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EXECUTIVE SUMMARY

Problem Studied

This is the final report covering the work for the second year of a research
contract under sponsorship by the Office of University Research. The objective
of this research is to develop a methodology for predicting maintenance life of
track structures as governed by the cumulative permanent deformation developed
under traffic loading in the ballast and underlying soil layers.

The research included: 1) a review of the relevant behavior of ballast and
soil material, 2) development of a mathematical model of the track system, 3) a
laboratory program of static and cyclic tests on ballast, and 4) establishing
and evaluating a method for permanent strain prediction in track\structures.
The approach is similar to that which has been used for predicting the deteriora-
tion of highway pavements resulting from soil permanent deformation.

Basically, the track structure, includiﬁg the ballast and soil components,
responds elastically under each load application. However, permanent strain
can become significant after a large number of cycles. An elastic track system
model which incorporates the effects of the train loading, the rail, the tie, the
ballast and the soil layers can be used for determining the stresses in any par-
ticular situation. Appropriate laboratory property tests are used to establish
the relationship between these elastic stresses and the resulting plastic strains,
as a function of the number of load applications. The resulting strains after any
number of cycles are then summed to estimate the track permanent settlement for

the equivalent traffic level.

Results Achieved

Based on a review of available computer models for the track structure, and
an evaluation of the model requirements for maintenance life prediction, a new

model, GEOTRACK, was developed. This model incorporates the essential features



of the system and is also economical to run on the computer.

Both static and cyclic tests were conducted on granite ballast from FAST.
These tests helped establish the appropriate representation of the material
properties for use in the prediction method. The tests also provided ballast
property values for the Facility for Accelerated Service Testing track (FAST)
in Pueblo, Colorado, from which data were obtained for evaluating the model
predictions. An important result of these property test experiments was the
establishment of an approximate method to predict cyclic permanent strains
from static tests.

A methodology for permanent strain prediction in ballast and underlying
soil layers was formulated. This approach gave results that were in reasonable
agreement with observed field performance at FAéT. However, the method repre-
sents uniform track settlement rather than the differential settlement that
causes the need for track maintenance. Further research is planned to establish

a means for nonuniform settlement predictionm.

Utilization of Results

The methodology has been developed to the point that it can be used to pro-
vide a rational basis for decision making in maintenance planning and track
design. Along with continued development and evaluation of the methodology, an
effort will be made to advise potential users of the capabilities of the model

and assist in its implementation in practice.
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PREFACE

The work described in this report was begun at the State University of
New York at Buffalo (SUNYAB) and completed at the University of Massachusetts
(UMass). The work was conducted for the U. S. Department of Transportation,
supported by funds from the Office of University Research. This report is a
summary of the results of the second year of investigatiom under Contract No.
DOT-0S-70058.

The objective of this research, which was begun in July, 1977, is to de-
velop a theory for predicting track maintenance life. Work on this project
was conducted under the direction of Dr. Ermest T. Selig, Professor of Civil
Engineering and Principal Investigator, and Dr. Ching S. Chang, Assistant Pro-
fessor of Civil Engineering and Co-Principal Investigator. The technical moni-
tor for the research was Mr. Philip Mattson of the DOT Transportation Systems
Center in Cambridge, Massachusetts.

Graduate students at the State University of New York and the University
of Massachusetts participated in the research. Doctoral dissertations by
Clement W. Adegoke and Jorge E. Alva-Hurtado éover the majority of the work
and provide most of the material contained in the first and second year reports.
Harry E. Stewart participated in the FAST track dynamic data preparation and
the property tests on the ballast and subgrade materials. Michael J. Mann
participated in the FAST static data preparation and performed computer
analysis using the GEOTRACK model. Deh C. Ho also assisted with the computer
analyses. Donald R. McMahon assiéted with the static ballast property tests.
Brian C. Dorwart aided in the set up of the cyclic testing machines and the
associated instrumentation. Thomas J. Siller assisted with the cyclic tests.

In addition, a considerable effort in the FAST data analysis was contributed
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by Dr. Tai-Sung Yoo, Research Assistant Professor at SUNYAB.

A primary factor in the success of the research during the transition of
staff from SUNYAB to UMass was the administrative assistance provided by Janet V.
Prosser at SUNYAB and the administrative assistance and responsibility for pre-

paration of the final report manuscript provided by Kristin J. Currier at UMass.
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CHAPTER 1. INTRODUCTION

The specific objective of this research is to develop a methodology
for predicting cumulative permanent deformation of track structures under
traffic loading as a basis for maintenance life determination. The approach
involves:

1. A study of available information to develop a means of characterizing
. the behavior of ballast and track roadbed soils that causes the permanent:
deformation.

2. Development of an appfopriate mathematical model of the track struc-
ture for use in permanent deformation prediction.

3. Constructing a cyclic test facility and using this facility for con-
ducting property tests on ballast and subgrade soils for obtaining needed
properties.

4. Establishing a preliminary methodology for permanent deformation pre-
diction and assessing the validity of the model by a comparison with available
field data.

Over the past few years, considerable amount of attention has been directed
towards the application of analytical methods in the design of railroad track
structures. Such effort has resulted in the development of various computer
models for predicting the stress, strain and deflection in the track structures
under transient loads. Attempts were made to more realistically incorporate
the properties of the roadbed materials, that is the ballast and subgrade, into
the mathematical ﬁodels. Simultanequsly, an appreciable amount of data have
been generated from repeated load tests perforﬁed on ballast and subgrade
mateéials to provide material characterization for input to the models.

The general approach for predicting track response has been fashioned after



the approach developed for'highway and airfield pavements. It is assumed

that under moderate stress levels, the response of most subgrade and granular
materials becomes relatively elastic and constant after a few hundred load
repetitions. Under each load application, the transient response of the track
system thus can be predicted using a linear or a non-linear, elastic analytical
model. The permanent inelastic deformations which ;ccumglate upon repeated
application of such stresses are obtained from a relationship between the plas-
tic strains, elastic stress and number of load applications.

While this approach has been applied with some degree of success in pave-
ment research, the suitability of ;Eié approach for track structures had not
been determined. It is likely that the accuracy of the model will depend cri-
tically on the ability to represent in the laboratory tests the effects df stress
states to which the roadbed elements are subjected in the field. As a result of
insufficient field data in the past, the available analytical models previously
developed had not been validated. However, a significant advance in the state
of understanding of tfack response has been possible as a result of an instru-
mentation program cénducted at the DOT Facility for Accelerated Service Test-
ing (FAST) track in Pueblo, Colorado, to monitor the response of the ballast
and subgrade 1ayers under traffic,

This report presents the progress achieved in the second year of the re-~
search. A previous report (Ref. 1) covered the first year of the research. In
the first year, an examination was made of the dynamic and cumulative strains
in the ballast, subballast and subgrade at the FAST track to determine the
general characteristics required of the prediction models, Then thé available
computer programs MULTA, PSA and ILLITRACK were evaluatéd. Dynamic measurements
from several track sections at FAST were compared with the predicted results

from the three models., Based on the assessment of the models and the computer

2



program performance, MULTA was selected for further modification into a
non-linear elastic, stress-dependent model.» This new model was used as a
basis for stress state determination in the maintenance life prediétion
methodology.

Cyclic triaxial test equipment with associated control apparatus was de-
signed and fabricated for measuring the material behavior for the track
model. The triaxial cell can handle eitﬂer 6 or 8-in, diameter samples.

With this apparatus, the resilient modulus and permanent deformation behavior of
ballast and subgrade materials can be studied, includinglthe effecté of ini-
tial stresses and cyclic stress increases from the train 1oads.

A survey of existing permanent deformation prediction procedures was des-
cribed in this report. It was concluded that the moét promising procedure uses
the stress path approach for property determination in a manner analogous to the
recently developed approach for-predicting Tut depth in pavement applications.

In the second year, the model for the elastic deformation of the track
system was further refined and evaluated. This new model, GEQTRACK, is des-
cribéd in this report and a comparison of predictions with FAST dynamic meas-
urements is made. A review of cyclic behavior of ballast and some soil materials

~is ;lso made to establish an appropriate material characterization for the

track model. The method of defining the stress conditions for the ballast pro-
perty tests using the equivalent stress path approach and tﬁe GEOTRACK model is
then described. The observed cumulative étrains in the ballast, subballast and
subgrade at the FAST track are briefly described. Then the.results of static
and cyclic triaxial tests on the FAST granite ballast are also presented.
Finally, the approach for prediction of ballast cumulative strain is described
and the results, based on the triaxial property tests, are compafed to the field

behavior.



CHAPTER 2. GEOTRACK MODEL

2.1 Introduction

In the first year final réport (Ref. 1), three analyfical models for
the track system were described. These were MULTA, PSA and ILLITRACK. The
characteristics of the models were examined, and theif accuracy checked by
numerical comparisons with.field data (Refs. 2, 5). The field data (Refs. 4,
6) were obtained from the instrumented FAST track in Pueblo, Colorado.

The observed dynamic response of the track roadbed as a function of
various track parameters such as ballast type, ballast depth, tie typeband
wheel lqads was shown from the FAST experiments (Table 2-1). The dynamic
responsés of the ballast, sﬁbballasf and subgrade were consistent, showing
a distinctive peak for each wheel load. However, because of the rail stiff-
ness, sufficient interaction existed between adjacent wheels of a truck to make
the axle pair on a truck cause the dominant cyclic frequency, fathér than a
single axle. This is an important consideration in the determination of the
proper shape and duratién of the stress pulse and the number of cyciéé employed
in repéated load property tests for track performance prediction. Depending
on.the wheel loaction, interaction between adjacent axles, and tie bénding, the
dynamic ballast and subballast strains exhibited compressive and/or extensional
responses. The dynamic response of the roadbed under each application of an
axle load at FAST was elastic. This observation is used to justify the use of
elastic models and resilient soil properties for predicting the resilient res-
ponse of track structures under train 1oadé. " However, the strains and deforma-
tions were not proportional to wheel load, although the relationship was approxi-
mately linear in the range of 10 to 33 kips. Thus the elastic model must be non-

linear for adequate representation.



Table 2-1. Sets of Conditions for Instrumented Track Sections

Ballast Ballast Track Tie
Section Set Tie Type Type Depth (in.) Geometry Spacing (in.)
17C 1 Concrete  Granite 16 - 19 Curved 24
17E 2 Concrete  Granite 14 Tangent 24
iSA 3 Hardwood  Granite 21 Tangent - 19.5
18B 4 Hardwood Granite 15 Tangent 19.5
208 5 Hardwood Limestone 15 Tangent 19.5
20G 6 Hardwood  Traprock 15 | Tangent 19.5

Subballast Depth = 6bin. of well-graded gravelly sand in all cases.
Subgrade = silty, fine to medium sand.
Tie Properties =

Wood: 7-in. high x 9-in. wide x 8.5-ft long, A = 63 in.z, E=1.5%
106 lb/in.z, I = 257.25 in.4

Concrete: 9-in. high x 8.5-in. wide (top) and 10.75-in. wide (bottom) x

8.5-ft long, A = 86.6 in.z, E=3x 106 in.z, I = 582 in.4

Rail Properties = 136-1b steel rail, A = 13.35 in,z, E =30 x lO6 psi, I =

94,9 in.4



The following conclusions were made as a result of the study of the
three track models:

1. For a set of chosen roadbed properties, MULTA and PSA predict a

similar trend of behavior in comparison to the field measurements.
On the basis of the similarity of PSA and MULTA in the mathematical
: representation of the threé—dimensionality of the track system, it
is believed that both PSA and>MULTA can reasonably predict the response
of the track system.

2. The pseudo plane-strain assumption in ILLITRACK may not be represent-
ing the three-dimensionality of the track system as desired. The para-
meters involved for this assumption are angle of distribution and effec-
tive tie bearing length. Both .of them are problem-dependent and there-
fore experience is required for specifying these two parameters, . The
usefulness of this model may be enhanced through a systematic study of
these two parameters which will provide a guideline for selecting the
proper values.

3. The PSA model is an order of magnitude more expensive to run than MULTA
or ILLITRACK.

4. The linear elastic assumption presently adopted in MULTA and PSA is not
considered adequate for representing the actual non-linear, stress-—
dependent behavior of roadbed materials.

From these conclusions, the decision was made to develop a new model, GEO-
TRACK, which is based on MULTA but which accounts for the stress-dependent nature
of the roadbed materials (Ref. 2). The model emphasizes the geotechnical aspects
of track behavior. In addition to the more fundamental question of material
modelling, certain other deficiencies were encountered in using the MULTA model.

In order to obtain a more efficient and practical model, the following additional



modifications were made:

1. The roadbed layers are composed of linear elastic materials in
GEOTRACK as well as in MULTA; however, the modulus in GEOTRACK is
a function of stress state rather than a constant.

2. The MULTA model repeats calculations of identical influence coef-
ficients generated by loading on the tie segments. This repetition
is eliminated in GEOTRACK with the result that the input data has
been reduced by four-fifths, and the calculation time has been
reduced.

3. The MULTA model computes parameters for only three depth locations
within three layers, while GEOTRACK can compute results for six depth
locations within five layers.

4. Because truck‘ioading (i.e., a pair of éxles) constitutes the dominant
cyclic load frequency, automatic superposition of adjécent axle loads
is incorporated into the GEOTRACK model.

5. The BURMISTER and LAC codes are combined in GEQOTRACK to form a single
model, thus eliminating the need for two separate runs which for MULTA
required an extérnal magnetic tape.

6. Based on the track geometry information (which is specified by the
length of tie, tie spacing and number of ties), the radii locations.of
the points of interest where stress and displacement information are de-
sired are computed automatically in GEOTRACK, thus eliminating the need
for manual computation and reducing the input data requirements appre-
ciably.

7. The cartesian coordinate system was varied from the original version of
MULTA and a corrected transformation matrix was employed to convert

influence coefficients from cylindrical to cartesian coordinates.



8. TFor the determination of stresses in the roadbed materials, a cor-
rection for the sign of the shear stresses was accomplished, result-
ing in a smaller stress state in the roadbed in comparison to the
MULTA model.

9. Correct consideration of‘symmetry in the d%rection parallel to the

rails is now incorporated, eliminating the center '"hump'" in stress

distribution across the ties produced by the MULTA model, particularly

with stiff ties.

2.2 Material Characterization

The three basic requirements in the solution of any boundary value prob-
lem are 1) satisfaction of the equilibrium equationms, 2) satisfaction of the
compatibility equations which ensures admissible displacement fields, and 3)
the selection of appropriate constitutive laws for the materials, which relate
the components of the stress tensor to the components of the strain tensor.
The third requirement has been the most difficult in geotechnical enéineering,
since soil dées not behave as a linear elastic material.

