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Abstract. High-speed rails are an attractive alternative to other forms of intercity transporta-
tion. It is a fast, cost-efficient and environmentally friendly solution, which is being developed 
in various countries across the world. However, in order to be successful, high-speed rails need 
to transport the passengers as close as possible to the city centres. Therefore, railway tracks 
have to go through densely populated urban areas, which causes a number of issues. One of 
the biggest complaints from the inhabitants living near such infrastructures is the high vibration 
and noise levels caused by the passing trains. 

Unfortunately, the prediction of vibrations in nearby structures is difficult, as wave propagation 
from the vibration source to the structure is a complex phenomenon. The behaviour of the struc-
ture is highly dependent on the path along which the vibrations travel between their source and 
the building itself. Especially in the densely built urban environment, the wave propagation 
path can have different features, such as underground infrastructure, roads, pavements or even 
other nearby buildings. Such features might have a significant effect on the final excitation of 
the structure in question. 

This work aims to analyse how different features in the wave propagation path affect the exci-
tation of a structure. A numerical model is constructed to account for the track structure and 
the underlying soil. The model utilizes a finite-element model for the structures together with a 
semi-analytical model of the underlying soil. Different features in the wave-propagation path 
are introduced, and their effects are compared regarding the behaviour of the structure and the 
free-field. 

4702

Available online at www.eccomasproceedia.org 
Eccomas Proceedia COMPDYN (2017) 4702-4710 

© 2017 The Authors. Published by Eccomas Proceedia.
Peer-review under responsibility of the organizing committee of COMPDYN 2017. 
doi: 10.7712/120117.5755.18128



3aulius %uFinsNas and /ars 9. $ndersen 

1 INTRODUCTION 
&ontinued development oI railway inIrastruFture Fauses some issues related to vibrations in 

nearby struFtures. 7o maNe the railways an eIIeFtive Iorm oI passenger transportation the rail�
way stations need to be as Flose as possible to urban Fentres. 7his means that railway traFNs 
need to go through densely built urban environments, Fausing unwanted vibrations in nearby 
struFtures. +owever, in situ testing oI these Fases is an e[pensive and time�Fonsuming tasN 
whiFh is sometimes even impossible to Farry out. 7hereIore, Fomputational prediFtion tools are 
needed to evaluate the eIIeFt on nearby struFtures. It is not an easy job as wave propagation 
through soil is a Fomple[ phenomenon that depends on a large number oI unNnowns. 7he 
ground between the sourFe oI vibrations and reFeiver point might oIten Fontain various obstruF�
tions. 7hese obstruFtions might be on the ground surIaFe or embedded inside the soil body, Ior 
e[ample roads, Iootpaths, demolished building Ioundations, or sewer lines. 7his is espeFially 
true in a tightly built urban environment. 

2ne oI the most Fommonly used approaFhes to model the soil body is the Iinite�element ()() 
method. 8sing this method it is possible to model both the struFtures interaFting with the ground 
and the ground itselI. +owever, to avoid reIleFtions Irom the boundaries, absorbing boundary 
Fonditions must be used, as in the worN by &onnolly et al. >1@, or the )( model must be Foupled 
to a boundary�element Iormulation, as in the worN by $ndersen and 1ielsen >2@, 1ielsen et al. 
>�@ or $ndersen >�@. +enFe, a semi�analytiFal soil model Fan be beneIiFial to use, espeFially iI 
the modelled geometry is not very FompliFated. 7he semi�analytiFal approaFh reTuires less 
Fomputational resourFes and is Iaster to Fompute, and inIinite boundaries are already inFluded 
in the Iormulation. 7he method is based on analytiFal evaluation oI the *reen¶s IunFtion in 
IreTuenFy±wavenumber domain. 7he original layer�transIer matri[, used in the model, was de�
veloped by 7homson >�@ and +asNell >�@. )urther, the semi�analytiFal model is Fommonly used 
Ior problems involving wave propagation through soil. )or e[ample, 6heng et al. >�@ used this 
method to analyse the vibrations Irom a simpliIied railway traFN plaFed on the soil surIaFe. 

