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SUMMARY

Railway tracks are subjected to constant degradation in terms of geometry, and wear and
tear of the track components (rails, sleepers, fasteners, trackbed layers, etc.). Over the
years, trains have evolved immensely, but the track infrastructure has not kept pace. With
rapid advancements in vehicle technologies, the design of rail infrastructure must cope
with the challenges associated with the operation of railway tracks. In addition, railway
transition zones (RTZs) degrade even faster (4-8 times) than normal tracks, leading to
higher maintenance and operational costs. RTZs are areas where railway tracks cross
stiffer structures (e.g., roads, bridges, culverts). The amplified degradation in RTZs is
mainly attributed to abrupt changes in vertical stiffness and to differential settlement, re-
sulting in amplified and non-uniform track responses. Even though the dynamic behavior
of RTZs differs from that of normal tracks, the design of track components in these zones
remains similar to normal tracks, with some modifications at the superstructure and/or
substructure levels to mitigate the transition effects. There have been several attempts to
mitigate the adverse effects of dynamic response amplification in RTZs, but they have
proven either marginally effective or counterproductive. Therefore, a comprehensive
design methodology for RTZs is needed that addresses the main degradation mechanisms
leading to amplified degradation of these zones.

In this paper-based thesis, a novel methodology is proposed to design and evaluate
railway transition zones. For this purpose, detailed analysis and design optimization
is performed for a bridge-embankment transition using various two-dimensional and
three-dimensional finite element models, different vehicle models, and surrogate models
(using polynomial chaos expansion). Firstly, the proposed methodology establishes a
robust design criterion to design and evaluate RTZs. The criterion relates the magnitude
and uniformity (spatial and temporal) of the total strain energy in the trackbed layers to
the permanent deformation of RTZs. This novel energy-based criterion is used to evaluate
the most commonly used mitigation measures at the superstructure and substructure
levels and to investigate the key phenomena governing RTZ design. Based on insights
obtained from these analyses, a preliminary design of a novel transition structure called
SHIELD (Safe Hull-Inspired Energy Limiting Design) is proposed. The second phase of
the work is dedicated to identifying the most influential design parameters leading to
optimized geometry of SHIELD and the desired material characteristics. The third phase
involves the performance evaluation of optimized SHIELD subjected to critical loading
conditions (e.g., critical and supercritical velocities, different directions of movement,
hanging sleepers, non-straight rail) and SHIELD is shown to be a robust design solution
for all conditions under study. In the end, the use of SHIELD is extended to another type
of an embankment-bridge transition (with ballast running over the bridge) where it is
shown to be equally (compared to embankment-bridge transition with no ballast layer
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over the bridge) efficient in mitigating the transition effects, and a laboratory experiment
is designed to test the effectiveness of the proposed design criterion and methodology.

A robust design methodology for RTZs is proposed in this work, which aims to minimize
operation-induced degradation and can be adapted to different transition types and site-
specific conditions. A preliminary optimized design of SHIELD is proposed, which has
been shown to be effective in mitigating dynamic amplifications in RTZs under both
ideal and non-ideal conditions. The results and conclusions presented in this work
demonstrate the promise of SHIELD as an intervention for railway transition zones,
outline the next steps toward its practical implementation, and highlight the challenges
that need to be addressed in future research.



SAMENVATTING

Spoorwegen zijn onderhevig aan voortdurende degradatie van de spoorweggeometrie
en aan slijtage van de spoorcomponenten (rails, dwarsliggers, railklemmen, de lagen
in het baanlichaam, etc.). In de loop van de jaren zijn treinen enorm ontwikkeld, maar
de ontwikkeling van de spoorweginfrastructuur is achtergebleven. Gegeven de snelle
vooruitgang in voertuigtechnologieën moet het ontwerp van de spoorweginfrastructuur
omgaan met de uitdagingen die gepaard gaan met het gebruik van de spoorwegen. Bo-
vendien degraderen overgangszones (RTZs) in de spoorweginfrastructuur nog sneller
(4-8 keer) dan de reguliere spoorweginfrastructuur, wat leidt tot hogere onderhouds- en
operationele kosten. RTZs zijn zones waar spoorwegen stijvere constructies kruisen (bijv.
die behorend bij wegen, bruggen, duikers). De versnelde degradatie in RTZs komt voor-
namelijk door abrupte veranderingen in de verticale stijfheid en door verschilzettingen,
resulterend in vergrootte en ongelijkmatige responsies van de spoorweginfrastructuur.
Hoewel het dynamische gedrag van RTZs verschilt van dat van de reguliere spoorweginfra-
structuur, is het ontwerp van spoorcomponenten in RTZs vergelijkbaar gebleven met die
van de componenten in de reguliere spoorweginfrastructuur, met enkele aanpassingen
op het niveau van de bovenbouw en/of onderbouw om de overgangseffecten te beperken.
Er zijn verschillende pogingen ondernomen om de nadelige effecten van dynamische
responsievergroting in RTZs te verminderen, maar deze blekken ofwel een marginaal
effectief of zelfs contraproductief. Er is daarom een omvattende ontwerpmethodologie
voor RTZs nodig die de belangrijkste degradatiemechanismen leidend tot versnelde de-
gradatie in deze zones in beschouwing neemt.

In dit proefschrift, wat is gebaseerd op artikelen, wordt een nieuwe methode voorge-
steld voor het ontwerpen en evalueren van overgangszones in spoorwegen. Hiervoor
worden een gedetailleerde analyse en ontwerpoptimalisatie uitgevoerd voor een overgang
tussen een brug en baanlichaam met behulp van verschillende twee- en driedimensio-
nale eindige-elementmodellen, verschillende voertuigmodellen en surrogaatmodellen
(gebaseerd op zgn. polynomial chaos expansion). Ten eerste wordt in dit werk, als deel
van de nieuwe ontwerpmethode, een robuust ontwerpcriterium voor het ontwerp en de
evaluatie van RTZs opgesteld. Dit criterium relateert de grootte en uniformiteit (zowel
ruimtelijk als in de tijd) van de totale energie in de verschillende lagen in het baanlichaam
aan de permanente vervormingen in RTZs. Het nieuwe, op energie gebaseerde criterium
wordt vervolgens gebruikt om de meest gangbare mitigatiemaatregelen, toegepast op het
niveau van de bovenbouw en onderbouw, te evalueren en om de belangrijkste verschijnse-
len te onderzoeken die van invloed zijn op het ontwerp van RTZs. Op basis van de uit deze
analyses verkregen inzichten wordt het voorlopig ontwerp van een nieuwe overgangscon-
structie, genaamd SHIELD (Safe Hull-Inspired Energy Limiting Design), gepresenteerd.
De tweede fase van het werk richt zich op het identificeren van de meest invloedrijke
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ontwerpparameters die leiden tot een optimalisatie van de geometrie van SHIELD en van
de materiaaleigenschappen. De derde fase omvat de prestatie-evaluatie van het geopti-
maliseerde SHIELD onder kritische belastingscondities (bijv. kritische en superkritische
snelheden, verschillende rijrichtingen, blinde vering, onvlakke rails). SHIELD blijkt een
robuuste ontwerpoplossing te zijn onder alle bestudeerde omstandigheden. Tenslotte
wordt SHIELD toegepast voor een ander type overgang tussen baanlichaam en brug (met
ballastlaag op de brug), waarbij de nieuwe overgangsconstructie even effectief blijkt te
zijn (als voor de baanlichaam-brug overgang zonder ballastlaag op de brug) in het beper-
ken van de overgangseffecten. Ook wordt het ontwerp van een laboratoriumexperiment
gepresenteerd dat als doel heeft de effectiviteit van het voorgestelde ontwerpscriterium
en van de ontwikkelde methodologie te testen.

In dit werk is een robuuste ontwerpmethodologie voor RTZs opgevoerd die tot doel
heeft de door gebruik veroorzaakte degradatie te minimaliseren. Deze kan worden aange-
past voor verschillende overgangstypen en voor locatie-specifieke omstandigheden. Een
voorlopig, geoptimaliseerd ontwerp van SHIELD is gepresenteerd, waarvan is aangetoond
dat het effectief is in het beperken van dynamische vergrotingen in RTZs onder zowel
ideale als niet-ideale omstandigheden. De resultaten en conclusies van dit werk tonen het
potentieel van SHIELD aan als interventie voor overgangszones in spoorwegeg, schetsen
de vervolgstappen richting praktische implementatie en belichten de uitdagingen die in
toekomstig onderzoek moeten worden aangepakt.



1
INTRODUCTION

Railway tracks are subjected to constant degradation over the operational period. In
addition to this, railway transition zones degrade about 4-8 [1] times faster than the open
track leading to high maintenance and operation costs. Moreover, in the Netherlands, it is
estimated that 40% of the maintenance costs are associated with preserving the geometry
of railway tracks [1, 2]. Transition zones in railway tracks can be generally described as
structural and geometrical variations along the track which are potentially vulnerable
to deterioration causing an increase in the cost of maintenance of these zones. More
specifically, transition zones are areas where the railway track crosses a different trans-
portation modality (road, waterway, etc.) or where the rail experiences major changes in
the type of track support structure. The most common types of transitions (Figure 1.1)
are embankment - bridge transition [3–19], transition with culvert [20], embankment -
bridge with approach slabs [10] and transition with culvert and approach slabs [1, 21, 22],
embankment-bridge transition with a wedge-shaped backfill [7, 9, 23], railroad crossing
[24, 25], and transition with underpass [26, 27].

Over the years, several studies [29–35] have suggested that strong amplifications in
stresses and strains are induced by axles of the train moving over the inhomogeneity along
the longitudinal direction of the railway track. This inhomogeneity can be attributed to
changes in geometry, discontinuity in forces, the configuration of track components, and
the constitutive properties of the materials. These variations are inherent characteristics
of transition zones and are believed to be major reasons for rapid degradation in these
zones. Track degradation has been defined and categorized in several works done in the
past [36] and can be mainly described as damage of track components [2, 36–39] (rail
surface defects, broken fasteners, cracks in concrete sleepers, breakage of ballast particles
etc.) and deterioration of track geometry [37, 40–42]. The operation-induced dynamic
response amplification leads to phenomena like but not limited to rapid compaction/
densification, abrasion and crushing of ballast, and increased settlement of embankment
and subgrade layers, eventually leading to the occurrence of hanging sleepers in the vicin-
ity of the transition interface. Several studies have related these phenomena in transition
zones to two reasons [3, 13, 17]: uneven track stiffness and differential settlement. Some
other detailed studies [10, 37, 38] on railway transition zones (RTZs) classify the factors
as listed below:

1
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2 1. INTRODUCTION

Figure 1.1: Most common types of railway transitions zones [28].

• Primary factors: uneven track stiffness, geotechnical issues, subgrade failure, pro-
gressive shear failure, excessive plastic settlement, soil water response, wetting and
shrinkage cycles.

• Secondary factors: height of embankment, type of bridge joint, type of abutment
in the approaching structure, axle load, and train speed.

The primary factors listed above, in essence, can be reduced to uneven track stiffness
and differential settlement. According to several studies, [3, 5, 17, 24, 30–33, 43, 44] the
uneven track stiffness is one of the most influential factors leading to degradation in
RTZs. The factors like soil water response, wetting and shrinkage cycles lead to changes
in elasticity modulus and frictional properties of track components [4, 17] and eventu-
ally contribute to uneven track stiffness. Likewise, the remaining primary causes in the
above-mentioned list namely geotechnical issues, subgrade failure, progressive shear
failure, and excessive plastic settlement ultimately result in the differential settlement.
The secondary factors listed above can be attributed to the type of transition and vehicle
characteristics under consideration. These factors can be dealt with a robust design
solution for specific site conditions.

To conclude the above discussion, the main factors that lead to an increased degrada-
tion in RTZs are uneven track stiffness and differential settlement. However, uneven track
stiffness and differential settlement are not independent of each other [2] but lead to
self-perpetuating mechanisms. In addition to this, the uneven track stiffness is claimed
to be a reason for ‘initiation’ [3, 5, 17, 24, 30–33, 43, 44] mechanisms (transition radiation
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[45–49]) that lead to the rapid degradation of railway transition zones. Several attempts
have been made in past to minimize the degradation in transition zones. However, the
track components or track-bed layers in the transition zones are designed similarly to
open tracks with some interventions addressing the uneven track stiffness or differential
settlement. Some of the most studied interventions to mitigate transition effects include
auxiliary rails [43, 50–52], larger and closely spaced sleepers [43, 52–58], optimised rail
pads [51, 53, 55, 59, 60], approach slabs [21, 22, 61–63], wedge-shaped backfills [64–69]
etc. However, these measures proved to be inefficient as there is a lack of understanding
of the design requirements for a robust mitigation measure aimed at minimizing the
degradation in RTZs. An effective design solution demands the identification of the most
influential parameters governing the design, an understanding of the key phenomena
behind the amplified degradation of RTZs and a robust design/ evaluation criterion.

In the following sections, firstly, the two main factors (stiffness variation and differential
settlement) discussed above will be elaborated based on the literature. Secondly, the
existing practices adopted for the design of track components (rail, softening pads, sleep-
ers, ballast, embankment and subgrade) in RTZs are discussed. Finally, the methodology
proposed in this work to design RTZs is summarised.

1.1. DIFFERENTIAL SETTLEMENT AND HANGING SLEEPERS

One of the two major factors that contribute to the rapid degradation of railway transition
zones is the phenomenon of differential settlement which leads to uneven track levels in
these zones [70, 71]. This unevenness in track level is inevitable at transition zones as bal-
lasted railway tracks will typically have a significant settlement as a result of permanent
deformations (static) of the trackbed layers and a negligible settlement of the bridge or
structure on pile foundation [72]. However, reducing the dynamic amplifications in these
zones can delay the process of degradation and settlement (dynamic) resulting in less
frequent maintenance and associated costs. Periodic measurements of relative transient
and permanent vertical displacements were performed at various depths and locations
along the vertical plane of the railway track [71]. The results in (Figure 1.2) show that the
majority of permanent vertical displacements occur in the region between the sleepers
and the bottom of the ballast layer. The amplified degradation in RTZs is mainly due to
the occurrence of hanging sleepers as a consequence of differential settlement [70, 71].
Over the years several studies have been conducted both experimentally [73–75] and
numerically [44, 72, 73, 76–78] to study the amplification of loads/ stresses due to hanging
sleepers or voids between sleeper and ballast layer. Even though the hanging sleepers are
found not only in transition zones but throughout the ballasted track, their occurrence is
more likely in RTZs. In the study reported in [72, 78], it is found that one single hanging
sleeper with a 1 mm gap between sleeper and ballast can cause the sleeper-ballast contact
force at the sleeper adjacent to the hanging one to increase by 70% and the displacement
by 40%. Consequently, this uneven loading of the ballast bed may induce non-uniform
settlement of the trackbed worsening the problem even further. The worst case in an open
track, considering the local settlement, was identified as when one supported sleeper
was surrounded by two unsupported sleepers. Hanging sleepers also tend to increase the
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stresses (nearing 40 %) experienced by the rail in the vicinity of the void [77]. The effect of
hanging sleepers was proved to have a far more significant effect on the forces imposed
on the track components than on the wheel-rail contact force.

To summarize this discussion in the context of transition zones, it can be concluded
from the literature that the occurrence of hanging sleepers cannot be avoided but can be
delayed by minimizing the operation-driven dynamic response amplification of the track
components and hence delaying the process of differential settlement or unevenness in
track level. In addition to this void identification methods can be helpful in determining
the need for maintenance [73] and controlling the occurrence of hanging sleepers.

1.2. VARIATION OF VERTICAL STIFFNESS

Track stiffness is an important factor to consider when designing railway infrastructure
since it impacts the loads transmitted to the track. On one hand, low stiffness leads to
relatively large displacements, which in turn may lead to excessive settlement. On the
other hand, very high stiffness values can lead to excessive dynamic overloads [79] and
ultimately lead to track wear and fatigue. Hence, it is very important to find an optimal
value of the vertical track stiffness for the speeds under consideration. In this section,
firstly the importance of choosing an optimum track stiffness is discussed and then the
influence of an abrupt change in vertical track stiffness on the track performance is
highlighted.

It has been found that the subgrade soil condition (poor, moderate or good), ballast/
sub-ballast thickness and vertical stiffness of sleepers are the most influential factors that
affect track stiffness whereas the track maintenance procedures like rail surfacing and
ballast tamping have negligible effect in comparison. The effect of each track component
on track modulus is studied in [80]. Track modulus is defined [80] as a measure of the
vertical stiffness of the rail foundation. The correlations between track modulus and
vertical deflections of rail, sleeper, and sub-grade have been studied in the past and it
was found that an increase in track modulus results in a reduction of vertical deflections.
The studies [80] also show that an increase in the track modulus results in an increase of
the maximum vertical stress and the maximum deviator stress at the subgrade surface.
Although the higher track modulus leads to higher stresses in the subgrade, it does not
imply a poorer track performance as it depends not only on the generated stresses but
also on the soil strength. A higher track modulus also implies a stiffer subgrade and hence
a higher strength to resist the higher stresses. The value of track modulus that is optimum
to ensure no excessive stresses and deformation depends on many factors which will be
discussed in detail in the following sections.

The above discussion highlights the importance of choosing the appropriate track
stiffness for optimal performance of a track and the associated challenges in doing so. In
addition to this, RTZ design is even more sensitive to fluctuations in track stiffness as an
abrupt stiffness variation in these zones is a major cause for initiation of the mechanisms
leading to amplified degradation in these zones. Several attempts have been made in the
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Figure 1.2: Net permanent vertical displacements for different depths (left), location of measure-
ment devices (right) [71].

past to provide a gradual stiffness gradient in these zones to minimise the degradation.
Despite these attempts at smoothening the variation [24] in vertical stiffness along the
longitudinal direction of the track by either increasing the stiffness on the softer side or
by decreasing the stiffness of the stiffer side, the benefits were limited. The approach that
involves a decrease in stiffness on the stiffer side was not effective in the mitigation of ex-
cessive settlement of subgrade due to heavy axle load and other factors [10]. At the same
time increasing the stiffness on the softer side led to a smoother stiffness transition and
decrease in displacements but can lead to an increase in stresses. Moreover, there is a lack
of understanding about the required uniformity of the system properties in the longitudi-
nal direction to avoid or substantially reduce degradation. There have been some trials
both at the site and in numerical models to propose and test the mitigation measures
aiming at gradual change of stiffness along the longitudinal axis of the track. The most
popular ones include transition wedges, improvement of foundation by insertion of piles
and approach slabs. The transition wedges are aimed at smoothening the track transition
[64–69] and were proved to be effective to some extent for embankment bridge type of
transition zone [52]. But, for an effective implementation of transition wedges, a detailed
analysis is required to make recommendations for thickness, slope, material and layer
distribution of the wedge [81]. A comparative study of different wedge transitions based
on material configuration and geometric shapes can be found in [65]. Some studies [82]
have found an exponential increase in degradation after a year of operation for transition
zones with wedges. In RTZs, ground improvement techniques include the insertion of
piles which not only provide a gradual stiffness transition but also reduce the settlement
on the softer side of these zones. The piles can be of different materials like concrete,
steel, gravel, timber, sand or stone columns and depending on the length and material of
these piles [55] the costs associated with this particular intervention can be very high. The
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effectiveness of piles at a transition zone must be ensured by arranging them in a proper
pattern and by varying their lengths depending on the requirements of the particular
transition. This could possibly prove to be an effective mitigation measure provided that
it is well-designed and implemented for each specific transition zone. The construction
of horizontal or inclined approach slabs [21, 22, 61–63] on both sides of the structure in
railway transition zones is the most common practice in Europe to achieve a smoother
transition. However, recent research by [62] shows that the track on an approach slab
has about four to eight times higher vertical displacements than on an embankment and
culvert, respectively. It is reported [83] in a detailed study that these higher displacements
could be due to hanging sleepers above the approach slab and the tracks rocking under
train movement due to a pivoting action of the approach slabs around the edges of the
stiff culverts, all of which leads to high impact loading.

A detailed overview of the above-mentioned mitigation measures can be found in
[37, 38] and the authors in [37] conclude that these mitigation measures have been
utilized without adequate theoretical reasoning, and therefore cannot overcome the need
for frequent maintenance. Although these mitigation measures or design practices aim
towards reducing the inhomogeneity in RTZs, they have been implemented without any
knowledge of the required uniformity of the system properties or tolerance of the track
components towards amplified stresses. An optimum solution must ensure that all the
track components are within the allowable limits of stresses and deformations to insure a
reduced degradation and maintenance in long term. The following section will discuss
the current design practices and mitigation measures concerning each track components
in detail.

1.3. DESIGN OF TRACK COMPONENTS
The following sections discuss the standard design practices for each track component,
performance evaluation in the context of transition zones and mitigation measures
implemented in the past related to each of these track components. The following critical
components of railway tracks and more specifically transition zones will be discussed in
this section:

1. Superstructure: rail, sleepers

2. Substructure: ballast, embankment, sub-grade or natural terrain

1.3.1. SUPERSTRUCTURE

RAIL

The rail behaves as a beam when low frequency (upto 100 Hz) deformations are consid-
ered and can be characterized through the bending stiffness and mass. The standard rail
sections used in Europe are 54E1 and 60E1 (Figure 1.3). The mechanical properties of
these standard rail profiles are listed in (Table: 1.1).
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Table 1.1: Geometric and physical properties for the 54E1 and 60E1 rail profiles, EN13674-1, 2011.

Rail profile 54E1 60E1
Cross-sectional area [cm2] 69.77 76.70
Linear mass [kg/m] 54.77 60.21
Moment of Inertia, x-x axis [cm4] 2337.9 3038.3
Section modulus - head [cm3] 278.7 333.6
Section modulus - base [cm3] 311.2 375.5
Moment of Inertia, y-y axis [cm4] 419.2 512.3
Section modulus, y-y axis [cm3] 59.9 68.3

Figure 1.3: 54E1 (left) 60E1 (right) (EN 13674-1, 2011. Dimensions in millimetres)

Despite the fact that the stresses, deformations and wheel-rail interaction forces in
transition zones at the rail level are much higher compared to the open tracks, the geo-
metric and physical properties used to design the rail profiles in these zones are the same
as in open tracks. An increase in the height of the rails can result in a higher bending stiff-
ness which may imply a better distribution of loads, reducing the settlement of sleepers
and the support layers (substructure) as suggested in the literature. Even so, it is not a
common practice to adopt different rail sections.

Design modifications concerning rails that have been implemented include the use of
auxiliary rails [43, 50, 51, 84] aimed at improving the bending stiffness of the track and
reducing the stress in the ballast by guaranteeing a better distribution of loads over the
sleepers [52]. A comparison of rail deflections for different numbers of auxiliary rails
(0,2,4,6) was made and it was concluded that the use of two auxiliary rails leads to lower
rail deflection variations for all analyzed speeds [51]. The addition of more than two
auxiliary rails further decreases the rail deflection variation along the railway transition
but the reduction is negligible. Numerical models suggest that the amplification of rail



1

8 1. INTRODUCTION

deflections in transition zones relative to open tracks changed from 35-40% (low-high
velocity) to 28-33% by the usage of auxiliary rails. However, site measurements show a
negligible effect of auxiliary rail on the degradation of RTZs. Even though the studies
suggest a reduction in vertical rail displacements by adding additional rails, its influence
on the permanent deformations of the track-bed layers is minimal.

SLEEPERS

Sleeper dimensions of 2.6 m x 0.24 m x 0.24 m and a spacing of 0.6 m is a standard for
railway tracks, and the same dimensions are also used in the case of transition zones most
often. However, larger in size [43] and closely spaced sleepers were used in the transition
area [55, 57, 58] to reduce the abrupt change in track stiffness. The larger sleepers were
effective in reducing the ballast settlement and providing a better distribution (over a
larger area) of contact force between sleeper and ballast [52, 57]. However, these design
modifications did not affect dynamic load amplification in the transition zones [56].
An analysis of different sleeper configurations at a ballasted track-slab track transition
was done to evaluate track support separation in the vicinity of the slab track while
maintaining good track performance, which is assessed in terms of sleeper vertical
displacements and stresses on ballast [54]. In addition to these, efforts have been made
to minimize the maximum wheel-rail contact force and the maximum pressure between
sleeper and foundation [53] so as to obtain the most efficient distributions of sleeper
spacing (and rail pad stiffness) adjacent to the transition. These superstructure-level
mitigation measures are of great interest as they are cost-effective and installation of such
interventions is easy and straightforward. However, in all these studies, the solutions
have not been studied or evaluated for long-term performance. Also, the effect of these
measures is limited to reduced responses at the rail level or sleeper ballast interface and
it does not necessarily ensure or verify reduced degradation in ballast, embankment and
subgrade.

SOFTENING PADS

The other solutions that are easily implemented at the superstructure level are rail-pads
and under sleeper-pads. The usage of rail pads improves the damping properties of
the track [51, 53, 55, 59, 60] and under sleeper pads mitigate the transition effects by
minimising the dynamic load impact [5, 39, 56, 58–60, 85–87]. Although both rail pads
and under sleeper pads have been effective to some extent in reducing vertical rail
displacements and/ or contact forces, their performance has been unsatisfactory based
on a low benefit-cost ratio. Moreover, the influence of these pads on the permanent
deformation of track-bed layers in RTZ is limited.

1.3.2. SUBSTRUCTURE

BALLAST

The ballast is the most vulnerable component of the track in transition zones, and unfor-
tunately, the major part of the rail infrastructure consists of the ballasted track. Ballast
is widely used in railway tracks due to the fact that it helps to distribute the loads to the
underlying soil, dampens the dynamic loads and provides rapid drainage at low cost
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[88]. The degradation of the ballast layer was found to be the primary source of track
settlement based on an analysis of the track settlement data (or permanent deformation)
at the instrumented sites. Generally, ballast layers accounted for over 50% of the transient
deformations experienced by the track under train load, based on a quantitative analysis
of each layer’s contribution [89].

The required depth of the ballast beneath the sleepers depends on the track use and
operation requirements [90]. As a general rule, the minimum acceptable depth of ballast
is 150 mm [90] and the recommended depth is 250 mm to 300 mm [88, 90] but it can
go up to 500 mm for high-speed trains. Moreover, to ensure the lateral stability of the
track, shoulder width and slope are two important parameters that play a major role. For
speeds lower than 160 km/h, the recommended width is between 450 mm-500 mm and
larger widths (700 mm) must be adopted for higher speeds [91]. As for the slope of the
ballast shoulder, an inclination of 2:3 (33 degrees) is recommended which is lower than
the average angle of internal friction of crushed stone ballast, to ensure ballast bed sta-
bility. In the end, different depths of ballast result in different vertical track stiffness and
improper geometry (width and slope) leads to running away of ballast and these must be
checked for their influence on the performance of RTZs. Although these standards have
been established for years now, they refer to specifications for normal track conditions
and have not been particularly designed for transition zones.

In RTZs, design modifications that have aimed at reducing the dynamic effects on
the ballast include concrete confinement walls and glued ballast. On one hand some
studies [55, 92] have shown that these measures are effective in dealing with problems
like reduction in lateral movement and loosening of ballast. On the other hand, some
results [38] have proved them to be counterproductive as increased confinement leads
to an increased ballast breakage. Also, some studies have claimed that the use of hot
mix asphalt under the ballast [55, 67, 92, 93] reduces the stress in the ballast [94] and
subgrade [95], increases drainage capacity of tracks [67], and hence reduces maintenance
cycles. There is however no evidence of these measures being effective in mitigating the
operation-induced amplified degradation in RTZs.

EMBANKMENT AND SUB-GRADE

The required depth of the embankment or sub-ballast beneath the ballast layer is 150 mm
to 450 mm [88] and the minimum acceptable depth of sub-ballast is 100 mm. Underlying
the ballast bed and embankment, there is natural soil at the site of the railway track or
another granular material that can be used to replace natural soil for better track perfor-
mance. The subgrade must have sufficient bearing strength and stiffness to support the
weight of the rail track structure and the vehicle loads, and have high compactness to
minimize the settlements due to these loads [88, 90].

The design standards and specifications mentioned above are the basis for the design
of ballasted railway tracks but for the design requirements of transition zones specifically,
a detailed analysis to determine the optimal material properties of these track bed layers



1

10 1. INTRODUCTION

is lacking in the literature.

The authors in [96] have developed mathematical expressions to obtain vertical track
stiffness as a function of height of the embankment (hE M ) and the modulus of elasticity
of the embankment (EE M ) and natural ground (ENG ). This has been done by graphical
analysis of results from a finite element simulation of the track using elastic rail, rail-pads
and sleepers and perfectly elasto-plastic ballast, embankment and natural ground. In
total 120 possible combinations of hE M (3, 5, 7, 10 m), EE M (25, 40, 60, 80, 160 MPa),
ENG (25, 40, 60, 80 MPa) with and without formation layer (EF L) of 0.6 m and a fixed
depth of 6 m for natural terrain were studied. The study concludes that the equivalent
vertical stiffness depends on the height of the embankment and on the combination
of the elasticity modulus of the embankment and natural soil. The results of [79, 96]
emphasized the importance of geometric (depths and slopes) and physical properties
(elasticity modulus) of ballast, embankment and natural terrain on the vertical track
stiffness (static) and established important relationships and design recommendations.
At the same time, these studies have been performed with an assumption that for stiffness
(K ) ranging from 50-60 kN/mm, the dynamic value of K is only 2% larger than the static
value. Additionally, the identification of influential geometric and material parameters of
the embankment and the subgrade layer that significantly affect the dynamic response of
the RTZs is lacking and hence the choice of studied parameters has no basis. Moreover,
the studies discussed above are all aimed at establishing standard height and elastic
modulus of embankment and subgrade for ballasted railway tracks and the standard
values of these parameters are unknown for RTZs. As these parameters eventually affect
the vertical track stiffness, they are bound to influence the behaviour of RTZs and need to
be investigated.

