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Abstract. Railway crossings are an important source of localized ground vibra-
tion. Models are required for identifying ways to tackle unacceptable levels of 
vibration from existing as well as future railway lines. Yet, the use of a prediction 
model that directly allows for the non-Hertzian wheel-rail contact dynamics and 
also includes three dimensional calculations of the ground response would be 
computationally expensive. In order to reduce the computational cost without af-
fecting the accuracy of the predictions, a hybrid approach is proposed for the 
prediction of ground-borne vibration due to impacts at railway crossings. The 
approach combines the simulation of the vertical wheel-rail contact force in the 
time domain and the prediction of ground vibration levels in the far field using a 
linear wavenumber-frequency-domain approach. The proposed hybrid approach 
is used to investigate the influence of different vehicle speeds, crossing designs 
and wheel profiles on predicted ground vibration levels in the free field. 

Keywords: Ground-borne Vibration, Railway Crossings, Hybrid Model, Equiv-
alent Rail Unevenness. 

1 Introduction 

Turnouts (switches and crossings) are key elements of the railway system. A wheel 
passing over a railway crossing results in a high frequency impact load on the crossing 
nose (in the facing direction) or on the wing rail (in the trailing direction). The impact 
can cause wheel-rail contact fatigue and severe material degradation of the track com-
ponents, but can also generate high levels of airborne noise and ground-borne vibration. 
This study addresses ground-borne vibration generated at a railway crossing that can 
cause annoyance (as either feelable vibration or re-radiated noise) or malfunctioning of 
sensitive equipment in nearby buildings.  

In order to reduce the excessive levels of vibration that may be generated at railway 
crossings several empirical mitigation strategies have been proposed based on im-
proved crossing designs [1], or installing vibration abatement measures on the track [2, 
3]. Although the prediction of ground-borne vibration due to railway crossings is im-
portant for identifying ways to tackle unacceptable levels of vibration from existing as 
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well as future railway lines, most studies that address wheel-rail interaction for complex 
rail profiles such as the crossing rail geometry are only focused on the prediction of 
wear and rolling-contact fatigue, rather than ground vibration. One reason is that the 
use of a prediction model that directly allows for the non-Hertzian wheel-rail contact 
and vehicle dynamics and also includes three dimensional calculations of the ground 
response would be highly computationally expensive [4]. In order to overcome the 
computational cost of such a complex model there have been a few studies in the liter-
ature that use a hybrid approach to predict ground-borne vibration due to impacts [5, 6, 
7], but these focus mainly on singular defects such as joints and wheel flats.  

A hybrid method has been proposed for the prediction of impact noise due to exci-
tation by wheel flats [8], and this was recently extended for excitation due to wheel-rail 
contact at crossings [9]. Based on this, a similar approach is proposed here to address 
the ground-borne vibration from crossings. In the proposed approach the simulations 
are performed in two steps: (i) calculation of impact loads by a time-domain simulation 
of non-linear dynamic vehicle-track interaction, and (ii) prediction of ground-borne vi-
bration in the far field using the MOTIV model [10] in the frequency domain based on 
excitation by an “equivalent roughness” spectrum. The proposed model is used to in-
vestigate the influence of different vehicle speeds, crossing designs and wheel profiles 
on predicted ground vibration levels in the free field. 

2 Time-domain vehicle-crossing interaction model 

Simulation of the vibration due to the impacts requires accurate prediction of the mag-
nitude and frequency content of the wheel-rail impact force. In the current work, dy-
namic vehicle-crossing interaction in the frequency interval up to 250 Hz is considered 
in the time domain using the VI-Rail software [11]. 

           
Fig. 1. The crossing geometry applied to the VI-Rail model. 