7his worN also uses the semi�analytiFal model to model the ground, whiFh is later Foupled 
to struFtures modelled using an )( approaFh. 7he aim is to analyse the eIIeFts oI various ob�
struFtions in the wave propagation path. 7he eIIeFts oI these obstruFtions in the wave path might 
be an important IaFtor to Fonsider when analysing the ground�borne vibrations, and oIten they 
are Fompletely dismissed in this type oI analysis. )or this, a Fomputational model was Fon�
struFted that Fonsiders a railway traFN Foupled to the underlying ground as desFribed in 6eFtion 
2. )urther, the analysed Fases and parameters used are introduFed in 6eFtion �. )inally, the
obtained results are presented in 6eFtion �, and 6eFtion � Fontains the main FonFlusions. 

2 COMPUTATIONAL MODEL 
3roblems regarding wave propagation through soil Fan be split into three main Fomponents: 

the vibration sourFe, the propagation path and the reFeiver. (aFh oI these elements has an eIIeFt 
on the overall system behaviour. In this paper, the vibration sourFe is a railway traFN, whiFh is 
introduFed in 6ubseFtion 2.2. )urther, the vibrations propagate through a layered soil Ior whiFh 
a semi�analytiFal model is used as e[plained in 6ubseFtion 2.1. 7o reduFe the number oI varia�
bles, the reFeiver is only modelled as a rigid Iooting on the soil surIaFe.  

2.1 Soil model and coupling to finite elements 
$ semi�analytiFal approaFh is used to model the ground. In this Fase it is more advantageous 

Fompared to )(�based approaFhes due to lower Fomputation times, whiFh allows testing a wider 
variety oI Fases. 7he method is based on an analytiFal e[pression Ior the *reen¶s IunFtion in 
hori]ontal wavenumber±IreTuenFy domain: 
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,ଶ൫݇௫܃ ݇௬, ,ଶݖ ߱൯ ൌ ۵ଵଶ൫݇௫, ݇௬, ,ଵݖ ,ଶݖ ߱൯۾ଵ൫݇୶, ݇୷, ,ଵݖ ߱൯.	 (1) 

(Tuation (1) provides a relation between a load ۾ଵ applied at point 1 and the Forresponding 
displaFements ܃ଶ at point 2. 7he *reen¶s IunFtion	۵ଵଶ is dependent on the hori]ontal wave�
numbers ݇௫, ݇௬ the vertiFal Foordinates ݖଵ,  .߱	ଶ oI both points, and the FirFular IreTuenFyݖ

$Iter establishing the solution, a numeriFal inverse )ourier transIorm is perIormed to obtain 
a solution in spaFe±IreTuenFy domain. 7he method assumes that the soil is linear visFoelastiF, 
Fomposed oI layers with perIeFtly hori]ontal interIaFes and with a hori]ontal ground surIaFe. 

7o Fouple the semi�analytiFal model to the )( Iormulation oI other parts, soil±struFture�
interaFtion (66I) nodes are used. %y establishing *reen¶s IunFtion relations between these 
nodes, a Ile[ibility matri[ Ior the soil is obtained. Inverting the Ile[ibility matri[ provides the 
dynamiF stiIIness matri[ Ior the soil,	۲ୱ୭୧୪, whiFh Fan then be added to the dynamiF stiIIness 
matri[ oI the )(�based parts,	۲୊୉, to obtain an e[pression Ior the whole system: 

						۲୤୳୪୪ ൌ 		۲୊୉ ൅ ۲ୱ୭୧୪,							۲୊୉ ൌ ۹୊୉ ൅ iω۱୊୉ െ ωଶۻ୊୉, (2)

where ۹୊୉ is the stiIIness matri[, ۱୊୉ is the damping matri[, ۻ୊୉ is the mass matri[, and i is 
the imaginary unit:	i ൌ √െ1. 7he FalFulations are then perIormed Ior the Iully Foupled system 
in IreTuenFy domain. $ more detailed desFription oI the soil model is available in the worN by 
$ndersen and &lausen >�@, and Foupling oI multiple struFtures via the soil was disFussed by 
$ndersen >�@ and %uFinsNas et al. >1�@. 

