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ABSTRACT 

The “Brittany - Loire” high-speed line (HSL BPL), connecting the cities of Rennes and Le Mans is the 
first large-scale application, in France, of ballasted tracks with bituminous sublayer and varied subgrade 
conditions. To evaluate the behaviour of this new type of track structure, and validate the design 
assumptions, it was decided to set in place a monitoring system, to monitor the mechanical response of 
the track. For that purpose, three track sections were instrumented during construction using 
accelerometers, anchored deflection sensors, strain gauges and temperature probes.  

The objective of this paper is to analyse the response of three instrumented track sections of the HSL 
BPL, either with a bituminous or a granular sublayer, and to model their response using a dynamic 
model, considering a viscoelastic multilayer structure subjected to moving loads, implemented in the 
ViscoRail software. From the numerical point of view, the objective was to verify the capacity of 
ViscoRail to simulate the response of the three BPL sections, using as much as possible a unique set of 
mechanical parameters, while considering the specificities of each sections. The comparison between 
the modelling results and the in situ measurements indicates that the model is able to reproduce the main 
features of the dynamic response of railway tracks. In particular, the role of the asphalt concrete layer, 
which tends to reduce vertical accelerations in the ballast layer is well reproduced by ViscoRail.  
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1. INTRODUCTION 
 

In France, an important feedback on ballasted high-speed lines with granular sublayers allowed 
to improve track design rules and optimize maintenance operations (Lambert et al., 2011). More 
recently, the use of asphalt sublayers under the ballast has been identified as a possible solution for 
enhancing sustainability of track structures. Experience in different countries has shown that the 
behaviour of the overall structure is greatly improved by interposing a layer of asphalt concrete (GB for 
Grave Bitume, in French) between the ballast and the layer of unbound granular material (UGM). For 
instance, over the last decade, 322 km of sub-ballast layers have been built in new projects in the 
Midwestern United States, mainly for heavy freight traffic (Rose & Souleyrette, 2015). However, 
quantitative data about the mechanical response of railway tracks with asphalt sublayers is still lacking, 
especially for high speed lines, and analysis of the behaviour of these structures still needs investigation. 

The “Brittany - Loire” high-speed line (HSL BPL) represents the first large-scale application in 
France of ballasted tracks with asphalt sublayers and varied subgrade conditions. This line includes 77 
km of track with a granular sublayer (UGM) and 105 km of track with asphalt sublayer. The asphalt 
concrete layer aims in particular at increasing the stiffness of the track, improving its durability and 
reducing the amplitude of the vertical accelerations generated in the ballast layer by high-speed trains. 

The implementation of a monitoring system on the BPL high-speed line seemed essential to 
improve knowledge of the behaviour of such railway tracks and evaluate the benefits of introducing an 
asphalt sublayer, as compared to classical construction techniques using UGM sublayers. The objective 
was also to validate the design assumptions for such structures, for future projects.  

From the side of railway simulation, different track models have successively been developed 
to reproduce the dynamic behaviour of track structures under train loading. A distinction is usually made 
between analytical or semi-analytical models and numerical models.  In general, analytical models are 
appropriate to predict the mechanical response at the level of the rails but not to study accurately the 
mechanics of the platform. Two main types of analytical models can be distinguished: models 
considering a continuous rail support on the foundation and models considering discrete supports formed 
by the sleepers. 

Among the simplest 1D models, one can cite the models composed of Euler-Bernoulli beams 
modelling the rails, resting on a Winkler foundation (continuous distribution of elastic springs 
representing an equivalent soil). (Heckl, 2002; Nielsen & Igeland, 1995; Sheng et al., 2007; Yang et al., 
2015) considered an evolution of this model: periodically spaced discontinuous supports to model the 
discrete supports provided by the sleepers. (Filippov, 1961) and (Krylov, 1995) replaced the Winkler 
foundation by an elastic half-space (3D). In this case, the Euler-Bernoulli beam rests continuously on 
this semi-infinite half-space. (Vostroukhov & Metrikine, 2003) replaced the semi-infinite solid medium 
by a viscoelastic layer of finite thickness resting on a non-deformable support. The Kelvin-Voigt model 
was used to describe this layer. The work of (Nielsen & Igeland, 1995) considered the irregularities of 
the track (sinusoidal defect at the rail surface, flattened wheel ...); the behaviour of the track was 
considered linear while that of the mobile vehicle was non-linear. (Liu et al., 2011; Xu et al., 2015) 
improved the representation of the foundation by using several springs in series to model each layer 
independently of the others. 

To study the performance of the sublayers and the interactions between all the elements of the 
track, numerical models are often used (Semblat & Pecker, 2009). The discrete element method for 
example allows to model accurately the response of ballast, by taking into account its granular 
(discontinuous) nature, and the effective shape of the grains (Karrech, 2007; Saussine & Néel, 2014; 
Voivret et al., 2014; Zhou et al., 2013). However, this type of modelling is not suitable for evaluating 
the overall behaviour of the track, since the sublayer is generally represented as infinitely rigid (Voivret 
et al., 2016) (Voivret et al., 2016). Moreover, such models generally lead to high computation times. 



Consequently, the numerical analysis of railway structures is frequently performed by means of the 
finite element method (FEM) which relies on continuum-based models. This type of approach makes it 
possible to describe the whole structure and to represent accurately the geometry of the rails and of the 
track, while analytical models use simplified representations (beams, springs...). For instance (Connolly 
et al., 2014; Hall, 2003; Kouroussis et al., 2011; Paixão et al., 2015) used Abaqus and Ansys softwares 
to model track response. Such models require large numbers of elements, significant pre-processing 
efforts and generally also lead to significant computation times and require large storage capacities. Still 
about continuum-based numerical approaches, one can find in the literature models involving the 
boundary element method (BEM) as for example those used in  (O’Brien & Rizos, 2005), coupling FEM 
and BEM for the modelling of the subgrade (assumed of infinite thickness). 

Back to the semi-analytical approaches, a model called ViscoRail was developed by (Chupin & 
Piau, 2011b, 2011a, Chupin et al., 2014). This 3D model is dedicated to the computation of the dynamic 
response of railways under moving loads and implements a multilayer structure. The behaviour of each 
layer can be considered elastic or viscoelastic, in the case of asphalt materials. This model provides a 
realistic description of the railway structure, keeping with the advantages of analytical/semi-analytical 
techniques. The assumption made in this model of considering the track ballast as a homogeneous elastic 
layer was deemed relevant as long as the reversible behaviour of the structure (i.e. under one load cycle) 
is addressed (Chupin et al., 2021). 

