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Abstract

This paper aims to study the influence of train speed on the mechanical behaviour of track-bed materials based on field data recorded at a
representative site of the conventional French network. Capacitive accelerometers and soil pressure gauges were installed in track-bed layers. The
Intercity train was selected to perform this study as it is the most frequent train running on this site. In total, 1790 records corresponding to
Intercity train passages were taken into account, with train speeds ranging from 60 to 200 km/h. The vertical strains of different layers were
estimated by integrating the signals of accelerometers installed at different depths. It is observed that when train speed increased in the considered
range, the traffic loadings, in terms of dynamic stress transmitted to track-bed materials, were amplified about 10%. However, the vertical strains
of track-bed materials were also amplified by 2 in the same range of speeds. These amplifications appear mainly in shallower layers. The stress–
strain amplitude ratios for all the recorded trains were calculated to analyse the evolution of resilient moduli (Mr) of track-bed materials. It is
found that Mr of interlayer soil decreased by approximately 25% when train speed increased from 60 to 200 km/h.
& 2016 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The European railway networks mostly involve conven-
tional lines, with a service speed limited to 220 km/h (only
7000 km over almost 200.000 km of European lines are High-
Speed lines, with higher service speeds). For instance, in
France, almost 94% (about 29.800 km) of the operational lines
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are conventional ones (Duong et al., 2014a, 2014b). Seeking to
reduce the travel time in railway transportation, the European
railway administrators look to increase the speed of the trains.
Several studies of train speed upgrade on European conven-
tional lines have been conducted in the past (Hall and Bodare,
2000; Hendry et al., 2010; Madshus and Kaynia, 2000).
However, the speed upgrade impact on the mechanical
behaviour of track-bed materials (loading and response ampli-
fications with train speed) is still an open question.
In order to better understand the mechanical behaviour of

the materials composing the track-bed in the context of
optimization of maintenance operations, the French railway
company (SNCF) launched the ‘INVICSA’ project in 2011,
aiming to investigate the train speed impact on the behaviour
Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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of conventional line tracks. Note that the main difference of
track-bed between the conventional and new high speed lines
is the existence of a heterogeneous “interlayer” below the
ballast layer in the former (Cui et al., 2014). This layer was
created over time between the ballast and the subgrade (Trinh
et al., 2012), mainly by the interpenetration of ballast grains
and fines from subgrade as well as from ballast attrition (Cui
et al., 2013; Duong et al., 2014a, 2014b). The nature and
thickness of the interlayer depends on the geological condi-
tions and the loading history of track (Costa et al., 2015; Hall,
2003; Hendry et al., 2013; Madshus and Kaynia, 2000).
Moreover, the interlayer and subgrade properties will deter-
mine the site surface wave velocity which is directly related to
the critical speed at which the mechanical response of
materials reaches a local maximum under train loading. The
acceptance of speed upgrade is strongly conditioned by the
mechanical properties of track-bed materials as their stiffness
(Costa et al., 2015). Very often, the soil stiffness is determined
through the shear wave velocity (Gunn et al., 2003; Kim et al.,
2001; Sawangsuriya, 2012).

Several authors have studied the behaviour of track-bed
materials with train passages (Bowness et al., 2007; Hendry,
2007; Le Pen, 2008; Le Pen et al., 2014; Powrie et al., 2007;
Priest et al., 2010). Field tests tend to be adopted in the study
of the mechanical behaviour of track-bed materials under train
loading. Fröhling (1997) studied the effect of spatial variation
of track stiffness on track degradation. Aw (2007) investigated
the impact of subgrade soft soil saturation on the track
behaviour in terms of mud-pumping. He showed that larger
surface deflections occurred when the subgrade was composed
of soft soils with low shear wave velocity or low stiffness. A
photo-sensitive array method was applied after some stability
problems due to the presence of soft soils in conventional
tracks by Hendry (2011) and extensometers were used by
Hendry et al. (2010, 2013). It was observed that the sleeper
deflection increased with the increase of train speed, depending
mainly on the subgrade mechanical properties, such as elastic
modulus and damping ratio. Madshus and Kaynia (2000)
showed the key role of surface wave velocity in the amplifica-
tion of track deflection. When the surface wave velocity had
the lowest value in the first meter of a track section, the track
deflections reached their maximum values. The amplifications
due to train speed and surface wave velocity were summarized
by Connolly et al. (2014) and Madshus et al. (2004). The track
typology was also recognized as an influencing factor for the
deflection amplifications (Kempfert and Hu, 1999). Ballasted
tracks transmit higher loads to the firsts track-bed layers
compared to slab-tracks and consequently, and the response
amplification of train loads could bring more significant
defects if the speed upgrade is carried out for ballasted tracks.

