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Static and Cyclic Triaxial Testing of Ballast and Subballast

Akke S. J. Suiker; Ernest T. Selig?; and Raymond Frenkel®

Abstract: This paper discusses the triaxial testing of a ballast material and a subballast material, which are noncohesive, granulal
materials typically used for construction of a railway track substructure. Both static and cyclic triaxial tests were conducted. The cyclic
triaxial tests simulated the behavior of these railway substructure materials under a large number of passing train wheels. The purpose |
the static tests was to a priori identify the maximum stress level that could be applied in the cyclic tests, and to assess the strength ar
stiffness increase produced during the cyclic loading process. In order to accurately monitor the circumferential displacement during the
static and cyclic tests, a new measuring device was developed. The experimental setup, the test procedure, and the test results are tree
for the ballast and subballast materials. It is found that under cyclic loading the granular materials reveal a strong tendency to compaci
even if the applied stress level is close to the static failure strength of the material. This compaction behavior generally causes ¢
(significan} increase of the material strength and stiffness.

DOI: 10.1061(ASCE)1090-02412009131:6771)
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Introduction needing smoothing. A disadvantage of tamping is that it loosens
the ballast and also breaks the partiolEsveld 1989; Selig and

The geometry of railway tracks requires a specific level and align- Waters 1994 The alternative to tamping is stoneblowing, where,
ment in order to have acceptable ride quality and to meet safetyinstead of squeezing the ballast particles, a predetermined quan-
standards. For ballasted railway tracks, the level and alignment oftity of small stones is pneumatically injected into the void created
the track structure strongly rely on the mechanical characteristicsPY the lifted tie. In contrast to tamping, stoneblowing thus causes
of the granular substructure, which is composed of a ballast layer,the original ballast layer to be minimally disturbed. This may
a subballast layer, and subgrade layers. In fact, the generation of€Sult in an improved postmaintenance performance if the size
progressive permanent deformations in the granular substructuré2nd type of the stone and the thickness of the injected layer are
is the main factor in the emergence of track irregularities chosen adequatelfEsveld 1989; Anderson and Key 2000
of a medium to long wavelength, i.e., wavelengths between FOr optimizing maintenance operations, prediction of mainte-
3 and 50 m(Esveld 1989, When track irregularities exceed al- nance periods, and detailed understanding of the effect of main-
lowable limits, either traffic speed restrictions have to be pre- tenance procedures, insight is required into the mechanical behav-
scribed, or maintenance has to be performed to recover a tolerabld®" Of ballast and subballast materials under static and cyclic
track level and alignmer(Esveld 1989; Selig and Waters 1994 loading conc_zhtlon_s. Previous laboratory testing has yielded much
Most track maintenance is carried out mechanically. The two Knowledge in this research aré@rown 1974; Raymond and
available maintenance procedures applied to correct track irregu-Pavies 1978; Alva-Hurtado 1980; Stewart 1982; Selig and Waters
larities of a medium to long wavelength are “tamping” and 1994: Indraratna et al. 1998; Anderson and Key 30@ough

“stoneblowing” (Selig and Waters 1994In the case of tamping there are still issues that need to be studied in more detail. For
the ties are lifted separately to a prescribed level, after which a ©<@mple, for the(numerical modeling of track deterioration

tamping unit of steel tools vibrates and squeezes the underlying(SUiker 2002; Suiker and de Borst 2008 is important to iden-
ballast particles to fill the voids beneath the lifted ties. The tamp- UlY @ppropriate stress and strain measures that adequately repre-
ing procedure is repeated at each tie in the segment of tracks_e_nt the substructure matgna! behawor under cyclic loading con-
ditions. Also, further examination is necessary of the effect of the
Assistant Professor, Delft Univ. of Technology, Koiter Institute cyclic loading process on_ the matena! s_tlffness, Fhe failure
Delft/Faculty of Aerospace Engineering, P.O. Box 5058, NL-2600 GB strength, and the def_ormatmn ch_aracterlstlcs of various ballast
Delft, The Netherlands. and subballast materials. Accordingly, a large-scale laboratory
Emeritus Professor, Univ. of Massachusetts, Dept. of Civil testing program was performed in which static and cyclic triaxial
and Environmental Engineering, 28, Marston Hall, Amherst, MA 01003. tests on a ballast material and a subballast material were per-
3Graduate Research Assistant, Univ. of Massachusetts, Dept. of Civil formed at stress levels relevant for railway structu(siker
and Environmental Engineering, 28, Marston Hall, Amherst, MA 01003. 1999. The tests were carried out at a constant confining pressure,
Note. Discussion open until November 1, 2005. Separate discussionsyhich simulates the mean pressure due to geostatic stresses in a
must be submitted for individual papers. To extend the closing date by 4\ ay structure. In the cyclic triaxial tests, each vertically ap-
one month, & written request must be filed with the ASCE Managing lied load cycle was returned to full unloading which is assumed
Editor. The manuscript for this paper was submitted for review and pos- p . y . . 9 .
sible publication on November 20, 2002; approved on November 1, 2004. to m!m'c the_ effect of a passing train W_heel' .BOth the reversible
This paper is part of thdournal of Geotechnical and Geoenvironmental ~ and irreversible components of the vertical displacement and the
Engineering Vol. 131, No. 6, June 1, 2005. ©ASCE, ISSN 1090-0241/ circumferential displacement were measured. For this purpose, a
2005/6-771-782/$25.00. new type of circumferential displacement device was developed.
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This paper describes the experimental setup, the test procedure, ﬁ EisiomiEd
and the test results for the specific ballast material and subballast Ristan.ciamp

Ll
material examined. %“Wﬁ// Ball bushing assembly
KR —— VT-1 Air pressure supply
/ ~ VT-2 Pressure gauge
. . R0
Materials and Apparatus ropcoter TR K i
T lats T _ i
. o op plate EL@ ‘& - Acrylic chamber
Material Description Tension rod M i ‘\
The grain-size distribution of the subballast and ballast materials Topcep BE ||| | Latox o
have been depicted in Fig. 1. According to the ASTM D2488 _ N L= i i
(1997, the subballast is designated a well-graded sand with Specimen ' I
gravel. The ballast is designated a uniformly graded gravel, with Base plate . | Base pedestal
‘N&LT‘_,‘» | - VB-4 Sample top drainage

particles consisting o_f crushed basalt, which is a dark-.co.lore.d VB3 Wire passage /ﬁﬁﬁ/ Brs — ves sammewparnepe
igneous rock. Ballast is produced by crushing rock and sieving it vs-1 sample bottom drainage

to get the desired particle sizes. The ballast fulfills the require-

ment of a gradation No. 4, as specified in the AREMA Manual for Fig. 2. Components of triaxial load apparatus
Railway EngineeringAREMA 2002). For assigning in the devel-
opment and validation of track geometry deterioration models
(Suiker 2002; Suiker and de Borst 200the characteristics of the The triaxial apparatus used in the tests is illustrated in Fig. 2.
ballast and subballast materials were taken similar to those of theTno supballast specimens tested with this apparatus were com-

in situ testtrack in Pueblo, Cold@Selig et al. 198}, so that the pacted toward 95-97% Ofy, me This occurred by preparing
test-track performance data could be used. The compaction Char‘samples at a moisture contght of 5.5%, followed by placing and
acteristics of the subballast material were determined as describe@:ompacting nine material layers of equal thickness. The compac-
in ASTM D698, procedur€ (1997. This resulted in an average
maximal dry unit weight of the subballast samples\Qf, max

