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Abstract
Within the SILVARSTAR project, a user-friendly frequency-based hybrid prediction tool has been developed to assess the 
environmental impact of railway-induced vibration. This tool is integrated in existing noise mapping software. Following 
modern vibration standards and guidelines, the vibration velocity level in a building in each frequency band is expressed 
as the sum of a force density (source term), line source transfer mobility (propagation term) and building correction factor 
(receiver term). A hybrid approach is used that allows for a combination of experimental data and numerical predictions, 
providing increased flexibility and applicability. The train and track properties can be selected from a database or entered 
as numerical values. The user can select soil impedance and transfer functions from a database, pre-computed for a wide 
range of parameters with state-of-the-art models. An experimental database of force densities, transfer functions, free field 
vibration and input parameters is also provided. The building response is estimated by means of building correction fac-
tors. Assumptions within the modelling approach are made to reduce computation time but these can influence prediction 
accuracy; this is quantified for the case of a nominal intercity train running at different speeds on a ballasted track supported 
by homogeneous soil of varying stiffness. The paper focuses on the influence of these parameters on the compliance of the 
track–soil system and the free field response. We also demonstrate the use and discuss the validation of the vibration predic-
tion tool for the case of a high-speed train running on a ballasted track in Lincent (Belgium).

Keywords  Railway-induced vibration · Hybrid vibration prediction model · Experimental validation · Low-speed 
approximation

1  Introduction

Despite railway systems being a sustainable and climate-
friendly mode of transport, noise and vibration remain 
particular environmental concerns. As urban congestion 
and demand for mass transport increase, new railways are 

being built in closer proximity to buildings, while build-
ing developments are expanding into areas surrounding 
existing railways. People living near railways are becoming 
increasingly sensitive and no longer accept noise and vibra-
tion annoyance, while the operation of sensitive equipment 
(e.g. electron microscopes, MRI scanners) is hampered by 
high levels of vibration. Yet, shifting more transport to rail 
can only be achieved with sustainable noise and vibration 
mitigation measures. The European Rail Research Advisory 
Council (EERAC) in its Strategic Rail Research and Inno-
vation Agenda [1] has targeted 2050 as the year by which 
vibration and noise levels must be acceptable for 24-h rail-
way operations.

In recent years, a wide variety of modelling approaches 
have been developed to assess the environmental impact of 
new railway lines or the extension of existing lines on the 
surrounding inhabitants [2, 3]. They involve a separation 
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into source, transmission and receiver terms [4] and can be 
divided into empirical, numerical or hybrid models.

•	 In empirical approaches, the source is described in terms 
of a force density [5] or a vibration spectrum on the 
ground close to the track. This was adopted in the empiri-
cal procedure for detailed vibration analysis proposed by 
the Federal Railroad Administration (FRA) and Federal 
Transit Administration (FTA) of the US Department of 
Transportation (DoT) [6, 7]. The vibration velocity level 
in a building, measured in decibels in one-third octave 
frequency bands, is written as a sum of a force density 
(source term), a line source transfer mobility (propa-
gation term) and a building correction factor (receiver 
term).

•	 A wide range of numerical models have been developed 
for the prediction of vibration due to trains running at 
grade and in tunnels: (semi-)analytical models [8–11], 
3D finite element (FE) [12–15], coupled finite element-
boundary element (FE–BE) [16–18] and spectral element 
models [19], taking into consideration dynamic SSI at 
source and receiver, moving loads, as well as the lon-
gitudinal invariance or periodicity of the track–ground 
structure. A separation of the train–track–soil interac-
tion problem into source, propagation and receiver terms 
is frequently used (e.g. for surface tracks [20] and tun-
nels [21, 22]). This resulted in different software tools, 
e.g. MOTIV [23–25], TRAFFIC [26], MEFISSTO [17] 
and the Pipe-in-Pipe model for trains running in tunnels 
[27–29].

•	 Hybrid models combine numerical prediction and experi-
mental results. For each of the source, propagation or 
receiver terms, either measured data or a numerical 
model are used. Verbraken et al. [30] derived analyti-
cal expressions for the force density and the line source 
transfer mobility, while Kuo et al. [31, 32] used a hybrid 
model to predict railway-induced vibration in the free 
field and in a three-storey building. Vibratec’s hybrid 
GroundVIB model [33] also combines numerical models 
with an experimental database.

Ground-borne noise and vibration studies are performed 
all around the world [34]. However, analysis is performed 
by simulation engineers, measurement specialists and aca-
demic researchers, using a wide range of models with differ-
ent degrees of complexity and precision. Depending on the 
background and experience of a project team, a combination 
of in-house software, dedicated tools developed at universi-
ties or general purpose finite element programs may be used. 
A lack of uniformity and interfaces is observed, which does 
not facilitate the comparison of results obtained with differ-
ent prediction models. Moreover, the quality of the predic-
tions and the associated uncertainty strongly depend on the 

available data and the experience of the noise and vibration 
consultants involved. Existing models are not well integrated 
in the railway project development process. There is a gen-
eral lack of user-friendly software incorporating widely 
accepted solution methods.

Therefore, the main novelty of this paper—aligned with 
one of the main objectives of the SILVARSTAR project 
[35]—is the development of a sufficiently fast-running, user-
friendly and flexible hybrid vibration prediction tool that 
is based on a commonly accepted, practical and validated 
methodology. This hybrid vibration prediction model is inte-
grated in existing noise mapping software, enabling engi-
neers to perform noise and vibration analysis from railways 
at similar large spatial scales, within the same software envi-
ronment. To achieve fast computation times, pre-computed 
soil impedance and transfer functions are made available, 
while several modelling assumptions are introduced with-
out sacrificing too much in terms of prediction accuracy; 
the resulting insights, in their own, are also novel contri-
butions. Furthermore, the hybrid vibration prediction tool 
is equipped with an experimental database obtained from 
well-documented case histories, and an open interface that 
will encourage future users to add more case histories. This 
is illustrated with a detailed case history of a high-speed 
ballasted track, which provides complementary insights in 
the performance of the model.

Following a presentation in Sect. 2 of the proposed meth-
odology [36] that is based on modern vibration standards 
and guidelines [4, 6, 7], a frequency-based hybrid modelling 
approach is presented in Sect. 3. To ensure that the model-
ling approach is sufficiently efficient, various simplifying 
assumptions must be introduced, which influence predic-
tion accuracy. In particular, the train speed and soil proper-
ties influence the compliance of the track–soil system, the 
dynamic axle loads and the free field response. The effect 
of these modelling assumptions on prediction accuracy is 
quantified in Sect. 4 for the case of a nominal intercity (IC) 
train running at different speeds on a ballasted track sup-
ported by homogeneous soil of varying stiffness. The use 
and validation of the hybrid vibration prediction tool are 
demonstrated in Sect. 5 for a high-speed train running on a 
ballasted track on high-speed line L2 in Lincent (Belgium). 
Conclusions are formulated in Sect. 6.

2 � Methodology

2.1 � General framework

The basic concept for the prediction of ground vibration 
in SILVARSTAR is to develop a frequency-based hybrid 
vibration prediction tool, following the general frame-
work recommended in the ISO 14837-1:2005 standard 
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[4]. This standard expresses the quasi-stationary vibration 
level A(f) in a building during a train passage as the prod-
uct of a source term S(f) for the vehicle–track interaction, 
a propagation term P(f) for the soil and a receiver term 
R(f) for the building:

The vibration level A(f) typically is a root mean square value 
of velocity or acceleration in one-third octave bands; equiva-
lently, it can also be expressed in decibels which transforms 
the product on the right-hand side of Eq. (1) into a summa-
tion of three terms.

The three terms on the right-hand side are evaluated at 
the same frequency f, which is strictly not valid for mov-
ing sources due to the Doppler effect [37]. It is expected 
to provide a reasonable estimate for the quasi-stationary 
response, however, when the train speed is relatively low 
compared with the wave velocities in the soil [38]. Each 
of the terms in Eq. (1) can be represented by numerical 
predictions or by experimental data.

2.2 � Empirical prediction scheme

2.2.1 � Vibration velocity level

The empirical procedure for Detailed Vibration Assess-
ment proposed by the FRA/FTA of the US DoT [6, 7] con-
forms to the framework of ISO 14837-1:2005 [4] and is 
used as a basis for the development of a hybrid vibration 
prediction tool, allowing a combination of experimental 
and numerical results.

The vibration velocity level Lv(xb) at a receiver xb 
in the building (Fig.  1a) is defined as the root mean 
square (RMS) value of the velocity during the station-
ary part of a train passage; it is expressed in decibels 
(dB ref. 5 × 10−8 m∕s) in one-third octave bands as a sum 
of source, propagation and receiver terms:

The first term LF(X, x1) is the equivalent force density 
(dB ref . 1N∕

√

m) . The vector X collects all the source 
points, located on the rail heads, while the receiv-
ers x1 are located on the ground surface. The second 
term TML(X, x1) is the line source transfer mobility 
(dB ref. 5 × 10−8 (m∕s)∕(N∕

√

m)) . The third term Cb(x1, xb) 
is the receiver term or the building correction factor; it 
is computed as a combination of adjustment factors to 
account for dynamic soil–structure interaction (SSI) at 
foundation level and attenuation and amplification within 
the building. These three terms are explained in the fol-
lowing subsections.

(1)A(f ) = S(f )P(f )R(f ).

(2)Lv(xb) =LF(X, x1) + TML(X, x1) + Cb(x1, xb).