Some semi-analytical models for track deflections were
developed by Sheng et al. (2004) and Costa et al. (2015).
Numerical analyses using FEM were also performed to
investigate the influence of train speed on the behaviour of
tracks (Alves Costa et al., 2010; Connolly et al., 2013;
Kouroussis, 2009; Woodward et al., 2013). The results showed
a decrease in the elastic shear moduli of track-bed materials
with the increase intrain speed (Alves Costa et al., 2010).
Strain measurement using multi-depth deflectometers and

strain gauges were carried out in several studies to analyse the
contribution of each individual substructure layer to the
differential settlement of the railway platform (Fröhling,
1997; Hall and Bodare, 2000; Mishra et al., 2014; Priest
et al., 2010). Moreover, real scale physical models were
developed to analyse the recorded load amplifications in the
configuration of concrete slab (Bian et al., 2014; Chen et al.,
2013; Xu et al., 2013).
Nevertheless, to the authors’ knowledge, few analyses have

been conducted on the evolution of mechanical behaviour of
real tracks in terms of stress and strain amplitudes. The
evolution of the recorded measurements over time, their
dispersion and consistence need to be examined in-depth.
Moreover, it is interesting to estimate such mechanical proper-
ties as the resilient modulus based on the records of sensors
embedded in track-beds. In this study, firstly, the stress
amplitude measurements under different axle types (locomo-
tive and coach) were analysed. Then, the evolution of
deflections with speed increase under both types of axle loads
was calculated from the records of accelerometers installed at
different depths. The vertical strain amplitudes of interlayer
and subgrade soils were estimated from the calculated deflec-
tions at different levels of the track. The resilient modulus (Mr)
based on the vertical stress and strain amplitudes was estimated
for an Intercity train running over the experimental site during
5 months at a speed ranging from 60 to 200 km/h. Finally, the
averages of kinematics variables (such as acceleration, particle
velocity and deflection amplitude), the mechanical parameters
(such as stress and strain amplitudes) and their influence on the
resilient modulus and damping ratio are discussed in
this paper.

2. Experimental site

The ‘INVICSA’ project involves setting up a full scale field
experimental site on a conventional line track. The experi-
mental site was chosen within the 30000 km French conven-
tional network (Cui et al., 2014; Lamas-Lopez et al., 2014a,
2014b). The selection criteria were related to the speed limit on
the site (200 km/h, close to the maximum speed for the
conventional lines), the main characteristics of track (align-
ment, cutting zone, proximity to electrical connection) and the
state of the rails and sleepers (without special maintenance
operations since the last renewal works). The alignment of
track is important to ensure that both rails of the track are
loaded at the same level. The experimental site finally selected
was located in Vierzon, France, at KPþ187 of the line
connecting Orléans and Montauban. The instrumented section
is 30 m long. Dynamic sensors such as capacitive acceler-
ometers and soil stress sensors were installed at three different
depths along the experimental site. The capacitive acceler-
ometers were selected rather than piezo-electric accelerometers
in order to better register the low-frequency range, where most
of the displacements due to long wavelengths are produced.



Fig. 1. (a) Cross section and (b) Longitudinal section of the experimentation zone with installation positions of the sensors used in this study. Reference point is
spotted as ‘REF.’

Table 1
Technical specifications of installed accelerometers.

Brand & model Capacity Dimensions

Stress sensors TML KDD-PA 200 kPa Diam.: 100 mm
Height: 20.5 mm

Capacitive accelerometer TML ARH-10A 71 g 16� 16� 28 mm3
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The soil pressure gauges were 100 mm in diameter (adapted to
the maximum grain size in interlayer) and were oriented in
vertical position. Moreover, these stress sensors were able to
measure dynamic stresses up to 200 kPa, considerably larger
than the expected stress amplitudes of about 20 kPa under train
loading and to support the static load of the upper soil at that
depth (about 10 kPa). In addition, in order to identify each axle
from every registered signal (stress and acceleration), strain
gauges werealso glued to the rails. Different kinds of
embedded sensors were installed in different boreholes as
described in Cui et al. (2014) and Lamas-Lopez et al. (2014).
A representative cross section and a representative longitudinal
section are presented in Fig. 1. The installation depths and
distances between the sensors are also indicated in Fig. 1. All
sensors were installed under the same track-side and received
the same train loading. A previous site prospection (Lamas-
Lopez et al., 2016) revealed that the track-bed is composed of
about 500 mm ballast, 400 mm interlayer (ITL) and 200 mm
transition layer (TL) that overlies the subgrade (SBG). The
fresh ballast is composed of coarse grains with diameter
ranging from 50 to 31.5 mm. The ITL is composed of ballast
grains with a maximum diameter of 50 mm, mixed with silty
sand from SBG and from ballast attrition. Thus, this ITL is the
result of ballast attrition and the interpenetration of the
subgrade fines over time (Duong et al., 2013; Trinh, 2011;
Trinh et al., 2012). In ITL, approximately 10% of the particles
are finer than 80 mm, and the D50 is around 10 mm. The dry
density of ITL is very high, reaching ρd¼2.4 Mg/m3 (Trinh,
2011; Trinh et al., 2012). While the TL contains the same fines
as ITL, it also includes a quantity of grains from ballast
attrition (larger than 20 mm diameter) limited to 15%. The D50

