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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 to recognition 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 construction 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 

k) 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. W i 11iam S. A u t r e y , 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. O'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

INTRODUCTION 

• THE PROBLEM

Track stability is essential for economical maintenance and 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, .which arises 

from differential cross levels at separate locations within the span of a set 

of car trucks on opposite rails. The track structure also experiences vibra­

tion from several sources - compress ion and release as wheel loads pass,.,, 

"bounce", imparted by spring action in the car trucks, effects of r a i 1 joint 

location vs car truck center spacing, i m p a c t f r o m  irregular ities ..in 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 deformation may also 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 problems 

arise from vertical loadings, but the effect of ballast characteristics., es­

pecially the geometric properties, on lateral, and longitudinal s t a b i l i t y a r e  

of.much significance. Lateral and longitudinal forces are deliv red from 

modern heavy wheel loads. Even more significant is the need for restraint;of 

continuous welded rail where the type of ballast.and design of ba 1 1 as tv. sect ion 

can be critical items. Extremely high thermal expansion and contraction, forces 

can be found in the rails. The interactions between ballast particles, between 

ballast and subgrade, and between ba l 1 ast and.ties require full investigation.

To facilitate the engineering design of the track support system, it is 

essential to have available the technology necessary to:

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

support system to load;

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

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

-1-



3. Evaluate the significant engineering properties and/or characteristics 

of the track support system components;

h. Develop "transfer functions" and material utilization criteria by 

which it is possible to predict performance (long-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 

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

performance will be less complex.

Although the problem 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 pavement subjected to transient loading. Less success has been experienced 

in predicting pavement performance. Performance prediction is much more compli­

cated because of the problems associated with the adequate consideration of

a) environmental effects, b) material property changes with time, c) loading 

spectrum, etc.

Regardless of the problems associated with predicting performance, the 

first step toward developing improved capabilities for considering track system 

performance is the simultaneous development of materials testing and evaluation 

procedures and a mechanistic structural model. The structural model must 

correctly represent the stress-strain 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 good performance model without first devel­

oping a satisfactory structural response model and acceptable materials testing 

and evaluation procedures.

PROJECT RESEARCH OBJECTIVES

The specific objectives of this research program are the following specific 

tasks:

Task 1. Identify failure and other useful performance criteria for 

ballast and foundation materials.
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Task 2: 

Task 3:

Task 

Task 5:

Task 6: 

Task 7:

Task 8:

Identify relationships between loading environment and ballast 

and foundation material behavior.

Identify environmental factors that influence ballast and 

foundation material behavior and the relative extent and 

importance of these.

Identify material parameters that are meaningful for evaluating 

performance and test procedures for determining these properties. 

For the total track structure performance, identify relationships 

between ballast and foundation material behavior, and environ­

mental factors for combinations of materials, loadings, environ­

ment and track configuration.

Perform rank ordering of. the; bal last, subbal last, ,and subgrade 

materials according to their performance in service.

Identify procedures where ballast and foundation materials 

properties may: be modified to improve material performance. 

Identify the costs associated with the use of each type of 

ballast material.

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 the pertinent properties of granular 

materials, ballast materials, fine-grained soils, and structural models will be 

reviewed. Based on the reviews and other available information sources, current 

technical data bases will be developed.

Phase II Development of a Structural Model and Materials Evaluation 

Procedures

A "mechanistic structural analysis model" will be developed and testing 

procedures will be established for evaluating the properties of the ballast and 

foundation materials needed as inputs to the structural model.
Phase III Parameter Studies and Sensitivity Analyses

The structural model developed in Phase II will.be utilized to establish 

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

-3-



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



structure. Some significant parameters to be considered will include:

1.. Subgrade soil, resilience properties- . . V

2. Ballast and subballast material resilience properties

3. Ballast, and subballast thicknesses .

k. Ballast-tie parameters - -

5. Rail-tie parameters

6. Environmental factors such as temperature and moisture 

Phase IV Materials Evaluation Study .

Based on Phase I, II, and III findings, it will, be possible, to identify 

those material (subgrade soil, ballast, subballast) properties that signifi­

cantly influence track structure behavior,, and performance, A series of 

laboratory tests will be conducted with selected foundation soils and ballast 

and subballast materials to determine their pertinent engineering properties 

as previously identified. The ballast, subballast, and foundation, materials 

selected for use in the laboratory study will represent.a range in both 

engineering properties and types and sources of materials, , ,

Phase. V Economic Evaluation

Costs associated with the use of each type of ballast material will be 

identified and the cost effectiveness of the various ballast materials ranked 

both as to transportation costs, and stability. In so doing, the concept o f >

overall economic costs, C , will be introduced.■ . e ’ *

where: Cg = f (x^, X y  X y  x^, etc.) (1.1)

and = purchase price

etc

transportation cost

track maintenance cost (frequency of surfacing and 

smoothing cycle)

tie iife with-various'ballast types - cost effects 

other cost factors related to ballast
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Phase VI Preparation of Conclusions, Summary, and Recommendations

Data and information obtained from the technical literature and that . 

developed in t h e 'project w i 11 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 develop and summarize the status of 

current technology relative to the following:

1. Procedures and techniques for evaluating ballast and subgrade material 

properties (shear strength, resi1 ience, susceptibility to plastic 

deformation, capacity for lateral and longitudinal restraint, etc.)

2. Factors which significantly influence material properties (water 

content,, density, durability, loading conditions, gradations, etc.)

3. Relations between material properties and track system response and 

performance leading to an identification of the cause and development, 

of failures and other useful performance criteria, performance indices, 

or material parameters required to elude failure will, where possible 

at this stage of effort, be identified.

b. Review and application of "structural models" such as those of

Meacham, Lundgren, and others relative to predicting the behavior of 

the track support system (subgrade-ballast-tie-rail system).

5. Identify "transfer functions" which relate track system response, 

stress or strain levels in materials and subgrades, etc., to 

performance.

REPORT.ORGANIZATION

General history, background, and other pertinent considerations are pre­

sented in Chapter 2. Chapters 3 and b are devoted to extensive discussion of 

ballast and roadbed materials. Existing methods for analysis and design of the 

railway support system are reviewed in Chapter 5. Chapter 6 covers the effect 

of the ballast and roadbed material strength properties on track support system 

response. In Chapter 7, various aspects and considerations relative to predict1 

ing the performance of railway support systems are discussed. Chapter 8
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contains a summary and conclusions relative to the current technology for 

analyzing and designing railway support systems.
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CHAPTER 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 Bunker Hill Monument in 1$26. The 

track consisted of timber stringers laid on stone sleepers set in the sub­

grade. Later, about 1830, railroads replaced the timber stringers with a 

flat-bottomed Tee-Rail attached to timber sleepers or ties. The cross ties, 

obtained from timber cut along the right of way, were embedded in broken stone 

or gravel, also obtained along the location site. Various materials were used 

over the ensuing years— sand, gravel, cinders, sea shells, lumps of burnt clay, 

and sometimes plain soil. Track for the heaviest traffic however used crushed 

rock, prepared gravels, and where available, crushed slag. Which of these 

many types of ballast are the most stable and economical has been determined 

largely by experience of individual rai1roads--and that .experience has varied.

There has been little effort to incorporate 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 functions, but anchoring the track, providing 

vertical, lateral, and longitudinal restraint is & primary and essential ■! 

function-; The need for high quality ballast has become even more critical 

recently because of the increasing demands placed on the raiIway support struc­

ture by rising volumes of traffic, heavier wheel loads, higher speeds, higher 

centers of gravity, longer truck centers, and three axle trucks.

PERTINENT COMPONENTS OF 
THE RAILWAY SUPPORT SYSTEM

The conventional railway support system is made up of certain components 

including rai Is, ties, tie plates, spikes, Joints, ballast, and roadbed.

Rai Is

Rails range in weight from 90 to 155 Ib/yd (45 to 78 kg / m ) , although 

lighter sections are used on some low-density branch lines. The usual rail 

weights are 115 or 119 lb/yd (57 or 6 0 kg/m) for lines of light and medium
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traffic density and 132 or 136 lb/yd (66 or 68 kg/m) for lines of high

traffic density. Weights of 140 lb/yd (70 kg/m) and heavier are found

where traffic volumes are very heavy. Rail steel has a modulus of elasti- 6 6 2
city of 30 x 10 psi (207 x 10 kN/m ). Chemical specifications can be 

found in Chapter 4,RailjOf the American Railroad Engineering A s s o c i a t i o n ^

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/m2 ). Other perti­

nent properties of rails are given in Table 2.1.

Recently, AREA (2.2) has recommended the type of rails used be limited 

to the following:

140 RE (RE = AREA design designation)
136 RE 

132 RE 

119 RE 

; 115 RE

106 CF&I (CF & I = Colorado Fuel and Iron design designation) 

100 RE 1 7

90 RA-A (RA-A = Amer. Railway Assoc, type A designation)

Wood Ties

Wood ties are in almost universal use on United States rai1 roads. Those 

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 

respectively. Lengths are 8 ft. (2.44 ra), 8-1/2 ft (2.59 m ) , or 9 ft

(2.74m). The 3 ft (2.75 m) tie has been recommended by AREA for all new 

construction and rehabilitation. The 8-1/2 ft (2.59 m) tie is most commonly 

used for high-density lines. Wood ties 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 ties per 39 ft (11.90 m) rail length respectively) are 

most frequently found in main tracks. Wood ties weigh 150 to 200 lb 

(68 to 90 kg) .

Concrete Ties

Concrete ties first appeared in the United States with a 200-tie in­

stallation by the Reading Company. Various types of reinfotced, monolithic

-10-



Table 2.1. Pertinent Rail Properties
(From Ref. 2.1*0

Rail Size

Weight; 
jb/yd (kg/m)

Area, A 

in.2 (cm2)

Moment of Inertia 
1

. 4 *, 4, in. (cm )
1 /A

. * 2  in.

BR 98 98.1 (48.7) 9.61 (6 2 .0 0 ) 40.7 (1695) 4.24

S 49 99.6 (49.4) 9.76 (62,97) 43.7 (1819) 4,48

100 RE 101.5 (50,4) 9,95 (64.19) 49.0 (2039) 4,92

SNCF 50 102.2 C50 7); 10.00 (64.50) 48,5 (2019) 4,85 .

J'NR 50T 107-5 (53,3) 10.52 (67.90) : 54.8 (2280). 5,21

- S54(IEV)/BR109 109-7 (54.4) 10,75 (69.34) 56,4 (2346) 5,25

115 RE 114.7 (56.9) 11.25 (72.58.) 65.6 (2730) 5.83

119 RE 118.8 (58.9) 11.65 (75.16) 71.4 (2972) 6.13

S 60 (IEV) 121.8 (60.4) 11.91 (76.86) 73.4 (3055) 6.16

JNR 60 122.6 (6 0 .8 ) 12.01 (77-50) 74.2 (3090) 6.18

S 64 130.8 (64.9) 12.82 (82.70) 78.1 (3252) 6.09

132 RE 132.1 (65.5) 12.95 (83-55) 88.2 . (3671) 6.81

136 RE 136.2 (67.6) 13.35 (86.13) 94.9 (3950) 7.11
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ties were tested through.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 experienced 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 3 0 inch ( 7 6 cm) spacing.

Modifications in design to overcome distress noted in field tests led 

to the AAR Type 3 tie, commercially designated as the MR 3. This tie has 

deepened tie 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 pullouts, torsional cracking in the mid-port ion, 

broken clips and bolts, spalling of rail seat shoulders, and flexural cracking 

beneath the rails. Flexural cracking, originating in the bottom surface 

beneath the rail seat, propagated upward to the top layer 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 Cement Institute 

Committee 5^5 joining with the AREA Special Committee on Concrete Ties, 

corrective action for these weaknesses and improved specifications were 

developed, presented 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. (The use of rusted wire was 

suggested as an interim solution.) Flexural moment (for 30 inch ( 7 6 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.

Tie Plates

For wood ties, rails are set on tie plates to reduce crushing and abrasion 

of ties. Plates are generally l ~ V k  in. (19.7 cm) to 8 in. (20.3 cm) wide 

and from 12, in. (3 0 . 5  cm) to 14 in. (35.6 cm) long; a few high-degree curves 

(6-degree and over) are laid with 18 in. (45.7 cm) long plates.

Spikes

Plain cut spikes 9/16 in. by 5“ 1/2. in. (1.4 cm by 14.0 c m ) , 5/8 in. by 

6 in. (1.6 cm by 15.2 cm), and 5/8 in. by 6-1/2 in. (1.6 cm by 16.5 cm) are 

used both for railholding and for plate-holding holes in the tie plates.

The last two are used with the heavier rail sections and/or special applica­

tions such as on curves.

Joints

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 

3 6 in. (91 cm) in length but many with 4-hole bars 24 in. (61. cm) in, length), 

or by welding into lengths of 1440 ft (439 m) which may, in turn, be field-, 

welded into rails many thousands of feet or even miles in length. The thermal 

expansion and contraction forces of such long rails are restrained by ra i1. 

anchors, having a friction grip on the rail base, that transmit the thermal 

forces to the ties. ""r" ■

In lieu of CWR and to reduce end batter, some roads have laid rails with 

tight joints, i.e., no allowance for expansion or contraction. To insure a 

high degree of permanence, the joint bars may be glued with an epoxy glue to 

the rails in addition to the use of high strength bolts. Rail arichorage 
similar to that required for CWR should be used with these installations.' 

Further discussion of bonded or glued joints 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 Quantities of BA1last Materials Used

The types or kinds and quantities of ballast materials used by various 

railroads depend on a number of factors including:

1. type and amount of traffic

2. tonnage

3. types of ballast available

A. subgrade and climatic conditions

5. certain complex economic factors

Table 2.2 and 2.3 summarize the results,of a questipnnaire sent out by 

AREA Committee 1 (2.12) to various railroads to,determine the types and 

gradations of ballast used.

Table 2.A summarizes the quantities of various types of ballast used in 

the years 1971 and 197? as reported by the Bureau of Mines (2.3). In a recent 

issue of MODERN RAILROADS (January, 1975) the results of a questionnaire 

indicated a total of 18,300,000 tons (16,600,000 metric tons) of ballast is 

to be placed in 1975. A number of railroads did not respond, thus the total 

probably will be substantially greater.

fables 2.5, 2.6 and 2.7 summarize the recommended AREA gradations for 

various types of ballast materials.

Functions of Ballast

Peckover (2.A) states that "Good ballast material provides elastic support 

and anchorage for track with a minimum of maintenance." Functions of ballast 

as defined by Hay (2.5) and Peckover (2.6) are paraphrased below:

: 1. Transmit the imposed loadings uniformly to the roadbed at a pressure 

tolerable for the particular material in the roadbed.

2. Provide uniform support for the ties with the necessary degree of 

elasticity and resilience to absorb vibrations and shock.
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Table 2.2. Types of Ballast Used
(From Ref. 2.12)

Type
No. of 

RR Using Percent

Limestone 35 38.0

Slag 23 25.0

Granite i
. 15 16.3

Trap Rock 8 8-7

Quartzite . 5 5.4

Dolomi te . 3 3.3

Basalt 1 1.1

Rhyoli te 1 1.1

Burned Shale 1 1.1

92* 100.0

Gravel

Pit Run 1° 34. 4

Crushed 7 24.4

Washed 3 10.2

Washed and 9 31 .0
Crushed

29*

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

Type
AREA

Spec. No, S ize  ( i n . )
No. o f 
RR Using Percent

Stone 2A 2 1/2 - 3/A 9 9.8

3 2 - 1 16 17.A

A 1 1/2 - 3/k AO A3-5

5 1 - 3/8 IQ 10.9

2 - 3/8 2 • 2.1

1 3/k - 3/k 2 2.1

1 3/k - 5/8 A A. A

1 1 / 2 - 1 1 1.1

1 1/2 - 1/2 A A-3

1 1/2 - l /k 1 1.1

1 l / k - 1/2 2 2.2

1 3/8 - 3/8 1 i . l

' 92* 100.0

Gravel G—1 8 27.6

G-2 A 13.8

G-3 7 2A. 1 .

P it  Run 10 3A.5
29* 100.0

*  Actual to ta l is less ; some ra ilro a d s  use more than one typ e .
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Table 2.4. Materials Used for Railroad Ballast
(From Ref.2.3).

M ateria l ........... ,, . - Amount, Short tons
1971 1972

Limestone and Dolomite- 6,153,000 7,250,000 '

Granite 5.3,88.000 6,162,000

Slag (a i r  cooled b last furnace) 3,174,000 •3 .686,000

Gravel 2,347,000 2,229,000

Other,Stone 1,538,000 N.A.

Trap Rock 989,000 - 2,332,000

Steel Slag 855,000 1,327,000

Sandstone and Q uartzite 610,000 1,014,000

N.A. *> Data Not A vailab le.

Table 2.5. AREA Gradation for Crushed Stone and 
Crushed Slab (From Ref. 2.1).

Size No.

Nominal
Size

' Atnounts Finer Than Each.Sieve (Square Opening) • 
Percent By Weight ...................

Square
Opening, .3 " 2 1/2"• 2" 1 1/2" 1" 3 /4" 1/2" 3 /8"

No.
4

No.
8

24 2 l/2 " -3 /4 " 100 9 O-IOO 25-60 0-10 0-5

3 '2,,-:p i 100  ; 95-100 35-70 ,0 -1 5 0-5

4 1 l /2 " -3 /4 " 100 90-100 20-55 0-15 0-5

5 i" -3 /8 " 100 90-100 40-75 1.5-35 0-15 0 - 5

57 l"-No. 4 -■ . .... 100 95-100 25-60 0-10 0-5
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Table 2,6. AREA Gradations for Gravel 
(From R e f . 2 , 1 )

Size No.

Percent-
Crushed
Particles

Amounts Finer Than Each Sieve (Square Opening) 
Percent By Weight

-1 1/2" 1" ,1/2" No.
4

No.
8

No.
16

No.
50

No.
100

G-l 0-20 100 80-100 50-85 120-40 15-35 5-25 ,0-10 0-2

G-2 21-40 100 65-100 35,-75 .10-35 0-10 0-5

G-3 41-75 100 60-95 25-50 , 0-15 0-5

Table 2.7. Specifications For Pit-Run
Gravel Ballast (From Ref.j2.15)

Sieve Size 
(Square Openings)

Amounts Finer Than Each Sieve 
Percent By Weight

Grade A Grade B

2 1/2 in. 97-100 , 97-100

No. 4 . 20-55 20-65

No. 200 ... 0-2 0-3
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3. Anchor the track in place and resist vertical, lateral 

and longitudinal movement.

Provide immediate or free drainage and prevent the growth 

of vegetation'.

5. Resist degradation due, to physical forces exerted by 

traffic and maintenance equipment and, environmental 

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

6. Facilitate maintenance operations such.as correction of 

surface and line and ballast cleaning operations.

7. Resist fouling apd "cementing".,

8. -Minimize climatic influences (frost heave, swelling, etc.,)

in the -roadbed, , ' : ■

Ballast FailurO

In general ballast is considered to have "failed" or to be inadequate 

i f the foregojng ballast functions are not provided. It should be empha­

sized however that many interrelated factors can contribute to "degradation" 

or loss in functional ability qf a track support structure.--bal last is only 

one component.in the system. , . . .

In the fo,l lowing, a number of ballast material characteristics

are discussed which are believed to be related to or contribute to.a ‘loss 

in functional ability of the track support system .

