
41C O M M U N I C A T I O N S    2 / 2 0 1 3   �

1. Introduction

The growing traffic volume, the higher population density and
the diminishing distance between the track and the structure can
be considered to be responsible for increasing vibration nuisance
due to railway traffic. Therefore, the development and validation
of a numerical prediction model for traffic induced vibrations in
buildings is treated in many works. Empirical models show a close
relationship to a set of experimental data but the application of
the model is limited to similar conditions. Also these models do
not always provide insight in the influence of specific parameters.
Numerical models allow the influence of various parameters to be
investigated but a validation of the model with experimental data
is required to verify the underlying theoretical assumptions. Even
though the validation focuses on traffic induced vibrations, the
numerical prediction model can be generally applicable to other
types of vibration sources [1]. The dynamic train–track interaction
is a coupled problem, contrary to vehicle–road interaction problems,
that requires the simultaneous solution of the equations of motion
of the train and the track. The train–track interaction forces due
to the track unevenness are computed using a flexibility formula-
tion. A two–dimensional linear vehicle model with a limited number
of DOF is coupled to a linear elastic longitudinal invariant track
model, which allows a solution of the equations of motion in the
frequency–wavenumber domain [2]. The transfer functions between
the track and the soil and the computed interaction forces are
used to compute the response at any arbitrary point in the free
field [3–5]. Finally, the building structure dynamic response at the
distance calculation is performed using half – space output data
(PSD, time history) as the input data into the building structure
foundations [6].

2. Track model description – numerical approach

A numerical prediction model for ground–borne vibrations due
to railway traffic on ballasted track requires the modelling of several
components, as indicated in Fig. 1. This paper presents a numer-
ical prediction model which calculates the ground–borne vibration
level due to railway traffic in two steps. The first step determines
the dynamic track–soil interaction forces using a detailed train
model and the dynamic behaviour of the layered spring–damper
system and the through–soil coupling of the sleepers are accounted
for the soil model [7–9].

The prediction of the ground–borne vibration level at the dis-
tance in the second step is based on the viscous–elastics soil model
[1, 2, 10, 11, 12].

The vehicle car–body, the bogie and the wheelset are modelled
as rigid bodies connected by springs and dampers, Fig. 2e. The
wheelset is connected to the rail with a linearized Hertzian spring.
The rail is modelled as a hinged Rayleigh beam with rotational
inertia. In the track model the rail is supported discretely by sleep-
ers modelled as rigid bodies with spring–damper systems represent-
ing the railpads. The sleeper is modelled as a short Rayleigh beam
resting on flexural mass layer supported by discretely Pasternak
spring–damper systems representing the elastic and attenuation
characteristics of the railway ballast and substrate soils. As a result,
the model evaluates the track–soil interaction forces in terms of
the spectral density function which is often calculated as the sta-
tistical description of the rail roughness function [13]. This cal-
culations followed by a second step in which the spectral density
of the level of ground–borne vibrations is determined by FRF
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between track and unbounded soil. Proposed prediction theoreti-
cal model for vertical track vibration numerical program consists
of three parts:
� model of vehicle 
� model of train–track interaction
� model of track (sleepers/ballast and subsoil).

The frequency characteristics method (input–output) was used
for calculation modelled feedback linear dynamic train–track–soil
system parameters, Fig. 2g (program Interaction). Final products
of the numerical calculations are: vehicle, rail, sleeper, railpads
and ballast frequency response functions (also sleepers deflection
and bending moment in time domain) using spectral density func-
tions (SDF) of the rail roughness used by railway operators or
experimentally measured in situ for case study. An important
example of non–linear behaviour is the wheel–rail contact but also
the railpads and the suspension of the train can deflect in a non–
linear manner. Nevertheless the results presented in this study are
limited to linear analyses. Also in this model is accepted symmet-
rical dynamic response of the sleepers to longitudinal axis of the
track (rail roughness coherence function for left and right rail is
equal to � 1).