=19.2 kN/n?¥ at an optimum moisture content of 5.5%.

tion procedure occurred by striking the individual layers 20 times
with a standard Proctor hammer. Because a ballast consists of
large regular particles with large void spaces, the material has a
high water permeability. The behavior of a ballast with this gra-
Experimental Setup dation is therefore not sensitive to water content. The preparation
of a dry ballast specimen occurred by placing and compacting
eight layers of equal thickness. Each layer was tamped 40 strokes
with a steel rod. The method of layered compaction is also ap-
plied during in situ construction of ballast and subballast layers
(Selig and Waters 1994this method inherently causes the mate-
rial density to be nonuniform over the structural height, since the
bottom layers receive more compaction energy than the top lay-
ers.

The subballast specimen was enclosed by a double-latex mem-
ane with a total thickness of 0.6 mm. The ballast specimen was
nclosed by a latex membrane of 0.76 mm thickness that was
manually cut from a roll and subsequently glued together. The
total thickness of the membrane for the ballast specimen is some-
what higher than for the subballast specimen, in order to avoid
membrane puncturing by the sharp edges of the ballast particles.
The membranes had an air-tight connection with the top cap and
the base pedestal, by means of neopr@nengs. The base ped-
estal facilitated the connection of the compaction mould neces-
sary for constructing the specimen. The top and bottom of the

The cylindrical material specimen used in the subballast triaxial
tests had a nominal height bf=357 mm and a nominal diameter

of D=153 mm, corresponding to an aspect ratioHfD=2.33.
According to Fig. 1, the largest grain size in the subballast mate-
rial isd=20 mm, yielding a specimen diameter to grain size ratio
of D/d=8. The triaxial load apparatus used for the ballast testing
was identical to the load apparatus used for the subballast testing
However, since the average particle size of a ballast gradation is
larger than that of a subballast gradation, the size of the triaxial br
load apparatus for the ballast tests is bigger in order to reduce thee
influence of size effects. The nominal height of the cylindrical
ballast specimen was equaltki=645 mm and the nominal diam-
eter was equal t® =254 mm yielding an aspect ratio &f/D
=2.53. The largest grain size in the uniformly graded ballast ma-
terial isd=38 mm, see Fig. 1, corresponding to a specimen diam-
eter to grain size ratio dd/d=7.

ASTMD 2467 _ Cotbis R R e | sworcy specimen were treated with grease in order to reduce the friction
100 T — with the top cap and the base pedestal, respectively.
T 9 % o Subbalast During the fabrication of the specimen, the membrane was
~ 80 g held against the wall of the compaction mould by applying a
f._g» 70 ‘ ™~ vacuum. After the specimen was built, the top cap was attached
z 60 } and the compaction mould was removed while a temporary inter-
‘g 50 { nal vacuum was created to keep the specimen standing. For the
£ 40 1 subballast specimen, the second membrane was placed to provide
3 :g an air-tight lateral boundary. Subsequently, the top plate, the
8 10 - acrylic chamber, and the top collar were installed. A constant
o ha . confining air pressure was applied to the acrylic chamber through
10° 102 10! 10° 10° 102 10° Valve VT-1. The air pressure was measured via a pressure gauge
Grain size [mm] that entered the acrylic chamber through Valve VT-2. The regula-

tion of the pressure was provided by means of an external pres-

Fig. 1. Grain-size distribution of ballast and subballast materials sure control system. The Valves VB-1 and VB-2 controlled the
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(b)

Fig. 3. Specimen and displacement measuring dev@ecircumfer-
ential displacement device attached to a subballast specimeiibjand

three circumferential displacement devices attached to a ballast

specimen

drainage at the bottom of the specimen, whereas Valve VB-4
controlled the drainage at the top of the specimen. During the

experiments, the drainage from the specimen to atmospheric pres-

= +
01 o, Gp
0'3 = 62 = G,

9

Fig. 4. Axisymmetric stress state in a conventional triaxial test

For the subballast specimen, the circumferential displacement
device was mounted at the midheight of the specimen. The device
is a newly developed concept comprising a Teflon-coated multi-
stranded steel cable of 1 mm diameter, which encloses the speci-
men circumference and is wound up by a small aluminum cylin-
der of 24 mm diameter, see Fig@. The cylinder is mounted on
the shaft of a three-turn potentiometer, which registers the change
in length of the specimen circumference. The relative resolution
of the potentiometer is 0.044%, which results in a measuring
inaccuracy of 0.1 mm over a total cable length of 225 mm. For
minimizing the friction around the cable, the cable is surrounded
by pieces of Teflon tubing, thus providing the cable with a Teflon-
to-Teflon contact. The cable needs to be kept under a small ten-
sion in order to maintain the contact between the Teflon tubing
and the specimen. The tension is applied by means of a rotational
spring that is placed inside the aluminum cylinder. The cable
tension can be regulated through a turning wheel on top of the
device, which is connected to the spring. The device is mounted
onto a small aluminum plate, which is attached to the sample by
means of latex bands that were cut frorfpeeviously usegimem-
brane. The circumferential displacement device can be made with
relatively low manufacturing costs, it has a low weight, a rela-
tively small size, and can be easily incorporated into a triaxial
apparatus that does not have a circumferefiatadia) displace-
ment device as a standard outfit. More technical information
about the circumferential displacement device is given in Frenkel
(2000. For the ballast specimen, the relatively large specimen
heightH allowed for installing thredinstead of ongcircumfer-
ential displacement devices, which were attacheti &, H/2,
and H/3, see Fig. B).

The specimen deformation in vertical direction was measured
by an external displacement transducer that was clamped onto the
piston rod. The displacement transducer touched the top collar
and thus registered the sample movement relative to the top col-
lar. A data acquisition program was developed to store the mea-
sured vertical displacement, the circumferential displacement, the
vertical load, and the confining pressure.

