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ABSTRACT 

The accurate computational modelling of railway systems is crucial for analysis and design, which 

allows for excellent and enduring performance of such systems. It is capable of providing the industry 

with data for improving speed, comfort, load capacity and reliability. Further, as accurate solutions 

serve as an aid to improve railway systems, they contribute to quality services, social welfare, cost 

effectiveness and sustainability. An important component of a railway system is the track, which, in 

general, requires high investments for construction and maintenance. This work develops calibrated 

three-dimensional (3D) Finite Element (FE) models for slab track systems which can be employed 

for analysis and design with great level of reliability. These models are developed based on full-scale 

dynamic tests performed under the application of loads which simulate the passage of high-speed 

trains. The components considered are the rails, rail pads, slab track, grout, Hydraulicaly Bonded 

Layer (HBL), Frost Protection Layer (FPL) and subgrade. The FE models are built and calibrated in 

order to reproduce the measured displacement and acceleration test results. Due to the uncertainties 

in some material properties, a parametric analysis is also performed to establish to which material 

characteristics of the system the model is more sensitive to. It has been found that the Young’s moduli 

for the FPL layer and subgrade are the most important parameters. Further, the stiffness properties of 

rail pads play a paramount role in the accuracy of the model. 

 

Keywords: Railway Dynamics, Slab-Tracks, Full-Scale Tests, Dynamic Finite Element Modelling, 

Parametric Analysis. 

1. Introduction 

Research development and industrial progress in railway engineering are relevant to lever a nation’s 

economy in general. Specifically, they contribute to safer, faster and more reliable transportation 

systems of people and cargo, freeing space in highways as the requirement for trucks and passenger 

cars becomes unavoidably lower. Further, the railway modal is more environmentally friendly, which 

is an important world asset. Compared to highway and air transportation modes, the railway mode 

presents lower costs, lower energy consumption and lower CO2 emissions, which contribute 

favourably to the climate change problems that the world currently faces. Combined with these 

factors, there are also advantages in terms of comfort, safety and mobility that are highlighted in many 

countries to justify the investment in this mode of transport. These developments are seeking to 

optimize the rail systems in terms of speed, capacity and comfort, and to reduce operational and 

maintenance costs. In large developing countries, such as Brazil and India, the railway system needs 

to be improved to allow for more efficient transportation of people and cargo, which would be 

beneficial to the economy and to the environment. 



 

One of the main lines of research in railway engineering is the modelling of the dynamic interaction 

between vehicles and rail infrastructure. This topic has been investigated over the past few decades 

and, as the use of high-speed trains increases worldwide [1], vehicle-structure dynamic interaction 

has grown in importance. Results provided by accurate models contribute to improve the design of 

both vehicles and track systems, offering useful information for maintenance protocols, and 

contribute for more efficient use of resources that consequently will reduce life cycle costs. 

 

There are several types of tracks technologies [2], being ballast track [3–7], slab track [8–11] and 

ballast-with-asphalt track [12,13] the most common examples. The study of the track structure 

conditions and of its dynamic performance has devoted the attention of many researchers aiming to 

support the rail industry [14–20]. Numerical models have been developed mainly using Multibody 

(MB) and FE methodologies. In some cases, the track is considered as a periodic elastically coupled 

beam system resting on flexible foundations [21–23]. Other authors have proposed to study the train-

track system with different levels of complexity and analysis goals [24–28]. Cai and Raymond 

developed a three-dimensional model including coupled spring-dashpot elements to analyse the behaviour 

of rail pads, ties and ballast [21]. Nguyen et al. did a comparison between 2D and 3D models considering 

the performance of rail pads modelled as spring and damper elements [29]. Sainz-Aja et al. studied 

experimentally the properties of rail pads under different operational conditions [30]. Other authors have 

proposed co-simulation methodologies between MB and FE formulations in order to study the track 

structure under realistic trainset loads [31–34]. These developments open the possibility of integrating 

complex track geometries [35–37], more detailed wheel-rail contact models [38–46], to consider track 

irregularities [47,48] and other track singularities [49–51] in the studies aiming to assess the track 

performance and degradation evolution [52–57] in realistic operation conditions. 

