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Abstract This paper presents a numerical analysis of tifleeémce of permanent deformation
of the ballast layer in the degradation of railwagick. The evolution of the deformed track
profile caused by railway traffic is numerically nsilated considering the permanent
deformation of the ballast material in the numelicaodel using a deformation law that
depends on the number of loading cycles and tlesststate the materials are subjected to.
For this study it was adopted the deformation laaposed by ORE [1] to simulate the long
term behaviour of ballast layer. A parametric stuslgs carried out in order to understand
the influence of several parameters in the tradiocheation. It was analysed the influence of
the porosity of the ballast layer that is considkr@s a parameter in the deformation law
adopted. It was also analysed the influence oframal stabilization period of the ballast
layer, discounting an initial part of the deformati law, corresponding to some number of
cycles and different values were tested in thidymm The influence of the train speed was
also considered in this parametric analysis.

The study was carried out in a perfect track and tnack having an isolated defect. This way
it was possible to conclude about the influencehef settlement of ballast layer in the
degradation process of railway track at differerdginienance phases
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1. INTRODUCTION

The constant passage of rail traffic causes permaed gradual settlement of the granular
layers of ballasted tracks: ballast layer, subdsallayer and foundation. Several studies
carried out in this context confirm that when theatemials are cyclically loaded they
experience permanent deformation.

The settlement due to the passage of moving lomd®mposed of an elastic component
recovered after discharge and a residual compdhahtepresents the permanent settlement
accumulated along the loading path history [2].

In the evolution of the permanent settlement, tejgasate phases may be considered: the first
phase takes place during the compaction of the rmhtend it has a high and rapid
development; the second phase of the settlementdtring operation and it has a slower
evolution [3, 4].

Since the settlement of the ballast layer represém most significant component of the
overall settlement of the railway track, in thisidt, the prediction of the evolution of the
track permanent settlement only considers the itwtion of the ballast layer.

In literature there are a great variety of laws aratiels that are used to predict the permanent
settlement and/or the deformation of the ballagtia

These laws are usually established by laboratasis tef the materials that constitute the
ballast layer, by field testing or by tests at @ueed scale. A summary of the laws to estimate
the ballast permanent settlement can be found iari@a [5]. In addition to the ballast
settlement models, other authors consider the pemaleformation of ballast materials to
determine the settlement of the ballast layer. @aia[5] also summarizes on his master
thesis the laws of ballast permanent deformation.

In this paper, the authors focus on the ORE law tfl]estimate the ballast permanent
deformation. The authors of the ORE law concludeat the growth rate of the ballast
permanent deformation reduces significantly witle thcrease of the number of loading
cycles. They also verified that the first loadingle produces a very high strain and that the
subsequent strain progresses according to a Ibgadtiaw as expression (1).

ey = &(1+C log(N)) (1)

whereéy is the ballast permanent deformation aftedoading cyclesg, a constant equal to
0,20; N, the number of the loading cycléj, the permanent deformation due to the first
loading cycle estimated by (2).

£,=0,08 100, - 38,0, -03)° @

wherenp is the porosity of the ballast layes;{o3), the deviation stress at which the material
is subjected.
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The porosity of the ballast layer is a functiontlo¢ initial degree of compaction and of the
type of ballast material, typically varying betwe@d0 and 0.50 [1].

As mentioned above, the permanent deformation ebtllast layer can be divided into two
phases: the first phase is characterized by a laggease in permanent deformation which is
normally associated with the initial stabilizatiballast layer and the second phase of the
evolution of permanent deformation of the traclug to the passage of trains.

In this study only the second loading stage is icemed. Therefore, the law that reflects the
evolution of the ballast deformation shall be givas proposed by Alves Ribeiro [6] by the

expression (3)
En =81(CIOQ(N:\-‘Ni j} 3)

where N; corresponds to the number of cycles of the firsasghé:, to the permanent
deformation experienced during the first loadingleyandc, to a constant taken equal to
0.20.

lonescu [7] also examined experimentally the evofutof permanent deformation of the
ballast and found that the estimation of ballagbheation based on the law proposed by the
ORE seems to be a good approximation of this phenom especially from 10000 loading
cycles.