Triaxial Testing on Subballast

Stress and Strain Definitions

sure occurred freely; i.e., the back pressure inside the specimerThe axisymmetric stress conditions applied to the cylindrical
equals the atmospheric pressure. Valve VB-3 provided access forspecimen are defined in Fig. 4. The shear stresses in the 1- and

the electric wires of the device that measured the circumferential
displacement of the specimen.

3-directions(=2-direction are supposed to be zero, so that the
normal stresses in these directions correspond to the principal

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2005/ 773



stresses. The principal stress, results from the summation of  Results from Static Tests

the confining pressures,, and the stress applied via the loading Static failure tests were performed to determine the maximum

piston, o, while the_ principal stresqg, is equal to the confining ._stress level that could be applied in the cyclic triaxial tests. After
pressure. The friction at the bearing that supports the loading . - . ;
the static tests were finished, the cyclic tests were carried out. In

;haft IS rega(deq as minimal, and thus neglected in the COmIOUta'the static tests, the specimen response was measured at three dif-
tion of the principal stress;.

Instead of using the principal stresses for describing the mate-ferent (constant - confining ~ pressures: o,=-10.3 kN/nt,
. 1Sing the princip . 1g th -41.3 kN/nt, and -68.9 kN/r The characteristics of each test
rial response, in the field of granular mechanics a deviatoric stress

invariant a. and a hvdrostatic stress invariaot are often em- have been summarized in Table 1. The initial dry unit weight of
4 y ; P, o the subballast materials presented in Table 1 falls within the range
ployed (see for example, Vardoulakis and Sulem 1R%his is,

because the stress ratig/p is an appropriate measure for de- of values of 17.0 kKN/h< vy < 18.7 kN/nf, measured for the

scribing frictional failure of a granular material under three- well-graded sandy subballast layer in the Colorado testtrack
. 9 L granu (Selig et al. 198)L. This indicates that the compaction character-
dimensional stress conditions. In their general form, these stress _.. .
invarianis are aiven b istics of the tested subballast are representative for subballast lay-
9 y ers in situ. The last two characters of the test indication used in
IE Table 1 are an abbreviation of the type of material tested, i.e.,
“sb” stands for subballast. The specimen response during the

static tests was controlled by means of the displacement in the

=1 . . . . .
P =30k ) axial direction. Use of displacement-controlled tests made it pos-
wheres;=deviatoric stress tensor, according to sible to monitor unstable material behavior. o
Fig. 5@ depicts the measured normalized deviatoric stress
S;j = 0ij ~ PYj; 2 —q/p versus the deviatoric strainat the three selected confining

pressures. The stress parameters relate to the specimen cross sec-
tion in the actual deformation stat@ée., Cauchy stregs The

strain values in Fig. @) were not corrected for membrane pen-
etration, since for relatively dry materials the error made by ig-

whered;; =Kronecker delta symbol. The energy conjugates of the
stress invariants given in E¢L) are the deviatoric strain invariant
k and the volumetric strain invariamt,,, respectively, as repre-

sented by i ) . i

noring the membrane penetration is commonly small; e.g.,

K = \/2%_%_ Hjortnaes-Pedersen and Molenkafi982 reported a difference

s of 0.0003(mm/mm) in deviatoric strain for triaxial test results
_ 3) with and without correction for membrane penetration. Since the
Evol = Ekk sample has a moisture content of 5.5%, in principle, an apparent
wherevy;;=deviatoric strain tensor cohesion is generated as a result of suction of water. However,

N this effect is regarded as negligible. In Figak it can be ob-
Yij = €ij ~ 38v0ldij (4) served that the deviatoric stress initially increases with increasing

deviatoric strain until it reaches the peak strength. Apparently, for
a higher confining pressure, the peak strength becomes lower and
the strain corresponding to the peak strength becomes higher. The
q=lo1-0o3 =0y small deviation in peak strength is a typical consequence of the
dependence of particle interlocking upon the confining pressure
(5) (Lambe and Whitman 1969the interlocking of particlegand
thus the peak strengttdecreases as the confining pressure in-
whereas the strain invariants, E@), reduce to creases, since particles become polished at contact points and
sharp corners are crushed.
All three curves in Fig. &) show that in the postpeak regime,
the stress reduces with increasing strain; this behavior is typical
Evol = €1 F 2€3 (6) for densegranular materials and is commonly characterized as
wheree, ande;=principal strains, oriented in the axial and radial Strain softeningsee, for example, van der Giessen and de Borst
directions of the specimen, respectively. In the present paper, thel998- The strain-softening process is concomitant with the gen-
solid mechanics sign convention is used, where tension and dila-€ration of large deformations, which causes geometrically nonlin-
tion are designated by a positive sign and compression and con-£ar effects to become important. In the present study, the assessed
traction are designated by a negative sign. strain range is limited to about 5%, whlph more or less pounds the
In the cyclic tests, the stress applied via the pistop, is deformation range relevant for the cyclic behavior of railway sub-

composed of a small static part and a cyclic part=op g
+0pcc The static part is necessary for maintaining contact be-
tween the hydraulic load actuator and the specimen, which was

For the axisymmetric configuration depicted in Fig. 4, the stress
invariants, Eq(1), simplify to

_1 _ 1
p= §(O'l+ 20'3) =0.t+30p

_2
K= §|81‘83|

Table 1. Characteristics of Static Triaxial Tests on Subballast Material

achieved by application of a relatively small loading of 100 N. Confining Wet unit Dry unit Proctor
The cyclic part varied between zero and a specific fractiaf pressure weight weight density’
the static failure load—q/p)sia; max Accordingly,n is denoted as ~ Test oc (KN/M?)  yyer (KN/M®) vy (KN/M?) (%)
the “relative cyclic stress,” and can be expressed as Stat.1sb -10.3 19.0 18.1 94.3
(= /P)eye Stat.2sb -41.3 19.3 185 96.4
=—L(_ D) (7) Stat.3sb -68.9 19.3 183 95.3
WPstat max *Note: sb=subballast. Dry unit weight expressed as a precentage of the
where(-q/p).,=stress amplitude for an individual load cycle. ASTM D698 maximum dry unit weight.
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(1) : Stat.1sb, 6,= -10.3 kN/m®
0.5 (2) : Stat.2sb, o = -41.3 kN/m®
(3) : Stat.3sb, o= -68.9 kN/m?