In the present article, a full validation of the ViscoRail tool and the ability of this software to 
predict the dynamical (reversible) response of railways are addressed through quite exhaustive 
comparisons between simulations and in situ measurements carried out for different conditions. 

The article mentioned above (Chupin et al. 2021) only shows an example of validation of the 
ViscoRail tool. The structure under consideration in this previous paper includes only elastic layers and 
the comparison between the simulations and measurements is carried out for the vertical accelerations 
only. It is stated in (Chupin et al. 2021) that the ViscoRail tool has been broadly and successfully 
compared to in situ measurements but without showing the results (apart from the few ones mentioned 
right above). In the present paper, the comparison between the simulations and measurements is 
presented into details and addressed for several types of structure whose one incorporates a viscoelastic 
bituminous layer.  

The present paper also significantly extends the comparisons made in (Khairallah et al. 2020) 
by considering supplementary track sections and mechanical fields. In addition to deflections and 
accelerations, the comparison now includes the vertical strains in the unbound granular layers and the 
horizontal strains in the asphalt concrete layer. Moreover, three track sections of BPL, one with a 
granular sublayer, and two with asphalt sublayers, and with different subgrade conditions, are now 
analysed. 

Because ViscoRail intended to be a design tool, the objective was also to evaluate whether the 
same input parameters, corresponding to a “reference” structure, can predict the mechanical response of 
all three sections, changing only the material properties of the layers which differ on each particular 
section. Hence proving the “intrinsic nature” of the ViscoRail modelling in terms of the reversible 
response of a railway structures. 

Following the introduction, this paper is organised as follows: section 2 describes the high-speed 
line BPL, the instrumentation and the data processing of the collected measurements. Section 3 provides 
some basics of ViscoRail and details on the calibration of the model. Section 4 presents the results of the 
simulations of the three track sections with ViscoRail, and the comparison with the sensor measurements 
under a train pass. Finally, the main conclusions of the study are summarised in section 5. 
 
 



2. THE HIGH-SPEED LINE “BRITTANY-LOIRE”: INSTRUMENTATION AND DATA 
PROCESSING 

 
The high-speed line Brittany - Loire (between Rennes and Le Mans, in the West of France) is 

the first large-scale application in France of the technique that consists in introducing an asphalt layer 
under the ballast. Here, this technique is used with varied subgrade conditions and was applied over 105 
km of railway track (on the east part of the line) whereas 77 km with a granular sublayer (UGM) were 
built on the west part of the line. A high-performance asphalt concrete of class 4 (GB4), according to 
French standard NF EN 13-108-1, was used for this project. This material has a high elastic modulus 
(complex modulus at 15 °C and 10 Hz higher than 11000 MPa) and a high resistance to fatigue and 
rutting. The UGM, of type A according to French specifications, has a particle size of 0/31.5 mm. The 
track structure, with an asphalt sublayer, is built on a subgrade treated with lime and hydraulic binders. 
This treated natural soil is defined as the upper part of the earthworks (PST) in France. It is overlaid by 
a 15 cm thick UGM layer  and a 12 cm thick asphalt layer. On the track structure with a granular sub-
ballast layer, the UGM layer is 20 cm thick, and this structure includes an additional 35 cm thick subbase, 
consisting of soil treated with lime and hydraulic binder, over the PST, which is also treated (Figure 1).  

Three instrumented sections are analysed in this paper: section 2, with a granular sublayer, and 
sections 1 and 4, with an asphalt concrete sublayer. The soil beneath the earthwork treated layer is 
composed mainly of shale on section 2 (with granular sublayer) and of yellowish clay with a broad sandy 
channel and scattered blocks on section 4 (with bituminous sublayer). Sections 2 and 4 are built on 
embankments. No water infiltration was detected on these two sections when a 6.5-m deep drilling 
campaign was conducted in September 2015. On the contrary, Section 1 with bituminous sublayer, is 
located in a cutting, and the subgrade, composed of yellowish fine sand, greyish, and greenish broad 
sandy channel showed water infiltration at 4.5 m depth, with a similar drilling made in September 2015.” 

 
 

 
Figure 1. Structures of the BPL high-speed line with and without asphalt sublayer 
 

 
2.1. Instrumentation of HSL BPL 

 



To compare the responses of these different structures, the three sections were instrumented 
during the construction of the line. The aim of this instrumentation was to monitor and compare the 
mechanical response of these two types of structures used on the BPL HSL.  

Section 2 (with a granular sublayer) is instrumented with 6 vertical strain gages (TML brand 
KM-100B) in the UGM layer, 16 accelerometers (reference 2210-005 of Alliantech brand) placed at 
different levels, 4 TDR moisture content probes (CS650-DS) in the UGM, 2 temperature sensors (KIMO 
PT100 probes) in the UGM layer, 2 anchored displacement sensors and a weather station. 

Sections 1 and 4 (with an asphalt sublayer) are instrumented with 6 vertical strain gages in the 
UGM layer, 10 horizontal strain gages (TML brand KM-100HAS) in the asphalt layer, 8 accelerometers 
and 4 TDR moisture content probes in the UGM, 3 temperature sensors in the asphalt layer, 2 anchored 
displacement sensors and a weather station. 

The full instrumentation set up on the various sites is detailed in (Khairallah et al., 2019a). 
Accelerometers are positioned at several depths in the structure: at the top of the asphalt concrete layer 
and at the top and bottom of the granular layer. The anchored deflectometers consist of a rod, anchored 
at a depth of 6 m, connected to an LVDT . The LVDT measures the relative displacement between the 
rod, supposed fixed, and a top cap, connected to the upper part of the sub-ballast layer (asphalt layer or 
granular layer, depending on the section). The deflectometers measure thus the total vertical 
displacement of the structure located under the ballast  (UGM + subgrade for the section with granular 
sublayer or GB + UGM layer + subgrade for the section with asphalt sublayer). Moisture content probes 
monitor water content variations in the granular layer. Vertical strain gages monitor deformation levels 
of the UGM. Temperature probes are placed at the top and at bottom of the GB and UGM layers, to 
monitor temperature variations.  
A plan showing the locations of the accelerometers, anchored deflectometers and strain gauges on 
section 2 (with granular sublayer), and sections 1 and 4 (with asphalt sublayer) is presented in Figure 2. 
The exact position of the sensors relatively to the sleepers is not known, because the instrumentation 
was installed during construction, before the sleepers were put in place. However, the longitudinal 
spacing between sensors of the same type (80 cm) was chosen slightly larger than the distance between 
sleepers (60 cm), thus leading to variable distances between the sensors and the sleepers.  
 