The study of the long term behavior of differenttenals when subjected to cyclic loading
(especially in terms of the axial response) is H @splored field. However, the incorporation
of these results into complete track models id atilittle studied field. Bruni et al. [8]
performed a simulation of the evolution of the lsetient due to the permanent deformation of
the ballast layer in a transition zone. The nunaérinodel used by the authors allows to
consider the vehicle-track interaction and to datee the forces induced by the train on the
top of the ballast layer under each sleeper. Tlideseent of each sleeper after a certain
number of loading cycles is calculated based awawhich depends on the forces applied on
top of the ballast layer. These settlements are #mplied in the model through a static
calculation obtaining a new profile of the traclatths used to upgrade the rail irregularities
profile, which serves as a basis for making newadyic analysis. This procedure is repeated
depending on the number of the loading cyclesdhato be simulated. Similar procedures to
simulate the permanent settlement are also addptedher authors as Abdelkrim et al. [2],
Frohling [9], Hunt [10] and Ferreira [11].

The simulation of the evolution of the permanentlesment of the track based on this
procedure is extremely versatile and it can be ebpegardless of the model and the adopted
settlement laws. However, the formulation of thelement laws must be in accordance with
the type of the adopted track model.
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2. DESCRIPTION OF THE NUMERICAL MODELLING

2.1. Track model

The track model used in this work was developedlgs Ribeiro et al. [12] and consists of
a two-dimensional model where the rail is modell@ugh Euler-Bernoulli beam elements
with equivalent characteristics to the stiffnesd tmthe mass of the UIC60 rail. The rail pads
are represented by spring-dashpot assemblies. ettt the track components are 4-nodes
finite elements in plane stress that enable widéhdefinition.. The track section corresponds
to a complete structure, since i) the rail bearmelets consider the properties of the two rails;
i) the mass of the sleepers is equal to 315 Kgthe spring-damper placed between the rail
and the sleeper simulate two rail pads, each oderugach rail. The 2D model was statically
and dynamically calibrated using a three-dimengdidinéte element model with geometric
and mechanical characteristics similar to thoseheftwo-dimensional model [6]. The track
model considered for the dynamic analysis has gtheaf 72.3 m and comprises a total of
26500 finite elements. Detailed information abdw boundary conditions can be found in
Catarino [5]. For a better vision of the considetetk model, Figure 1shows a part of the
two-dimensional model in plane stress state mod@eANSYS, the finite element software

used in this research.
RAIL PAD

SLEEPER

— T

BALLAST

SUB-BALLAST

FUNDATION

Figure 1 — Part of the two-dimensional track model

One refers that for the track model the contactvben the sleeper and ballast layer was taken
into account so it was necessary to consider thextebf gravity on the upper part of the
model (the rail and sleepers).

Erro! A origem da referéncia ndo foi encontrada. presents the characteristics of the
components of the tracks considered in this study.

Track layer E (MPa) p (kg/nT) v ()

Ballast 130 1530 0,2
Sub- ballast 120 1935 0,3
Foundation 80; 300 2040 0,3

Table 1 - Characteristics of the track components
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2.2.Train model

In this study, a model of half axle model is coesatl (Figure 2) to represent the vehicle. This
model is then composed by a concentrated massdpedsents the mass of the wheel-axle
(M), and a contact stiffness (K simulates the rigidity of the wheel-rail contaktowever,
since the modelling of the track considers the traok rails, the half axle of the vehicle will
consider the characteristics of a complete axle (ieels).

Taking into account the above, the ANSYS programdehois done considering a
concentrated mass element and a spring element.

wheel-axle

—

I
iz,

P

contact

Figure 2 — Half axle vehicle model

Table 2 indicates the values adopted in calculatitm simulate the first axle of the
EUROSTAR locomotive.

Locomotive
Mass wheel-axle (M) 1700 kg
Axle load 170 kN

Table 2 — Characteristics of the locomotive of HBROSTAR

2.3. Train-track interaction
To consider the influence of the dynamic charasties of the vehicle into the dynamic
behaviour of the track, it is necessary to defineanly the vehicle and the track models, but
also the contact between these two elements [1'8jeShere is no deformability between the
wheel and the rail it is necessary to considermgphat simulates the deformability of those
contact bodies [6].
For this reason, the vehicle used in this studysictans a linear stiffness contact interaction,
as it is not expected to have a great variatiothefdynamic load, situation that requires the
consideration of non linear contact stiffness. Thhe vehicle-track contact stiffness (K
was defined based on the fundamentals of the Heetzry used in other similar studies and it
is considered to be 1.35X18 / m (per wheel).
In this study, the contact modelling in ANSYS praxgr was made up by a point-line contact
between the lower end of the sprung mass and tam lements of the rail, as shown in
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Figure 3.

