2, 3. h).
However, Raymond, et al (3.5) found ‘good correlation between field perfor-

mance and ‘the soduum su]fate soundness and freeze-thaw (AASHTO T 103) tests.:
.c. Absorption Test (ASTM C 127)

. ThewabSOrption test is used to-deterane'the bulk and apparent speci?
fic gravitiesiof‘the.aggregate along with the amount of water the aggregate1
absorbs. The absorption capacity of the aggregate ‘is believed to be.related‘
"to the weathering potential of the aggregate. However, based on the litera-
ture, there appears’ to be some controversy as to the sugnlflcance of the test
results. PeckOVer (3.1) feels the ‘absorption test offers.little in addltlon
to the soundness test and thlnks a dlrect measure of the porOSIty ‘of the rock
. is more important. ' . ,
Dalton (3.4) found h|gh testing variations '(as much as 60 percent of the
acceptable limit of 0.5 percent) for the absorptlon test. Dalton (3 L) also
concluded the absorptlon limit may allow approval of ballast which may break d
down too rapid]y due to field weatherlng Raymond, et ‘al. (3 5) found good

correlatlon between the freeze thaw, soundness and absorptlon test‘resultsh
d Durablllty Test

The California Highway Department has developed a test (California . -
Test No. 229) to measure durability by agitating aggregate in water and
measuring the:ehange in gradation. 4Becently, this procedure‘has been in-
cluded in AASHTO Standards (3.6) as AASHTO T 210. -

e.. Los Angeles Abrasion Test

' The Los Angeles Abrasion test (ASTM C 131 ahd_c 535 and AASHTO T 96)
consists of rotating a steel drum containing aggregate and steej spheres. -
The change in gradation as measured by the loss in percentage retained on
certain-sieves is expressed as the Los Angeles number. S

"AREA ‘specifications recommend that LA Abrasuon losses be limitéd to a °
‘maximum of 40 percent (3.7). High quality aggregate base course materuals- a
considered acceptable for hughways .and airfields normal]y have .losses less

than 40 to 50 percent.
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Attempts have been made to correlate Los Angeles Abrasion data with
field degradation. West, et al. (3.2) obtained good results by running both
wet and dry tests. Scalzo (3.8) found the values correlated well except for
basalt. According to Goldbeck (3.9) the L. A.. Abrasion test "gives a pretty‘
fair indication of the sérvice value of ballast." o

Dalton (3.4) found that the L. A. Abrasion test used alone was not an
entirely reliable. indicator of ballast quality. Dalton indicated that ballast
with abrasion losses sllght]y in excess of the maximum allowab]e may be satis-

factory if the resistance to free;e thaw is good.
f. Flakiness -Index

A procedure for determlning the content .of “flaky” or elongated
particles has been developed and is covered by British Standard 812 (3.10).
A flaky particle is defined as one whose least dlmenSlon is less than 60
percent of its mean size. '

The Canadian Natioﬁal'Railways specifies ballast “shall be free from an
excess of thin or elongated pieces'' and indicates the amount shall be no
greafer than 30 percent (3,T)..'A great variation (25 péfcent of mean) ‘was
found among ‘tests of in-service ballast (3.1). Rad (3;11) found ''flaky"
particles tended to breakdown more kapidjy in an impact test than did rounded

particles.
g.  Soft Particles; Clay Lumps and Friable Particles

Soft pérffcles, clay lumps and friable particles are undesirable in
. a ballast material. ASTM C 235 has been recommended by AREA for evaluating
soft particles. Basically, the test involves scratching ballast particles
with a sharp brass rod. Particles are ''soft' if a groove is made without the
 deposition of brass.- ~ AREA' recommends that soft particles be, limited to less
than 5 percent (3. 7)
Clay Tumps and friable partlcles are limited to 0. 5 percent by the AREA
specification (3 7). ASTM C 142 describes clay lumps and friable particles
" as partuc]es that can be broken with the fingers after the aggregate has been
soaked in water for 24 + b hours (3. 12) .

