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Summary

Transition zones in railway tracks are locations with considerable changes in the vertical stiffness
of the track support, which can be found near bridges, culverts and tunnels. In such locations, the
stiffness variation and the differential settlement of tracks (uneven settlement of the track on the
embankment and of the engineering structure) result in amplification of the dynamic track forces.
This amplification speeds up the degradation of ballast and subgrade, ultimately resulting in
deterioration of the vertical track geometry, which can lead to deterioration of the passenger’s
comfort, failure of the track components, and in extreme cases to train derailment. Therefore, the
track maintenance in transition zones requires substantial effort, up to eight times more effort
than on open tracks (i.e. ballast tracks without any special elements).

Although the poor performance of the track in transition zones is frequently reported, the
transition zones have not been paid enough attention. First of all, there is no specific experimental
method for assessment of the track condition in transition zones. Therefore, the transition zones
are usually treated as open tracks during inspections. Secondly, the effect of the differential
settlement (one of the factors causing the transition zone problem) on the track degradation has
not been sufficiently studied as compared to the effects of the stiffness variation. Also, due to the
insufficient knowledge on the track behaviour in transition zones, the track settlement in
transition zones cannot be predicted precisely. As a result, the maintenance is performed in a
reactive way. Finally, although many countermeasures have been proposed for transition zones,
the tools for assessment of their performance (especially on a long term) are still lacking, which
causes difficulties for track designers when selecting the countermeasures. Clearly, the knowledge
on the measurement, dynamic behaviour, degradation, and assessment of the track in transition
zones should be improved.

This study intended to give answers to the following questions: (1) How to assess the condition
of the tracks in transition zones? using which tool? (2) Which factor contributes more to the track
degradation in transition zones, the uneven settlement or the stiffness variation? (3) How to
predict the track settlement in transition zones on a long term? (4) How to assess the performance
of the countermeasures for transition zones?

In attempt to answer these questions, an integrated methodology combing an innovative
experimental method and numerical model for analysis of the dynamic behaviour and degradation
of railway tracks in transition zones has been developed. The methodology consists of the
following three parts:

- An advanced measurement technique based on the DIC (Digital Image Correlation) method
that is used to measure the absolute dynamic displacements of rails/sleepers due to the
passing trains. The advantage of this technique is that the vertical track displacements are
measured simultaneously at multiple points, allowing obtaining the dynamic profile of the
track section. Also, no track possession is required during the measurement. The
measurement technique provides a basis for assessment of the track condition in the
transition zones.

- A novel model for analysis of the dynamic responses in transition zones that uses the explicit
Finite Element (FE) method. The track model accounts for both the vertical stiffness variation
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and the differential track settlement in transition zones. The nonlinear contact elements are
used to model the sleeper-ballast interface, which allows the sleeper-ballast interaction to
more realistically be described as compared to the existing models.

A novel procedure to predict the long-term track behaviour (settlement) in transition zones,
which is based on the developed FE model of the transition zones and an empirical settlement
model of ballast (developed by Y. Sato). Using this procedure, the track settlement in
transition zones due to multiple passages of trains can be predicted, which can provide a basis
for planning track maintenance in transition zones.

To demonstrate the developed methodology, it was used in a number of applications in this

study such as:

Assessment of the track condition in various transition zones,

Numerical analysis of the track behaviour and of the factors influencing initiation and
propagation of the track settlement in transition zones,

Assessment of the performance of various countermeasures for transition zones.

Some additional studies on the effect of the moisture condition on track performance in

transition zones and on the feasibility of using satellite radar for structural health monitoring of

transition zones have been performed as well. The main conclusions of these studies can be

summarised as follow:

o

o

The numerical and experimental results confirmed the higher degradation of the track near
engineering structures in transition zones as compared to the open track observed in situ.

The track degradation and the length of the settlement affected zone in the Embankment-
Bridge (EB) and the Bridge-Embankment (BE) transitions, which is defined by the train moving
direction, are different. That was confirmed by the measurement and numerical results, and
by field observations. This phenomenon was explained using the numerical model, namely
that the initial location of the track settlement in the EB transition is primarily defined by the
pitch motion of the bogies, while in the BE transition it is affected by the ‘gliding’ and
‘bouncing’ motion of the vehicle. The settlement affected zone in the BE transition is longer
(depending on the velocity, approx. 2 times for 140 km/h) than the EB transition.

The track condition in transition zones was successfully assessed using the measurement
method. The condition assessment results have good correlation with maintenance history,
and satellite data of the considered transition zones.

The performance of various countermeasures for transition zones was successfully assessed
using the developed methodology. The numerical results have shown that the sleepers with
modified dimensions (preventive countermeasure) and the adjustable fasteners (corrective
countermeasure) can significantly improve the track performance, 51% reduction in ballast
stress and 93% reduction in the wheel-rail contact force respectively.

Using the integrated methodology, the research questions have been answered. The proposed

methodology provides suitable tools for measurement, assessment, analysis and improvement of

the tracks in transition zones. The methodology can be further applied to the design and

optimisation of the track in transition zones.



Samenvatting

Overgangszones in spoorweggen zijn locaties met aanzienlijke veranderingen in de verticale
stijfheid van de spoorondersteuning, die zich in de buurt van bruggen, duikers en tunnels bevinden.
Op dergelijke locaties resulteren de stijfheidsvariatie en de differentiéle zetting van sporen
(ongelijkmatige zetting van het spoor op de baanlichaam en van de civiele constructies) in
versterking van de dynamische spoorkrachten. Deze versterking versnelt de degradatie van ballast
en ondergrond, wat uiteindelijk resulteert in verslechtering van de verticale spoorgeometrie. Dit
kan leiden tot verslechtering van het comfort van de passagier, uitval van de spooronderdelen en
in extreme gevallen tot ontsporing. Daarom vereist het spooronderhoud in overgangszones
aanzienlijke inspanningen, tot acht keer meer inspanning dan op het standaard spoor
(ballastsporen zonder speciale elementen).

Hoewel de slechte prestaties van de sporen in overgangszones vaak worden gemeld, is er nog
niet genoeg aandacht aan de overgangszones gegeven. Allereerst is er geen specifieke
experimentele methode voor het beoordelen van spoorconditie in overgangszones. Daarom
worden de overgangszones gewoonlijk tijdens inspecties behandeld als het standaard spoor. Ten
tweede is het effect van de differentiéle zetting op de spoordegradatie niet voldoende bestudeerd
in vergelijking met de effecten van de stijfheidsvariatie. Ook kan de spoorzetting in
overgangszones, vanwege onvoldoende kennis over het spoorgedrag in overgangszones, niet
nauwkeurig worden voorspeld. Als gevolg hiervan wordt het spooronderhoud op een reactieve
manier uitgevoerd. Ten slotte ontbreken de instrumenten voor het beoordelen van hun prestaties
(vooral op lange termijn), wat de trackontwerpers moeilijkheden bezorgt bij het selecteren van de
tegenmaatregelen, hoewel er veel tegenmaatregelen zijn voorgesteld voor overgangszones. Het is
duidelijk dat de kennis over het meten, het dynamische gedrag, de degradatie en het beoordelen
van het spoor in overgangszones moet worden verbeterd.

Het doel van dit onderzoek was om antwoorden te geven op de volgende vragen: (1) Hoe moet
de conditie van de sporen in overgangszones worden beoordeeld? Met welk instrument? (2)
Welke factor draagt meer bij aan de spoordegradatie in overgangszones, de differentiéle zetting of
de stijfheidsvariatie? (3) Hoe kan de spoorzetting in overgangszones op lange termijn worden
voorspeld? (4) Hoe kunnen de prestaties van de tegenmaatregelen voor overgangszones worden
beoordeeld?

In een poging om deze vragen te beantwoorden, een geintegreerde methodologie is ontwikkeld,
die een innovatieve experimentele methode en een numeriek model combineert voor de analyse
van het dynamische gedrag en de degradatie van het spoor in overgangszones. De methodologie
bestaat uit de volgende drie delen:

- Een geavanceerde meettechniek gebaseerd op de DIC-methode (Digital Image Correlation)
die wordt gebruikt om de absolute dynamische verplaatsingen van sporen / dwarsliggers als
gevolg van de passerende treinen te meten. Het voordeel van deze techniek is dat de
verticale spoorverplaatsingen gelijktijdig op meerdere punten worden gemeten, waardoor
het dynamische profiel van het spoor kan worden verkregen. Ook is tijdens de meting geen
buitendienststelling. De meettechniek biedt een basis voor het beoordelen van de
spoorconditie in de overgangszones.
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Een nieuw model voor analyse van de dynamische reacties in overgangszones met de
expliciete Eindige Elementen Methode (FEM). Het model is verantwoordelijk voor zowel de
verticale stijfheidsvariatie als de differentiéle zetting in overgangszones. Niet-lineaire
contactelementen worden gebruikt om de dwarsligger-ballastinterface te modelleren,
waardoor de dwarsligger-ballastinteractie realistischer kan worden beschreven in
vergelijking met de bestaande modellen.

Een nieuwe procedure om het gedrag van het spoor op de lange termijn (zetting) in
overgangszones te voorspellen, die op het ontwikkelde FE-model van de overgangszones en
een empirisch zetting model van ballast (ontwikkeld door Y. Sato) is gebaseerd. Met behulp
van deze procedure kan de spoorzetting in overgangszones als gevolg van meerdere passages
van treinen worden voorspeld, wat een basis kan bieden voor het plannen van
spooronderhoud in overgangszones.

Om de ontwikkelde methodologie te demonstreren, werd deze in een aantal toepassingen in

deze studie gebruikt, zoals:

Beoordeling van de spoorconditie in verschillende overgangszones,

Numerieke analyse van het spoorgedrag en van de factoren die de initiatie en verspreiding
van de spoorzetting in overgangszones beinvloeden,

Beoordeling van de prestaties van verschillende tegenmaatregelen voor overgangszones.

Enkele aanvullende studies over het effect van de vochtgehalte op de spoorprestaties in

overgangszones en over de haalbaarheid van het gebruik van satellietradar voor Stuctural Health

Monitoring van overgangszones zijn ook uitgevoerd. De belangrijkste conclusies van deze studies

kunnen als volgt worden samengevat:

o

De numerieke en experimentele resultaten bevestigden de hogere degradatie van het spoor
in overgangszones nabij civiele constructies in vergelijking met het standaard spoor dat in situ
werd waargenomen.

De spoordegradatie en de lengte van de zettingzone in de Baanlichaam-Brug en de Brug-
Baanlichaam overgangen, gedefinieerd door de bewegingsrichting van de trein, zijn
verschillend. Dat werd bevestigd door de metingen en het numerieke model en door
veldwaarnemingen. Dit fenomeen werd verklaard aan de hand van het numerieke model,
namelijk dat de initiéle locatie van de spoor zetting in de Baanlichaam-Brug overgang in de
eerste plaats wordt bepaald door de 'stamp' (Pitch in Engels)-beweging van de draaistellen,
terwijl deze in de Brug-Baanlichaam overgang wordt beinvloed door het 'glijd'- en 'stuiter'-
beweging van het voertuig. De zettingzone in de Brug-Baanlichaam overgang is langer
(afhankelijk van de snelheid, ongeveer 2 keer voor 140 km/u) dan de Baanlichaam-Brug
overgang.

De spoorconditie in overgangszones werd succesvol beoordeeld met behulp van de
meetmethode. De resultaten van de conditiebepaling hebben een goede correlatie met
onderhoudsgeschiedenis en satellietgegevens van de beschouwde overgangszones.

De uitvoering van verschillende tegenmaatregelen voor overgangszones werd succesvol
beoordeeld aan de hand van de ontwikkelde methodologie. De numerieke resultaten hebben
aangetoond dat de dwarsliggers met gewijzigde afmetingen (preventieve tegenmaatregel) en
de verstelbare bevestigingsmiddelen (corrigerende tegenmaatregel) de prestaties van het
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spoor aanzienlijk kunnen verbeteren, respectievelik 51% vermindering van de
ballastspanning en 93% vermindering van de contactkracht in het Wiel-Railcontact.

Met behulp van de geintegreerde methodologie zijn de onderzoeksvragen beantwoord. De
voorgestelde methodologie biedt geschikte hulpmiddelen voor het meten, beoordelen, analyseren
en verbeteren van het spoor in overgangszones. De methodologie kan verder worden toegepast
op het ontwerp en de optimalisatie van het spoor in overgangszones.
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Part 1

EXTENDED SUMMARY







Chapter 1. Railway track in transition zones

In this chapter, the transition zones in railway tracks are introduced, together
with the summary of the current problems related to the transition zones and the
literature review of the recent studies on the transition zones. The research
motivation, questions, and method, as well as the dissertation outline are

presented here.

1.1 Background

Transition zones in railway tracks are the locations with considerable changes in the vertical
support, which are typically located near engineering structures, such as bridges, culverts, tunnels
and level crossings.

A typical transition zone is shown in Figure 1a, where the definitions used in this study are
indicated. The track longitudinal level measured in this location by the inspection coach
(Eurailscout UFM120) is shown in Figure 1b, where two large irregularities in the track geometry
appear before and after the bridge can be seen. The degradation process of the transition zone is
schematically shown in Figure 1c. The ballast track in transition zones can be divided into two
sections: the settlement affected zone that is close to the bridge, and the open track. Depending
on the moving direction of trains, the Embankment-Bridge (EB) transition and the Bridge-
Embankment (BE) transition can be recognized.

As a result of degraded track longitudinal level, the following problems are often observed
in transition zones:
e Damage of the track components: rail surface defects, broken fasteners, cracks in concrete
sleepers, breakage of ballast particles, and voids between sleepers and ballast (also known
as hanging sleepers) [1-13];
e Deterioration of the track geometry, i.e. extra settlement appearing on tracks and forming
a ‘dip’ [11, 14-16];

e Deterioration of the passenger’s comfort [17].

The track deterioration process in transition zones is accelerated with the increase of the
operational velocities of the passing trains, leading to a tremendous increase of the maintenance
efforts on correction of the track geometry in transition zones [11]. Transition zones require more
maintenance like tamping and adding ballast (ballast blowing) as compared to the open tracks [5,
16]. For instance, in the Netherlands, the maintenance activities on the track in transition zones
are performed up to 4-8 times more often than on open tracks [9, 18]. In the US $200 million is
spent on maintenance of the track in transition zones annually, while in Europe about €97 million
is spent on similar maintenance activities [19, 20]. Obviously, there is a need to improve the track
performance in transition zones.
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Figure 1. Introduction of transition zone: (a) Top view; (b) Track longitudinal level measured by the
inspection coach; (c) Schematic diagram of track degradation in transition zones.
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Based on literature review [11], there are three major factors causing the track
degradation in transition zones, that are the differential settlement, the stiffness variation and the

geotechnical/construction/maintenance issue.

In transition zones, the differential settlement always appears due to the difference of the
material properties between the ballast track and the engineering structure. The engineering
structure often composed of concrete or steel material, is supported by stiff layers (e.g., bridge
piers are supported by firm soil or bedrock) and, therefore, has almost no settlement. On the
contrary, the ballast track has larger settlement, which is mainly caused by the compaction of the
ballast and soil layers and the breakage and pulverisation of ballast particles [8]. The permanent
settlement of ballast in open tracks after construction or maintenance (tamping) can be divided
into two stages according to the deformation mechanism of ballast [15, 21-23] (see Figure 2).
Stage 1 is the rapid compaction and abrasion process that happens shortly after construction or
tamping [15, 21]. In this stage, the main deformation mechanism is the volumetric compaction of
the ballast particles. Stage 2 is the normal settlement process happening until the end of a
maintenance interval, wherein the main deformation mechanism is the frictional sliding of
particles [21, 24-27]. The settlement growth for ballast tracks is nonlinear in Stage 1, while it is
almost linear in Stage 2 [21, 22]. The differential settlement can also be considered as a
geometrical irregularity, which plays a major role in the degradation process of the track in
transition zones [17, 28-32].

Number of loading cycles

‘Ballast settlement

[ 3

|‘7 Stage 1—» Stage 2

= i)

Figure 2. Schematic permanent settlement curve of ballast as function of loading cycles.

Besides the differential settlement, there is also the abrupt change in the vertical stiffness
of the track [6, 13, 33-36] in transition zones. Since the vertical track stiffness determines the rail
deflection during train passages, the stiffness variation leads to the changes in the vertical
acceleration of moving trains and then results in the changes of the vertical wheel forces (about
9% increase calculated in [34]), the rail vertical accelerations [6], and the ballast stresses. The
influence of the differential settlement becomes larger with the increase of the train velocities [6].

In addition, there are the geotechnical, construction and maintenance issues that affect
the performance of transition zones, such as the poor quality of used materials, inadequate
compaction and consolidation of the fill and embankment, poor drainage conditions [7, 11].
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1.2 Research questions, and methods

Although the causes of transition zone problems are known as mentioned earlier, there is still a
discussion on which factor is more important. Most of the existing studies focus on stiffness
variation, while the differential settlement has been less considered. In addition, there is no
specific experimental method for assessment of the track performance in transition zones.
Currently, the transition zones are treated as open tracks. Also, due to the insufficient knowledge
on the track behaviour in transition zones, the track settlement in transition zones cannot be
predicted precisely. As a result, the maintenance is performed in a reactive way. Lastly, although
many countermeasures have been proposed for transition zones, there is no tool for assessment
of the performance of the countermeasures, which causes difficulties for track designers when
selecting countermeasures. Clearly, the knowledge on the measurement, dynamic behaviour,
degradation, and improvement of the track in transition zones should be improved. Therefore, the
research questions of this dissertation are as follow:

Q1: How to assess the condition of the tracks in transition zones? Using which tool?

Q2: Which factor contributes more to the track degradation in transition zones, the uneven
settlement or the stiffness variation?

Q3: How to predict the track settlement in transition zones on a long term?

Q4: How to assess the performance of the countermeasures for transition zones?

The four research questions are inter-related. Q1 is proposed because there is no specific
experimental method for performance assessment of the tracks in transition zones. Currently, the
transition zones are treated as open tracks. However, due to the difference in the degradation
mechanism, it is necessary to develop a specific measurement method for transition zones. The
focus location of Q1 is indicated in Figure 1a.

If Q1 is answered, the track quality in transition zones can be assessed, which can provide
more information for analysis of the primary cause of track problems in transition zones (Q2). Q2
is indicated in Figure 1c, where both the stiffness variation and the differential settlement appear
in the transition zone. With better understanding of the degradation mechanism (answered by
Q2), the settlement of the track in transition zones can be predicted more precisely (Q3). It is
important since the studies on the long-term behaviour of transition zones are relatively rare and
currently their maintenance is performed in a reactive way when some of the performance
indicators exceed their limits, which is expensive and inefficient. Q3 is indicated by the dotted line
pointing from the track geometry after operation shortly to the degraded track geometry after
operation for a long time in Figure 1c. Finally, based on Q2 and Q3, the design improvement
(countermeasures) of transition zones can be better assessed (Q4). The corrective
countermeasures, which can quickly eliminate the void under sleepers when the differential
settlement appears in transition zones and which have never been considered in the existing
research, can be analysed. Q4 is indicated by the dotted line pointing at the opposite direction of
Q3 in Figure 1c.

To answer the research questions, an integrated numerical and experimental
methodology for analysis of the dynamic behaviour and degradation mechanism of the track in
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transition zones is developed. The integrated methodology developed in this study consists of the

following parts:

An advanced measurement technique which uses DIC (Digital Image Correlation)-device to
measure the dynamic displacements of rails at multiple points along the track in transition
zones
--This measurement technique is capable of assessing the track condition of transition
zones, which is based on the idea in [4, 37, 38] but using advanced equipment (the DIC-
device) and demonstrated in [38, 39]. It can measure the rail displacements at multiple
points of transition zones during trains passing. The measured displacements can
describe a detailed dynamic profile of the tracks in transition zones, based on which the
track condition in transition zones can be assessed. It requires no track possession
during the measurements.

A novel model for analysis of the dynamic responses in transition zones using explicit
Finite Element (FE) method, which accounts for both the stiffness variation and the
differential settlement
--The novelty of the model is it can model the realistic settlement curve of rails, the
hanging sleepers, and therefore it can be better study the causes of the track
degradation in transition zones. This model has been developed by the author since
2012.

A novel iterative procedure to predict the track settlement in transition zones which
combines the FE model of transition zones and an empirical settlement model of ballast
--The procedure can study the long-term behaviour of transition zones. The empirical
settlement model considers the two-stage settlement characteristics of ballast (see
Figure 2) and the nonlinear relationship between ballast stress and ballast settlement
[40]. The iterative procedure consists the following steps: (1) simulation of the vehicle-
track and sleeper-ballast interaction during a train passing the transition zone, using
the 3D FE model, to obtain the stresses in ballast; (2) calculation of the track settlement
for a given number of loading cycles based on the ballast stresses, using the empirical
settlement model; (3) adjusting the FE transition zone model based on the calculated
settlement under each sleeper for the step (1) in the next iteration.

Each part of the integrated methodology can be used separately. When combining

together, the integrated methodology can provide a comprehensive analysis for the tracks in

transition zones. The applications are as follow:

This advanced measurement technique has been used for analysis the track condition in
three transition zones. The settlement affected zone has been detected and the hanging
sleepers have been detected. Besides, the condition of the tracks in the transition zones
has been assessed. The results have also been used to validate the numerical results and
experimental results of the satellite system and inspection coaches.
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e The developed FE model has been used to study the effect of the differential settlement
and stiffness variation on the track degradation in transition zones. The dynamic responses
including wheel loads, ballast stress, rail stress, and car body acceleration are analysed.

e Another application of the methodology is the assessment of design modifications
(countermeasures). Both a preventive and a corrective countermeasure used in the
transition zones are analysed using the FE model. Besides, the effect of the moisture
condition on the dynamic responses of the track in transition zones has been studied using
the model.

e The predict procedure has been used to predict the relative the track settlement in the
transition zone. Also, the settlement pattern is analysed. The sensitive parameters of the
procedure are studied and the advice on maintenance for designers and maintenance staff
are provided.

1.3 Dissertation outline

The outline of the dissertation is shown in Figure 3.

— .
= Introduction
N H H based on
al £ Experimental Analysis Paper I
Q2 g Short-term Numerical Analysis based on Paper 1T
Q3 g Long-term Numerical Analysis basedon 1 poper T
Q4 g Assessment of Countermeasure based on Paper IV
. e ) based on
Effect of Moisture Condition Paper V
(=}
Exploration S
Structural Health Monitoring ) basedon .\ poper VI
% Conclusions Remarks

Figure 3. Outline of the dissertation.
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The measurement method and the experimental analysis of the transition zone are
presented in Chapter 2, which answers Q1. The FE model of the transition zone is introduced in
Chapter 3 and then compared with the measured results. Using the model, the short-term
dynamic behaviour of the transition zone is studied and the effect of the two factors is compared,
which answers Q2. In Chapter 4, the settlement prediction procedure is described and the long-
term behaviour of the transition zone is discussed, which provides the answer to Q3. The FE model
of the transition zone is used as an assessment tool for countermeasures. Two countermeasures
are assessed as examples in Chapter 5, which answers Q4. In addition, the effect of the moisture
condition and the structural health monitoring of transition zones are explored in Chapter 6. The
Ground Penetration Radar is used to study the moisture condition of ballast and subballast in
transition zones. The satellite radar (InSAR) is used to monitor the structural health of a transition

zone. At last, conclusions are given in Chapter 7.







Chapter 2. Experimental Analysis

An advanced measurement method for transition zones is proposed to answer
Q1 (see Figure 1a). After that, the experimental analysis using the method to
assess the performance of transition zones is presented. The measurement
technique employs a contactless mobile device for measuring displacements at
multiple locations in transition zones. Three transition zones under various
condition are measured. The dynamic profile of the track is analysed. The output
of the experimental analysis will be used as the input for the short-term
numerical analysis. This chapter is based on [Part Il: Paper I].

2.1 Introduction to DIC

The proposed measurement method for transition zones is using the DIC (Digital Image
Correlation) technique, which is an optical method using tracking and image registration
techniques for accurate measurements in images. A reference image is captured before
displacement and a series of pictures are taken subsequently during the movement. The images
are analysed using a numerical matching technique to identify the most similar patterns in the
subsequent images, which is based on the assumptions that the pattern is approximately constant
between successive images and that the local textural information is unique. The matching
algorithm compares the image subsets in the reference image with the image subsets in the
current image [41]. Matching criteria are available such as in [42] and [43]. The method combines
the continuous recording of horizontal and vertical displacements with no contact with the
measuring targets, excluding any interference between the measured surface and the measuring
device [44-46]. It often consists of high-resolution digital cameras which record the displacement
of targets, and post-processors which analyse the changes in the images.

The device used in this study is shown in Figure 4, which includes a high-speed camera,
software, and targets. In the normal monitoring condition, the accuracy of 0.1 mm can be
obtained and the maximum measurement frequency is up to 400 Hz. Since the device has never
been used in railway engineering, it has been tested in the laboratory prior to the field

measurement to find the optimal operating parameters.
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Figure 4. Setting of DIC-device: high-speed camera, software and targets on rails and sleepers.

In the laboratory tests, the DIC-based device was used to measure the motion of the

actuator of a hydraulic press machine, which is the periodic vertical motion with the frequency of

0.1 Hz and the peak-peak amplitude of 10 mm. The tested operating parameters are shown in
Figure 5. The details of the tests can be found in [Part Il: Paper 1].

._._..'

Measuring distance

Figure 5: Illlustration of operating parameters of DIC measurement.

After tests, the optimal operating parameters are proposed in Table 1. The elevation angle

is a sensitive parameter, which is recommended to be smaller than 10° when the distance is 7.5 m

and the height difference between the camera and the rail is 1.3 m.

Table 1 Recommended operating parameters.

Parameter

Suggest value

Elevation angle (°)

<10

Heading angle (°)

<30

Measuring distance (m)

7.5

Focal length (mm)

50
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2.2 Field Measurements set-up

To demonstrate the measurement technique, the experimental analysis was applied to three
transition zones were assessed using the DIC-based device, namely Transition A, B and C as shown
in Figure 6. It should be noted Transition B is the one shown in Figure 1a. In Transition A and B, the
embedded rail system is used on the bridges, while the ballast track with concrete sleepers is used
on the embankment, as shown in Figure 6a and c respectively. According to the experience of
maintenance staff, Transition A was in poor condition while Transition B in healthy condition.
Therefore, larger dynamic displacements were expected in the affected zone than in the open
track (referred as the affected zone) in Transition A. In Transition C, the ballast was used above the
bridge and the performance was also poor, as shown in Figure 6e.

Transition A

Figure 6. Photos of Transition A, B and C: overall photos (left) and partial photos of the targets on
the rail (Right).

The measurement locations in the three transition zones is given in Figure 7 (based on
Figure 1a). The first sleeper was located at 0.3 m from the abutment of the bridge and the sleeper
spacing was 0.6 m. The measured locations are indicated by the red circles. During the
measurement of Transition A, two synchronised cameras were used. One camera focused the
track close to the bridge, from 0 m to 2.4 m; the other focused the track further, from 4.2 mto 6
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m. The rail displacement in open track (at 60.3 m) was measured separately since it was too far
from the bridge. In total, 7 train passages were measured in the affected zone and 11 train
passages were measured in the open track. The measuring frequency was 78 Hz. Similarly,
measuring frequency in Transition B was 78 Hz. The rail displacements in the EB and BE transition
were measured separately. 42 train passages were measured in the EB transition and were
measured in the BE transition. In the measurement of Transition C, the measuring frequency was
31 Hz and 4 train passages were recorded. For convenience, the measured points on the rail are
numbered from the bridge, wherein the negative sign is used to indicate the EB transition, while
the positive the BE transition.

Train direction

-100 #1042 43+ 45 46 +T 48 49 +10

0.3 0.3:0.6:06;0.6:0.6:0.6:0.6;0.6;06:06

=

Embankment |

Embankment

B F—

‘ : . ‘ v L:uhamjmmr; : : : . Bridge ; : | [Tnhantunenl : : : |

Figure 7. Schematic plan of measurements.

Using the measurement data in Transition A, the length of the affected zone is analysed.
The rail displacements measured in the open track are compared with the rail displacements
closer to the bridge. In addition, comparing with the measurement results of the EB transitions in
Transition A, B and C, the relationship between the dynamic profile and the performance is
studied. Moreover, since the displacements are measured on both sides (the EB and BE
transitions) of Transition B, the dynamic profiles on different sides can be analysed.

2.3 Measurement results
2.3.1 Length of the affected zone

The measured examples of the displacements of the Rail-2, Rail-3, Rail-8 and Rail-100 (the open
track) in Transition A are shown in Figure 8.
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Figure 8. Rail vertical displacements at four locations of Transition A in time domain (a), (c), (e) and
(g); in frequency domain (b), (d), (f) and (h).

As it can be seen from Figure 8, the peaks in the time history curves correspond to the
passage of each wheel set. In the frequency domain, the peaks are matched very well with the
frequencies due to the distances between the wheels of the train. Taking the displacement of Rail-
2 (Figure 8b) for example, when the velocity of the trains is around 100 km/h, the 1st
characteristic frequency is 1.38 Hz that corresponds to the bogie distance of 20 m; the 2nd
characteristic frequency is 4.00 Hz that corresponds to the distance between two bogies of the
neighbouring vehicles of 7 m; the characteristic frequencies of 9.38 Hz and 10.75 Hz correspond to
the wheel distance in the bogies of 2.8 m and 2.5 m respectively. These characteristic frequencies
can also be found in the measurements in other locations (Figure 8d, f and h). This shows that the
results measured by the DIC-based device are correct.

The maximal displacements in all passages at multiple locations of Transition A are
collected. Then, the average of the maximal displacements is calculated for each location, as
shown in Figure 9, which can be considered as the dynamic profile of Transition A. It can be seen
that the affected zone is most likely located within Rail-8 (4.5 m from the bridge), because the
displacements at Rail-8 are similar to the ones at the open track (Rail-100), and much smaller than
the displacements at Rail-2 and Rail-3. Since the condition of Transition A was considered as poor,
the track settlement in the affected zone is naturally larger than in the transition zone of good
condition. Therefore, 4.5 m can be considered as the upper limit for the length of the affected
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zone for this type of EB transition. Note that since the length of the affected zone depends on its
engineering structure, the local subgrade property, and the train direction (e.g. EB and BE), it is
only valid for the similar EB transitions. To validate this assumption and to study the affected zone,

the rail displacements were also measured in another two transition zones.
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Figure 9. Dynamic profile of Transition A.
2.3.2 Dynamic profiles of transitions in various conditions

The example of the rail displacements measured at Rail-3 and Rail-8 in Transition A, B and C are

shown in Figure 10.
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Figure 10. Rail vertical displacement at Rail-3 and Rail-8 in all transitions.
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Comparing the results obtained in Transition B and Transition A and C, it can be seen that
the rail displacements at Rail-8 are similar, which are 1.06 m, 0.63 mm and 1.06 mm respectively.
It is logical, since the rail displacements at Rail-8 are close to the displacements in the open tracks,
and the open tracks in the three transition zones are similar. However, the rail displacements at
Rail-3 are considerably different, which are 5.27 mm, 2.27 mm and 4.86 mm in Transition A, B, and
C, respectively. This means that the void under the hanging sleepers under Rail-3 in Transition A
and C is larger than in Transition B. Based on the measurement results, the track in Transition A
and C are in worse condition than in Transition B, which is in agreement with the track condition
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known from the experience of maintenance staff. Based on the measurement results the dynamic
profiles of Transition A, B and C were obtained, which are compared in Figure 11.

10 9 -8 -7 6 5 -4 3 -2 - 0

Sleeper No.

Figure 11. Comparison of vertical rail displacements in affected zone of two transitions.

By comparing the rail displacements at the close location from the bridge (Rail-2, Rail-3,
and Rail-4) to that at the distant location (Rail-8, Rail-9, and Rail-10), the rail displacements are
sharply increased in the affected zones (within Rail-8) in all three transition zones, as seen from
Figure 11. The larger rail displacements confirm the ‘dip’ often reported in the transition zones
(e.g., in [7]). The high displacements of rail indicate that the sleepers are in poor supporting
condition, which leads to a significant redistribution of the wheel load [1, 32].

The rail displacements in Rail-2, Rail-3, and Rail-4 of Transition A were bigger than in
Transition B, while the rail displacements in Rail-8, Rail-9, and Rail-10 were very close. It matches
very well the experience of maintenance staff of these transitions that Transition A is in poor
condition and Transition B is in good condition. Therefore, the ratio between the average of the
rail displacements close to the bridge and that further from the bridge has a good correlation with
the condition of the transition zones, which can be used as a Track Transition Quality Index (TTQl).

2(Rail_p+Rail_s+Rail _s)

TTQI = (1)

3(Rail_g+Rail_g+Rail_,)

The calculated TTQIs of all three transition zones are shown in Table 2. The higher value
indicates the worse condition of the transition zone. Therefore, by measuring the ratio of a
transition zone, it is possible to know in which condition the transition is.

Table 2. Calculation of the measurements from the transition zones

Transition Condition 2 (Rail_, + Rail_; + Rail_,) (MM) 2 (Rail_g + Rail_s + Rail_,,) (Mm)  Ratio (TTQl)

A Poor 5.51 1.08 5.1
B Good 2.48 1.14 2.2
C Poor 5.36 1.78 3.0

Since currently there is no special detection method or evaluation standard for transition
zones and maintenance scheme of transition zones are determined mostly by experience, this
method has a potential to assess the condition and to determine maintenance scheme for certain
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types of transition zones. However, it should be noted that all ratios obtained here are for the EB
transition with similar structure (no special countermeasure is used).

2.3.3 Dynamic profiles of two sides of transition bridge

The maximal displacements of rails at various locations in Transition B are summarized in Figure 12
where the average values are indicated by dots.
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Figure 12. Summary of maximal rail displacements measured in Transition B. Average values are
indicated by dots. Maximum are indicated by blue lines.

The measurement results show that rail displacements are significantly increased in both
EB and BE transitions. As it can be seen from Figure 12, the maximal displacements near the bridge
are larger in the EB transition than in the BE transition (compare the displacements 3.25 mm and
2.75 mm at Rail-3 and Rail+3 respectively). The affected zone is on the other hand is longer in the
BE transition than in the EB transition zone (compare the displacements 2.25 mm and 1.5 mm at
Rail+10 and Rail-10 respectively). Rail-10 is already open track while Rail+10 is still affected zone.
The longer affected zone in the BE transition is related to the vertical bouncing motion of the

vehicle that will be explained using the numerical model in Chapter 3.

To explain the dynamic behaviour of the transition zone with the differential settlement,
the short-term numerical analysis is performed in the next Chapter.

2.4 Conclusions

This chapter answers Q1 (How to assess the condition of the tracks in transition zones? using
which tool?).

- A measurement method that can capture the detailed dynamic profile of the tracks in
transition zones is proposed. The advantage of the method is that it can measure the
dynamic displacements of rails at multiple points without track possession.

- The measurement method is used to assess the track condition in three transition zones.
The results of the measurements match very well with the experience of maintenance
staff, which demonstrates the capability of the method.
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- Experimental analysis is performed according to the measurement results. The length of
the affected zone in transition zones is determined. It is found that the dynamic profiles of
the two sides of the bridge are different. The dynamic profile of the tracks can reflect the
condition of the EB transition, based on which a Track Transition Quality Index is proposed

for the assessment of the quality of transition zones.

Based on the accurate dynamic profile of the transition zones, the dynamic behaviour of
transition zones can be better analysed. The measurement results will be used as an input to
answer Q2 in Chapter 3. It should be noted the measurements were conducted on the Dutch
railway lines (max operational velocity is 140-160 km/h, the foundation is relatively soft, wheels
are in good condition). For other circumstances, the experimental results could be different. The

detailed experimental analysis can be found in [Part II: Paper I].







Chapter 3. Numerical analysis: short-term behaviour

In order to answer Q2 (see Figure 1c), a novel model for analysis of the dynamic
responses in transition zones (modelled according to the transition zone in Figure
1) is developed, which uses contact elements to describe the sleepers-ballast
interface and the pre-loading features. As a result, the more realistic settlement
curve of the rails and the dynamic responses of the sleepers can be obtained. The
numerical analysis of the short-term behaviour of the track in the transition zone
is studied using the FE model. This is the second part of the developed
methodology. The measured rail displacements from the experimental analysis
(Transition B) are used to tune the differential settlement value used in the FE
model. The dynamic responses (wheel loads, ballast stress, rail stress, and car
body acceleration) are obtained using the FE model to study the degradation
mechanism of the track in the transition zone. Also, the parametric studies of the
differential settlement value and the velocity are conducted. This chapter is
based on [Part II: Paper ll].

3.1 Finite Element model of transition zones

The FE model is developed according to the typical transition zone (see Figure 1a), which consists
of two ballast tracks on embankments and a slab track on a bridge, as shown in Figure 13. The
ballast tracks are both 48 m long and the bridge is 24 m long. The ‘bridge’ in the model is
symbolical and not analysed since the purpose is to study the effect of the transition zone rather
than the bridge itself. Using the transition zone model, two types of transition (the EB and the BE
transition) can be analysed in one run. Since the left end of the model is set as 0 m, the EB
transition locates at 48 m, and the BE transition locates at 72 m. The total length of the model is
120 m.
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Figure 13. FE model of the transition zone.
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The components of ballast tracks are rails, fasteners, sleepers, ballast and subgrade. The
rails are modelled by Hughes-Liu beam elements with 2*2 Gauss quadrature integration [47]. The
cross-sectional and mass properties of the UIC54 rails are used and the element length of rail is 75
mm. Spring-damper elements between rails and sleepers are used to simulate fasteners. In the
vertical direction, these springs have nonlinear properties so that in compression they have the
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stiffness of rail pads; while in tension, the stiffness is much higher to simulate the clamping effect
of fasteners. The material properties of spring-damper elements are collected in Table 3. Note that
the parameters of the numerical model are determined by the suggestions in [10, 48-52] and
tuned by field measurement results.

Table 3. Material properties of spring-damping elements

Horizontal Vertical Longitudinal
. 1.20E8 (compression)
Stiffness (N/m) 1.5E6 1.20E11 (tension) 1.5E6
Damping (N*s/m) 5.00E4 5.00E4 5.00E4

Sleepers, ballast, and subgrade are modelled by three-dimensional elastic bodies which
are composed of the selective reduced integrated hexahedral solid elements [47]. The selective
reduced integration is one-order lower than full integration which assumes that pressure is
constant throughout the element to avoid pressure locking during nearly incompressible flow [47].
Since the main concern in this model is the behaviour of ballast, small elements are used to model
sleepers and ballast, which are 75 mm. On the contrary, the element length of the subgrade is 0.3
m. The thickness of the ballast and subgrade layers is 0.3 m and 2 m, respectively. The bridge is
simplified as a two-layer structure, with a concrete slab and a support layer. The rails on the bridge
are direct fastened to the concrete slab. In the current study, the elements used for the sleepers,
ballast, subgrade as well as the bridge have linear isotropic elastic material properties, which are
presented in Table 4.

