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CEDEX Track Box as an experimental tool to test railway tracks at 1:1 scale
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ABSTRACT: The paper describes the experimental facility built at CEDEX to bridge the gap between simple laboratory tests and in
situ measurements to study the mechanical behavior of railways tracks. A summary of some of the results obtained during the first
working years are shown: measurement of track stiffness, determination of the lateral track resistance, calculation of ballast fatigue
degradation laws, analysis of critical speed lines, optimization of bituminous subballast thickness and the use of USP as a vibration
mitigation measurement.
RÉSUMÉ: La communication décrit l'installation expérimentale construite dans le CEDEX pour combler l’écart entre simples essais de
laboratoire et mesures in situ dans les voies de chemins de fer. Certains des résultats obtenus au cours des premières années de travail sont
présentés, par exemple: mesure de la rigidité de la voie, détermination de la résistance latérale de la voie, calcul des lois de fatigue du
ballast, analyse des lignes á la vitesse critique, optimisation de l´épaisseur du subballast bitumineux et l´utilisation de USP comme moyen
d´atténuation de la vibration.
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1 INTRODUCTION
The experimental research of any track component or
configuration usually begins with the performance of simple
laboratory tests, being the last step to perform tests with real
traffic in a real railway track. However this last activity is a
quite complicated task due to the difficulties to have access to
the track and the complications derived of the in-situ
instrumentation installation.
To bridge the gap between simple laboratory tests and in situ
measurements in railways tracks, CEDEX built the CEDEX
Track Box 12 years ago, as part of Supertrack project (2001-05)
in the frame of European Union Fifth Framework Program
(Manzanas et al, 2007).
Since that, this testing facility has been extensively used in
the following European Union projects: Innotrack (2005-09),
Rivas (2009-13) and Capacity for Rails (2013-17) (Cuéllar,
2016).

accelerometers and pressure cells installed both inside the
embankment and the bed layers (ballast, sub-ballast and form
layer) of the track. On the other hand, the railway superstructure
response is recorded with a number of mechanical displacement
transducers, laser sensors, geophones and accelerometers
installed on the different track components (rail, sleeper and
railpad).
CTB has been used to research on different matters:
 Measurement of track vertical stiffness under different track
conditions.
 Determination of track lateral stability.
 Study of short and long term behavior of railway track
sections through the deduction of ballast permanent
settlement curves in fatigue tests.
 Calculation of rail deflections under the pass-by of trains at
very high speeds, up to 400 km/h.
 Optimization of bituminous subballast thickness
 Behavior of sleepers with USP
 Behavior of High Speed Lines subjected to mixed traffic.
 Calibration of 3D numerical models.

2 CEDEX TRACK BOX
CEDEX Track Box (CTB) is a 21 m long, 5 m wide and 4 m
deep facility whose main objective is to test, at 1:1 scale,
complete railway track sections of conventional and high speed
lines for passenger, freight and mixed traffics, at speeds up to
400 km/h. Fig.1 shows a general view of the testing facility.
Its principal advantage is the possibility of performing
fatigue tests in a fast way as in one working week, the effect of
the passing-by of trains during a year in a real section can be
modelled.
The reproduction of the effect of the approaching, passingby and going away of a train in a test cross-section, as it occurs
in a real track section, is performed by application of loads,
adequately unphased, produced by three pairs of servohydraulic
actuators (that can apply a maximum load of 250 kN at a
frequency of 50 Hz), placed on each rail and 1,5 m
longitudinally separated.
Furthermore, the reproduction of track imperfection effects
that produces low amplitude high frequency dynamic loads can
also be made by the use of two piezoelectric actuators that can
apply loads up to 20 kN at 300 Hz.
The railway track response, in terms of displacements,
velocities and accelerations, is collected from a great number of
linear variable differential transformers (LVDTs), geophones,