h: Shape,;Angularlty,,and Surface Texture

Although it Is possible to measure separately the‘shape, the

angu]ar?ty, and the surface texture of individual particles, the effects of
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theée onnbaiiast stahi]%ty seem to be interrelated, and commonly a single
number representing the shape,‘angu]arity, and surface texture of the aggre-
gate Is used. Huang (3.13, 3.14) developed a Particle Index test in which
single sized aggregate is.rodded in a rhombohedraT mold and the void ratio
is compared with the void ratio of uniform spheres. Recently Huaﬁg'(3'15)
modified the Particle -Index test to use a standard CBR mold; “the test has B
been adopted as a.tentative ASTM standard. ' S ' T
Ishai -and Tons (3. ]6) developed a pouring test for expressung geometrlc‘
irregularity of particles by parameters which are related to volume, $peCIfIc
'gravity, and aggregate porosity The pouring test is conducted by: allowing
aggregate to flow through an orlflce into a container to overflowung, level-
ing the aggregate, and welghlng it. The packing SpeleIC gravuty G is
' Vdetermlned by comparlng the we:ght to the weught of g]ass beads which flll

the contalner. The total geometruc urregular|ty of the partlcles is expressed

by ‘the specific rugoszty (S ) N

Sy 100 (1 525) o o - 6.0
. “ap . :
where
{iGbJjGap packLng and apparent specuftc gravntles CASTM E 12)

The 'specific rugosity of smooth, unlform spheres is zero. Typlcal vajuee'

_ for specnflc ru9051ty for some types of aggregate are

Beach pebbles —  2.45
Natural gravel - 8.49 /
Slag =~ = - 22.78

(One-sized partlcles, 1/2 in.- 5/8 in.) (13 mm-16 mm) (From Ref 3 16)

i Petrographlc‘Ana]y5|s”
Petrographic analysis (ASTM C 295) -is the microscopic examination of "
rock samples and the identification of the constituents and of any other pro-

perties the petrographer thinks significant. :
, "Several . investigators (3.1, 3.2, 3.17, 3. 18) have attempted to corre]ate
the results of petrographic analysis of the particles with field degradation.

Unfortunately, results differ greatly among petrographers.-because of the"

*rﬁ
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subjectivity of the analysis. The CNR common]y uses petrographlc analysis

for ballast characterlzation (3 1.
Je Gradatlon

The particle size distribution is an important characteristic of
ballast materials. Aspects such as maximum particle size, particle size
distribution and proportion passing the number 200 sieve (0.074 mm) are-
determined. Grain size'analysis can be determined by using ASTM C 136 or
AASHTO T 27. The percentage passing the number 200 sieve can be found by
'u51ng ASTM . C 117 or -AASHTO T .37. ’ '

k. Hardness

Severa] testlng schemes have been deveIOped for use in estlmatlng
the hardness of lndlvudual aggregate particles, The British use a test. -
(Brlt|5h Standard 812) in which the aggregate is confined in a mold and sub-
Jected to 3170 psi (21.86 MN/m ) pressure,(3.8). The amount of breakdown or
change.ln gradation is used to calculate the "Crushing Value'. ,

| The Germans report measuring hardness by means of a “toughness test''.
No description could be found of the details of the test. '

Rad (3.11) proposed the use of an impact test which involves. dropping a
~ weight a specified distance onto several particles and measuring the change in
size due to a-given number of drops. Rad (3.11) found rounded particles to be
~ less susceptible to |mpact than were sharp partxcles which were less suscep- .
tible than flat or elongated particles.

Scalzo (3.8) attempted to correlate field degradation of ba]last materials
with the crushing value. In general, he found that good performance of ballast

was achieved If the 'crushing value' was less than 20 percent.

1. Plasticity ‘of Fines

Excessive fines content normally is not permitted for high quality

ballast materials. -Some lower quality ballast and many subballast materials
may ‘have a-substantial .amount of fine materials.