 



 

Figure 2. Instrumentation layout for accelerometers, displacement sensors, vertical strain gauges 
in UGM and horizontal strain gauges in GB layer, for the three instrumented sections 
 

On each section, the sensors are connected to a data acquisition system enabling remote data 
transmission. Systems are autonomous in electricity and the power supply is provided by solar panels 
and batteries, for continuous operation without interruption. Data recorded on each section are 
transferred continuously via 4G network to a remote server. Results are stored in a relational database 
enabling fast-multi-criteria searches.  

"Slow" measurements and "fast" measurements are performed on each section. Fast 
measurements concern accelerometers, vertical and horizontal strain gauges and anchored displacement 
sensors. They are triggered when the measured acceleration at the top of the first sublayer exceeds a 
certain threshold level, due to the passage of a train. This level is set to a very low value to ensure that 
all passages are recorded. The acquisition frequency is 2000 Hz (Le Cam et al., 2010; Le Cam et al., 
2008). Slow measurements concern temperature probes, water content probes, data from the weather 
stations and anchored displacement sensors, recorded continuously every 5 minutes. 

The data acquisition was divided in two phases. The ‘‘speed up test phase”, between November 
2016 and January 2017, was the first acquisition phase before the opening of the track to commercial 
traffic. During this phase, the same train, with 10 cars and 13 bogies, circulated on the track at increasing 
speeds, ranging from 160 to 352 km/h. The second acquisition phase started in July 2017 with the 
opening of the line to commercial traffic, characterized by different high-speed trains circulating on the 
BPL track with an average speed of 320 km/h. This paper focusses  only on the speed-up test phase.  

Data from both acquisition phases was treated and evaluated. Measurements made on the 
granular and bituminous sections during the speed up phase are presented and compared in a previous 
paper (Khairallah et al., 2019a). The study clearly demonstrated that the presence of a bituminous 
sublayer reduces acceleration levels under the ballast, contributing to the stability of the ballast layer. 
The deflection levels are similar on sections 2 (with granular sublayer) and 4 (with bituminous sublayer). 
The deflection is lower on section 1 (with bituminous sublayer), due to the different soil (sandy soil).  

Seasonal variations of layer temperatures, water contents and track settlements on the different 
instrumented sections, over a period of 30 months, were also studied in detail by (Khairallah, et al., 
2019b). The role of the bituminous underlay to improve water drainage and protect the platform against 
rainwater infiltration has been clearly demonstrated. In addition, it was shown that the ballast layer plays 
an important role in protecting the sub-ballast layers against temperature variations. 

In this paper, we focus on the modeling of the dynamic response of the instrumented sections 
of the BPL line under a single train passage (defined as the reversible response), using the ViscoRail 
software. After calibrating the model parameters, simulations carried out with ViscoRail are compared 
with different experimental results of the “speed up phase”. 

 
2.2. Data processing 

 
The BPL line was first put into service for a test phase, which lasted from November 2016 to 

January 2017. During these 3 months, a high-speed train travelled the line at speeds ranging from 160 
km/h to 352 km/h. The train was composed of 8 cars and 2 locomotives (one at each end). The train 
being empty, it was possible to know the exact wheel loads . The loads of the carrying boogies vary 
between 14.5 tons and 15.5 tons.  

For each train passage, the data acquisition system recorded the date and the time of the passage, 
the train velocity and the signals of the different sensors.  



Filtering of the measurements according to a low-pass filter correlated to the train speed, V, was 
used to eliminate the dynamical effects observed at high frequencies. This allowed us to split the high-
frequency effects related to the non-suspended masses, in particular wheel defects, from interacting 
effects of lower frequency between the train and the structure. The filtered measurements could then be 
compared to the signals computed by ViscoRail which assumes that the load intensity is constant (see 
further). The cut-off frequency, 𝑓௖, was calculated based on the “wheel wavelength” of approximately 
3m and the train speed that define the “wheel frequency” denoting the frequency at which the same 
given point of a wheel (possibly the same given defect) comes into contact with the rail again after 
leaving it (𝑓௖=V/2πR with R the wheel radius). The obtained frequency was increased by 10% to avoid 
significant signal loss. The same filter was applied to the deflection and vertical acceleration signals. 
However, it has been observed that this filtering barely affects the deflection signal measured by the 
anchored sensors confirming the “structural response nature” of the filtered signal. In contrast, the 
filtering reduces the magnitude of the vertical acceleration peaks taking them back to similar levels for 
bogies of the same weight. The split through this filter between low-frequency acceleration (of structural 
nature) and high-frequency acceleration (more variable and caused by the rolling stock) is then 
confirmed too. The acceleration peaks removed by filtering are of high magnitude but of short duration. 
Nonetheless, these could possibly affect grain rearrangements in the ballast layer, but such study is 
beyond the scope of the present paper and is not addressed herein. 

After selection and filtering, a method called "superposition of carrier bogies" was used to 
process the measurements. For a given sensor and for a train passage at a known speed, the procedure 
consists in separating the signals corresponding to each carrier bogie, excluding the motor bogies and 
plotting all bogies signals starting from the same time origin. It is thus possible, for each sensor, to 
calculate the mean curve and the curves corresponding to +/- one standard deviation. Using this 
calculated mean curves, maximum and minimum accelerations and displacements, corresponding to a 
train passage, were calculated. This treatment is detailed in (Khairallah et al., 2019a). Mean curves and 
peak values of the sensor measurements were used for comparison with the ViscoRail simulations.  

To illustrate this processing method, Figure 3 shows examples of filtered measurements made 
on section 4, with an asphalt sublayer, for a train speed of 320 km/h. The left figure shows an example 
of filtered vertical displacement (or deflection) measured using the anchored deflectometer. The 
deflection corresponds to the total vertical displacement of the layers under the ballast. The right figure 
shows a vertical acceleration signal. 
 