Table 4. Material properties of solid elements

Sleeper Ballast Concrete slab Support layer Subgrade
Elastic Modulus (Pa) 3.65E10 1.2E8 3.50E10 3.30E10 1.80E8
Poisson’s ratio 0.167 0.25 0.167 0.25 0.25
Suggested by [50] [50] [51] [52] [10]

The vehicle is a passenger train, which is modelled as a mass-spring system. It consists of a
car body, two bogies and four wheel sets connected by the primary and secondary suspensions,
which are modelled using rigid bodies and spring-damper elements. The parameters of the vehicle
are based on [53] and adapted to a Dutch passenger train [5, 54]. Contact between wheel and rail
is modelled using the Hertzian spring with the stiffness:

_ 3|3E2Q/RwneelRrailprof
kn = = Zaeme (2)

where E is the modulus of elasticity of the wheel and rail; v is the Poisson’s ratio; Q is the static
vertical wheel load; Ry, is the radius of the wheel; Ryqiipror is the radius of the railhead [55,
56].

The connection between sleepers and ballast is modelled by contact elements in order to
accurately present the spatial movement of sleepers and consequent ballast stresses. The contact
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elements employ the penalty method, which places normal interface springs between all
penetrating nodes and the contact surface, as shown in Figure 14.

Slave

® Py

l Master

Figure 14. Schematic diagram of the penalty contact method.

According to the method, the search for penetrations between the bottom surface of
sleepers and the top surface of ballast is made for every time step during the calculation. In the
case that no penetration happens, no force is added. When the penetration between contact
surfaces is found, a force proportional to the penetration depth is applied to resist and ultimately
eliminate the penetration [47]. If slave node ng penetrates through master segments;, the
interface force vector f; can be expressed as:

fs = —lkin;, ifl1<o, (3)

where [ is the penetration; k; is the stiffness factor for master segment s;; n; is normal to
the master segment at the contact point. The stiffness factor k; is:

| _ fsiKiA}
ki =20 @
where f; is a scale factor for the interface stiffness; K; is the bulk modulus; 4; is the face
area of the element that contains s;; V; is volume [47].

The simulation procedure consists of two phases. In the beginning, only the gravity is
applied to the model to reach the equilibrium state. After equilibrium state has been achieved, the
velocity is applied to vehicle components so that the train moves from the left end to the right
end. During the passage, the train first moves across the EB transition and then the BE transition.

3.2 Sleeper-ballast interaction

As discussed above, it is of importance to simulate the differential settlement. According to field
measurements and laboratory tests [1, 21, 22, 24, 25, 57], the ballast track is rapidly compacted
after construction or maintenance (see Figure 2). The ballast track on the embankment is assumed
to have an even settlement while the bridge is unsettled. A downwards displacement is applied to
the ballast and subgrade layers in the ballast tracks on both sides of the bridge, while the vertical
geometry of the bridge remains unchanged. The value of differential settlement used in the model
is determined by tuning according to the field measurement results of Transition B in Chapter 2.
The value 4 mm is obtained and used here. Other values of the differential settlement are
discussed in Chapter 3.2. It should be noted that the value highly depends on the track and traffic
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condition. For other transition zones, it could be different and the field measurement is therefore
necessary. The effects of the differential settlement and train velocity are discussed in Chapter 3.4.

Because the sleepers are clamped to rails by fasteners, voids under the sleepers will occur
at the beginning of the simulation as a result of the differential settlement. After the stabilisation
phase, the sleepers near the bridge are hanged due to the bending resistance of rails. Figure 15
shows the vertical coordinates of the sleepers and ballast in the BE transition in the equilibrium
state; and the time history of the vertical coordinate of a hanging sleeper (Sleeper+2) during the

vehicle passing. The numbering system similar to the field measurements is used here.
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Figure 15. Vertical coordinates of rail, sleepers and ballast at BE transition due to 4 mm settlement
of ballast (a); Time history of vertical coordinate of Sleeper+2 during vehicle passing (b).

3.3 Model validation

The maximum of the vertical displacements of the rail during the train passing is calculated using
the FE model, as shown in Figure 16. The simulation results are compared with the measurement
results of Transition B presented in Chapter 2.3, where the black dots and crosses correspond to
the simulation and measurement results, respectively. The value of differential settlement used in
the model is 4 mm. The velocity of the moving vehicle is adjusted according to the measurement.
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Figure 16. Comparison between measurements and simulation: black dots - simulation and cross -
measurement results.

From Figure 16, it can be seen that the measured and simulated displacements follow the
same pattern, i.e. they increase near the bridge and decrease as the distance from the bridge
grows. Also, the magnitude of the measured and simulated displacements is very close, which
means that settlement assumed in the numerical model is close to the actual settlement of the
measured transition zone. A detailed comparison between the measurement and simulation
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results is given in Figure 17. In the frequency domain, the results are filtered using a low-pass filter
with the cutting frequency of 35 Hz. More validation can be found in [Part II: Paper Ii]I.
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Figure 17. Detailed comparisons of measurement and simulation results in the time domain (a), in
the frequency domain (b).

Figure 16 and Figure 17 show that the simulation results have a good correlation with the
measurement data both in the time and frequency domain. Therefore, it can be concluded that
the model can accurately describe the dynamic behaviour of the transition zone and can be used
in the further study.

3.4 Simulation results

Using the FE model, the dynamic wheel forces during the train passing the transition zone (at the
velocity of 144 km/h) are shown in Figure 18 where the wheel forces on the bridge are in the
shaded area since they are out of the scope of this study. In order to compare the effect of the
differential settlement, a transition zone without the differential settlement (stiffness variation
only) is used as a reference. Note that the stiffness variation is considered in both cases, while the
differential settlement is only considered in one case. For convenience, the two cases are referred
to as No settlement case (stiffness variation only) and Settlement case. In addition, the maximal
wheel forces on the embankment are collected in Table 5 as well as the increase percentages w. r.
t. open tracks.
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Bridge I : Bridge

Figure 18. Calculated wheel loads of four wheel sets (a)-(d); the rear bogie at corresponding
moment of P1 from the FE model (e) and from the field photo (g); the rear bogie at corresponding
moment of P2 from the FE model (f) and from the field photo (h).

Table 5. Maximal wheel loads (kN)

EB transition BE transition

Far from the bridge (Open track) 93.1 93.1
Wheel 1 93.1 113.2

No settlement Wheel 2 93.1 117.0

Wheel 3 93.1 112.8

Wheel 4 93.1 119.0

Wheel 1 136.4 146.3

Settlement Wheel 2 172.8 140.8

Wheel 3 136.9 148.2

Wheel 4 178.0 133.3

3.4.1 Stiffness variation vs Stiffness variation&adifferential settlement

From Figure 18a-d and Table 5, it can be seen that although both stiffness variation and
differential settlement increase the wheel loads, the increase caused by the settlement is
significantly higher (91.2% compared to open tracks) than that the increase generated by the
stiffness variation alone (27.8% compared to open tracks).

Also, the wheel forces of all wheels are significantly amplified in both transitions when the
differential settlement is considered. The increase explains the extra degradation often observed

in transition zones.
3.4.2 EB transition vs BE transition

It can also be seen that the behaviour of the EB transition is different from that of the BE
transition. The amplification of the forces in EB transition is higher and closer to the bridge (above
Sleeper-1, see Figure 18f), which can be found in Figure 18b and Figure 18d, e.g., the increases are
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up to 85.6% and 91.2% in the case of differential settlement. On the contrary, the amplification of
the forces in the BE transition appears further from the bridge (above the Sleeper+2 and
Sleeper+3, see Figure 18e) with the lower increases (approximately 50%).

It confirms the theoretical analysis in [13]: when the wheel approaches the bridge, the
wheel force is increased at the abutment due to the fast elevation; when the wheel leaves the
bridge, the wheel drops off and impacts on the embankment at the location depending on the
train speed. The higher the speed, the larger distance from the abutment the wheel drops at. After
dropping at the embankment, wheels may bounce on the tracks on the embankment, which
causes large fluctuation of wheel loads (see the BE transition in Figure 18a-d). This explains why
the affected zone in the BE transition is longer than that in the EB transition (see measurement
results in Figure 12).

3.4.3 Effect of vehicle

Moreover, the wheel forces of four wheels are different, which shows that using the vehicle model
instead of moving loads is necessary for the study of transition zones. The front wheels (see Figure
18a for Wheel 1 and Figure 18c for Wheel 3) mainly cause an impact on the BE transition when the
bogie is leaving the bridge, which correspond to Figure 18e and Figure 18g. The rear wheels (see
Figure 18b for Wheel 2 and Figure 18d for Wheel 4) generate the highest force in the EB transition
when the bogie is moving to the bridge, which correspond to Figure 18f and Figure 18h.

The pitch motion of the bogie can be clearly seen in Figure 18e and Figure 18f, which is
due to the presence of differential settlement and also affected by the stiffness of suspensions. In
the EB transition, the wheel loads are increased by the rapid change of the elevation and the load
redistribution between wheels caused by the pitch motion of the bogie. The amplified zone in the
EB transition is in particular determined by the geometrical properties of the bogie. In the BE
transition, the wheels ‘glides’ from the bridge, ‘drops’ and later ‘bounces’ on the ballast track,
which causes the increase of the wheel loads. The amplified zone in the BE transition is
determined by the train velocity and the differential settlement. Similarly, the car body of the
vehicle also rotated due to differential settlement, which can be proved by the variation of two
bogies (see Table 5).

3.4.3 Ballast stress vs wheel load

The maximal stresses in the ballast layer due to passing trains at various locations are shown in
Figure 19. The transition zone without the differential settlement is also used as a reference. The
stresses are collected by the following methods. (1) The ballast elements under one sleeper are
considered as a group (unit). (2) The stresses history curves of the ballast elements from a group
during the train passage are collected and the average is calculated. (3) The maximum of the
average stresses of a group (under a sleeper) is obtained. (4) The values under other sleepers in
the transition zone are collected.
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Figure 19. Average vertical stress in ballast.

Figure 19 shows ballast stresses are also significantly increased near the bridge in the
transition zone with the differential settlement, but different on the two sides. In the transition
zone without the differential settlement, the ballast stresses are only slightly increased in the BE
transition. In the EB transition (with differential settlement), the ballast stresses are increased
within a shorter zone (2.1 m) and with high amplification (179.8 kPa); while in the BE transition,
the amplification appears until 5.1 m with a smaller value (133.7 kPa).

Ballast stresses (Figure 19) correlate mostly but not exactly to wheel loads (see Figure 18).
For instance, the wheel force reaches the maximal at Sleeper-1 (0.3 m) in the EB transition.
However, the highest ballast stress appears at Sleeper-2. One reason is that the sleepers are still
hanging under the passing vehicle load. At this moment, the stress in rail increases, while the
stress in ballast does not. In the BE transition, the highest wheel force is above Sleeper+2 and
Sleeper+3; on the contrary, the ballast stress under Sleeper+3 is lower than others, while it
reaches the maximum at Sleeper+9. It is also because the vehicle fluctuates heavily after it leaves
the bridge. The reduction of the ballast stress under Sleeper+3 can be explained by wheels
bouncing over the sleeper.

Therefore, even though the increased wheel force is the major resource for the
amplification of ballast stress, the ballast stress is also caused by the supporting condition of
sleepers and the spatial movement of sleepers.

3.5 Parametric study of the model

Two critical parameters of the transition zone model are discussed, which is the value of the
differential settlement and the train velocity.

3.5.1 Effect of differential settlement

To study the differential settlement, three degradation processes of transition zones are
considered, which are new (after construction), slightly degraded, and degraded. The values of the
differential settlement in the three cases are 0 mm, 2 mm, and 4 mm, respectively. The wheel
loads and ballast stresses are analysed and shown in Figure 20 and Figure 21 respectively. It should
be noted that the rapid compaction of ballast tracks (Stage 1 in Figure 2) is somewhat inevitable
due to the material property of ballast and the issues of construction and maintenance. The 0 mm
case does not exist after the operation. It is only used as a reference to analyse the effect of the
differential settlement on the dynamic responses. The train velocities are 144 km/h (as same as
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the previous chapter).
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Figure 20. Comparison of the wheel loads among three differential settlement cases.
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Figure 21. Comparison of the ballast stresses among three differential settlement cases.

As expected, both the wheel loads and ballast stress are increased as the differential
settlement grows. In the case of the new transition zone (0 mm), the wheel loads are slightly
increased (e.g., 113 kN at 72.7 m, increased by 23.7%). This confirms the findings in [6, 13, 33-36]
that the stiffness variation leads to the increase of wheel loads. Comparing the slightly degraded
transition zone (2 mm) to the degraded transition zone (4 mm), it can be found that the
amplification of the wheel loads and ballast stress becomes higher as the differential settlement

increases.
3.5.2 Effect of train velocity

The effect of the train velocity on the dynamic responses of transition zones is discussed. Three
values of the train velocity are considered, which are low (72 km/h), medium (144 km/h) and high
(288 km/h). The comparisons of the wheel loads and ballast stresses are shown in Figure 22 and
Figure 23. It should be noted that the differential settlement is 4 mm in all the three cases (as
same as Chapter 3.3).
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Figure 22. Comparison of the wheel loads among three velocity cases.
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Figure 23. Comparison of the ballast stresses among three velocity cases.

As it can be seen from Figure 22, the wheel loads rise with the increase of the train
velocity. For example, the amplification of the wheel load of Wheel 1 is 150 kN at 48.1 m in the
case of the low velocity (72 km/h), and the amplification in the case of the high velocity (288 km/h)
is 263 kN, which is increased by 75.3%. It is consistent with the finding in [6]. Figure 23 shows that
the ballast stresses are barely increased when the trains move at the low velocity (72 km/h), and
the ballast stresses are increased with the velocity. In the BE transition, both the amplitude and
the length of the fluctuation of the ballast stress are increased. The reason is that when trains
‘drop down’ from the bridge to the embankment, the higher the velocity is, the further the trains
land.

3.5 Conclusions

This chapter answers Q2 (Which factor contributes more to the track degradation in transition
zones, the uneven settlement or the stiffness variation?)

- The developed FE model of the transition zone, which considers the differential settlement
and sleeper-ballast contact, is described. The differential settlement of the FE model is
tuned according to the measurement results in the experimental analysis (Transition B).
After that, dynamic rail displacements calculated by the FE model is compared with the
measurement results to validate the model.
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- The short-term numerical analysis of the transition zone using the FE model explains the
degradation mechanism of transition zones and also confirms the findings of the
experimental analysis.

- The increase caused by the differential settlement is significantly higher (up to 90%) than
that the increase generated by the stiffness variation alone. Therefore, the differential
settlement should always be taken into account when analysing or improving the track
performance in transition zones.

- In the EB transition, the wheel loads are increased by the rapid change of the elevation
and the load redistribution between wheels caused by the pitch motion of the bogie. The
amplified zone in the EB transition is in particular determined by the geometrical
properties of the bogie. In the BE transition, the wheels ‘glides’ from the bridge, ‘drops’
and later ‘bounces’ on the ballast track, which causes the increase of the wheel loads. The
amplified zone in the BE transition is determined by the train velocity and the differential
settlement.

With a better understanding of the causes of the track degradation in transition zones, the
track settlement can be predicted more precisely (Q3). In addition, the FE model will be used as a
part of the prediction procedure for transition zones in Chapter 4. The detailed analysis can be
found in [Part II: Paper Il].






Chapter 4. Numerical analysis: long-term behaviour

In order to answer Q3 (see Figure 1c), a novel iterative procedure to predict the
track settlement in transition zones is proposed in this chapter. After that, the
long-term numerical analysis of the transition zone is presented using the
method, which is the third part of the methodology. The settlement prediction
procedure is introduced and the track settlement in the transition zone (see
Figure 1a) after the 2-year operation is predicted. The settlement pattern is
analysed and compared with the history of track longitudinal level measured by
the inspection coach. This chapter is based on [Part II: Paper Ill].

4.1 Settlement prediction procedure

To predict the settlement in the transition zone, the developed FE model (presented in Chapter 3)
is coupled with an empirical settlement model. As mentioned in Chapter 1, the ballast settlement
can be divided into 2 stages (see Figure 2). The total settlement of the ballast at location i can be
calculated as:

Si=Su+Sm, (5)

where S; is the total settlement of the ballast at location i; S;; and S;; are the settlement
value of ballast generated at location i in Stage 1 and Stage 2, respectively. S; depends on the
traffic, construction, maintenance, and geotechnical conditions and therefore different in each
case. In the current study, it is determined by using the experimental method presented in
Chapter 2 and also used in the short-term numerical analysis (Chapter 3), which is 4 mm. S;;; is a
function of the loading cycles, which can be written:

SIIi = ki X N, (6)

where k; is the settlement rate at location i and N is the number of loading cycles. The
settlement rate k; can be calculated by the widely used empirical settlement model for ballast
tracks, which describes the relationship between the settlement growth and the sleeper-ballast
contact pressure. The empirical settlement model was initially proposed in [40] and later
developed in [22]. According to this model, the sleeper-ballast pressure is used as an input to
calculate the settlement rate k; of train operation as:

k; = 4365 x 10712 x (0.68 x p)>276, )

where p is the sleeper-ballast pressure; 4.365x10'2, and 5.276 are fitting coefficients; and
0.68 is the contact area of the sleeper in [m?] (the nominal concrete sleeper length 2.570 m time
the nominal sleeper width 0.265 m, as used in [58]). According to Equation (7), the settlement rate
at location i (S;) is shown in Figure 24.
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Figure 24. Relationship between settlement growth and sleeper-ballast pressure.

The iterative procedure for the settlement prediction in transition zones is presented in
Figure 25. In the beginning, the existing ballast settlement due to rapid compaction S; is applied
and the ballast stress under each sleeper is calculated using the FE transition model (Step A to B).
The settlement rate k; is calculated according to Equation (7), which is Step B to C. Then, using
Equation (6), the permanent settlement of ballast under each sleeper after N cycles of train
operation S;; is calculated (Step C to D). The generated settlement (S;;) will be applied to the
existing ballast settlement for the next iteration (Step D to A). It should be noted that the method
predicts the absolute settlement, but since it is difficult to validate in the current stage, the
predicted settlement can be better used relatively, e.g. for comparison of various track transition

designs.
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Figure 25. Iterative procedure to predict the settlement in the transition zone.

4.2 Prediction results

Using the prediction procedure, the 2-year track settlement in the transition zone model studied in
Chapter 3.4 has been calculated. The results are shown in Figure 26, where the accumulated
settlement curves after each run iteration are shown. The existing ballast settlement due to rapid
compaction S; is 4 mm as mentioned earlier. The number of loading cycles (N) in each cycle is
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20,000, which is equivalent to 1.5 months of operation, assuming 5 vehicles in a train, 6 trains in
an operational hour, and 15 operational hours in a day. Note that the number of loading cycles N
can also be other values. A detailed parametric study can be found in [Part Ii: Paper Il].
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Figure 26. Predicted settlement after 2 years.

As it can be seen from Figure 26, the ballast settlement (dips) appears in the transition
zone after a short time and accumulates over time in both transitions. In addition, the settlement
expands in both transitions, which can be seen by the maximum of the settlement moves away
from the bridge. The reason for that is that when the settlement appears in the ballast, the
sleepers above the settlement ballast are hung. As the hanging process initiated, the stresses in
the ballast under the hanging sleeper are reduced and the maximum stress in ballast is moved to
the neighbouring sleeper. The high stress in the neighbouring sleeper leads to extra settlement,
which results in the expansion of the settled zone. The finding is confirmed by field observations
that the dips in transition zones gradually propagate farther from bridges. Figure 27 shows the
measured track vertical geometry of a typical transition zone (shown in Figure 1) before and after
2 years of operation (without maintenance), where the propagation of dips can be seen, as
indicated by arrows.
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Figure 27. Measured track vertical geometry before and after 2 years of operation.

It can also be found in Figure 26 that the growth of the settlement is different in two
transitions. In the embankment—bridge transition, the bottom of ballast settlement moves from
Sleeper-2 (after 1.5 months) and Sleeper-5 (after 2 years). On the contrary, that in the BE
transition moves from Sleeper+2 to Sleeper+9. As a result, the settlement in the EB transition is
concentrated to the bridge, while that in the BE transition is dispersed away from the bridge. This
is in agreement with the field observation (discussed in Chapter 2.3) and the short-term analysis
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(discussed in Chapter 3.4). Since the growth of the settlement is different in the EB and the BE
transition, the corresponding maintenance and mitigation should be considered separately.

4.3 Conclusions

This chapter answers Q3 (How to predict the track settlement in transition zones on a long term?).

A novel prediction procedure for the track settlement in transition zones is introduced,
which combines the developed FE model of transition zones (used in the short-term
numerical analysis) and an empirical settlement model of ballast. In every iteration, the
ballast stress calculated by the FE model is used as input for the empirical settlement
model; after that, the newly generated ballast settlement is applied back to the FE model.

The long-term numerical analysis of the transition zone is conducted using the prediction
procedure, based on which the settlement and its growth in transition zones are analysed.

The settlements (dips) appear in the transition zone after a short time. After that, the dips
continuously grow and move away from the bridge as the number of loading cycles
increasing. Since the stresses in the ballast under the hanging sleeper are reduced and the
maximum stress in ballast is moved to the neighbouring sleeper, the settled zone is
expanded from the bridge over time, which is confirmed by the history of the track
geometry measurements.

The settlement in the EB transition is concentrated to the bridge, while that in the BE
transition is dispersed away from the bridge, which is in agreement with the field
observation and the short-term analysis. Therefore, the maintenance in transition zones
should be performed in different ways on two sides.

It should be noted that the method predicts the absolute settlement, but since it is

difficult to validate in the current stage, the predicted settlement can be better used relatively. In

order to improve the accuracy of the prediction procedure, more calibration of the method should

be conducted in the future. The detailed analysis and parametric study of the method can be
found in [Part II: Paper lll].



Chapter 5. Assessment of countermeasures

This chapter is to answer Q4 (see Figure 1c), using the developed FE model of
transition zones. A preventive countermeasure (modified sleepers) and a
corrective countermeasure (adjustable fasteners) for the transition zone are
assessed as examples. The countermeasures to analyse are introduced. After
that, the effect of the countermeasures on the dynamic responses of the tracks in
transition zones is analysed numerically, which can provide suggestions for
designers or maintenance staff when selecting countermeasures. This is the
application of the methodology. This chapter is based on [Part Il: Paper IV].

5.1 Introduction to countermeasure

According to the settlement behaviour of ballast track (discussed in Chapter 1), The
countermeasures for transition zones can be divided according to their application period, which is
either the design stage (referred as preventive measures) or the operation stage (referred as
corrective measures).

When designing a transition zone, the primary goal is to construct a zone with smooth
changes from the embankment to the engineering structure [59]. The preventive
countermeasures are applied to embankments or/and engineering structure, the intent of which is
either to reinforce the ballast track [52, 60] or to decrease the stiffness of the track on the
engineering structure [3, 61].

When the preventive countermeasures do not mitigate the track degradation efficiently,
e.g. [4, 11], or no countermeasures are used, e.g. [1, 38], critical differential settlement may
appear in a maintenance cycle. The differential settlement may result in the damage of track
components and deterioration of the passenger’s comfort. To mitigate the existing differential
settlement, the corrective countermeasures are necessary. Besides, the hanging sleepers also
appear in the vicinity of the engineering structure. However, due to the abutment or the transition
structure, it is not always possible for tamping machines to perform track maintenance near
engineering structures. In these situations, corrective countermeasures that can be performed
manually or by small packing machines can be applied. The general principle of the corrective
countermeasures is to fill the gaps between the sleepers and ballast to eliminate hanging sleepers.

5.2 Preventive countermeasure (modified sleepers)

Using modified (enlarged) sleepers in the ballast track can increase the contact area between
sleepers and the ballast, and consequently reduce the ballast stress. Three modified sleeper
designs for transition zones are analysed in a typical transition zone (as shown in Figure 1), which
are wide sleepers, long sleepers, and long&wide sleepers. The dynamic responses of the transition
zones using the three designs are compared with the transition zone without any countermeasure
design (normal design). The velocity of the vehicle is 144 km/h, which is a typical operational
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velocity in the Netherlands. The modified sleepers are only used to replace the 12 sleepers close to
the bridge from each side (i.e. 24 sleepers in total), because the amplification of the dynamic
responses is mostly within this region as discussed in Chapter 3.4. The configuration of sleepers is
shown in Figure 28.
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Figure 28. Shape of varied sleepers.

Since the permanent settlement of ballast is determined by the ballast stress, the
maximum of ballast stress in the transition zone is used as criteria to assess the countermeasure,
as shown in Figure 29.
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Figure 29. Maximum of the ballast stress of the preventive mitigation (modified sleeper).

As seen in Figure 29, using modified sleepers can significantly decrease the maximum of
the ballast stress in most part of transition zones except Sleeper+2. The highest reduction can be
found under Sleeper-2, where the maximum of ballast stress is reduced by 50.9%, 85.3% and
44.5% in the long sleeper, the wide sleeper and the long&wide sleeper designs compared with the
reference design, respectively. However, the maximum of ballast stress under Sleeper+2 is not
reduced by the modified sleepers, which is probably related to the high impact of the vehicle when
it drops off from the bridge (discussed in Chapter 3). Alternatively, the under sleeper pad [3, 61]
could be used in this specific location.

It can also be found that the wide sleeper design has better reduction effect near the
bridge in the EB transition, compared to the long sleeper, while in the rest locations the effect is
similar (compare 18.7% reduced by the long sleeper and 21.3% by the wide sleeper). The
long&wide sleeper provides the best reduction which is 31.6% on average. Especially under
Sleeper-2, the maximum of the ballast stress is 264.35 kPa in the normal transition and only
117.70 kPa in the long&wide sleeper transition.
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From an economic point of view, the long sleeper is recommended, because it increases
the material of sleepers only by 8.3% and yet reduces the maximum of the ballast stress by 18.7%.
From the performance perspective, the long&wide sleeper is recommended since it provides the
largest reduction of the maximal ballast stress.

5.3 Corrective countermeasure (adjustable fasteners)

One of the corrective countermeasures for transition zones considered here is the adjustable
fastener, which intends to remove the gap under the hanging sleepers. The adjustable fastener
consists of two adjustable plastic wedges, which can be inserted between sleepers and rails. The
height of adjustable fasteners can be changed by adjusting the position of two wedges. It can
remove the void under sleepers (if the sleepers are hung). When hanging sleepers appear, the
height of the shims can be manually adjusted. As a result, the hanging sleepers can be restored to
be fully supported by the ballast under. The operation for one side of a slab track (ten sleepers)
required approximately fifteen minutes with three or four working staff.

The principle of using the adjustable fasteners is shown in Figure 30a and b. An example of
the adjustable fastener used in track field is shown in Figure 30c [62]. The field measurement of
using adjustable fasteners was performed in three typical transition zones. The test results show
the adjustable fasteners are effective to mitigate the track degradation in the transition zones.
More details can be found in [Part II: Paper IV].

wh

(a) (b)

Figure 30. Schematic diagram of Adjustable fastener: (a) and (b) Working principle, (c) Examples of
the adjustable fastener used in the track [62].

In order to model the transition zones with adjustable fasteners, the spring-damper
elements of the transition model are extended, so that the gaps between the sleepers and ballast
are eliminated, as shown in Figure 31. It should be noted that the stiffness and damping of
adjustable fasteners are assumed to be the same as normal fasteners (normal rail pads) and
constant at various adjusted height. The differential settlement is magnified in Figure 31. In the
actual case, the differential settlement (4 mm) is much smaller compared to the size of a sleeper
(240 mm in height).
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Figure 31. Schematic diagram of the simulation of the countermeasure: (a) Reference, (b) Using
adjustable fasteners; Fasteners are indicated by the red lines.

Similar to the previous chapters, the maximum of the ballast stresses in the transition
zone is used as criteria to assess the countermeasure. The maximum of the ballast stresses in the
reference case and the adjustable fastener case is compared in Figure 32.
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Figure 32. Maximum of the ballast stress of the corrective mitigation (adjustable fastener).

It can be seen in Figure 32 that the maximum of ballast stresses is similar at different
locations after using the adjustable fasteners, in other words, the anomaly and fluctuation of
ballast stresses are reduced. It indicates the ballast stresses are more evenly distributed along the
track. This is especially visible at the location under Sleeper-2, where the maximum of ballast
stress is reduced from 266 kPa to 193 kPa (reduced by 27.4%). Similar phenomena can be
observed at Sleeper-4 and Sleeper+9 but with a small reduction. It should be noted that the
maximum of ballast stress under Sleeper+3 and Sleeper+4 is increased to the normal level. This is
also because the support conditions of these sleepers are restored after using the adjustable
fasteners (from hanging to fully supported). It can be generalized that the stress anomaly in the
transition zone disappears after eliminating the void by using the adjustable fasteners. Another
example can be found in the BE transition, where the stress fluctuation is significantly diminished.
For other dynamic responses, [Part II: Paper IV].

It can be found from the numerical results that the adjustable fasteners are effective to
improve the stress state of ballast in the transition zone. However, it should be noted that
adjusting the fasteners requires track possession.
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5.4 Conclusions

This chapter answers Q4 (How to assess the performance of the countermeasures for transition

zones?).

- The developed FE model of transition zone can be used as an assessment tool for the
countermeasures. Two countermeasures are assessed as examples, including a preventive
countermeasure (modified sleepers) and a corrective countermeasure (adjustable
fasteners).

- The effectiveness of the countermeasures is analysed by comparing the reduction of
dynamic response after using the countermeasures. The numerical simulations have
shown that the modified sleeper and adjustable fasteners can significantly improve the
stress state of ballast in the transition zone and consequently mitigate the settlement
development in transition zones.

It should be noted other countermeasures can also be studied using the model in the
future. The results can used as a basis to provide guidance for the maintenance staff or designers
when selecting countermeasures for transition zones. The adjustable fasteners have been tested
in the field measurement, which can be found in [Part II: Paper IV].






Chapter 6. Additional studies

Using the developed methodology, the effect of ballast moisture in transition
zones and the use of satellite structural health monitoring for transition zones
are explored in this chapter.

The moisture condition of the ballast is first measured using the Ground
Penetration Radar (GPR) and compared to the track longitudinal level measured
by the track inspection coaches. A strong connection is found between the high
moisture condition and track degradation in the transition zones. The dynamic
responses of the transition zones with high moisture condition are analysed
numerically. This part is based on [Part Il: Paper V].

The feasibility of the satellite radar system (InSAR) for monitoring transition
zones is explored. The settlement and its growth rate of the track in a transition
zone are measured using the InSAR and analysed. In addition, the measurement
results are cross-validated against the measurements obtained using the DIC

device and an inspection coach. This part is based on [Part Il: Paper VI].

6.1 Effect of moisture condition

Moisture condition of the ballast may play an important role in the rapid degradation of tracks and
consequently geometry irregularities. Excess water in substructures significantly reduces the
resilience of tracks [63, 64] and increases track settlement [65-67]. The loss in resilient modulus
and the increase of settlement have significant implications for transient vertical displacements
and track performance.

This chapter presents an analysis of the moisture condition to explore the relationship
between moisture and track condition in transition zones. One of the three transition zones is
analysed as an example. Other measurement results can be found in [Part II: Paper V]. The
moisture condition in the transition zones is measured by the use of ground penetrating radar
(GPR) [32, 33], which is compared to the track geometry measured by inspection coaches. The
relationship between moisture condition and geometry irregularity is analysed. After that,
transition zones in high moisture condition are numerically studied using the developed FE
method (described in Chapter 3). The high moisture conditions are considered as a reduction of
elastic modulus. The wheel loads of the transition zone in the high moisture case are compared
with a reference case to analyse the effect of moisture conditions.

6.1.1 Introduction to GPR

GPR uses a radio wave source to transmit a pulse of electromagnetic energy into the inspected
medium [68]. Its principle in railway measurements is shown in Figure 33. GPR is an effective and
non-invasive tool for mapping railway structures and analysing subsurface conditions. The
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reflected energy, originating from the interfaces between materials of different dielectric
properties, is received and recorded for analysis. GPR data consists of changes in reflection
amplitude, changes in the arrival time of specific reflections, and signal attenuation [69, 70]. The
method provides a continuous profile of the thickness and properties of railway structures, which
can be used to analyse the quality of track substructures, such as the moisture susceptibility of
ballast and subballast, fouling of ballast, layer deformation and mud pumping [71-73].

Antenna
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Figure 33. Measuring principle of GPR. A; stands for the amplitude of the reflection between the
sleeper and ballast; A, stands for the amplitude of the reflection between the ballast and
subballast; t; stands for the travel time in ballast; t, stands for the travel time in subballast.

GPR measurements for this case study were performed using a GSSI SIR-30 GPR system,
manufactured by Geophysical Survey Systems Inc, including a 400 MHz antenna attached to a VR-
Track Ltd Tka-8 maintenance engine, as illustrated in Figure 34.
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Figure 34. Railway engine with GPR system: (a) schematic diagram; (b) photograph.

The moisture condition of three bridge transition zones on a Finnish railway line was
measured using GPR. To study the effect of the moisture condition, the longitudinal level (rail
height) measured by track inspection coaches in a similar period using a 5 m-chord method was
also collected.

6.1.2 Experiment analysis of transition zones

Measurement results of an open track section are shown in Figure 35 as a reference case. A photo
of the track is shown in Figure 35a, the moisture profile in Figure 35b and longitudinal level (rail
height) in Figure 35c. The vertical axis of the moisture profile (Figure 35b) indicates the depth
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under rails in meters. Although the subballast layer ideally ends 1.2 m, it often settles deeper,
especially in transition zones. As a result, the measurement results are collected down to 1.8 m.

The ballast, subballast and subgrade are dry, as indicated by the red colour of the moisture profile. “
The irregularity of the longitudinal track level is less than 2 mm, which is relatively small.
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Figure 35. Measurement results of open track: (a) photograph of the track; (b) the moisture profile;
(c) the longitudinal track level.

Measurement results from Transition Zone A are shown in Figure 36. This transition zone
is composed of the embankment and a 41 m long concrete bridge. The photo of the bridge taken
by the onboard video camera during the GPR measurements is shown in Figure 36a. The ballast is
laid on the bridge, the depth of which is around 0.6 m beneath rails. GPR data from the concrete
bridge is out of the focus of this study and therefore blocked out. Approach slabs are employed at
both ends of the bridge. The slabs are made of concrete and laid diagonally from the ballast layer
to the subballast layer.
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Figure 36. Measurement results of the transition zone.
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Moisture susceptibility increases before and after the bridge, as can be seen from Figure
36 (see the blue zones indicated by No. 1 and No. 4). The blue zones of No. 2 and No. 5 are caused
by approach slabs, since the concrete has a similar expression as highly susceptible moisture areas
after post-processing. Figure 36¢ shows that the irregularity of the track increases significantly
before and after the bridge (indicated by No. 6 and No. 7), which reached 3.0 mm and 2.9 mm,
respectively. These two irregularities indicate the appearance of differential track settlement,
which agrees with dips found in other transition zones, such as in [7, 37, 38]. The transition zone
has both increased moisture susceptibility and track irregularity based on the moisture profile and
the track longitudinal level data on both ends of the bridge.

6.1.3 Numerical analysis of transition zones

Ballast in transition zones often has poor drainage conditions [7, 11, 16]. High moisture in the
ballast leads to approximately 50% reduction in stiffness [63, 64]. Therefore, the model considers
ballast with high moisture in the transition zone by reducing stiffness by 50%. In this case, ballast
areas in the transition zones assumed to be affected by high moisture (50% stiffness reduction) are
within an 8-sleeper distance from the bridge and are shown with blue colour in Figure 37. The
ballast stays unchanged in the reference case.

Figure 37. Simulation of the transition zone with high moisture: (a) the reference case; (b) the high

moisture case.

The dynamic wheel loads of Wheel 1 are shown in Figure 38. The horizontal axis
represents the distance along the transition zone model, where the bridge is located between 48
m and 72 m. Dynamic wheel loads on the bridge are not analysed here, and therefore their
responses are covered by the shaded area. The dynamic wheel loads are zoomed before and after
the bridge in Figure 38b and Figure 38c, respectively.
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Figure 38. Dynamic wheel load of Wheel 1: (a) overview; (b) zoom-in of the EB side; (c) zoom-in of
the BE side [unit: kN].

Comparing to the reference case, the dynamic wheel loads of Wheel 1 in the high
moisture case are slightly increased at most locations before and after the bridge (43 m-48 m and
72 m-78 m), while they remain the same at further locations. This is reasonable since the stiffness
of ballast is reduced only at these locations (8-sleeper distances, corresponding to 43.2 m-72 m
and 72 m-76.8 m). Similarly, the slight increase is also found in the dynamic wheel loads of the
other three wheels at most locations before and after the bridge. The average increase of the
wheel load is 3%. For detailed statistics, please read [Part II: Paper V]. It should be noted the
dynamic wheel loads in the high moisture case are lower than that in the reference case at some
individual peaks. This is caused by the dynamic vibration of the vehicle.

6.1.4 Conclusions

The effect of the moisture in transition zones is discussed, including the field measurements using
GPR and the numerical analysis using the FE model (described in Chapter 3). The following
conclusions are drawn from the results.

- The high moisture areas appear mostly before and after the bridges in transition zones.
Track irregularities can also be found at the corresponding locations, which imply a strong
connection between the high moisture conditions and track degradation.

- High moisture areas tend to be located at the bottom of the ballast layer, the bottom of
the subballast layer, and above the abutments.

- The numerical study shows that the average of dynamic wheel load peaks for all wheels in
the transition zone in the high moisture condition is slightly increased (ranging from 0.2%
to 2.6%) compared to the reference condition. Since the high dynamic wheel loads will
lead to fast track degradation, the simulation results confirm that the high moisture
condition is one of the sources of the fast degradation often reported in transition zones.

6.2 Structural health monitoring

Without timely maintenance, the differential settlement may lead to the damage of track
components and loss of passenger’s comfort. To ensure the safety of railway operations and
reduce the maintenance costs, it is necessary to consecutively monitor the structural health
condition of transition zones in an economical manner and detect the changes at an early stage.
However, using the current in-situ monitoring of transition zones is hard to achieve this goal,
because most in situ techniques (e.g., inspection coaches) are labour-consuming and usually not
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frequently performed (approximately twice a year in the Netherlands).

Therefore, this chapter proposes a contactless system that uses satellite radar
interferometric (Synthetic Aperture Radar Interferometry, referred to as InSAR) techniques [74-76]
to complement the current in situ measurements. The INSAR measurements are obtained on a bi-
/tri-weekly basis, and with high precision (at millimetre level) [77, 78], which can detect track
degradation at a desirable frequency.

In this chapter, the InSAR measurement results are first discussed. Then the cross-
validation is performed using the in-situ measurement from the inspection coach. Other validation
can be found in [Part II: Paper VI].

6.2.1 Introduction of Satellite Radar Interferometry

INSAR uses two or more satellite radar measurements of the same area to extract ground
deformation remotely and periodically, with millimeter-level precision. A SAR satellite operates
using a side-looking geometry and illuminates a swath parallel to the satellite’s nadir track by
transmitting a series of radar pulses from a fixed antenna [79], see Figure 39a. The ground targets
with a strong scattering reflection, e.g., rail bars, can be well observed using SAR satellites. When
two (or more) SAR images, acquired at the same time from a different orbital track or acquired at
the separated time but imaging the same area, are available, the temporal evolution of ground
targets can be retrieved by the InSAR techniques. For instance, the two SAR images are called the
master image and slave image; see Figure 39b. The slave image must be co-registered and
resampled with regard to the geometry of the master image. The interferometric phase is derived
from the pixel-by-pixel multiplication with the conjugate complex of a pixel, in the master and
slave image. After that, the persistent scattered interferometric (PSI) processing is conducted, the
temporal behaviour of the ground targets with strong reflection, high coherence, stable phase
values over time, can be observed.
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Figure 39. (a) SAR and (b) repeat-pass InSAR imaging geometry, adapted from [76].

