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Abstract

The number of railway lines both operational and under construction is growing rapidly, leading to an increase in the number of

buildings adversely affected by ground-borne vibration (e.g. shaking and indoor noise). Post-construction mitigation measures are

expensive, thus driving the need for early stage prediction, during project planning/development phases. To achieve this, scoping

models (i.e. desktop studies) are used to assess long stretches of track quickly, in absence of detailed design information. This

paper presents a new, highly customisable scoping model, which can analyse the effect of detailed changes to train, track and soil

on ground vibration levels. The methodology considers soil stiffness and the combination of both the dynamic and static forces

generated due to train passage. It has low computational cost and can predict free-field vibration levels in accordance with the

most common international standards. The model uses the direct stiffness method to compute the soil Green’s function, and a

novel two-and-a-half dimensional (2.5D) finite element strategy for train-track interaction. The soil Green’s function is modulated

using a neural network (NN) procedure to remove the need for the time consuming computation of track-soil coupling. This

modulation factor combined with the new train-track approach results in a large reduction in computational time. The proposed

model is validated by comparing track receptance, free-field mobility and soil vibration with both field experiments and a more

comprehensive 2.5D combined finite element-boundary element (FEM-BEM) model. A sensitivity analysis is undertaken and it is

shown that track type, soil properties and train speed have a dominant effect on ground vibration levels. Finally, the possibility of

using average shear wave velocity introduced for seismic site response analysis to predict vibration levels is investigated and shown

to be reasonable for certain smooth stratigraphy’s.

Keywords: Scoping assessment, Free-field vibrations, Soil vibrations, Neural network, Vs30 profile, Railroad vibration, Railway

traffic, High speed rail, Ground-borne vibrations, Environmental Impact Assessment (EIA)

1. Introduction

The emergence of high speed rail (HSR) has stimulated eco-

nomic development in Europe, America and Asia. This has

also caused an increasing number of properties and structures

affected by ground-borne railway vibrations [1]. International

standard ISO2631 [2, 3] addresses these negative effects and

evaluates the whole-body human exposure to vibration. In ad-

dition, ISO14837 [4] is focused on the emission-propagation-

immission mechanisms of waves from the train-track system

(source) to the building (receiver). It provides a guide on the

measurement of experimental data, vibration evaluation and

mitigation.

ISO14837 [4] also outlines suggested numerical modelling

approaches. At the construction stage of a new railway line,

comprehensive and detailed design models are recommended.

These are typically computationally expensive, and include

three-dimensional (3D) [5–9] models with full coupling be-

tween the train-track-soil-structure system. One alternative to

3D modelling is to use a two-and-a-half-dimensional (2.5D) ap-
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proach [10–19]. These models assume the problem is contin-

uous in the track direction and are not as such well suited for

modelling transition zones, etc.

If the vibration assessment is to be undertaken at an earlier

stage of railway line development, simplified scoping models

[4] are often more useful. This is because they are faster run-

ning and often do not require as many input parameters.

Nelson and Sauernmann [20] presented such an empirical

model to assess re-radiated ground-borne noise and vibration

in buildings by combining line source response and force den-

sity. Field impact-testing procedures were used to evaluate line

source transfer functions, while vehicle-track force density was

indirectly obtained. Madshus et al. [21] developed a semi-

empirical model to predict both expected values and confidence

regions of building vibrations. To do so, a statistical analysis of

recorded vibrations due to high-speed trains was undertaken.

This model was focused on the low frequency vibrations of

buildings founded in soft soil. Alternatively, Rossi and Nicolini

[22] presented an analytical approach calibrated using railway

field vibration measurements. This allowed for the quantifica-

tion of train type, train speed, track properties and distance to

the track, on the free-field vibrations induced by railway traf-

fic. With et al. [23] proposed an empirical model to predict
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train-induced ground vibrations considering wheel force, train

speed and distance to the track. Also, empirical approaches

to estimate soil and building vibrations due to a train passage

[24, 25] have been proposed by the Federal Railroad Admin-

istration (FRA) and the Federal Transit Administration (FTA)

of the US Department of Transportation. The simplifications

considered in these procedures [24, 25] were verified by the nu-

merical model presented in reference [26]. Later, Hussein et al.

[27] proposed a sub-modelling method to couple a train-track-

soil 3D model with a building, using a 2D frame made of beam

elements. Kouroussis et al. [28] developed a decoupled ap-

proach, using only the finite element modelling, for character-

izing building vibrations induced by adjacent tramway network

with an important rail unevenness (local defect). Connolly et al.

[29, 30] presented a scoping tool, called Scoperail, to instantly

compute vibrations due to train passages. A machine learning

approach to obtain free-field vibrations was developed by us-

ing numerical records for a wide range of train speeds and soil

types. These soil vibrations were coupled with empirical fac-

tors in order to predict indoor noise in buildings and structural

vibrations levels due to high speed trains. A hybrid model was

described by Triepaischajonsak et al. [31], that combined a de-

tailed vehicle-track model formulated in the time domain with a

layered ground model operating in the frequency domain, based

on the formulation outlined by Kausel et al. [32]. Then, forces

acting on the ground were obtained from the train-track model

and used in the ground model to calculate free-field vibrations.

Kuo et al. [33] developed a hybrid model where the source and

propagation mechanisms are decoupled. The model combined

recorded data and numerical predictions considering the defini-

tions proposed in references [24, 25]. Recently, Kouroussis et

al. [34] developed a hybrid experimental-numerical model to

predict vibrations from urban railway traffic. The level of vi-

bration was calculated by combining the force density obtained

from a numerical train-track model with the mobility function

measured through an experimental approach.

Building upon this previous body of scoping model research,

this paper presents a new scoping methodology to evaluate the

free-field vibrations, aimed at aiding vibration assessments un-

dertaken during the planning stages of a new railway line. It

is able to model the effect of a large variety of input variables

using minimal computational effort. To do so, track-soil inter-

action to define the vibration transmission is modelled by mod-

ulating the soil Green’s function [32, 35, 36] with a correction

factor obtained using a neural network (NN) approach. This al-

lows for the coupled track-soil response to be simulated in only

the time it takes to compute the soils Green’s function. Then,

free-field predictions are assessed by combining this track-soil

model with train-track excitations. The proposed method al-

lows for the estimation of the ground vibration descriptors pre-

sented in references [29, 30], but also the soil response in the

time and frequency domains (with low computational effort).

This paper is organised as follows. First, the scoping model

is presented. Next, an experimental and numerical validation of

the scoping model is undertaken. A sensitivity analysis is then

carried out to showcase the model and determine the effect of

several key parameters on vibration propagation. Finally, the

accuracy of using the average shear wave velocity of a layered

soil as defined in Eurocode 8 [37] and denoted as Vs30 is quan-

tified.

2. Numerical modelling

To calculate the field response (Figure 1), the train-track-soil

system was divided into two primary sub-models: a track-soil

sub-model (step 2.1) and a train-track sub-model (step 2.2). To

minimise the computational demand required to compute these

sub-models, the following modelling strategies were used:

• To calculate the track-soil transfer function ũff (Figure 1,

step 2.1) the soil Green’s function ũg is computed in the

absence of track. Then, to approximate the response of

a combined track-ground system, the Green’s function is

modulated using a correction factor, calculated via a neural

network procedure.

• The train-track forces g are calculated using a simplified fi-

nite element (FEM) track model where the underlying soil

is modelled using a spring-damper element that approxi-

mates the underlying soil response (Figure 1, step 2.2).

The free field response us (Figure 1, step 2.3) is then com-

puted using the formulation in the frequency-wavenumber do-

main presented by Lombaert et al. [10]. The train-track forces

and the track-soil transfer function are described below.