1. Inadequate Ballast Thickness

The ballast layer thjckness may not be thick enough to properly 

reduce stresses imposed on. the subgrade. This .may lead to ex ­

cess tve elastic deformation and/or rutting ip .the subgrade and 

can contribute to many .other .types of distress.

■2. I n a d equate Bal last. Res i 1 iency !

Because of the dynamic action of imposed loading, especially the 

"unsprung" weight of locomotives, it is desi rable to have a 

I'res i 1 ienfc’.1 support, system. Major contributors to the resiliency. 

’ are: the ballast and roadbed..; '-In some cases, "cementing" Of the 

ballast has been reported which produces a layer of undes1 rable
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"rigidity". Experience has shown that 1 imestone and certain types 

of slag are susceptible to "cementing."

3. Degradation of Ballast

Normally, "open-graded" ballast is placed which facilitates 

maintenance operations and is "free draining". I f the ballast 

breaks down or "degrades" because of climatic and/or loading 

factors, it may lose its "open graded" characteristics. Addi­

tionally, it some cases "cementing" may occur as described above.

Ballast Pumping -

When repeated loads are imposed on the ballast, stresses at the 

ballast-roadbed interface may be sufficient to initiate a con­

dition whereby the roadbed and ballast start to intermix and 

cause ballast "fouling"; As time progresses and as track 

ballasting and resurfacing operations continue, a substantial 

amount of ballast can be forced into the roadbed and/or the 

roadbed is forced into the ballast. When this occurs, a "ballast" 

pocket" may form. Additional discussion of "ballast pockets" is 

presented In a subsequent:sect ion entitled: "Roadbed Failures".

In general, the intermixing of ballast and roadbed materials is 

undesirable due to the adverse effects of the roadbed fines on 

the strength and free-draining properties of the ballast.

5. Ballast Permanent Deformation

If the ballast material does not possess adequate stability, 

repeated loading will cause excessive permanent deformation in 

■’ 'the ballast layer. This may contribute to a loss of surface of 

'■'■the-rail system. In many cases, inadequate "deas^fication" or 

compaction contributes to an accumulation of permanent defor­

mation while in other cases, the ballast, even when properly 

compacted does not possess adequate s t a b i 1ity for the specific 

conditions(loading, ballast thickness, subgrade support, etc).

Fouled Bal last

Excessive fines content of ballast contributes-to a loss of "free 

, draining" nature, a decrease in shear strength and. a loss in the



a b i l i t y  t o  f a c i l i t a t e  maintenance o p e r a t i o n s .  The f i n e s  t h a t  

c o n t r i b u t e  to  " f o u l e d "  b a l l a s t  can come f rom e x te r n a l  so u rces ,  

d e g ra d a t io n  o f  the  b a l l a s t ,  a n d /o r  pumping roadbed.

SUBBALLAST MATERIALS

F u n c t io n s  o f  S u b b a l la s t

A c c o rd in g  t o  Spang ( 2 . 2 1 ) ,  the  f u n c t i o n s  o f  the  s u b b a l1a s t  Ia y e r  a l  so 

c a l l e d  p r o t e c t i v e  b la n k e ts  a re :

1. D i s t r i b u t i o n  o f  b a l l a s t  p re ssure  and t r a f f i c  lo a d s .

2.  Damping o f  v i b r a t i o n s .

3.  F i l t e r i n g  o f  the la y e rs  b o r d e r in g  above and below.

b. P r o t e c t i o n  o f  the  subgrade o r  f o u n d a t io n  l a y e r  a g a i n s t  damage 

caused by t r u s t .

5.  P re v e n t in g  r a i n  water  f rom p e n e t r a t i n g  i n t o  the  subgrade.

Types o f  M a t e r i a l s  Used as S u b b a l la s t

The f o l l o w i n g  m a t e r i a l s  a re  n o r m a l l y  cons idered  f o r  use as s u b b a l l a s t :

1. g r a n u l a r  m a t e r i a l s  such as crushed s ton e ,  s a n d - g r a v e l ,  

s l a g ,  e t c .

2.  s t a b i l i z e d  s o i l  ( s o i l - c e m e n t ,  l i m e - s o i l ,  e t c . )

3.  a s p h a l t  t r e a t e d  aggregate

P o l y v i n y l  c h l o r i d e  (PVC) and woven o r  non-woven f a b r i c  have been used as 

a s e p a r a t i o n  l a y e r  between the  g r a n u l a r  m a t e r ia l  and the  subgrade.  There a re  

i n d i c a t i o n s  t h a t  c e r t a i n  o f  these m a t e r i a l s  may have p o t e n t i a l  as a s e p a r a t i o n  

l a y e r ,  bu t  v e ry  l i m i t e d  documented r e s u l t s  a re  a v a i l a b l e .  A d d i t i o n a l l y ,  the 

i n c l u s i o n  o f  PVC o r  a f a b r i c  may cause g r e a t  d i f f i c u l t i e s  d u r i n g  b a l l a s t  

c le a n i n g  o p e r a t i o n s .

Other  C o n s id e r a t i o n s

When g r a n u l a r  m a t e r i a l s  a re  used as s u b b a l l a s t ,  i t  is  im p o r ta n t  t o  have 

a g r a d a t i o n  wh ich  w i l l  s a t i s f y  f i l t e r  re q u i re m en ts  and f r o s t  s u s c e p t i b i l i t y  

re q u i re m en ts  (when f r o s t  l i n e  reaches s u b b a l l a s t ) .

The re q u i r e d  th i c k n e s s  o f  a s u b b a l l a s t  l a y e r  may v a ry  b u t  n o r m a l l y  ranges 

f rom about  6 t o  12 inches (15 to  30 cm) ( 2 .1 ,  2 . 2 1 ) .  Minimum t h i c k n e s s  r e q u i r e

ments a re  n o r m a l l y  c o n t r o l l e d  by c o n s t r u c t i o n  equipment  c o n s i d e r a t i o n s .
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ROADBED

Function of Roadbed

According'to Hay (2.5) the roadbed is "The regular, prepared subgrade 

on which are laid the ballast section, ties, and rails." Hay (2.5) states 

that the roadbed (ther terms roadbed arid subgrade will be used synonymous 

herein) has a three-fold function:

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

loadings are supported as uniformly as possible.

2. Dra inage. i s faci li.tated (use of raised grade)..

3* A smooth, regular surface is provided on which the ballast' . 

section and^track structures can be laid to the established 

grade.

Types of Roadbed Failures

Roadbed failures or inadequacies include:

1. Pumping of- roadbed soi1 into the ballast.

2. Softening, rutting, and lateral movement of roadbed soil.

3. Frost heaving and moisture induced shrink-swell of roadbed

; SO i 1 .  ■ , • • /

A recent proposed revision to the AREA Manual (2.18), Chapter 1, Part 

1 - Roadbed; Section 1.4 - Maintenance, contains the following discussion 

of these aforementioned failures or inadequacies.

a. Subgrade Pumping

Saturated subgrade soils may be pumped up into the voids of ballast 

by repetitive traffic loads. Fine sand, silts and clays are susceptible to 

pumping when water is present, in new construction and in major track up­

grading to carry increasing traffic, such pumping action is reduce by 

using a layer of compacted subballast material graded to act as a filter.
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In existing track, pumping occurs most frequently under poorly main­

tained rail joints. Muddy ballast at a rail joint should not, however, be 

assumed as a sign of subgrade pumping. Such foulIng. is sometimes caused by

internal abrasion of the ballast pieces under heavy dynamic loads. On main 
o ■ , •

lines in particular, old gravel and ballast underlying more recently placed

crushed ballast material seems to form;an. effective fiIter against upward

pumping of the subgrade. Cause of ballast fouling should be checked by

excavation into the ballast section before remedial action is chosen.

Subgrade pumping can only be eliminated by holding the unstable soil 

in place. It is indicated that this can be accomplished by a) removing 

fouled ballast and reconstructing the track using a subballast filter layer,

b) laying a membrane under the.ballast, or c) applying a bituminous spray to 

the top of the roadbed.

It is also stated that the application of more top ballast without re­

moval of; the fouled ballast is not recommended, as pumping will foul the 

new ballast.

b. Softening and Squeezing of Roadbed

Areas where track settles repeatedly under traffic, requiring peri­

odic surfacing, are sometimes called "soft spots",. The settlement of track 

will be accompanied by soil squeezing up between the ties or out at the 

track shoulders, or bulging on the roadbed slopes.

Soft spots usually occur where there are plastic subgrade soils, water 

trapped in the roadbed, and heavy traffic. Soft spots usually develop as 

follows:

1) When track is laid on plastic subgrade soil which is not 

... well compacted or stabilized, traffic loads will cause a

depression to form under each tie, capable of holding free 

water.

2) As the water cannot evaporate, it remains in these de­

pressions, and softens and weakens the plastic soil.

3) Overstressed by traffic loads under the ties, the soil 

squeezes up to a position of lower stress between ties, 

or where there is sufficient thickness of ballast to 

prevent this, moves laterally to the track shoulder.
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k) 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- 

perpetuating.

If track can be taken out of service temporarily, and the cost is w a r ­

ranted, soft spots and ballast pockets can be cured by:; .

l) Excavation and replacement of the plastic subgrade 

soil with more stable soil.

2) Stabilization of the subgrade soil*

3) Introduction of a surface cap of stone screenings or 

similarly graded material on the top of subgrade to 

reduce the amount of rainfall reaching the subgrade.

k) Introduction of a waterproof membrane at the surface 

of subg'rade to prevent it from becoming saturated.

If track cannot be taken out of service, soft spots and ballast pocket 

can be improved by one of the following:

l) Drainage of the subgrade if water can be drained to a 

level lower than the base of the ballast pockets. The 

method of drainage should be based on a field investi­

gation. Drainage pipes usually silt up. Excavation of 

track shoulders and replacement with pervious, materials 

graded to act as a filter may offer relief.

2) Stabilizing the subgrade soil with cement grout.

3) Stabilizing the subgrade by the control 1ed addition of 

lime if conditions and subgrade soils are suitable.

c. Frost Heaving A

Frost heaving of roadbed and ballast is caused by the simultaneous 

presence of  fine-grained m a t e r i a l , water, and freezing temperatures. Moist 

soils display volume change upon freezing, but significant volume increases 

occur only when ice lenses occur or develop. Rough track is caused when 

difference in volume change of subgrade soils develop over short distances 

along or across the track.

These differences may be more or jess than the average heaving of the 

track. More heaving than average (rise in track) occurs typically at farm



and road crossing; less heaving than average (dip in.track) occurs typically 

at road crossings where salt is applied. A change from a heaving condition 

may occur at bridge approaches or at the end of rock cuts. A lafge proportion 

of all types of heaving occurs in regular track Where no unusual features 

are present but a change.in subgrade soil occurs.

Rough track, caused by frost heaving, causes excessive wear on both 

track and rolling stock and. involves the danger of accidents, unless slow 

orders are applied or track conditions improved.1 The most common method 

of improving the track surface is by the temporary shimming of ti e s . How e v e r , 

this is expensive, reduces the service life-of wood ties, and requires an 

experienced labor force to be kept on hand, particularly at,the start of 

freezing and thawing seasons when heaving a n d .subsidence.occur relatively . 

suddenly. Concrete ties are normally not shimmed more than.a sm a l 1 amount. 

Canadian N a t i o n a l ;R a i 1 ways personnel (2.6) have indicated the use of salt 

for reducing frost heave of track structures. ;

LOADING ENVIRONMENT 

OF THE TRACK SYSTEM

The loading environment for the track system must be though of in a 

three-dimensional system because loads are imposed in the ve r t i c a l , longi- •

tudinal and lateral directions. In the vertical direction, the main source, 

of loading is the wheel loads of the train. In the longitudinal direction, 

the loading can be causie by braking or traction of the train and thermal 

expansion-contraction of the rails when continuously welded rails are used. 

Thermal fo rc e s  are believed tp.be maximum toward the ends of the CWR.. In 

the lateral direction, loading can be cause by motion of the wheels (on: curves, 

braking, e t c . ,) and a 1 so by thermal expansion and contraction.

The main emphasis in the Ballast and Foundation Materials Research 1 '

Program :i s the vert teal loading aspect al though some attention is being given 

to the lateral restraint capability effected by various types of ballast and 

ballast section geometry.

Vertical Loading Environment ,

In considering the design of the track support system, a number of aspects 

of the vertical loading are important including:

1. Magnitude of gross vertical loads, axle loads, and wheel loads.

2. Dynamic loading considerations.
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3. Number and fre q u e n cy  o f  load a p p l i c a t  ions

a . Magnitude o f  Gross V e h ic le  Loads, A x le  Loads, and Wheel Load

Gross v e h ic le  loads range upward to  160 ton s  (145 m e t r ic  to n s )  f o r

some ca rs  to  190 o r  210 tons (175 to  195 m e t r ic  tons) f o r  lo c o m o t iv e s .  Tab le

2 .8  summarizes p e r t in e n t  f a c t s  c o n c e rn in g  gross load f o r  v a r io u s  cars  and 

lo c o m o tiv e s .

A x le  loads o b v io u s ly  depend on th e  number o f  a x le s  per c a r  o r  per lo c o ­

m o t iv e ,  the  d i s t r i b u t i o n  o f  lo a d ,  and the  g ross  lo a d .  T y p i c a l l y ,  ca rs  have 

e i t h e r  4 (most common) o r  6 a x le s ,  thus  th e  load per wheel would range from 

about 3 0 , 0 0 0  to  40,000 lb  (13»600 to  18,100 kg) f o r  t y p i c a l  heavy, loaded 

c a rs .  Maximum a x le  loads f o r  lo c o m o tiv e s  a re  65,000 lb  (29 ,500  kg) o r  more.

Based on the  fo re g o in g ,  i t  is  o b v io iu s  th a t  the  upper l i m i t  on s t a t i c  

wheel loads is  on the o rd e r  o f  2 5 , 0 0 0  to  40,000 lb  (11 ,300 to  18,100 k g ) .

b. Dynamic Loading C o n s id e ra t io n s

Dynamic or. impact lo a d in g  caused by a t r a i n  in  m o tio n  can cause 

magnitudes o f  lo a d ing  s u b s t a n t i a l l y  g r e a te r  than the  a fo re m e n tio n e d  " s t a t i c "  

v a lu e s .  The dynamic e f f e c t s  have n o t  been w e l l  d e f in e d  bu t Meacham, e t  a l .  

(2 .7 )  in d ic a te  th a t  impact lo a d in g  is  tw ic e  the  s t a t i c  lo a d s .  The r a i l r o a d  

in d u s t r y  has g e n e r a l ly  accepted a 50 p e rc e n t  in c re a s e ,  and T a lb o t  (2 .8 )  

suggested a one percen t in c re a se  f o r  each 1 mph ( 1 .6km/h) speed in c re a se  

o ve r  5 mph (8 .0  km /h). For c o n c re te  t i e  d e s ig n ,  dynamic lo a d in g  is  n o rm a l ly  

assumed to  be two and o n e - h a l f  t im e s  th e  s t a t i c  lo a d in g .

c .  Number and Frequency o f  Load A p p l ic a t io n s

Main t r a c k  t r a f f i c  volumes range from  one m i l l i o n  o r  le ss  g ross 

ton s  (0 .9  m i l l i o n  o r  less  g ro ss  m e t r ic  ton s )  per year to  50 to  60 m i l l i o n  

g ross  tons (45 to  54 m i l l i o n  g ross  m e t r ic  ton s )  a n n u a l ly .  I f  one assumes 

t h a t  an average ca r weighs 80 tons  (73 m e t r ic  to n s ) ,  50 tons  (45 m e t r ic  to n s )  

o f  pay load and 30 tons (27 m e t r ic  to n s )  empty, and o n e - t h i r d  o f  the  annual 

tonnage a r is e s  from empty ca r  movement, then F ig u re  2.1 d e p ic ts  the  average 

c a r  movements per year as a f u n c t io n  o f  g ross t r a c k  tonnage. For example, 

i f  th e  gross tonnage is  30 m i l l i o n  tons  (27  m i l l i o n  m e t r ic  t o n s ) ,  the  the  

number o f  ca r  movement per year is  about 475>000. I f  i t  is  f u r t h e r  assumed 

t h a t  each ca r  has fo u r  a x le s ,  then th e  number o f  load a p p l i c a t io n s  is  about

1.9 m i l l  ion per y e a r .
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Table 2.8. Typical Rolling Stock Data (From Ref. 2.13).

Rolling Stock Maximum Load „ Axle Coupled
Length
"B"

End Axle to 
Coupling Line

H Q  II

Wheel
Diameter

Laad per Inch 
of Wheel 
Diameter1 Per Wheel Per Car Centers

"A"

4-Wheel Trucks

Ore car H5 24,338 lb. 194,700 lb. 5'-0" 24'-0« l'-ll" 33" 738 lb.
Covered Hopper 

Car.675 32,875 263,000 5*-10" 54'-6 1/2" 3'-3 1/4" 36" 913

wood Chip Car 
J39 32,925 263,400 5'-10" 65 *-0" 3'-9 1/2"

i

36" 915

U28B Locomotive 33,750 270,000 9'-4" 60*-2" 7 *-4" 40“ 844
Monsanto Tank 

Car 39,375 315,000 6 • -0" 67'-2 1/2" 3*-9 11/16" 38" 1036

6-Wheel Trucks

* AAR Car So . 1 26,250 315,000 4* -6" 55'-0" 3'-9" 30" 875
AAR Car So. 2 30,000 360,000 5'-0" 60'-0" 4 ’-6" 33" 909
AAR Car So. 3 32,875 394,500 5 *-6" 65'-9" S ‘ - 0 ” 36" 913
SD-r45 Locomotive' 35,000* 420,000:, 6»-9 1/2" 65' -8" 6*-1/2" 40" 771

(a) Up-dated as per Car and Locomotive Cyclopedia. 1974



Gross Annual Track Tonnage (x 10^), metric tons

0 5 10 15 20 25 30 35 40 45 5 0

0 10 20 30 40 50

Gross Annual Track Tonnage (million), tons

Figure 2.1. Average Number of Railway Car Movements Versus 
Gross Annual Tr a c k  Tonnage.
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The frequency of load applications 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.

In order to look at the frequency of load applications at a point, one 

must know the axle spacing, truck spacing, and spacing between trucks on 

adjacent c a n s ^  i ...........

For a typical car configuration, Figure 2.2 depicts the elapsed time 

between load applications as a function of speed for adjacent axles on the 

same truck and' for the centerline of adjacent trucks on the same car. For 

example, the elapsed time between,load applications of adjacent axles on the 

same truck is about 0 . 0 7  sec. for a speed of 6 0 mph but is about 0.4 sec. 

for a speed of 10 mph. Table 2.9 summarizes the FRA recommended maximum 

permissible train speeds for various classes of track.

Lateral Loading ' : - •

Lateral loading of the track system can occur due to a) lateral wheel 

loads on tangent sections, b) thermal expansion and contraction, c) the 

"runin" and "runout" effect and steady draft and buff forces, and/or dj the 

jack-knifing of cars or locomotives due to severe braking or curve negoti­

ation.