1.4. A COMPREHENSIVE DESIGN METHODOLOGY
To summarise the discussion presented thus far and establish a common ground for the
subsequent work on developing a comprehensive design methodology, the following
points can be drawn out:

• The abrupt change in vertical stiffness and differential settlement are the main
reasons for amplified response in transition zones. On the one hand, the difference
in autonomous settlement of the ballasted track and the concrete structure is un-
avoidable. On the other hand, the operation-driven dynamic amplifications due to
abrupt changes in vertical stiffness can be controlled to a great extent with a robust
design solution. The consequences of the autonomous differential settlement must
be controlled by advanced monitoring systems and timely maintenance (ensuring
straightness of the track).

• No existing design practices aim at a specialized design of all track components
considering their interaction with each other, to address the mechanisms associ-
ated with amplified degradation of RTZs. The existing design involves mitigating
the transition effects either at the substructure or superstructure level.
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• Different track components affect the equivalent vertical track stiffness to various
degrees. Geometry and material parameters of trackbed layers significantly affect
the vertical track stiffness and the track performance. However, the effects of these
are unknown for RTZs.

• There is no design methodology that aims towards the reduction of both induced
stresses and deformations in “all” track components simultaneously for RTZs.

• There is a lack of clarity regarding the mechanisms leading to an amplified stress-
strain state in transition zones.

• The current literature lacks consensus and required information on an appropriate
criterion for the evaluation/ design of RTZs.

• A comprehensive evaluation of existing mitigation measures using one single crite-
rion is missing in the literature.

• The behaviour of RTZs is sensitive to critical load states like changes in load velocity.

The objective of this work is to propose a comprehensive design methodology that
establishes a robust design/ evaluation criterion, identifies the design parameters
(material and geometric), and evaluates the performance of a railway transition zone
equipped with the newly proposed transition structure for critical loading conditions.

Based on the points mentioned above and the insights obtained from the existing
literature, it is established that there is a need for a comprehensive (involving formulation
of design criterion and identification of influential parameters and the key phenomena
governing design) design methodology to deal with the problem of amplified degradation
in railway transition zones. Figure 1.4 shows the systematic methodology proposed in this
work for the design of a transition structure aimed at minimizing the operation-driven
degradation of RTZs. Moreover, it is highlighted that uniformity in the track response
(leading to uniform track geometry) is desired for the optimum long-term performance
of RTZs. In the following paragraphs, the work done in each step of the proposed design
methodology is summarised. The first step (Chapter 2) in the proposed methodology
is the formulation of a criterion for the design and evaluation of RTZs. A comprehen-
sive criterion is proposed in Chapter 2, and it is used to evaluate the performance of
the existing mitigation measures on both substructure (Chapter 3) and superstructure
(Chapter 4) level. On one hand, the evaluation of existing mitigation measures on the su-
perstructure level (large or closely spaced sleepers) prove them to be inefficient according
to the proposed criterion. On the other hand, the evaluation of interventions aiming at
gradual vertical stiffness change at the substructure level in RTZs like approach slabs and
traditional transition wedge prove that smoothening the stiffness gradient only cannot
lead to mitigation of dynamic amplifications in RTZs. It is found that these mitigation
measures are inefficient as they channel energy to the different parts of the system that
are prone to degradation. This motivates the investigation of key phenomena of energy
absorption and uniform energy distribution within the trackbed layers in Chapter 5. The
results of these above-mentioned investigations (Chapter 3, 4 and 5) are the basis of the
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preliminary design of the transition structure. This preliminary design aims at guiding
the energy away from the transition zones such that the energy is neither concentrated
nor obstructed in any part of the system and maintains a smooth stiffness gradient at the
same time. A two-dimensional model of an embankment-bridge transition equipped
with a safe hull-inspired energy limiting design (SHIELD) is used to evaluate this new
mitigation measure against the traditional mitigation measures for ideal (straight track)
and non-ideal conditions (with hanging sleepers). SHIELD outperforms all the most com-
monly used mitigation measures like horizontal and inclined approach slabs, transition
wedges and modified sleeper spacing and configurations. The preliminary design is then
subjected to rigorous optimisation and verification processes. The optimisation is mainly
carried out in two parts for parameters associated with material characterization (Chapter
6) and geometry (Chapter 7) using surrogate models obtained by polynomial chaos ex-
pansion and various three-dimensional finite element models respectively. Subsequently,
the optimised design of SHIELD is subjected to critical loading conditions (Chapter 8) to
propose the final design of the transition structure for the embankment-bridge transition
under study. In Chapter 9, the proposed design methodology (Figure 1.4) is extended to
another type of an embankment-bridge transition where the ballast layer continues over
the bridge demonstrating a wider applicability of the proposed design methodology and
the possibility of applying the same design principles and methods to the other types of
railway transition zones. In the end, a design of the experiment (Chapter 10) is presented
aimed at verification of the proposed design criteria and the final design of the transition
structure (SHIELD).

The following subsections discuss briefly the contents of the chapters presented in this
work.

1.4.1. CHAPTER 2

In this chapter, a two-step approach is presented for the formulation of a preliminary
design criterion to delay the onset of processes leading to uneven track geometry in
RTZs. Firstly, a systematic analysis of each track component in an RTZ is performed by
examining spatial and temporal variations in kinematic responses, stresses and energies
using a finite element model of an embankment-bridge transition. Secondly, the study
proposes an energy-based criterion to be assessed using a model with linear elastic
material behaviour and states that amplification in the total strain energy in the proximity
of the transition interface is an indicator of increased (and thus non-uniform) degradation
in RTZs compared to the open tracks. The correlation between the total strain energy
(assessed in the model with linear material behaviour) and the permanent irreversible
deformations is demonstrated using a model with non-linear elastoplastic material
behaviour of the ballast layer. In the end, it is claimed that minimising the magnitude of
total strain energy will lead to reduced degradation and a uniform distribution of total
strain energy in each trackbed layer along the longitudinal direction of the track will
ensure uniformity in the track geometry.
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1.4.2. CHAPTER 3
This chapter aims to evaluate the efficacy of the most commonly used substructure-level
mitigation measures and propose a novel Safe Hull-Inspired Energy Limiting Design
(SHIELD) of a transition structure. Firstly, the traditional transition structures, includ-
ing horizontal and inclined approach slabs and transition wedges are assessed, using
commonly studied responses (kinematic response and stress) and the above-mentioned
criterion based on total strain energy minimization. The second part of the chapter
evaluates the preliminary design of a newly introduced transition structure (SHIELD)
using the same criterion. A detailed investigation of existing and a new design using a
2-dimensional finite element model shows SHIELD’s effectiveness in managing energy
flow at transition zones and provides the reasoning behind the ineffectiveness of the
other commonly used transition structures. The results in this chapter demonstrate the
robustness and comprehensiveness of the recently developed energy-based criterion and
its applicability to different types of transition zones. Moreover, it highlights the potential
of SHIELD as a solution to address the complexities associated with the design of railway
transition zones.

1.4.3. CHAPTER 4
In this chapter, the influence of different sleeper configurations in transition zones and
reduced sleeper spacing on the operation-driven dynamic amplifications in railway
transition zones is evaluated, employing the proposed criterion based on the total strain
energy in the track-bed layers (ballast, embankment, and subgrade). In addition to
this, the influence of the loss of contact between sleepers and ballast (i.e., hanging
sleepers), which typically results from the differential settlement, is studied. The first
part provides useful insights regarding the interventions (and/or initial design) in the
sleeper configuration and spacing, whereas the second part of this chapter highlights the
need for interventions to deal with the loss of contact between sleeper and ballast. The
results show that it is not possible to mitigate the transition effects completely using the
interventions involving sleeper spacing and configuration.

1.4.4. CHAPTER 5
In this chapter, several finite element models are employed to investigate the amplifica-
tion of total strain energy due to the phenomena of reflection and redistribution of energy
close to the transition interface. The models used in this chapter include non-reflective
boundary (representing an energy sink) and homogeneous material along the vertical
direction of the track, and the responses are studied for individual and combined effects
in comparison to a benchmark case. The results show that eliminating the phenomena
results in no dynamic amplification in total strain energy in railway transition zones and
a potential design solution must aim at addressing these phenomena.

1.4.5. CHAPTER 6
In this chapter, the design challenges that arise due to variations in material properties in
both the depth (trackbed layers composed of different materials) and longitudinal direc-
tions of the track, as well as temporal variations in mechanical properties of materials due
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to several external factors over the operational period, are assessed. This chapter aims
to investigate the effects of these variations in material properties (i.e., of the resulting
stiffness distributions in vertical and longitudinal directions) on the behaviour of RTZs,
assess from this perspective the performance of SHIELD, and establish a methodology for
optimising material properties to minimise the dynamic amplifications in these zones.
Results indicate that stiffness variations in both vertical and longitudinal directions sig-
nificantly influence the dynamic behaviour of the RTZs. In the end, a permissible range
of stiffness ratios to control the amplification of strain energy in the most critical com-
ponents of RTZs, both in the initial state as well as during the operational phase (where
material properties may vary over time), is suggested. Moreover, the proposed optimi-
sation framework allows the applicability of the SHIELD design to a broad spectrum of
material properties.

1.4.6. CHAPTER 7
In this chapter, a heuristic approach is adopted to optimise the geometry of SHIELD and
investigate its influence on the strain energy distribution in railway transition zones. For
this purpose, several three-dimensional finite element models are used to analyse differ-
ent geometric profiles of SHIELD in a systematic manner. By altering SHIELD’s geometry
across longitudinal, transversal, and vertical directions, the influence of the different
geometric profiles on the strain energy redistribution across the trackbed layers (ballast,
embankment, and subgrade) is studied in terms of spatial and temporal distributions
of total strain energy. It was found that the longitudinal geometric profile of SHIELD
has the most significant impact on the strain energy distribution, while the transversal
profile primarily influences the ballast layer, and the vertical profiles (i.e., in the plane
perpendicular to both longitudinal and transverse planes) enhance the local distribution
of strain energy in the vicinity of the transition interface. The preliminary optimisation
presented in this chapter provides the starting point for full-scale optimisation to obtain
tailored shapes of transition structures such that there is neither a concentration of energy
nor an obstruction in the flow of energy in RTZs.

1.4.7. CHAPTER 8
In this chapter, SHIELD is evaluated for critical conditions arising due to different ve-
locities (sub-critical, critical and super-critical), the direction of the moving load, the
combination of inertial effects and track imperfections (non-straight rail and hanging
sleepers), and passage of multiple axles (using a comprehensive vehicle model) using
various vehicle models and finite element models of the RTZs. It was found that SHIELD
effectively mitigates dynamic amplifications and results in smooth strain energy distribu-
tion across sub-critical, critical, and super-critical velocity regimes in both directions of
movement implying that the expected operation-induced degradation will be as uniform
as possible in longitudinal direction. Furthermore, even though SHIELD is designed to
deal with initial track conditions (perfectly straight track), its superior performance is
not confined to tracks in perfect condition; it also efficiently addresses adverse effects
from track imperfections such as hanging sleepers and non-straight rail. Ultimately, the
robustness of SHIELD is demonstrated for all the critical conditions under study.
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1.4.8. CHAPTER 9
In this particular chapter, the scope of SHIELD is extended for an embankment-bridge
transition with ballast running over the bridge and its performance is evaluated using
a strain-energy criterion. It was concluded in the end, that the SHIELD can effectively
mitigate the operation-induced dynamic amplification for more than one type of railway
transition zone.
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ABSTRACT

Railway transition zones (RTZs) experience higher rates of degradation compared to open
tracks, which leads to increased maintenance costs and reduced availability. Despite existing
literature on railway track assessment and maintenance, effective design solutions for RTZs
are still limited. Therefore, a robust design criterion is required to develop effective solu-
tions. This paper presents a two-step approach for the formulation of a preliminary-design
criterion to delay the onset of processes leading to uneven track geometry in RTZs. Firstly, a
systematic analysis of each track component in a RTZ is performed by examining spatial
and temporal variations in kinematic responses, stresses and energies using a finite element
model of an embankment-bridge transition. Secondly, the study proposes an energy-based
criterion to be assessed using a model with linear elastic material behavior and states that
an amplification in the total strain energy in the proximity of the transition interface is
an indicator of increased (and thus non-uniform) degradation in RTZs compared to the
open tracks. The correlation between the total strain energy (assessed in the model with
linear material behaviour) and the permanent irreversible deformations is demonstrated
using a model with non-linear elastoplastic material behavior of the ballast layer. In the
end, it is claimed that minimising the magnitude of total strain energy will lead to reduced
degradation and a uniform distribution of total strain energy in each trackbed layer along
the longitudinal direction of the track will ensure uniformity in the track geometry.

2.1. INTRODUCTION

Railway tracks are subject to constant degradation and require frequent maintenance
which in turn leads to high maintenance costs and reduced availability of tracks for nor-
mal operations. Consequently, a large proportion (40-75%) of railway operating costs are
spent on track maintenance [1] to ensure passenger comfort and safety. There is plenty
of literature focused on assessment and maintenance of railway tracks. However, the
problem at hand still remains and is even intensified in countries with soft soil [2]. The
frequency and costs of maintenance in railway transition zones (RTZs) is even higher (4-8
times) compared to the open tracks [1, 2]. RTZs are areas where the railway track crosses
a structure related to a different transportation modality (bridge, road, culvert, etc.) or
where the rail experiences major changes in the type of track support structure. Although
there have been several studies [3–7] pointing out the cause of increased degradation in
these zones as mainly abrupt change in stiffness and differential settlement, there still
is a lack of understanding to design an effective solution to this problem. The current
approach to deal with the excessive degradation involves some proactive and reactive
measures [6, 8–11] that have proved either not as efficient or even counterproductive
in some cases. A robust design solution for RTZs is lacking in literature. RTZs are built
similarly to regular railway tracks with some modifications addressing the stiffness jump
and differential settlement but without a complete knowledge of the variation of dynamic
response of each track component. In order to delay the onset of processes leading to
uneven track geometry due to non-recoverable permanent deformations in RTZs, there
is a need for an effective design solution. The formulation of an effective design solution
demands mainly two steps as discussed below.

Firstly, there is a need to perform a systematic analysis of each track component in RTZs
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which involves a detailed study of spatial and temporal variation of kinematic responses,
stresses and energies. A railway track is composed of several components and each com-
ponent serves a specific function in the system. The response of each track component
experiences a variation in vertical (depth of the track), transversal (along the width of the
track), and longitudinal (along the length of the track) directions. These variations affect
the performance of the track components in the track which in turn drives non-uniform
degradation and the failure process. In addition to this, the degradation or failure of
one component has an effect on the performance of the other components in the track
system. Therefore, the damage prediction requires a detailed and systematic study of
the behavior of each track component and an in depth understanding of interactions
between components. The current literature [10, 12–21] focuses either on any particular
track component (mostly rail, sleepers or ballast) or on one particular track response
(mainly vertical displacements or accelerations or stress in ballast layer). However, a
detailed analysis of the spatial and temporal variation of the response of each track com-
ponent in RTZs is lacking in the literature. Furthermore, an energy analysis of the track
components in RTZs, which could help identify signs of degradation, has not yet been
presented in the existing literature. The significance of energy variation will be discussed
in the following paragraph, and this paper will investigate it in detail.

Secondly, the identification of an appropriate design criterion affecting the response of
RTZs is essential to design an effective design solution. The current literature evaluates
the performance of a RTZ mainly by assessing either permanent vertical track deforma-
tions or stresses in the ballast layer. However, the question can be asked whether the
deformations or the stresses at this particular interface are sufficient to describe the
onset of degradation in a RTZ. What precisely leads to faster degradation of these zones
compared to the open tracks? The source, spacial extent and location of the degrada-
tion in these zones are still unknown. As indicated above, the literature lacks an insight
into the spatial and temporal distribution of kinetic and potential energies in railway
track components, while this is an indispensable information to answer the question
posed. Studies conducted by different authors [22–24] have pointed out that both elastic
and inelastic strain energy can be associated with material degradation and may aid in
identifying potential failure mechanisms. In [22] authors have studied shakedown of
soil in different test setups in terms of elastic and plastic strain energies. In [25] authors
assessed the susceptibility of railway tracks to degradation by quantifying the mechanical
energy dissipated under a moving train axle, but, due to its dimensional constraints, the
model could neither demonstrate the variations of these energies in each layer of the
substructure nor was focused on railway transition zones. Hence, the current work will
investigate the mechanical energy distribution in space and time for RTZs using a model
with linear elastic materials and demonstrate a correlation of the predicted responses
with irreversible permanent deformation leading to uneven track geometry. In the end,
this work will propose a strain-energy-based design criterion to minimize the degradation
in RTZs.

This work is mainly divided into two parts addressing the points mentioned above.
In the first part of this work, a 2-dimensional (2-D) model of an embankment bridge
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transition with linear elastic materials is used to study the spatial and temporal distribu-
tion of the kinematic responses, stresses and energies for various track components. As
the intent of this paper is to identify a possible design criterion for transition zones, the
focus is not so much on the absolute values of the responses under study but on their
variation in space and time; the 2-D model suffices for that purpose. The computational
objective of the model used in the first part of the paper is to study the amplification in
the above-mentioned responses of the track components in the approach zone (prox-
imity of the transition interface) compared to the open tracks (far from the transition
interface). In the second part of this work, the design criterion is proposed by evalu-
ating the results obtained in the first part of the paper. Moreover, the validity of the
proposed strain-energy-based criterion is demonstrated using another model with non-
linear elastoplastic material. The only difference in the models used in the first (linear
elastic materials) and the second (non-linear elastic material) parts of the paper is the
material for the ballast layer. All models used in this paper are identical in geometry
and loading conditions. Finally, it is to be noted that the proposed criterion only covers
operation-driven permanent deformations resulting from dynamic amplifications and/or
non-uniformity in the responses, and hence, autonomous settlements are not included
in the paper.

2.2. METHODS
In this paper, a embankment-bridge transition is studied which consists of ballasted track
and a concrete bridge. The ballasted track (“soft side”) consists of track components
namely rail, rail-pads, sleepers, ballast, embankment and sub-grade underneath. The
ballast-less track (“stiff side”) consists of rails connected to sleepers (with under sleeper
pads) resting on the concrete bridge.

2.2.1. GEOMETRIC MODEL

The geometric model is 80 m (132 sleepers) long which consists of 60 m of ballasted track
and 20 m of ballast-less track (concrete bridge). For this study, the geometrical model
is divided into four zones (see Table-2.1) with additional 20 m at the beginning and 10
m at the end in order to eliminate the influence of boundaries (left and right extremes)
on the results for the reasons discussed in section 2.2.2. Figure 2.1 shows the approach
zones (AZ) on both sides that together constitute the transition zone (TZ), and open track
(OT) on both sides are the zones that are practically free from any transition effects. In
addition to this, Figure 2.1 shows materials (steel, concrete, ballast, sand, clay) of the
track components in the legend and a magnified (scale 2:1) cross-section (section A) of
the embankment-bridge transition under study with the depths of the trackbed layers
(ballast, embankment and subgrade) marked in red. The length of each zone under study
(OT-I, OT-II, AZ-I and AZ-II) is also marked in Figure 2.1. The geometric model mainly
consists of following track components (Figure 2.1):

• Rail: rail profile 54E1 (UIC54) manufactured according European Standard EN
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Table 2.1: Details of the zones under study

Zones Length [m] Description

OT-I 20 open track-soft side
AZ-I 20 approach zone-soft side
AZ-II 5 approach zone-stiff side
OT-II 5 open track-stiff side

13674-1

• Rail-pads: connecting rails to sleepers

• Sleepers: 240 mm x 240 mm, concrete

• Ballast: 0.3 m deep layer of ballast

• Embankment: 1 m deep dense sand under the ballast

• Natural terrain or subgrade: clayey soil of 1 m depth

• Under Sleeper pads (USPs) [26]: under sleeper pads of 0.01 m thickness under the
sleepers on the stiff side

• Bridge: concrete bridge with fixed bottom of length 20 m

The sleeper spacing adopted is 0.6 m and the first sleeper next to the transition is
located at 0.3 m from the interface of ballasted and ballastless track.

2.2.2. NUMERICAL MODEL

A 2-D Finite Element (FE) model was created using ABAQUS, with geometrical details
mentioned in the previous section. The railway track components and the bridge were
modelled using four-node plane-strain elements and the rail was modelled as a beam.
Rayleigh damping (as suggested in [27]) for materials (see Table-2.2) was used to incor-
porate a realistic level of energy dissipation in the system; for more precise calculations,
the damping formulation and its parameters might have to be changed or tuned. The
length and depth of the model were chosen such that there is hardly any influence of the
wave reflections from the boundaries (extreme right, left and bottom of the system) on
results of the zones under study while restricting the vertical displacements to maintain
a reasonable value as per literature [28, 29]. The depth of the layers under the sleepers
was sufficient to reduce dynamic stresses at the bottom of the subgrade to less than 3%
(this value was suggested to be less than 10% in [28] so as to eliminate artificial boundary
effects) of their values at the bottom of the sleepers. However, for poorer subgrades, the
depths at which the stress levels are below 10% might differ and the response must be
verified accordingly based on the specific site conditions. It is recommended that an



2

22 2. DESIGN OF RAILWAY TRANSITION ZONES: A NOVEL ENERGY-BASED CRITERION

additional analysis must be performed, comparing the results for two or three configu-
rations of the system with different depths of the subgrade to validate the assumption.
The following subsections describe the details regarding the numerical model used for
FE analysis in terms of mesh properties, mechanical properties of materials, interactions
between the track components, loads, constraints, boundary conditions and analysis
procedures.

MESH

The sleeper, ballast, embankment, subgrade and the bridge were discretized [30] using
linear quadrilateral elements of type CPE4R (12424 elements) and rail using two-node
linear line elements of type B21 (7860 elements of size 0.01 m) to form a very regular
mesh. The most critical zone (AZ-I) under study was meshed finer than rest of the model
in order to obtain accurate results.

MECHANICAL PROPERTIES

The materials used for all track components are characterised by elastic properties
(Young’s modulus, Poisson’s ratio), densities and Rayleigh damping factors [27, 31–33]. A
static analysis was performed in order to tune the elasticity (Young’s modulus) of the USP
on the stiff side such that the static vertical displacements on soft and stiff sides are the
same. The details of these parameters are mentioned in Table-2.2.

INTERFACE AND BOUNDARY CONDITIONS

The following key interface and boundary conditions were chosen with no separation
allowed at any interface:

• Rail-sleeper: Rail was connected to the midpoints of the sleeper edges via railpads
represented by vertical springs (k = 1.2 ·108 N/m) and dashpots (c = 5 ·104 N-s/m)
[33].

Figure 2.1: Cross-sectional details of the embankment-bridge transition and the division of zones
(OT-I, AZ-I, AZ-II, OT-II) under study.
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Table 2.2: Mechanical properties of the track components

Material Elasticity
Modulus

Density Poisson’s
Ratio

Rayleigh damping

E
[MN/m2]

ρ [kg/m3] ν α β

Steel (rail) 210000 7850 0.3 - -
Concrete (sleepers) 35000 2400 0.15 - -
Ballast 150 1560 0.2 0.0439 0.0091
Sand (embankment) 80 1810 0.3 8.52 0.0004
Clay (subgrade) 25.5 1730 0.3 8.52 0.0029

• Sleeper-ballast, ballast-embankment, embankment-subgrade: surface-to-surface
tie constraint (perfect matching of displacements and forces) was used for defining
the conditions at these three interfaces.

• Vertical interface between ballast/ embankment/ subgrade and concrete bridge:
a hard contact linear penalty method was used to define the normal behaviour
and Coulomb’s friction law was adopted to define the tangential behaviour with a
frictional coefficient equal to 0.5 (details can be found in [30]). In the initial phase
of model verification, it was found that inclusion of non-linearity for this particular
interface was needed as surface-to-surface tie constraint led to an over-estimation
of the responses of the track components.

• The bottom of the subgrade and the bridge were fixed.

The simulation was performed in two steps. Firstly a static step was performed to
consider the effects of gravity in order to obtain the initial stress state of the model under
self-weight. It was followed by a dynamic step (implicit solver using the Hilber-Hughes-
Taylor time integration scheme combined with a Newton approach to achieve dynamic
equilibrium) for 1.75 s with a time step of 0.005 s. The loads that have been considered
are: gravity load for static analysis and one moving axle load of 90 kN with velocity of
144 km/hr for dynamic analysis. The load moving in the direction from soft side to stiff
side of the transition was simulated using the DLOAD subroutine in ABAQUS [30, 34].
The moving load is a uniformly distributed line load of length 0.03 m (length of contact
between wheel and rail). Note that the formulation of a design criterion, which is the
ultimate objective of this paper, is not qualitatively influenced by the specific character of
the moving load. Therefore, the simplest loading conditions have been adopted in this
work as the main objective is to “formulate” a design criterion by comparing the responses
of the track components in the approach zones to the open tracks and capturing the
main mechanisms governing the dynamic amplifications in RTZs in the cleanest possible
manner. The amplification of dynamic responses in the approach zone is expected to
be higher for higher speeds and axle loads. Therefore, the designers must perform a
sensitivity analysis for different vehicle characteristics (speeds, axle loads etc.) to achieve
the most effective “use” of the proposed design criterion.
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2.3. RESULTS AND DISCUSSION
In this section, the results are presented in two parts. Firstly a systematic analysis of
the track components is performed by studying the kinematic responses (displacement,
velocity and acceleration) of rail, sleepers and ballast, forces in rail pads, and maximum
equivalent Von Mises stress at top and at the bottom of sleepers, ballast, embankment
and subgrade (for a region of 0.6 m under each sleeper). The kinetic energy (KE) and
strain energy (SE) variation in space and time is studied for the track bed layers (ballast,
embankment and subgrade). Secondly, the analysis mentioned above is used to present
a design criterion for RTZs, and its correlation with permanent deformations is demon-
strated by comparing results of the analysis with linear elastic material to the one with
a non-linear elastoplastic material behaviour of the ballast. It is to be noted that the
discussion in this section related to the percentage increase of any of the responses (X )
studied in this paper are calculated using the equation below:

Percentage increase = (X AZ −XOT ) ·100

XOT
(2.1)

where X AZ and XOT are any of the responses under study (displacement, velocity, ac-
celeration, stress, kinetic energy, strain energy) in the approach zone and open track
respectively.

2.3.1. ANALYSIS OF RTZS

KINEMATICS OF TRANSITION ZONES

Rail: Figure 2.2 shows time history of displacement, velocity and acceleration for 10
control points each in AZ-I and AZ-II. The responses of the rail nodes above the sleepers
on both sides right next to the transition show an increase when compared to nodes far
from the transition. On one hand the increase in the maximum displacement under the
load is only 5.4%, which can be attributed to the fact that only one axle is being studied.
On the other hand, the increase in velocity (20%) and acceleration (15.5%) is much larger.
Also, some permanent deformation can be seen (based on the final non-zero value of the
displacements in Figure 2.2 and Figure 2.3 at time moment t = 1.7s) at locations (e.g., at
sleeper 1) close to transition enabled by frictional sliding at the transition interface.

Sleepers: Figure 2.3 shows time history of displacement and accelerations for 10 control
points each (midpoint of sleeper top and bottom) in AZ-I and AZ-II. It can be noticed
that 0.114 mm of permanent deformation occurs at sleeper number 1 which can be again
attributed to frictional sliding at the transition interface. Although the variation of the
kinematic response from top to bottom of the sleepers is negligible, there is a significant
increase in the displacements (9.5%) and accelerations (37.3%) of the sleepers on left
(sleeper 1) and right (sleeper -1) of the transition interface when compared to the sleepers
(10, -10, respectively) in far field.
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Figure 2.2: Time history of displacement, velocity and acceleration for 10 control points (on each
side of transition interface) of the rail (above sleepers). The dashed lines show the time
moments at which the moving load leaves the AZ-I and AZ-II. The red (soft side) and
blue lines (stiff side) are the results for the control points above the first sleeper next to
transition interface on both sides.

Ballast: The authors in [35] have associated breakage of ballast particle corners to load
frequencies between 10-20 Hz, densification or compaction of ballast without much
breakage was associated to load frequencies of 20-30 Hz and all load frequencies above
30 Hz can be associated with splitting of particles. Hence, the amplitude spectra of
accelerations for ballast at different locations (under sleepers 1, 2, 10) are analyzed. A
significant amplification (38.3%) is observed in the ballast acceleration under sleeper 1
(0.54g) compared to the ballast acceleration (0.39g) under sleeper 10. It can be clearly
inferred from Figure 2.4 that the ballast in the approach zone (under the sleeper 1) is more
susceptible to phenomena of corner breakage, compaction and splitting of particles com-
pared to ballast in open tracks, which is in line with what has been observed in reality [36].

Clearly, the results in Figure 2.2 and Figure 2.3 show an increase in kinematic quan-
tities at the locations of the first sleeper in AZ-I and AZ-II when compared to the open
track on both sides. This is in agreement with the current literature [32, 36, 37] but site
measurements show that the first three sleepers (in AZ-I) next to the transition interface
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Figure 2.3: Time history of displacement and acceleration for 10 control points (on each side of
transition interface) on top (solid lines) and bottom (dashed lines) of the sleepers. The
dash-dotted lines show the time moments at which the moving load leaves the AZ-I
and AZ-II. The red (soft side) and blue lines (stiff side) are the results for the first sleeper
next to transition interface on both sides.

are critical in terms of observed damage. This shows that only kinematic studies are not
adequate to predict damage in RTZs and for that reason we further investigate forces/
stresses and energies in the following sections.