2.1. Track-soil transfer function

Many vibration prediction models consider track-soil inter-

action using comprehensive methodologies. However, these

require a high computational cost. In order to avoid this,

the proposed model estimates the track-soil transfer function

ũff(x, ky, ω) (Figure 1 step 2.1) by combining the Green’s func-

tions ũg(x, ky, ω) [32] (Figure 1 step 2.1.2) for a homoge-

neous or layered soil with a correction factor Ãg obtained us-

ing a neural network (Figure 1 step 2.1.1). Note that the

sub-indices ff and g indicate free-field response and Green’s

functions, respectively, and a tilde indicates a variable in the

frequency-wavenumber domain. The track-soil transfer func-

tion ũff(x, ky, ω) represents the response at a point x = {d, y, 0}

located at the soil surface due to an impulsive vertical load at

the rail. Correction factor Ãg depends on the track type and the

soil properties. It is evaluated for a point x located at a distance

d from the track centreline, a frequency ω and a wavenumber

ky. The track-soil transfer function at a point x can be obtained

as:

ũff(x, ky, ω) = Ãg(d, ky, ω)ũg(x, ky, ω) (1)

A NN approach to assess the correction factor Ãg(d, ky, ω) was

selected because NN procedures are suitable methods to cap-

ture wave propagation models due to their ability for non-linear

regression. NN approaches have been used to predict strong

motion duration in earthquake engineering [38], to evaluate the

effectiveness of trenches to reduce ground-borne vibration [39],

to estimate fundamental period of vibration and maximum dis-

placement of a building [40], to assess acceleration response

spectra from tremors in the mining industry [41] and to detect

damage on a railway bridge due to train passage [42].
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Figure 1: Scheme of the scoping model.

2.1.1. NN architecture

In order to estimate the correction factor Ãg (Equation (1)), a

multilayer perceptron (MLP) neural network architecture with

a back-propagation training algorithm [43] was chosen (Figure

2). One, two and three hidden layers were tested. A NN frame-

work with four layers (one input, two hidden and one output)

was chosen to construct the proposed model.

The correction factor Ãg modulates the Green’s function

ũg(x, ky, ω) to evaluate the track-soil function ũff(x, ky, ω) at a

point x, a frequency ω and a wavenumber ky. Coefficient Ãg

depends on the track type and the soil properties. To build NN

architecture ballasted and slab tracks were considered. Simpli-

fied soil profiles were used to build the NN model, using the

average shear wave velocity Vs30 as defined in Eurocode 8 [37],

and computed as:

Vs30 =
30 [m]
∑Ns

i

hi

csi

(2)

where hi is the thickness of the i − mboxth layer, Ns the total

number of layers in the top 30 m and csi
the shear wave velocity

of the i − mboxth layer.

Vs30 can be used to define a homogeneous soil, however it

is non-unique because a variety of layered soils can be repre-

sented using the same value of Vs30. Therefore to further define

the soil, the proposed model uses two additional variables: the

depth h1, and the shear wave velocity cs1
of the upper layer.

Then, the input layer (Figure 2) contains six inputs parameter:

soil parameters cs1
, h1,Vs30, the distance d between the evalu-

ated point x and the track, frequency ω and wavenumber. The

wavenumber is represented by the non-dimensional wavenum-

ber kdy = kycs1
/ω. In the case of a homogeneous soil, the shear

wave velocity of the upper layer matches with the Vs30 parame-

ter cs1
= Vs30, with h1 = 30 m.

In order to optimise the NN architecture, successive tests

were developed modifying the number of neurons in the hidden

layers. It was observed that 20 and 10 neurons in the first and

second hidden layer, respectively, were optimal because perfor-

mance did not improve when a larger number was used. The

output layer has two parameters because the correction factor

Ãg is a complex number. Therefore it is defined using its mod-

ulus
∣

∣

∣Ãg

∣

∣

∣ and argument arg
(

Ãg

)

:

Ãg =
∣

∣

∣Ãg

∣

∣

∣ earg(Ãg)i (3)

The objective of the NN procedure is to ensure the free-field

cs1 , hs1 ,Vs30

d

kdy, ω

∣

∣

∣Ãg

∣

∣

∣ , arg
(

Ãg

)

Output layer

Input layer

Hidden layers

Figure 2: Neural network model schematic.

response of the modulated track-soil model is equal to the re-

sponse of the true, coupled track-soil model, i.e.:

ũ
p

ff
= ũr

ff (4)

being ũ
p

ff
and ũr

ff the track-soil transfer function obtained from

the proposed model (super-index p) (Equation (1)) and com-
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puted by using the reference model [14] (super-index r), re-

spectively. Substituting Equations (3) and (4) into Equation (1)

and considering the exponential forms of the track-soil transfer

function ũr
ff and the Green’s functions ũg, the following expres-

sion can be obtained:

∣

∣

∣ũr
ff

∣

∣

∣ earg(ũr
ff)i =

∣

∣

∣Ãg

∣

∣

∣ earg(Ãg)i
∣

∣

∣ũg

∣

∣

∣ earg(ũg)i (5)

To obtain the reference values required to train the neural net-

work, the modulus
∣

∣

∣Ãg

∣

∣

∣ and argument arg
(

Ãg

)

are obtained us-

ing Equation (5):
∣

∣

∣Ãg

∣

∣

∣ =

∣

∣

∣ũr
ff

∣

∣

∣

∣

∣

∣ũg

∣

∣

∣

(6)

arg
(

Ãg

)

= arg
(

ũr
ff

)

− arg
(

ũg

)

(7)

The aim of the NN procedure is to map the weighted inputs

(e.g. distance) to outputs (i.e. vibration). First, weighted inputs

are assumed and the resulting predicted outputs are compared

against the known outputs to quantify the error. This error is

fed back through the network using a back-propagation train-

ing algorithm. The input weightings are then modified and the

process is repeated until convergence.

The NN approach was developed by using the Matlab

Neural Network Toolbox [44]. A tangent hyperbolic func-

tion was used as the activation function in the hidden layers due

to its faster convergence compared to nonsymmetric functions

[45]. The NN architecture was trained using the Levenberg-

Marquardt algorithm that has been shown to be one of the

fastest methods for training NNs [46]. Also, to evaluate the per-

formance of the NN model and select the best framework, mean

squared error (MS E) and coefficient of determination (R2) were

used, which are defined as follows:

MS E =
1

Nn

Nn
∑

i=1

(

Xi − X̂i

)2
(8)

R2 = 1 −

∑Nn

i=1

(

Xi − X̂i

)2

∑Nn

i=1
(Xi −mean(X))2

(9)

where Xi and X̂i are the output targets and predicted outputs,

respectively, and Nn is the size of the sample. These statistical

indices allow the proposed model to be adjusted to approximate

the reference model defined in Equation (4). When MS E and

R2 approach 0 and 1, respectively, accurate predictions of the

track-soil function ũr
ff are obtained [47–49].

To reduce the prediction error, tests were performed by trans-

forming the raw input and output target data [50]:

• Re
(

Ãg

)

and Im
(

Ãg

)

parts were used as the output param-

eters.

• Modulus
∣

∣

∣Ãg

∣

∣

∣ and argument arg
(

Ãg

)

(”wrapped” and ”un-

wrapped”) were used as the output parameters.

• Input data were normalised to the interval [−1, 1].

• Output target data were normalised to the interval [−1, 1]

and [0, 1].

• Output target data modulus
∣

∣

∣Ãg

∣

∣

∣ were transformed to loga-

rithmic scale.

Unfortunately these modifications did not improve performance

so were discarded. However, results were improved when out-

put target data argument was wrapped to 2π rad and output tar-

get data modulus was presented as:

Kg = 20log10

∣

∣

∣Ãg

∣

∣

∣ (10)

Then, Equations (7) and (10) were used to build the output tar-

gets.