2.2 Railway track and embankment model 
7he struFture oI the railway traFN has a great impaFt on how the vibrations are transIerred to 

the soil body. )urther, the presenFe oI the traFN introduFes seFondary eIIeFts to the system suFh 
as waves travelling through the embanNment and baFN Foupling to the surrounding struFtures. 
7hereIore, proper modelling oI the traFN struFture is important. 

7o reduFe the Fomputational reTuirements oI the model and deFrease the Fomputation time, 
shell elements were used to model the railway traFN and embanNment. $ Fross�seFtion oI an 
embanNment Fan be seen in )igure 1. $ single plate was FonstruFted to model the whole em�
banNment. 0indlin�5eissner shell Iinite elements were used with Iour nodes and linear /agran�
gian interpolation oI the displaFements and bending rotations. 7wo types oI elements were used: 
an element type with three layers to model the three�layered embanNment, and an element type 
with Iour layers to model the sleepers together with the embanNment. 8sing these element types, 
the embanNment plate is assembled to model the sleepers and all layers oI the embanNment. 

7wo rails are FonneFted separately to the embanNment. 7he rails are modelled as (uler�
%ernoulli beam elements with two nodes and FubiF displaFement interpolation. 7he rails and 
sleepers are FonneFted through rail pads, whiFh are modelled as a spring and damper system. 
7hus, the rails are disFretely supported only at the positions where the sleepers are loFated. 

)igure 1: 5ailway traFN and embanNment Fross�seFtion. 
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7he railway embanNment is a three�dimensional struFture with a Fonsiderable thiFNness. 
7hereIore, modelling the whole embanNment as a single Ilat plate might not be suIIiFient. 7o 
obtain a more realistiF model, the plate was plaFed at the mid�plane oI the embanNment and 
then FonneFted to the soil through rigid linNs. 7he rigid linN length is eTual halI oI the thiFNness 
oI the embanNment. 7his way the lateral displaFements and rotations oI the embanNment nodes 
were Foupled to lateral displaFements oI the 66I nodes. 7he same approaFh was then used to 
FonneFt the embanNment and the rail pads. 7he rigid linNs were introduFed into the )( matriFes 
using /agrange multipliers. 7his approaFh was not diIIiFult to implement, as the )( matri[ 
struFture stayed unFhanged. $n e[ample oI the )( model oI the traFN Fan be seen in )igure 2. 

IntroduFing rigid linNs to the system better represents the real struFture, but this Nind oI 
Iormulation also has some disadvantages. 7he plate representing the embanNment does not 
share nodes with the soil, and thus the number oI degrees oI Ireedom in the system inFreases 
signiIiFantly. )urther, /agrange multipliers also introduFe additional Fonstraints to the system, 
whiFh leads to Iurther inFrease oI )( matri[ si]es.  

3 ANALYSED CASE 
$ rail traFN oI ��.� m length was modelled as desFribed in the previous seFtion. 7he em�

banNment has a width oI �.� m and is Fomposed oI three layers: a �.� m thiFN subgrade layer, 
a �.2 m thiFN sub�ballast layer, and a �.� m thiFN ballast layer. 7he material properties Ior these 
and other materials used are given in 7able 1. 7he sleepers are embedded in the ballast layer, 
and they are plaFed at �.� m intervals along the traFN. 7he sleepers are FonstruFted Irom Fon�
Frete with dimensions �.2ൈ�.2ൈ2.� m�. 7he rails are made Irom steel and modelled with a 
reFtangular �.1�ൈ�.�� m Fross�seFtion, and the gauge is 1.� m. 7he rails are FonneFted to the 
sleepers via rail pads with stiIIness 1.2∙1�� 1�m and damping 1.2�∙1�� 1s�m. 