 

In general, the slab track system is composed of precast concrete slabs with embedded concrete 

sleepers, which hold the pads and clips (fastening system) to support and fix the rails. The substructure 

underneath the slabs is composed of layers of different materials. From top to bottom, these layers 

are the HBL, FPL and subgrade. The HBL is a mixture of soil, water and cement while the FPL is a 

compacted permeable soil [58]. On the other hand, the ballast track system employs gravel which is 

laid on subgrade. Then, evenly spaced sleepers are transversely positioned on the gravel to support 

the rails through pads. The ballast-with-asphalt track system uses an asphalt layer laid on subgrade 

before the ballast layer is placed. Then, sleepers, pads and rails are assembled [59]. The two types of 

track systems most widely used are the slab track and ballast track systems. The latter is not very 

adequate for increased train speeds [58,60]. The study presented here investigates the behaviour of a 

slab track system. 

 

The slab track with embedded sleepers have been widely used as an alternative for non-ballast tracks. 

The literature shows that the system has been studied in many aspects in order to be used as an 

efficient railway track system [6,9–11,58,59,61–63]. Research and practice indicate that slab track 

systems may have problems with temperature, train loads and subgrade settlements [64]. Occurrence 

of transverse-through cracks is particularly one of the principal hazards in short-term operation [65]. 

However, it offers greater stability and less sensitivity with the unevenness of the lower layers 

[58,59,61]. Another important aspect to consider in railway projects is the cost. If a slab track system 

requires high initial investments [62,63], consideration of its life cycle costs indicates that it is a very 

competitive system, being one of the reasons for its implementation [66]. For instance, in France, the 

solution New Ballastless Track (NBT) was designed considering a 100 year-operation period without 

substantial maintenance, subjected to train velocities up to 360 km/h and axle loads up to 250 kN. 

The project considered a depreciation period of 10-25 years [67]. 

 

The main objective of this work is to develop reliable 3D FE models of a slab track system based on 

a full-scale prototype that has been extensively tested in laboratory. Then, the purpose is to identify 



the material properties to which the model behaviour is more sensitive to via a parametric analysis. 

ABAQUS software is here used for FE modelling. The experimental results are used as reference to 

calibrate the FE models and, ultimately, to validate the proposed methodologies. For this purpose, 

several realistic dynamic load scenarios are considered. Once the slab track models are calibrated, a 

parametric analysis is performed in order to identify the material properties that have higher influence 

in the dynamic performance of the rail infrastructure. The results will enable to conclude which 

physical/mechanical parameters need to be assessed with higher accuracy in the dynamic analysis of 

railway track systems. The successful conclusion of this work opens the possibility to study vehicle-

infrastructure interaction using detailed and reliable track models. These studies can be performed in 

realistic operation scenarios in order to assess the dynamic behaviour of trains and to predict the long-

term performance of the infrastructure. The results of such studies can contribute favourably to the 

railway industry by promoting the development of advanced technological solutions aiming to reduce 

the life cycle costs of tracks and the vehicle maintenance needs. 

2. Full-Scale Experimental Tests 

This section presents the experimental apparatus and the full-scale testing used in this work. The 

experimental results provide reference values to calibrate the FE models for track analysis. 

2.1. GRAFT II Test Facility 

The full-scale tests are performed on a physical model of a slab track using the testing facility known 

as GRAFT II (Geo-Pavement and Railways Accelerated Fatigue Testing) which is located at Heriot-

Watt University in Edinburgh, Scotland. Full-scale testing of slab and ballast tracks under phased 

cyclic loading using GRAFT II is described in [68]. GRAFT II is one of the world largest purpose-

built laboratory track bed designed to predict the effects of trains on the track. Figure 1 shows a frontal 

view of the apparatus which clearly depicts the slab track system, the steel frame and the actuators.  

In more detail, the picture shows six UIC 60 rail pieces that are 40 cm in length to allow for complete 

load control in each actuator. Also, the picture shows the precast concrete slab with embedded 

sleepers, the grout layer, the HBL, which is made of concrete, and the FPL and subgrade, both made 

of compacted sand. The grout layer connects the precast concrete slab to the HBL with the purpose 

of avoiding stress concentration points between the two concrete layers. Figure 2 represents another 

view of the test apparatus, which shows actuators and LVDT displacement sensors, where LVDT 

stands for Linear Variable Differential Transformer. 

 

 

Figure 1 – GRAFT II test facility– Slab track system 

 



 

Figure 2 – GRAFT II test facility - Actuators and LVDTs 

Figure 3 shows a schematic representation of the cross-section view as well as a longitudinal view of 

the slab track system, both including all relevant dimensions and the six positions of the load 

application by the actuators onto the sleepers. The figure also clearly depicts the five different track 

material layers, which have already been described. 

