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Abstract 

Ballast lifting is a serious problem in the operation of high speed train. The assessment of the train 

performances is currently done through experimental tests, nevertheless numerical approach allows to 

correctly predict the under-car-body features. In the present paper the results of an experimental 

campaign on a high-speed line consisting in measuring the air velocity under the train and pressures on 

a cube positioned between the rails at ballast level will be presented. These data are used to validate a 

numerical approach based on CFD simulations, exploiting the measurements on the cube to make 

some correlation between the flow measurements and the forces acting on the ballast. 

1 Introduction 

Rail transport is going towards trains that can reach very high cruising speeds. The possibility to cover 

small and medium distances using the train is very attractive and it is in competition with flight 

transport. Current projects are developing rolling stocks and infrastructures able to travel up to 

400km/h. Between the major issues related to the high speed train aerodynamics there are the rolling 

stock stability associated to cross wind, the interaction of the train induced flow with the track 

infrastructure and the overpressures in the tunnels (TSI, 2008). On the other hand, during these last 

years, a further issue has become one of the most discussed items within the scientific community 

related to the train aerodynamics: the ballast lifting problem.   

This topic was the subject of the studies performed within the last two main European Projects on train 

aerodynamics, respectively the Aerodynamic in Open Air (AOA) project, from 2006 to 2008, and the 

Aerotrain project, from 2009 to now.  

The ballast lifting can cause very serious damages to the train under-car-body due to the impacts of the 

ballast lifted by the under-hood flow generated by the train itself. Numerical and experimental 

approaches have been followed to study the problem during the two projects (Garcia et al, 2008; 

Rocchi et al. 2008; Kaltenbach et al 2008) giving special attention to the analysis of the under-body 

flow, by means of both experimental field tests and CFD numerical simulations. Nevertheless, 

nowadays a universal methodology which allow to directly relate the under-body flow, described in 

terms of velocity and pressure field, to the effective flight of the track-bed stones is not yet developed. 

In this paper, the results of field tests measuring the under-body flow of a real train (ETR500 train) 

running at 250km/h, 300km/h and 330km/h are compared to the results of a CFD analysis. During the 

experimental campaign, the flow speed in the region between the rails and the sleepers has been 

measured in different points through Pitot Tubes and a Multi-Hole probe; moreover, the load exerted 

by the flow on a cube positioned in the same region has been calculated through measurements of 

pressure taps distributed along all the cube faces. 
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The final goal of the entire work is to find the relation between the under-body flow speed and the 

corresponding loads acting on the stones in order to adopt the CFD validated numerical models to 

evaluate the train speeds which could lead to the ballast lifting. 

2 Experimental setup 

The experimental setup used for the current paper is similar to the one used for similar previous 

studies, but with some fundamental addition to relate the flight of the ballast with the incoming flow 

field. The aim of the work is to obtain flow velocity and pressure measurements that can be compared 

with the numerical results of the finite volume analysis. A total number of 6 Pitot tubes and a multi-

hole anemometer were fixed on the track, according to Figure 1. In addition to the anemometers, a 

cube with 49 pressure taps was positioned at the sleeper top height. The aim of this additional 

instrument is to calculate the forces acting on the cube by integrating the pressures measured on all the 

cube surfaces. The pressure measurements (Pitot tubes, multi-hole probe and pressure taps) are 

performed using a synchronised scanner with a sampling frequency of 500Hz. The reference static 

pressure is taken at a distance of 50m from the track using a thin tube to assure that it will not be 

affected by the passage of the train. All the pressure measurement are differential with respect to the 

atmospheric pressure. 

 

Figure 1: Picture of the experimental set up: an array of 5 Pitot tubes is visible on the left, in the 

middle is mounted the multi-hole probe and on the right a single Pitot tube is fixed. The cube is placed 

at sleeper level. 

In Figure 2-a the flow velocity measured by the top Pitot tube for a train passage is reported, where it 

is possible to identify the characteristic features of the signal given by the passage of the single 

coaches over the instrumented track section: the strong peak of velocity caused by the train head, then 

the rapid acceleration of the flow until reaching a sort of periodic flow pattern after a couple of train 

coaches up to the last velocity peak induced by the train tail. 