9ibrations are measured on a rigid surIaFe Iooting plaFed 2�.� m Irom the traFN struFture. 
7he rigid Iooting has a sTuare shape with a side length oI �.� m. 7he Iooting is assumed to be 
�.� m thiFN and made Irom FonFrete. 7hereIore, the mass density oI FonFrete is used to FalFulate 
the mass and mass moments oI inertia, whiFh are then added to the Forresponding degrees oI 
Ireedom oI the rigid Iooting. 

)igure 2: 3arts oI the traFN struFture. In blue: three layered embanNment shell elements� in red: Iour layered  
(inFluding sleepers) embanNment shell elements� in green: rail beam elements� in grey: soil surIaFe�  

in yellow: 66I nodes� in magenta: rigid linNs between soil±embanNment and embanNment±rail. 
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7he whole rail traFN struFture and the reFeiver Iooting are plaFed on a �.� m thiFN layer oI 
Flay whiFh lies on top oI a halI�spaFe oI sand. 7his stratiIiFation was Fhosen beFause the rela�
tively soIt layer oI Flay over the stiIIer material (sand) ³traps´ the propagating vibrations in the 
upper soil layer, leading to higher e[Fitation at the reFeiver position. 

7he system is e[Fited by plaFing a vertiFal unit load on one oI the rails. It is plaFed in three 
diIIerent positions along the rail: 3osition 1²at the Fentre oI the traFN in the longitudinal di�
reFtion� 3osition 2²�.� m along the traFN Irom the Fentre� 3osition �²12.� m Irom the Fentre. 
In all oI the positions, the load is aFting on a node that is also FonneFted to a sleeper through 
the rail pad. 8sing diIIerent positions allows analysis oI the system response Ior Fases in whiFh 
the obstruFtions in the soil are not in the direFt path oI the propagating waves. 

)our diIIerent Fases were investigated: 

• )ree�Iield Fonditions. 1othing is plaFed between the rail traFN and the reFeiver Iooting.
7his Fase is used Ior Fomparison with other Fases.

• $ rigid bo[ is embedded between the traFN and the Iooting, 1�.� m Irom the traFN. 7he bo[
dimensions are �.�ൈ�.�ൈ�.� m�. 7he top oI the bo[ is embedded 1.� m Irom the ground
surIaFe. It is assumed that the bo[ is Iilled with soil and that the density oI the walls is
Flose to the density oI the surrounding soil. 7hereIore, the additional mass is not Fonsidered.

• $ single�lane road is plaFed on the ground surIaFe between the sourFe and the reFeiver,
1�.� m Irom the traFN. 7he road is plaFed alongside the traFN and has the same length (��.�
m) as the rail traFN. It is FonstruFted Irom FonFrete. 7he dimensions are: width �.� m and
thiFNness �.� m. 7he road struFture is modelled using 0indlin�5eissner shell Iinite ele�
ments Foupled to soil through 66I nodes.

• $ FonFrete pipe is plaFed alongside the rail traFN, 1�.� m Irom the traFN and embedded
1.� m into the soil. $s in the previous Fase, the pipe runs alongside the traFN and has the
same length. 7he pipe is modelled as a FylindriFal tube with an outer diameter oI 1.� m
and an inner diameter oI �.�� m. It is modelled as a Iinite (uler�%ernoulli beam Foupled
to the soil through 66I nodes.

• 6ame as previous Fase, just this time the pipe is oriented at ��° angle to the rail traFN. 7he
pipe Fentre is 1� m Irom the traFN.

• 2nFe again the same embedded pipe is used. In this Fase, the pipe is at ��° angle to the
traFN, that is the pipe goes under the rail traFN and e[tends towards the reFeiver Iooting.