 

Figure 3 – Cross section and longitudinal views of the slab track system (dimension units: mm) 

The test apparatus has one actuator on the top of each of the six rail parts for load application, as 

shown in Figure 4(a). There are eight displacement sensors (LVDTs) in the experimental test as 

shown in Figure 4(b). Four of them are placed on the top of sleepers and four are placed on the top 

of rails, in the same positions of actuators 1 to 4, which are represented by ACT_1, ACT_2, ACT_3 

and ACT_4 in the figure. The four sensors which are installed on sleepers are represented by 

LVDT_1, LVDT_2, LVDT_3 and LVDT_4.  

 

 
(a)                                                                       (b)  

Figure 4 – a) Actuators; b) displacement sensors positions 



The loads are applied first statically and then dynamically. Thus, loadings are arranged in groups of 

static cases and dynamic cases. The static study has three scenarios; namely, (i) Scenario 1 with a 

total of 13 ton load distributed on the three sleepers with percentages of 25%, 50%, and 25%, 

respectively; (ii) Scenario 2 with a total of 17 ton load distributed on the three sleepers with 

percentages of 25%, 50%, and 25%, respectively; and (iii) Scenario 3 with a total of 25.8 ton load 

evenly distributed on the three sleepers. Figure 5(a) shows the representations of scenarios 1 and 2, 

while scenario 3 is depicted in Figure 5(b). Figure 5(c) shows the plan view representation of these 

static load distributions. 

 
                        (a)                                 (b)                                                   (c) 

Figure 5 – Static load distribution: a) Scenarios 1 and 2; b) Scenario 3; c) Plan view 

 

The dynamic study is divided in two scenarios with different load frequencies. They are named 

Scenario 4, whose load frequency is 5.6 Hz, and Scenario 5, whose load frequency is 2.5 Hz. Each 

scenario is subdivided in a given number of steps according to the load application procedure. 

Scenario 4 has three steps; namely, Sc4-1 with 3.7 ton, Sc4-2 with 7.2 ton, and Sc4-3 with 9.5 ton. 

Scenario 5 has four steps; namely, Sc5-1 with 4.0 ton, Sc5-2 with 7.9 ton, Sc5-3 with 11.7 and Sc5-

4 with 15.8 ton. The loads are applied in full at the three sleepers in different times. That is, 100%, 

100% and 100% in each sleeper as shown in Figure 6(a). Figure 6(b) shows the plan view of this load 

application procedure, depicting that the load is applied equally by each wheel at a given time.  

 
                                           (a)                                                                            (b) 

Figure 6 – Dynamic load distribution: a) Scenarios 4 and 5; b) Plan view 

 

The frequency of the dynamic loads corresponds to train speeds of 360 km/h and 160 km/h, 

respectively, in Scenario 4 and 5. These two speeds are important because high-speed and 

conventional speed trains can operate in the same tracks. The time lag between load applications on 

each sleeper is an experimental test input, as well as the distance between sleepers, which is 0.65 m. 

Another relevant input parameter is the distance between bogies for high-speed trains, which is 

considered here as 18 m. This information allows for the definition of the load application time lag 

used in the experiments. 



2.2. Rail Pads Characterization 

Fastening system is one of the most important elements in the maintenance and durability of the 

railway superstructure [69]. One of the most important elements within the fastening system is the 

rail pad, whose main functions are to provide flexibility to the track and impact attenuation. The 

fastening system used in full-scale tests is the Vossloh 300, which is composed by different layers. 

The first layer is made of EVA (Ethylene Vinyl Acetate), which is an elastomeric polymer. Then, a 

steel plate and finally a layer of EPDM (Ethylene Propylene Diene Methylene), which is a rubber. In 

case of EVA and EPDM components, they are highly non-linear materials, so their mechanical 

properties will depend on the load values to which they are subjected [30]. Estimating the mechanical 

response of the rail pads based on the test conditions is a complex task [70]. For this reason, laboratory 

tests on rail pads identical to those used in the full-scale test were carried out using the corresponding 

values of load and frequency. In the FE model, the fastening system is considered as a single element, 

so equivalent properties are defined to produce a similar behaviour in the equivalent element as in the 

entire fastening system. The calibrated equivalent Young’s modulus values (Eeq) for static and 

dynamic studies considering an equivalent single-layer rail pad are listed in Table 1. The values are 

different for the lateral and middle rail pads for static scenarios 1 and 2 because the loads are applied 

unevenly on them (25%, 50% and 25%), as shown in Figure 5(a). 