Roadbed elements under in-service conditions are generally subjected to
repeated application of sub-failure stress levels (i.e., stresses lower than
the static strength). A number of investigators (Refs. 7 to 15) have used the
repeated load triaxial test to study the behavior of roadbed materials under
repeated loading.

As a result of all this extensive research, the concepts of resilient
strain and resilient modulus have evolved. Fig. 2-~1 shows a schematic of a
typical repeated load behavior of roadbed material, and Fig. 2-2 shows actual

stress-strain data for ballast material obtained by Olowokere (Ref. 13). 1In

each load application, the element experiences both resilient (recoverable or
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elastic) and residual (non-recoverable, inelastic or plastic) strains. At
any load cycle; the resilient modulus (Er) is defined as the ratio of the
deviator stress to resilient strain. As shown in Fig. 2-2, the greatest
amount of inelastic strain occurs in the first load and unload cycle. After
about ten to one hundred cycles, the response of the material has become
relatively elastic and constant, although some small residual strains will
continue to occur at a decreasing rate with each cycle.

The observed behavior of ballast material as shown in Fig. 2-2 indicates
that an elasto-plastic behavior is exhibited by the ballast up to some num-
ber of load cycles, after which the inelastic behavior disappears almost
completely. The behavior during the primary loading can be approximated by
the well-known hyperbolic relations préposed by Kondner and Zelasko (Ref. 16)
and formalized by Duncan and his co-workers (Ref. 17). The parameters repre-
senting the elastic or resilient state, however, have been found to be strong-
ly dependent on the state of stress (Refs. 17, 18, 19, 20). This stress-
state dependenc& of the elastic parameters has generally been recognized as a
form of material non-linearity which may be accounted for by making the
Young'S modulus (E) and Poisson's ratio (v) functions of the stress state.

The resilient modulus of roadbed materials (Er) as defined previously has
been related to the stress state by various functions of either the confining
pressure (03), the deviator stress (Gd =0, - 03), or the sum of the principal
stresses (@ = ol + 0, + 03). Due to the different effects of © and 0, the
resilient modulus of soils may increase or decrease with stresses, depending

on the type of soil. It has been found experimentally by Seed, et al. (Ref. 21)
that for coarse-grained materials, © has a greater effect than Gd’ and the modu~-
lus increases with stress according to either Eq. 2-1 or Eq. 2-2:

. K
E = -
L = K02 , (2-1)

10



Kl
1
Er = Kl 03 2 s (2-2)

where E resilient modulus,

0 the bulk stress = Gl +0 40

2 3?
01509503 = the major, intermediate and minor principal stress, respectively, and
Kl’KZ’Ki’Ké = experimentally determined constants.
On the other hand, for fine-grained materials, 9 has a greater effect than O,

and the modulus generally decreases with increase in o The above relation-

4
ships have been verified by more recent investigators (Refs. 12, 14, 18, 22,
23). Equations 2-1 and 2-2 are analogous to the following dependency of ini-

tial tangent modulus on confining pressure as obtained by Duncan and Chang

(Ref. 17) for static analysis of soils:

n
E, = o 2-3
; = Kp_(o5/p )" (2-3)
where Ei = initial tangent modulus,
oy = confining pressure,
Pa = atmospheric pressure expressed in the same pressure units as Ei

and 935 and
K,n = experimentally determined constants.
The GEOTRACK model can be used with any of the proposed relationships

between resilient modulus and stress state. However, based on a review of

available information and the results of preliminary analysis with the model,
the relationship defined by Eq. 2-1 was selected. The equations for the FAST
materials are given in Table 2-2, together with assumed values for Poisson's
ratio. The values of parameters Kl and K2 were obtained f;om tests conducted
by Thompson (Ref. 24).

Because of the problems associated with measuring accurate values of v,
as well as the fact that the response of the pavement and track systems ig
relatively insemsitive to reasonable variations of v, estimated and constant

values of v are often used as engineering approximation (Ref. 25). Poisson's

11



Table 2-2. Resilient Equations for FAST Roadbed Materials (Ref. 24 )

Resilient Equations, E_ = K1®K2

Material (1b/in.2) Poisson's Ratio, V

Kl K2 (Assumed)
Granite Ballast 7735 0.509 0.37
Limestone Ballast 5423 0.559 0. 37
Traprock Ballast 2509 0.686 0.37
Subballast 2182.0 0.687 0.37
Subgrade 523.0 1.08 0.4

12




ratio appears to vary between 0.3 and 0.4 for granular materials, and between
0.4 and 0.5 for cohesive subgrades. Values within this range are used in this

study.
2.3 GEOTRACK Description

The components of a conventional track structure system are represented
by GEOTRACK. These components are: 1) the roadbed materials consisting of
the ballast, subballast and subgrade, 2) the track structure consisting of the
ties, the rails and the rail fasteners (not shown, but are under the rails),
and 3) the wheel loads transmitted by the trains. 'The GEOTRACK model only
considers vertical wheel loads.

Figure 2-3 shqws the geometrical representation of the track structure
in the GEOTRACK model. The roadbed is represented by five layers of finite
thickness, the last layer being semi-infinite. The rails are assumed to be
supported over eleven ties. The track section is assumed symmetric about
the center tie and symmetry of loading on both rails is assumed. Thus, only -
one-quarter of the total track section, as shown in Fig. 2-3, need be specified.

The BURMISTER code, based on Burmister's three-dimensional elasticity

solution of a multilayer system (Ref. 26), is employed in determining the

stress, strain and displacement iﬁfluence coefficients for the desired points
of interest in the roadbed. Usually, poiﬁts along the ties at the center of

each tie segment, midway between ties (forming a grid as shown in Fig. 2-4),

and at some depth locations directly under the surface points are taken as

the desired points of interest. Each point of interest is identified by

coordinate- (r, 0, Z).

Each half-tie has been divided into five segments, with the tie—Ballast
contact area converted into a circular shape to be compatible with the Bur- f
mister solution. The influence coefficients are obtained by loading each of ;
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the equivalent circular areas of a tie segment with a unit load, with no
load on the other segment areas. A study of Fig. 2-4 reveals the axisym-
metric nature of the problem, that is, at a particular depth level in the
roadbed, ail points which are at the same relative radii locations to the

loaded segment would have the same stress and displacement influence coeffi-
cients. Therefore, in the GEOTRACK model, the influence coefficients for

loading on the 2nd to 5th tie segments are generated from those of the first
segment, |

The influence coefficients are first calculated in cylindrical coordi-
nates and then transformed into cartesian coordinates for use with the LOAD
and COMBINATION code.

The resilient moduli of the roadbed materials are made stress—dependent,
and the stresses themselves are functions of the moduli. Thus an iterative
procedure, which is omne of the mefhodé of approximating nonlinear material
properties (Ref. 27), is‘employed in -the GEOTRACK model. It consists of
solving the same problem repeatedly under the axle load, choosing for succes-
sive solutions a value of resilient.modulus for each layer corresponding to
an average effective state of stress calculated for the layer in the preceding

cyele. Thus in each iteration,

(E = o -
r)i+l Er ( ij)i ? (2-4)
where (E = \ th .. .
( r)i+l new Er for the (i+1) iteration, and
(Gij)i = gtress state in the ith iteration.

The iteration is continued until (Er)i+ - (Er)i < €, where € is. the tolerance

1

of convergence. The final stresses and displacements are those obtained in the
th . . . R

(i+1) ~ iteration. 1In each iteration, the materials are treated as linearly

elastic with E and V replaced with the values consistent with the current state

of stress in accordance with the nonlinear relation between modulus and stress

state, Eq. 2-1.
16



The following procedures are carried out in the iterative scheme
employved in the GEOTRACK model; |

1. Previous study (Ref. 1) has shown that the incremental bulk stress,
A®,. caused by train loads does not vary appreciably across the tie, but
there is a significant variation of A® in the vertical direction.
In order to account for variation of A® as well as the material pro-
perties with depth, the roadbed System is divided into five layers,
such as shown in Fig. 2-3. However, GEOTRACK cén héndle other layer
divisions. For example, in this study thevballast has often been di-
vided iﬁto two layers and the subballast redﬁced to one layer.

2. Stress statesvare computed at 55 locations on avhofizontal plane cor-
responding to the center of each layer. These consist of 11 points in
the loﬁgitudinal direction for each-of five tie segments. The numer-

ical desigﬁation of the 55 locations are as shown in Fig. 2-4. Each

" ¥

layer is considered to be composedlbf 5 eléments,' one element under
each tie segment extending in length along‘tﬁe longitudinal rail direc-
tion (Y—axié). Thus‘for each elemeﬁt, stréss‘states are computed at

li locations along its length. Numerical designation of the elements

is as shown in Fig. 2-3.

3. Geostatic bulk stress is computed at the center of each layer as

o = + 2K g = (1+ a, -
eo %o 0%vo 1 2Ko)cvo’ . (2-5)
where @o = geostatic bulk stress,
Cvo = geostatic vertical effective stress, and
KO = coefficient of lateral stress at rest.

4. The final bulk stress at each of the 11 longitudinal locations on each
element is computed as

Op = 0, + 00,

where @f = final bulk stress, and

17



A® = incremental bulk stress due to train loads = Acl + Acz + A03 =
Ao+ Ao+ Ao .
X y z
5. Several alternatives are available to determine an average value for
the bulk stress in each layer used to calculate the resilient modu-
lus. Adegoke (Ref. 2) used a weighted average using the rail-seat
load under each tie as the weighting factor., Alva-Hurtado (Ref. 3)
used the bulk stress at the middle of the layer in the plane of the
load.
K2

6. The representative modulus for each layer is obtained from Er = Kle ’

using © from step 5. The parameters K K2 are different for each

1’
roadbed material.

For the track sections analyzed in this study, the resilient moduli have
converged substantially at the end of three iterations. In the fourth itera-
tion, the stress and displacement values are obtained at the interface locations
or any other depth location rather than at the middle of the layer, the resi-

lient moduli obtained in the third iteration being employed in the 4th and

final iteration.
2.4 Model Validation

In this section, the GEOTRACK model is validated against the dynamic
measurements for five FAST sections: 17E, 18A, 18B, 20B, and 20G. Table 2-1
summarizes the various track parameters associated with these sections, while
Table 2-2 shows the resilient equations for the FAéT roadbed materials.

Using these parameters, the GEOTRACK model was run for all the five sec-

tions for wheel loads of 2, 5, 8, 11.7, 14, 23.5, and 32.9 kips, respectively.

Each run is for truck loading, i.e., response under the two adjacent axles of

a truck with the wheel load on each axle as indicated. The moduli assumed for

18



the first iteration were 30, 20, 20, 10 and 5 ksi for the ballast, subballast 1,
subBallast 2, subgrade 1, and subgrade 2 layers, respectively. During con-
struction, the upper 3 ft of the subgrade was compacted and thus was treated
as a separate layer so that a higher value was assigned to this layer than
to the lower section of subgrade.

GEOTRACK predicted values are compared to measured values in Figs. 2-5
through 2-12 as a function of wheel load. Except for ballast strains, the pre-
dicted values reasonably represent the measured values. The GEOTRACK model has

predicted values of ballast strain for the wood tie sections which are an
order of magnitude smaller than the measured values. Tie-seating phenomenon

was suggested as a possible reason for the discrepancy (Ref. 2). However, the

predictéed ballast strains in the concrete tie section are close to the measured

values., While the top strain coils were attached into receéses in the bottom
of the wood ties, they.were simply taped to the bottom of the concrete ties.
The concrete tie being heavier than the wood tie will also help maintain a
better contact between the top coil and the surface of the ballast. If the
measured ballast strains were to be matched, a displacement profile as shown
by the dashed 1inglin Fig. 2-13 would be suggested. The displacement gradient
indicated by this profile is definitely very unlikely. This evidence corro-
borates the existence of tie-seating effects in the ballast strain measurements. .
Thus, care should be taken to correct the measured dynamic ballast strains for
tie~-seating effects, before using the values in further analyses.

Figures 2-10 through 2-12 show that the multilayer model is predicting

the same trends as observed for the 15 and 21-inch ballast depths. For example,

multilaxer theory shows that as the thickness ratio Dr increases for a fixed
modular ratio, less stresses are transmitted to the underlying layeré and
therefore less strains and deformations. This is as observed in the 21-inch
bailast'section compared to the 15-inch ballast sections.
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As a final comparison, PSA and ILLITRACK were run with the stress-depen-
dent moduli obtained in the final iteration of GEOTRACK. These moduli values
were 39, 13, 12, 8 and 13 ksi for ballast, subballast 1, subballast 2, sub-
~ 8rade 1, and subgrade 2, respectively.

Table 2-3 shows the comparative predictions. It can be seen from this

table that GEOTRACK's predictions are the closest to the measured values.
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Table 2-3. Comparison of GEOTRACK, PSA, and ILLITRACK Predictions with
Measured Response at FAST Section 18B; Using Moduli Deter-
mined from Nonlinear GEOTRACK '

- MEASURED PREDICTED

GEOTRACK PSA ILLITRACK
3 MGT |75 MGT :

Ballast

strain (in./in.) 0.004 0.0056 0.00048 0.00064 0.00086
Subballast '
strain (in./inf) 0.0005{ 0.0005 0.00065 0.0009 0.0018

Subgrade surface
deflection (in.) - - | 0.0537 0.0623 0.115

Subgrade deflection
at extensometer

bottom anchor -— - 0.0163 0.0132 0.023
location (in.) : '

Subgrade surface
deflection relative 0.031 0.025 0.0374 0. 049 0.092
to extensometer

bottom anchor (in.)

Subgrade vertical
stress (psi) 6.6 6.6 8.35 9.83 26.9

Load = 32.9 kips L

Z
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CHAPTER 3. CYCLLC BEHAVIOR REVIEW

In general, types of loading can be broadly categorized as either monotonic
or cyclic. Material behavior is completely different for these two loading
conditions. Monotonic loading has been extensively investigated for many
years and therefore is better understood. The type of loading influencing the

behavior of the track system is cyclic. Unfortunately, there is no general

constitutive law available to account for the effect of cyclic loading in bal-

last and roadbed materials.
An appreciable amount of data on cyclic (repeated) loading in granular
materials has been generated from work in highway technology. Some of this

available data will be summarized, and a section concerning ballast testing

will also be presented. Finally, the application of this information to

pavement deformation prediction will be described.
3.1 Resilient Behavior of Granular Materials

The typical behavior of a granular material, under moderate stress levels
of repeated load, is that after the first‘few cycles, the material becomes
"elastic" because the irrecoverable strain is small compared to the recovera-
ble strain. However, the permanent strain can accumulate by a substantial
amount after a large number of cycles.