 
 In VI-Rail the track is considered as multiple rigid masses supported by vertical, 
lateral and rotational springs. VI-Rail models the track as a series of ‘flexible moving’ 
subsystems, that represent the left/right rails and sleeper/ballast as sprung masses. 
Every axle of the vehicle is connected to such a subsystem, having homogeneous prop-
erties and being independent from one another. For the vehicle, the software can take 
into account a detailed model including flexible modes and non-linearities; however, 
for the purpose of this study the vehicle model is considered as linear. The model in-
cludes the detailed rail profile at the crossing (Fig. 1) and calculates the wheel-rail con-
tact forces along the rail due to the passage of the wheels.  
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3 Frequency-wavenumber domain model for ground vibration  

The MOTIV (Modelling Of Train Induced Vibration) model [10] is used for the calcu-
lations of the vibration levels of the ground. This is a semi-analytical linear model for 
calculating ground vibration from surface and underground railways and for assessing 
the performance of vibration countermeasures at the track and/or the train. For surface 
railways, that are studied here, the model uses the wavenumber-frequency domain for-
mulation originally developed by Sheng et al. [12] and extended in [13] to take into 
account the traction variation across the track-ground interface and to allow the excita-
tion and response of the two rails to be considered separately.  

A longitudinally invariant ballasted track is coupled vertically to the surface of the 
ground. The track structure is modelled as multiple beams supported by vertical springs 
with consistent mass and the soil is modelled as a horizontally layered halfspace as can 
be seen in Fig 2(a). Linear dynamic behaviour is assumed throughout. It is assumed 
that the wheels are always in contact with the rail and a linearized Hertzian contact 
spring is included between each wheel and the rail.  

                            
 (a)                                                           (b) 

Fig. 2. Lateral view of the track multibody models for: (a) MOTIV; (b) equivalent VI-RAIL 
linear model. 

 
For the ground vibration calculations only the vertical interaction forces are consid-

ered and only the vertical dynamics of the train are included. The vehicle is modelled 
as a linear 14-degree-of-freedom rigid-body system where the flexible modes of the car 
body are neglected. This is generally acceptable for ground vibration because the vehi-
cle suspension isolates the car body above about 10 Hz. To enable analysis in the fre-
quency domain each non-linear suspension is linearized, which is valid for small mo-
tion amplitudes. In general, the model assumes that the excitation is due to the passage 
of individual wheel loads along the track (quasi-static loading) and due to dynamic 
interaction forces caused by irregularities of the wheels and tracks (dynamic loading). 

4 Hybrid method for predicting ground vibration at crossings 

Based on the equivalent roughness definition proposed in [8], a hybrid approach is de-
veloped to estimate the vibration levels of the ground from the contact forces calculated 
in the time domain. The idea is to find an equivalent roughness spectrum that, in a linear 
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model, gives the same contact force spectrum as would be obtained with a non-linear 
model that includes the detailed rail profile and the discontinuity at the crossing. For 
this linear model, the receptances of the wheel and track must be the same as in the 
non-linear time-domain model but the non-linear properties of the contact are replaced 
by a linearised Hertzian contact spring. This roughness spectrum can then be used in a 
detailed linear vehicle-track-ground model, such as MOTIV [10], to predict the ground-
borne vibration.  
 
4.1 Equivalent roughness 

Within this framework, the first step is to calculate the transfer functions between 
roughness and contact forces given the vehicle, track and contact linear properties. By 
using a “moving roughness” approach, the contact force vector (at the two rails) 
𝐅𝐅𝟎𝟎(𝜔𝜔) for a unit roughness on one of the two rails 𝐮𝐮0 = [1 0]T can be obtained as 

 𝐅𝐅𝟎𝟎(𝜔𝜔) = [𝐑𝐑R(𝜔𝜔) + 𝐑𝐑W(𝜔𝜔) + 𝐑𝐑C(𝜔𝜔)]−1𝐮𝐮0 (1) 

where 𝐑𝐑𝐢𝐢(𝜔𝜔) is a 2 × 2 matrix of receptances of the rail (i = R), wheel (i = W) and 
contact (i = C)  

 𝐑𝐑i(𝜔𝜔) = �
𝑅𝑅i,11(𝜔𝜔) 𝑅𝑅i,12(𝜔𝜔)
𝑅𝑅i,21(𝜔𝜔) 𝑅𝑅i,22(𝜔𝜔)� (2) 