4 THE EFFECT OF OBSTRUCTIONS IN THE WAVE PROPAGATION PATH 
7he wave propagation path was analysed Ior the previously desFribed si[ Fases. 7he analysis 

was perIormed Irom 1 +] up to �� +], with 1 +] intervals. 7he results are presented in )igures 
� and �. 

0aterial  <oung¶s modulus (03a) 3oisson¶s ration (�)  0ass density (Ng�m�) 'amping ratio (�) 
&onFrete ����� �.1� 2��� �.��� 
6teel 21���� �.2� ���� �.��� 
%allast 1�� �.�� 1��� �.��� 
6ub�ballast ��� �.�� 22�� �.��� 
6ubgrade 12� �.�� 21�� �.��� 
&lay �� �.�� 2��� �.��� 
6and 2�� �.�� 2��� �.��� 

7able 1: 0aterials and their properties used in the analysis 
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)igure � shows the response oI the soil surIaFe e[Fited at 1� +]. $ll Fases are shown Ior the 
load plaFed on the rail at 3osition 1. It is evident that the displaFements oI the soil are eIIeFted 
signiIiFantly by obstruFtions in the wave propagation path. 7he road surIaFe Iorms a wave�
impeding barrier Ior the propagating surIaFe waves, thus deFreasing the displaFement Iield over 
a large area. +owever, the eIIeFt at the reFeiver Iooting is rather small. )urther, the embedded 
rigid bo[ has a larger eIIeFt Ior the reFeiver Iooting, however it is loFali]ed to a small shadow 
area behind the bo[. 7he overall eIIeFt to the displaFement is muFh smaller when Fompared to 
the road Fase. )urther, all three Fases oI embedded pipes Fause very diIIerent behaviour oI the 
system. )or the pipe laid along the traFN, the eIIeFts are very similar to the road Fase²the 
displaFement Iield is reduFed in a large area, but the eIIeFts at the reFeiver Iooting are small. It 
Fan be seen that obstruFtions have less impaFt when the obstruFtions are laid orthogonally to 
the propagating waves. 7his is illustrated in the ne[t Fase²embedded pipe at ��° angle. In this 

)igure �: 6teady state soil surIaFe response Ior a load applied on the rail at the Fentre oI the traFN, e[Fited at 
2� +]. %lue�yellow shades indiFate positive�negative displaFement in vertiFal direFtion. 7he red dots on the rail 
show the three positions in whiFh the load is applied within the analysis. In this Fase, the load is only applied in 
the Iirst point. 7op leIt: Iree�Iield� top right: road plaFed between the traFN and reFeiver� middle leIt: embedded 
rigid bo[� middle right: embedded pipe along the traFN� bottom leIt: embedded pipe at ��° angle to the traFN� 

bottom right: embedded pipe at orthogonal to the traFN. 
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Fase there is a signiIiFant reduFtion oI displaFements at the reFeiver Iooting, while the displaFe�
ments are inFreased direFtly in Iront oI the embedded pipe. )inally, the last Fase, the embedded 
pipe orthogonal to the traFN, provides the most signiIiFant reduFtion oI displaFements Ior the 
reFeiver Iooting. +owever, similar to the embedded bo[, the eIIeFts are loFali]ed to a smaller 
area and the surrounding displaFement Iield is largely unaIIeFted. 

)urther, )igure � shows the absolute veloFities at the reFeiver position Ior all Fases. 2verall 
it Fan be seen that introduFing obstruFtions in the wave propagation Iield have the highest eIIeFt 
in IreTuenFy ranges between �±�� +], while IreTuenFies up to � +] are almost unaIIeFted. In 
the �±�� +] range, the obstruFtions tend to reduFe the veloFities at the reFeiver position when 
Fompared to the Iree�Iield Fase. +owever, in the ��±�� +] range the eIIeFts are not as evident. 
In this range, some Fases²espeFially the road²tend to inFrease the veloFities signiIiFantly.  