To evaluate the resilient behavior of granular materials, several inves-
tigators (Refs. 7; 28-35) have used the conventional triaxial cell. The granu-
lar samples were éubjected to repeated loading conditions having either a con-
stant or a cyclic confining pressure. ~

The resilient response is usually characterized by a resilient modulus
(Er) aﬁd resilient Poisson's ratio (vr). The resilient modulus is defined as

the repeated deviatoric stress divided by the recoverable portion of the axial

31



strain, The resilient Poisson's ratio is equal to the recoverable portion of
the axial strain divided by the recoverable portion of the radial or lateral
strain.

Values of the resilient modulus Er at several stress states were obtained
from laboratory testing. It was found that the resilient modulus is a function
mainly of the state of stress. Two suggested predicEive equations were pre-
sented in Chapter 2 to relate the modulus to the stress state. Results from
Ref. 36 indicate that material type such as gravel or crushed stone is not a
major factor affecting the resilient response of granular materials,

Stress—dependent properties of fine-grained soils typically found in
track subgrades are considerably different from those of granular material
used for ballast and subballast (Ref. 37). Generally, the resilient modulus
of fine-grained soils decreases when the deviatoric stress is increased,

Several researchers, namely Hicks (Ref. 31), Allen (Ref. 32), and Brown
(Ref. 35), have installed devices directly on the samples that can measure
the resilient radial or lateral strain. From repeated loading testing with
constant confining pressure, Hicks modeled the resilient Poisson's ratio as a
function of the principal stress ratio (01/03) and experimentally determined

constants of the form

o g o
] 1 1,2, 13
vo= A+ Al<_c,3) + AZ(_US) + AB(,%)

Allen performed repeated load testing with variation of confining pressure
independently of the deviatoric stress, Figure 3-1 presents the difference in
resilient Poisson's ratio for the two different conditions: constant and varia-
ble confining pressure. Figure 3-2 portrays the different stress paths corres—
ponding to these conditions. The stress path AB will represent a cyclic test
in which both the confining pressure as well as the deviatoric stress are

cycled, representative of the actual field stress conditions, Stress paths CB
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and DE will represent equivalent constant confining pressure tests in which
either the peak cyclic value is matched (CB) or the mean cyclic value is
matched (DE),

The shape of the curve for v in the variable confining pressure tests
is flat and would indicate that in field conditions this parameter would vary
only slightly, The explanation given for the higher Poisson's ratio in the
constant confining pressure tests was that a portion of the lateral deforma-
tions observed were due to nonuniform states of stress and strain within the
specimen.

Brown and Hyde (Ref. 38) believed that the difference in the values of
the resilient Poisson's ratio was because the two tests had different stress
paths, as can be seen in Fig. 3-2. They claimed that Allen was comparing the
variable confining pressure tests with the tests from stress path CB. Accord-
ing to Brown and Hyde, if both types of tests are interpreted in terms of
volumetric strain (Vr) and shear strain (yr), both tests are compatible, as
can be seen in Fig. 3-3.

Procedures for evaluating the resilient properties of granular materials,
mainly for highway pavement design purposes, have been developed since the
early fifties (Ref. 7). Important work on repeated load testing of granular
materials, mostly applied to highway design, has been presented by Dunlap
(Ref. 39), Seed, et al. (Ref. 40), and Thompson (Ref. 41)., More recent sum—
maries of laboratory testing on resilient properfies of granular materials are
given by Hicks (Ref. 31), Allen (Ref. 32), andiKnutson (Ref. 14).

All the previous studies of resilient behavior have shown that the most
significant factor affecting the resilient modulus is the stress state. Sev-
eral investigators have used either the confining pressure or the bulk stress

as a parameter. Knutson (Ref. 14) indicated that the use of the bulk stress
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gave better correlation coefficients and reduced scatter,

Most of the investigations of resilient behavior have been accomplished
by triaxial repeated load testing using constant confining pressures. Allen
(Ref. 32) and Brown and Hyde (Ref. 38) used cyclic confining pressure as well
as cyclic deviator stress, Allen and Thompson (Ref, 42) concluded that al-
though the constant confining pressure tests overestimated the resilient modu-—
lus, the use of the constant confining pressure triaxial test was justified as
;a means of characterizing the resilient response of granular materials, They
concluded this because the error was not great and the testing equipment was
simpler.

Hicks (Ref. 31) and Allen (Ref. 32) indicated that a reasonable estimate
of the resilient response can be obtained after approximately 100 load cycles,
this response being representative of the response after several thousand
stress repetitions, - They indicated that it was important, however, not to
overstress the material. Furthermore, these researchers established that one
specimen can be used to measure the resilient respoﬁse over the entire range
of stress levels and that the sequence of stress application had no signifi-
cant effect on the results,

Kalcheff and Hicks (Ref. 43) reported that the number of stress repeti-
tions and stress sequence had little effect on the resilience of granular
‘ materials. These researchers recommended that the resilient response of
granular materials be determined after 150 to 200 load repetitions as a
reasonable indication of‘resiiiént propertieé for a material subjected to a
complex stress history.

yorgan (Ref, 33) and Brown (Ref. 35) indicated that the resilient modulus
increased with the number of cycles, but reached equilibrium values after
approximately 10,000 cycles of deviator stress, Boyce, Brown and Pell (Ref. 44)
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indicated that the resilient modulus is subjected to stress history effects,
particularly if the material has developed permanent strain. These effects
can be reduced by using only a few cycles and avoiding high stress ratios.

Hicks and Monismith (Ref., 22) observed no influence on the resilient
modulus for load duratioms in the range of G.1 to 0,25 secomnds, Seed, et al.
(Ref. 40) demonstrated that by decreasing the stressg duration from 20 minutes
to 1/3 second, the resilient modulus increased by about 18 percent. Allen (Ref.
32) concluded that the resilient response of well-graded granular materials is
independent of stress pulse duration,

Kalcheff and Hicks (Ref. 43) reported that there was no evidence of a
change in resilient behavior with changes in load duration or frequency. Boyce,
Brown and Pell (Ref. 44) found that frequencies between 0.2 to 20 Hz had little
or no effect on resilient strains.

From tests conducted on well-graded crushed gravel and crushed rock, Hicks
and Monismith (Ref. 22) concluded that resilient modulus at a given stress
increased with increasing particle angularity or surface rougﬁness. -Haynes and
Yoder (Ref. 30) observed higher resilient modulus values for gravel specimens
than for crusﬁed stone when bofh were compacted to the same relative density.
Allen -(Ref. 32) found that the effects of material type on the resilient para-
meters are slight compared with the effects of changes in the state of stress,
Allen conducted repeated load testing on crushed stone, gravel and a blend of
the two. 1In general, the crushed stone yielded slightly higher values of Er
than the gravel. The modﬁlus of the blend material was normally between those
of the other materials.

Hicks (Ref. 31) 6bserved decreases in the.resilient moduii of well-graded
materials as the fines content (percent passing number 200 sieve) was increased.

Barksdale (Ref. 28) tested various soil-aggregate blends and concluded that
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a 20% so0il/80% aggregate hlend exhibited higher values of resilient modulus
at low stresses than a 40% so0il/60% aggregate blend specimen, At higher
stress levels, the situation was reversed, Haynes and Yoder (Ref. 30) obser-
ved little change in resilient modulus values of well«gradedvaggregates for
changes in the percent of fines ranging from 6;2 to 11.5 percent.

Hicks (Ref. 31) concluded that for a given stress condition, the resi-
lient modulus increased with an increase in density. Poisson's ratio, how-
ever, was only slightly influenced by density.

Allen (Ref. 32) investigated the variation of the resilient parameters
with density for crushed stone, gravel and a blend of both, Generally, the
resilient modulus increased as density increased, The Poisson's ratio
showed no consistent wvariation with density changes,

Hicks (Ref. 31) indicated that for sands and gravels at different degrees
of saturation,-the resilient modulus decreased as the degree of saturation -
increased, so long as comparisons were made on the basis of total confining
pressures. Comparisons on the basis of effective stresses indicated that the
resilient moduli for 100 percent saturated samples differed only slightly from

those for dry samples.
3.2 Permanent Deformation Behavior

As presented in the resilient behavior section, the deformations of granu-
lar material under each load application of stresses below failure are almost
completely recoﬁerable. Hoﬁever, the relatively small inelastic strains that
occur in each cycle accumulate to significant levels upon repeated applications
of such stress. The accumulation of deformation upon repetition of stresses\
is called the permanent deformation behavior,

The permanent deformation behavior of granular-materials, and in particular

ballast, under the application of repetitive loading had been studied both in
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the laboratory (Refs, 12, 13, 14, 29, 45 and 46) and in the field (Refs. 2, 6).
Both types of studies indieated that the response under each load is elastic,
but with number of load applications and traffic, there is an accumulation of
permanent strains and deformatioms.

There is not a great amount of information available on the factors
influencing the permanent deformation behavior of granular materials in the
triaxial test, but most of the factors affecting the resilient behavior will
probably affect the permanent deformation behayior in a similar manner.

Knutson (Ref. 14) concluded that an increase in stress ratio (repeated
deviator divided by confining pressure) resulted in additional permanent defor-
mation for ballast samples. However, stress ratio by itself cannot be used
to predict adequately the permanent Heformation behavior of ballast materials,
Forva given stress ratio, for instance four, the development of permanent de-
formation with number of cycles will be different for two different confining
préssures.in the triaxial test. The lower confining pressure, for instance

6, = 5 psi, produces much lower permanent deformation than the higher confin-

3
ing pressure, for instance 15 psi. Knutson (Ref. 14) indicated that the stress
level effects were difficult to discern because both the deviator stress and
fhe confining pressure, and not merely the ratio of the two, must be comsidered.

Barksdale (Ref. 28) concluded that the permanent deformation decreased
significantly as the confining pressure increased for a given deviator stress.
The rate of accumulation of permanent deformation at low repeated deviator
stress is proportional to the number of load applications, but at deviator
stresses above a critical value, the rate of permanent deformation accumulation
increased with increasing number of load applications, .

_ Brown and Hyde (Ref. 38) and Knutson (Ref, 1l4) have shown that unlike the

resilient behavior, the permanent deformation behavior is dependent on the load
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application sequence or stress history. The total permanent deformation was
less when a specimen was subjected to gradually increasing stress levels than
when the highest stress level was applied first. A typical result of this type
of behavior is given in Fig. 3-4 (Ref, 38);

Knutson (Ref, 14) presented the concepts of Lade and Duncan (Ref. 47)
that offer a reasonable explanation for the stress history effects on the per-
manent deformation behavior of sands. Their theory indicates that elastic and
permanent strain develop simultaneously upon loading. The elastic strain is
determined primarily by the elastic deformation of individual particles, but
permanent strain results from sliding between particles, The stress changes
on a specimen can therefore be of these types: primary loading, unloading,
and reloading. According to elasto-plastic theory, only primary loading (when
stress level is increased beyond the previous maximum) will cause large per-
manent strains.

Field evidence of the importance of the primary loading on the permanent
deformation of ballast has been presented by ORE (Ref. 45), They concluded
that "smaller loads cause negligible settlement, and that a small number of
large dynamic loads determine the deterioration of the track level, rather than
the general level of the axle loads.™

Allen (Ref. 32) found that an increase in density resulted in a decrease
of permanent deformation and that crushed material experienced less permanent
deformation than gravel. ORE (Ref. 45) indicated that permanent deformation
is proportional to the initial porosity .and is thus inversely proportional to
initial density. Knutson (Ref. 14), in performing repeated load testing on
different ballast materials, concluded that no other specimen parameter is as
important in influencing the permanent deformation behavior than the degree of

compaction. Figure 3-5 presents the effect of density on the permanent strain
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of a limestone ballast.

Knutson (Ref, 14) found no significant differences in the permanent de-
formation behavior of three granular materials; limestone, basalt and gravel.
The effects of material properties such as particle index and flakiness
index were not consistent and therefore no conclusions were drawn with respect
to those properties. He also reported the effect of gradation on permanent:
deformation behavior. In general, the AREA number 4 gradation tended to resist

permanent deformation less than did the number 5 or the "well-graded" materials.
3.3 Ballast Cyclic Testing

Previous work related to ballast cyclic testing is scarce. Some published
information about ballast cyclic testing is given in Refs. 13, 14, 45, 46, and
48, The main emphasis of'this section will be given to the permanent deforma-
tion behavior.

Raymond and Williams (Ref. 48), based on Olowokere (Ref. 13), presented
typical stress-strain-volume change relationships with number of cycles for
triaxial compression repeated load testing of dolomite ballast. An example
of the material response is given in Fig. 2-2, A large axial strain was obser-
ved at the end of the first cycle, After the first cycle, the amount of strain
occurring in each successive cycle tended to decrease. The width of the
loading~unloading loop is also greatest in the first cycle and decreases with
subsequent cycles until the loading curves eventually coincide with the corres-
pondingkunloading curve.

Figure 3-6 from Olowokere (Ref. 13) presents plots of permanent axial and
volumetric strains with the logarithm of the number of cycles, The plots
approximate straight line relationships, although there is evidence that the

curves were flattening to a stable condition -after 100,000 cycles., There are
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three tests presented in Fig. 3-6 representing stress difference factors of
0.25, 0,50 and 0.75. The stress difference factor is defined as the ratio of
deviatoric stress applied in repeated loading to the deviatoric stress at
failure. Among the conclusions by Olowokere were:

1. For a given material and a given density; increasing the stress

difference factor will result in increased permanent deformationms.

2, For a given stress difference factor and same material and density,

the permanent deformation increases with increasing confining
pressure.

3. A large deformation is produced by the first load application. This

deformation is comparable to static loading, that is, a function of
the confining pressure and deviatoric stress applied.

‘4, The rate of permanent deformation accumulation decreases with the

number of cycies.

5. The volumetric permanent strain increases gradually and steadily with

increasing number of load cycles.

The work of Olowokere was extended by Raymond and Williams (Ref, 48) to
include extension tests. However, only one density was used in both types of
tests.

Knutson (Ref. 14) presented results of the permanent deformation behavidr
with number of cycles of loading for a variety of baliast material, Typical
behavior has been'presented in Fig. 3-5. The most important factors influencing
the permanent deformation behavior of ballast were postulated to be: the num-
ber of load repetitions, the degree of compaction, and the stress level., It is
importdnt to point out that in this work, the importance of the deformation after
the first cycle was not stressed, In fact, in Fig. 3-5 the permaneﬁt deformation

after the first cycle is given as zero.
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The Qffice of Research and ExperimentS'(ORE) of the International Union
of Railways (Ref. 45) undertook studies both in the laboratory and in the
field to determine the behavior of the ballast layer in the track foundation
under the action of repetitive loads. Laboratory repeated load tests were made
on Derbyshire limestone and Meldon stone hallasts, Different densities were
tested. The results indicated that under controlled stress conditions; the
ballast permanent strain can be predicted by the equation:

= 0.082 (100n - 38,2) (5,-0,)°(1 + 0.2 log M) ,

By
where ey = permanent strain after N loading cycles,
n = initial porosity of the sample,
01—63 = deviator stress, and
N = number of repeated loading cycles.