It should be noted that all the satellite radar measurements are relative with regard to a
reference epoch and reference point. By comparing the spatial coordinates of the unloaded tracks
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to the reference point, the increase of the track settlement at various locations can be obtained.
Moreover, the high growth rate of the settlement indicates the fast degradation of the track,
which suggests the track condition is poor, and vice versa.

6.2.2 Measurement results

The track settlement measured by the TerraSAR-X satellites in the transition zone is shown in
Figure 40b, along with the photograph of the transition zone (Figure 40a) and track alignment
measured by the inspection coach (Figure 40c). The sampling resolution is indicated by the yellow
square in Figure 40a, as well as the satellite flying direction and radar signal direction. Note that
since the image resolution of the TerraSAR-X satellite is 3 m, the double tracks are considered as
one. The satellite flying direction and radar signal direction are indicated as well. As SAR satellites
can only observe the ground targets with a strong scattering reflection, the ground targets with a
poor scattering reflection over this railway segment cannot be detected. Therefore, the spatial
sampling is not always 3 m, and the distance between the adjacent SAR measurement points
shown in Figure 40b varies.
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Figure 40. Measurement results of the transition zone: (a) Top-view photograph; (b) Settlement
profile measured the satellite system; (c) Track longitudinal level measured by the inspection
coach. The middle parts of the bridge are abbreviated. The yellow square indicates the sampling
resolution (3 x 3 m). The satellite flying direction and radar signal direction are indicated.

As shown in Figure 40, the settlement on the embankment and the settlement on the
bridge are so different that the bridge can be clearly distinguished from the embankment. The
settlement of the track on the bridge is relatively stable with marginal fluctuations. On the
contrary, the settlement of the track on the embankment increases over time. The increase of the
settlement varies from different locations, i.e., the track settles more at the location close to the
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bridge and less at the location far from the bridge, which is in agreement with the findings from
other field measurements in [1, 11, 38].

To study the track settlement in different regions of the transition zone, the InSAR
measurements in three representative points of the transition zone are further analysed, including
one point from the ballast track close to the bridge (affected zone), one point far from the bridge
and one point the on the bridge (indicated by the black arrows in Figure 40). The settlement
histories of points and their rate are shown in Figure 41. Figure 41 clearly shows that track close to
the bridge settles much faster than that farther from the bridge, while the settlement on the
bridge remains stable. This proves that INSAR can measure the settlement rate in transition zones
in this case, which can provide insightful information to understand the degradation process of the
transition zones. It should be noted that the feasibility and the quality of InSAR-based structural
health monitoring over transition zones may differ in other cases, due to, e.g.,, the track
orientation of a transition zone, satellite viewing geometry and satellite data availability. In
addition, sufficient persistent scatters (PS)s are required in the transition zones in order to assess
the condition. It can be insured either by increasing the resolution of the satellite or by installing
an object (e.g., a pile) in the transition zones.
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Figure 41. Settlement history of the typical points in the transition zones: (a) Settlement history
curve; (b) Settlement rate.

As shown in Figure 40, the fluctuation of the track alignment is significantly amplified near
the bridge. On the contrary, the track irregularities are much smaller on the bridge and the
embankment farther from the bridge. The results of the inspection coach (see Figure 40c)
correlate very well with the results of the InSAR since the locations with the large fluctuations of
track alignment are mostly the locations with the large settlement. It is reasonable because the
differential settlement leads to the poor supporting condition of rails and sleepers, which can be
observed as track irregularities. It should be noted that the track irregularities are not only caused
by the differential settlement, but also by rail defects. This is the reason for the small discrepancies
between the settlement and the track alignment.

6.2.3 Conclusions

The feasibility of InSAR application on transition zones is studied. Measurements using the InSAR
technique are performed in a transition zone. The results are cross-validated using the data from
an inspection coach. The following conclusions are drawn from the results.
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The settlement on the embankment and bridge is significantly different in the studied
transition zone. The embankment and the bridge of the transition zone can be clearly
distinguished in the satellite data.

The measurement results of the InSAR are compared with the results of the inspection
coach. These measurements have a very good correlation. Therefore, the INSAR system is
suggested to monitor the condition of the transition zones, which can provide track
settlement at a high frequency (once per 11 days) and low cost.
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7.1 Main conclusions

The dissertation presents a methodology for analysis of the dynamic behaviour of railway tracks in
transition zones, which includes the experimental analysis, as well as the numerical short-term and
long-term track behaviour analysis. The methodology was successfully demonstrated by applying it
to the condition assessment of transition zones, study on track degradation mechanism in
transition zones, long-term track settlement prediction in transition zones, and assessment of
countermeasures in transition zones. The methodology is an effective tool for maintenance staff
or track designers. In addition, the effect of the moisture condition in transition zones and the
structural health monitoring for transition zones were explored. The research questions raised in
this study were addressed and the results are summarised below.

Q1: How to assess the condition of the tracks in transition zones? using which tool?

Chapter 2 aims to address this research question by presenting an advanced measurement
method specifically developed for transition zones. The novelty of the method is that it can
measure the dynamic displacements of rails at multiple points in transition zones without track
possession, which provides the dynamic profile of the track in transition zones. By analysing the
dynamic profile, the condition of transition zones can be assessed. The method has been
successfully applied to several transition zones and the following conclusions were drawn.

e The rail displacements near the bridge are considerably increased on both Embankment-
Bridge (EB) and Bridge-Embankment (BE) transition. The rail displacements further from
embankment are similar to those in the open tracks. The length of the affected zone in the
EB transition is determined based on the measurements.

e The dynamic profile of the tracks can reflect the condition of the tracks in transition zones.
The proposed Track Transition Quality Index was calculated for considered transitions and
had good correlation with the observed condition of the transition zones.

e The measured track displacements in the EB and BE transitions were different. The
affected zone in the EB transition was short and had higher value of the displacements,
while the affected zone in BE transition was much longer but with smaller displacement
amplification.

Q2: Which factor contributes more to the track degradation in transition zones, the uneven
settlement or the stiffness variation?

In order to answer this question, a novel model for analysis of the dynamic responses in
transition zones was developed (Chapter 3) to study the effect of the differential settlement on
the track degradation in transition zones. The model includes several novel features as compared
to the existing models, such as using the contact elements to describe the sleeper-ballast
interaction. The numerical simulations showed that the increase caused by the differential
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settlement is significantly higher (up to 90%) than that the increase generated by the stiffness
variation alone. Therefore, the differential settlement should always be taken into account when
analysing or improving the track performance in transition zones. Other important conclusions
from the numerical study are as follows:

e The numerical simulations confirmed the in-situ observations that the dynamic behaviour
and degradation mechanism in EB and BE transition zones are different. The wheel loads
in EB transition are higher than in BE zone and occurred near the bridge, while the wheel
loads in BE transition are lower (still higher than in open track) and were spread over a
longer distance.

e In the EB transition, the wheel loads are increased by the rapid change of the elevation
and the load redistribution between wheel sets caused by the pitch motion of the bogie.
The affected zone in the EB transition is determined by the geometrical properties of the
bogie. In BE transition, the increase of the wheel loads is caused by the ‘gliding’ and
‘bouncing’ motion of the vehicle. The affected zone in BE transition is determined by the
train velocity and the differential settlement.

o Ballast stresses are significantly increased near the bridge in the transition zone due to the
differential settlement. The increased ballast stresses usually correlate mostly but not
exactly with the increased wheel loads, which shows the analysis of ballast stresses is
necessary for study of the transition zones.

Q3: How to predict the track settlement in transition zones on a long term?

Chapter 4 aims to address this research question by presenting a novel settlement
prediction procedure for transition zones. The method combines the developed FE model of
transition zones and an empirical settlement model of ballast. The prediction procedure was
applied in a transition zone, and the parameters of the method were discussed. The following
conclusions were drawn:

e The settlements (dips) appear in the transition zone after a short time. After that, the dips
continuously grow as the number of loading cycles increasing.

e Since the stresses in the ballast under the hanging sleeper are reduced and the maximum
stress in ballast is moved to the neighbouring sleeper, the settled zone is expanded from
the bridge over time, which is confirmed by the history of the track geometry
measurements.

o The settlement in the EB transition is concentrated to the bridge, while that in the BE
transition is spread over longer distance from the bridge, which is in agreement with the
field observation and the short-term analysis.

e The method predicts the absolute settlement, but since it is difficult to validate, the
predicted results can be better used relatively, e.g. for comparison of various designs.

e Q4: How to assess the performance of the countermeasures for transition zones?

Chapter 5 aims to address this research question. Using the developed FE model of
transition zones, the performance of the countermeasures can be assessed. Several preventive
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and corrective countermeasures were assessed. From the results of the numerical simulations, the
following conclusions were drawn:

e The numerical simulations have shown that the sleepers with modified dimensions
(preventive countermeasure) and adjustable fasteners (corrective countermeasure) can
significantly improve the track performance (51% reduction in ballast stress when using
modified sleepers, 93% reduction in wheel-rail contact force when using adjustable
fasteners).

* The modified sleepers are effective to reduce the ballast stress in transition zones. Among
all the designs, the long&wide sleeper is recommended from the performance point of
view since it provides the largest reduction of the maximal ballast stress.

e Using the adjustable fasteners is effective to eliminate the anomaly and fluctuation of
ballast stresses, achieving a better stress distribution in ballast in transition zones.

Some additional work was conducted. The moisture condition of the ballast was measured
using the Group Penetrating Radar and the effect of the moisture condition on the dynamic
responses of the track in transition zones was analysed numerically for the first time. Besides, the
feasibility of the satellite radar system for monitoring transition zones was explored, wherein the
settlement measured using the InSAR was analysed and cross-validated against the measurements
obtained using the DIC device and the inspection coach. The main conclusions are:

e High moisture areas are most likely to appear before and after the bridges in transition
zones. A strong correlation between the high moisture conditions and the track
degradation has been found.

e The numerical analysis shows that the wheel forces are slightly increased (up to 2.6%)
because of the high moisture.

e The measurement results of the satellite radar are compared with the results of in-situ
monitoring systems and good correlations among them have been found.

e The embankment and the bridge in the transition zone can be clearly distinguished from
the satellite data. The InSAR system can monitor the health condition of the transition
zones at a high frequency (once per 11 days) to provide guidance (e.g., suspect locations)
for the local inspection or maintenance.

7.2 Recommendations

Based on the experience of the author, the following recommendations are provided for coming
researchers.

7.2.1 Recommendations for numerical studies of transition zones

The future work should be focused on the application and improvement of the integrated
methodology, such as coupling the methodology with numerical optimisation methods. More
transition zones should be measured using the proposed experimental analysis method so that the
normal distribution of the differential settlement in transition zones can be discovered. The plastic
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material property of ballast should be considered in the FE model. The prediction procedure of
transition zones should be validated against field measurements. More mitigation analyses
(especially the corrective countermeasures) should be conducted in order to understand the
benefits and drawbacks of the countermeasures. In addition, the moisture condition should be
considered when studying the dynamic responses of transition zones.

7.2.2 Recommendations for future research directions

As mentioned above, there are three major reasons for transition zone problems, which are the
differential settlement, stiffness variation, and geotechnical/construction issues. The
geotechnical/construction issues are barely discussed. This dissertation studies both the stiffness
variation and differential settlement thoroughly, and explores one kind of geotechnical issues,
which is the moisture condition. However, there are still many others, e.g., inadequate
compaction of the fill in transition zones. In the author’s opinion, the geotechnical/construction
issues should be properly studied in the future.
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Abstract

Transition zones in railway tracks are the locations with considerable changes in the vertical
support structures. Due to the differential stiffness and settlement in the open track and the
engineering structure resulting in the dynamic amplification of the wheel forces, the track
settlement is usually observed in the approaching zones. The settlement in transition zones is
detrimental to the track components and passenger comfort.

This paper presents the results of the experimental analysis performed in three transition zones
which were in various conditions. The dynamic displacements of rails due to a passing train were
measured at multiple points (dynamic profile) in the approaching zones. The device employed is a
contactless mobile device for measuring displacements, which is based on the Digital Image
Correlation (DIC) technique. Because the operational parameters of the DIC-based devices are
important for measurement accuracy, prior to the in situ measurements, this device was tested in
a laboratory to study the influence of the operational parameters, including the elevation/heading
angles, the focal length of the cameras and the measuring distance.

After determining the optimal operational parameters for the railway field, the multiple-point
measurements were performed in the transition zones. The length of the approaching zone was
studied first. Also, the dynamic profiles of the embankment-bridge and bridge-embankment
transitions were analysed. Finally, by comparing the multiple-point displacements in the
approaching zones in different conditions, it was found that the dynamic profile of the rail
displacements has a good correlation with the track condition in the transition zone. The results
are presented and discussed.

Keywords
Railway, Transition zone, Measurement, Digital Image Correlation.
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1 Introduction
Transition zones in railway track network are locations with considerable change in the
supporting structures. Typically, they are located near engineering structures, such as bridges,
culverts and tunnels. A typical track transition zone is shown in Figure 1.1, wherein an

embankment is connected with a culvert.

Figure 1.1. A typical track transition zone: (a) global view; (b) close-up view.
In such locations, the vertical stiffness of the track support abruptly changes, resulting in
amplification of the dynamic forces acting on the track, which ultimately leads to accelerated

deterioration of the vertical track geometry [1-3]. In addition, since the engineering structures
always settle much slower than the embankment, the differential settlement between the
engineering structure (e.g., bridge) and open track always occurs. Such initial settlement
contributes significantly to the amplification of the wheel forces and ultimately to the
deterioration of the track geometry in the transition zone [4, 5]. Therefore, maintenance of the
track geometry in the transition zones requires substantial efforts. For example, in the
Netherlands, the track maintenance in the transition zones is performed up to 4-8 times more
often than on the open track [6, 7]. In the US $200 million is spent annually to maintain the
transition zones, while in Europe about €97 million is spent [8, 9].

The ballast track in the transition zones can be divided into two parts (Figure 1.2): the open track
that is relatively far from the engineering structure and therefore unaffected by the presence of
the engineering structure; and the approaching zone which is located close to the engineering
structure and suffers from the settlement [2-5, 10, 11]. The settlement in the approaching zone,
showed as a dip in Figure 1.2b, typically appears shortly after installation/renewal of the track.
This phenomenon has been confirmed by a survey of the performance of track transition zones,
which revealed that 51% of the studied transition zones had experienced such a settlement [3].
The dip also appears in the transition zone between the embankment and the level crossing [12].
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Figure 1.2. Schematic diagram of differential settlement in transition zone: (a) immediately after
construction or maintenance (no settlement); (b) after a few month of operation.
Theoretically, such a significant irregularity in the track geometry may trigger considerable
wheel-rail interaction forces, which may result in damage to the track components, affect the
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passenger comfort, and even lead to a train derailment. Ultimately, it may raise the need for
additional maintenance and increase the life cycle costs. However, the length of the approaching
zone and the magnitude of the settlement (the profile of the settlement) usually are not clearly
defined. Therefore, the maintenance of the track in the transition zone is difficult to plan and to
perform timely.

The field measurements and analysis of the transition zone behaviour are somewhat lacking or
even scarce [2]. In [13] it was stated that the track degradation in the transition zones is far from
being solved because the mechanism of applied countermeasures is not entirely understood. In
[14] it was also pointed out that despite the efforts undertaken to minimise the track transition
zone problems, the transition zones continue to exhibit poor performance and a considerable
amount of maintenance effort was still spent at these locations. Similarly, such track transition
zones experiencing severe settlements have been observed by the authors during this study.

In some studies the measurements in the transition zones performed at one point in the
approaching zone that are later compared with one point measured in the open track and one
point measured on the bridge, such as in [2, 5, 10]. In this way, the location and the amplitude of
the dynamic profile of the dip (Figure 1.2b) are not clear. A better method is to measure the
displacement of sleepers at multiple locations simultaneously in the approaching zone, such as in
[12, 15].

Similar to the idea of multiple-point measurements in [12, 15], this paper presents the results of
the experimental study performed on 3 transition zones. The dynamic displacements of the rails in
this study are measured simultaneously at multiple points (up to 8 points, with a minimal spacing
of 0.6m) in the approaching zone so that the dynamic profile of the track displacements can be
obtained. The measurement device used in this study is a contactless mobile device for measuring
displacements based on the Digital Image Correlation (DIC) principle. The measuring method was
first presented in April, 2014 [16] and later in [17]. By studying the dynamic responses in the
transition zones, the following aspects are discussed in this paper:

(1) The length of the approaching zone (that is affected by the settlement);

(2) The dynamic profiles of the rail displacement in the embankment-bridge and the bridge-

embankment transitions;

(3) The dynamic profiles of the transition zones in various conditions.

A brief overview of the measurement techniques used in transition zones is given in Section 2.
Since the operational parameters of the DIC-based devices are important for measurement
accuracy and the device used here had not been applied for railway measurements, it was tested
in the laboratory first. The sensitivity of the operational parameters, including the measuring angle,
the distance and the focal length of the lens, was analysed in Section 3. After that, the
measurements of the dynamic displacement at multiple points on the rails in the approaching
zones were performed and the dynamic behaviour of the track was analysed as presented in
Section 4 and discussed in Section 5. Finally, the findings and conclusions are summarised in
Section 6.

2  Measurement techniques in transition zones

The vertical rail displacements in the transition zones discussed in the literature can be divided
into two categories, namely the permanent displacements and the transient ones. The permanent
displacement, also named settlement, is the absolute static rail displacement referring to the
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original position without loading, while the transient displacement is the relative rail displacement
during train passage w.r.t. to the unloaded position. When the contact between sleepers and
ballast is in good condition, such as in the open track, the transient displacement of the rail should
remain constant, while the permanent displacement may grow slowly. However, in the
approaching zones, the contact status between sleepers and ballast is often poor, which is
presented by a void in ballast under sleepers and also called hanging sleeper [18, 19]. Due to the
void, the hanging sleepers can move with less constraint during trains passing. The stress in ballast
adjacent to the hanging sleeper is increased and later leads to the track degradation [5]. Therefore,
the transient displacements of the track can indicate the track degradation. Usually, the higher the
transient displacements in the transition are, the worse the condition of the transition zone is. The
number of the experimental studies of transition zones is rather limited as compared to the
studies of other sections of track. An overview of the experimental studies and the measurement
techniques used therein available in the literature is given below.

In [10], the plain transition zones (the transition zone without countermeasures) was studied,
wherein the permanent settlement of the track was measured using the optical level. It was found
that the settlement in the open tracks was larger than the settlement on the bridges, but smaller
than those in the approaching zones. Later, in [8] the track geometry data of two transition zones
were studied. The data was obtained by automated track geometry measurement vehicles for a
period of 3 years. It was also reported that the rail at the bridge approaching zone settled after
tamping and resulted in a dip in the track reoccurring near the bridge and the reason for the
settlement was that the tamping maintenance process loses effectiveness near to the fixed
structure. A recent measurement was conducted in [5], who used LVDTs (linear variable
differential transformers) to measure the permanent settlement and transient displacements in
the two transition zones. It was found that the permanent settlements in the approaching zone
were much bigger than those in the open track only after a half-year of operation.

A transition zone using approaching slab has been experimentally studied in [2, 15], wherein the
transition zone used a 4m reinforced concrete slab on each side of the culvert. The concrete slab
was laid under the ballast layer with one end hinged at the culvert and the other end free in the
embankment. Geophone was used to measure both the permanent and the transient sleeper
displacement during train passages. It was also found that the biggest transient displacements of
the sleepers were in the approaching zones, while the displacements on the culvert were the
smallest.

As for the high speed tracks, a laser-based monitoring system, Position Sensitive Detector (PSD),
was used to measure the transient displacements of rails in a transition zone in the Portuguese
high-speed railway (220km/h) [20]. Later, LVDTs and PSDs were used to measure the transient
displacements of rails in a transition zone in the Spanish high-speed railway (220km/h). Since the
transition zones were well constructed with the reinforce backfill, no differential settlements were
found in the approaching zones [21, 22]. However, since the design and maintenance of the
transition zones in the high-speed tracks are different from those in the normal-speed tracks,
these two studies are not considered here.

In the transition zone between the embankment and the level crossing, Geophones, DIC-based
devices were used to measure the transient displacement of multiple sleepers in the approaching
zone [12]. A dip (dynamic profile) was found, located from 2.52m to 7.83m and centred at 5.15m.
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All the available measurement results in track transition zones are summarised in Table 1.1.
Table 1.1. Summary of measurement results in track transition zones.

Vertical displacement
Measured sleepers/ track (mm) Measuring
. - Countermeasures . Reference
displacements | Open | Approaching . equipment
Bridge
track | zone
29.2 [353 16.2 | - (Plain)
HMA (Hot Mix
45.4 47. 19.1
> 3 d Asphalt) Optical level | [10]
35.6 40.2 18.3 Cement
394 43.4 15.8 Geocell
Permanent
Concrete Geophone,
24.9 16.4 0.3 . high-speed [2, 15]
approaching slab
camera
2.0 3.6 - -(Plain)
LVvDT 5
0.5 7.2 - -(Plain) Bl
12 |68 0.8 | Concrete Geophone, | 1, ;5
approaching slab high-speed
08 |11.2 0.3 PP g camera 12, 15]
. 0.4 1.7 = -(Plain) LVDT (5]
Transient Geophone
0.8 5.2 - - DIC [12]+
0.6 0.5 0.4 Backfill PSD [20]*
0.8 0.5 0.5 Backfill LVDT, PSD [21, 22]*

+The measurements for the transition zone of a level crossing instead of a bridge
* The measurements are for the high speed lines, while the rest are for normal speed lines.

Based on this review (Table 1.1) the following conclusions can be made:

(1) The displacements in the approaching zones are the largest, while the displacements on the
bridge are the smallest ones, in both permanent and transient measurements performed on the
normal-speed tracks.

(2) The field measurements in transition zones in railway track are relatively insufficient in
number. Also, the measurements did not cover transitions in different conditions.

(3) The behaviour of transition zones is complex and difficult to predict. Also, this behaviour
depends on the design of the transition zones, i.e. with or without various countermeasures. Even
for the transition zones of the same type, the behaviour may vary, depending on the geotechnical
conditions and train operation. For example, in [3] the half of the studied transition zones suffered
from severe settlements, while the other half not. Therefore it is necessary to propose an
assessment method, which can easily evaluate the quality of transition zones.

(4) Some countermeasures did not improve the performance of transition zones. For example,
there was no reduction of the permanent settlement in the transition zones achieved by HMA,
cement and geocell as compared to the transition zone without countermeasures (e.g. in [10]).
Using the approach slab has an even negative effect on the settlement reduction in transition
zones [2].

(5) In most mentioned measurements, only one point was measured in each zone, i.e. open
track, the approaching zone and the bridge. However, using only one point is difficult to capture
the location with the largest displacement. Also, the length of the affected approaching zone is not
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known. In [15], 5 sleepers in the approaching zone were measured. However, due to rotation of
the approaching slab, the dynamic profile was different from that of the plain transition zones.
Also in the measurement of the transition zone of the level crossing [12], 7 sleepers in the
approaching zone were measured. Due to the structural difference of the level crossing, the
dynamic profile was also different. Although the transition structures are different, the method
that measures at multiple points of the approaching zone was successfully proved to provide more
insights of the track behaviour than the one-point measurement.

The paper presents the detailed experimental study of three transition zones in various
conditions. The dynamic profiles of transition zones were measured simultaneously in several
points instead of one point, using a DIC-based device. The results of the field measurements using
the DIC-based devices in railway are described in the following section.

3  DIC-based measurement devices

In this section, the measurement device used here, which is based on the Digital Image
Correlation (DIC), is presented. The DIC-based devices have been widely used in civil engineering,
which are mainly to measure the plastic deformation of concrete bridges [23, 24], or the strain of
material [25-27]. However, a relatively small number of papers reported that DIC-based devices
were used in the railway field, where the displacements at higher frequency are generated. The
applications of the DIC-based devices in railway field are reviewed first. After that, several
sensitive operational parameters of the DIC-based device were tested, since it has never been
used for railway purposes before.

3.1 Application of DIC-based devices in railways

DIC is an optical method, which uses tracking and image registration techniques for accurate
measurements in images. A reference image is captured before displacement and a series of
pictures are taken subsequently during the movement. The images are analysed using a numerical
matching technique to identify the most similar patterns in the subsequent images, which is based
on the assumptions that the pattern is approximately constant between successive images and
that the local textural information is unique. The matching algorithm compares the image subsets
in the reference image with the image subsets in the current image [28]. Matching criteria are
available such as in [29] and [30]. The method combines continuous recording of horizontal and
vertical displacements with no contact with the measuring targets, excluding any interference
between the measured surface and the measuring device [24, 26, 31]. It often consists of high-
resolution digital cameras which record the displacement of targets, and post-processors which
analyse the changes in the images.

In [32], a DIC-based device was successfully employed to measure the complex dynamic
deflection histories of sleepers at three locations during train passages, which was validated by
Geophones. Accurate measurement results were achieved up to 100km/h of the train speed by
using a 30 fps camera. However, the authors pointed out that only one sleeper or location could
be monitored at a time. The similar comparison between the DIC-based device and Geophones
can also be found in [33, 34]. In addition, the ground vibration has small influence to the camera at
a distance of 6m from the rail [32]. A recent study discussed the ground vibration could be found
in [35].

The measured train speed was raised to 180km/h in [36], using a camera up to 500fps, in the
measurements of railway bridges. The measurement results were validated by LVDTs and the
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obtained precision was below 0.1mm for the distance of 15m.The displacements of rail were
measured by a DIC-based device in [37]. By using 4 synchronised cameras, multiple locations along
the track were measured. The cameras were 100fps and they were positioned at the distance of
10 m. The rail strains measured by DIC-based devices were compared to Finite element simulation
results, and a good correlation is achieved again [38].

In [12], the displacements of sleepers along the transition zone between the embankment and a
level crossing were measured using DIC devices. The train speed was around 112km/h. The
measurement results at multiple locations had a good correlation with Geophones. In most cases
the measurement results of DIC have better quality than those of Geophones.

Compared to the traditional measurement methods used in railway fields, such as LVDT and
Geophones, the DIC-based devices have some advantages [32, 33, 37]. The major advantage of the
DIC-based devices is that they can perform measurements from a distance. Therefore, the
measurements can be performed in a safe zone of a railway track, for example, staying at a
distance further than 3.25m from the track. The zone within 3.25m is a dangerous zone according
to the Dutch railway safety regulations. In addition, the installation of DIC-based devices is less
time-consuming. The traditional contact measuring equipment requires at least one maintenance
window (track possession) to be installed on the track (e.g. attaching sensors to the rails) and
another window to be removed. However, most of the installation work of the DIC-based devices,
including setting cameras and computers, can be conducted outside of the track that does not
require the possession time. Moreover, the DIC-based devices can obtain the measurement data
off-line, i.e. the recorded videos can be processed later in the office. Besides, DIC-based devices
can measure the absolute displacements instead of the relative displacement.

Since the possession time of tracks is expensive and the access to the track is increasingly
difficult, the DIC-based devices have become very attractive in the monitoring of railway tracks. In
this study, a DIC-based device is applied to measure the rail displacements at multi-points in the
transition zones. Because the operational parameters of the DIC-based devices, which may be
limited in the railway field operation, are important to accuracy, the device was tested in the
laboratory to study the sensitivity of the key parameters. The main limitations of the DIC-based
devices in practical operation are as follows:

(1) The elevation and heading angle of cameras to targets should be small enough. Ideally, the
cameras should be perpendicular to the displacement plane of the measured targets. However, in
most cases, cameras have to face the measured targets with the elevation or/and heading angle,
due to the constraint of the track field. For example, the two inner rails of a double track railway
are always blocked by the outer rails.

(2) There is a conflict between the field of view and the resolution of cameras. A larger field of
view and a higher resolution of the camera are both desirable, but cannot be achieved at the same
time. On the one hand a larger field of view can cover more sleepers; on the other hand, the larger
field of view reduces the resolution of the camera, which affects the measurement accuracy. To
study the relationship between the measurement accuracy and operational parameters, a series of
experiments were performed in the railway laboratory of Delft University of Technology, the
Netherlands.

3.2 Laboratory tests of the operational parameters
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The operational parameters to test are the elevation and heading angle, the measuring distance,
and the focal length. The DIC-based device used here consists of cameras (up to 400fps), lenses of
various focal lengths, and the processing system, as shown in Figure 1.3. The system is called Video

Gauge System (VGS) and provided by Imetrum.

Figure 1.3. Components of the DIC-based device: (a) a high speed camera; (b) processing system;
(c) a tripod; (d) targets.

In the laboratory tests, the DIC-based device was used to measure the motion of the actuator of
a hydraulic press machine, which is the periodic vertical motion with the frequency of 0.1Hz and
the peak-peak amplitude of 10mm. The tested operational parameters are shown in Figure 1.4.
The tested values of the operational parameters of the device are shown in Table 1.2. The
reference combination of the parameters is 0° elevation angle, 0° heading angle, 7.5m measuring
distance, and 75mm lens (the values in bold in Table 1.2). During the test, the values of only one
parameter were changed, while the others parameters have the reference values. The results of
the testing were in details presented in [17]. The influence of the operational parameters on the
measurement accuracy is shown in Figure 1.5.

'y

% Heading angle
Measuring distance

Figure 1.4. lllustration of the operational parameters.
Table 1.2 Tested value of the operational parameters.

Parameters Values
Elevation angle (°) 0,2.5,5,7.5,10
Heading angle (°) 0, 5, 15, 30, 45

Measuring distance (m) 2.5,5.0,7.5
Focal length of lens (mm) | 16, 25, 50, 75
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Figure 1.5. Effect of elevation angle: Average Error (a) and Standard Deviation (b); Effect of
heading angle: Average Error (c) and Standard Deviation (d); Effect of measuring distances:
Average Error (e) and Standard Deviation (f); Effect of focal length: Average Error (g) and Standard
Deviation (h).

From Figure 1.5, it can be seen that the average error and the standard deviation in all the tests
are less than 5% and 5%o respectively. This confirms the feasibility of the DIC-based device for
railway engineering applications, as in [32, 33, 36, 38].

Although both the elevation and the heading angles can generate the average error, the average
error is more sensitive to the elevation angle rather than the heading angle. As it can be seen from
Figure 1.5a and Figure 1.5b, the average error reaches 4.5% when the elevation angle is 10°, while
the average error is only 3.3% when the heading angle is already 45°. This is logical since the target
is moving in the vertical direction. Even though the angles are inevitable due to the field
restrictions, the heading angle should be constrained to 30° and the elevation angle should be
constrained to 10°, regarding the accuracy of measurements.

On the contrary to the angles, the average error introduced by the measuring distance is
relatively small, as shown in Figure 1.5e. To increase the field of view (to measure as many
sleepers as possible) while not reducing the accuracy, a long measuring distance, for instance 7.5m,
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is recommended. Measuring on a long distance has a clear advantage, since the effect on the
ground vibrations due to the passing trains will be reduced. The measuring distance of 7.5m is also
beyond the so-called “dangerous zone” in the Netherlands, wherein the human presence is not
allowed if the track is in operation. The focal length of 50mm for the reference distance (7.5m)
generates the smallest average error (Figure 1.5) and it is therefore recommended.

Finally, the proposed operational parameters are listed in Table 1.3. Note, that the elevation
angle is smaller than 10°, when the distance is 7.5m and the height difference between the camera
and the rail is 1.3m.

Table 1.3 Suggestion of the operational parameters.

Parameter Suggest value
Elevation angle (°) <10

Heading angle (°) <30
Measuring distance (m) | 7.5

Focal length (mm) 50

With a better understanding of the measuring device, the field measurements in the transition
zones were conducted, which are presented in the following section.
4  Field measurements in transition zones
The measurements of the transition zones using the DIC-based device were analysed in this
section. The purposes of the measurements are:
(1) to determine the length of the approaching zone in transition zones;
(2) to explore the difference of the dynamic profiles of the embankment-bridge and bridge-
embankment transitions;
(3) to study the relationship between the dynamic profile and the health condition of transition
zones.
4.1 Field introduction
Three transition zones were measured using the DIC-based device, which are named Transition
A, B and C as shown in Figure 1.6. In Transition A and B, the embedded rail system are used on the
bridges, while the ballast track with concrete sleepers are used on the embankment, as shown in
Figure 1.6a and c respectively. According to the maintenance history, Transition A was in poor
condition while Transition B in healthy condition. Therefore, larger dynamic displacements were
expected in the approaching zone than in the open track in Transition A. In Transition C, the ballast
was used above the bridge and the performance was also in poor condition, as shown in Figure
1.6e.
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Transition A

Figure 1.6. Photos of Transition A, B and C: overall photos (left) and partial photos of the targets

on the rail (Right).

The layout of the measurements in the three transition zones is given in Figure 1.7. The first
sleeper was located at 0.3m from the abutment of the bridge and the sleeper spacing was 0.6m.
The measured locations are indicated by the red circles. During the measurement of Transition A,
two synchronised cameras were used. One measured the track close to the bridge, from Om to
2.4m; the other measured the track further, from 4.2m to 6m. The rail at 60.3m was measured
apart since it is too far from the bridge. In total, 7 train passages were measured in the
approaching zone and 11 train passages were measured in the open track. The measuring
frequency was 78Hz. Similarly, measuring frequency in Transition B was 78Hz. The embankment-
bridge and bridge-embankment transition were measured separately. 42 train passages were
measured in the embankment-bridge transition and were measured in the bridge-embankment
transition. In the measurement of Transition C, the measuring frequency was 31Hz and 4 train
passages were recorded.
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Figure 1.7. Schematic plan of measurements.

The passing trains are the Dutch passenger trains. Their geometrical parameters of the train are
shown in Figure 1.8 [2]. Their velocities are between 80km/h and 140km/h, while the axle loads
(empty train) are around 16t. During the measurement, the velocities were around 100km/h. The
setting of the DIC-based device was the same as proposed in Table 1.4.

Figure 1.8. Vehicle configuration.

Using the measurement data in Transition A, the length of the approaching zone is analysed. The
rail displacements measured in the open track (at 60.3m from the bridge) are compared with the
rail displacements closer to the bridge. Since the performance of Transition A was in poor
condition, larger dynamic displacements are expected in the approaching zone than in the open
track. Moreover, using the measurement results in Transition B, the dynamic profiles of the
embankment-bridge and bridge-embankment transitions are analysed. In addition, comparing
with the measurement results of the embankment-bridge transitions in Transition A, B and C, the
relationship between the dynamic profile and the performance is studied.

4.2  Length of approaching zone

The measured examples of the displacements of the rail at -1.5m, -4.5m and -60.3m (the open
track) in Transition A are shown in Figure 1.9. Note that the number of the distance is calculated
from the end of the abutment. For convenience, the negative sign is used to indicate the left side
of the bridge (the embankment-bridge transition) while the positive the right side (the bridge-
embankment transition).
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Figure 1.9. Rail vertical displacements at four locations of Transition A in the time domain (a), (c),
(e) and (g); in the frequency domain (b), (d), (f) and (h).

As it can be seen from Figure 1.9, the peaks in the time history curves correspond to the passage
of each wheelset. In the frequency domain, the peaks are matched very well with the frequencies
due to the characteristic length of the train. Taking the displacement of Rail -0.9m (Figure 1.9b) for
example, when the velocity of the trains is around 100km/h, the 1 characteristic frequency is
1.38Hz that corresponds to the bogie distance of 20m (Figure 1.8); the 2™ characteristic frequency
is 4.00Hz that corresponds to the distance between two bogies of the neighboring vehicles of 7m;
the characteristic frequencies of 9.38Hz and 10.75Hz correspond to the wheel distance in the
bogies of 2.8m and 2.5m respectively. These characteristic frequencies can also be found in the
measurements in other locations (Figures 13d, f and h). This shows that the results measured by
the DIC-based device are correct.

Comparing the displacements measured in the three locations (Figure 1.9), it can be concluded
that the approaching zone in this transition is within 4.5m from the abutment of the bridge, since
the displacements at -4.5m (Figure 1.9e) are similar to the ones at the open track (Figure 1.9g),
and much smaller than the displacements at -0.9m and -1.5m (Figure 1.9a and c).

In the measurements shown in Figure 1.9, the maximal displacements at 60.3m, 4.5m, 1.5m and
0.9m are 0.88mm, 0.82mm, 5.19mm and 5.55mm respectively. In the same way, the maximal
displacements in other passages were collected. The average values of the maximal displacements
of at multiple locations can be considered as the dynamic profile of Transition A as shown in Figure
1.10.
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Figure 1.10. Statistics of the vertical rail displacements at all measured points of Transition A.

From Figure 1.10, it can be seen that the approaching zone is most likely located within 4.5m
from the bridge. Since the condition of the Transition A was considered as poor, the track
settlement in the approaching zone is naturally larger than in transition zone of good condition.
Therefore, 4.5m can be considered as the upper limit for the length of the approaching zone for
this type of transition zone. Note that since the length of the approaching zone depends on its
engineering structure and the local subgrade property, it is only valid for similar transition zones.
To validate this assumption and to study the approaching zone, the rail displacements were also
measured in another two approaching zones. The results of these measurements are discussed in
the next section.

4.3  Dynamic profiles of the embankment-bridge and bridge-embankment transitions

The measured examples of the rail displacements in both the embankment-bridge the bridge-
embankment transitions in Transition B are shown in Figure 1.11. The rail displacements measured
at the symmetric locations of the bridge are compared.
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Figure 1.11. Rail vertical displacements in the embankment-bridge and the bridge-embankment
transitions of Transition B.

As it can be seen from Figure 1.11, the peaks at the symmetric locations the embankment-
bridge and the bridge-embankment transition zones are generally similar, except that at +0.9m
and +1.5m the rail displacements on embankment-bridge are larger. The largest difference is
around 30%, which can be found in Figure 1.11b, where the maximal displacement at -0.9m is
2.69mm while that at +0.9m is 2.37mm. It is in agreement with the theoretical analysis in [1]
numerical simulation in [4], wherein the dynamic behaviour of the train in two types of the
transition zones are different. It is a remarkable fact that Transition B is in healthy condition. For
transition zones in poor condition, the simulation may be different.

Figure 1.12 also shows that the rail displacements at the close locations (+0.3m, +0.9m and
+1.5m) are much larger than those at the relative distant locations (+4.5m, +5.1m and 5.7m),
which is in agreement with Transition A. The dynamic profile of Transition B is described in Figure
1.12.
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Figure 1.12. Statistics of the vertical rail displacements at all measured points of Transition B.

As seen from Figure 1.12, the dynamic profiles of the two types of transitions are both increased
close to the bridge. The rail displacement in the embankment-bridge transition gradually
decreases from 0.3m to 4.5m. Differently, the largest rail displacement in the bridge-embankment
transition zones appears at 0.9m instead of the 0.3m (the closed one). This is discussed later.