2.2.2 � Line source transfer mobility (LSTM)

The line source transfer mobility (LSTM) TML(X, x1) is 
derived from the superposition of point source transfer 
mobilities TMP(Xk, x1) for a series of n equidistant source 
points Xk with spacing h [6, 7, 37]:

Fig. 1b shows a measurement setup for vibration propaga-
tion tests with a track at grade. Impacts are given at equally 
spaced points X along the track, and the resulting vibration 
velocity is measured at a receiver x1 on a line perpendicular 
to the track. The point source transfer mobility TMP(Xk, x1) 
is determined in one-third octave bands. For the case of a 
new railway, source points X at the rail heads are not avail-
able, so alternative impact locations on the soil’s surface 
close to the future track position are used. A similar pro-
cedure is applied for a track in a tunnel, where impacts are 

(3)TML(X, x1) =10 log10

[

h

n
∑

k=1

10
TMP (Xk , x1)

10

]

.

Fig. 1   Source and receiver points a for the FRA procedure and b for 
line source transfer mobility measurements
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given on the rail head or in a borehole if a tunnel has not 
yet been built.

Alternative choices for the distribution of loads along the 
track and impact locations (single or both rail heads, sleeper 
centre or edge) are discussed by Verbraken [37]. Assum-
ing equidistant source points X along the track instead of 
the actual axle positions mainly affects the LSTM at high 
frequencies for receivers close to the track; when the spac-
ing h is sufficiently small (we use 10 m to 12 m in measure-
ment campaigns), the influence can be limited to around 
3 dB. Furthermore, the source points X can be applied at 
both rails or at the sleeper centre, yielding almost identical 
results. If applied at one rail or the sleeper edge, the rotation 
of the sleeper results in higher values (around 6 dB) of the 
LSTM at high frequencies when the wavelength in the soil 
approaches the sleeper length.

2.2.3 � Force density

If the building’s coupling loss term is omitted from Eq. (2), 
the expression for the vibration velocity level at a receiver 
x1 located in the free field, still in presence of the building, 
is given as

Depending on the location of the receiver x1 with respect 
to the building, this may include the effect of dynamic SSI. 
Rearranging Eq. (4) gives a method of determining the force 
density LF(X, x1) indirectly:

This excitation force term represents the equivalent fixed 
line source that results in the same vibration velocity level 
as the train passage. The force density LF(X, x1) depends on 
the actual force generated at the wheel/rail interface and the 
dynamic characteristics of the transit structure, including the 
track, subgrade and soil. Apart from the source positions X 
used for the determination of the LSTM, it also depends on 
receiver positions x1 at which the vibration velocity level 
Lv(x1) and LSTM TML(X, x1) are subtracted.

2.2.4 � Building correction factor

The building correction factor Cb(x1, xb) can be quantified as 
a difference between the vibration velocity level Lv(xb) at a 
point xb in the building and Lv(x1) at a point x1 on the ground 
surface with the building present (Fig. 1a):

The vibration velocities are determined by measurements 
during a train passage. The building correction factor 
depends on the positions of x1 and xb relative to the track. 

(4)Lv(x1) =LF(X, x1) + TML(X, x1).

(5)LF(X, x1) =Lv(x1) − TML(X, x1).

(6)Cb(x1, xb) =Lv(xb) − Lv(x1).

The closer x1 is to the building, the more the vibration 
level Lv(x1) is influenced by the presence of the building. 
Locating the receiver x1 far from the building results in 
a coupling loss that includes a greater contribution from 
the propagation path. The position xb can vary within the 
building and determines whether the receiver term incor-
porates effects such as floor-to-floor attenuation and floor 
resonances.

The definition of the building correction factor is further 
elaborated by expressing the two vibration velocity levels 
as the sum of excitation force and propagation path terms. 
For example, writing

and incorporating Eq. (4) for Lv(x1) results in the following 
building correction factor

By assuming the two force densities to be equal, the building 
correction factor is approximately written as

This calculation of the building correction factor only 
depends on the difference between the LSTMs measured 
at a point xb in the building and at a point x1 on the ground 
surface in the presence of the building. It does not require 
the passage of a train, making it a useful means of measur-
ing the building correction factor in the field, provided that 
the excitation applied at X is sufficiently large to produce a 
measurable building response. It also simplifies a numerical 
computation of the building response by removing the need 
for a vehicle model and characterization of the wheel–rail 
unevenness.

Different options to quantify building correction factors 
are discussed in Sect. 3.3.

2.2.5 � Source characterization by means of reference 
ground vibration level

According to ISO 14837-1:2005 [4], the source term may 
be “a forcing function at the wheel/rail interface or, alterna-
tively, may be a vibration response (velocity or acceleration) 
at a defined location (e.g. tunnel invert, tunnel wall or in the 
ground to the side of the tunnel or to the side of the track 
at grade)”. In Germany and the Netherlands, it is common 
practice to use a vibration velocity level Lv(xref) at a refer-
ence distance xref from surface tracks of, respectively, 8 m 
and 25 m [39]. This alternative is therefore also provided, 
although it is definitely preferable to represent the source 
term as a force at the wheel/rail interface, as this source term 
is less sensitive to local soil conditions.

(7)Lv(xb) =LF(X, xb) + TML(X, xb),

(8)
Cb(x1, xb) = TML(X, xb) − TML(X, x1)

+ LF(X, xb) − LF(X, x1).

(9)Cb(x1, xb) ≃TML(X, xb) − TML(X, x1).
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When Eq. (2) is evaluated for both Lv(x1) and Lv(xref) , 
the former can be expressed as

If it is assumed that the force densities LF(X, xref) and 
LF(X, x1) are equal, Eq. (10) is approximated as

The underlined term represents the difference in LSTMs 
ΔTML(X, x1, xref) at the receivers x1 and xref , for excitation 
at source locations X.

2.3 � Numerical prediction scheme using a modular 
approach

2.3.1 � State‑of‑the‑art numerical models

The state-of-the-art models MOTIV [23–25] and TRAF-
FIC [26] have been used as a basis for further develop-
ment, verification and approval testing. Both models are 
based on the following general expression for the time 
history ui(x, t) of the displacement at a receiver x due to 
na axle loads gkj(t) (k = 1, 2,… , na) moving with constant 
speed v in the direction ey:

The transfer function (or impulse response function) 
hij(x

�, x, t) represents the displacement at a point x in the 
direction ej at time t due to an impulse load at a point x′ in the 
direction ei at time t = 0 . The axle load gkj(t) = gskj + gdkj(t) 
is decomposed in a quasi-static component and a dynamic 
component (and often assumed to act in the vertical direc-
tion). xk(t) = xk0 + vtey is the time-dependent position of the 
k-th axle load with initial position xk0 . The response ûi(x,𝜔) 
in the frequency domain is calculated as the forward Fourier 
transform from the time t to the circular frequency �:

where a hat on a variable denotes its representation in the 
spatial-frequency domain, and i is the imaginary unit.

Assuming that both the track and soil are invariant in 
the direction ey along the track, the response in the wave-
number-frequency domain is

(10)
Lv(x1) = Lv(xref) + LF(X, x1) − LF(X, xref)

+ TML(X, x1) − TML(X, xref).

(11)
Lv(x1) ≃Lv(xref) + TML(X, x1) − TML(X, xref)

=Lv(xref) + ΔTML(X, x1, xref).

(12)ui(x, t) =

na
∑

k=1

t

∫
−∞

hji(xk(�), x, t − �)gkj(�) d�.

(13)ûi(x,𝜔) =

na
∑

k=1

t

∫
−∞

ĥji(xk(𝜏), x,𝜔)gkj(𝜏) exp (−i𝜔𝜏) d𝜏,

where a tilde on a variable denotes its representation in the 
wavenumber-frequency domain. The response in the spatial-
frequency domain is obtained as the inverse Fourier trans-
form from the wavenumber ky to the coordinate y:

The frequency shift on the dynamic axle load represents 
the Doppler effect. A change of variables according to 
ky = (𝜔 − 𝜔̃)∕v moves this frequency shift from the fre-
quency content of the moving load to the wavenumber con-
tent of the transfer function:

The response in the spatial-time domain is subsequently 
obtained by an inverse Fourier transformation.

The above derivations demonstrate that the response 
of a coupled track–soil system is obtained once the sys-
tem’s transfer function and the axle loads are computed. 
If the track–soil system is three-dimensional (3D), then 
Eqs.  (12) or (13) must be solved. If it can be assumed 
that the geometry is invariant in the direction ey along 
the track, then the two-and-a-half dimensional (2.5D) 
Eqs. (15) or (16) offer a more efficient alternative. Both 
MOTIV and TRAFFIC models follow the latter approach 
in the wavenumber-frequency domain (Fig. 2). They couple 
a semi-analytical track model, consisting of beams, masses, 
springs and dampers (representing the rails, rail pads, base 
plates, sleepers, under sleeper pads and ballast or slab) to a 
boundary element (BE) model representing a layered soil. 
Different kinematic assumptions are made at the track–soil 
interface: MOTIV models arbitrary displacement patterns, 
whereas TRAFFIC applies a modal reduction imposing 
rigid body kinematics in terms of the centre’s vertical dis-
placement and rotation. Both models compute the soil’s 
impedance matrix that is coupled to the track model, as 
well as transfer functions to any output location on the 
track or in the soil (the so-called free field).

When the geometry is invariant in the direction ey , the 
dynamic axle loads ĝd(𝜔) are computed as [26, 36, 40]

(14)

ũi(x, ky, z,𝜔)

=

na
∑

k=1

h̃ji(x, ky, z,𝜔)ĝkj(𝜔 − kyv) exp (+ikyyk0),

(15)
ûi(x, y, z,𝜔) =

na
∑

k=1

1

2π

+∞

∫
−∞

h̃ji(x, ky, z,𝜔)ĝkj(𝜔 − kyv)

× exp
[

−iky(y − yk0)
]

dky.