2.1.1.1 NN database construction

A large number of data points are required to train and evaluate

a NN. A discussion about this issue is done in Section 6. To

do so, observation points were chosen at distances d from 10

to 50 m. Three types of soil were considered: soft, medium

and stiff, corresponding to types D, C and B, as classified in

Eurocode 8 [37] (Table 1). Rock type A was discarded because

it is less commonly found in railway lines.

Table 1: Soil types based on Eurocode 8.

Description Vs30 [m/s]

A Rock outcrop > 800

B Very dense sand or gravel, or very stiff clay 360 − 800

C Dense to medium-dense sand or gravel, or stiff clay 180 − 360

D Loose-to-medium sand or gravel < 180

A sample of 60 different layered soils was randomly gener-

ated considering the following parameters:

• Number of layers N was considered to be within the range

1 − 4.

• To avoid locating the half-space at large depths where Vs30

is not a good estimator of soil conditions [51], the sum of

layer depths was considered to be below 30 m:

N
∑

i=1

hi ≤

30 m.

• In order to obtain layered soils properties compatible with

(Table 1), the shear wave velocity of each layer was con-

sidered to be in the range cs = 100 − 800 m/s.

• Layer stiffness increased with the depth.

• Density and Poisson’s ratio were ρ = 1800 kg/m3 and ν =

0.33, for all layers.

Figure 3 shows the breakdown of the characteristics of the gen-

erated layered soils in the form of histograms. It can be ob-

served that several soils presented an upper layer with depth

below h1 = 10 m and shear wave velocity around cs1
= 200 m/s

(Figures 3.(a) and 3.(b)). Also medium and stiff soils with Vs30

values from 280 m/s to 500 m/s were mainly found in the sam-

ple of soils (Figure 3 (c)).
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(a)

(b)

(c)

Figure 3: Histograms of sample of soils properties: (a) upper

layer height, (b) upper layer shear wave velocity and (c) Vs30.

Another sample of 60 homogeneous soils was built upon this

previous sample of layered soils considering shear wave veloc-

ity cs = Vs30, where Vs30 was obtained from the sample of lay-

ered soils. So, the database set was constructed from 120 soils.

The output targets (Equations (7) and (10)) were calculated

using the Green’s functions ũg(x, ky, ω) computed for the sam-

ple of layered and homogeneous soils. The reference model

[14] used to obtain the track-soil transfer functions ũr
ff(x, ky, ω)

considered ballasted and slab tracks situated on top of an em-

bankment, supported by this sample of soils. Table 2 sum-

marises the properties of the ballasted and slab tracks (Figures

5 and 6). The material properties of the embankment were cho-

sen equal to those of the top layer of the soil. A linear hysteretic

damping model was used for all constituents of the ballasted

and slab track structure. The properties were obtained from

published literature (among them [8]).

Output targets were obtained for the sample of 120 soils and

considering distances d : {10, 20, 30, 40, 50}m from the track

Table 2: Ballasted and slab track properties.

RAIL

Bending stiffness Er Ir

[

N/m2
]

6.18 × 106

Mass per unit length ρrAr
[

kg/m
]

60.83

Loss factor ηr 0.05

RAIL PAD

Equivalent stiffness krp

[

N/m2
]

150 × 106

Loss factor ηrp 0.25

SLEEPER

Spacing dsl [m] 0.60

Length lsl [m] 2.60

Width bsl [m] 0.35

Height hsl [m] 0.22

Mass per sleeper msl

[

kg
]

300

Rotational inertia ρslIsl

[

kgm2/m
]

567

BALLAST

Length at the top lb1 [m] 2.60

Length at the bottom lb2 [m] 2.87

Width bb [m] 0.35

Height hb [m] 0.3

Equivalent mass mb
[

kg/m
]

796

Vertical stiffness kb [N/m] 500 × 106

Loss factor ηb 1.0

SLAB

Length lslab [m] 2.60

Height hslab [m] 0.30

Bending stiffness Eslab Islab

[

Nm2
]

117 × 106

Mass per unit length ρslabAslab

[

kg/m
]

1950

Loss factor ηslab 0.01

EMBANKMENT

Length at the top le1 [m] 3.50

Length at the soil surface le2 [m] 7.00

Height he [m] 1.50

centreline. The sample of 75 frequencies was within the range

0.5 Hz - 150 Hz. A sample of 98 non-dimensional wavenumber

kdy values from 0 to 100 was employed. This resulted in: 120

soil types × 5 distances × 75 frequencies × 98 wavenumbers

= 4410000 data points. These output targets were divided in

two subsamples: three-quarters for NN training and one-quarter

for NN testing.

2.1.1.2 NN testing

Once the NN was trained and its architecture finalised, model

performance was evaluated. Figure 4 shows a scatter plot to

5



evaluate the agreement in the predictions of the correction fac-

tor Ãg. The indices R2 and MS E are related in Table 3. It can

be observed that the agreement in the estimation of the modulus

parameter Kg is quite good (Figure 4.(a)). Regarding the argu-

ment parameter arg
(

Ãg

)

, the agreement is not quite as strong

(Figure 4.(b)). However, as shown in the next section, the NN

predictions of the correction factor Ãg provide a reasonable es-

timate of the track-soil transfer function ũff .

(a)

(b)

Figure 4: Results of neural network model of the (a) Kg and

(b) arg
(

Ãg

)

parameters.

Table 3: NN performance.

Training set Testing set

R2 MS E R2 MS E

Ballasted track
Kg 0.99 3.7 dB2 0.99 3.7 dB2

arg
(

Ãg

)

0.64 1.2 rad2 0.64 1.2 rad2

Slab track
Kg 0.99 5.9 dB2 0.99 5.9 dB2

arg
(

Ãg

)

0.75 1.6 rad2 0.75 1.6 rad2

2.2. Track-soil forces

2.2.1. Track model

The track-soil forces (Figure 1 step 2.2) are calculated using

a simplified 2.5D FEM model (Figures 5 and 6). The model

allows both linear hysteretic or viscous damping models for the

constituents in the ballasted and slab track structure.

For the ballasted track model, the rails are represented us-

ing Euler-Bernoulli beams with a bending stiffness ErIr and a

mass ρrAr per unit length. The rail displacements are denoted as

ur1(x1, t) and ur2(x2, t). The position of the rails is determined

by x1 and x2, with x2 − x1 equal to the track gauge wr. The

internal energy dissipation in the rail is modelled using a loss

factor ηr.

The rail pads are modelled as continuous spring-damper con-

nections. The rail pad stiffness krp and damping coefficient crp

of a single rail pad are used to calculate the equivalent stiffness

krp = krp/dsl and damping crp = crp/dsl where dsl is the sleeper

spacing. Alternatively, a loss factor ηrp can be used to describe

rail pad behaviour as, krp = krp(1 + iηrp).

The concrete sleepers are assumed to be rigid in the plane

of the track cross section, so that the vertical sleeper displace-

ments along the track are determined by the vertical displace-

ment usl(x, t) and rotation θsl(x, t) at the centre of gravity of the

sleeper. The sleepers are modelled as a uniformly distributed

mass msl = msl/dsl. The rotational inertia of the sleeper is esti-

mated as ρslIsl = ρslIsl/dsl.

The ballast bed is modelled using a set of distributed lin-

ear springs and dampers. The smeared ballast stiffness kb is

computed from the vertical spring stiffness kb per sleeper as

kb/dsl. The viscous damping in the ballast bed is accounted

for by a ballast impedance and equals kb + iωcb. Alternatively,

a loss factor ηb can be used to describe ballast behaviour as

kb = kb(1 + iηb). The equivalent ballast mass mb is computed

using the ballast mass mb under each sleeper as mb/dsl. The

ballast mass mb is estimated from the height hb of the ballast

layer and lengths lb1 = lsl and lb2 at the top and the bottom of

the ballast layer, respectively, as mb = 0.5ρbhb(lb1 + lb2)bsl.

