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Abstract. Nowadays there is a certain development in theotisgilway, especially in the form

of trams and underground lines in urban areas. ie$is many advantages, this kind of
transport is a significant source of vibrations,ichhmay affect residents and buildings near to
the track. Wave transmission through the groundhérefore a phenomenon of particular
interest. The object of this article is to formulate and test analytical model of vibration
propagation through the terrain surface. The mizdehsed on the wave equation and takes into
account wave scattering and reflection in the fatms between different soil layers. A
sensitivity analysis of its main parameters is iedrrout, and then a comprehensive set of
simulations is made to test model performance awadlyae factors such as load magnitude and
velocity or soil configuration. The model has prdwe be an interesting instrument to study the
vibration phenomenon from a theoretical point @wiand some improvements are proposed to
turn it into a tool for engineers and designers.
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VT Transmitted wave

\ Load velocity

V, Wave velocity for each material

Xo X coordinate of the modeling point

Yo Y coordinate of the modeling point

2 Displacement under the ralil

Z Displacement under the rail considering Pandolfieéory
" Displacement under the rail expressed as a Foagiggs
n Displacement under the rail replicated through prafiection
Ui Shear Modulus for each material

Mt Damping for each material

Di Density for each material

K" Wave damping for each material and harmonic

At Time discretisation

o Time first limit for the convolution

n Time second limit for the convolution

@ Angular frequency for each harmonic

1. INTRODUCTION

At present there is a growing need for public tpmmsin many cities around the world.
Denser and more efficient transport networks arguired not only to connect rising
populations but to reduce the use of private trarispnd thus alleviate Gmissions. Urban
railways (trams and undergrounds) are a good solutdbr urban transport needs as they
combine high capacity and reliance with low enviremtal impact.

However, as any other transport mean, trams andrgralinds are the source of certain
externalities, which should be addressed in ordeavbid negative effects in the environment.
One of the most important side effects caused dydrare vibrations, which are transmitted
through the track and the ground to the buildingarby and are potentially damaging to
foundations and a source of nuisance for residents.

The phenomenon of wave generation and transmissistill not fully understood despite
the comprehensive study and modeling carried oat the last years. The vibration spreading
through rather heterogeneous, anisotropic soi$ fgrticular interest so as to assess the effects
the wave may have on buildings foundations.

Within this framework the present paper aims toeligy a theoretical model of the wave
surface transmission through different materiadsjipg special attention to wave attenuation,
reflection and scattering. The main objectives tarédormulate the model equations, tests its
performance regarding the aforementioned phenoraadgropose new ways of research and
improvement for the model.

The paper is structured as follow: Firstly, a btieire review is developed, covering the main
pieces of work and conclusions already establisiexalit the topic. Secondly, the model is fully
explained, considering its main hypothesis, inpgyations and output. Then the model is used
to simulate different situations, soils and loaguts to assess its performance. Finally,
conclusions and lines of further research are mepo

2. LITERATURE REVIEW

The problem of modeling vibrations caused by rajlsvdhas been addressed in many
different ways over recent years. There are quitaprehensive pieces of work about the topic
such as the ones published by Thompson [1]. P&atlguthe generation of vibrations in the
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wheel-rail contact and the wave transmission thhotlng track infrastructure has been widely
studied (Galvin and Dominguez [2], Metrikine andMrenvelder [3], Salvador et al. [4], Real
et al. [5]).

Two main mathematical approaches can be definedilfwation modeling: numerical and
analytical. The former has the advantage of beingteqadaptable to different track
configurations as well as allowing the introductimfriocalized factors (e.g. track joints, ground
irregularities). Examples of numerical modeling t@nfound in Sheng et al. [6] and Yang et al.
[7], whose works rely on Finite Elements MethodsENF. Other common numerical
formulations are Boundary Elements Method (BEM)hsas the ones used by Galvin and
Dominguez [2] and Celebi [8] as well as Finite Brfnce Methods (FDM) as found in Katou et
al. [9].

Analytical modeling has the main advantage of mlimg sound physical consistency as
well as a continuous solution in the model domaimerefore, despite their lack of flexibility
when compared to numerical models they are mormbtel in terms of physical and
mathematical coherence. This is the reason thadostgpthe choice of analytical modeling for
this paper.

Examples of analytical models of vibration genemtin railway tracks can be found in
Metrikine and Vrouwenvelder [3], Koziol et al. [1®alvador et al. [4] and Real et al. [5].