Lateral wheel loading characteristics apparently are not well defined^ 

Studies by Meacham, et ai (2.7) indicate that lateral wheel loads normally 

do not exceed 40 percent of the vertical loads but at times may increase to 

60 percent of the vertical load. For design purposes, a lateral load o f  90 

percent of the vertical is suggested by Meacham, et al (2.7). Tests made 

with in-service cars have indicated lateral wheel-rail forces rang ing from

1 6 , 0 0 0  to 2 1 , 0 0 0 lb (7 , 3 0 0  to 9 , 5 0 0  kg) (2 .9 ) up to 3 1 , 0 0 0  lb (2 .V7 ).

Lateral forces due to "sunkinking" are not well defined although Magee 

(2 .2 ) suggests a 3 0 0 lb ( 1 3 6  kg) lateral restraint per tie in an unloaded l 

cond ition.

ENVIRONMENTAL CONSIDERATIONS

Environmental exposure conditions have a very substantial effect upon 

not only the instantaneous behavior of the railway support system, but also 

on its long term behavior and performance. The very nature of the component 

materials and the track system geometry make them extremely sensitive to 

certain exposure conditions.
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Table 2.9. FRA Allowable Operating Speeds 
(From R e f . 2.15)

Over track that 
meets all of the 
requ i rements for

The maximum allowable operating speed

For Freight Trains For Passenger Trains
mph km/h mph km/h

Class 1 track 1 0 16 15 2k

Class 2 track 25 AO 30 A8

Class 3 track kO 6 A 6 0 96

Class k track 60 96 80 1.28

Class 5 track 80 1 2 8 90 \kS

Class 6 track 1 1 0 177 1 1 0 177



The environmental factors of apparent significance are temperature and 

moisture. 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 position, 

permeability of ballast and foundation materials, local drainage conditions, 

etc., all have 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 

present state of technology however, does not allow for precise quantifica­

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

Temperature

The temperature regime that will exist in a typical railway support 

system as a function of time and space is an important consideration.

The Corps of Engineers (2.10) has used data from 361 U. S. Weather 

Bureau Stations to develop Air Freezing Indices for the U. S., Figure 2.3.

The Air Freezing Indices do not define the temperature regime as a function 

of space or depth, however. Other data are available concerning maximum 

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. In 1970,Dempsey and Thompson (2.1l) 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 t.hough this p r o ­

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 . k 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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Note: >
Mean freezing index values 
expressed in degree days 
below 32°F.

Figure 2.3- Distribution of Mean Freezing-index Values
, in Continental United States (From R e f . 2.10).
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Depth In  Pavement, cms

0 2 k 6 8 10 12 14
r—n—i—i-----1—i "1"—i—i——r—t—i—i—r~—i------1

Figure 2 .k . Number of Freeze-Thaw Cycles at Various Depths 
in the Pavement Shown Based on Thirty Years of 
Climatic Data at Springfield, Illinois (From 
Ref'. 2.16).
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Figure 2.5« Frost-Line Position in a Pavement 
Test Section at 1A00 hours (From 
Ref. 2.11).
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Molsture

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 seml-empi rical procedures are avallable 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 CONSIDERATIONS

At present, ballast selection criteria are largely based on initial 

cost, which includesaspects such as availability and transportation costs 

and neglectsfor the most part, service life and performance level considera­

tions, except as such considerations are subjectively 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 assignment 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 surfacing is the most significant and it represents;nearly 

one-quarter of all Maintenance o f ,Way and Structures expenditures. This 

source of expenditure reflects the frequency with which track smoothing, sur­

facing, and reballasting operations must be performed. Unfortuantely, the 

relationship between these costs and the degree of stability of various 

ballasts has not received quantitative 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 costr 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 eliminating the ability to optimize ballast selection.
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CHAPTER 3

BALLAST MATERIAL PROPERTIES 

GENERAL

For e f f i c i e n t  and e f f e c t i v e  u t i l i z a t i o n  o f  b a l l a s t *  m a t e r ia ls ,  i t  is  

e s s e n t ia l  the  e n g in e e r  have a knowledge and an u n d e rs ta n d in g  o f  the  p ro ­

p e r t ie s  and b e h a v io r  o f  the m a te r ia ls .  Because b a l l a s t  may be s u b je c te d  

to  la rg e  numbers o f  lo a d ing s  and exposed to  extrem e w e a th e r in g  c o n d i t io n s ,  

many types o f  p rocedures  and tech n iq ue s  have been developed to  e v a lu a te  

b a l l a s t  p r o p e r t ie s .

Required b a l l a s t  p r o p e r t ie s  are  r e la te d  to  the  fu n c t io n s  o f  th e  b a l l a s t  

and s u b b a l la s t  system (see Chapter 2) and to  the  lo a d in g  and exposure c o n d i ­

t io n s .

Two e x te n s iv e  anno ta ted  b ib l io g r a p h ie s  on s o i 1-a g g re g a te  m ix tu re s  and 

on b a l l a s t  have been com piled  and are  in c lu d e d  as a d d i t io n a l  re fe re n ce s  

f o l lo w in g  Chapter 3 l i s t  o f  re fe re n c e s .

EVALUATING BALLAST MATERIAL PROPERTIES

Genera 1

Tests  f o r  e v a lu a t in g  b a l l a s t  m a te r ia ls  b a s i c a l l y  f a l l  in t o  two c a te g o r ie s

1. t e s t s  f o r  e v a lu a t in g  q u a l i t y  and

2. t e s t s  f o r  e v a lu a t in g  load response o r  b e h a v io r

Many o f  the q u a l i t y  te s ts  have been developed as i n d i r e c t  in d ic a to r s  o f  

p o t e n t ia l  i n - s e r v i c e  b e h a v io r .  These q u a l i t y  t e s t s  q u i te  o f te n  e v a lu a te  

c h a r a c t e r i s t i c s  o f  th e  in d iv id u a l  p a r t i c l e s  making up the  b a l l a s t  mass. On 

the  o th e r  hand, th e  te s ts  used f o r  e v a lu a t in g  b a l l a s t  m a te r ia l  load response 

t y p i c a l l y  a re  concerned w i th  the  load response o f  th e  b a l l a s t  mass as opposed 

to  the  response o f  i n d iv id u a l  p a r t i c l e s .

Throughout t h i s  r e p o r t ,  s u b b a l la s t  is  co ns ide re d  under th e  b ro a d e r te rm , 
b a l l a s t .
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Testing Procedures Used to Determine Quality

a. Freeze-Thaw Tests

Several versions of freeze-thaw tests have been used to evaluate 

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. Resistance is measured by 

the change in gradation caused by the F-T testing. Rapid freeze-thaw tests 

are open to criticism in that they do not simulate the actual rates of tem­

perature change to which the ballast is subjected. Certainly the accelerated 

tests using water-alcohol do not accurately simulate field conditions.

Particles with fractured surfaces may offer more opportunity 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 yields 

results useful for predicting resistance to field weathering.

b. Soundness Tests

Soundness tests such as ASTM C 8 8 and AASHTO T 104 use saturated solu­

tions of sodium or magnesium sulfate to determine resistance of aggregates to 

disintegration. The test consists of five cycles of alternately soaking the 

aggregate in the saturated solution and then drying. Soundness is evaluated 

by calculating the loss or change in gradation as a percentage of the initial 

wei g h t .

The soundness test relates to disruption of the rock by the growth of
■ /

chemical crystals rather than by the growth of ice crystals during freezing 

and thawing and has been criticized because it does not simulate actual con­

ditions. Additionally the soundness test has been criticized because it is 

not reproducible in different laboratories, 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 

variations affect the magnesium sulfate test less.



Freeze-thaw tests apparently give results which predict the weathering 

resistance of aggregate better than does the soundness test (3.1, 3 .2 , 3.4). 

However, Raymond, et al. (3.5) found good correlation between field perfor­

mance and the sodium sulfate soundness and freeze-thaw (AASHTO T 103) tests.

c. Absorption Test (ASTM C 127)

The absorption test is used to determine the bulk and apparent speci­

fic gravities of the aggregate along with the amount of water the aggregate 

absorbs. The absorption capacity of the aggregate is believed to be related 

to the weathering potential of the aggregate. Hcwever, based on the litera­

ture, there appears to be some controversy as to the significance of the test 

results. Peckover (3-1) feels the absorption test offers:1ittle in addition 

to the soundness test and thinks a direct measure of the porosity of the rock 

is more important.

Dalton (3.4) found high testing variations (as much as 60 percent of the 

acceptable limit of 0.5 percent) for the absorption test. Dalton (3.4) also 

concluded the absorption limit may allow approval of ballast which may break 

down too rapidly due to field weathering. Raymond, et al. (3.5) found good 

correlation between the freeze-thaw, soundness, and absorption test results.

d. Durab i1i ty Test

The California Highway Department has developed a test (California 

Test No. 229) to measure durability by agitating aggregate in. water and 

measuring the change In gradation. Recently, 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 and C 535 and AASHTO T 9 6 ) 

consists of rotating a steel drum containing aggregate and steel spheres.

The change in gradation as measured by the loss in percentage retained on 

certain sieves is expressed as the Los Angeles number.

. AREA specifications recommend that LA Abrasion losses be limited to a 

maximum of 40 percent (3.7). High quality aggregate base course materials 

considered acceptable for highways and airfields normally have losses less 

than 40 to 5 0 percent.



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 service value of ballast."

Dalton (3. A) 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 slightly in excess of the maximum allowable may be satis­

factory if the resistance to freeze-thaw is good.

f. FIakiness Index

A procedure for determining 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 dimension is less than 60 

percent of its mean size.

The Canadian National Railways specifies ballast "shall be free from an 

excess of thin or elongated pieces" and indicates the amount shall be no 

greater than 30 percent (3.T). A great variation (25 percent of mean) was 

found among tests of in-service ballast (3.1). Rad (3.11) found "flaky" 

particles tended to breakdown more rapidly in an impact test than did rounded 

particles.

g. Soft Particles; Clay Lumps and Friable Particles

Soft particles, 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 lumps and friable particles are limited to 0.5 percent by the AREA 

specification (3.7). ASTM C 1^2 describes clay lumps and friable particles 

as particles that can be broken with the fingers after the aggregate has been 

soaked in water for 2k +_ (f hours (3.12).

h. Shape, Angularity, and Surface Texture

Although it is possible to measure separately the shape, the 

angularity, and the surface texture of individual particles, the effects of
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these on ballast stability seem to be interrelated, and commonly a single 

number representing the shape, angularity, and surface texture of the aggre­

gate is used. Huang (3.13, 3.1*0 developed a Particle Index test in which 

single sized aggregate is rodded in a rhombohedral mold and the void ratio 

is compared with the void ratio of uniform spheres. Recently Huang (3.15) 

modified the Particle Index test to use a standard CBR mold; the test has 

been adopted as a -tentative ASTM standard.

Ishai and Tons (3.16) developed a pouring test-'for expressing geometric 

irregularity of particles by parameters which are related to volume, specific ' 

gravity, and aggregate porosity. The pouring test is conducted by-allowing 

aggregate to flow through an orifice into a container to overflowing, level­

ing the aggregate, and weighing it. The packing specific gravity G^, is 

determined by comparing the weight to the weight of glass beads which fill 

the container. The total geometric irregularity of the particles is expressed 

by the specific rugosity (Srv) :

S = 100 (1 -rv G ap
(3.1)

where

Gp*. Qa p .= packing and apparent specific gravities .(ASTM E 12).

The specific rugosity of smooth, uniform spheres is zero. Typical Values 

for specific rugosity for some types of aggregate are:

Beach pebbles 2.45

Natural gravel 8.49

Slag 22.78 -

(One-sized particles, 1/2 in.-5/8 in.) (13 mm-16 mm) (From Ref. 3.16).

i. Petrographic Analysis -

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 correlate 

the results of petrographic analysis of the particles with field degradation. 

Unfortunately, results differ greatly among petrographers because of the



subjectivity of the analysis. The CNR commonly uses petrographic analysis 

for ballast characterization (3.1).

j . Gradation

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 (0.0/4 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 

using ASTM C 11.7 or-AASHTO T 37.

k. Hardness

Several testing schemes have been developed for use in estimating 

the hardness of individual aggregate particles. The British use a test.

(British Standard 312) in which the aggregate is confined in a mold and sub- 

jected to 3170 psi (21.86 MN/ni ) pressure (3.8). The amount of breakdown or 

change in 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 impact than were sharp particles which were less suscep- , 

tlble than flat or elongated particles.

Scalzo (3.8) attempted to correlate field degradation of ballast 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.

l. 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 general, 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 plasticity characteristics 

of the faction finer than the number 40 sieve (0.425 mm).



It appears typical ballast specifications do not contain any limita­

tions concerning plasticity characteristics. Subballast materials in general 

follow limits set by ASTM D 1241 for S o i 1-Aggregate Mixtures which require 

that the liquid limit be less than 25 and the plasticity index be less than 6.

m. Electrical Resistance

The electrical resistance characteristics of ballast material are 

important with respect to the track signal circuit. This resistance is 

influenced by a number of factors including conductivity of the ballast par­

ticles, "dirty" ballast, moisture, etc. Leakage of current from one rai 1 of 

a circuit to the other rail is undesirable. .Attention is given to the problem 

of electrical resistance of ballast in the A.A.R. manual on American Railway 

Signaling Principles and Practices (3.55). Under the most adverse conditions, 

the minimum allowable ballast resistance should not be less than 2 ohms per 

1000 ft of track for circuits 4000 to 5000 ft in length (3.55). Details of 

a procedure for evaluating ballast electrical resistance and typical values of 

resistance for a number of ballast materials can be found in Reference 3.56.

Strength Tests

A variety of tests exists for determining the strength or resistance to 

deformation of granular materials. The tests particularly relevant to ballast 

materials evaluation are included in this section.

a. California Bearing Ratio (CBR), ASTM D 1883; AASHT0 T 193)

The CBR testing method determines the "strength" of compacted labora­

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 quality 

crushed stone is a CBR equal to 100. The laboratory testing is conducted 

according to ASTM D 1883 or AASHT0 T 193. Additionally, in-situ strength 

of granular materials can be determined with the CBR test. In general, graded 

aggregate materials have compacted CBR values ranging from 40 to more than 100; 

CBR values for fine-grained soils are typically less than 10.
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b. Static Triaxial Test

Triaxial tests may. be used to measure the shear strength, the 

apparent cohesion (c) and angle of internal friction (<̂ >), and deformation 

or static modulus of materials.

Several types and sizes of triaxial cells have been used for testing 

granular materials. Four to six in. (10 to 15 cm) diameter specimens are 

typical. There also is a triaxial cel 1 at the University of California, 

Berkeley, capable.of. testing. 36 in. (91 cm) diameter specimens (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 to 

determine the effects of several variables (maximum size, gradation, etc.,) 

on the strength of a variety of aggregates.

Typical static triaxial test results for a granular material are 

depicted in Figure 3.1.

c . Shear Box

Klugar (3.21) and Pike (3.22) have developed procedures for deter­

mining certain strength properties (shear strength, angle of shearing.resis- 

tance) by using a shear box. Details of the equipment and testing procedure 

can be found in Reference (3.22).

d. Plate Test (AASHTO T 221, T 222; ASTM D 1195, D 1196)

Repetitive and nonrepetitive static 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) in diameter and applying load by hydraulic jacks. The 

plate deflection at various loads is measured, and the modulus of subgrade 

reaction, k, is calculated by:
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where

k = modulus of subgrade reaction, pci 

p = pressure, psi 

A = deflection, in.

In general, the test results are affected by the size of the plate 

(the 30 in. ( 7 6  cm) diameter plate is most often used), and thus comparing 

the k-values obtained from tests using different plate sizes is difficult.

A type of plate load test using a 5 in. (13 cm) diameter plate has 

been developed by the Canadian National Railways for testing ballast in 

place. The "ballast bearing index" is the value of the loading plate 

pressure at 0.30 in. (7.6 mm) vertical plate displacement.. Typical values 

of BBI range from 100 to 1000 psi (690 to 6900 kN/m^) (3.23).

If a plate load, test Is conducted on the subgrade, an E-value can be 

calculated using Boussinesq theory. If a plate load test then is conducted 

on the overlying aggregate, (or.ballast) layer, Burmister theory can be used 

to determine an E-value for the granular layer by the use of the following 

equation:

A = 1.18 F 
. 2

where

' A = plate deflection, in. 

p = plate pressure, psi 

a “  plate radius, in.

E^ = modulus of elasticity of subgrade, psi

F'2 = 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 field test that can be 

used to determine in-place stabi1 ity but seldom is used today. In this 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. It 

is possible to adapt the device to laboratory use, but only field evalua­

tions have been reported.

Huang and Lohmeier (3.25) found a definite correlation between 

Burggraff shear values and shear strength determined by triaxial testing.

Repeated Load Tests

Because granular materials are subjected to transient loading under 

typical in-service conditions it is desirable to evaluate the materials 

under similar conditions in the laboratory. Additionally, the repeated 

load response of granular materials is dependent on the stress state.

a. Repeated, Dynamic Load Tests

Several investigators (3.26, 3.27 > 3.28, 3*29, 3*30, 3.31, 3.32) 

have used the conventional trjaxial cell to measure the repeated load beha­

vior of granular materials. Most often the confining pressure hias been 

held constant and a pepeated axial deviator stress has been applied, although 

Allen ,(3.3-1) and Brown and Hyde (3.30) compared constant and pulsating 

confining pressure effects.

. . 1 .  Resilient Behavior

One extremely successful method of determining resilient behavior 

is through the use of trjaxial testing equipment. A  conventional 

triaxial cell is instrumented and vertical deflection measured at 

various magnitudes of confining pressure (typical range -  3-25



psi, 20-170 kN/m ) and various magnitudes of repeated axial 

stress (typical range = 5-100 psi, 35-690 kN/m ). The 

resilient modulus* for granular materials has been shown to 

increase as the cycled dev.iator stress increases and as the 

confining pressure is increased. A general expression for 

the resilient modulus is:

2

e r "■

c
C

D , (3.*0

where

m
73

I! resilient modulus, psi

K = a constant

0  = the first stress invariant (0 = 0^ + 2 0 ^), psi

n = a constant which defines 
on a log-log plot

the slope of the line

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:

/  e r “ (3.5) .

' Allen (3.3l) and Brown and Hyde (3.30) tested granular materials 

using the above procedure by cycling the confining 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 resilient response of granular materials (3 .3 1 ).

Thie Hveem resiliometer has been used also to evaluate the resilient 

response of granular materials (3 .3 3 ).

Raymond, et al. (3.5) and Wong (3.3^) used one dimensional repeated 

load testing (oedometer) to determine the strain characteristics of 

ballast materials due to simulated field loading.

Resilient modulus is defined as the repeated deviator stress divided by the 
recoverable strain.
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Figure 3.2. Resilient Modulus (Eg) as a Function 
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0, Crushed Stone Specimen (From Ref. 
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Tice (3.35) attempted to use a repeated load CBR test to determine 

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 i recoverable) deformation accumulated 

by the repeated application of a deviator stress is an important 

consideration. Barksdale (3.26) has shown the plastic strain to 

depend upon the number of load application, confining pressure, 

the aggregate type and gradation, the density, and the degree of 

saturation. Typical results are shown In Figure 3.3. Although 

the plastic deformation attributable to one cycle of loading is 

small,; the accumulated deformation after a number of cycles may 

be appreciable. The rate of accumulation of cyclic plastic de­

formation has been shown to approach a limiting value fairly, 

rapidly.