The main points that arose from the predictive equation were that:

1. The development of the permanent deformation of the ballast (defor;
mation/load cycle) reduced considerably as the number of cycles
increased.

2. The first load application produced a very large permanent defor-
mation. The deformations produced by subsequent loading can be
related to that produced at the first loading by:

g, = el(l + 0.2 log N).

N
This relationship was independent of initial porosity, stress levels,
or material type (Figs. 3-7 and 3-8),

3. The permanent deformation was ver?ldependent on the initial compaction
of the ballast.

4. The permanent deformation was proportional te the square of the applied

deviatoric stress.

Shenton (Ref. 46) continued the laboratory testing undertaken by ORE mainly
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to determine and qualify the effects of changes in.the applied loading pattern.
He made the following conclusions:
1. The first load cycle produced a large permanent strain followed by a
period where the permanent strain is proportional to the log of the
number of cycles. This is the same as in Ref. 45.

2. There is a large variation in ballast strains even when the ballast

samples are identically prepared and subjected to the same stresses,

3. The permanent strain is proportional to the axial stress raised to

an exponent within the range of 1 to 3.

4. The permanent strain is determined mainly by the largest load when

two load levels are applied.

5. The permanent strain is reduced if full load removal is not allowed

between load cycles.

6. The same relationéhip as ORE of permanent deformation at cycle N with

permanent deformation at cycle 1 was obtained, that is, ey =
el(l + 0.2 log N) for Ballidon limestone tested at three different den-
sities (Fig. 3-9).

Hargis (Ref. 29) studied the permanent deformation behavior of a limestone
gravel subjected to repetitive loading. From the data, he developed a regres-
sion model to predict permanent deformations with the application of loads. The
independent variables were the number of cycles of loading, N, and the ratio
of cyclic deviator stress to maximum static deviator stress, R. The regression
model was of the form:

log Evp = -1.8688 + 0.1666 log N + 2.4048R,
where €vp = the predicted vertical permanent strain in percent.

Brown (Ref, 35) conducted a series of laboratory repeated triaxial tests on

a crushed granite with a 0.2-in. maximum particle size, He found that under
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drained conditions, the permanent strain reached equilibrium values after
approximately 10,000 cycles»of deviatoric stress. The permanent strain at
equilibrium was related to the applied stresses by:

evp = 0,01 (q/03),
where q was the deyiator stress and oy was thg confining pressure.

In a recent extension of Brown's work at Nottingham, Hyde (Ref. 49)
investigated the influence of loading sequence and thag of abplying cyclic
confining pressure to the same granular material. The liﬁited study of load-
ing sequence showed that while the resilient modulus was unaffected by this,
the permanent deformation behavior was significantly affected. The permanent
strain which built up after successive applications of about 100,000 cycles

of gradually increasing level was less than half of the value resulting when

the highest stress level was applied constantly.
3.4 Pavement Approach to Deformation Prediction

Pavement research towards the prediction of elastic and inelastic defor-
mation (rutting) has been underway for several years. A state-of-the-art report
by the Transportation Research Board (Ref. 50) was entirely dedicated to this
problem. Also, Monismith (Ref. 51) and Monismith and Finn (Ref. 52) have pre-
sented a state-of-the-art paper on this subject,

According to Monismith and Finn (Ref., 52), there are two design approaches
available based on rutting from repeated traffic loading. One of the approaches
involves limiting the vertical compressive straiﬁ at the subgrade surface to
some tolerable amount -associated with a specific number of load repetitionms,
i.e., Shell criteria (Ref. 53). The other approach involves prediction of the
actual amount of deformation which might occur in the pavement system using
material characterization data developed in the laboratory together with an

analysis procedure used to represent the pavement structure, The procedures for
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the estimation of the amount of rutting in pavements from repeated traffic
loading use linear or nonlinear:elastic layered systems to represent the
pavement structure, employing materials characterization from repeated load
triaxial compression tests. To use the aforementioned approach, relation-
ships between permanent strain and applied stress must be available for each
of the pavement components,

The method as adaptéd by Barksdale (Ref. 28) is a simplified engineering
approach that consists of subdividing each layer of the pavement structure
into sublayers and, by use of linear or nonlinear elastic layered theory,
determine the major pringipal stress oy and avefage confining pressure 0q
at the center of each sublayer beneath the wheel load (Fig. 3-10). Because
of the lonation under the center of the load, the principal stresses are in
the vertical and horizontal planes; fherefore, fhis situation can be simulated
in the laboratory by the triaxial test.

The permanent strains can be calculated at the center of each sublayer by
using the relationship between permanent strain and applied stress from labora-
tory results for the desired numbef of load applications. The total permanent
deformation is then obtained'by summing up all of the products of the average
permanent strain occurring at the center of each layer and the corfesponding

sublayer thickness. This step can be mathematically expressed as

n
GPtotal = I (e?h.),.
i=1 *7
where GPtotal = total permanent deformation beneath the wheel load,
P _ c .th
e, = average permanent strain in the i sublayer,

h., = thickness of the ith sublayer, and
n = total number of sublayers,
' . P .
The values of permanent strain €; are obtained from laboratory tests for a

given state of stress at various number of load repetitions.-
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Barksdale (Ref. 28) proposed a method to relate the permanent axial
strain caused by repeated loading to the state of stress in the triaxial test,
. based on a modification of the hyperbolic model of Kondner (Ref, 16) and
Duncan and Chang (Ref. 17). The strain after 100,000 cycles of well-graded

materials can be predicted by

(0 = 03) /E;

8vp B {(01—03)(1—sin¢)Rf
L= 2(c cos¢ + 0q sing)

where €y = permanent axial strain,
oy - 03 = deviator stress,
o3 = confining pressure,
Ei = initial tangent modulus equal to Kog, where K and n are experi-—

mentally determined constants,
c,$ = Mohr-Coulomb parameters, cohesion and friction angle, and
R. = a ratio of the stress difference at failure to the stress differ-
ence where the stress-strain curve approaches infinite strain, i.e.,
o, -~ 0 o, - .
(o) = 03¢/ (07 = 09) q¢

Figure 3-11 (Ref. 12) shows the agreement between the measured and the cal-

culated values of permanent strain,
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CHAPTER 4. STRESS PATH DETERMINATION

This chapter presents' the method used for determining the stress paths
in the roadbed materials which define the stress states for the laboratory
property tests. The computer model GEQTRACK was employed to estimate the stress
distribution in the roadbed materials caused by train loading. From these in-
cremental stresses and the geostatic sfresses, the octahedral normal and shear
stresses for both the loaded and unloaded track conditions were calculated for
different points in the roadbed. The octahedral stresses were then converted
to equivaleﬁt stresses for the repeated~load triaxial test which was used to
measure the elastic moduli and permanent strain characteristics of the roadbed
materials.

The approach will be illustrated using numerical results from FAST section
18B. Reference 3 gives the results for FAST sections 18A and 17E. The geome-
try and initial properties for section 18B are shown in Fig, 4-1. The rail and
‘tie properties are given in Table 2-1. The resilient moduli shown in Fig. 4-1
are the values used for the first iteration. The resilient moduli for the sub-
sequent iterations are calculated from the equations in Table 2-2 based on . the
bulk stress at the middle of each layer where the load is acting (Y = Olin.).
The wheel load employed was 32.9 kips. The solutions presented are for a single

axle only.
4.1 GEOTRACK Results

The variation of incremental stresses with depth is shown in Fig, 4-2 for
the point along the tie which is directly underneath the load. This is typical
of the stress distribution at other point locations along the tie. Some obser-

vations that can be drawn from Fig. 4-2 are:
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— 5] "
fe—— 21, 375"———l

Rail = 136 1b

ANy

jointed
Y TIE7T x 9" HARDWOOD jointe
4 o 19.5 in. spacing
TR X ST
A
z?
I =0.06134 pci
5" E = 30,000 psi (initial)
BALLAST y = 0.37 Granite
L ‘4
7
o7 SUBBALLAST 1 Y = 0.0833 p = 0.37 Well Graded
3 UvB E = 20, 000 p5| {initial) K = 0.5 Gravelly
3" SUBBALLAST 2 _ Sand
¥ = 0.06481 pci , Sitty Fine
e e to Medium
= 10,000 psi (initial) sand
36" SUBGRADE | ¥ = 0.33
‘L K, = 0.5
: ¥ = 0.06481 pci Silty Fine
SUBGRADE 2 E = 5000 psi (initial) ‘ to Medium
v = 0.33 Sand
© KO = 0.5

CHOSEN POINTS GEOTRACK ANALYSIS
X =5.1, 15.3, 25.5, 35.7, and 45.9 in.

Z=0,3.8, 7.5 11.3, 14,9, 16.5, 19.5, 21,1, 39.0, 57.1,
80, 120, and 240 in.
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1. The reinforcing and load spreading characteristics of layered systems
can be appreciated. This factvis demonstrated by the normal stress
gradients, in particular in the ballast layer;

2. Because of symmetry conditions, the only non-zero shear stress present
in the plane of the load is Aqxz. The value of the shear stress
increases to a maximum value near the mid-depth of the ballast layer;
reduces to a lower ;alue at the first interface, and becomes negligible
in the subgrade.

3. Tensile stresses are developed at the bottom of the ballast in the trans-
verse and longitudinal directions. However, it should be pointed out
that the incremental vertical stress always remains compressive. The
tensile stresses reach a vaiue of approximately 10 psi at the first
interface.

The variation of the incremental stresses across the tie for the ballast
layer are presented in Figs. 4-3 through 4-6. The values of the incremental
vertical stresses in the ballast near the surface are higher under thé load
than in the middle of the tie, bﬁt with depth these stresses become smaller and
more uniform along the tie. As was pointed out before, at the ballast~subbal-
lést interface, tension develops for the transverse and longitudinal stress,
the tension being higher under the 1oad.r The incremental shear stress changes
in sign dcross the tie, being zero right underneath the load and at the axis of
symmetry about the center of the tie, The maximum incremental shear stresses
are at the ballast midlayer. It can be noticed that the level of incremental
shear stress is not too high, 6.5 psi being the maximum,

Because the GEOTRACK model calculates only the incremental stresses imposed
by the passing trains, a calculation of the geostatic stresses was added in order

to combine them with the incremental stresses and hence determine the total
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stresses. The values of KO and y»used for the geostatic stresses are given

in Fig. 4-1, Twelve different points at varying depths (Z direction) in the
roadbed were chosen under each of the five different divisions beneath half

the tie to determine the stresses, Octahedral stresses were used to account
for the three-dimensionality of the problem and to obtain an easier physical
interpretation of the threefdimensional system by considering the applied
stresses to be divided into those céusing volume change and those causing shear
distortion. In addition, this allows easierbconversion.of the field stresses
into equivalent laboratory cyclic triaxial stress states.

The total field octahedral normal stress (goct ) and total field octahedral

f
shear stress (Toct ) are determined from the total principal stresses by the
f
expressions
. I T -
- ?
oct, 3
and
_ » 2 2 2
Toct, T 1/3 \/(Olf-OZf) t (09pm0gp) + (Ogpm03 )"

where Olf’ sz and 03f are the three total principal stresses from the field.

Figure 4-7 presents the variation of total principal stresses with depth
directly beneath the wheel load. This figure differs from Fig. 4-2 by the addi-
tion of the geostatic stresses. At this particular loéation, near the position
of the load, there is not a‘large rotation of principal stfess directions. Also,
the values of 9of and 03f are close to each other, this case being nearly an
axisymmetrical condition.

The variation of total Uoctf across the tie in the ballast layer for the

Y = 0 plane is shown in Fig, 4-8, and with depth beneath the load in Fig., 4-9,

In the ballast near the surface, the values of oy are higher under the rail

ctf
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than in the middle of the tie, but with.depth_the'Streeses become smaller

and more uniform along the tie, for ekample in the subballast and subgrade.
Another interesting result is the development of tensile incremental octahe-
dral normal stresses in the bottom of the ballast layer. As was previously
mentioned, the incremental vertical stress transmitted by the wheel load is
always compressive, but the longitudinal and transverse incremental stresses
become tensile in the elastic multi-layer model. The same fact has been pre-
viously noted by Brown (Ref, 54) and others when using the multi-layer theory
in asphaltic pavements.

The variation of the total Toctf across the tie in the ballast layer for
the Y = 0 plane is presented in Fig. 4-10, and with depth beneath the load in
Fig. 4-9. A rapid decrease of the total octahedral shear stress is noticed at
the interface between the ballast and the subballast, It can also be noticed
that the magnitude of octahedral shear stress is small, 10 psi being the maxi-
mum with the Y = O plane, As in the case of normal stresses, the maximum
shear stress occurs under the load, and with depth the distribution tends to
be more uniform across the tie, It should be pointed out that the higher values
of the octahedral stresses at the first interface (Z = 14.9 in.) are produced
by the development of tensile normal stresses,

The variations of total octahedral normal and shear stresses across the
tie in the ballast layer for the concrete tie section are shown in Figs. 4-11
and 4-12. These distributions are quite different from those of wood ties
shown in Figs. 4-8 and 4-10. The concrete tie distribution approximates the
behavior of a rigid footing supported by an elastic foundation., The maximum
stresses are found at the tie ends and they decrease to a minimum value at the
tie center. On the other hand, in the case of the wooden ties, the stress dis-
tribution is similar to that of a flexible.footing supported by an elastic
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foundation, In this case, the maximum stress is found beneath the load point

at the rail and decreases towards the ends and center of the tie.
4,2 Cyclic Triaxial Test Stress Paths

The stress paths produced in the field with the imposition of wheel loads
were simulated in the laboratory by means of cyclic (repeated load) compression
triaxial tests. The test facility used permitted varying only the axial load
(deviatoric stress), while maintaining the cell pressure constant. The triaxial
stress states for the laboratory tests were based on the field octahedral
stresses predicted with the GEOTRACK model described in the previous section.
The manner in which the field stresses are converted to constant confining
pressure triaxial stress paths will be presénted in this section,

The conventional triaxial compression test consists of using a cylindri-
cal sample With a hydrostatic confining pressure o, and applying a deviatoric
stress o - Og to the‘sample by increasing thé axial stress, The octahedral

stresses in the triaxial test when the deviatoric stress is applied are de-

fined by

oct

and

Jz
Toctt =3 (9799 .