m Mass

Spring

3

Target elements :Contact element

Figure 3 - Contact modelling in ANSYS

2.4. Settlement model

The procedure used in this work to simulate themp@ent settlement of the track was
proposed by Alves Ribeiro [6] and it consists ofi@native process through the articulation
between the ANSYS software and MATLAB program. ANSYXarries out the numerical
modelling of the vehicle and the track, the procesgre- and post-processing results and
MATLAB performs the reading of the results of dynamanalysis, the application of the
deformation law and the determination of the peremardeformation. Figure 4 shows the
iterative scheme simulation of permanent defornmatibthe track.

NUMERICAL MODEL OF THE
VEHICLE-TRACK SYSTEM

___________________

ANSYS

DYNAMIC ANALYSIS WITH
VEHICLE-TRACK INTERACTION

ANSYS Sleeper-ballast contact

MATLAB | DEFORMATION LAW =f(N,5) !

PERMANENT DEFORMATION
OF ELEMENTS N =N+AN

e = &(N) + €(AN)

MATLAB

Figure 4- Iterative procedure for the simulation of the penerat deformation of the track.
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To do this simulation procedure it is importantiiodel the track layers using finite elements
that enable the accurate simulation of the striede Bistalled on the track. After the dynamic
analysis the information about the vertical, theizamtal and the tangential stresses at all
finite elements is stored. Since the variationhef $tresses over time on each finite element is
known, the evolution of the principal stresses ofrere for each finite element may be
calculated. The maximum values of the principasges are used as input for the calculation
of permanent deformation. The permanent deformati@ach finite element is determined in
MATLAB, and then it is stored and provided to thBlI&YS program to be imposed on each
finite element, thus automatically changing thergetry of the track.

Since the passage of only one train axle causesrya small permanent deformation, the
simulation process is not performed cycle to cymlein a set of cyclesA(N), assuming that
the stress state of the track layers remains canist&ach set of cycles.

After each set of cycleAN the new stress state is evaluated. This procadduees that for
the same period different permanent deformationeshre obtained, which make necessary
to do the transition between the stress statgwog®sed by Ford [14].

After each dynamic analysis, the effects of the m@ek geometry on its dynamic behaviour
are assessed. The described process is repeaiftdraas needed.

A summary of the considerations and simplificatianth respect to the proposed method for
the simulation of the permanent settlement of tlaekt is presented: i) the vehicle-track
interaction is considered in all the dynamic anedysi) the sleeper-ballast contact is taken
into account; iii) the finite element stress remawmnstant in each loading cycles of the
iterative process; iv) the determination of thenp@nent deformation is made up element by
element; v) the deformation of the track layersxslusively a function of the adopted laws,
which means that the track degradation due to othetors, such as, meteorological
conditions, creep or settlement by the consolitatibthe foundation soils is not taken into
account.

Finally, it must be mentioned that when the tradunfdation presents homogeneous
conditions, with no significant variation of the rdymic forces, the estimation of the
settlement through a static or quasi-static anslisiacceptable [9]. However, if the track
presents variations in geometry or in the dynartiftness, the dynamic component should
always be considered.

3. LONG-TERM ANALYSIS OF A BALASTED TRACK

This section presents the influence of severalmaters in the long-term behaviour of the
ballast track: the vehicle speed, the porosityhef ballast track, the influence of the initial
stabilization period and the influence of the trgelometry quality.

This study the following aspects were taken intooant as Alves Ribeiro [6] did: i) it is

assumed that all the vehicle axes have the sanmaatbastics and circulate at the same
speed; ii) it is considered that the permanent rdedtion is due only to the increase of the
stresses caused by the passage of the vehicle agtgecting the contribution of the geostatic
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tensions; iii) the damping and stiffness charasties of the materials are not updated along
the track deformation process.

3.1.Influence of the vehicle speed
In this section, the results obtained with the dpeaf 200 km/h and 300 km/h are compared.
The other inputs that remain constant in this campa are: porosity of the ballast equal to
0.4; initial stabilization of the ballast equivaléa 100000 loading cycles.