Two other important investigations measuring permanent deforma- 

, tion were done by Haynos and Yoder (3*36) and Holubec (3.37); 

some typical results are included in Figure 3.**.

Snyder (3.38) used a form of triaxial test utilizing springs^for 

confinement to'study the permanent deformation behavior of 

granular materials. ©

b. Complex Modulus

Another possible method for characterization of granular materials is 

through the use of complex modulus* as in the tests conducted by Coffman, 

et al. (3.39). \

Field Tests

Numerous field tests have been reported in which ballast was evaluated 

under In-service conditions. But there are probably a large number of such

Complex modulus is defined as the peak amplitude of sinusoidally applied 
stress divided by the peak amplitude of resulting strain (3.33).
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field tests for which technical information either is not available or 

difficult to obtain.

Field testing can produce extremely valuable information as to ballast 

behavior if proper control is exercised and if behavior is 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 inability to isolate the effects of pertinent variables, 

for example, difficulty in isolating the effect of subgrade 

support and ballast "strength" properties,.,

3. the requirement that a long period of time is necessary in 

order to examine such aspects as "weathering", degradation, 

and long term loading effects, and

4. high cost involved when examining a large number of variables^

Regardless of the difficulties, field studies can provide valuable infor­

mation that is extremely difficult or impossible to obtain under laboratory 

conditions.

As an example of the types of field tests that have been or are being 

conducted, the following summaries are presented:

a. Canadian National Railways

Field tests were conducted by the Canadian National Railways on ten ' 

in-service sections (3.4). The o b j e c t o f  the test program was to compare the 

field durability of ten types of ballast with the CNR specifications and thus 

to determine the adequacy of the specifications. One side of each ballast 

section was underlain by a membrane which served to retain the fines generated 

due to loading and weathering! Findings to date indicate that CNR specifica­

tions appear to be adequate for prediction of in-service durability character­

istics of certain ballast materials. However, based on the results, petro­

graphic analysis was recommended as an additional test for some types of 

aggregate and for aggregate marginally passing the standard tests. ,

b. Kansas Test Track

One of the largest and most extensively monitored field tests currently 

[underway is the Kansas Test Track near El Dorado, Kansas. The variables being 

(evaluated do not relate directly to the ballast or roadbed (3.40).
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c. ORE (Committee D 71)

A full scale test has been reported by ORE (3.41). The test incor­

porated different types of ballast In a support system and measured the 

vertical deflections of the rail due to traffic loading. The results corre­

lated well with the results of the laboratory triaxial tests conducted on 

the same materials.

d. ORE (Committee D 117)

Another full scale field test recently has been reported by ORE (3.^2) 

The report includes studies of the influence of ballast thickness and ballast 

compaction (density) 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 than for the comparable sections with only 20 cm (8 in.) of ballast. 

The report also showed the consolidated track settled less than the non­

consol idated track (3.^2),

FACTORS AFFECTING TEST RESULTS

General

Variations in test results can be caused by numerous factors including 

inherent differences in material properties and apparent differences due to 

testing error. As a,result, it is desirable to discuss some of the factors 

that affect differences in material properties.

Factors Affecting Qua 1ity Test Results

A number of factors may affect or cause variations in the results o b ­

tained from the quality tests that were discussed in a previous section of 

this chapter.

a. Freeze-Thaw Tests

Some of the factors influencing the results of the freeze-thaw tests

are:

1) rate of freezing and thawing - Host of the present tests 

are conducted too rapidly to simulate the actual field
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freezing and thawing conditions. Closer simulation of 

field conditions is desirable but is often impractical.

The rapid freeze-thaw tests generally use a much 

greater temperature gradient for freeze-thaw cycles 

than would be representative of the field conditions.

Especially open to criticism are tests which use low 

temperatures, e.g., 0°F for freezing, and high tempera­

tures, e.g., 72°F for thawing. Most freeze-thaw cycles . 

occur at temperatures varying only a few degrees from 

the freezing point.

2 j. number of cycles - The number of freeze-thaw cycles to 

which the aggregate is subjected should approximate the 

in-service value. Presently no standard exists for the 

n u m b e r  of cycles; it generally ranges from 16 to 50 

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 action r 

than are well rounded gravels. Elongated, flat particles > 

have more surface area per volume and present more im­

perfections for water entry than spherical particles.

k) mineralogy - The mineralogy of the aggregate may have a ......

significant effect on the freeze-thaw characteristics of 

the aggregate because the mineralogy determines the size 

and continuity of voids and the inherent strength of the 

particles.

5 adherence to procedures - The repeatabi1 ity of the’ freeze- 

thaw tests is not high and close adherence to standard 

r test procedures is essential if testing error is to be

minimized.

b. Soundness Test

Several factors, including the following, have been found to influence 

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 consistently was more 

severe than sodium sulfate, especially in generating losses in 

the smaller size fractions.

The magnesium sulfate solution is believed to be less susceptible 

to temperature variations than sodium sulfate and hence the control 

of the test solution and the consistency of the results is improved 

by the use of magnesium sulfate (3-3).

Peckover (3.1) recommends only magnesium 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 

proportional 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 voids and con­

tinuity of voids allow for greater buildup of the sulfate crystals 

and therefore may lead to increased loss in the soundness test.

mineralogy of the aggregate - The mineralogy of the aggregate may 

have a significant effect on aggregate particle strength charac­

teristics and thus on "resistance" to soundness loss.

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

the number of fractured surfaces and associated microscopic cracks 

and sharp corners increases the'exposure surface of particles.

The susceptibility of the particles to penetration and buildup of 

crystals increases correspondingly , and thus the soundness loss 

would more than likely increase.

c. Absorption

The voids and the continuity 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 as basalt.

Peckover. (3.1) feels the absorption test offers little in addition to the 

information 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. Abrasion test:

1} number of revolutions - The percent loss increases as the 

number of revolutions increases.

2) 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.

3) 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.

k )  aggregate shape - Woolf (3.^3) 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.

" 59 "



e. Petrography

The results of petrographic 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 density of ballast is affected by the specific gravity of the 

mineral, the apparent specific gravity of the particles, the gradation of 

the ballast, and relative compaction.

Powers (3.44) .investigated the void ratio in different combinations of 

aggregate and found if size groups are similar, the size range governs the 

void content. Powers (3.44) also found that small void ratios are possible 

if large single size and small single size fractions are combined as well as 

if a well graded material is considered. .. . . . .

The specific gravities o f  ballast rock types depend on their geologic 

origins. Typical values for bulk specifjc gravities of some types of ballast 

particles are:

Basalt 2.85
Limestone 2.5S
Dolomite 2.45

•Gneiss 2.65
Blast Furnace Slag 2.40

It should be noted that variations of more than 20 percent for the speci­

fic gravity of a particular type of aggregate are not uncommon.

. Pecko.ver (3.1) recommends that bal last have a minimum, specif ic gravity of, 

2,65, AREA recommends a minimum, compacted unit,weight of 70 to. 100 pcf (1120 • 

1600 kg/M?) for slag ballast materials (2.1).

Heavy ballast is generally preferred to lightweight ballast because it is 

thought to offer more resistance to lateral movement (3.1).

g. Shape, Angularity* and Surface-Texture

Differences in the shape, angularity, and surface texture of aggregate 

may be due to geologic factors and production methods.

Pit run gravels tend to be rounded, but because of their heterogeneous 

nature it is difficult to conclude much about the surface texture of gravels.
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Crushed materials tend to be more angular than gravels, but the surface 

texture of crushed materials is primarily a function of the grain size of the 

material. Crushed granite has a rougher texture than does crushed limestone.

The shape of the particles may be influenced by the geologic deposit. 

Limestone obtained from fissured, well defined beds tends to crush into parti­

cles with one elongated axis; The method of crushing may also influence the 

final shape of the particles.

1. Flakiness

Peckover (3.1) cites the problem of "running rail" with uncrushed 

gravel ballast as an example of the effects of particle shape on performance. 

The CNR specifies ballast shall be "free from an excess o f .  > . thin or 

elongated pieces . . ." (3.1).

The definition of flaky (thin or elongated) particles varies but generally 

some ratio such as width to thickness, length to width, or least dimension to 

mean particle size is specified. Some examples of limiting ratios are 1.7 

(British Standard), 3.0 (Swedish State Railways), and 4.0 (Ontario Ministry of 

Transportation and Communication) (3.1). The "flakiness problem" is further 

compounded because no standard exists for the allowable amount of flaky parti­

cles. The German Federal Railways believes a denser ballast is achieved if 

some "flaky" particles are included and therefore specifies both a minimum and 

maximum amount of such pieces (3.1).

Factors Affecting Strength Test Results

Many of the factors found to influence the qua 1ity of aggregate also 

influence the strength test results,: In addition the type of test may influ­

ence the results*

a, California Bearing Ratio

Some of the factors influencing CBR results are:

1) shape, angularity, and surface texture - Townsend and

Mad ill (3.45) used the CBR test to determine the effect of 

angularity on the strength of aggregate mixtures. They 

concluded the strength increased as the percent crushed 

fraction increased. In general, more angular and rough 

aggregate wi 11 exhibit higher CBR values.
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2) density and gradation - The CBR values for a given type and 

gradation of aggregate are generally higher for higher rela­

tive levels of compaction. The more well graded materials 

generally have higher CBR values.

3) size of aggregate - Because the CBR mold is only 6 in.

(15.2 cm) in diameter, all material larger than 3/4 in.

(19 mm) is removed and replaced with an equivalent amount 

between 3/4 in. (19 mm) and the number 4 sieve (4.8 mm).

Because some ballast is predominantly larger than 3/4 in.

(19 mm) CBR test may be of limited applicability to ballast 

evaluation,

4) degree of saturation - If considerable fines are present, 

the CBR values after the samples are soaked may be appre­

ciably lower than unsoaked CBR values.

5 ) type of aggregate - The effect of this factor is not well 

defined, but certain rock types (similar gradation and 

density) may affect the CBR value due to greater inherent 

particle strength.

b. Triaxial Test

Some of the more important factors that appear to affect the results 

of triaxial testing are:

1) maximum particle size - M a r a c h i , et al. (3. 19) studied 

the effects of maximum particle size on the shear strength 

of aggregate by using three different triaxial cells with 

2.8, 12, and 36 in. (7.1, 76 and 91 cm) diameter specimens.

The following conclusions were reached:

a. As maximum particle size increased, the angle of 

internal friction, <t>, decreased. The effect was 

most pronounced at low confining pressures.

b. As maximum particle size increased the axial strain 

at failure increased (3.19)

Gray (3.20) concluded shear strength as determined by the Texas 

Triaxial Method increased as maximum particle size increased
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(similar gradations) and recommended the maximum size of aggre­

gate should be the largest that can be handled without segregation

2) shape, angularity, and surface texture - Gray, (3.20) studied 

crushed and uncrushed aggregate in the Texas Tri.axial Method an 

found that in general, the strength of the crushed materials 

(rougher surface texture, more angular, etc.) was greater. 

Vallerga, et al. (3.46) tested uniform size gladd beads with 

different textures and observed the shear strength to increase 

as the roughness increased. Vallerga, et al. (3.46) also 

studied the effects of angularity. They concluded, for equal 

compactive efforts, the measured angle of internal friction 

'Increased'.only'.s 1 Ightly as particle angularity increased al­

though the effect of differences in density was not directly 

considered.

3) confining pressure - As confining pressure increases, in 

general, the maximum allowable deviator stress increases but 

the angle of internal friction decreases for a given aggregate. 

Ferguson and Hoover (3.47) investigated three well graded 

crushed limestones and found a tendency for lateral restraint 

to increase before the specimen reached minimum volume, and 

therefore the triaxial test method may not simulate properly 

the field confining pressure conditions.

4) dens ? ty - The shear strength of a particular type and grada­

tion of aggregate has been shown to increase as the density 

increases (3.20), Figure 3.5.

5) gradation - One of the most widely used equations for ex ­

pressing gradation has been the Talbot Equation:

p = 1 0 0  (£)n (3 .6 )

where: d = the sieve size in question,

p = the percent by weight finer than the sieve,

D = the maximum particle size, and
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Total Per Cent Passing No. 200 Sieve

Figure 3 r5. Relationship of Strength and Density 
for Material with Different Amounts 
Passing No, 200 Sieve (From Ref, 3,20)
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n = the gradation exponent.

For highway base course materials, n is usually between 

1/3 and 1/2. Maximum densities are achieved when n is 

equal to 1/2 (3.14, 3.24). Huang varied the gradation 

exponent and achieved maximum shear strength with n 

equal to 1/2, Figure 3.6. Gray (3.20) concluded the 

grading of aggregate "should be uniform from the maxi­

mum size down to and including the dust of fracture".

Chung (3*^8) found the effect of gradation on strength 

was negligible at low confining pressures and density.

6) amount and plasticity of fines - Texas Triaxial Test re­

sults reported by Gray (3.20) indicate maximum strengths 

are achieved if the amount of material finer than the 

number 200 sieve (0.074 mm) is between 5 and 12 percent 

(not more than 10 percent in areas where frost action may 

be a problem). This suggests that there is an "optimum 

fines content" for maximum shear strength. He also found 

that the strength is inversely related to the plasticity 

of the fines (3.20).

7 ) specimen s i z e - Two geometric considerations affect the 

triaxial test results: specimen length to diameter ratio

and specimen diameter to maximum particle size ratio.

Bishop and Green (3-49) indicate the sample height should 

be a minimum of 2 to 2-1/2 times the diameter to minimize 

adverse-end effects. The Texas Triaxial test specimen has 

a diameter of 6 in. (15 cm) but is only 8 in. (20 cm) high

Studies by Holtz and Gibbs (3-50) and by Leslie (3.51) in­

dicate that for triaxial testing the ratio of specimen 

diameter to maximum particle size should be in the range 

of 4 to 20. High proportions of the large size fractions 

require the ratio to be closer to the larger number.
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Figure 3*6. Relation between compaction characteristics
and mixture gradation for soil-aggregate m i x ­
tures containing coarse aggregates of varying 
particle index (From Ref. 3*13).
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8) rate of load (or strain) application - Variations in 

the triaxial test rate of axial strain from 1.8 to 0.086 

percent per minute were shown to have no significant 

effect on the test results (3.50). Extremely fast rates 

. of loading will probably increase the apparent strength.

b. Shear Box

Many factors affect the results of this test including: rate of

deformation, geometric characteristics of particles, gradation, amount and 

plasticity of fines, density, degree of saturation, etc. The relative 

effect o f  these factors should be similar to that discussed for each under 

triaxial testing.

Among the other factors influencing the results of shear box testing

are the following:
\

1) magnitude of displacement - Klugar (3.21) tested ballast in 

a shear box and found the displacement required to mobilize 

the angle of shear'hng resistance (tan (j>) increased rapidly; 

practi cal ly no displacement was required to obtain a tan <J> 

equal to 0.3, but 0.3 to 0.5 in. (7 to 12 mm) of movement was 

required to^increase tan <juto values of about 0.8.

2) normal stress - increases in the normal.stress affect the 

results of the shear box test, but Pike (3.22) believes the 

effects are not pronounced.

Factors Affecting Repeated Load Test Results

Considerable research has been done to determine the effects of field 

conditions on the behavior of various granular materials. However, no 

standard test method has been developed, although the repeated load triaxial 

test has been used extensively.

a. Resilient Behavior

Several factors including the following influence the results of 

dynamic repeated loading tests of granular materials.

1) stress level - Both the degree of confinement and the

repeated deviator stress level directly affect the

values of the resilient modulus.
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Granular materials show increases in the resilient modulus 

as the repeated deviator stress tn.d/or continuing, stress is in­

creased (3.26, 3.27, 3.28, 3.29, 3.30, 3.31 , 3.32, 3-33).

Because of the above two influences, studies have been con­

ducted to develop relationships between the resilient modulus 

and the total stress, 0 (aj + 2cs^), or first stress invariant 

(3.26, 3.27, 3.28, 3.29, 3.30, 3.31, 3.32, 3.33, 3.52).

2) dens i ty - The effects of density have been studied but have 

not been well defined (3.27, 3-31). In general, the studies 

indicate the resilient modulus increases as the density in­

creases, but the effect is not always pronounced nor consistent.

3) degree of saturation - For well-graded granular materials, it 

has been demonstrated that as the degree of saturation increases 

the resilient deformation increases and the corresponding 

resilient modulus decreases (3.36, 3.53).

k) specimen size - There has been little written about the effects 

of specimen height to diameter ratio and diameter to maximum 

particle size for the dynamic repeated triaxial test, but the 

effects should be similar to those for the static version of 

the test.

5) frequency and duration of load - Several investigators have 

demonstrated that throughout the range of application of loads 

to which ballast is subjected in the field, the duration and 

frequency of load has little influence (3*27, 3.31, 3.32, 3.33).

6) stress history - So long as the sample has not been overstressed, 

the resilient response measured after approximately 100 load 

cycles has been shown to be representative of the material pro­

perties throughout a complex stress history (3 .2 6 , 3 .2 7 , 3.31).

7) shape, angularity, and surface texture - The effects of shape, 

angularity, and surface texture have not been well defined.

Hicks (3.27) varied the aggregate angularity and found the
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resilient modulus increased as particle angularity increased.

The effect of particle shape was demonstrated further by Allen 

(3.31), Figure 3.7.

b. Permanent Deformation

Many of the same factors which influence the resilient response of 

granular materials also influence the permanent deformation characteristics. 

Some of the more important factors are:

1) stress level - Barksdale (3.26) concluded the permanent 

deformation decreased significantly as the confining 

pressure increased. According to Barksdale (3.26) the 

rate of accumulation of permanent deformation at low re­

peated deviator stresses was proportiooal t o :the number of 

load applications, but at deviator stresses above a criti­

cal valuer the rate of accumulation of plastic deformation 

increased with increasing numbers of load cycles.

Barksdale (3.26) modified the hyperbolic stress-strain law 

of Duncan and Chang (3.5*0 to predict the permanent strain 

as measured by triaxial tests on well graded materials and 

developed the following expression:

(<?, “ ° j ) / . ■ n 
1 3 1 Otoj")

e 55
P

(a. - a ) (1 - sin <(>) Rr
] ------ 1----- i— ;----------------- l______

2 (c cos ,<j> + sin <J>)

where e = 
P

permanent axial strain
n

K a 3 = a relationship defining the initial 
tangent modulus, psi

C = cohesion, psi

<f> = angle of internal friction, degrees

R f " a ratio relating the stress difference at 
failure to the asymptotic value of stress 
difference.
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The importance of the deviator stress and the confining 

pressure is obvious. ORE (3.*tl) found the permanent de­

formation of ballast tested triaxially could be predicted 

b y :

eN - 0.082 (lOOn - 3 8 .2 ) (Oj - ct3)2 (1 + 0.2 logN) (3 .8 )

where e^ = permanent axial strain after N loading cycles

n = initial porosity
2- ffj = deviator stress, kgf/cm

N = number of repeated loading cycles.

From the previous relationship the deviator stress'and initial 

specimen porosity are shown to be extremely important factors 

during the first few load cycles.

2) degree of saturation - Haynes and Yoder (3.36) found that for 

well graded highway base course aggregates, the accumulation 

of plastic strain increased significantly as the degree of 

saturation increased.