In genera] it is found»that stability of the granular material is ad-
- versely affected by fines with high plasticity. ‘Atterberg limits (ASTM D 423
or AASHTO T 89 and T90) can be used to determine the p]asticity-characferistics
of the faction finer than the number 40 sieve (0.425 mm). “
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It appears typical ballast specifications do notlcontain any limita--
tions concerning -plasticity characterlstics} Subballast materials in‘general
follow limits set by " ASTM D 124] for SO|l-Aggregate Mixtures which’ reqU|re
that the l|qu1d limit be less than 25 and the plastICIty |ndex be less than 6.

m. Electracal Resnstance

The electrical resistance. characterlstlcs of ballast material are
important with respect to the track signal circuit. ThlS FeSIstance IS. 4
influenced by a number of factors |nclud|ng conductIV|ty‘of-the ballast par-
»ticles, '""dirty!" ballast, moisture, etc. Leakage of current from one rall of
a circuit to the other rail is undesirable. Attentlon is given to the problem
. of electrical resnstance of ballast in the A.A.R. manual on Amerlcan Railway -
Slgnallng Principles and Practices (3.55). Under the most adverse condltlons,
the minimum allowable ballast resistance should not be less than 2 ohms per
1000 ft of track for-C|rCU|ts 4000.to 5000 -ft in length (3,55). Details of
a'brocedure for evaantinglballast electrical resistanceAand typlcal;yalues of

resistance for a number of ballast materials can be foUnd in Reference 3,56,

Strength’Tests

A variety of tests eXlStS for determ|n|ng the strength or resnstance to -
deformation of granular materlals.. The tests part|cularly relevant to ballast

materlals evaluatlon are included in thls sectlon.
a. Callfornla Bearlng Ratlo (CBR) ASTM D 1883, AASHTO T 193)

_.The-CBR testlng'method‘determlnes the ''strength" of compacLedklabora-
tory specimens by comparing the load and penetration of the sample-to.that‘of'
a well graded "highly. compacted crushed stone. The standard for high: quallty
crushed stone is a CBR equal_to 100. The laboratory testlng 1s conducted"
according .to ASTM D 1883 or AASHTO T 193. Additionally, in-situ strength“
,oflgranular materials:can be determined with the CBR test. ln:general, graded
aggregate materials have compacted.CBR valdes ranging.from holto.more than'IOO;

CBR values for flne;grained soils are typically less than 10.
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" b. Static Triaxial Test

Triaxial tests may be dsed'to measure-the‘shear_strengfh, the
apparent cohesion (¢) and-angle of internal friction (¢), and deformation
or statlc modulus of materlals. o

Several types and sizes of triaxial cells have been used for testlng
granular materials. Four to six in. (10 to 15 cm) diameter specimens are
typical. There also is a. trlaxnal cell at the Unnversnty of Callfornla,'
Berkeley, capable. of. testing 36 in. (91 cm) d|ameter spec imens (3 19).

. The Texas Triaxial Test uses a specimen 6 in. (15 cm) in diameter
and 8. in.. (20 cm)-high. Gray (3.20) used the Texas.Triaxial method ro

. determine the effects of several var|ables (maX|mum size, gradatlon, etc.,)
on the. strength’ of a variety of aggregates.

Typlcal static trlax1al test results for a granular material’ are

» deplcted in Figure 3 l
'¢. Shear Box e

Klugar, (3 2]) and Pike (3.22) have developed procedures for. deter-
mining certain strength propertles (shear strength, angle of shearlng res:s-
tance) by u5|ng a shear box., Detalls of the equipment and testlng procedure

can be found in-Reference:(3.22).
d. Plate Test (AASHTO'T 22l T 222; ASTM D 1195,'D ll96)

Repetltlve and nonrepetltlve statlc plate load tests can be. used
to evaluate both subgrade and aggregate layer support.' ' ' _
- The test is conducted: using rigid steel plates ranging from 5 to

30 in. (13 to 76. cm)lln diameter and applying load by. hydraulic jacks. 'The

jplate deflectlon at various. loads is measured, and the modulus of subgrade -

-reactlon, k, Is calculated by:.