 
Figure 3. Filtered signals of vertical deflection (under the ballast) and vertical acceleration (for an 
accelerometer situated under the rail axis), example for a train passing on section 4 (with 
bituminous sublayer), on December 2nd, 2016, at 15h34, for a train speed of 320 km/h 
 

Figure 4 presents the signals shown in Figure 3, treated with the method called "superposition 
of carrier bogies”. Figure 4a shows the deflection signals, corresponding to the 7 carrier bogies, and the 
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calculated average signal. Figure 4b shows the 7 acceleration signals, and the calculated average signal. 
Positive values correspond to upward accelerations and negative values correspond to downward 
accelerations. The results show that the scatter of the filtered signals of the 7 bogies is low, which 
justifies using a mean signal for the comparisons with the modelling results. 
 

 
 
Figure 4. Vertical displacement (a) and vertical acceleration signals (b) (for an accelerometer 
situated under the rail axis) recorded under the seven carrier bogies, and calculated average 
signals, example for a train passing on section 4 (with bituminous sublayer), on December 2nd, 
2016, at 15h34, for a train speed of 320 km/h 
 

3. MODELING OF THE MECHANICAL RESPONSE OF THE THREE SECTIONS 
USING THE VISCORAIL SOFTWARE 

 
3.1. Basics of ViscoRail 

 
ViscoRail (Chupin & Piau, 2011b, 2011a) is a semi-analytical program dedicated to the 

computation of the dynamic (reversible) response of railway structures subjected to train loads 
represented as vertical forces applied on the rails, not varying with time but moving at constant speed. 
It does not handle the interaction between the vehicles and the railway track but it considers inertia 
effects induced by the specific mass of the structure layers. In ViscoRail, the track system is modelled 
as Euler-Bernoulli beams connected to the track sub-structure through elastic springs whose resulting 
force at the surface of the sub-structure is uniformly distributed over an area corresponding to the sleeper 
imprints. The distance between two consecutive springs is equal to the centre-to-centre distance between 
two sleepers. This connection that ensures load transfer to the sub-structure includes the sleepers and 
pads. The sub-structure is modelled by a semi-infinite multilayer medium whose layers can be either 
elastic or viscoelastic according to the Huet-Sayegh model in the case of bituminous materials. The 
Huet-Sayegh thermo-viscoelastic model (Huet, 1963; Huet, 1999; Sayegh, 1965) is well adapted to 
represent the behaviour of asphalt concrete materials. This rheological model is composed of two 
branches. One is made of two parabolic dashpots of exponent 𝑘 and ℎ (with 1 ൐ ℎ ൐ 𝑘 ൐ 0) in series 
with an elastic spring of stiffness 𝐸∞. The second branch, in parallel to the other one, simply includes a 
spring of stiffness 𝐸଴. In the frequency domain utilized for the characterization of the reversible response 
of bituminous materials, the complex modulus 𝐸∗ of this model is expressed by: 
 

𝐸∗൫𝜔𝜏ሺ𝜃ሻ൯ ൌ 𝐸଴ ൅
𝐸∞ െ 𝐸଴

1 ൅ 𝛿ሺ𝑖𝜔𝜏ሺ𝜃ሻሻି௞ ൅ ሺ𝑖𝜔𝜏ሺ𝜃ሻሻି௛
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𝜔 (rad/s) is the pulsation, 𝛿 is a non-dimensional parameter balancing the contribution of one 

dashpot with respect to the other in the global response and 𝜃  stands for temperature. 𝜏  is a time 
parameter used to account for the frequency-temperature superposition principle in the model: 
 

𝑎்ሺ𝜃ሻ ൌ expሺ𝐴ଵ𝜃 ൅ 𝐴ଶ𝜃ଶሻ , 𝜏ሺ𝜃ሻ ൌ 𝜏଴𝑎்ሺ𝜃ሻ 
 

𝐴ଵ, 𝐴ଶ and 𝜏଴ are constant parameters. An adapted viscoelastic model is necessary to compute 
accurately the stress and strain levels in the asphalt layer which behaviour depends on temperature and 
loading frequency in this layer (not easily inferred from the train speed). In ViscoRail, the problem is 
viewed as a coupled system composed of the tracks and the sub-structure, which is solved iteratively. 
The link between these two components is performed through the pressure distribution under the 
sleepers, 𝑝ሺ𝑥, 𝑡ሻ. Concerning the sub-structure part and without going into the details, the solution at 
each iteration is obtained following the quasi-stationary approach which however is not straightforward 
since 𝑝ሺ𝑥, 𝑡ሻ varies in time depending on the location of the loads on the rails, due to the discontinuous 
distribution of the sleepers at surface of the sub-structure. As a consequence, a decomposition of this 
pressure distribution into loading waves moving at different speeds constant with time is considered. 
These are used as an input of the dynamics equations which are first solved in the wave number domain 
(for a semi-infinite layered domain which makes it easy to avoid wave reflection at the model 
boundaries) prior to applying an inverse fast Fourier transform to obtain the time response. This is 
performed using  the software ViscoRoute© 2.0 (Chabot et al., 2010; Duhamel et al., 2005, Chupin et 
al., 2010). Then, the dynamic response to the full moving load is computed by recombination of the 
responses to each loading wave. For more information about the solution process implemented in 
ViscoRail, the reader is referred to (Chupin et al., 2014). The outputs of ViscoRail are the 3D mechanical 
fields in the structure (displacements, accelerations, strains…). These are usually represented as spatial 
profiles (for a given time) or time profiles (at a given location in the structure). 

As a remark, given the assumptions made in ViscoRail, this tool is not meant to address the 
response of the structure to harmonic loading, the wheel-track interaction or to be used for the simulation 
of structures with flaws, especially because of the assumed periodicity and homogeneity of the model 
in the load moving direction. 

 
 
 

 
Figure 5. Huet-Sayegh rheological model 

 
 



 
 
Figure 6. Railway track model illustrated by (Chupin & Piau, 2011b, 2011a). 
 
 

3.2. Input data and determination of the unknown model parameters 
 

Modeling HSL BPL structures using ViscoRail requires defining the model input parameters 
which are not all measured on site (e.g. granular layer and soil moduli...). To determine these unknown 
parameters, a back-calculation approach was used, which consisted in minimizing the difference 
between the measured and simulated response. For this purpose, measurements obtained on the granular 
section (deflections, strains and accelerations at different locations) for train velocities V = 160 and 320 
km/h were selected.  