3) density - Plastic strain accumulation is proportional to the 

initial porosity and is thus inversely proportional to initial 

density (3 .^ 1 ).

h) material type - Holubec'(3.37) found the cyclic creep of a 

material was influenced more by the cohesion of the material 

than by the angle of internal friction. Increased cohesion 

resulted in significantly less permanent strain.
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CHAPTER k

FOUNDATION MATERIAL PROPERTIES'

GENERAL

One of the important aspects of engineering design is' to have an under­

standing and knowledge of the properties of the constituent materials in 

the system. Inherent in this knowledge and understanding is an appreciation 

for the factors influencing pertinent properties and the applicability or 

appropriateness of various property evaluation procedures.

Ideally, basic material response parameters should be known in order to 

dimension the system components. However, the required basic response para­

meters may not be well defined and even if they were, techniques for incorp­

orating them into the design process may not be available. As a result 

increased dependence is placed on experience, judgment, and some measure of 

basic material properties in the design process.

Of primary interest in this section is a discussion of pertinent founda­

tion material properties, methods of evaluating them, and factors affecting 

them.

PERTINENT FOUNDATION MATERIAL PROPERTIES

Foundatipn material properties that, are of significance with respect 

to the design of a track support system include:

1. strength properties (compressive, shear, etc.),

2. elastic or resilient properties

3. plastic, or permanent deformation properties

. METHODS OF EVALUATING FOUNDATION MATERIAL PROPERTIES .

Numerous methods and techniques have been developed for the purpose of 

evaluating pertinent properties of foundation materials. Some of the methods 

directly assess strength or deformation properties, and other test methods 

assess properties which correlate with certain strength properties.

Ideally, one would like to have a test method which could characterize 

strength properties or stress-strain properties for conditions closely
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simulating potential in-service conditions. In-service conditions of signifi­

cance relative to property assessment include such factors as:

1. loading conditions (rate and duration of loading, 
number of loads, stress history, etc.)

2. temperature regime (temperature conditions as a 
function of time and space)

3. moisture regime (moisture conditions as a function
of time and space) . _

Static Strength Testing

The importance of proper evaluation of the support capabilities of the 

soil material underlying a pavement structure has been recognized for many 

years as an important aspect of design. As recently as 15 to 20 years ago, 

tests used to evaluate soil support for pavement design purposes were static 

type tests or tests in which the load was applied at a relatively slow rate.

It is acknowledged, that the support value developed from static type tests 

does not represent the support conditions that exist in the soil under a 

pavement.

Common procedures for evaluating "static" soil support characteristics 

include:

1. plate load tests,

2. triaxial compression tests, and

3. California Bearing Ratio test

Most of these testing procedures have been standardized. Table A.l 

indicates the ASTM and AASHTO testing procedure designations for each.

a. Plate Load Tests

Plate load tests can be used to evaluate support. Plate diameter 

normally ranges from 12 in. (30 cm) to about 30 in. ( 7 6 cm) for these tests 

although the 30 in. (76 cm) diameter is used most often. In general, the 

procedure consists of loading the plate and measuring vertical deformation 

at the top of the plate. A non-repetitive or repetitive loading procedure 

can be used. The results can be used to calculate a "modulus of subgrade 

reaction", with the following, e q u a t i o n :

k = p/A (4. 1)

where:

k = modulus of subgrade reaction, pci



Table A.l Summary of Standard Procedure Designations 
for Pertinent Soil Strength Tests.

Testing Procedure.

Testing Procedure Designation

. ASTM AASHTO

Plate Load Tests ■

1. Repet i t i ve D - 1195 T-221
2. Non-Repetitive D - I 196 T-222 .

Triaxial Compression D - 2 8 5 0 T-23A,

California Bearing Ratio D-I8 8 3 T-193

Unconfined Compressive Strength D-2166 T-208
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p = plate pressure, psi 

A = vertical movement of plate, in.

Fairly extensive use is made of plate load test results in rigid pave­

ment design. However, because of the time and expense associated with running 

this test, a minimal number of tests are often conducted.

b. Triaxial Compression Tests

The triaxial compression test in general, is used to determine 

the shear strength of a soil as a function of lateral confining pressure, 

in the test, even though only compressive stresses are applied, the specimen 

generally fails by shearing. The theory of shear strength is fairly complex 

and thus due to space limitations, it will not be discussed herein; however, 

most soil mechanics text books contain extensive discussion of this topic.

Shear strength of the subgrade is not normally given extensive consideration 

in the design of  a pavement system or railroad support system; thus, no 

further discussion will be devoted to it. It is believed that other measures 

of soil.support will be more meaningful in analysis - design of track support 

systems.

c. CBR Test

The California Bearing Ratio test, commonly called the CBR test

has been used extensively in pavement material and subgrade soil evaluation.

It basically consists of a penetration test in which a standardized piston 
2 2(3 in. ) (13.4 cm ) is forced into a prepared specimen (field testing can also

be done). The load required to cause a 0.1 in. (2.5 mm) penetration is

compared to the load required to cause the same penetration into a high

quality crushed stone which is considered to have a CBR equal to 100. The

r;atio of these loads is used to calculate the CBR o f  the material.

The results from this test cannot be expressed directly as fundamental

response parameters. Some correlations, however, have been made between

dynamic E and CBR. In general, as shown in Figure 4.1, the dynamic E-value

in psi ranges from about 500 to 3>000 time the CBR value with an average of
2about 1,500. (Dynamic E-value in MN/m ranges about 5“20 times CBR with an 

average of about 10), Other attempts (4.1) have been made to correlate CBR 

with the resilient behavior of fine-grained soils but to data have proven 

unsuccessful.
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d. Other Static Testing Procedures

Other testing procedures have been used for subgrade support 

evaluation, but on a much more limited scale. Some of these include the 

Hveem stabilometer, various vane shear tests, and certain penetrometer tests. 

However, the popularity and thus the experience with these have been limited. 

Thus, no discussion will be included herein relative to these procedures.

EVALUATION OF REPEATED LOAD 
CHARACTERISTICS OF SOILS

Many years of experience and observation of pavement performance have 

shown that unexplainable and premature failures periodically occur in some 

pavements. Many engineers and researchers have strongly suggested that the 

reason for those premature failures is related to the inadequate and "crude" 

methods of evaluating material properties.

With the advent of the computer, more complex theories have been 

developed to calculate stresses, strains, deflections, etc. occurring in 

pavement systems subjected to transient loading. As a result, the ability 

to handle more realistic evaluation of support conditions has evolved. In 

recent years, soil support characterization using repeated, dynamic testing 

has progressed substantially.

Currently, repeated load triaxial and complex modulus testing are the 

most common tests used to evaluate the repeated load response of fine-grained 

soils. Probably the more widely used of the two is the repeated load 

triaxial test. '

a. Repeated Triaxial Testing

The first extensive work done in repeated triaxial load testing 

of fine-grained soils dates back 15 to 20 years, to Seed and his associates 

(A.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, 4.10, 4.11, 4.12). The equipment 

and testing procedures developed have been modified slightly by other 

investigators, but the basic test remains about the same.

The foundation soil typ.ically is subjected to a large number of rapidly 

applied loadings. The duration of an individual stress pulse may be on the 

order of 0.1 second. The duration of stress pulse can be closely controlled 

with typical repeated load triaxial testing equipment. Additionally, the 

repeated load triaxial testing procedure has the advantage that the confining

Figure 4.2 illustrates typical CBR values for various soil materials.
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pressure can be closely controlled, and a large number of stress applications 

may be applied to allow for evaluation of long term loading response.

The basic triaxial testing equipment used with fine-grained soils is 

pictured in Figure 4.3. Basically, the testing sequence consists of pre­

paring a'cylindrical specimen from the fine-grained soil, placing a rubber 

membrane around the specimen, placing the specimen in the test chamber, 

applying either a constant or repeated confining pressure, subjecting the 

specimen to a repeated axjal load of control led stress pulse,, shape and 

duration, and monitoring the axial and diametral deformation. Typically, 

.20-30 loads per minute are applied. Pulse duration times typically range 

from 0 . 0 6  to 0.25 second, and pulse shapes vary depending on whether servo- 

hydraulic or pneumatic techniques are used for loading.

The types of data that can be obtained from this test include:

1. resilient modulus*

2. permanent strain behavior, and

3. dynamic Poisson's ratio

Figures 4.4, 4.5 and 4.6 "illustrate-typical- resilient behavior and per­

manent strain data that can be fobtained with the test.

b. Complex Modulus Testing

Papazian (4.13). has covered the fundamentals of the complex 

modulus concept. Basically, the comp lex modulus is determined by subjecting 

a sample to a sinusoidally applied steady state axial compressive stress 

while monitoring the strain which normally lags behind the stress by a phase 

angle, <)>.

The general equation for complex modulus is:

|E| - ^  (<t.2)
o

where:

|E| = complex modulus

crQ = amplitude of sinusoidal axial stress

e q  = amplitude of steady state or recoverable axial strain

Normally |e | is determined at a given frequency of dynamically applied load 

(usually in the range of 1-20 cycles per second). Typical plots of complex 

modulus and phase angle are shown in Figure 4.7.

*Resilient modulus = repeated deviator stress______
elastic or recoverable strain
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To date the complex modulus test has had limited use in the evaluation 
of fundamental material response parameters for f i n e g r a i n e d  soils.,

FACTORS AFFECTING FOUNDATION MATERIAL PROPERTIES

General

Numerous factors have been found to have a significant effect on pert in 

ent foundation material properties, including such factors as loading 

conditions, moisture-density conditions, temperature, and certain inherent 

material characteristics.

Duration and Rate of Loading Effects

Most strength properties of fine-grained soiIs are influenced by the 

rate and duration of loading. Coffman, et al. (4.14) have shown that an 

increased loading frequency causes an increased complex modulus. Seed, 

et al. (4.15) have shown that the compressive strength of Vicksburg s i 1ty 

clay decreased about 30 percent when the time to failure was increased from 

3 min to 600 min, Figure 4.8. Similarly, Casagrande and Shannon (4.16), 

found that for a range of loading time from 0.01-1000 sec., the unconfined 

compressive strength decreased by a factor o f  two. Olson and Kane (4.17) 

found that for a loading time that ranged from 0.003 sec to 100 sec., the 

unconfined compressive strength of Goose Lake Clay increased about 10 

percent for each 10 fold increase in rate of deformation. Olson and 

Parola (4.18) found a general decrease in strength as the time or duration 

of load to failure increased.

Seed and Chan (4.2) found a definite effect of loading frequency and 

duration on the axial strain caused by repeated load triaxial testing of a 

silty sand, Figure 4.9* In general, it was found that increased duration 

of loading, and longer rest periods between loading, resulted in greater 

axial strains.

It is apparent that proper simulation of loading rate and duration 

is required for realistic evaluation of strength properties.

Number of Load Applications

For some types of strength tests, the effect of number of load 

applications is irrelevant, since only one load is applied. However, for
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procedures which use repeated load testing, such as the repeated load 

triaxial test, the number of loadings is a major factor influencing 

strength results.

The general trend is for an increasing number of load applications 

to correspond to increasing total strain, Figure 4.6. However, depending 

on factors such as degree of saturation, method of compaction, and 

inherent soil properties, the elastic or resilient component of the 

repeated axial strain resulting from the repeated axial load may either 

decrease or increase, Figure 4.10. Many investigators attribute this 

varied behavior to a thixotropic strength gain in "aged" or cured samples.

It should be noted that after about 1000 load applications the elastic 

deformation noted for each load is about constant, Figure 4.11. Dehlen 

(4.19) found for purposes of testing about 200 applications at a given 

stress level were sufficient for "conditioning the soil."

In terms of permanent strain that accumulates during repeated loading, 

Monismith, et al. (4.20) have shown that permanent strain increases with 

N, but as N increases, the rate of permanent strain development decreases, 

Figure 4.12.

Stress Level

The effect of the magnitude of applied stress or stress level on 

certain strength properties of fine-grained soils is quite pronounced.

As shown in Figure 4.13 as the stress level increases, the slope of the 

stress-strain curve normally decreases.

In terms of the effect of stress level on repeated load triaxial

results, the data plotted in Figure 4.14 are characteristic of the "stress

dependent" resilient behavior of fine-grained soils. As seen in the figure

the resilient modulus decreases quite rapidly as the repeated deviator
2

stress increases up to a cr̂  value of about 6-8 psi (41-55 kN/m ); then 

the rate of decrease of rapidly diminishes with increasing cr̂ .

Figures 4.15 and 4. 6  depict the effect of stress level on total and 

resilient strains of a fine-grained soli subjected to repeated load 

triaxial testing. Typically, the total axial and permanent strains increase 

with an increase in stress level. Some studies (4.20, 4.32, 4.33) 

concerning permanent deformation characteristics of fine-grained soil have
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shown an apparent "threshold stress level." The "threshold stress" 

is defined as the stress level above which the permanent deformation of the 

soil under repeated loading is rapid and below which the rate of cumula­

tive deformation from additional stress applications is very small.

Sequence of Loading or Stress History

The influence of stress history on repeated load strength properties 

is not well defined. In general, however, stress history appears to have a 

significant effect. Seed and Chan (4.3) studied the effect of stress history 

on the deformation of clay subgrade soils subjected to repeated triaxial 

loading. They concluded "The deformation of a compacted clay, even at 

constant composition, resulting from a given series of stress applications 

may vary widely depending on its previous stress history, and in general 

it appears that a gradual increase in the magnitude of applied stress may 

often cause less deformation than the direct application of a short 

sequence of wheel loads." In this study, no distinction was made between 

resilient and permanent deformation; rather, only total axial deformation 

was monitored. .

Monismith, et al. (4.20) examined the effect of stress history on the 

permanent deformation that occurred as a result of repeated triaxial testing 

of a fine-grained soil. Numerous approaches were considered for "modeling" 

the results, but it was finally concluded: "To consider the effects of

cumulative loading it would seem possible (at this time) only to bound the 

subgrade contribution to permanent deformation since the influence of 

stress history is not well defined" (4.20).

Confining Pressure Effects

As shown in Figure 4.16, typically the statically determined triaxial

shear strength of an unsaturated fine-grained soil increases as the level

of confinement increases. For repeated load triaxial testing, within the

normal range of confining pressure encountered (a, < 8-10 psi) (cr, < 55~2 5 j

69 kN/m ), the resilient response of fine-grained soils does not appear to

be significantly affected by magnitude of confining pressure, Figure 4.17.

The effect of confinement on the permanent deformation characteristics 

as evaluated in a repeated load triaxial test has not been extensively 

studied and thus is not well defined.
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Figure 4.16. Typical Mohr Circle Representation of Triaxial 
Test Results
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Moisture and Density Effects

The effect of compaction moisture content and post-compaction moisture 

changes upon the strength and stiffness parameters of fine-grained soils 

is quite dramatic. Tremendous changes in strength/stiffness can result 

from only a few percent change in moisture content. Due to the influence 

of soil particle structural arrangement (flocculated vs dispersed) it is 

commonly accepted that initial compaction moisture-density conditions may 

have a substantial influence on subsequent changes in strength/stiffness 

characteristics.

As shown in Figure 4.18 initial compaction density-moisture conditions 

have a substantial effect on the loss in CBR due to soaking. Similarly, 

Figure 4.19 shows the effect of density-moisture on soaked compressive 

strength.

Extensive studies of the resilient behavior of fine-grained soils 

conducted by Robrlett and Thompson (4.21) and others (4.6, 4.7, 4.11) have 

shown the detrimental effect of moisture on the repeated load resilient 

modulus. Figures 4.20 and 4.21 depict the influences of moisture content, 

density, and degree of saturation on the resilient behavior of various 

fine-grained soils. Results from the studies conducted by Robnett and 

Thompson (4.1) indicate that fine-grained soils display various degrees 

of "moisture sensitivity" depending on certain inherent characteristics of 

the soils.

Much of the strength change displayed by fine-grained soils can be 

explained by changes in "soil suction". As shown in Figure 4.22 as 

moisture increases soil suction is reduced. As shown in Figure 4.23 the 

resilient modulus of fine-grained soils is closely related to soil 

suction; a reduction in is related to a reduction in soil suction.

It is significant to point out that the general tendency for clayey 

soils to exhibit higher E^ values than do silty soils (in the range around 

optimum moisture content) corresponds to the higher soil suction values of 

clayey soils.

Thus, it is reasonable to conclude that the repeated load resilient 

response of fine-grained.soiIs will be affected detrimentally by moisture 

increases or by increases in degree of saturation. The absolute magnitude 

of change in resilient modulus caused by a 1 percent increase in soil
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moisture content will not be constant for all soils but will vary de p e n d ­

ing on the accompanying change in soil suction.

The effect of changes in moisture and density conditions on the 

permanent deformation characteristics of fine-grained soils has not been 

well defined. It is reasonable to assume however, that increased moisture 

contents, higher degrees of saturation, and reductions in "soil suction" 

will lead to greater accumulated permanent deformation.

Temperature Effects

Temperature can have a moderate effect on the strength and stiffness 

parameters of unfrozen fine-grained soils. Perhaps this stems from the 

influence of temperature on the "soil suction". Figures 4.24, and 4.25 

illustrate the typical effect of temperature on certain strength and 

stiffness parameters. Thus, it can be implied that if temperature affects 

soil suction, then temperature also will affect the modulus of resilient 

deformation as illustrated in Figure A. 23.

Freeze-thaw action can have a substantial effect on strength and 

stiffness parameters of fine-grained s o i I s . Pagan and Khosla (4.22) have 

reported the results of a study in which the effect of freeze-thaw on 

the rheological characteristics of a compacted clay was examined. Complex 

moduli, creep, and unconfined compression were some of the strength/ 

stiffness parameters examined.

Other studies (4.23, 4.24, 4.25) have shown the effect of F-T on 

the resilient behavior of fine-grained soils Figures 4.26, and 4.27.

The effects of freeze-thaw can be explained at least in part by the 

" s o i 1. suction" concept. Figure 4.28 illustrates the typical trend of 

soil suction and F-T cycling.

Some strength and stiffness parameters of frozen soils are substantially 

higher compared to the unfrozen conditions, Figure 4.25. '

Effect of S o ? 1 Type

Fine-grained soils may exhibit substantially different strength 

characteristics due to inherent variations in soil properties such as 

placticity, clay and silt contents, organic matter content, clay mineralogy, 

etc. For example, as shown in Figure 4.2, there may be a substantial 

range in the CBR values of various fine-grained soil materials.
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The repeated load resilient response of various fine-grained soils 

also can be substantially different, as shown by Figure 4.14.
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CHAPTER 5

EXISTING METHODS OF ANALYSIS AND DESIGN 
OF RAILWAY SUPPORT SYSTEMS

GENERAL

Dating to the days of the building of the locomotive engine by George 

Stephenson in 181^, the design of the railway support system has been mostly 

empirical. In fact, in the early days railway support systems were not de­

signed, but were rather constructed. To a large extent, this is also true 

today in the U. S. Over the years only sporadic efforts have been made in 

the United States to develop a better understanding of transient loading 

behavior of the railway support system. Extensive studies and advancements 

have been made in other countries (Great Britian, Germany, Japan, etc.). 

Recently, the nebd has been recognized in the U. S. for a continuing effort 

in developing a better understanding of the behavior and design of the 

railway track structure.

The primary purpose of this chapter is to examine currently available 

methods for the analysis and design of conventional railway support systems. 

Both theoretical and empirical methods are considered.