L K=k
seo k=g
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" where

k = modulus of subgrade reaction, pci
P =‘pressure, psi
A = deflection, in.

In general, the test tesults are affected by the size of the plate
(the 30 in.'(76 cm) diameter plate is most often used), and thus comparing
the k-values obtained .from tests using dlfferent plate sizes is difficult.

A type of plate load test u5|ng a5 in. (13 cm) dlameter plate’ has -
been developed by the Canadian National Railways for testlng ballast in
place. The Vballast bearing |ndex“v|s the value of the Ioad]ng plate
pressure at 0.30 in. (7.6 mm) wertical p]ate dlsplacement. Tybical values
of BBl range from 100.to 1000 psn (690 to ‘6900 kN/m ) (3 23). | |

lf a p]ate 1oad. test is conducted on the subgrade, an E-va]ue can be
ca]culated u5|ng BouSS|nesq theory. If a plate load test then is conducted
on_the‘overlying aggregate.(ot.bellast) layer, Burmister theory can be used
to determine an E-value for the granular TaYer'by the use of the following '
. equation: ( B ' : |
A=1.182F

R T2

_;where
b A = plate deflection? in.
p = plate pressure, psi
‘a - plate rad%ns, ing
E =,modulus'of.elaSticity of-spbgrade, psi

F., = deflection factor which is a function of granular.

layer thickness and E value.
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- d. 'Burggraff Shear Device

The Burggraff shear procedure (3.25) is a'ffeld test that can be
used to determine“in-place'stabllity but seldom is used today. In thls pro-
cedure, a horizontal force is applied by a plate to an eXposed‘vertical
face until the material fails in shear. The method provides a convenient
means of testing ballast type materials under in—service conditions. |t
is possible to adapt the device to laboratory use; but onlykfleld evalua=-
~tions have been reported. ' o

Huang and Lohmeler (3.25) found a deflnlte correlatlon between-

Burggraff shear values and shear strength determlned by trlaX|al testlng.

Repeated Load Tests

‘Because. granular materials are subjected to transient loading under -

typncal in-service cond|t|ons |t is desnrable to evaluate the materlals

. under 5|m|lar condltlons in the laboratory. Addltlonally, the repeated

load response of granular materials is dependent on the stress state.
a.. - Repeated, Dynamic Load Tests..

Several'investlgators (3.26; 3.é7,.3.28; 3.29, 3.36, 3.3l; 3.32)
have used - the conventlpnal triaxial cell to-measure the repeated load beha-
vior of granular materials. Most often the conflning pressure has. been
held constant and a repeated aXIal ‘deviator stress has been applled, although
Allen (3. 3l) and Brown and Hyde (3 30) compared constant and pulsatlng

conflnlng pressure effects.

gl,l Resilient Behavnor _ , ‘
’_3I0ne extremely . successful method. of determlnlng re5|l|ent behavior
is through the use of triaxial. testing equipments - A conventlonal
irtrlax1al cell |nstrumented and. vertlcal deflectlon measured at

?varlous magnltudes of confining pressure (typical_range 03&. 3,25"_u
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psi, 20-170 kN/mz) and various magnitudes of repeated axial
stress (typical range o, = 5-100 psi, 35-690 kN/mz).
resilient modulus* for granular materials has been shown to
jncrgase as the ;yc]ed deviator stress increases and as the
Wcohfining pfessure Is increased. A general expression for

the resilient modulus fis:

s SR _ '
ER = Ko© | o B - (B.h)

where
;ER = resilient modulus, psi
K = a constant
6 = the first stress invariant (6 = g, + 20 ) ‘psi
W = a constant which defines the 510pe of the line

on a log- ]og plot

Typical results are shown in Figure 3.2. _
Resilient modulus may be related directly to the confining pres-
sure by an expression similar to Equation 3.4: ‘

-

g = Koy | - (3.5)

. Allen (3. 3]) and BrOWn and Hyde (3.30) tested gfanulér materié]s
.‘usnng the above procedure by cycling the conflnlng pressure as well
as the deviator stress. It has been concluded the use of the con-
stant confining pressure triaxial test is justified for characteri-
‘zation of the.resi]ient response  of granular materials (3.31).
"- The Hveem resiliometer has been used also to evaluate the resilient
‘ responseof granulaf materials (3.33).
‘Raymond, et al. (3.5) and Wong (3.34) used one dimensional repeated
load'testing (oedometer) to determine the strain characteristics of

ballast materials due to simulated field loading.