Stress ratio -q/p [-]

0.0 . .
0.00 002 0.04 006 008 010 012 0.14
Deviatoric strain x [-]

o)

0.05

(1) : Stat.sb, o,=-10.3 kN/m®
(2) : Stat.2sb, o,=-41.3kN/m®
(3): Stat.3sb, o,= -68.9 kN/m?

0.04 1

0.03 1

0.02 r
0.01 +
0.00
-0.01

Volumetric strain ¢, []

-0.02 - :
0.00 0.01 0.02 0.03 0.04 0.05

s

Deviatoric strain x [-]

® Measured peak strength
—— Linear regression through origin

g

Stat.3sb

[\*]
o
o

n
8

Stat.2sb

pry
(=]
o

Stat.1sb
(-0/P)statymax = 1.68
o ke .

0 25 50 -756 -100 -125 -150 -175 -200
(© Hydrostatic stress p [kN/m?]

Deviatoric stress q [kN/m?)
o >
(=] o

Fig. 5. Static response of subballast material): variation of stress
ratio -q/p with the total deviatoric strairk for various confining
pressuress; (b) variation of total volumetric strair, o with total

deviatoric straink for various confining pressures; and (c)

comparison of measured values of peak strength inpthg plane
with linear regression line

structure materialéSelig and Waters 1994In addition, a strain
value of 5% is considered to be the limit of applicability of the
small strain theoryused in Eqs(3), (4), and(6)].

In Fig. 5b), the deviatoric strain measured in the 0-5% strain
range is depicted versus the volumetric strain. The strain param-
eters have been computed by using &), in which the principal
strainse; and e; have been derived from the measured vertical
displacement and circumferential displacement, respectively. It is
seen that the volumetric strain is initially compressigg, <0)
and becomes dilativés, > 0) at increasing deviatoric strain. For
an increasing confining pressure, the amount of dilation produced
during failure decreases; this is a commonly observed feature in
the triaxial testing of dense noncohesive granular matefiae
and Seed 1967; Lambe and Whitman, 1969; Raymond and Davies
1978; Wood 199D The minor wrinkles appearing at the onset of
the response were caused by a local temporarily circumferential
stiffening, resulting from the bending resistance of the pieces of
Teflon tubing surrounding the Teflon-coated steel cable. For sub-
sequent tests, this problem was solved by cutting the Teflon tub-
ing into smaller pieces.

The peak strength of noncohesive granular materials in triaxial
compression is often interpreted by means of a Mohr—Coulomb
criterion (Lambe and Whitman 1969; Wood 1990; Vardoulakis
and Sulem 19956 The Mohr—Coulomb criterion is a purely fric-
tional criterion, where the deviatoric strength increases linearly
with the hydrostatic pressure; hence deviations in peak strength as
a result of the effect of confining pressure upon interlocking are
left out of consideration. Fig. (6) shows the result of a linear
regression that has been applied to the peak strengths measured at
the three selected confining pressures. The regression line has
been constructed by requiring that it passes the
origin, thus characterizing a noncohesive material. The slope
of the regression line relates to a peak strength of
(—a/P)stat,ma= 1.68. In agreement with the Mohr—Coulomb crite-
rion, this value corresponds to a friction an@iga ma=41°.

Results from Cyclic Tests

After the above-mentioned static tests were completed, cyclic
tests were carried out at two select@bnstant confining pres-

suresio.=-41.3 kN/nf ando,=—-68.9 kN/nt. The specimen re-

sponse was measured during one million load cycles. At both
confining pressures, four different cyclic stress levels were con-
sidered, resulting in the total of eight tests. The cyclic loading was
applied in the axial direction of the specimen, where each load
cycle returned to full unloading, as representative of a passing
train wheel. The constant confining pressure mimics the mean
pressure due to geostatic stresses in a railway track. The cyclic

Table 2. Characteristics of One Million Load Cycle Tests on Subballast Material

Confining pressure Relative cyclic stress Wet unit weight Dry unit weight Proctor d&nsity

Test o (KN/m?) n(-) Ywet (KN/m?3) Yary (KN/m®) (%)

Cyc.1sb -41.3 0.495 19.2 18.5 96.4
Cyc.2sh -41.3 0.845 19.3 18.4 95.8
Cyc.3sb -41.3 0.960 19.1 18.4 95.8
Cyc.4sh -41.3 0.995 19.3 18.4 95.8
Cyc.5sb -68.9 0.545 19.3 18.5 96.4
Cyc.6sb -68.9 0.821 19.4 18.6 96.9
Cyc.7sb -68.9 0.950 19.4 18.6 96.9
Cyc.8sb -68.9 0.975 19.3 18.5 96.4

*Dry unit weight expressed as a percentage of the ASTM D698 maximum dry unit weight.
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0.06 (1) : Cyc.1sb, n=0.495 0.06 =
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Fig. 6. Cyclic response of subballast material for various stress lavels) increase of total deviatoric straia (solid line) and permanent
deviatoric strainP (dashed lingwith load cyclesN, for a confining pressure,=—41.3 kN/n¥; (b) increase of total deviatoric strain (solid
line) and permanent deviatoric strak? (dashed ling with load cyclesN, for a confining pressure.=-68.9 kN/n?; (c) variation of total
volumetric straine,o (solid line and permanent volumetric straitf,, (dashed ling with load cyclesN, for a confining pressures.
=41.3 kN/nt; and(d) variation of total volumetric straim, (solid line) and permanent volumetric straifj,, (dashed lingwith load cyclesN,
for a confining pressure.=-68.9 kN/n?

tests were performed in a load-controlled fashion, using a peri- deviatoric strain may be objectively characterized by the relative
odic positive full-sine signal with a frequency of 5 Hz. A com- cyclic stressn, or analogously, by the cyclic stress level
parison with preliminary tests conducted at lower frequencies re- (-q/p)¢yc.

