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ABSTRACT: The existing international bibliography -German, French, AREMA methods- in-
cludes various methods for a realistic estimation of loads on track superstructure and the reactions/actions
on the sleepers. The magnitude of loads derived from these formulas could not justify the systematic ap-
pearance of cracks at 60% of the sleepers in the Greek network. This generated the need of a more exhaus-
tive investigation of the extensive appearance of cracks on sleepers, that would lead to the development of
a new methodology for the calculation of the actions on the sleepers, which would be able to simulate and
explain the phenomena that have been observed in the Greek network. In this paper a comparative para-
metric investigation is presented for the influence of fastening stiffness on the estimation on Design Loads
on Railway Superstructure and Substructure. Japanese and European data are compared.

1 INTRODUCTION

The railway track superstructure is the equivalent
of the road pavement and as in the case of pave-
ments there are flexible and rigid track superstruc-
tures. The main difference between the two types of
infrastructure is that the loads in railways are applied
in two discrete locations along the rails, whereas in
road pavements the location of the load application
is random. The track superstructure is a multilayered
system that consists of the rails, ties with their fas-
tenings, ballast -the equivalent of a flexible pave-
ment- and the blanket layer consisting of compacted
sand and gravel, which further distributes the loads
and protects the substructure from the penetration of
crashed ballast particles, mud ascent and pumping.
The stress on the substructure plays a key role in the
design and maintenance of High Speed railway
tracks and its magnitude mainly depends on the
track stiffness coefficient (Giannakos, 2011). How-
ever, there is a lack of data in the international litera-
ture correlating the magnitude of stress on the track
substructure and the track stiffness coeffient of High
Speed lines under operation. The research performed
for the Greek Railway network for the cracks ob-
served on concrete sleepers in a percentage higher
than 60% of the total number laid on track (Gianna-
kos, 2008, Giannakos & Loizos, 2009) addressed
this issue. Its findings, highlighting the interaction
between superstructure and substructure of a railway
track, are presented in this paper. A method for the
calculation of loads and stresses on a railway track
was developed as a result of this research (Gianna-
kos, 2004). This method together with three methods
found in the international literature are used to cal-

culate the stresses on the track substructure and the
results are compared and discussed for the fastenings
in the Greek network and a comparison is presented
for the Japanese fastenings (Giannakos, 2009-2010).

2 ACTIONS ON RAILWAY TRACK

It must be noted here that in all four calculation meth-
ods the total static stiffness coefficient of the track pal
(spring constant) is of decisive importance for the calcu-
lation of the action/reaction on each tie. In general:
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where i are the layers that constitute the multilayered
structure “Track”, and py the total static stiffness coef-
ficient of track, which must be calculated for each case.

2.1. Method cited in the French literature

Given by (Alias,1984, Prud’homme & Erieau,
1976 ):
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which covers a probability of occurrence
P=95.5%, where: Quneer = the static load of the
wheel, Q, = load due to cant (superelevation) defi-
ciency, 6(AQnsm) = standard deviation of the Non-
Suspended Masses of vehicle, 6(AQsm) = standard
deviation of the Suspended Masses of vehicle, At
= reaction coefficient of the tie which is equal to:
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and pu = coefficient of total static stiffness
(elasticity) of track, £ = distance between sleepers,
E, J = Modulus of Elasticity and Moment of Inertia
of the rail

2.2. Method cited in the German literature

According to Fastenrath, 1981, Eisenmann, 2004:
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which covers a_ probability of occurrence
P=99.7%, where: Aqq IS given by equation (3),
Quheer IS the static load of the wheel, V the maxi-
mum speed.

2.3. Method cited in the American literature

According to AREMA 2005 (Hay, 1982, Selig &
Waters, 2000, see also Giannakos, 2010a):

Rmax = Prex L= 'K%tat {1-‘— j'Qwheel (5)

where D33 is the diameter of a wheel of 33 inches,
Duneer the wheel diameter of the vehicle examined in
inches, pmax the maximum pressure per unit length of
the track under the sleeper, and A is the same as in
equation (3).