2.1 Track model

The track model commonly found in the literature represents
the rail as infinite Timoshenko, Euler or Rayleigh beam [7–9] on
a continuous uniform support, Fig. 2a. The beam is taken as
uniform flexural rigidity EI, rail mass per unit mr and distributed
sleeper mass ms . The railpad stiffness and viscous damping con-
stant per unit length are taken to be k1 and b1, respectively; the
corresponding parameters for ballast are k2 and b2 . An harmonic
point force p(t) � P cos ωt is assumed to run at constant velocity
v along the rail. The FRF of the track excited to a harmonic force
for proposed prediction model are discussed in this section. The
track model consists of two parts: (i) model of sleeper with ballast
and subballast, Fig. 2b and (ii) track model (rail supported dis-
cretely by sleepers modelled as rigid bodies with spring–damper
systems representing the railpads), Fig. 2c, d.

Finally, the solution for FRF of the linear dynamic system
model, e.g. in which on input are rail roughness ξ and on output are
wheel forces Q, enable calculations of the interaction matrix FRF
according to scheme as shown in Fig. 2g. The dynamic displace-
ment of the wheel z is defined by z � ξ � v � η, where ξ repre-
sents rail roughness, v – rail vertical deflection and η – wheel and
rail contact deformation in contact location. 

The track irregularities are great source of the track and vehicles
dynamic excitations. Such excitation arises from discrete irregu-
larities such as wheel flats and rail joints as well as periodic irregu-
larities such as corrugation of the railhead. It is assumed that
excitation of the track arises from a wheel passing over a sinusoidal
irregularity on the rail head, (Fig. 2f). The stochastic theory analysis
[3] enables to define irregularities by PSD function by Sξ (Ω) �
� AΩ�a where A and a are empirical (experimental) constants. The
distance x is used as the independent variable to define ξ(x). 

2.2 Calculation of track component arbitrary FRF 

The frequency response function of arbitrary dynamic system
part is calculated by rule of FRF summing as follows W I

O � W I
O1 .

. W O1
O2 . W O2

O3 ……… W Oi
Oi�1 …… W On

O  . The same way is used for
summing of the arbitrary FRF matrix. E.g. consider a dynamic
system with a defined input rail roughness ξ producing a defined
output sleeper deflection v2 , then the FRF is given by [13]:

W ξ
v2

� W ξ
Q . W Q

Q1
. W Q1

v2

2.3 The response of track resting on a continuous 
rail supports

An advantage of the continuous track model (Fig. 2c,d) is that
enables for arbitrary track variables to calculate [13]: FRF, input
spectra and standard deviation of the track dynamic response para-
meters – dynamic forces Q, Q1, Q2, dynamic deflections v1, v2,
wheel centre dynamic displacement z and dynamic bending moment
in rail and sleeper. As an example in Fig. 3 is plot of numerical

Fig. 1 Components of the train–track–soil system
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calculations results for vertical track receptance of rail deflection
v1 due to wheel contact forces Q.

Parameters used in calculation:

Sleeper SB8: k2 � 49.40 MPa; b2 � 0.023 MPa.s; c2 � 0; 
h � 0.45 m; a � 0.55 m; ρb � 0.0017 Mkg.m�3.

Rail R65: L � 12.12 m; k1 � 217 000 MPa; 
b1 = 0.037 MPa.s; E � 210 000 MPa;
I1 � 3.6.10�5 m4; mr � 65 kg.m�1.

Vehicle: SKODA E 699; 10 degree of freedom; 4 axles; kH �
� 1,5.109 N.m�1; mass of axle:1250 kg; mass of bogie: 4750 kg;
mass of body casing: 23.500 kg; bogie inertia moment: 5.5.103 kg.m2;
bogie casing inertia moment: 5.105 kgm2; k1 � 7.266.105 N.m�1

spring stiffness: k2 � 9.5.106 N.m�1; k1 � 7.266.105 N.m�1; spring
damping: b1 � 7.37.104 N.m�1; b2 � 3.68.104 N.m�1; axle base:
2.8 m; bogie base: 10.3 m. 

From proposed model it is possible to calculate also sleeper
dynamic deflection and acceleration PSD as the input spectra

Sv2v2
(f ) or PSD Sv��2v��2

(f ) into the ballast and roadbed, see Fig. 4. To
predict the level of ground vibration in the vicinity of railways it
needs to calculate the response spectrum at distance point on the
surface of a linear viscous – elastic half space Sww(f ) via the fre-
quency response function (FRF) – Hik(f ) of the ground by a method
involving integral transform [3]. 