The pressure taps on the cube show a similar trend, but from the integration of the pressure values on 

the different faces it is possible to give an estimation of the forces acting on it. Again, the signal shows 

the peculiar signature of the passage of the different coaches 
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Figure 2: Non-dimensional air velocity measured by the highest Pitot tube of the vertical array (a) and 

force in longitudinal (x) and vertical (z) direction (b) 

3 Numerical model 

The finite volume model of the train is realized in the open-source OpenFoam framework. The mesh 

of the simplified model of a full ETR500 train has been realized using the snappyHexMesh meshing 

tool available in OpenFoam. Total number of cells is roughly 110 million, with a special refinement 

near the train, and a finer zone in the under-car-body section that is the area of interest. Reynolds 

Averaged Navier-Stokes equations are solved in the steady state formulation, using a k-ω SST closure 

model. The calculations have been conducted on a HPC Platform, using 10 nodes, 2xExa-core, 

3.166GHz and 24Gb RAM per node. The computational domain is composed of a box which includes 

the infrastructure scenario, represented by the standard single track ballast and rails (EN 14067-6), and 

the simplified complete train model (see Figure 3).  

 

 

 

Figure 3: Train simplified geometry (top) and velocity magnitude (bottom) on a plane located 0.25m 

on top of the rails (a) and non-dimensional velocity profile along a line 0.2m distance from the track 

centreline and 0.025m under the top of the rail: experimental data measured by the Pitot tube and 

numerical data for different roughness simulations (b). 

The boundary conditions are defined as follows: an inlet condition imposing an air velocity equal to 

the train speed, a fixed pressure at the outlet. Moreover, the train is stationary with standard wall 

functions, while the ground and the scenario are simulated as a wall moving with the speed of the train 

and rough wall functions. Preliminary simulations were done in order to determine the equivalent 
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roughness given by ballast stones and sleepers. Figure 3-b shows the non-dimensional velocity 

(defined as air speed divided by the train speed) profile along a line under the train at 0.2m from the 

track center-line and 0.025m under the top of the rail. It is possible to note that the reference train has 

a different length from the numerical one, since there are several train configurations. The results 

along the same line are reported for different track roughness: the best result is obtained by choosing 

an equivalent roughness of 25mm. The main differences between the numerical and the experimental 

data are visible close to the train head, where the experimental instrumentation is not able to measure 

the inversion of the flow; other differences can also be imputed to small differences, that was not 

possible to reproduce, in the under-car-body geometry of the leading car. It is possible to see an initial 

peak in the air speed trend, in correspondence to the passage of the train nose, that is followed by a 

sudden inversion of the flow. As the first bogies cross the measurement section the flow starts to be 

driven by the train and after the third coach it can be considered periodically stable. A strong increase 

in air speed can be noticed in correspondence of the bogies near the inter-car-gap, while under the flat 

coach the air speed reduces until reaching the next bogie; in this region the mean air speed is close to 

half the train speed. The passage of the last carriage leads to a peak of air velocity close to the speed of 

the train. Similar results are visible also for the pressure measurements. 

4 Conclusion 

A numerical setup is defined for the reproduction of the flow under a train running at high speed. 

Experimental data were used to validate the numerical model and to provide a link between the correct 

reproduction of the flow field and the effect on the ballast stones on the track. Numerical results and 

experimental data show a good agreement and the preliminary results are encouraging. Therefore the 

numerical model is used to perform a parametric study increasing the train velocity in order to define 

the train speed limit leading to a force level on the stones that may be considered critical for the ballast 

dislodgement.  

References 

J. Garcia, A. Crespo, I. Alonso, G.Giménez J. 2008. Estimation Of The Flow Characteristics 

Between The Train Underbody The Ballast Track. BBAA VI 2008, Milano, Italy. 

D.Rocchi, F. Cheli, R. Gregoire, E.Guilloteau, 2008. CFD Analysis Of The Under Carbody Flow 

Of An ETR500 Train. BBAA VI 2008, Milano, Italy. 

H.-J. Kaltenbach, P.-E. Gautier, G. Agirre, A. Orellano,K. Schroeder-Bodenstein, M. Testa, 

Th. Tielkes, 2008. Assessment of the aerodynamic loads on the trackbed causing ballast projection: 

results from the DEUFRAKO project Aerodynamics in Open Air (AOA). WCRR 2008, Milano, Italy. 

 

 

 