Each layer 𝑖, of thickness 𝑒௜, is assumed composed of a homogeneous material of density 𝜌௜ and 
of modulus 𝐸௜ for the elastic layers. The Young modulus 𝐸𝑟 of the rails and their geometrical moment 
of inertia 𝐼𝑟 around the y-axis are respectively fixed at 210,000 MPa and 3 × 10-5 m4, values 
corresponding to the type of rails used on HSL BPL (UIC 60).  On the BPL line, the rails are supported 
by mono-block sleepers whose footprint is approximated in ViscoRail by rectangles centered on the 
rails, and of surface 𝑆 = 2𝑎 × 2𝑏 = 1.2 × 0.3 m2 (Figure 6). Furthermore, the track gauge is taken equal 
to 𝐷𝑟ai𝑙 = 1.435 m and the center-to-center distance between two consecutive sleepers is 𝑙 = 0.6 m. In 
the model, the load applied to the rails is a bogie with two axles, corresponding to a carrier bogie of the 
test train circulating during the speed up test phase. The bogie is assumed to move at a constant velocity 
𝑉, in each calculation. Axles are spaced 𝐷 axle = 3 m apart and the vertical load on each wheel is 𝐹 = 
80 kN (constant in time) ; the carrier bogie total load is equal to 320 kN. All of these parameters are 
used as inputs for ViscoRail. 

The other model parameters to be determined for the simulations  of the three BPL track sections 
(see Tables 2 and 3) are the Young moduli and Poisson ratios of the different layers considered as elastic 
in the model and the stiffness of the rail pads 𝑘௣. The asphalt material is considered viscoelastic, and is 

described by the Huet-Sayegh model. The model parameters used in the simulations (table 1) are 
calibrated from laboratory complex modulus tests performed on the GB4 material of the project, using 
the Viscoanalyse® software (Chailleux et al., 2006). 

For the calculations, it is assumed that the Elastic moduli of the granular materials (UGM and 
ballast) are the same for the three HSL BPL sections studied in this paper. In addition, the Elastic 
modulus of the soil is assumed to be the same on sections 2 (with granular sublayer) and 4 (with 
bituminous sublayer) which rest on shale and clay soils respectively. A different soil modulus is used 
for section 1 (with bituminous sublayer), which lies on a sandy soil. To summarize, the three sections 



are simulated considering the same set of parameter values. Only the Young modulus of the soil is 
adapted depending on the actual nature of the soil. A bituminous layer of known viscoelastic properties 
is also added, on sections 1 and 4. 
 
TABLE 1. Huet-Sayegh model parameters for the bituminous layer 

E∞ 
(MPa) 

E0 
(MPa) 

k h δ 0 (s) A1 (°C-1) A2 (°C-2) 

32655 11 0.193 0.592 2.244 18.973 -0.397 0.00195 
 
Finally, it is assumed that soil is 6 m thick and lies on a rigid bedrock. Beyond 6 m depth, the 
displacement of the structure is considered as negligible as recommended by the French pavement 
reinforcement guide (CEREMA-IDRRIM, 2016). The Poisson ratio is taken equal to 0.4 for all the 
layers. This value is chosen to help avoiding tensile stresses in the unbound granular layers which are 
modelled according to a linear elastic constitutive law. 

To determine the unknown parameter values, the following realistic ranges of variation were 
considered for each parameter: 

 Ballast layer modulus  Eballast : between 150 and 600 MPa 
 Granular sublayer modulus EUGM : between 200 and 1000 MPa 
 Cement-treated capping layer modulus ECF : between 400 and 5000 MPa 
 Soil modulus Esoil : between 80 and 200 MPa 
 Stiffness of the rail pads 𝑘௣ : between 50 and 150 MN/m. 

These ranges were discretized into several values and simulations, for V=160 and 320 km/h, 
were run for the cross values hence obtained for the different parameters. This resulted in many 
simulations among which that leading to the smallest difference between the simulations and the filtered 
measurements according to a given criterion was selected as defining the parameter values. This 
criterion was based on the maximum in absolute value of the deflection, the vertical acceleration at the 
location of the accelerometers and the vertical strain in the UGM layer at the location of the strain 
gauges. As shown further, this choice led at large to a satisfying comparison between the simulations 
and the measurements. In particular, the calibrated model was able to properly predict the response of 
the different structures for all the considered speeds (e.g. in terms of vertical acceleration). The 
computed quantities exhibiting the most difference with the measurements were generally not included 
in the aforementioned criterion indicating that its choice could be somehow adapted for a better accuracy 
of the simulations. Nonetheless, a better way to achieve more accurate results would be to calibrate the 
unknown parameters from testing. 

The result of this calibration is shown in Tables 2 and 3 that summarize the characteristics of 
the three track sections used in the simulations detailed in the next section. 

 
TABLE 2. Geometrical and mechanical characteristics of the model used for the structure with 
granular sublayer (section 2) 

 𝝆  
(kg.m-3) 

𝑬 (MPa) 𝝂 𝒆 (m) 

Ballast 1800 250 0.4 0.30 
UGM layer 1800 860 0.4 0.20 

Cement treated 
capping layer 

1800 2750 0.4 0.35 

Soil 1800 160 0.4 6.0 
Bedrock 1800 rigid 0.4 ∞ 
Stiffness of the rail pads: 𝑘௣ ൌ 100 𝑀𝑁/𝑚 



 
TABLE 3. Geometrical and mechanical characteristics of the model used for the structure with 
asphalt sublayer (sections 1 and 4) 

 𝝆 
(kg.m-3) 

𝝂 𝒆 (m) Section 4  
(clay soil) 
 𝑬 (MPa) 

Section 1  
(sandy soil)  
𝑬 (MPa) 

Ballast 1800 0.4 0.3 250 250 
GB sublayer 1800 0.4 0.12 Huet-Sayegh 

model (lab 
values) 

Huet-Sayegh 
model (lab 
values) 

UGM layer 1800 0.4 0.15 860 860 
Cement treated 
capping layer 

1800 0.4 0.35 2750 2750 

Soil 1800 0.4 6.0 160 80 
Bedrock 1800 0.4 ∞ rigid rigid 
Stiffness of the rail pads: 𝑘௣ ൌ 100 𝑀𝑁/𝑚  

 
Some comments can be made about the back-calculated layer moduli:  

 The stiffness of the capping layer is high (2750 MPa). This value is consistent with the 
laboratory study performed by Preteseille et al.(2014) and Preteseille & Lenoir (2015) on 
different types of soils from the BPL line, treated with lime and cement, which led to modulus 
values up to 6000 MPa.  