STRESSES AND FORCES IN TRANSITION ZONES

Rail-sleeper interaction forces: Figure 2.5 shows a 5% increase in force (compressive) for
the rail-pad connecting sleeper 2 to the rail compared to the force for rail-pad connecting
sleeper 10 (in the open track) to the rail. Moreover, the rail-pad connecting sleeper 1
to the rail experiences a tensile force (with respect to the prestress in railpads which is
typically present in practice) of approximately 4 kN. In the model, this is due to AZ-I and
AZ-II deforming differently, which results in sleeper 1 hanging on the rail. In reality there
might be a tensile force or reduction in prestress based on the conditions present at the
site.

Maximum equivalent Von Mises stress: In this section the maximum equivalent Von
Mises stresses at the top and bottom of each track component (sleepers, ballast, embank-
ment, subgrade) are assessed in terms of their variation along the longitudinal direction
(i.e., ‘n’ denotes the sleeper number). According to the Von Mises criterion, yielding of
a material begins when the equivalent Von Mises stress exceeds the yield stress of the
material. It is to be noted that the observed magnitude of the Von Mises stresses (Figure
2.6) is not close to the yield stresses of the materials as the system is studied only for
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Figure 2.4: Time history of accelerations(left) and the amplitude spectra of accelerations (right) for
two point on top of ballast layer under sleeper 1, 2 and 10.

Figure 2.5: Time history of vertical forces in 10 rail-pads next to transition interface on each side.
The red lines show the forces in first two rail-pads on the soft side and the blue line
shows the force on first sleeper on the stiff side of the transition interface.

one axle load. However, the stress amplification in the AZ-I compared to OT-I can be
clearly seen in Figure 2.6. This implies that AZ-I will yield earlier than OT-I. The stress
amplifications are observed under the first three sleepers.

Figure 2.6 shows that the max. Von Mises stresses under the sleepers 4-10 are the same
while there is an amplification under sleepers 1, 2 and 3 (similar to situation on top of the
sleepers), which might lead to differential settlement in the long term. Also, a spike in
stress can be seen on sleeper 2 and on the ballast under sleeper 2, which is consistent
with the amplification in rail-pad force at this particular location (Figure 2.5). Moreover,
the non-uniformity in max. Von Mises stress under sleepers 1, 2 and 3 for embankment
and subgrade can be due to a combination of increased force in the rail-pad connecting
sleeper 2 (Figure 2.5) to the rail and the boundary effects (reflection) at the transition
interface. An amplification in max. Von Mises stress (Figure 2.6) in AZ-I compared to OT-I
is clearly seen but minimizing these stress values does not necessarily assure that the
materials do not fail at lower stresses. This is due to the fact that the Von-Mises criterion
is essentially an energy criterion which only covers the maximum distortional energy
density (it is proportional to the square of the maximum Von-Mises stress) expressed as
follows:

Ud = 1+ν
3E

σ2
V M (2.2)



2

28 2. DESIGN OF RAILWAY TRANSITION ZONES: A NOVEL ENERGY-BASED CRITERION

(a) (b)

(c) (d)

Figure 2.6: Maximum equivalent Von Mises stress at top (red) and bottom (blue) of (a) sleepers, (b)
ballast, (c) embankment, and (d) subgrade for one sleeper bay.

where ν is Poisson’s ratio, E is Young’s modulus, σV M is the equivalent Von-Mises stress,
and Ud is distortional energy density. The maximum distortion energy theory (Von Mises
yield criterion) proposes that the total strain energy can be separated into two compo-
nents: the volumetric strain energy and the distortional strain energy; failure is said to
occur when the distortional component reaches the critical value. However, this criterion
is most suitable for predicting the yielding conditions of metals and alloys. In RTZs the
volumetric strain energy will also play a considerable role in phenomena like breakage,
compaction and splitting of ballast particles, eventually resulting in a non-uniform trans-
verse and longitudinal profile of the ballast layer. Although prediction of the type of
failure is beyond the scope of this work, it is important to study the total strain energy (as
used by authors in [22] to study the failure of soils) in order to assess the degradation in
RTZs.

As shown in this section, the percentage increase in max. Von Mises stress for the layer
of ballast in AZ-I compared to OT-I is 2.57% and the percentage increase in corresponding
distortional energy is 5.2%. In the following sections, an increase in the total energy will
be studied in terms of spatial and temporal variation and the percentage increase will be
compared with that of Von Mises stress and distortional energy.

ENERGY VARIATION IN TRANSITION ZONES

Kinetic energy: Figure 2.7 shows the spatial variation of the kinetic energy (plotted for
each element with maximum at marked time moments) in ballast (a) embankment (b)
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and subgrade (c) in the AZ-I at 5 different time instances marked in the figure where a
peak (t2, t4) or dip (t3) can be seen in the total kinetic energy and a time instant where
the energy is nearly constant (t1). The colours shown in Figure 2.7 are associated with
the values shown in the legend, where blue represents the lowest magnitude and red
represents the highest magnitude of kinetic energy. The time instances t2 and t4, when
the total kinetic energy has significantly increased, correspond to the load positions
above the second sleeper on both sides of the transition interface. It is also interesting to
observe that the increase of kinetic energy in the ballast layer is distributed all over the
depth (Figure 2.7a for time instance t2 and t4) in the proximity of the transition interface.
On the contrary, this increase is localized for the layers of embankment and soil in the top
corner of these layers (also close to the transition interface); see Figure 2.7b and c. This
concludes that the kinetic energy has more significant effect in the ballast layer compared
to embankment and subgrade, which could be related to high wear of the ballast particles.
Also, it is worth noticing that the elements next to the transition interface experience an
increase in kinetic energy even after the load has left.

Figure 2.8 shows the temporal variation of the kinetic energy per unit depth in each
track component (ballast, embankment, subgrade) in all the zones under study (OT-I,
AZ-I, AZ-II, OT-II). The dash-dotted lines in the graphs show the time moments at which
the load enters and exits the OT-I, AZ-I, AZ-II, OT-II. The total kinetic energy density
decreases (approximately 5 times) in magnitude as we investigate deeper in the system
whereas the total kinetic energy on soft side is approximately 100 times higher than that
on the stiff side.

Strain energy: Figure 2.9 shows a spatial variation of strain energy (plotted for each
element with maximum at marked time moments) in ballast (a) embankment (b) and
subgrade (c) in the AZ-I at 3 different time instances marked in the figure where extremes
(t2, t3) can be seen in the total strain energy in ballast layer and a time instant where the
strain energy is constant (t1). However, these critical time moments at which the strain
energy curve exhibits extremes correspond to different load positions. In the ballast layer,
the maximum total strain energy peak occurs at t3, which is the time moment at which
the load crosses the third sleeper (soft side). Similarly, a sharp local increase of strain
energy can be seen at the bottom of the embankment layer (Figure 2.9b) at the time
instance when the load passes over the second sleeper (soft side). In addition to this, a
similar increase can be seen for the subgrade at the time moment when the load crosses
the first sleeper (soft side). This shows correspondence to results obtained from both
kinematic and stress studies combined together. Moreover, the locations of the strain
energy peaks are restricted to regions next to the transition interface (for ballast) and the
interfaces between the three track bed layers.

Figure 2.10 shows the temporal variation of the total strain energy (contribution only
due to dynamic components) per unit depth in each track component (ballast, embank-
ment, subgrade) in all the zones under study (OT-I, AZ-I, AZ-II, OT-II). The dash-dotted
lines in the graphs show the time moments at which the load enters and exits the OT-I,
AZ-I, AZ-II, OT-II. The total strain energy density increases (approximately 2.5 times) in
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Figure 2.7: Spatial distribution of kinetic energy per unit depth in AZ-I in (a) ballast (b) embank-
ment (c) subgrade at time instances t1−3. The color map indicates the strain energy in
each mesh element.

The graphs show the time moments (dashed lines) at which the load enters/exits the AZ-I
and the time interval (grey shaded region) for which the load stays in the AZ-I.
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Figure 2.8: Temporal variation of total kinetic energy per unit depth in ballast, embankment and
subgrade for each zone (OT-I, AZ-I, AZ-II, OT-II)

magnitude as we investigate deeper in the system whereas the total strain energy on soft
side is approximately 300 times larger than that on the stiff side.

2.3.2. DESIGN CRITERION

A design criterion for RTZs can be proposed based on the comprehensive analysis pre-
sented in the first part of this work.

In the first phase of analysis in Section 2.3.1, the kinematic study suggested that there is
a significant increase in displacements (5.4% to 9.5%) and accelerations (15.5% to 38.3%)
for the track components (rail, sleepers and ballast) in the transition zone compared
to open tracks. The location of the peak value of the kinematic responses under study
for each of these track components was in the regions around the first sleeper on either
side of the transition interface. The critical values of kinematic response occurred at the
time moment when the load was passing over the location where the peak response was
observed. In summary, a significant amplification in kinematic response was observed
for each track component but it was localized to the region around the first sleeper only.
Even though a kinematic response provide valuable information regarding dynamic am-
plifications in transition zones, it cannot be used as a valid design criterion to reduce
degradation as site measurements [32, 36–38] suggest that the degradation in RTZs is
observed at locations around the first 3 sleepers next to the transition interface. Therefore,
the kinematic response can be a good criterion to evaluate the performance of the upper
track components namely rail and sleepers but is insufficient to describe the degradation
processes in the lower trackbed layers.

The second phase of analysis in Section 2.3.1 shows that there is a significant increase
in max. equivalent Von Mises stress for each of the track components namely sleepers,
ballast, embankment and subgrade in AZ-I compared to the OT-I. The location of the
maximum Von Mises stress values for the ballast layer was under the second sleeper
next to the transition interface on the soft side of the track. The peak value of the Von
Mises stress in embankment layer was localized to the transition interface while in the
subgrade layer the peak was in the region around the third sleeper (soft side) next to the
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Figure 2.9: Spatial distribution of strain energy per unit depth in AZ-I in (a) ballast (b) embankment
(c) subgrade at time instances t1−3. The color map indicates the strain energy in each
mesh element. The graphs show the time moments (dashed lines) at which the load
enters/exits the AZ-I and the time interval (grey shaded region) for which the load stays
in the AZ-I.
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Figure 2.10: Temporal variation of total strain energy per unit depth in each track component for
each zone (OT-I, AZ-I, AZ-II, OT-II)

transition interface. On one hand, the max. equivalent Von Mises stress shows that the
critical locations are similar to those observed on many sites [32, 36–39]. However, on the
other hand, based on the discussions above (see Section 2.3.1), the Von Mises criterion
takes into account only the distortional component of strain energy and cannot explain
all degradation mechanisms that are expected to occur in RTZs. Therefore, to assess or
alleviate degradation mechanisms in RTZs, it is more comprehensive to consider the total
strain energy, which comprises both distortional and volumetric components. Figure 2.11
summarises the comparison of percentage increase in max. Von Mises stress, distortional
energy and total strain energy for the layer of ballast in AZ-I relative to the OT-I. Clearly,
the total strain energy is significantly larger than the distortional energy.

The third phase of analysis in Section 2.3.1 was focused on the spatial and temporal
variation of the mechanical energy. It can be clearly seen from Figure 2.7 and Figure 2.9
that both the total kinetic and strain energies increase by a significant amount for the top
track-bed layer (ballast) in AZ-I compared to OT-I. This increase is less prominent in the
lower layers (embankment and subgrade). The location of peak values of the energy is in
the region around the first to the third sleeper on the soft side of the transition interface.
The time moments at which these peak values are observed are when the load passes
above sleeper 1 (for ballast), sleeper 2 (for embankment) and sleeper 3 (for subgrade).
This shows that energy combines the information obtained from both kinematics and
stresses and is therefore a more comprehensive quantity. Now that the magnitude of
total kinetic energy is negligible compared to the total strain energy, the authors claim
that the degradation of RTZs can be reduced by minimizing the increase in total strain
energy in track-bed layers. It is to be noted that the increase in total strain energy for each
track-bed layer will depend on various factors such as soil type, degree of compaction
of the materials, magnitude and velocity of the load etc. This study shows a significant
increase only in the ballast layer due to the choice of model and material parameters, but
each layer should be monitored for any increase in total strain energy in the proximity of
the transition interface.

Based on the above discussions and results shown in Section 2.3.1, it has been claimed
that the total strain energy can be seen an indicator of potential damage in RTZs. In
reality, a fraction of this total strain energy is recoverable (elastic) and the rest is dissi-
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Figure 2.11: Comparison of percentage increase in Von Mises stress, distortional energy and total
strain energy for the ballast layer in AZ-I relative to OT-I

pated through damage. This leads us to the conclusion that in order to minimise the
degradation in RTZs, it is evident that there is a need to minimise the total strain energy
in each of the track-bed layers. Moreover, a uniform distribution of the total strain energy
along the longitudinal direction of track will ensure that there is no non-uniformity in
degradation due to localised amplifications in the proximity of a transition interface.
The validity of the proposed criterion can be demonstrated by establishing a correlation
between permanent irreversible deformation (obtained from model 2) and total strain
energy (obtained from model 1). This is done by comparing the results obtained from
model 1, which includes linear elastic behaviour of the materials, and model 2, which
includes a non-linear elastoplastic behaviour of the material representing the layer of
ballast. The material model [40, 41], the stress-strain relationship and the damage param-
eters [42] used for simulating the non-linear elastoplastic material (model 2) comparable
to ballast are adopted from literature and are used only for demonstration purposes.
Hence, the authors do not claim that the absolute values of the quantities shown are fully
representative of the railway track materials.

Figure 2.12 shows the permanent deformation observed at rail level above each sleeper
(a) and the variation of the total strain energy for the layer of ballast (b) in OT-I and
AZ-I for both linear elastic (model 1) and non-linear elastoplastic (model 2) material
behaviour. It is to be noted that the rail deformation shown in Figure 2.12a is non-zero at
all locations because of the static load due to gravity being active at all time moments.
As for Figure 2.12, the total strain energy (for a finite volume) comprises solely recover-
able strain energy for model 1, while for model 2, it accounts for both recoverable and
dissipated strain energy resulting from damage. This explains the increasing trend of the
total strain energy (in model 2) with the moving load progressing in the given volume.
The dashed lines in Figure 2.12b represent the time moments at which the load enters
and leaves OT-I and AZ-I. The locations of the strain-energy peaks (in AZ-I) predicted
by both models are clearly the same, which shows the potential of model 1 to indicate
damage. The increase in peak value of the total strain energy in AZ-I with respect to OT-I
for model 1 is 1.28 J, and for model 2 is 0.57 J. This difference in the values is related to
the non-linear material (model 2) undergoing permanent deformation (Figure 2.12a) in
AZ-I, which is also reflected in the final strain energy difference (0.48 J) between OT-I and
AZ-I, as seen in Figure 2.12b. In conclusion, the findings (Figure 2.12) indicate that the
total strain energy peak observed in the model with linear elastic material behavior is
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Figure 2.12: Comparison of (a) rail deformation and (b) total strain energy obtained from the model
with linear elastic material behaviour (model 1) and non-linear elasto-plastic material
behaviour (model 2) of ballast in RTZs for OT-I and AZ-I.

associated with a localized increase (compared to open track) in irreversible deformation
in the vicinity of the transition interface (under sleepers 1, 2, 3; see Figure 2.12a) in the
model with non-linear elastoplastic material. This demonstrates the validity of the design
criterion proposed in this section.

It is to be noted that even though this paper proposes an energy-based criterion for the
preliminary design of railway transition zones, the application is not limited to only de-
sign purposes [43, 44]. The proposed energy-based criterion can be used to evaluate the
on-site condition (indicative) of a railway track or a transition zone by computing energy
flux based on measured quantities (stress, strain etc.) that characterize the kinematic
and dynamic responses of the system at critical points. However, in order to achieve full
accuracy in the evaluation of the on-site condition using any approach (energy-based
or other classical methods), detailed numerical models (tuned using measured data at
monitoring points) must be used to predict the system’s service situation.

2.4. CONCLUSIONS

In the first part of this paper, a systematic and detailed analysis of an embankment-bridge
transition was conducted where the spatial and temporal distribution of displacements,
velocities, accelerations, forces, stresses and mechanical energy were thoroughly studied
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for the main track components. The investigation resulted in mapping the location and
extent of the transition effects and formed the basis for the formulation of an energy-
based design criterion that can be used in preliminary design to mitigate the amplified
degradation of RTZs. The second part of the paper proposes the total strain energy based
on a model with linear elastic materials as an indicator to predict degradation. The
validity of this proposal was demonstrated and a clear correlation was found between the
peak in the total strain energy (in the model with linear elastic material behaviour) and
the localised increase in irreversible deformation (in a model with non-linear elastoplastic
material behaviour) in the proximity of the transition interface. Therefore, it is concluded
that the degradation in railway transition zones can be reduced by minimising the total
strain energy in each track-bed layer in the approach zone or to the very least minimising
the amplification and non-uniformity of the total strain energy in approach zones relative
to the open track. It is claimed that minimising the magnitude of total strain energy will
imply lesser permanent deformation and hence reduced degradation, and a uniform
distribution of total strain energy along the longitudinal direction of the track will imply
uniform degradation.
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ABSTRACT

This comprehensive study addresses the persistent issue of railway transition zone degrada-
tion, evaluating the efficacy of the most commonly used mitigation measures and proposing
a novel Safe Hull-Inspired Energy Limiting Design (SHIELD) of a transition structure. Firstly,
this work assesses the traditional transition structures, including horizontal and inclined ap-
proach slabs and transition wedges, using commonly studied responses (kinematic response
and stress) and a recently proposed criterion based on total strain energy minimization.
The second part of the paper evaluates the newly introduced transition structure (SHIELD)
using the same criterion as used for the evaluation of the traditional transition structures.
A detailed investigation of existing and a new design using a 2-dimensional finite element
model shows SHIELD’s effectiveness in managing energy flow at transition zones and pro-
vides reasoning behind the ineffectiveness of the other commonly used transition structures.
The study demonstrates the robustness and comprehensiveness of the recently developed
energy-based criterion and its applicability to different types of transition zones. Moreover,
it highlights the potential of SHIELD as a solution to address the complexities associated
with the design of railway transition zones.

3.1. INTRODUCTION
The degradation of railway transition zones [1–6] has been a persistent problem for
several years and despite the various mitigation measures [1, 2, 7–13] that have been
adopted, a robust design solution has yet to be found. Approach slabs and transition
wedges have been commonly used in railway transition zones to reduce the problem, but
their effectiveness has been questionable. These measures have in some cases proved to
be either inefficient or even counterproductive [2]. Therefore, it is necessary to evaluate
the existing mitigation measures with a valid design criterion and understand the reasons
behind their ineffectiveness. Factors such as the soil type [14, 15], the geometric parame-
ters of the transition structure, the depth of the track-bed layers (ballast, embankment)
[16, 17], and the speed of the passing trains also play a major role in determining the
performance of these transition structures. However, the performance and sensitivity of
the design solutions to the factors mentioned above can be controlled by engineers by
carefully evaluating the transition structure using a reliable design criterion. In this work,
keeping the abovementioned factors constant, different types of transition structures will
be evaluated using the criterion discussed below. The purpose of this paper is twofold.
Firstly, it aims to evaluate existing design solutions for railway transition zones using a
robust design criterion and provide reasoning behind their inefficiency. Secondly, the
paper proposes a novel, Safe Hull-Inspired Energy Limiting Design (SHIELD) of railway
transition zones based on the study presented by the authors in [18] that highlights the
importance of eliminating the obstruction of energy flow as much as possible in tran-
sition zones and by guiding it away from the trackbed layers that are prone to degradation.

Design criterion: The performance of existing mitigation measures in railway transition
zones has been evaluated in various ways in the literature. The methods used to evaluate
the performance of these measures include numerical simulations, field measurements,
material testing, dynamic track testing, and inspection. The effectiveness of these meth-
ods in evaluating the performance of mitigation measures is dependent on the choice



3.1. INTRODUCTION

3

39

of performance evaluation criterion. The most common dynamic responses that have
been used for assessment of the railway transition zones are vertical displacements and
accelerations for rail [19, 20] and/ or sleepers, vertical stresses in ballast or/ and subgrade
or/ and the stress at sleeper-ballast interface [3, 6, 12]. In [21], authors have performed a
systematic analysis and studied the dynamic responses of the track components in terms
of displacements, accelerations, Von Mises stress and mechanical energy, and proposed a
design criterion to minimise the amplified degradation of railway transition zones. It was
claimed [21] that minimising the magnitude of total strain energy will imply lesser per-
manent deformation and hence reduced operation-induced degradation, and the total
strain energy being as uniform as possible along the longitudinal direction (i.e., without
an abrupt increase or decrease) will minimise non-uniform degradation. The evaluation
of the extensively used mitigation measures in railway transition zones (the first aim
of the paper as mentioned above), namely approach slabs and transition wedges, will
be conducted using this recently developed criterion and the most widely investigated
responses (vertical rail displacement and stress in ballast layer) in literature.

Current design solutions: The approach slabs [19, 20, 22–26] are most commonly used
in areas (the Netherlands) with either soft or highly compressible soils, while transition
wedges are used in areas (Spain, Portugal) with either stiffer or less compressible soils.
Some numerical simulations [27–31] show that the transition wedges are effective in
mitigating transition effects but site measurements contradict these claims [1, 2]. A
case study [2] reports an exponential degradation of the approach wedge one year after
its installation, and differential settlements were comparable to the pre-installation of
the wedge. Another case study cite12 relating to a culvert transition with an inclined
approach slab shows that the settlement of the subgrade under the slab activates an
additional degradation mechanism being the sliding of particles over the inclined plate.
In addition to this, the study also reported high degradation close to the extremities of
the slab. Moreover, generally speaking, an assessment of the long-term performance of
the mentioned mitigation measures is missing in the literature. Hence, there is no strong
evidence supporting the effectiveness of these two most commonly used mitigation
measures and the reasons behind the ineffectiveness are still not clear.

New Design (SHIELD): The above-mentioned new design of a transition structure (the
second aim of the paper) is proposed to guide energy away from the trackbed layers
that are prone to degradation so as to avoid energy concentrations inside these layers
in the vicinity of the transition interface. The authors in [18] have demonstrated that
avoiding energy concentrations in the vicinity of the transition interface mitigates the
local dynamic amplifications (no abrupt increase within trackbed layers) in the approach
zone. Thus, the geometry of SHIELD has been optimized to guide energy away from the
track. In essence, SHIELD aims to minimise the total strain energy in approach zones
(implying lesser degradation) and to avoid any local operation-induced amplification
in total strain energy that could contribute to the processes leading to hanging sleep-
ers. Consequently, SHIELD provides an effective solution to the challenges of managing
energy flow at railway transition zones. The ideal 3-dimensional geometry of SHIELD
resembles, in fact, a hull shape. However, in this paper, the effectiveness of this mitigation
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concept will be evaluated, and for that reason, only the 2-dimensional (2-D) plane is
considered. It is to be noted that SHIELD is not designed to counteract autonomous
settlements, and additional measures may be needed for the optimal performance of
SHIELD to deal with these situations (see Section 3.4). At the same time, the material
properties of SHIELD have been optimised to ensure a gradual increase in equivalent
track stiffness.

In this paper, the detailed investigation of existing designs of transition structures,
namely approach slabs (horizontal and inclined) and a transition wedge, will therefore be
performed using a 2-D finite element model (details in Section 3.2). The rail deformations,
equivalent Von Mises stress and total strain energy in track bed layers will be compared for
different scenarios, and the efficiency of these transition structures will be evaluated. In
the end, the efficiency of the new design of the transition structure will be demonstrated
in terms of the quantities mentioned above. All transition structures studied in this work
are simulated with conditions for the most efficient performance. The approach slabs
are modelled such that there is no rigid body rotation, the under-sleeper pads are tuned
such that there are uniform static displacements throughout the system and the material
geometry used for the transition wedge is chosen to deliver the best performance in the
conditions under study. In summary, the inefficiency of the mitigation measures due to
inappropriate design or installation has been eliminated in this study.

3.2. METHODS

Figure 3.1: Finite element model of the standard embankment-bridge transition (see Figure 3.2 for
cross-sectional details).

An embankment-bridge transition was simulated using a 2-dimensional plane-strain
finite element model (see Figure 3.1). The model consists of 60 m of the ballasted track
(soft side) and 20 m of the ballastless track (stiff side) The ballasted track comprises
a beam representing the rail, connected using rail-pads (springs and dashpots) to the
sleepers resting on a three-layered substructure. The top layer is 0.3 m of ballast with 1 m
each of an embankment (dense sand) and the subgrade (clayey soil) layer underneath.
The ballastless track comprises the rail, connected to sleepers with under-sleeper pads
resting on a concrete structure with a depth of 2.3 m. The bridge was modelled as a solid
block of concrete that is fixed at the base to provide a high stiffness contrast compared to
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the ballasted track. A hard contact linear penalty method was used to define the normal
behaviour and the Coulomb’s friction law was adopted to define the tangential behaviour
of the vertical interface between the ballasted and ballastless track. The sleeper (mesh
size: 0.03 m), ballast (mesh size: 0.0375 m), embankment (mesh size: 0.0625 m), subgrade
(mesh size: 0.0625 m) and the bridge (mesh size: 0.0375 m) were discretized using linear
quadrilateral elements of type CPE4R and rail (mesh size: 0.01 m) using two-node linear
beam elements of type B21 to form a regular mesh. The dynamic analysis was performed
using implicit scheme time step integration (full Newton-Raphson method) for 1.75 s with
a time step of 0.005 s. The details of the model can be found in [21] and the mechanical
properties of the material are tabulated in Table 3.2 [32].

The previous paragraph describes the base model which is a standard embankment-
bridge transition with no transition structure. The initial validation for this base model
regarding the measured vertical rail displacements reported in [33] was performed in
[21].This model was used to simulate three different types of most commonly used transi-
tion structures namely a transition wedge, a horizontal approach slab and an inclined
approach slab. Additionally, a new transition structure (SHIELD) with a vertical cross-
section of a trapezoid was also studied. Figure 3.2 shows the longitudinal-section details
of these five modelling cases. The five cases studied in this paper are described in detail
below. The under-sleeper pads (USP) on the stiff side were tuned such that the static rail
deformations remain the same on both the stiff and soft sides of the track. A dynamic
analysis with linear elastic material behaviour was performed using one axle load of 90
kN moving at a speed of 144 km/h for all the cases under study. It is to be noted that the
vehicle effects are not accounted for in this work as the main objective is to compare the
performance of each mitigation measure under study and capture the main mechanisms
governing the dynamic amplifications under the simplest loading conditions and thus
in the cleanest possible manner. A sensitivity analysis must be performed for different
vehicle speeds, direction of movement and load configurations in order to achieve the
most effective implementation of the design solution and this will be addressed in future
investigations.

Each model is divided into five zones. Three zones on the soft side and two on the stiff
side of the track. The details of these zones can be found in Figure 3.2 and Table 3.1. The
zones that are affected by transition effects are referred to as the approach zones (AZ-I,
AZ-II, AZ-III) and the zones that are unaffected by the transition effects are referred to as
open track (OT-I, OT-II).

The responses (as discussed in Section 3.1) that will be studied for each of the cases
mentioned above are:

• Rail displacements at nodes (see Figure 3.3) connected to sleepers in OT-I (26 to
30), AZ-I (14 to 25), AZ-II (1 to 14), AZ-III (-1 to -8), OT-II (-9)

• Maximum equivalent Von Mises stress in each zone for ballast.
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Figure 3.2: Cross-sectional details of the embankment-bridge transition under study with standard
design, horizontal approach slab, inclined approach slab, transition wedge and the new
design (in this order from top to bottom)
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Table 3.1: Details of zones under study

Name of zone Length (m) Description

Open track 1 (OT-I) 15 Open track- soft side
Approach Zone 1
(AZ-I)

7.5 Approach zone to transition structure-soft side

Approach Zone 2
(AZ-II)

7.5 Approach zone from transition structure to
bridge

Approach Zone 3
(AZ-III)

5 Approach zone-stiff side

Open track 2 (OT-II) 5 Open track- stiff side

• Total strain energy (in the volume considered) for each zone (as marked in Figure
3.2) in the track bed layers (ballast, embankment and subgrade). The strain energy
due to only gravity is subtracted from all the results presented in the following sec-
tions. It is to be noted that kinetic energy magnitudes are negligible (approximately
10 times smaller) compared to strain energy magnitudes in each layer as shown
in [21]. Therefore, the total mechanical energy in each layer is dominated by the
strain energy.

In [21], the authors concluded that the total strain energy is the most comprehen-
sive quantity to assess the degradation of railway transition zones and proposed an
energy-based criterion to evaluate the performance of embankment-bridge transitions.
Comparing the above-mentioned responses (incl. displacement, stress and strain energy)
for different cases including transition structures, this paper will illustrate the compre-
hensiveness and robustness of the recently proposed energy criterion for different types
of transition zones.

Table 3.2: Mechanical properties of the track components

Material Elasticity
Modulus

Density Poisson’s
Ratio

Rayleigh damping

E (N/m2) ρ (kg/m3) ν α β

Steel (rail) 21 x 1010 7850 0.3 - -
Concrete (sleepers) 3.5 x 1010 2400 0.15 - -
Ballast 1.5 x 108 1560 0.2 0.0439 0.0091
Sand (embankment) 8 x 107 1810 0.3 8.52 0.0004
Clay (subgrade) 2.55 x 107 1730 0.3 8.52 0.0029
USP 1 x 106 500 0.1 - -

Case 1 (Standard embankment-bridge transition): In this case, an embankment-bridge
transition is studied without any transition structure to mitigate the dynamic amplifi-
cations. This case is used as a benchmark to evaluate the efficiency of currently used
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mitigation measures presented in cases 2, 3 and 4 and of the newly proposed design
presented in case 5. Figure 3.2 shows the geometrical details of this case.