* : : A
Resilient modulus is defined as the repeated deviator stress divided by the.
recoverable strain. :
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Tice (3.35) attempted to use a repeated load CBR test to determlne
the resilient behavior of a sandy silt but concluded the repeated
CBR test was not a satisfactory test for measuring resilient

modulus because the results were erratic.
2. Permanent Deformation

In addition to the determination of resilient properties of
ballast materials subjected to repeated load, the permanent (also
referred to as plastic. or lrrecoverable) deformation accumulated
by the repeated applacation of a devuator stress lS an |mportant
consuderatlon. Barksdale (3.26) has shown the plastlc strain to
depend upon the number of load appllcatnon, conflnung pressure,
the aggregate type and gradatlon, the density, and the degree of
saturatlon. Typical results are shown in Figure 3. 3 Although
the p]astlc deformatlon attributable to one cycle of loadlng is
':sma]], the accumulated deformation after a number of cycles may
be appreciable. The rate of accumulatlon of cyclic plastic de-'
formation has been ShOWn to approach a llmitlng value. fairly.,
.rapldly.; _ ' ’
. Two other important |nvestigatlons measurlng permanent deforma-
htuon were done by Haynes and Yoder (3.36) and Ho]ubec (3.37);
some typical results are included in Figure 3.4, "
Snyder (3.38) used a form of triaxial test uti]szung springs_ for
' confinement to study the permanent deformation behavior of
granular materia]s. o

b. Complex Modulus

Another possible method for charactérization of granular materials.is"'
through the use of complex modu]us* as in the tests conducted by Coffman,
et al. (3.39).

Fieid Tests
Numerous field tests haye been reported in which ballast was evafuated

under in-service conditions. But there are probably a large humber of such -

Complex modulus is defined as the peak amplitude of s:nusoudally applled
stress .divided by the peak amplitude of resulting strain (3. 33)
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field tests for which technlcal information either ls not avallahle or
difficult to obtain. Tt "

Field testing can produce’ extremely valuable |nformat|on as to ballast
behavior if proper control is exercised and If behavior |s properly measured
Numerous difficulties arise with reSpect to field tests and include

1. difficulty in control of important parameters such as
ballast and subgrade "strength'' and ballast thickness,
2. the lnablllty'to isolate, the effects of pertinent varjables,
 for example, dnfflculty in lsolatlng the effect of subgrade
o support and ballast “strength” prOpertles,
‘ :3t the requirement that a long period of time is necessary in
" order to examine such aspects as ''weathering', degradation, -
and long term loadlng effects, and : | ‘ _
4 h|gh cost lnvolved when examining a large number of varlables .
: Regardless of ‘the dlfflcultles, field studies can provide valuable infor-
mation that is extremely difficult or impossible to obtain under lahoratory
conditions. L ] o _ |
As an example of the types of field tests that have been or are being |

conducted, the followlng summaries are presented:
a. Canadian National Railways

Field .tests were conducted by the Canadian-National Rallways~on-ten
In-service -sections (3.4). The object:of the test program was to comparefthe”:
field durability of ten types of ballast with the CNR specifications ‘and thusl

to determine the adequacy of the specifications, One 5|de of each. ballast .
sectlon was underlain by a membrane which served to retain the fines generated”
_due to loadlng and Weatherlng; Fundlngs to date lndlcate that CNR Spec1f|ca-A
tions appear to be adequate for prednctlon of in-service durablllty character—‘
istics of certain ballast materials. However, based on the results, petro-’
graphlc analysis was recommended as an additional test for some types of *

aggregate and for aggregate marglnally.passing,theistandard tests..