(16)
ûi(x, y, z,𝜔) =

na
∑

k=1

1

2𝜋v

+∞

∫
−∞

h̃ji

(

𝜔 − 𝜔̃

v
,𝜔

)

ĝkj(𝜔̃)

× exp
[

−i
𝜔 − 𝜔̃

v
(y − yk0)

]

d𝜔̃.
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where Ct(�) is the track compliance matrix, Cv(�) is the 
vehicle compliance matrix and ûw∕r(𝜔) is the combined 
wheel and rail unevenness perceived by each of the axles. 
The elements Ĉt

kl
(𝜔) of the track compliance matrix Ct(�) 

correspond to the vertical displacement at the position of 
axle l due to a unit vertical load at the position of axle k, and 
are calculated from a reformulation of Eq. (15) in a moving 
frame of reference x̂ = {x, ŷ, z}T with ŷ = y − vt:

where h̃t
zz
(ky,𝜔 + kyv) denotes the transfer function of the 

track–soil system in the wavenumber-frequency domain in 
a moving frame of reference. The vehicle is modelled as 
a multi-degree of freedom (MDOF) system, where the car 
body, bogies and wheelsets are considered as rigid parts, 
characterized by their mass and mass moment of inertia, 

(17)
[

Ct(𝜔) + Cv(𝜔)
]

ĝ
d
(𝜔) = − ûw∕r(𝜔),

(18)

Ĉt
kl
(𝜔) =

1

2π

+∞

∫
−∞

h̃t
zz
(ky,𝜔 + kyv) exp

[

−iky(yl0 − yk0)
]

dky,

while the primary and secondary suspensions are repre-
sented by spring and damper elements. Figure 3 shows a 
2D 10-DOF vehicle model consisting of the car body, 

Fig. 2   Cross section of the semi-analytical track model coupled to a layered soil in the models: a MOTIV (tractions in blue); b TRAFFIC (rigid 
body displacements in red). The variables are explained in Table 2

Fig. 3   2D 10-DOF vehicle model. The variables are explained in 
Table 3
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two bogies, four axles, as well as primary and secondary 
suspensions.

Random track unevenness is modelled as a stationary 
Gaussian random process characterized by its one-sided 
power spectral density (PSD). The spectral representa-
tion theorem is used to generate samples of track une-
venness as a superposition of harmonic functions with 
random phase angles [36, 40]. Figure 4 shows the PSD 
of the unevenness for several FRA track quality classes, 
labelled from 1 to 6, where 1 represents the poorest and 6 
the best track quality [41, 42]. Superimposed on the fig-
ure is the PSD of the vertical track unevenness measured 
on the high-speed track in Lincent (Belgium), as will be 
discussed in Sect. 5.

2.3.2 � Computation of the quantities of interest

All quantities of interest defined in the empirical procedure 
for Detailed Vibration Assessment proposed by FRA and 
FTA can straightforwardly be computed with the MOTIV 
and TRAFFIC models.

The mean square value of the stationary part of the vibra-
tion velocity v2

RMS
(x1) is determined in one-third octave 

bands and the vibration velocity level Lv(x1) is defined as

where vref is a reference value equal to 5 × 10−8 m∕s . An 
analytical expression for the LSTM TML(X, x1) is

(19)Lv(x1) =10 log10
v2
RMS

(x1)

v2
ref

,

Equation (20) represents the average value of the vibration 
energy transfer for all axles multiplied by the train length Lt . 
The term ĥzz(Xk, x1,𝜔) is the transfer function relating the 
vibration at the receiver x1 in the direction ez due to a point 
load at the source Xk in the direction ez , and is first averaged 
over the frequency band [�1,�2] with bandwidth Δ� , then 
summed over the total number of axles. This expression is 
dependent on, yet relatively insensitive to, the exact position 
of the axles and the number of source points considered [37].

Following the empirical procedure for Detailed Vibra-
tion Assessment, the force density LF(X, x1) is computed 
indirectly as the difference between the vibration velocity 
level Lv(x1) and the LSTM TML(X, x1):

Under the assumption of fixed, incoherent and equal axle 
loads, the force density can also be expressed as [30]

where Fref is a reference value equal to 1 N∕
√

m . Equa-
tion (22) represents the mean square force per unit length 
applied by the axles at the wheel/rail contact at fixed posi-
tions. It is calculated based on the spectrum gdRMS of a single 
dynamic axle load, obtained with Eq. (17) and expressed in 
one-third octave bands, and the ratio of the number of axles 
na to the train length Lt . The term gdRMS only contains the 
dynamic component of the axle load. The static axle load 
results in a quasi-static contribution to the free field response 
and cannot be written in the form of Eq. (1). This quasi-static 
contribution is only significant at low frequencies close to 
the track and can thus be neglected. Expression (22) for the 
force density is independent of the separation distance of 
the source and receiver, as a result of the approximations 
introduced in its derivation. It is referred to as the "direct" 
method of calculating the force density, cf. the "indirect" 
method given in Eq. (21).

2.4 � Hybrid prediction schemes

As each of the quantities of interest (force density, LSTM) 
can be measured or predicted, hybrid prediction schemes 
can be defined, in which empirical and numerical data 
are combined following Eq. (2), providing more flexibility 
and applicability than purely experimental or numerical 
models [30–32, 36, 37].

(20)
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Fig. 4   One-sided PSD of the track unevenness for FRA track qual-
ity classes 1 (black) to 6 (light grey). Superimposed is the measured 
vertical track unevenness at the site in Lincent (red) and estimated fit 
(blue)
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Hybrid model 1 combines a numerical source model 
with an empirical propagation term. The force density 
LNUM
F

(X) can be computed directly, resulting in

Alternatively, the force density LNUM
F

(X, x1) is computed 
indirectly as the difference between a predicted vibration 
velocity and LSTM:

The underlined term is a correction on the predicted vibra-
tion velocity level, accounting for the difference between 
the measured and predicted LSTM. Equations (23) and (24) 
are useful to assess new rolling stock or a new railway line 
where the force density cannot be measured.

Hybrid model 2 combines a measured force density 
with a predicted LSTM:

This expression combines a measured vibration velocity at 
the receiver x1 with a numerical adjustment of the propaga-
tion path term (underlined). This model is useful when the 
effect of a modification to the vibration propagation path of 
an existing railway is to be evaluated [31]. Examples of such 
modifications include open trenches [43], soft or stiff wave 
barriers [44, 45] and heavy masses next to the track [46], 
all of which have been shown to impede the transmission of 
waves through the soil.

In all previous expressions, the building correction factor 
Cb(x1, xb) was omitted for brevity. When assessing vibration 
in a new building close to an existing railway, for example, 
the following hybrid approach can be employed:

while in case of an existing building next to a new-built 
railway, an empirical building correction factor CEXP

b
(x1, xb) 

can be added to Eqs. (23) or (24).

3 � Hybrid vibration prediction tool 
developed in SILVARSTAR​

The hybrid vibration prediction tool developed in SIL-
VARSTAR follows the methodology outlined in Sect. 2, 
offering the following alternatives: numerical prediction, 
empirical prediction and hybrid prediction, with numerical 

(23)LHYB
v

(x1) =L
NUM
F

(X) + TMEXP
L

(X, x1).

(24)
LHYB
v

(x1) =L
NUM
v

(x1)−TM
NUM
L

(X, x1) + TMEXP
L

(X, x1).

(25)
LHYB
v

(x1) =L
EXP
F

(X, x1) + TMNUM
L

(X, x1)

=LEXP
v

(x1)−TM
EXP
L

(X, x1) + TMNUM
L

(X, x1).

(26)
L
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v
(x

b
) = L

EXP

F
(X, x

1
)

+ TM
EXP

L
(X, x

1
) + C

NUM

b
(x

1
, x

b
),

or empirical assessment of the force density or LSTM. The 
option to characterize the source with a reference vibration 
level next to the track—instead of a force density—and the 
propagation by means of a difference in LSTMs, as per 
Eq. (11), is also available.

3.1 � Numerical prediction model

The numerical prediction model incorporated in SILVA-
RSTAR’s hybrid vibration prediction tool is inspired by the 
models MOTIV and TRAFFIC. It is developed in MAT-
LAB, building further on Vibratec’s GroundVIB model [33]. 
The model computes dynamic axle loads, forces transmitted 
to the ground and free field vibration for trains running on 
tracks at grade and in tunnels. It consists of a semi-analytical 
train–track–(tunnel–)soil interaction model formulated in the 
wavenumber-frequency domain.

The vehicle is represented by an MDOF model (Fig. 3). 
The ballasted or slab track is modelled by Euler–Bernoulli 
beams for the rails (and slab) with resilient layers for rail 
pads, under sleeper pads, ballast and under ballast or slab 
mat.

Both tracks at grade and tracks in (circular) tunnels are 
considered. In order to reduce computation times, track–soil 
and track–tunnel–soil impedance functions, as well as trans-
fer functions from track to free field, are pre-computed in 
the wavenumber-frequency domain for selected track width, 
tunnel diameter and embedment depth, soil characteristics 
and receiver locations. Further detail is given in Sect. 3.2.

The dynamic axle loads are obtained by solving the 
train–track–soil interaction problem in the frequency 
domain, considering rail and wheel unevenness. The ground 
response is calculated in the wavenumber-frequency domain 
using the tractions and displacements at the track–soil or 
tunnel–soil interface and the pre-computed transfer func-
tions; the response in the spatial-frequency domain is 
obtained by evaluation of the inverse wavenumber integrals. 
The response due to a train passage is obtained by summa-
tion of all axle contributions. In the vibration prediction tool, 
a number of modelling simplifications are made in order 
to reduce computation time, as will be discussed further in 
Sect. 4.

3.2 � Numerical database

The hybrid vibration prediction tool is provided with an 
extensive numerical database [47, 48] to enhance user 
friendliness and computational efficiency.

•	 Vehicle properties. for different types of train can be 
selected from the database: urban tram with mono-bloc 
or resilient wheels, metro, IC train, high-speed train and 
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freight train [47]. Alternatively, vehicle properties can be 
introduced as numerical values.

•	 Track properties. for different types of ballasted and 
slab track can be selected from a database, e.g. ballasted 
track, ballasted track with soft rail pads or under sleeper 
pads and urban and main-line (floating) slab track [47]. 
Alternatively, track properties can be introduced as 
numerical values.

