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flow oN The bAllASTed TRACKbed wiTh PeRmeAble 
SuRfACeS ANd iTS iNflueNCe oN The bAllAST flighT

Jianyue Zhu, Zhiwei Hu
University of Southampton, Faculty of Engineering and the Environment,  
Aerodynamics and Flight Mechanics Research Group, United Kingdom

Abstract

Related to the train underfloor carbody aerodynamics, a phenomenon of ballast flight occurs 
frequently associated with the operation of high-speed railways. Ballast flight will cause rail 
defect known as “ballast pitting” which is formed by the small ballast particles becoming 
trapped between the rail running surface and the vehicle wheels. Generally, the ballast 
particles have irregular shapes and are distributed on the trackbed which has a permeable 
surface. The flow developed beneath a high-speed train running on a ballasted track and 
around the ballast particles is turbulent and has strong influence on the ballast flight. This 
paper investigates the aerodynamic behaviour of the flow past the ballasted trackbed with 
permeable surfaces using computational fluid dynamics based on the delayed detached-eddy 
simulation. It is found that the flow field is highly unsteady due to strong flow separations 
and interactions developed around the gaps of the permeable surfaces. The ballast particles 
located on the permeable surfaces are situated in the stronger turbulent flow and are subject 
to larger fluctuating lift force than the particles located on solid surfaces. Moreover, the fluctu-
ating lift, drag and side forces increase when the ballast particles are located beneath the bo-
gie cavity area. When the ballast particles become airborne, the fluctuating forces generated 
around them increase greatly since the particles are situated in the unsteady flow with more 
flow interactions. Therefore, the stronger unsteady flow developed around the trackbed with 
a permeable surface will produce larger fluctuating forces on the ballast particles, which will 
be more likely to cause ballast flights for high-speed railways. 

Keywords: ballast flight, flow behaviour, ballasted trackbed, permeable surface, 
aerodynamic forces

1 Introduction

High-speed rail networks are being developed rapidly around the world. Many investigations 
have been made to understand the aerodynamics of high-speed trains [1,2]. Related to the un-
derfloor carbody aerodynamics, a phenomenon of ballast flight under normal meteorological 
conditions occurs more frequently and the railhead damage known as “ballast pitting” has 
become more popular associated with the operation of high-speed railways. This rail defect is 
formed by the small ballast particles becoming trapped between the rail running surface and 
the vehicle wheels. In order to understand the mechanism of the ballast flight, a full-scale field 
experiment was carried out to investigate the aerodynamic and mechanical forces acting on 
ballast particles which were generated during the passage of a high-speed train [3]. Moreover, 
an analytical model was established to identify the factors causing the small ballast particles 
being ejected from the trackbed. It was found that ballast flight could arise from a combination 
of aerodynamic and mechanical effects and the process was stochastic [3]. The basic charac-
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teristics of the flow between the underbody of a high-speed train and the ground have been 
studied numerically based on a turbulent Couette flow model to simplify the calculation [4]. Re-
sults showed that an equivalent roughness of the trackbed made of sleepers and ballast could 
be obtained based on this analytical method. Additionally, a full-scale numerical simulation of 
the ICE3 (inter-city express) geometry based on Reynolds-averaged Navier-Stokes investigation 
together with a wall function approach was performed. It was found that the boundary layer 
was developed considerably in the train underfloor region due to the generation of turbulence 
and secondary flow in the vicinity of the bogies. Moreover, the skin friction was increased 
significantly immediately downstream of the inter-car gap. It was pointed out by the authors 
that these numerical results were needed to improve confidence by grid independence study 
as they didn”t correspond well with the experimental measurements [5].
The mechanisms of the ballast flight are still not well understood [3, 5]. The flow beneath a 
high-speed train running on a ballasted track is highly unsteady and has strong influence 
on the behaviour of the ballast flight. Generally, ballast particles have irregular shapes and 
are distributed adjacent to the other ballast particles on the trackbed; thus the small gaps 
are formed between the ballast particles, which can be modelled as particles located on a 
permeable surface. This paper aims to investigate the aerodynamic behaviour of the flow past 
the ballasted trackbed with permeable surfaces using the numerical simulations.

2 Numerical method 

Aerodynamically, high-speed trains are operating within the low Mach number flow regime, 
for example at 300 km/h the Mach number is about 0.25. The incoming flow (30 m/s) simu-
lated in this paper is at a low Mach number of 0.09 and thereby the compressibility effects 
on hydrodynamic airflow field are small and thus can be neglected. Therefore, the unsteady, 
incompressible Navier-Stokes equations are used to solve the flow field. The continuity and 
momentum equations in tensor notation are given by: 

  (1)

  (2)

where xi represents the Cartesian coordinates in the streamwise, crossflow and vertical direc-
tions for i = 1, 2, 3. p is the pressure, ρ is the density,  the kinematic viscosity, fi is the body 
force and ui the flow velocity components. Here ρ and  are constants for incompressible flow. 
The open source software OpenFOAM-2.2.1 is employed to solve the governing equations 
numerically. A second-order accuracy scheme is utilized for the convection and diffusion 
terms of the spatial derivatives and the temporal discretization follows a second-order fully 
implicit scheme. The pressure-velocity algorithm PIMPLE, combining PISO (pressure implicit 
with splitting of operator) and SIMPLE (semi-implicit method for pressure-linked equations) 
algorithms, is applied to solve iteratively the resulting discretized linear-algebra equation 
system. The delayed detached-eddy simulation (DDES) model based on the Spalart-Allmaras 
turbulence model is employed for the current flow calculations [6]. 