3.1.1. Stress level and deformation
Fig. 5 and Fig. 6 present the evolution of the dmric stress in the ballast layer and the
permanent deformation of the ballast layer functwinthe number of loading cycles
respectively for 300 km/h and 200 km/h speeds.

30 Million 40 |
o[1 o2 0|3 04 o5 0/6 0|7 0[8 0|9 35
5
< -3 =
= £
2 -3 5.
Y
% I g3 2
o™ / £X 15
- S
=] c
2 a3 = 10 /
R/ 5o
0 -35 { o 0 J
¢ 0 010203040506070809 1
-36 Million
Number of cycles Number of cycles

Figure 5 - Evolution of the deviatoric stress ia thallast Figure 6 - Evolution of the permanent deformatién o
layer: V = 200 km/h (red line); V = 300 km/h (blliee)  the ballast layer: V = 200 km/h (red line); V = 3d@/h
(blue line)

The results show that the deviatoric stresses presgery similar progression in relation to
the shape and to the magnitude for the two velsjpdeds. The deviatoric stress is an input to
the estimation of the evolution of the track defation. Therefore, taking into account this
aspect, the evolution of deformation of the ballager is necessarily coincident for the two
vehicle speed, as shown in Fig. 6.

3.1.2. Dynamic results
Figure 7 presents the evolution of the settleméttieballast layer along the track with the

number of loading cycles for vehicle speed of 260U The dots presented in the graphic
correspond to the settlement obtained in the \@réilignment of each sleeper.
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Figure 7 - Evolution of the settlement of the bstilayer along  Figure 8 - Evolution of the settlement of the
the track with the number of loading cycles (V=20®@/h) ballast layer: V = 200 km/h (red dots); V =
300 km/h (blue line)

As it can be seen, the evolution of the settlenembnstant along the track due to the fact
that there is any defect.

Figure 8 presents the evolution of the settlemétti@ballast layer function of the number of
loading cycles for vehicle speed of 200 km/h and B®/h. By looking at this it appears that
both evolutions practically coincide for the twdhae speeds.

Figure 9 shows the evolution of the sleeper-ballastraction force for the vehicle speeds of
200 km/h and 300 km/h, with the increase of the lpemof the loading cycles. From the
results, the sleeper-ballast interaction force eles®s with the decreasing of the speed, but
that difference is very small, since for 1 millimycles and the speed of 300 km/h, the
interaction is 80.1 kN and for the speed of 200 kmé$ 78.6 kN, a difference of 2%.
Figure 10 presents the evolution of the track galtdisplacement for the two vehicle speed
with the increase of the number of loading cycles.
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Figure 9- evolution of the sleeper-ballast intécac ~ Figure 10 - Evolution of the track vertical

force with the increase of the number of the logdin displacement with the increase of the number of
cycles: V = 200 km/h (red line); V = 300 km/h (blue loading cycles: V = 200 km/h (red dots); V = 300
line) km/h (blue line)
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In Figure 10, the evolution of vertical track daspeément is similar for both speeds (slightly
superior for 300 km/h), whereby it is likely th&etvehicle speed does not affect the vertical
displacement of the track, in the case of a petfack.

Figure 11 presents the evolution of the wheelirdédraction force function of the number of
loading cycles for the speeds of 200 km/h and 3@¢hkwhich is approximately coincident
for both speeds because a perfect track is beingiadered.

The evolution of the vertical acceleration (maximamd minimum) of sleeper with the
increase in the number of loading cycles for the $peeds is presented in Fig. 12.
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Figure 11 — Evolution of the wheel-rail interactifumce Figure 12 - Evolution of the vertical acceleration
with the number of loading cycles: V = 200 km/hd(re  (maximum and minimum) of a sleeper with the number
line); V = 300 km/h (blue line) of loading cycles: V = 200 km/h (red line); V = 300
km/h (blue line)

The evolution of the vertical acceleration of theeper is approximately constant over the
number of loading cycles in the two vehicle speatiss (Figure 12) but smaller for the speed
of 200 km/h.

3.2.Influence of the ballast porosity
The influence of the ballast porosity refers to¢benparison of the results obtained with
porosities of 0.40 and 0.42 (parametgon the deformation law), vehicle speed of 300 km/h
and initial stabilization period of the ballast ésiycorresponding to 100000 loading cycles.