Table 1 – Under rail pad Young’s modulus 

Scenario 

Static Scenarios Dynamic Scenarios 

Sc1 

Middle 

Sc1 

Lateral 

Sc2 

Middle 

Sc2 

Lateral 
Sc3 Sc4-1 Sc4-2 Sc4-3 Sc5-1 Sc5-2 Sc5-3 Sc5-4 

Eeq 

(MPa) 
5.633 5.964 5.941 5.787 5.967 20.188 16.217 14.138 23.360 18.195 14.340 12.520 

3. Slab Track Modelling 

The slab track full-scale experimental tests, described in Section 2, are modelled in this section. The 

modelling procedure consists of the three steps, namely the structural modelling, FE modelling and 

FE analysis. The structural model includes a geometric representation of the problem (Figure 7), the 

definition of boundary conditions, material properties and loading. The FE modelling step adopts 

suitable FE types for the analysis and establishes an adequate mesh configuration upon a convergence 

study. Finally, the FE analysis step consists of the static and dynamic calibration of the model 

considering the different load scenarios previously described and suitable initial conditions to match 

the conditions of the physical tests. The data used in the FE modelling is listed in Table 2. 

3.1. Structural Model 

Figure 7 shows a geometric model of the slab track system, which includes rails, rail pads, the 

concrete slab, grout, HBL and FPL layers, and the subgrade. The dimensions defined in Figure 3 are 

used. Different colours represent different materials. Boundary conditions are defined in order to 

better represent the restricted body in the physical experiment. Thus, displacements are restricted on 

the walls and at the bottom, but rotations are released. Material properties are assigned to the different 

materials accordingly. Rails are considered as rigid bodies as their behaviour is not of interest here. 

As in the physical experiments, they serve to receive the loads, which are considered as applied 

pressures. The rail pads are composed of EVA, steel and EPDM materials, as mentioned before. The 

stiffness of those components have been tested in laboratory during the course of this research [9], 

and the results have been used here. It is also important to note that Young’s moduli for FPL layer 

and subgrade have been defined in the present model during the model’s calibration procedure. All 

data parameters described in this paragraph are listed in Table 2. 

 

 



 

Figure 7 – Slab track system geometric model 

Table 2 – Structural model parameters 

Item Condition 

Displacement boundary 

conditions  

Walls: Restricted  

Bottom: Restricted 

Rotation boundary 

conditions  

Walls: Free 

Bottom: Free 

Layers compatibility Nodal compatibility imposed (Tie connection function)  

Load application Pressure loading on the rails 

Rail Properties 

Density: 7850 kg/m³ 

Rigid Body 

Poisson’s Ratio: 0.30 

Under rail pad properties 

(EPDM+Steel+EVA) 

Steel Plate: 

  Density: 7850 kg/m³ 

  Young’s Modulus: 210.00 GPa 

EPDM and EVA: Young’s Modulus tested in laboratory [9] 

Concrete slab/sleepers 

properties 

Density: 2500 kg/m³ 

Young’s Modulus: 36.00 GPa 

Poisson’s Ratio: 0.20 

Grout properties 

Density: 2300 kg/m³ 

Young’s Modulus: 22.50 GPa 

Poisson’s Ratio: 0.20 

HBL properties 

Density: 2400 kg/m³ 

Young’s Modulus: 17.87 GPa 

Poisson’s Ratio: 0.20 

FPL properties 

Density: 2144 kg/m³ 

Young’s Modulus: according to the literature and calibration 

considering experimental tests and numerical models  

Poisson’s Ratio: 0.30 

Subgrade properties 

Density: 2091 kg/m³ 

Young’s Modulus: according to the literature and calibration 

considering experimental tests and numerical models  

Poisson’s Ratio: 0.30 

3.2. Finite Element Model  

The slab track system structural model is discretized via 3D FE using ABAQUS software. The 

elements adopted are 8-node bricks, which are based on quadratic polynomials. The double symmetry 

of the structural model is recognized, and only one-quarter of that model is required for FE modelling. 

Compatibility between different material layers is guaranteed via the ABAQUS tie connection 



function. A mesh convergence study is performed here in order to identify a mesh which can produce 

sufficiently accurate results without excessive computational costs. Uniform refinement is adopted 

because eventual stress concentrations that might occur are not of interest in this work. Cube elements 

are employed for simplicity and also for providing a good level of refinement in the first mesh. 