3 Simulation setup

The three-dimensional models of ballasted trackbed with permeable surfaces and ballast 
particles used in this study are displayed in Figure 1. The ballast particles have dimensions 
of 10 mm, 10 mm and 5 mm in the streamwise, spanwise and vertical directions, respectively 
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and are connected to the trackbed on the four corners with an area of 2 mm × 2 mm. The width 
and depth of the gap of the permeable surface are 6 mm and 5 mm. The junction area of the 
gaps without the ballast particles are filled by the blocks with dimensions of 6 mm × 6 mm × 
5mm along the streamwise, spanwise and vertical directions, respectively. The length of the 
ballastbed is 0.4 m corresponds to the gap between two adjacent sleepers in reality. There 
are four cases simulated here: the “case1” represents the case of all particles attached on the 
permeable surface (Figure 1a); to change the ballast surface around the particle “C1” to solid 
and have the same incoming flow from the permeable surface, the “case2” is built as shown 
in Figure 1 (b); based on the “case2”, the “case3” has a gap of 2 mm between the particle 
“C1” bottom and the trackbed top surface; with the bogie cavity added to the “case1”, the 
“case4” is used to investigate the influence of train undercarriage turbulent flow and sketched 
in Figure 1 (c) with the main dimensions.
Based on the grid convergence study for a cylinder case [7,8], a fully block-structured mesh is 
generated around all the geometries. The first point is set as 1 × 10-5 m from the wall surfaces 
and grows at a ratio of 1.1 inside the boundary layer. This yields a maximum value of y+ (the 
dimensionless first-cell spacing, y+ = yuτ/ where y is the distance from the wall, uτ the fricti-
on velocity and  kinetic viscosity) less than 1 for all cases to ensure that the boundary layer 
is resolved properly and the turbulence model employed can account for the low-Reynolds 
number effects inside the viscous sublayer. This grid generation strategy results in a total 
number of grid points of 33.2 million in the entire domain for the “case1”; 32.3 million for the 
“case2”; 33.3 million for the “case3”; and 39.1 million for the “case4”. For the case of permea-
ble surfaces around the ballast particle “C1” (“case1”), another coarse mesh with 19.6 million 
grid points was also used for simulations and the results from the two meshes with different 
resolutions were very close (the discrepancies in root-mean-square (RMS) and mean values 
of aerodynamic force coefficients for the ballast particle “C1” are less than 7%.), as shown in 
Table 1. The meshes with fine resolution will be used for all the simulations.

a) Permeable surface  
 (“case1”)

b) One particle on the solid surface 
 (“case2”)

c) Bogie cavity case (“case4”, side view, dimensions in millimetre)

Figure 1 Simplified models of ballasted trackbed with permeable surfaces



RAil TRACK STRuCTuRe718
cetra 2016 – 4th International Conference on Road and Rail Infrastructure

Table 1  Root-mean-square and mean values of aerodynamic force coefficients for the ballast particle “C1”

Coarse mesh Fine mesh Discrepancy
RMS 
value

Fluctuating lift 0.5486 0.5143 6.67%
Fluctuating drag 0.4507 0.4222 6.75%
Fluctuating side force 0.3398 0.3186 6.65%

Mean 
value

Lift coefficient 1.602 1.5415 3.92%
Drag coefficient 2.7142 2.7157 0.06%
Side force coefficient -0.0938 -0.0942 0.43%

The boundary conditions applied are as follows: the upstream inlet flow is represented as a 
steady uniform flow of 30 m/s (U0) with a low turbulence intensity. The side boundaries are spe-
cified as periodic boundary conditions; a pressure outlet with zero gauge pressure is imposed at 
the downstream exit boundary; all solid surfaces are defined as stationary no-slip walls. Simu-
lations are run with a physical timestep size of 1 × 10-6 s initially and then followed by 2 × 10-6 s 
which gives an adequate temporal resolution for the implicit time marching scheme used with 
a Courant-Friedrichs-Lewy (CFL) number of less than 1 within the whole computational domain. 

4 Simulation results

In order to understand the flow behaviour around the ballast particles located on the ba-
llasted trackbed with the permeable surfaces, the calculation results of the instantaneous 
iso-surfaces of Q-criterion and the velocity fields are displayed to get an overview of the 
unsteady flow developed around the geometries; then, the fluctuating force coefficients of 
ballast particles are compared for different cases.