2.4 Giannakos (2004) method
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According to this method which was derived as a
result of the research in the Greek railway network
(Giannakos 2004, see also Giannakos& Lo0izos
2009):
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where: u coefficient covering the probability of oc-
currence (u=2,3,5 for P=95.5 %, 99.7%, 99.9%),
o(AQnswm) is the standard deviation of the dynamic
load due to non-suspended masses mysw Of each ax-
le, 6(AQsw) is the standard deviation of the dynamic
load due to suspended masses Mgy,

U(AQNSM ) = klrail V- Mysm ‘hTRACK (7)
V —-40
G(AQSM ) = 1000 ’ NL 'Qwheel (8)

Kirit coefficient of the condition of the running rail
table, fluctuating (for lines with Vrma®#0km/h)
between 0.00389 - 0.00584 for ground rail running
table and 0.00779 - 0.01558 for non-ground rail run-
ning table, N_ coefficient normally equal to 1 - 1.2
and:
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The calculation of the track mass participating in
the motion of the Non-Suspended Masses is cited in
Giannakos (2010c).

2.5. Comparison of theoretical calculations

In Greece between 1972 and 1999, twin-block
concrete sleepers of French technology were exclu-
sively used, with RN fastenings, for tracks designed
for Vimax=200km/h and temporary operational speed
Voper=120-140km/h. Extended cracking was ob-
served at a percentage of more than 60 % of the
sleepers laid on track. The methods cited in the in-
ternational literature at that time did not provide any
satisfactory justification for the appearance of the
cracks, resulting in much lower values of actions on
ties than the cracking threshold, thus predicting no
cracking at all. After an extensive research that in-
cluded collaboration among various universities and
railway organizations in Europe, the Giannakos
(2004) method was developed whose results suc-
cessfully predicted the extended cracking of the
U2/U3 ties (Giannakos, 2004, Giannakos & Loizos,
2009), calculating actions over the cracking thresh-
old and in some cases over the failure threshold
(Figure 1).
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Figure 1: Comparison of the results of the 4 methods (German,
French, AREMA, Giannakos) for U2/U3 sleepers with RN fas-
tenings and 4,5 mm pad.

This method was derived from theoretical anal-
yses, measurements from laboratory tests performed
in Greece, Austria, France, Belgium and other Euro-
pean countries and observations from real on-track
experience. The results of the method were also pre-
sented for lines with Heavy Haul traffic that are
typical in the United States (Giannakos, 2011).



3 STIFFNESS COEFFICIENTS OF THE ELASTIC
PAD - CALCULATION OF THE ACTIONS ON
TRACK PANEL ACTIONS ON RAILWAY
TRACK

The pad's stiffness plays a key role in the total re-
sponse of the track. The pad's stiffness coefficient,
ppad, 1S calculated through the trial-and-error method
from the load-deflection curve of the pad, provided
by the producer. For the calculations the following
combinations are considered based on the experi-
ence from the Greek railway network: UIC60 rail
(prai=75000 kN/mm), 2,60 m concrete sleeper B70
type  (psieeper=13500 kN/mm),  distance between
sleepers 60 cm, ballast 2 years in operation
(ppaitast=380 KN/mm), subgrade with stiffness psungrade
fluctuating from 40 kN/mm in the case of pebbly sub-
grade to very rigid of 250 kN/mm in the case of rocky
tunnel bottom or concrete bridge with insufficient ballast
depth and fastening W14 with pad Zw700 Saargummi
with stiffness ppag calculated through the trial-and-error
method, wheel load 11,25 t, maximum speed 250 km/h,
Non-Suspended Masses 1,5 t, height of the vehicle's cen-
tre of gravity from the rail running table 1,5m, wheel's
diameter 1 m (39,37 inch), maximum cant deficiency 160
mm, and average condition of an un-ground rail for the
rail running table with coefficient ka'=0,0116873.