b. Kansas Test Track
One of the largest ‘and most extensively monitored fleld tests currently :

@nderway |s the Kansas Test Track near El Dorado, Kansas. The varlables betng
levaluated ‘do . not relate directly to “the ballast or roadbed (3 40) o
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c. ORE (Commlttee D 71)

A fu]l sca]e test has been reported by ORE (3 4]) The test incor-
porated dlfferent types of ballast In a support system and measured the
vertlcal deflectuons of the ratl due to traffic loading. The results corre-
lated well with the resu]ts of the ]aboratory triaxial tests conducted on

the same materlals

d. ORE (Committee D.117)

Another full scale field test recently has been reported by ORE (3.42).
The report includes stud:es of the influence of ballast thickness and ballast
compaction (denssty) on the settlement of in-service sections. _In all cases’
the settlement‘for the three sections with 30 cm (12 in.) of ballast was
greater thaﬁ"for the'c0mparab1e'sections‘with only 20 cm (8 in. ) of ballast.
The’ report also showed the consolldated track settled less than the non-
consolidated track (3 42) ' :

FACTORS AFFECTING TEST RESULTS

General

‘ /_‘,_,/" X . B - . L .
‘Variations in test results can be caused by numerous factors including

inherent differences in materialiproperties and apparent differences due to
testing error. - As a result, it is desirable to discuss some of the factors =~

that.affect differences invmaterial‘properties.' :

’ Factors Affectung Qualvty Test Results

A number of. factors may affect or cause varlatlons in the results ob-,
talned from the quallty tests that were discussed in a preV|ous section of -
thlS chapter.ﬂ

a. Freeze-Thaw Tests

Some of’the'factors:inTluencing the results of the freeze-thaw tests

are:

1) rate of freezing and thawfgg - Most of the present tests

are conducted too rapidly to simulate the actual field
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freezling and thawung conditlons. Closer simuiation of:'
field condltlons is desirable but is often impractical.
The raprd freeze- thaw tests generally use a much

greater temperature gradient’for>freeze-thaw cycles.

than would be representative of the field conditions.
.Especiaily open to criticism are tests which use low
temoeratures, e.g., 0°F forffreezlng, and high tehpera- .
tures,-e.g., 72°F for thawing. Most freeze-thaw cycles .
occur at temperatures varying only a few degrees from
the freeznng point

‘ 2) number of cycles - The number of. freeze thaw cycles to

which the aggregate is subjected should approxlmate the
in-service value. Presently no standard exists for the

‘ humber- of cycles; 1t generally ranges from 16 to 50 o
cycles. ’

. 3) -presence of fractured surfaces and sharp corners -

Particles with fractured surfaces and sharp corners are -
more subject to water entry and hence freeze-thaw actlon~
than are wel] rounded gravels. Elongated flat. partlcles :4
shaVe more surface area per volume and present more lm-'

perfections for water entry than 5pher|ca] partic]es.'

4)‘mineralogx - The mineralogy of the aggregate may have a
o slgnlficant effect on. the freeze- thaw characteristics of
the aggregate because the mlneralogy determines the snze

and contlnulty of vonds and the inherent strength of the

' partic]es. :

5 adherence to procedures - The repeatability of the' freeze-

thaw tests is not high and close adherence to standard
test procedures is essential if testing error is to be
minimized. ' e -

bI'SoundneSS Test

" Several factors, |ncluding the foIIOWIng, have been found to- lnfluence

the results .of soundness’ tests:
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1) the ‘type of solution (magnesium.sulfate versus sodium sulfate) -

The standard procedure permits the use of either type of solution,
but Bloem (3.3) found magnesium sulfate conslstently was more
severe than sodium sulfate, especially in generatung losses in

the smaller size fractions.