is 1 mm for the TL. The SBG is constituted by a silty sand
with a D50 of 0.3 mm and a plasticity index (PI) of 18. The
water table in the area was stable during the test period, and
located at a depth of 1.20 m. The bottom surface of the
drainage system is also located at 1.20 m, indicating that the
drainage system worked well. Therefore, the SBG is fully
saturated. The confining pressure of the track-bed materials is
assumed to be lower than 50 kPa for the first 2 m depth
(Duong et al., 2013; Trinh et al., 2012). The dry density of
SBG is much lower than ITL (Duong et al., 2014a, 2014b)
because of the different depths (consequently, the arriving
loads to each track-bed layer are lower in amplitude in the case
of SBG) and also depends on soil constitution (SBG soils do
not contain ballast grains).
In this study, the measurements from two embedded soil

stress sensors and three embedded capacitive accelerometers
(Fig. 1) were analysed. The soil stress sensors were installed in
ITL (z¼�0.90 m) and in SBG (z¼�2.3 m). The capacitive
accelerometers were installed in ITL (z¼�0.90 m), in TL
(z¼�1.20 m) and in SBG (z¼�2.3 m). The technical speci-
fications of the capacitive accelerometers and soil stress
sensors are shown in Table 1. The soil stress sensor is
100 mm in diameter, and was fitted to the biggest grains in
ITL (about 50 mm). Fontainebleau sand of 1 mm diameter was
used to fill the first 5 cm of borehole bottom prior to the
installation of the sensor to ensure good contact with the soil.



Fig. 2. Geometrical characteristics and axle loads of a locomotive BB22000
and a ‘Corail’ coach.
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The extracted soils from ITL and TL were replaced by a soil
prepared in the laboratory. The filling soil in boreholes was
compacted with a rod during the filling at the optimum
moisture content (OPM). The procedure for material re-
filling was identical for all boreholes in order to control the
density, the grain size distribution and the fines plasticity.
Since the size of boreholes (where sensors are embedded) is ø
¼110 mm, a negligible size compared to the entire track, it is
believed that the peak values of the sensors (under axle
loading) are not significantly influenced by the presence of
boreholes. The laboratory material was chosen to represent the
‘in-situ’ soil on one hand, and to obtain a density by
compaction close to the ‘in-situ’ one (ρd¼2 Mg/m3) on the
other hand. For this purpose, grains larger than 2 mm were
removed. In addition, the grain size distribution and the
plasticity index was kept the same as those of the ‘in-situ’
soil. A waiting period of six months was observed prior to the
first measurements in order to facilitate the homogenization
with the surrounding soil after more than 300.000 axle's
loadings. The ballast layer (first 500 mm), which strongly
influences the behaviour of the rest of track-bed materials
(Alves Fernandes, 2014), remained unchanged after sensor
installation. More details about the installation method can be
found in Cui et al. (2014) for a different site at Moulin Blanc.
Capacitive accelerometers were used to reliably measure the
frequencies in the low range from 1 to 10 Hz. This is important
for the accuracy of displacement determination by the integra-
tion method. More information about the selection of sensors
and site selection can be found in Lamas-Lopez et al. (2014).

In order to describe other mechanical properties of the
experimental site, different geophysical tests were carried out.
From the MASW tests (multichannel analysis of surface
waves), it was found that the average shear wave velocity in
the first 5 m depth was about 180 m/s, or more than 3 times
greater than the maximum train speed on the site (vmax¼200
km/h). This value is close to the surface Rayleigh wave
velocity or the critical speed on the site. Consequently, if a
train could run on the site at that speed, the track mechanical
response may reach a local maximum due to the resonance of
the structure (Costa et al., 2015; Hendry, 2007). The response
amplification at lower sub-Rayleigh speeds (related to the
critical speed of a site) is discussed in the following sections.