The rail and wheel receptances 𝑅𝑅i,𝑘𝑘𝑘𝑘 are the point receptances and 𝑅𝑅i,𝑘𝑘𝑘𝑘 with (𝑘𝑘 = 1,2, 
𝑙𝑙 = 1,2 and 𝑘𝑘 ≠ 𝑙𝑙) are transfer receptances from the contact point 𝑘𝑘 on one rail to the 
contact point 𝑙𝑙 on the other rail. These are calculated based on the properties of the time 
domain model presented in Sect. 2 by using a simplified linear track model to the VI-
Rail track model that takes into account only the vertical dynamics of the track, as 
shown in Fig. 2(b), and vehicle. The contact receptance matrix 𝐑𝐑C(𝜔𝜔) is a 2 × 2 diag-
onal matrix calculated from the axleload and the wheel radius that is constant for all 
frequencies 𝜔𝜔. The inverse of the matrix in Eq. (1) can be considered as the dynamic 
stiffness matrix of the vehicle-track linear system at the contact points. 

Next, the time histories of the vertical contact forces for the two wheel-rail contact 
points of a single wheelset are calculated using the non-linear VI-Rail model described 
in Sect. 2. These are transformed into the frequency domain and collected in the vector 
𝐅𝐅𝑵𝑵(𝜔𝜔) using the fast Fourier transform. The equivalent roughness component on the 
crossing rail 𝑢𝑢1(𝜔𝜔) is obtained as 

 𝑢𝑢1(𝜔𝜔) = 𝐹𝐹𝑁𝑁,1(𝜔𝜔)
𝐹𝐹0,1(𝜔𝜔)

. (3) 

where 𝐹𝐹0,1(𝜔𝜔) is from Eq. (1). For the second rail, the rail profile is assumed smooth 
and the equivalent roughness component 𝑢𝑢2(𝜔𝜔)=0.  
 
4.2 Sensitivity of equivalent roughness method to the track stiffness  

The rail point receptance 𝑅𝑅R,11(𝜔𝜔) = 𝑅𝑅R,22(𝜔𝜔) of the linear track model is shown in 
Fig. 3(a). This is calculated using the linear track model of Fig. 1(b) using the same 
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properties as the VI-Rail model in Table 1. Three different cases of track stiffness are 
shown in Fig. 3(a); for the reference case the ballast stiffness has the value reported in 
Table 1, but for the other two cases it has half or double that value. The wheel point 
receptance 𝑅𝑅W,11(𝜔𝜔) = 𝑅𝑅W,22(𝜔𝜔) is also shown. This is calculated using the linear 
model from [13] based on the vehicle properties reported in [14]. For validation pur-
poses the rail receptance calculated with the MOTIV model (Fig 2(a)) is also shown in 
Fig. 3(a). This uses the MOTIV track properties given in Table 1 that are given per unit 
length. It includes a ground with a 1 m deep soft soil surface layer with a shear wave 
(S-wave) speed of 190 m/s and dilatational wave (P-wave) speed 420 m/s and a stiffer 
half-space substratum with shear wave speed of 660 m/s and dilatational wave speed of 
1350 m/s. Damping is included in both materials as a loss factor of 0.1. The receptance 
is similar to the one from VI-Rail up to 50 Hz.  

Table 1. Track properties. 

  VI-Rail MOTIV 

Rail 
Bending stiffness per rail − 1.5 MN m2 
Mass per unit length per rail 195 kg 195 kg/m 

Rail pad 

Vertical stiffness per rail  530 MN/m 530 MN/m2 
Vertical damping coefficient 350 kN s/m 350 kN s/m2 
Lateral stiffness per rail  430 MN/m - 
Lateral damping coefficient 240 kN s/m - 

Sleeper 
Mass  1200 kg 1200 kg/m 
Pitching moment of inertia  200 kg m2 200 kg m 

Ballast 

Mass  0 0 
Vertical stiffness  390 MN/m 980 MN/m2 
Vertical damping coefficient 480 kN s/m 480 kN s/m2 
Lateral stiffness  37 MN/m - 
Lateral damping coefficient 480 kN s/m - 
Rotational stiffness  10 MN m/rad - 
Rotational damping coefficient 10 kN m s/rad - 
Ballast/ground interaction width - 3.2 m 

 
The contact forces at the crossing rail that are calculated with the VI-Rail model 

(using the properties reported in [14] for the vehicle and Table 1 for the track) and the 
equivalent roughness spectra in one-third octave band wavelengths calculated using Eq. 
(3) are shown in Fig. 3(b) and Fig. 3(c) respectively. The results are obtained for a train 
speed of 22.2 m/s (80 km/h) and for a contact spring stiffness of 1.11 GN/m.  