•	 Track unevenness. For the frequency range 1–80 Hz, 
typically of interest for the perception of ground vibra-
tion, and 20–250 Hz for the perception of ground-borne 
noise, and a train speed range of 10–100 m/s, the cor-
responding wavelengths of vertical unevenness lie 
within the range 0.04–100 m. Included in the database 
are one-third octave band spectra of FRA track uneven-
ness (Fig. 4). The ISO 3095:2013 limit curve for rail 
roughness has been extrapolated for long wavelength 
track unevenness. The database also includes measured 
track unevenness spectra for ballasted and slab tracks 
that were obtained by combining short wavelength data 
measured using a Corrugation Analysis Trolley and 
longer wavelength data ( ≥ 0.5 m) obtained from routine 
measurements of vertical track alignments using Track 
Recording Coaches (Fig. 5). These cases are identified 
as well-maintained and smooth (typical for high-speed 
lines), normally maintained and not well-maintained 
track. This terminology is chosen for compatibility with 
CNOSSOS-EU [49], although the data themselves are 
not obtained from the database in CNOSSOS-EU. Addi-
tional data are included for the case of a ballasted freight 
line, a ballasted tram line and a tram line on slab track 
with embedded rails. Moreover, cases are included with 

corrugated rails together with the "normally maintained" 
and "not well-maintained" tracks for both track types.

•	 Wheel roughness. data are included separately in the 
database. The measured wheel roughness spectra in the 
database are given within the range 0.0315−0.8 m. They 
are defined depending on the braking system type as 
cast iron tread brakes, composite brake blocks and disc 
brakes, for consistency with CNOSSOS-EU [49]. Addi-
tionally, an example of measured tram wheel roughness 
is included. The unevenness level spectra are shown in 
Fig. 6.

•	 Track–soil impedance and transfer functions. from the 
track–soil interface to the free field are pre-computed in 
the wavenumber-frequency domain and stored in a data-
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base [47]. For tracks at grade, computations are made 
with TRAFFIC [26] for a track width 2b of 3, 4.5, 6, 9 
and 12 m, respectively. For tracks in tunnels, computa-
tions are made with MOTIV [25] for single-track tunnels 
with an outer diameter D of 4, 6 and 8 m, and twin-track 
tunnels with a diameter of 8, 12 and 16 m, respectively. 
The depth H of the tunnel centre is varied between 10 m 
and 20 m with an increment of 5 m. Computations are 
made for homogeneous soils with dynamic characteris-
tics that accommodate five sets of soil conditions vary-
ing from soft to stiff. The dynamic soil characteristics 
are summarized in Table 1 in terms of the shear wave 
velocity Cs , dilatational wave velocity Cp , density � and 
material damping ratios �s and �p in shear and dilatational 
deformation. For surface tracks, seven layered soil cases 
which are typical for different European countries (Swe-
den, Belgium, Germany, Spain, The Netherlands, UK)—
as identified in the EU FP7 project RIVAS [50]—are 
additionally included. The characteristics of these layered 
half-spaces are listed in [47] and not repeated here.

The elements of the soil impedance matrix K̃s

ss
(ky,𝜔) are 

stored in the database for every wavenumber and frequency 
[47]. The ground transfer functions define the response in 
the free field due to tractions at the track–soil interface and 
are also stored for every wavenumber and frequency [47]. 
For tracks at grade, TRAFFIC assumes rigid body kinemat-
ics on the track–soil interface, in terms of the vertical dis-
placement and rotation of its centre. The ground transfer 
function h̃sij(x, ky, z,𝜔) is defined as the displacement at a 
receiver {x, z}T in the direction ej due to a unit vertical force 
(or moment) on the track–soil interface corresponding to 
the generalized DOF i. For tracks in tunnels, MOTIV [24, 
25] employs a larger number ns of DOFs to describe the kin-
ematics and force transfer at the track–soil interface. Rigid 
body kinematics are, however, easily imposed, so that simi-
lar transfer functions are computed for vertical unit loading. 
In the numerical model, the soil impedance matrix is cou-
pled to the track impedance matrix to solve the track–soil 
interaction problem. Transfer functions in vertical and lateral 
direction are computed at the surface z = 0 at positions x 

from 4 m to 64 m (with a spacing Δx of 4 m) to the centre 
line of the track.

3.3 � Building correction factors

Building correction factors can be measured or computed 
following the general framework for Detailed Vibration 
Assessment proposed by FRA/FTA, as presented in Eqs. (6) 
or (9). Numerical predictions may account for dynamic SSI, 

Table 1   Dynamic soil characteristics for homogeneous soils

Soil type Cs Cp � �s �p

(m/s) (m/s) (kg/m3)

Soft 100 200 1800 0.025 0.025
Moderately soft 140 280 1800 0.025 0.025
Medium 200 400 1800 0.025 0.025
Moderately stiff 280 560 1800 0.025 0.025
Stiff 400 800 1800 0.025 0.025
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Fig. 7   Building correction factor C
b2
(x

1
, x

2
) from the soil to the 

building foundation for a single-family dwellings and b medium size 
buildings (less than 4 storeys) for soft, medium and stiff soil. The 
curves correspond to average values of experimental results in the 
RIVAS database [52]
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employing for example a 3D coupled finite element-bound-
ary element formulation [51].

Within SILVARSTAR, the vibration velocity level Lv(xb) 
inside the building is obtained from the vibration velocity 
level Lv(x1) outside the building with a combination of 
two adjustment factors, as proposed in the EU FP7 project 
RIVAS on the basis of a large experimental database [52]:

Dynamic SSI and attenuation or amplification within the 
building are accounted for in an approximate way.

The building correction factor Cb2(x1, x2) from the 
ground to the building foundation depends on the type 
of building and the soil stiffness, and is applied to a one-
third octave band spectrum in dB. Figure 7 presents build-
ing correction factors for single-family dwellings and 
medium size buildings (less than 4 storeys). Building cor-
rection factors are shown for soft ( Cs ≤ 180 m/s ), medium 
( 180 m/s ≤ Cs ≤ 360 m/s ), and stiff ( Cs ≥ 360 m/s ), soil. 
In most cases, attenuation can be observed when vibration 
is transmitted from the ground to a building foundation. The 
RIVAS database [52] provides insufficient experimental data 
to also define curves for tall buildings (more than 4 storeys). 
Therefore, we currently use the building correction factors 
for medium size buildings on soft soil for tall buildings. We 
are aware, however, that for tall buildings, dynamic SSI is 
expected to have less influence than for other building types; 
dynamic SSI has the largest effect for stiff (low-rise and 
medium) buildings founded on soft soils, for which curves 
are already available.

The building correction factor Cb3(x2, xb) from the 
building foundation to a floor is shown in Fig. 8a. For 
concrete floors, an average floor resonance frequency of 
31.5 Hz is observed where the building correction fac-
tor reaches a peak value of 15 dB. For wooden floors, 
an average floor resonance frequency of 16 Hz and peak 
value of 20 dB are noted.

The A-weighted sound pressure level Lp(xb) (dB(A) 
ref. 2 × 10−5 Pa) inside a room of the building is obtained 
from the mid-span vibration velocity level Lv(xb) (dB ref. 
5 × 10−8 m/s) in the same room by applying an additional 
building correction factor Cb4(xb) (Fig. 8b) that depends 
on the type of floor:

It is assumed that the room is furnished [52]. For concrete 
floors, the building correction factor Cb4(xb) is approximated 
as WA + 7 dB , where WA is the A-weighting curve in one-
third octave bands. This approximation takes into account 
that both floor and ceiling radiate noise. Heavier (loaded) 
older wooden floors most likely behave as concrete floors. 

(27)
Lv(xb) =Lv(x1) + Cb(x1, xb)

=Lv(x1) + Cb2(x1, x2) + Cb3(x2, xb).

(28)Lp(xb) =Lv(xb) + Cb4(xb).

For light-weight floors, the building correction factor Cb4(xb) 
is approximated as WA − 3 dB.

The building correction factors Cb2(x1, x2) and Cb3(x2, xb) 
(Figs.  7 and 8a) are presented in one-third octave bands 
between 4 and 250 Hz. Perceivable vibration on floors is 
usually assessed in a lower frequency range up to 80 Hz, or 
at most 125 Hz. The reason why building correction factors 
are presented up to 250 Hz is that the vibration velocity 
level on a floor (as per Eq. 27) is the first step towards the 
prediction of sound pressure levels in a room as per Eq. (28). 
Limited availability of building correction factors presently 
results in relative high prediction uncertainty; therefore, 
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there is a great need to determine building correction fac-
tors for a much wider range of buildings and to quantify 
uncertainty, especially at higher frequencies where uncer-
tain structural details and boundary conditions affect the 
response.

3.4 � Experimental database

An experimental database of force densities, LSTMs, 
vibration velocity levels and input parameters (rolling 
stock, track, track unevenness, soil) is also provided. The 
following well-documented case histories are included in 
the database (the reader is referred to [47] for a detailed 
description):

•	 Lincent (Belgium). This site is located next to the high-
speed line (HSL) L2 Brussels-Köln, consisting of two 
classical ballasted tracks. Extensive vibration measure-
ments were performed in the past. This case history is 
used to demonstrate the hybrid vibration prediction, and 
described in more detail in Sect. 5.