(a) 

(b)  

(F)       

)igure �: 5esponse at the reFeiver Ior obstruFtions in the wave propagation path: a) load 3osition 1, applied on a 
rail at the Fentre oI traFN� b) load 3osition 2, applied on a rail �.� m Irom the Fentre oI the traFN�  

F) load 3osition �, applied on a rail 12.� m Irom the Fentre oI the traFN.
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)urther, )igure � shows that pipe running along the rail traFN has a very small eIIeFt when 
the load is plaFed at 3osition 1. +owever, this eIIeFt inFreases when the load is plaFed Iurther 
Irom the traFN Fentre. $ Fompletely opposite behaviour is observed with the pipe plaFed or�
thogonally to the traFN²the eIIeFts beFome smaller when the Fentre the load is plaFed Iurther 
away Irom the traFN. 7his shows that the angle at whiFh the waves reaFh the obstruFtion is a 
very important IaFtor in the analysed system. 7he road Fase has a similar eIIeFt as the pipe 
plaFed along the traFN, but the overall eIIeFts aFross all loading positions are higher. 7his is due 
to larger stiIIness and mass introduFed to the system by the road, when Fompared to an embed�
ded pipe. +owever, in the ��±�� +] IreTuenFy range, the Fhanges in absolute veloFity relative 
to the reIerenFe Fase beFome positive, that is the veloFities at the reFeiver inFrease when Fom�
pared to the Iree�Iield Fase. )inally, the rigid bo[ has a more loFali]ed eIIeFt. )or loading in 
3ositions 1 and 2, the eIIeFts are positive and rather large, but as soon as the bo[ is not in the 
direFt wave path between sourFe and reFeiver (loading at 3osition �) these eIIeFts disappear 
almost Fompletely. 

5 CONCLUSIONS 
$ presentation has been given oI ground vibration due to harmoniF e[Fitation. $nalysis was 

perIormed to investigate the eIIeFts oI obstaFles plaFed inside the soil body or on the ground 
surIaFe between the sourFe and the reFeiver. 7he load was applied on a railway traFN and the 
response was FheFNed on a surIaFe Iooting. )ive diIIerent Fases were tested: an embedded rigid 
bo[ (simulating an inIilled tanN or Iormer Fellar), a segment oI a single�lane road (or a large 
Iootpath) running parallel to the rail traFN on the soil surIaFe, and three diIIerent orientations oI 
an embedded pipe in the wave propagation path. 7he Fases were Fompared to the Iree�Iield 
response with no obstaFles in or on the ground. $ Fomputational model was Freated using an 
)( Iormulation to model the rail traFN struFture and the obstruFtions, while the soil was mod�
elled using a semi�analytiFal approaFh. 

7he results show that obstruFtion in the wave propagation Iield does Fause signiIiFant 
Fhanges in the overall system behaviour. In most Fases, the obstaFles have a mitigation eIIeFt, 
thus reduFing the absolute veloFities, espeFially within the �±�� +] IreTuenFy range. +owever, 
in some Fases, the response inFreases within the ��±�� +] IreTuenFy range. 7he eIIeFts oI the 
struFtures Fonsidered in this paper are mostly seen at higher IreTuenFies. 7his Fan be e[plained 
by the relatively small si]e oI the Fonsidered struFtures, where at lower IreTuenFies the wave�
length in the soil body is muFh longer than the dimensions oI the struFtures. 7hereIore, the 
eIIeFts at low IreTuenFies are very small. 

)uture worN Fould investigate these eIIeFts Ior a wider IreTuenFy range together with diIIer�
ent soil�stratiIiFation Fases. )urther, analysis Fould be perIormed Ior diIIerent obstruFtions to 
the propagating waves that are Fommonly present, suFh as: tree roots, large boulders, under�
ground Fables, etF. $lso more in�depth analysis oI diIIerent orientations oI the struFtures Fon�
sidered might reveal diIIerent eIIeFts Faused to the system. 
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