The triaxial test has an axisymmetrical stress state because the confining
pressure 03 acts in all horizontal directions. .Furthermore, for the usual
triaxial test, the only stress change that occurs is in the axial stress O1s

in which case the triaxial test is also considered uniaxial,

The total stresses in the field consist of the stresses from train loading
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predicted from GEQTRACK and the geostatic stresses. ‘From these, the octa-

hedral stresses ch and Tbc were detérmined, Tf these octahedral stresses
£ . £ .
from field conditions (o and T ) are equated to the expression for
octf octf

octahedral stresses for the axisymmetric triaxial condition; values of 9 and
03 can be determined for the triaxial test which represent the field stress
path as closely as possible,

Figure 4-13 compares, in the p-q stress plot, the different stress paths
that can be studied with this approach. Point A represents the geostatic stress
state in the field without train loads. This stress state is assumed to be
hydrostatic. Point B is the equivalent axisymmetric stress state that consi-
ders geostatic plus incremental stresses produced by the train loading. Thus
stress path AB is the cyclic state to which the roadbed elements will be sub-
jected with moving wheel loads. This stress path generally will have an incli-
nation different than 450, which is the stress path for a conventional, con-
stant-confining-pressure triaxial compression test.

Figure 4-13 presents two ways by which the constant 03 triaxial tests can
be employed to simulate the axisymmetric, but not constant, 03 field stress path
AB. These are stress paths CB and DE, both having constant o3 The stress path
CB consists of matching the maximum normal and shear stresses. The specimen
will be given an initial confining pressure equal to that at point C. While the
confining pressure is held comstant, o1 is increased until point B is reached.
On the other hand, the stress path DE will match the average field stress which
is half-way between A and B. This is accomplished by applying the constant
confining pressure Og» represented by point D, calculated by matching the stress
states at point ¥, While this confining pressure is held constant, 0y is in-

creased until stress state E is reached. Stress path DE is a straight line
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Fig. 4-13. Equivalent Stress Paths for Roadbed Materials
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inclined at 457 and passing through point F.

Figure 4-14 shows the equivalent triaxial stress distributions with depth
for FAST section 18B for point B on stress path CB. The development of a
tensile zone at the bottom of the ballast layer has created a situation that
cannot be simulated in the laboratory because the confining pressure (03)
would have to be tensile. However, this tension zone is small caompared to
the larger compression zone in the ballast layer. This problem has been by-
passed by using the middle of tﬂe baliast layer to represent the ballast
stress path. Figure 4-15 portrays the stress paths CB and DE for points in
the middle of the ballast layer, approximately undefneath the load for section

18B.
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CHAPTER 5, OBSERVED TRACK RESIDUAL DEFORMATION

This chapter presents the permanent strains and deformations accumulated
with traffic in the granite ballast sections of the FAST track located in
Pueblo, Colorado. Three sections (17E, 18A and 18B) were instrumented with
this ballast to represent wooden and concrete ties, tangent tracks and ballast
depths from 14 to 21 inches (Table 2-1). The data presented are restricted to
vertical strains and deformations under the rail, ‘and traffic. up to 50 MGT
(million gross tons). Only granite test sections are considered because the
laboratory testing was limited in the second year to granite ballast samples.
However, in the future the study will be extended to the limestone and traprock
ballast sections of FAST.

For each FAST section, several different tie locations were instrumented.
The average values are taken as representative of the entire section. Details
of the entire instrumentation plan and all of the measurements are given in

Ref. 6. The information is summarized in Refs. 2, 3 and 4,
5.1 Test Conditions

The instrumentation for the FAST track section in Pueblo (Fig. 5-1) includes
soil strain gages installed in the ballast and subballast layers to measure
vertical and/or horizontal strains, and vertical extensometers in the subgrade
to measure vertical deformation of the subgrade surface relative to a reference
anchor ten feet below the subgrade surface.

The ballast is a crushed granite material from Wyoming. This ballast, with
particle sizes ranging from about 0.2 to 1.5 in., is finer than the AREA No. 4
gradation.

The subballast is a well-graded gravelly sand. It is designated SW in the
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USCS system or A<l in the AASHTO system, The subballast was compacted with a
vibratory roller prior to track construction., Imnspection records indicated
that compaction.exCeeded'90%.AASHTO T-99 at water contents of 6 to 12%Z, At
‘the time of instrument installation, the moisture content ranged from 3 to 5%,
Laboratory compaction tests performed on the'subballast material from three
different locations at FAST give maximum dry densities rangihg from 115.8 pcf
to 119.5 pcf. |

The subgrade material is generally classified as a silty to very silty,
fine to medium sand, in some areés becoﬁing a sandy silt, The principal desig-
nation in the USCS system is SM, and in the AASHTO system is A-1 to A-4. No
distinct subgrade layer bouhdarieé wéfe evidenf,from'the borings; however,
visual observations made during drilling of the extensometer holes suggested a
general tendency for increaéing silt content with depth, Tﬁe subgrade material
also generally decreased in moisture content from 6 to 12Z in the top 4 ft to
1 to 5% in the next 6 ft. The compaction specification for the construction

of the first 3 ft of the subgrade was 90Z of the AASHTO Test T-99, method C.
5.2 Measured Residual Deformations

Ihe average values for vertical ballast strains were calculated by com-
bining the inside and outside rail measurements. Measured values were disre-
gérded only when the coefficieﬁt of variations calculated were excessively high
(greater than 100%) and the field records indicated instrument malfunctioning.
The mean and coefficient of variation values from the statistical analysis are
presented in Ref. 3. The average coefficient of variation of strain in the
ballast layer for section 17E was 17%, for section 18A was 32%, and for section

18B was 23%. The number of measured values was 4 for section 17E, 3 for section
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18A and 8 for section 18B,

Figures 5-2 to 5-4 present the mean values and ranges of ballast residual
strains for sections 17E; 18A and 18B, respectively, as a function of million
gross tons (MGT) of traffic. The values of ballast strain under the rails
follow the same general trend in all three sections, that is, the strains
accumulate with traffic. The ballast strains incredse more rapidly during
the early stages of loading. Approximately 50% of the strain at 50 MGT is
reached as early as 5 MGT of traffic. The rate of increase in strain dimin-
ishes after 5 MGT and seems to have a constant value afterwards.

The measured values of vertical strains in the ballast at the center of
the tie have not been analyzed, nor the measured longitudinal or transverse
strains in the ballast.

The ballast residual strains in section 17E (concrete) seem to be higher
than the ones in section 18B (hardwood) for the same ballast depth of 15 in.

The values presented for section 18A (21 inches of ballast) are higher than those
in section 18B, but lower than those in section 17E. However, the measured
ballast strain values for section 18A are for the upper middle ballast layer
only, because the strain sensors did not span the entire layer thickness, Also,
the tie spacing in section 17E is 24 in., compared to 12,5 in. in sections 18A
and 18B. Finally, the tie stiffness for the concrete and wooden ties should

also be taken into account in comparing the data in the roadbed materials.

The average values for vertical subballast strains were also calculated
by cbmbining the inside and outside rail measurements, For sections 17E and 18B,
the strain values are for the whole subballast depth, but the section 18A strains
are calculated using the upper subballast and the lower portion of the ballast
layer.

The average coefficient of variation for subballast strains for section 17E
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was 18%, for section 18A was 25%, and for section 18B was 34Z, The number of
measured values were 3 for section 17E and 18A and 4 for section 18B.

Figures 5-5 to 5-7 present mean values and ranges of subballast residual
strains for sections 17E, 18A and 183; respectively. All three sections follow
the same general trend of strain accumulation with traffic. The subballast
strains under the rail increase more rapidly during the initial stages of
loading with 50% of the strein occurring as early as 1 MGI. For subsequent
loading, the rate of increase is approximately constant, this rate being lower
than in the case of ballast strains.

It should be noted that the order of magnitude for the subballast strains
under the rails in the three cases is very similar, Furthermore, the slopes
of the curves are also very similar. The subballast strains in section 18B are
the highest, but sections 17E and 18A>are of the same magnitude. Again, it
should be pointed out that the values for section 18A iﬁclude some ballast strain
due to the location of the coil sensor in this section,

The average coefficient of variation for subgrade deformation for section
17E was 297, for section 18A was 76.5%, and for section lSB was 29%. Four
values were considered in most of ‘the cases. The coefficient of variation is
double for section 18A, probably due to instrumentation problems in section 18A.

Figures 5-8 to 5-10 present the average values and ranges of subgrade de-
formations with traffic for sections 17E, 18A and 18B, respectively. The trend
of permanent deformation of the subgrade with traffic is different from ballasé
and subballast strains. The subgrade deformations continue tovgrow after 50 MGT,
in contrast to the levelling off of the ballast and subballast strains.

The subgrade defermation in section 17E (concrete tie) with traffic seems
to be higher than in section 18B (hardwood tie), even though both sections have

the same ballast depth of 15 in, Section 18A (ballast depth of 21 in.) has a
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higher yariation, but the mean values are similar to those in section 188,
Again, section 17E has a greater tie spacing and a greater tie stiffness -

because this is the concrete tie section,
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CHAPTER 6. LABORATORY TRIAXTAL TESTS

Following a brief description of the apparatus and procedures developed
for the laboratory triaxial tests, this chapter presents the results of the
static and cyclic testing conducted on the FAST granite ballast. Further in-
formation on the laboratory equipment can be found in Refs, 1 and 3. A de-
tailed presentation of the testing conditions and results is presented in

Ref. 3.
6.1 Apparatus and Procedures
6.1.1 Apparatus

The triaxial cell, pressure controls and volume change device used for
both the static and the cyclic, tests have been described in Ref. 1. A diagram
of the cell is shown in Fig. 6-1.

Loading in the static triaxial tests was accomplished with a 12,000-1b
compression machine at a strain rate of 0.05 in./min. The compression machine
used is capable of providing various constant rates of strain. The loads were
measured by the load cell built into the testing machine.

The vertical deformation readings were taken with a 0.00l1-in.-sensitivity
dial indicator mounted externally to the cell and fixed to the loading piston.
The volume change was determined during the test, and pore pressures were moni-
tored to make sure that excess pore pressure did not develop.

Two different closed-loop, servo-controlled testing systems were employed
for the cyclic testing. The first series of cyclic tests was performed with a
+ 22 kip force capacity hydraulic actuator with a maximum stroke of 6 in. The
servocontroller furnished a haversine time-dependent force. This system has

been documented in Ref. 1.
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The second series of cyclic tests was performed with a system (Fig. 6-2)
having a + 11 kip force capacity hydraulic actuator with a maximum stroke of
6 in. The load cell, LVDT, servo-controller and hydraulic power supply were
similar to those incorporated in the first system. This servo-controller did
not have the haversine control function, so a sinusoidal time-dependent force
was applied to the samples, together with a static offset equal to half of the

"
peak-to-peak sinusoidal amplitude. The maximum cyclic load was determined
from the settings of the calibrated dials on the control panel. The minimum
load was always zero.

The sample deformation in the cyclic tests has two components: one which
is irrecoverable or permanent, and the other of much smaller magnitude, which
is recoverable. These were measured by the same dial gage device used in the
static tests. The actuator LVDT is not an accurate indicator of sample defor-
mation because the deformation in the loading frame introduces excessive meas-
urement error. The dial indicator was retracted most of the time during the
test to avoid mechanical wear from the large number of load cycles. To obtain
readings, the dial indicator was extended again without moving the reference
position. With the cycling frequency at 1 Hz, the maximum and minimum displace-
ment readings could be taken manually during oscillation. From these, the
elastic and cumulative permanent deformations could be obtained for the exist-

ing number of cycles.
6.1.2 Density Determination

It was found that the sample boundary condition for ballast materials plays
a crucial role in determining the accuracy of the calculated sample density
(Ref. 1). The problem is caused by the difficulty in defining the volume of

the large surface voids that should be excluded from the sample volume. Still
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further research is necessary to establish the density correction between

the laboratory and the field measurements. Therefore, rather than match

the field density values, laboratory sample preparation techniques were
devised to represent the observed range from uncompacted to compacted ballast
density conditions in the field. |

A study of the variation of the in-situ granite ballast density (Ref. 3)
showed that under the tie the mean value of the in-situ density at the tie
cénter is 95 1b/cu ft and the mean value of the density under the rail is
105 1b/cu ft. Thus a difference up to 10 lb/cu ft exists along the tie in
the ballast. For the crib area, density is more uniform with a mean value of
approximately 100 1lb/cu ft.

To prepare the laboratory samples, the impact-type hammer compaction method
was chosen, which is the same as the method presented in Ref. 1. To establish
the amount of compaction, samples were prepared in a 6-in. diameter by 12-in.
high container (similar sizevto the triaxial samples) in three equal layers
with the number of blows per layer changed to produce different compactive

efforts. The compactive effort is calculated from

n W? DN
E=m—~— >
c

where E = compactive effort in 1b—ft/ft3,

Wr = drop weight = 7.8 1b,

D = drop height = 17 in.,

n = number of layers = 3,

N = number of blows per layer, and

Vc = ballast sample volume in the container.

Figure 6-3 presents the resulting relationéhips of dry density to
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compactive effort for two different granite Ballast conditions. The ballast
before testing is the one that came directly from the quarry without previous
usage. The ballast after testing is the same ballast after the completion of
the cyclic triaxial tests. The ballast after testing shows a higher unit
weight for the same compactive effort, the difference increasing with decreas-
ing compactive effort. According to gradation tests, fhis difference may
have occurred because the ballast after testing had finer particles, apparently
from ballast breakdown during the cyclic testing. In general, the laboratory
density tests showed good density reproducibility.

In order to represent the observed range of in-situ ballast density states,
a lower bound density state was established by preparing laboratory samples
without compaction, simulating the uncompacted or loose condition measured in
the field. The upper bound density state was established as that produced by
a compactive effort of 3378 1b—ft/ft3 (20 blows per layer, 3 layers), which
is the effort in Fig. 6-3 at which the curves start to level off. These two

density states will be termed uncompacted and compacted states.
6.1.3 Sample Preparation

The triaxial test samples were 6 in. in diameter. The height_was approxi-
mately 15 in. in order to minimize the end effects on deformation measurements.

The specimens were prepared in a special split mold that is clamped
together and held on the base pedestal. A 0.025-in.-thick latex membrane was
stretched inside the mold and fixed at the bottom to the cell base pedestal
with o-rings. The mold has two holes in the wall so that a vacuum could be
applied to hold the membrane against the ﬁold, thus allowing preparation of a
good cylindrical specimen. For the compacted specimens, almost without excep-
tion the original membrane was punctured during compaction by the sharp edges

of the ballast particles. Therefore it was necessary to roll down a second
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latex membrane, 0.012 in. thick, over the original membrane once the mold
was removed.