4.4 Dynamic profiles of transitions in various conditions

The example of the rail displacements measured at -1.5m and -4.5m in Transition A, B and C are
shown in Figure 1.13. The maximal displacements corresponding to the passing bogies are listed in
Table 1.4.
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Figure 1.13. Rail vertical displacement of Transition B at -1.5m and -4.5m compared with

Transition A.

Table 1.4. Peaks (mm) corresponding to bogies in Figure 1.13.

Bogie No. Transition A Transition B Transition C
-1.5m -45m -1.5m -45m -1.5m -4.5m
1 539 082 239 111 445 171
2 554 080 236 119 440 1.26
3 5.08 060 227 1.01 569 1.36
4 516 061 236 104 402 111
5 500 056 227 096 577 1.03
6 5.27 057 220 096 473 124
7 555 059 226 1.02 443 1.20
8 551 059 214 122 537 134
9 494 049 223 086 465 162
10 505 056 208 096 565 1.49
11 545 066 236 114 529 1.15
12 534 072 226 121 384 1.08
Average 5.27 063 227 106 486 1.30
Standard deviation 0.21 010 0.09 0.11 0.64 0.21

Comparing the results obtained in Transition B and Transition A and C, it can be seen that the rail

displacements at -4.5mm are similar as shown in Figure 1.13c, which are 1.06m, 0.63mm and

1.06mm respectively (Table 1.4). It is reasonable, since the rail displacements at -4.5m are close to

the displacements in the open tracks, and the open tracks in the three transition zones are similar.

The rail displacements at -1.5m in Transition A, B and C are considerably different, which are

5.27mm, 2.27mm and 4.86mm respectively (Table 1.4). This means that the void at -1.5m in

Transition A and C is larger than in Transition B. Hanging sleepers are expected in such locations.

Therefore, the track in Transition A and C are in worse condition than in Transition B, which is in

agreement with the health condition known from the maintenance history. Based on the

measurement results the dynamic profiles of the Transition A, B and C were obtained, which are

compared in Figure 1.14.
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Figure 1.14. Comparison of vertical rail displacements in the approaching zone of two transitions.

As it can be seen from Figure 1.14, the rail displacements are sharply increased in the
approaching zones (0.0-4.5m) in all transition zones, by comparing the rail displacements in 0.3m-
1.5m and 4.5m-5.7m zones. The larger rail displacements confirm the “dip” often reported in the
transition zones (e.g. in [3]). The high displacements of rail indicate that the sleepers are in poor
supporting condition, which leads to a significant redistribution of the wheel load [4, 5].

The increase of the rail displacements near the abutment (0.3m-1.5m) in these transitions can
be explained by dynamic behaviour when the bogie moves from the embankment to the bridge. At
the moment, one wheel of the bogie is on the embankment and the other on the bridge, more
loads distribute to the wheel on the embankment due to its low position. As a result, the wheel-
rail interaction force is increased in the zone corresponding to the wheel distance in a bogie
(2.5m/2.8m). Following this hypothesis, the force of the rear wheel reaches the maximum when
bogie is half on the embankment and half on the bridge (1.25m/1.4m). This hypothesis is in
agreement with the results of the numerical simulations of transition zones, where the higher

ballast stresses were also observed on the distance depending on the wheel distance in a bogie [4].

It also explains the reason that the highest rail displacement appears at -0.9m or -1.5m instead of -
0.3m, which is different from the bridge-embankment transition in Transition B (see Section 4.3).
5  Discussion

From the measurement results presented above, it can be observed that the rail displacements
in 0.3m-1.5m of Transition A were bigger than in Transition B, while the rail displacements in
4.5m-5.7m were very close. It matches very well the maintenance history of these transitions
(Transition A in poor condition and Transition B in good condition). It has been found the ratio of
the average of the rail displacements in 0.3m-1.5m over those in 4.5m-5.7m has a correlation to
the performance of the transition zones. The physical meaning of the ratio is how many times
larger the rail displacement in the approaching zone than in the open track. The calculations are
shown in Table 1.5, where Raily3_4 5., is the average of the rail displacement at 0.3-1.5m; and
Raily 5_5.7m is the average of the rail displacement at 4.5-5.7m. The distance is calculated from
the bridge and only on the embankment-bridge transition, as shown in Figure 1.7.

Table 1.5. Calculation of the measurements from the transition zones

Transition Condition Raily3_1.5m (MM)  Railys_s7, (Mm)  Ratio
A Poor 5.51 1.08 5.1
B Good 2.48 1.14 2.2
C Poor 5.36 1.78 3.0
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As seen from Table 1.5, the ratio correlates very well to the condition of the transition zones,
wherein 2.2 is for the healthy condition and 5.1 for the poor condition. According to [1, 5, 39], the
settlement in the transition zone is a self-perpetuating system. The differential settlement leads to
redistribution of wheel load, which in turns initiates larger differential settlement. Assuming the
ratio is 1 for a perfect transition zone, when no settlement exists in the approaching zone and
Raily3_1.5m and Raily 5s_s 7., are same. As the transition is in use, the ratio increases. The higher
value indicates the worse condition of the transition zone, while the lower value the healthier.
Therefore, the ratio can reflect the degradation of a transition zone. By measuring the ratio of a
transition zone, it is possible to know in which condition the transition is. For Transition C, both
high Raily3_1.5m and Raily s_57, lead to a relative lower ratio, compared to Transition A. It
indicates the open track is in poor condition as well as the approaching zone.

Since currently there is no special detection method or KPIs for transition zones and
maintenance scheme of transition zones are determined mostly by experience, this method has a
potential to assess the condition and to determine maintenance scheme for certain types of
transition zones. However, it should be noted that the ratio obtained here are for the transition
zones without countermeasures with Dutch passenger trains running at normal operational
velocity (80km/h-140km/h). These values may be affected by the transition zone type,
configuration and velocity of trains. Before using the ratio as a KPI for transition zones, numerous
measurements of transition zones should be conducted.

6  Conclusion

This paper presents results of the experimental study performed on three transition zones in
various conditions. The dynamic displacements of rails were measured at multiple points in the
approaching zone. The measurement device employed is a contactless mobile device for
measuring displacements, which is based on the DIC technique. Using this method, the dynamic
profile of the track (the dynamic displacement of rail along the track) in the approaching zones
(instead of a single point measurement) can be obtained. The health condition in the transition
zones can be assessed, and therefore the maintenance schemes can be better determined.

Because the operational parameters of the DIC-based devices are important to accuracy, the
measurement device was tested in the laboratory to determine the optimal range of its
operational parameter. It has been found that elevation angle of the cameras is the most sensitive
parameter and a set of the operational parameter is proposed for the field measurement.

After the determining the working ranges of the operational parameters, the measurements
were performed on three transition zones. The length of the approaching zone (4.5m) was
determined based on the measurements performed at the different distances from the bridge.
The rail displacements are considerably increased in the approaching zone, while the rail
displacements are similar to those in the open track, beyond the approaching zone.

It has also been found that the dynamic profiles of the embankment-bridge and the bridge-
embankment transition are both increased close to the bridge. However, the rail displacement in
the embankment-bridge transition gradually decreases, while the highest rail displacement in the
bridge-embankment transition appears at 0.9m or 1.5m to the bridge. A possible explanation is
that more loads distribute to the wheel on the embankment when the bogie moves from the
embankment to the bridge.
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Another finding is that the dynamic profiles of the transition zone in various conditions are
significantly different. The ratio between the rail displacements in 0.3m-1.5m and 4.5m-5.7m is
calculated to study the degradation in the approaching zones. The results show that the ratio has
good correlation with the health condition of the measured transition zones.
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Abstract

Transition zones in railway tracks are the locations with considerable changes in rail supporting
structures. Typically, they are located near engineering structures, such as bridges, culverts and
tunnels. In such locations, the vertical stiffness of the track support varies, resulting in
amplification of the dynamic forces acting on the track, which ultimately leads to the deterioration
of vertical track geometry. Also, the differential settlement between embankment and bridges
also aggravates the track degradation in transition zones, which significantly increases the
maintenance efforts.

In order to better explain the fast degradation of the track in transition zones and to analyse the
effect of stiffness variation and differential settlement on the degradation rate, a dynamic 3-D
(explicit) finite element (FE) model has been developed. The model studies the transition zones
after a few months of operation when the differential settlement appears due to the rapid
compaction of ballast tracks. Moreover, the model uses contact elements to model the interface
between sleepers and ballast so that the behaviour of hanging sleepers can be better studied. Also,
using the pre-loading features in the explicit FE analysis, a more realistic settlement curve of rails
and the hanging distance of sleepers can be obtained. Using this model, the analysis of ballast
stresses and vehicle dynamics during trains passing can be performed.

The dynamic behaviour of transition zones with and without settlement was studied. The results
show that the effect of the differential settlement on the dynamic responses and ultimately on
track degradation is much larger than the effect of the stiffness variation alone (no settlement).
The effects of the other factors, such as hanging sleepers and the vehicle are analysed as well.

Keyword
Transition zone, Railway, Finite element method, Dynamic behaviour, Hanging sleeper.
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1 Introduction
Transition zones in railway tracks are the locations with considerable variation in the vertical
stiffness of supporting structures. Typically, they are located near engineering structures, such as
bridges, culverts, tunnels and level crossings. Two examples of transition zones are shown in
Figure 2.1.

Figure 2.1. Track transition zones.

Having major problems with the track geometry, track transition zones require more
maintenance (e.g. tamping and adding ballast) as compared to open tracks [1, 2] For instance, in
the Netherlands, the maintenance activities on the tracks in transition zones are performed 4-8
times more often than those on open tracks [3, 4]. In the US, $200 million is spent annually on
maintenance of the tracks in transition zones, while in Europe about €97 million is spent on the
similar maintenance activities [5, 6]. Based on literature studies and field observations, the
problems in transition zones include:

(1) Damage to track components: rail surface defects, broken fasteners, cracks in concrete

sleepers, breakage of ballast particles, and voids between sleepers and ballast (also known
as hanging sleepers) [2, 4, 7-17].

(2) Deterioration of the track geometry: extra settlement appearing on tracks and forming a
“dip” [18]. (It might be caused by the breakage of the track component, ballast pollution,
ballast penetration into subgrade, and poor drainage [1, 15, 19].)

(3) Loss of the passenger’s comfort [20].

The damage to track components leads to the deterioration of track geometry, while track
irregularities result in the increase of the wheel-rail contact forces and the sleeper-ballast contact
forces acting on track structures, which forms a self-perpetuating system [14, 17, 20-23]. As a
result, the tracks in transition zones deteriorate at an accelerated rate as compared to open tracks
[17]. An example of the transition zone with large irregularities is shown in Figure 2.2. The
transition zone in the figure is a bridge transition zone, and the bridge locates under the auxiliary
rails.
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Figure 2.2. Track settlement in the transition zone.

One reason for the track degradation in transition zones is the large abrupt change in vertical
track stiffness and the consequent increase of dynamic wheel loads [13, 15, 17]. Since the rail
deflection due to passing trains is determined by the vertical stiffness of tracks, the change of
track stiffness results in a rapid elevation of wheels, which increases the acceleration of wheels.
According to Newton’s law, wheel forces will be increased, which leads to track degradation. The
effect caused by the stiffness variation has been studied, e.g. in [12, 22, 24-26].

Another reason for the track degradation in transition zones is the differential settlement. After
construction or maintenance (tamping), ballast tracks experience a period of rapid compaction [19,
27-30] which is to some extent inevitable [31]. On the contrary, the tracks on engineering
structures (e.g. bridges) are barely settled, which generates the differential settlement in
transition zones. The field measurement results can be found in [9, 15]. Similar to the stiffness
variation, the differential settlement also leads to the rapid elevation of wheels and hence
amplifies of wheel forces. Considering the elevation caused by the differential settlement could be
much higher than that caused by the stiffness variation, the effect of the differential settlement on
the track degradation in transition zones could be larger [20, 32-34]. It is therefore important to
model the differential settlement in transition zones accurately.

A common method (e.g. in [13, 22, 32, 33]) to model the differential settlement in transition
zones is: (1) decreasing the vertical level of the tracks on the embankment; (2) connecting the
tracks on the embankment and the tracks on engineering structures, using a straight line. An
exception can be found in [35], where a parabola was used to connect the lower and the higher
tracks. However, the real settlement curve of the rails in transition zones is resulted by the weight
of sleepers and the bending stiffness of rails, which is more complex than a straight line or a
parabola.

Moreover, when the differential settlement appears in transition zones, some sleepers are not
entirely supported by ballast. As a result, the sleepers may be pushed down by train loads and
cause high dynamic impacts on ballast [34]. Since ballast settlement is proportional to ballast
stress [27], it is necessary to model the interaction between sleepers and ballast accurately so that
ballast stress can be studied in detail. However, in the most existing models for transition zones,
sleepers and ballast are not separable, e.g. in [13, 16, 20, 21, 35-42], or ballast is modelled by
spring elements, e.g. in [3, 20, 22, 25, 32, 43, 44].

A transition zone model focusing on the differential settlement and consequent sleeper-ballast
interaction has been developed by the rail section of TU Delft. It was proposed in [45] and further
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developed in [46] and [47]. The model studies the transition zones after a few months of operation,
when the differential settlement appears due to the rapid compaction of ballast tracks. Moreover,
the interfaces between sleepers and ballast are modelled using contact elements. As a result, a
more accurate settlement curve of rail can be obtained and the effect of hanging sleepers can be
analysed more accurately. (More details about the modelling of the ballast-sleeper interface and
the hanging sleepers can be found in Section 2.4). The transition zone model is coupled with a
whole vehicle model, following [3, 22, 24, 25, 32, 43, 44], which makes it possible to study the
effect of vehicle dynamics.

The main goals of the study can be formulated as follows:

1) To develop the FE model of transition zones. The highlights of the model are:

e More realistic settlement curve of rails

e More accurate simulation of hanging sleepers (e.g. the hanging distance before
train passing and the motion during train passing);

e Detailed analysis of ballast stress;

e More accurate analysis of vehicle dynamics during the train passing the transition
zone;

e Combination of the soft-hard (embankment-bridge) and the hard-soft (bridge-
embankment) transitions in one model.

2) To analyse the dynamic behaviour of track components in the transition zone with
differential stiffness and settlement (w.r.t. the transition zone with differential stiffness only);

3) To compare the effects of the soft-hard transition (the embankment-bridge transition) and
the hard-soft transition (the bridge-embankment transition);

The numerical model and its main features are described in Section 2. Model validation against
field measurement results is presented in Section 3. The dynamic behaviour of the transition zones
with and without differential settlement is analysed in Section 4. Finally, some conclusions based
on the results of numerical simulations are drawn in Section 5.

2 Numerical model of track transitions
2.1  Track model

The developed FE model of the transition zone consists of three main parts, namely two ballast
tracks on embankment and a slab track on a bridge, as shown in Figure 2.3. In the model, the
‘bridge’ is symbolical and not analysed, because the purpose of the paper is to study the effect of
the transition zone rather than the bridge itself. The bridge is simplified to reduce calculation costs.
Using the transition zone model, two types of transition (the embankment-bridge and the bridge-
embankment transition) can be analysed in one run. It should be noted that the bridge can affect
the response on the bridge-embankment transition. The ballast tracks are both 48m long, and the
bridge section is 24m long. Since the left end of the model is set as Om, the embankment-bridge
transition is at 48m, and the bridge-embankment transition is at 72m. The total length of the
model is 120m. The length of the vehicle is 23m, which is shorter than the bridge. It guarantees
that the whole vehicle can be on the bridge.
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Figure 2.3. FE model of track transition zones: (a) full view, (b) cross-section of ballast track.
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The loads are added to the model in two steps in order to reduce the dynamic instability. The
gravity forces are first applied to the complete system formed by the vehicle, the track
superstructure, the ballast and the subgrade. After certain balance time (as the vibrations due to
the gravity forces damped out), the velocity is applied on the vehicle. In this study, the vertical
acceleration of the carbody is used to determine the balance time, which is shown in Figure 2.4. It
can be seen that the vibrations are damped out after 0.4s.
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Figure 2.4. Vertical acceleration of the carbody in the first step.

It should be noted that the time to reach the equilibrium highly depends on the value of the
differential settlement and the material property of the track (e.g. soft/stiff soil). It is 0.4s in this
case, which may differ in other cases.

2.2 Track components

The components of the ballast track model are rails, fasteners, sleepers, ballast and subgrade.
The rails are modelled by Hughes-Liu beam elements [48], whereas the cross-sectional and mass
properties of the UIC54 rail are used. The length of rail elements is 75mm.

The fasteners connecting rails and sleepers are modelled using the spring-damper elements. In
the vertical direction, these springs have bilinear properties. Therefore, the springs can model rail
pads in compression, while the springs can model the clamping effect of fasteners in tension. The
stiffness of springs is shown in Table 2.1.

Table 2.1. Properties of spring elements.

Horizontal Vertical Longitudinal
1.20E8 (Compression)
1.20E11 (Tension)
Damping (N*s/m)  5.00E4 5.00E4 5.00E4

The sleepers are modelled as 3D elastic bodies using solid elements so that the spatial

Stiffness (N/m) 1.5E6 1.5E6

movement of sleepers can be studied [49]. In addition, the ballast stresses caused by the spatial
movement of sleepers can be better analysed. Despite the fact that the ballast can be more
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accurately modelled using the discrete element method, it is not feasible to model the ballast as
particles in the large-scale study (e.g. transition zones). Many studies (e.g. [24, 37, 50, 51]) have
proved that some behaviour of ballast and hanging sleepers can be modelled accurately using
simplified methods (e.g. solid elements). Following [34, 37], the ballast in this model is modelled
by solid elements. The element length of 75mm is used for the sleepers and the ballast (there are
eight elements within 1 sleeper space), while 0.3m is used for the subgrade. The thickness of
ballast and subgrade layers is 0.3m and 2m, respectively.

The bridge is modelled as a concrete slab. The rails on the bridge are directly fastened to the
concrete slab using spring-damper elements. The connection area between the ballast track (the
track on the embankment) and the track on the bridge is shown in Figure 2.5.

Figure 2.5. Part of the FE model with mesh details.
In the current study, the elements used for the sleepers, the ballast, the subgrade as well as the
bridge have the linear isotropic elastic material properties, which are collected in Table 2.2.
Table 2.2. Material properties of solid elements.

Sleeper Ballast Concrete slab Support layer Subgrade
Elastic Modulus (Pa) 3.65E10 1.2E8 3.50E10 3.30E8 1.80E8
Poisson ratio 0.167 0.25 0.167 0.25 0.25

At the junctions of the ballast tracks and the bridge, surface-surface contact elements are used
so that ballast at the interface with the bridge can move vertically with friction. However, the
longitudinal movement of ballast is constrained by the bridge. The silent boundary conditions are
applied on both ends of the model to reduce the wave reflection effect [34]. The bottom of the
embankment (subgrade layer) and the bridge (concrete layer) are fixed.

2.3  Vehicle model

The Vehicle model is idealized as a multibody system consisting of one carbody, two bogies and
four wheelsets. The primary and secondary suspensions are modelled by spring-damper elements.
The parameters of the vehicle are based on [52] and adapted to a Dutch passenger train [2, 53], as
given in Table 2.3.

Table 2.3. Vehicle parameters.

Parameter Value
Axle load (kN) 186.3
Distance between wheels (m) 2.5
Distance between axles (m) 20.0
Length of train body (m) 23.0
Primary suspension stiffness (N/m) 4.25E5
Primary suspension damping (N*s/m) 1.00E6

Secondary suspension stiffness (N/m) 4.68E5
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Secondary suspension damping (N*s/m) 6.50E4
Secondary suspension Bending stiffness (Nm/rad) 1.05E4

The wheel-rail interaction model is designed as a penalty function with the purpose to ensure

that the train nodes follow the line of the track. It does not attempt to account for the shape of
the rail profile. To calculated the interaction force, a linear force-deflection relationship is assumed
in compression, while no tensile force is generated [54]. The stiffness is derived from Hertz’s
theory, as shown in Equation (1) [55].

_ 3 3E2Q\/Rwheeerailprof
ky = *’W’ (1),

where: E is the modulus of elasticity of the wheel and rail; v is the Poisson’s ratio; Q is the static
vertical wheel load; Ry pee; is the radius of the wheel; Ry4i1pro is the radius of the railhead. In the
study, the contact stiffness is 1.2E9 N/m, following [56, 57] Nonlinear Hertzian spring is not used
due to the limitation of computational power.

2.4 Sleepers-ballast interface

Many studies (e.g. [2, 9, 15]) confirmed the existence of hanging sleepers in transition zones.
The presence of voids under these sleepers was proven to be strongly deleterious to the sleepers
and adjacent ballast [49, 57-59]. The dynamic behaviour of a railway sleeper highly depends on its
support condition [60-63]. Even a very small gap between a sleeper and ballast leads to an
increase in the interaction force as wheels approach the sleeper [64]. Therefore, it is essential to
model the contact between sleepers and ballast appropriately.

In order to accurately model the spatial movement of sleepers and consequent ballast stresses,
the contact elements are applied between sleepers and ballast. According to the penalty method
employed in the contact elements, the search for penetrations between the bottom surface of
sleepers and the top surface of ballast is made every time step during the calculation. When the
penetration between contact surfaces is found, a force proportional to the penetration depth is
applied to resist and ultimately eliminate the penetration. This force is obtained by placing the
normal interface springs between all penetrating nodes at contact surfaces [48]. The contact
stiffness is determined by the minimum of the slave and master stiffness, which is the stiffness of
the ballast in this case. The displacement of sleepers and ballast as well as the stresses of ballast
due to a passing vehicle are discussed in Section 2.5 and Section 4.2 respectively.

2.5 Modelling of settlement

Due to the contact elements, it is possible for sleepers to be separated from ballast. It provides
the possibility to simulate the hanging sleepers and differential settlement in transition zones.

As mentioned in Section 1, it is assumed that the rapid compaction of ballast tracks is
completed so that there is a differential settlement in the transition zone. It is achieved by
applying a downwards displacement only to the ballast and subgrade layers in the ballast tracks on
the both sides of the bridge, while the bridge remains unchanged. It is remarkable to note that the
value of the differential settlement is important, but difficult to measure precisely in reality. For
instance, the void under sleepers measured in [65] had an error of 3mm. The value of the
differential settlement used in this paper is selected from the values which are frequently reported
in the field measurements in transition zones [3, 4, 9], which are ranged from 2mm to 10mm. Then
the value is tuned by the field measurement of a transition zone (discussed in Section 3.2). As a
result, 4mm is used as the differential settlement in the model. It should be noted that 4mm is a
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relatively small value since the measured transition zone was in good condition. It is better to use
this value when studying the transition zones at the early stage of degradation.

It should also be noted that this study focuses on the simple type of transition structure
wherein the tracks on the embankment and the tracks on the bridge are connected without any
countermeasures. The reason for that was to eliminate the effects of countermeasures. In addition,
the non-countermeasure transitions are widely used in the Netherlands and the US [9, 66].

Because sleepers are clamped to rails by fasteners (as described in Section 2.2), voids under
sleepers occur after applying differential settlement and gravity forces. After the stabilization
phase, the sleepers near the bridge are hanging due to the bending resistance of rails. Figure 2.6
shows the vertical coordinates of the sleepers and the ballast at the bridge-embankment
transition after the model has reached the equilibrium state. For convenience, the sleepers are
numbered starting from the one closest to the bridge and have the positive sign on the bridge-
embankment transition (see Figure 2.6) and the negative sign on the embankment-bridge
transition (depending on the moving direction of the train). For example, the train passes Sleeper-
10 to Sleeper-1 when it approaches the bridge, and later the train passes Sleeper+1 to Sleeper+10
when it leaves the bridge. Since the sleeper space is 0.6m, the distance from the bridge to each
sleeper can easily be calculated. It should be noted that the coordinates of rails, sleepers and
ballast at the equilibrium state can be obtained depending on the value of the different settlement.
The capability to simulate the settlement curve of rails is one of the advantages of the model.

I e
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Figure 2.6. Vertical coordinates of rail, sleepers and ballast at the bridge-embankment transition
due to 4 mm settlement.

From Figure 2.6 it can be seen that the first 10 sleepers close to the bridge are hanging as a
result of the 4mm settlement. After Sleeper+11, the sleepers are fully supported by the ballast. It
can also be seen that the hanging distance of Sleeper+1 is the highest and the hanging distances of
other sleepers gradually reduce as the distance from the bridge increases. From Figure 2.6, it can
clearly be seen that the settlement curve of the rail near the bridge is nonlinear, which is neither a
straight line nor a parabola. The hanging values of the sleepers are presented as the difference
between the vertical coordinates of the sleepers and ballast. The same situation is observed on
the other side of the bridge (i.e. the embankment-bridge transition).

In the second phase of the simulation, the vehicle moves over the transition zone. Figure 2.7
shows the time history of the vertical coordinates of two sleepers (and the corresponding ballast
elements) located close and far from the bridge (i.e. Sleeper+2 and Sleeper+11).
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Figure 2.7. Time history of vertical coordinate due to the passing vehicle: Sleeper +2 (a) and
Sleeper+11 (b).

It can be seen from Figure 2.7 that Sleeper+2 was hanging before the train came (1.6s). When
the train moved above the sleeper during 1.6s to 2.4s, Sleeper+2 was pushed down and touched
ballast, which also generated the displacements of ballast. After 2.4s, Sleeper+2 returned to its
original hanging state, while Sleeper+12 was constantly rested on ballast. The significant
distinction of the dynamic displacements of these two sleepers is a result of the differential
settlement in the transition zone and may lead to the increase of wheel-rail contact forces and the
stresses in ballast, which is discussed in Section 4. This also highlights the advantage of the
transition zone model.

The mass-weighted nodal damping is applied globally to the nodes of the model. The track
random irregularity is not considered at the current stage, but it can be easily included in future
studies. The model is solved using the commercial software LS-DYNA. The study of the various
mesh sizes was performed prior to this study; however, it is not included due to the limited space.
Since the main focus of this study is on the sleeper-ballast connection, the mesh size of the ballast
is relatively small. The time-step is 1.3E-5s, and the calculation takes around 10 hours using an 8-
core (I7) workstation with High Parallel Computing (HPC).

3 Model validation

The validation of model includes three parts. First, the train/track model is validated, where a
section of the open track of the model (6m from the bridge, suggested by [37]) is compared with
the field and simulation results of open tracks from [37, 67, 68]. After that, the transition zone
model with the settlement is verified using the filed measurement performed by the authors of
this paper. At last, the carbody acceleration during the train passing the transition zone is
compared with the filed measurement results performed by the authors of this paper. The
parameters of the track model are same as Table 2.1 and Table 2.2.

3.1 Verification of the train/track model

The train/track model is compared with the result of a field measurement [67] and the similar
FE simulations in [37] and [68]. The field measurement was performed in a heavy haul line in
South Africa, where the velocity of the train was 47.5km/h and the axle load was 255kN. The FE
results in [68] were calculated using a 2D model in ABAQUS explicit software, where the same
velocity and axle load were applied. A more recent FE result in [37] was calculated using ABAQUS
explicit software, wherein a similar 3D train/track model was developed. The train moved at 71
km/h and the axle load was 250kN.
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Table 2.4. Comparison of the calculation results and the field measurement results from [67] and
the simulation results from [68] and [37].

Field 2D FE 3D FE Simulation
Components measurement Simulation simulation in

from [67] from [68] from [37] this paper
Vertical acceleration of sleeper (g) 3-11 - 10 3.9
Stress at the bottom of the ballast 100 112 104 816
layer (kPa)

In Table 2.4, the dynamic responses of sleeper and ballast are in reasonable agreement. The
results in this paper are slightly different from the others, which is mainly due to the variation of
axle load (186kN vs 255kN) and the difference in the vehicle configuration and velocity.

3.2 Verification of the displacements of the transition zone model

In this section, the results calculated using the transition zone model are compared with the
measurement results. The velocity of the vehicle in the model is adapted for the measurement,
which is 100km/h. The measurement device is DIC (Digital Image Correlation)-based device, which
is named Video Gauge System (VGS). The VGS is a contactless mobile device for measuring
displacements of selected targets as shown in Figure 2.8.

Figure 2.8. DIC-based device: (a) high speed camera, (b) operational system, and (c) targets on rails

or sleepers.

The main parts of the DIC-based device are the video cameras and the post-processing software
which recognizes and measures the target displacements. This technology allows monitoring non-
contact multi-point measurements of strain, rotation and displacement. In the normal monitoring
condition, the accuracy of 0.1mm can be achieved and the maximum measurement frequency is
up to 400Hz. More details could be found in [69, 70].

The vertical displacement of the rail in the transition zone was measured at different locations
during train passages, as shown in Figure 2.9. The transition zone includes two ballast tracks and
an embedded track on the bridge, which is similar to the numerical model. The sleepers are
numbered the same way as in the numerical model (see Section 2.5) according to the train
direction. The rail targets are located above the sleepers, and therefore they have the numbering
of the sleepers, as shown in Figure 2.9. It should be noted that the guardrails are usually used in
tracks near bridges. However, since the guardrails do not continue on bridges, their effect on the
performance of transition zones is negligible.
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Figure 2.9. Measurement setup.

The maximum of the vertical displacements of rails during train passages was collected and
compared with the simulation results as shown in Figure 2.10, wherein the black dots and crosses
correspond to the simulation and measurement results respectively. The passing trains were the
same as the one used in the model (see Table 2.3). The differential settlement used in the model
was 4mm. From Figure 2.10, it can be seen that the measured and simulated displacements follow
the same pattern, i.e. they increase near the bridge and decrease as the distance from the bridge
increases. Also, the magnitude of the measured and simulated displacements is very close, which
means that settlement assumed in the numerical model is close to the actual settlement of the
measured transition zone. Therefore, the numerical model is capable of describing the major
behaviour of the transition zone.
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Figure 2.10. Comparison between measurements and simulation: black dots - simulation and cross
- measurement results.

The detailed comparison between the measured and simulation results is given in Figure 2.11.
The monitoring points of rail above the 2" sleepers (i.e. Rail-2 and Rail+2) and the 11% sleepers (i.e.
Rail-11 and Rail+11) on both sides of the bridge are selected, since the rail sections above the 2"
sleeper have large displacements, while the rail sections above the 11™ sleeper have small
displacements. In Figure 2.11, the rail displacements are compared in the time and frequency
domains, while the letters S and M indicate the simulation and measurement results respectively.
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In the time domain, the peaks in the curves of rail displacements correspond to the wheelsets of
vehicles, where two closer peaks are from one bogie. Because only one vehicle is modelled in the
simulation, the peaks in the simulation results are less than those in the measurement results. In
the frequency domain, the results are filtered using a low-pass filter with the cutting frequency of

35Hz.
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Figure 2.11. Detailed comparisons of measurement and simulation results in the time domain and
in the frequency domain.

Both Figure 2.10 and Figure 2.11 show that the simulation results are in a good correlation with
the measurement data both in the time and the frequency domains. It can be concluded that the
model is able to describe the dynamic behaviour of transition zones.

3.3 Verification of the carbody acceleration of the transition zone model

The calculated carbody acceleration is compared with the results of field measurement, as
shown in Figure 2.12. The accelerometer was installed at the window near the front bogie of the
vehicle in the measurement. The node at the similar location is selected from the vehicle model.
Again, a reasonable agreement can be found. The simulation result is more stable than the
measurement results except in the transition zones. It is because the track irregularity is not
considered in the model.



Paper 11 97

imulation
069 Embankment —— Measurement;
/

\ Bridge Embankment

-l

0.4 T 1

Acceleration (m/s?)

0.8 1.2 16 2.0
Time (s)

Figure 2.12. Comparison between the calculated carbody acceleration and the measured carbody
acceleration.

All the comparisons show that the numerical model can provide reasonable results. Therefore,
the model is used further in this study. It should be noted that since this study focuses on the
dynamic responses of sleepers and ballast, the validation of the model is conducted in the low-
frequency range rather than the high-frequency range (e.g. wheel-rail interaction).

4  Case study: the dynamic behaviour transition zones.

In this section, the transition zones with and without differential settlement are analysed using
the proposed FE model. It should be noted that the transition zone with settlement refers to the
transition zone considering both differential stiffness and settlement, while the transition zone
without settlement refers to the transition zone considering only the differential stiffness. The
differential settlement is set to 4mm as previously discussed and the dynamic responses due to
the moving vehicle, such as wheel forces, rail stresses, and carbody acceleration, are obtained and
analysed. Extra attention in the analysis is given to the stress distribution in ballast. The velocity of
the vehicle is 144km/h, which is a typical operational velocity in the Dutch railway system.

4.1 Wheel forces

Figure 2.13 shows the wheel forces corresponding to four wheelsets passing the transition
zones with and without the differential settlement. The horizontal axle represents the distance
along the transition zone model. The bridge is located between 48m and 72m. The wheel loads on
the bridge are not considered in this study and therefore these responses are covered by the
shaded area in Figure 2.13. The maximal wheel forces of four wheelsets and their amplifications
w.r.t. the average wheel forces far from the bridges are collected in Table 2.5.
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Figure 2.13. Wheel load of four wheelsets, simulations with and without settlement: (a) Wheel 1,
(b) Wheel 2, (c) Wheel 3, and (d) Wheel 4.
Table 2.5. Calculation results of wheel loads.

Wheelset No. 1 2 3 4
Max wheel load, no settlement (KN) 93.1 93.1 93.1 93.1
Embankment-bridge Increase (w.r.t. tangent track) 0% 0% 0% 0%
transition Max wheel load, settlement (KN) 136.4 172.8 1369 178.0
Increase (w.r.t. tangent track) 46.5% 85.6% 47.0% 91.2%
Max wheel loads, no settlement (KN) 113.2 117 112.8 119
Bridge-embankment Increase (w.r.t. tangent track) 21.6% 25.7% 21.2% 27.8%
transition Max wheel loads, settlement (KN) 146.3 140.8 148.2 1333
Increase (w.r.t. tangent track) 57.1% 51.2% 59.1% 43.1%

From Figure 2.13 the increase of the wheel forces before and after the bridge can clearly be
seen. Also, from Figure 2.13 and Table 2.5 it can be seen that the amplification of the wheel forces
in the case of the differential stiffness and settlement is much higher than that of the differential
stiffness alone. It means that the effect of settlement is very important and should be taken into
account when analysing and improving the transition zone performance.

Moreover, from these results, it can be seen that the amplification of the forces is the highest
(91.2%) in the case of embankment-bridge transition and caused by the 4™ wheelset (P3 in Figure
2.13d). In the bridge-embankment transition, the forces are also increased (59.1%) and caused by
the 3™ wheelset (P1 in Figure 2.13c). However, in the case of the differential stiffness alone, the
wheel forces are only increased in the bridge-embankment transition. These results show that the
dynamic responses of the embankment-bridge and bridge-embankment transitions should be
analysed separately.

In order to better understand the effect of the vehicle dynamics on the increase of the wheel
forces in the transition zone, the bogie position at three moments is shown in Figure 2.14. It
should be noted that the vertical displacements are magnified 50 times to show the rotation of the
bogies clearly. In addition, a large deformation of the rail can be observed as well as the sleepers
“sinking” to the ballast.

These moments corresponding to the highest wheel loads P1-P3 are shown in Figure 2.13. The
P1 is the highest wheel load in the bridge-embankment transition that occurs when the rear bogie
is half on the bridge and half on the embankment. The location of this force defined by the length
of the bogie is between Sleeper+2 and Sleeper+3. This location correlates very well with the
settlement location observed in the bridge-embankment transition (see the measurement results
in Section 3.2).
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Figure 2.14. Motion of the front bogie corresponding to 3 highest forces (P1-P3) in Figure 2.13c,d.

When considering the embankment-bridge transition, the maximal wheel force (Table 2.5) is
caused by the 4" wheelset of the rear bogie (the force P3 in Figure 2.13d). As it can be seen from
Figure 2.14, the P3 force just like the P1 force is caused by the pitch motion of the bogie. This pitch
motion is caused by the presence of the settlement and also affected by the stiffness of
suspensions. Also, from this figure, it can be seen that the P3 force is acting on the rail above
Sleeper-1, the nearest one to the bridge. The settlement affected zone in the embankment-bridge
transition can be estimated by the first increase of the wheel force in this area that is P2 (see
Figure 2.13). This force is also due to the pitch motion of the bogie and its location (Sleeper-3 —
Sleeper-4 in Figure 2.14) is also defined by the length of the bogie. The settlement affected zone in
the embankment-bridge zone (Sleeper-4 —Sleeper-1) defined by the P2-P3 forces correlates well
with the field observations [69].

Finally, from these results, it can be concluded that the increase of the wheel forces observed in
the simulations can be used to explain the high degradation rate of the track in transition zones
observed in the field. Also, the simulation results have shown that the location of these forces
(and therefore) is defined by the vehicle dynamics and in particular by the geometrical properties
of the bogie. It should be noted that the maximal wheel forces of the first wheel set and their
locations are similar to the second wheelset and therefore not shown here.

4.2 Ballast stress

The stresses in the ballast layer caused by the passing trains are discussed in this section. It
should be noted that the response of unbound granular materials like ballast is non-linear, which
affects the calculated distribution of stresses inside the ballast. However, for the short-term
behaviour analysis in this study, the linear model is used as a first attempt, which is a typical
approach e.g. in [20, 37] due to the limitation of the computational power. Moreover, the ballast
bed in this model is assumed to be well compacted (after the rapid compaction). At the moment
the sleeper contacting the top of the ballast, the ballast elements on the top can be simplified as
linear materials.

In order to compare the ballast responses at the different locations, the ballast elements under
one sleeper are considered as a group (unit), which are 128 elements (32*4=128, there are 4
elements on the wide side and 32 elements on the long side, see Figure 2.15). The maximal
vertical stress in all ballast elements during the train passage is collected first. Then the average
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values of these stresses within each group (under a sleeper) have been obtained. These stresses
obtained in the simulations with and without settlement are shown in Figure 2.15.
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Figure 2.15. Average vertical stress in ballast, simulations with and without the settlement.

From Figure 2.15 it can be seen that the stress of the ballast at the relatively distant location
from the bridge (e.g. 40-46m and 78-80m) is stable, which is around 125kPa. Considering the
sleeper area, which is 0.576m? (2.4m*0.24m), the static pressure is: 186KN (wheel load)*40 %
(Transfer ratio) /0.576m? = 125kPa. Moreover, it is also reasonable comparing to the
measurement results provided in [28], wherein the ballast stress is within 160-230Kpa. The reason
why the calculation results are smaller can be explained by the smaller axle loads. Moreover, the
stress of 125kPa is an average of the ballast beneath one sleeper, while the in measurement [28],
only the ballast underneath the rail was tested, which is higher than the average.

It also can be seen from Figure 2.15 that, in general, the ballast stresses in case of the
differential settlement and stiffness is much higher than the stresses caused by the differential
stiffness alone. Therefore, the differential settlement must be considered when studying the
degradation of transition zones.