3.2.1. Stress level and deformation
In Figure 13 and Figure 14, the evolution of theid®ric stress in the ballast layer and the
permanent deformation of the ballast layer functwinthe number of loading cycles
respectively for porosities of 0.4 and 0.42 arespnted.

10
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Figure 13 — Evolution of the deviatoric stress fioT Figure 14 - Permanent deformation of the ballastia
of the number of loading cycles: porosity of 0.4ué function of the number of loading cycles: porosifyD.4
line); porosity of 0.42 (red line) (blue line); porosity of 0.42 (red line)

The analysis of Figure 13 shows that the deviatstriess has a similar trend with respect to
the shape and magnitude in both cases, so thaatlagion of the porosity value seems not to
influence the deviatoric stress of the ballast laj#wever, the analysis of Figure 14 shows
that the evolution of the permanent deformatiorfais superior for the porosity of 0.42
compared with the value of 0.40. For the 1 milladrcycle, the permanent deformations more
doubles with the increase in porosity of the ballager from 0.40 to 0.42.

3.2.2. Dynamic results
In Figure 15, the evolution of the settlement o thallast layer function of the number of
loading cycles for porosities of 0.4 and 0.42 igsented. From these results it can be
concluded that the evolution of the permanentesattht of the ballast layer is far superior for
the porosity value of 0.42. After 1 million cyclegbe permanent settlement is 1.28 mm and
2.67 mm, respectively, porosity for 0.40 and 0.42.
The analysis of the results of the settlement efttp of ballast layer and on the sleeper base
for the two porosity values enable to conclude thate is no loss of contact between the
sleeper and the ballast.

11
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Figure 15 — Evolution of the settlement of the &stl Figure 16 — Evolution of the vertical track dispatent
layer function of the number of loading cycles:gmity  function of the number of loading cycles: porosifyd.4
of 0.4 (blue line); porosity of 0.42 (red line) (blue line); porosity of 0.42 (red line)

Since a track with no defect is being considerdw® twheel-rail interaction force is
approximately constant over the loading cyclestha two porosity values and similar for
both cases. Similar conclusions can be taken whalysing the sleeper-ballast contact force
and the vertical acceleration of the sleepers.

However, the variation of porosity from 0.40 to Dimplies in this case study an increase of
approximately 60% of the vertical displacementha track, for 1 million cycles as show in
Figure 16.

3.3. Influence of the initial stabilization period

In this study two values for the initial stabilikat period are consideretlo0000 and 50000
loading cycles.

3.3.1. Stress level and deformation

In Figure 17 and Figure 18, the evolution of theid®ric stress in the ballast layer and the
permanent deformation of the ballast layer functwinthe number of loading cycles
respectively for an initial stabilization period 00000 and 50000 are presented. From
Figure 3.17the evolution of the deviation is practically caohent in both cases.

12
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Figure 17 - Evolution of the deviatoric stressha t Figure 18 - Evolution of the permanent deformatién
ballast layer: Ni= 50000 (red line); Ni= 100000uél| the ballast layer: Ni= 50000 (red line); Ni= 100000
line) (blue line)

The evolution of the deformation of the ballasteiays not coincident in the two cases,
because the settlement of the initial stabilizatperiod the ballast layer is different: the
evolution of permanent deformation is greater foe ttonsideration of a smaller initial
stabilization period. After 1 million loading cyslethere is an increase in the permanent
deformation by about 25% when considering Ni= 5008¢@ad of 100000.

3.3.2. Dynamic results

In Figure 19, the evolution of the settlement o thallast layer function of the number of
loading cycles for the two initial stabilization rps is presented. By the analysis of Fig.
3.19 it can be concluded that the settlement ob#ikast layer is higher for Ni equal to 50000
cycles. The settlement of the ballast layer at llianiloading cycles is 1.28 mm and 1.62
mm, respectively, for an initial stabilization pmti of the ballast layer (Ni) equivalent to
100000 and 50000 cycles.

Figure 20 presents the evolution of the verticatkrdisplacement function of the number of
loading cycles for the two values of the initialripe of stabilization of the ballast layer:
50000 and 100000 loading cycles.