3. Prediction models for ground vibration propagation 

3.1 The analytic–experimental approach 

The analytic–experimental approach proposes the test and the
theory data combination to calculate the prediction level of ground
vibration. In this process as an input signal can be used accelera-
tions spectra (or spectral densities) derived from experimental
data bank for authorized railway category with corresponding rail
profile or accelerations spectrum S�w�� w�� (f ) measured at the nearest
ground point to the track for individual case study. The frequency
response function (transfer function) of the ground can be derived
via experimental impulse seismic method (ISM) or cross–hole test

Fig. 2 The railway components model for numerical analysis
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data [14], from which elastic and attenuation parameters of the
ground can be obtained [1,6], too. The measuring output response
acceleration spectrum at the distance Sww(f ) due to input acceler-
ations spectrum S�w�� w�� (f ) the FRF–H(f) can be derived, by equation
[3], (see also Fig. 6) 

3.2 In – situ soil dynamic parameters tests

Experimental tests at nearby building IBM region. To calculate
prediction vibration level and dynamic response for projected new
building in a new railway line area it was needed to know the
building site soils dynamic parameters values and FRF. Therefore
the in situ ISM tests in the IBM Data Centre building site were per-
formed. The building site is situated in the same area in which the
new Trans European Network (TEN–T) line is projected, too. After
the both structures erection the distance between them will be
approximately 20 m. Hence the prediction of building vibration
level and response spectra due to operating trains was required.

The building site is situated on level ground (sandy loam ——
3.5 m and gravel sand ——12.0 m). This permits the ground to be
modelled as a damped, viscoelastic half space. The viscoelastic
model of soil simulation using the complex modulus conception
E* � E(1 � δE) and G* � G(1 � δG) respectively, offers a very
good approach [2, 11] to the actual soil behaviour (E, G and δE �
� δG are real and imaginary components of complex modulus).
The Raleigh’s and shear waves propagation velocities vR in half space
in this form are analysed in [6, 12]. The experimental tests for the
purpose of the evaluation of elastic and attenuation soil parame-
ters are described in reference [6]. The IBM building site layout
and accelerometers and impact loading positions (Ii) during the
experimental tests are shown in Fig. 5. 

The impulse test results are as follows:
� vR � 145.10 ms�1; δG � 0.117; E0 � 109.20 MPa; G0 � 41.10

MPa,

S f S fH fww ww
2

=p p p p_ _ _i i i

� the ISM test No. 5 spectral analysis results are plotted in Fig. 6

The calculation includes data: λR � 9.2 m, (Raleigh’s waves
length); ρ � 1950 kg.m�3, (soil mass density); α � 0.0398 m�1,
(the attenuation coefficient obtained by standard deviations σ(0), σ(y)
of displacement amplitude vibration at the distance l0, ly from source
of excitation using the displacement power spectral densities Gii

(0)

and Gkk
(y)).

3.3 Vibration propagation process experimental 
spectral analysis

An experimental study of ground vibration transmission from
a railway was carried out in the same region as the impact tests,
adjacent to the ZSR railway line Bratislava – Vienna, track No. 1
(No. 2) in the town district Bratislava Trnavka. The object of the
experimental measurements was to find: spectral characteristics of
the vibration components of the track near region soils by the accel-

Fig. 3 The vertical track receptance of v1

Fig. 5 Accelerometers and ISM (I1– I4) positions and projected
building and railway site layout

Fig. 4 The input PSD Gv��2v��2
(f)
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Fig. 7 The pickups and DLP positions in track region Fig. 8 The accelerations time histories and PSD at point BK1

Fig. 6 The ISM5 test spectral analysis results at points B1 and B2
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eration power spectral densities Gii(f ), Gkk(f ), Gik(f ). The pickups
positions are shown in Fig. 7. The roadbed and ground accelera-
tions of the vibrations were recorded using a portable notebook
computer with NI software and hardware facilities. The test exper-
imental procedure in details is described in [6]. As an example of
the train induced vibrations accelerations spectral analysis results
(PSD) in the ground at measured point BK1 are plotted in Fig. 8.