The magnes ium sulfate solution is believed to be less susceptible
to temperature ‘variations than sodlum sulfate and hence the control
of the test solution and the consustency of the results is improved
by the use of magnes fum sulfate (3.3).

Peckover (3.1) recommends only magne51um sulfate be used. However,
Raymond, et al' (3.5) found the sodium sulfate soundness results

correlated better with field performance.

2) the number of cycles - As would be expected the soundness loss is

pr0port|onal to the number of cycles used.  Many agencies, includ-

ing AREA, recommend the use of 5 cycles (3 7).

3) the void characteristics of the particles - Large voldSVand'con~
tinulty of volds allow for greater buildup of the sulfate crystals

and therefore may lead to increased loSslin'the.soundneSS'test.

L) mlneralogy of the’ aggregate - The mineralogy of the aggregate may

have a slgnlflcant effect on aggregate partlcle strength charac-

teristics and thus on resrstance“ to soundness Toss.

5) presence of fractufed surfaces and sharp corners - An increase -in

" the .number of fractured surfaces and associated mléroscobic cracks
and sharp corners increases the’ exposure surface 6f'particles.
'Theqsusceptlbillty of the particles to penetration and Buildup of
crystals increases correspondingly, and thus the soundness loss "

would more than.likely Increase.
c. Absorption

The volds andhthe contlnuity of the voids affect the results of the
absorption tests. Slags and other coarse textured materials generally show
higher absorption values than do materials. such asbasalt. |

‘Peckover. (3.1) feels the absorption test offers llttle ln additlon to the

lnformatlon obtained from freeze-thaw and soundness tests for the prediction
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of field degradation. He indicates a direct measure of porosity might be

more useful.

d. Los Angeles Abrasion

The following are among the factors found to influence the results

of the L.A.

1)

2)

3)

b)

Abrasion test:

number of revolutions - The percent loss increases as the

number of revolutions increases.

moisture condition during testing - The test may be conducted

with either wet or dry aggregate. The standard procedure
specifies dry aggregate but West, et al. (3.2) conducted tests
on both conditions in the belief the wet test simulated more
closely the field conditions. West, et al. (3.2) concluded
the wet .tests were more severe for basalt and dolomite but had

little effect on the granite gneiss results.

uniformity of aggregate - The uniformity of the aggregate is

supposedly measured by the ratio of the loss after 100 revo-
lutions to the loss after 500 revolutions. A high ratio

indicates the presence of soft material in the aggregate.

aggregate shape - Woolf (3.43) found flat and elongated parti-

cles cause an increase in loss, indicating particle shape also

affects the test results.

5)mineralogy - The mineralogy of the particles also influences

the results of the L.A. test. West, et al. (3.2) found that
igneous rocks with high L. A. abrasion loss produced more fines
than carbonate rocks with a similar abrasion loss.. Sandstones
in general also generated more fines than did the carbonates.
Basalt was found to be unique in that as the Los Angeles

number increased, the resistance to degradation increased,
West, et al. (3.2) concluded the test was not suitable for

predicting the field degradation of basalt.
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e. Petrography

Therresﬁlts’ofgpetrographfc'analysis are greatly affected by the
~experience level of the petrographer and by the lack of quantitative analy-"-
sis criteria. Because the nature of petrography is subjective, the results
may have extreme variations. . | '

f. Density

The: densuty -of - ba]last is affected by the Spec1f|c gravlty of - the

mineral, the apparent specific gravity -of the part|c1es, the gradatlon of"
the ba]]ast, and re]ative compaction. Lo , o e

 Powers (3 44) |nvest|gated the void ratlo in d:fferent comblnations of
-aggregate and found if size groups are simllar, the size range governs the
vold content.‘ Powers (3. 4h) also found that small void ratios are ‘possible
if large snngle s;ze and small single size fractions .are combined.as well as
if awell graded materla] is considered.. i

: The specific gravities of ballast rock types depend on- their geo]oglc
origins. Typlcal va]ues for bu]k Speclflc gravities of some types of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>