Also, it can be seen that the ballast stresses (see Figure 2.15) and the wheel forces (see Figure
2.13) mostly correlate well. However, in some locations near the bridge, the ballast stresses in the
presence of the settlement are lower than that without the settlement (Figure 2.15), even though
the wheel loads are increased (see Figure 2.13). The significantly lower stresses under the sleepers
closest to the bridge (Sleeper-1 and Sleeper+1) can be explained by their hanging due to the
settlement (see Figure 2.6). The danger of this situation is that the stresses in the rails in these
locations are extremely higher since the rails over there are not supported (the stresses in rails will
be discussed in Section 4.3). These high stresses can result in rail damage due to crack initiation in
the rail foot, which is usually observed in the field. It should also be noted that, in the simulation of
the transition zone with the settlement, the ballast stresses under Sleeper+1, +3 and +4 are
reduced. The slight reduction of the ballast stresses under Sleeper+3 and Sleeper+4 can be
explained by the inertia ('flying’) effects due to the vehicle velocity, which is in agreement with the
theoretical analysis in [17].

Another observation from the stresses results (see Figure 2.15) is that the ballast-stress-
affected zones in the two transition zones are different. In the embankment-bridge transition, the
ballast stresses are increased within a much shorter zone (2.1m) as compared to the bridge-
embankment transition (5.1m). However, the amplification of the stresses in the bridge-
embankment transition is smaller than that in the embankment-bridge transition. It agrees well
with the increase of the wheel loads in Figure 2.13. These results explain the length of the affected
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zones in both transitions and can be used, for instance, when selecting and planning the ballast
maintenance activities.

Detailed analysis of the ballast stresses is given in Figure 2.16, wherein the stress distribution
under Sleeper-2 is shown. Sleeper-2 is selected since it is the highest in Figure 2.15. The stress
distribution is at the moment that the wheel was exactly above the ballast (sleeper), and 4
moments are corresponding to 4 wheels are collected. Moreover, the stresses are due to each
passing wheelset (when the wheelset is on this sleeper) with and without settlement are shown in
Figure 2.16. The maximum values of these stresses are also collected in Table 2.6. The grey surface
in Figure 2.16 corresponds to the limit of the ballast plastic deformation. The value of this limit
(165KPa) was obtained experimentally in [71].

Sleeper-2 (no settiement) under W1 Sheapes-2 (n0 settlomant) undee W1

d

Figure 2.16. Ballast stress distribution under Sleeper-2 due to passing wheelsets: a, ¢, e, g - without
the settlement; b, d, f, h - with the settlement.
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Table 2.6. Maximum stress in ballast under Sleeper-2 under four wheelsets
Wheelset No. 1 2 3 4
Max stress, No settlement (KPa) 151.1 147.2 1389 151.9
Max stress, Settlement (KPa) 143.2 140.2 130.3 259.4
From Figure 2.16a-d, it can be seen that in the no settlement case the ballast stress distribution

due to each wheelset is similar, where the stresses are higher at the sleeper ends. However, when
the ballast settlement is introduced (see Figure 2.16e-h), the effect of the sleeper motion (due to
its bending mode) can be seen in Figure 2.16e, wherein the high stresses in ballast observed in the
middle of the sleeper. Also, the ballast stresses due to the 4™ wheelset exceed their plastic limit.
This will result in permanent deformation of ballast and further contributes to ballast settlement.

These results correlate well with the field observations described in [69] that the large
settlement was found at Sleeper-2. Also, these results demonstrate the necessity of the ballast
stress analysis when analysing the transition zone behaviour.

4.3  Rail stresses and train accelerations

The rail stress in the transition zones and the acceleration of carbody in both cases with and
without settlement are analysed in this section.

As mentioned before, the rail is simulated by beam elements with the length of 75mm (8
elements in a sleeper space). The maximum normal stress of each rail element is obtained and
shown in Figure 2.17, where the two cases are also compared. It should be noted that normal
stress is mean value of the left and the right rails.
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Figure 2.17. Normal stresses in rail, simulations with and without the settlement.

These results confirm the discussion of the ballast stress results from the previous section. The
stresses in the rails are extremely higher in the case of settlement, especially near the bridge (i.e.
Sleeper-1 and Sleeper+1), where the sleepers are not supported by ballast due to the settlement
(see Figure 2.15). When no settlement is introduced, the stresses in the rails are only slightly
higher near the bridge.

To analyse the effect of the differential settlement to the passenger’s comfort, the vertical
accelerations of carbody in the cases with and without settlement are compared and shown in
Figure 2.18. A node on the carbody above the front bogie is picked in both cases.
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Figure 2.18. Vertical acceleration of the train body, simulations with and without the settlement.
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Figure 2.18 shows that the vertical accelerations in both cases are increased in the transition
zones. The acceleration in the settlement case is 3 times higher than that in the case without the
settlement. Also, the acceleration in the embankment-bridge transition is much higher than that in
the bridge-embankment transition. The maximum acceleration (0.55m/s?) in the presence of
settlement has already exceeded the maximum permissible acceleration of 0.49m/s? [20]. The
increase of the accelerations highly depends on the vehicle velocity and it can be crucial in case of
high-speed trains leading to deterioration of the passenger’s comfort [72]. The rail stresses and
the vehicle acceleration results again have proved the necessity of taking differential settlement
into account when analysing the transition zone behaviour.

5  Conclusion

A 3D explicit dynamic finite element model of the track transition zone with differential
settlement has been developed. The model uses the contact elements for modelling the
connection between sleepers and the ballast, bilinear springs for modelling fastening system and
Hertzian spring for modelling wheel-rail contact. It is capable of modelling the transition zones
with the differential settlement, a realistic settlement curve of rail and the hanging sleepers.
Dynamic responses such as dynamic wheel forces, the hanging distance of sleepers as well as
ballast stresses can be obtained. The numerical results obtained by the model are compared with
the field measurement results, and a reasonable correlation between them was found, which
means that the numerical model is capable of describing the major behaviour of transition zones.
Using the model, the transition zones with and without settlement are calculated. Through the
analysis of the dynamic behaviour of track components under the train passage, the following
conclusions can be drawn.

The results of the simulations have well shown that both differential stiffness and differential
settlement result in the increase of the dynamic responses (i.e. wheel force, ballast stress, rail
stress and train acceleration), while the increase caused by the settlement is much higher than
that generated by the differential stiffness alone. Considering the differential settlement is
inevitable after a few months of operation, the differential settlement should be taken into
account when analysing and improving the transition zone performance.

The dynamic responses of the embankment-bridge and the bridge-embankment transitions are
different. The affected zone in the bridge-embankment transition is longer and the value of the
dynamic responses is increased to a smaller extent. On the contrary, the embankment-bridge
transition only increases the dynamic responses in a short zone in the embankment close to the
bridge but with higher values. As a result, the countermeasures of the two transitions should be
considered differently.

When the bogie is half on the bridge and half on the embankment, the wheel force is increased
mostly due to the pitch motion of the bogie. The location where the increase occurs is defined by
the vehicle dynamics and in particular by the geometrical properties of the bogie.

In the transition zones with the settlement, the ballast closest to the bridge has lower stresses
while the stresses in rails above are increased. Also, ballast stress distribution is not only defined
by the increased wheel force due to the pitch movement of the vehicle, but also by the spatial
movement of the hanging sleepers. Thus, it is necessary to consider both the vehicle movement
and sleeper movement in future studies of transition zone degradation.




104 Part 11: Appended Papers

Reference

1. Li D, Otter D and Carr G. Railway bridge approaches under heavy axle load traffic:
problems, causes, and remedies. Proceedings of the Institution of Mechanical Engineers, Part F:
Journal of Rail and Rapid Transit. 2010; 224: 383-90.

2. Zuada Coelho B. Dynamics of railway transition zones in soft soils (Doctoral dissertation).
2011.

3. Varandas JN, Holscher P and Silva MAG. Dynamic behaviour of railway tracks on transitions
zones. Computers & Structures. 2011; 89: 1468-79.

4, Holscher P and Meijers P. Literature study of knowledge and experience of transition

zones. Delft: report. 2007.
5. Sasaoka C and Davis D. Long term performance of track transition solutions in revenue
service. Technology Digest TD-05-036, Transportation Technology Center. Inc, Association of
American Railroads. 2005.

6. Hyslip JP, Li D and McDaniel C. Railway bridge transition case study. Bearing Capacity of
Roads, Railways and Airfields 8th International Conference (BCR2A'09). 2009.
7. Gallage C, Dareeju B and Dhanasekar M. State-of-the-art : track degradation at bridge

transitions. Proceedings of the 4th International Conference on Structural Engineering and
Construction Management 2013. 2013.

8. Paixao A, Fortunato E and Calcada R. Design and construction of backfills for railway track
transition zones. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and
Rapid Transit. 2013; 229: 58-70.

9. Stark TD and Wilk ST. Root cause of differential movement at bridge transition zones.
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit.
2015.

10. Alves Ribeiro C, Paixdo A, Fortunato E and Calgada R. Under sleeper pads in transition
zones at railway underpasses: numerical modelling and experimental validation. Structure and
Infrastructure Engineering. 2014; 11: 1432-49.

11. Coelho B, Holscher P, Priest J, Powrie W and Barends F. An assessment of transition zone
performance. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and
Rapid Transit. 2011; 225: 129-39.

12. Lei X and Zhang B. Influence of track stiffness distribution on vehicle and track interactions
in track transition. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail
and Rapid Transit. 2010; 224: 592-604.

13. Nicks JE. The bump at the end of the railway bridge (Doctoral dissertation). Texas A&M
University, 2009.

14. Read D and Li D. Design of track transitions. TCRP Research Results Digest 79. 2006.

15. Li D and Davis D. Transition of railroad bridge approaches. Journal of Geotechnical and
Geoenvironmental Engineering. 2005.

16. Thompson DR and Woodward PK. Track stiffness management using the XiTRACK
GeoComposite. Permanent Way Institution Journal and Report of Proceedings. 2004, p. 135-8.

17. Kerr AD and Moroney BE. Track transition problems and remedies. PROC of the American
railway engineering association. 1993; 94: 25.

18. (ERRI) ERRI. Bridge ends. Embankment Structure Transition. State of the Art Report. 1999.



Paper 11 105

19. Selig ET and Waters JM. Track geotechnology and substructure management. Thomas
Telford, 1994.

20. Banimahd M, Kennedy J, Medero GM and Woodward PK. Behaviour of train—track
interaction in stiffness transitions. Proceedings of the Institution of Civil Engineers-Transport. 2012;
165: 205-14.

21. Dahlberg T. Railway Track Stiffness Variations-Consequences and Countermeasures.
International Journal of Civil Engineering. 2010; 8.

22. Hunt H. Settlement of railway track near bridge abutments. Proceedings of the Institution
of Civil Engineers-Transport. Thomas Telford-ICE Virtual Library, 1997, p. 68-73.

23. Frohling RD, Scheffel H and EbersOHn W. The Vertical Dynamic Response of a Rail Vehicle
caused by Track Stiffness Variations along the Track. Vehicle System Dynamics. 1996; 25: 175-87.
24, Li Z and Wu T. Vehicle/track impact due to passing the transition between a floating slab
and ballasted track. Noise and Vibration Mitigation for Rail Transportation Systems. Springer, 2008,
p. 94-100.

25. Namura A and Suzuki T. Evaluation fo countermeasures against differential settlement at
track transitions. QR of RTRI. 2007; 48.
26. Lundgvist A, Larsson R and Dahlberg T. Influence of railway track stiffness variations on

wheel/rail contact force. Track for High-Speed Railways, Porto, Portugal. 2006.

27. Sato Y. Japanese Studies on Deterioration of Ballasted Track. Vehicle System Dynamics.
1995; 24: 197-208.
28. Indraratna B, Nimbalkar S, Christie D, Rujikiatkamjorn C and Vinod J. Field assessment of

the performance of a ballasted rail track with and without geosynthetics. Journal of Geotechnical
and Geoenvironmental Engineering. 2010; 136: 907-17.

29. Dahlberg T. Some railroad settlement models—a critical review. Proceedings of the
Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit. 2001; 215: 289-300.
30. Gerber U and Fengler W. Setzungsverhalten des Schotters. ETR Eisenbahntechnische
Rundschau. 2010; 59: 170-5.

31. Varandas JN, Holscher P and Silva MAG. A Settlement Model for Ballast at Transition Zones.
Proceedings of the Tenth International Conference on Computational Structures Technology. 2010.
32. Lei X and Mao L. Dynamic response analyses of vehicle and track coupled system on track
transition of conventional high speed railway. Journal of Sound and Vibration. 2004; 271: 1133-46.
33. Zhai WM and True H. Vehicle-track dynamics on a ramp and on the bridge: simulation and
measurement. Vehicle System Dynamics. 1999; 33: 11.

34. Lundqvist A and Dahlberg T. Load impact on railway track due to unsupported sleepers.
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit.
2005; 219: 67-77.

35. Banimahd M and Woodward PK. 3-Dimensional Finite Element Modelling of Railway
Transitions. 9th International Conference on Railway Engineering. 2007.

36. Shahraki M, Warnakulasooriya C and Witt KJ. Numerical study of transition zone between
ballasted and ballastless railway track. Transportation Geotechnics. 2015; 3: 58-67.

37. Shi J, Burrow MPN, Chan AH and Wang YJ. Measurements and simulation of the dynamic
responses of a bridge-embankment transition zone below a heavy haul railway line. Proceedings of
the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit. 2012; 227: 254-68.




106 Part 11: Appended Papers

38. Shan Y, Albers B and Savidis SA. Influence of different transition zones on the dynamic
response of track—subgrade systems. Computers and Geotechnics. 2012; 48: 21-8.

39. Ribeiro CA. Embankment-structure transitions on high speed railway lines: experimental
and numerical analysis. PhD thesis. 2012.

40. Seara | and Correia AG. Performance assesment solutions for transition zones
embankment-bridge railways trough numerical simulation 3D. Semana de Engenharia 2010. 2010.
41. Galvin P, Romero A and Dominguez J. Fully three-dimensional analysis of high-speed train—
track—soil-structure dynamic interaction. Journal of Sound and Vibration. 2010; 329: 5147-63.

42, Gallego Giner | and Loépez Pita A. Numerical simulation of embankment—structure
transition design. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail
and Rapid Transit. 2009; 223: 331-43.

43. Cai C, Zhai W, Zhao T, Tian L and Wang Z. Research on dynamic interaction of train and
track on roaded-bridge transition section. Journal of Traffic and Transportation Engineering. 2001;
1:17-9.

44, Safiudo R, Markine V and Dell'Olio L. Optimizing track transitions on high speed lines.
IAVSD2011. 2011.

45, Wang H, Markine V and Shevtsov |. Conference presentation in the of The Analysis of
Degradation Mechanism in Track Transition Zones using 3D Finite Element Model. Proceedings of
the Second International Conference on Railway Technology: Research, Development and
Maintenance, J Pombo,(Editor), Civil-Comp Press, Stirlingshire, United Kingdom, paper 227, 2014
doi: 104203 /ccp. 2014.

46. H. Wang, V. L. Markine, Shevtsov IY and Dollevoet R. Analysis of the Dynamic Behaviour of
a Railway Track in Transition Zones With Differential Settlement. 2015 Joint Rail Conference, San
Jose, California, USA, March 2015. 2015, p. 7.

47. Wang H, Markine VL, Dollevoet R and Shevtsov IY. Improvement of train-track interaction
in transition zones via reduction of ballast damage. The Dynamics of Vehicles on Roads and Tracks.
CRC Press, 2016, p. 1173-84.

48. Hallquist JO. LS-DYNA theory manual. Livermore software Technology corporation. 2006; 3:
25-31.

49. Rezaei E and Dahlberg T. Dynamic behaviour of an in situ partially supported concrete
railway sleeper. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and
Rapid Transit. 2011; 225: 501-8.

50. Zhai WM, Wang KY and Lin JH. Modelling and experiment of railway ballast vibrations.
Journal of Sound and Vibration. 2004; 270: 673-83.

51. Varandas JN, Holscher P and Silva MA. Settlement of ballasted track under traffic loading:
Application to transition zones. Proceedings of the Institution of Mechanical Engineers, Part F:
Journal of Rail and Rapid Transit. 2013; 228: 242-59.

52. Iwnick S. Manchester Benchmarks for Rail Vehicle Simulation. Vehicle System Dynamics.
1998; 30: 295-313.
53. Wan C, Markine VL and Shevtsov IY. Improvement of vehicle-turnout interaction by

optimising the shape of crossing nose. Vehicle System Dynamics. 2014; 52: 1517-40.
54. Hallquist JO. LS-DYNA Keyword User’s Manual. LSTC Co., Livermore, CA, 2007.
55. Esveld C. Modern railway track. MRT-productions Zaltbommel, The Netherlands, 2001.



Paper 11 107

56. Paixdo A, Fortunato E and Calgada R. Transition zones to railway bridges: Track
measurements and numerical modelling. Engineering Structures. 2014; 80: 435-43.

57. Grassie S and Cox S. The dynamic response of railway track with unsupported sleepers.
Proceedings of the Institution of Mechanical Engineers, Part D: Journal of Automobile Engineering.
1985; 199: 123-36.

58. Olsson E and Zackrisson P. Long-term measurement results, Final report. Banverket,
Technical Report, 2002.
59. Augustin S, Gudehus G, Huber G and Schiinemann A. Numerical model and laboratory

tests on settlement of ballast track. System dynamics and long-term behaviour of railway vehicles,
track and subgrade. Springer, 2003, p. 317-36.

60. Kumaran G, Menon D and Krishnan Nair K. Dynamic studies of railtrack sleepers in a track
structure system. Journal of Sound and Vibration. 2003; 268: 485-501.

61. ISHIDA M, MOTO T, KONO A and JIN Y. Influence of Loose Sleeper on Track Dynamics and
Bending Fatigue of Rail Welds. Quarterly report of RTRI. 1999; 40: 80-5.

62. Nielsen JC and Igeland A. Vertical dynamic interaction between train and track influence of
wheel and track imperfections. Journal of Sound and Vibration. 1995; 187: 825-39.

63. Plenge M and Lammering R. The dynamics of railway track and subgrade with respect to
deteriorated sleeper support. System dynamics and long-term behaviour of railway vehicles, track
and subgrade. Springer, 2003, p. 295-314.

64. Gustavson R and Gylltoft K. Infuence of cracked sleepers on the global track response:
Coupling of a linear track model and nonlinear finite element analyses. Proceedings of the
Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit. 2002; 216: 41-51.

65. Coelho Z. Dynamics of railway transition zones in soft soils. 2011.

66. Stark TD, Wilk ST and Sussmann TR. Evaluation of tie support at transition zones.
Transportation Research Record: Journal of the Transportation Research Board. 2015: 53-8.

67. Grabe PJ, Clayton CRI and Shaw FJ. Deformation measurement on a heavy haul track
formation. In: Janeiro Rd, (ed.). Proc, of the 8th Int Heavy Haul Conf. Brazil: International Heavy
Haul Association, 2005, p. 287-95.

68. Yang LA, Powrie W and Priest J. Dynamic Stress Analysis of a Ballasted Railway Track Bed
during Train Passage. J Geotech Geoenviron Eng. 2009; 135: 680.

69. Markine V, Wang H and Shevtsov I. Experimental Analysis of the Dynamic Behaviour of a
Railway Track in Transition Zones. Proceedings of the Ninth International Conference on
Engineering Computational Technology, P Ivanyi and BHV Topping, (Editors), Civil-Comp Press,
Stirlingshire, United Kingdom, paper 3, 2014. 2014.

70. Wang H, Markine V and Shevtsov |. The Analysis of Degradation Mechanism in Track
Transition Zones using 3D Finite Element Model. Proceedings of the Second International
Conference on Railway Technology: Research, Development and Maintenance, J Pombo,(Editor),
Civil-Comp Press, Stirlingshire, United Kingdom, paper 227, 2014 doi: 104203/ccp. 2014.

71. Sato Y. Optimization of track maintenance work on ballasted track. Proceedings of the
World Congress on Railway Research. 1997, p. 405-11.

72. Li MXD and Berggren EG. A study of the effect of global track stiffness and its variations on
track performance: simulation and measurement. Proceedings of the Institution of Mechanical
Engineers, Part F: Journal of Rail and Rapid Transit. 2010; 224: 375-82.




108 Part 11: Appended Papers




Paper 111

Modelling of the long-term behaviour of transition zones: Prediction of track settlement
Haoyu Wang, Valeri Markine?

1Delft University of Technology, Delft, the Netherlands

Published by Engineering Structures, 156, (2018), pp.294-304.

Abstract

Transition zones in railway tracks are the locations with considerable changes in the vertical
support structures. Typically, they are located near engineering structures, such as bridges,
culverts, tunnels and level crossings. In such locations, the variation of the vertical stiffness and
the differential settlement of the track (when the foundation settles unevenly) result in
amplification of the dynamic forces acting on the track. This amplification contributes to the
degradation process of ballast and subgrade, ultimately resulting in the deterioration of vertical
track geometry (settlement).

To analyse and predict the accumulated settlement of the track in transition zones, a
methodology using the iterative procedure is proposed. The methodology includes the finite
element simulations of the vehicle-track and sleeper-ballast interaction during a train passing a
transition zone; and iterative calculations of accumulated track settlement, based on an empirical
model for ballast settlement.

The simulations are performed using a 3-D dynamic finite element model (explicit integration) of
a track transition zone, which accounts for the differential stiffness and the differential settlement
of the track. Also, nonlinear contact elements between sleepers and ballast are used. As a result,
the model can perform the detailed analysis of the stresses in ballast and accounts for the effects
of vehicle dynamics. The model was validated against field measurements. The empirical
settlement model describes the two-stage settlement of ballast and the nonlinear relationship
between ballast stresses and permanent settlement.

The proposed methodology is demonstrated by calculating the track settlement in the
transition zone for 60,000 loading cycles (3.5 MGT). The dynamic responses such as ballast stresses
are analysed to study the effect of the settlement. The parametric study of the iteration step used
in the accumulated settlement procedure has been performed, based on which the optimal step is
suggested.

Keywords
Railway track modelling, Transition zone, Empirical settlement model, Settlement prediction.
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1 Introduction

Transition zones in railway tracks are locations with considerable changes of the vertical support
structures. Typically, they are located near engineering structures, such as bridges, culverts,
tunnels, and level crossings. In such locations, the variation of the vertical stiffness and the
differential settlement of the track (when the foundation settles unevenly) result in amplification
of the dynamic forces acting on the track. This amplification contributes to the degradation
process of ballast and subgrade, ultimately resulting in the deterioration of the vertical track
geometry (settlement), which typically manifests itself in a ‘dip’ in the vertical geometry profile of
the track. An example of a track deflection profile obtained by the measurement train in a
transition zone is shown in Figure 3.1. Figure 3.1 shows the signature of the track deformation
under the passage of Eurailscout UFM120 [1]. This deformation signature was derived from the
measured acceleration signature using a double integration method. Figure 3.1 identifies the

embankment and bridge lengths.
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Figure 3.1: Measured track deflection profile in a track transition zone in the Netherlands by
EurailScout.

The track profile in Figure 3.1 shows that two significant deflections appear before and after the
bridge, indicating that the track suffers from extra settlements. Such dips are often reported in the
literature [2-6]. According to a survey of nine railway companies in the US, approximately half of
all railway bridges were affected by dips [7]. Such a significant irregularity in the track geometry
may trigger considerable wheel-rail interaction forces, which may result in extensive damage to
track components, affect passenger’s comfort, and lead to even larger permanent settlements.
Ultimately, it may raise the need for additional maintenance and hence increase the life cycle costs
of tracks. For example, the maintenance activities on the track in transition zones are performed
4-8 times more often than that on the open tracks in the Netherlands [8, 9].

The dynamic behaviour of transition zones including level crossings has already been studied, in
[2, 6, 10-32]. In these studies, the short-term behaviour (i.e. behaviour due to a single passage of a
train) of track in transition zones was analysed. However, in an exhaustive review of transition
zones [32], Safiudo et al. indicated that the studies on the long-term behaviour of the track in
transition zones are somewhat lacking. Except in [10, 33], the settlement in transitions was
predicted using 2D beam-spring track models combining with empirical models.

This paper presents a methodology to predict the accumulated settlement of the track in
transition zones. The methodology combines a 3D FE (finite element) model of the transition zone
and an empirical model for ballast settlement. The FE model has several novel features to
thoroughly consider the nonlinearity of the sleeper-ballast contact (surface to surface contact [34],
further explained in Section 3.1) as compared to the existing models. In addition, an iterative
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procedure is used to predict the settlement in transition zones, wherein the transition zone model
is coupled with the ballast settlement model based on the relationship between ballast stress and
settlement [35]. In addition, the parametric study of the prediction procedure is performed.

In comparison to the existing methodologies, the proposed methodology can predict more
precisely the settlement of transition zones, albeit the process would be computationally more
expensive. The highlights of the methodology are as following:

e  Behaviour of hanging sleepers in transition zones is more accurately described, since

contact elements are used to model the interface between sleepers and ballast;

e  More realistic settlement curve of rails and the hanging distance of sleepers can be

obtained, using pre-loading step in the explicit FE analysis;

e The stresses in ballast and the effects of vehicle dynamics can be calculated;

e The nonlinear relationship between ballast stresses and settlement is considered in the

settlement model.

The methodology provides a basis to study the growth of ballast settlement and the geometry
degradation of tracks in transition zones. Also, the dynamic responses due to the ballast
degradation can be analysed. The methodology can also be used for the comparative analysis of
various transition designs. The methodology was originally presented in [36]. The main parts of the
procedure are:

)] simulation of the vehicle-track and sleeper-ballast interaction during a train passing the
transition zone, using the 3-D FE transition zone model, to obtain the stresses in the
ballast;

(1) calculation of the track settlement for a given number of loading cycles based on the
ballast stresses, using the empirical settlement model;

() adjusting the FE transition zone model based on the calculated settlement under each
sleeper for the step (1) in the next iteration.

The paper is organised as follows. The studies on track settlement are reviewed in Section 2.
The FE transition zone model, the empirical settlement model of ballast track, and the integration
of models are described in Section 3. In Section 4, the iteration scheme is demonstrated by
calculating the track settlement in the transition zone for 60,000 loading cycles, or 3.5 MGT
(Million Gross Tonnes). Also, the dynamic responses such as the ballast stress at 0 and 60,000
cycles (3.5 MGT) are compared to study the effect of settlement. In addition, the parametric study
of the iteration step is performed. Finally, conclusions are drawn in Section 5.

2  Theory of settlement in transition zones

In [3], the average track settlements on open tracks, approaching zones and bridges were
measured on several transition zones, as shown in Figure 3.2. The settlement is accumulated
within one maintenance interval, which was 80 MGT of traffic. This figure shows that the
settlement on the open track is higher than that on the bridge, and the settlement on the
approaching zone is higher than that on the open track. It should be noted that the tracks on
bridges in this study are ballast track; therefore the settlement of tracks on bridges is not zero.
These findings in Figure 3.2 are in agreement with the deflection of the track shown in Figure 3.2.
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Figure 3.2: Comparison of the settlement in different locations of the transition zones, plotted
according to [3].
The high settlement appearing in transition zones usually results from the following three

aspects:

(n the differential settlement between ballast tracks and engineering structures, which can
also be considered as the geometrical irregularity, playing a major role in the
degradation process of transition zones [4, 18, 19, 37-39];

(1) the significant abrupt change in the vertical stiffness of tracks;

(1) geotechnical, construction and maintenance issues [3, 7].

Note that both factor (I) and (Il) lead to the increase of wheel loads, which in turn increases
track settlement [2, 10]. The higher settlement of ballast tracks as compared to that of engineering
structures is mainly due to the breakage and pulverisation of ballast, compaction of ballast and soil
layer, and soil-water response [40]. After construction or tamping of open tracks, the permanent
settlement of ballast can be divided into two stages, according to the deformation mechanism of
ballast [41-44], as schematically shown (the solid line) in Figure 3.3. Stage 1 is the rapid
compaction and abrasion process that happens within 3 to 6 months [41, 42] In this stage, the
main deformation mechanism is the volumetric compaction of particles. Stage 2 is the normal
settlement process happening until the end of a maintenance interval, wherein the main
deformation mechanism is the frictional sliding of particles [41, 45-48]. The settlement growth for
open tracks is nonlinear in stage 1, while that is almost linear in Stage 2 [41, 43].

F— Stage 1—»} Stage 2
for transition zones (imaged) _-

L

for open tracks

Settlement

Number of cycles

Figure 3.3: Schematic settlement curve of ballast as a function of loading cycles. Solid line:
settlement in open tracks; dash line: the imaged settlement in transition zones.

Since the tracks on engineering structures are settled much less as compared to (open) ballast
tracks, differential settlement can be generated. According to the numerical simulations presented
in [37, 39], the dynamic responses such as wheel-rail interaction forces, sleeper accelerations,
ballast stresses, and rail stresses are increased due to the presence of differential settlement. For
example, the introduction of 2mm differential settlement triggers 100% growth of the interaction



Paper 111 113

force as compared to the perfect geometry [39]. Due to the differential settlements, the ballast in
transition zones degrades at a higher rate, as the schematic curve (the dashed line) shown in
Figure 3.3. The track degradation eventually generates dips. It should be noted that the settlement
curve of the ballast in transition zones is the purpose of this study.

The degradation process of track transition zones is schematically shown in Figure 3.4. The effect
of the stiffness variation between the embankment and the engineering structure is ignored in this
figure, since its contribution is relatively small [37, 39]

Figure 3.4: The process of degradation of transition zones.

Figure 3.4a shows the track with the perfect geometry before operation (right after
construction). After few months of operation, the ballast track settles with a uniform value, which
creates the void under sleepers near the bridge (hanging sleepers), shown in Figure 3.4b. Here
assuming the settlement of the engineering structure is negligible. Dips appear on both transition
zones (approaching and exiting regions of the bridge) and it is remarkable that the geometries of
the dips on two sides differ due to the difference in the track—vehicle dynamic interaction in these
local zones.

To predict the settlement of tracks in the long term, it is common to combine the numerical
vehicle-track interaction models and the empirical settlement models [49]. The dynamic responses
calculated by numerical models are used as input to empirical settlement models to predict the
settlement after a number of loading cycles. The empirical settlement models are mainly obtained
using measurements, considering various factors including number of cycles, tonnage, ballast
property, soil contamination, sleeper pressure, ballast acceleration, sleeper type, load history, the
velocity of load, the variation of load (i.e. if they do not have the same amplitude), and the
frequency of load [33, 50, 51]. An exhaustive review of the empirical settlement models for open
tracks can be found in [43]. The empirical settlement model of ballast proposed by Sato [35] is
commonly used, e.g. in [48, 49].

By using the models for calculation of the settlement separately under each sleeper, the track
settlement of special structures can be predicted. In [49], Li et al. used the combination of the
software GENSYS, NASTRAN (an FE software) and an empirical settlement model to predict the
settlement in turnout zones. In [52], Frohling combined a dynamic vehicle-track model with an
empirical settlement model to predict the settlement due to vertical irregularities and variation of
track stiffness in a section of ballast track. In [53], Suzuki et al. used the combination of a dynamic
vehicle-track model (beam, mass and spring system) and an empirical settlement model to predict
the settlement at rail joints. In [48], lwnicki et al. used a combination of the simulation software
MEDYNA and ADAMS/Rail (a multibody software) and empirical settlement models to predict the
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settlement of open tracks. In [54], Holtzendorff and Gerstberger employed a similar method to
predict the settlement of the open tracks with the quasi-periodic void pattern.

In this study, the developed FE model of transition zones using LS-Dyna and the empirical
settlement model are combined to predict the long-term track behaviour in transition zones. The
transition zone consists of two ballast tracks and a short bridge, which is widely used in the
Netherlands. Because the initial settlement stage of rapid compaction (Stage 1 in Figure 3.3) of
ballast track is relatively short and mainly determined by the compaction of the ballast bed, it is
considered as a given value. The methodology predicts the settlement in the second stage (Stage 2
in Figure 3.3). It should be noted that only the settlement of ballast is considered since ballast
contributes the most to the settlement of tracks [6, 42] and the computation power is limited at
the current stage.

3 Methodology for settlement prediction

In this section, the methodology for the prediction of the track settlement in transition zones is
presented. The methodology combines the FE model of transition zones and a settlement model
of ballast. The transition zone model is briefly described below.

3.1 Finite element model of transition zones

The FE model of transition zones consists of two ballast tracks and one track on the bridge in the
middle, which is modelled according to a widely used transition zone in the Netherlands, as shown
in Figure 3.5. The railway vehicle moves from one ballast track to the other, passing the bridge.
Thus, using this model, it is possible to compare the two travel directions of trains, which are
named as embankment-bridge and bridge-embankment in the paper.
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R f Subgrade
AN

T
[

[WY
|
I

Embankment-bridge
transition

Bridge-embankment
transition

Figure 3.5: FE model of track transition zones.

The length of ballast track is 48m (on both sides of the bridge), and the bridge is 24m. Therefore
the total length of the model is 120m (48+24+48=120). The components of the ballast tracks are
rails, fasteners, sleepers, ballast and subgrade. The rails are modelled by Hughes-Liu beam
elements with 2*2 Gauss quadrature integration [34], whereas the cross-sectional and mass
properties of the UIC54 rail are used. The spring and damper elements between rails and sleepers
are used to model fasteners. In the vertical direction, these springs have bilinear properties.
Thereby, in compression they have the stiffness of rail pads; and in tension the stiffness is much
higher to simulate the clamping effect of the fasteners. The tension stiffness is assumed as 1000
times of the compression stiffness. Ballast, sleepers and subgrade are modelled using the fully
integrated solid elements with elastic material properties. The thickness of ballast and subgrade is
0.3m and 2m, respectively. The material properties of the elements used in the model are
collected in Table 3.1 and Table 3.2.

Table 3.1: Material properties of solid elements.
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Elastic Modulus (MPa) Poisson ratio

Sleeper 3650 0.167
ballast 120 0.250
Subgrade 180 0.250
Concrete bridge slab 3500 0.167
Table 3.2: Material properties of fasteners.
Horizontal Vertical Longitudinal
. 120 (compression)
Stiffness (KN/mm) 1.5 120 000 (tension) 1.5
Damping (N-s/m) 5000 5000 5000

The vehicle is a passenger train, which is idealized as a multibody system. It consists of a car
body, two bogies and four wheelsets connected by the primary and secondary suspensions, which
are modelled using rigid bodies and spring-damper elements. The velocity of the train is 200km/h.
The configurations and the parameters of the train are shown in Table 3.3.

Table 3.3: Vehicle parameters.

Parameter Value Parameter Value

Axle load (kN) 142 Primary suspension stiffness (N/m) 8.80e5
Distance be(tnw)een wheels 2.2 Primary suspension damping (N*s/m) 6.00e4
Distance between axles (m) 12.6 Secondary suspension stiffness (N/m) 3.00e5
Length of train body (m) 19.0 Secondary suspension damping (N*s/m) 6.00e4

Secondary suspension Bending stiffness (Nm/rad) 1.7e3

Due to the large size of the model, the wheel-rail contact is simplified as the contact between a
node and beam, wherein the linear the Hertzian spring is applied.
The contact stiffness is calculated as Equation (1) [1].

_ 3 3EZQ‘/RWheeerailpruf
kn= =2 (1)

where: E is the modulus of elasticity of the wheel and rail; v is the Poisson’s ratio; Q is the static
vertical wheel load; Rypeel is the radius of the wheel; Rpajiprof is the radius of the railhead [1].

The non-reflecting boundaries [55] are applied on both ends of the model to reduce the wave
reflection. The bottom of the embankments (subgrade layer) and the bridge (concrete layer) are
fixed.

The nonlinear connection between sleepers and ballast is crucial to model the degradation
mechanism of ballast [20, 33]. In the real cases, sleepers generate a nonlinear interaction force to
ballast under compression, and no force exists when they are hung [33] since sleepers and ballast
are separable. Therefore, contact elements are applied between sleepers and ballast. According to
the penalty algorithm employed in the contact elements, the search for penetrations between the
bottom surface of sleepers and the top surface of ballast is made every time step during the
calculation. When the penetration has been detected, a force proportional to the penetration
depth is applied to resist and ultimately eliminate the penetration [34]. This method allows
simulating the impact on ballast, which is proportional to the downward acceleration of sleepers.

This model inherently assumes that the stage 1 settlement has already completed and hence is
mainly concerned with the stage 2 part of the transition zone settlement. It should be noted that
the value of the initial settlement is important, but difficult to measure precisely in the real cases.
For instance, the void under sleepers measured in [56] had an error of 3mm. The value of the
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differential settlement used in the paper is selected from the values which were frequently
reported in the field measurements in the transition zones [8, 9], ranged from 2mm to 10mm. The
settlement in Stage 1 depends on axle loads and ballast condition. Higher axle loads and worse
ballast condition lead to a higher settlement in Stage 1.In this study, 2mm is used since it can
model the transition zone in good condition with a low axle load (14.5t). As a result, the predicted
settlement is expected to be low. For higher values of the settlement in Stage 1, the prediction
results should be higher. It is also remarkable to note that the model should be tuned according to
field measurements before practical usage.

For convenience, the sleepers are numbered starting from the one closest to the bridge. They
have the positive sign on the bridge-embankment transition and the negative sign on the
embankment-bridge transition depending on the moving direction of the passing train. For
example, the train passes Sleeper-10 to Sleeper-1 when it approaches the bridge, and later the
train passes Sleeper+1 to Sleeper+10 when it leaves the bridge. Since the sleeper space is 0.6m,
the distance from the bridge to each sleeper can be easily calculated. Note that there are no
sleepers on the bridge.

At the equilibrium state of the model, due to the separable contact between sleepers and
ballast, as well as the application of gravity and the resistance of rails, the voids between sleepers
and ballast appear in the vicinity of the bridge, as shown in Figure 3.6.
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Figure 3.6: Vertical coordinates of rail, sleepers and ballast due to 2 mm settlement of ballast.

As shown in Figure 3.6, the first 10 sleepers close to the bridge are hung as a result of the initial
settlement. After the Sleeper+11, the sleepers are fully supported by the ballast. Meanwhile, the
hanging distance of Sleeper+1 is the highest, and the hanging distance gradually reduces as the
distance from the bridge increases. From this figure, it can clearly be seen that the deflection line
of the rail near the bridge is not linear. The hanging values of sleepers are presented as the
difference between the vertical coordinates of sleepers and ballast. The same situation is observed
on the other side of the bridge (in the embankment-bridge transition).

In the second phase of the simulation, the vehicle moves over the transition zone. Figure 3.7
shows the time history of the vertical coordinates of two sleepers and the corresponding ballast
elements, which are located close and far from the bridge (Sleeper+2 and Sleeper+11).
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Figure 3.7: Time history of vertical coordinate due to the passing vehicle: sleeper +2 (left) and +11
(right).

As indicated in Figure 3.7, Sleeper+2 are hung before the train comes (1.6s). When the train
moves above the sleeper during 1.6s to 2.4s, Sleeper+2 is pushed down and touches ballast, which
also generates the displacements of ballast. After 2.4s, Sleeper+2 returns to its original hanging
state, while Sleeper+11 is constantly rested on ballast. The significant distinction of the dynamic
displacements of sleepers is a result of the differential settlement in the transition zone and may
lead to the increase of wheel-rail contact forces and the increase of the stresses in ballast.