3. Selected train

To analyse the loading amplitude evolution and track
response under the impact of loadings from trains running at
different speeds, the Intercity train was selected. This train is
the most common type in the experimental site, since it
represents more than 43% of the total train passages. The
other trains running on the site are freight and maintenance
trains (21%), regional trains Z7300 (20%), Z21500 (8%) and
Z27500 (6%) and ‘TGV-Réseau’ trains (2%). The Intercity
train consists of one Locomotive BB22000 or BB26000 and
7 to 14 ‘Corail’ coaches, depending on the service. The
geometrical characteristics and axle loads of locomotive and
coaches of the test Intercity train are presented in Fig. 2. The
locomotive length is 17.48 m with an inter-bogie distance of
9.69 m and an inter-axles distance of 2.8 m. The total mass of
the locomotive is 900 kN, about 225 kN/axle. Each coach is
26.4 m long. The distance of a pair of bogies for one coach is
18.4 m and the distance between bogies of adjacent coaches is
8 m. As for locomotives, the inter-axle distance in ‘Corail’
coaches is 2.8 m. The total mass of one entire coach is 42 Mg
and the average load per axle is 105 kN. An example of axle-
load measurement registered for an Intercity train using the
strain gauges glued to the rail (calibrated using a known-load
train) is shown in Fig. 3.
The sensors installed in the track-bed were connected to a

data logger (HBM-cx22). Once a train running over the
platform was detected (from strain gauge signals, used as
triggers) a file in MATLAB format was created, recording all
the responses of sensors for 45 s. The used sampling frequency
was 1200 Hz. Between April 2014 and August 2014, a total of
8135 trains ran on the experimental site (on both tracks 1 and
2). Using the strain gauge signal it was possible to determine
the train typology depending on the axle loading geometrical
characteristics and the loading level of each train axle (linearly
proportional to the rail measured strain). It appears that a total
of 1790 passages of Intercity train were recorded in the period
from April 2014 to August 2014 on Track 1. Table 2 presents
the number of analysed passages per range of running speeds.



Fig. 3. Strain gauges signal under an Intercity train passage at 200 km/h. The
Intercity train of the figure contains on locomotive at the left(4axles) and seven
coaches after the locomotive (28 axles).

Table 2
Number of Intercity trains running on track 1 of ‘Vierzon Experimental site’
between April 2014 and August 2014.

Intercity trains on Track 1

o 120 km/h 43
120–140 km/h 98
140–160 km/h 604
160–180 km/h 354
4180 km/h 691
TOTAL 1790

Fig. 4. Scheme of signal translation.
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It appears that more than 40% of the passages were at a speed
close to 160 km/h (28%) and 200 km/h (14%).

4. Results and discussion

4.1. Signal translation

As the sensors were not installed in the same borehole, the
first operation made over the measurements was to translate
their signals to simulate the case where all sensors were
installed in the same vertical borehole. For this purpose, the
sensors signals were moved horizontally to a reference point
indicated in Fig. 1b. As the installation horizontal distance
between sensors was known (Fig. 1b), accurately translating
the signals involved calculating the train speed based on the
sensor signals. The train speed was calculated using one signal,
determining the positions of peaks from the first two locomo-
tive axles and determining the number of signal positions
between these peaks. With a sampling frequency of 1200 Hz
and a distance of 2.8 m between the two axles, the train speed
can be calculated using Eq. (1):

vT ¼
daxles U f s
posaxles

ð1Þ

where vT is the train speed, daxles is the distance between the
two considered axle peaks (2.8 m), fs is the sampling frequency
(1200 Hz) and posaxles is the number of signal positions
between the two considered axle peaks. With the selected
sampling frequency and the used method to determine the axle
peaks, the accuracy of the train speed determination is
Δv¼70.01 km/h.
Then, a signal translation is performed in order to simulate

the case where all the sensors were installed in the same
boreholes. Therefore, the horizontal distances between the
sensors are known (Fig. 4). The main hypothesis for this
operation is that when the peak-axle is recorded in a sensor
signal, the train axle is supposed to be just over the sensor in
that moment. As the primary (compressive) wave velocity
(about vp¼1000 m/s for ITL soil) is much faster than the shear
wave velocity, the time for a load (axle) to be transmitted from
the surface to a sensor can be calculated using Eq. (2):

t¼ dinstallation
vp

ð2Þ

with dinstallation the installation depth of the sensor, vp the
average primary wave velocity of the considered track
profile and t the time for the loading to arrive to the sensor.
For instance, when the installation depth is 2 m and an
average vp is 1000 m/s, the time for the load to arrive at the
sensor is 0.002 s. As the sampling frequency gives a
sampling period of Δt¼70.0008 s, that time represents
about 2 signal positions (even shorter if the sensor is
installed closer to the load source). This suggests an
insignificant influence on the results obtained under the
hypothesis of vertically installed sensors after the translation
operation. Consequently, for a train running at the maximum
speed on the site (200 km/h), 2 signal positions at the chosen
sampling frequency represent an error of 90 mm, smaller
than the borehole diameter (ø¼110 mm). Obviously, this
error can be much smaller if the two sensors considered in
the calculation are vertically closer. For instance, when the