•	 Heverlee (Belgium). This site is located along the line 
L1390 Leuven-Ottignies, which has two ballasted tracks 
with continuously welded UIC 60 rails that are supported 
every 0.60 m by resilient studded rubber pads on pre-
stressed mono-block concrete sleepers. Measured track 
unevenness reveals a track of moderate-to-poor quality 
[53]. The alluvial soil has a 6 m thick quaternary layer 
of loose to dense sand on top of a tertiary formation of 
medium to dense sand with sandstone concretions. The 
ground water table is at a depth of about 8 m. Dynamic 
soil characteristics were identified by means of MASW, 
seismic refraction and SCPT, using a probabilistic Bayes-
ian inversion framework [54]. Dynamic properties of the 
ballast, embankment and top soil layer were determined 
by comparing measured and computed track mobility 
[53]. Synchronized vibration measurements were per-
formed using over 80 accelerometers mounted on sleep-
ers, rail, along three parallel lines in the free field and 
at the four floors of a reinforced concrete building [32, 
55, 56]. Transfer functions between track and free field 
were measured using an instrumented impact hammer 
[55, 56], with impact locations equally distributed along 
the track. Vibration during the passage of 143 passenger 
trains (electrically powered Siemens Desiro ML AM08) 
(77–100 km/h) and 78 freight trains (25–97 km/h) was 
recorded.

•	 Fishbourne (UK). This site is located next to the West 
Coastway Line that runs from Portsmouth to Brighton. 
The track consists of two ballasted tracks in different 
maintenance condition with 56E1 rails supported by 

rubber rail pads on mono-block sleepers. Track 1 (to 
Brighton) (unrenewed) has stiffer rail pads than track 2 
(to Portsmouth) that has been renewed and retrofitted 
with softer rail pads. The sleeper spacing is 0.78 m on 
track 1 and after renewal has been reduced to 0.65 m 
on track 2. The track is supported by a ballast layer and 
a layer of stiffened soil. Measured track unevenness 
reveals moderate-to-poor quality. Historical borehole 
archives reveal soft clays with some silt and sand con-
tent, increasing in stiffness and chalk content with depth, 
overlying the London Clay formation. The properties 
of the soil and its layered structure were determined by 
means of MASW tests as well as triaxial and resonant 
column tests on soil samples [57]. Transfer functions 
were measured on a 42 m long line near the tracks and 
used for the calculation of the vertical LSTMs. Vibration 
velocity level measurements correspond to British Class 
377 train passages on both tracks at a speed of around 
110 km/h. The data are useful for validation of models 
and as part of a database, but cannot be used to derive 
force densities as no transfer functions were measured 
from the track.

•	 Steventon (UK). This site is located in Steventon next to 
the Great Western Main Line that runs between Didcot 
and Swindon. The line consists of two classical ballasted 
tracks on a low-height (0.7 m) embankment. Soil charac-
teristics are available from historical borehole archives, 
as well as extensive in situ testing [58]. Measurements 
included MASW along a line perpendicular to the rail-
way up to a distance of 42 m from the forcing point. The 
soil consists of clay layers; a particular feature of the 
site is a soft layer of clay below an intermediate layer of 
slightly stiffer clay. Transfer functions were measured 
and used for the calculation of the LSTMs. Vibration 
velocity level measurements correspond to a number of 
passages of IC 125 trains at speeds around 160 km/h and 
195 km/h. Vibration was measured on the sleeper, at the 
top of the embankment and at several distances (from 7.5 
to 80 m) from the centreline of the track. However, no 
transfer function measurements were made on or from 
the track; hence, the data could not be used to derive 
force densities.

The data format for the experimental database was defined 
based on past experience (e.g. from the FP7 project RIVAS) 
[47]. Users can also add new data to the experimental data-
base. The ASCII files contain metadata describing particular 
properties of the experimental campaigns, together with data 
(force density, LSTM, vibration velocity level) in line format 
for each receiver [47], so that they easily can be combined 
with other experimental and numerical data in the hybrid 
vibration prediction tool.
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3.5 � Implementation of the vibration prediction 
model

The prediction model is integrated into the noise mapping 
software IMMI [59], and linked to a Geographical Infor-
mation System (GIS), providing a software platform with 
Graphical User Interfaces (GUIs) that allows engineers to 
perform noise and vibration environmental impact studies 
within the same integrated environment [48, 60].

Within IMMI, the GIS software Open Street Map is used 
to define the track geometry. The position of the track is 
selected on the map, and the location of receiver points is 
specified. This is illustrated in Fig. 9 for the site at Lin-
cent (Belgium). If present, any nearby buildings can also 
be selected as receiver locations; a building type has to be 
specified in order to select appropriate building correction 
factors.

The track, soil and vehicle properties, as well as the track 
unevenness are defined by the user. The user can import data 
from project databases dedicated to railway line development. 
Geotechnical data will be made importable through an inter-
face with a GIS in a future version of the software. The use of 
pre-computed soil impedance and transfer functions for selected 
track widths and soil properties [47] considerably speeds up 
calculations and allows the user to quickly assess the effect of 

changes in train, track and soil parameters on axle loads and 
vibration.

When performing hybrid computations, the user needs to 
enter empirical data for either the force density or the LSTM. 
An experimental database [47] of force densities and LSTMs 
from well-documented measurement campaigns is also inte-
grated in the hybrid vibration prediction tool, as was discussed 
in Sect. 3.4.

4 � Validation of modelling assumptions

4.1 � Modelling assumptions

The following modelling simplifications are incorporated in 
SILVARSTAR’s hybrid vibration prediction tool in order to 
allow for fast calculations: 

A1	For the computation of dynamic axle loads, the track 
compliance is evaluated in a stationary instead of mov-
ing frame of reference.

A2	Dynamic axle loads are applied at fixed positions instead 
of positions that move with the speed of the train. This 
low-speed approximation neglects the Doppler effect.

Fig. 9   a Satellite view of the test site in Lincent (Belgium) and b 
Open Street Map with definition of receiver points

Table 2   Properties of the ballasted track

Component Parameter Value

Rail UIC60 Rail positions l1 = l2 = 0.72 m
Cross-sectional area Ar = 76.70 × 10−4 m2

Moment of inertia about x-axis Ir = 3057.1 × 10−8 m4

Young’s modulus Er = 210 × 109 N/m2

Damping loss factor �r = 0.01

Density �r = 7850 kg/m3

Rail pad Stiffness krp = 150 × 106 N/m
Damping loss factor �rp = 0.3

Sleeper Spacing dslp = 0.6 m
Length lslp = 2.6 m
Height hslp = 0.2 m
Width bslp = 0.25 m
Mass mslp = 325 kg

Ballast Height hbal = 0.3 m
Top width bbalt = 3.0 m
Bottom width bbalb = 3.6 m
Stiffness per sleeper kbal = 500 × 106 N/m
Poisson’s ratio �bal = 0.0

Damping loss factor �bal = 0.15

Density �bal = 1500 kg/m3

Mass per unit length mbal = 1485 kg/m
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A3	Axle loads are assumed to be incoherent instead of 
coherent.

The influence of these assumptions is assessed by means of 
a difference in vibration velocity level ΔLv(x1):

where Lapproxv (x1) is the vibration velocity level predicted by 
the tool and Lref

v
(x1) is a reference vibration velocity level 

computed with a vibration prediction model that does not 
incorporate the aforementioned assumptions. For this pur-
pose, use is made of TRAFFIC [26] that was benchmarked 
against results from MOTIV [23–25]. In the following subsec-
tions, the assessment is made for a nominal IC train running 
on a ballasted track; a similar validation was performed for an 
IC train running on a slab track, with similar conclusions [60].

4.2 � Problem outline

A ballasted track is considered for which the rails are mod-
elled as Euler–Bernoulli beams and the rail pads are consid-
ered as continuous springs between the rails and the sleepers. 
The sleepers are assumed to be rigid masses, and the ballast 
bed is assumed to act as a layer of linear springs and dampers. 
The track properties are summarized in Table 2. The track 
unevenness is based on FRA track quality class 6 (Fig. 4).

Calculations are made for three homogeneous soils, char-
acterized as soft, medium and stiff, and with properties as 
summarized in Table 1.

A nominal IC train is considered consisting of four iden-
tical vehicles. Each vehicle is represented by a 10-DOF 
model (Fig. 3) with properties given in Table 3. The assess-
ment is made for three train speeds: 50 km/h, 150 km/h and 

(29)ΔLv(x1) =L
approx
v

(x1) − Lref
v
(x1),

Table 3   Vehicle properties of the IC train

Component Parameter Value

Car body Vehicle length lv = 23 m
Mass mc = 32000 kg
Pitching moment of inertia Jcx = 1.2 × 106 kgm2

Bogie Bogie spacing lb = 17 m
Mass mb = 5000 kg
Pitching moment of inertia Jbx = 6000 kgm2

Wheelset (unsprung mass) Axle spacing la = 2.5 m
Mass ma = 1200 kg
Contact stiffness (per wheel) kH = 1.26 × 109 N/m

Primary suspension Vertical stiffness per axle k1 = 2 × 106 N/m
Vertical viscous damping per axle c1 = 40 × 103 Ns/m

Secondary suspension Vertical stiffness per axle k2 = 0.5 × 106 N/m
Vertical viscous damping per axle c2 = 31.6 × 103 Ns/m
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Fig. 10   Track compliance for a moving (300 km/h) (black) and fixed 
(grey) axle load on a ballasted track on a soft, b medium and c stiff 
soil
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300 km/h; the latter indeed is very high for an IC train and 
only introduced to enlarge the considered speed range.

4.3 � Effect of train speed on track compliance

The components Ĉt
kl
(𝜔) of the track compliance matrix are 

evaluated according to Eq. (18). When the effect of the train 
speed on the track compliance is disregarded (assumption 
A1), the computational effort to evaluate the integrals in 
Eq. (18) is reduced, since the transfer function h̃t

zz
(ky,𝜔) is 

an even function of the wavenumber ky.
The track compliance was calculated for the three soil 

conditions considering a fixed and a moving load at the high-
est speed of 300 km/h (Fig. 10). There are some differences 

for the soft soil below about 30 Hz, while for the medium 
and stiff soil, the track compliances are in close agreement.