Before connecting the top cap and piston assembly to the sample, the
ballast particles were rearranged at the top of the mold to provide a good
seat for the piston top cap. The inner membrane was next fixed to the top
cap with o-rings and the top drainage was connected to the cell base plate.
Then a partial vacuum of about 5 in. of mercury (approximately 2 psi) was
applied to the specimen to produce a confining pressure which gives some
strength to the specimen. Next, the compaction mold was taken off and the
second membrane was rolled down. Additional o-rings were put at top and
bottom. The two front rods were put back in place and initial specimen height
and diameter measurements were taken. The acrylic chamber of the triaxial
cell was then put in place and the cell was sealed by screwing down the top
collar plate.

The triaxial cell was then moved to its test position in the loading
frame. After the cell was filled with water and a small confining pressure
applied (less than 3 psi), the vacuum in the sample was released allowing
water from the back pressure reservoir to enter and eventually saturate the
sample. Using the bottom and top drainages, the water was flushed out in
order to eliminate trapped air bubbles. Once enough water was circulated,
cell pressure and back pressures were simultaneously applied in order not to
impose any effective confining stresses greater than approximately 3 psi.

With the sample saturated, several attempts were made to obtain high
values of the B pore pressure coefficient, defined as B = Au/Aor1 with 03 =
constant. It was necessary, in the majority of the tests, to apply a back
pressure of 20 psi to get B values greater than 0.92. Once the B value was

achieved, the effective consolidation stress was applied to the sample and
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the drainage valve was opened so dissipation of the excess pore pressure

could occur.
6.2 Static Test Results

Eleven static triaxial compression tests with constant confining pres-
sures (5 to 20 psi) were performed on the granite ballast. All the static
triaxial tests were isotropically-consolidated, drained tests, in which the
samples were saturated. Back pressures were applied to the samples to obtain
a high percent of saturation so that volume change measurements could be made.
Both uncompacted and compacted sample states were included.

Parameters for the Mohr-Coulomb failure criteria were determined for the
uncompacted and compacted samples. Hyperbolic fitting curves were developed
for the stress-strain and volume change behavior. The influence of the bal-
last density state on the failure parameters and on the stress-strain and

volume change behavior is presented.
6.2.1 Stress-Strain and Strength

The average dry unit weight of the six uncompacted specimens was 95.6 pcf
with a coefficient of variation of 2.0% and a range from 93.3 to 98.4 pcf. The
average dry unit weight of the five compacted samples was 101.2 pcf with a
coefficient of variation of 0.6% and a range from 100.6 to 101.9 pcf. The
fact that the coefficient of variation for the two density states is low demon-
strates that the preparation techniques used give reproducible results.
Assuming a specific gravity of 2.67 (Ref. 24), the average initial void ratio
(eo) for the compacted samples was 0.65 and for the uncompacted samples was
0.74. No correction for boundary void conditions was undertaken.

The angle of internal friction (E} was calculated for each sample assuming

that the value of cohesion (c) was equal to zero. When the confining pressure
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was increased, the E'value decreésed for both compacted and uncompacted
samples (Fig. 6-4). The ¢ value was always higher for compacted samples
than for uncompacted samples at the corresponding confining pressures, the
difference increasing with an increase in the confining pressure. Dupli-
cate tests show that this strength parameter is very reproducible in these
drained static tests.

The p-q stress paths were plotted for the uncompacted specimens in
Fig. 6-5 and for the compacted specimens in Fig. 6-6. These stress paths
enable the Kf—line to be determined. Using the relationship sin ¢ = tan &;
the ¢ value was detefmined for both types of specimens. The ¢ value for the
compacted samples is 44.4 deg aﬁd for the uncompacted samples is 37.8 deg.

From the construction of the Kf—line, it can be seen that an apparent
cohesion (intercept) exists for both types of samples because in both cases,
the g-intercept (a) is not equal to zero. The apparent cohesion value for
the uncompacted samples (¢ = a/cos ¢) is 4.8 psi and the value for the cdmr
pacted samples is 2.8 psi. It is believed that this apparent cohesion is due
to particle interlocking. This hypothesis has also been presented by Ray-
mond and Davies (Ref. 55). |

The stress-strain and voiume change relationships are presentedvin Fig. 6-7
for the uncompacted samples and in Fig. 6-8 for the compacted samples. The
stress-strain plots in the upper part of Figs. 6-7 and 6-8 show that the
static tests of the uncompacted and compacted specimens follow the expected
trends, i.e., és confining pressure is increased, so does the deviator stress
at failure. Also, the deviator stress at failure is greater for the compacted
samples than for the uncompacted samples.

The volumetric strain plots in the bottom part of Figs. 6-7 and 6-8 show

that this material follows the well-established behavior trends for granular
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material. As the confining pressure is increased, the amount of resulting
dilation decreases. The compacted samples tend to dilate at much smaller
vertical strains than do uncompacted samples at corresponding confining pres-
sures. These facts indicate that the behavior of granular materials under low
confining pressures, as in the case of railway ballast, is very different from
that under high confining pressures.

The values of vertical strain at failure are plotted for both the com-
pacted and uncompacted samples as a function of confining pressure in Fig. 6-9.
The results of these tests follow the trends which one would expect. As the
confining pressure is increased, the vertical strain at which the sample fails
also increases. The compacted samples have greater vertical strains at fail-
ure than do uncompacted samples at confining pressures lower than 15 psi.
Thereafter, the trend seems to be reversed, and is in accordance with the be-
havior of granular materials under moderate to high confining pressures. The
relationships for both types of samples, i.e., compacted and uncompacted, are
non-linear. It is important to point out that near failure, particle slip-
page was noticed making the determination of the axial strain at failure
difficult.

Figure 6-10 shows the relationship between deviator stress and confining
pressure for the uncompacted and compacted samples. As the confining pressure
is increased, so does the amount of deviator stress required for failure. The
"relationship is linear for the compacted samples which, obviously, require a
greater deviator stress for failure than do the uncompacted samples. The
difference in deviator stress at failure between compacted and uncompacted
samples increases with increasing confining pressure. This fact was also
pointed out by Raymond and Davies (Ref. 55).

Volumetric strain is considered to be positive when the total volume is
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reduced and negative when there is a volume increase. The volumetric strains
at failure are plotted for both compacted and uncompacted samples as a func-
tion of confining pressure in Fig. 6-11. As the confining pressure was in-
creased, the volumetric strain changed from dilative to compressive, the un-
compacted samples having a greater tendency than the compacted samples, as

expected.
6.2.2 Hyperbolic Parameters

The initial Poisson's ratio, Vys and the final Poisson's ratio, Vs for
both compacted and uncompacted samples ére plétted against confining pressure
in Fig. 6-12 and 6-13, respectively. Although there is.scatter on fhe data,
the general trend is that both initial énd final Poisson's ratio decrease with
increasing confining pressures, and that the initial Poisson's ratio is not
affected by the ballast density.

The hyperbolic representation was applied to the stress-strain and
volume change-strain data obtained from the ballast static triaxial tests.

The equations involved in hyperbolic fitting are documented in Ref. 3. A typi-
cal linearized form of the hyperbolic plots for the stress;strain curve,

shown in Fig. 6-14, indicates that the behavior is approximately hyﬁerﬁolic.
However, the volume change relationship was not.

Table 6~1 presents a summary of the parameters derived from the hyper-
bolic equations. Once again, duplicate tests show good reproducibility as
far as initial tangent modulus, Ei’ and ultimate deviator stress, (01_03)u1t’
are concerned. The values of Rf vary between 0.74 and 0.98. These values
are in agreement with the values given by Raymond and Davies (Ref. 55).

The logarithm of the initial tangent modulus, Ei’ as computed from the

hyperbolic model, is plotted in Fig. 6-15 as a function of the logarithm of
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Table 6-1.

Results of the Hyperbolic Fit

For Uncompacted 3amples (CID-3, CID-7, 21D-9, ~ID-10)

0= 1500

For Compacted Samples (CID-5, CID-6, CID-8, CID-11)

Ei = 3000

s ,0.46

(%)

(@')0.46

= 0.82

= 0.91

Test Condition Ey (dl'ds)ult (di—ﬂa)f R.= —%1152311_ 63 Yi Ve
_Number (psi) __ (psi) (psi) 71-Rluie _(psi)

CID-1 Compacted 9000 69. 60.5 0.88 10,01 . 0.20.0.57
CID-2 Uncompacted 6250 65.4 61.7 0.94 15.38 0.16 0;47
CID-3 Uncompacted 3850 71.4 52.7 0.74 10.16 0,18 0.5
CID-4 Uncompacted 3450 44 .8 37.7 0.84 5,01 0,21 0.5¢
cID-5 Compacted 10000 100.0 85.6 0.86 14,79 0.14 0.55
CID-6 Compacted 6700 35.7 4.3 0.96 5.01 0.20 0.64
CID-7 Uncompacted 3330 35.1 29.1 0.83 5.0% 0.2% 0.58
CcID-8 Compacted 8197 66.7 60.5 0.91 10.01 0.19 0.57
CID-9 Uncompacted 5500 7.1 66.7 0.90 15.05 0.15 e.49
CID-10 Uncompacted 5906 100,0 85.2 0.85 20,02 0.13 o.uk
CID-11 Compacted 12500 105.3 102.7 0.98 19.99 0.12 0.52
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the confining pressure, for both compacted and uncompacted samples. Natur-
ally, the compacted samples have a greater initial tangent modulus than do
the uncompacted samples. Generally, the relationship between these two can
be represented as Ei = K(Eé)n. A linear regression analysis using this func-
tional relationship gave for compacted samples

B, = 3000 (5)°*¢

and for uncompacted samples

B — . 0.46
Ei = 1500 ( 3) .

6.3 Cyclic Test Results

Forty-three cyclic triaxial tests with constant confining pressures
(5 to 20 psi) were performed on granite ballast samples obtained from the
FAST track in Pueblo, Colorado. The cyclic tests, with the exception of
test CYD-16, were isotropically-consolidated, drained tests with saturated
samples under back preséure. Test CYD-16 was run with a dry sample to
evaluate moisture effects on the resilient and permanent deformation beha-
vior. As in the case of static testing, both uncompacted and compacted sam-—
ple states were prepared to simulate the range of ballast density that was
measured in the field.

The sample preparation techniques used for the cyclic triaxial testing
were primarily the same as those for the static triaxial testing. However,
in the cyclic triaxial tests after the consolidation stage was completed,
some water was drained out of the cell chamber to provide an air cushion
inside the top of the cell which permits the rapid movement of the loading
piston without causing changes in the cell préssure. The cell pressure was
created in this situation by air pressure applied to thé top of the cell.

Five different confining pressures were used, nominally 5, 7, 10, 15 and 20

pst. 119



The first sixteen cyclic tests (preliminary series) were performed at
the State University of New York at Buffalo (SUNYAB) using a + 22 kip force
capacity hydraulic actuator, providing a haversine motion. The remainder
of the cyclic testing (final series) was performed at the University of
Massachusetts at Amherst (UMass) using a + 11 kip force capacity hydraulic
actuator providing a sinusoidal motion.

The average dry unit weight of the fourteen uncompacted samples was
94.6 pcf with a coefficient of variation of 2.6% and a range from 92.1 to
iOO.l pcf. The average dry unit weight of the twenty-seven compacted samples
was 100.5 pcf with a coefficient of variation of 1.9% and a range from 98.0
to 104.9 pcf. The average initial void ratio for the uncompacted samples
was 0.76, and for the compacted samples was 0.67. These are in good agree-
ment with the dry unit weight and initial void ratio results forvthe static
triaxial testing. |

The data taken after a selected number of cycles during each test were
reduced using a computer code written to determine the values of vertical
elastic strain and resilient modulus (deviatoric stress divided by the ver-
tical elastic strain), vertical permanent strain and volumetric permanent

strain (accumulated volumetric strain at the end of each cycle).
6.3.1 Resilient Behavior

Only resilient modulus results are presented. Unfortunately the resi-
lient Poisson's ratio was not possible to determine with the available appara-
tus. The volume change device was designed primarily to measure permanent
volumetric deformation and not resilient volumetric deformation. For future
work, the apparatus should be modified in such a way that the measurement of

the resilient lateral strain is possible.
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During the first series of tests, the device for holding the external
dial indicator on the cell was found not rigid emough for the measurement of
resilient vertical deformation. Thus it was decided not to use the resi-
lient modulus results from the first series.

The preliminary series results carried to 10,000 cycles confirmed that
there was not a large difference in the resilient behavior of granulaf material
whether it was gaturated or dry. Because the only available method to deter-
mine the lateral permanent strain with the present apparatus was through the
measurement of both the volumetric and vertical permanent strains, it was
decided to continue testing in the final series with saturated samples. 1In
the final series, the number of cycles of load application was increased to
100,000 in order to simulate increased traffic conditions.

Most samples were tested with just one combination of confining pressure
and cyclic deviator stress. This is termed single-staged tests. However, for
two samples, a whole series of combinations were tested in sequence. This is
termed multi-staged tests. Multi-staged tests have been commonly used in the
past for economic reaséns.

The following observations were made concerning the resilient modulus
results:

1. For single-staged tests, the resilient modulus continued to increase
with increasing number of cycles. However, for the multi-staged tests
the resilient modulus achieved a constant ‘value even for a small number
of load applications.

2. Figure 6-16, representing 10,000 cycles, shows that the uncompacted
samples give a smaller resilient modulus than the compacted samples
for a given bulk stress. Similar results were found at other numbers

of cycles.
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3. The values of the FAST granite ballast resilient modulus obtained
by Thompson (Ref. 24) are also presented in Fig. 6-16. The results
of Thompson indicate a higher resilient.modulus for the same material
in a compacfed4stété‘than the UMass results.

4. The resilient modulus results from singleQStaged tests. indicated more
dispersion than the reéﬁlts from ﬁﬁlti—é;ageayf;sts. - This seems
logical geCausé fhe-single—staged tests use a different specimen
each time in contfést to the multi-staged teéts.

Linear regression analysis of ﬁhe final series of single-staged tests

was undertaken using UMass SPSS progréﬁ (Statistical Package fdr the Social
Sciences, from Nie, et al., Ref. 56). “The 17 compacted and 7 uncompacted
samples were treated separately. Two different‘independent variables were
chosen to perform the regressions. These were the effective confiﬂing pres-
sure, 53,

semi~log relationships were investigated.

and the bulk stress, 0. For both cases, arithmetic, log-log and

Figure 6-16 related the resilient modulus to the log of the bulk stress.
For comparison, Fig. 6-17 presents the arithmetic relationship of the resi-
lient modulus with the bulk stress for 10,000 cycles for both the compacted
and uncompacted samples. There is a difference of about 10,000 psi in the
resilient modulus of the uncompacted and compacted samples.
The following conclusions were drawn from the results of the resilient
modulus study:
1. It is very important to minimize errors in the measurement of the
axial resilient deformation in the triaxial test. The resilient
modulus values determined from the first series of tests were mnot

considered in the analysis due to an inaccuracy in these measurements.
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Based on the results of the final series of tests, it can be con-
cluded that the resilient modulus is better correlated to the bulk
stress than to the confining pressure. However, for a small number
of cycles, the modulus is better correlated to the confining pres-
sure than to the bulk stress.