The actions have been calculated also for the verifica-
tion of the model (Figure 1) for the case of the twin-block
concrete sleepers that presented an extended cracking (in
a percentage higher than 60%) of the total number of
sleepers laid on track with the following data: UIC54
rail  (prii=75000 kN/mm), twin-block concrete
sleeper U2/U3 type (psieeper=13500 KN/mm), dis-
tance between sleepers 60 cm, ballast 2 years in op-
eration (ppanast=380 KN/mm), subgrade with stiffness
Psubgrade fluctuating from 40 kN/mm in the case of peb-
bly subgrade to very rigid of 250 kN/mm in the case of
rocky tunnel bottom or concrete bridge with insufficient
ballast depth and fastening RN with pad 4,5 mm with
stiffness ppag Calculated through the trial-and-error
method, wheel load 10,40 t, maximum speed 140 km/h,
Non-Suspended Masses 2,54 t, height of the vehicle's
centre of gravity from the rail running table 1,5m, maxi-
mum cant deficiency 105 mm, and average condition of
an un-ground rail for the rail running table with coeffi-
cient ka'=0,0116873.

For comparison, the same conditions were applied for
the first case in combination with the Japanese fastenings
(as presented in Figure 2) with the relevant second kind
pad of stiffness 60 MN/m, with actual stiffness ppaq in
each case calculated through the trial-and-error method,
and: UIC60 rail (prii=75000 kKN/mm), 2,60 m con-
crete sleeper B70 type (psieeper=13500 KN/mm), dis-
tance between sleepers 60 cm, ballast 2 years in op-
eration (ppanast=380 KN/mm), subgrade with stiffness
psubgrade Fluctuating from 40 kN/mm in the case of peb-
bly subgrade to very rigid of 250 kN/mm in the case of
rocky tunnel bottom or concrete bridge with insufficient
ballast depth, wheel load 11,25 t, maximum speed 250
km/h, Non-Suspended Masses 1,5 t, height of the vehi-
cle's centre of gravity from the rail running table 1,5m,
wheel's diameter 1 m (39,37 inch), maximum cant defi-

ciency 160 mm, and average condition of an un-ground
rail for the rail running table with coefficient
ka'=0,0116873.
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Figure 2: Load-Deflection curves of Japanese fastening pads.

The results for the Actions/Reactions on each
support point (sleeper) of the track panel in the case
of 2,60 m long sleeper B70 type of prestressed con-
crete and W14 fastening with pad Zw700
Saargummi, are depicted in Figure 3, as derived
from the four methods described above: German,
French, AREMA and Giannakos (2004).
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Figure 3: Actions on the track panel calculated by the four
methods for fastening W14 and pad Zw700 Saargummi.

The results for the Actions/Reactions on each
support point (sleeper) of the track panel in the case
of 2,60 m long sleeper B70 type of prestressed con-
crete and Japanese fastening with pad of second kind
(60 MN/m) of the Figure 2, are depicted in Figure 4,
as derived from the four methods described above:
German, French, AREMA and Giannakos (2004).
Since there is no reference available, in this paper a
toe-load of 9 kN per fastening (18 kN per rail) de-



rived from the correct tightening of the "fastening's
clip™ is considered.
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Figure 4: Actions on the track panel calculated by the four
methods for Japanese fastening with pad of second kind (60
MN/m).

4 STRESSES ON BALLAST-BED, SUBGRADE
AND DESIGN CRITERIA

The average stress ppaiast Under the tie seating sur-
face should only be used qualitatively and not quan-
titatively, since, in practice, there is no uniform sup-
port of the tie on the ballast, or uniform compaction
of the ballast and the ground, and there are faults on
the rail running table, imperfections on the wheels
etc. The simplest way to calculate it is to divide the
Action R on the tie by the “effective” tie seating sur-
face:

R R R
Phatast = ——— = T = = (11)
Fef'f —tie Leff —tie btie ( L(ie - e) ’ btie

Where: Rnax the maximum reaction/action on each
tie derived from each method, F.= effective tie seat-
ing surface, Lge = length of the tie i.e. 8.5 feet or
2590 mm, e = gauge of the track (~1500 mm), Lets.tie
calculated from Equation (12) with the assumption
that the center of the tie is unsupported, bge = width
of the tie at the seating surface.