The embankment is represented using an Euler-Bernoulli

beam with a bending stiffness EeIe, a torsional rigidity GeJe,

a loss factor ηe, a rotational inertia ρeIpe, and a mass ρeAe per

unit length. The embankment properties are approximated to be

equal to the uppermost soil layer. The effect of the embankment

on ground vibrations due to railway traffic has been previously

studied by other authors (among them [14, 52]).

A ballast mat can be simulated using spring-damper elements

between the embankment and the ballast with equivalent stiff-

ness and damping (or loss factor) km and cm (or ηm), respec-

tively.

k̃s

ue

θe he

hbkb, km

ur1 ur2

wr

lsl

usl

θsl

krp

Figure 5: Cross section of ballasted track model.
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Figure 6: Cross section of slab track model.

For the slab track model, the rails, rail pads and embank-

ment are modelled as in the ballasted track model. The slab is

represented by an Euler-Bernoulli beam with a bending stiff-

ness EslabIslab, a torsional rigidity GslabJslab, a rotational inertia

ρslabIpslab, a loss factor ηslab and a mass per unit length ρslabAslab.

A floating slab track can be represented as in the case of the bal-

last mat.

The underlying soil is represented using a spring-damper

element with stiffness k̃s(ky, ω). The equivalent stiffness and

damping of the soil is estimated by the vertical soil response

computed from the Green’s function for a homogeneous or

layered half-space. The soil flexibility 1/k̃s(ky, ω) is obtained

from the soil response induced by a unit vertical load applied

at the soil surface and evaluated at a point located at a distance

d = wr/2 from the track centerline (under the rail). Note that

because the spring-damper element does not consider the effect

of a moving load, the model ignores the dynamic effects that

may be induced when approaching critical velocity [53]. The

continuity of displacement is fulfilled between the soil and the

track.

2.2.1.1 2.5D FEM formulation

The 2.5D FEM formulation follows that outlined in [14]:

[

−ω2Mbb +K0
bb − ikyK1

bb − k2
y K2

bb + ik3
y K3

bb + k4
y K4

bb

+K̃
s

bb(ky, ω)
]

ũb(ky, ω) = f̃b(ky, ω)
(11)

where K0
bb, K1

bb, K2
bb, K3

bb and K4
bb are the stiffness matrices,

Mbb is the mass matrix, f̃b(ky, ω) is the external load vector,

and Ks
bb(ky, ω) represents the dynamic soil stiffness matrix. For

simplicity, matrices K1
bb, K2

bb and K3
bb are discarded so that the

proposed model does not contain any volume or shell elements.

The finite element matrices Mbb, K0
bb and K4

bb in Equation (11)

are independent of wavenumber ky and frequency ω, and are

only assembled once. Equation (11) is now further elaborated

by dividing the finite element degrees of freedom ũb(ky, ω) into

internal degrees of freedom ũb1
(ky, ω) and degrees of freedom

ũb2
(ky, ω) on the soil-structure interface:


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(12)

The dynamic soil stiffness matrix K̃s
b2b2

(ky, ω) = k̃s(ky, ω) is

computed by means of the Green’s function [32] (Figure 1 step

2.1.2).

The following describes the evaluation of train-track interac-

tion forces (Figure 1 step 2.2). Both quasi-static excitation and

dynamic excitation due to random track unevenness are taken

into account [54], and the dynamic contributions depend upon

the rail displacements ũr(ky, ω) obtained using Equation (12).

2.2.2. Vehicle loading

Firstly, a power spectral density (PSD) function is assumed

for the random track unevenness:

S̃ rzz(ky) = S̃ rzz(ky0)

(

ky

ky0

)−w

(13)

where S̃ rzz(ky0) is the reference value of the PSD at ky0 and

w is the exponent that determines how strong the PSD func-

tion decreases with increasing wavenumber ky. The coefficients

S̃ rzz(ky0) and w are obtained from standards [55]. w = 3.5 and

ky0 = 1 rad/m are commonly assumed for railway unevenness.

The value of S̃ rzz(ky0) depends on the track maintenance [56]:

5 × 10−7 m3 (poor), 1.25 × 10−7 m3 (medium) and 1 × 10−9 m3

(good).

The rail unevenness uw/r(ω) is evaluated as:

uw/r(ω) = T(ω)
1

v
ũrz

(

−
ω

v

)

(14)

where ũrz(ky) is the wavenumber transform of the rail uneven-

ness urz(y) and T(ω) is a vector that collects the phase shift for

each axle moving at a constant speed v, being:

urz(y) =

n
∑

m=1

√

2S̃ rzz(kym)∆ky cos(kymy − θm) (15)

where kym = m∆ky is the wavenumber sampling, ∆ky the

wavenumber bin and θm represents random phase angles uni-

formly distributed in the interval [0, 2π]. The dynamic forces

gd(ω) are computed from the track and vehicle compliances as-

suming a perfect contact between both [10]:

uc(ω) = ur(ω) + uw/r(ω) (16)

where uc represents the displacements at the vehicle-track in-

terface and, both the rail displacements ur(ω) and the rail un-

evenness uw/r(ω) are evaluated at a fixed position in the moving

frame of reference. The dynamic loads are computed as:

[

Ct(ω) + Cv(ω)
]

gd(ω) = −uw/r(ω) (17)
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where Cv(ω) is the vehicle compliance and Ct(ω) is the track

compliance.

The vehicle’s unsprung mass is the train mass that influences

mainly vertical dynamic loads [11], meaning vehicle compli-

ance can be assessed as Cv(ω) = diag(−1/(Muω
2)), where Mu

is the unsprung axle mass.

Additionally, the track compliance Ct
lk relates the track dis-

placement at the position of axle k due to a unit load at axle l.

The track compliance is obtained from the rail impulse response

ũr using the following equation [10]:

Ct
lk(ω̃) =

1

2π

∫ +∞

−∞

ũr(ky, ω̃ + kyv)e−iky(yl−yk)dky (18)

where yl and yk are the positions of l-th and k-th axles respec-

tively. Also, ω̃ = ω − kyv and v is the train speed.

The quasi-static load of the k-th axle is determined by the

weight wk carried by the axle [10]:

gqk
(ω̃) = wk2πδ(ω̃) (19)

2.3. Free-field response

Once the track-soil transfer function ũff (Equation (1)), the

dynamic excitation gd (Equation (17)) and the quasi-static exci-

tation gq (Equation (19)) are obtained, the soil response us(x, ω)

due a train passage at speed v is determined by following the

2.5D formulation in the wavenumber-frequency domain de-

scribed in reference [10]. The free-field response us(x, ω) is

decomposed into its static uqs and dynamic uds components

us(x, ω) = uqs(x, ω) + uds(x, ω). The static and dynamic con-

tributions, uqsi and udsi, in the i-th direction at a point x can be

evaluated as:

uqsi(x, ω) =

na
∑

k=1

wkh̃ffi(y − yk, ω, 0) (20)

udsi(x, ω) =
1

2π

na
∑

k=1

∫ +∞

−∞

h̃ffi(y − yk, ω, ω̃)gdk
(ω̃)dω̃ (21)

where na is the number of axles and wk, yk and gdk
re-

fer to weight carried, position and dynamic load of the k-

th axle respectively. A change of variables ω̃ = ω −

kyv is again considered and the relation h̃ffi(y − yk, ω, ω̃) =
1

v
ũffi(x,

ω − ω̃

v
, ω) exp

[

−i
ω − ω̃

v
(y − yk)

]

is used to express

Equations (20) and (21) in compact forms.