Arithmetic relationships between Er and © give as high or higher
coefficient of determination (Rz) than the previously postulated
log-log relationships.

The initial density of the sample affects the resilient modulus,
giving the compacted samples a higher modulus than the uncompacted
samplés.

For single-staged tests, the resilient modulus keeps increasing with
the number of cycles. This situation is different for multi-staged
tests such as those presented in the literature where constant values
of resilient modulus are achieved within a few cycles;

Further apparatus development is recommended to measure both the
axial and lateral resilient stfain directly on the sample, so the

resilient Poisson's ratio can also be determined. .

6.3.2 Permanent Deformation Behavior

In this section, only vertical (axial) permanent strain results from

cyclic testing will be presented. During cyclic testing, volumetric perma-
nent strain measurements were also made. Assuming that the sample deforms
like a cylinder, the lateral permanent strains can be calculated from the

vertical and volumetric permanent strains.

Different parameters were tried to correlate the data, such as the shear

stress level and the éonfining pressure. However, the measured values of the
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vertical permanent strain were found to be best represented by a function

of the stress ratio Aq/qf (the ratio of maximum applied shear stress to maxi-
mum shear stress at failure for the same confining pressure) and the effective
confining pressure, 55.

Figure 6-18 presents the results for uncompacted samples after the first
load application for both the preliminary and final series. Figure 6-19 pre-
sents the corresponding results for the compacted samples. Similar graphs
have been obtained for cycle numbers 10, 100, 1000, 10,000 and 100,000.

These figures show that, for a given number of cycles of load application,

the vertical permanent strain increases with increasing stress ratio. For

a given number of cycles, the relationship between the vertical permanent
strain with the stress ratio seems to be nonlinear. For moderate to high
stress ratios, the confining pressure seems to have an effect in the develop~
ment of permanent strain. The effect of the confining pressure is not notice~
able for low stress ratios.

The vertical permanent strain values were normalized by dividing them

by the confining pressure Eé. Figure 6-20 presents the plot of normalized

vertical permanent strain El/ 94

and compacted samples after the first load applications. Similar plots can be

against stress ratio Aq/qf for the uncompacted

obtained for cycles 10, 100, 1000, 10,000 and 100,000. Even though there is
some scatter in the data, the effects of the degree of compaction, stress
ratio Aq/qf, and effective confining pressure 55 can be seen. It should be
pointed out that these relationships have been developed for the specific
range of confining pressures, 5 to 20 psi. Further investigation is required
to extend these relationships to lower and higher confining pressures.

Figure 6~20 can be used to predict vertical permanent strains for uncom-

pacted and compacted samples after the first cycle of load for a given stress
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ratio, Aq/gf, and a given confining pressure, o Similar curves for other

3
numbers of cycles can be developed. However, the results indicated that

the vertical permanent strain after N cycles can be predicted from the ver-
tical permanent strain after the first cycle. This observation is in
accordance with pfeviously published results by ORE (Ref. 45) and Shenton
(Ref. 46).

Due to the importance of the determination of the vertical permanent
deformation after the first cycle, during the final series of tests the first
cycle was applied by manual operation of the testing machine. The successive
load applications in the final series of tests were‘doﬁe using the sinusoidal
wave form from the function generator of the servo-controlled system. Only
the results from the final series of tests will be presented in this section.

Figure 6-21 presents the relationship between the vertical permanent
strains from the first cycle to the vertical permanent strains at the tenth,
hundredth, thousandth, ten thousandth and hundred thousandth cycle, respec-
tively. It can be seen in this figure that independently of the degree of
coﬁpaction or stress condition, straight lines passing through the origin can
be developed for these relationships. However, some nonlinearity was obser-
ved with the curves at larger numbers of load applications.

Béth linear and nonlinear regression analyses were undertaken with these
data usiﬁg the SPSS package (Ref. 56) in order to establish relationships

between ¢ £, and N. The linear regression equation determined was

N> "1

€., = el(l + 0.19 log N).

N

There is excellent similarity between this equation and the equation
ey = el(l + 0.2 log N)
presented in Refs. 45 and 46 for different ballasts tested in England.

130




(%)

VERTICAL PERMANENT STRAIN AFTER CYCLE N, €y

50

400

. 6"21.

I I ! 1 I
© ® COMPACTED SAMPLES N= 105
A A UNCOMPACTED SAMPLES . JENE
4 ; N=10"]
o]
e &7 2 N0
0" &
N=IcF
® & N=10
(X
% -
] |
2.0 3.0

VERTICAL PERMANENT STRAIN AFTER CYCLE | , €, (%)

Relationships Between the Vertical Permanent Strains at

"the First and the Nth Cycles

131



Because Fig. 6-21 presented some nonlinearities at higher values of N,
nonlinear regressions of the form EN = Klel + Kzsi were tried at the different
cycle numbers. Using a nonlinear regression of the first order, the expres-

sion determined to predict €q based on £, and N is

1
= (0.85 + 0.38 log)e, + (0.05 - 0.09 logN)ei.

o

The above analysis shows that the vertical permanent deformation at any
cycle, €y can be predicted as a function of the number of cycles of load
application, N, and the vertical permanent deformation after the first cycle,
El’ independently of the state of stress and degree of’compaction of the
specimen. Linear and nonlinear expressions have been presented.

The remainder of this section will consider the prediction of sl; Fig-
ure 6-20 presented a way to predict the values of € for a given stress‘ratio,
Aq/qf and a confining pressure, ES' A different approach us%ng the results of
the static testing will also be presented.

The stress-strain relationship in the static tests was shown to be repre-
sented by hyperbolic equations. The parameters required are presented in
Ref. 3. The results of the cyclic or repeated load testing give vertical per-
manent strain measured at the end of the first cycle. There is a difference
between the predicted value of vertical strain using hyperbolic equations end
the measured value of vertical strains after the first cycle. This difference
is the resilient or recoverable strain in the first cycle. If the resilient
strain in the first cycle is added to the vertical permanent strain at the end
of the first cycle, a comﬁarison can be made with the predicted values from
the hyperbolic relationships which represent the strain before unloading.

The relationship of vertical strain for a given stress level and degree

of compaction given by the hyperbolic expression is
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g, = 0O

c = 1 3
\' e
(0,-0,)R_(1-sin¢) _
1- _} %_ £ — - K(03)n
2 ¢ cosp + 20351n¢

where the terms have been defined in Ref. 3. For the uncompacted samples, c =

4.8 psi, ¢ = 37.8 deg, R, = 0.82, K

£ 1500 (developed for psi units), and n =

0.46. TFor the compacted samples, c

2.8 psi, ¢ = 44.4 deg, R, = 0.91, K = 3000

£

(developed for psi units), and n = 0.46.
It is postulated that the value of €, can be predicted by subtracting

€. (resilient strain at the first cycle) from ey
1
hyperbolic modelling). The only value missing in this method is €. - Another
1
method to obtain €, can be by performing a static test up to the maximum level

(axial strain predicted by

of shear stress and then unload the first cycle to measure ¢ The relation-

1°

ship between ¢, and g, has been presented previously. Thus the values of ¢

1 N N

can be predicted if the degree of compaction of the ballast is known and also

the stress state.

The measured values of erl in the cyclic testing program have been plotted
against the stress ratio Aq/qf in Fig. 6-22. Even though it can be noticed
that the degree of compaction and confining stress will influence the value of
erl, a first approximation curve has been fitted to the data that provides a
means to predict erl based on the stress ratio Aq/qf. This relationship is
clearly nonlinear.

The following conclusions are drawn from the permanent deformation analysis:

1. The degree of compaction is a very important parameter in the deve-

lopment of permanent vertical strain of ballast materials. The un-

compacted samples will develop more vertical permanent strain than

compacted samples.
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i

The vertical permanent strain of both uncompacted and compacted
samples can be normalized with reépect to the confining pressure.
The higher the stress ratio Aq/qf, the higher the development of
permanent strain.

The development of the permanent deformation of ballast reduces
considerably as the number of cycles increases. The vertical per-
manent strain after a given number of cycles can be predicted by a
linear or nonlinear function of N, and the strain at the end of the
first cycle.

The vertical strain at the end of the first cycle €, can be predicted
from the static testing results.

By virtue of 3 and 4, a means is provided to predict the vertical
permanent deformation of ballast material after any cycle by knowing
the degree of compaction, number of cycles of load application, the

stress conditions, and the static stress-strain behavior.
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CHAPTER 7. PREDICTION METHODOLOGY

This chapter presents the methodology for predicting the permanent defor—
mation behavior of railroad track. The methodology is based on the GEOTRACK
model and laboratory testing. The validity is determined by comparison with
the measured values at the FAST track. The preséntation is limited to the
prediction of the granite ballast strain. Further study is necessary for the
subballast strain and subgrade permanent deformation in all sections, and for

the limestone and traprock ballast strain.
7.1 Method of Prediction

Figure 4-15 presented the two equivalent triaxial stress paths, CB and DE,
at the middle of the ballast layer for FAST section 18B; Table 7-1 gives the
confining pressures and deviatoric stresses.represented by those two stress
paths for the three granite ballast sections.

- For each stress path, values of the Aq/qf ratio are calculated for both
the uncompacted and compacted conditions by the following relationship:

Aq (0;-03) (01-05)

= ——————— = 7""1
qf (01_03)f ¢ )

2 c cos ¢ + 253 sinlg

1 - sin-$

From the static triaxial test results for the uncompacted samples, c = 4.8 psi

and ¢ = 37.80, and for the compacted samples, c = 2.8 psi and $.= 44.40._ Table

7-2 presents the Aq/qf ratios obtained for both the uncompacted and the compac-
ted samples of sections 17E, 18A and 18B. |

The values of the vertical permanent deformation after the first cycle,
€1» can be predicted by two methods: 1) using the cyclic test results from
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LET

Section

Section 17E:
Ballast Depth

Concrete Tie

Section 18A:
Ballast Depth

Wooden Tie

Section 18B:
Ballast Depth

Wooden Tie

Table 7-1.

14 in.

21 in.

15 in.

Stress Conditions for Equivalent Stress Paths

at the Middle of the Granite Ballast Layers

Stress Path CB Stress Path DE
Oy (psi) 04=03 (psi) s (psi) . 0,704 (psi)
6.8 : 13.4 3.5 13.4
4.9 16.2 3.0 16.2

6.3 16.7 3.5 16.7



8¢T

Table 7-2. Confining Pressure and Stress Ratios for Equivalent
Stress Paths at the Middle of the Ballast Layer

Stress Path CB Stress Path DE

Section oy (psi)  Ad/qg gy (psi)  bdd/qg
a) Uncompacted Samples
17E 6.8 0.33 3.5 0.44
18A 4.9 0.46 3.0 0.56
188 6.3 0.42 3.5 0.54
b) Compacted Samples
17E 6.8 0.30 3.5 0.45
18A 4.9 0.45 3.0 0.59

i8B 6.3 0.39 3.5 0.56




Section 6.3.2, or 2) using the hyperbolic parameters from the static triaxial
tests in Section 6.2.2. Both methods were used and the results compared.
Figure 7-1 presents the contours of constant strain after the first
cycle & for the compacted samples of the FAST granite ballast based on Fig. 6-
20. For the range of confining stresses tested (5 to 20 psi), and for small
values of €)» the contour line tends to be horizontal. This was the reason for
normalizing the permanent strains with the confining stress in Fig. 6-20. How-
ever, for values of confining pressure lower than 5 psi, the lines of comstant
strain should tend to zero. This is accomplished by having € be a function of
Aq/qf, obtained by putting 33 =5 psi-in Fig. 6-20. The resulting relationship
in Fig. 7-2 is recommended for confining pressures in the range from zero to
5 psi. |
Table 7-3 presents the predicted values of the permanent deformation after
the first cycle €1 for the stress paths CB and DE, and for the uncompacted and
compacted samples.

Table 7-4 presents the predicted values of e, using the static test hyper-

1
bolic parameters from Section 6.2.2. To accomplish this, the axial strain, €y
with the deviator stress applied is calculated. The resilient strain in the

first cycle from Fig. 6-22 is subtracted to obtain an estimate of the permanent

strain that would develop at the end of the first cycle after removing the de-

viator stress. Thus, €1 T &, T €. s where € 1is determined from
. v Ty v
.-G
= 173
e, = ~ (7-2)
(01—03) Rf (1—51n¢) —n
1-— — — — KoS
2¢ cos¢ + 203 sin¢

A good agreement between the two methods can be noticed from the comparison

of results presented in Tables 7-3 and 7-4. As expected, the stress path DE
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1

Section

17E

18A

18B

17E

18A

18B

Table 7~3. Prediction of €l Based on Confiﬁing Pressures and

Stress Ratios at the Middle of the Ballast Layer

Stress Path CB Stress Path DE
0, (.952). €y (%) 04 (psi)' e, ()
a) Uncompacted Samples.
6,8 . 10,270 3.5 0.630
4.9 0.690 3.0 1.030
6.3 0.570 3.5 0.960
b) Compacted Samples
6.8 0,110 3.5 0.250
4,9 0,250 3,0 0.460
6.3 0.180 3.5 0.400



€Y1

Section

17E

18A

188

17E

18A

18B

Table 7-4.

Prediction of €1 Based on Static Testing Results

Stress. Path CB

Stress Path DE

€ (%) - €, (%) = € (%) €y (%) - €, (%) = € (%)
1 1
a) Uncompacted Samples
0.507 - 0.090 = 0.417 0.786 — 0.120 = 0.666
0.835 - 0.130 = 0.705 1,205 - 0.160 = 1.045
0.728 - 0.115 = 0.613 0 1.123 - 0.155 = 0.968
b) Compacted Samples
0,254 - 0.080 = 0,174 0,425 - 0.130 = 0.295
0.440 -~ 0,130 = 0.310 0,703 - 0.175 = 0,528
0.370 - 0.110 = 0.260 0.638 ~ = 0.478

0.160



develops more permanent strain after the first cycle than stress path CB.
“Also, the uncompacted ballast state produces larger permanent strains after
the first cycle than the compacted state.