Case 2 (Horizontal approach slab): In this case, a concrete slab of 7.5 m in length and 0.3
m in depth is used as a transition structure which is fixed at the bottom to restrict the
rigid body rotation. In this case, the under-sleeper pads on the bridge are tuned such that
the static displacements on the bridge are the same as on the approach slab.

Case 3 (Inclined approach slab): In this case, an inclined concrete slab of 7.5 m in length
and 0.3 m in depth is used as a transition structure. It is inclined at 5 degrees with the
longitudinal direction of the track and is fixed at the bottom to restrict the rigid body
motion. The under-sleeper pads on the bridge and the approach slab are tuned similarly
to case 2.

Case 4 (Transition Wedge): In this case, a wedge-shaped transition structure is used to
mitigate the dynamic amplification in the RTZ. The geometric details of the wedge can
be seen in Figure 3.2. The inclined-interface conditions are the same as mentioned above
for the vertical transition interface in case 1. The mechanical properties of the wedge can
be found in the Table 3.3.

Case 5 (New design-SHIELD): In this case, a new concept of design of transition structure is
used to mitigate the dynamic amplifications in the RTZ. The behaviour of this transition
structure is only studied in the longitudinal and vertical direction in this paper. The
vertical cross-section of SHIELD in the longitudinal direction is a trapezoidal-shaped
geometry with major base (top) of 15 m length and the minor base (bottom) is 7.5 m long,
and other geometric details of the trapezium are given in Figure 3.2. The mechanical
properties of the new transition structure can be found in Table 3.3.

Table 3.3: Mechanical properties of transition wedge and new transition structure

Transition structure Elasticity modulus Density Poisson’s ratio
E (N/m2) ρ (kg/m3) ν

New design/ Wedge 3.6 x 108 1900 0.2

3.3. RESULTS AND DISCUSSION

This section presents the comparison of the standard embankment-bridge transition
(case 1) with the horizontal approach slab (case 2), the inclined approach slab (case 3), the
transition wedge (case 4), and the railway-transition SHIELD (case 5) with a trapezium-
shaped cross-section, in terms of rail displacements, maximum equivalent Von Mises
stress and total strain energies for the zones mentioned in Table 3.1. In addition to these
comparative cases, a comparison of the two most promising solutions (case 4 and case 5)
is presented at the end.
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Figure 3.3: The time history of rail node displacements in OT-I (black), AZ-I (blue), AZ-II (red) and
AZ-III (grey) for case 1 (left) and case 2 (right).

3.3.1. STANDARD EMBANKMENT-BRIDGE TRANSITION (CASE 1) VERSUS

HORIZONTAL APPROACH SLAB (CASE 2)
Displacements: Figure 3.3 shows the time history of displacements for locations above
the sleepers on the rail in the zones under study for cases 1 and 2. It can be seen that
there is an increase in the magnitude of displacement under the load at locations 1 and -1
with respect to OT-I for case 1 but no increase for case 2 in any of the zones under study.

Maximum equivalent Von Mises stress: Figure 3.4 shows the maximum equivalent Von
Mises stress for the ballast layer in OT-I (black), AZ-I (blue) and AZ-II (red) for case 1 and
case 2. It can be verified that the increase in the max. Von Mises stress in AZ-II compared
to OT-I in case 1 is observed around the transition interface. Although the horizontal
approach slab leads to a reduction in the max. Von Mises stress in AZ-II (relative to OT-I),
an amplification is seen in AZ-I.
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Figure 3.4: Max. Von Mises stress in the ballast layer in OT-I, AZ-I and AZ-II for case 1 (solid bars)
and case 2 (striped bars).

Strain Energy: Figure 3.5 shows a comparison of total strain energy in the layers of ballast
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Figure 3.5: Total strain energy for the zones under study in the layers of (a) ballast, (b) embankment
and (c) subgrade for case 1 and case 2. The vertical-dotted lines mark the time moments
at which the load enters and exits each of the zones under study.
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(a), embankment (b) and subgrade (c) in the zones shown in Figure 3.2 for case 1 and
case 2. The total strain energy for case 2 in AZ-II cannot be seen in Figure 3.5 due to the
magnitude being negligible compared to that in the other zones. It is evident from the
results that the horizontal approach slab leads to a reduction of the total strain energy (in
AZ-II relative to OT-I) in the layers of embankment and subgrade but does not lead to any
significant reduction in the ballast layer. The amplification of total strain energy in the
ballast layer that can be seen in AZ-II for case 1 simply shifts (it only gets slightly smaller)
to AZ-I for case 2. This implies that adopting an approach slab creates a new transition
zone at the end of the slab instead of mitigating the problem.

It is to be noted that, even though the horizontal approach slab shows no amplification
in the kinematic response and only a minor increase in equivalent Von Mises stress, a
clear amplification of the strain energy in the ballast layer is observed. The fact that the
displacement decreases does not necessarily mean that the associated stress or the strain
energy (combination of stress and strain) also diminishes. The strain energy amplification
most clearly explains the inefficiency of this particular transition structure.

3.3.2. STANDARD EMBANKMENT-BRIDGE TRANSITION (CASE 1) VERSUS

INCLINED APPROACH SLAB (CASE 3)
Displacements: Figure 3.6 shows the time history of displacements for locations above
the sleepers on the rail in the zones under study for case 1 and case 3. The results shown
on the left in Figure 3.6 are the same as shown previously. For case 3 the displacements
are observed to reduce gradually in AZ-II compared to those in case 1.
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Figure 3.6: The time history of rail node displacements in OT-I (black), AZ-I (blue), AZ-II (red) and
AZ-III (grey) for case 1 (left) and case 3 (right).

Maximum equivalent Von Mises stress: Figure 3.7 shows the maximum equivalent Von
Mises stress for the ballast layer in OT-I (black), AZ-I (blue) and AZ-II (red) for case 1 and



3

48 3. EVALUATION OF INTERVENTIONS: SUBSTRUCTURE-LEVEL

case 3. Compared to case 1 and case 2 that both showed an increase in max. Von Mises
stress in AZ-II and AZ-I, respectively, relative to OT-I, there is no amplification in stress
for any of the zones under study for case 3. Moreover, there is a reduction in AZ-II for
case 3 similar to what is observed for case 2, but the amount of reduction is higher.
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Figure 3.7: Max. Von Mises stress in the ballast layer in OT-I, AZ-I and AZ-II for case 1 (solid bars)
and case 3 (striped bars).

Strain Energy: Figure 3.8 shows a comparison of total strain energy in the layers of ballast
(a), embankment (b) and subgrade (c) for the zones shown in Figure 3.2, for case 1 and
case 3. The total strain energy in all three track-bed layers in OT-I is the same for both
the cases under study as expected. The total strain energy shows a peak in AZ-I for case
3 which is the same in magnitude as the peak observed for case 1 in AZ-II. Like for case
2, this implies that the transition effects are simply shifted but not mitigated by using
an inclined approach slab. Moreover, a small increase in the total strain energy is also
observed for the subgrade layer in case 3 compared to case 1. In summary, the use of an
inclined approach slab could not reduce the dynamic amplifications in the RTZ under
study but made it worse. It is important to highlight that the inclined approach slab
seemed to be an efficient solution when evaluated using the kinematic response or the
stress distribution as a criterion. However, the energy criterion clarifies the reason behind
the inefficiency of this particular transition structure in reality.

3.3.3. STANDARD EMBANKMENT BRIDGE TRANSITION (CASE 1) VERSUS

TRANSITION WEDGE (CASE 4)
Displacements: Figure 3.9 shows the time history of displacements for locations above
the sleepers on the rail in the zones under study for case 1 and case 4. As mentioned
above, the displacement at locations 1 and -1 for case 1 exhibits an increase, as is evident
from the observation, but for case 4 the displacements gradually decrease in AZ-I and
becomes constant in AZ-II and AZ-III. No abrupt changes were observed in any of the
zones under study. Hence, the transition wedge seems to be a promising solution if the
performance is evaluated solely based on vertical rail displacements.

Maximum equivalent Von Mises stress: Figure 3.10 shows the maximum equivalent Von
Mises stress for the ballast layer in OT-I (black), AZ-I (blue) and AZ-II (red) for case 1 and
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Figure 3.8: Total strain energy for the zones under study in the layers of (a) ballast, (b) embankment
and (c) subgrade for case 1 and case 3. The vertical-dotted lines mark the time moments
at which the load enters and exits each of the zones under study.
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case 4. Although the displacement fields looks ideal for case 4, it can be verified that
the Von Mises stress distribution across the zones is non-uniform and increases in AZ-I
relative to OT-I (and then reduces again in AZ-II). This increase in stress indicates that
the transition effects are not mitigated by the transition wedge but only moved further
(on the soft side) from the previous location, like in case 1. The increase in case 4 is much
higher than that observed in case 1 (compare Figure 3.4 and Figure 3.10), implying that
the response is worse with this particular transition structure.
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Figure 3.9: The time history of rail node displacements in OT-I (black), AZ-I (blue), AZ-II (red) and
AZ-III (grey) for case 1 (left) and case 4 (right).
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Figure 3.10: Max. Von Mises stress in the ballast layer in OT-I, AZ-I and AZ-II for case 1 (solid bars)
and case 4 (striped bars).

Strain Energy: Figure 3.11 shows a comparison of total strain energy in the layers of ballast
(a), embankment (b) and subgrade (c) for the zones shown in Figure 3.2 for case 1 and
case 4. The transition wedge used in case 4 shows a significant reduction in total strain
energy in the layers of embankment and subgrade. However, the total strain energy in
the layer of ballast shows an increase towards the end of AZ-I compared to Figure 3.15a,
where it smoothly decreases as a result of the added specific transition structure which
provides the same change in overall (static) tracks stiffness as the current wedge structure.
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Figure 3.11: Total strain energy for the zones under study in the layers of (a) ballast, (b) embank-
ment and (c) subgrade for case 1 and case 4. The vertical-dotted lines mark the time
moments at which the load enters and exits each of the zones under study.
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Figure 3.12: Contour plot of the strain energy in the system as the load approaches the transition
wedge. Snapshots for time moments (from top to bottom) 0.8841 s, 0.9741 s, 1.049 s,
1.064 s, 1.079 s, 1.109 s, 1.129 s, 1.144 s, 1.154 s, 1.174 s, 1.184 s, 1.204 s.
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Although the magnitude of total strain energy in AZ-I and AZ-II is less compared to the
standard embankment-bridge transition (case 1), the reduction in AZ-I is not significant
considering that the overall stiffness of this zone has increased considerably compared
to OT-I which ideally should lead to a significant reduction in strain energy similar to
case 5, as discussed in following sections. The inefficiency of the transition wedge can
be attributed to guiding of strain energy (see Figure 3.12) from the bottom layers to the
ballast layer due to the unfavourable geometry. The response will amplify even more in
case of imperfections in the track, as demonstrated in Section 3.3.5.

3.3.4. STANDARD EMBANKMENT BRIDGE TRANSITION (CASE 1) VERSUS

NEW DESIGN: SHIELD (CASE 5)
Displacements: Figure 3.13 shows the time history of displacements for locations above
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Figure 3.13: The time history of rail node displacements in OT-I (black), AZ-I (blue), AZ-II (red) and
AZ-III (grey) for case 1 (left) and case 5 (right).

the sleepers on the rail in the zones under study for case 1 and case 5. Observing the
results, it is apparent that the time history of displacements shows a resemblance to the
case with a transition wedge due to the overall (static) track stiffness being the same.
The displacements under the load gradually decrease in AZ-I, and becomes constant
in AZ-II and AZ-III, and no abrupt changes were observed in any of the zones under study.

Maximum equivalent Von Mises stress: Figure 3.14 shows the maximum equivalent Von
Mises stress for the ballast layer in OT-I (black), AZ-I (blue) and AZ-II (red) for case 1 and
case 5. Case 5, which includes the new design of transition structure, demonstrates a
gradual decrease in max. Von Mises stress in AZ-I and AZ-II relative to OT-I. No amplifica-
tion is observed in any of the zones under study for case 5, unlike all the cases studied
above. This indicates that the behaviour is promising, but the energy analysis (below)
should obviously confirm that before conclusions can be drawn.
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Figure 3.14: Max. Von Mises stress in the ballast layer in OT-I, AZ-I and AZ-II for case 1 (solid bars)
and case 5 (striped bars).

Strain Energy: Figure 3.15 shows a comparison of total strain energy in the layers of ballast
(a), embankment (b) and subgrade (c) for the zones shown in Figure 3.2 for case 1 and
case 5. It is evident from the results that the new design leads to a gradual decrease in
total strain energy in all three track-bed layers. No peaks are observed in AZ-I and AZ-II,
and the magnitudes are much lower than in OT-I. Case 5 shows a significant reduction in
the magnitude of the total strain energy in AZ-I and AZ-II relative to OT-I in the layers of
ballast and embankment compared to all the cases with existing mitigation measures.
In the subgrade layer, case 4 (Figure 3.15c) shows more reduction in total strain energy
compared to case 5 in AZ-I. However, this can be attributed to the larger volume of stiffer
material in AZ-I in case 4 compared to case 5, as the strain energy density is typically
smaller for stiffer materials. In any case, SHIELD shows no amplification in any of the
zones or layers under study and guides energy away from the upper track bed layers as
seen in Figure 3.16. This is exactly the reason as to why case 5 outperforms case 4 (Figure
3.12), where the energy is guided towards the upper track bed layers, which leads to an
energy concentration.

3.3.5. TRANSITION WEDGE (CASE 4) VERSUS SHIELD OF RAILWAY

TRANSITION ZONE (CASE 5)
Figure 3.17 summarises the comparison of case 4 and case 5 in terms of equivalent
stiffness (static) in AZ-I, rail displacements, equivalent Von-Mises stress and total strain
energies. Figure 3.17a shows a gradual increase (same for case 4 and case 5) in equivalent
trackbed stiffness from OT-I to AZ-II. Figure 3.17b shows a gradual decrease in rail dis-
placements in AZ-I which is same for both case 4 and case 5. However, the equivalent Von
Mises stress (Figure 3.17c) in AZ-I for case 4 is much higher than case 5 due to reasons
discussed in Section 3.3.3, and this can be also seen in strain energy (Figure 3.17d) that
combines the stress and strain fields over a volume. On one hand, despite a significant
increase in stiffness, the max. Von Mises stress and the total strain energy in the AZ-I for
the case with the transition wedge show no significant improvement in the ballast layer.
On the other hand, case 5 shows a gradual decrease in Von Mises stress and total strain
energy in AZ-I. Although case 4 shows no amplification in the total strain energy in AZ-I
with respect to OT-I, it can be verified that the total strain energy increases locally in the
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Figure 3.15: Total strain energy for the zones under study in the layers of (a) ballast, (b) embank-
ment and (c) subgrade for case 1 and case 4. The vertical-dotted lines mark the time
moments at which the load enters and exits each of the zones under study.
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Figure 3.16: Contour plot of the strain energy in the system as the load approaches the new transi-
tion structure: SHIELD. Snapshots for time moments (from top to bottom) 0.8841 s,
0.9591 s, 0.9741 s, 1.004 s, 1.034 s, 1.049 s, 1.064 s, 1.079 s, 1.109 s, 1.134 s, 1.149 s.
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proximity of interface between AZ-I and AZ-II in the ballast layer. Moreover, Figure 3.12
shows that the strain energy is guided towards the upper layers leading to an increase
due to the unfavourable geometry of the transition wedge. This increase in strain energy
can be worse in case of an imperfection along the track in this zone. Thus, in this section,
the total strain energy for cases 4 and 5 will be compared to evaluate their performances
in a non-ideal condition, i.e., a contact loss under sleeper 15 in AZ-I (refer to Figure 3.18
for the location of this sleeper) for case 4 and case 5.

Figure 3.18 shows the comparison of the total strain energy (OT-I, AZ-I, AZ-II) between
case 4 and case 5 in the ballast layer under the non-ideal condition for both the cases.
The total strain energy in the embankment and subgrade layers are not shown as amplifi-
cations due to the lost contact between sleeper 15 and the ballast layer are observed only
in the ballast layer. Indeed, a significant amplification of total strain energy can be seen
in AZ-I for case 4. A similar amplification takes place for case 5, but it is not high enough
to exceed the energy level in OT-I. Hence, it is concluded that the case 5 outperforms
case 4 not only in ideal conditions (Section 3.3.3 and Section 3.3.4) but especially in a
non-ideal condition.

3.4. CONCLUSIONS

A comprehensive evaluation of existing transition structures and a new safe hull-inspired
energy limiting design (SHIELD) for railway transition zones was performed.

Firstly, the existing transition structures, namely horizontal approach slab, inclined
approach slab and transition wedge, were evaluated in terms of the most commonly
studied responses (vertical rail displacement and stress in ballast) and the recently devel-
oped criterion based on total strain energy. None of the cases with transition structures
led to local amplification in vertical rail displacements in the proximity of the transition
interface, while the standard embankment-bridge transition case (with no transition
structure) does. The maximum Von Mises stress in the zones under study showed a re-
duction for the cases with approach slabs (both horizontal and inclined) but an increase
for the case with a transition wedge. In the end, looking at the total strain energy, which
is the most comprehensive response quantity (and therefore the best damage indicator),
a clear amplification was seen for all existing transition structures, which indicates the
poor performance of these existing transition structures.

The second part of the paper evaluates the newly introduced transition structure
(SHIELD) using the same criterion as used for the evaluation of the existing transition
structures. The results presented in Section 3.3 make it evident that there is a gradual
decrease in vertical rail displacements, max. equivalent Von Mises stress and, most im-
portantly, in the total strain energy when moving from the open track to the transition
interface. No local amplification was observed in any of the approach zones and, in
addition to this, the magnitudes of all the responses were much lower than those in all
other cases studied in this paper. Furthermore, the transition wedge was clearly outper-
formed by SHIELD under non-ideal conditions (loss of contact under the sleepers). Even
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Figure 3.17: (a) cross-section details, (b) comparison of rail displacements for case 4 (left) and case
5 (right), (c) equivalent Von Mises stress and (d) time history of total strain energy
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Figure 3.18: Total strain energy for the zones under study in the ballast layer for case 4 and case
5 accounting for the loss of contact under sleeper 15 in AZ-I for both the cases. The
vertical-dotted lines mark the time moments at which the load enters and exits each
of the zones under study.

though the SHIELD performs well under non-ideal conditions and is capable of dealing
with consequences of autonomous settlement to some extent, it can be also combined
with measures like adjustable sleepers [12] or wedge-shaped sleepers [13] to avoid loss of
contact due to non-uniform settlement and reduce the maintenance requirements even
more.

Future investigations related to this newly proposed transition structure must include
the influence of the vehicle-structure interactions, three-dimensional response, material
and geometric parameter sensitivities and experimental validation to lay out the guide-
lines regarding the choice of the parameters for effective and robust solutions.
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ABSTRACT

Railway transition zones present a major challenge in railway track design mainly due
to abrupt jumps in stiffness and differential settlements that result from crossing stiffer
structures such as bridges or culverts. Despite numerous efforts to mitigate these transition
effects at both the superstructure and substructure levels, a comprehensive solution remains
elusive. Substructure-level interventions have demonstrated some effectiveness but are
often cost-prohibitive and challenging to implement in existing operational railway transi-
tion zones. In contrast, mitigation measures at the superstructure (rail, sleepers, rail-pads,
under-sleeper pads) level can be easily installed but have shown limited improvement in
site measurements. This study evaluates the influence of different sleeper configurations in
transition zones and reduced sleeper spacings on the operation-driven dynamic amplifica-
tions in railway transition zones, employing a recently proposed criterion based on the total
strain energy in the track-bed layers (ballast, embankment, and subgrade). In addition to
this, the influence of the loss of contact between sleepers and ballast (i.e., hanging sleepers),
which typically results from the differential settlement, is studied. The first part of the paper
provides useful insights regarding the interventions (and/or initial design) in the sleeper
configuration and spacing, whereas the second part of the work highlights the need for
interventions to deal with the loss of contact between sleeper and ballast. A 2-dimensional
finite element model of an embankment-bridge transition was used for the analysis. The
results show that it is not possible to mitigate the transition effects completely using the
interventions involving sleeper spacing and configuration.

4.1. INTRODUCTION

Railway transition zones (RTZs) are regions of inhomogeneity in railway tracks where
the track crosses stiffer structures, such as bridges or culverts. This inhomogeneity [1]
results in an abrupt jump in stiffness experienced by the moving load, causing signifi-
cant dynamic amplification [2–4] and eventually contributing to differential settlement
in RTZs. In addition to this, the differential settlement in transition zones is also due
to differences in autonomous settlement of the foundations of the stiff and soft parts.
Operation-driven dynamic amplifications in RTZs are the subject of this paper. These
dynamic amplifications may not be very prominent when considering kinematics but can
be clearly seen in terms of the strain energy of the trackbed layers [5]. Despite numerous
attempts to alleviate these transition effects by gradually increasing stiffness at both
the superstructure (rail, rail pads, sleepers, under-sleeper pads) and substructure levels
(ballast, sub-ballast, embankment, subgrade), a comprehensive solution remains elusive.

Mitigation measures at the substructure level, including approach slabs [6–8], transition
wedges [9–13], glued ballast, geotechnical improvements [14, 15], etc. have demonstrated
some effectiveness; however, their cost-effectiveness ratio is unfavourable. Additionally,
these measures are difficult to implement in existing, operational railway transition zones.
In contrast, mitigation measures at the superstructure level [8, 15–17] can be easily in-
stalled for both old and new transition zones. Although the existing literature involving
analytical/ numerical evaluations suggests that these measures may be efficient to some
extent [5, 18], site measurements have not exhibited significant improvements from these
interventions [19, 20].
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Common superstructure-level interventions include auxiliary rails [15–17], under-
sleeper pads, and large [21–23] or closely spaced sleepers [19, 20, 24, 25] made from
modified materials [26, 27]. Sleepers are typically constructed from wood or reinforced
concrete, with the latter requiring a C50/60 strength class as defined by the Eurocode,
which specifies the Elastic modulus of 38 GPa and a Poisson’s ratio of 0.2 (EN 1992-1-1,
2009). Alternative materials, such as plastic, rubber, and composites, have also been
utilized in transition zones, with wood proving to be the most effective among them [28].
The average sleeper dimensions are 2.6m x 0.24m x 0.24m, and a standard spacing of 0.6m
[29, 30] is commonly employed in railway tracks, including in transition zones. Large
[21, 22, 31] or closely spaced sleepers [19, 20, 24] have been implemented in transition
areas to reduce the abrupt change in track stiffness. These modifications have been
effective in decreasing ballast settlement and improving the distribution of the contact
force between sleeper and ballast over a larger area, but they have not reduced dynamic
load amplification in transition zones. Various sleeper configurations have been analyzed
[32] to evaluate track support separation and to maintain optimal track performance, as
assessed by sleeper vertical displacements and stress on ballast. Efforts have also been
made to minimize the maximum wheel-rail contact force and stress between the sleeper
and foundation, seeking the most efficient distributions of sleeper spacing [32] adjacent
to the transition. However, previous studies have not clearly stated the reasons behind
the unsatisfactory performance of these solutions, nor have they assessed the broader
implications of these measures on the degradation of ballast, embankment and subgrade.
A recent study [5] presents a criterion based on total strain energy in the track bed layers
as an indicator of potential irreversible permanent deformations, which can be employed
to assess the influence of these solutions on the onset of degradation in different trackbed
layers. A detailed analysis of all the track components was performed in [5] by analysing
the kinematic responses, stresses, and kinetic and strain energies, concluding that the
strain energy is the most comprehensive quantity to evaluate the railway transition as
it comprises both distortional and volumetric components of strain energy, while Von
Mises stress for instance only captures the distortional component of energy. The details
of the criterion can be found in [5] and a valid application of this criterion can be found
in a related study [33].

In this paper, the influence of various sleeper configurations and spacing on the dy-
namic behaviour of railway transition zones are investigated and the need for interven-
tions to mitigate the loss of contact between sleepers and the ballast layer is highlighted,
using the recently proposed criterion [5] based on total strain energy in trackbed layers.
Firstly, the influence of the specific position of the first sleeper on both sides of the tran-
sition interface and the effect of overall and localised (i.e., only in the approach zone)
reduced sleeper spacing is studied for the ideal geometric track profile. Secondly, the
influence of non-ideal geometry (as a consequence of differential settlement) which
entails the loss of contact [34, 35] between sleepers and ballast on the total strain energy
distribution is investigated. The first part of the paper concerns the interventions (and/or
design choices) at the superstructure level to avoid dynamic amplifications in transition
zones, whereas the second part highlights the need for mitigation measures to deal with
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the loss of contact.

4.2. FINITE ELEMENT MODEL OF AN EMBANKMENT-BRIDGE

TRANSITION

15 m15 m

Open Track

0.0m
1.0m
2.0m
2.3m

Approach Zone

Ballasted Track Concrete Bridge

Rail (Steel)
Sleepers and Bridge (Concrete)

Ballast Embankment
(Dense Sand)Subgrade (Clay)

Transition Interface

Figure 4.1: Geometric details of the embankment-bridge transition under study.

A two-dimensional (2-D), plane-strain finite element (FE) model of an embankment-
bridge transition was created using ABAQUS, mainly comprising of ballasted track (soft
side) of 60m in length and a ballastless track (stiff side) of 20 m length. The main com-
ponents of the system under study as shown in Figure 4.1 namely rail, railpads, sleepers,
under sleeper pads, ballast layer (0.3 m deep), embankment layer (1 m deep), subgrade (1
m deep), and a concrete bridge (2.3 m deep). The sleeper, ballast, embankment, subgrade,
and bridge were meshed using linear plane strain quadrilateral elements (CPE4R), and
the rail was discretized using two-node linear beam elements (B21). Materials for all com-
ponents mentioned above were characterized by elastic properties (Elasticity modulus,
Poisson’s ratio, density, and Rayleigh damping factors) as tabulated in Table 4.1 [33]. Ma-
terial properties tabulated in Table 4.1 have been adopted based on a detailed evaluation
and design limits proposed in [36]. A static analysis was performed to tune the elastic
properties of a thin layer of material under the sleepers referred to as under-sleeper pads
(USP) on the stiff side, ensuring the same static vertical rail displacements throughout
the track. It is to be noted that these are not conventional under sleeper pads but a way
to insure the same static deformations throughout the track in order to study only dy-
namic effects of the moving load. The key interface and boundary conditions used in the
model included vertical springs and dashpots connecting the rail and sleeper midpoint,
surface-to-surface tie constraints between the sleeper-ballast, ballast-embankment, and
embankment-subgrade, and a hard contact linear penalty method to define the normal
behaviour combined with a Coulomb friction model for tangential behaviour at the verti-
cal interface between the ballasted and the ballastless track. Firstly, a static analysis was
performed to establish the initial stress state under self-weight, followed by a dynamic
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analysis (full Newton-Raphson method) for a single moving axle load of 90 kN and a
velocity of 144 km/hr, using a DLOAD subroutine in ABAQUS [37]. Only one axle load and
speed (sub-critical) has been adopted as the main objective of this work is to compare
the performance of different configurations (see Section 4.3) under study and capture
the main mechanisms governing the dynamic amplifications under the simplest loading
conditions and thus in the cleanest possible manner, to provide insight regarding effi-
ciency or inefficiency of the superstructure level interventions. The effects are expected
to be amplified for higher speeds and axle loads. The 2-D model used in this paper has
been validated against a 3-D model and the details can be found in [5, 36] and Chapter
7. An ideal geometric track profile is used for evaluation of all the cases as the aim is to
study the mechanisms (in isolation of other mechanisms) associated to the initial state
of the track subjected to operation-induced loads. The strain energy distribution was
found to be very similar in both 2D and 3D models (see Figure 4.2). For the purpose of
this work, 2-D models are used as the cost of computation using the same resources was
much higher for one iteration using a 3-D model (approximately 8 hours) compared to
2-D models (approximately 40 minutes). Moreover, the criterion [5] used for evaluation
in this work claims to predict the onset of damage in non-linear models based on energy
amplification in models with linear elastic materials.
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Figure 4.2: Comparison of the total strain energy in the ballast layer using a 2-D and a 3-D model.

For this study mainly two zones were studied to investigate the dynamic amplifications
in railway transition zones (RTZs), namely the open track (OT) and the approach zone
(AZ) on the ballasted track (soft side). Each of these zones is 15m in length. Figure 4.1
shows the zone unaffected by the transition effects (open track) and the zone next to
the transition interface (approach zone) between the ballasted track and the concrete
structure (stiff side), where significant dynamic amplifications are observed. The re-
sults studied in this paper are the temporal variation of total strain energy in each of the
trackbed layers (ballast, embankment, and subgrade) for the open track and the approach
zone. In addition, a percentage increase of the maximum total strain energy in AZ relative
to the OT for each case is also presented.
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Table 4.1: Mechanical properties of the track components

Material Elasticity
Modulus

Density Poisson’s
Ratio

Rayleigh damping

E [N/m2] ρ [kg/m3] ν α β

Steel (rail) 21 x 1010 7850 0.3 - -
Concrete (sleepers) 3.5 x 1010 2400 0.15 - -
Ballast 1.5 x 108 1560 0.2 0.0439 0.0091
Sand (embankment) 8 x 107 1810 0.3 8.52 0.0004
Clay (subgrade) 2.55 x 107 1730 0.3 8.52 0.0029
USP 1 x 106 500 0.1 - -

4.3. RESULTS AND DISCUSSION
This paper investigates six different configurations of the first sleeper on either side of
the transition interface (Figure 4.3) and three different layouts of sleepers with reduced
spacing (Figure 4.5). In the end, the influence of the number of hanging sleepers on the
total strain energy amplification is studied. The following sections will describe all these
scenarios in detail.