vealed that at 5 Hz, the mass inertia effects of the specimen were In Figs. §c and d, the cyclic evolution of the volumetric
negligibly small so that the material response may be character-strain is plotted for the two selected confining pressures. Again,
ized as “guasi-static.” The data storage occurred after prescribedthe solid line represents the total deformation and the dashed line
loading intervals, where each data point corresponds to a specifiacepresents the permanent deformation. During the first 100 to
load cycle. During such a load cycle, the displacements in the 1,000 load cycles, both lines grow steadily toward each other,
axial and radial directions were read 100 times, where the maxi- implying that the elastic volumetric deformation decreases and
mum value over the total amount of readings was assumed to bethe granular material becomes stiffer. In the literature, this phase
equal to the incremental total displacement and the value at theis regularly referred to as the “conditioning phasBtown 1974;

end of the load cycle was considered to represent the incrementalGaljaard et al. 1996 During the subsequent loading stage, the
permanent displacement. The conditions for the cyclic triaxial elastic deformation remains approximately constant, where, for an

tests are listed in Table 2. individual load cycle, the elastic strain component is much greater
Figs. §a and B show the measured deviatoric strairversus than the permanent strain component. This implies that consider-
the logarithm of the number of load cycl&sfor the two confin- able material compaction has taken place. The tests carried out at

ing pressures considered. The curves consist of two lines, thea confining pressurer,=-68.9 KN/nt, in general, display a
solid line reflecting the total deformation and the dashed line stronger compaction than those carried outrat—41.3 kN/n¥;
reflecting the permanent deformation. The difference between thethis effect was also observed for the static tests, see subsection
two lines equals the elastic deformation. It is evident that an in- entitled, ‘Results from Static Tests

creasing cyclic stress levalcauses the total deviatoric deforma- Figs. 8c and d illustrate that, up to a stress level of

tion to increase, where the growth of the deviatoric deformation is =0.96, a higher cyclic stress causes more compaction. However,
mainly governed by the permanent deformation component. Thefor cyclic stress levels close to the static failure strength, 0.96
response characteristics are about the same for the confining pres<n<1, the specimen initially shows a dilative behavior that is
sures considered, indicating that the cyclic development of the inherent to the high stress level, which proceeds into compaction
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25 Z total compaction obtained at the end of the cyclic loading process
_ tends to decrease for an increasing cyclic stress level. Hence, the
= 20 relatively strong particle structure generatecha0.975 relates to
g 15 a small total change in specimen density, implying that consider-
o able particle rearrangement has taken place.
s 10 After the application of 1,000,000 load cyclesnat0.975, the
§ (1) : Virgin material, n=0 postcyclic peak strength has become 34% higher than the peak
& o5 (i) fﬁgefone mi::i°" :Oag cvc;es a: 2?8‘22? strength of the virgin material. The Mohr—Coulomb friction
E‘&; After one million |22dg2|:: S ine0.975 angles corresponding to the peak strengths are computed as:
0 * : = J d’stat,max:‘]']-° (n=0), ¢stat,max:43o (n=0.545, ¢stat,max:51° (n
000 0.02 004 006 008 0.10 012 0.4 :082]), and ¢stat,max:55° (n:0975 AIthOUgh not Clearly ob-
(@ Deviatoric strain x [-] servable from Fig. (&), the strain corresponding to the post-cyclic
peak strength decreases when the cyclic stress level increases,
E;gfxggirnozﬂ:t;ﬂ:gnqggdc slos al Ne0.545 implying that there will be less “warning” for the occurrence of
(3) : After one million load czcles at n=0.821 postcyclic failu':e- . _ .
0.05 (4) : Aiter one million load cycles at n=0.975 Apart from increasing the peak strength, the cyclic loading
process also increases the material stiffness, as embodied by the
T 004t increase of the initial slope of the stress-strain curves. For the
2 003} virgin material(n=0), the secant shear stiffness for a stress ratio,
£ o2l —q/_p:1.0, equalgusy,-; ;=11 MPa. Iq contrast, after the appli-
£ cation of 1,000,000 load cycles at either 0.545,n=0.821, or
g ooty n=0.975, the secant shear stiffness has become approximately
g 000 equal topnsy,-; o=~80 MPa, reflecting a stiffness increase of a
2 factor of 7.
> ooty In the softening branch of the stress-strain response, the indi-

-0.02 - .
0.00 0.01 0.02 0.03 0.04 0.05

vidual curves in Fig. @) grow towards each other, indicating that
the shear strength then becomes independent of the initial com-
paction level of the granular specimen. In addition, for an in-
creased cyclic stress level, the postpeak drop off in strength be-
comes more pronounced. This feature is related to the observation
that the specimen fails more locally if the stress level during the
=-68.9 kN/n?, and(b) variation of total volumetric straig,q with cyclic Ioad]ng Process 1s higher; i.e., for the virgin material,
total deviatoric strain k, where the confining pressurer. :0_’ a bulglng-type fall_ure m0(_je was observed, _vvhereas_ the ma-
-—68.9 kKN/n? terial subjected to a high cyclic stress:0.975, failed statically
under the development of a local shear band.

The deformation characteristics for the postcyclic failure tests
as a result of the increasing number of load cycles. In other have been plotted in Fig.(@). It can be seen that the transition
words, the high stress level and the load cycles have an oppositérom material compaction into material dilation occurs faster if
effect on the volumetric deformation characteristics. Note that the the stress level during the cyclic loading stage is higher. Because
compaction rateds?,/dN becomes consistently higher for a for dense granular materials the onset of dilation generally is a
higher cyclic stress level after more than 2,000 load cycles haveprecursor to frictional failure, a faster transition into dilation re-
occurred. lates to a smaller deformation necessary for reachpogtcyclio

It can be expected that the cyclic loading process alters the failure.
strength and stiffness properties of the granular specimens. To
obtain more insight into this phenomenon, the specimens were rogt Repeatability and Response to 5,000,000 Load
brought to static failure after the cyclic loading tests were fin- Cycles
ished. The results of these so-called “postcyclic failure tests” are
discussed below. The cyclic loading tests discussed above were ended when the
number of load cycles exceeded 1,000,000. The deformation rate
measured during these tests generally decreased at an increased
number of load cycles. This tendency can be expected to continue
In Fig. 7(a), the stress-strain curves during postcyclic failure are when the number of load cycles becomes larger than 1,000,000. It
plotted together with the static failure curve of the virgin material is important to verify this, since in railway practice a maintenance
(i.e., TestStat.3shsee Table 1L In fact, the latter test relates to a period may span more train passages than the equivalent of
relative cyclic stress leveh=0. The confining pressure of the 1,000,000 load cycles. Hence, the number of load cycles in a

(b) Deviatoric strain x [-]

Fig. 7. Static response of subballast material after preloading at
various cyclic stress levels: (a) variation of stress ratio g/ p with
total deviatoric strain k, where the confining pressurer.