2.4. Building response

After obtaining the free-field response, it can be used to com-

pute the vibration within buildings located close to the line. To

do so, the free-field response can be used as an input for a soil-

structure interaction model such as [57]. This entire train-track-

soil-building model has been combined into a MATLAB toolbox,

however this present work focuses on the calculation of free-

field vibration.

3. Experimental and numerical validation

In this section an experimental (i.e. field testing) and numer-

ical validation of the proposed scoping model is undertaken.

3.1. Experimental validation

A field experiment was undertaken on the high-speed train

(HST) line between Brussels and Köln. Accelerometers were

used to record rail and sleeper receptances, free-field mobility

and also the free-field vibrations generated during the passage

of Thalys HST at a speed of v = 294 km/h. Table 6 shows the

carriage length Lt, the distance between bogies Lb, the axle dis-

tance La, the total axle mass Mt and the unsprung axle mass Mu

for all carriages. A ballasted track with the properties shown in

Table 4 and supported by a layered subgrade with the character-

istics shown in Table 5 was studied. A detailed description of

the field work campaign is give in [10]. To validate the scoping

model against the field data, both track response and free-field

response were analysed.

Table 4: HST track Brussels-Köln.

RAIL

Bending stiffness Er Ir

[

N/m2
]

6.45 × 106

Mass per unit length ρrAr
[

kg/m
]

60.3

RAIL PAD

Stiffness krp [N/m] 153.4 × 106

Damping crp [Ns/m] 13.5 × 103

SLEEPER

Spacing dsl [m] 0.6

Length lsl [m] 2.5

Width bsl [m] 0.235

Height hsl [m] 0.205

Mass per sleeper msl

[

kg
]

300

BALLAST

Height hb [m] 0.35

Equivalent mass mb

[

kg/m
]

582.6

Vertical stiffness kb [N/m] 920.7 × 106

Damping cb [Ns/m] 16.6 × 103

Table 5: Soil characteristics.

h [m] cp [m/s] cs [m/s] ξ [-] ρ
[

kg/m3
]

ν

Layer 1 3 300 150 0.03 2000 0.333

Half-space ∞ 560 280 0.03 2000 0.333

A track unevenness profile (Equation (13)) with reference

value S̃ rzz(ky0) = 1.36 × 10−8 m3 of the PSD at ky0 = 1 rad/m

and an exponent w = 3.5 was considered. A more detailed ex-

perimental description is found in the original work [10].
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Table 6: Geometrical and mass characteristics of the Thalys

HST.

No.of

carriages

No.of

axles
Lt[m] Lb[m] La[m] Mt[kg] Mu[kg]

Traction

cars
2 4 22.15 14.00 3.00 17000 2027

End

carriages
2 3 21.84 18.70 3.00 17000 2027

Central

carriages
6 2 18.70 18.70 3.00 17000 2027

3.1.1. Track-soil system

Figure 7 shows a comparison between rail receptances cal-

culated using the scoping model and those measured experi-

mentally. The results presented in reference [10] are also pre-

sented. It is seen that the scoping model slightly overestimates

experimental rail receptance up to 27 Hz. On the other hand,

the curves from the scoping model are under the experimen-

tal response at mid and high frequencies. The agreement with

the experimental result is less good than in those presented in

reference [10], however this is expected due to the underlying

simplifications and considered acceptable for a scoping model.

A difference between both models of −22 dB at 100 Hz was

found. In addition to the rail displacement ũr the model can

also compute sleeper receptance, as shown in Figures 7.(c) and

7.(d). A similar accuracy is found.
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Figure 7: (Black line) experimental and (grey line) computed

with the scoping model (a, b) rail and (c, d) sleeper

receptances. Superimposed (dashed black line) the solution

presented in reference [10].

Figure 8 shows experimental and computed mobilities of the

track-soil system at distances {8, 16, 24, 32, 48, 64}m from the

track centreline. The free-field mobility predictions are over-

estimated, but the agreement is good and the computed results

exhibit a similar frequency dependence compared to the exper-

imental data. Differences between the scoping model and refer-

ence [10] increase with the frequency up to a value of −15 dB.

The discrepancies at short distances from the track (Figures

8.(a) and 8.(b)) are because the NN approach was trained for

a ballasted track over an embankment, while the HST line be-

tween Brussels and Köln is an at-grade track. The effect of the

embankment is significant at the locations closer to the track

[14, 52].

Figure 8 shows the effect of a ±10% variation in |Ãg|-values,

on the predicted vibration from the scoping model. The predic-

tions are not highly affected by small changes in |Ãg|-values and

they present a consistent behaviour.

3.1.2. Free-field response

The one-third octave band center frequencies of the free-field

response at distances {8, 16, 24, 32, 48, 64}m from the track

centreline due to a Thalys HST passage at v = 294 km/h are

presented in Figure 9. The response from [10] is superimposed.

The one-third octave band spectrum has been computed accord-

ing to the German standard DIN 45672-2 [58] for a reference

period T2 during which the response is considered to be station-

ary. The frequency content is concentrated at frequencies below

100 Hz, for both the scoping model and experimental results. In

general, the computed response from the scoping model under-

estimates the experimental results. The discrepancies between

both results computed using the scoping model and presented

in [10] are in accordance with Figure 8.

Figure 10 shows the time history of the free-field response

due to a Thalys passage at v = 294 km/h. The time domain

response was evaluated from an inverse Fourier transform of

the frequency response in the range from 0.5 to 150 Hz, with

a frequency sampling of ∆ f = 0.01 Hz. The duration of both

experimental and computed responses are increasing with the

distance from the track. The accuracy to predict the amplitude

of the free-field response due to a train passage is sufficient for

the purpose of a preliminary study.

In accordance with the comparison shown in this section, it

can be concluded that the scoping model presents a good agree-

ment with the experimental results.

3.2. Numerical validation

To further validate the scoping model, its predictions were

compared against a more comprehensive, ’reference’ model.

The reference model (Figure 11) is based upon a 2.5D bound-

ary element-finite element methodology in the frequency-

wavenumber domain [10, 14]. It was designed to compute the

generation of railway vibrations and their propagation through

the neighbouring soil. First, the track-soil transfer function ũff
is calculated by modelling the track using FEM and the soil

using the boundary element method (BEM). This result corre-

sponds to the soil response due to an impulse load applied on

the rails (Figure 11 step 2.1). Next, the train-track forces g(ω)

are calculated considering both quasi-static and dynamic contri-

butions (Figure 11 step 2.2). Finally, the train-track interaction

forces are combined with the track-soil transfer function, result-

ing in the free-field response due to train passage us at a point

x (Figure 11, step 2.3).
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Figure 8: (Black line) the experimental and (grey line) computed with the scoping model free-field vertical mobility at a distance

of: (a) 8 m; (b) 16 m; (c) 24 m; (d) 32 m; (e) 48 m and (f) 64 m from the track centerline. The effect of a ±10% variation in

|Ãg|-values is represented by the grey area. Superimposed (dashed black line) the solution presented in reference [10].
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Figure 9: (Black line) the experimental and (grey line) computed with the scoping model one-third octave band center frequency

of the vertical velocity at the free field at a distance of: (a) 8 m; (b) 16 m; (c) 24 m; (d) 32 m; (e) 48 m and (f) 64 m from the track

centerline during the passage of the Thalys HST at a speed v = 294 km/h. Superimposed (dashed black line) the solution presented

in reference [10]

.
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Figure 10: (Black line) the experimental and (grey line) computed with the scoping model time history of the vertical velocity at

the free field at a distance of: (a) 8 m; (b) 16 m; (c) 24 m; (d) 32 m; (e) 48 m and (f) 64 m from the track centerline during the

passage of the Thalys HST at a speed v = 294 km/h.