4.3.1. CONFIGURATION OF SLEEPERS ADJACENT TO THE TRANSITION

INTERFACE

A. B. C.

D. E. F.

Figure 4.3: Study cases of different sleeper configurations (a) config 1, (b) config 2, (c) config 3,
(d) config 4, (e) config 5, and (f) config 6 around the transition interface (the red layer
represents the under-sleeper pads on the stiff side)

The six different sleeper configurations in the proximity of the transition interface as
shown in Figure 4.3 are investigated. The six configurations can be broadly classified
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into two categories; config.1-3 and config.4-6. Config.1-3 investigate the influence of 3
different spacing configurations of the first sleeper adjacent to the transition interface
(on both sides) with respect to the interface, on the total strain energy in AZ compared
with that in OT. Config.4-6 analyze the extreme scenarios where the edge/ mid-point of
the sleeper is located at the transition interface.
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Figure 4.4: Time history of total strain energy (left) and percentage increase (right) of maximum
total strain energy in AZ relative to OT for config.1-6 in ballast (a), embankment (b), and
subgrade (c).

Figure 4.4 shows the time history of total strain energy in ballast (A.), embankment (B.),
and subgrade (C.) for the open track and the approach zone, and the percentage increase
in the maximum of the total strain energy in the approach zone relative to that in open
track for all 6 configurations described above and shown in Figure 4.3. The results will be
investigated in two broad categories of config.1-3 and config.4-6. Figure 4.4 shows that
config.1, 2, and 3 do not exhibit any significant difference in the strain energy variations
in ballast, embankment, or subgrade, implying that the position (with respect to the tran-
sition interface) of the first sleepers on both sides of the transition interface has negligible
influence on the dynamic amplifications in RTZs. However, configurations (config.1-3)
involving one of the sleepers being placed right next to the transition interface or on top
of it do exhibit significantly larger amplifications in the total strain energy (approx. 5-7
times more than config. 4-6) for all track bed layers, implying that these extreme sleeper
configurations must be avoided to achieve better performance of RTZs.
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4.3.2. SLEEPER LAYOUT

A.

B.

C.

Figure 4.5: Sleeper layouts under study: (a) SL1 , (b) SL2, (c) SL3.

Three different sleeper layout (SL) scenarios (Figure 4.5) were investigated namely, SL1:
standard sleeper spacing of 0.6 m throughout the track (OT and AZ), SL2: reduced sleeper
spacing only in the transition zone (approach zone on the stiff and soft side of the track)
and SL3: reduced sleeper spacing of 0.3 m throughout the track (OT and AZ).

Figure 4.6 shows the time history of total strain energy in the ballast (A.), embankment
(B.), and subgrade (C.) for the open track and the approach zone, and the percentage
increase in maximum total strain energy in the approach zone relative to that in the open
track for sleeper layouts described above and shown in Figure 4.5. On the one hand, some
authors [19, 20, 24, 25] have associated reduced sleeper spacing in the railway tracks with
a reduction in ballast settlement and the results shown in Figure 4.6A. (left) for SL3 (when
compared to SL1) can verify this claim for OT. On the other hand, the amplification of
maximum total strain energy in AZ relative to OT is higher for SL3 in comparison to SL1
(which is the reference layout). Furthermore, although SL2 shows no amplification of
maximum total strain energy in AZ relative to OT in the ballast layer, a significant increase
is seen in the embankment layer. This implies that reduced sleeper spacing only in the
transition zone is efficient in the reduction of permanent deformations in the ballast layer
in the proximity of the transition interface. However, it is not an effective intervention
to deal with transition effects in general as it leads to an increased degradation in the
embankment layer. No significant change is observed in the behaviour of the subgrade
layer for any of the sleeper layouts under study.

It is to be noted that a scenario with a smaller sleeper distance only on the ballasted
track has not been investigated. However, it can be deduced from the results that the
behaviour will be similar to SL2 as far as the energy in the soft side of the system is
considered.
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Figure 4.6: Time history of total strain energy (left) and percentage increase (right) of maximum
total strain energy in AZ relative to OT for SL 1-3 in (a) ballast, (b) embankment, and (c)
subgrade.

4.3.3. LOSS OF CONTACT BETWEEN SLEEPER AND BALLAST: HANGING

SLEEPERS

A. B.

Figure 4.7: The embankment-bridge transition under study showing the locations of (a) one hang-
ing sleeper and (b) two hanging sleepers marked in blue.

In RTZs, the difference in autonomous settlements on the soft and stiff side of the track
together with the operation-driven dynamic amplifications lead to non-ideal geometric
track configurations. As a consequence of these configurations, one or more sleepers in
the vicinity of the transition interface typically lose contact with the ballast layer [34, 35].
Therefore, in this section, the influence of the number (1,2) of hanging sleepers is studied
(Figure 4.7) and compared against the case with no hanging sleepers. No more than 2
hanging sleepers were analyzed as the tracks are necessarily maintained after the occur-
rence of the second hanging sleeper. It is to be noted that only extreme cases leading to
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Figure 4.8: Time history of total strain energy (left) and percentage increase (right) of maximum
total strain energy in AZ relative to OT for 0, 1, and 2 number of hanging sleepers next
to transition interface for the A. ballast, B. embankment and C. subgrade.

complete loss of contact between the first two sleepers next to the transition interface are
investigated.

Figure 4.8 shows the time history of total strain energy in ballast (A.), embankment
(B.) and subgrade (C.) for open track and approach zone, and the percentage increase
in the maximum of the total strain energy in the approach zone relative to that in the
open track for the embankment-bridge transition with no hanging sleepers, one hanging
sleeper and two hanging sleepers, as marked in Figure 4.8. It can be observed in the
results that the occurrence of hanging sleepers affects mostly the top layers (ballast and
embankment) and shows a small influence on the subgrade layer (and it does not lead
to any amplification). In the embankment layer, one hanging sleeper has no influence,
but some amplification in total strain energy can be seen with the occurrence of the
second hanging sleeper. In the ballast layer, the presence of a single hanging sleeper in
proximity to the transition interface leads to an approximate doubling of the strain energy
amplification relative to situations without any hanging sleepers. It is to be noted that the
occurrence of a second hanging sleeper has an even more pronounced effect, resulting in
an approximately eightfold increase in total strain energy amplification when compared
to the situation with no hanging sleepers. Thus, it can be concluded that the impact of
hanging sleepers on total strain energy amplification is not merely additive but seemingly
exponential, highlighting the need for meticulous monitoring and management of such
conditions.
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4.4. CONCLUSIONS
Despite certain studies advocating the efficacy of superstructure-based enhancements in
railway transition zones (RTZs), site measurements have demonstrated limited efficiency.
A recently developed energy-based criterion was used to highlight the potential shortcom-
ings of some of these solutions, thus providing reasoning behind their ineffectiveness. A
2D finite element model was used to analyze the performance of railway transition zones
(RTZs) for varying sleeper configuration in the proximity of the transition interface and
varying sleeper spacing layouts using a recently developed strain energy-based criterion.
Additionally, the loss of contact conditions (hanging sleepers) between the sleeper and
ballast layer due to non-ideal geometry was also investigated. Firstly, various sleeper
configurations around the transition interface were studied in terms of total strain energy
amplifications and it was observed that the positioning of the first sleeper on both sides
(soft and stiff) with respect to the transition interface has negligible influence on the
performance of the RTZs. However, extreme positions of the sleepers (e.g., sleeper edge
resting on the transition interface) must be avoided to limit the strain energy amplifica-
tion in RTZs. Secondly, the effect of overall reduced sleeper spacing and reduced sleeper
spacing only in the approach zones (both on the soft and stiff side) was compared with
the standard sleeper spacing configuration (0.6 m). It was observed that even though
an overall reduced sleeper spacing leads to lower total strain energy levels in the ballast
layer, it does not reduce the strain energy amplification in approach zones with respect
to the open track. Moreover, the layout with reduced sleeper spacing only for approach
zones led to the mitigation of dynamic amplifications in the ballast layer but eventually
resulted in an amplification of the strain energy within the embankment layer. Lastly,
the study of the influence of hanging sleepers on the performance of RTZ showed that
with an increase in the number of hanging sleepers, an exponential increase in strain
energy amplification was observed in the approach zone. This highlights the need for
interventions like adjustable sleepers [38], and wedge-shaped sleepers [39] to mitigate
the loss of contact between sleepers and the ballast layer. In the end, it was concluded
that optimizing the sleeper configuration (overall or in the proximity of the transition
interface) does not lead to any significant improvement in the performance of railway
transition zones in terms of strain energy amplifications. In addition, some critical con-
figurations (sleeper edge on transition interface) or contact conditions (hanging sleepers)
must be avoided or mitigated to prevent extreme strain energy amplifications in railway
transition zones.
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ABSTRACT

The railway transition zone where the track transitions from a ballasted track to a slab track,
is a crucial area that can experience amplified dynamic responses. This work aims to develop
a deeper insight into the mechanisms leading to the amplified dynamic response in railway
transition zones. The study employs a finite element model to investigate the amplification
of total strain energy due to the phenomena of reflection and redistribution (i.e., among
different layers) of energy close to the transition interface. The results of the study are
obtained for three case studies involving non-reflecting boundary (representing an energy
sink) and homogeneous material along the vertical direction of the track, and the responses
are studied for individual and combined effects in comparison to a benchmark case. The
findings of the study show that eliminating the phenomena of reflection and redistribution
results in no dynamic amplification in total strain energy in railway transition zones. The
conclusion highlights the importance of understanding these phenomena in order to design
an efficient railway transition structure.

5.1. INTRODUCTION
Railway transition zones are subjected to increased degradation due to amplification
of dynamic responses compared to the open tracks. The literature suggests that the dy-
namic amplification in transition zones can be associated mainly with stiffness variation
and differential settlement [1], [2], [3]. However, there is a lack of understanding of the
phenomena that initiate and govern the processes leading to these amplifications. The au-
thors in this paper show that the phenomena of reflection and redistribution (i.e., among
different layers) of energies close to the transition interface play a major role in defining
the behaviour of railway transition zones (RTZs) described above. A vertical rigid bound-
ary at the interface of a ballasted track and a concrete structure and an inhomogeneity
in mechanical properties of materials in longitudinal and vertical directions are two
inherent characteristics of typical RTZs. Over the years several mitigation measures have
been adopted that aim to gradually minimize the material inhomogeneity in longitudinal
direction but they have proved to be either inefficient or marginally effective in reducing
the degradation in RTZs. In [4] authors proposed an energy-based criterion to design and
evaluate the performance of railway transition zones. Hence, in this work the phenomena
of reflection and redistribution of energy will be studied in the proximity of the transition
interface in terms of total strain energy, and its importance will be highlighted in order
to design an effective solution aimed at minimizing the dynamic response in RTZs. It is
to be noted that the system under study is simplified in terms of geometry and material
behaviour as the purpose of this work is to investigate the phenomena described above.
The geometry of RTZs obviously is more complex and the material behaviour may be
non-linear, but for the purpose of this study the simplified model is deemed sufficient.

5.2. METHOD
A two-dimensional (2-D) plane strain finite element (FE) model with linear elastic materi-
als for the rail, concrete sleepers, ballast, embankment and sub-grade was used in this
study. The properties of materials used are tabulated in Table 5.1 [5]. The system under
study consists of the ballasted track (soft side), a concrete bridge (stiff side) and the inter-
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Figure 5.1: Geometric and cross-sectional details of the embankment-bridge transition under
study.

face between these two parts, referred in this paper as transition interface. The geometric
details of the system are shown in Figure 5.1 including the two zones under study. The
first zone under study is open track (OT) which is far away from transition effects and
the second zone is approach zone on ballasted track next to transition interface. For the
purpose of this study 4 different cases were simulated as described below. A single axle
load of 90 kN and velocity 144 km/h was used as dynamic loading for all the cases studied
in this paper.

Case 1 - Base model: A standard bridge embankment transition was simulated in this
case with cross-section details shown in Figure 5.1 with three track-bed layers namely
ballast, embankment and sub-grade. The vertical interface of ballasted track and the
concrete bridge allows frictional sliding in tangential direction based on Coulomb friction
law and the concrete bridge acts as a rigid boundary in normal direction. The reflection
coefficients (for 1D wave propagation) of shear and compressional waves based on the
impedances were computed for preliminary checks and the reflection coefficients were
close to 1 (i.e., 0.96 and 0.95, respectively). This demonstrates that the concrete provides
a nearly rigid boundary.

Case 2 - Homogeneous foundation: The base model described above is studied with
a different foundation for the ballasted part of the track. In this case instead of a three
layered track-bed system, a homogeneous foundation (same mechanical properties as
ballast) was used under the sleepers. The transition interface properties are the same as
case 1. This case is representative of a condition with no redistribution of energy within
the trackbed layers due to inhomogeneity of materials in vertical direction. The only
material inhomogeneity in case 2 is along the longitudinal direction of the track.

Case 3 - Non-reflective boundary: In this case, the base model is modified where the
mesh elements at the vertical boundary of the ballasted track at the transition interface
was replaced by infinite elements. These elements (CINPE4) are continuum infinite,
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Table 5.1: Mechanical properties of the track components

Material Elasticity
modulus

Density Poisson’s
ratio

Rayleigh damping

E [N/m2] ρ [kg/m3] ν α β

Steel (rail) 21 x 1010 7850 0.3 - -
Concrete (sleepers) 3.5 x 1010 2400 0.15 - -
Ballast 1.5 x 108 1560 0.2 0.0439 0.0091
Sand (embankment) 8 x 107 1810 0.3 8.52 0.0004
Clay (subgrade) 2.55 x 107 1730 0.3 8.52 0.0029
USP 1 x 106 500 0.1 - -

plane-strain and 4-node elements [6]. This case is representative of a system where we
limit the reflections from the vertical rigid boundary of the concrete bridge.

Case 4 - Homogeneous foundation and non-reflective boundary: This case is a combi-
nation of case 2 and case 3, where the response will be studied for combined effects of no
reflection and no redistribution of energies in the proximity of the transition interface.
The above mentioned cases will be analyzed in terms of total strain energy variation
in top most layer (ballast) and the bottom most layer (sub-grade) for open track and
approach zone. Case 1 will be compared with cases 2, 3 and 4.

5.3. RESULTS
In this section, a comparison of total strain energy graphs are presented for ballast and
sub-grade layer in open track and approach zone. It is to be noted that this a study of
the phenomena and the focus is mainly on studying the amplifications in the railway
transition zones with respect to the open tracks due to phenomena of reflection and
redistribution of energy. Hence, the results presented in this section are normalized
against the maximum values of total strain energy in the open tracks.

Case 1 versus Case 2: Comparison of case 1 and case 2 is performed such that the
effects of the phenomenon of energy redistribution due to non-uniformity of materials
in the vertical direction is studied. This phenomenon is studied in the proximity (AZ:
approach zone) of the transition interface and far (OT: open track) from the transition
effects. The results obtained from the base model with non-homogeneous foundation
are compared against the results obtained by simulation of a homogeneous foundation.
Figure 5.2 shows the comparison of normalized total strain energy (OT, AZ) in ballast (a)
and sub-grade (b) for case 1 and case 2.

As seen in Figure 5.2, case 2 shows an increase of 2.21% in normalized total strain
energy for the layer of ballast in approach zone relative to open track compared to case 1
where this increase is much higher (9%). This implies that inhomogeneity in foundation
contributes significantly to the dynamic amplifications in railway transition zones. It
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(a)

(b)

Figure 5.2: Comparison of normalized total strain energy in the layers of (a) ballast and (b) sub-
grade for case 1 and case 2

is to be noted that the smaller amplification in total strain energy in case 2 could also
be due to the fact that overall stiffness of the foundation is increased and the stiffness
jump is lower than that in case 1. However, the effects of this difference in stiffness jump
are negligible as ballast and subgrade both are approximately 230 times softer than the
concrete bridge; this was verified in a simulation with a softer foundation. In any case,
although the distribution of total strain energy in the approach zone for case 2 is not
as uniform as in the open tracks, there is no significant increase in the magnitude of
energy neither in ballast nor in sub-grade. Hence, the non-uniformity in strain energy
distribution in case 2 is solely due to reflection of energy from the vertical boundary at
the interface of ballasted track and the ballastless track.

Case 1 versus case 3: Comparison of case 1 and case 3 is performed such that the
effects of the phenomenon of reflection at the vertical rigid boundary (concrete bridge) is
studied. This phenomenon is studied in the proximity (AZ) of the transition interface and
far (OT) from the transition effects. The results obtained from the base model with rigid
boundary and frictional sliding at transition interface is compared against the results
obtained by simulation of a non-reflective boundary at the transition interface. Figure
5.3 shows the comparison of normalized total strain energy (OT, AZ) in ballast (a) and
sub-grade (b) for case 1 and case 3.

As seen in Figure 5.3, case 3 shows an increase of 2.43% in normalized total strain energy
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(a)

(b)

Figure 5.3: Comparison of normalized total strain energy in the layers of (a) ballast and (b) subgrade
for case 1 and case 3

for the layer of ballast in approach zone relative to open track compared to case 1 where
this increase was much higher (9%). This shows that reflection from the vertical boundary
at the interface of ballasted track and the concrete structure contributes significantly to
the dynamic amplifications in railway transition zones. In addition to this, an increase
can be seen for the sub-grade layer which can be due to redistribution of energy between
the three elastic layers of ballast, embankment and sub-grade. Moreover, the distribution
of total strain energy in the proximity of transition interface is not uniform similar to case
1, 2 and 3. In this particular case the non-uniformity is expected due to redistribution of
energy between track-bed layers.

Case 1 versus case 4: Comparison of case 1 and case 4 is performed such that the
effects of the phenomenon of both energy redistribution and reflection is studied. This
phenomenon is studied in the proximity (AZ) of the transition interface and far (OT) from
the transition effects. The results obtained from the base model with non-homogeneous
foundation and rigid vertical boundary with friction sliding at the transition interface
is compared against the results obtained by adopting a homogeneous foundation and
a non-reflective boundary. Figure 5.4 shows the comparison of normalized total strain
energy (OT, AZ) in ballast (a) and sub-grade (b) for case 1 and case 4.

As seen in Figure 5.4, case 4 shows no increase at all in normalized total strain energy
for the layer of ballast in approach zone relative to open track compared to all the other
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(a)

(b)

Figure 5.4: Comparison of normalized total strain energy in the layers of (a) ballast and (b) sub-
grade for case 1 and case 4

cases studied above. Moreover, there is no non-uniformity in the distribution of strain en-
ergy in approach zone and the energy variation curve is exactly the same as for open track.

5.4. CONCLUSION
This work highlights the need to mitigate the phenomena of reflection and redistribution
of energies in the proximity of a transition interface. It is clearly seen in the results pre-
sented above that eliminating either of these two phenomena can lead to a significant
reduction in energy amplifications in approach zones relative to open tracks. It was also
shown that if a transition structure is designed such that the combined effects of reflec-
tion and redistribution of energies are mitigated, there will be no increase in the strain
energy for any track-bed layer. Amplifications due to redistribution of energy can be dealt
with by making the foundation as homogeneous as possible or gradually decreasing the
inhomogeneity. Transition wedges are effective to some extent in achieving this but the
problem due to the reflection of energy still remains. The energy reflection could be man-
aged by trapping and dampening the energy in these zones using absorbing materials, or
by ensuring that the reflected energy does not interfere with the main deformation field
induced by the train (see Chapter 6).
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ABSTRACT

Railway transition zones (RTZs) are regions where abrupt track stiffness changes occur
that may lead to dynamic amplifications and subsequent track deterioration. The design
challenges for these zones arise due to variations in material properties in both the depth
(trackbed layers composed of different materials) and longitudinal directions of the track,
as well as temporal variations in mechanical properties of materials due to several external
factors over the operational period. This research aims to investigate the effects of these
variations in material properties (i.e., of the resulting stiffness distributions in vertical
and longitudinal directions) on the behaviour of RTZs, assess from this perspective the
performance of a novel transition structure called the SHIELD, and establish a methodology
for designing a robust solution to mitigate the dynamic amplifications in these zones. Results
indicate that stiffness variations in both vertical and longitudinal directions significantly
influence the dynamic behaviour of the RTZs. The study also suggests a permissible range of
stiffness ratios to control the amplification of strain energy in the most critical components
of RTZs, both in the initial state as well as during the operational phase (where material
properties may vary over time). Moreover, the proposed methodology offers a valuable tool
for the design and evaluation of RTZs and is applicable to various transition types and a
broad spectrum of material properties.

6.1. INTRODUCTION

Railway transition zones (RTZs) are critical regions where the track stiffness changes
abruptly, such as in the transition from a ballasted track to a track supported by a con-
crete structure. In these zones, dynamic amplification due to moving loads can lead
to increased track deterioration and reduced service life [1]. In [2], a detailed literature
review is presented, concerning the problem of amplified degradation in RTZs due to
an abrupt stiffness variation in the foundation. Another detailed study [3] presents an
overview of the existing mitigation measures (both preventive and corrective) on super-
structure and substructure levels to deal with the dynamic amplifications in RTZs. Even
though the influence of an abrupt increase in track stiffness in the longitudinal direction
experienced by the moving load has been studied in the past [4–9], an effective design
solution is lacking in practice. In addition to this, the trackbed layers (ballast, embank-
ment and subgrade) are composed of materials with varying properties which adds to
the complexity of the problem at hand [10, 11]. There have been some studies [12, 13] in
the past on the influence of material parameters on the dynamic properties of railway
transition zones. However, the current literature has no evidence of the influence of the
distribution of material properties along the depth of the railway track on the behaviour
of RTZs.

Even though transition structures like approach slabs [14–17] and transition wedges
[18–21] are designed with an aim to achieve a gradual stiffness distribution in the longitu-
dinal direction, it is difficult to maintain the robustness of the design of these transition
structures as they are subjected to temporal variations in the mechanical properties of the
materials due to environmental factors [22–24], geotechnical conditions [25], operation-
induced wearing of materials etc. These factors lead to changes in the mechanical
properties of the materials in terms of elastic moduli, densities and Poisson’s ratios [24].
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The influence of the variations in the mechanical properties of the materials on the
performance of the transition structure is unknown. Therefore, a robust design solution
for RTZs must take into account these variations in the above-mentioned material pa-
rameters and the related studies are lacking in the current literature.

This paper has three objectives. Firstly, the influence of the distribution of material
properties along the depth and longitudinal directions of the track on the dynamic be-
haviour of a typical RTZ is investigated (Section 6.3.1). Secondly, the same analysis is
performed for a specific transition structure, namely the safe hull-inspired energy limiting
design (SHIELD) proposed by some of the authors in [26] (Section 6.3.2). The existing
literature [2, 3, 18, 19, 27] shows that attempts have been made to mitigate the transition
effects by providing a smoother stiffness transition (in the longitudinal direction) in the
foundation, but it has been a challenge to quantify the permissible stiffness variation that
is required to mitigate the dynamic amplifications in RTZs. Therefore, as a third objec-
tive, an appropriate set of material parameters for the design of the transition structure
(SHIELD) to minimise the dynamic amplifications in RTZs is established. Based on that,
the findings of this research will establish a methodology (Section 6.3.3) for designers to
adopt an appropriate distribution of the material properties (in space and accounting
for variation over the operation period) of the trackbed layers and to choose appropriate
material parameters for the design of transition structures, ultimately improving their
effectiveness and prolonging the service life of railway tracks in transition zones.

6.2. EVALUATION OF RAILWAY TRANSITION ZONES: METHODS
Figure 6.1 shows a flow diagram of the steps/ methods adopted for the evaluation of
railway transition zones using a framework for sensitivity analysis [28]. Each of the steps
mentioned in the figure is discussed in detail in the following subsections.

6.2.1. FINITE ELEMENT MODELS

The output from finite element simulations is used to create Polynomial Chaos Expansion
(PCE) surrogate models. For this purpose, two finite element models are used in the
present work. The first model (model 1) represents an embankment-bridge transition
and the second model (model 2) incorporates a safe hull-inspired energy-limiting design
of transition structure proposed by some of the authors in [26]. Both models include rail,
sleepers, rail-pads, ballast, embankment and subgrade. Rails, rail-pads and sleepers have
standard dimensions and material properties [8].

A 2-dimensional plane strain model (Figure 6.2) of an embankment bridge transition
was used with linear elastic materials. An axle load of 90 kN moving with a velocity of
144 km/hr was simulated using the DLOAD subroutine in Abaqus [29]. The details of the
model used can be found in [8, 26]. In accordance with the design criterion proposed in
[8], the strain energy amplification in the approach zones (AZ) relative to the open track
(OT) is studied for both models. In [8] authors presented a detailed analysis of kinematic
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Figure 6.1: Framework for evaluation of railway transition zones

response, Von Mises stress and mechanical energy (kinetic and strain energy) variations
in all track components (rail, sleepers, ballast, railpad, embankment and subgrade). The
strain energy was shown to be the most comprehensive quantity to evaluate the railway
transition as it comprises both distortional and volumetric components of the strain
energy, while Von Mises stress for instance only captures the distortional component of
energy. The total strain energy used for computations in this work is the volume integral
of the strain energy density (only the dynamic contribution) in the zones under study. A
detailed derivation of the expression for the total strain energy can be found in [30]. It
is to be noted that the strain energy amplification is studied only for the ballast layer in
both models as it is the most critical layer in terms of dynamic amplifications according
to [8] (model 1) and [26] (model 2).

Bridge-embankment railway transition zone (model 1): A bridge-embankment transition
is one of the most critical types of railway transition zones where the stiffness change is
observed on multiple levels, i.e., the interaction of all trackbed layers (ballast, embank-
ment and subgrade) with the concrete structure. In a detailed study [8] as mentioned
above, it was concluded that the amplification in the total strain energy in the trackbed
layers in the proximity of the transition interface relative to the open tracks can be associ-
ated with the non-uniformity in degradation observed along the longitudinal direction of
the track. However, this study was performed for a specific set of mechanical properties of
trackbed layer materials (Table 6.1). Therefore, this paper will assess the sensitivity of the
dynamic response of the RTZ to the variation in the mechanical properties of trackbed
materials in vertical and longitudinal directions.

For this purpose, the mechanical parameters used to define the material of ballast,
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Table 6.1: Mechanical properties of the track components

Material Elasticity
Modulus

Density Poisson’s
Ratio

Rayleigh damping

E [N/m2] ρ

[kg/m3]
ν α β

Steel (rail) 21 x 1010 7850 0.3 - -
Concrete (sleepers) 3.5 x 1010 2400 0.15 - -
Ballast 1.5 x 108 1560 0.2 0.0439 0.0091
Sand (embankment) 8 x 107 1810 0.3 8.52 0.0004
Clay (subgrade) 2.55 x 107 1730 0.3 8.52 0.0029

embankment and subgrade layers tabulated in Table 6.1 are varied as shown in Table 6.4.
Figure 6.2 shows the time history of the total strain energy in the ballast layer in open track
(7.5 m) and approach zones (7.5 m), with an amplification of approximately 9% in the
vicinity of the transition interface for model 1. The sensitivity of this amplification to the
variation in material properties of the trackbed layers is studied in terms of magnification
factor (YRT Z ) defined in 6.2.3.
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Figure 6.2: (a)Geometric details of an embankment-bridge transition, (b) time history of total strain
energy in OT, AZ-I and AZ-II for an embankment-bridge transition

Bridge-embankment transition with SHIELD (model 2): This model is a modified version
of model 1, as it has the transition structure proposed by the authors in [26]. This transi-
tion structure is placed between the ballasted track and the ballastless track to minimise
the dynamic amplifications and guarantee a smooth variation of the total strain energy in
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the longitudinal direction. However, in [26], the design and evaluation of this transition
structure were performed using a particular set of material properties of trackbed layers
(Table 6.1). Also, the mechanical properties of the transition structure (Table 6.2) were
chosen to provide a smooth transition from certain materials in trackbed layers to a
concrete structure. Hence, in this paper, the effect of variation in the material parameters
of the trackbed layers on the choice of design parameters of the transition structure will
be assessed.

Table 6.2: Mechanical properties of the transition structure

Transition structure Elastic modulus Density Poisson’s ratio
E [N/m2] ρ [kg/m3] ν

SHIELD 3.6 x 108 1900 0.2

For this purpose, the mechanical parameters used to define the material of ballast,
embankment, subgrade layers and the transition structure (TS) tabulated in Table 6.2
are varied as mentioned in Table 6.5. Figure 6.3 shows the time history of the total strain
energy in the ballast layer in open track (7.5 m) and approach zones (7.5 m), with no
amplification of total strain energy in any of the approach zones for the set of parameters
used to design this particular transition structure (model 2). It can be seen that the total
strain energy in AZ-II is much lower (65%) compared to OT. However, the total strain en-
ergy in AZ-I (38% lower compared to OT) can be sensitive to the variation in the material
parameters of the trackbed materials listed in Table 6.3. Hence, the sensitivity of this
response amplification (in AZ-I compared to OT) to the variation in material properties
of the trackbed layers around the TS and the efficiency of TS is assessed in terms of
magnification factor (YT S ) defined in Section 6.2.3.