In comparison with vibration generation, the preced wave transmission from the
infrastructure and through the ground has not laskiressed to the same extent, particularly
with respect to application of analytical modelsinierical models such as FEM can reproduce
the wave but they usually do not model phenomeich sis wave scattering. In addition, the
frequency range modeled strongly depends on theailomeshing (Andersen and Nielsen
[11]). These features also endorse the choice made.

The model presented in this paper relies on somaqars works that also tried to develop a
theoretical formulation of wave propagation. Amdhgse it is worth mentioning the studies of
Dawn and Stanworth [12] and Gutowski and Dym [183]more recently, Jones et al. ([14] and
[15]) or Auersch [16]. Of particular interest isstivork of Barber [17], whose approach for the
convolution has been used as a base for the fotimulexplained in the paper.

3. METHODOLOGY

In this section the model formulation is thorougldyplained. The model relies on the
hypothesis of isotropy and elasticity of the domedamsidered. This domain is a 2D surface
over a half-space (Boussinesq half-space) as sliowigure 1. A concrete slab track typology
is assumed at this stage of research, and thustiteled surface has three different areas
corresponding to the concrete slab and two diffeseits.

K ’ Slab ’ Soil 1 ’ Soil 2

Fig. 1. Model domain

Once formulated, the model is able to provide wattdisplacements at any location of the
surface, and takes into account wave scatteringeftettion at the interfaces between different
materials.
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3. 1. Model input

The model input is a single point load moving ahstant speed along the concrete slab.
This load represents a single train axle. The eartdisplacement right under the load is
obtained through the Zimmerman method (1):

_ Q |aC = X . X
20 =58 Vaer® (cosp+sin) 1)

whereQ is the applied loady the track gaugek the Young's modulus of the tradkthe inertia
of the rail,C an equivalent ballast coefficient for the matetiatier the line, and is an elastic
length defined as:

L= J4E!
aC (2)
Equation (1) can be expressed as a function of, thimesidering speed for the load so that

X =Vt It is also modified considering the theory of Balfo so that load distribution along the
track is taken into account. Those changes yiaddhowing equation:

Z,(x1) = 7,(0) (A, (& 2" 3
whereA, andB, are Pandolfo’s coefficients. This deformation untihe load generates a wave
moving across the whole surface. The wave-fronyiimdrical according to Barber [17], whose
centre is the moving load. When modeling the disgrtaent at a single point of the surface, it
must be taken into account that the distance betwres point and the moving load varies with
time according to equation (4), as shown in Figlure

distance(m)
N Lo 100

———————————————————————————————————————————

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

| | i Ly
-10 -05 0.5 IU(S)

Fig. 2. Variation of distance between the moving load ammbint located at 6 meters from the track

RO =% =5,V D) +¥; @)
where g is the position of the load in the initial timehite Xy andy, are the coordinates of the
location where vertical displacements would be dated.

The displacement defined by (3) is then developed &ourier series in terms of sinus. In
order to ensure that the series is equal to zeto=dl, the displacement is replicated through
point reflection (central symmetry) fdr< 0 by means of equation (5). This is shown in
Figure 3.

nt) =y, Ot-t) -y, Ot+t) (5)
wheret’ is the time between 0 and the peak of displacement

The Fourier coefficients are calculated accordmthe following equation:

2. _nltin
b, =1, 7(t) (sin=——)et ©)
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Fig. 3. Displacement replicated through point reflectiontfe 0

And the displacement under the load is then pédyfedfined by the following Fourier
series:

2 ()= b, sind’ 20
n=1

5

) ()

3. 2. Model core

For each of the three different materials definadtie model domain the following
mechanical characteristics are defined:
pi = Density in kg/m. [
4 = Shear Modulus (G) in Pa. , 1,
upi = Damping in kg/m-s. i=0,1,2
where 0 stands for the concrete slab, 1 for tis¢ lryer of soil and 2 for the second one.
If damping in all three materials is assumed tobk, wave velocity is a constant for each
material:

4 -
v, = |[& 1=0,1,2 (8)
P
and the wave number for each material and harn{ohis:
a)n
k" = n=1.N 9
=g (©)

beingk" the angular frequency@) in rad/s for each harmonic.