Figure 1. General view of the testing facility

3 STATIC TESTS
3 .1

Measurement of track vertical stiffness

The measurement of track vertical stiffness in any track
condition is made imposing static loads by the servohydraulic
actuators. Fig.2 shows the time-load curve imposed in this kind
of static tests. The rail deflection is measured in some points,
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situated at different distances from the load application point
with the aid of laser sensors.
The rail deflection, as a function of the load applied,
obtained in the seven measurement points situated in both rails
are shown in Fig.3. It can be seen that the deflection curve are
clearly non-linear so railway stiffness should always be referred
to the load in which it is measured.

at 300 km/h, thanks to the increase in track stiffness, in the
Physical models 2 (from 120 to 130 kN/mm) and 3 (from 125 to
140 kN/mm).
Table 1. Summary of results of the static tests performed

Train

Type

Passenger

Freight

Speed (km/h)

300

120

Load (t/axle)

17

22,5 - 25

Physical model

(1)

1

2

3

4

2

3

100

120

125

118

130

140

Pad

25

35

32

34

40

39

Ballast

45

43

45

41

38

43

Subballast

15

2

3

4

2

3

20

21

Track stiffness K (kN/mm)

Contribution
(%)
Figure 2. Time-load curve imposed in a static test

Form layer

7
15

Embankment
(1)

5

13

15
15

Subballast layers in the physical models:
Model 1: 30 cm granular;

Model 2: 8 cm bituminous

Model 3: 12 cm granular;

Model 4: 16 cm bituminous

3 .2 Determination of track lateral stability
The study of the track lateral stability can also be carried out in
CEDEX Track Box with the aid of a special tool, shown in Fig.
5, that pushes away the sleeper while its horizontal movement is
recorded.

Figure 3. Deflection curve obtained in a static test

The rail deflections obtained in different points of the rail
during three static tests in which the loads were imposed with
the three actuators, acting independently, can be seen in Fig.4.

Figure 5. Tool designed to perform track lateral stability tests

Figure 4. Rail deflection at different points during a set of static tests

The good fitting between the measures and the theory, seen
in Fig.4 and in a great number of other static tests, proves that
the rail deflections due to a vertical single load can be predicted
with high accuracy assuming the rail track has a Winkler-type
behavior quantified by Eq. 1.
(1)
Furthermore, in the static tests performed, the contribution
of each railway track layer to the total rail deflection was
possible to be determined with the aid of some displacement
transducers, as Table 1 reflects.
Physical models 1 to 4, referred in Table 4, only differ in the
subballast layer, as collected in the table, while the other
elements are common: 100 kN/mm stiff pad, 35 cm thick ballast
layer, 60 cm thick form layer and 2,5 m high embankment.
It must be highlighted the track consolidation observed after
the pass-by of 4 million axles of passenger trains (165 kN/axle)

The measurement equipment installed consisted on a load
cell, two laser systems (to record the sleeper horizontal
movement) and two potentiometers (to control the relative
displacement between the sleeper and the rail).
Two different track lateral stability tests have been
performed: in one of them the sleeper rested in a clean ballast
layer while in the other one, the ballast layer was completely
fouled with dry desert sand.
Test results showed a peak horizontal load of 12,5 and 16
kN in the tests performed with clean ballast (as shown in Fig. 6)
and with fouled ballast, respectively. In both tests, peak load
was reached when horizontal sleeper displacement was about
2,5 and 1,2 mm.

Figure 6. Result of the test performed with the sleeper on clean ballast
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The results obtained in these tests show similar shapes and
results than Single Tie Push Tests (STPT) performed in real
railways in similar track conditions (Samavedam et al, 1999).
The track lateral stability tests were numerically modeled
taking into account the following three mechanisms: the friction
in the sleeper base with the ballast, the friction in the sleeper
lateral faces with the ballast and the passive and active
resistances of ballast in the sleeper shoulders (Kish, 2011).
The results of such modeling make it possible to draw the
following conclusions:
 The main contributing components are the bottom friction
and the shoulder restraint in the frontal sleeper end, whose
contributions are 39 y 60%, respectively, while the friction
in the lateral faces only accounts for the resting 1% (Estaire
et al, 2017).
 Ballast friction angles used in the numerical modeling were
76,5 and 79º that can be considered quite high, although
they are in accordance with the direct shear test results
obtained in the very large shear box (1x1 m) belonging to
CEDEX (Estaire & Santana, 2017).