Fig. 5. Raw vertical stress signals for (a) ITL and (b) SBG. Peaks caused by
Locomotive and Coaches’ axles in Δsz signal are spotted. Train in figure runs
at 200 km/h.
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vertical strains were calculated based on the displacements
estimated from two neighbouring accelerometers.
Fig. 6. Vertical stress amplitude caused by Locomotives and Corail Coaches’
axles at (a) ITL and (b) SBG.
4.2. Stress response

The stress sensor responses for the 1790 Intercity train
passages were first analysed. The raw vertical stress signal at
200 km/h is presented in Fig. 5 for ITL (Fig. 5a, z¼ �0.90 m)
and SBG (Fig. 5b, z¼ �2.30 m). The locomotive stress peaks
(4 peaks) are indicated in the left part of the signals with
circles, while the coach stress peaks for each axle are indicated
in the right part of the signals with squares. The stress
amplitudes Δsz induced by the locomotive axles in ITL are
about 14 kPa, while the coach axles induced a Δsz of 8 kPa.
Deeper in the track-bed, the axles induced lower stresses in
SBG: 5 kPa for the locomotive and 2 kPa for the coaches. Note
that the stress amplitude is considered as the difference
between the mean stress (Δsz¼0 kPa) and the stress value at
each peak.

The stress amplitudes are further analysed separately for
each depth (ITL and SBG) and each axle load (locomotive
and coach). For each train passage, one stress amplitude value
is calculated for locomotives and another for coaches. The
locomotive and coach values are the average of each type of
peaks (four peaks for locomotives and four times the number
of coaches). The evolution of Δsz with speed for both axle
types is presented in Fig. 6a for ITL and Fig. 6b for SBG. It
appears that the amplification of stress amplitude with train
speed is more evident for shallower positions as ITL than for
deeper levels as SBG. A quasi-linear amplification is
observed in the considered range of speeds. This quasi-
linear trend is better defined for SBG where smaller data
scatter is obtained. The value of the linear fitting for vT¼0
km/h corresponds to the Δsz caused by a static axle (11.5 kPa
for Locomotive and 5.5 kPa for Coach in the ITL and 4.5 for
Locomotive and 1.32 kPa for Coach in the SBG). The stress
amplitude (Δsz) increase with speed is the same for both axle
loads from the origin (vT¼0 km/h). A 10% amplification in
Δsz is identified for locomotive axles in both ITL and SBG.
However, the absolute values of the stress amplitudes are
quite different for different depths, Δsz rapidly attenuating
with depth. Larger data scatter is found in ITL, which is
closer to the load source. The values for locomotives are also
largely scattered due to the smaller number of locomotive
peaks per train (compared to coach peaks) which can be used
to calculate the average value. A second reason for this higher
dispersion compared to lower axle loads (Coaches’ axles)
could be the force irregularities in the wheel/rail contact
induced by the axle of the locomotive (the heaviest axles in
the train). These amplifications of axle loadings appeared also
due to the wheel roundness defects. These defects may impact
the wheel/rail contact. Consequently, higher loadings and
responses appeared for some of the recorded train's passages
in the low-frequency range (where most of the energy
inducing deflections developed). The Δsz variations in ITL
(where more dispersion appears in Fig. 6a and Fig. 6b) for
locomotive and coach around their average values are
presented in Tables 3 and 4, respectively. No impact was



Table 3
Normal distribution parameters (mean value μ, standard deviation s and
variation coefficient CV) for stress amplitudes (Δsz) caused by Locomotives
axles measured in the Interlayer from ‘Vierzon experimental site’.

Speed influence/interlayer (�0.9 m) locomotive
(22.5 mg/axle)

o120 km/h 120–140
km/h

140–160
km/h

160–180
km/h

4180 km/h

Δsz μ (kPa) 13 13.1 13.7 14.1 14.2
s (kPa) 0.903 1.03 1.15 1.05 1.18
CV (%) 6.97 7.92 8.36 7.45 8.35

Table 4
Normal distribution parameters (mean value μ, standard deviation s and
variation coefficient CV) for stress amplitudes (Δsz) caused by Corail Coaches
axles measured in the Interlayer from ‘Vierzon experimental site’.