At the end of the chapter pertinent limitations of present methods 

and procedures are presented.

ANALYTICAL METHODS 

Beam on Elastic Foundation Method

Significant contributions were made by Professor A. N. Talbot and the 

Special Committee to Report bn Stresses in R a i 1 road Track (5.1) in under­

standing the behavior of a railway track system subjected to loading. The 

concept of “track foundation modulus" was introduced and mathematical 

formulations were developed for calculation of the deflection and moment 

in the rail using the theory of a continuous beam on an elastic foundation 

as introduced by Zimmermann in 1888 (5.2). A brief outline of the 

mathematical formulation is given below:
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For a beam loaded with a distributed load, q

El
dx

For an unloaded beam on an elastic (Winkler type) foundation,

q = -ky

(5.1)

. - . E l * 4 - - k y
dx

| |<
Using 3 = ^ U ei ’ the solution for Equation 5.1 is given by 

y = e^X (A cos 3x + B  sin 3x) + e " gx (C cos 3x + D sin 3x)

For a point load on an infinitely long beam 

y = e'^X ,(C cos 3x + D sin 3x)

(5.2)

(5.3)

Solving for the constants, C = D = gg3^| 

-3x
y = Pe

833EI
(cos 3x + sin 3x)

,2 p - 3x
and M = -El — ------—  (sin 3x - cos 3x)

dx

P 8 P
Max ’’(at x = 0) = 2k ; Max M (at x = 0) = Tfe

(5.1*)

(5.5)

(5.6)

(5.7)

Symbol Description:

E, I = beam (rail) modulus of elasticity and moment of inertia 

q = distribtued load on the beam 

x = longitudinal coordinate of the beam 

y = deflection of the beam 

A,B,C,D = constants

P = point load acting on the beam at x = 0 

M = moment in the beam 

k = track foundation modulus
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The " t r a c k  foundation modulus" was defined as an e l a s t i c  constant  

which denotes "the pressure per u n it  length of  each r a i l  necessary to 

depress the tr a c k  ( r a i l ,  t i e ,  b a l l a s t ,  and subgrade) one u n i t . "  Theo ret­

i c a l l y ,  i t  represents the s t i f f n e s s  of t i e ,  b a l l a s t  and s o i l ,  but does not 

involve  the s t i f f n e s s  of the r a i l .  However, in ac tual  f i e l d  measurements 

of the t r a c k  modulus the s t i f f n e s s  o f  the r a i l s  i s  a l s o  involved as the 

tr ac k modulus i s  obtained by measuring the d e f l e c t i o n  of  the r a i l  under an 

a ppl ie d  load.  j

The solution of Equation 5.1 gives the moment, deflection and the shear 

stress at any point in the rail only. Rail deflection and rail bending 

moment can be determined using the curves shown in Figure 5-1. The effect 

of more than one axle is considered by the principle of superposition.

Magee (5-3) has presented charts to evaluate tie reaction, tie depression, 

and rail bending stress for varying track parameters, using the beam on 

elastic foundation approach. ~ ‘

A major l i m i t a t i o n  to the beam on e l a s t i c  foundation method is  th at  i t  

does not adequately model the mechan ist ic  ( s t r e s s - s t r a i n )  behavior o f  the 

b a l l a s t  and subgrade; Consequently the procedure i s  of l i m it e d  v a lu e  in 

co nside r in g  the behavior of  the s u b - s t r u c t u r e  beneath the r a i l .

Meacham’ s M o d i f ic a t io n  of Beam on E l a s t i c  Foundation Method

Meacham and h i s  col leagues at  the B a t e l l e  Memorial I n s t i t u t e  t r i e d  to 

overcome some of the l i m i t a t i o n s  of  T a l b o t ' s  model as given in Equation

5 . 3  by developing, a t h e o r e t i c a l  approach for the e v a lu a t io n  of the tr a c k  

modulus va lu e  (5.*0 . The approach permits the use of tr a c k  parameters such 

as r a i l  type,  t i e  type, b a l l a s t  depth, b a l l a s t  type,  subgrade type,  and tie-* 

spacing as inputs in the a n a l y t i c a l  model. The e s s e n t i a l  steps involved in 

the development of the model are shown in Figure 5 . 2 .  An approximate method 

c ons id er ing the a f f e cte d  volume of b a l l a s t  to be a pyramid of  uniform 

pressure i s  used. The angle of in te rn a l  f r i c t i o n  of the m ater ia l  determines  

the rate at  which the load is  assumed to spread out as i t  i s  tr ansm itted  

downward, Fig ure 5 . 2 a .  Using the pyramid approximation,  the b a l l a s t  s t i f f ­

ness for a b a l l a s t  depth,  L,  is  given by

C(£-w)E^

Kb = *"[£ ®  3
(5.8)

-109-



I
B

E
fJ

O
lH

ffl
 

M
O

M
E

N
TS

 
iM

 
R

A
IL

 ,
 S

*c
 

T
R

A
C

K
 

D
E

P
R

E
S

S
IO

N
, y

e 

IN
T

E
N

S
IT

Y
 

O
F

 
R

A
IL

 
P

R
E

S
S

U
R

E
, 

p
a

Design Steps

1. Calculate Xj from formula 1 above.

2. Enter lower diagram with X^. Draw horizontal line to intersect line 
indicating distance to adjacent wheels.

3. Draw vertical line to intersect upper graph curves giving bending 
moment and depression coefficients.

h. Read coefficients C and on left scale.
5. Repeat for other adjacent wheel loads and enter totals in formulas 2

Figure 5.1.  Normalized Curves for R a i 1,Deflection S Rail Bending Moment
(From Ref. 5- H )  • •

and 3'
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( b ) Spring Rates Of Track Components

Figure 5-2. Progressive Steps in the Development of Static 
Model of a Conventional Track Structyre (From 
Ref. 5-4).
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where:

= Young's modulus for ballast

£,w = length and width of the effective bearing area of 

tie (£>w)

C = 2 tan <J> (<f> = angle of internal friction)

The representation of the soil stiffness is modified to account for the 

bearing area on the subgradeo Thus, the modified soil stiffness is 

given by

Ks = Ko \  = Ko ^  + CL  ̂ (w  +  C L ) (5.9)

where:

Kq  = modulus of subgrade reaction.

The ballast-soil spring constant, K^s » *s then given by

1
Kbs

'(5.10)

The spring constant of each tie is the series equivalent of the 

constant of a resilient rail pad, K^, plus half (due to continuity of 

ballast and soil) the spring constant of the ballast-soil foundation, 

beneath the tie, i.e.,

spring

Kbs s

K

The overall foundation modulus is then given by

( 5 . 1 1 )

( 5 . 12)

where

£, = tie spacing
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Numerical approaches for the analyses of a finite beam on an elastic 

(winkler) foundation have been presented by Barden (5-7) which allow 

non-uniform foundation modulus and by Harrison (5.8) which allow non-uniform 

beam section and non-uniform foundation modulus. Barden's representation 

is shown in Figure 5.3 and the discrete element representation used by 

Harrison for beam on elastic foundation is shown in Figure 5.^.

Analysis of Track Structure Subjected 

to Moving Loads (5.9)

Several theoretical models exist to determine the stress and deflection 

of the rail subjected to moving loads. The rail is treated as a beam rest­

ing on a continuous foundation. The foundation is idealized as one of the

followi n g :

1. A linear, isotropic, elastic solid.

2. A Winkler foundation in which the deflection at any point 

is assumed to be proportional to the load at that point,

but independent of the load and deflection at any other point.

It is physically represented by an infinite number of independ­

ent linearly elastic springs.

3. A one-dimensional linear viscoelastic element. Such a material 

incorporates damping and time effects. Two models of 

viscoelastic behavior that have been used are:

a. Kelvin model, which is represented by a dashpot 

connected in parallel with a spring and

b. Standard linear solid which consists of a spring 

placed in series with a Kelvin model.

The basic differential equation of motion for a beam supported by a 

flexible foundation may be written as follows:

El
7 * dt2

F(x,t) - q(x,t) (5. 16)

where:

y = displacement of the point of the beam at time, t, and

whose coordinate is x



The above value of the track modulus is then used in Equation 5-3. 

The pressure on the ballast surface is given by

and the pressure on the subgrade is

Finite Beam on an Elastic Foundation

The beam on an elastic foundation approach has also been used to analy; 

the response of a tie resting on the ballast by considering the tie as a

differential equation is similar to Equation 5-1. The solution for the

beam and then removing the moments and shearing forces at the ends of a 

finite length beam by superimposing reactions at those locations (5-5, 5.6). 

The formulations and the solutions are given in detail in References 5*5 

and 5-6. This approach gives the moment and deflection of the tie (finite 

beam) due to the tie reactions. An equation for the ballast pressure, 

under the tie is given below (Ref. 5.6):

(5.1*

where:

Aq is the effective bearing area of the tie.

finite beam resting on an elastic (Winkler type) foundation. The governing

finite beam is obtained by first solving the problem of an infinitely long

(5.15)

where:

k = the effective foundation modulus and is a function of the 

elastic properties of the foundation (or ballast) as well 

as the beam (or tie) geometry.

b = width of the beam (or tie)

w(x) = deflection of the beam (or tie) at distance x

y = offset distance from the center line of the beam (or tie)



Figure 5.3. Finite Beam on an Elastic Foundation 
Model of Barden (From Ref. 5-7)•
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tion by computer (From Ref. 5-8).
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E = modulus of elasticity of the beam 

I = moment of inertia of the beam 

p = density per unit length 

F ( x , t ) =  impressed force, and 

q(x,t) = restoring force due to the foundation

Solutions of the above equation for a beam subjected to moving loads 

and resting on a linear, isotropic, elastic solid have not been developed 

as yet. Solution of the above equation for a beam subjected to various 

loading conditions and resting on the Winkler and linear viscoelastic 

foundations mentioned previously are available (5*9)- Rostler et al. (5-9) 

state in their report that "there is no justification for the use of the 

viscoelastic models in quantitative stress analysis because of lack of 

experimental data for the parameters." After a review of available liter­

ature, it appears that situation s t i 11 prevails.

Meacham, et al. (5. A) have reported that for the case where the.rails 

are perfectly straight, the wheels perfectly smooth, and the track struc­

ture has perfectly uniform properties along its length and for speeds up 

to about 250 mph, there is very little difference between the static and 

dynamic vertical deflection due to the inertia and damping effects associated 

with speed. That is to say, a plot of deflect ion.versus distance for 

static wheel loads would be approximately the same as a plot of deflection 

Versus time taken at any point on the track structure for conventional 

train speeds.

General Boussinesq Approach

An approximate analytical method exists in which the wheel load is 

assumed to be distributed over a certain number of ties in a certain pro­

portion. The bearing area of the ties is assumed and the vertical stress 

distribution with depth under any given tie is found using the Boussinesq 

theory as given by Newmark's graphical solutions (5.10). The stress 

distribution due to all the effective ties is then found by superposition. 

Ireland (5-11) has discussed such an approach in an address to an AREA 

Regional Meeting and has presented a design chart for ballast-subballast 

depth selection versus cohesive strength of subgrade soil. The British 

Railways Design method (subsequent discussion) uses a similar approach 

to determine the stress distribution with depth.
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Finite Element Models

A finite element model developed by Lundgren, Martin and Hay (5.12) at 

the University of Illinois represents the track structure as a two-dimensional 

system and considers the behavior of a longitudinal section of unit thick­

ness along the vertical centerline of the rail. The condition of plane 

strain is assumed valid for the section. The model uses ^ in. (.10.16 cm) 

square elements with the rail-tie represented as a continuous beam on 

equivalent tie springs. The model allows calculation of stresses and 

deflections at various locations along the longitudinal section of the 

structural system.

The development of a three dimensional finite element model has been 

reported by the Canadian Institute of Guided Ground Transport (5.13).

Details of the model are not as yet available. A three dimensional finite 

element model is also under development by the Association of American 

Railroads.

Stress Distribution with Depth (Semi-Empirical Methods)

a. Talbot Equations

Professor Talbot and his Committee to Report on Stress in Railroad 

Track ( 5 - 0  developed an equation which gives the pressure at different 

depths under the rail below the center line of the bearing area of a loaded 

tie. The equation is:

16.8 P
(5.17)

where:

P c = the pressure directly below a loaded tie at depth h, inches 

and P = the average pressure under the tie, psi.

The Committee also developed an empirical equation for the distribution 

of pressure on a horizontal plane. The equation for an 8 in. (20.3 cm) tie 

is

I

P'c

16.8 P. 

J - 2 5  ‘
(10)'

( 5 . 18)

w h e r e :
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P^ = the pressure at a point on a horizontal plane

h inches below a loaded tie and x inches from the 

center line of the tie, psi 

2
and K = -6.05 - » * -

\ \ ' *

The above equations reasonably agree with observed field results except 

for depths less than *f in. (10 cm) and more than 30 in. (76 cm).

Other semi-empirical equations for calculating subgrade stress have been 

developed and are given below:

b. Japanese National Railways Equation (5.1*0*

50 P

P f = 10 + D 1.35

where

P̂ . = the pressure on the formation 

D = depth of ballast in centimeters

J.
c. Deutsche Bundesbahn Equation (5*15J

1.5 (L-S) B Pg 

P f = L3 (L-S) + Bj D tan 6

where:

L = length of tie, B = width of tie 

S = distance between center-lines of rail,? 

0 = angle of dispersal of load

d. Indian Equation (5.15)*

P = 2 i p  f irD a

e. Love's Equation (5.1*0

P, = P f a 1 -
3/2

1 +

-original references could not be found.
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w h e r e :

r = radius of a uniformly loaded circle whose area equals the 

effective tie bearing area under one rail seat.

DESIGN METHODS

The British Railway Design Method

British Railway Engineers have developed a design procedure which is 

based on "elastic" behavior and attempts to protect against excessive 

plastic deformation of the subgrade. Apparently it is applicable to design 

of systems with continuous welded rails (5-16, 5.17, 5.18, 5.19). The main 

assumptions inherent in the design procedure are:

1. Allowable threshold stress parameters for the subgrade soil 

may be obtained using standard repeated loading test (triaxial 

test);

2. Simple elastic theory (rectangular loading on semi- infinite 

linearly elastic foundation) can be used to predict the stresses 

in the subgrade from traffic loading,

3- The significant traffic stresses are those produced only by 

the static effect of the heaviest commonly occurring axle 

load, and

h. The water table is at the top of the subgrade.

The "threshold stress" for a clayey soil is defined as the stress level 

above which the deformation of the soil under repeated load is very rapid; 

below the threshold stress level the rate of cumulative deformation from 

additional repeated loading is very small.

The design procedure involves essentially two stages, namely, a stress 

analysis stage and a stage in which ballast thickness design charts are 

developed.

a. Stress Analysis Stage

A transverse stress analysis (along the length of a tie) is conducted. 

The interface pressure distribution under the tie is first evaluated using 

a procedure similar to that presented by Barden (5*7), in which a beam on 

an elastic foundation is divided into a finite number of segments.
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Boussinesq approach is then used to calculate the stresses in the interior of 

the track foundation (which is considered as a semi-infinite elastic solid). 

The effect of several ties is obtained by superposition.

b. Design Chart Development Stage

Design charts such as shown in Figure 5.5 are prepared by considering 

the stress distribution in the system due to various axle loads and design 

speeds and the "strength" of the subgrade soil.

The "strength" characteristics of the subgrade soil are determined 

using a repeated load triaxial test. In general, the design method provides 

a ballasj: thickness such that the shear stresses as calculated by the above 

procedure are less than the "strength" or "threshold stress" o f  the subgrade.

AREA Design Guidelines (5.20)

In these guidelines; the thickness of ballast is estimated by considering 

the strength of the subgrade soil based on laboratory testing of saturated, 

remolded samples (static triaxial test) and by considering the stress- 

distribution in the foundation. A discussipn of this approach is given by 

Ireland in Ref. 5.11. The AREA design guidelines also suggest a minimum

of 12 in. (15 cm) of top ballast under ties and 6 in. (30 cm) of sub-ballast.

Summary of Current Design Methods 
Used by U.S, Railroads

Many of the major U. S. railroads have standard track designs for use in 

specific regions of their areas of operation. Most of these designs have 

been developed by experience rather than theory. For example, the Atchinson, 

T o p e k a , a n d  Santa Fe specifications for main track construction in the 

region of Kansas Test Track (45 miles northeast of Wichita) call for (5.21):

1. use of continuously welded 136 lb./yd. (68 kg/m)' rail with 
1440 foot (438.9 m) rail string ends field welded;

2. use of 7 in. by 8 in. by 9 ft (1 7 • 8 cm by 20.3 cm by 2.74 m) 
hardwood, treated cross-ties spaced at 19-5 in. (49.4 cm) centers;

3. a minimum of 10 in. (25.4 cm) of crushed, ferrous metal slag
ballast beneath the bottom of ties. About 6 in. (15.2 cm) of 
lime stabilized subgrade is also used. .

Many other railroads, depending on traffic volume and experience use

anywhere from 6 to 12 in. (15-2 to 30.5 cm) of ballast and from 4 to 12 in.

(10.2 to 30.5 cm) of sub-ballast. Thicker ballast sections may be present
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under some tracks as a result of periodic maintenance operations (surfacing, 

track raising, etc.). It is interesting to note that some of the European 

railroads use substantially thicker ballast and subballast sections even 

through their vehicle loads in general are less than those in the United 

States.

SUMMARY AND CONCLUSIONS CONCERNING 
EXISTING METHODS OF ANALYSIS AND DESIGN

Numerous theories, techniques and/or procedures have been developed for 

calculating stresses and deflections or deformations in the railway support 

system. Most however have concentrated on "realistic" representation of the 

rai1-fastener-tie components while representing the ballast and subgrade as 

either springs or 1 inear elastic, homogeneous materials.

Based mainly on experience and in some cases on available theory, a 

number of design procedures have been developed for "designing" the -thickness 

of ballast required in the track support structure. It is significant to 

note however, that with the exception of the British R a i 1way procedure none of 

the "design" procedures incorporates the repeated load strength character­

istics of the ballast and subgrade materials. Some of the design procedures 

incorporate "static" subgrade strength characteristics but none consider the 

effects of ballasvt properties or characteristics on ballast thickness design.

Additionally, other important design considerations such as climatic 

or environmental exposure and traffic volume are not considered.
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CHAPTER 6
: J

EFFECT OF BALLAST AND ROADBED 
MATERIAL STRENGTH PROPERTIES 

ON TRACK SUPPORT SYSTEM RESPONSE

GENERAL

The major factors that affect the structural behavior of a conventional 

track support system subjected to loading are:

1. rail properties (size, joints, etc.)

2. tie spacing

3. ballast and subballast properties (strength and thickness) and

k. roadbed or subgrade properties

The "Ballast and Foundation Materials Research Program" as the name 

implies is primarily concerned with ballast and foundation or roadbed 

materials. The track support system behavior of primary concern is the 

"elastic" and "plastic" response to in-service loading conditions. The 

objective of this chapter is to briefly discuss the general sensitivity of 

track support system behavior tb ballast and roadbed material properties.

As a general guide, reduced levels of track support contribute to a 

faster rate of track deterioration. However, a rational railway support 

system design approach requires more substantiative answers concerning the 

effect of support system material properties on track response.