6.2.2. DESIGN SPACE (INPUT )
Design space is defined by the mechanical properties of materials (ballast, embankment,
subgrade and transition structure) that are considered as random variables to account for
the possible variations in their values. The mechanical parameters used to characterise
the materials studied in this paper are tabulated in Table 6.3. The input domain of
mechanical properties is defined by the probability density functions. Due to the lack of
information in the current literature, uniform probability density functions denoted as
U [a,b], were adopted for the majority of random variables. However, for the subgrade
and embankment layers, preliminary investigations showed a very high sensitivity of the
model response to the soil elasticity modulus. This was especially pronounced for soft
soils. Adopting a fully inclusive input space of all soil types would result in soil elasticity
having an overwhelming influence on the model response when compared to the effects
of material properties in the remaining layers. Hence, for the purpose of this study, the
distributions of soil material parameters were restricted to a single soil type (clayey soil
for subgrade and sandy soil for embankment) and a normal probability density function
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Figure 6.3: (a)Geometric details of an embankment-bridge transition with SHIELD, (b) time history
of total strain energy in OT, AZ-I and AZ-II for an embankment-bridge transition with
SHIELD

denoted as N
(
µ,σ2

)
, was adopted for the elastic modulus. It is to be noted that a log-

normal or any other suitable distribution could be adopted if more accurate data is
available. A detailed discussion of the possible values of the mechanical properties of the
materials (adopted across the literature for modelling purposes) constituting the trackbed
layers (ballast, embankment and subgrade) was presented in [31]. The data presented in
[31], combined with feedback from domain and industry experts has provided a starting
point in establishing the lower and upper bounds of the uniform distributions (a and
b, respectively) as well as the normal probability density function moments µ and σ.
Constraints were imposed on the design space to avoid sampling of any negative values.
It is to be noted that, the chosen input space is intentionally kept broad, in order not
to restrict the analysis results to specific site conditions. Nevertheless, designers can
apply the methodology outlined in this research to a specific transition zone by adopting
statistical distributions that accurately reflect the site conditions.

The probability density functions used in this paper, for materials forming trackbed
layers (ballast, embankment and subgrade) are presented in Table 6.4, and for the transi-
tion structure (SHIELD) are reported in Table 6.5.

6.2.3. MODEL RESPONSE

Magnification factor (MF): The amplification of the total strain energy in the approach
zones relative to the open tracks is defined as the magnification factor, i.e., the ratio
between the maximum total strain energy in each of these zones. The magnification
factors for an embankment-bridge transition with (YT S ) and without transition structure
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Table 6.3: Random variables defined in Table 6.4 and Table 6.5

Layer Elastic Modulus Poisson’s Ratio Density
Ballast Eb νb ρb

Embankment Ee νe ρe

Subgrade Es νs ρs

Transition Structure ET S νT S ρT S

(YRT Z ) are defined below.

• MF for model 1: YRT Z is the ratio of the maximum total strain energy in AZ-II to
that in OT as shown in Figure 6.2. This magnification factor is expected to be always
greater than 1 due to transition effects.

• MF for model 2: YT S is the ratio of the maximum total strain energy in AZ-I to that
in OT as seen in Figure 6.3. This magnification factor is preferably smaller than 1
for an efficient design of a transition structure.

6.2.4. POLYNOMIAL CHAOS EXPANSION (PCE) SURROGATE MODEL

Given a rather wide range of possible transitions and a non-negligible computation cost
of the FEM simulations, there is a need to efficiently sample the space of possible re-
alisations. One such possibility is creating a PCE surrogate model with sparse bases.
The advantages of PCE models as opposed to other surrogate model approaches are
several. Firstly, these models are non-intrusive and do not require any modification
to the underlying FEM simulations. Secondly, PCE models are transparent in terms of
the theoretical underpinnings of their performance. Lastly, the post-processing of PCE
model coefficients provides analytically computed Sobol indices, which can be used for
global sensitivity analysis [32]. In the context of railway engineering the authors of [33]
have recently demonstrated that PCE surrogates can be used instead of Monte Carlo
simulations when modelling the response of railway embankments. Given the input
space of random variables and the FEM model, a PCE surrogate model is an attractive
alternative to the Monte Carlo sampling method, as it provides the benefits of faster
computation, the prospect for adoption of higher fidelity, non-linear FEM models, and
the capability to perform sensitivity analysis and optimization tasks more efficiently.

The PCE model in this work is built using UQlab, a framework developed at ETH Zurich
[34]. This framework provides a high-level implementation of Uncertainty Quantification
analysis. The details of the setup used to create PCE surrogate models employed in this
work are described hereinafter.

Polynomial degree truncation scheme: It is often the case in applied science problems,
that some terms in the polynomial basis have a marginal influence on the overall model
response. This is known as the sparsity-of-effects principle. Based on this a hyperbolic
(q-norm) polynomial degree truncation scheme [35] with q = 0.75 was chosen in the
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Table 6.4: Probability density functions of random variables for bridge embankment transition

Layer E
[
Nm−2

]
ν ρ

[
kgm−3

]

Ballast

U [a,b]

a b

Eb

a = 1.0 ·108

b = 2.5 ·108

U [a,b]

a b

νb

a = 0.15
b = 0.25

U [a,b]

a b

ρb

a = 1.2 ·103

b = 1.7 ·103

Embank-
ment

N
(
µ,σ2

)

µ

Ee

µ= 8.0 ·107

σ= 5.0 ·106

U [a,b]

a b

νe

a = 0.3
b = 0.4

U [a,b]

a b

ρe

a = 1.2 ·103

b = 1.5 ·103

Subgrade

N
(
µ,σ2

)

µ

Es

µ= 2.4 ·107

σ= 4.0 ·106

U [a,b]

a b

νs

a = 0.2
b = 0.4

U [a,b]

a b

ρs

a = 1.6 ·103

b = 1.8 ·103

search of optimal basis.

Calculation of the coefficients for Sparse PCE Bases: In this study, the least angle regression
algorithm [36] was used to create sparse bases and reduce the toll induced due to the
high dimensionality of the input space. The minimum polynomial degree p was set to 3.

Design of Experiment (DOE) Samples: When the PCE model is built the input space
is sampled at specific points, and the number of DOE samples (i.e. full FEM model
evaluations) required to build the PCE surrogate model is proportional to the input
space size and the degree of polynomial bases. For the standard truncation scheme, the
cardinality is:

P = (M +p)!

M !p !
(6.1)

where M is the number of input variables and p is the polynomial expansion degree. In
the case of least-square minimization, if the number of samples ’n’ is smaller than P , it
leads to an underdetermined system, while n = P may lead to overfitting. As a rule of
thumb,

n = k ·P (6.2)
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Table 6.5: Random variables for the transition structure of bridge embankment transition

Layer E
[
Nm−2

]
ν ρ

[
kgm−3

]

SHIELD

U [a,b]

a b

ETS

a = 3.5 ·108

b = 4.0 ·108

U [a,b]

a b

νTS

a = 0.15
b = 0.30

U [a,b]

a b

ρTS

a = 1.5 ·103

b = 2.0 ·103

with k = 2 ∼ 3. By adopting the hyperbolic truncation scheme and the least angle re-
gression algorithm, the number of evaluations can be significantly reduced. In fact, the
common practice is to set the initial number of full model evaluations to n = 10 · M .
Leave One Out (LOO) error can serve as an indicator of the surrogate model accuracy
when selecting the minimum polynomial degree and the number of DOE samples. For
the present analysis, 100 FEM model evaluation resulted in ϵLOO of the order 10−3 for
both model 1 and model 2. Generally, ϵLOO ≤ 10−2 is sufficient for the purpose of global
sensitivity analysis.

6.2.5. RESPONSE STATISTICS

The following results will be presented and analyzed in this paper (Section 6.3):

1. Probability density function (PDF): A log-normal distribution provided a good fit
for the surrogate model responses. The log-normal distribution was chosen as
opposed to a Gaussian, as model responses, represented by magnification factors,
are always positive. The PDF of a log-normal distribution can be expressed as
follows:

ψ(x, s, l , sc ) = 1

(x − l ) · s
p

2π
·exp

(− ln2(x − l )+ ln2(sc )

2s2

)
(6.3)

where x is the random variable and the shape (s), location (l ), and scale (sc ) param-
eters are used to specify the particular log-normal distribution fitting the data. It
is to be noted that no conclusions are drawn from the fitted curve and it was only
provided to replicate the distribution by using the standard curves and associated
parameters in equation 6.3.

2. Mean (µ) and standard deviation (σ): The upper and lower limits are marked
in probability density function graphs as per the empirical rule in statistics to
include 90% data. In mathematical notation, these facts can be expressed as
follows, where Pr is the probability function [37, 38], X is an observation from a
normally distributed random variable according to 6.4

Pr(µ−1.6 ·σ< X <µ+1.6 ·σ) = 90% (6.4)
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3. Sobol indices: Sobol indices are used in sensitivity analysis to identify which vari-
ables have the greatest impact on the output of a system. They are calculated by
partitioning the variance of the output into contributions from individual variables
and combinations of variables. The first-order Sobol index measures the contri-
bution of individual variables to the variance, while the total-effect Sobol index
measures the contribution of the individual variables and all of their interactions
to the variance. A comparison of Sobol indices of the most influential parameters
is done for model 1 and model 2.

4. Scatter plots: The scatter plots are studied mainly for two types of parameters.
Firstly, the parameters with the most significant contribution (in terms of Sobol
indices) to the critical values of the magnification factor are investigated in detail.
Secondly, as discussed in Section 6.1, even though the effects of stiffness variation
in the longitudinal direction on the dynamic amplifications in RTZs is well known,
there is no investigation on the influence of stiffness variation in the vertical direc-
tion on the dynamic behaviour of RTZs. Therefore, the influence of the stiffness
ratios on the magnification factor will be analysed for all the cases under study. All
scatter plots will be evaluated in terms of the quantities discussed below.

• R-squared (strength): The coefficient of determination, also known as R-
squared, is a statistical measure that represents the proportion of the variance
for a dependent variable that’s explained by an independent variable or vari-
ables in a regression model.

• Spearman correlation coefficient: This coefficient is a measure of the strength
and direction of the monotonic relationship between two variables. It mea-
sures how well the relationship between two variables can be described by
a monotonic function, such as a straight line or a curve. Spearman correla-
tion coefficient ranges from -1 to +1, where a value of -1 indicates a perfectly
negative correlation, 0 indicates no correlation, and +1 indicates a perfectly
positive correlation.

• Linear regression line: This is a statistical method to find the best-fitting line
through the data points in a scatter plot. This line can be used to predict the
values of a variable based on the value of another variable.

6.3. EVALUATION OF RAILWAY TRANSITION ZONES: RESULTS

AND DISCUSSION
An initial analysis was performed to compare the Sobol indices of the parameters under
study to highlight the most influential parameters. It was observed that the densities of
materials had no influence on the dynamic response of the system for both the models
studied in this work. Therefore, in this section, the influence of elastic moduli and Pois-
son’s ratios of different materials on the magnification factor is investigated, both for a
typical transition zone without transition structure (Section 6.3.1) and with transition
structure (Section 6.3.2). In addition, design limits are formulated for the latter to ensure
that dynamic amplifications are avoided (Section 6.3.3).
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6.3.1. MODEL 1
In this section, the results are presented for model 1 to study the dependence of the mag-
nification factor (YRT Z ) on the variation in the mechanical properties of the materials. It
is to be noted that even though the variation in material properties is implemented in
the vertical direction keeping the properties of the concrete bridge constant, there is a
stiffness variation in both vertical and longitudinal directions (and the latter is affected as
the stiffness of the layers in vertical direction, changes as per Table 6.4).

Probability density function (PDF): Figure 6.4 shows the probability density of the mag-
nification factor YRT Z for the case without transition structure. It can be seen that 90%
of the data belongs to the values of YRT Z lying between 1.12 and 1.3. This implies that
for all combinations of parameters under study, the amplification in strain energy is ap-
proximately 12% to 30%. The mean (µ) and standard deviation (σ) of the distribution are
1.2 and 0.06, respectively. The probability density function of a log-normal distribution
(Equation 6.3) can describe the obtained probability density (shown in Figure 6.4) when
the following choices are made (YRT Z is the random variable): s is 0.27, l is 0.98 and sc is
0.22.
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Figure 6.4: Probability density distribution of the amplification factor
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Figure 6.5: Total Sobol indices for input space parameters in model 1

Sobol indices: Figure 6.5 shows the Sobol indices for all the parameters (Eb , Ee , Es , νb ,
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νe , νs ) under study. It can be clearly seen that the elasticity modulus for ballast (Eb)
and subgrade (Es ) are the most influential parameters. While the Poisson’s ratio of the
ballast and embankment layers shows no influence on YRT Z , the Poisson’s ratio for the
subgrade layer (νs ) has a marginal influence on the magnification factor. Hence, in the
following sections mainly Eb , Es and νs will be investigated in detail. In addition to these
parameters, as discussed in Section 6.2.5, the ratios of elastic moduli of the trackbed
layers will be studied too.

Scatter of parameters (Eb , Es ): In the previous paragraph, Sobol indices (see Figure 6.5
show that Eb and Es were the most influential parameters and νs was marginally influen-
tial. Therefore, in this paragraph, only these three parameters are investigated. Figure
6.6 presents the scatter plots of Eb (a) and Es (b) with YRT Z , showing the influence of νs

by means of colour gradient. Figure 6.6(c) shows a detailed investigation of these scatter
plots in terms of strength and correlation coefficient. On one hand, a strong correlation of
YRT Z is observed with both Eb (positive) and Es (negative). On the other hand, νs shows
some effect on YRT Z only for very low values (smaller than 0.3). Hence, the scatter plot of
νs was not studied as the Spearman correlation coefficient and the R-squared coefficient
of the scatter plot of νs is negligible compared to Eb and Es .
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Figure 6.6: Scatter plot of (a) Eb and (b) Es for model 1. (c)Bar chart showing the comparison of
the R-squared (strength) and Spearman’s correlation coefficient for the scatter plots.

Scatter of ratios (Eb : Es , Eb : Ee , Ee : Es ): Figure 6.7 presents the scatter plots of the ratios
Eb : Es (a), Eb : Ee (b) and Ee : Es (c) with YRT Z , showing the influence of νs by means of
colour gradient. A strong positive correlation is observed between Eb : Es and YRT Z in
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the scatter plots with the highest R-squared strength (0.84) and Spearman’s correlation
coefficient (0.91) compared to Eb : Ee and Ee : Es as shown in Figure 6.7 (d). In addition
to these, the slope of the regression line for Eb : Es is significantly large, demonstrating a
strong dependence of YRT Z on Eb : Es confirming the results shown in Figure 6.7(d).
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Figure 6.7: Scatter plot of the ratios (a) Eb : ES , (b) Eb : Ee and (c)Ee : Es for model 1. (d) Bar
chart showing the comparison of the R-squared (strength) and Spearman’s correlation
coefficient for the scatter plots.

In summary, the most influential parameters that contribute to the amplification of
the dynamic response in RTZs are the elastic moduli of the ballast (Eb) and subgrade
(Es ). Additionally, the Poisson’s ratio of the subgrade affects the response amplification
to some extent only when the magnitude is less than 0.3. However, as seen in Figure
6.7(d), when compared to the influence of the stiffness ratios, the contribution of the
individual parameters is surpassed by all the ratios under study in terms of both strength
and correlation factor. Furthermore, the Eb : Es ratio dominates the comparison of all
parameters and ratios under study, implying that a small change in this ratio can result in
a large amplification of the dynamic response due to the reasons explained below. For
completeness, it is noted that the vertical stiffness ratios do not only matter because they
influence the stiffness ratio in the horizontal direction of the track, but also influence the
magnification factor (YRT Z ) even if the stiffness ratio in the horizontal direction of the
track does not change (as shown in [26]).
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The distribution of energy in a system (like the one under study in model 1) composed
of three layers of different materials, where the load moves over a foundation of decreasing
stiffness along the vertical direction (from stiffer to softer layers) and abruptly changing
stiffness in the longitudinal direction, can be explained as follows:

1. Energy distribution in the open track response: The energy distribution over the
different layers (in vertical direction) in the deformation field that moves with the
load (in the open track) depends on the stiffness ratios. Generally, the stiffer a
specific layer, the more energy gets concentrated in it. This can lead to a non-
uniform energy distribution over the layers and energy can thus be concentrated in
a relatively stiff layer (e.g., the ballast), which can become problematic in transition
zones (see point 3).

2. Reflection and transmission of waves: Generally, when a wave encounters a bound-
ary between two different materials, some of the energy carried by the wave is
reflected back into the original material, and some is transmitted into the new
material [39]. The proportion of energy that is reflected or transmitted depends
on the difference in properties between the two materials; generally, the larger
the contrast in stiffness (or more specifically, the impedance), the stronger the
reflection. In the case under study, the ratios of stiffness (Eb : Es , Eb : Ee , Ee : Es )
between two consecutive layers along the depth play a significant role.

3. Energy distribution in the RTZ: Amplifications in the response of the different track
components and trackbed layers are the result of energy concentrations. As stated,
large stiffness ratios will lead to energy concentrations in the open track response
that approaches a RTZ (see point 1). The waves that are generated when the load
enters and crosses the RTZ will not only be most energetic in the stiffer layers but
most of the energy will also be trapped in these layers (in the form of guided waves
[39, 40]) due to the large stiffness ratios (see point 2). This can lead to significant
energy concentrations in stiff components.

The above-mentioned points explain the distribution of energy in the system under
study and the actual behaviour therefore depends on the difference in stiffness between
the layers, and how the stiffness changes from one layer to the other layer (gradually or
abruptly). Hence, in order to obtain a uniform energy distribution along the depth of
the trackbed layers, it is important to keep the ratios mentioned above under check and
within permissible values such that the energy level in the stiffest layer (ballast) that is
typically most prone to degradation does not exceed the critical values. In conclusion, a
smoother stiffness variation in both vertical and longitudinal directions can ensure an
uninterrupted energy flow and no trapping or concentration of energy at any particular
location of the system. In all situations, energy concentrations should be avoided.

6.3.2. MODEL 2
In this section the results are presented for model 2, to study the influence of the vari-
ation in the mechanical properties of the materials on the strain energy amplification
in the vicinity of the transition structure. The bounds of the material parameters for the
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trackbed layers (ballast, embankment and subgrade) are exactly the same as case 1 with
an addition of transition-structure material parameters as mentioned in Section 6.2.2.

Probability density function: Figure 6.8 shows the probability density of the magnification
factor YT S for model 2. It can be seen that 90% of the data belongs to the values of YT S

lying between 0.6 and 1.3. The mean and standard deviation of the distribution are 0.9
and 0.2 respectively. It is worth noting that by just introducing a transition structure, the
mean is reduced from 1.2 (model 1) to 0.9 (model 2). The probability density function
of a log-normal distribution shown in Figure 6.8 can be obtained by using Equation 6.3,
where YT S is the random variable, s is 0.097, l is -1.2 and sc is 2.15.
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Figure 6.8: Probability density distribution of the amplification factor
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Figure 6.9: Total Sobol indices for input space parameters in model 2

Sobol indices: Figure 6.9 shows the Sobol indices for all the parameters (Eb , Ee , Es , ET S ,
νb , νe , νs , νT S ) under study. It can be clearly seen that the elasticity modulus for ballast
(Eb) is the most influential parameter. Other than Eb , material parameters associated
with subgrade (Es and νs ) show a minor contribution to the amplification factor (YT S ).
Hence, in the following sections mainly Eb , Es and νs will be investigated in detail similar
to Section 6.3.1. In addition to these parameters, similar to model 1, the ratios of elastic
moduli of trackbed layers and transition structure will be studied too. The ratios Eb : Es ,
Eb : Ee and Ee : Es will be investigated with an additional ratio (ET S : Eb) representing
the stiffness variation in the longitudinal direction of the track. It is to be noted that the
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stiffness ratio in the longitudinal direction is studied for model 2 but not for model 1 as
the material properties of the transition structure are varied (in model 2) according to
Table 6.6 but the properties of the concrete bridge are kept constant in both model 1 and
model 2.

Scatter of parameters (Eb and Es ): Figure 6.10 presents the scatter plots of Eb (a) and Es (b)
with YT S , showing the influence of νs by means of colour gradient. Figure 6.10(c) shows a
detailed investigation of these scatter plots in terms of strength and Spearman’s correla-
tion coefficient associated with these scatter plots. Similar to model 1, a strong correlation
is seen between Eb and YT S . In addition to these, a comparatively small influence of Es is
seen on YT S . Moreover, similar to model 1 νs is influential only for values smaller than 0.3.
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Figure 6.10: Scatter plot of (a) Eb and (b) Es for model 2. (c) Bar chart showing the comparison of
the R-squared (strength) and Spearman’s correlation coefficient for the scatter plots.

Scatter of ratios (Eb : Es , Eb : Ee , Ee : Es , ET S : Eb): Figure 6.11 presents the scatter plots of
the ratios Eb : Es (a), Eb : Ee (b), Ee : Es (c) and ET S : Eb (d) with YT S , showing the influence
of νs by means of color gradient. A strong positive correlation of YT S is observed with
Eb : Es (0.89) and Eb : Ee (0.80) as shown in Figure 6.11(e). In addition to this, a strong
negative correlation of YT S is observed with ET S : Eb (0.81). Figure 6.11 also shows the
regression line for each scatter plot intersecting with the vertical line at YT S =1 (critical
value of YT S ) marking the critical allowable values of the ratios under study on the vertical
axis of each of the plots.

The allowable ranges of the stiffness ratios identified based on observations discussed
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Figure 6.11: Scatter plot of the ratios (a) Eb : ES , (b) Eb : Ee , (c)Ee : Es and (d) ET S : Eb for model
2. (e) Bar chart showing the comparison of the R-squared (strength) and Spearman’s
correlation coefficient for the scatter plots.

above and shown in Figure 6.11 can be summarised as follows:

• Eb : Es must be kept smaller than 8

• Eb : Ee must be kept smaller than 2.3

• Ee : Es must be kept smaller than 3.5

• ET S : Eb must be kept larger than 2.2

The ratios of elastic moduli of materials of trackbed layers (Eb : Es , Eb : Ee and Ee : Es )
must be controlled for the same reasons as discussed in the previous section concerning
model 1. As for the ratio ET S : Eb , which represents a stiffness change in the longitudinal
direction of the track, it is expected to be within certain limits as this ratio (ET S : Eb) being
too small implies that the transition structure is not stiff enough compared to ballast in
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order to provide a smooth transition to the bridge. However, if this ratio is too high, it
might lead to similar transition effects as in the case without any transition structure.

6.3.3. DESIGN LIMITS
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Figure 6.12: Probability density distribution of the magnification factor

This section summarises the conclusions obtained from model 1 and model 2 and
in the end suggests a permissible range of the stiffness ratios to minimise the dynamic
amplifications in the railway transition zones. The mean and standard deviation of the
two cases under study provide useful insight into the behaviour of the two systems, partic-
ularly the central tendency (average dynamic amplification) and variability (consistency
of the dynamic amplification).

System without transition structure (model 1): With a mean of 1.2 and a standard devia-
tion of 0.06, this system shows a higher average dynamic amplification (mean in Figure
6.4) compared to model 2. The low standard deviation indicates that the amplification
values are quite consistent - they tend to be close to the average value of 1.2. This could
suggest that without a transition structure, the railway track consistently experiences a
higher level of dynamic amplification and these dynamic amplifications are sensitive to
variations in the mechanical properties of the materials in the system.

System with transition structure (model 2): With a mean of 0.9 and a standard deviation
of 0.2, this system shows a lower average dynamic amplification (mean in Figure 6.8)
compared to model 1, suggesting that the transition structures are effective in reducing
the average dynamic amplification. However, the larger standard deviation indicates
that the dynamic amplification values are more spread out and they vary more around
the average. This could suggest that the effectiveness of the transition structures is not
assured for all scenarios, reducing dynamic amplification significantly in some but less so
in others. This is due to no active control over the relative stiffness or stiffness ratios when
the materials present in the system are subjected to variations, leading to a non-uniform
energy distribution within the system. This can be controlled by designing the trackbed
layers around transition zones such that the relative stiffness of the materials in vertical
and longitudinal directions stay within the ranges suggested in Section 6.3.2.

As mentioned in previous paragraphs, the designers must choose the material prop-
erties of the trackbed layers and the transition structure such that even though there is
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Table 6.6: Design limits for ballast, embankment, subgrade and transition structure.

Layer Design Limits Distribution

Ballast (Eb)
Eb > 150[MPa]
Eb < 250[MPa]

Eb ∼U [a,b]
a = 150[MPa]
b = 250[MPa]

Embankment (Ee )
Ee > 1

2.3 ·Eb

Ee < 3.5 ·Es

Ee = Eb

(
1

2.3 +Re

(
3.5
Rs

− 1
2.3

))
Re ∼U [a,b]

a = 0, b = 1

Subgrade (Es )
Es > 1

8 ·Eb

Es < 1
2 ·Eb

Es = Rs ·Eb

Rs ∼U [a,b]

a = 1
8 , b = 1

2

Transition Structure (ET S )
ET S > 2 ·Eb

ET S < 3 ·Eb

ET S = RT S ·Eb

RT S ∼U [a,b]

a = 2, b = 3

a variation in the mechanical properties of the materials, the stiffness ratios are always
kept in the permissible range. Therefore, based on the permissible ranges of these ratios
proposed in Section 6.3.2, the mechanical properties of the materials are varied such that
stiffness ratios Re , Rs and RT S are restricted (see Table 6.6) and the design space for model
2 is modified such that the stiffness ratios are bounded (similar to parameters in Table 6.4
and Table 6.5) with the aim to verify if the magnification factor is indeed minimized. The
new design space is defined as described below.

The Poisson’s ratios (νb , νe and νT S ) are fixed for all the materials as they showed no
significant influence on YT S . νs is kept constant at 0.3 as lower values are usually expected
for fully unsaturated clayey soil which is unlikely to be found in reality. The elastic moduli
of the materials for the trackbed layers and transition structure are defined as random
variables with their relative distributions reported in Table 6.6.

Figure 6.12 shows the probability density of the magnification factor YT S for the case
with a transition structure (SHIELD) and the material parameters bounded as defined
in Table 6.6. In this case, the PDF resembles that of a uniform distribution, as opposed
to a log-normal one. It can be seen that 90% of the data belongs to the values of YT S

lying between 0.5 and 0.9. The mean and standard deviation of the distribution are 0.7
and 0.12 respectively. The mean is reduced from 0.9 to 0.7 when compared to case 2.
Most importantly, all the values lie below the critical value (YT S =1) which is expected and
desired for minimising the degradation in RTZs.
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6.4. CONCLUSION
In this paper, a methodology to adopt an appropriate distribution (in space and account-
ing for the variation over the operation period) of the material properties in a railway
transition zone is presented. The results of the study presented in this paper can be
concluded as follows.

The behaviour of a standard embankment-bridge transition (model 1) subjected to
variations in mechanical properties of the trackbed materials (ballast, embankment and
subgrade) was investigated. While it is known that the stiffness variation in the longitudi-
nal direction leads to dynamic amplification when the transition is subject to a moving
load, this work has demonstrated that the stiffness variation in the vertical direction also
significantly influences the dynamic behaviour of railway transition zones.

The efficiency of a recently proposed transition structure (SHIELD) was evaluated
(model 2) when subjected to variations in the mechanical properties of the trackbed
materials. Similar to model 1, the results for model 2 show that the stiffness ratios in
longitudinal and vertical directions are the most influential parameters in determining
the strain energy amplifications (strain energy is correlated to degradation) in railway
transition zones. Moreover, for the system under study and the bounds adopted for the
variation of material properties of the trackbed layers and SHIELD, a permissible range of
design ratios is suggested to control the amplification of strain energy in all components
of railway transition zones.

Lastly, based on the allowable range of stiffness ratios obtained from model 2, new
bounds for the material properties of the ballast, embankment, subgrade and transition
structure were formulated to ensure no amplification of strain energy. It was demon-
strated that it is possible to mitigate the strain energy amplifications if the stiffness ratios
in vertical and longitudinal directions are kept in check. We note that the stiffness ratios
should be respected both in the design of the transition zone and structures (initial state)
as well as during the operational phase (where the properties may vary over time).

The methodology adopted in this work to evaluate the behaviour of railway transition
zones with or without a transition structure both in the initial design phase and when
subjected to variation in material properties, and to establish the design limits on the
material properties of the trackbed layers and the transition structure can be generalised
for any type of transition zone and a wide set of material properties.
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ABSTRACT

Railway transition zones are critical regions in railway infrastructure that are subjected to
excessive operation-driven degradation due to energy concentration within these zones.
This work presents a heuristic approach to optimise the geometry of the transition structure
and investigate its influence on the strain energy distribution in the railway transition zones
(RTZs), with a specific focus on embankment-bridge transitions equipped with a newly
proposed ‘Safe Hull-Inspired Energy Limiting Design (SHIELD)’ transition structure. For
this purpose, a number of three-dimensional finite element models are used to analyze
different geometric profiles of SHIELD in a systematic manner. By altering SHIELD’s geom-
etry across longitudinal, transversal, and vertical directions, the influence of the different
geometric profiles on the total strain energy distribution across the trackbed layers (ballast,
embankment, and subgrade) is studied in terms of spatial and temporal variations. The
results establish the contribution of geometry to energy redistribution in all three directions
and present an optimum geometry for the type of transition under study. It is found that
among all the profiles, the longitudinal geometric profile of SHIELD has the most significant
impact on the strain energy distribution, while the transversal profile primarily influences
the ballast layer, and the alteration of vertical profiles enhance the local redistribution of
strain energy in the vicinity of the transition interface. The preliminary optimisation (heuris-
tic approach) presented in this work provides the starting point for full-scale optimisation
to obtain tailored shapes of transition structures such that there is neither a concentration
of energy nor an obstruction in the flow of energy in RTZs.