Speed influence/interlayer (�0.9 m) corail coaches
(10.5 mg/axle)

o120 km/h 120–140
km/h

140–160
km/h

160–180
km/h

4180 km/h

Δsz μ (kPa) 8.21 8.29 8.71 9.07 9.65
s (kPa) 0.755 0.496 0.608 0.57 0.594
CV (%) 9.2 5.98 6.98 6.29 6.16

Fig. 7. Vertical acceleration signals (fc¼25 Hz) for (a) ITL, (b) TL and
(c) SBG. Peaks caused by Locomotive and Coaches’ axles in Δaz signal are
spotted. Train in figures runs at 200 km/h.
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observed on the variation coefficient due to increasing speed:
it remained around the average value for each speed range
and for each type of axle load. As expected, no high
variability of registered data was found for higher speeds
due to the dynamic effects of train loading. The registered
data for higher speeds are assumed to follow the same
distribution around their average values.
4.3. Accelerometer response

Fig. 7 shows the filtered (fc¼25 Hz) accelerometer signals
at vT¼200 km/h, and at different depths (ITL–Fig. 7a,
TL–Fig. 7b, SBG–Fig. 7c). The signals are filtered to obtain
the accelerometer amplitudes (Δaz) which cause more than
98% of deflections (Lamas-Lopez et al. 2014). A low-pass
Butterworth filter with a cut-off frequency of fc¼25 Hz was
used for this purpose. The acceleration at axle peaks are
identified and are indicated in Fig. 7. The circles correspond to
the locomotives axles and the squares correspond to coaches.
The acceleration amplitudes Δaz are measured from the
positive part of each axle peak to the average acceleration of
the signal (Δaz ¼0 m/s²). The value of Δaz is highly attenuated
from ITL to TL, 300 mm deeper. The amplitudes for the
locomotive are double those for coaches. As for Δsz, two
values are calculated for each train passage: an average Δaz for
the 4 locomotive axles and another average Δaz for coach
axles. The evolution of Δaz with a train speed for the 1790
passages is presented in Fig. 8, for ITL (Fig. 8a), TL (Fig. 8b)
and SBG (Fig. 8c). From the acceleration amplitudes at each
track-bed level, it can be appreciated that most of the
amplitudes causing deflections attenuated in the stiffer ITL
layer. The acceleration amplitudes increase with train speed
following a parabolic relation depending on the square value of
the train speed for the range of tested speeds. This parabolic
relationship is related to the fact that the kinematic energy
transmitted to the system increases with the axle's mass and the
train speed is proportional to the acceleration amplitude.
4.4. Particle velocity response

A Butterworth high-pass filter (fc¼1.5 Hz) was applied to
avoid the baseline effects during the integration operation. This
high-pass filter was applied to avoid the very low-frequencies
signal that are not possible to be well registered by this kind of
sensors (Boore, 2001). Lower cut-off frequencies induce
baseline defects for this accelerometer model. After a first
integration of Δaz, the particle velocity signal Δvz was
obtained. As for the stress and acceleration, the amplitudes
of particle velocity were calculated as the difference between
the maximum value at axle positions and the average of the
particle velocity. The amplitude average was calculated for
each train passage, with the kind of axles taken into account
(locomotive and coaches). Fig. 9 presents the evolution of Δvz
with train speed for the 1790 passages at three different depths
(ITL at �0.90 m, TL at �1.20 m and SBG at �2.3 m). A
quasi-linear trend can be identified for all depths and for both
axle loads.
4.5. Displacement magnitudes

Another high-pass Butterworth filter (fc¼1.5 Hz) was
applied to the particle velocity signals prior to a second
integration to obtain the displacement amplitude signal Δdz.



Fig. 8. Vertical acceleration amplitude (fc¼25 Hz) caused by Locomotives
and Corail Coaches’ axles at (a) ITL, (b) TL and (c) SBG.

Fig. 9. Vertical velocity amplitude caused by Locomotives and Corail
Coaches’ axles at (a) ITL, (b) TL and (c) SBG.
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Because of the border conditions imposed to the integration
process at the beginning and at the end of the integrated signal
(Δdz(t0)¼0; Δdz(tn)¼0), both negative (downward) and posi-
tive (upward) deflections were obtained (Fig. 10a). However,
from the direct measurements on surface (using LVDTs on a
sleeper), only downward deflections are registered if the
sleepers work correctly. In the previous studies, several authors
(Le Pen et al., 2014; Priest and Powrie, 2009; Yang et al.,
2009) reported the same displacement response with positive
and negative values, obtained by integrating the signals of
geophones or accelerometer. The total displacement signal
should be considered as if the displacements occurred in a
downward direction only. Thereby, the displacement ampli-
tudes caused by every train axle in the Δdz signal were
calculated as the sum of the negative part and the positive
maximum point adjacent to the axle as presented in Fig. 10a



Fig. 10. Peak definition using the (a) vertical displacement signal at ITL and
(b) estimated vertical strain between two accelerometers installed in the ITL.
Train in figure runs at 200 km/h.

Fig. 11. Vertical displacement amplitude caused by Locomotives and Corail
Coaches’ axles at (a) ITL, (b) TL and (c) SBG.
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(Le Pen et al., 2014). An example of the estimated vertical
deformation amplitudes (Δεz) using displacements at different
depths is shown in Fig. 10b. The amplitudes in this figure are
calculated in the same manner the displacement amplitudes
were calculated.