Convergence is considered to have been attained when the simple difference between displacement 

results from consecutive mesh refinements is not greater than 0.5%. Only three meshes end up being 

necessary in the mesh refinement study. These three meshes, which are shown in Figure 8, are built 

with 10 cm, 5 cm, and 2.5 cm elements, respectively. 

  

 
              (a) 10 cm                                     (b) 5 cm                             (c) 2.5 cm 

Figure 8 – FE meshes: a) 10 cm-elements; b) 5 cm-elements; c) 2.5 cm-elements 

Comparison of results provided by the 10 cm and 5 cm element meshes show an average difference 

of nearly 0.71%, whereas the average difference from the comparison between 5 cm and 2.5 cm 

element meshes is nearly 0.5%.  Therefore, the intermediate mesh comprised of 5 cm elements has 

been considered adequate and, therefore, adopted for the static and dynamic analyses performed here. 

3.3. Static Model Calibration 

The calibration of the numerical models for static analyses are performed considering the parameters 

in Table 2 and the full-scale tests performed in laboratory. Table 3 contains the material properties of 

the rail pads and compacted sands (FPL and subgrade) adopted in the these studies, which are not 

defined in Table 2. The static numerical analyses use the average of displacement values acquired 

during a period of one second in order to avoid selecting a peak load displacement value. As it is a 

linear analysis, the settlement occurred during the time of the static load application is not considered. 

Table 3 – Material properties used in the static model calibration 

Layer Properties 

Equivalent Rail Pad 

(EPDM+Steel+EVA) 

Young’s Modulus (variable with load value) 

Sc1) Lateral sleepers: 5.963 MPa; Middle sleeper: 5.633 MPa 

Sc2) Lateral sleepers: 5.787 MPa; Middle sleeper: 5.941 MPa 

Sc3) Lateral sleepers: 5.967 MPa; Middle sleeper: 5.967 MPa 

FPL 

Density: 2144 kg/m³ 

Young’s Modulus: 400 MPa 

Poisson’s Ratio: 0.30 

Subgrade 

Density: 2091 kg/m³ 

Young’s Modulus: 400 MPa 

Poisson’s Ratio: 0.30 

 

The objective of model calibration is to adjust the numerical model such that it is capable of 

reproducing with the best approximation possible the results provided by physical experiments. For 

this purpose, the target parameters are the displacements measurements taken at LVDTs (1, 2, 3 and 

4) and actuators (1, 2, 3 and 4). The numerical results are compared to the experimental measurements 

for the three static load scenarios (Sc1, Sc2, Sc3) as shown in Figure 9. The 45-degree line represents 



a perfect match between the numerical results and experimental values, which is the aim of the model 

calibration. Figure 9(a) describes the Actuators (ACT) displacements and Figure 9(b) describes the 

LVDT displacements. The proximity of the dots to the 45-degree line indicates that there is a good 

agreement between numerical and experimental results. The mean difference of the results shown in 

Figure 9 is nearly 10%. Taking into account that there are uncertainties in experimental data and 

approximations and limitations in the numerical models, this difference is considered acceptable and 

the numerical model is considered to be calibrated. 

         
(a)                                                                     (b) 

Figure 9 – Static model calibration: a) Displacements at actuators; b) Displacements at LVDTs 

3.4. Dynamic Model Calibration 

The calibration of the numerical models for dynamic analyses are performed considering the 

parameters in Table 4 and the full-scale tests performed in laboratory. Table 4 contains the material 

properties of the equivalent rail pads and compacted sands (FPL and subgrade) adopted in these 

studies, which are not defined in Table 2. The dynamic analyses use smoothed displacement 

distributions which are obtained applying a Fourier regression analysis on the displacement set of 

values acquired from the LVDTs sensors. This is done so that there is a better agreement with the 

smoothed FE solutions provided by ABAQUS. Coefficients of Fourier series employed have 95% 

confidence bounds. 

 

The 45-degree line graphs for the dynamic model calibration are shown in Figure 10 through Figure 

17. In these figures, (a) presents displacement results and (b) contains acceleration results. Further, 

in each graph, EM refers to experimental measurements and NS to numerical solutions. The 

horizontal axes display the values of the amplitudes provided by the experimental measurements 

(EM), while the vertical axes display simultaneously the amplitudes of both the experimental 

measurements and numerical solutions (EM and NS). Figure 10 through Figure 13 show the results 

associated to the actuators, while Figure 14 through Figure 17 contain the results associated to the 

LVDTs. It can be seen that all graphs show that there is a good agreement between EM and NS 

results. The mean difference of displacement results is 9.06% with a standard deviation of 9.18%, 

while the mean difference of acceleration values is equal to 8.94% with a standard deviation of 9.12%. 