However, if the damping is not null, wave velodgyno longer constant but depends on the
wavelength (wave scattering). Therefore, assuntiagTt (vibration period) is the same in any
case, for whatever material, the wave number foh eaaterial and harmonic is as follows (see
Udias [18] for more details):

¢ :ﬁ\/,ul o, Ui - @) ), 10
L i
- \/zﬂz tp, _ P2 o2 TKD)* 2 Tagd —&(K))” T, s T, + 442 00) an
’ s u; p?
- \/ 241 oy e 7 0S)" s b~ 40)” G4 4, 48, ) )
’ s u;y p;
n=1.N
and wave velocities are:
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n=1.N i=0,1,2 (13)

In this case, as the material damping is not tiodl, wave damping for materials 1 and 2 is
as follows:

ny2

o = (KD L n=1.N i=1,2 (14)

2p,

Once these variables are defined for both the ddrapd undamped case, wave equations
are formulated taking into account that when thepiming wave (sub indeX) reaches the
interface between materials 1 and 2 part of itasgmitted (sub indeX) and part is reflected
(sub indexR). Therefore, wave amplitudes fdor T and R wave need to be formulated
separately:

1 if k'"=k! and j=0

A (in) = (k;—kg ki —k;)J (15)
k' +k; k' +k;
0 if k'=k! or k'=k! and j=1

A(j,n) =4k - k”qkl kg ki -k 2),1 (16)
k1+kl'l l§l+kn kn+kn
1 if k'=k; or k'=k; and j=1

A (i) = kP [{k" kg ki = ;)J_l (17)

k:l + kn k:l + kn kn + kn
and the wave equations are:

PR . 20@R r-R,. 4N
V(L =[S A () B, Bin@,( - = - e a8)
- 1 1
20 (AR 20 [AR -
re-200 ‘VnRa) M- rvn ~2t)]OH (r ~R) - HT(r ~R))
1 1
g 2R r-R,, G
,t,n) = A (j,n) b [$i ft————+—2)) [& 1
V(1. =1 A (100, in(a (¢ - 255+ £0 ) 19

_20@R_ 1-R, 20@R r-R, _ ~
[H(t vy v — ) ~H({t- V7 —v" 20)IHH (r -R,) - HT(r -R,))
A . 20 -)@R _r-R, @D
vi(r,tn) =X ,n) b, &in(w, (t - . —)) [& *
(r.t.n) [FlAr(J ) (@, ( v, Vi ) (20)
_2-YR r=Ry o 20 -DIR r-R _
[H(t v + VI ) - H(t v V” -2t)]MH(r -R)

wherer is the variable of distance between the load hadgbint of modelingR, andR, are the
distances from the rail to each interface betweaternals;4R is the difference betwedr, and
R,. The functionH(t) is the Heaviside step function (with(0) = 1) andHT(t) is the same
function not defined at= 0. These functions are used to ensure thatwagh only takes place
in the proper place and time of the modeled domain.

Finally, two wave equations are defined for soilant 2 respectively. The first one is the
sum of the incoming and reflected wave while tHeeotbone is just the transmitted wave. Both
equations are divided biyto shift these linear waves to plane waves:
+V,

u, (r,t,n) = Y (21)
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u, (r,t,n) :VTT (22)

3. 3. Convolution and output

The waves already formulated are the result ohglsiwave front caused by the point load
at a certain position. In order to take into acadhba full effect of the load when it moves along
the track a convolution is made with respect tetand distance.

The functions to be convoluted are the following:

P(t) (23)

_ug(rit-1) if r<R,
g(r't'r)_{uz(r,t—r) it r=R,

The first one (23) represents the load as a gerfeniction of time in order to give the
following process a more general scope. Howevetgeims of the calculations made in this
paper, the load is assumed to be a constant R({t)e= Q as defined for (1) unless stated
otherwise. The second equation (24) defines whiekenequation is used depending on the
location of the point to be analyzed within the miodiomain.

A discrete convolution of those two functions isnhdefined (See Barber [17] and Tijonov
and Samarsky [19] for more details):

G =7tk (%) aRE)LT) (25)

(24)

whereAT is the time discretisatiorry and r; are the limits of the convolution aR(7) is the
previously defined function (4), which marks thetdnce between the moving load and the
point of analysis with respect to time. Therefaiee convolution (25) allows obtaining the
summation of all the wave fronts generated by aintpwariable point load at a single location
of the model domain defined by (4). The convolutimarameters 7§ and 7;) define the time
interval, which should be long enough to cover w®le movement of the point load within
the domain. The parametgr, in turn, defines the exactitude of the discretevotution.

4. MODEL PERFORMANCE

In this section a sensitivity analysis of the modelcarried out with respect to certain
parameters such as the convolution time, disctetisand damping coefficients. Afterwards, a
simulation runs are performed with different matkyiand loads in order to test model
performance. The results are then discussed.