PREVIOUS RESEARCH FINDINGS

A Canadian Field Study reported by Hardy (6.1) indicated that the 

thickness of loosely placed ballast had little influence on rail stresses 

and maximum subgrade deflection. The ballast materials used in the study 

were loosely placed crushed gravel and loosely placed pit-run gravel.

Ballast depths w e r e " 8, 18, and 30 in. (20.3, ^5-7, and 76.2 cm).

Very little has been reported in recent literature about actual field 

studies in which the ballast and the subgrade properties were the major 

variables investigated. Kamath and Mukerjee (6.2) reported on static load 

tests conducted by the Research Designs and Standards Organization, Lucknow, 

Indi a ' i"n ;whi c h ' t h e ‘main ■variables, were a) sleeper type and spacing, b)
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ballast depth and packing condition, and c) use or non-use of blanketing 

materials of different depths. Their test results indicated that about 20 

to 25 percent reduction in maximum intensity of pressure on the roadbed 

was obtained by increasing the ballast thickness from 8 in. to 10 in 

(20.3 cm to 25.4 c m ) .

The Office of Research and Experiments (ORE) (6.3) reported that the 

means and standard deviations of settlement and track deflection increase 

when the depth of ballast increases. Thus, for thicker ballast sections 

the settlement at different.positions along the track is less uniform and 

tends to accentuate track surface defects.

Limited data are available to evaluate the response of different types 

of ballast. Salem (6.4) investigated the behavior of three types of 

ballast - chat, pit-run gravel, and crushed slag.. As can be seen from 

Figure 6.1, the vertical pressure distribution with depth was similar for 

the three ballast materials.

The track resistance to transverse and longitudinal displacements on 

the ballast has been found to depend on both the ballast compactness and 

the size of ballast particles. Birman's (6.5) study indicates the resistance 

of a track panel on new wooden sleepers subjected to lateral displacements 

on firmly tamped, ballast of size 0.6-1.2 in (15“30 mm) was about 30 percent 

less than the lateral resistance of the same track panel on conventional, 

coarse ballast of size 1.2-2.4 in. (30-50 mm).

The strength properties of ballast are highly dependent on the type of 

"consolidation" process used to prepare or to maintain the ballast bed as 

well as the density of the ballast. This is especially true for the case 

of lateral stability of the track. Measurements at the Technical University, 

in Munich (6.6) showed that the lateral resistance was greatest after the 

track had settled under traffic. After tamping and a track raise of about

0.10 in (2 to 3 mm), the lateral resistance decreased by approximately 70 

percent as shown in Figure 6.2. The effect of tamping was shown to be 

partly offset by using track "compactors” (vibratory compacting machines) 

which follow closely behind.the tamping machine. It was also shown that 

after tamoinq the vertical track stiffness is reduced. The use of vibratory 

equipment to compact the ballast in cribs between ties has been suggested
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Figure 6.1. Vertical Pressure Distribution at Depths up to 30 
of Ballast Below the Center-Line of a Single Tie, 
Load = 20,000 lb. (from Ref. 6.4).
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Figure 6.2. Relationships Between Lateral Resistance and 
Deformation Obtained from the TestsrCarried 
Out on a Length of Track Comprising of Seven 
Sleepers (From Ref. 6.6).
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by Klugar (6.7). Klugar indicated that ballast compaction effected increased 

horizontal confinement in the ballast material underneath the ties.

In a pilot study, Materials Research and Development, Inc. of Oakland, 

California (6.8) evaluated several stabilizing agents as to their potential 

for improving the properties of ballast materials. Treated and untreated 

ballast were evaluated by a) static triaxial compression tests, b) dynamic 

triaxial compression tests, and c) water immersion and freeze-thaw cycling 

tests. The results of the pilot study were used by the AAR Research Center 

to help plan an investigation of the behavior of treated and untreated 

ballast in a short full-scale section of railroad track (6.9). Twelve inches 

(30.5 cm) of crushed quartzite rock ballast corresponding to AREA No. A 

gradation was used. The ballast was treated with a new butadiene-styrene 

block copolymer based emulsion. In general 50,000 lb (22,6,80 kg) loads were 

applied either statically or dynamically (500 cpm) on two 6-foot (1.83 m) 

long sections of rai1 road track. One section of the track had untreated 

ballast and the other section had treated ballast. The important observations 

of this investigation are summarized below:

1. The settlement for the untreated ballast section was about

10 times the settlement for the treated ballast section after

3,000,000 load applications.

2. The approximate elastic settlements of the subgrade between ties 

were 0.02 in. (0.05 cm) under static loading, 0.01 in. (0.025 cm) 

under cyclic loading for the untreated ballast section; and

0.01 in. (0.025 cm) under both loading conditions for the treated 

b a l 1ast section.

3. The average subgrade pressure in the treated ballast section 

was about the same as the subgrade pressure in the untreated 

ballast section.

A. The accelerations of the ties and subgrade under cyclic loadipg 

were smaller for the treated ballast section than those for the 

untreated ballast section.

5. The lateral resistance of the unloaded track was about 5 times 

greater for the treated ballast section than the untreated 

ballast section.

Thus it is evident, for the AAR tests, ballast stabilization using the 

elastomeric polymers significantly improved the strength properties of the 

ballast.
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During 1959 and i9 6 0 , several railroads in cooperation with the Research

Department, AAR, the AREA Roadway and Ballast Committee, and The Asphalt

Institute installed test sections of asphalt treated ballast (6.10). In

each case an untreated section of equal length was marked off as a control

section for comparison. The asphalt cement used was 8 5 -100 and 120-150

penetration grade and was generally applied at a rate of about 1 gallon

per square yard (A . 5 0 l i t e r / m )  for the more densely graded ballast to about
2 J2 gallons per square yard (9.0 liter/m ) for very open and porous ballast. 

After a condition survey was conducted in 1962, it was reported that most 

of the test sections were in fair to excellent condition. It should be 

pointed out however that the primary reason for use of the asphalt treatment 

was to seal off the ballast surface from dirt and water intrusion.

For subgrade soils, repeated load behavior is very much dependent on 

the moisture condition. The effect of cyclic loading on the elastic and 

permanent deformation nature of cohesive soils has been discussed previously. 

During wet w e a t h e r , ballast pocket formation is accelerated (6.11).

No methods presently exist to consider the stochastic variation in a 

track structure. Stochastic variations can be conveniently divided into 

three basic types as follows (6.12):

1. Variability within a project - such factors as ballast 

gradation, thickness, subgrade moisture content, density and 

strength.

2. Variabi 1 ity bietween assumed average design values and those

obtained "as constructed" or to which the track structure is 

a c t u a 1 ly subjected during its design life. <■

3. Variability due to the inadequacy of the design procedure to 

account for all necessary factors and/or adjust for each 

factor in the correct manner.

A method of structural response analysis incorporating stochastic varia­

tions has been suggested by Darter, et a l . (6.13) for highway pavement design. 

The use of discrete and finite element models to evaluate the effects of 

material variability on highway pavement response has also been suggested 

(6.14, 6.15). It is anticipated that similar approaches could be applied 

to the analysis and design of track structures.
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THEORETICAL EVALUATION OF EFFECT OF BALLAST AND 
FOUNDATION MATERIAL PROPERTIES

Using the track modulus as representing the overall strength properties 

of the track support system, a theoretical analysis can be made using the 

Beam on Elastic Foundation method (Chapter 5). Figures 6.3 and 6.*( show the 

effect of track modulus on rail bending stress and deflection respectively 

for various rail sizes. For track modulus values below about 2000 lb/in/in 

(1^0 kgf/cm/cm) the rate of decrease in rail bending stress and deflection 

is higher than that for track modulus values above 2000 lb/in/in (1^0 kgf/ 

cm/cm). It can thus be concluded, based on the beam on elastic foundation 

model data, that for a given system of loading, increasing the track stiffness 

beyond a certain limit yield increasingly less benefits.

A similar analysis can be made using Meacham's procedure (6.17) to 

determine the effects of ballast stiffness (in terms of ED value), ballastD
d ep th ,  and subgrade modulus ( in  terms o f  KS(jb)*  Tab le  6.1 shows th e  e f f e c t  

o f  b a l l a s t  modulus, E„ and b a l l a s t  depth on th e  o v e r a l l  t r a c k  modulus,D
rail deflection, rail bending stress, tie-ballast bearing pressure, and 

ballast-subgrade pressure.

Lundgren, e t  a l .  (6.18) used t h e i r  f i n i t e  e lem ent model to  e v a lu a te  the  

e f f e c t s  o f  b a l l a s t  modulus, b a l l a s t  th ic k n e s s  and subgrade modulus. F ig u re s

6.5, 6.6, and 6.7 show the  e f f e c t  o f  b a l l a s t  modulus, b a l l a s t  th ic k n e s s  

and subgrade modulus r e s p e c t iv e ly  on maximum t r a c k  d e f le c t i o n  and maximum 

r a i l  moment. H ig h e r b a l l a s t  m oduli r e s u l t  in  decreased maximum r a i l  movement 

and decreased maximum t r a c k  d e f l e c t i o n .  For a g iv e n  b a l l a s t  m odulus, an 

in c re a se  in  b a l l a s t  th ic k n e s s  g e n e r a l l y  r e s u l t s  in  an in c re a se  in  maximum 

r a i l  moment and a decrease in  maximum t r a c k  d e f l e c t i o n .  When th e  subgrade 

modulus is  th e  v a r ia b le ,  the  r e s u l t s  o b ta in e d  were e r r a t i c  as shown in  

F ig u re  6.7.
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T able 6.1. Effect of Material Property Variation on Track 
Structure Response (From Ref. 6,17).

Ties Ballast/Subgrade Ral 1 Ballast/Subgrade

Type
Spacing, 
Inches

Bearing 
Area, 
In.2

Ballast 
Modulus Eg,

lb/in.2

Ballast 
Depth,

Inches

Overal1 
Foundation 
Modulus, 
psi

Deflection 
i nches

Bend Ing 
, Stress, 

psi

Tie- 
Ballast 
Bear 1ng 
Pressure, 

psi

Ballast- 
Subgrade 
Pressure, 

psi

Wood 18 2(229.5) 40,000 2k 2/92 0.172 10,450 37.6 7.6

Wood 18 2(229-5) 40,000 12 1609 0.284 12,100 35.9 13.6

Wood 18 2(229.5) 20,000 2k 2500 0.190 10,750 37-2 7.5

Wood 18 2(229.5) 20,000 12 1538 0.296 12,250 35-7 13.5

MR-3 30 2(336) 40,000 2k 2223 0.211 11,100 35-5 9-5

MR-3 30 2(396) 40,000 12 1381 0.327 12,600 34.3 * 15-7

MR-3 30 2(396) 20,000 2k 2015 0.231 11,400 35.2 9.4

MR-3 30 2(396) 20,000 12 1325 0.340 12,700 34.2 15.6

*Two 35,000 # Wheel Loads at 6' Truck Axle Spacing, 136#/yd Rail, Subgrade Modulus ■ 100 lb/In.^
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CHAPTER 7

CONSIDERATIONS IN PREDICTING 
PERFORMANCE OF RAILWAY SUPPORT SYSTEMS

GENERAL

An in t e g r a l  p a r t  o f  r a t io n a l  ra i lw a y  s u p p o r t  system d es ign  is  to  be a b le  

to  p r e d i c t  th e  perform ance o f  th e  system . T h is  means t h a t  th e  d e s ig n e r  must 

be a b le  to  q u a n t i f y  th e  s ig n i f i c a n c e  o f  the  des ign  he has deve lo p ed . He must 

be a b le  to  answer q u e s t io n s  such as:

1. For th e  p r o je c te d  t r a f f i c ,  how long w i l l  the  system la s t  b e fo re  

"m a in te n a n ce "  o f  some s o r t  is  re q u ire d ?

2. What e f f e c t  w i l l  changing c e r t a in  p r o p e r t ie s  o f  th e  s u p p o r t  

system ( f o r  example b a l l a s t  th ic k n e s s ,  b a l l a s t  t y p e ,  t i e  s p a c in g ,  

r a i l  c h a r a c t e r i s t i c s ,  e t c . )  have upon the  " t im e "  to  f i r s t  

maintenance?

3. What a re  the  economics a s s o c ia te d  w i th  v a r io u s  des ign s  and 

v a r io u s  maintenance s t r a te g ie s ?

PERFORMANCE DEFINED

In o r d e r  to  d iscu ss  the  s t a t e - o f - t h e - a r t  f o r  p r e d i c t i n g  r a i lw a y  su p p o r t  

system perfo rm ance  i t  is  f i r s t  necessary  to  d e f in e  the  concept o f  perfo rm ance 

and p o in t  o u t  some o f  the  fa c to r s  o f  in f lu e n c e .

The w ord 'perfo rm ance"m ay be somewhat nebulous b u t in  g e n e ra l i t  is  

d e f in e d  by Webster as " o p e r a t io n  o r  f u n c t io n in g ,  u s u a l ly  w i t h  regard  to  

e f f e c t i v e n e s s . . . " .

In th e  highway f i e l d ,  perfo rm ance is  d e f in e d  as th e  adequacy w i th  w hich 

a pavement f u l f i l l s  i t s  in tended  purpose o r  f u n c t io n .  I m p l i c i t  in  t h i s  

genera l d e f i n i t i o n  is  the  t im e  f a c t o r .  The genera l f u n c t io n  o r  purpose o f  a 

highway pavement is  " t o  p ro v id e  th e  s u r fa c e  c o n d i t io n s  necessary  f o r  the  s a fe ,  

c o m fo r ta b le ,  economical o p e ra t io n  o f  v e h ic le s  u s ing  the  pave m e n t."

I t  seems reasonab le  t a  ex tend  t h i s  genera l highway d e f i n i t i o n  o f  p e r fo rm ­

ance to  the  ra i lw a y  system. The f u n c t io n  o r  purpose o f  a r a i lw a y  s u p p o r t  

system is  p ro b a b ly  a ls o  s i m i l a r  to  the  highway d e f i n i t i o n ,  i . e .  " t o  p ro v id e  

the  r a i l  s u r fa c e  c o n d i t io n s  necessary  f o r  the  s a fe ,  c o m fo r ta b le ,  economical

o p e ra t io n  o f  t r a in s  u s in g  the  s y s te m ."
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In the  h ighway f i e l d ,  a numer ica l  r a t i n g  in dex  c a l l e d  the  Presen t  

S e r v i c e a b i l i t y  Index (7 .25 )  has been deve loped in wh ich  the  r e l a t i v e  a b i l i t y  

o f  the  pavement t o  p e r fo rm  i t s  in tended  purpose o r  f u n c t i o n  can be o b t a in e d  

by measur ing c e r t a i n  pavement s u r fa c e  p r o p e r t i e s .

Based on the  r a i l w a y  l i t e r a t u r e  i t  appears t h a t  equipment  and methodology  

have been developed t o  e v a lu a te  c e r t a i n  c o n d i t i o n s  o f  the  r a i l  system. Such 

p r o p e r t i e s  as c ross  l e v e l ,  l o n g i t u d i n a l  roughness,  l o n g i t u d i n a l  d i f f e r e n t i a l  

s e t t l e m e n t ,  e t c .  a re  c u r r e n t l y  e v a lu a te d  w i t h  v a r io u s  r a i l  i n s p e c t i o n  ca rs  

and o t h e r  p rocedures .  I t  is  obv ious  t h a t  the  a fo rem ent ioned  t r a c k  c o n d i t i o n s  

c l o s e l y  r e l a t e  to  genera l  s a f e t y ,  c o m f o r t ,  and economy. For example, i f  

i n t o l e r a b l e  l e v e l s  o f  c e r t a i n  o f  these t r a c k  c o n d i t i o n s  e x i s t ,  then f r e i g h t  

damage, d e r a i l m e n t s ,  equipment  damage, e t c .  may o c c u r .

I t  shou ld  be acknolwedged, t h a t  the  t o l e r a b l e  l e v e l s  o f  c e r t a i n  p e r t i n ­

e n t  t r a c k  s u r fa c e  c o n d i t i o n s  w i l l  be d i f f e r e n t  f o r  v a r io u s  users .  For 

example, a h igh  speed passenger t r a i n  r e q u i r e s  d i f f e r e n t  l e v e l s  o f  t r a c k  

s u r fa c e  c o n d i t i o n s  than does a t y p i c a l  f r e i g h t  t r a i n .

I t  shou ld  a l s o  be p o in te d  o u t  t h a t  the  " u s e r s "  ( i . e .  the  t r a i n s  and 

crews) are not  concerned w i t h  the  s t r u c t u r a l  des ign  aspec ts  o f  the  s u p p o r t  

system, but  r a t h e r  the  s u r fa c e  c o n d i t i o n s  d i s p la y e d  by the su p p o r t  system.

The main o b j e c t i v e  o f  the d e s ig n e r  is  t o  p ro v id e  a s t r u c t u r a l  su p p o r t  

system t h a t  w i l l  e x h i b i t  t o l e r a b l e  l e v e l s  o f  s u r f a c e  c o n d i t i o n s  f o r  a p r e ­

dete rmined p e r io d  o f  t im e  o r  number o f  load a p p l i c a t i o n s .  In o r d e r  t o  do 

t h i s ,  i t  is  necessary  t o  have r e l a t i o n s  between s t r u c t u r a l  response and the  

t re n d  o f  s u r fa c e  c o n d i t i o n  d e t e r i o r a t i o n  as a f u n c t i o n  o f  t im e  a n d / o r  load 

a p p l i c a t i o n s .

TRANSFER FUNCTION CONCEPT

In g e n e r a l ,  the  t r a n s f e r  f u n c t i o n  concept  is  t h a t  t h e r e  e x i s t s  v a r i o u s  

r e l a t i o n s  between s t r u c t u r a l  response and "p e r fo rm a n c e "  o r  d i s t r e s s  d e v e lo p ­

ment o f  the s t r u c t u r a l  su pp o r t  system.

By d e f i n i t i o n ,  a t r a n s f e r  f u n c t i o n  i s  the  r a t i o  o f  an o p e r a t i o n a l  o u t p u t  

to  an o p e r a t i o n a l  in p u t  o f  a t im e-d ependen t  system ( 7 . 1 ) .  For a movement 

su pp o r t  system, a t r a n s f e r  f u n c t i o n  is  co n s id e re d  t o  be a r e l a t i o n s h i p  t h a t
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relates the functional response (structural response) of the movement 

support system to its performance. A well known example of this relation­

ship is the result of the repeated load flexural test on concrete beams.

The number of load applicat ions to f a i 1ure is dependent on the stress level 
in the beam. . . . .

Current Status of Transfer Functions for v  
Highway Pavement Design

Considerable progress has been made in developing transfer functions for 

use in design and analysis of highway and airfield pavements. In general, 

critical structural response features, have been identified. and performance is 

predicted using transfer functions based on these critical response features. 

Transfer functions which are currently used in the design of highway and 

airfield pavements and which appear to be relevant to design of the railway 

support system are discussed below. ,

a. Surface Deflection

It is generally accepted that the greater the pavement surface 

deflection under traffic the shorter is the pavement's service life. In a 

study in Britain, (7.2) well defined relationships were'obtained between 

critical lives of flexible p a vements and mean early 1 ife deflections. For 

lives (N load applications) of greater -than about one mi 11 ion standard axles,

the turves were of the form:

1 (7.1)
Life (N) a ,(Deflection)J

A  typical early deflection - life curVe is shown in Figure 7.1. Similar 

results were also obtained during the AASHO road test (7.3) and equations of 

the form shown below .were developed to predict performance of flexible pave­

ments.