7.1. INTRODUCTION

Railway transition zones (RTZs), where track configurations change from one type of
foundation to another (e.g., from a bridge onto an embankment or from slab track to
ballasted track), represent critical sections in railway networks. Several studies [1–3]
highlight the vulnerability of RTZs to geometry and material degradation leading to high
maintenance costs [4]. In [5], a detailed overview of the problem in RTZs is presented
highlighting the main causes behind the accelerated deterioration of track material and
geometry in RTZs. Another study [6] provides a comprehensive review of various miti-
gation measures adopted to deal with the amplified degradation of RTZs. The zones are
typically characterized by abrupt changes in track stiffness [7] and differential settlement
[8–10] and are often subjected to dynamic amplifications. Over the years, these amplifi-
cations have been studied vastly in terms of kinematic responses or stresses in the track
components such as rail, sleepers and trackbed layers (ballast, embankment, subgrade).
However, in a recent study [11], the strain energy is proposed to be the most comprehen-
sive quantity (as it includes both stress and strain) to study the operation-driven response
amplifications in railway transition zones. Moreover, the total strain energy includes not
only the distortional component (related to Von-Mises stress) but also the volumetric
component of the strain energy. The study has concluded that “minimizing the magni-
tude of total strain energy (as the non-recoverable part of the strain energy contributes
to the damage in material) will imply lesser permanent deformation and hence reduced
operation-induced degradation, and the total strain energy being as uniform as possible
along the longitudinal direction (i.e., without an abrupt increase or decrease) will mitigate
non-uniform (operation-induced) degradation”. The study performed to formulate this
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design criterion clearly shows the amplification of strain energy in typical RTZs. However,
this investigation was performed using a 2 dimensional (2-D) plane-strain finite element
model. Even though some studies have shown that the amplified degradation in RTZs
can be studied to some extent using equivalent 2-D models [12–15], the influence of the
geometry in the transverse direction on the strain energy distribution is unknown. The
investigation of strain energy variations in the trackbed layers using a 3-D model [16–19]
is lacking in the literature.

There have been numerous attempts at designing an effective intervention to mit-
igate the effects of dynamic amplifications in railway transition zones. Some of the
most commonly used interventions are transition structures such as approach slabs
[20–23], transition wedges [24–27], auxiliary rails [28, 29] closely spaced sleepers [30],
under-sleeper pads [31] and others [3, 32, 33]. Based on the recently proposed energy-
based criterion mentioned above [11], it is shown in [30, 34] that most of these mitigation
measures either have no effect on reducing energy amplifications close to the transition
interface or may even amplify the strain energy elsewhere in the system. A novel Safe
Hull-Inspired Energy Limiting Design (SHIELD) of a transition structure is adopted in
[34] using the design principle of guiding energy away from the upper trackbed layers
such that there is neither a concentration of energy in any part of the system nor an
obstruction in the flow of energy in any of the trackbed layers. Figure 7.1 shows energy
concentration in the upper trackbed layers due to geometry [34] and energy obstruction
in the transition zone compared to the open tracks for an embankment-bridge transition
discussed in Section 7.2. SHIELD as a name reflects that the transition structure design
is ’safe’ (as the transition structure safeguards the track from excessive degradation),
’hull-inspired’ (as the geometry of the transition structure is inspired by the shape of a
hull) and ’energy-limiting’ (as the key phenomena governing design are based on limiting
energy around the transition zones). However, these studies are based on a 2-D model of
SHIELD. There is a need for comprehensive research targeting the effects of the various
geometric profiles of this newly proposed design. The geometric profiles in longitudi-
nal, transverse and vertical directions can play a pivotal role in the distribution of the
strain energy in RTZs. A deeper understanding of this interplay between geometry and
energy distributions can offer transformative insights into optimizing design, ensuring
robustness, and extending the lifespan of RTZs. In this work, the influence of geometry
on energy distributions is investigated, and the influence of energy distributions on ge-
ometry (permanent deformations in the vertical direction) is demonstrated in [11].

The role of geometry in guiding energy is paramount, especially in systems like RTZs
where obstruction-free flow [35–37] and uniform distribution of energy are sought [38].
Geometry serves as a fundamental determinant in the path and characteristics of energy
flow within a system. The role of geometry in energy distribution can be explained in
terms of the following items:

• Guiding energy using optimal pathways: The shape and configuration of a struc-
ture can significantly influence the propagation of energy. For instance, certain
geometric designs can ensure that wave energy gets distributed uniformly rather
than concentrating in specific areas, preventing "hotspots" or areas of concen-
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(a) 

 
(b) 

  
(c) (d) 

 
Figure 7.1: (a) 2-dimensional model showing energy flow in the open track in the longitudinal

direction [34] and (b) energy concentration in upper trackbed layers [34] compared to
open tracks due to geometry. (c) 3-dimensional model showing energy flow in the open
track and (d) energy obstruction in the transition zone

trated energy. Geometry can be utilized to design optimal pathways such that
the energy flow within railway transition zones can be guided to shield the most
degradation-prone components from energy concentration or obstruction, thus
preventing localized zones of high energy.

• Scattering and reflection: The geometry of a specific surface can determine how
energy is reflected or scattered. Curved or angled surfaces, for instance, might
scatter energy more effectively than flat ones, preventing energy concentration.

• Mitigating stress concentrations: Sharp corners or sudden changes in cross-
section can lead to stress concentrations. By optimizing geometry, these con-
centrations can be minimized, ensuring a more uniform distribution of energy.

In summary, geometry serves as a blueprint for energy flow. By understanding the
interplay between geometry and energy, designers and scientists can create systems that
channel and distribute energy in desired and efficient ways.

This paper presents a detailed investigation of the influence exerted by geometry on
the strain energy distributions induced by moving loads in RTZs. Firstly, a 3-D model
of a standard embankment-bridge transition without any transition structure is studied
to evaluate the distribution of total strain energy in the trackbed layers in the proximity
of the transition interface and far from it. Secondly, the influence of different geomet-
ric profiles of SHIELD in longitudinal, transverse and vertical directions on the strain
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energy distributions is studied using a number of 3-D finite element models (discussed
in detail in Section 7.2). Lastly, based on the results (in Section 7.3) obtained for the
above-mentioned cases, this paper presents an optimised geometry of the transition
structure using a heuristic approach for energy redistribution in RTZs. It is to be noted
that apart from the geometric profiles, all other parameters like mechanical properties of
the materials, train speed and direction, type of transition etc., are kept constant in this
work. The influence of mechanical properties of materials has been investigated in [39]
and the influence of other parameters using more detailed models will be investigated in
future works.

7.2. MODELS

In this paper, the dynamic behaviour of railway transition zones is studied for a standard
embankment-bridge transition with and without a transition structure. For this purpose,
a number of models are generated and will be discussed in detail in this section. It is
to be noted that all materials used in this work are linear elastic as a correlation was
demonstrated in [11] between strain energy amplifications and permanent deformations.
The models studied in this work can be broadly classified into two categories as follows:

• Standard embankment-bridge transition zone: A three-dimensional (3-D) finite
element model was developed using ABAQUS [40] to represent an embankment-
bridge railway transition zone to study the influence of the geometry in all direc-
tions on the distribution of total strain energy in the trackbed layers. This model is
referred to as the “base model” in this work. The improved behaviour of RTZs with
the new transition structure (SHIELD; see category 2 below) is shown in comparison
to this base model.

• Embankment-bridge transition zone incorporating the “Safe Hull Inspired En-
ergy Limiting Design” (SHIELD) transition structure: The influence of longitu-
dinal, transverse and vertical geometric profiles of SHIELD on the distribution
of strain energy in each trackbed layer is studied using a variety of models. The
geometric profiles shown in Figures 7.3, 7.4 and 7.5 are chosen such that the en-
ergy is guided away from the trackbed layers prone to degradation, there is no
energy amplification due to adverse effects of reflection and scattering and there
are no stress concentrations due to sharp geometric edges (based on discussions
in Introduction). Firstly, five longitudinal profiles (see Figure 7.3 and Table 7.1
for details) of SHIELD are studied using two-dimensional plane-strain models. A
two-dimensional model is used in this step to avoid the influence of out-of-plane
geometry, which is investigated in the subsequent steps. Secondly, the longitudinal
profile that shows the most promising dynamic behaviour according to the energy
criterion (as discussed in the Introduction) is chosen as a basis for the generation of
a 3-D shape of SHIELD with varying transversal cross-sections (see Figure 7.4 and
Figure 7.5 for details). Lastly, the influence of the vertical cross-section (see Figure
7.6 and Figure 7.7 for details) is investigated using the longitudinal and transverse
profiles that show the best performance according to the energy criterion.
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7.2.1. GEOMETRIC MODEL

BASE MODEL

The geometric profiles (longitudinal, transverse, and vertical) of the base model are shown
in Figure 7.2. In Figure 7.2, the longitudinal profile is in the X-Z plane, the transverse
profile is in the X-Y plane and the vertical profile belongs to the Y-Z plane. The total
length of the base model in the longitudinal direction is 80 m which is comprised of
60 m of ballasted track (soft side) and 20 m of ballast-less track (concrete bridge). The
ballasted track is divided into three zones of 7.5 m each with an additional 22.5 m at
the end in order to eliminate the influence of boundaries (extreme left and right) on the
results of the zones under study. The first zone (see Figure 7.2 for zoning details) close
to the transition interface is referred to as “Approach Zone - I (AZ-I)” which is the most
influenced zone by transition effects. The last zone under study is referred to as “Open
Track (OT)” as it is largely uninfluenced by transition effects. The second zone in between
AZ-I and OT is referred to as “Approach Zone–II (AZ-II)” which might or might not be
affected by transition effects. The geometric model mainly consists of the following track
components:

• Rail with profile 54E1 (UIC54) according to European Standard EN 13674-1

• Rail-pads

• Sleepers

• Trackbed layers: Ballast, Embankment, Natural terrain or subgrade

• Concrete bridge

The sleeper spacing adopted is 0.6 m and the first sleeper next to the transition is
located at 0.3 m from the transition interface.

SHIELD

The base model described above was modified by inserting various geometric shapes of
SHIELD between the ballasted track and the concrete bridge. The different geometric
profiles of SHIELD investigated in this paper are described in detail below.

Longitudinal profiles of SHIELD The longitudinal profile of SHIELD is a trapezoidal-
shaped geometry with a major base (top) of length ‘Ltop’ and a minor base (bottom) of
length ‘Lbottom’ as shown in the schematic in Table 7.1. Five different longitudinal profiles
(see Figure 7.3) are studied and listed below.

It is to be noted that models L1-L5 are studied to investigate the influence of the ratio
of Ltop to Lbottom of the transition structure. However, the design length ‘L’ mentioned in
Table 7.1 will depend on several factors such as vehicle characteristics, material properties
of the surrounding/environment, type of transition zone, etc. However, as the aim of
this work is to demonstrate the influence of the geometric parameters of the longitudinal
profile of the SHIELD on the strain energy distribution in the trackbed layers, all other
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Figure 7.2: Cross-section details of a standard embankment-bridge transition used to generate a
3-D numerical model.

Table 7.1: Details of Longitudinal profiles of SHIELD studied in this paper.

Longitudinal Profiles Ltop Lbottom Schematic (models L1-L5)
Model-L1 L L/2

Ltop

Lbottom

Model-L2 L null
Model-L3 L L
Model-L4 L L/4
Model-L5 L 3L/4

parameters are kept constant. For a particular set of the above-mentioned factors consid-
ered in this work, L = 15 m was found to be the optimum length to mitigate the transition
effects.

Transverse profiles of SHIELD The transverse profiles of SHIELD presented in this para-
graph are based on the principle of guiding energy away from the trackbed layer (as
discussed in the Introduction) in the transverse direction. As shown in Figure 7.4 and Fig-
ure 7.5, two extreme profiles of rectangular (model-T3) and triangular (model-T2) shaped
geometry are considered. In addition to this, model-T4 (lanceolate-shaped) is a modifica-
tion of model-T2 exhibiting curved edges around the apex and model-T1 (a combination
of model-T3 and model-T4) has a rectangular-shaped bottom and lanceolate-shaped
top. The transverse profiles of all the models are such that the volume of all the models is
comparable, the vertical cross-section at the transition interface is rectangular and the
longitudinal cross-section is similar to that of model-L1.

Vertical profiles of SHIELD Two vertical profiles of SHIELD are investigated to see the
influence of tapering in the vertical plane on the energy distribution in the trackbed layers.
The vertical profiles model-V1 (trapezoidal-shaped) and model-V2 (rectangular-shaped)
are studied (see Figure 7.6 and Figure 7.7). It is to be noted that model-T1 was chosen
to study the variation of the vertical-plane geometry of SHIELD as it shows the most
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Figure 7.3: Longitudinal profiles of SHIELD (models L1 to L5 as shown in the legend).

(a) (b) (c) (d)

Figure 7.4: Three-dimensional (3-D) shapes of SHIELD with different transverse cross-sections for
(a) Model-T1, (b) Model-T2, (c) Model-T3, (d) Model-T4.

favourable distribution of strain energy as per the criterion, as discussed later (in Section
7.2.2).

The total length of all the models described above is the same as the base model.
However, the division of the zones is different in order to study the dynamic behaviour
of the transition structure in detail. Each zone (AZ-I, AZ-II, AZ-III) is 7.5 m for all the
above-mentioned cases with SHIELD. The open track behaviour is expected to be the
same as that predicted by the base model. The first zone close to the transition interface
between the bridge and transition structure is referred to as “Approach Zone-III (AZ-III)”,
and the last zone next to the interface between the ballasted track and transition structure
is referred to as “Approach Zone–I (AZ-I)”. The zone in between AZ-I and AZ-III is referred
to as “Approach Zone–II (AZ-II)”. All the track components remain the same as the base
model, only the transition structure (SHIELD) is added. Figure 7.8 shows the zones of
study for one of the models (model-V1) with SHIELD.

7.2.2. NUMERICAL MODEL

Several 3-D Finite Element (FE) models were created using ABAQUS, by modifying the
base model (Figure 7.9) using geometrical details described in Section 7.2.1. To include
realistic energy dissipation in the models, Rayleigh damping for materials was defined
using parameters listed in Table 7.2 according to [39]. The dimensions (longitudinal
and vertical direction) of the model were chosen to eliminate the influence of the wave
reflections from the boundaries (extreme right, left and bottom of the system) on the
results of the zones under study. The depth of the subgrade was limited to restrict the
vertical displacements to maintain a reasonable value based on literature [41]. In addition
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Figure 7.5: Transverse and vertical cross-sections of SHIELD for Model-T1, Model-T2, Model-T3,
Model-T4 (left to right).

(a) (b)

Figure 7.6: Three dimensional (3-D) shapes of SHIELD with different vertical cross-sections for (a)
Model-V1, (b) Model-V2.

to this, the cumulative depth of the layers under the sleepers is maintained such that
the dynamic stresses at the bottom of the subgrade are less than 3% (this value was
suggested to be less than 10% in [12] so as to eliminate artificial boundary effects) of
their values at the bottom of the sleepers. Moreover, the vertical rail displacements and
stress in the ballast layer were verified with the data presented in [42] and [43] for a
transition zone similar to the one under study, and values obtained from the base model
(rail displacement = 1.47 mm) are comparable to the ones mentioned in the literature
(rail displacement = 1.39 mm approx.) [42].

The following subsections describe the details regarding the FE models used in this
paper in terms of mesh properties, mechanical properties of materials, interactions be-
tween the track components, loads and boundary conditions. A static step was performed
to obtain the initial stress state of the model under self-weight, followed by a dynamic
analysis (full Newton-Raphson method) for 2.5 s with a time step of 0.005 s. The loads
that have been considered are the gravity load for the static analysis and one moving axle
load of 90 kN with a velocity of 100 km/h for the dynamic analysis. It is to be noted that
the simplest loading conditions have been adopted in this work as the main objective is
to investigate the influence of geometry on the energy distributions, capturing the main
mechanisms governing the dynamic amplifications in RTZs in the cleanest possible man-
ner. The load moving in the direction from the soft side to the stiff side of the transition
was simulated using the DLOAD subroutine in ABAQUS [44].
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Figure 7.7: Transverse and vertical cross-sections of SHIELD for Model-V1 and Model-V2 (left to
right).

Figure 7.8: Transverse Cross-section of the model-V1 showing the zones (AZ-I, AZ-II, AZ-III) under
study.

MATERIAL

The materials used for all track components in the models described in previous sec-
tions are characterised by elastic properties (Young’s modulus, Poisson’s ratio), densities
and Rayleigh damping factors [45, 46]. A detailed analysis of the influence of material
properties was performed in [39] and suggested stiffness ratios were used for optimal per-
formance of SHIELD in this work. The mechanical properties of all the track components
and the transition structure (SHIELD) are chosen as tabulated in Table 7.2 for this study.

INTERFACE AND BOUNDARY CONDITIONS

The infinite elements (CIN3D4R) are used on the vertical boundaries at extreme left and
right to minimize reflections due to artificial boundaries. The interface conditions used
in the models are defined below:

• Rail-sleeper: Rail was connected to the sleepers via rail-pads using vertical springs
with stiffness (k = 1.2 x 108 N/m) and dashpots with coefficient (c = 5 x 104 N-s/m).

• Sleeper-ballast, ballast-embankment, and embankment-subgrade interfaces: surface-
to-surface tie constraint was used for defining the conditions at these three inter-
faces.
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Figure 7.9: The 3-D finite element model (mesh elements are deactivated for better visualization)
of a standard embankment-bridge transition (base model) generated using ABAQUS.

Table 7.2: Mechanical properties of the track components

Material Elasticity
Modulus

Density Poisson’s
Ratio

Rayleigh damping

E [N/m2] ρ [kg/m3] ν α β

Steel (rail) 21 x 1010 7850 0.3 - -
Concrete (sleepers) 3.5 x 1010 2400 0.15 - -
Ballast 1.5 x 108 1560 0.2 0.0439 0.0091
Sand (embankment) 8 x 107 1810 0.3 8.52 0.0004
Clay (subgrade) 2.55 x 107 1730 0.3 8.52 0.0029
SHIELD 3.6 x 108 1900 0.2 0.0439 0.0091

• All vertical interfaces: a hard contact linear penalty method was used to define the
normal behaviour and Coulomb’s friction law was adopted to define the tangential
behaviour with a frictional coefficient equal to 0.5. (details can be found in [40])

• The bottom of the bridge is fixed representing a rigid foundation.

MESH

In all the 3-D models, sleeper, ballast, embankment, subgrade, transition structure and
bridge were discretized [40] using four-node tetrahedral elements (C3D4) the eight-node
brick elements (C3D8). The rail was discretized using two-node linear beam elements of
type B21 to form a very regular mesh. An initial mesh sensitivity analysis was performed
for each of the models to ensure that there is no dependence of the results on the mesh
size or quality.
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OUTPUTS

Figure 7.10: Schematic showing (a) spatial trend of the strain energy in zones from open track to
concrete structure and its temporal trend within one zone: (b, c) abrupt local increase,
(d) increase after decreasing trend.

The main outputs from the models studied in this paper are time histories of the total
strain energy (only dynamic) in each of the zones under study for the layers of ballast,
embankment and subgrade. In Abaqus [44], "ALLSE" provides a time history of the total
strain energy within a considered volume (each zone for each trackbed layer). These
outputs are compared for the different geometric profiles (Section 7.2.1 for details) of
SHIELD and the base model under study.

The strain energy magnitude on the concrete structure (stiff side) is negligible (ap-
proximately 300 times smaller) compared to the ballasted tracks (soft side) as shown
in [11] and a direct correlation was demonstrated between strain energy and perma-
nent deformations. This implies a large difference in the permanent deformations on
the soft and stiff side of the system. In order to avoid an abrupt drop of strain energy
from the soft to the stiff side of the system, SHIELD was proposed [34, 39] to facilitate
a gradual decrease in strain energy magnitudes (and thus in permanent deformation).
In terms of magnitude (spatially), the ratio of maximum strain energy in consecutive
zones shown in Figure 7.10 is desired to be always less than 1. In the temporal variation
of strain energy, a monotonically decreasing trend is sought. Both of these requirements
are directly inferred from the general criterion presented in [11]. The performance of
different geometric profiles of SHIELD is assessed in terms of the following evaluation
criteria (which directly follow from the design criterion referred to in the Introduction):

• Spatial trend: The variation of strain energy magnitudes from the open track to the
concrete structure must demonstrate a gradual “decreasing trend”. This implies the
strain energy magnitude must gradually decrease from one zone under study to
another (from the largest in AZ-I to the lowest in AZ-III)) as shown in the schematic
(Figure 7.10a).

• Temporal trend: Within each zone, the temporal variation of strain energy must
demonstrate “smoothness”. This implies that the strain energy curve must not
exhibit sharp spikes or drastic changes (increase or decrease) in a short span of
time (Figure 7.10b,c). In addition to this, within each zone, ideally, the strain
energy magnitude must never increase after a decreasing trend is observed at any
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time moment (see Figure 7.10d). This type of local increase might lead to locally
amplified degradation (e.g., hanging sleepers). It is to be noted that there is always
an entrance effect or initial rise in strain energy magnitude due to the entrance of
the deformation field carried by the moving load.

7.3. RESULTS AND DISCUSSION

7.3.1. BASE MODEL

As discussed in the Introduction, the investigation of strain energy variations in track
components using a 3-D model is lacking in the literature. Therefore, in this section,
the time histories of strain energy (Figure 7.11c) for the base case (described in Section
7.2) obtained using a 2-D model and a 3-D model are compared for the layers of ballast,
embankment and subgrade in the zones under study (OT, AZ-I and AZ-II). It is observed
that the plane-strain assumption of the 2-D model leads to an overestimation of the
strain energy (given the same loading conditions) in the embankment and subgrade and
shows a higher amplification of strain energy in the proximity of the transition interface
in the ballast layer compared to that predicted by the 3-D model. The overestimation of
responses can also be seen in a comparison of displacements (see Figure 7.12) obtained
for 4 points (on rail, top of ballast, embankment and subgrade under rail) in the open
track. The track components in the 2-D model deform much more than in the 3-D model.
Even though the 2-D model captures the trends of strain energies in all the layers and
zones under study, designers must rely on 3-D models for precise calculations.
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Figure 7.11: Time history of the strain energy obtained from the base model for the layers of (a)
ballast, (b) embankment and (c) subgrade in all the zones under study (OT, AZ-I, AZ-II).
The dotted lines mark the time moments at which the load enters and exits each zone.

In Figure 7.11, for the layers of ballast and embankment, it can be clearly seen that there
is an amplification of strain energy in the AZ-II with respect to the OT in the proximity of
the transition interface. Moreover, even though there is no strain energy amplification
in AZ-II with respect to OT in the subgrade layer, the strain energy is non-zero (unlike
other layers) even after the load has crossed the transition interface. In order to minimise
the transition effects, it is necessary to minimise the strain energy amplifications in
the affected trackbed layers. An effective intervention must ensure no amplification in
strain energy in any of the trackbed layers under study in the proximity of the transition
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Figure 7.12: Time history of the displacements obtained from the base model for (a) rail, top of (b)
ballast (c) embankment and (d)subgrade layers.

interface between the ballasted track and transition structure and between the transition
structure and the concrete bridge. The following section will demonstrate the influence
of geometric profiles on energy redistribution in the railway transition zone.

7.3.2. LONGITUDINAL PROFILES OF SHIELD
Ballast: Figure 7.13 shows a comparison of the time histories of strain energy in the
ballast layer for the zones AZ-I, AZ-II and AZ-III for models L1-L5. It can be clearly seen
that in AZ-I, model-L3 and model-L5 exhibit an amplification of strain energy at the time
moment right before the load exits AZ-I. This is similar to AZ-II of the base model (Figure
7.11) as expected due to the rectangular shape of the transition structure in model-L3
and the very steep slope of the inclined interface for model-L5. In summary, models
L3 and L5 are not suitable geometric profiles as they show strain energy amplification
similar to the base model with the only difference of location. In the base model, this
amplification is observed at the interface of ballast and the concrete structure, whereas,
in models L3 and L5, the strain energy amplification is observed at the interface of ballast
and SHIELD. Therefore, the study can be narrowed down to models L1, L2 and L4. In
AZ-II, all these models show similar behaviour in terms of the magnitude of strain energy,
but both a spatial (from one zone to the other as the load moves from AZ-I to AZ-III) and a
temporal (within each zone) decreasing trend (as discussed in Section 7.2.2) can be seen
only in model-L1. models L2 and L4 show unfavourable behaviour as they demonstrate a
decrease after the time moment at which the load enters AZ-II (similar to Figure 7.10d)
and an increase right before the load exits this zone. In AZ-III, none of the models show
an abrupt increase in strain energy (temporal) but the spatially decreasing trend (from
AZ-II to AZ-III) is observed only for model-L1. models L2 and L4 show a higher magnitude
of strain energy compared to model L1 in AZ-III.

Embankment: Figure 7.14 shows a comparison of the time history of strain energy in
the embankment layer for zones AZ-I, AZ-II and AZ-III for models L1-L5. Similar to the
ballast layer, the embankment layer also shows an amplification of the strain energy for
model-L3 in AZ-I. In AZ-II (Figure 7.14b), model-L1 shows the most promising behaviour
because of both the decreasing spatial trend and the (temporal) smoothness (no abrupt
increase or decrease) of the strain energy. In AZ-III (Figure 7.14c ), however, all models
result in similar strain energy curves.
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Figure 7.13: Time history of strain energy for different longitudinal profiles under study in the layer
of ballast for (a) AZ-I, (b) AZ-II and (c) AZ-III. The dotted lines mark the time moments
at which the load enters and exits each zone.

1 1.2 1.4 1.6 1.8

0

10

20

30

40

(a)

Time (s)

S
tr
ai
n
en

er
gy

(J
)

L1 L2 L3 L4 L5

1.4 1.6 1.8 2

0

10

20

30

40

(b)

Time (s)

S
tr
ai
n
en

er
gy

(J
)

L1 L2 L3 L4 L5

1.5 1.6 1.7 1.8 1.9 2 2.1 2.2

0

10

20

30

40

(c)

Time (s)

S
tr
ai
n
en

er
gy

(J
)

L1 L2 L3 L4 L5

Figure 7.14: Time history of strain energy for different longitudinal profiles under study in the layer
of the embankment for (a) AZ-I, (b) AZ-II and (c) AZ-III. The dotted lines mark the
time moments at which the load enters and exits each zone.

Subgrade: Figure 7.15 shows a comparison of the time histories of strain energy in the
subgrade layer for zones AZ-I, AZ-II and AZ-III, for models L1-L5. No amplification of
strain energy is observed for any of the longitudinal profiles under study in AZ-I (Figure
7.15a ). No spatial decreasing trend in the magnitude of the strain energy is observed
for models L2 and L4 from AZ-I to AZ-II (Figure 7.15b). Models L1, L3 and L5 show a
reduction in the magnitude of strain energy in AZ-II compared to that in AZ-I. However,
model-L3 shows an abrupt decrease in the magnitude of strain energy in AZ-II compared
to AZ-I. In the end, within zone AZ-II and AZ-III, all longitudinal profiles satisfy the strain
energy criterion in terms of both spatial decreasing trend and smoothness.

7.3.3. TRANSVERSE PROFILES OF SHIELD
Ballast: Figure 7.16 shows a comparison of the time history of strain energy in the ballast
layer for zones AZ-I (a), AZ-II (b) and AZ-III (c) for models T1-T4. In AZ-I, all the models
illustrate the same strain energy distribution (no abrupt increase or decrease). In AZ-II,
models T1 and T2 show the most smooth distribution of strain energy demonstrating a
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Figure 7.15: Time history of strain energy for different longitudinal profiles under study in the
layer of subgrade for (a) AZ-I, (b) AZ-II and (c) AZ-III. The dotted lines mark the time
moments at which the load enters and exits each zone.

gradual decrease in the magnitude of strain energy as the load approaches AZ-III (i.e.,
spatial trend). However, models T3 and T4 show a non-smooth (similar to Figure 7.10d)
temporal trend of strain energy in AZ-II, which can be associated with the geometric
profiles of these models guiding or reflecting (see Introduction) energy towards the ballast
layer (similar to the case shown in [34]). In the end, model-T1 shows the smoothest strain
energy distribution also for AZ-III, proving it to be the most efficient geometric profile of
SHIELD in guiding the energy flow according to the criterion discussed in Section 7.2.2.
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Figure 7.16: Time history of strain energy for different transverse profiles under study in the layer
of ballast for (a) AZ-I, (b) AZ-II and (c) AZ-III. The dotted lines mark the time moments
at which the load enters and exits each zone.

Embankment: Figure 7.17 shows a comparison of the time history of strain energy in
the embankment layer for zones AZ-I (a), AZ-II (b) and AZ-III (c), for models T1-T4. It can
be clearly seen that models T1 and T3 show a similar distribution of strain energy in all
three zones for the embankment layer. Models T2 and T4 exhibit a higher strain energy
magnitude in AZ-II and a less smooth distribution of strain energy in AZ-III compared
to models T1 and T3. Nevertheless, none of the models show an amplification of strain
energy in any of the zones under study.
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Figure 7.17: Time history of strain energy for different transverse profiles under study in the layer
of the embankment for (a) AZ-I, (b) AZ-II and (c) AZ-III. The dotted lines mark the
time moments at which the load enters and exits each zone.

Subgrade: Figure 7.18 shows a comparison of the time history of strain energy in
the subgrade layer for zones AZ-I, AZ-II and AZ-III, for models T1-T4. In AZ-I (Figure
7.18a) and AZ-II (Figure 7.18b), all models show similar strain energy distributions. In
AZ-III (Figure 7.18c), models T1 and T3 show a very similar strain energy distribution
and models T2 and T4 show a non-smooth strain energy distribution compared to the
other models due to the higher magnitude of strain energy at the time moment when
the load enters this zone. In the end, models T1 and T3 demonstrate the most efficient
distribution of strain energy in the subgrade layer.
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Figure 7.18: Time history of strain energy for different transverse profiles under study in the layer
of ballast for (a) AZ-I, (b) AZ-II and (c) AZ-III. The dotted lines mark the time moments
at which the load enters and exits each zone.