 The UGM modulus can be considered as dependent on the stiffness of the lower layers on which 
it is built. The high modulus value of 860 MPa of the UGM can therefore be explained by the 
presence of the treated capping layer.  

 According to Chupin et al. (2021), the modulus of the ballast layer depends on the layer on 
which it is laid on. The value of 250 MPa obtained here is consistent with the range of values 
between 120 and 630 MPa considered by Fortunato (2005). 

 
4. COMPARISON OF VISCORAIL CALCULATION RESULTS WITH SENSOR 

MEASUREMENTS 
 

The ViscoRail computations were performed for the three sections with an asphalt sublayer and 
a granular sublayer and compared with the sensor measurements recorded during the speed up test phase.  

The speed up phase lasted between November 2016 and January 2017. Temperature variations 
during this period were limited. The average temperature in the asphalt concrete layer was 7 °C (with a 
minimum temperature of 2°C and a maximum temperature of 10°C). Consequently, all the signals 
recorded during this period can be compared , neglecting the influence of temperature variations on the 
stiffness of the asphalt layer. Therefore, the ViscoRail simulations were performed considering a 
constant temperature of 7°C in the asphalt layers. 

The computations were carried out for four different traffic speeds: V = 160, 240, 320 and 350 
km/h on section 2 and section 4. For section 1, the computations were performed for a speed of 160 
km/h only, because experimental measurements were available only for 160 km/h on this section, 
located at an extremity of the lane.  

The loading considered in the simulations is a typical high-speed train carrier bogie composed 
of two axles spaced 3m apart and loaded at 160 kN each (80 kN per wheel). In the calculations, two 
different positions of the wheels were considered: A first position xF1 where the wheels are right above 
sleeper centers; for this position, the coordinates of the wheels are ሼ0, 3𝑚ሽ. A second position xF3 where 



the wheels are located at midpoint between two sleepers. For this position, the coordinates of the wheels 
are ሼ0.3 𝑚, 3.3𝑚ሽ (see figure 7). 

 

 
Figure 7. Load positions (𝑥𝐹) (adapted from Martin, 2014) 
 
 

4.1. Comparison of measured and calculated deflections 
 

The deflection signals obtained from ViscoRail are compared with those from the anchored 
deflectometer located at the top of the GB layer in the asphalt section and at the top of the UGM layer 
in the granular section.  

Figure 8 compares the average signals of the deflectometers, located between the rails, with the 
modeling results for section 2 (with granular sublayer) and section 4 (with bituminous sublayer) at 
V=320 km/h. Figure 8b shows that ViscoRail predicts correctly the deflection signal both in shape and 
in amplitude for the bituminous section. Concerning the granular section, the amplitude of deflection is 
well reproduced by ViscoRail but the shape of the computed signal differs slightly from the measured 
signal, in particular between the two peaks oriented downwards (Figure 8a). However, it should be noted 
that the objective of the authors was to use as much as possible the same model parameters for all the 
sections, as it would be done for design. 
 
 

  
  

Figure 8. Comparison between predicted and measured deflection signals for (a) section 2 (with 
granular sublayer) and (b) section 4 (with bituminous sublayer) at V = 320 km/h. 
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Table 4 presents the comparison between the maximum values of deflection computed with 
ViscoRail and those measured on the asphalt sections and the granular section, for two different train 
speeds (V=160 km/h and V=320 km/h). The measurements indicate no variation of the deflection level 
with speed for section 2 (with granular sublayer) and section 4 (with bituminous sublayer). The 
calculated maximum deflection values for these two speeds are very close to the measurements. The 
numerical results exhibit a very slight increase of deflection with speed due to inertia forces. This 
increase is obtained for both structures even though asphalt layers get stiffer as speed increases (for the 
GB sections). Overall, the measured deflections are very low (between about 23 mm/100 and 25 
mm/100) indicating a very good performance of the track. 

For section 1 (with bituminous sublayer), the calculated maximum deflection value is very close 
to the measurement too (for V=160 km/h). As observed on the measurements, the deflection value 
calculated on this section is higher than the values calculated on sections 2 and 4, due to the lower 
modulus of the soil (80 MPa).  
 
TABLE 4 Comparison of measured and predicted maximum values of deflection, for two train 
velocities 

  V= 160 km/h V= 320 km/h 

  Measured 
deflection 
(mm/100) 

Deflection 
Predicted with 

ViscoRail 
(mm/100) 

Measured 
deflection 
(mm/100) 

Deflection 
Predicted with 

ViscoRail 
(mm/100) 

Clay soil UGM section 2 24.3 24.9 25.1 26.4 

GB section 4 23.4 22.1 23.3 23.2 

Sandy soil GB section 1 38.0 40.0 - - 

 
To extend the comparison, Figure 9 shows the maximum deflection values obtained with 

ViscoRail for the four passage speeds 160, 240, 320 and 350 km/h and for the two wheels positions, 
under sleepers and between the two sleepers, on granular section 2. The experimental data show that 
there is no change in deflection with speed, which is quite well rendered by the simulations. The 
observations are exactly the same for section 4 with a bituminous sublayer.  
 

 
 
Figure 9. Comparison of the measured and calculated maximum deflections, for the two load 
positions xF1 and xF3 (granular section). 
 

The ViscoRail model is thus able to reproduce well the measured deflections, for structures with 
different types of soil and with granular or bituminous sublayers, for different speeds.  



4.2. Comparison of measured and calculated vertical accelerations 
 

4.2.1. Section 4 with asphalt concrete sublayer  
 

The vertical acceleration signals obtained from ViscoRail are compared with those from the 
accelerometers located at the top of the GB layer in section 4. The comparison is made for two train 
speeds: V = 320 and 160 km/h.  

