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ABSTRACT: The results of a theoretical investigation, performed during the design of the
section of the High-Speed line (V>200 km/h) of the Greek Railways (OSE) between
Korinthos – Patras, for the use of the German type Rheda 2000 type Slab Track are presented
in this paper. The behavior of the Rheda 2000 Slab Track is compared to the behavior of the
Rheda Sengeberg type that is in operation in the Athens – Thessaloniki line, with published
measurements for the German railway network. A parametric analysis of the stiffness
variation is performed that is dependent on the subgrade quality while at the same time its
participation in the configuration of the total coefficient of the track stiffness static and
dynamic is also examined. The measured deflections on slab track sections with Rheda
Sengeberg laid in the German railway network are simulated with the proposed theoretical
method. An estimate of the probability of occurrence used as input in the theorerical
calculations is presented for the evaluation of the slab track behavior in Greece. Conclusions
are drawn in relation to the stiffness variation of the subgrade, and its influence on deflection.
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1 INTRODUCTION

The railway track superstructure is the equivalent of the road pavement and as in the case
of pavements there are flexible and rigid track superstructures. 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: (a) in the case of the classic
ballasted track the superstructure also includes the ballast, the equivalent of a flexible
pavement, and the blanket layer (sub-ballast) 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 (where substructure is the term for the layers under
the ballast) and (b) in the case of the Ballastless or Slab Track (Figure 1) the superstructure
also includes the concrete slab or Continuously Reinforced Concrete Pavement (CRCP)
which is the equivalent of a rigid pavement. The concrete slab seats on a series of successive
bearing layers with a gradually decreasing modulus of elasticity: the Cement Treated Base
(CTB), underlain by the Frost Protection Layer (FPL) and the foundation or prepared
subgrade. The three layers under the concrete slab (i.e. CTB, FPL and foundation) constitute



Figure1: Greek network: (left) cross section of classic Ballasted Track with monoblock
sleepers (terminology UIC, code 719R, 1994), and (right) cross section of Rheda
Sengeberg type Slab Track system as in Tempi tunnel (Tsoukantas et al., 2006).

the substructure of the Slab Track. The Slab Track is typically used in High Speed lines
(V>200 km/h) of mixed passenger and freight traffic with maximum axle load of 22.5 t.

In order to adopt the Slab Track technology, the Greek Railways performed an extensive
investigation program that studied Slab Track systems laid in High-Speed tracks (Vmax > 200
km/h) under operation, mainly in Germany. Two types of Slab Track systems were
considered: Rheda Classic, which was the first application of Slab Track that took place in
1972, and Rheda2000, which is the most up-to-date, modern and most technologically
advanced type of the Rheda Slab Track "family". Based on the findings of the research
program these two types of Slab Track were selected for the Greek railway network and
applied in the High-Speed Line between Patras - Athens/Piraeus – Thessaloniki.

The deflection y and the mean stress p̅ on the ballast-bed play key roles in the design and
maintenance of High Speed railway tracks and their values mainly depend on the track
stiffness coefficient (Giannakos, 2011a). However, there is a lack of data in the international
literature correlating the magnitude of the deflection and stress on the ballast to the track
stiffness coefficient. The research performed for the Greek Railway network (Giannakos,
2008, 2009, Tsoukantas, 1999) addressed this issue.

Due to older problems of cracking in concrete sleepers a new method for the calculation of
loads and stresses on a railway track had been developed as a result of extensive research
(Giannakos, 2004, Giannakos&Loizos, 2010a). During the recent research (Giannakos, 2009,
2008) this method was used to calculate the theoretically the deflection of the slab track and
the results were compared to the measurements on track performed in Germany. The
comparison is presented to the present paper.

2 STIFFNESS AND ITS INFLUENCE ON THE ACTIONS ON TRACK

It must be noted here that in all four calculation methods the total static stiffness
coefficient of the track ρtotal (spring constant as it is denoted in French and Greek literature, in
German literature it is denoted as c) is of decisive importance for the calculation of the
action/reaction on each tie. In general:

(1)

where i are the layers that constitute the multilayered structure “Track”, and ρtotal the total
static stiffness coefficient 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, RGCF, 1973):
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Where R denotes the action/ reaction on each support point of the rail on a sleeper, and
covers a probability of occurrence P=95.5% (for probability of occurrence see Giannakos
and Loizos, 2010a), where: Qwheel = the static load of the wheel, Qα = load due to cant
(superelevation) deficiency, σ(ΔQNSM) = standard deviation of the Non-Suspended Masses of

vehicle, σ(ΔQSM) = standard deviation of the Suspended  Masses of vehicle, Α̅stat = reaction
coefficient of the tie which is equal to:

(3)

and   ρtotal  = coefficient of total static stiffness (elasticity) of track, ℓ  = distance between 
sleepers, Ε, J = Modulus of Elasticity and Moment of Inertia of the rail   

2.2 Method cited in the German literature

The action on the sleeper is estimated (Eisenmann, 1981, 2004, et al., 1994):