The scoping model has two main novelties: the use of a sim-

plified 2.5D FEM track model, and a NN procedure to convert

the soil Green’s fuctions to the track-soil response. Therefore,

a series of tests were performed to assess the accuracy of each

new sub-model. To do so, a variety of modelling scenarios were

analysed. Three track cases (ballasted track over an embank-

ment, an at-grade ballasted track and a slab track over an em-

bankment), four soil types and a train speed v = 100 km/h were

considered. Quasi-static excitation and dynamic excitation due

to random track unevenness were taken into account [11], and

the same track unevenness profile was considered for all cases.

The free-field mobility and free-field response due to railway

traffic were obtained at a point located at a distance of d = 20 m

from the track centreline.

Regarding the vehicle, a S-100 series train (Table 7) was sim-

ulated. It should be noted that because the train speed is below

the critical velocity of the track system [59], the dynamic con-

tribution will be dominant in the free-field response [11].

3.2.1. Train-track forces

To thoroughly validate the train-track forces sub-model,

three track types were analysed. Track 1 was a classical bal-

lasted track (Section 2.1.1 (Table 2)) supported by an embank-

ment with identical mechanical properties as the underlying

soil. Track 2 was a slab track (Figure 6) with identical rails,

rail pads and embankment as Track 1 (Section 2.1.1 (Table 2)).

Track 3 was identical to Track 1, however at-grade (i.e. without

an embankment).

The soil was modelled as a homogeneous elastic half-space

Table 7: Geometrical and mass characteristics of the S-100

train.

No.of

carriages

No.of

axles
Lt[m] Lb[m] La[m] Mt[kg] Mu[kg]

Traction

cars
2 4 22.15 14.00 3.00 17185 2048

End

carriages
2 3 21.84 18.70 3.00 11523 2003

Central

carriages
6 2 18.70 18.70 3.00 15523 2003

with a shear wave velocity cs = 200 m/s, a dilatational wave

velocity cp = 400 m/s and density ρ = 1800 kg/m3. The material

damping ratio ξ (η/2 = ξ) for both deviatoric and volumetric

deformation had a value of 0.05.

Figure 12 shows rail receptances for the three type of tracks.

It is seen that the low frequency response is slightly overesti-

mated, but the agreement improves with increasing frequency.

This is due to the dominant influence of track-soil interaction,

in which the reference and scoping models differ. The reference

method rigorously models the soil using BEM, while the scop-

ing model uses a simplified methodology with a linear spring-

damper to significantly reduce computational time.

Free-field mobilities for the three tracks are presented in Fig-

ure 13. It is seen that the shape and magnitude of response

of both models match well. The ballasted track models over-

estimate the response up to 50 Hz (Figures 13.(a) and 13.(c)),
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2.3 Free-field response us(x, ω)

Figure 11: Scheme of the reference model.
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Figure 12: The displacement of the rail of the (a) ballasted track on an embankment, (b) slab track and (c) at-grade track,

computed by (black line) the reference model and (grey line) the scoping model.

whereas the response of the slab track system is underestimated

at mid frequency range. However, in general, considering the

degree of input uncertainty for ground vibration models, the

scoping model is within a reasonable range of accuracy.

Figure 14 presents the frequency contents in one-third oc-

tave bands of the dynamic load of an axle computed using both

models. The estimation of the dynamic load from the proposed

model coincides very strongly with those obtained using the

reference model.

Figure 15 shows the frequency contents and the running

RMS values of the free-field response, due to a S-100 train

passage at v = 100 km/h. The running RMS value has been

computed from the weighted acceleration with a time window

of 1 s as prescribed by the ISO 2631 standard [2]. The discrep-

ancies between models are low and in accordance with those

observed in the mobility results (Figure 13). The running RMS

curves present a similar agreement with differences in the range

of {−4 dB, 1.5 dB}.

Overall there is strong agreement between the reference and

scoping model with regard to receptance, mobility, dynamic

load, frequency contents in one-third octave bands and run-

ning RMS values. This is true for the ballasted and slab tracks.

Therefore it is concluded that the scoping model is capable of

predicting train track forces.

3.2.2. Track-soil transfer function

The scoping model uses a NN to convert the Green’s function

for a soil into the response of a coupled track-soil system. To

determine the accuracy of this approach, three homogenous soil

cases were investigated, each corresponding to Eurocode 8 [37]

(Table 1): soft, medium and stiff. Their exact properties are

shown in Table 8, and the train speed used was v = 100 km/h.

Table 8: Homogeneous soil properties.

h [m] cp [m/s] cs [m/s] ξ [-] ρ
[

kg/m3
]

Soft soil ∞ 345.2 172.6 0.05 1800

Medium soil ∞ 669.8 334.9 0.05 1800

Stiff soil ∞ 993.6 496.8 0.05 1800

Figure 16 shows the influence of soil stiffness on the rail re-

ceptances from both models. The accuracy of the proposed

12
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Figure 13: Free-field vertical mobility at a distance of 20 m from the (a) ballasted track on an embankment, (b) slab track and (c)

at-grade track, computed by (black line) the reference model and (grey line) the scoping model.
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Figure 14: One-third octave band center frequency of the dynamic load of an axle with unsprung mass ms = 2048 kg at

v = 100 km/h for the (a) ballasted track on an embankment, (b) slab track and (c) at-grade track computed by (black line) the

reference model and (grey line) the scoping model.
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Figure 15: (a-c) One-third octave band center frequency of the vertical velocity and (d-f) running RMS value of the vertical

weighted acceleration in the free-field at a distance of 20 m for the (a,d) ballasted track on an embankment, (b,e) slab track and

(c,f) at-grade track due to a S-100 train passage at v = 100 km/h computed by (black line) the reference model and (grey line) the

scoping model.
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model in the estimations is good, particularly for the medium

and stiff soils. There is some small discrepancy at low fre-

quency for the soft soil, however in general accuracy seems

relatively independent from soil stiffness.

Free-field mobilities at a distance of 20 m from the track are

presented in Figure 17 for three homogeneous soils. Although

there are some discrepancies between both prediction models,

the magnitude and trend of results is good and it does not de-

pend on soil stiffness.

The effect of soil stiffness on free-field vibrations due to the

train passage is presented in Figure 18. According to the pre-

vious results (Figures 16 and 17), the frequency contents of the

soil vibrations (Figure 18) show that the dominant frequencies

due to the excitation vary from 10 to 40 Hz for the soft soil to 30

and 70 Hz for the stiff soil. The highest discrepancies between

both models are concentrated in the lower frequencies.

A similar analysis to the presented in Section 3.2 was per-

formed considering layered soils. However, the results are not

included because the conclusions are the same as those obtained

previously.

Bearing in mind the differences between both models are de-

pendent on the soil stiffness, but these uncertainties do not fol-

low a clear trend, it can be concluded that soil properties are

important parameters for the accuracy of the scoping model pre-

dictions.

4. Analysis

This section presents a brief sensitivity analysis on the ef-

fect of track properties and train speed on vibration levels, as

calculated using the scoping model.

Figure 19 shows the modulation of the dynamic loads and

free-field response due to the track type. It can be seen that

the dynamic slab track loads are higher at frequencies above

40 Hz. This is because the slab track had a higher stiffness

which causes an increase of the free field response at the high

frequency range. However, the soil response due to the train

passage at the low and medium frequency ranges is attenuated

by the slab track due to the effect of the free-field mobility (Fig-

ure 20).