Figure 10 compares the average signals of accelerometers A1, A3 and A5 located under the axis 
of the rail (graphs (a) and (c)) and accelerometers A2, A4 and A6 located between the rails (graphs (b) 
and (d)) with the modeling results. The graphs show that ViscoRail predicts correctly the accelerometer 
signals both in shape and in amplitude for the two speeds. 
 

 
Figure 10. Comparison between measured and calculated vertical acceleration signals at the top 
of the GB layer (a) under the rail axis at V = 320 km/h, (b) between the rails at V = 320 km/h, (c) 
under the rail axis at V = 160 km/h and (d) between the rails at V = 160 km/h (adapted from 
Khairallah et al., 2020) 
 



To illustrate the effect of the train speed on the vertical acceleration in the track structure, Figure 
11 presents a comparison between the maximum measured and calculated values of the upward and 
downward accelerations at the top of the GB layer between the rails, for speeds varying between 160 
and 352 km/h. Again, the calculations are carried out for two load positions xF1 = {0; 3} m (load applied 
on the sleepers) and xF3 = {0.3; 3.3} m (load between two sleepers) as shown in Figure 7. The results 
obtained for the two positions are very similar. 

The ViscoRail software renders the non-linear increase of accelerations with speed. The positive 
(upward) accelerations are slightly overestimated; while the the negative (downward) accelerations are 
predicted correctly. Overall, the vertical accelerations under the ballast are quite small, with maximum 
levels around 1 m/s2. 
 
 

 
 
Figure 11. Comparison of calculated and measured maximum accelerations at the top of the GB 
layer between the rails, on the asphalt section, for two load positions, xF1 = {0; 3} (above sleeper) 
and xF3 = {0.3; 3.3} (between sleepers) 
 
 

4.2.2. Section 1 with bituminous sublayer 
 

Table 5 presents the comparison of measured and calculated maximum and minimum values of 
vertical acceleration, at the top of the bituminous layer, for section 1, at the speed of 160 km/h.  

Again, the calculations are carried out for two load positions xF1 = {0; 3} m (load applied on 
the sleepers) and xF3 = {0.3; 3.3} m (load between two sleepers) as shown in Figure 7. The results 
obtained for the two positions are very similar. 

The ViscoRail software predicts well the levels of the positive (upward) accelerations under the 
ballast layer, while the negative (downward) accelerations are somewhat underestimated. For the speed 
of 160 km/h, the measured and computed vertical accelerations under the ballast are quite small, with 
maximum levels around 0.24 m/s2.  
 
 
 

‐0.8

‐0.4

0.0

0.4

0.8

1.2

140 160 180 200 220 240 260 280 300 320 340 360
Vitesse (Km/h)

ViscoRail entre traverses ViscoRail sous traverse
A2_entre rails A4_entre rails
A6_entre rails A2_Top GB_between rails
A4_Top GB_between rails A6_Top GB_between rails

𝛾𝑧
(m

/s
²)

Viscorail between sleepers Viscorail under sleeper
A2_between rails  A4_between rails
A6_between rails

Speed (km/h)



TABLE 5 Comparison of measured and calculated maximum and minimum values of vertical 
acceleration, at the top of the bituminous layer, for section 1, at the speed of 160 km/h 

 Under the rail axis 
 Measured acceleration (m/s2) Calculated acceleration (m/s2) 
 A2 A4 A6 Under sleeper Between sleeper 

𝛾௓
௨௣ 0.20 0.22 0.24 0.22 0.21 

𝛾௓
ௗ௢௪௡ 0.11 0.13 0.15 0.06 0.06 

 Between the rails 
Measured acceleration (m/s2) Calculated acceleration (m/s2) 

A1 A3 A5 Under sleeper Between sleeper 
𝛾௓
௨௣ 0.19 0.22 0.22 0.21 0.20 

𝛾௓
ௗ௢௪௡ 0.11 0.13 0.15 0.07 0.07 

 
4.2.3. Section 2 with UGM sublayer 

 

The average signals of HST passages on HSL BPL, for all the accelerometers installed at the 
top of the granular layer of section 2, are compared with the signals calculated under the ballast with 
ViscoRail in Figure 12.  This figure shows a comparison between the average signals of accelerometers 
AS2, AS4 and AS6 located under the rail axis (graphs (b) - (d)), and accelerometers AS1, AS3 and AS5 
situated between the rails (graphs (a) - (c)), and the signals calculated with ViscoRail for these same 
positions, for 2 HST circulations in January 2017, at 𝑉 = 320 and 160 km.h-1 (at the temperature of about 
7°C). The dashed lines correspond to the average curves of the measurements, while the red curve 
represents the calculation results. The software reproduces well the shape of the measured vertical 
acceleration signals, but slightly underestimates the maximum accelerations, in particular those directed 
downwards (negative). 
 



 

Figure 12. Comparison between predicted and measured longitudinal acceleration signals at the 
top of the UGM layer (a) between the rails at V = 320 km/h (b) under the rail axis at V = 320 
km/h, (c) between the rails at V = 160 km/h and (d) under the rail axis at V = 160 km/h 

As for section 4, the maximum accelerations calculated with ViscoRail are compared with the 
peak accelerations recorded by the sensors. The calculations are carried out for four train speeds: 𝑉 = 
160, 240, 320 𝑒𝑡 350 km.h-1. Figure 13 compares the measured and the calculated acceleration for all 
the velocities, (a) under the axis of a rail and at the top of the UGM layer ({𝑥; 𝑦; 𝑧} = {0; 0; 0.3}) and 
(b) at mid-distance between the rails at the top of the granular layer ({𝑥; 𝑦; 𝑧} = {0; 0.75; 0.3}). Both 
the positive peak accelerations (directed upwards) and the negative peak accelerations (directed 
downwards) are displayed. 
 



 

Figure 13. Comparison between peaks of measured and calculated vertical accelerations at the 
top of the UGM layer on section 2 with granular sublayer: (a) under the rail axis, (b) between the 
rails. 

It can be noticed in Figure 13 that: 

 the upwards and downwards acceleration curves calculated with ViscoRail for the two load 
positions 𝑥𝐹1 = 0 and 𝑥𝐹3 = 0.3 m are very similar. 

 The same trend in terms of increase of the vertical acceleration with train speed is observed on 
the experimental data and the ViscoRail computations.  

 As already mentioned, ViscoRail reproduces the positive (upward) accelerations very well, but 
underestimates the negative (downward) accelerations. 