Static Failure after Cyclic Loading

tests equals.=-68.9 kN/nt, and the deviatoric straik is mea- cyclic test was increased to 5,000,000. Because the performance
sured from the onset of static loadifige., the deviatoric strain  of a 5,000,000 load cycles test is time consuming, only one test
was reset to zero after the cyclic loading process finisHedan was carried out.

be seen that a priori subjecting the material to cyclic loading may  The conditions for the 5,000,000 load cycles test are presented
elevate the static peak strength significantly. Recall that Figs. 6 in Table 3. Note that the cyclic stress level applied in this test is
and d showed that the material density obtained through the cy- close to the failure strength of the virgin material. Since the char-
clic loading process generally is higher for a higher cyclic stress acteristics of Tes€yc.9sh(see Table Bclosely resemble those of
level, but that at very high cyclic stress levels, ire=0.975, the test Cyc.3sb(see Table 2 both tests are compared in order to
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Table 3. Characteristics of Five Million Load Cycle Test on Subballast Material

Confining pressure Relative cyclic stress Wet unit weight Dry unit weight Proctor d&nsity
Test o (KN/m?) n(-) Ywet (KN/m?3) Yary (KN/m®) (%)
Cyc.9sb -41.3 0.98 19.3 18.6 96.9

*Dry unit weight expressed as a precentage of the ASTM D698 maximum dry unit weight.

check the test repeatability. Fig(e8 depicts the cyclic evolution Triaxial Testing of Ballast
of the deviatoric strain for the two tests, whereas Fiy) 8epicts
the cyclic evolution of the volumetric strain. The trend of the
deformation sketched in these figures is qualitatively the same for
both tests. In a quantitative sense there are some differences, imhe properties of the static ballast tests are collected in Table 4.
particular with respect to the evolution of the volumetric strain. The initial dry unit weight of the ballast material for each test
These discrepancies are due to small dissimilarities in the speci-falls  within  the range of values, 16.1 KNPRIvygy,
men density and the applied cyclic loading level, see Tables 2 and<17.6 kN/n¥, measured for the traprock ballast layer in the
3; because the cyclic stress level is close to the static failure Colorado testtrackSelig et al. 198} This implies that the com-
strength, a small variation in stress may already cause a substanpaction characteristics of the tested ballast are representative for a
tial variation in deformation. traprock ballast layer in situ. The three confining pressures that
For Test Cyc.9sh the deformation generated between were used in the ballast testing are equal to those used in the
1,000,000 and 5,000,000 load cycles is obviously very small com- subballast testing. The static tests were carried out in a
pared to the deformation generated over the complete loadingdisplacement-controlled fashion. The stress-strain curve measured
period. The deformation rate progressively decreases, evenat each confining pressure has been plotted in Figs-Q® Each
though the cyclic stress level is very close to the static failure figure consists of three curves, corresponding to the circumferen-
level of the virgin material. tial displacement measurementdt3, H/2, and H/3 [see Fig.
3(b)]. Apparently, the three stress-strain curves in each figure are
nearly identical. The small spikes emerging in the response are
due to stick-slip events between individual ballast particles. These
local instabilities are registered at the specimen level because the

Results from Static Tests

— (1) 1 million load cycles test, Cyc.3sb rgtlo.betwet.an the average ballast particle size and the specimen
"~ 0.05 [| (2) : 5 million load cycles test, Cyc.9sb A relatlvely_large. . . . .
% In contrast with the subballast material, material softening is
w 0047 not observed for the ballast material. The absence of material
£ softening can be ascribed to the relatividpseparticle structure
S 003 ) :
3 of the ballast specimens. The loose arrangement of ballast par-
§ 0.02 (1) ticles is caused by the uniform character of the particle size dis-
= tribution, see Fig. 1; uniformly graded materials are less suscep-
3 001 —= - tible to compaction than broadly graded materials, in which
S i insi i
) , e : , smaller particles are forced inside the spaces created by bigger
0.00 Lo : X ; . .
1640 1e+1 1e+2 1e+3 1le+d 1e+5 le+6 le+7 particles. Due to this effect, the dry unit weight of the ballast
@) Number of load cycles N [ specimens is lower than that of the subballast specimens, see
Tables 1 and 4.
— 000 In Fig. 9(d) the peak strengths of the three stress-strain re-
: Ge= 0 sponses have been plotted in fheq plane. As for the subballast,
% 001} a Mohr—Coulomb criterion that passes the origin inphe plane
3 gives a reasonable approximation of the frictional failure level.
Z The peak strength(—0/ p)star max- 1.98, is somewhat higher than
g 002y that of the subballast material, and relates to a Mohr—Coulomb
o friction angle of gy marc48°.
T 003} In Figs. 1@a—0, the quasi-static deformation characteristics
5 (1) : 1 million load cycles test, Cyc.3sb measured at the selected confining pressures are depicted. The
2 o4 (2) : 5 million load cycles test, Cyc.9sb | three figures actually reveal an identical trend; initially the mate-
T 1e40 Te+l 1e42 1e+3 le+d 1e+5 1646 1047 rial displays some compaction, which evolves relatively fast into
(b) Number of load cycles N [-]

Fig. 8. Cyclic response of subballast material. Representation of test Table 4. Characteristics of Static Triaxial Tests on Ballast Material
repeatability and response characteristics up to 5,000,000 load cycles.

= Ml : e Confining pressure Dry unit weight
(@ I_ncre_ase o_f total dewatqnc sFram (solid line) and permgr]ent Test oo (KN/m?) Yary (KN/m?)
deviatoric strainkP (dashed ling with load cyclesN. The confining
pressures,=—41.3 kN/n?. (b) Decrease of total volumetric strain ~ Stat.1b -10.3 16.1
&yol (solid line) and permanent volumetric straif,, (dashed ling Stat.2b -41.3 17.0
with load cyclesN. The confining pressure.=-41.3 kN/nf?. Stat.3b -68.9 16.2
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Fig. 10. Static response of ballast material. Stress and strain param-
eters determined with circumferential displacement measurements at
H/3, H/2 and /3. Variation of total volumetric straim,, with

total deviatoric straink: (a) response for a confining pressusg
=-10.3 kN/n?; (b) response for a confining pressure,
=-41.3 kN/n?; and (c) response for a confining pressure,
=-68.9 kN/nft.

dilation. As for the subballast material, at increasing confining

pressure the amount of dilation decreases. It is seen in each figure
that the three deformation curves start to diverge from each other
when the deformation grows. This corresponds to the emergence

Fig. 9. Static response of ballast material. Stress and strain param-Of inhomogeneous failure modes, which are triggered because of

eters determined with the measurementsl &, H/2, and 2H/3: (a)
variation of stress ratiog/ p with total deviatoric strairk, where the
confining pressurer,=-10.3 kN/n?; (b) variation of stress ratio
—qg/p with total deviatoric strainc, where the confining pressuce,
=-41.3 kN/n¥; (c) variation of stress ratioa/ p with total deviatoric
strain k, where the confining pressuke,=—68.9 kN/n¥; and (d)
comparison of measured values of peak strength inpthg plane

with corresponding linear regression line

the slender geometry of the ballast specirfien, the aspect ratio
of the ballast specimen id/D=2.53.