When sleepers contact ballast, the penetrations between the bottom surface of sleepers and
the top surface of ballast occur. The stress distribution in ballast can be therefore calculated.
Because the voids under sleepers are different depending on the locations (Figure 3.6), the
stresses in the ballast elements under different sleepers also vary according to their locations
(sleeper locations). An example of the stress distribution in ballast under Sleeper+2 corresponding
to the four wheelsets is shown in Figure 3.8. The ballast elements under Sleeper+2 are considered
as a group (unit), and the vertical stresses of the elements in the top later are collected as shown
in Figure 3.8a. The time history of the average stress under Sleeper+2 is shown in Figure 3.8b,
wherein the four peaks corresponding to the impacts of the four wheelsets during the train
passage can be found. The closer two peaks belong to the two wheelsets of one bogie. The
corresponding stress distributions at the four peaks are shown in Figure 3.8c to Figure 3.8f.
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Figure 3.8: Stress distribution in ballast under Sleeper+2 from FE model.

As indicated in Figure 3.8, both the distribution and the average of the ballast stresses are
different. The ballast stress generated by the second wheelset is higher than the stresses by other
wheelsets. The obtained stresses can be used as the input to the settlement model, which is
described in the next section. It should be noted that the FE model described above has been
validated against the field measurements presented in [57, 58]. The comparison between the
simulated rail displacements and the measured rail displacements in a transition zone is shown in
Figure 3.9. The rail displacements were measured at multiple points in the transition zone during
trains passing using a DIC-based device. The parameters of the model used in the simulation were
adjusted according to the transition zone. More details of the validation can be found in [57, 58].
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Figure 3.9: Comparison between measurements and simulation: black dots - simulation and cross -
measurement results, from [57, 58].
3.2 Empirical settlement model

In this section, the empirical settlement model for ballast used in the methodology is introduced.

The total settlement of the ballast at location i can be calculated as:

Si=Su+Sui, (2)
where S; is the total settlement of the ballast at location i; Sj; and Sj; are the settlement of the
ballast generated at location i in Stage 1 and Stage 2, respectively.

Sy is assumed to be 2mm as mentioned earlier, while S;; is a linear function of loading cycles,
which can be written:

Sui = ki XN, (3)
where k; is the settlement rate at location i and N is the number of loading cycles.

The settlement rate k; can be calculated by the widely used empirical settlement model for
(open) ballast tracks, which describes the relationship between the settlement growth and the
sleeper-ballast contact pressure. The empirical settlement model was initially proposed in [35] and
later developed in [43]. According to this model, the key parameter influencing ballast settlement
is the contact pressure between sleepers and ballast, which has been confirmed by the repeated
loading experiments on sleepers. Similar conclusion can also be found in [20, 59, 60]. According to
the settlement model in [35], the settlement growth is proportional to the sleeper-ballast pressure:

k; = ap;™, (4)
where pj is the sleeper-ballast pressure (Pa) at location i; a and n are fitting coefficients.

A non-linear fit according to Equation (4) based on experimental data was first provided in [35],
wherein:

k; = 1.839 x 10713p,%, (5)

where P, is the contact force between the sleeper and the ballast at location i. Later, a better fit

was provided in [43], wherein it was found that the power n = 5.276 gives the best fit to the
measured data, which reads:

k; = 4.365 x 10712 x p;5276, (6)

The two fitting curves are compared with the measurement data provided in [35], as shown in
Figure 3.10.
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Figure 3.10: Two fitting curves compared from [35] and [43] with measurement data in [35].

As it can be seen from Figure 3.10, the curve provided in [43] fits better to the measurement
data and it is therefore adopted in this study. Considering the contact area of the sleeper Agjeeper
is 0.68 m2 (the nominal sleeper length 2570mm time the nominal sleeper width 265mm, as used
in [49]), Equation (6) can be re-written as:

k; = 4.365 x 10712 x (0.68 x p;)527¢, (7)

The settlement rate k; in Equation (7) is shown in Figure 3.10.
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Figure 3.11: Relationship between the settlement growth and the sleeper-ballast pressure.

It can be seen from Equation (7) and Figure 3.11 that the settlement growth increases
exponentially as the sleeper-ballast pressure increases. The loading at the lower level corresponds
to the elastic behaviour of ballast, and therefore no settlement will occur. The settlement of the
ballast grows in an elastic way until the sleeper-ballast pressure reaches around 135kPa. After that,
there is a non-linear region where the settlement growth strongly depends on the sleeper—ballast
pressure [43].

Using Equation (7) and assuming that the initial settlement S;; = 2mm, Equation (2) can be
therefore rewritten as follows:

S;=2+4.365x% 10712 x (0.68 x p;)527¢ x N, (in mm) (8)

As indicated in Equation (8), the settlement of ballast S; is a linear function of the loading cycle
N, as p; remains constant; and S; is an exponential function of the sleeper—ballast pressure p;, as
N remains constant. Because the sleeper-ballast contact pressure varies to a large extent along
the track in transition zones, the settlement at the different locations of transition zones will be
different.

As mentioned previously, the ballast stresses at the location of each sleeper in transition zones
can be calculated using the FE transition model. The sleeper-ballast pressure p; is obtained from
the FE model, which is equal to the average vertical stress in the ballast under the i-th sleeper as




120 Part 11: Appended Papers

described in Section 3.1. Using the average vertical stress in the ballast as the input to Equation (8)
instead of the sleeper—ballast pressure, the settlement after a certain loading cycle N can be
obtained.

3.3 Integration of models

In this section, the iterative procedure for the prediction of the ballast settlement in transition
zones is presented. The schematic diagram is shown in Figure 3.12. The prediction begins at Stage
2 of the settlement when the ballast track is settled uniformly with S;; = 2mm (Figure 3.4(b)) after
short time of operation due to the rapid compaction of ballast. The ballast stresses under each
sleeper can be calculated using the FE model of transition zones, as it was described in Section 3.1.
Then, using the ballast stresses as an input to the settlement model, the settlement under each
sleeper after N loading cycles can be calculated according to Equation (8). Using these settlement
values, the transition zone model can be updated, and the process will be iteratively repeated for
the next N loading cycles. It should be noted that the ballast stiffness is assumed unchanged in the
settling process.

Since the transition zone model is nonlinear by considering the sleeper-ballast contact, the
settlement prediction after several iterations at location i is nonlinear. Therefore the prediction is
affected by the iteration step N. The N = 10,000 cycles is adopted (in Section 4.1) to
demonstrate the procedure, following [49]. Other values of the iteration step such as 5,000 cycles,
20,000 cycles, 30,000 cycles, and 60,000 cycles are also considered. The effect of the iteration step
is discussed in Section 4.3.

FE transition zone model

Step 1

A 4

Ballast stress under sleepers

Step 2

A 4

8§ =2+4365%x 1072 x (0.68 x p;)>?*x N

Empirical settlement model

Step 3
h 4

Ballast settlement under sleepers

Step 4

Figure 3.12: Iterative procedure to predict the settlement in track transition zones.
4  Numerical results
In this section, The iteration scheme is demonstrated by calculating the track settlement in the
transition zone due to 60,000 loading cycles (3.5 MGT), when the transition zone is exposed to
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passenger trains. The dynamic responses such as the ballast stresses at 0 and 60,000 cycles (3.5
MGT) are compared to study the effect of the settlement. The parametric study of the iteration
step has been performed as well.
4.1 Numerical example

As mentioned earlier, the vertical stress in ballast at different locations along the track can be
calculated using the FE model (see Figure 3.8). Since the permanent settlement of ballast is
determined by the maximal stress in ballast [35, 61, 62], the maximum of the average ballast
stress in the transition zone are collected, as shown in Figure 3.13.
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Figure 3.13: Ballast stress in the transition zone.

It can be seen from Figure 3.13 that the ballast closer to the bridge (under Sleeper-2, Sleeper +2
and Sleeper +3) suffers from higher stresses than the ballast in other locations. For example, the
ballast stress under Sleeper -2 is almost 40% higher than that in other locations. The increase of
the ballast stress is caused by the differential stiffness and settlement as well as the pitch motion
of the vehicle [39].

Also, from Figure 3.13 it can be seen that the ballast stress in the embankment-bridge transition
is different from that in the bridge-embankment transition. In the embankment-bridge transition
the stress in ballast is relatively stable except Sleeper-2. In contrast, in the bridge-embankment
transition, the stress in ballast fluctuates significantly. The wheels first drop off the bridge and
impact on the ballast track (Sleeper+3); then, the wheels bounce over (Sleeper+4) and impact
again on the ballast track (Sleeper+5) [39]. This “dropping” phenomenon is consistent with the
theoretical analysis in [2].

Using the Equation (8) and the calculated ballast stress, the settlement of the transition zone
after the first 10,000 cycles (corresponding to 2,000 train passages, assuming a train consisting of
5 vehicles) can be calculated, as shown in Figure 3.14.
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Figure 3.14: Prediction of the ballast settlement using the empirical settlement model.
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It can be seen from Figure 3.14 that the settlement appears on both sides of the bridge, which
may lead to two large deflections (dips) on each side of the bridge. For example, the ballast
settlement under Sleeper-2 is 6 times higher than that in other locations in Figure 3.14, which
explains the appearance of the extra settlement close to the bridge observed in [3, 6, 46]. It
confirms the theory that the initial differential settlement caused by the rapid compaction of
ballast (with different stiffness) leads to a geometry irregularity in transition zones.

By adding the calculated settlement values to the FE transition model, the ballast stresses under
the new settlement condition can be calculated. After that, the settlement model can be used
again to calculate the additional settlement based on the newly obtained stresses. Using this
iterative procedure, the ballast settlement till 60,000 cycles (3.5 MGT) is predicted, as shown in
Figure 3.15. Note that the iteration step N is 10,000 cycles and in total 6 iterations are performed.
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Figure 3.15: Prediction of track settlement in transition zone till 60,000 cycles (3.5 MGT).
Figure 3.15 clearly shows that the two dips continuously grow during the operation, which

confirms the observation that once the dips appear, they keep growing instead of being self-

healing. Hanging sleepers are expected in such locations.

It can also be found that the settlement in the embankment-bridge transition and the bridge-
embankment transition is different. The ballast at Sleeper+5 settles with higher speed. This is also
caused by the vibration of the vehicle, as discussed before. If the iterative calculation of the track
settlement continues, the settlement at Sleeper+5 may exceed that at Sleeper+2.

It should be noted that the accumulated settlement is 0.24mm in the simulation, which is
smaller than the settlement values often observed in the field. The reasons are that a high
settlement is most probably caused by freight trains with higher axle loads, various axle loads in
mixed traffic lines [63], and poor ballast condition. The model presented in the paper referred to a
passenger train and good ballast condition (low settlement value in Stage 1 and “good” material
property). In addition, the passage amount 60,000 (3.5 MGT) are relatively low.

The methodology for the settlement prediction in transition zones presented in this study can
rather be used:

e for comparative analysis of various transition designs,

e for the qualitative study of the related phenomena (e.g. settlement shape in transition

zones with different train moving directions),

e for the study of influential parameters (e.g. iteration step).

For these purposes, 60,000 cycles are sufficient, i.e. the trend can already be seen after that
amount of cycles (the results for 100,000 cycles can be seen in Figure. 3.17). In addition, the
calculations are very time-consuming since the model is in a large (120m) scale and the model
considers the wheel-rail interaction and the sleeper-ballast interaction.
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An example of the results using higher axle loads and higher passage amount can be found in
[58]. It should be noted that the absolute value obtained using this methodology needs to be
verified on the basis of measurement data, which is beyond the scope of this paper. Also, the
settlement considered here does not include the subgrade settlement.

To have a better understanding of the trend of settlement and the settlement growth at
different locations, the settlement at close locations (Sleeper-2 and Sleeper+2) are compared with
the settlement at distant locations (Sleeper-8 and Sleeper+8) in Figure 3.16, as well as their growth.
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Figure 3.16: Settlement (a) and settlement growth (b) at the close locations (Sleeper-2 and
Sleeper+2) and the distant locations (Sleeper-8 and Sleeper+8).

Figure 3.16 shows that the settlement growth of the ballast closer to the bridge (Sleeper-2 and
Sleeper+2) is much higher, while the settlement growth of ballast at distant locations (Sleeper-8
and Sleeper+8) remains constant. The constant growth of the Sleeper-8 and Sleeper+8 confirms
that the linear growth of the second stage of the settlement in the free ballast track, as in [41]
(Stage 2 of the solid line in Figure 3.16). Moreover, the nonlinear settlement growth near the
bridge (Sleeper-2 and Sleeper+2) confirms the suggested nonlinear settlement scheme (Stage 2)
for transition zones (Stage 2 of the dashed line in Figure 3.16), which differs from the linear
settlement scheme (Stage 2) for open tracks. By updating Figure 3.16 with the simulation results,
the settlement scheme for transition zones can be obtained

It also proves that it is necessary to consider the non-linear contact between sleepers and ballast.
By combining the settlement model for open tracks with the non-linear sleeper-ballast contact
model (the FE transition model), the settlement in transition zones can be better predicted.

Furthermore, the settlement growth of ballast closer to the bridge is gradually reducing
(Sleeper-2 and Sleeper+2 in Figure 3.16b). It implies that the amplified settlement growth at such
locations may eventually decrease to the constant value as the ballast in distant locations. This is
because the ballast pressure cannot increase infinitely due to the bending stiffness of rails. With
the increase of loading cycles, the pressure will be distributed to neighbouring sleepers resulting in
decreasing settlement growth rate [20]. However, since rails are fixed on the bridge side, the
stress in rails will increase.

Considering the increasing growth of the settlement at Sleeper+5, it shows that once a dip (at
Sleeper+2) is generated, the vertical growth of the dip reduces, while another dip appears at the
adjacent location (Sleeper+5). It explains the fact that the ballast profile is very inhomogeneous,
which is often observed in transition zones [50]. It also implies that when a track geometry
irregularity is formed near the bridge, the geometry irregularity has a trend to spread further,
since the differential settlement between bridges and ballast tracks cannot be eliminated.

4.2 Dynamic responses before and after the settlement
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In this section, the dynamic responses of the FE model in transition zones before and after
60,000 cycles of passage (3.5 MGT) are compared. The purpose is to study the effects caused by
the long-term settlement.

The comparison of the ballast stresses of 0 and 60,000 cycles of train passage (0 and 3.5 MGT) is
shown in Figure 3.17. The collection method is the same as previously mentioned in Section 4.1.
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Figure 3.17: Comparison of ballast stress.

Figure 3.17 shows that the ballast stress is changed by the settlement, especially at Sleeper-2
and Sleeper +2. The stress in ballast after 60,000 cycles (3.5 MGT) is more evenly distributed along
the track than in the beginning. The ballast stresses at Sleeper-2 and Sleeper +2 are reduced, from
131.3kPa to 99.5kPa and from 114.7kPa to 104.1kPa respectively. On the contrary, the ballast
stresses at Sleeper-1 and Sleeper +1 are increased. The difference can be more clearly seen by
comparing the variance of the ballast stresses in the embankment-bridge transition and the
bridge-embankment transition, which is calculated after each iteration as shown in Figure 3.18.
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Figure 3.18: Variance of ballast stresses.

As indicated in Figure 3.18, the variance of the ballast stresses reduces gradually, which indicates
that the ballast stress becomes evenly distributed as the number of loading cycles increases. This
also indicates the growth of the dips will slow down. Note that even though the variance of ballast
stresses in the bridge-embankment transition is increased at 60,000 loading cycles, it drops in the
further iterations (from 60,000 cycles to 100,000 cycles), as shown in the dash lines in Figure 3.18.
Compared with the bridge-embankment transition, the variance of the ballast stress in the
embankment-bridge transition is reduced faster.

4.3  Parametric study of iteration steps

To study the influence of iteration steps, five values of the step are used to calculate the
settlement of the transition zone till 60,000 cycles (3.5 MGT), or 12,000 train passages assuming 1
train including 5 vehicles. The values of the iteration step and the corresponding number of
iterations to reach 60,000 cycles (3.5 MGT) are listed in Table 3.4.
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Table 3.4: Iteration steps and number of iterations

Iteration step Number of iterations
5,000 cycles/ 1,000 train passages 12
10,000 cycles/ 2,000 train passages 6
20,000 cycles/ 4,000 train passages 3
30,000 cycles/ 6,000 train passages 2
60,000 cycles/ 12,000 train passages 1

The settlements at 60,000 cycles (3.5 MGT) calculated by the five cases are shown in Figure 3.19.
The settlement from 0 to 60,000 cycles (3.5 MGT) at the locations near the bridge (Sleeper-2 and
Sleeper+2) and at distant locations (Sleeper-8 and Sleeper+8) are shown in Figure 3.20. The
settlement of Sleeper-2 and Sleeper+2 at 60,000 cycles shown in Figure 3.20a and Figure 3. 20b
are listed and analysed in Table 3.4.
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Figure 3.19: Settlement at 60,000 cycles (3.5 MGT) calculated different iteration step.
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Figure 3.20: Settlement from 0 to 60,000 cycles (0 and 3.5 MGT) calculated different iteration step
at close locations (Sleeper-2 and Sleeper+2) and distant locations (Sleeper-8 and Sleeper+8).
Table 3.5: Net settlement after 60,000 cycles (3.5 MGT) calculated by different steps

Sleeper-2 Sleeper+2
Iteration step Value (mm) Increase percentage (%) Value (mm) Increase percentage (%)
5,000 0.236 - 0.209 -
10,000 0.242 2.5 0.213 1.9
20,000 0.268 13.6 0.217 3.9
30,000 0.309 30.8 0.221 5.9

60,000 0.514 117.8 0.252 20.6
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As seen from Figure 3.19, Figure 3.20 and Table 3.5, the settlement prediction is affected by
iteration steps, especially at dips, comparing the settlement at Sleeper-2 calculated by 60,000
cycles to 5,000 cycles, which is increased by 117.8%. On the contrary, the settlements at distant
locations are almost unaffected.

Comparing the settlement at Sleeper-2 and Sleeper+2 calculated by different iteration steps, it
can be found that the calculated results are increased as iteration steps increasing. To balance the
calculation expense and error, the iteration step of 10,000 cycles is recommended.

5  Conclusions

To predict the permanent settlement of track transition zones, a methodology based on the FE
model and the empirical settlement model has been presented. The FE model is a 3-D dynamic
model (explicit integration) of a track transition zone modelled according to a widely used
transition zone in the Netherlands. The transition model includes the nonlinear contact between
sleepers and ballast as well as the vehicle dynamics. The empirical settlement model considers two
stages of ballast settlement. The settlement in Stage 1 is expressed as a given value since it
appears fast after operation due to the rapid compaction of ballast. The settlement in Stage 2
considers the nonlinear relationship between ballast stress and settlement. The iterative
procedure includes the following steps. Firstly, the ballast stress due to passing trains under each
sleeper is calculated using the FE model, after the ballast track is settled evenly after Stage 1. Then,
the settlement is calculated using the empirical settlement model based on the ballast stresses
obtained from the FE model. After that, by applying the obtained settlement to the FE model and
performing the FE simulation again, the ballast stresses for the new settlement condition are
calculated. The procedure continues iteratively until the requested number of cycles has been
achieved.

To demonstrate the methodology, the ballast settlement in the transition zone after 60,000
loading cycles (3.5 MGT) is predicted. It has been shown that the settlements appear on both sides
of the bridge already after the first 10,000 loading cycles. The two dips continuously grow as the
number of loading cycles increasing, which confirms the track settlement often observed in
transition zones.

The settlement growth varies depending on locations. The settlement growth of the ballast
closer to the bridge is relatively high at the beginning (0 cycles) and then gradually reduced (during
60,000 cycles or 3.5 MGT). On the contrary, the settlement growth of ballast at distant locations
remains constant. In addition, once a dip is generated, the vertical growth of the dip reduces,
while another dip appears at an adjacent location along the track. This implies the track geometry
irregularity will spread from bridges to the tracks on embankment.

By comparing the dynamic responses of the transition zone after 0 and 60,000 loading cycles (0
and 3.5 MGT), it has been found that the ballast stress after 60,000 cycles (3.5 MGT) is more
evenly distributed. However, the stress in rails close to the bridge will increase.

The parametric study of iteration steps shows that the settlement prediction is strongly affected
by iteration steps at the locations close to the bridge, while less affected at the distant locations.
Moreover, the settlement predicted in the dip of embankment-bridge is increased as the iteration
step increases. As a compromise between the expense and accuracy of calculations, the iteration
step of 10,000 cycles is recommended.
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Abstract

Transition zones in railway tracks are the locations with considerable variation in the vertical
stiffness of supporting structures. Typically, they are located near engineering structures, such as
bridges, culverts, tunnels and level crossings. In such locations, the variation of the vertical
stiffness and the differential track settlement result in amplification of the dynamic forces acting
on the track. This amplification contributes to the degradation process of ballast and subgrade,
ultimately resulting in the increase of maintenance costs.

The paper studies a corrective countermeasure that can mitigate the track degradation in
transition zones when differential settlement appears. The countermeasure is the adjustable rail
fastener and its working principle is to eliminate the gap under hanging sleepers by adjusting the
shims (height of the fastener). The adjustable fasteners are first tested on three transition zones,
wherein the adjusted heights of fasteners (accumulated voiding) are recorded after the 2-month
and 5-month operation. The test results show the adjustable fasteners are effective to mitigate
the track degradation in the transition zones. The effect of the adjustable fasteners on the
dynamic behaviour of transition zones is analysed using the FE method. The results show that the
adjustable fasteners are effective to reduce the amplification of wheel forces, achieve a better
stress distribution in ballast, and decrease the normal stresses in rails in transition zones.
Parametric studies are also performed to study the applicability of the adjustable fasteners.

Keywords
Adjustable fasteners, Railway track modelling, Transition zone, Corrective Countermeasures,
Finite element method.
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1 Introduction

Transition zones in railway tracks are locations with considerable variation in the vertical
stiffness of supporting structures. Typically, they are located near engineering structures, such as
bridges and slab tracks. An example of a typical transition zone is shown in Figure 4.1.

Figure 4.1. Track transition zones

In those locations, the variation of the vertical stiffness together with the differential
settlement of tracks (when the foundation settles unevenly) results in amplification of dynamic
forces, which contributes to the degradation of ballast and subgrade, ultimately resulting in
deterioration of the vertical track geometry or even the damage of track components. To keep
track transition zones in operation, more maintenance is required as compared to free tracks [1, 2].
For instance, in the Netherlands, the maintenance activities on the tracks in transition zones are
performed up to 4-8 times more often than that on free tracks [3, 4]. Transition zones in the other
countries of Europe and the US also require additional maintenance [5, 6].

Even though many countermeasures have been used in transition zones, severe track
deterioration in transition zones is still often observed [7, 8]. In [9], three countermeasures
including geocell, cement, and hot mix asphalt were applied on three similar transition zones.
Compared to a plain transition zone (no countermeasure is applied) as a reference, it has been
found that all countermeasures were not sufficient to reduce the settlement in the transition
zones. In [10], the countermeasure, which uses an approaching slab linking the ballast track onto a
concrete culvert, ‘has exacerbated rather than mitigated the (transition) problem’. These findings
are in agreement with [11], where the authors indicated that ‘the problem of track degradation
associated with stiffness variations is far from being solved’.

According to the settlement behaviour of ballast tracks [12-17], the track settlement process
can be divided into two stages (as shown in Figure 4.2). Stage 1 is the rapid settlement process,
caused by the volumetric compaction and abrasion of ballast particles. Stage 2 is the standard
settlement process (until the end of the maintenance interval) caused by the frictional sliding of
particles. The settlement of ballast, subballast, and subgrade in Stage 1 is: (1) fast, which happens
only after few months; (2) large, accounts for approximately 50% of the total settlement in a
maintenance interval; (3) somewhat inevitable, which happens even though it was compacted. On
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the contrary to the large settlement appearing in ballast tracks, the engineering structures barely
settle, which creates a considerable geometry irregularity (differential settlement). After the
differential settlement appears (corresponding to the beginning point of Stage 2, see Point B in
Figure 4.2), one end of the rails is settled together with the ballast track, while the other end is
constrained by the engineering structures, creating gaps under sleepers (also known as hanging
sleepers or voiding) on the embankment side.
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Figure 4.2. Schematic permanent settlement curve of ballast as a function of loading cycles
(only for open ballast tracks), from [18].

Due to the existence of the gaps, the dynamic responses in transition zones are significantly
increased [19, 20]. For instance, a 1mm gap can increase the sleeper-ballast contact force in
adjacent locations by 70% [21]; and the 2mm gap can lead to 85% increase of wheel forces [19]. It
should be noted that the settlement curve in Figure 4.2 is only for open ballast tracks. This is
because the dynamic responses (e.g. wheel-rail interaction forces and ballast stress) are increased
by the differential settlement and alter the settlement curve (mainly in Stage 2). An example of
the transition zone with a large differential settlement is shown in Figure 4.3 [18].

Figure 4.3. Transition zone with a large differential settlement.

Therefore, the countermeasures can be categorized according to the settlement behaviour into
the preventive countermeasures and corrective countermeasures. The preventive
countermeasures are implemented during the construction prior to the track operation, while the
corrective ones are used when the track has already settled (the differential settlement is visible).
The studies of the transition zones with the perfect geometry, i.e. considering the beginning point
of Stage 1 (Point A in Figure 4.2), are more suitable for the preventive countermeasures, such as
the studies in [8, 22-27]; while for the analysis of corrective countermeasures, the numerical
models have to take the differential settlement into account. The corrective countermeasures that
can timely mitigate the transition zone problems caused by differential settlement (at Point B in
Figure 4.2) are required further studies.

This study focuses on the corrective countermeasures for transition zones which should satisfy
the following requirements:
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e The corrective operations should be performed in short track possession windows
manually or by using small machines.

e The corrective countermeasures should be able to mitigate the track degradation in
transition zones.

The paper presents the experimental and numerical analysis of a corrective countermeasure -
the adjustable fastener. The adjustable fastener intents to fill the partial gap between a sleeper
and ballast by shims, whereas it prevents a large operation such as tamping. Even though
(unloaded) track alignment is not restored, the hanging sleepers in the vicinity of engineering
structures are eliminated, which can slow down the track degradation in transition zones.

The paper is organised as follows. The preventive and corrective countermeasures for
transition zones are reviewed in Section 2, including the introduction of the adjustable fastener.
The measurement results of three transition zones with the adjustable fasteners are discussed in
Section 3. In Section 4, the dynamic behaviour of the transition zone (with differential settlement)
with the adjustable fasteners is analysed using FE method. Finally, conclusions are given in Section
5.

2  Countermeasures for transition zones

The countermeasures for transition zones can be divided according to their application period,
which is either the design stage (preventive measures) or the operation stage (corrective
measures).

When designing a transition zone, the primary goal is to construct a zone with smooth changes
of the vertical stiffness from the embankment to the engineering structure. A thorough review of
the countermeasures for transition zones can be found in [28]. The countermeasures are applied
to embankments or/and engineering structure. The intent of the countermeasures on the
embankment is to reinforce the ballast track on different levels using various measures such as:

e Subgrade: the geocell, geotextile, cement, hot mix asphalt [9, 29], and transition wedge
(special backfill) [30];

e Ballast: the ballast glue [31], under ballast mat [32], pile or steel bar underneath the
ballast [8, 33], and ballast containment wall [34];

e Sleepers: sleeper modifications such as increasing its length and reducing the spacing
[27, 34] and weight [35, 36].

The countermeasures on engineering structures are intended to decrease the stiffness of the
tracks, for instance using rail pads [37], under slab pads [34] and under sleeper pads [24, 25]. In
addition, some countermeasures increase the intergrade stiffness of transition zones such as using
auxiliary rails [27, 34, 36] and approaching slabs [38]. In some cases, a combination of several
countermeasures is used [28].

When the preventive countermeasures do not mitigate the track degradation efficiently, e.g. [9,
10], or no countermeasures are used, e.g. [7, 39], critical differential settlement may appear in a
maintenance cycle. The differential settlement may result in the damage of track components and
deterioration of the passenger’s comfort. To mitigate the existing differential settlement, the
corrective countermeasures are necessary. Besides, the hanging sleepers also appear in the
vicinity of the engineering structure (0.9m [22] or 1.5m [40] from the engineering structure).
However, due to the abutment or the transition structure, it is not always possible for tamping
machines to perform track maintenance near engineering structures. In these situations,
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corrective countermeasures that can be performed manually or by small packing machines can be
applied. The general principle of the corrective countermeasures is to fill the gaps between the
sleepers and ballast to eliminate hanging sleepers.

2.1 Existing corrective countermeasures

The most common corrective countermeasure is tamping. During the process, sleepers are
lifted to the required level and the ballast around the sleepers is packed into the void below the
sleepers, either manually or by mechanical means (when possible). When the mechanised on-track
tamping machines are used, vibrating tamping tines are introduced into the ballast on both sides
of the sleeper. The vibration frequency is chosen so as to fluidise the ballast, which then is
compacted inwards and upwards towards the bottom of the sleeper [41]. In case of some special
structures, the tamping machines are difficult to employ. Tamping using manual or mechanised
vibrating hammers is therefore necessary. During the process, sleepers are lifted by hydraulic rail
jacks (sometimes sleepers are not lifted) and then four vibrating hammers are used, with
consolidating heads opposing each other on both sides of the track. It should be noted that the
manual tamping is prohibited in some countries (e.g. the Netherlands) due to health and safety
rules. Since tamping does not add additional material to the track and make ballast less
compacted, hanging sleepers will re-appear at the relatively short time. The principle of tamping
and operations using manual vibrating hammers [42] and mechanised vibrating hammers are
shown in Figure 4.4.

Al I} Less ballast

(e

Figure 4.4. Schematic diagram of tamping: (a)-(d) Working principle, (e) Operation using
manual vibrating hammers [42], (f) Operation using mechanised vibrating hammers.

One way to fill the gap under hanging sleepers is to use hand-held stoneblower [41, 43] or on-
track stoneblower (when possible) [7, 44-46]. The principle is first to lift the sleeper to the
required level with minimum disturbances; and then to blow a pre-determined quantity of stones
into the void under the sleeper using compressed air. The amount of the added stones is
determined by the basis of the sleeper displacement before the stone blowing (using the void
meter) [43]. The size of the blown stones is 14-20mm, which is smaller than the ballast particle
[41]. The principle of ballast blowing and a hand-held stoneblower are shown in Figure 4.5 [42].
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Ballast particle

Figure 4.5. Schematic diagram of stone blowing: (a)-(d) Working principle, (e) Demonstration
from [42].

Another corrective countermeasure is to use the Automatic irregularity-correcting sleeper [47].
This kind of sleeper consists of a fibre-reinforced polymer sleeper and two automatic subsidence
compensating devices under each rail. The automatic subsidence compensating device has two
nested boxes (see Figure 4.6a), which allows relative vertical movement. The inner box is
connected to the rail through the sleeper, while the outer box is laid on the ballast. The inner box
is filled with the (2mm-diameter) granular material. When the differential settlement appears in
the track, the outer box sinks together with the ballast. At the moment, the gap between the inner
box and the outer box is filled with the granular material as shown in Figure 4.6b. Therefore, the
differential settlement is compensated by the granular material as shown in Figure 4.6c.

Granular -~
material

Inner box

Outer box

Figure 4.6. Working principle of the Automatic irregularity-correcting sleeper.

2.2 Proposed corrective countermeasure

An innovative way to remove the gap under the hanging sleepers is by using adjustable
fasteners which consist of two plastic wedges (shims) inserted between sleepers and rails (Figure
4.7) instead of the rail pad. The height of the adjustable fastener can be changed by adjusting the
position of the two wedges (shims) to fill the gap, which is 7mm-37mm (i.e. the net adjustable
height is 0Omm-30mm). When hanging sleepers appear, the height of the shims can be manually
adjusted. As a result, the hanging sleepers can be restored to be fully supported by the ballast
under. The principle of using adjustable fasteners is shown in Figure 4.7b and c. An example of the
adjustable fastener used in the track is shown in Figure 4.7c. The stiffness of the shims (see Figure
8(c)) has been tested in the laboratory of TU Delft [48] prior to the filed implementation as shown
in Figure 4.8, which follows the test procedures of rail fasteners stated in [49]. The load was
applied by the hydraulic press machine (see Figure 4.8a) and the displacements were measured by
LVDTs (Linear Variable Differential Transformer, see Figure 4.8b). During the test, the height of
shims (adjusted height of the fasteners) was set to the maximum (37mm including 30mm adjusted
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height). The shims were installed in the fastener attached to an NS90 concrete sleeper and a
section of UIC 54E1 rail. The test results show that the vertical stiffness of the shims is 8.02E8 N/m
and no heavy visible damage was found after loading.

Figure 4.7. Schematic diagram of Adjustable fastener: (a) Adjustable fastener, (b)-(c) Working
principle, (d)-(e) Examples of the adjustable fastener used in the track.

actuator with LVDTs, (c) Side view of the shims, (d) Top view of the shims.

3  Experimental analysis

To study the effectiveness of the adjustable fasteners, they were tested on three transition
zones in the track between Utrecht and Houten, the Netherlands. The natural ground in that
region mainly consists of soft soil. According to the ground map of the location measured in 2012
[50], the natural ground of the measured lines is mostly clay, as shown in Figure 4.9. A detailed
field survey including Cone Penetration Tests and Vertical Seismic penetration Tests at a nearby
location can be found in [2] and [37]. The tracks were newly constructed and no transition slabs
were employed in the transition zones. Heavy traffic was expected on the tracks, including both
passenger trains and freight trains. The change of the traffic amount was negligible during the
whole measurement period. Since the fasteners are adjusted to fill the gaps under sleepers, the
adjusted height equals the accumulated voiding, which can represent the degradation process of
tracks at the moment. Therefore, the adjusted heights of the fasteners are recorded to analyse the
track degradation.
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Figure 4.9. Ground map of the measurement location.
3.1 Measurement set-up
The measurements were performed on the transition zones which consist of ballast tracks and
slab tracks (the rails are directed fastened on metallic or concrete structures) [51]. The three
(Embankment-Slab track-Embankment) transition zones are named Transition Zone A, B, and C, as
shown in Figure 4.10.
' 7 V7 Zintd

\ g I =

Transition Zone C

Figure 4.10. Photographs of the measured transition zones.

The adjustable fasteners had been installed on ten sleepers on both sides of slab tracks when
the tracks were constructed. At that moment, the fasteners were set to their lowest position (i.e.
adjusted height is Omm). The new tracks including the transition zones were levelled and aligned
by tamping machines before the tracks went into service, as shown in Figure 4.11.

Zil:

Transition Zone B

Figure 4.11. Tamping in a transition zone.
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The fasteners were adjusted after the 2-month operation and after the 5-month operation.
During the adjustments, the fasteners were first unfixed (see Figure 4.12a); then the rails were
lifted to the required level by standard rail jacks (see Figure 4.12b) or hydraulic rail jacks. After that,
the fasteners were adjusted to the desired height by sliding shims. The schematic diagram of using
adjustable fasteners in transition zones are explained in Figure 4.13. Since there was no operation
specification for the adjustable fasteners, the adjustment mainly depended on the experience of
the working staff. The operation for one side of a slab track (ten sleepers) required approximately
fifteen minutes with three or four working staff. The adjusted heights of fasteners after two
months and five months were recorded to analyse the development of the settlement in transition
zones. It should be noted that due to practical reasons the fasteners on the embankment-slab
track side of Transition Zone A were not possible to adjust after five months.

(a) (b) 10 Sleepers

Figure 4.13. Schematic diagram of using adjustable fasteners in transition zones.

3.2 Measurement results

The adjusted heights of fasteners (accumulated voiding) of Transition Zone A, B, and C are
shown in Figure 4.14, Figure 4.15, and Figure 4.16, respectively. It should be noted that since the
adjusted height of all fasteners is Omm at 0 month, it is omitted in the figures. For convenience,
the sleepers are numbered starting from the one closest to the slab track. The numbers are
negative on the left side of the slab track (the embankment-slab track transition) and positive on
the right (the slab track-embankment transition). The moving direction of the trains are indicated
in the figures.
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Figure 4.14. Adjusted heights of the fasteners in Transition Zone A.
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Figure 4.15. Adjusted heights of the fasteners in Transition Zone B.
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Figure 4.16. Adjusted heights of the fasteners in Transition Zone C.

As it can be seen from Figure 4.14-Figure 4.16, the settlement of ballast tracks appears after
the 2-month operation where the maximal settlement values within 5mm (in Transition zone C)-
11mm (in Transition zone B) can be found. The settlement is comparable with the measurement
results in [2, 10], where more than 10mm settlement were also found after the 2-month operation.
This is reasonable since both locations have the soft subsoil. The track settlement close to the slab
track is higher in comparison with that farther from slab tracks. The settlement reaches the largest
amount at the 2nd or 3rd sleepers from the slab track (Sleepert2, Sleepert3); after that, it
gradually reduces to Omm at the 8th or 9th sleepers (Sleepert8, Sleepert9). This is mainly because
the ballast/subballast layer was not full stabilised before the operation, i.e. the rapid compaction
process (Stage 1 in Figure 4.2) happened. This confirms the theory of the appearance of the
different settlement in transition zones which is explained in Section 1 that the settlement near
engineering structures is much higher than that farther from engineering structures. It is also
consistent with the measurement results in [52].

It should be noted that the settlement at the 1st sleeper is less than that at the 2nd or 3rd
sleepers. It is because the rail is constrained by the slab track. As a result, the 1st sleeper has less
movement under train loads and generate smaller impact to the ballast. In addition, the wheel



Paper 1V 143

forces are increased when the bogie is half on the slab track and half on the embankment, the
distance of which corresponds to the 2nd or 3rd sleepers [18].

At the 2-month operation, the ballast tracks were compacted while the slab tracks were almost
unchanged, which caused a differential settlement in the transition zones. If no corrective
countermeasure was implemented, the tracks in the transition zones would continue degrading
due to the amplified dynamic wheel loads and ballast stress [20, 53-57]. However, after filling the
voiding using adjustable fasteners at the 2nd month, the growth rate of the settlement in ballast
tracks was significantly reduced, which can be seen by comparing the accumulated settlement in
the 0-2nd month and that in the 2nd-5th month in Figure 4.14-Figure 4.16. Also, the measurement
results of Transition Zone A-C (averaged settlement measured at the locations of the 1st to 4th
sleepers to the slab track) are compared with the transition zone without adjustable fasteners (the
settlement at 4m from a culvert) from [10] in Figure 4.17. As shown in Figure 4.17, large
settlements are found both in the transition zones with and without adjustable fasteners after the
2-month operation, which is mostly caused by the rapid compaction of ballast/subballast.
However, there is also a relatively large settlement generated in the 2nd-5th month in the
transition zone without adjustable fasteners, which accounts for 40% of the settlement in the 0-
2nd month. On the contrary, the proportion is only within 7% (Transition Zone A)-19% (Transition
Zone C) in the cases of the using the adjustable fasteners. It indicates that the adjustable fasteners
reduce the growth rate of the settlement (i.e. degradation rate) in the transition zones.