Lerie = (Ltie _e) (12)

The load on the ballast-bed should be equal to the
sum of the mean (static) load + 1 to 3 standard de-
viations (probability of appearance/level of confi-
dence P = 68.3% + 99.7%) depending on the circu-
lation speed and the necessary maintenance work.
This implies that the action calculated from the
methods cited in German and French literature as
well as Giannakos (2004) method could be reduced
for a probability of appearance relevant to 68.3 %
for the subgrade or 99.5 % for the ballast.

French method: Equation (2) covers a 95.5%
probability of appearance, so it is used for the cal-
culation of the stress on ballast in Equation (11)
since for the calculation of the stress on the forma-
tion a level of confidence on the order of 68.3 % to
95.5 %should be considered..

German method: Equation (4) is used for the cal-
culation of Rmax in Equation (11) using t=2 (prob-
ability 95.5 %) for the stress on the ballast, and t=1
or 2 (probability 68.3 % to 95.5 %) for the stress on
the subgrade.

AREMA method: This method does not use the
probabilistic approach. Equation (5) is used in any
case for the calculation of Rnax in Equation (11).

Giannakos (2004) method: Equation (6) is used
for the calculation of Rnyx in Equation (11), using
u=2 (probability 95.5 %) for the stress on the ballast,
and p=1 or 2 (probability 68.3 % to 95.5 %) for the
stress on the subgrade and the average stress under
the tie seating surface should be calculated by the
following equation (Giannakos, 2004, 2010 b):

ﬁ = Kubsidence '(Qwheel + Qu)+ 2 ' \/‘:G(AQNSM E +‘:G(AQSM ):I . C (13)

where: 1 [P (14),
&ubsidence - 2\/5 : E.J. h?R

C — pmtal (15)

Feff —tie
2

Fetr.tie = the effective tie seating surface (for mon-
oblock ties the central non-loaded area should be
subtracted) as in Equation (12).

For conventional superstructure, which comprises
of rail, fastenings, sleepers and ballast, there is an
optimum life-cycle from an economic point of view.
The mean stress on the subgrade (magnitude of the
pressure on the contact surface under ballast-bed)
plays a major role in the maintenance needs and
planning and consequently on the costs. On the basis
of AASHTO testing for road construction, the fol-
lowing formula is valid:

Decrease in track geometry quality = (increase in
stress on the ballast bed)™ (16)

where m = 3 to 4.

When the stress on the ballast-bed is increased by
10%, then a more rapid decrease in the track’s ge-
ometry from 1.33 to 1.46 times occurs with a corre-
sponding increase of the maintenance cost.

The key parameters for the definition of the
track’s vertical stiffness and deformation are the
quality of subgrade and elastic pad, both of which
characterize the subsidence (or the stiffness) of a
track, that depends on the distribution of loads be-
tween the sleeper that carries the axle and the adja-
cent sleepers (Eisenmann, 1988, 1981, 1980).
Among them it is the formation of the track that pre-
sents residual deformations: subsidences and lateral
displacements, directly connected to the deteriora-
tion of the so-called geometry of the track, which
can be nevertheless described much more specifi-
cally as quality of the track.

Minimizing or diminishing the subsidence practi-
cally minimizes the permanent deformation of the
track. In order to achieve that, the mean pressure
should be kept below a certain value.

It is imperative to reduce as much as possible the
development of vertical, primarily, as well as lateral
displacements on the subgrade layer. On the con-



trary, the total subsidence of the track structure
should acquire a high value, in order to distribute the
load Qorar at @ longer distance from its acting point
and consequently to a greater number of adjacent
sleepers. This will minimize the action/reaction on
each sleeper. The above two requirements are con-
tradictory.