In Fig. 3(b) and Fig 3(c) results are shown for the three different values of ballast 
stiffness; in Fig 3(c) the case in which the MOTIV track model used for the calculation 
of the rail receptance is also shown. It can be seen that for the different cases of track 
stiffness, although the rail receptances in Fig. 3(a) are significantly different, the calcu-
lated contact forces are very similar and the estimated equivalent roughness spectra are 
almost identical. This suggests that the contact forces at the crossing contact points 
depend mostly on the contact conditions and not on the track stiffness.  
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Fig. 3. (a) Rail and wheel receptance magnitudes; (b) contact forces; (c) equivalent roughness.  

5 Results 

The passage of the benchmark vehicle [14] is considered with speed 80 km/h in the 
facing move, from the switch panel towards the crossing panel of the through route. 
The track properties for the VI-Rail model and the MOTIV model are given in Table 1. 
For the ground model the properties that are used are the same as those reported in Sect. 
4.2. Any further track irregularity outside the crossing region is not considered here 
even if it is allowed for by the simulation procedure. 

Fig. 4 compares the predicted ground vibration levels from the hybrid model for 
different speeds, worn wheel profiles and crossing designs. The results are given in 
terms of the one-third octave spectrum of the predicted vertical velocity level of the 
ground surface, calculated at 16 m from the track due to the passage of the train over 
the crossing panel.  

The effect of the speed on the contact forces and the ground vibration levels shown 
in Figs. 4(a) and 4(b) is significant. An increase in vehicle speed from 80 to 160 km/h 
corresponds to an increase in the peak contact force. The vibration levels at low fre-
quencies also increase due to the effect of the quasi-static response [13]. In addition, a 
decrease in the maximum vibration levels is observed at frequencies around the P2 res-
onance (at about 60 Hz). This is caused by the wheel having a smaller vertical drop at 
the crossing at the higher speed due to its inertia. Similar findings are reported in [6]. 

The influence of the worn wheel profile on the impact force magnitude and associ-
ated ground vibration level shown in Figs. 4(c) and 4(d) is also significant. For the 
selected worn wheel profile, it is shown that wheel wear can increase the contact forces 
and also the vibration levels in the free field for a wide range of frequencies.  

The different crossing type considered in Figs. 4(e) and 4(f) also affects the contact 
forces and ground vibration level. However, although it seems to have increased the 
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contact forces, the predicted vibration levels are lower between 16 and 125 Hz, where 
the dynamic contribution in the total response is significant.   

 

        
    (a)                                                                              (b) 

      
    (c)                                                                              (d) 

      
    (e)                                                                              (f) 

Fig. 4. Comparison of (a, c, e) contact forces and (b, d, f) ground vibration levels at 16 m from 
the track for different (a, b) train speeds; (c, d) wheel wear profiles; (e, f) crossing types. 

6 Conclusions 

A model for the prediction of ground-borne vibration at railway crossings has been 
developed. The hybrid approach based on the concept of an equivalent roughness spec-
trum is used in order to combine two already existing and validated prediction models: 
VI-Rail for numerical simulation of non-linear time-domain dynamic vehicle‒track in-
teraction, and the linear wavenumber-frequency domain model MOTIV for the predic-
tion of ground vibration.  

Based on the simulations it is concluded that the vibration levels are affected by train 
speed, wheel wear or crossing design in the higher frequencies of the spectrum, where 
the dynamic contribution in the total response is significant. At lower frequencies, the 
total vibration is influenced by the train speed due to its effect on the quasi-static com-
ponent of the response. It is also affected by the selected worn wheel profile, which 
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increases the low frequency components of the contact forces.  These findings suggest 
that, when comparing predictions with measurements, uncertainties in wheel and rail 
profiles can influence the outcome considerably. 
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