(4a)

for Vmax ≤ 200 km/h (124.30 mi/h),  with probability  of occurrence P=99.7%, where A̅stat

is calculated through equation (3).
Prof. Eisenmann in 1993 for speeds above 200 km/h proposed:

(4b)

2.3 Method cited in the American literature

According to AREMA 2005 (Hay, 1982, Selig & Waters, 2000, AREMA, 2010):

(5)

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

2.4 Giannakos (2004) method

The actions on the track panel are calculated through the following equation (Giannakos,
2004, 2012a):

(6)
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The result of equation (6) in kN, for a probability of occurrence 99.7 %, where Qwheel = the
static wheel load in kN, Qα = the load due to superelevation deficiency in kN, mNSM-vehicle, the
mass in tonnes (1t = 2204.62 pounds) of the Non Suspended Masses of the vehicle, mTRACK,
the track mass participating in their motion in tonnes also (Giannakos, 2010b), ρtotal in
kN/mm, ℓ the distance between the sleepers in mm, V in km/h,  NL fluctuating between 0.7 
and 1.5 dependent on the track leveling defaults and kα coefficient of the condition of the rail
running table (it is the trace of the running wheel of a “sinusoidal form” on the railhead’s
surface), fluctuating from 38942.43∙10-7 for ground rail running table to 155769.73∙10-7 for 
non-ground rail running table, for tracks of good condition and maybe till 324520.28∙10-7 for
secondary lines with rail running table in a very bad condition (as it is derived from
measurements in railway networks see Giannakos and Loizos, 2010a), E the modulus of
elasticity [kN/mm2], J the moment of inertia of the rail [mm4], σ(ΔQNSM) = the standard
deviation of the dynamic load due to Non Suspended Masses and σ(ΔQSM) = the standard
deviation of the dynamic load due to Suspended Masses (Giannakos, 2012b).

According to this method the dynamic stiffness coefficient of the track, as a function of the
static stiffness coefficient of the track ρtotal is given by the equation (Giannakos, 2004):

(7)
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2.5 Comparison of theoretical calculation of sleeper loading with ballasted track observations

For the verification of the validity of the four methods in relation to the real conditions
observed on track, we compare the calculations’ results to the real situation (appearance of
cracks) in the Greek network. The appearance of the cracks led in the replacement of the
sleepers from track, thus in a reduced Life-Cycle. The extended cracking, over the failure
threshold (R3 region), observed in the Greek railway network at a percentage of more than 60
% of the U2/U3 sleepers laid on track, was not justified by the methods cited in the
international literature at that time (French, German, American). The cracking was observed
on the twin-block concrete sleepers of French technology, namely Vagneux U2, U3 with RN
fastenings, for tracks designed for Vmax = 200 km/h and temporary operational speed Voperation

= 140 km/h. The calculations performed by the three methods did not provide results over the
failure threshold (140–170 kN) and they were predicting no cracking at all. After an
extensive research that included collaboration among various universities and railway
organizations in Europe, the Giannakos (2004) method was developed whose results
successfully predicted the extended cracking of the U2/U3 sleepers (Giannakos, 2011a,
Giannakos & Loizos, 2010a), calculating actions over the cracking threshold and in almost all
cases over the failure threshold. This method was derived from theoretical analyses and/or
measurements from laboratory tests performed in Greece, Austria, France, and Belgium and
observations from real on-track experience. Moreover, International Federation of Concrete
(fib) has adopted this method for precast concrete railway track systems (fib, 2006).

The conditions of the Greek network between the 1980s and the beginning of 1990s,
consisted of very compacted, polluted ballast bed (Giannakos & Loizos, 2010a) and stiff
support (ρballast = 380 kN/mm) and substructure classified according to the fluctuation of
coefficient ρsubgrade for the seating of the track from (a) ρsubgrade = 40 kN/mm for pebbly
substructure to the most adverse conditions of either (b) ρsubgrade = 100 kN/mm, which
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Figure2: Calculation of actions on U2/U3 twin-block ties with the four methods.

corresponds to frozen ballast bed and substructure or approximately the rigidity of Newly
Constructed Lines 1 (NBS1) of the DB – German Railways (107 kN/mm) [Eisenmann et al.,
1994], or (c) ρsubgrade = 250 kN/mm for stiff (rigid) subgrade at the bottom of a tunnel or on a
concrete bridge with small height of ballast-bed. The calculations according to the three
aforementioned methods were programmed in a computer code and parametric investigations
were performed varying the stiffness of the substructure as described in Giannakos (2004,
Giannakos & Loizos, 2010a).  The results are depicted in Figure 2, with ρtotal=100 kN/mm the
most characteristic value.

In the following paragraphs Giannakos (2004) method is applied on a slab track case
study for the estimation of the deflection/ subsidence and the results are compared against the
measured values.

3 DEFLECTION VALUES MEASURED IN A SLAB TRACK SECTION

In the article Entwicklung, Bemessung und Erforschung des schotterlosen Oberbaues
“Rheda”, the measurements on a “Rheda” type slab track are cited by professor Eisenmann et
al., (1979), for static axle load 20 t (ICE 1). The fastening system used at that era was Ioarv
108 with pad Zwp55. The static stiffness coefficient of this pad was approximately 35 kN/mm
(personal communication with Mr. W. Boesterling,Vossloh Gmbh in an e-mail of Feb. 2007).