As was presented in Section 6.3.2, the values of permanent strain after
the application of N cycles (EN) can be predicted based on the values of €4
and N. Linear and nonlinear equations were presented. The linear equation
is

ey = el(l + 0.19 log N), (7-3)

and the nonlinear equation is

ey = (0.85 + 0.38 log N)el + (0.05 - 0.09 log N)alz. (7-4)

Tables 7-5, 7-6 and 7-7 present the predictions of e¢_ for sections 17E,

N
18A and 18B, respectively. Values at 1, 10, 100, 1000, 10,000, 100,000 and
1,000,000 cycles are presented for the CB and DE stress paths for both the

uncompacted and compacted conditions. These values have been derived based

on €, from Table 7-3 and N, the number of cycles.

1
. From a comparison of the permanent strain values for sections 18A and 18B,
the wooden tie sections, it can be seen that the methodology predicts larger
permanent strains for section 18A which has the 21-in. ballast layer, than for
section 18B, which has the 15-in. ballast layer. This prediction is in agree-
ment with the larger measured values for section 18A presented in Chapter 5.

On the other hand, the predicted values for the concrete tie sectién 17E are
smaller than the predicted values for the wooden tie sections. The meaéured
values for the concrete tie section are higher than the measured values for the
wooden tie sections. As shown in Chapter 4, the stress distribution along the
tie is different for the concrete and wooden tie sections. The stiffer concrete
tie follows the distribution of a rigid foundation with stresses higher at the

edges than in the center. The wood tie follows a distribution of a flexible
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Table 7-5.

Cycle N
1

10

100
1000
10,000
100,000

1,000,000

Czcle‘N
1
10
100
1000
10,000
100,000

1,000,000

Prediction of EN for Section 17E at

the Middle of the Ballast Layer

a) Uncompacted Sample, & @)

Stress Pa;h CB

Linear Nonlinear
0.270 0.270
0.321 0.329
0.373 0.425
0.424 0.521
0.475 0.617
0.527 0.713
0.578 0.809

Stress Path DE

Linear Nonlinear
0.630 -0.630
0.750 0.759
0.869 0,963
0.989 1.166
1.109 1.370
1.229 . 1.574
1.348 1,777

b) Compacted Sample, . @)

Stress Path CB

Linear Nonlinear
0.110 0.110
0.131 0.135
0.152 0.176
0.173 0.216
0.194 0.257
0.215 0.298
0.235 0.338
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Stress Path DE

Linear Nomnlinear
0.250 0.250
0.298 0.305
0.345  0.39
0.393  0.484
0.440 0.573
0.488 0.663
0.535 0.752



Tahle 7-6. Prediction of & for Section 18A at

the Middle of the Ballast Layer

a) Uncompacted Sample, ey &)

Stress Path CB Stress Path DE
Cycle N Linear -Nonlinear Linear ‘Nonlinear
1 0.690 0.690 1.030 1.030
10 0.821 0.830 1.226 1.224
100 0.952 1.049 1.421 1.520
1000 1.083 1.268- 1.617 1.816
10,000 1.214 1.488 1.813 2.112
100,000 1.346 1.707 2.009 2.408
1,000,000 : 1.477 1.926 2.204 ~2.704

b) Compacted Sample. ey ¢3)

Stress Path CB ___Stress Path DE

Cycle N Linear Nonlinear 'iinear Nonlinear
1 0.250 0.250 0,460 0,460
10 0,298 0.305 0.547 0.557
100 0.345 0.394 0,635 0.713
- 1000 0,393 0,484 0.722 0.869
10,000 0.440 0.573 0.810 1.025
100,000 0.488 0.663 0.897 1,180
1,000,000 0.535 0.752 0.984 1.336
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Table 7-7.

Cycle N
1

10

100
1000
10,000
100,000

1,000,000

Cycle N

Pt Sne it SR

1

10

100
1000
10,000
100,000

1,000,000

at the Middle of the Ballast Layer

Prediction of EN for Section 18B

a) Uncompacted Sample, €y &

Stress Path CB »

Linear Nonlinear
0.570 0.570
0.678 0.688
0.787 0.875
0.895 1.063
1.003 1.250
1.112 1.438
1.220 1.625

b) Compacted Sample,

Stress Path CB

Linear Nonlinear
0.180 0.180
0.214 0.220
0,248 0.286
0.283 0.351
0.317 0.417
0.351 0.482

- 0.385 0.548
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Stress'Eath DE

Linear

Nonlinear
0.960 0.960
1.142 1.144
1.325 1.426
1.507 1,708
1,690 1,990
1,872 2,271
2,054 2.553
o (%)

Stress Path DE -
Linear Nonlinear
0,400 0.400
0.476 0,486
0,552 0.623
0.628 0.761
0,704 0.898
0.780 1.036
0.856 1.174



foundation, with the stresses higher under the rail. For the prediction method-
ology, the reﬁresentative or average point for the ballast layer is taken at

the middle of the layer directly under the rails for both the concrete and

wood tie sections. Later in this chapter, a different representative point

for the ballast layer of the concrete tie section will be considered. Further
research is recommended in the determination of representative points in the

concrete and wood tie sections.
7.2 Comparison of Measured and Predicted Strains

The measured values of the permanent strain and deformations of the ballast,
subballast and subgrade have been presented in Chapter 5. The measuréd values
indicate that the ballast strains in section 17E (coﬁcrete tie) are higher than
the ballast strains in the wooden tie sections. The measured values for the
21-in. ballast layer, wooden tie section are higher thaﬂ thosévin the 15-in.
ballast layer section.

The main emphasis of this report is the prediction of\hQ}last strains. The
prediction of the subballast strains and subgrade deformations is more straight-
forward because the stress péths imposed on these layers by the passing trains
are close to those produced in the repeated load triaxial testing. This is not
the case for the ballast layer, where truly three-dimensional conditions exist
and large variations of stresses within the layer are developed. The problem
is further complicated because the model employed predicts tension zones at the
bottom of the ballast layer that are impossible to simulate in'the triaxial test,
and in fact, cannot actually occur in the ballast.

The measured values have been taken in the field as a function of MGT (mil-
lion gross tons) of accumulated traffic., A conversion from MGT values to equi-
valent number of cycles of load application is necessary. After studying the

dynamic records available and recognizing that each axle pair in a truck acts
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nearly as a single load cycle, it was decided that two cycles of load would be
imposed by each car of the train. Each car was assumed to weigh 131.6 toms.
Thus each 65.8 x 10'-6 MGT is assumed to represent 1 cycle of load.

The records of dynamic measurement at FAST shows that partial unloading
occurs between axles and trucks. The effect of partial unloading was not
investigated, but according to Shenton (Ref. 46), partial unloading will pro-
duce more permanent strain.

Figures 7-3 through 7-5 present the comparison of the measured values of
the permanent strain in the'ballaSt layer with the predicted values using the
equivalent stress paths at the middle of the ballast layer under the rails
for sections 17E, 18A and 18B, respectively. The predicted values are based
on Eq. 7-4. Both stress paths ana both ballast states are presented. As can
be seen in the figures, both the stress path and the degree of compaction have
an effect on the predicted values of permanent strain. The in-situ ballast
coﬁdition is probably between the uncompacted and compacted states prepared in
the iaboratory.

Permanent strains predicted by stress paths CB and DE are plotted in
Figs. 7-3 to 7-5. The actual in-situ stress path AB is different than either
stress path CB or DE. This can be a reason for disagreement between the
measured and predicted permanent sstrains in the ballast layer. It is recom-
mended that further equipment development be undertaken to permit tests foi—
lowing the stress path AB in the laboratory. This involves the capability of
cycling the confining pressure in phage with the cycling of the deviatoric
stress.

The best agreement between predicted and measured results is given by
section 18B, the wooden tie section with 15 in. of ballast. The measured
values are closer to the predicted values using stress path DE. Also, a density
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condition between the uncompacted and compacted states is best representing
the field behavior. It should be mentioned that most of the laboratory test-
ing was taken to a maximum of 100,000 cycles, representing 6.5 MGT's. Further
research is recommended to extend the number of 1aberatory load applications
to at least 1 million cycles, representing 65.8 MGT's.

It is noticed in Fig. 7-5 that the slope of the curve of measured perma-

: s
nent strain with number of cycles is steeper than the slope of the curves of
predicted values of permanent strain with number of cycles. Further verifica-
tion of this fact is necessary by subjecting laboratory samples to larger num-
ber of cycles of load applications.

An intermediate degree of agreement is obtained for section 18A (Fig. 7-
4) which is the deeper ballast layer on wooden ties. More permanent strain
is predicted for this section than for section 18B, which is the shallower bal-
last depth on wooden ties. The prediction seems to worsen with further appli-
cation of loading cycles.

The poorest prediction is for section 17E (Fig. 7-3), which is the concrete
tie section; The permanent strain is underpredicted by a factor of 2 at the
higher load applications. As was previously mentioned, further study is recom-
mended, in particular to properly determine the representative point with the
different stress distribution in the ballast produced by concrete and wooden

ties.
7.3 Discussion of Comparison

Further studies were undertaken for section 17E, the concrete tie section
that gave the poorest prediction. Because the concrete tie section develops a
different stress distribution along the tie than the wooden tie sections, a

different representative point under the end of the tie was chosen. Because the
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stresses are higher under the ends thén under the center of the concrete tie,
the representative point was taken near the end of the tie. The depth of the
new representative point was also»aﬁ the middle of the ballast layer.

Figure 7-6 pfeseﬂts the new equivalent stress paths CB and DE for the
concrete tie section 17E. Only the results produced by stress path CB will
be analyzed. Stress path DE creates a condition near to failure in this
case.

The same procedure/previously presented for predictigg gl for both uncom-
pacted and compacted dénsity conditions was undertaken. Table 7-8 presents the
prediction of & for sfress path CB for the uncompacted and compacted samples
using the linear and noﬁlinear equations, Egs. 7-3 aﬁd 7-4. Figure 7-7 presents
the prediction values of ballast strain using the new representative éoint. A
comparison of Figs. 7—3 and 7-7 indicates that there is a better agreement using
this representative point under the tie ends than under ;he ;ail for the concrete
tie section. Therefore, the prediction values for section 17E are improved.

Some of the factofs that could contribute to the disagreement of the pre-
dicted:and measured valﬁes of the ballast permanent strain are:

1. There is a higﬁ variability in the field data of the measured response

of the ballast,

2. The computer mgdel predicts a tension zone at the bottom of the ballast
layer, in accordance with multi-layer theory. The ballast matefial
cannot take tension, therefore failure states are produced in the equi-
valent stress paths. The computer model does not incorporate a failure
criteria that can redistribute the stresses.

3. The three-dimensional state of stress in the ballast layer is converted
to an equivalent axisymmetrical state. This stress path canﬁot be re-

produced by conventional laboratory testing equipment.
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Table 7-8.

Cycle N

1

10

100
1000
10,000
100,000

1,000,000

Cycle N

1

10

100
1000
10,000
100,000

1,000,000

a) Uncompacted Sample, & &)

b)

Prediction of EN‘for Section 17E

(Mid-layer x = 5.1 in.}

Stress Path CB

Linear

1.360
1.618
1,877
2.135
2.394
2.652

2,910

Compacted Sample, ey )

‘Nonlinear

1;360
1.599
1.949
2.299
2.650
3.000

3,350

Stress Path CB

Linear
T —p——————

0,530
0.631
0.731
0;832
0.933
1.034

1.134
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Nonlinear

0.530
0.641
Q.817
0.993
1.169
1.345

1,521
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4. The representative point in the ballast layer requires further study.
It was demonstrated that the concrete and wood tie sections do not
have the same representative point.

5. The cyclic laboratory testing used sinusoidal waves to simulate the
condifidns imposed by the passing trains. Partial unloading was not
.taken into consideration.

6. Thevlaboratory’testing was constrained to a small number of load
applications up to 100,000 cycles. It is necessary to extend the
number of cycles of load application to simulate larger accumulation
of traffic. |

Further methodology validation needs to be undertaken for the subballast

strains and subgrade deflections as well as the limestone and traprock ballasts

at FAST.
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CHAPTER 8. SUMMARY AND CONCLUSIONS

The need for maintenance of track is assumed to be repfeéented by the
amount of permanent deformation caused by repeated cycles of loading on the
ballast and underlying layers. The de&elopment of a theory for predicting this
permanent deformation was the objective of this study,

Field observations showed that the roadbed strains in the track structure
caused by train loads were essentially elastic, although the modulus of the
materials are dependent on the stress level. After considering available com-
puter models for represeﬁting the elastic response of the track structure, a
new model, GEOTRACK, was developed that was economical to use and contained
the essential features of the system. The model was shown to be in reasonable
agreement with field results.

Laboratory triaiial test apparatus was developed to measure the properties
of the ballast materials. Static tests were conducted with éonstant confining
pressure and increasing axial load to determine the stress-strain and strength
behavior of granite ballast over a range of density states representing field
conditions. 'Rebeated load or cyclic triaxial tests were conducted with the same
confining pressure and density conditions to measure the resilient modulus and
rate of permanent strain development. An important finding was that the cumu-
lative permanent axial strain after any qycle of loading was a function only of
the strain aftef the first cycle and the number of cYcles. This relationship
was not affected by the ballast type or density state. 'As a consequence, the
development of permanent strains can even be approximately predicted by static
test results.

To make a prediction of permanent compression in the ballast for a given
set of track and traffic conditions, the stress state at the middepth of the
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ballast layer beneath the tie is calcﬁlated using the GEOTRACK model. The
stress—dependent elastic modulus qf each of the layers is the resilient modulus
determined from the triaxial tests. The three-dimensional state of stress in
the unloaded condition and with the designated axle load over the tie is used
to define the stress paths to which the ballastnlayer is subjected with each
axle load cycle. These stress paths then define equivalent stress states for
the constant-confining-pressure cyclic triaxial tests. The axial strains in
the triaxial test for these stress states are assumed to represent the verti-
cal strains in the ballast layer. The particular values of stress in a given
case will determine the magnitude of permanent ballast strain after 'a designa-
ted number of cycles of a specified axle load. The ballast layer compression
is equal to the product of this strain and the layer thickness.

Using this approach, ballast permanent strains were predicted as a function
of train traffic (defined by the number of tons of train loading) for the gran-
ite ballast sections of the FAST track. The predicted results were in approxi-
mate agreement with the field results.

The methodology developed in this study appears to provide a reasonable
and rational approach for pefmanent deformation prediction of track. The
method can take into account the main- factors influencing the deformation be-
havior, including axle load and number of cycleé, rail and tie characteristics,
and properties and thickness of the ballast and underlying layers. However,
at the present time the model only represents uniform track settlement rather
than the differential settleﬁent that causes the need for maintenance. 1In
the continuation of this study, consideration will be given to extending the

theory to provide a means of predicting the nonuniform behavior.
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