Next, the scoping model was used to assess the effect of train

speed on railway vibrations. Free-field response due to the pas-

sage of a S-100 train travelling at {100, 150 , 200} km/h on the

generic ballasted track was analysed. A homogeneous medium

soil with cs = 200 m/s as described in the previous Section 3.2.1

was considered.

Figure 21 presents the influence of the train speed on the

free-field predictions computed by the proposed model. The

quasi-static contribution can be observed in the frequency

content around the axle passing frequency fa = v/La =

{9.26, 13.9, 18.52}Hz. The dominant frequency due to the dy-

namic excitation remains in the range between 20 and 40 Hz

for the different train speeds. Both quasi-static and dynamic

contributions increase with train speed, however it is more pro-

nounced for the quasi-static case.

Finally, Figure 22 shows the relationship between train speed

and the maximum transient vibration value (MTVV) [2] of the
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Figure 21: One-third octave band center frequency of the

vertical velocity in the free-field due to a S-100 train passage

at (black line) v = 100 km/h, (dark grey line ) v = 150 km/h

and (light grey line) v = 200 km/h at 20 m computed by the

scoping model.

free field acceleration. The predicted vibration response has

been weighted according to ISO2631 [2] to obtain the MTVV

metric. A clear trend is observed with vibration levels increas-

ing with train speed.
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Figure 22: MTVV in the free-field due to a S-100 train passage

at 20 m depending on the speed of train, computed by the

scoping model.

5. Vs30 parameter

Vs30 is a measure of the mean shear wave speed in the top

30m of soil [37]. It is a property commonly used in earth-

quake engineering as an estimate of surface shear wave veloc-

ity. Databases of Vs30 values exist that cover the entire earth’s

landmass, meaning that Vs30 can potentially be used to increase

the accuracy of desktop vibration scoping studies. However,

a challenge is that the mean shear wave velocity over a 30m

depth is typically higher than the shear wave speed at the up-

permost soil surface (i.e. where ground-borne vibration is most

efficient). Although the parameter Vs30 is recognised in inter-

national standards [37, 60], there have been studies about its

limitations [51, 61–63]. Therefore the accuracy of using Vs30

to approximate layered soils, within a railway vibration setting

was investigated.

To do so, results for each layered soil were compared with

those obtained for a homogeneous soil considering cs = Vs30.

14



50 100 150
Frequency [Hz]

0

0.2

0.4

0.6

0.8

1

R
ec

ep
ta

nc
e 

[m
/N

]

10 -8

(a)

50 100 150
Frequency [Hz]

0

0.2

0.4

0.6

0.8

1

R
ec

ep
ta

nc
e 

[m
/N

]

10 -8

(b)

50 100 150
Frequency [Hz]

0

0.2

0.4

0.6

0.8

1

R
ec

ep
ta

nc
e 

[m
/N

]

10 -8

(c)

Figure 16: The displacement of the rail of the ballasted track for the homogeneous (a) soft, (b) medium and (c) stiff soils,

computed by (black line) the reference model and (grey line) the scoping model.
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Figure 17: Free-field vertical mobility at 20 m of the ballasted track for the homogeneous (a) soft, (b) medium and (c) stiff soils,

computed by (black line) the reference model and (grey line) the scoping model.
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Figure 18: Frequency content of the vertical velocity at 20 m from the ballasted track due to a S-100 train passage at v = 100 km/h

for the homogeneous (a) soft, (b) medium and (c) stiff soils, computed by (black line) the reference model and (grey line) the

scoping model.

Hereafter the homogeneous soil with cs = Vs30 is called equiv-

alent homogeneous soil.

Figure 23 shows the rail receptances from the scoping model

considering again the ballasted track (Table 2) for the three lay-

ered soils (Table 9) and the equivalent homogeneous soil. The

layered soil properties were chosen to ensure the Vs30 matched

the cs properties shown in Table 8. It is observed that peaks in

the track response for the three layered soils are found in the

frequency range 12 Hz to 16 Hz. This is because the dominant

frequency is strongly dependent upon the properties of the up-

permost soil layer, which are similar for the three layered soils.

A better agreement in terms of peak amplitudes is obtained at

high frequencies. Regarding the three different soils, the homo-

geneous approximation performs best for the soft soil. This is

because it has a smoother soil stratigraphy, characterised by a

smaller discrepancy between the upper and lower layers’ stiff-

ness.

Figure 24 shows the influence of soil stratigraphy on free-

field mobility. In these results, it should be remembered that the

neural network approach only utilises the upper layer properties

(h1 and cs1
) and the Vs30 parameter (Figure 2), meaning the full

soil profile is not considered. Regarding mobility results the
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Figure 19: Frequency content of the (a-c) dynamic load of an axle with unsprung mass ms = 2048 kg and (d-f) the vertical velocity

in the free-field at 20 m from the track due to a S-100 train passage, at v = 100 km/h for the homogeneous (a,d) soft, (b,e) medium

and (c,f) stiff soils (Table 8): (solid line) ballasted and (dashed line) slab tracks.
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Figure 20: Free-field vertical mobility at 20 m from the track centerline for the homogeneous (a) soft, (b) medium and (c) stiff

soils (Table 8): (solid line) ballasted and (dashed line) slab tracks.
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Figure 23: The displacement of the rail for the layered (a) soft, (b) medium and (c) stiff soils, computed by (grey line) the scoping

model. Superimposed is the solution for (black dashed line) the equivalent homogeneous soil.
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Table 9: Layered soil properties.

h cp cs ξ ρ Vs30

[m] [m/s] [m/s] [-]
[

kg/m3
]

[m/s]

Soft
Layer 1 24.1 318.9 159.5 0.05 1800

172.6
Half-space ∞ 518.1 259.1 0.05 1800

Medium

Layer 1 1.7 220.9 110.5 0.05 1800

334.9
Layer 2 7.8 479.4 239.7 0.05 1800

Layer 3 2.7 726 363 0.05 1800

Half-space ∞ 1038 519 0.05 1800

Stiff

Layer 1 2 361.5 180.7 0.05 1800

496.8
Layer 2 3.6 660.4 330.2 0.05 1800

Layer 3 1.8 1113.2 556.6 0.05 1800

Half-space ∞ 1291.6 645.8 0.05 1800

level of error is similar to the receptance results, with the soft

soil showing better agreement compared to the medium and stiff

soils.

Figure 25 shows the free-field vibrations due to the S-100

train passage at v = 100 km/h computed from the proposed

model. Some differences are seen for the soft and stiff soils

at low frequencies, and medium and stiff soils in the mid fre-

quency range. In general the agreement is reasonable, although

at some frequencies there are errors of up to 14 dB.

Figure 26 presents the MTVV value [2] at different distances

from the ballasted track, considering different Vs30 values. The

response for homogeneous soils decrease as the soil stiffness in-

crease as expected, however, the layered soils show the opposite

behaviour. This is due to the shear wave velocity of the upper

layer in each soil (Table 9). In all cases, this shear wave veloc-

ity is lower than the Vs30 parameter and the difference between

both increases from the soft to the stiff soil. The soil response

is higher for the stiff layered soil since the free-field response is

mainly influenced by surface waves. Therefore, it can be con-

cluded that characterising soils using the Vs30 parameter should

be performed carefully and only for cases with straightforward

stratigraphies.

6. Discussion

Quantification of scoping model accuracy is challenging be-

cause of limited field data and the unknown error levels inher-

ent within the reference model. Therefore, in an attempt to

make a global comparison, Figure 27 shows the discrepancy

between scoping and reference model results, for all the cases

previously presented in this study. The error was calculated as

∆v = 20log10

(

vP/vR
)

, where vP and vR were the response from

the scoping and the reference model respectively.