The principal aspects that can be highlighted from the
analysis of the experimental curves and their numerical
modeling are:
 The values of the permanent settlement obtained in the tests
are, in average, around 1 mm in the ballast layers, 0,03 mm
in the bituminous sub-ballast layers and 0,02 mm in the
form layers for 1 million of load axles, regardless the speed
of the trains and the axle loads applied.
 The ballast settlement curves were modeled using a
potential expression (= a . Nb), in which “a” represents the
settlement in the first cycle and “b” the rate of settlement
growth with the number of axle applied. From a conceptual
point of view, the parameter “a” can be related with the axle
load and parameter “b” with the train speed.
 This model is different of the settlement models existing in
literature, as shown with the review performed.
 A remarkable good adjustment of the test curves was
obtained that confirms the validity of the potential model.
 The summary of the analysis performed for train speeds
below 320 km/h leads to the following general expression
of the ballast settlement law, as a function of the number of
axle load applications (N) which is considered valid for axle
loads (Q) between 110 and 250 kN:

4 QUASI-STATIC TESTS

Ballast settlement curves

4 .1

Since its beginning of work, 26 fatigue tests have been
performed in CEDEX Track Box (CTB) in which, at least, one
million axles were applied, under different test conditions:
 Two types of trains: passenger trains (with speeds between
300 and 320 km/h and axle loads mainly between 170 and
190 kN) and freight trains (running at a speed of 120 km/h
and axle loads in the range between 225 and 250 kN).
 Two different types of subballast layer: granular with a
thickness of 20 and 30 cm and bituminous with thickness
between 8 and 16 cm.
 Two different types of track systems: a) GIF AI-99 sleepers
with a weight of 3,44 kN and rail pads with a stiffness of
100 kN/mm and b) B90.2 sleepers with a weight of 6,10 kN,
equipped with an G04 (SLN 1010) type USP with 0.1
N/mm3 of static bedding modulus and rail pads with a
stiffness of 450 kN/mm.
 Two different situations in the ballast layer: clean and
fouled with desert sand in different proportions between 0
and 100%.
 The thickness of the ballast layer was 35 cm in all the tests,
being formed by andesite particles.
In these tests, permanent settlement curves for the ballast
subballast and form layers were obtained.
The set of the settlement curves obtained for the ballast layer
in the tests performed, such as the ones shown in Fig.7, were
analyzed to discriminate the main factors that have influence in
the track settlement and to obtain a mathematical expression to
fit the results (Estaire et al, 2017).
0,9

Permanent settlement (mm)

0,8

Soild lines: Potential model => =a . Nb
Points: experimental data

4 .2

0,6
0,5
0,4
0,3
0,2

T3ad

T3am

T3bd

T3bm

0,1

T3cd

T3cm

T3dd

T3dm

2,5E+05

5,0E+05

7,5E+05

1,0E+06

1,3E+06

1,5E+06

(2)

Dynamic behavior of the different track elements

During the fatigue tests described before, the dynamic behavior
of the track elements could be determined.
On one hand, it has been shown that the track stiffness
obtained in the quasi-static tests practically coincide with the
ones shown in Table 1, being the differences found in all the
cases around 2-4%.
On other hand, the installation of geophones and
accelerometers made it possible to measure velocities and
accelerations in different track elements, as shown in Table 2.
Table 2. Velocities and acceleration peaks obtained in the fatigue tests
Velocity peaks (mm/s)
Acceleration peaks (g)
Train

(1)

Passenger

Freight

Passenger

Rail

40–45

15–20

1–1.5

0.5–0.8

Sleeper

20–30

10–15

0.5–1

0.15–0.3

Freight

< 0.15

Ballast

15-20

7-10

< 0.5

Form layer

10–15

7-10

---

---

Embankment

2–6

< 4

---

---

(1)

Passenger: 300 km/h;17 t/axle;

Freight: 120 km/h; 22.5-25 t/axle

These values must be considered as reference values when
track is in good mechanical conditions, so they can be used to
indicate the need to perform maintenance or repair works.
4 .3