These results are considered to be good and the dynamic model is considered to be calibrated. It is 

relevant to mention that there are uncertainties associated to the measurements and in the soil 

parameters because those materials have not been tested. 
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Table 4 – Material properties used in the dynamic model calibration 

Layer  Properties 

Equivalent Rail Pad 

(EPDM+Steel+EVA) 

Sc4-1: E = 20.188 MPa  

Sc4-2: E = 16.217 MPa 

Sc4-3: E = 14.138 MPa 

Sc5-1: E = 23.360 MPa 

Sc5-2: E = 18.195 MPa 

Sc5-3: E = 14.340 MPa 

Sc5-4: E = 12.520 MPa 

FPL 

Density: 2144 kg/m³ 

Young’s Modulus: 500 MPa 

Poisson’s Ratio: 0.30 

Subgrade 

Density: 2091 kg/m³ 

Young’s Modulus: 500 MPa 

Poisson’s Ratio: 0.30 

 

  
(a) Displacement (mm)                                 (b) Acceleration (mm/s²) 

Figure 10 – Dynamic model calibration for actuator 1 

 

  
(a) Displacement (mm)                                 (b) Acceleration (mm/s²) 

Figure 11 – Dynamic model calibration for actuator 2 
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(a) Displacement (mm)                                 (b) Acceleration (mm/s²) 

Figure 12 – Dynamic model calibration for actuator 3 

 

  
(a) Displacement (mm)                                 (b) Acceleration (mm/s²) 

Figure 13 – Dynamic model calibration for actuator 4 

 

  
(a) Displacement (mm)                                 (b) Acceleration (mm/s²) 

Figure 14 – Dynamic model calibration for LVDT 1 
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(a) Displacement (mm)                                 (b) Acceleration (mm/s²) 

Figure 15 – Dynamic model calibration for LVDT 2 

 

  
(a) Displacement (mm)                                 (b) Acceleration (mm/s²) 

Figure 16 – Dynamic model calibration for LVDT 3 

 

  
(a) Displacement (mm)                                 (b) Acceleration (mm/s²) 

Figure 17 – Dynamic model calibration for LVDT 4 

4. Parametric Analysis 

Static and dynamic FE models have been calibrated according to the data provided by the full-scale 

laboratory tests in Section 3. In this section, a parametric analysis is performed using those models in 
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order to identify which layers and material properties have the greatest influence on the behaviour of 

the slab track. Such an information will be useful to analysts who might use these or similar models 

to perform their own analyses. For conciseness, the parametric analysis is performed considering only 

the dynamic loading scenario Sc4-3 (see Section 2 for description). Effects in acceleration results of 

each layer of the model at the locations of the four actuators and the four LVDTs are evaluated using 

variations of -10% and + 10% in the values of density, Young’s modulus and Poisson’s ratio 

separately. Results are displayed in Table 5 through Table 10 showing the percentage variation of 

accelerations. 

4.1. Density 

Table 5 and Table 6 show the percentage variation of accelerations when density properties of the 

model’s layers change -10% and +10%, respectively. It is seen that the variations are very close to 

zero, indicating that changes in density for this frequency range are not relevant in the model. 

 

Table 5 – Accelerations variation for -10% change in density 

Layer ACT_1 ACT_2 ACT_3 ACT_4 LVDT_1 LVDT_2 LVDT_3 LVDT_4 

Rail 0.00% 0.00% -0.01% -0.01% 0.01% 0.01% 0.02% 0.02% 

Rail Pad -0.01% -0.01% -0.01% -0.01% 0.00% 0.00% 0.00% 0.00% 

Slab -0.01% -0.01% -0.01% -0.01% 0.00% 0.00% 0.01% 0.01% 

Grout -0.01% -0.01% -0.01% -0.01% 0.00% 0.00% 0.01% 0.01% 

HBL -0.01% -0.01% -0.01% -0.01% 0.01% 0.01% 0.02% 0.02% 

FPL -0.01% -0.01% -0.01% -0.01% 0.01% 0.01% 0.02% 0.02% 

Subgrade -0.01% -0.01% -0.01% -0.01% 0.00% 0.00% 0.01% 0.01% 

 