Figure 11 shows the total compliance at an axle of an IC 
train running on a ballasted track supported by soft, medium 
and stiff soil. According to Eq. (17), the total compliance is 
obtained as the sum of the track and vehicle compliance. 
As the total compliance below 60 Hz is dominated by the 
vehicle compliance, the observed differences in Fig. 10 have 
a small influence on the total compliance and the resulting 
dynamic axle loads. This is confirmed by Fig. 12, showing 
the vibration velocity level difference ΔLv(x1) between the 
free field response calculated using the track compliance for 
non-moving loads and that for loads moving at 300 km/h. 
Even though this is the highest speed considered, the level 
difference is less than 1 dB for the soft soil conditions, and 
even smaller for stiffer soils and lower train speeds (not 
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Fig. 11   Track (non-moving) (grey dotted), vehicle (grey dashed) and 
total (black) compliance for an axle of an IC train on a ballasted track 
on a soft, b medium and c stiff soil
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Fig. 12   Vibration velocity level difference ΔL
v
(x

1
) for the track 

compliance in a stationary instead of a moving frame of reference at 
a 8 m, b 16 m and c 32 m for the IC train running at 300 km/h on 
the ballasted track on soft (light grey), medium (dark grey) and stiff 
(black) soil
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shown), meaning that the influence of the moving load on 
the track compliance does not affect the vibration predictions 
in the free field.

4.4 � Low‑speed approximation

The low-speed approximation predicts the vibration veloc-
ity level Lv(x1) during the stationary part of the response by 
assuming fixed axle positions or zero train speed (assump-
tion A2). As a result, the Doppler shift between the receiver 
and the source in Eq. (15) is disregarded, resulting in the 
following free field velocity v̂i(x, y, z,𝜔):

Only the vertical component of the dynamic axle loads 
ĝdkz(𝜔) is accounted for. These are determined by random 
track unevenness and represent a random process. There-
fore, the free field velocity v̂i(x, y, z,𝜔) is a random process 
as well, characterized by the one-sided PSD Ŝvi(x, y, z,𝜔):

The vibration velocity level Lv(x1) is subsequently obtained 
by integrating this PSD in one-third octave bands.

Figure 13 shows the vibration velocity level difference 
ΔLv(x1) at 16  m from the track between the low-speed 
approximation and the moving train response for three train 
speeds. Overall, the differences increase with increasing 
train speed and are more than 10 dB in individual frequency 
bands at the highest speed of 300 km/h. These differences 
mainly correspond to a redistribution of energy into different 
bands due to the Doppler effect, while the overall vibration 
level summed over all frequency bands is affected much less 
(as will be discussed in Sect. 4.6).

4.5 � Incoherent dynamic axle loads

The final assumption A3 of incoherent axle loads implies 
that the coherence between two axles k and l, represented 
by the cross-PSD terms Ŝgkl (𝜔) , is not taken into account in 
Eq. (31). These cross PSDs are oscillating functions with a 
period determined by the time lag (yk0 − yl0)∕v , resulting in 
oscillations in the PSD Ŝvi(𝜔) that are cancelled when inte-
grating the vibration velocity level Lv(x1) over sufficiently 
wide frequency bands. Hence, the assumption of incoherent 

(30)

v̂i(x, y, z,𝜔) =

na
∑

k=1

1

2𝜋

+∞

∫
−∞

i𝜔h̃zi(x, ky, z,𝜔)ĝdkz(𝜔)

exp
[

−iky(y − yk0)
]

dky

=

na
∑

k=1

i𝜔ĥzi(x, y − yk0, z,𝜔)ĝdkz(𝜔).

(31)
Ŝvi (x, y, z,𝜔) =

na
∑

k=1

na
∑

l=1

𝜔2ĥzi(x, y − yk0, z,𝜔)

Ŝgkl (𝜔)ĥ
∗
zi
(x, y − yl0, z,𝜔).

axle loads mostly affects the vibration velocity level at low 
frequencies where the one-third octave bands are narrower. 
Equation (31) becomes

The vibration velocity level difference ΔLv(x1) at 16 m from 
the track between the incoherent and coherent load case is 
shown in Fig. 14 for three train speeds. Largest differences 
at 50 km/h occur below 4 Hz; above 4 Hz, differences are 
less than 5 dB. At higher speeds of 150 km/h and 300 km/h, 
there is good agreement above 10 Hz and 20 Hz, respec-
tively, which is where the highest response generally occurs.

(32)Ŝvi(x, y, z,𝜔) =

na
∑

k=1

𝜔2 ∣ ĥzi(x, y − yk0, z,𝜔) ∣
2 Ŝgkk(𝜔).
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Fig. 13   Vibration velocity level difference ΔL
v
(x

1
) between the low-

speed approximation and the moving train response at 16 m for the 
IC train running at a 50 km/h, b 150 km/h and c 300 km/h on the bal-
lasted track on soft (light grey), medium (dark grey) and stiff (black) 
soil
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4.6 � Overall effect of modelling assumptions

The combined effect of all three approximations at 
16 m from the track is shown in Fig. 15 for the speed 
of 150 km/h; although there are significant differences in 
individual frequency bands, the spectrum shape is closely 
followed.

The overall vibration velocity level Loverall
v

(x1) is also com-
puted by summing the contributions Ljv(x1) in each one-third 
frequency band j:

(33)Loverall
v

(x1) =10 log10

∑

j

10
L
j
v(x1)

10 .

Table 4 reports the overall vibration velocity level Loverall
v

(x1) 
at 16 m from the track when modelling assumptions A1 to 
A3 are made. The result when none of these assumptions 
is made is also given, together with the overall vibration 
level difference. The low-speed approximation (A2) leads 
to the largest differences between the detailed and simpli-
fied model. The vibration level difference is generally high-
est for the soft soil. The overall vibration velocity level is 
on average 2 dB to 3 dB higher for the simplified model 
(A1+A2+A3) than for the detailed model. This is consistent 
with results presented by Verbraken [37] and demonstrates 
that, although the proposed modelling simplifications are a 
compromise to achieve efficient calculations, the differences 
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Fig. 14   Vibration velocity level difference ΔL
v
(x

1
) between the inco-

herent load approximation and the coherent load case at 16 m for the 
IC train running at a 50 km/h, b 150 km/h and c 300 km/h on the bal-
lasted track on soft (light grey), medium (dark grey) and stiff (black) 
soil

(

Fig. 15   Vibration velocity level L
v
(x

1
) at 16 m for the IC train run-

ning at 150  km/h on the ballasted track on a  soft, b  medium and 
c stiff soil. Results obtained with TRAFFIC for a moving train (black) 
and the prediction tool with approximations A1 to A3 (grey)
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introduced by these approximations are stronger in individ-
ual frequency bands (Fig.  15), but have much less effect on 
the overall vibration velocity level (Table 4). Similar conclu-
sions can be drawn for different distances from the track [38] 
(not shown here), with a tendency of (slightly) increasing 
differences for increasing distance.

5 � Demonstration of the methodology 
to the case history of a high‑speed 
ballasted track

The hybrid vibration prediction tool is integrated in the noise 
mapping software IMMI [59] and linked to a Geographical 
Information System (GIS) [60]. Its use and versatility are 
demonstrated for the case of a ballasted track in Lincent 
(Belgium) on the HSL L2 Brussels-Köln (Fig.  9). Experi-
mental results were collected on this site and incorporated 
in the experimental database [47], hence allowing for a 
demonstration and validation of the numerical and hybrid 
prediction capabilities of the vibration prediction tool [48, 
61]. Other examples, e.g. a slab track at grade or in a tunnel, 
can be found in Deliverables D3.2 [48] and D3.3 [61] of the 
SILVARSTAR project.

5.1 � Problem outline

•	 Track. The HSL L2 consists of two classical bal-
lasted railway tracks with UIC 60 rails supported 
every 0.6 m by resilient studded rubber rail pads on 
pre-stressed mono-block concrete sleepers. The track 
is located in a 1 m deep cutting and supported by 
porphyry ballast and limestone sub-ballast layers. 

The depth of the ballast is 0.35 m below the sleepers. 
The dynamic characteristics of the rail pads, ballast 
and subgrade were determined from track receptance 
measurements [37, 40]. The track properties are sum-
marized in Table 5.

•	 Track unevenness. The Belgian railway infrastructure 
manager Infrabel recorded the irregularity and alignment 
of both rails as well as the curvature, superelevation and 

Table 4   Overall vibration velocity level Loverall
v

(x
1
) at 16 m from the ballasted track on soft, medium and stiff soil during the passage of the IC 

train at 50, 150 and 300 km/h

Results are computed for combinations of the three modelling assumptions: track compliance in the stationary frame of reference (A1), low-
speed approximation (A2) and incoherent axle loads (A3); and when none of these assumptions are made

Train speed
(km/h)

Soil type Modelling assumptions (dB ref. 5 × 10−8 m∕s) Difference

None A1 A1+A2 A1+A2+A3

50 Soft 57.9 57.9 60.8 60.8 +2.9
Medium 57.3 57.3 60.5 59.9 +2.6
Stiff 56.2 56.2 58.4 58.7 +2.5

150 Soft 71.8 71.7 73.7 74.6 +2.8
Medium 71.7 71.6 74.1 74.1 +2.4
Stiff 70.5 70.3 72.7 72.9 +2.4

300 Soft 80.3 80.3 82.7 82.8 +2.5
Medium 80.2 80.1 82.9 82.9 +2.7
Stiff 79.8 79.4 82.1 81.9 +2.1

Table 5   Track properties for the Lincent site

Component Parameter Value

UIC60 rail Rail positions l1 = l2 = 0.72 m
Bending stiffness ErIr = 6.42 × 106 Nm2

Mass per unit length �rAr = 60 kg/m
Rail pad Stiffness krp = 153.4 × 106 N/m

Viscous damping coefficient crp = 13.5 × 103 Ns/m
Sleeper Length lslp = 2.5 m

Width bslp = 0.235 m
Height hslp = 0.205 m
Mass mslp = 300 kg
Mass moment of inertia �It,slp = 157.3 kgm2

Spacing d = 0.6 m
Ballast Thickness tbal = 0.35 m

Top width bbalt = 3.6 m
Bottom width bbalb = 5.6 m
Mass per unit length mbal = 1488 kg/m
Stiffness per sleeper kbal = 180 × 106 N/m
Hysteretic loss factor �bal = 0.06

Subgrade Thickness tsub = 1.0 m
Shear wave velocity Cs,sub = 300 m/s
Density �sub = 1854 kg/m3



Integration of a hybrid vibration prediction model for railways into noise mapping software:…

Railway Engineering Science

grade of the track [40]. The one-sided PSD S̃uw∕rz(ky) of 
the average vertical unevenness of both rails was meas-
ured for wavelengths between 3 m and 63 m [37] and 
extrapolated for smaller or larger wavelengths by fitting 
the measured PSD to the analytical formula proposed by 
the FRA (Fig.  4). The fitted PSD matches the measured 
unevenness well for long wavelengths but is an underes-
timation for shorter wavelengths.