First of all the model parameters and variablesfixed to certain reasonable values as
shown in Table 1. Then each of all these magnitiglesdified in the following sections.

Table 1. Model parameters and variables

Parameter/variable SLAB SOIL 1 SOIL 2
A (kg/m?) 2400 1800 2000
ui (Pa) 14E8 1.8E8 14E8
uuikg/m-s 15000 5000 7000
MODEL GEOMETRY
Ra (M) 2 Ry (M) 10
Thickness (m) 0.5
APPLIED LOAD
Load (N) | 200000 | Velocity (km/h) | 100
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4. 1. Sensitivity Analysis

Model sensitivity to certain parameters is testadthis sub-section. First of all, time
discretisation for the convolution is analyzed. Madues tested ranged from 0.1 to 0.001. This
affects the time of calculation as well as the atitaccuracy. The results obtained at three
different distances from the rail are shown in Fé&gd (4a at 1 meter from the track; 4b - at 6
meters; 4c¢ - at 12 meters).

displacement (m)

0.0003f------mooooe- R . .
0.00008
0.00006
0.00004

0.00002

t(s)

10 15 20
Fig. 4a. Modeled displacements at 1 meter from the tra¢kclB- A7=0.1; Dashed Red A7=0.01; Blue
Ar=0.001

displacement (m)
000014 p------mmmmomn [ T et P T

000012+ smnmnnebeeeeeanc | boooonnoooens boomeenoae
a.00018
0.00008
0.00006

0.00004

0.00002

Fig. 4b. Modeled displacements at 6 meters from the trBtdck— Ar=0.1; Dashed Red Ar=0.01;Blue
A7=0.001

displacement (m)

0.0003f------nnnnn- ------------ -------------
0.00008
0.00006
0.00004

ooooozl—— T

0'5 1.0 15 20
Fig. 4c. Modeled displacements at 12 meters from the trBtack- A7=0.1;Dashed Red Ar=0.01;Blue
Ar=0.001
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From the graphic it is clear that a discretisatié.1 seconds or below causes a noticeable
instability in the model output. A greater discsation is required to obtain a smoother solution
closer to the expected for a single point load c&ke results for a7 equal to 0.01 indicate a
much steadier solution and thus this order of magdeifor discretisation is assumed to be small
enough. The results for a value of 0.001 are cgiitelar but the time of calculation increases

dramatically.

In conclusion, the time discretisation parameterlang as it is small enough to ensure
proper equivalence between a discrete and contioomnvolution, has not a great effect in the

model output.

Considering now the value of damping coefficiemiferent cases have been studied to
assess the effect of these parameters in the nmdpUt. Those cases are summarized in

Table 2.
Table 2. Study cases for different damping coefficients
CASE Hpo kg/m-s Hpg kg/im-s Hpo kg/im:s

1 0 0 0

2 5000 0 7000

3 5000 5000 0

4 500 10000 12000
5 15000 500 12000
6 15000 10000 500

These cases have been defined to evaluate theediffe between damped and undamped
soils and the effect that different order of magaés have in the solution. The results are
shown in Figure 5, where 5a is calculated at 1 mieten the track (concrete slab); 5b - at 6

meters (soil 1) and 5c - at 12 meters (soil 2).

displacement (m)

0.0001

0.00008

0.00006

0.00004

0.00002

05

15

Fig. 5a. Modeled displacements at 1 meter from the tradiclB=-Case 1; Dashed red=Case 2; Dashed
Blue=Case 3; Red=Case 4; Blue=Case 5; Gray=Case 6

displacement (m)

0.00006}
0.00005F
0.00004
0.00003
0.000021

0.000011

05

15

.w t(s)

Fig. 5b. Modeled displacements at 6 meters from the trBtkck=Case 1; Dashed red=Case 2; Dashed
Blue=Case 3; Red=Case 4; Blue=Case 5; Gray=Case 6
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displacement (m)

0.000035
0.00003
0.000025
0.00002
0.000015

0.00001

0.000005 f---:22

(s

05 10 15 20

Fig. 5¢c. Modeled displacements at 12 meters from the trBelshed Black=Case 1; Dashed red=Case 2;
Dashed Blue=Case 3; Red=Case 4, Blue=Case 5; Gesg=€

From the graphics it is clear that there is a ®atiite difference between case 1 (completely
undamped) and the rest. The displacements modedduigher when the paramejer, is set to
zero for the three soils. However, for the resthef cases, variations of these parameters within
the range of values considered provide almost #mmessolution at the three distances
evaluated. This leads to conclusion that, for #mege studied, any value of the paramejer
other than zero has no direct influence in the rhpddormance.