4. Dynamic response of the building structure prediction 

To calculate the prediction vibration level and structure dynamic
response of the projected new building structure situated at the
nearest area of the projected new railway line it was needed to know
the building site soils dynamic parameters, site geological medium
FRF and also the representative input accelerations spectra similar

to expected real train spectra in future traffic [6]. For calculation
of expected structure dynamic response it was used: (i) PSD –
Gii(f ) of ground acceleration at the track nearest region (Fig. 7)
with similar geological medium data as site medium (ZSR – railway
line Bratislava – Vienna, track No. 1 (No. 2) in the town district
Bratislava Trnavka) as input spectra (see Fig. 8), (ii) The halfspace
transfer function Hik(f ) of the building site geological medium
obtained by ISM tests (Fig. 6) and (iii) project of building struc-
ture. The response PSD – Gkk(f ) of the halfspace point at the pro-
jected structure foundations location were calculated and plotted,
(Fig. 11).

In the next step these spectra were used as the input spectra
for the expected building structure dynamic response calculation
due to train. The dynamic response of the building structure numer-
ical calculation was carried out by the Visual Fea program package.

Fig. 9 FEM model render

Fig. 11 The input acceleration PSD – G11(f) to foundation at point K1/10 – 130 Hz

Fig. 10 Structure natural modes
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The calculated values of natural frequencies and natural modes
were applied for the building structure dynamic response calcula-
tions. The structure FEM model render and natural modes exam-
ples are shown in Figs. 9 and 10. Also the building structure dynamic
response calculations were carried out in frequency domain. The
spectral analysis was divided into two parts: low frequency band
(0 – 10 Hz) and higher frequency band (10 – 130 Hz).  

The low frequency band spectral analysis gives the basic natural
frequencies vibration rangewhich enables to predict possible res-
onance effects of structure vibration due to traffic. Because of the
vibration sensitive technologies installing in the IBM DC building
the power spectral densities are determined in the structure rele-
vant points (over columns and in the middle of beam spans) for
the structure dynamic response considering in the range of fre-
quency band 10 – 130 Hz. The higher frequency spectral analysis
band is mainly required for vibration level assessment on monitored
frequency according to the IBM Corporate Standard C–S1–9711–
002, 1990–03 requirements. The accelerations PSD and displace-
ments extreme and RMS values were numerically calculated at
selected render points (K1…K6, P1…P6) in the three vibration
directions x,y,z. The results of the IBM DC building structure
dynamic response calculations are presented in detail by Bencat
[6]. The adequate input load acceleration PSD – G11(f) into the
foundation structure (render point K1) for x, y and z vibration
direction are plotted in Fig. 11 and the response acceleration PSD
– G66(f) of the building roof structure (render point K6) is plotted
in Fig. 12.

5. Conclusions 

Based on the results presented in this paper the following con-
clusions can be drawn:

� The numerical prediction model can account for many parameters
of the train–track–soil interaction problem. Final products of the
numerical calculations are vehicle, rail, sleeper, railpads and
ballast frequency response functions using spectral density func-
tions of the rail roughness. To predict the level of ground vibra-
tion in the vicinity of railways it needs to calculate the response
spectrum at distance point on the ground surface Sww(ω) via
the FRF – Hik(f) of the ground by a method involving integral
transform. 

� The numeric – experimental prediction model. The numeric–exper-
imental approach process proposes the test and the theory data
combination to calculate the prediction level of ground vibration. 

� The frequency response function – H(f) of the ground for the case
study was derived via experimental impulse seismic method –
ISM test data, from which elastic andattenuation parameters of
the ground were obtained, too.

The calculation results of the predicted IBM Data Centre build-
ing dynamic response using relevant input experimental data as the
case study example are introduced, too. The relevant calculated
data values following from spectral and amplitude analysis of the
predicted building dynamic response (spectral picks limit, vibration
levels, etc.) were compared with relevant standards prescription
values and criteria (IBM Corporate Standard C–S1, Slovak Stan-
dard STN 73 0036, STN EN 1998 – 1/NA/Z1 (EC8), etc.). From
these comparisons it follows that all standards prescription values
and criteria in future will be fulfilled.
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Fig. 12 The response acceleration PSD – G66(f) of roof at point K6/10 – 130 Hz
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