•	 Dynamic soil characteristics. Borehole sampling per-
formed before the construction of the HSL L2 reveals the 
presence of a shallow 1.2 m thick quaternary silt layer, 
followed by a layer of fine sand up to a depth of 3.2 m. 
Between 3.2 and 7.5 m is a sequence of stiff layers of 
arenite (a sediment of a sandstone residue) embedded 
in clay. Below the arenite layers is a layer of clay (from 
7.5 m to 8.5 m depth), followed by fine sand (from 8.5 
to 10.0 m), and layers of fine sand and clay. Geophysi-
cal prospection tests (MASW, seismic refraction, SCPT) 
[62–65], laboratory tests (void ratio, water content, den-
sity) and bender element tests on undisturbed samples 
[66–68] were performed to identify the soil stratigraphy 
and dynamic soil characteristics (wave velocities and 
material damping ratios), as presented in Table 6.

	   The track is situated in a 1 m deep cutting, while a 
1 m deep lime stabilization was applied below the track. 
For the computation of the track compliance [37], the 
top layer in Table 6 is therefore replaced by a 1 m thick 
stiffer layer with shear wave velocity Cs,sub = 300 m/s, 
Poisson’s ratio �sub = 1∕3 and density �sub = 1854 kg/m3 
(while keeping the material damping ratios unchanged); 
the thickness of the second layer is reduced to 2.1 m. The 
soil impedance K̃s(ky,𝜔) is computed with these modified 
dynamic soil characteristics, while the track–soil trans-
fer functions h̃s(x, ky,𝜔) are computed with the proper-

ties listed in Table 6. Both functions are included in the 
numerical database.

•	 Rolling stock. Four different trains are operating on the 
HSL L2: IC trains of type IC-A and IC-O, and Thalys and 
ICE high-speed trains. The operational speed of the Tha-
lys HST is 300 km/h. We consider passages of the Tha-
lys PKBA train, consisting of two locomotives (one at 
each end of the train) and 8 carriages, with a total length 
Lt = 200.19 m (between the first and last axle). Each loco-
motive is supported by two bogies and has four axles. The 
side carriages, next to the locomotive, have one independent 
bogie and share the second bogie with the neighbouring car-
riage. The six remaining central carriages share both bogies 
with their neighbouring carriages, resulting in an articulated 
train composition. The total number of bogies is 13 and, 
consequently, the total number of axles is 26. The vehicle 
length lv , the bogie distance lb , the axle distance la , the total 
axle mass mt , the sprung mass ms and the unsprung mass ma 
of all carriages are summarized in Table 7 [37, 69].

5.2 � Line source transfer mobility

Vibration was recorded on five parallel measurement lines, 
on the rail flange, the sleeper edge and in the free field (8 
locations on the central line and two locations on the other 
lines). Transfer functions between the track and the free field 
were measured using an instrumented impact hammer [37, 
47, 70, 71]. Impacts were applied on the edge of the sleeper 
at 21 locations equally distributed over a distance of 200 m, 
as well as on a square aluminium foundation located 5.05 m 
from the track at 17 positions equally distributed over a dis-
tance of 160 m.

Table 6   Dynamic soil characteristics at the Lincent site

Layer h Cs Cp � �s �p

(m) (m/s) (m/s) (kg/m3)

1 1.4 128 286 1800 0.044 0.044
2 2.7 176 286 1800 0.038 0.038
3 ∞ 355 1667 1800 0.037 0.037

Table 7   Geometrical and mass properties of the Thalys high-speed train

Vehicle length l
v
 , bogie distance l

b
 , axle distance l

a
 , total axle mass m

t
 , sprung mass m

s
 and unsprung mass m

a

Component Number lv lb la mt ms mu

of axles (m) (m) (m) (kg) (kg) (kg)

Locomotive 4 22.15 14.00 3.00 17000 14973 2027
Side carriage 3 21.84 18.70 3.00 17000 14973 2027
Central carriage 2 18.70 18.70 3.00 17000 14973 2027
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The LSTM is also computed with the vibration prediction 
tool and with TRAFFIC; 21 source points are considered at 
the rail heads (0.5 N on each rail) every 10 m covering a total 
distance of 200 m.

Figure 16 shows the LSTM TML(X, x1) at 12 m, 32 m and 
64 m from the track (Fig. 9b). The measured data show sig-
nificant low-frequency noise below 8 Hz. At higher frequen-
cies, the predicted and measured LSTM match relatively 

well for the receivers at 12 m and 32 m. At 64 m, good 
correspondence is observed between 10 and 30 Hz, while at 
higher frequencies the predictions are around 15 dB below 
the measured results. This is attributed to uncertainty in the 
estimated soil properties, particularly the material damping 
ratios, and to the different impact location in the experiment 
(on the sleeper edge) and predictions (on both rail heads) 
[37]. The predictions of the LSTM with the vibration predic-
tion tool and TRAFFIC are in excellent agreement across the 
entire frequency range.

5.3 � Vibration velocity level

Figure 17 shows the measured vibration velocity level Lv(x1) 
at 12 m, 32 m and 64 m from the track for five passages of 
the Thalys HST at speeds close to 292 km/h, together with 
the average vibration velocity level. The peaks at around 
4 Hz (in the near field at 12 m) and 25 Hz correspond to the 
vehicle and axle passage frequencies, respectively. The P2 
resonance is observed as a peak between 50 Hz and 63 Hz. 
The measured vibration velocity levels for individual pas-
sages are very close to the average vibration velocity level.

These experimental results are subsequently compared 
to predictions obtained with the vibration prediction tool 
(numerical and hybrid schemes), as well as detailed and sim-
plified models in TRAFFIC.

•	 Numerical prediction. The vibration velocity level dur-
ing a passage of the Thalys train at 292 km/h is predicted 
with the vibration prediction tool and compared with the 
experimental results, as well as with two models incor-
porated in TRAFFIC: a detailed model that accounts for 
moving dynamic and static axle loads (and hence the 
Doppler effect) and a simplified model with identical 
assumptions A1–A3 as in the vibration prediction tool 
(low-speed approximation and incoherent axle loads, as 
discussed in Sect.4).

	   The predictions with the vibration prediction tool 
(Fig. 17) do not show peaks corresponding to the bogie 
and axle passages, as the dynamic axle loads are assumed 
to be incoherent. The P2 resonance is close to 50 Hz, 
which corresponds well with the measured data.

	   The agreement between predictions and measurements at 
12 m is very good between 10 and 20 Hz and above 80 Hz. 
Between 20 Hz and 80 Hz, the vibration velocity level is 
significantly overestimated by the vibration prediction tool. 
Below 10 Hz, the discrepancy is caused by omitting the 
contribution of the quasi-static axle loads. As the computa-
tional cost is relatively low, this contribution can be incor-
porated in a future version of the vibration prediction tool. 
Above 27 Hz (wavelengths shorter than 3 m at 292 km/h), 
the track unevenness is determined by extrapolation of the 

Fig. 16   Line source transfer mobility TM
L
(X, x

1
) for the ballasted 

track in Lincent. Receivers are located at a 12 m, b 32 m and c 64 m 
from the track. Measured data (grey) are compared to results com-
puted with the vibration prediction tool (black) and with TRAFFIC 
(cyan dotted)



Integration of a hybrid vibration prediction model for railways into noise mapping software:…

Railway Engineering Science

measured data. Uncertainty on the dynamic soil character-
istics also affects the prediction accuracy. Most probably, 
the material damping ratios are overestimated, resulting in 
a significantly lower predicted vibration velocity level at 
high frequencies at 32 m and 64 m.

	   Results obtained with the vibration prediction tool 
and the simplified model in TRAFFIC are in excel-
lent agreement. Compared to results with the detailed 
model in TRAFFIC, the largest discrepancy is observed 
below 16 Hz due to the omission of the quasi-static 
axle loads. At higher frequencies, a smoother spectrum 
is obtained with the vibration prediction tool and the 
simplified model in TRAFFIC. Overall, spectral shapes 
match well.

•	 Hybrid model 1. predicts the vibration velocity level 
LHYB
v

(x1)—following Eq.  (24)—as the sum of a pre-
dicted force density LNUM

F
(X, x1) (difference between a 

predicted vibration velocity level LNUM
v

(x1) and LSTM 
TMNUM

L
(X, x1) ) and a measured LSTM TMEXP

L
(X, x1).

	   The vibration velocity levels predicted with 
hybrid scheme  1 (Fig.  18) show good agreement 
with the measurements at low frequencies. This is 
not expected, however, since the contribution of the 
quasi-static axle loads is not included in the pre-
dicted vibration velocity level LNUM

v
(x1) , but can be 

explained by the observed low-frequency noise in the 
measured LSTM TMEXP

L
(X, x1) (Fig. 16). The vibration 

velocity level is overestimated around the P2 reso-
nance between 50 Hz and 63 Hz. At 32 m and 64 m, 
the predicted vibration levels match better the predic-
tions with the numerical scheme at high frequencies, 
due to the use of a measured LSTM.