Results from Cyclic Tests

The cyclic loading tests on the ballast material were performed in
a load-controlled fashion at a frequency of 5 Hz, where the speci-
men response was periodically registered during 1,000,000 load
cycles. In Table 5, the characteristics for the cyclic tests are pre-

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2005/ 779



Table 5. Characteristics of One Million Load Cycle Tests on Ballast 0.06 (1) : Cyc.1b, n=0.510
Material - (2) : Cyc.2b, n=0.822
— - - - ; ™ 0.05 |(3): Cyc.3b, n=0.964
Confining pressure Relative cyclic stress Dry unit weight % (4) : Cyc.4b, n=0.979 e (4)
Test o (KN/m?) n(-) Yary (KN/m®) o 004}
Cyc.1b -41.3 0.510 16.3 "E 0.03 |
Cyc.2b -41.3 0.822 16.3 2
Cyc.3b —41.3 0.964 16.6 § 0%y
Cyc.4b -41.3 0.979 16.6 3 001}
Cyc.5b -68.9 0.508 16.5 % oo ;
Cyc.6b -68.9 0.817 16.8 T 1e40 1edl Ter2 1e+3 lesd 1e+5 1646
Cyc. 7b —68.9 0.958 16.6 @ Number of load cycles N []
Cyc.8b -68.9 0.973 16.7
(1) : Cye.5b, n=0.508 0
(2) : Cyc.6b, n=0.817 o, = -68.9 kKN/m
0.96 11 (3): Cyc.7b, n=0.958
= 0.05 (4) : Cyc.8b, n=0.973 /_____,_____—____;—-(4)
s r e
sented. It is emphasised that the relative cyclic stness defined *
by Eq. (7), here relates to a static failure level 6fq/p)siatmax - 0041
=1.98, see Fig. @). ® 003} (3
In Figs. 1Xa and b, the cyclic evolution of the deviatoric o =
strain has been sketched for the two confining pressures selected. % 0.02 ¢
The stress and strain parameters used in this graphical presenta- s o001l @
tion correspond to the average of the circumferential displace- 0 | e )
ment measurements Bit/3, H/2, and /3. The curves show a .00 - '
K 1e+0 1e+1 1e+2 1e+3 1e+d 1e+5 1e+b
trend that is comparable to that measured for the subballast, see b
(b) Number of load cycles N [-]

Figs. Ga and b. It can be further observed that at lower cyclic

stress levels,n<0.82, the permanent deformation rate at

1,000,000 load cycles has become negligibly small. In other
words, the cyclic response has becofaknosy) elastic. This phe-

o
Q
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|

\
\
|
|
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I

4

nomenon is known as “shakedown.” 001 |

The cyclic evolution of the volumetric strain, depicted in Figs. T e e 1 g
11(c and d, shows that the ballast material is less susceptible to 0.00 ——— "
compaction than the subballast material, see Figsafd d. As 0.01 [{(1): Cye.1b, n=0510 D — ]

explained before, the low compaction susceptibility stems from
the uniform particle gradation of the ballast material. At stress [1(3): Cye.3b, n=0.964 o =413 0]
levels close to failure, the volumetric strain rate is slightly posi- 03 ) : Sycth, 00872 Loo= 418 K
tive at the initial loading stage. At about 1,000 load cycles, the 1e+0 le+1 1e+2 1e+3 Te+d 1esS 1646
dilation changes into compaction, after which the compaction Number of load cycles N {-]

level increases more or less linearly with the logarithm of the
number of load cycles. During this stage, at relatively high stress
levels, 0.96<n<1, the permanent volumetric strain is larger than
the total volumetric strain, as indicated by the sign of tbem-
pressive elastic volumetric strain being opposite to the sign of

(2) : Cyc.2b, n=0.822

o
8

4 i P )
Volumetric strain €, € | [

g

=4
=]
1+

o
8

\
/
|
!
/
|
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|
|
s

the (dilative) total and permanent volumetric strains. Note that in 0.00 | e )
the beginning of the cyclic loading process this is not the case, e :‘::::(3)
due to the initial settling of the circumferential strain device. 0.0 I73) - Cye.sb, n=0.508 @

More specifically, at the onset of a loading process with a rela- 002! g;gyygsg ::g:g; i
tively high cyclic stress level, the circumferential displacement 003 (4) : Cyc.8b, n=0.973 I0c='68'9 kN{m

device starts slipping along some of theparsé¢ grains at the T 1es0 el 1es2 1e+3 fe+d 1645 1e+d

specimen boundary before surrounding the ballast specimen in a ) Number of load cycles N [

stable manner. Figs. {d and d illustrate that this settling effect _ _ _ )

takes place over approximately the first ten load Cyclesl CausingF|g. 11 CyC“C response O'f bal.last m.atena.l for various stress levels
the values of the elastic volumetric strain in this range to be M (a) increase of total deviatoric strain (solid line) and permanent
erroneous. deviatoric strainP (dashed lingwith load cyclesN, for a confining

In general, material compaction may be the result of particle Pressuresc=-41.3 kN/n#; (b) increase of total deviatoric strain
rearrangement, particle crushing, or a combination of both (solid line) and perr_na_ment deviatoric stra¢f (dashed I|n¢V\_/|th_ load
mechanisms. Sieving procedures conducted after the tests wer&YCl€sN. for a confining pressure,=-68.9 kN/n#; (c) variation of
finished only revealed a small amount of particle breakage, which tota! volumetric strainsyol (solid line) and permanent volumetric
suggests that material compaction is driven here mainly by par- strain sy, (daSE%Ed ling with Iogd_cyclesN, for a confln_lng pressure
ticle rearrangement. This finding is supported by additional static 00___4_1'3 KN/nt, and (d) variation (.)f tota! volumetric Stralfeyo
oedometer test&Suiker 1999, which showed that for the current (solid line) and perman?n.t volumetric strai, (daszgd ling with
ballast material the hydrostatic stress at which particle crushing iSIoad cyclesN, for a confining pressure.=-68.9 kN/

. . P
Volumetric strain ¢, €°, [
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(b) Deviatoric strain x [-] Fig. 13. Cyclic response of ballast material. Representation of test

repeatability and response characteristics up to 5,000,000 load cycles:
Fig. 12. Static response of ballast material after preloading at various (a) increase of total deviatoric straik (solid line) and permanent

cyclic stress levels: (a) variation of stress ratio ¢/p with total deviatoric strainkP (dashed ling with load cyclesN. The confining
deviatoric straink, where the confining pressurg=-68.9 kN/n?, pressures.=—-41.3 kN/n?. (b) Variation of total volumetric strain
and (b) variation of total volumetric straim, with total deviatoric &yl (solid line) and permanent volumetric straif,, (dashed ling
straink, where the confining pressusg=-68.9 kN/n? with load cyclesN. The confining pressure.=-41.3 kN/nf.

initiated is aboutp~-350 kN/n?. This value is considerably
higher than the maximum hydrostatic pressure used in the triaxial
tests:p=-193 kN/n?, see Fig. ).

cycles the secant shear modulus of the ballast has become ap-
proximately equal tqﬁq,p:1_0~ 115 MPa. This corresponds to a
stiffness increase of a factor of 3.5. At large deviatoric strain, the
postcyclic stress-strain curves in Fig.(a2closely resemble, and
Static Failure after Cyclic Loading approach a constant shear strength.