The average Δdz amplitudes were calculated for the loco-
motives and axles at every monitored depth using this method.
The results obtained for the 1790 passages are presented in
Fig. 11. The displacement amplitudes Δdz also follow a linear
trend depending on two parameters: the deflection at static load
and the deflection amplification with speed. These two para-
meters depend mainly on the axle load, the depth and the
train speed.

It is observed that the displacement amplitudes increase
even at the low speeds (there is not a cutting-off speed as
supposed by Madshus and Kaynia 2000). Higher deflection
amplifications with train speed are found in shallower layers.
The amplification of different loads (locomotive and coaches)
at the same depth follows the same trend. The Δdz amplitudes
largely attenuated through ITL.

However, the calculated displacement for speeds lower than
75 km/h appears abnormally low. This is because for these
speeds some very low frequencies as that excited by the half-
length coach were erased when applying the high-pass Butter-
worth filter. For instance, at 60 km/h, the half-length coach
excited frequency is 1.8 Hz (one of the most energetic
wavelengths) and it is partly filtered by the Butterworth
high-pass filter. As for the stress, the variations around the
average value of Δdz by range of train speed are determined
for ITL (where more data scatter appears in Fig. 11) and
presented in Table 5 (locomotive) and Table 6 (coaches). It is
observed that there is no influence of data scatter around the
average values: the standard deviation remains stable around
the average values for each speed range. The displacement
amplification with train speed was consistent and stable over
time. The amplifications for higher speeds could be inferred
from these results following the same trend of material
response.
As the sensor signals are considered as being in the same

vertical position, from the deflections at different levels, the



Table 5
Normal distribution parameters (mean value μ, standard deviation s and variation coefficient CV) for displacement amplitudes (Δdz) caused by Locomotives axles
measured in the Interlayer from ‘Vierzon experimental site’.

Speed influence/interlayer (�0.9 m) locomotive (22.5 mg/axle)

o120 km/h 120–140 km/h 140–160 km/h 160–180 km/h 4180 km/h

Δdz μ (mm) 5.18 � 10�4 5.64 � 10�4 5.83 � 10�4 5.95 � 10�4 6.17 � 10�4

s (mm) 5.02 � 10�5 2.3 � 10�5 3.11 � 10�5 2.94 � 10�5 2.48 � 10�5

CV (%) 9.71 4.08 5.34 4.94 4.02

Table 6
Normal distribution parameters (mean value μ, standard deviation s and variation coefficient CV) for displacement amplitudes (Δdz) caused by Corail Coaches
axles measured in the Interlayer from ‘Vierzon experimental site’.

Speed influence/interlayer (�0.9 m) corail coaches (10.5 mg/axle)

o120 km/h 120–140 km/h 140–160 km/h 160–180 km/h 4180 km/h

Δdz μ (mm) 2.44 � 10�4 2.59 � 10�4 2.7 � 10�4 2.84 � 10�4 3.07 � 10�4

s (mm) 2.04 � 10�5 1.12 � 10�5 1.39 � 10�5 1.54 � 10�5 1.37 � 10�5

CV (%) 8.36 4.32 5.14 5.43 4.17

Fig. 12. Vertical strain amplitude caused by Locomotives and Corail Coaches’
axles at (a) ITL and (b) SBG.
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vertical strains can be estimated using Eq. (3):

Δεz ¼ Δd2�Δd1ð ÞU100=dvert ð3Þ
where Δd2 is the displacement signal at the shallower
accelerometer, Δd1 is the displacement signal at the deeper
accelerometer and dvert is the vertical distance between both
sensors. The vertical distance between the accelerometers in
ITL and TL is 0.3 m, and 1.10 m between the sensors in TL
and SBG.

The estimated vertical strain amplitudes Δεz for the 1790
passages are presented in Fig. 12 for ITL (Fig. 12a) and SBG
(Fig. 12b). Its variation with speed also follows a quasi-linear
trend. For each given depth (ITL or SBG), both axle loads
(locomotive and coach) caused the same strain amplitude
increase with the growth of train speed (in absolute values
from the origin vT¼0 km/h).

More dispersion of locomotive values appear in ITL but
further analysis shows that the points'escaping’ upwards from
the linear fitting line (till Δεz¼0.2%) are also due to the
‘attacking axles’ (first axle of a train, that commonly loads the
track at a higher level compared to similar axle loads) that
sometimes induces higher load levels if there are irregularities
in wheel/rail contact related to wheel roundness defects. The
heavier the axle, the greater the impact of wheel roundness
defects on the loading amplification. Though the first locomo-
tive axle sometimes caused an increase of deflections in the
shallower layers, it attenuated mostly when the loading passed
through ITL compared to SBG. This dynamic excitation
affects more the shallower layers. Thus, the difference between
the deflections at different depths could be higher in some of
the considered passages for these first axles.