The measured mean values of deflection of the rail running table for an axle-load of 20t are
cited in Table 1 below (Eisenmann et al., 1979, p.34):

Table 1
Measurement

July 1972
Measurement

December 1974
Measurement

June 1977
Deflection of rail running table 1.49 mm 1.27 mm 1.31 mm

Deflection of concrete slab 0.37 mm 0.27 mm 0.23 mm
Relative deflection of rail vs slab 1.12 mm 1.00 mm 1.08 mm



In the paper measurements of the deflection of the concrete slab beneath each axle of a
three axle bogie are also cited. The values presented in Table 1 are used in Giannakos (2004)
method for the rail running table’s deflection.

4 VERIFICATION OF GIANNAKOS (2004) METHOD FOR SLAB TRACK

The method uses equation (1) to calculate ρtotal from five parameters of the ballasted track
layers: rail, fastening’s pad, sleeper, ballast and subgrade. In the case of slab track the five (or
four or three) layers are: rail, fastening pad 1, fastening pad 2 (if it exists, depending on the
fastening type), concrete sleeper (if it exists, depending on the slab track type) and concrete
slab comprising the total structure of slab track (CRCP, CTB, subgrade). The investigation
was performed for the High Speed network of Greek Railways (Giannakos, 2009, 2008).

In order to verify Giannakos (2004) method for slab track these five layers were used for
the 1979 Rheda type slab track: rail with ρrail=75.000 kN/mm, fastening pad 1 (Zwp55) with
ρpad=35 kN/mm, fastening pad 2 (Zw687) with ρpad=450 kN/mm, concrete sleeper with
average ρsleeper=13.500 kN/mm and concrete slab with ρslab=ρsubgrade ranging from 86 kN/mm,
100 kN/mm, 114 kN/mm, 171 kN/mm, 250 kN/mm (Giannakos, 2011b), to 425 kN/mm.

The subsidence ytotal, of the multi-layered structure track, is calculated by the following
equation (Giannakos, 2010c, 2004):
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and hTR=ρdynam is given by the equation (7), and the probability of occurrence ranges from
68.3 % (coefficient μ=1) to 95.5 % (coefficient μ=2). 

Figure3: Theoretical results of deflection in slab track Rheda type calculated by the
Giannakos (2004) method and probability of occurrence 95.5 % vs measurements as
in Eisenmann et al., 1979.



The calculations were programmed in a computer code and parametric investigations were
performed varying the stiffness of the substructure as described in Giannakos (2004,
Giannakos & Loizos, 2010a) and the probability of occurrence between 68.3 % and 95.5 %,
with linear extrapolation for coefficient μ.  The results are depicted in Figures 3 and 4 and  are 
presented as a function of the total static track stiffness, for the Rheda Sengeberg type Slab
Track already applied in High-speed lines under operation in the Greek network.

In Figure 3 the calculated values of deflection were derived for a probability of occurrence
95.5 %. The difference is very small, however a further investigation was performed for a
range of the probabilities of occurrence. The results are depicted in Figure 4.

The results of a probability of occurrence of 80 % (μ=1,43) are plotted inside the area of 
measured values for a range of ρsubstructure from 86 to 425 kN/mm. This proves that the method
is also applicable for slab track.

The method was also used to calculate the deflection and the actions on the slab track. For
Rheda 2000 the deflections are almost the same as in the case of Rheda Sengeberg, since the
total stiffness coefficients are almost identical. Rheda 2000 has a negligibly lower stiffness
coefficient due to the absence of concrete sleeper (ρsleeper=1/13,500 equals to 0.00127 –
0.00151 of the ρtotal for a fluctuation of ρsubgrade from 86 to 425 kN/mm). The influence of the
stiffness variation of the subgrade (from 86 kN/mm to 425 kN/mm) on the total deflection
ytotal fluctuates approximately around a percentage of 7 %.

The application of Slab Track technology in a railway network creates the need for
Transition Zones, which serve as interfaces between the ballastless and ballasted track
sections, where significant and abrupt change in stiffness occurs. The Transition Zones
guarantee a smooth stiffness transition between slab track and ballasted track, resulting in a
smooth variation of the forces that act on the track (Giannakos et al., 2011b).

Figure4: Theoretical results of deflection in slab track Rheda type calculated by the
Giannakos (2004) method and probability of occurrence 68.3 %, 80 % and 95.5 % vs
the three measurements as in Eisenmann et al., 1979.



5 CONCLUSIONS

The parametric analysis performed with Giannakos (2004) method, gave results in
agreement with the measurements on Rheda Sengeberg slab track in Germany. For a
probability of occurrence of 80% (coefficient μ=1.43), Giannakos (2004) method gives results 
that are the same as the measured values. In general the deflections reduce with the increase in
the subgrade stiffness. The elasticity in the slab track structure is mainly provided by the
elastic pad of the fastening.
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