Table 6 – Accelerations variation for +10% change in density 

Layer ACT_1 ACT_2 ACT_3 ACT_4 LVDT_1 LVDT_2 LVDT_3 LVDT_4 

Rail -0.02% -0.02% -0.02% -0.02% -0.01% -0.01% 0.00% 0.00% 

Rail Pad -0.01% -0.01% -0.02% -0.02% 0.00% 0.00% 0.00% 0.00% 

Slab -0.01% -0.01% -0.02% -0.02% -0.01% -0.01% -0.02% -0.02% 

Grout -0.01% -0.01% -0.01% -0.01% 0.00% 0.00% 0.01% 0.01% 

HBL -0.01% -0.01% -0.02% -0.02% -0.01% -0.01% 0.00% -0.02% 

FPL -0.01% -0.01% -0.02% -0.02% -0.01% -0.01% 0.00% 0.00% 

Subgrade -0.01% -0.01% -0.01% -0.02% 0.00% 0.00% 0.01% 0.01% 

4.2. Young’s Modulus  

Table 7 and Table 8 show the percentage variation of accelerations when the Young’s moduli of the 

model’s layers change -10% and +10%, respectively. It is seen that the more important variations 

occur with the changes in Young’s modulus of rail pads, FPL and subgrade. Focusing on the rail pads, 

a 10% decrease in Young’s modulus cause a decrease of 10.6% in accelerations at the actuator 

positions. Also 8.6% increase is registered when the Young’s modulus increases 10%. Considering 

the FPL, the accelerations decrease nearly 7% and increase nearly 6% at the LVDT positions, 

respectively, with the 10% decrease and increase in Young’s modulus. At these same positions, the 

accelerations in the subgrade decrease over 3% and increase nearly 3%. 

 

To analyse these results it is important to emphasize that the ACT measurement corresponds to the 

displacement of the rails, while the LVDT measurement represents the vertical displacement of the 

slab. Therefore, it can be concluded that the vertical displacement of the rail, and therefore of the train 



running on the track, depends mainly on the sleeper pad. On the other hand, the displacement of the 

slab will depend mainly on the Young’s modulus of the FPL and of the subgrade. 

 

Table 7 – Accelerations variation for -10% change in Young’s Modulus 

Layer ACT_1 ACT_2 ACT_3 ACT_4 LVDT_1 LVDT_2 LVDT_3 LVDT_4 

Rail -0.02% -0.02% -0.02% -0.02% -0.01% -0.01% 0.00% 0.00% 

Rail pad -10.64% -10.63% -10.60% -10.60% -0.01% -0.01% -0.01% -0.01% 

Slab -0.07% -0.07% -0.09% -0.09% -0.08% -0.08% -0.09% -0.08% 

Grout -0.01% -0.01% -0.02% -0.02% -0.06% -0.06% -0.05% -0.05% 

HBL -0.04% -0.04% -0.06% -0.06% -0.49% -0.49% -0.49% -0.50% 

FPL -0.26% -0.26% -0.25% -0.25% -6.96% -6.96% -6.97% -6.97% 

Subgrade -0.12% -0.12% -0.15% -0.15% -3.36% -3.36% -3.32% -3.32% 

 

Table 8 – Accelerations variation for +10% change in Young’s Modulus 

Layer ACT_1 ACT_2 ACT_3 ACT_4 LVDT_1 LVDT_2 LVDT_3 LVDT_4 

Rail -0.02% -0.02% -0.02% -0.02% -0.01% -0.01% 0.00% 0.00% 

Rail Pad 8.69% 8.69% 8.65% 8.65% 0.01% 0.01% 0.01% 0.01% 

Slab 0.04% 0.04% 0.05% 0.05% 0.06% 0.07% 0.07% 0.07% 

Grout -0.01% -0.01% -0.01% -0.01% 0.05% 0.05% 0.06% 0.06% 

HBL 0.02% 0.02% 0.02% 0.02% 0.40% 0.41% 0.42% 0.42% 

FPL 0.20% 0.20% 0.19% 0.18% 5.82% 5.82% 5.84% 5.84% 

Subgrade 0.09% 0.09% 0.10% 0.10% 2.91% 2.91% 2.89% 2.89% 

 

4.3. Poisson’s Ratio  

Table 9 and Table 10 show the percentage variation of accelerations when the Poisson’s ratios of the 

model’s layers change -10% and +10%, respectively. In these analyses, the rail pads are not included 

as they have been represented by spring elements, where Poisson’s ratios is not applicable. The tables 

show that some variations in accelerations occur on FPL and subgrade. Considering the FPL, the 

accelerations decrease nearly 2% with a decrease of 10% in Poisson’s ratio, at the LVDT positions, 

and they increase nearly 2.4% with the 10% increase in Poisson’s ratio. Considering the subgrade, 

the decrease of accelerations is nearly 1.3%, at the LVDT positions, and increase about 1.7%, with 

the 10% decrease and increase in Poisson’s ratio. 