•	 Hybrid model 2. predicts the vibration velocity 
level LHYB

v
(x1)—following Eq.  (25)—as the sum of 

an experimental force density LEXP
F

(X, x1) (difference 
between a measured vibration velocity level LEXP

v
(x1) 

and LSTM TMEXP
L

(X, x1) ) and a predicted LSTM 
TMNUM

L
(X, x1).

	   The discrepancy at low frequencies (Fig. 18) is not 
expected since the contribution of the quasi-static axle 
loads is included in the measured vibration velocity 
level LEXP

v
(x1) . It is cancelled, however, by low-fre-

quency noise on the measured LSTM TMEXP
L

(X, x1) . 
Hybrid scheme 2 provides good prediction accuracy 
between 10 and 60 Hz at 12 m and 32 m; the vibra-
tion velocity spectrum clearly shows a peak around 
25 Hz due to the axle passages. At higher frequen-
cies, however, hybrid scheme 2 suffers from uncertain 
dynamic soil characteristics in the prediction of the 
LSTM TMNUM

L
(X, x1) , and therefore underestimates 

the vibration velocity level at 32 m and 64 m.

5.4 � Overall vibration velocity level

Table 8 shows the overall vibration velocity level Loverall
v

(x1)

—defined according to Eq.  (33) as the sum of vibration 
velocity levels over all one-third octave bands—at 12 m, 

(

Fig. 17   Vibration velocity level L
v
(x

1
) during five Thalys HST pas-

sages at approximately 292  km/h on the ballasted track in Lincent 
(response envelope in light grey), and average vibration velocity 
level (dark grey). Receivers are located at a 12 m, b 32 m and c 64 m 
from the track. Results are computed with the vibration prediction 
tool using the numerical scheme (black) and with the detailed (blue 
dashed) and simplified (cyan dotted) model in TRAFFIC
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32 m and 64 m. The measured vibration levels are compared 
to predictions with the numerical and hybrid schemes in the 
vibration prediction tool, and with detailed and simplified 
models in TRAFFIC. The overall vibration velocity level 
indicates whether the peak in the vibration spectrum is well 

predicted, whereas information on the spectral shape and 
prediction accuracy in individual one-third octave bands is 
evidently lost.

At 12 m, the discrepancy between measured and pre-
dicted overall vibration velocity level is large (between 10 
and 15 dB), as expected from the one-third octave band 
spectra between 10 and 63 Hz (Fig. 17a). If the measured 
force density is used in hybrid scheme 2, overall good agree-
ment is obtained (3.3 dB overestimation). At 32 m and 64 m, 
the predicted and measured overall vibration velocity levels 
match very well, since the peak vibration velocity level in 
the one-third octave band around 25 Hz is accurately pre-
dicted (Fig.  17b and c). The large underestimation of the 
vibration velocity level at high frequencies is not reflected 
in the overall vibration velocity level.

For hybrid scheme 1, the overall vibration velocity level 
at 32 m and 64 m is approximately 5 dB higher, mainly due 
to an overestimation of the vibration velocity level between 
30 Hz and 63 Hz (Fig. 18b and c). The overall vibration 
velocity level does not reflect the improved prediction of 
the vibration velocity level above 63 Hz, if compared to the 
numerical scheme, in particular at 64 m.

Predictions with hybrid scheme 2 match the measured 
results relatively well; the overall vibration velocity level is 
slightly lower than the measured level at 32 m ( −2.2 dB) and 
64 m ( −4.2 dB). The underestimation of the vibration veloc-
ity level below 10 Hz, and above 63 Hz at 32 m (Fig. 18b) 
and above 30 Hz at 64 m (Fig. 18c) does not significantly 
affect the overall vibration velocity level, as the velocity is 
low in these one-third octave bands.

5.5 � Force density

The force density is determined as the difference between 
the measured vibration velocity level and the measured 
LSTM. Results are shown for five Thalys HST passages at 
approximately 292 km/h in Fig. 19, together with the average 
force density. The contribution of quasi-static axle loads is 
not observed in the force density extracted from the meas-
ured data due to the high level of low-frequency noise in 
the measured LSTM, as discussed before. The peak around 
25 Hz corresponding to the axle passage frequency is clearly 
observed in the spectrum. The P2 resonance, which was 
observed in the measured vibration velocity levels between 
50 and 63 Hz (Fig. 17), is not visible in the force density. 
The experimental force densities at 12 m and 32 m match 
each other relatively well, while the spectral shape of the 
force density at 64 m deviates, mainly at high frequencies.

The large discrepancy between the measured and pre-
dicted force density is attributed to a combination of 
aforementioned factors: uncertainty on the dynamic soil 
characteristics, extrapolation of the track unevenness for 
wavelengths shorter than 3 m and measurement noise. The 

Fig. 18   Vibration velocity level L
v
(x

1
) during five Thalys HST passages 

at approximately 292 km/h on the ballasted track in Lincent (response 
envelope in light grey) and average vibration velocity level (dark 
grey). Receivers are located at a  12 m, b  32 m and c  64 m from the 
track. Results are computed with the vibration prediction tool using the 
numerical scheme (black) and hybrid prediction schemes 1 (red dotted) 
and 2 (green dashed)
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predictions with the vibration prediction tool and the simpli-
fied model in TRAFFIC are, however, in good agreement.

6 � Conclusion

We presented a hybrid prediction tool for railway-induced 
vibration, that is inspired by modern vibration standards and 
guidelines. The vibration velocity level in a building in each 
frequency band is written as the sum of a force density, a 
line source transfer mobility and a building correction fac-
tor, characterizing the source, propagation path and receiver. 
Such approach is very attractive for use in engineering con-
sultancy, as each of the quantities of interest can be repre-
sented by numerical predictions or by experimental data.

The numerical prediction model incorporated in the 
hybrid prediction tool is inspired by state-of-the-art predic-
tion models MOTIV and TRAFFIC, taking full advantage 
of the translational invariance of tracks and tunnels in hor-
izontally layered soils. In order to speed up calculations, 
soil impedance and transfer functions were pre-computed 
for a wide range of soil conditions. Additional modelling 
simplifications (evaluation of track compliance in a station-
ary frame of reference; application of dynamic axle loads at 
fixed positions; incoherent axle loads) were made to achieve 
efficient calculations. Extensive validation was performed 
for the case of a nominal IC train running at three speeds 
on a ballasted track, supported by a soft, medium or stiff 
soil. The assumptions of fixed and incoherent axle loads 
have the largest influence on prediction accuracy, resulting 
in a redistribution of energy into different frequency bands, 
with larger differences at higher train speeds. The overall 
vibration velocity level was found to be overestimated by 
maximum 3 dB for all cases considered.

The experimental database embedded in the hybrid pre-
diction model presently incorporates data collected on 4 sites 
in Belgium and the UK. Measurements of LSTM and vibra-
tion velocity level on the HSL L2 Brussels-Köln in Lincent 
were used for approval testing of the numerical as well as 

both hybrid prediction schemes. Hybrid scheme 1 (predicted 
force density, measured LSTM) results in an overestima-
tion of the vibration velocity level around the P2 resonance 
between 50 and 63 Hz; at larger distance, good prediction 
accuracy is obtained at higher frequencies due to the use of a 
measured LSTM. Hybrid scheme 2 (measured force density, 
computed LSTM) provides good accuracy between 10 and 
60 Hz at medium distance, but underestimates the vibration 
velocity level in the far field at frequencies above 40 Hz, 
which is due to uncertain dynamic soil characteristics in the 
prediction of the LSTM. Overall vibration velocity levels are 
well predicted by all prediction schemes at 32 m and 64 m 
from the track.

The proposed hybrid prediction model offers wide model-
ling flexibility at each stage of the design process. Embed-
ding it in the existing noise mapping software IMMI simpli-
fies the modelling process and facilitates interfacing with 
GIS. The tool enables the assessment of vibration levels for 
both large-scale studies and more detailed investigations for 
new and upgraded railway lines.

There are several opportunities to improve the hybrid 
vibration prediction model. The experimental database 
needs to be extended with data from complementary cam-
paigns. Great benefit can be obtained from coupling the 
model to available GIS soil databases, using, e.g. correla-
tions, between cone resistance and small strain shear modu-
lus [72, 73]. We will then also need faster calculation of 
soil impedance and transfer functions, in order to provide 
real-time predictions for any soil layering obtained from 
the database. Building correction factors need to be com-
puted for a wider range of buildings, taking into consid-
eration construction material, load-resisting systems, shape 
of the building plan, height, structural irregularity, walls, 
floors, roof and foundation type. If building taxonomy can 
be inferred from GIS databases, as presently set up in the 
Global Earthquake Model [74], this in the longer term 
would also require fast real-time calculation of building 
correction factors. The substantial model, parameter and 
measurement uncertainties finally call for incorporating 
uncertainty quantification in model predictions.

Table 8   Overall vibration velocity level Loverall
v

(x
1
) at 12, 32 and 64 m from the ballasted track in Lincent during the passage of the Thalys train 

at 292 km/h

Results are computed with the vibration prediction tool (numerical and hybrid schemes) and with TRAFFIC (detailed and simplified models), 
and are compared to the average of the measured vibration levels

Distance
(m)

Measured 
(average)

Vibration prediction 
tool (numerical)

Vibration prediction 
tool (hybrid 1)

Vibration prediction 
tool (hybrid 2)

TRAFFIC (detailed) TRAFFIC (simplified)

12 67.0 75.4 (+8.4) 81.4 (+14.4) 70.3 (+3.3) 76.8 (+9.8) 76.4 (+9.4)
32 58.5 61.6 (+3.1) 64.0 (+5.5) 56.3 ( −2.2) 60.9 (+2.4) 61.8 (+3.3)
64 48.1 48.3 (+0.2) 53.0 (+4.9) 43.9 ( −4.2) 46.1 ( −2.0) 48.4 (+0.3)
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