0,7

0
0,0E+00

 (mm) = 0,0004 . Q (kN) . N0,155

Determination of rail deflections for different speeds

Some tests were performed in CTB modelling the pass-by of
trains at different speeds (50/ 100/ 150/ 200/ 250/ 300/ 350/ 400
km/h) to analyze the effect of speed in the global response of
the track. To do that, a Siemens S-103 train (a train with 17
bogies and almost 200 m long) was modelled, supposing a
constant wheel load of 71 kN instead of the real loads, that are
in the range between 63 and 76 kN.
Some of the test results performed with different speeds, in
terms of rail deflections, are shown in Fig. 8. The numerical
results are collected in Table 3.

Number of axle load applications (N)

Figure 7. Some ballast settlement curves and their modelling
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0
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0
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0
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6
Time (s)

8
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1

2

3
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6

7

8
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1

1

0.8

0.8

Deflection (mm)

Deflection (mm)

5

b.- v=200 km/h

1.2

0.6
0.4

0.6
0.4
0.2

0.2

Figure 9. Analysis of the displacements obtained for different train
speeds to deduce the critical speed of the 1:1 scale model built in CTB
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5
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3
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4
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Figure 8. Rail deflection curves obtained for different train speeds in
CTB tests
Table 3. Test results for a S-103 train passing by at different speeds.
Train speed
(km/h)

Rail deflection
(mm)

Relative rail
deflection (1)

0

0,931

1,00

50

0,943

1,01

100

0,928

1,00

150

1,013

1,09

200

1,007

1,08

250

1,006

1,08

300

1,023

1,10

350

1,113

1,20

400

1,152

1,24

Note (1): Relat. rail deflect v: Rail deflectv / Rail deflect

v=0 km/h

The analysis of the test results shown above makes it
possible to highlight the following aspects:
 The tests can be divided in three groups according with the
rail deflection obtained:
- Speeds below 100 km/h: rail deflection below 1 mm.
- Speeds between 150 and 300 km/h: rail deflection a
bit above 1 mm.
- Speeds above 300 km/h: rail deflection increases
steadily up to 1,15 mm.
 The increase in rail deflection is from 0,93 to 1,15 mm
when train speed goes from 0 to 400 km/h. That supposes
an increase of 25%.
 The rail deflections obtained for speeds above 300 km/h can
be considered quite steady, while for 350 and 400 km/h the
peak rail deflections are more irregular and oscillate much
more than the ones obtained for smaller speeds.
 It can be also observed that the free rail oscillation during
the bogie pass-by significantly increases with the speed.
The results can be used to deduce the critical velocity of the
1:1 scale model built in CTB, with the aid of the graph in
Figure 9 that relates the increase of rail deflections with the
increase of train speed. The curves in Figure 9, for different
damping ratios, appear as the solution of the differential
equation that gives the vertical deflection of an infinite beam on
an elastic foundation when a load is moving on it (Fryba, 1999).
The best fitting of the results is obtained, in this case, for a
critical speed of 640 km/h which can be considered accurate
enough for a very good railway track.

5

SUMMARY

CEDEX Track Box (CTB) is a 21 m long, 5 m wide and 4 m
deep facility whose main objective is to test, at 1:1 scale,
complete railway track sections of conventional and high speed
lines for passenger, freight and mixed traffics, at speeds up to
400 km/h.
CTB has been used since its construction, 12 years ago to
research on different matters such as: measurement of track
vertical stiffness under different track conditions, determination
of track lateral stability, deduction of ballast permanent
settlement curves in fatigue tests, calculation of rail deflections
under the pass-by of trains at very high speeds, up to 400 km/h,
optimization of bituminous subballast thickness, behavior of
sleepers with USP, behavior of High Speed Lines subjected to
mixed traffic and calibration of 3D numerical models.
Furthermore, it can be also used to study the influence of
ground irregularities in the behavior of slab tracks, to optimize
the maintenance works in slab-ballast transition zones or to
analyze the ballast degradation in switches or crossings.
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