10 4 With adjustable fasteners Without adjustable fasteners
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Transition A Transition B Transition C Transition in [10]
Figure 4.17. Comparison between the settlement transition zones with and without adjustable
fasteners.
4  Numerical analysis
Since the adjustable fasteners are proved to be effective in the field measurement, its effect on
the dynamic behaviour of transition zones is analysed using FE method.
4.1 Introduction of FE model
The FE model used in the paper is based on the model proposed in [58] and further developed
in [18, 57]. In this study, it is tuned according to the measured transition zones. The model is pre-
processed in ANSYS and solved in LS-DYNA. The modelling method and the parameters are briefly
described here. The model consists of two ballast tracks and a slab track (in between), as shown in
Figure 4.18. When the railway vehicle moves from one ballast track to the other (from left to right),
it is possible to analyse both the embankment-slab track and the slab track-embankment
transition with a single calculation. In the model, the ‘slab track’ is symbolical and not analysed to
reduce calculation costs, because the purpose of the paper is to study the ballast track




Pll-IV

144 Part 11: Appended Papers

degradation in the transition zone rather than the slab track itself. The effect of the mortar layer
[59] and the temperature [60] is not considered.

Ballast track Slab track Vehicle

Figure 4.18. FE model of track transition zones.

As the length of the ballast track is 48m and the slab is 24m, thereby, the total length of the
transition zone is 120m. The components of ballast tracks are rails, fasteners, sleepers, ballast, and
subgrade. The rails are modelled by the beam elements with the cross-section and mass
properties of the UIC54 rails. The adjustable fasteners are modelled by spring-damper elements
which have bilinear material property. In compression, the elements can model elastic rail pads;
and in tension, the elements can model the clamping effect of fasteners. In this way, hanging
sleepers can be attached to rails, leaving gaps underneath.

Ballast, sleepers, and subgrade are modelled using the selective reduced integrated solid
elements (element type 2 in LS-DYNA) with elastic material properties. This solid element assumes
that the pressure is constant throughout the element to avoid pressure locking during nearly
incompressible flow. The depth of ballast and subgrade layer is 0.3m and 2m, respectively.

The railway vehicle is a passenger vehicle, which is idealized as a multibody system consisting
of one carbody, two bogies, and four wheelsets. The parameters of the vehicle are based on [61]
and adapted to a Dutch passenger train [2, 62]. The velocity of the vehicle is 144km/h (standard
operation velocity). The contact between the wheels and rails is modelled using the Hertzian
spring [43]. The stiffness is calculated according to Equation 1.

_ 3 3E2Qx/Rwheeerailprof
ey = \ 2(1-v?)? ’ ()

where: E is the modulus of elasticity of the wheel and rail; v is the Poisson’s ratio; Q is the static
vertical wheel load; R_wheel is the radius of the wheel; R_railprof is the radius of the railhead [43,
63].

The connection between sleepers and ballast is modelled by the Penalty-based contact [64] in
order to accurately present the spatial movement of sleepers and consequent ballast stresses. The
Penalty-based contact employs the penalty method, which places normal interface springs
between all penetrating nodes and the contact surface, as shown in Figure 4.19.
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Figure 4.19. Schematic diagram of the penalty contact method.

According to the method, the search for penetrations between the bottom surface of sleepers
and the top surface of ballast is made for every time step during the calculation. In the case that
the penetration happens, no force is added. When the penetration between contact surfaces has
been found, a force proportional to the penetration depth is applied to resist and ultimately
eliminate the penetration [65]. If slave node ng has penetrated through master segments;, the
interface force vector fg can be expressed as:

fs = —=lkin;, ifl<o, (2)
where lis the penetration; k; is the stiffness factor for master segment s;; n; is normal to the
master segment at the contact point. The stiffness factor k; is:
k= B, 3)
where f; is a scale factor for the interface stiffness; K; is the bulk modulus; A; is the face area
of the element that contains s;; V; is volume [65].

On the contrary, the Constraint-based contact [64] (tied contact) is used between the ballast
and subgrade, and between the slab and the support layer. In the tied contact, the slave nodes are
constrained to move with the master surface. The non-reflection boundaries [65] are applied to
both ends of the model in order to reduce the wave reflection effect. The translation and rotation
freedom of the nodes on the bottom of the subgrade and slab track are fixed. The material
properties of the track components and the vehicle used in the model are suggested by [24, 30, 34,
66-69] and tuned according to the field measurements described in [18]. The main parameters
used in the model are collected in Table 4.1.

Table 4.1: Material properties of the track components.

Parameter Value
Sleeper Elastic Modulus (Pa) 3.65E+10
Sleeper Poisson ratio 0.17
Sleeper Density (kg/m3) 2.50E+3
Ballast Elastic Modulus (Pa) 1.20E+08
Ballast Poisson ratio 0.25
Ballast Density (kg/m3) 1.80E+3
Subgrade Elastic Modulus (Pa) 1.80E+08
Subgrade Poisson ratio 0.250
Subgrade Density (kg/m3) 2.30E+3
Concrete slab Elastic Modulus (Pa) 3.50E+10
Concrete slab Poisson ratio 0.17
Concrete slab Density (kg/m3) 2.50E+3
Support layer Elastic Modulus (Pa) 3.30E+10
Support layer Poisson ratio 0.17

Support layer Density (kg/m3) 2.50E+3
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Fastener Vertical (compression) Stiffness (N/m) 1.20E+8
Fastener Vertical (compression) Damping (N*s/m) 5.00E+4
Fastener Vertical (tension) Stiffness (N/m) 1.20E+11
Fastener Vertical (tension) Damping (N*s/m) 5.00E+4
Primary suspension stiffness (N/m) 4.25E+5
Primary suspension damping (N*s/m) 1.00E+6
Secondary suspension stiffness (N/m) 4.68E+5
Secondary suspension damping (N*s/m) 6.50E+4
Secondary suspension Bending stiffness (Nm/rad) 1.05E+4
Distance between wheels (m) 2.5
Distance between axles (m) 20.0
Length of train body (m) 23.0
Axle load (t) 214
Carbody Mass (t) 64.6
Bogie Mass (t) 2.4

The FE model considers the settlement of the ballast track due to the rapid compaction after
the operation (settlement in Stage 1 as illustrated in Figure 4.2). Since the exact settlement value
is difficult to acquire, it is assumed to be equivalent to the adjusted height of the fasteners after 2
months. The maximal adjusted height varies from 5mm (in Transition zone C) to 11mm (in
Transition zone B). As a result, the medium number 8mm is adopted for the differential settlement
value in the model. After that, the cases of 4mm and 12mm are also analysed in the parametric
study. The rail longitudinal level, sleeper and ballast coordinates in the transition zone model
before and after the implementation of the differential settlement are illustrated in Figure 4.20.

——Rail
—&— Sleeper,
24 —8—Ballast

4] Slab track Ballast track 1 Slab track

& & b b o N
L L

EWB vertical coordinate (mm)
S &
|
Ewe Vertical coordinate (mm)
3

Sleeper NAJO. é é 1‘0 1‘2 1‘4 Sleeper No.
Figure 4.20. Coordinates of track components before and after the implementation of the
differential settlement: (a) Before, (b) After.

At the equilibrium state of the model, due to separable contact between the sleepers and ballast,
as well as the application of the gravity and the resistance of the rail, the gaps between the
sleepers and ballast appear in the vicinity of the slab track, as shown in Figure 4.20b. The hanging
distance of Sleeper+1 is the highest and the hanging distance gradually reduces as the distance
from the slab track increases. The hanging values of the sleepers are presented as the differences
between the sleepers and ballast. The same situation is observed on the other side of the slab
track. After the equilibrium state, the vehicle moves over the transition zone. The movement of a

hanging sleeper (Sleeper+3) is shown in Figure 4.21.
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Figure 4.21: Time history of vertical coordinate due to the passing vehicle at Sleeper+3

The gap under the hanging sleeper is eliminated under train loads, where an increase of wheel-
rail contact forces can be expected. When the sleepers contact the ballast, the penetrations
between the bottom surface of the sleepers and the top surface of the ballast occur. The stress
distribution in the ballast can be therefore calculated. Because the voids under sleepers are
different depending on the location (see Figure 4.20b), the stresses in the ballast elements under
different sleepers also vary according to their locations.

In the transition zone using adjustable fasteners, the spring-damper elements are extended to
compensate the gaps between the sleepers and ballast, as shown in Figure 4.22. It should be
noted that the stiffness and damping of adjustable fasteners are assumed to be same as normal
fasteners (normal rail pads) and constant at various adjusted height. This simplification is made to
reduce the computational expenses based on the findings that the effect of the differential
settlement on dynamic responses is much larger in comparison with the stiffness variation [20, 54,
55, 57]. The differential settlement is magnified in Figure 4.22. In the actual case, the differential
settlement (8mm) is much smaller compared to the size of a sleeper (240mm in height).

a Ballast b Ballast

Figure 4.22. Schematic diagram of the simulation of the countermeasure: (a) Reference, (b)
Using adjustable fasteners. Fasteners are indicated by the red lines.

The study to find the optimal mesh sizes was performed prior to this study and it is not
included due to the limited space. The model contains 675686 nodes, 489,547 solid elements and
3,612 beam elements. The time-step is 1.3E-5s. The calculation takes around 14 hours using a 4-
core (17) workstation with 4 High Parallel Computing (HPC).

4.2 Dynamic responses of transition zones with the adjustable fasteners
Wheel force

The calculated wheel forces of four wheelsets in the reference case and the adjustable fastener
case are shown in Figure 4.23. The wheel loads on the slab track are not considered in this study
and therefore their responses are covered by the shaded area. The maximal wheel forces acting on
ballast tracks are collected in Table 4.2.
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Figure 4.23. Wheel-rail interaction force of four wheelsets: (a) Wheel 1, (b) Wheel 2, (c) Wheel
3, (d) Wheel 4. The wheel loads on the slab track are covered by the shaded area.
Table 4.2. Maximal wheel forces in the ballast track in transition zones from Figure 4.23.

Embankment-Slab track transition Slab track-Embankment transition

Wheel . .
No. Reference Adjustable Reduction Reference Adjustable Reduction
fastener fastener
1 190.0 130.8 45% 186.4 124.9 49%
2 259.8 135.4 92% 194.0 129.7 50%
3 183.6 133.9 37% 196.1 124.0 58%
4 257.6 133.3 93% 192.0 123.7 55%

Figure 4.23 shows that the wheel loads are slightly vibrated around 105kN, which is the static
wheel load (210/2=105kN); while they are increased considerably at both the embankment-slab
track transition and the slab track-embankment transition in the reference case. This indicates the
differential settlement lead to the amplification of wheel loads if no adjustable fastener is
implemented, which is consistent with [68]. It can also explain the track degradation in transition
zones often reported in [7, 9].

In [68], the dynamic responses of a train passing the transition zone (consisting of a ballast
track with backfill and a long bridge) were studied. When the different settlement was 10mm, the
wheel load of Wheel 1 was increased on 50% the embankment and 64% on the engineering
structure in comparison with the static load. In this study, the increases of the wheel load of
Wheel 1 are 81% and 152%, respectively, which is comparable with the study in [68]. The
discrepancy is mainly caused by the difference in contact settings and the constrain condition of
the engineering structures (the slab track in this study is fixed by all the nodes on the bottom layer;
while the bridge in [68] is fixed only at the ends of the bridge deck).

Comparing to the reference case, the wheel loads are reduced significantly when adjustable
fasteners are in use (see Figure 4.23 and Table 4.2). The reason is that the hanging sleepers in the
transition zone are eliminated by the adjustable fasteners. This moment corresponds to the first
adjustment of the fasteners in the measured transition zones after the 2-month operation (Section
3). The decrease of the amplified wheel loads (in Figure 4.23 and Table 4.2) explains the
substantial reduction of the track settlement growth rate in the measurement after using the
adjustable fasteners.

Ballast stress
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Since the ballast settlement depends on the ballast stress, the ballast stress in the transition
zone is studied as well. It should be noted that the response of unbound granular materials like
ballast is non-linear, which affects the calculated distribution of stresses inside the ballast.
However, for the transient behaviour analysis in this study, the linear model is used as a first
attempt, which is a typical approach, e.g. in [20, 69], due to the limitation of the computational
power. Moreover, the ballast bed in this model is assumed to be well compacted (after the rapid
compaction). At the moment the sleeper contacting the top of the ballast, the ballast on the top
can be simplified as the linear material. In order to compare the ballast responses at the different
locations, the ballast elements under one sleeper are considered as a group (unit), which are 416
elements (52*8=416, there are 8 elements on the wide side and 52 elements on the long side, see
Figure 4.24).

A group

Figure 4.24. Collecting method for ballast stresses. Red lines are sleeper frames.
The vertical stresses in ballast under sleepers are analysed. The average and maximal stresses
calculated for the ballast elements in each group along the track are shown in Figure 4.25.
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Figure 4.25. Ballast stresses along the track: (a) Average; (b) Maximal
The maximal ballast stress is around 200KPa at the location less affected by the slab track (e.g.

o
>
&

Sleeper+10), which is reasonable in comparison with the measurement results in [70]. In [70], the
ballast stress was measured during the passage of a coal train with 25t axle load. It is found that
the maximal ballast stress was in the range between 160-230kpa (with an outlier at 415kPa due to
a wheel-flat).

It also can be seen in Figure 4.25a that, after using the adjustable fasteners, the average of
ballast stresses are more evenly distributed along the track. In the reference case, the ballast
stress closer to the slab track is lower than that at a greater distance from the bridge. It is because
the hanging values of the sleepers are so large that the bending stiffness of rails resists the
sleepers to fully contact the ballast. This confirms the finding from the measurement that the
settlement at the 1st sleeper is less than that at the 2nd or 3rd sleepers. The stresses in rails at the
moment can be expected high which will be discussed later.
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Due to the poor support condition, the hanging sleepers can move irregularly, causing the stress
concentrations in ballast, which can be proved by Sleeper-2 in Figure 4.25b. The maximal ballast
stress reaches 325KPa at Sleeper-2, which is approximately 60% higher comparing to the maximal
ballast stress in a well-supported location. The stress distributions in ballast under Sleeper-2 in the
two cases are shown in Figure 4.26. The reduction of ballast stresses can be clearly seen from
Figure 4.26, where the maximal stress in ballast is reduced from 325KPa to 235KPa. A similar
situation can also be found under Sleeper+3, as shown in Figure 4.27, where the maximal stress in

ballast is reduced from 233KPa to 187KPa. Since the ballast stress is proportional to the settlement
rate of ballast [71, 72], the amplified stress may lead to the permanent settlement in ballast, which

indicates the settlement (track degradation) in the transition zone may increase continuously if the
adjustable fasteners are not implemented.
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Figure 4.26. Stress distribution in ballast under Sleeper-2: (a) Reference case, (b) Using

adjustable fasteners.
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Figure 4.27. Stress distribution in ballast under Sleeper+3: (a) Reference case, (b) Using

adjustable fasteners.
Rail stress

The maximal normal stresses in rails in the two cases are shown in Figure 4.28. The rails are
simulated by the beam elements with the length of 75mm (eight elements in a sleeper space). As
expected, the results show that the normal stresses in rails in the reference case are amplified
near the slab track. When the adjustable fasteners are in use, the normal stresses are again
decreased significantly. It shows the adjustable fasteners are also beneficial to rails.
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Figure 4.28. Normal stresses in rails in the reference case and the adjustable fastener case.
To conclude, the adjustable fasteners are effective to reduce the amplification of the wheel
forces, to achieve a better ballast stress distribution under the hanging sleepers, and to decrease
the normal stresses in rails in transition zones.
4.3  Parametric study
Differential settlement value

Since the differential settlement value strongly depends on the material properties of tracks, the
construction and operation condition, the differential settlement in transition zones may vary. To
study the applicability of the adjustable fasteners, the transition zones with various differential
settlements are modelled. Three values of the differential settlement are calculated, including
4mm, 8mm (the reference case in Section 4.2), and 12mm. The wheel forces of Wheel 1 in three

cases are compared in Figure4. 29.
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Figure 4.29. Wheel force of Wheel 1 in three cases: (a) Time history; (b) Maximum.

As it can be seen in Figure 4.29, the wheel forces are increased as the differential settlement
value grows near the slab track. It indicates that the adjustable fasteners should be used in the
early stage of the differential settlement initiation. It should be noted that since the rapid
compaction stage (Stage 1 of the settlement in Figure 4.2) is somewhat inevitable, the fasteners
should be adjusted as soon as the ballast track is compacted, namely, at the end of Stage 1 or the
beginning of Stage 2. Stage 1 of the settlement ends at 0.5MGT according to [16]. Assuming five
vehicles in a train, four trains in an operational hour, and fifteen operational hours in a day, it
takes approximately twenty days to complete Stage 1 of the settlement.

The transition zones with adjustable fasteners in the cases of 4mm and 12mm are also studied.
The wheel forces of Wheel 1 are shown in Figure 4.30. It shows that the adjustable fasteners can
significantly reduce the amplification of wheel forces in both cases, which indicates the
applicability of the adjustable fasteners is relatively large.
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Figure 4.30. Wheel forces of the transition zones using adjustable fasteners: (a) 4mm
differential settlement, (b) 12mm differential settlement.
Velocity
The effect of the adjustable fasteners is also studied in the cases of different velocities, including
90km/h, 144km/h (the reference case in Section 4.2) and 198km/h. The wheel forces of Wheel 1 in
three cases are shown in Figure 4.31.
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Figure 4.31. Wheel force of Wheel 1 in three cases: (a) Time history; (b) Maximum.
As expected, the wheel forces are amplified significantly near the slab track as the velocity
increases, which can be seen in Figure 4.31. The comparison of the wheel forces in the transition
zones with and without adjustable fasteners is shown in Figure 4.32.
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Figure 4.32. Wheel forces of the transition zones using adjustable fasteners: (a) 90km/h, (b)
198km/h.

Figure 4.32 shows the wheel forces are reduced in both cases. A considerable reduction can be
found in the case of 198km/h, which is over 50%, from 350kN to 165kN. It indicates that the
adjustable fasteners work in both low-velocity and high-velocity range and the benefit is more
significant when the velocity is high.

5  Conclusions

The paper presents the experimental and numerical analysis of a corrective countermeasure-
the adjustable fastener. Its working principle is to eliminate the gap under the hanging sleepers by
adjusting the height of the fastener (relative position of two shims). The following conclusions can
be drawn.

(1) Large differential settlements in the three transition zones were found after the 2-month
operation, the maximum of which is ranged from 5mm to 11mm. The track settlements near the
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engineering structures (slab tracks) were much higher in comparison with that farther from the
engineering structures.

(2) The growth rate of the settlement (i.e. degradation rate) of ballast tracks is reduced
significantly after the voiding in the track is filled with the adjustable fasteners.

(3) Numerical analysis shows that the adjustable fasteners are effective to reduce the
amplification of wheel forces, achieve a better stress distribution in ballast, and decrease the
normal stresses in rails in transition zones.

(4) The parametric studies show that the applicability of the adjustable fasteners is relatively
wide. The adjustable fastener works effectively at both low-velocity and high-velocity and its
benefit is more significant when the velocity is high.

(5) It is recommended that the fasteners should be adjusted once the ballast track is
compacted.
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Abstract

Transition zones in railway tracks are the locations with considerable changes in vertical support
structures, e.g. near bridges. Due to possible water flow constrictions in transition zone structures,
there is frequently an increased moisture level in the ballast/subballast layers, which is a potential
source of track degradation. This paper presents results of the moisture condition measured in
three transition zones using ground penetrating radar, where the ballast/subballast are analyzed.
The relationship between the moisture condition and track degradation in the transition zones is
studied by comparing to the longitudinal track level measured by the track inspection coaches. A
strong connection is found between the high moisture condition and track degradation in the
transition zones. The dynamic behaviour of the transition zones with high moisture condition is
analyzed using the Finite Element method. Differential stiffness and settlement are taken into
consideration in the transition zone model, which is also coupled with a vehicle. The
ballast/subballast layers are modelled as solid elements. Increased moisture conditions are
considered as a reduction of elastic modulus according to laboratory findings. Results show that
high moisture leads to an increase of dynamic wheel loads in the transition zone, which explains
the connection and confirms that high moisture condition is a source of transition zone problems.

Keywords

Bridge transition zone; Railway; Moisture condition; Ballast; Finite element method; Track
degradation
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1 Introduction of Transition Zones
Transition zones in railway track network are locations with considerable changes in track
support structures. Typically, they are located near concrete structures, such as bridges, culverts

and tunnels. An example of a bridge transition zone is shown in Figure 5.1.
i

Figure 5.1. A typical bridge transition zone.

The track geometry in transition zones degrades at a much faster rate than that of open
tracks [1-4], which results in the appearance of a “dip” [5]. This phenomenon has been confirmed
by a survey of the performance of track transition zones, which revealed that 51% of the track
transition zones had experienced such a settlement [6]. In the field measurement of a bridge
transition zone [4], the rail displacements on multiple locations were measured during train
passages. Results showed a 5.1mm deep dip in the ballast track. A dip was also found in the
transition zone of level crossing in [7], which was 5.3mm in depth.

Such large geometry irregularity leads to an increase of dynamic wheel loads [8] and the
redistribution of dynamic wheel loads [3]. The increased dynamic wheel loads may damage track
components, for example [1-3, 6, 9-17]:

e rail surface defects and cracks in the rail foot,

e broken fasteners, cracks in concrete sleepers,

e breakage of ballast particles and voids between sleepers and ballast, also known as
hanging sleepers.

It also initiates further deterioration of track geometry, causing a self-perpetuating system
[15, 17-21]. Increased dynamic wheel loads can result in worsening of the passenger’s comfort
[18], and can even create a potential for train derailment.

As a result, transition zones require more maintenance, like tamping and adding ballast, as
compared to open tracks [11, 22]. For instance, in the Netherlands, maintenance activities on the
track in transition zones are performed up to 4-8 times more often than on open tracks [14, 23]. In
the US, $200 million is spent annually on maintenance of the track in transition zones, while in
Europe, about €97 million is spent on similar maintenance activities [24, 25].

The major factors causing transition zone problems can be divided into three categories [1, 6,
22]:

e Significant abrupt changes in the vertical stiffness of the track;
e Differential settlement or uneven profile of the ballast track, which inherently
settles more than a concrete structure;

e Geotechnical issues, such as poor drainage conditions and poor quality of materials.
Many studies have been conducted to analyse the former two factors in transition zones,
such asin [6, 8, 11, 17]. A thorough review can be found in [26]. The geotechnical factor has been
studied less, which is mainly due to the limitations of measurement methods. For instance, the
inspection of the ballast quality was typically conducted by excavating samples from ballast layers,
which is costly, destructive, and needs track possession time.
Moisture condition of the ballast may play an important role in the rapid degradation of
tracks and consequently geometry irregularities. Excess water in substructures significantly
reduces (around 50%) the resilience of tracks [27, 28] and increases (around 40%) track settlement
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[29-31]. The loss in resilient modulus and the increase of settlement have significant implications
for transient vertical displacements and track performance.

This paper presents an experimental analysis of the moisture condition to explore the
relationship between moisture and track condition in transition zones. In total, three transition
zones of various conditions are analysed. The moisture condition in the transition zones is
measured by the use of ground penetrating radar (GPR) [32, 33], which is compared to the track
geometry measured by inspection coaches. The relationship between moisture condition and
geometry irregularity is analysed.

Transition zones in high moisture condition are numerically studied using the Finite Element
(FE) method. The transition zone model accounts for differential stiffness and settlement at the
same time, which is developed in [8, 34] and validated in [35]. Ballast and subballast layers are
modelled as solid elements and high moisture conditions are considered as a reduction of elastic
modulus. The wheel loads of the transition zone in the high moisture case are compared with a
reference case to analyse the effect of moisture conditions.

The paper is organised as follows. Research for the moisture condition in ballast is reviewed in
Section 2. The experimental study of the moisture condition in transition zones is presented in
Section 3. In Section 4, the transition zone in high moisture condition is analysed using the FE
method. Finally, conclusions are given in section 5.

2  Review of the Mechanism of Saturated Ballast

Drainage, as one of the most important functions of track structure, can intercept subsurface
water entering the area of the track substructure, intercept surface water approaching the track
structure from sides, and remove water draining out of the ballast and subballast [36].

There are three sources of water entering the track substructure: precipitation falling onto
the tracks, water flowing down along adjacent slopes, and water seeping upward from the
subgrade [36]. The track structure is designed to provide an adequate drainage function. However,
due to the special structure in transition zones, e.g. abutment, the water may not be drained
efficiently. The excess water in the substructure significantly reduces the resilience [27, 28] and
increases the settlement [29-31, 36] of tracks. The problem becomes particularly severe when the
substructure reaches a saturated state, leading to considerable increases in track maintenance
costs [27, 36].

The resilient modulus of most untreated granular materials has a notable dependence on
moisture content, where the modulus decreases with the growth of saturation level [27]. For
instance, in [37], a 50% decrease in resilient modulus in the gravel was observed as the degree of
saturation increased from 70% to 97%. A field measurement using seismic surface waves in [28]
found a 50% decrease of (fouled) ballast modulus when the ballast is saturated. The reason is due
to the excess pore-water pressure developed by the saturated granular materials under repeated
loading. As the pore-water pressure develops, the effective stress in ballast decreases with a
subsequent reduction in both strength and stiffness of ballast bed [27].

3 Experiment Analysis of Transition Zones

Although poor drainage condition is considered as one reason for the track degradation in
transition zones, it has not been experimentally analysed in detail in the field. This section
presents the measurement of moisture condition in transition zones using GPR. The relationship
between moisture condition and track geometry is also studied.

3.1 Introduction of GPR

GPR uses a radio wave source to transmit a pulse of electromagnetic energy into the
inspected medium [33]. Its principle in railway measurements is shown in Figure 5.2. GPR is an
effective and non-invasive tool for mapping railway structures and analysing subsurface
conditions. The reflected energy, originating from the interfaces between materials of different
dielectric properties, is received and recorded for analysis. GPR data consists of changes in
reflection amplitude, changes in the arrival time of specific reflections, and signal attenuation [32,
38]. The method provides a continuous profile of the thickness and properties of railway
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structures, which can be used to analyse the quality of track substructures, such as the moisture
susceptibility of ballast and subballast, fouling of ballast, layer deformation and mud pumping [39-
41].
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Figure 5.2. Measuring principle of GPR. A; stands for the amplitude of the reflection

between the sleeper and ballast; A, stands for the amplitude of the reflection between

the ballast and subballast; t; stands for the travel time in ballast; t, stands for the travel

time in subballast.

GPR measurements for this case study were performed using a GSSI SIR-30 GPR system,
manufactured by Geophysical Survey Systems Inc, including a 400 MHz antenna attached to a VR-
Track Ltd Tka-8 maintenance engine, as illustrated in Figure 5.3.

Figure 5.3. Railway engine with GPR system: (a) schematic diagram; (b) photograph.

The GPR antenna can be lifted to 0.3m above the sleeper level and the maximum survey
speed is up to 160km/h, depending on data collection settings. Data collection rate was controlled
by a distance measurement instrument. During the survey, GPS coordinates and digital video were
recorded using Rail Doctor™ Camlink software. The processing, visualization, interpretation and
analysis of the GPR data are performed using the Rail Doctor software (version 3.2). The
measurement system has been calibrated against sample analysis [38] and pit tests [39]. A
screenshot from the recorded video is shown in Figure 5.4a, wherein a transition zone consisting
of embankment and a bridge can be found. A measurement result from GPR at the corresponding
location is shown in Figure 5.4b. The right axis of Figure 5.4b indicates the depth, in meters,
beneath the top of sleepers (or below rails). The ballast layer is located from Om to 0.6m below
rails, where the ballast at 0m-0.25m is between sleepers and 0.25m-0.6m is below sleepers. The
subballast is located from 0.6m to 1.2m, and below 1.2m is embankment and subgrade. It should
be noted that sleepers are filtered during the data processing to obtain a better visualization of
the data. The lateral axis of Figure 5.4b is the distance or location, which is in the form of “km+m”.
The two sides of the bridge in a transition zone are named as the embankment-bridge side and the
bridge-embankment side in the paper depending on the train moving direction. The moving
directions of the results presented in this paper are all from left to right. Therefore, the
embankment-bridge side is always on the left side of bridges (before the bridges) and the bridge-
embankment side on the right side (after the bridges).
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Figure 5.4. Measurement results: (a) the digital video; (b) the GPR data.

Dielectric properties decide the amplitude, arrival time, and signal attenuation of reflections
and they are different with a higher content of fines and water [42]. The dielectric constant and
the velocity of the signal in various materials are shown in Table 5.1 [43]. This difference can be
detected by analysing the GPR signal [38, 43, 44]. As a result, the distribution of the relative
moisture susceptibility in ballast and subballast can be obtained.

Table 5.1. Dielectric constant and the velocity of the signal in various material from [43].

Material Dielectric constant  Velocity (m/s)
Air 1.0 3E8
Dry spent ballast 4.3 1.45E8
Wet spent ballast (5% water) 7.8 1.07E8
Saturated spent ballast 38.5 0.58E8
Water 81.0 0.33E8

In the post-process stage, measurement results are transformed into frequency-domain data
and parameterized by means of a sliding calculation window in depth and longitudinal directions
using the windowed Fourier transform (WFT) [39]. Results are then visualised as a colour-coded
image, wherein the strong reflections (blue) indicate high moisture susceptibility and weak
reflections (red) low. This method has been calibrated and utilized in [39, 45, 46]. A comparison of
two moisture profiles is shown in Figure 5.5.
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Figure 5.5. Moisture profiles: (a) low moisture; (b) high moisture.

3.2 Measurement Results

The moisture condition of three bridge transition zones on a Finnish railway line was
measured using GPR. To study the effect of the moisture condition, the longitudinal level (rail
height) measured by track inspection coaches in a similar time period using a 5m-chord method
was also collected.
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Measurement results of an open track section are shown in Figure 5.6 as a reference case. A
photo of the track is shown in Figure 5.6a, the moisture profile in Figure 5.6b and longitudinal level
(rail height) in Figure 5.6c. The vertical axis of the moisture profile (Figure 5.6b) indicates the depth
under rails in meters. Although the subballast layer ideally ends 1.2m, it often settles deeper,
especially in transition zones. As a result, the measurement results are collected down to 1.8m.
The ballast, subballast and subgrade are dry, as indicated by the red colour of the moisture profile.
The irregularity of the longitudinal track level is less than 2mm, which is relatively small.
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Figure 5.6. Measurement results of open track: (a) photograph of the track; (b) the
moisture profile; (c) the longitudinal track level.

Measurement results from Transition Zone A are shown in Figure 5.7. This transition zone is
composed of embankment and a 41m long concrete bridge. The photo of the bridge taken by the
on-board video camera (Figure 5.3) during the GPR measurements is shown in Figure 5.7a. The
ballast is laid on the bridge, the depth of which is around 0.6m beneath rails. GPR data from the
concrete bridge is out of the focus of this study and therefore blocked out. Approach slabs are
employed at both ends of the bridge. The slabs are made of concrete and laid diagonally from the
ballast layer to the subballast layer.
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Figure 5.7. Measurement results of Transition Zone A.
Moisture susceptibility increases before and after the bridge, as can be seen from Figure 5.7
(see the blue zones indicated by No. 1 and No. 4). The blue zones of No. 2 and No. 5 are caused by
approach slabs, since the concrete has a similar expression as highly susceptible moisture areas
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after post-processing. Likewise, the blue zone from No. 3 is caused by a section of rail, as shown in

Figure 5.8.
| 2

Figure 5.8. Section of rail in Transition Zone A.

Figure 5.7c shows that the irregularity of the track increases significantly before and after the
bridge (indicated by No. 6 and No. 7), which reached 3.0mm and 2.9mm, respectively. These two
irregularities indicate the appearance of differential track settlement, which agrees with dips
found in other transition zones, such as in [4, 6, 7]. Transition Zone A has both increased moisture
susceptibility and track irregularity based on the moisture profile and the longitudinal track level
data on both ends of the bridge.

Measurement results of two more transition zones (named as Transition Zone B and
Transition Zone C) are shown in Figure 5.9 and Figure 5.10. Their structures are similar to that of
Transition Zone A.

914520
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Figure 5.9. Measurement results of Transition Zone B.

Moisture susceptibility increases before the bridge in Transition Zone B. The blue area No. 8
(Figure 5.9) appears at the interface between the ballast layer and the subballast layer, which
implies that the water is held at the bottom of the ballast and the drainage system is in poor
condition. This is most likely one of the reasons for the track irregularity in the corresponding
location (No. 9). However, no significant increase of the moisture can be found above the
approaching slab yet a large dip appears in the corresponding location. This irregularity could be
caused by other reasons, such as rail defect.

In the bridge-embankment side of Transition Zone B, the moisture in the ballast and the
subballast layer is relatively low. As expected, the track geometry at the corresponding location is
much smoother, as shown in Figure 5. 9c.
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Figure 5.10. Measurement results of Transition Zone C.

Transition Zone C is in worse condition than Transition Zones A and B. The moisture
susceptibility of the ballast and the subballast is significantly increased both at the bottom of
ballast (No. 11) and bottom of subballast (No. 10 and No. 12) as seen in Figure 5.10b. Severe track
irregularity also appears through the entire transition zone, as shown in Figure 5.10c.

In summary, high moisture areas appear mostly before and after the bridges in all transition
zones. They can be detected sometimes at the bottom of the ballast layer, bottom of subballast
layer, and above the abutments. Track irregularities can also be found at corresponding locations,
which implies a connection between high moisture condition and track degradation. When the
moisture is high, the track irregularities are higher (see the embankment-bridge side of Transition
Zone C, in Figure 5.10); when the moisture is low, the track irregularities are also low (see the
bridge-embankment side of Transition Zone B, Figure 5.9).

Since the theoretical findings in Section 2 suggest that high moisture in ballast leads to a
reduction of stiffness, the high moisture in the structure can be considered as one of the sources
for the extra degradation in transition zones. It should be noted that the high moisture is not the
only source leading to the extra degradation, for instance, the large track irregularity above the
approaching slab in the embankment-bridge side in Transition Zone B (Figure 5.9) is not caused by
the moisture condition.

4  Finite Element Analysis of Transition Zones with High Moisture

Since a strong connection between the high moisture condition and track degradation is
found from field measurement data, this section aspires to explain the connection using the FE
method. The dynamic behaviour of transition zones with high moisture condition is analysed.

4.1 Introduction of the Finite Element Model

The FE model considering both the differential stiffness and settlement in transition zones is
introduced in the section. The model used in this paper is based on the model proposed in [47]
and further developed in [8, 34]. The model consists of two ballast tracks and one track on the
bridge in the middle, as shown in Figure 5.11. It is possible to analyse both the embankment-
bridge and the bridge-embankment sides of the transition zone with a single calculation. In this
model the “bridge” is symbolical, which is simplified to reduce the calculation costs.
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Figure 5.11. FE model of the track transition zone: (a) full view; (b) cross-section of
ballast track.

The length of ballast track is 48 m (one on each side) and the bridge is 24 m. Components of
the ballast track are rails, fasteners, sleepers, ballast, and subgrade. The rails are modelled as
beam elements with the cross-sectional and mass properties of UIC54 rails. Spring and damper
elements between the rails and sleepers are used to model fasteners. The springs have bilinear
properties in the vertical direction so that they have the stiffness of rail pads in compression, while
the stiffness is much higher to simulate the clamping effect of fasteners in tension. Ballast,
sleepers, and subgrade are modelled using fully integrated solid elements with elastic material
properties. The ballast and subballast are considered as one layer, which is 0.9 m deep. There is no
ballast between sleepers since its effect on settlement is negligible. It should be noted that the
ballast, subballast and subgrade are simplified in the model. Despite the fact that the responses of
unbound granular materials such as ballast, subballast, and subgrade can be more accurately
modelled using nonlinear constitutive models, simplifications have to be adopted in the large-scale
study (e.g., transition zones) to reduce the computational expense. Many studies (e.g., [10, 48-53])
have proved that some behaviour of ballast and hanging sleepers can be modelled accurately
using simplified methods (e.g., solid elements with elastic material properties). Following [10, 48-
53], the ballast and subgrade in this model are also modelled by solid elements with elastic
material properties. The element length of 75 mm is used for the sleepers and the ballast (there
are eight elements within one sleeper space). The thickness of the subgrade is 2 m.

The vehicle model is idealized as a multibody system consisting of one body, two bogies, and
four wheelsets. The wheelsets are named Wheel 1 to 4 from the right to the left. Wheel 1 and 2
belong to the front bogie and the Wheel 3 and 4 belong to the rear bogie. Primary and secondary
suspensions are modelled by spring-damper elements. The parameters are suggested by literature
(vehicle parameters by [11, 54, 55], track parameter by [10, 49, 54, 56]), and are then tuned
according to field measurements [35]. The axle load of the vehicle is 19.0 t and velocity is 144
km/h. Material properties of the track components and vehicle used in the model are collected in
Table 5.2.

—p Ballast & Subballast

Subgrade

Table 5.2 Material properties of the track components.

Parameter Value
Sleeper Elastic Modulus (Pa) 3.65E+10
Sleeper Poisson’s ratio 0.167
Ballast Elastic Modulus (Pa) 1.20E+08
Ballast Poisson’s ratio 0.250
Subgrade Elastic Modulus (Pa) 1.80E+08
Subgrade Poisson’s ratio 0.250
Concrete bridge Elastic Modulus (Pa) 3.50E+10
Concrete bridge Poisson’s ratio 0.167
Fastening system horizontal stiffness (N/m) 1.5E6
Fastening system horizontal damping (N*s/m) 5.00E4

Fastening system longitudinal stiffness (N/m) 1.5E6
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Fastening system longitudinal damping (N*s/m) 5.00E4
Fastening system vertical (compression) stiffness (N/m) 1.20E8
Fastening system vertical (compression) damping (N*s/m) 5.00E4
Fastening system vertical (tension) stiffness (N/m) 1.20E11
Fastening system vertical (tension) damping (N*s/m) 5.00E4
Distance between wheels (m) 2.5
Distance between axles (m) 20.0
Length of train body (m) 23.0
Primary suspension stiffness (N/m) 4.25E5
Primary suspension damping (N*s/m) 1.00E6
Secondary suspension stiffness (N/m) 4.68E5
Secondary suspension damping (N*s/m) 6.50E4
Secondary suspension Bending stiffness (Nm/rad) 1.05E4

The contact between wheels and rails is modelled using the linear Hertzian spring [56]. Silent
boundaries are applied on both ends of the model in order to reduce the wave reflection effect.
The nodes at the bottom of the subgrade and bridge are fixed.

The model considers differential settlement between the bridge and ballast track on both
sides. After construction or tamping, ballast tracks will be compacted within a short period [36, 57-
59]. In this period, the large settlement appears in ballast tracks due to the volumetric compaction
of particles. On the contrary, the tracks on bridges are barely settled, which generates a
differential settlement in transition zones. It should be noted that the value of the differential
settlement is important, but is difficult to measure precisely in reality. For instance, the void under
sleepers measured in [11] had an error of 3 mm. The value of the differential settlement that is
used in the paper is selected from the range of values that are frequently reported in field
measurements of transition zones [14, 23], which is 2-10 mm. A value of 4 mm is used, since it can
represent the early period of a transition zone. Dynamic responses are expected to be larger for
higher differential settlement values.

The nonlinear connection between sleepers and ballast is important for modelling of the
ballast degradation mechanism [48, 53]. In the case of hanging sleepers, the sleepers should
generate a nonlinear interaction force to the ballast under compression and separable without
loading [53]. Therefore, contact elements are applied between sleepers and ballast. According to
the penalty algorithm that is employed in the contact elements, the search for penetrations
between the bottom surface of sleepers and the top surface of ballast is made for every time step
during the calculation. When penetration has been detected, a force that is proportional to the
penetration depth is applied to resist and ultimately eliminate the penetration [60]. This method
allows for simulating the impact on ballast, which is proportional to the downward acceleration of
sleepers.