4. 2. Simulations

In this sub-section a whole set of simulationsagied out to assess model performance in
terms of load magnitude and velocity as well as esdtifferent scenarios of track and soil
typology.

First of all, different velocities are tested. Tiest of the model parameters are set to the
standard values detailed in Table 1. Velocitiessagred range from 50 to 300 km/h. The
results are shown in Figure 6 (once again 6a reéfefsmeter from the track, 6b - to 6 meters
and 6¢ - to 12 meters.).

displacement (m)

0.00015
0.00010

0.00005

) -0.‘57 = I‘Ei T 15 2:0
Fig. 6a.Modeled displacements at 1 meter from the tratkciB- v=50 km/h; Dashed Redv=100 km/h;
Dotted Blue- v=200 km/h; Dot-Dashed Green/=300 km/h

displacement ()

0.00008
0.00008
0.00004

0.00002

0’5 10 15 20t

Fig. 6b. Modeled displacements at 6 meters from the tr&t#ck—v=50 km/h; Dashed Redv=100
km/h; Dotted Blue- v=200 km/h; Dot-Dashed Green/=300 km/h
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displacement (m)
0.00005

0.00004
0.00003
0.00002

0.0000%

Fig. 6¢. Modeled displacements at 12 meters from the trBt&ck—v=50 km/h; Dashed Redv=100
km/h; Dotted Blue- v=200 km/h; Dot-Dashed Green/=300 km/h

There is a clear influence of velocity in the madketisplacements. Lower velocities lead to
higher deformations, which take place over a lorqggmiod of time. This is likely due to the
damping characteristics of the materials i.e. avstoload allows the terrain to deform to a
greater extent than a faster one. The gap betweakspof displacement is particularly
noticeable when comparing the results for 50 and Kid/h. The differences are much lower
when comparing those for 200 and 300 km/h. On tmeerohand, as velocity increases the
solution becomes more unsteady around the mainsp8dlis can be observed particularly at
short distance from the track (Figure 6a) for tlghast velocity (300 km/h).

Different loads are also tested, ranging from 2@00® 1000000 N. Two harmonically
varying loads are also considered, both of thenhwait amplitude of 200000 N but with
different frequencies (10 and 20 rad/s). The resalé shown in Figure 7 (once again 7a refers
to 1 meter from the track, 7b to 6 meters and 7i2tmneters).

displacement (m)

0.0004
0.0003
0.0002

0.000%

Fig. 7a. Modeled displacements at 1 meter from the trad&ciB- P=200 kN; Dashed RedP=600 kN;
Dotted Blue- P=1000 kN; Dot-Dashed GreenP=200 kN (f=10 rad/s); Dashed BlackP=200 kN =20
rad/s)

displacement (m)
0.00020
0.00015
0.00010

0.00005

0:5'1 130\ : 15 2'0
Fig. 7b. Modeled displacements at 6 meter from the tradéciB- P=200 kN; Dashed RedP=600 kN;
Dotted Blue- P=1000 kN; Dot-Dashed GreenP=200 kN (f=10 rad/s); Dashed BlackP=200 kN =20
rad/s)
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displacement (m)
0.00012

0.00010
0.00005
0.00008

0.00004

0.00002¢ -

PP £
0.5 1.0 1.5 2.0

Fig. 7c.Modeled displacements at 12 meter from the trB&kck - P=200 kN; Dashed RedP=600 kN;
Dotted Blue- P=1000 kN; Dot-Dashed GreenP=200 kN =10 rad/s); Dashed BlackP=200 kN =20

rad/s)

o Y

The more evident result is that higher loads cduigker displacements. The trend is also
perfectly linear as expected from the assumptiotingfarity the model relies on. The most
interesting conclusion comes from the harmonic $oag it is clear than the model is capable of
reproducing the displacements caused by such Ibadsldition, it is observed that a harmonic
load tends to cause greater peaks of deformati@nwhmpared to a constant point load of the
same value. This effect depends on the load frexyudrhe higher it is, the higher the peak of
displacement is given by the model.

Finally, different combinations of materials areidied with the model. Four cases are
defined as shown in Table 3.