Regarding the ballasted tracks, the at-grade and embankment

results have been combined, and shown with superimposed en-

velope curves. It is seen that prediction ability is better in the

mid frequency range. As for the slab track, best performance is

also in the mid-frequency range.
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Figure 26: MTVV in the free-field at distances from the

ballasted track of (black line) 10 m, (dark grey line) 30 m and

(light grey line) 50 m due to a S-100 train passage at

v = 100 km/h considering (solid lines) layered and (dashed

lines) homogeneous soils charecterized by their Vs30

parameter.
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Figure 27: (Grey lines) one-third octave band center frequency

of the differences ∆v for all the cases of the (a) ballasted and

(b) slab tracks. (Black lines) superimposed is the envelope of

the highest discrepancies.

The global uncertainty of the scoping model was determined

using the MTVV vibration metric [2]. Figure 28 presents the

response for all the cases. A good agreement is found with

differences mainly found between −4.8 dB to 5.6 dB. Therefore

the accuracy is similar to the uncertainty range between 5 dB to

20 dB as found in previous research [54, 64, 65].

A dataset of 4410000 data points was used to create the NN

model. A discussion on the minimum number of data points

needed to achieve sufficient NN model accuracy is important
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Figure 24: Free-field vertical mobility at 20 m for the layered (a) soft, (b) medium and (c) stiff soils, computed by (grey line) the

scoping model. (Black dashed line) superimposed is the solution for the equivalent homogeneous soil.
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Figure 25: One-third octave band center frequency of the vertical velocity in the free-field due to a S-100 train passage at

v = 100 km/h at 20 m for the layered (a) soft, (b) medium and (c) stiff soils, computed by (grey line) the scoping model. (Black

dashed line) superimposed is the solution for the equivalent homogeneous soil.
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Figure 28: MTVV in the free-field due to a S-100 train passage

at 20 m for all the cases, computed by (black line) the

reference model and (grey points) the scoping model.

if it is to be developed for other cases (e.g. tracks, soil con-

ditions, embankment types, etc.). Figure 29 shows the predic-

tions for all the cases computed using the scoping model with

a NN approach trained with four times the number of original

data points (120 soil types × 5 distances × 150 frequencies ×

196 wavenumbers = 17640000) and the reference model. The

larger dataset required a significant increase in computation ef-

fort, however results did not improve. Therefore is concluded

that increasing the number of data points does not signify a

more accuracy model.
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Figure 29: MTVV in the free-field due to a S-100 train passage

at 20 m for all the cases, computed by (black line) the reference

model and (grey points) the scoping model with a NN

approach trained with four times of the original data points.

An important advantage of the new scoping model compared

to alternative models is its computational efficiency. Table 10

shows the computational costs to obtain the free-field response

for a S-100 train travelling at v = 100 km/h using an Intel

One Core i7@1.87 GHz computer. The run times refer to the

source-propagation problem of waves in the soil. The running

time does not depend on the soil’s properties. Taking into ac-
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count the architecture of the scoping and reference models (Fig-

ures 1 and 11), Table 10 outlines the main calculation steps and

their run times. It should be noted that:

• The time required to calculate the track-soil transfer func-

tion ũff (step 2.1) using the scoping model was primar-

ily due to the evaluation of the soil Green’s function (step

2.1.2). The estimation of the correction factor Ãg through

the NN approach (step 2.1.1) required minimal cost. The

combination of these two steps resulted in a run time that

was lower than that for the reference model which relied

on a FEM-BEM formulation.

• The simplified track model (Figure 5) allowed the scoping

model to reduce computations of train-track excitations g

(step 2.2) since the soil-track interaction was represented

by a spring-damper element. Again, the reference model

used a BEM-FEM methodology to calculate the train-track

excitations and track-soil transfer function ũff , thus requir-

ing additional computation.

• Running times for obtaining free-field predictions are

identical.

• Moreover, the preprocessing in the scoping model involves

a minimal time.

Table 10: Average running time.

Step Reference model Scoping model

Track-soil transfer function 15 min 5 min

Train-track forces 25 min 38 s

Free-field predictions 30 s 30 s

Considering these much reduced computational requirements,

strong accuracy and the versatility of the proposed scoping

model, it is concluded that it could be a powerful tool during

the early design stages of railway lines.

7. Conclusions

In this work, a simplified methodology to compute the prop-

agation of railway vibrations from track to free-field was pre-

sented. The model is novel because it is able to simulate the

generation, propagation and immission of vibrations, for com-

plex vehicle, track and soil arrangements in minimal time. To

do so, a 2.5D FEM track model was combined with a hybrid

direct stiffness-neural network procedure to create an overall

model describing the vehicle-track-soil problem.

To validate the model, a combination of experimental and

numerical data was used. Track receptance, free-field mobility

and soil vibration due to train passage were analysed and the

new model was found to have strong prediction ability.

A sensitivity analysis was undertaken using the validated

model. Track type and train speed effects were compared and

it was found that there was a strong relationship between vi-

bration levels and both soil properties and track type. Also,

comparisons were made to determine the accuracy of using a

global database of Vs30 soil properties to predict vibration lev-

els. It was found that this simplification was only satisfactory

for cases with smooth stratigraphies.

Acknowledgements

This research was funded by the Spanish Ministry of Econ-

omy and Competitiveness (Ministerio de Economı́a y Compet-

itividad) through research project BIA2016-75042-C2-1-R. Fi-

nancial support is gratefully acknowledged. The support given

by the Andalusian Scientific Computing Centre (CICA) and the

Leverhulme Trust (UK) is also gratefully acknowledged.

The first author would like to thank the Spanish Ministry of

Education, Culture and Sport (Ministerio de Educación, Cul-

tura y Deporte) for the financial support of his research stay

at the School of Civil Engineering of the University of Leeds

through the scholarship ”Salvador de Madariaga” Reference

PRX18/00115.

References

[1] D.P. Connolly, G.P. Marecki, G. Kouroussis, I. Thalassinakis,

P.K. Woodward, The growth of railway ground vibration prob-

lems – A review, Science of the Total Environment (2015)

http://dx.doi.org/10.1016/j.scitotenv.2015.09.101.

[2] International Organization for Standardization, ISO 2631-1:2003: Me-

chanical vibration and shock–Evaluation of human exposure to whole-

body vibration–Part 1: General requirements (2003).

[3] International Organization for Standardization, ISO 2631-2:2003: Me-

chanical vibration and shock–Evaluation of human exposure to whole-

body vibration–Part 2: Vibration in buildings (1–80 Hz) (2003).

[4] International Organization for Standardization, ISO 14837-1:2005 Me-

chanical vibration–Ground-borne noise and vibration arising from rail

systems–Part 1: General guidance (2005).

[5] L. Auersch, A. Romero, P. Galvı́n, Respuesta dinámica de edifica-

ciones producida por campos de onda incidentes considerando la in-

teracción suelo-estructura, Revista Internacional de Métodos Numéricos

para Cálculo y Diseño en Ingenierı́a 30 (4) (2014) 256–263.

[6] P. Galvı́n, J. Domı́nguez, High-speed train-induced ground motion and

interaction with structures, Journal of Sound and Vibration 307 (2007)

755–777.

[7] H. Xia, Y.M. Cao, G. De Roeck, Theoretical modeling and characteristic

analysis of moving-train induced ground vibrations, Journal of Sound and

Vibration 329 (2010) 819–832.

[8] P. Galvı́n, A. Romero, J. Domı́nguez, Fully three-dimensional analysis

of high-speed train–track–soil–structure dynamic interaction, Journal of

Sound and Vibration 329 (2010) 5147–5163.

[9] P. Lopes, P. Alves Costa, M. Ferraz, R. Calçada, A. Silva Cardoso, Nu-
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