The simulation procedure consists of two phases. First, only the gravity forces are applied to
the model. When the model reaches the equilibrium state, the velocity is applied to the vehicle, so
that the vehicle moves from the left end to the right end of the transition zone passing the bridge.
The mass-weighted nodal damping is applied globally to the nodes and the track’s random
irregularity is not considered in this model. The model is solved using the commercial software LS-
DYNA, version R8, developed by Livermore Software Technology Corporation, CA 94551, the US,
2015. The time-step is 1.3 x10-5 s, and the calculation takes approximately 10 h using an 8-core
(17) workstation with High Parallel Computing (HPC).

The model was validated against field measurements in [35]. The comparison between the
simulated rail displacements and the calculated measurement displacements is shown in Figure
5.12. Rails from a close location (above the 2nd sleeper) and a far location (above the 11th
sleeper), with respect to the bridge, are both compared. The measurement was performed using a
Digital Image Correlation-device [4]. Results are filtered using a low-pass filter with cut-off
frequency of 35 Hz. It should be noted that the model is tuned according to the measured
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transition zone. As it can be seen from Figure 5.12, the simulation results are in a good correlation
with the measurement data both in the time and the frequency domains.
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Figure 5.12. Comparisons of measurement and simulation results: (a) the rail close to the bridge in
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the time domain; (b) the rail far from the bridge in the time domain; (c) the rail far from the bridge
in the frequency domain; (d) the rail close to the bridge in the frequency domain
4.2 Simulation of the Transition Zone with High Moisture

Ballast in transition zones often has poor drainage conditions [1, 6, 22]. High moisture in the
ballast leads to approximately 50% reduction in stiffness [27, 28]. Therefore, the model considers
ballast with high moisture in the transition zone by reducing stiffness by 50%. In this case, ballast
areas in the transition zones assumed to be affected by high moisture (50% stiffness reduction) are
within an 8-sleeper distance from the bridge and are shown with blue colour in Figure 5.13. The
ballast stays unchanged in the reference case.

SleeperNo. -80 == 8 7

Dl bbb

Ballast &
Subballast

Ballast &
Subballast
E Embankment Embankment

Figure 5.13 Simulation of the transition zone with high moisture: (a) the reference case;
(b) the high moisture case.

4.3 Results of the Finite Element Analysis

FE simulation results of the transition zones with and without high moisture are analysed in
this section.

The dynamic wheel loads of Wheel 1 are shown in Figure 5.14. The horizontal axis represents
the distance along the transition zone model, where the bridge is located between 48m and 72m.
Dynamic wheel loads on the bridge are not analyzed here, and therefore their responses are
covered by the shaded area. The dynamic wheel loads are zoomed before and after the bridge in
Figure 5. 14b and Figure 5. 14c, respectively.
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Figure 5.14. Dynamic wheel load of Wheel 1: (a) overview; (b) zoom-in of the
embankment-bridge side; (c) zoom-in of the bridge-embankment side [unit: KN].

As shown in Figure 5.14, the dynamic wheel load of Wheel 1 in the reference case is increased
near the bridge, which is caused by the differential stiffness and settlement existing in the
transition zone. This is one of the sources of degradation in transition zones. In addition, the
dynamic wheel loads are different in the embankment-bridge and bridge-embankment sides. In
the embankment-bridge side, the dynamic wheel loads are increased at a closer location to the
bridge (at 47.4m, 0.6m from the bridge), while in the bridge-embankment side the dynamic wheel
loads are increased at a further location (at 73.2m, 1.2m from the bridge). This is caused by the
different vehicle dynamics between the elevation and drop-off, which theoretically studied in [17]
and numerically studied in [8].

Comparing to the reference case, the dynamic wheel loads of Wheel 1 in the high moisture
case are slightly increased at most locations before and after the bridge (43m-48m and 72m-78m),
while they remain the same at further locations. This is reasonable since the stiffness of ballast is
reduced only at these locations (8-sleeper distances, corresponding to 43.2m-72m and 72m-
76.8m). Similarly, the slight increase is also found in the dynamic wheel loads of the other three
wheels at most locations before and after the bridge, as shown in Figure 5.15. It should be noted
the dynamic wheel loads in the high moisture case are lower than that in the reference case at
some individual peaks. This is caused by the dynamic vibration of the vehicle. To study the overall
effect of high moisture, the statistics of increased percentage of the peaks close to the bridge (the
closest seven peaks to the bridge on both sides, negative towards the bridge and positive away
from the bridge, as indicated in Figure 5.14b and c ) is performed as shown in Table 5.3. The
increase percentages of the dynamic wheel loads in the high moisture case with respect to those
at the same location in the reference case are calculated.
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Figure 5.15. Dynamic wheel loads: (a) zoom-in of the embankment-bridge side of Wheel
2; (b) zoom-in of the bridge-embankment side of Wheel 2; (c) zoom-in of the
embankment-bridge side of Wheel 3; (d) zoom-in of the bridge-embankment side of
Wheel 3; (e) zoom-in of the embankment-bridge side of Wheel 4; (f) zoom-in of the
bridge-embankment side of Wheel 4 [unit: KN].

Table 5.3. Increase percentages of the dynamic wheel loads in the high moisture case
comparing to the reference case.

Peak Wheell Wheel2 Wheel3 Wheel4

-7 4.7 2.9 4.4 1.1
-6 3.2 1.9 -0.3 -0.7
-5 2.5 3.5 1.6 -0.1
-4 3.2 2.4 1.7 -3.3
-3 3.4 2.9 4.5 4.5
-2 1.6 -8.5 3.0 -5.4
-1 35 1.0 14 -1.0
1 -2.6 3.2 -4.8 2.2
2 3.7 -2.5 5.0 1.2
3 -1.0 1.9 -2.7 2.4
4 5.1 0.8 4.0 34
5 -1.4 -1.0 0.0 -2.9
6 10.0 0.8 5.9 -1.0
7 3.1 3.5 3.6 2.1
Average 2.6 0.8 1.7 0.2

As shown in Figure 5.15 and Table 5.3, the dynamic wheel loads of all wheels in the high
moisture case are increased, where average ranges are from 0.2% (Wheel 4) to 2.6% (Wheel 1). It
should be noted that the negative values in Table 5.3 correspond to the peaks in Figure 5.14 and
Figure 5.15 where the dynamic wheel loads in the high moisture case are lower than that in the
reference case. The increase of the front wheels is higher than that of the rear wheels (Wheel 1 >
Wheel 2, Wheel 3> Wheel 4), and the increase of the front bogie is higher than that of the rear
bogie (Wheel 1> Wheel 3, Wheel 2> Wheel 4). Because the higher dynamic wheel loads accelerate
track degradation, the simulation results confirm that a high moisture condition is one of the
sources of fast degradation often reported in transition zones. The increase of dynamic wheel
loads also explains the irregularities in longitudinal track level as shown in Section 3.

It should be noted that the vehicle used in the model is a passenger vehicle (19t). In a real
situation, freight trains with higher axle loads can bring higher increase to the dynamic wheel
loads (e.g. 25t), which exacerbate the track degradation. In addition, various axle loads in mixed
traffic lines may also aggravate the degradation [61]. The same situation can be expected if trains
travel at a higher velocity (than 144km/h).
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5  Discussion

A higher moisture level in the ballast and subballast layers of the measured transition zones
was detected with field measurements. According to the experience of others, e.g., [3], wet ballast
has often been observed in transition zones. High moisture in the ballast indicates that the
drainage system is not fully functional. The intent of a drainage system in railways is to intercept
subsurface water entering the area of the track substructure, to intercept surface water
approaching the track structure from the sides, and to remove water draining out of the ballast
and subballast [36]. When the drainage system does not work properly, it may bring problems that
fall [36] into two categories.

1. Changes in physical properties of tracks, such as: pore pressure increases under cyclic

load causing increase in plastic strain accumulation, decrease in stiffness.

2. Damage to track components, such as: subgrade attrition and slurry formation from
ballast action; ballast degradation from slurry abrasion, chemical action, and freezing of
water; sleeper attrition from slurry abrasion.

The first category problems can be observed as the degradation of track alignment, which is
shown by the measured longitudinal track level in Section 3 and explained in Section 4. Moreover,
track irregularities have also been reported in transition zones, e.g., [1, 3, 4, 6, 7]. An example of a
transition zone with large track irregularities is shown in Figure 5.16. The second category
problems result in maintenance, such as ballast cleaning (undercutting) by ballast cleaners [36, 56],
or ballast adding by track stoneblower [56, 62]. When the problems are not solved timely, frost
heave and mud pumping problems may occur. All of the problems cause a significant increase in
track maintenance costs and reduction in passenger comfort. A possible solution is to improve the
drainage system in transition zones at the design stage, since currently most codes regard the
drainage system in transition zones the same as that in free track, e.g., in [63].

E—

Figure 5.16. Transition zone with large track irregularities.

Numerical simulations have demonstrated how increased moisture (represented as reduced
ballast stiffness) causes dynamic wheel loads to have a greater impact on transition zone
structures (ballast/subballast) during loading (train traffic). This may result in a variation of ballast
distribution and consequently accelerate ballast settlement. Since most numerical studies of
transition zones only consider the difference of the stiffness and settlement in transition zones,
e.g., [6, 8, 11, 64], it is suggested to also consider the effect of ballast moisture in future studies.

In addition to the reduction in stiffness, it is also possible to model the ballast with high
moisture as a higher growth rate of settlement. In [29], static one-dimensional tests of ballast
were conducted to study the effect of the addition of water on ballast deformation. Specimens
with added water had a 40% increase in settlement when compared to dry samples. Similar
findings from laboratory tests can also be found in [30], where the additional settlement caused by
water for fresh and recycled ballast is 39% and 42%. When the ballast is fouled (e.g., by clay and
silt), the extra settlement caused by water is even larger [31].

6  Conclusion

To explore the degradation mechanism in transition zones, this paper studies the moisture
condition of the ballast and subballast in transition zones experimentally and numerically.

The paper presents results of moisture condition measured in three transition zones using
GPR. It has been found that the high moisture areas appear mostly before and after the bridges in
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transition zones. Track irregularities can also be found at the corresponding locations, which imply
a strong connection between the high moisture conditions and track degradation. High moisture
areas tend to be located at the bottom of the ballast layer, the bottom of the subballast layer, and
above the abutments.

To explain the connection, the dynamic behaviour of the transition zone in a high moisture
condition is analysed using the FE method (explicit integration). The ballast and subballast are
modelled as solid elements and the high moisture conditions are considered as (50%) reduction of
the elastic modulus according to laboratory findings. It has been found that the average of
dynamic wheel load peaks for all wheels in the transition zone in the high moisture condition is
slightly increased (ranging from 0.2% to 2.6%) compared to the reference condition. Since the high
dynamic wheel loads will lead to fast track degradation, the simulation results confirm that the
high moisture condition is one of the sources of the fast degradation often reported in transition
zones.

In a real situation, when higher axle loads or velocities of the trains are in use, faster track
degradation can be expected in transition zones in a high moisture condition. To prevent it, more
attention should be paid to the drainage system of the ballast track in transition zones. In addition,
it is recommended to consider the effect of ballast moisture in the future studies of transition
zones.
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Abstract

Transition zones in railway tracks are locations with considerable changes in the rail-supporting
structure. Typically, they are located near engineering structures, such as bridges, culverts and
tunnels. In such locations, severe differential settlements often occur due to the different material
properties and structure behaviour. Without timely maintenance, the differential settlement may
lead to the damage of track components and loss of passenger’s comfort. To ensure the safety of
railway operations and reduce the maintenance costs, it is necessary to consecutively monitor the
structural health condition of the transition zones in an economical manner and detect the
changes at an early stage. However, using the current in situ monitoring of transition zones is hard
to achieve this goal, because most in situ techniques (e.g., track-measuring coaches) are labor-
consuming and usually not frequently performed (approximately twice a year in the Netherlands).
To tackle the limitations of the in situ techniques, a Satellite Synthetic Aperture Radar (InSAR)
system is presented in this paper, which provides a potential solution for a consecutive structural
health monitoring of transition zones with bi-/tri-weekly data update and mm-level precision. To
demonstrate the feasibility of the INSAR system for monitoring transition zones, a transition zone
is tested. The results show that the differential settlement in the transition zone and the
settlement rate can be observed and detected by the INSAR measurements. Moreover, the INSAR
results are cross-validated against measurements obtained using a measuring coach and a Digital
Image Correlation (DIC) device. The results of the three measuring techniques show a good
correlation, which proves the applicability of InSAR for the structural health monitoring of
transition zones in railway track.

Keywords
Satellite InSAR, transition zones, railway, settlement
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1 Introduction

Transition zones in railway track network are locations with considerable changes in the
vertical support structures, which are located near engineering structures, such as bridges,
culverts and tunnels [1]. A typical embankment-bridge transition zone is shown in Figure 6.1. Due
to the difference in the stiffness and the settlement characteristics as well as the geotechnical and
construction issues [2-7], the track geometry always degrades faster in transition zones than in
open tracks, which causes significant irregularity (dips) in the track geometry. Such geometry
irregularities may trigger considerable wheel-rail interaction forces, resulting in damage to track
components, affecting the passenger’s comfort, and even causing derailment [3, 8-11]. As a result,
the maintenance of the track geometry in the transition zones requires substantial efforts. For
example, in the Netherlands, the track maintenance in transition zones is performed up to 4-8
times more than on free tracks [12, 13]. In the US $200 million is spent annually to maintain the
transition zones, while in Europe about €97 million is spent [14, 15].

Figure 6.1. A typical track transition zone in the Netherlands.

To ensure the safety of railway operations and the reduction of maintenance costs, it is
necessary to inspect the structural health condition of transition zones at a high frequency.
Structural Health Monitoring (SHM) system would allow the detection of potentially dangerous
situations at an early stage to provide an efficient way to extend the operational life of railway
structures, while not interfering with train operations [16]. The widely used SHM systems are
often impedance-based, which exploit the relationship between the electrical impedance of
Piezotransducers (PZT) and the mechanical impedance of the host structure to which the PZTs are
bonded or embedded. The results, which are the inverse of the electrical impedance, are functions
of the stiffness, mass, damping of the host structure; or length, width, thickness, orientation, and
mass of the PZTs. Therefore, the structural damage can be detected from the variation of the
monitoring results [17-21]. The current monitoring for transition zones is mainly aimed at
observing the rail deflection performed by track-measuring coaches at the frequency of twice a
year and rail/sleeper displacements at a higher frequency but only for individual case studies [22-
24]. Both these SHM systems perform at a low frequency, which are mainly due to the inspection
expense.

Therefore, this paper proposes a contactless SHM system that uses satellite SAR (Synthetic
Aperture Radar) measurements to complement the current in situ measurements. The satellite
SAR measurements are obtained on a bi-/tri-weekly basis, and with high precision (at millimeter level)
[25, 26]. By providing a stack of SAR measurements over a certain period, the settlement
behaviour of railway infrastructures can be retrieved using satellite radar interferometric
(Synthetic Aperture Radar Interferometry, referred as InSAR) techniques [27-29]. InSAR has been
successfully applied to the long-term railway monitoring in [27, 30-32].

To demonstrate the InSAR feasibility and its potential for the structural health monitoring in
transition zones, a transition zone is measured and analyzed using the InSAR techniques. Further,
the InSAR results are cross-validated using the measurements from a measuring coach and a DIC-
device. The paper is organized as follows. The settlement mechanism of the tracks in transition
zones is described in Section 2. The measuring principle of the InSAR techniques and the
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conventional monitoring systems, including the measuring coach and the Digital Image Correlation
(DIC)-based device is illustrated in Section 3. Section 4 introduces the testing site and the data
collection using the monitoring systems. The settlement history of the transition zone measured
using the InSAR techniques is analyzed in Section 5. To verify the InSAR results, the transition zone
is also evaluated by other two validated measuring systems (the measuring coach and the DIC-
based device). The relationship between the three measurement systems is discussed in Section 6.
The conclusions are eventually drawn in Section 7.

2  Settlement Mechanism in Transition Zones

Since the vertical track stiffness determines the rail deflection due to passing trains, the large
abrupt change in the vertical track stiffness in transition zones results in a rapid change in the
elevation of wheels [8]. In other words, the wheels “drop down” when trains move from the
engineering structure to ballast track, while the wheels are “lifted up” when trains move from the
ballast track to engineering structure. In addition to the rail deflection caused by the different
track stiffness, the ballast track always settles more as compared to engineering structures.
According to the field measurements and laboratory tests [33-39], the ballast track is rapidly
compacted immediately after construction or maintenance. Moreover, there are also some
geotechnical, construction and maintenance issues, such as inferior quality of used materials, poor
drainage conditions, inadequate compaction and consolidation of embankment or backfill [1]
(before the construction of the bridge, the embankment is often excavated and refilled afterwards
with the backfill). The three factors, including the stiffness variation, the different settlement
behaviour, and the geotechnical issues, lead to the differential settlement in transition zones. In
[38], the differential track settlement up to 7 mm appeared in the transition zone after half-year
operation. In another transition zone [1], the settlement was estimated up to 10 mm after the 10-
month operation.

As a result, the wheel-rail interaction forces in transition zones are significantly amplified [6,
8, 40-44]. The analytical results in [40] showed that the wheel-rail interaction forces in the
transition zone between the ballast track and slab track were increased up to 54% due to the
differential settlement. Similarly, the increase of the wheel-rail interaction forces in the transition
between the embankment and the bridge was up to 85% by the differential settlement [41]. The
increased wheel-rail interaction forces ultimately lead to the accelerated deterioration of the
vertical track geometry, as shown in Figure 6.2.

W -

s MRS
(b)
Figure 6.2. Schematic diagram of differential settlement in transition zone: (a)
immediately after construction or maintenance; (b) after a few months of operation.
As shown by the “dip” in Figure 6.2b, the extra settlement of the tracks near the engineering
structure has been confirmed by [1, 3, 38, 45], which typically appears shortly after the
installation/renewal of the track. A survey of the performance of track transition zones [2] reveals
that 51% of the track transition zones described in that study have experienced such a settlement.
The affected zones located next to engineering structures often have various lengths, e.g., 4
m in [23, 24], 7 m in [13, 22], and 30 m in [3]. In [46], the following formula for the length of the

affected zone L is suggested:
L= /1.6x Ahx V? (1)

where A his the height difference of track in the transition zone (m); I} is the design speed
(km/h). Assuming Ahis 0.01 m andV,is 160 km/h, the length of the affected zone L is
approximately 20 m.
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3 Condition Monitoring of Transition Zones

The current structural health-monitoring measurements for transition zones are mainly
performed by measuring coaches, levelling instruments, and linear variable differential
transformers (LVDT). Levelling instruments are the optical instruments used to establish or verify
the points in the same horizontal plane, which were used in [3, 22, 47]. LVDTs convert a position or
linear displacement from a mechanical reference into a proportional electrical signal containing
phase and amplitude information, which was used among others in [38]. A complete introduction
to SHM methods used on civil infrastructures can refer to [17]. The most widely used method is
the track inspection performed by the measuring coach, which is presented in Section 3.1.
Moreover, a detailed measurement method using DIC devices is explained in Section 3.2. The
measuring principle of InSAR is provided in Section 3.3. It should be noted that the measuring
principles of the three systems are different but related. The relationship between them is
discussed in Section 6.

3.1 Measuring Coach

In most countries, track geometry is mainly measured by the inertial measuring system of
measuring coaches. For example, in Japan, the condition monitoring has been accomplished using
measuring coaches since 1964. The measurement results are compared at a common point of
reference. Precise allocation of a test result to a rail is possible via accurate DGPS (Differential
Global Positioning System) location reference. For example, the EURAILSCOUT UFM120 measuring
coach has been used since 1999 in the Netherlands, as shown in Figure 6.3 [48]. The car is self-
propelled by a diesel engine. It operates in both directions with a maximum speed of 120 km/h.
The basic technical information of the UFM120 is given in Table 6.1 [5].

Figure 6.3. EURAILSCOUT UFM120 measuring coach [48].
Table 6.1. Technical data of UMF120 measuring coach.

Parameter Value

Date of construction 1998
Railway gauge 1.435 mm
Vehicle length over the buffer 23.000 mm
Centre casting distance 17.500 mm
Axle base 2.500 mm

Minimum turning radius in movement 90 m

Vehicle weight approximately 70 tons

Maximum drive speed 120 km/h
Maximum measurement speed 120 km/h

The inertial measuring system consists of three high-precision gyro systems and
accelerometers for all three spatial directions x, y, z. The position of measuring coaches is
determined by means of double integration of the acceleration measurements. The track position
is then measured in relation to the resulting coach position by using relative displacement
transducers (optical track-measuring system). Assuming that the track settlement on engineering
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structures is negligible, the settlement of ballast tracks can be calculated by using the track on
engineering structure as a reference.

This geometry measuring system is on the front side of car bodies, positioned between axles.
Track geometry is measured at every 0.25 m, stored in onboard computer systems processed and
printed immediately during the ride. All the measured data can also be plotted as a graphical
representation, as well as be exported to the external data medium [5]. The track geometry signals
are produced in three wavebands, which are 3-25 m (D1), 25-70 m (D2) and 70-150 m (D3) and
the precision is 0.5 mm [49].

The advantage of measuring coaches is that it can measure multiple parameters at the same
time, including track geometry, track videos/photos, and acceleration of bogies/car bodies.
However, the cost of performing the measuring coach measurement is high so that its frequency is
relatively low, for instance, twice per year in the Netherlands.

3.2 DIC Devices

DIC is an optical method using tracking and image registration techniques for accurate
measurements in images. A reference picture is captured before loading, and a series of pictures
are taken subsequently during the loading process. The images are analyzed using a numerical
matching technique to identify the most similar patterns in the subsequent images, which is based
on the assumptions that the pattern is approximately constant between successive images and the
local textural information is unique. The matching algorithm compares the image subsets in the
reference image with the image subsets in the current image [50]. Matching criteria are available
such as in [51, 52]. The method can continuously record of in-plane displacements of targets
without any contact, which excludes any interference between the measured surface and the
measuring device [53-55].

The DIC devices have been used to monitor the displacement of rails [24], displacement of
sleepers [56-58], and strain of rails [59] during train passages. The DIC system can be even
mounted on railcars to perform an interrogation of sleepers while moving [16, 60]. A DIC device
often consists of high-resolution digital cameras that record the displacement of targets, and post-
processors that analyze the changes in images. The DIC device used in this study is shown in Figure
6.4. This device was successfully used in railway applications such as monitoring turnout crossings
[61, 62].

Figure 6.4. A DIC-based device: (a) a high-speed camera; (b) processing system; (c) a tripod;

(d) targets.

DIC devices can measure detailed dynamic responses of the tracks at specific locations in
transition zones. However, the cost of performing DIC measurements is also at a high level since it
needs the manual operation. Currently, the condition inspection of transition zones using DIC
devices is only performed occasionally and locally for the purpose of research.

3.3 Satellite Radar Interferometry
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InSAR techniques have been widely applied in monitoring “natural” geophysical processes,
and recently, they have been successfully deployed for structural health monitoring of
infrastructure, such as railway, buildings and bridges [27, 31, 63, 64].

INSAR uses two or more satellite radar measurements (i.e., SAR images, acquired by SAR
satellites) of the same area to extract ground deformation remotely and periodically, with
millimeter-level precision. A SAR satellite operates using a side-looking geometry and illuminates a
swath parallel to the satellite’s nadir track by transmitting a series of radar pulses from a fixed
antenna [65], see Figure 6.5a. The ground targets with a strong scattering reflection, e.g., rail bars,
can be well observed using SAR satellites. It should be noted that the observability for ground
targets may be degraded when the ground targets are temporarily covered by ice, snow, or water.
Therefore, the accuracy of railway measurements may be reduced in the extreme weather.
However, its effect is not discussed in the paper since such weather is very rare in the Netherlands.
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Figure 6.5. (a) SAR and (b) repeat-pass InSAR imaging geometry, adapted from [29]. (a)
The satellite at height Hy,; moves along the azimuth direction for y axis and the
direction of the main lobe of microwave pulse is nominated as the range direction for x
axis. The area circled by black indicates the footprint of a single pulse. (b) Two SAR
sensors, master and slave are at a distance by a baseline B. The perpendicular baseline
B, is defined by the effective distance between master and slave sensors, measured
perpendicular to the look direction. The angle between B and horizontal plane is defined
as a. The look angle 8 is the angle with which the radar looks at the surface. The
incidence angle 8;;, is defined with regard to the ellipsoid. The height of the object is H
with regard to a reference surface.

When two (or more) SAR images, acquired at the same time from a different orbital track or
acquired at the separated time but imaging the same area, are available, the temporal evolution of
ground targets can be retrieved by the InSAR techniques. For instance, the two SAR images are
called the master image and slave image; see Figure 6.5b. The slave image must be co-registered
and resampled with regard to the geometry of the master image. The interferometric phase is
derived from the pixel-by-pixel multiplication with the conjugate complex of a pixel, in the master
and slave image. Such complex multiplication yields a value ¢% € [—m, ) [rad] that referred to as
the “wrapped”, or relative, interferometric phase. If the “absolute” phase ¢ € R (R is the set of
real numbers) were observed, it would be directly related to the slant range difference Ar
between master and slave (see Figure 6.5b), as in

E{¢} = —=Ar, 2
where E{. } expresses the expectation operator. Note that Equation (2) holds for the repeat-pass
configuration where the two SAR images are acquired at different times. However, the absolute
interferometric phase ¢ cannot straightforwardly be measured, due to the fact that the
interferometric observed phase ¢". Instead, a relative phase, modulo 27 radians, expressed
as W{p} = mod{e + m, 2m} — m is measured, where W{. } is the wrapping operator.
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The absolute interferometric phase ¢ can be decomposed into four components that are
surface topography, temporal displacement, atmospheric delay, and noise,

v = W{¢} = W{¢topo + ¢defo + barmo + ¢n0ise}l (3)

where
¢t°p“’m B The topographic phase caused by the surface geometry, p is the slant
=— T 550 H range, H is the height above a reference surface

psin

4
= __T[Ar The kinematic phase due to surface or object displacement

(;bdefo 1
Gatmo The phase contribution from the atmospheric signal delay
Groise Other random additive noise.

It is of importance to properly unwrap the interferometric phase and mitigate the
atmospheric and noise influence, in order to generate a high-precision deformation component.
Therefore, the persistent scattered interferometric (PSI) method [25, 66], using a stack of SAR
images, is further proposed. During PSI processing, the temporal behaviour of the ground targets
with strong reflection, high coherence, stable phase values over time, can be observed. It is
worthwhile to mention that all the satellite radar measurements are relative with regard to a
reference epoch and reference point. By comparing the spatial coordinates of the unloaded tracks
to the reference point, the increase of the track settlement at various locations can be obtained.
Moreover, the high growth rate of the settlement indicates the fast degradation of the track,
which suggests the track condition is poor, and vice versa. For instance, the authors in [20]
demonstrates that the settlement behaviour and seasonal deformation of the track can be well
measured in the Himalaya region. In [18], the long-term settlement of a railway in the Netherlands
measured by InSAR was validated against the measurement data of measuring coaches.

Comparing to the measuring coaches and DIC devices, which will be introduced in Sections 3.2
and 3.3, SAR satellites bring higher frequent measurements, while the precision of the satellite
measurements is at millimeter level, which is relatively low, and the spatial resolution/sampling of
the satellite measurements is at meter level, which is larger than the measuring coach (0.25 m).

4  Test Site and Data Description

To study the capability of InSAR application on the structural health inspection of transition
zones, a transition zone is analyzed. The settlement results for the transition zone derived from
SAR data processing are compared with the results of the measuring coach and the DIC device
performed on the same transition zone (as introduced in Section 3). The transition zone consists of
the tracks on the steel bridge and embankment (located in Moerdijk, The Netherlands) as shown
in Figure 6.6. The track on the embankment is the ballast track, while the track on the bridge is the
embedded rail system.

\ A\

ph of the transition zone.

Figure 6.6. Photogra
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The track settlement in the transition zone was measured by the SAR satellites. 153 TerraSAR-
X satellite images (30 x 50 km) were acquired between April 2009 and October 2015, in
descending orbit. The wavelength of the on-board radar sensor is 3.1 cm. The PSI method is used
to process the SAR data. The measuring coach is EURAILSCOUT UMF 120 as described in Section
3.1. The track alignment was measured in April 2015. The signal was produced in 3-70 m (D1D2)
wavebands. The DIC device shown in Figure 6.4 was employed to measure the vertical
displacements of the rails at some locations in the transition zone. The measurement was
performed in April 2015, when more than 30 train passages were recorded (sampling frequency 78
Hz). The key parameters of the three systems are summarized in Table 6.2.

Table 6.2. Key parameters of the InSAR, the measuring coach and the DIC device.

Measurement Measured Object Sampling Interval Along the Track (m) Acquisition Dates
Systems
InSAR Settlement 31 2009-04~2015-10
Measuring coach  Track alignment 0.25 2015-04
DIC device Displacement 0.6 2015-04

! The acquired spatial resolution for the TerraSAR-X is 3 x 3 m. After post-processing, the

spatial positioning precision along the track is 0.5 m [67].

5 Measurement Results

In this section, the INSAR measurement results are first discussed. Then the cross-validation is
performed using the two in situ measurements from the measuring coach and the DIC devices.

The track settlement measured by the TerraSAR-X satellites in the transition zone is shown in
Figure 6.7b, along with the photograph of the transition zone (Figure 6.7a) and track alignment
measured by the measuring coach (Figure 6.7c). The sampling resolution is indicated by the yellow
square in Figure 6.7a, as well as the satellite flying direction and radar signal direction. Note that
since the image resolution of the TerraSAR-X satellite is 3 m, the double tracks are considered as
one. The satellite flying direction and radar signal direction are indicated as well. As SAR satellites
can only observe the ground targets with a strong scattering reflection (mentioned in Section 3.3),
the ground targets with a poor scattering reflection over this railway segment cannot be detected.
Therefore, the spatial sampling is not always 3 m, and the distance between the adjacent SAR
measurement points shown in Figure 6.7b varies.

As shown in Figure 6.7, the settlement on the embankment and the settlement on the bridge
are so different that the bridge can be clearly distinguished from the embankment. The settlement
of the track on the bridge is relatively stable with marginal fluctuations. On the contrary, the
settlement of the track on the embankment increases over time. The increase of the settlement
varies from different locations, i.e., the track settles more at the location close to the bridge and
less at the location far from the bridge, which is in agreement with the findings from other field
measurements in [3, 24, 38].

To study the track settlement in different regions of the transition zone, the InSAR
measurements in three representative points of the transition zone are further analyzed, including
one point from the ballast track close to the bridge, one point far from the bridge and one point
the on the bridge (indicated by the black arrows in Figure 6.7). The settlement histories of points
and their rate are shown in Figure 6.8. Figure 6.8 clearly shows that track close to the bridge
settles much faster than that farther from the bridge, while the settlement on the bridge remains
stable. This proves that InSAR can measure the settlement rate in transition zones in this case,
which can provide insightful information to understand the degradation process of the transition
zones. It should be noted that the feasibility and the quality of InSAR-based structural health
monitoring over transition zones may differ in other cases, due to e.g., the track orientation of a
transition zone, satellite viewing geometry and satellite data availability. In addition, sufficient
persistent scatters (PS)s are required in the transition zones in order to measure the condition. It
can be insured either by increasing the resolution of the satellite or by installing an object (e.g., a
pile) in the transition zones.
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Figure 6.7. Measurement results of the transition zone: (a) Top-view photograph; (b)
Settlement profile measured the satellite system; (c) Alighment measured by the
measuring coach. The middle parts of the bridge are abbreviated. The yellow square
indicates the sampling resolution (3 x 3 m). The satellite flying direction and radar signal
direction are indicated. Write arrows are the locations where DIC measurements were
performed. Black arrows are the points collected in Figure 6.8. Purple arrows are the
locations of the expansion joints shown in Figure 6.11.
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Figure 6.8. Settlement history of the typical points in the transition zones: (a) Settlement

history curve; (b) Settlement rate.

As shown in Figure 6.7, the fluctuation of the track alignment is significantly amplified near
the bridge. On the contrary, the track irregularities are much smaller on the bridge and the
embankment farther from the bridge. The results of the measuring coach (see Figure 6.7c)
correlate very well with the results of the InSAR since the locations with the large fluctuations of
track alignment are mostly the locations with the large settlement. It is reasonable because the
differential settlement leads to the poor supporting condition of rails and sleepers, which can be
observed as track irregularities. It should be noted that the track irregularities are not only caused
by the differential settlement, but also by rail defects. This is the reason for the small discrepancies
between the settlement and the track alignment.

The dynamic displacements of rail at two typical locations near the bridge were measured by
the DIC device. One location is close to the bridge (1.5 m) and the other is far from the bridge (240
m), as indicated by the two white arrows in Figure 6.7a and shown in Figure 6.9. The measurement
results are shown in Figure 6.10

Figure 6.9. Measuring locations of the dynamic displacements of rail are measured by the
DIC device: (a) the location close to the bridge, (b) the location far from the bridge.
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Figure 6.10. Vertical displacements of rail at 1.5 m and 4.5 m of the transition: (a) in the
time domain, (b) in the frequency domain.

Figure 6.10a shows the time curve of the vertical rail displacement. The downward peaks are
corresponding to axles (24 wheelsets). The close two peaks belong to one bogie, e.g., the two
peaks around 2 s. The relative distant two bogies are from one vehicle, e.g., the bogies at 2 s and
2.6 s (marked by the parentheses in Figure 6.10a). It can be seen in Figure 6.10, the amplitudes of
the rail displacements at the two locations are of significant distinction, where the rail close to the
bridge reaches 5.65 mm while the rail far from the bridge is only 0.87 mm. The large
displacements of the rail close to the bridge imply the appearance of hanging sleepers, which
confirms the differential settlement in the transition zone. Therefore, the settlement results
measured by the InSAR are again validated by comparison with the measurement results of the
DIC measurement.

It is remarkable to note that the transition on the right side (in Figure 6.7) of the bridge is in
worse condition than that on the left side. Both the high settlement and track irregularity on the
right side of the bridge indicate the track is in poor condition. Especially at 17.81 km, the
settlement reaches 31 mm and the dip reaches 18.8 mm. After field observation, it is found that
there are two expansion joints at the corresponding location, which probably causes the extra
settlement and track irregularity. The expansion joints are shown in Figure 6.11 and their locations
are indicated by the purple arrows in Figure 6.7. It shows that the InSAR data is also capable of
locating the differential settlemen caused by spgcific track components.

= 7 —

on the right side of the bridge.

6 Discussion

The satellite, the measuring coach and the DIC measurement unveil the structural health
condition of the transition zone. Since the measured objects from these three systems may differ,
the relation between the three systems is discussed in this section.

The track deformation is explained in Figure 6.12.

Normal Elastic Deformation

on embankment De-ﬁ-e
Normal Elastic
Deformation Normal Elastic Deformation D
i i e-1-8§
Elastic Deformation on structure
Abnormal Elastic D
) Deformation (e.g. hanging sleeper) e-a
Deformation
Plastic Deformation D
p-e
on embankment
Plastic Deformation
Plastic Deformation Dp—x

on structure

Figure 6.12. Deformation classification.

The normal elastic deformation is determined by the track stiffness, including the stiffness of
rail, fastening system, and substructure. It can therefore be different between the track on the
embankment and the track on the structure (e.g., embedded rail system on the concrete/steel
bridge). The abnormal deformation represents the void under the sleepers (hanging sleepers).
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They often exist in transition zones [1, 22, 38], which are hanged by the bending stiffness of the
rails and only appears when loaded. The plastic deformation is the track settlement.

As a result, the InSAR techniques can measure the settlement of the unloaded track, which is:
Dy,_¢, Dp_s. The measuring coach can measure the alignment of loaded track. Considering track on
the engineering structures as reference, the relative alignment can be obtained, which is:
(De-n—e = De—n-s) + De_q + (Dp—e — Dp—s). The DIC device can measure maximal displacement
of track, whichis: Dy_p,_o + De_g, Do_p_s-

In principle, the abnormal elastic deformation (D,_,) is highly correlated with the plastic
deformation (Dj_.). The local differential plastic deformation may lead to the abnormal elastic
deformation, and continuous abnormal elastic deformation in turn causes the plastic deformation.
For the transition zone in poor condition, the plastic deformation on embankment is always high
as well as the abnormal elastic deformation and vice versa. It is evident in Figure 6.7 that the
location where high settlement appears (in red) overlaps with the location where the relative track
geometry has high amplification.

For an operated transition zone as shown in Figure 6.2b (with differential settlement), the
measurements by SAR satellite, measuring coach and DIC, are shown in Figure 6.13, where the
unloaded track geometry after the operation is shown as the black dash line and the loaded track
geometry after the operation is shown as the solid black line. The deformation measured by the
three systems is indicated as shade in Figure 6.13b—d.

Approaching
zone

Free track

Bridge

Perfect Track

D,. | Train load

Unloaded _ _
Loaded

d]

After operation

b
(DeneDen Dt Dy D) Dt Dy Dens
measured by Satellite measured by Measuring coach measured by DIC-device
Figure 6.13. Schematic diagram of the measurement of the three systems. In (a), the
unloaded track geometry after the operation is shown as the black dash line, while the
loaded track geometry after the operation is shown as the solid black line. In (b—d), the
deformation can be measured by the three systems is indicated as shade.

Although the measured objects of the three systems are different, their results are inter-
related. Therefore, they are capable of showing the health condition of the transition zones.
Considering the cost efficiency, the satellite has an advantage in performing long-term health
monitoring for transition zones at a high frequency.

7  Conclusions

This study demonstrates the feasibility of InSAR application on the SHM of transition zones in
railway track. Measurements using the InSAR technique were performed on transition zones near
a steel bridge. The results were cross-validated using the data from a measuring coach and a DIC
device.

It has been proved that the settlement on the embankment and bridge are significantly
different in the studied transition zone. The embankment and the bridge of the transition zone can
be clearly distinguished in the satellite data. The track settles more in the locations close to the
bridge and less in the locations far from the bridge. The settlement of the track on the bridge is
relatively stable with marginal fluctuation.
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The measurement results of the InSAR were compared with the results of two in situ
monitoring systems, which are the measuring coach and the DIC-based device. The measuring
coach measures the track alignment, and the DIC device measures the transient rail
displacements. These measurements have a very good correlation.

The presented results have demonstrated that InSAR can be used in the health condition
monitoring of transition zones. The InSAR system can monitor the health condition of the
transition zones between the measurement interval of measuring coaches (half-year) and to
provide guidance (suspect locations) for the local inspection or maintenance.

The questions needing further research are (1) how to ensure PSs in the measured transition
zones and (2) how to guarantee the measurement accuracy in extreme weather.
Acknowledgments: The authors would like to thank ProRail, the Netherlands for providing the
measurement data. The authors thank the German Space Agency (DLR) for providing the
TerraSAR-X data. The authors would like to thank Eurailscout for sharing the information of
UMF120 measuring coach. The authors would like to thank Ivan Shevtsov (from ProRail),
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