  

Table 9 – Accelerations variation for -10% change in Poisson’s Ratio 

Layer ACT_1 ACT_2 ACT_3 ACT_4 LVDT_1 LVDT_2 LVDT_3 LVDT_4 

Rail -0.01% -0.01% -0.01% -0.01% 0.00% 0.00% 0.01% 0.01% 

Slab -0.02% -0.02% -0.03% -0.03% -0.03% -0.03% -0.03% -0.03% 

Grout -0.01% -0.01% -0.01% -0.01% 0.00% 0.00% 0.01% 0.01% 

HBL -0.01% -0.01% -0.01% -0.01% 0.02% 0.02% 0.03% 0.02% 

FPL -0.07% -0.07% -0.08% -0.08% -1.85% -1.85% -1.82% -1.82% 

Subgrade -0.05% -0.05% -0.07% -0.07% -1.33% -1.33% -1.29% -1.29% 

 



Table 10 – Accelerations variation for +10% change in Poisson’s Ratio 

Layer ACT_1 ACT_2 ACT_3 ACT_4 LVDT_1 LVDT_2 LVDT_3 LVDT_4 

Rail -0.01% -0.01% -0.01% -0.01% 0.00% 0.00% 0.01% 0.01% 

Slab 0.00% 0.00% 0.00% 0.00% 0.03% 0.03% 0.03% 0.03% 

Grout -0.01% -0.01% -0.01% -0.02% 0.00% 0.00% 0.01% 0.01% 

HBL -0.01% -0.01% -0.02% -0.02% -0.02% -0.02% -0.01% -0.02% 

FPL 0.06% 0.06% 0.07% 0.07% 2.38% 2.38% 2.37% 2.37% 

Subgrade 0.04% 0.04% 0.05% 0.05% 1.74% 1.74% 1.72% 1.72% 

5. Summary and Conclusions 

The present work concerns itself with the development of numerical tools for the analysis of railway 

infrastructures based on the understanding that accurate numerical solutions are key elements for the 

improvement of railways systems. High speed lines safety and comfort depend on good design 

practices, which must rely on accurate computational modelling. In turn, well-designed railway tracks 

will lead to lower track and vehicle maintenance costs. 

 

This work develops reliable 3D FE models for a slab track system based on full-scale laboratory tests. 

The slab track system is composed of rails, rail pads, slab track, grout, HBL, FPL and subgrade. The 

slab track experimental tests have been performed in a full-scale testing facility. The tests are 

conducted to simulate actual loading conditions that tracks are subjected to during railway operations. 

Rail pads have been tested at LADICIM laboratory, University of Cantabria, and the results provide 

very useful input for the numerical models developed in this work. 

 

The 3D slab track is modelled with the FE method aiming to reproduce displacement and acceleration 

results obtained from the experimental tests. As the actual values of some of the material properties 

of the track system are uncertain, reference values from the specialized literature are used. The FE 

model is then calibrated through mesh refinement studies and material parameters adjustment. 

Further, a parametric analysis is performed varying the values of density, Young’s modulus and 

Poisson’s ratio in order to establish the material properties to which the model behaviour is more 

sensitive. It has been found that the Young’s modulus is the property that has greater effect on the 

numerical models, in particular for the rail pads, FPL and subgrade. This indicates that the definition 

of this property should be performed accurately as it is very important for the behaviour of the whole 

track system. 

  

Future extensions of this work include the use of the calibrated track model developed here to study 

the track performance when interacting with railway vehicles using co-simulation approaches to 

handle the wheel-rail contact problem. Further, the model can be employed to compare the 

performance of slab track technology with other track solutions, e.g., ballast and asphalt. Finally, the 

calibrated model can be useful in several other investigations such as the development of tracks failure 

criteria procedures, vehicle structural behaviour, and track and vehicle life cycle assessments. 
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