13
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Figure 19 — Evolution of the settlement of the &stl Figure 20 - Evolution of the vertical track dispagent
layer function of the number of loading cycles: Ni=  function of the number of loading cycles: Ni= 50000
50000 (red line); Ni= 100000 (blue line) (red line); Ni= 100000 (blue line)

From Figure 20, the vertical track displacemerttigher for an initial period of stabilization
of the ballast layer equivalent to 50000 cycles.ewhhanging the number of cycles from the
initial period to stabilize the ballast layer frat®0000 to 50000, after 1 million loading, the
wheel displacement increases from 2.35 mm to 2.69(1%%).

In terms of contact between the ballast and thepsles the results attained show that as in the
previous analysis, no loss of contact occurs. Hange of the initial period of stabilization of
the ballast layer is not felt in the interactioaeger-ballast force as shown in Figure 21.
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Figure 21 - Evolution of the sleeper-ballast inttian Figure 22 — Evolution of the wheel-rail interactifamce
force function of the number of loading cycles: Ni=  function of the number of loading cycles: Ni= 50000
50000 (red line); Ni= 100000 (blue line) (red line); Ni= 100000 (blue line)
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Figure 22 presents the evolution of the wheelirdédraction force function of the number of
loading cycles for initial periods of stabilizati of the ballast layer of 50000 and 100000
and it is evident that the initial periods of stetaition of the ballast layer does not influence
the maximum and minimum wheel-rail interaction gt least in perfect tracks.

3.4. Influence of the track geometrical quality

In this section, a vehicle speed of 300 km/h a gityaf 0.40 and initial stabilization period
the ballast layer equivalent to 100000 cycles lea$ considered in the analysis of the
influence of the track geometrical quality on tbhed term behaviour of ballast track.

3.4.1. Stress level and deformation

The shape of the defect is shown in Figure 23 amgesents a total length of 12 m and
amplitude of 8 mm. In Figure 24, the evolution bé tdeviatoric stress in the ballast layer
along the track for each loading cycle due to isalalefect is presented.
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Fig. 23 - Geometry and analytical expression of Fig. 3.24 — Evolution of the deviatoric stressha ballast
isolated defectz = AeHDE® A= 8 mm: layer along the track for each loading cycle
k= 0,45)

Figure 25 and 26, presents respectively the ewrubf the deviatoric stress in the ballast
layer and the permanent deformation of the bal@gtr both function of the number of

loading cycles for perfect track and track withlaged defect. In Figure 25 the deviatoric
stress is evaluated for a sleeper approximatelytheamaximum amplitude of the defect. The
following results refer to this same sleeper. Feigure 25 a variation of the deviatoric stress
occurs in the influence area of the defect. Theluton of the deviatoric stress over the
loading cycles is practically constant for the kradgth the isolated defect (similarly to what

happens for perfect track) but 15% higher compé&wdte case of perfect track.

15



D. Catarino, C. Alves Ribeiro and C. Vale

Million c O
-30 s & -
- _31;i| a1 alo ol ol ols ols ol7 ols alo E 40 /-—‘
@ 33 36 V| 1~
3 / - 25 —
£ 34 € X v
] 'f o= 20
o 35 8 151
S 30 £ 10
E —37 T __.____‘ @ i
r—— o
é -38 / h-'"\1=l=_“ g '
j?} )4 0 01020304050607 0809 1
Million
Figure 25 - Evolution of the deviatoric stresstia t Figure 26 - Permanent deformation of the ballast
ballast layer: track with defect (red line); petferack layer: track with defect (red line); perfect trgthue
(blue line) line)

As it was expected, the permanent deformation@btidlast layer is also higher (about 30%)
in the track with defect compared to the perfeatkr(figure 26).

3.4.2 Dynamic results

Figure 27 presents the settlement on the top ofbdilst layer along the track for each
loading cycle. The dots in the graph corresponthtovalue of the settlement obtained in
vertical alignment of each sleeper. The evolutiérthe settlement of the ballast layer for
perfect track ad track with defect is shown in Feg8.
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Figure 27 — Settlement on the top of the ballagtda Figure 28 - Evolution of the settlement of the
along the track for each loading cycle ballast layer: track with defect (red line); petfec

track (blue line)

The evolution of the permanent settlement of thBas@layer is higher when the track
presents a defect. After 1 million loading cycld® permanent settlement is 1.28 mm and
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1.65 mm, respectively, for perfect track and trevith isolated defect.