Table 3. Study cases for different materials

CASE SLAB SOIL 1 SOIL 2 DESCRIPTION
£0=2400 £o=1500 £0=1800
1 L=14E8 L=5E7 L=18E7 "e;sagfsrgﬁeltem
Hp,=15000 H,=2000 H,=7000
£0=2400 £o=1500 £0=2400
2 Ho=14E8 Mo=5E7 Lo=14E8 Less competent soil 1
Hp=15000 H,=2000 Hp,=15000
£0=2400 £0=2200 £o=1500
3 Ho=14E8 Mo=12E8 Mo=5E7 Less competent soil 2
Hp,=15000 Hp,=12000 H,=2000
£o=1800 £=1830 £0=2000
4 Ho=TE7 Lo=18E7 Lo=14E8 Less competent slab
Hpp=2000 Hp=5000 Htp=7000

The rest of the parameters are set to the valuadetkin Table 1. The results obtained for
these 4 cases are shown in Figure 8.

In the first graphic (8a, 1 meter from the track)eocan observe that the greater
displacements are obtained for case 2. Case 1dmwva first peak quite close to that
established for case 2 but the rest of the peak<laarly smaller. This is likely due to the
difference of stiffness between soil 1 and 2 inhbecaises: In case 2 the second soil is far more
rigid than the first one and, thus, there is moravevreflection towards the track, hence
explaining the increase of displacement. In casaslthe two soils are more similar, there is
more energy transmitted and less reflected.

It is also noticeable that the peaks for case 4an&ler than those for case 1 and 2, despite
having a less rigid slab. This means that the deghents modeled in a spot close to the track
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are more influenced by the characteristics of the $oils than those of the slab itself. As for

case 3, a negative peak is found, which could feetduhe high rigidity of the slab and the soil

1: As the wave deforms soil 1, this layer affetis $lab and pulls it up, hence giving a negative
displacement (see Figure 1 for the axis considerése model).

displacement {m)
0.0001

0.00008
0.00006
0.00004

0.00002

—0.00002

Fig. 8a. Modeled displacements at 1 mefer from thé trachelB- Case 1; Déshed Red Case 2; Dotted
Blue- Case 3; Dot-Dashed GreeiCase 4
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Fig. 8b. Modeled displacements at 6 meter from the tratkclB- Case 1; Dashed Red Case 2; Dotted
Blue- Case 3; Dot-Dashed GreseiCase 4

displacement (m)
0.00003
0.000025
0.00002
0.000015
0.0000%

5 %1078

Fig. 8c.Modeled displacements at 12 meter from the trBtdck— Case 1; Dashed RedCase 2; Dotted
Blue- Case 3; Dot-Dashed GreeiCase 4

The second and third graphics (8b at 6 meters fhmnirack, 8c at 12 meters) reveal similar
trends: the highest peaks are observed for casesl 2 respectively, which confirms the great
influence that the soil 1 has over the rest of tiedel domain. Another conclusion can be
drawn from Figure 8b, where the displacements meeh in case 4 than in case 3. This implies
that the displacements in soil 1 are more affebiethe slab than by the soil 2.
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As an overall conclusion, it can be said that testloconfiguration in terms of lower peaks of
displacement is that of case 3, i.e. a more rigid and soil 1 regardless of the characteristics of
soil 2. This configuration, however, may cause tiggalisplacements in the slab that should be
taken into account.

4. CONCLUSIONS

The model developed and presented in this studynisnalytical one and is capable of
reproducing the propagation of vibrations (in terafsdisplacements) from the track itself
through the surface of the surrounding soil. Thedehaonsiders a single point load with a
either constant or harmonically varying magnituadlbjch moves along the track at a constant
speed. It is formulated to take into account phesrmansuch as wave scattering and wave
reflection in the interfaces between different miats.

The model is, at this stage, fully theoretical. Tdimulations carried out in this paper
demonstrate many of its possibilities in terms wdleating factors such as load magnitude or
velocity and testing different track and soil cgpifiations. Therefore, it can be considered as a
useful tool to study the phenomenon of vibratioogaigation from railway infrastructures from
a theoretical point of view.

There are, however, certain aspects of the modéicthuld be improved in future stages of
research so as to turn it into an instrument fgireers and track designers. So far the model
takes a single point load as an input, but thislmamexpanded to include a set of loads, which
better represent the passing of a train with séwatas. As for the load magnitudes, they could
be modified to consider not only the static loaé tluthe train weight but also include dynamic
loads caused by rail and wheel defects.

With these improvements the model could be compuwiittireal data in order to calibrate
some of its parameters. The model would be thezefalidated to be used as a reliable tool for
decision-making.
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