4.1 Instantaneous flow field

The flow structures developed around the permeable surfaces (“case1”), represented by the 
iso-surfaces of the normalized Q-criterion at the level of 1 (based on Q/[(U0/l)2], where l is the 
particle length of 10 mm) are visualized in Figure 2. They are coloured by the non-dimensional 
velocity magnitude. It can be seen that various scales of vortices are formed along the gaps of 
the permeable surfaces as different flow interactions occur there. Moreover, a higher level of 
flow-field unsteadiness is developed around the leading edge of the rear sleeper where the 
strong flow impingements are generated. 

b) Side view

a) Top view

Figure 2 Iso-surfaces of the instantaneous normalized Q-criterion
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Figure 3 shows the flow structure developed around the permeable surfaces beneath the bo-
gie cavity (“case4”), represented by the iso-surfaces of the normalized Q-criterion at a level of 
0.5. It shows that a shear layer is developed from the cavity leading edge, and bent upwards 
in the streamwise direction. This shear layer travels downstream and interacts strongly with 
the flow developed in the bogie cavity. Subsequently, all vortices are mixed up and impinge 
on the upper wall of the cavity, leading to the unsteady flow with complex structure formed 
there. Figure 4 shows the instantaneous velocity field in vertical mid-span (“case4”). It can be 
seen that the shear layer developed from the cavity leading edge also has a strong interaction 
with the flow developed on the ballasted trackbed. Thus, a highly unsteady flow is formed 
between the bogie cavity and the trackbed. This makes ballast particles subject to stronger 
unsteady aerodynamic forces, which could lead to ballast flight happen.

Figure 3 Iso-surfaces of the instantaneous normalized Q-criterion (side view)

Figure 4 Contours of instantaneous velocity in vertical mid-span (side view)

Figure 5 shows the instantaneous velocity field at the ballast particle horizontal mid-plane from 
a top view in the bogie cavity case (“case4”). It can be seen that the flow separation occurs at 
the side edge of the ballast particle. The vortices formed in the front ballast particles” wake are 
convected downstream and impinge on the rear ballast particles, causing more flow interacti-
ons around these regions and generating the unsteady flow along the trackbed. 

Figure 5 Contours of instantaneous velocity through the ballast particle horizontal mid-plane (top view)
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4.2 Fluctuating forces on ballast particles

The comparisons of the root-mean-square fluctuating lift, drag and side force coefficients for 
one ballast particle (particle “C1” shown in Figure 1) of various cases, from the “case1” to the 
“case4” as described earlier, are presented in Figure 6. By comparing the results from the 
“case1” and the “case2”, it is found that the RMS value of the fluctuating lift force is higher 
while those of the drag and side forces are slightly lower when the particle is located on the 
permeable surface of the trackbed, making the ballast flight apt to occur. When the particle 
becomes airborne (“case3”), the fluctuating force, especially the lift force increases greatly 
compared to the particle attached to the permeable surface of the trackbed (“case1”). This 
is because when the ballast particle leaves the trackbed, it is situated in a more energetic 
turbulent flow, and thus strong flow interactions are developed around all surfaces of the 
particle and generate the high force fluctuations on it. Moreover, based on the comparisons 
between the “case4” and the “case1”, results show that all the forces increase as the ballast 
particles distributed beneath the bogie cavity where the unsteady flow development is relati-
vely stronger, as discussed earlier. Therefore, the fluctuating forces generated on the ballast 
particles are directly affected by the turbulent flow developed around them. The unsteady 
flow generated around the region between the train underbody and the permeable ballasted 
trackbed will induce large fluctuating forces on the ballast particles situated within it and 
make the ballast flight more likely to happen. 

Figure 6 Root-mean-square of fluctuating force coefficients of ballast particles

5 Conclusions

The aerodynamic behaviour of the flow past the ballast particles on the permeable ballasted 
track and beneath the bogie cavity has been investigated using delayed detached-eddy simu-
lation. Results show that compared to the particles attached on a solid surface, the ballast 
particles located on the permeable surfaces are situated in various flow interactions and are 
subject to larger fluctuating lift force. Moreover, when the permeable ballasted trackbed is 
located beneath the bogie cavity, a shear layer developed from the cavity leading edge has 
a strong interaction with the flow developed from the bogie cavity and the trackbed. All vor-
tices are mixed up and convected downstream and a highly unsteady flow is generated due 
to the strong flow interactions occurring there. Thus, the larger fluctuating forces are induced 
on the ballast and make the ballast flight happen easily. When the ballast particles become 
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airborne, the fluctuating lift force increase greatly since the particles are situated in the more 
energetic turbulent flow. 
Note that in reality the turbulent inflow and more detailed geometries present will lead to 
more complex flow structures and this will affect the induced forces on the ballast particles 
around the trackbed. The pressure pulse generated from the approaching train coupled with 
the severe mechanical vibration of the trackbed may play a key role in the initiation of ballast 
flight. The large turbulent fluctuations around the vehicle nose, inter-car gaps and tail region 
are apt to making the ballast particles airborne. All these factors need to be accounted for in 
the future work.
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