The evolution of settlement at the top of the tstllayer and the base of the sleeper with the
number of loading cycles in the vertical alignmentthe defect is presented in Figure 29.
Figure 30 shows the settlement on the top of thiastdayer and the base of the sleeper along
the track for 1 million of loading cycles.
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Figure 29 - Settlement at the top of the ballagti@and Figure 30 - Settlement along the track for 1 millio
the base of the sleeper function of the numbeoadihg of loading cycles: sleeper base (blue line); tothef
cycles: sleeper base (blue line); top of the baléager ballast layer (red line)
(red line)
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By analyzing the results in Figures 29 and 30 it lba seen that the ballast-sleeper contact is
maintained till 0.5 million cycles and then the dsiween the base of the sleeper and the top
of the ballast layer starts to increase.

Figure 31 shows the evolution of the vertical aemdion of a sleeper with the number of
loading cycles for the perfect track and for tragkh isolated defect. The evolution of the
vertical acceleration of the sleepers is slighthhler for the track with isolated defect and its
evolution over the loading cycles is approximatmynstant.

Figure 32 presents the maximum values of the sideglast interaction force function of the
number of loading cycles for the two scenariosemmis of track quality.
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Figure 31 — Evolution of the vertical acceleratafra  Figure 32 - Maximum values of the sleeper-ballast
sleeper function of the number of loading cyclesck interaction force function of the number of loading
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with defect (red line); perfect track (blue line) cycles: track with defect (red line); perfect track
(blue line)

By analyzing the results, it is found that the pkreballast interaction force undergoes a
change in the area of influence of the defect, ddiigher for the track with defect when
comparing to the results of perfect track.

Figure 33 shows the evolution of vertical displaeaifunction of the loading cycles for
perfect track and track with irregularity. Fronistfigure, the maximum vertical displacement
of the track (at 1 million of loading cycles) isaalh 10.8 mm corresponding to the defect
amplitude (8 mm) plus the track displacement (2r8)m
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Figure 33 — Evolution of vertical displacement ftime of the loading cycles: track with defect (tew); perfect
track (blue line)

4. CONCLUSIONS

In this paper it is presented the analysis of ¢img lterm behaviour of the ballast track using a
methodology that enable to simulate the evolutibthe permanent deformation of the track
for the passage of railway vehicles.

The main scope of this study was to understandnthesnce of some parameters in the long-
term behaviour of the ballast track. For a perteatk it was observed that the evolution of
the settlement was constant along the track fahalkcenarios.

The variation of the vehicle speed enabled to eateckhat this parameter has little influence
on the evolution of the track deformation and oa ttynamic behaviour of perfect track.
However the ballast porosity has a great influencethe evolution of the permanent
deformation of the ballast layer. It was verifidthtt after 1 million cycles, the permanent
settlement was 1.28 mm and 2.67 mm, respectivelypdrosity values of 0.40 and 0.42. A
small variation of this parameter of the ORE defation law has a great influence on the
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evolution of the ballast layer.

In order to exclude the initial stabilization petiof the ballast layer and only consider the
part that is due to the passage of traffic a setyofes were discounted in the deformation
law: 100000 cycles and 50000 cycles were the tveoatos considered. As it was expected,
the settlement of the ballast layer is higher whestabilization period of 50000 cycles is
considered. The settlement of the ballast layet atillion loading cycles is 1.28 mm and

1.62 mm, respectively, for an initial stabilizatiperiod of the ballast layer equal to 100000
and 50000 cycles.

An isolated defect with a total length of 12 m amdplitude of 8 mm was considered in the
track. The long-term behaviour of the track waslys®l considering a vehicle speed of
300 km/h a porosity of the ballast layer equal #00and initial stabilization period of the
ballast layer equivalent to 100000 cycles. Comggitiiris scenario with the similar scenario of
the perfect track it was concluded that after liamlloading cycles, the permanent settlement
was equal to 1.28 mm for perfect track and 1.65 fomthe track with isolated defect. It was
also identified the loss of sleeper-ballast contadhe track with the defect after 0.5 million
cycles. In the presence of the defect the ballaspsr contact force presents a variation on
the region of the defect and the maximum valuethigfforce are higher than those obtained
in a perfect track.

As future developments the author find it interggtio further analyse influence of the track
quality by testing other type of defects and sttitly influence of some parameters of the
deformation law on the evolution of the track defation.
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