 The maximum acceleration levels (around 1.5 m/s2 ) obtained for this section with a granular 
sublayer are significantly higher than those measured on the section with a bituminous sublayer. 
Nevertheless, the accelerations remain at a relatively low level that can be considered as safe 
with respect to the risk of ballast settlement under the repeated passage of HST. 



On section 2, the vertical accelerations were also measured at the bottom of the granular 
sublayer. The accelerometers were placed under the rail axis, at 0.45 m in depth. Figure 14 compares 
the accelerations calculated with ViscoRail, for {𝑥; 𝑦; 𝑧} = {0; 0; 0.45} and for the two load positions 
𝑥𝐹1 and 𝑥𝐹3, with data measurements of the three accelerometers AF1, AF2 and AF3 (dashed lines). 
The experimental results show that vertical accelerations increase non-linearly with train speed, and are 
higher at the top of the granular layer than at the bottom. The same observation can be made for the 
numerical results. Attenuation of the vertical acceleration with depth seems well captured by ViscoRail.  

 
Figure 14. Comparison between peaks of measured and calculated vertical accelerations, under a 
rail axis, at the base of the UGM layer, in section 2, for two load positions 𝑥𝐹1 = {0; 3} and 𝑥𝐹3 = 
{0.3; 3.3}. 

 
4.3. Modeling of vertical and horizontal strains 

 
4.3.1. Vertical strains in the UGM layer 

 

The vertical strains measured at the bottom of the UGM layer using strain gauges (J1 to J6) are 
compared with calculated values in Figure 15 (for section 2) and in Figure 16 (for section 4), for the 
four considered speeds. The strains are calculated for two positions: under a sleeper and between two 
sleepers. The results in Figures 13 and 14 show that the calculated vertical strains are of the same order 
of magnitude as the measured ones, slightly higher though, but not significantly given the low vertical 
strain levels (less than 20 μstrain) reached in the granular layer, compared with the accuracy of these 

gauges which is about 10 strains. In comparison, in road pavements, vertical strains in granular subbase 
layers are generally of the order of several hundred microstrains. The measured and predicted vertical 
strains are not affected by the train speed. 
 



 
Figure 15. Comparison between peak values of vertical strains measured with the vertical gauges 
installed in the UGM layer in section 2 (with granular sublayer) and values calculated with 
ViscoRail for two load positions, 𝑥𝐹1 = {0; 3} and 𝑥𝐹3 = {0.3; 3.3} 

 

 

Figure 16. Comparison between peak values of vertical strains measured with the vertical gauges 
installed in the UGM layer in section 4 (with bituminous sublayer) and values calculated with 
ViscoRail for two load positions, 𝑥𝐹1 = {0; 3} and 𝑥𝐹3 = {0.3; 3.3} 

 

4.3.2. Horizontal strains in the bituminous layer 

Similarly, the measured and calculated transversal and longitudinal strains at the bottom of the 
bituminous layer are also extremely low. Indeed, with ViscoRail, the calculated transversal strains are 
less than 2 μstrain and the calculated longitudinal strains are less than 6 μstrain, for all train speeds. 
These values are consistent with the experimental measurements of the horizontal gauges installed at 
the bottom of the GB layer, for both sections, which reported maximum values of 14 μstrain and 11 
μstrain in the transverse and the longitudinal directions, respectively. The difference is not significant, 
due to the very small magnitude of the measured strains, to the uncertainty regarding the longitudinal 

position of the sensors relative to the sleepers, and to the accuracy of the gauges (around 10 strain). 



Because the sensors were installed before putting in place the sleepers, it was not possible to control the 
position of the sensors relative to the sleepers. However, the results can be considered very satisfactory, 
since ViscoRail confirms the very small strain values measured in situ. 

In view of the very low strain levels recorded at the bottom of the GB layer, one can conclude 
that there is no risk of fatigue of the bituminous layer. For asphalt materials, two-point bending fatigue 
tests performed on these materials (according to standard NF-EN-12697-26) lead to determine a fatigue 
parameter ε6, which represents the tensile strain leading to fatigue failure for 1 million load cycles, for a 
standard test performed at 10 °C and 25 Hz. For the GB4 material used on the track, the value of the 
tensile strain parameter ε6, is of the order of 100 μstrain (at 10°C). Therefore, on the track, with strain 
levels under 15 μstrain, the risk of fatigue of the bituminous layer appears negligible. 

 
5. CONCLUSION 

 
Three sections of the BPL high-speed line, with granular sublayer and asphalt sublayer and 

different types of soil have been largely instrumented in order to study their mechanical response under 
high-speed train loading.  

The behavior of the three sections was modeled using the ViscoRail software developed to 
simulate the dynamic response of railway structures. A calibration procedure was used to determine the 
model parameters that could not be inferred from testing. Deliberately, the same set of model parameters 
was used for the three sections (expect when the layers were different), to assess the predictive ability 
of Viscorail to simulate the dynamical response of railway structures. Indeed, similar assumptions would 
be made for design applications. 

With this approach, reasonably good predictions of the response of the three structures were 
subsequently obtained, for different speeds and different mechanical fields examined at several locations 
in these structures, except for the negative accelerations on section 2, which were underestimated. The 
difference in maximum accelerations between the granular and the bituminous sections was also 
confirmed by the calculations. Measurements recorded for speed levels varying between 160 and 352 
km/h have shown that the introduction of a bituminous sublayer under the ballast reduces significantly 
(approximately by a ratio of two) the vertical accelerations under the ballast 

All these results are very encouraging and confirm that the ViscoRail semi-analytical model, 
based on a simplified representation of the railway track (rails are represented by beams connected by 
springs to a semi-infinite multilayer structure), can predict correctly the dynamic response (reversible) 
of ballasted track structures, with and without bituminous sublayers, under a load of constant magnitude 
moving at constant speed. ViscoRail therefore appears as an efficient simplified tool for fast calculations 
of the response of railway structures and could be adapted for design applications or parametric studies. 
In particular, it can be used to calculate mechanical quantities like acceleration levels in the ballast layer, 
which could be used as a criterion to evaluate the stability of the ballast (i.e. the risk of settlements) or 
the maximum tensile strains in the asphalt layer (if applicable), which can be used to evaluate its fatigue 
life.  
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