The postcyclic failure behavior of the ballast is illustrated by the

stress-strain curves in Fig. @& and the deformation curves in  Test Repeatability and Response to 5,000,000 Load

Fig. 12b). As for the subballast material, the cyclic loading pro- Cycles

cess increases the peak strength, the stiffness., and the quasi-stlati]c;ne properties of the 5,000,000 load cycles test are presented in

dilation of the ballast. However, the mcrease_ln. peak strength is Table 6. To analyze the test repeatability, the results are compared

less pronounced than for the subballast material; the peak strengtq0 those of TesCyc.3h of which the test characteristics are given

obtained after cyclic loading at=0.973 is only 9% higher than . : : : L :
- . ) Table 5. A ly, th | I fth

the peak strength of the virgin ballast matefiat0). This relates in Table 5. Apparently, the cyclic evolution of the deviatoric strain

to an increase of the Mohr—Coulomb friction angle from [Fig. 13a)], as well as the cyclic evolution of the volumetric
eatma48° (N=0) 10 bum ma53° (N=0.973. The small in- strain[Fig. 13b)], are in reasonable agreement. The discrepancies

. K st th b ibed 1o the | . in the responses are believed to be due to differences in stress
crease In peak strength can be ascribed 1o the low compacliong, o 44 injtial material density. Similar to the subballast mate-
susceptibility of the ballast. In addition, for cyclic stress levels

. . ial, th t def ti fter 1, , |
close to failure, 0.96:n<1, the ballast dilates before compact- rial, the permanent deformations produced after 1,000,000 load

ing, see Figs. 1t and d; note that the low compaction suscep- cycles are very small
tibility of the ballast causes the initial dilation at high stress levels
to be larger than for the subballast, see Figs.dhd d.
The low compaction susceptibility is also the reason for the Table 6. Characteristics of Five Million Load Cycle Test on Ballast
relative stiffness increase of the ballast material being smaller Material

than that of the subballast material. More specifically, the virgin Confining pressure  Relative cyclic stress  Dry unit weight
ballast material(n=0) has a secant shear modulus uﬁq/p:l.o_ Test o (KN/m?) n(-) Yary (kN/m?)
=33 MPa for a stress ratiogqtp=1.0, whereas, for all cyclic

stress levels considered, after the application of 1,000,000 load©Yc-90 —41.3 0.956 16.3

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JUNE 2005 / 781



Concluding Remarks

ing.” MS thesis, Dept. of Civil and Environmental Engineering, Univ.
of Massachusetts, Amherst.

The elastoplastic behavior of a ballast and subballast material hag3aljaard, P. J., Paute, J. L., and Dawson, A(T96. “Comparison and

been explored by means of static and cyclic triaxial tests. The

cyclic triaxial tests were carried out to provide insight into the

deformation characteristics of these railway substructure materi-

performance of repeated load triaxial test equipment for unbound
granular materials.Flexible pavementsA. Gomes Correia, ed., A.A.
Balkema, Rotterdam, The Netherlands.

als under a large number of passing train wheels. The purpose offiortnaes-Pedersen, A., and Molenkamp(1@82. “Accuracy and repro-

the static tests was to identify the maximum stress level that could

ducibility of triaxial tests.” In P. A. Vermeer, and H. J. Luger, eds.,

be used in the cyclic tests, and to assess the strength and stiffness Deformation and failure of granular material$\.A. Balkema, Rot-

increase produced by the cyclic loading process.

It has been shown that the application of cyclic loading can 'ndraratna, B.,
lead to a considerably increase in material strength and stiffness.
From the viewpoint of track stabilization, track maintenance pro-
cedures should aim at preserving consolidated granular substruc-
tures as much as possible. In this respect, stoneblowing is prefer-
able to tamping. While stoneblowing only adds granular material L
to the ballast surface to smoothen the track, during tamping the
track is smoothed by means of disturbing the ballast layer. The
latter method thus reduces the compaction level of the ballast.
Consequently, after a tamping operation has taken place, the rat
of geometry deterioration usually is higher than before the tamp-

ing operation(Esveld 1989; Selig and Waters 1994

For both the subballast and the ballast materials, the perma-
nent deviatoric deformations generated under cyclic loading are

strongly dependent on the stress rdtia}/ p),. In addition, the

permanent volumetric deformation is governed by both the stress

ratio (—q/p)ey. and the hydrostatic pressupe A proper simula-

tion of track deterioration thus requires adequate incorporation of

terdam, The Netherlands, 391-401.
lonescu, D., and Christie, H.(D998. “Shear behavior of
railway ballast based on large-scale triaxial tesis Geotech. Geoen-
viron. Eng. 124(5), 439-449.
Lambe, T. W., and Whitman, R. ¥1969. Soil mechanicsWiley, New
York.
ee, K. L., and Seed, H. B1967. “Drained strength characteristics of
sands.”J. Soil Mech. Found. Diy.93, 117-141.
Raymond, G. P., and Davies, J. R978. “Triaxial tests on dolomite
railroad ballast.”"J. Geotech. Eng. Div., Am. Soc. Civ. Ent04(6),
737-751.

e‘Selig, E. T., and Waters, J. M1994). Track geotechnology and substruc-

ture managementThomas Telford, London.

Selig, E. T., Yoo, T. S., Adegoke, C. W., and Stewart, H.(E8J.
“Status report-Ballast experiments, Intermedidfé5 mg), Substruc-
ture stress and strain datd&ch. Rep. FAST/TTC/TM-81/03niv. of

Massachusetts, for U.S. DOT Transportation Systems Center, Cam-

bridge, Mass.
Stewart, H. E.(1982. “The prediction of track performance under dy-
namic traffic loading.” Dissertation, Univ. of Massachusetts, Amherst.

these two stress effects into a cyclic densification model, seesyiker, A. S. J(1999. “Static and cyclic loading experiments on non-

Suiker (2002 and Suiker and de Bor$2003.
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