The average stress on ballast-bed was calculated
applying Equation (11) for the methods cited in
French, German and American literature and Equa-
tion (11) for the Giannakos (2004) method and for a
95.5% level of confidence. The results are depicted
in Figure 5 for track equipped with W14 fastenings
(European) and Figure 6 for for track equipped with
Japanese fastenings with pads of 60 MN/m as in
Figure 2. The solution is the adoption of very “soft”
fastening pads resulting in a high value of subsi-
dence due to their resilient behaviour that secures
non-permanent deformation and, consequently, ex-
cellent preservation of the geometry/quality of the
track.
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Figure 5: Stresses on the ballast-bed calculated by the four
methods for fastening W14 and pad Zw700 Saargummi.

For a given quality of ballast material, as far as the
ballast deformations are concerned, this is accom-
plished by the correct combination and usage of
heavy track machinery (ballast regulator, tamping
machine, dynamic stabilizer). In Giannakos (2010a)
a relationship between ballast quality and life-cycle
is cited. For the layers underneath the ballast a very
well-executed construction is required: crushed
stone material in the upper layer, with a compaction
of 100% Proctor Modified or 105% Proctor Normal
(Giannakos, 1999). According to the demands of
the design requirement for the modulus of elasticity
Ev2 (taken from the second load step in a plate load-
ing test) is: Evx>80 N/mm? (MPa) for the subgrade in
the case of ballasted track. The permissible com-
pressive stress on the formation can be established
using the following equation (Esveld, 2001):

0.006-E,,
7 oo v
* 1+0.7-logn

where: E,, modulus of elasticity taken from the
second load step in a plate loading test, n~ number
of load cycles (usually 2 million cycles).

(17)
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Figure 6: Stresses on the ballast-bed calculated by the four
methods for Japanese fastening with pad of second kind (60
MN/m).

For 2 million cycles and E,,=80 N/mm?, then the
permissible compressive stress for the formation
should be (see also Esveld, 2001, p. 95, 258) :

6,=0.089 MPa (18)

The stress on the subgrade, assuming a distribu-
tion cone of 45 degrees and a ballast-bed thickness
of 30 cm underneath the lower contact surface of the
sleeper to the upper surface of the subgrade, can be
estimated as follows:

Sleeper seating surface S (length 2.60):
Stie=1100 mm x 260 mm = 285.000 mm®
Surface on the top of Subgrade:
85ubgrade~(2600/2+300)x600 1600 x 600=
SSubgrade - 960 000 mm

Re|atI0n SSubgra(ﬂ Ss|eeper —3_,368
ConseQ_UentIYP_ Subgrade=P Sleeper/3'_368 (19)

And its maximum possible value is (for psubgrade =
100 kN/mm and probability of occurrence 68.3%,
Giannakos method p=1) :

max pSubgradQNO 376 / 3 368 0 112 > 0 089 MPa

in the case of the quallty of formation described
above with E,,=80 N/mm?. It is worth noticing that
according to the most adverse results for the case of
ballasted track a formation quality of E,,=80 N/mm?
-accepted in some railway networks- could not be
accepted and a subgrade's quality of at least .
E\»=105 MPa with a 5,=0.116 MPa is required dur-
ing design phase. This complies with the experience
obtained from the High Speed lines.

5 CONCLUSIONS

The parametric investigation performed in this
paper showed that the role of the formation of the
railway track (blanket layer and beneath in the case
of Ballasted Track and the Frost Protection Layer in
the case of Ballastless Track) is key to its overall
performance therefore special attention should be
paid during design and a very strict supervision dur-
ing construction. For the case of the Ballastless
Track an excellent quality of the top of the for-



mation/substructure with E,,=120 MPa is expected
to guarantee a satisfactory performance of the track.
Under the most adverse conditions in the case of
Ballasted Track a quality of E.,=80 N/mm? or 11.60
kips/in? is not expected to behave satlsfactorlly and a
quality of E,,=105 N/mm? or 15.23 kips/ in® or bet-
ter should be required.
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