The variation of Δεz around the mean value (for the
5 considered speed ranges) is presented in Tables 7 and 8.



Table 7
Normal distribution parameters (mean value μ, standard deviation s and
variation coefficient CV) for vertical strain amplitudes (Δεz) caused by
Locomotives axles measured in the Interlayer from ‘Vierzon experimental site’.

Speed influence/interlayer (�0.9 m) locomotive
(22.5 mg/axle)

o120 km/h 120–140
km/h

140–160
km/h

160–180
km/h

4180 km/h

Δεz μ (%) 0.0589 0.0659 0.072 0.0758 0.0803
s (%) 0.0143 0.0112 0.0131 0.0108 0.0120
CV (%) 24.3 17.1 18.2 14.2 15

Table 8
Normal distribution parameters (mean value μ, standard deviation s and
variation coefficient CV) for vertical strain amplitudes (Δεz) caused by Corail
Coaches axles measured in the Interlayer from ‘Vierzon experimental site’.

Speed influence/interlayer (�0.9 m) corail coaches
(10.5 mg/axle)

o120 km/h 120–140
km/h

140–160
km/h

160–180
km/h

4180 km/h

Δεz μ (%) 0.035 0.0362 0.0393 0.0419 0.0474
s (%) 0.00753 0.0024 0.00247 0.00289 0.00278
CV (%) 21.5 6.64 6.28 6.89 5.87

Fig. 13. Estimated resilient modulus for Locomotives and Corail Coaches
loadings at (a) ITL and (b) SBG.
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The results show that there is no effect of speed on the
variation coefficient (CV) around the mean value: the standard
deviation remains stable at different speeds for locomotive and
decreases for lower loads–the coach load. As no train speed
effect was considered for the registered trains and a low
dispersion of data was found, the evolution of vertical strain
amplitudes with different train loads can be inferred from these
results following the average value evolution for a given
train speed.

4.6. Resilient modulus

As the vertical stress Δsz and vertical strain Δεz amplitudes
were calculated for each train passage, it is possible to estimate
the resilient modulus Mr of each track-bed material (ITL and
SBG) using Eq. (4):

MR ¼
Δsz
Δεz

ð4Þ

This modulus represents the slope of the line that links the
origin to the maximum stress in the hysteresis loops. The
results for the locomotive and coaches are presented in Fig. 13.
Note that this Mr calculated from the measured vertical stress
and the estimated strain amplitudes includes the inertia effect
(mass impact) of the entire structure and loading system (train
axles). Therefore, the calculated Mr values in this study are
different from the values that can be obtained in the laboratory
(through cyclic triaxial tests for instance). A higher impact of
train speed on Mr is identified in ITL compared to SBG where
Mr is more stable: an average decrease of about 25% is found
for Mr in ITL, while a 10% decrease is estimated in SBG. The
obtained ratio between Δsz and Δεz is the same for both axle
loads. This means that the calculation method adopted is valid
for both loadings, and this also shows the reliability of stress
measurements under different axle loads. The scattered Mr

values below the general trend are caused by the higher
response of the track-bed material due to the ‘attacking axle’
(first locomotive axle) loading amplification effect on the
measurements.
5. Conclusion

The mechanical behaviour of a French conventional track-
bed was investigated through field monitoring. Emphasis was
put on the effect of train speed. The evolution and dispersion
of data was presented and analysed.
The Intercity train was selected to be analysed given that

more than 40% of trains running on the experimental site
involved this type. A total of 1790 trains were registered from
April to August 2014. The analysis of the recorded data
showed that the amplitudes of vertical stress and strain caused
by train axles increased with the increase of speed. The speed
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effect on the stress and strain amplitudes attenuated over depth.
The axles of locomotive caused a stress of 12-14 kPa in ITL,
while the stress amplitude was about 5 kPa in SBG for
locomotives and coaches. The amplification ratio of Δsz
applied by the axle of locomotive is approximately 10% in
ITL and SBG, while this amplification ratio increases up to 20-
30% for lower loads (coaches) in the case of 200 km/h speed.
The amplification of stress and strain with speed growth in
absolute value is the same for both ITL and SBG. The vertical
strains Δεz by locomotive are in the range from 0.03% to
0.07% in ITL, and from 0.015% to 0.02% in SBG. The
amplification of Δεz at 200 km/h can double the lowest strain
obtained in the case of lower speeds. The resilient modulus Mr

estimated from the ratios of Δsz to Δεz showed a decreasing
trend with the growth of speed and the maximum reduction
was 25% for shallower layers, like the ITL. The decrease of the
resilient modulus with increasing speed was found smaller for
deeper layers, like the SBG. The similarity of the modulus
values for both axle loads is evidence of an insignificant effect
of the loading level.
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