1og w  = A + A . Log L . - A„ 1og d p o 1 1 2 -
(7.2)

w h e r e :

Wp = number of applicat ions of axle load L^ sustained by the 

pavement at. the time the serviceability was at level p 

Lj = single axle load, in kips; ' .. .

d = normal deflection measured under a wheel load equal to one 

half Lj , in 0.001 in. ; and ..

A q ,A j ,A2 = regression coefficients.
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For the  s p r in g  normal d e f l e c t i o n s ,  the  e qu a t ion s  developed f o r  the AASHO 

Road Test  data  were

log w_ _ = 9 .40  + 1.32 log L. -  3.25 log d ( 7 .3 )
l sn

log Wj j. = 10.18 + 1.36 log Lj *■ 3-64 dsn (7 .4 )

where:

d gn = s p r in g  normal d e f l e c t i o n ,  in  0.001 i n .  (Spr ing  normal

d e f l e c t i o n  is  d e f l e c t i o n  v a lu e  o b ta in e d  d u r in g  s p r in g  o f  

year  by t a k i n g  d i f f e r e n c e  between probe e l e v a t i o n  b e fo re  

lo a d in g  and when load is o p p o s i t e  the  p robe .

I t  was a l s o  demonstrated  a t  the Brampton Test  Road in  Canada t h a t  the 

subsequent  per fo rmance  o f  a pavement can be p r e d i c te d  f rom the  knowledge o f  

i t s  i n i t i a l  peak Benkelman Beam rebound ( d e f l e c t i o n )  v a lu e  ( 7 * 4 ) .  D e f l e c t i o n  

measurements a re  a l s o  used in severa l  s ta t e s  f o r  the  o v e r l a y  des ign  o f  f l e x ­

i b l e  pavement ( 7 . 5 ) .

S i m i l a r l y ,  the  per fo rmance  o f  r i g i d  (c o n c re te )  pavements a t  the  AASHO 

Road Test  could  be p r e d i c t e d  w i t h  s u r fa c e  d e f l e c t i o n  ( c o rn e r  and edge 

p o s i t i o n s )  measurements.

b. V e r t i c a l  S t re ss  on Subgrade

Dur ing  the AASHO Road Test  i t  was found t h a t  t h e r e  e x i s t e d  a c r i t i c a l
2

v e r t i c a l  s t r e s s  in the  subgrade between 9 and 11 psi  (62 and 76 kN/m ) ,  

beyond which  r u t t i n g  in  the  f l e x i b l e  pavements r a p i d l y  increased and below 

wh ich  i t  remained e s s e n t i a l l y  c o n s ta n t  ( 7 . 6 ) .  In o t h e r  words r u t t i n g  

o ccur re d  in the  AASHO Road Test  subgrade s o i l  when v e r t i c a l  subgrade s t re s s e s  

were in excess o f  about  9 t o  11 psi  (62 to  76 kN/m ) .  The e x i s te n c e  o f  

c r i t i c a l  s t r e s s  l e v e l s  f o r  subgrade s o i l s  was a l s o  found in the  l a b o r a t o r y  

by Ahmed and Larew ( 7 * 7 ) ,  and Seed and h is  c o l le a g u e s  (7 .8 )  who conducted 

repeated  lo a d ing  t e s t s  on subgrade s o i l  specimens a t  d i f f e r e n t  s t r e s s  l e v e l s .  

I t  was found t h a t  f o r  the  s o i l s  t e s t e d ,  the  r e s i l i e n t  s t r a i n  remained 

r e l a t i v e l y  c o n s ta n t  w i t h  in c re a s in g  number o f  load a p p l i c a t i o n  but  the  t o t a l  

a x i a l  s t r a i n  was a f u n c t i o n  o f  both the s t r e s s  le v e l  and the  number o f  load 

a p p l i c a t i o n s .  S i m i l a r  r e s u l t s  were ob ta in ed  by the  i n v e s t i g a t o r s  a t  the 

B r i t i s h  Rai lways and they  r e f e r  t o  the  c r i t i c a l  s t r e s s  as the  th r e s h o ld  

s t r e s s  (7 .9 )

c .  Shear ing  S t r a i n s  on the Subgrade

In a s tud y  conducted a t  the  U. S. Army Engineers Waterways Exper iment  

S t a t i o n ,  good c o r r e l a t i o n s  were o b ta in e d  between per formance o f  f l e x i b l e



pavement field test sections and the computed maximum shearing strains at 

the surface of the subgrade soil (7.10). Figure 7.2 shows the relationship 

between the computed maximum shearing strains and "performance" of several 

test sections.

d. Vertical Subgrade Strain and Subgrade Deflection

Strong correlations have been developed between vertical subgrade 

strain in highway pavements and the performance of the pavement. Dorman 

and Metcalf of Shell used the results of the AASHO Road Test to develop a 

relationship shown in Figure 7-3, between allowable compressive strain in 

the subgrade and the number of load applications (7.11). Similar relation­

ships have been obtained by the California Division of Highways between 

vertical compressive strain and the Traffic Index (an index used to repre­

sent total traffic) (7.12). The Asphalt Institute has adopted the use of 

vertical subgrade strain as one of the criteria in the design of full

depth asphalt pavejnents for air carrier airports (7-13). A limiting value of \ . -A
vertical subgrade strain of 2.A x 10 in./in. has been suggested for pave­

ment design purposes by Deen and others (7.1 A ) .

Recently efforts have been made to correlate subgrade deflection to 

performance. Jung and Phang (7.15) report that theoretical examination of 

successful Ontario pavement designs revealed that the most promising design 

criterion for flexible pavements was the vertical deflection at top of the 

subgrade.

e. Stress Level in Granular Materials

As pointed out in Chapter 2 of this report, the repeated load response 

of granular materials is dependent on a number of factors. The resilient 

or elastic response of granular materials appears to remain fairly constant 
with increased load applications, N, but is a function of the stress state. 

Permanent strain accumulation in general increases with.N but is also greatly 

dependent on the stress state. Granular materials appear to display a "critical 

level of stresses beyond which the rate of plastic or permanent strain develop­

ment increases with increasing N.

Current Status of Transfer Functions for Railway Support System Design

A review of railway literature indicates that "transfer functions" per 

se, have never been developed; rather various design criteria have been 

established. In other words limiting structural behavior criteria based on 

given levels of performance have not been developed.
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CURRENT TRACK SUPPORT SYSTEM DESIGN CRITERIA

Criteria that are presently used or recommended for use in the design 

of the railway support structure basically fall into five categories:

1. Allowable rail bending stress (at bottom of rail)

2. Allowable rail deflection.

3. Allowable ballast pressure

ki Allowable subgrade or foundation pressure

5. Allowable subgrade or foundation strain

Allowable Rail Bending Stress

A number of recommended design criteria have been suggested in which the 

magnitude of bending stress at the bottom of the rail is controlled. Table

7.1 summarizes these various recommendations. It is noted that U. S.,

British and German recommended criteria are included. The criterion 

recommended by Magee (7.16) is not in complete agreement with the other 

criteria but is currently recommended by AREA.

In general, all the procedures have as a basis the concept of rail 

fatigue. By limiting the magnitude of bending stress under loading, it is 

implied that fatigue cracking will not occur. It is interesting to note that 

the magnitude of load and traffic volume are not considered. It appears that 

only the German procedure (7-16) takes into account the class of track and 

type of traffic.

The general approach for arriving at an allowable calculated bending 

stress in the rail is summarized in the following equation (7-17):

_ py “ p t
P r " (1 + A) (1 + B) (1 + C )  (1 + D)

where:

Pr  = a l l o w a b l e  c a l c u l a t e d  r a i l  bending s t r e s s  

p = y i e l d  s t r e n g t h  o f  r a i l  s te e l  

Pt  = te m p e ra tu re  s t r e s s  in  r a i l

A = s t r e s s  f a c t o r  t o  account  f o r  l a t e r a l  bending  o f  r a i l  

B = s t r e s s  f a c t o r  t o  account  f o r  t r a c k  c o n d i t i o n
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Table 7-1 Criteria For Calculating Allowable
Bending Stress in Rail (From Ref. 7-16)

Stress Factor Hay
Clark

(British) Magee German^
(Class 1 Track)

Locomotive 5% 5% 0%

Lateral bending 15% 15% 20% 44%

Temperature 7000 psi 
(Jointed)

7000 psi 
(Jointed)

5000 psi
10.000 psi
20.000 psi

(B-J)
(M-J)
(CWR)

: 40%

Ra i 1 Wea r 10% 10% 15% —

Unbalanced
Superelevation 15-20% 25% 15% —

Track Cond11ion 25% 25%
2 » ( H ) .

3 5 % (B)

Rail Yield 
Strength, psi 6 0 , 0 0 0 60,000 70,000 48,000 to 

74,000

Wheel Flat 
Stresses

46%

1: B-J = Branch-Jointed Track

M-J =? Main-Jointed Track 

CWR = Continuous Welded Rail

2: German rail design practice limits flexural stress based 

on the class of track and type of traffic.
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C = stress factor to account for rail wear and corrosion 

D = stress factor to account for unbalanced elevation

A l lo w a b le  R a i l  D e f l e c t i o n

AREA (7.17) recommends that the rail deflection under load be restricted 

to less than 0.25 in. (0.63 cm). '

A1 lowable Ballast Pressure •-<- .—

Another, design „cr| ter]a that has been, recommended by AREA (7.17) is 

that the allowable ballast pressure under load be a maximum of 6 5 psi 

(448 kN/m2 ) . V  . " .

A l lo w a b le  Subgrade S t ress

There are a number of tentative allowable subgrade stress design criteria. 

AREA (7.17) has recommended a value less than 20 psi (13 8 kN/m ). British 

Railway (7-9) uses the concept of "threshold stress" which is defined as 

that magnitude of stress above which permanent plastic deformation accumu­

lates rapidly with additional load applications and below which the rate of 

permanent deformation in the foundation or subgrade is very small., This 

"threshold stress" level is determined using a repeated triaxial testing 

procedure. It appears that most subgrade soils have a threshold stress 

less than 20 psi (138 kN/m2 ).

Ireland (7.18) recommended a "design" approach for determining, ballast 

thickness which is based on Boussinesq stress distributioh, static;loading 

condi tipns ̂ and: the strength'6f the subgrade soil. Basically, the procedure 

requires enough ballast such that "undue creep or bearing capacity failure" 

is precluded. Figure 7-4 represents the recommended design approach. It 

should be pointed out that a factor of safety between 1.5 and 2.0 is 

recommended. If one works through the procedure, it is found that the 

allowable stress on the subgrade is about 1.3 to T.7 times the unconfined 

compressive strength depending on the factor of safety used.

Early work by Talbot (7-19) simply recommended that the ballast be thick 

enough so that the pressure transmitted to the subgrade is uniform. No 

mention however is made of the "allowable magnitude of subgrade stress."

A l lo w a b le  Subqrade S t r a i n

Heath et at. (7.20) recommend that the subgrade stress be limited to a 

value so that 10 percent strain occurs in the laboratory tested samples
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of the subgrade soil after more than one million load applications of that 

stress.

TECHNIQUES FOR ESTIMATING PERMANENT DEFORMATION 
IN BALLAST AND ROADBED SECTIONS

In this section, the techniques for estimating permanent deformation 

(generally termed rutting) in ballast and roadbed will be discussed. The 

permanent deformation in the track system takes place as a result of 

progressive accumulation of plastic strain in the ballast and the roadbed 

due to the applied traffic loading.

Permanent Deformation in the Roadbed

The methods for "restricting" the permanent deformation in the roadbed 

were discussed previously. The permanent deformation of the roadbed can be 

restricted to tolerable levels if the applied stress level in the roadbed 

is below some tolerable stress level. However, the estimation of the amount 

of permanent deformation contributed by the roadbed to the total in the 

track support system requires establishement of relationships between 

permanent strain, applied stress and number of stress applications based on 

laboratory repeated load triaxial compression tests (7.21).

For fine grained soils, the relationship between and N is of the 

form (7.21):

e = AN 
. P

(7-6)

and at a particular number of stress applications

e
A  a  = 1 +  m e

where:

(7-7)

e  = permanent strain P
N = number of stress repetitions 

A a  = applied stress

A,b,m = experimentally determined coefficients

Monismith, et al. (7-21) have suggested the use of "strain-hardening" 

and "time-hardening" procedures to evaluate the effects of cumulative loading.
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They report however that these procedures give results which agree only / 

qualitatively with experimental data.

Permanent Deformation in Granular Materials

Barksdale (7-22) has presented a methodology for estimating rut depth 

using plastic material properties evaluated from repeated load tr.iaxial 

tests together with either linear or nonlinear elastic layered theory. The 

layered structure is divided into several fictitious sublayers and the major 

principal stress, a^, and average confining pressure, are calculated at 

the center of each sublayer using a structural behaviour theory. The 

plastic strain at those points is interpolated from repeated load triaxial 

test results for the desired number of load applications which for unstabil­

ized granular material is of the form (7.23).

(cr| " a^)/(Ka^H)
(cfj - a^)Rf (1 - sin $7

 ̂ 2 (C cos <J> + a_ sin d>)
5

(7.8)

where

e = plastic axial strain 
P
nKcr, = relationship defining the initial tangent modulus

as a function of confining pressure, a, (K and n are 
constants), psi

C = cohesion, psi

$ = angle of internal friction

R̂ . = a constant relating compressive strength to an asymptotic 
stress difference

The total rut depth beneath the applied load in the layered structure 

can then be obtained by summing all of the products of the average plastic 

strains occurring at the center of each sublayer and the corresponding sub 

layer thickness, viz.,

where

fiP . -  : L  ( e p.total i=l i hj) (7.9)
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6Ptotal = total rut depth beneath the wheel load

£*? = average plastic strain in the I**1 subgrade

h. = thickness of the i**1 sublayer

n = total number of sublayers

Barksdale (7.22) has also suggested a method for simple evaluation and 

comparison of the rutting tendencies of unstabilized granular material 

by using the Rut Index. He defines the Rut Index as the sum of the average 

plastic strains occurring in the top and bottom half of the base multiplied 

by an arbitrarily chosen factor of 10,000 so as to give a whole number.

The Office of Research and Experiraents(7.24) have reported the develop­

ment of a relationship by which the permanent deformation behavior of 

ballast can be predicted:

e N = 0.082 (lOOn - 38.2) ( a } - a 3)2 (l +  0,2 log N) (7-10)

where

eN = permanent strain after N loading cycles
N 2 

cTj-cr^ = deviator stress, kgf/cm

n = initial porosity 

N = number of repeated loading cycles
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CHAPTER 8

SUMMARY AND CONCLUSIONS

2.
3.

The p r im a ry  o b j e c t i v e  o f  t h i s  r e p o r t  has been to  summarize the  c u r r e n t  

tech n o log y  r e l a t i v e  t o  the  f o l l o w i n g :

1. Procedures and tech n iques f o r  e v a l u a t i n g  b a l l a s t  and subgrade 

m a t e r i a l  p r o p e r t i e s  (shear s t r e n g t h ,  r e s i l i e n c e ,  s u s c e p t i b i l i t y  

t o  p l a s t i c  d e f o r m a t io n ,  c a p a c i t y  f o r  l a t e r a l  and l o n g i t u d i n a l  

r e s t r a i n t ,  e t c . )

Fac to rs  wh ic h  s i g n i f i c a n t l y  i n f l u e n c e  m a t e r i a l  p r o p e r t i e s  (w a te r  

c o n t e n t ,  d e n s i t y ,  d u r a b i l i t y ,  lo a d in g  c o n d i t i o n s ,  g r a d a t i o n s ,  e t c . )  

R e la t i o n s  between m a t e r ia l  p r o p e r t i e s  and t r a c k  system response and 

per fo rm ance .  I d e n t i f i c a t i o n  o f  the  cause and development  o f  

f a i l u r e s  and o t h e r  u se fu l  per formance c r i t e r i a *  per formance 

i n d i c e s ,  o r  m a t e r i a l  parameters re q u i r e d  to  e lu de  f a i l u r e .

Review and a p p l i c a t i o n  o f  " s t r u c t u r a l  models"  such as those  o f  

Meacham, Lundgren,  and o th e rs  r e l a t i v e  t o  p r e d i c t i n g  the  b e h a v io r  

o f  the  t r a c k  su p p o r t  system ( s u b g r a d e - b a l l a s t - t i e - r a i l  sys tem ) .  

I d e n t i f y  " t r a n s f e r  f u n c t i o n s "  wh ich  r e l a t e  t r a c k  system response 

s t r e s s  o r  s t r a i n  l e v e ls  in m a t e r i a l s  and subgrades ,  e t c .  to  

per fo rm ance .

Based on the  i n f o r m a t i o n  and l i t e r a t u r e  reviewed and the  d is c u s s io n  

presen ted  in  t h i s  r e p o r t ,  the f o l l o w i n g  c o n c lu s io n s  appear w a r r a n te d :

1. B a l l a s t  and subgrade s o i l  m a t e r i a l s  r e c e iv e  inadequate c o n s i d e r a t i o n  

in the  a n a l y s i s  and design  o f  c o n v e n t io n a l  t r a c k  su p p o r t  s t r u c t u r e s .  

S t r e n g th  p r o p e r t i e s  o f  b a l l a s t  and roadbed s o i l  m a t e r i a l s  are 

r a r e l y  d e te rm in e d .

Numerous q u a l i t y  t e s t s  are n o r m a l ly  conducted on b a l l a s t  m a t e r i a l s .  

In g e n e r a l ,  few c o r r e l a t i o n s  have been developed between q u a l i t y  

t e s t  r e s u l t s  and f i e l d  per formance o f  b a l l a s t  m a t e r i a l s .  

S t r e s s - s t r a i n  c h a r a c t e r i s t i c s  o f  b a l l a s t  and subgrade s o i l  m a t e r i a l s  

shou ld  be e v a lu a te d  us ing  t e s t i n g  procedures  wh ich  c l o s e l y  s i m u l a t e  

a c tu a l  i n - s e r v i c e  lo a d ing  c o n d i t i o n s .  C u r r e n t l y ,  i t  appears t h a t  

the  repea ted  load t r i a x i a l  t e s t  can be used t o  a d e q ua te ly  e v a l u a t e

k.

5.

2 .
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the "strength" characteristics of ballast and subgrade materials. 

Typical characterization includes determination of resilient and 

permanent deformation behavior under repeated loading.

5. Numerous factors significantly affect the repeated load response

of ballast and subgrade soil materials. Therefore, it is necessary 

to establish the magnitude and range of such factors arrd appropri­

ately consider these in the process of evaluating material proper­

ties.

6. "Structural models" presently available for structural analysis of 

the track support system do not adequately consider the "stress 

dependent" nature of ballast and subgrade soil materials.

7. Transfer functions for relating track system structural response 

to track system performance presently are not available. Various 

limiting structural behavior criteria have been recommended for 

use in design of the track support system.

8. More realistic and valid structural behavior theories are available 

in the highway and airfield pavements field. With appropriate 

modifications these theories could be used for more realistic 

evaluation of the structural response of the railway support system.

9. Appropriate consideration must be given to climatic factors (such

as temperature and moisture) in the analysis and design of the rail­

way support system.

-<
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