7.3.4. VERTICAL PROFILES OF SHIELD
The time history of the strain energy is compared for two vertical profiles of the shield
(models V1 and V2) for the layers of ballast (Figure 7.19), embankment (Figure 7.20)
and subgrade (Figure 7.21). For the layers of embankment and subgrade, both profiles
show nearly the same strain energy distribution for each of the zones under study. In the
ballast layer, both models have the same energy distribution in AZ-I, model-V2 shows
higher magnitudes of strain energy in AZ-II compared to model-V1 but shows a smoother
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Figure 7.19: Time history of strain energy for different vertical profiles under study in the layer of
ballast for (a) AZ-I, (b) AZ-II and (c) AZ-III. The dotted lines mark the time moments at
which the load enters and exits each zone.

decreasing temporal trend in AZ-III compared to model-V1. This concludes that the
vertical cross-section of the shield at the interface with the concrete bridge can be tuned
to achieve a decreasing temporal trend of strain energy in the proximity of the concrete
structure (AZ-III). In the end, models V1 and V2 both satisfy the criterion discussed in
Section 7.2.2 in terms of both spatial and temporal trends. However, the final choice will
depend on other factors such as type of transition, speed of vehicle etc. For the set of
parameters chosen in this work, model-V1 outperforms V2 in terms of the smoothness of
the temporal trend in AZ-II.
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Figure 7.20: Time history of strain energy for different vertical profiles under study in the layer
of embankment for (a) AZ-I, (b) AZ-II and (c) AZ-III. The dotted lines mark the time
moments at which the load enters and exits each zone.

7.4. SUMMARY OF RESULTS
The results in the preceding section show the influence of geometry in the three principle
planes (longitudinal, transverse and vertical) in redistributing energy in railway transition
zones. The energy is directly correlated to permanent deformations in the vicinity of the
transition interface and the non-uniformity of energy distribution is correlated to non-
uniform permanent deformations. In summary, on one hand, this analysis concludes that
model-L1 has the most promising longitudinal geometric profile that aids an efficient
redistribution of strain energy in all the zones under study and for all the trackbed
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Figure 7.21: Time history of strain energy for different vertical profiles under study in the layer of
subgrade for (a) AZ-I, (b) AZ-II and (c) AZ-III. The dotted lines mark the time moments
at which the load enters and exits each zone.

layers (ballast, embankment and subgrade) according to the two-point evaluation criteria
(spatial and temporal) discussed in Section 7.2.2. Moreover, considering the performance
of all the transverse profiles studied in the previous section, model-T1 shows the optimum
distribution of the strain energy in each of the trackbed layers (ballast, embankment
and subgrade) according to the evaluation criteria. Therefore, the transverse profile of
model-T1 is chosen as a starting point for the analysis of the influence of vertical profiles
of SHIELD. In the end, when analysing vertical profiles, both models V1 and V2 satisfy
the evaluation criteria in terms of both spatial and temporal trends. However, fine-tuning
the vertical profiles can lead to a further smoothening of the temporal variation of strain
energy curves in the vicinity of the transition interface. The current literature focuses only
on longitudinal cross-sectional studies to minimise the degradation in railway transition
zones. This work employs a novel energy-based criterion to highlight the need for the
geometric optimisation of the transition structure in all geometric planes. Specifically,
the role of optimising the transverse geometric profiles in energy redistribution was
established through this work.

7.5. CONCLUSIONS
In this work, the effect of geometry on the spatial and temporal distribution of strain
energy is studied for a standard embankment-bridge transition with and without a transi-
tion structure (SHIELD). The geometry of SHIELD is varied in longitudinal, transversal
and vertical planes to investigate its influence on the redistribution of strain energy in the
railway transition zones. In general, it is observed that the various zones and the trackbed
layers of the railway transition zones react differently to different geometric profiles of
SHIELD in terms of strain energy variations.

The ballast, embankment and subgrade layers demonstrate the highest sensitivity to
the variation of the longitudinal profile of SHIELD compared to variations on the trans-
verse and vertical profiles. The transverse profiles affect the ballast layer the most and
optimising the vertical profile leads to a better distribution of strain energy in the zone
next to the transition interface with the concrete structure. In the end, geometries in all
directions (longitudinal, transverse and vertical) proved to be influential in one way or
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another in redistributing the energy flow in the RTZs. For the parameters (speed, trackbed
material properties and type of transition) considered in this work, model-V1 proved to be
the most efficient geometrical shape (in all directions) of SHIELD according to the strain
energy criterion that associates the strain energy distribution to the operation-driven
degradation. Even though the geometric shape of SHIELD suggested in this work might
not be optimal for all types of site conditions (as the best-suited profile will depend on
the above-mentioned parameters), it definitely highlights the importance of geometry in
tuning the spatial and temporal strain energy distributions. This study is a preliminary
investigation that aims to guide the designers in optimising the geometric profiles of
transition structures for their specific requirements (specific type of transition zones
and/or site conditions) aimed at uninterrupted energy flow in RTZs.

In conclusion, the research substantiates that optimizing the geometric profiles of
SHIELD in all directions is vital in redistributing strain energy effectively, thereby reduc-
ing operation-driven degradation and extending the lifespan of RTZs. This study not only
reinforces the shift towards an energy-centric design of RTZs but also has practical impli-
cations for design and maintenance. This paper suggests that by fine-tuning geometric
profiles, we can significantly improve the performance and durability of the transition
structures. The insights developed in this work pave the way for robust, energy-efficient
and resilient design solutions using geometry as a tool, establishing the stepping stone
for an exploration into the intricate relationship between geometry, strain energy and the
performance of railway transition zones subjected to operation-driven settlement. It is to
be noted that for an effective implementation, the optimised geometric design will be
verified for critical conditions arising due to track irregularities, impact wheel loading,
and train-track interactions in future works concerning SHIELD.
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ABSTRACT

Railway transition zones (RTZs) are subjected to amplified degradation leading to high
maintenance costs and reduced availability of tracks for operation. Over the years, several
mitigation measures have been investigated to deal with the amplified degradation of these
zones. However, to ensure the robustness of a design solution, it must be evaluated for
critical conditions arising due to certain loading and track conditions. In this paper, the
critical load conditions arising due to different velocities (sub-critical, critical and super-
critical), the direction of the moving load, the combination of inertial effects and track
imperfections (non-straight rail and hanging sleepers) and passage of multiple axles (using
a comprehensive vehicle model) are investigated for an embankment-bridge transition. The
results are then compared against the recently proposed design of a transition structure
called SHIELD (Safe Hull Inspired Energy Limiting Design) to evaluate its performance
under these critical conditions using various vehicle models and finite element models of
the RTZs. It was found that the novel design of the transition structure effectively mitigates
dynamic amplifications and results in smooth strain energy distribution across sub-critical,
critical, and super-critical velocity regimes in both directions of movement implying that
the expected operation-induced degradation will be as uniform as possible in longitudinal
direction. Furthermore, even though this transition structure is designed to deal with initial
track conditions (perfectly straight track), its superior performance is not confined to tracks
in perfect condition; it also efficiently addresses adverse effects from track imperfections
such as hanging sleepers and non-straight rail. In the end, this work demonstrates the
robustness of the design solution for all the critical conditions under study.

8.1. INTRODUCTION

Railway tracks are subjected to continuous degradation over the operational period
leading to high costs of operation and maintenance. In addition to this, some critical
zones called railway transition zones (RTZs) experience even higher degradation than
normal railway tracks. RTZs are the areas where a ballasted track typically crosses a stiff
structure such as a bridge, culvert, road etc. leading to amplified dynamic response
and/ or non-uniform response. In the Netherlands, the maintenance requirements at
railway transitions are 4-8 times higher than in normal track [1]. A detailed overview
of the problems associated with dynamic amplifications in RTZs is presented in [2–5].
The excessive material and geometry degradation in RTZs has been associated with the
abrupt change in track stiffness and differential settlement. However, the severity of the
degradation and maintenance requirement depends on several factors such as material
properties of trackbed layers (ballast, embankment, subgrade), type of transition, load
characteristics, track imperfections etc. Recently, the occurrence of operation-induced
degradation (permanent vertical deformations) in the proximity of the transition inter-
face was associated with strain energy amplifications [6]. Some of the above-mentioned
factors (material of trackbed layers, type of transition) have been investigated in [7, 8]
related to the performance of RTZs, using this strain energy-based criterion. Nevertheless,
the influence of load characteristics and track imperfections leading to critical loading
conditions for RTZs remain unexplored.

The abrupt stiffness variation was first associated with the phenomena of transition
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radiation [9] by the authors of [10, 11] and transition radiation of waves in an elastic
continuum was first theoretically described by the authors of [12]. In [13], it was shown
that the transition radiation energy is small compared to the strain energy in the open
tracks for small stiffness variation and small velocity of the load. It was proven that the
transition radiation becomes powerful for velocities close to critical velocity [14]. Some
dedicated studies have been performed associated with the influence of critical velocity
related to the velocity of the load moving over a homogeneous foundation [15], for strati-
fied media (layered soil configuration) [16] and for transition zones [17]. Therefore, it is
clearly established that the influence of vehicle velocity [18–20] is a significant factor to be
considered while designing a robust mitigation measure to deal with dynamic amplifica-
tions due to abrupt stiffness variation in RTZs. In the literature, the performances of a few
mitigation measures have been evaluated for varying speeds. In [21, 22], the performance
of a ballastless track in an embankment–tunnel transition using the resilient mats has
been evaluated, with special attention regarding the critical speed. Other studies include
a performance evaluation of RTZs [23] equipped with USP [24], adjustable sleepers [25],
transition wedge [26], geogrid and pile configuration [27]. In a recent study [28, 29], a
novel transition structure called Safe Hull Inspired Energy Limiting Design (SHIELD)
was proposed and evaluated using a comprehensive criterion based on strain energy [6].
However, it was designed and evaluated for a specific vehicle speed and the influence of
the vehicle speed relative to the critical speed on the performance of SHIELD is unknown
while this may play a vital role in the performance of a robust mitigation measure.

The other major cause of excessive degradation in RTZs is differential settlement [30–
33]. It is well known that the differential settlement in RTZs leads to hanging sleepers
(void between sleepers and ballast) accelerating the degradation process to a great extent
[34, 35] as they result in considerable increase in the dynamic wheel–rail interaction
force and induced stress in the track-bed layers. Hanging sleepers can occur in open
tracks [36–40] as well as in approach zones [41]. In open tracks, for example, one hanging
sleeper can lead to 70% increase in sleeper-ballast contact force and 40% increase in
the displacement of the adjacent sleepers [37]. Due to differential settlement, hanging
sleepers are even more prominent in RTZs compared to open tracks. Another significant
track imperfection arising due to differential settlement is non-straightness of the rail in
the proximity of the transition interface. The evaluation of mitigation measures subjected
to these track imperfections (hanging sleepers and non-straight rail) is missing in the
literature. Moreover, in [42], it was concluded that accounting for the interaction between
the wheel and the rail generally leads to stronger transition radiation compared to that in-
duced by a simple moving constant load due to increased contact force. Therefore, when
analyzing the influence of track imperfections, accounting for the wheel-rail interaction
is important as track imperfections typically lead to an increased contact force.

The performance of the recently proposed transition structure called SHIELD will be
evaluated in this work for critical loading conditions associated with critical speed effects
and the combination of track imperfections and increased rail-wheel interaction forces.
Firstly, a standard embankment-bridge transition with and without SHIELD will be evalu-
ated in terms of strain energy variation for different velocities (speed and direction) of
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the moving load. Secondly, the influence of using a moving load as an approximation of
the moving mass for the evaluation of RTZs will be studied to highlight the importance of
the interaction between rail and wheel for cases with and without track imperfections.
Moreover, the performance of SHIELD will be evaluated for the critical load conditions
arising due to combination of inertia effects and track imperfections. Lastly, the effec-
tiveness of SHIELD will also be illustrated for a passage of a more comprehensive vehicle
model (multiple axle loads) composed of a carbody, two bogies and four wheelsets.

8.2. MODELS
Two models (model 1 and model 2) of an embankment-bridge transition have been stud-
ied in this work. Model 1 is an embankment-bridge transition without any transition
structure and model 2 is equipped with a transition structure called SHIELD. Both models
are 2-dimensional and are identical in terms of geometry, materials, mesh and load
conditions, interface conditions and division of zones under study. The validity of model
1 and model 2 used in this work has been already discussed in [6, 7, 28, 34].

(a)

(b)

Figure 8.1: Cross-section details of (a) model 1 and (b) model 2 showing the division of zones under
study.

8.2.1. GEOMETRY AND ZONES UNDER STUDY

The longitudinal profile cross-section details of model 1 and model 2 can be found in
Figure 8.1, showing the main track components for both the models and the division
of zones under study. Both models are broadly divided into “soft side” and “stiff side”.
The soft side is composed of rail (profile 54E1), rail-pads, sleepers (240 mm x 240 mm),
ballast (0.3 m depth), embankment (1 m depth), subgrade (1 m depth) for model 1 with
an addition of transition structure called SHIELD for model 2. The stiff side is the same
for both model 1 and model 2 and is comprised of rail, rail-pads, sleepers and a concrete
structure. The total length of each model is 80 m which consists of 60 m of soft side and
20 m of stiff side. In this study, each of the three zones (see Figure 8.1) of interest are 7.5
m in length. The first zone called OT (open track) is practically free from the transition
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effects as it is far from the transition interface between the soft side and the stiff side of
the system. The last zone called AZ-II (approach zone-II) is in the vicinity of the transition
interface and the zone called AZ-I lies between OT and AZ-II.

8.2.2. MATERIALS

The materials used for all track components in model 1 and model 2 are characterized
by the elasticity modulus, Poisson’s ratio, densities and Rayleigh damping factors as
mentioned in Table 8.1. The material properties used in this paper are in accordance with
those in [7] ensuring optimal performance of the RTZ. It was shown in [6] that there is a
direct correlation between the strain energy peaks in the model with linear elastic materi-
als and the permanent (operation-induced) deformations in the model with non-linear
elasto-plastic material. Therefore, the behaviour of all the materials defined in Table 8.1
is assumed to be linear elastic for this study.

Table 8.1: Mechanical properties of the track components

Material Elasticity
Modulus

Density Poisson’s
Ratio

Rayleigh damping

E [N/m2] ρ [kg/m3] ν α β

Steel (rail) 21 x 1010 7850 0.3 - -
Concrete (sleepers) 3.5 x 1010 2400 0.15 - -
Ballast 1.5 x 108 1560 0.2 0.0439 0.0091
Sand (embankment) 8 x 107 1810 0.3 8.52 0.0004
Clay (subgrade) 2.55 x 107 1730 0.3 8.52 0.0029
SHIELD 3.6 x 108 1900 0.2 0.0439 0.0091

8.2.3. MESH DETAILS

The sleeper, ballast, embankment, subgrade and the bridge were discretized using linear
quadrilateral elements of type CPE4 and the rail using two-node linear beam elements of
type B21 for both the models. The SHIELD was discretised using a combination of CPE4
and CPE3 elements. CPE4 and CPE3 are 4-node and 3-node plane strain elements (unit
thickness) respectively (see ABAQUS manual for details [43, 44]).

8.2.4. INTERFACE CONDITIONS

Rail-pads are modelled using springs (k = 1.2 ·108 N/m) and dashpots (c = 5 ·104 Ns/m ) to
connect rail and sleepers. The vertical interface between ballast/ embankment/ subgrade
and the bridge is defined using a hard contact linear penalty method (normal behaviour)
and the Coulomb’s friction law (tangential behaviour) using 0.5 as coefficient of friction.
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The interface between the rail and wheel is defined by the contact spring of stiffness kc

(see Table 8.2) using the following equation [45]:

kc = 3

√
3 ·E 2 ·Q√

Rwheel ·Rr ai l pr o f

2 · (1−ν2)2 (8.1)

where E is the elasticity modulus and ν is the Poisson’s ratio of the steel (wheel, rail), Q
is the vertical wheel load, Rwheel is the radius of the wheel, Rr ai l pr o f is the radius of the
railhead.
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Figure 8.2: Schematic showing different types of vehicle models used in this study (a) vehicle, (b)
moving load (ML) (c) moving mass (MM).

8.2.5. LOADS

An implicit scheme for dynamic analysis was used in Abaqus to simulate the cases stud-
ied in this work. Figure 8.2 shows different types of vehicle models used in this work
representing a vehicle (a), moving load (ML) (b) and moving mass (MM) (c) with a velocity
v . The vehicle is composed of a carbody of mass mc connected to two bogies of mass
mb via a secondary suspension system (vertical spring ks and dashpot cs ). Each bogie is
connected to two wheelsets via the primary suspension system (vertical spring kp and
dashpot cp ). The values of vehicle parameters (masses [46], suspension stiffness and
damping [47]) are tabulated in Table 8.2. The distance between two wheelsets of each bo-
gie (Lw =2.5 m) and the distance between two bogies (Lb=20 m) have been adopted from
[25] for a Dutch passenger train. For the cases with simplistic load condition representing
only one wheel, a constant moving load Fw is considered and is compared against an
equivalent moving mass meq as tabulated in Table 8.2.
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8.2.6. CASES STUDIED

This section describes the three cases under study as discussed in Section 8.1. Figure 8.3
presents a schematic of the cases under study showing the zone of influence for each case,
sleeper numbers on stiff and soft side and the geometric details of the track imperfections
investigated in this work. Case 1 (Figure 8.3a) shows a perfectly straight track with no
hanging sleepers or track imperfections where x1 (x=0 m) is marked as the location of the
transition interface. Case 2 (Figure 8.3b) shows three hanging sleepers (sleeper numbers
1, 2 and 3). The location x2 (x=-1.8 m) marks the end of zone consisting of hanging
sleepers. Lastly, case 3 (Figure 8.3c) depicts a non-straight geometric profile (possibly
due to temperature effects or differential settlement) of the rail adopted from literature
[33], where x3 (x=-4.5 m) marks the end of the zone consisting of non-straight rail. The
vertical dip D is assumed to be 10 cm based on one of the profiles studied in [33]. All
the results presented in this work are in terms of total strain energies. In Abaqus [43],
"ALLSE" provides a time history of the total strain energy within a considered volume
(each zone for each trackbed layer).

Masses mc =28000 kg, mb=1300 kg, mw =900 kg
Equivalent mass meq = Fw /g , g =9.81 ms−1

Moving load Fw =90 KN
Primary suspension kp =1.2 MNm−1 , cp =4.0 KNsm−1

Secondary suspension ks =0.43 MNm−1 , cs =20 KNsm−1

Contact stiffness kc =1200 MNm−1

Table 8.2: Load characteristics shown in Figure 8.2

8.3. RESULTS AND DISCUSSION
This paper evaluates the performance of SHIELD systematically for critical loading condi-
tions associated with critical speed effects and associated with the combination of track
imperfections and increased rail-wheel interaction forces. Firstly, the influence of speeds
and direction of the moving load is investigated for model 1 and model 2. Then the re-
sponse of model 1 (in ballast layer) is investigated for the cases described in Section 8.2.6
when subjected to a constant moving load (ML) and the MM. It is found that the cases
involving track imperfections are significantly influenced by the moving load approxi-
mation. Therefore, the response of model 1 and model 2 when subjected to the MM and
track imperfections (cases described in Section 8.2.6) is studied for each of the trackbed
layers (ballast, embankment and subgrade). Lastly, the influence of multiple axles on
model 1 and model 2 is studied. The analyses in this section have been categorised in the
points described below.

• Influence of velocity (speed and direction of moving load): An embankment-bridge
transition is evaluated for speeds varying from 20 m/s to 150 m/s in both directions
(soft-to-stiff and stiff-to-soft) without (model 1) and with SHIELD (model 2). The
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(a)

(b)

(c)

Figure 8.3: Schematic of the cases under study (a) case 1, (b) case 2 and (c) case 3.

evaluation is done in terms of maximum strain energy in each of the zones under
study for the speeds in the range mentioned above. In addition to this, the mag-
nification factor (MF) is studied for model 1 and model 2 for different speeds and
zones under study. The magnification factor is defined as the ratio of maximum
strain energy (SE) in the approach zones and the open track. In Section 8.3.1, the
responses of model 1 and model 2 are studied (for case 1) for different speeds and
directions of movement.

• Moving mass versus moving load: In Section 8.3.2, the response of model 1 to a
moving load (Fw ) and an equivalent moving mass (meq ) is evaluated for cases 1, 2
and 3 in terms of strain energy distribution in the ballast layer.

• Influence of track imperfections: In Section 8.3.3, the conditions of cases 1, 2 and 3
(Section 8.2.6) are studied for model 1 and model 2 subjected to equivalent MM,
in terms of strain energy distribution in the trackbed layers (ballast, embankment
and subgrade).

• Influence of vehicle: In Section 8.3.4, the response of model 1 and model 2 subjected
to a moving vehicle composed of a carbody, bogies and wheelsets (as shown in Table
8.2 and Figure 8.2) is studied for case 1 in terms of total strain energy distribution
in the zones shown in Figure 8.1 for ballast, embankment and subgrade.
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8.3.1. INFLUENCE OF VELOCITY (SPEED AND DIRECTION OF MOVING LOAD)
Soft to stiff: Figure 8.4 shows the maximum strain energy in open track (OT) and ap-
proach zones (AZ-I and AZ-II) for model 1 (Figure 8.4a) and model 2 (Figure 8.4b). The
open track behaviour for both the models shows the same behaviour as expected with
an increase in the peak value of strain energy with increasing speeds up to 110 m/s and
starts a decrease after this critical value. Therefore, the system’s (in open track) critical
velocity (vcr) can be identified based on maximum strain energy as 110 m/s.
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Figure 8.4: Maximum strain energy (Joules) in open track and approach zones for an embankment-
bridge transition (a) without (model 1) and (b) with SHIELD (model 2) for different
speeds of the load moving from soft to stiff side of RTZ.
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Figure 8.5: Magnification factor (MF) for an embankment-bridge transition (a) without (model 1)
and (b) with SHIELD (model 2) for different speeds of the load moving from soft to stiff
side of RTZ.

On one hand, for model 1, the strain energy distribution in AZ-I (not shown) is the same
as in OT as there is no influence of transition effects in these zones. Only AZ-II shows a
higher peak value of strain energy compared to the OT due to dynamic amplifications in
the proximity of the transition interface. On the other hand, for model 2, the presence of
SHIELD lowers the peak strain energy magnitude considerably for both AZ-I and AZ-II.
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Moreover, AZ-II is much stiffer (more than 2 times) compared to OT and AZ-I as the mate-
rial used for SHIELD is predominantly present in AZ-II. The wave speed in the SHIELD
material is much higher than the velocities under consideration. Therefore, the strain
energy magnitudes remain uninfluenced (no strain energy peaks for any speeds under
study) by speed effects in AZ-II for model 2. Similarly, the magnification factor (MF) is
compared for both models in Figure 8.5. The MF for model 1 is always greater than one
implying dynamic amplification in the absence of SHIELD for all speeds (Figure 8.5 a).
Conversely, the MF for model 2 is always lower than one 1 for all the speeds demonstrating
the effectiveness of SHIELD in mitigating dynamic amplifications in railway transition
zones. It is interesting to observe in Figure 8.5 that the MF for model 1 increases with
increasing velocity upto 70 m/s then decreases until 100 m/s and then increases again.
This is due to the fact that for velocities in the range 70-100 m/s, the increase in open
track response is higher than the increase in approach zone response. In any case, Figure
8.4 and Figure 8.5 demonstrate the effectiveness of SHIELD for all speeds (in the range of
20-150 m/s) of the load moving from the soft to the stiff side of RTZs.

20 40 60 80 100 120 140 160
0

3

6

9

12

15
(a)

Speed (m/s)

M
ax

im
u
m

st
ra
in

en
er
g
y

OT AZ-II

20 40 60 80 100 120 140 160
0

3

6

9

12

15
(b)

Speed (m/s)

M
ax

im
u
m

st
ra
in

en
er
gy

OT AZ-I AZ-II

Figure 8.6: Maximum strain energy (Joules) in open track and approach zones for (a) model 1 and
(b)model 2 for different speeds of the load moving from stiff to soft side of RTZ.
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Stiff to soft: Figure 8.6 shows the maximum strain energy in OT, AZ-I and AZ-II for a load
moving from the stiff to the soft side of the system for speeds in the range 20-150 m/s.
Unlike the response for soft-to-stiff direction, the response of model 1 in OT is similar (in
magnitude) to that in AZ-II for all speeds. The critical speed is 110 m/s. Conversely, for
model 2 (Figure 8.6b), no peaks are observed at all in AZ-I and AZ-II for increasing speeds.
In summary, the influence of speed on the strain energy is negligible (no peaks observed)
when the model 2 is subjected to a load moving from stiff to soft direction.

Figure 8.7 shows the magnification factor for model 1 (a) and model 2 (b) subjected to
the load moving from the stiff to the soft side with speeds in range 20-150 m/s. Unlike the
response of models to load moving from soft to stiff direction, the MF goes below one
for speeds around 110 m/s (critical speed) for model 1. A similar dip in MF is observed
for model 2 around the critical speed, at the same time also maintaining the MF always
below 0.6. This shows that SHIELD is effective in mitigating dynamic amplifications for
the loads moving with all speeds (in the range 20-150 m/s), also from stiff to soft side of
the system.

In summary, even though the dynamic responses of the models are sensitive to the
direction as well as the speed of the moving load, the presence of SHIELD is effective in
mitigating dynamic amplifications in all scenarios.

8.3.2. MOVING MASS VERSUS MOVING LOAD

Figure 8.8 shows a comparison of the time history of total strain energy in OT, AZ-I and
AZ-II for model 1 when subjected to a ML Fw and a MM meq for the three cases discussed
in Section 8.2.6. For all three cases, the response of model 1 to the MM and the ML is
practically the same in OT and AZ-I. It can be verified that the cases with the moving load
have a smoother curve of strain energy in all the zones when compared to MM response.
This is due to the presence of sleepers felt by the MM at every 0.6 m.

For case 1 (Figure 8.8 a), model 1 shows a small increase in peak strain energy when
subjected to the MM compared to the ML in AZ-II. For case 2 (Figure 8.8 b), a significant
difference in the response of model 1 is observed in the AZ-II when subjected to the MM
and the ML. The strain energy peak in AZ-II for the ML is much higher than for the MM
but the scenario with the MM leads to two strain energy peaks in AZ-II at time moments
t1 and t2 (corresponding to locations x1 and x2 marked in Figure 8.3). In summary, for
case 2, the ML approximation leads to an overestimation of strain energy amplifications
in the proximity of the transition interface and does not provide accurate information
in terms of the locations at which strain energy peaks. For case 3 (Figure 8.8 c), model 1
shows no influence of rail irregularity when subjected to the ML. This is due to the fact
that when the system is subjected to the ML, the non-straight profile of rail does not lead
to any change in the exerted force. However, a significant increase in strain energy in
AZ-II is observed compared to OT in the time interval t1 to t3 that correspond to load
positions at the onset and at the end of the zone with length L marked in Figure 8.3,
respectively, when model 1 is subjected to the MM. The peak strain energy is observed at
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Figure 8.8: Comparison of total strain energy in the ballast layer for model 1 subjected to a MM
and a MM for (a) case 1, (b) case 2 and (c) case 3.

time moment t2. This implies that the ML response fails to capture the influence of the
rail irregularity in case 3.

In the end, it can be concluded that ML is a good approximation of a MM if a perfectly
straight track with no loss of contact condition needs to be studied. However, in cases
with track imperfections like non-straight rail or hanging sleepers, the ML assumption
might lead to incorrect prediction of the dynamic response of RTZs.

8.3.3. INFLUENCE OF TRACK IMPERFECTIONS ON SHIELD’S

PERFORMANCE

From the results obtained in the previous section for model 1, a significant difference
in the response is observed for the responses excited by the ML and the MM for cases 2
and 3. Therefore, model 1 and model 2 are subjected to MM and the time history of the
total strain energy in each of the zones under study is compared for the two models in
the layers of ballast (Figure 8.9 a,d), embankment (Figure 8.9 b,e) and subgrade (Figure
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Figure 8.9: Time history of total strain energy for cases 1, 2 and 3 in the layers of (a) ballast (model
1), (b) embankment (model 1), (c) subgrade (model 1), (d) ballast (model 2), (e) em-
bankment (model 2) and (f) subgrade (model 2).

8.9 c,f).

In the ballast layer, model 1 (Figure 8.9 a) shows a significant increase in strain energy in
AZ-II compared to OT for case 2 (peaks at t1 and t2) and case 3 (peak at t2) as also shown
in Figure 8.8. Even though model 2 (Figure 8.9 d) shows small peaks for case 2 (peaks
at t1 and t2) and case 3 (peak at t1 and in interval t2 to t3) in AZ-II, the magnitude of
strain energy in any of the zones (AZ-I, AZ-II) never exceeds the strain energy magnitude
observed in OT. It is interesting to observe that for case 3, the presence of SHIELD not
only lowers the strain energy magnitudes in AZ-II but also spreads it over a larger time
interval (two small peaks in time interval t1 to t3) compared to model 1 (one extreme
peak at t2). The results shown in Figure 8.9 clearly demonstrate the efficiency of SHIELD
in mitigating dynamic amplifications in the ballast layer of RTZ even in case of track
imperfections (non-straight rail or hanging sleepers).

Similar to the ballast layer, for model 1, the embankment (Figure 8.9 b) and the subgrade
(Figure 8.9 c) layers are subjected to a significant increase in strain energy magnitudes in
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AZ-II compared to OT for cases 2 and 3 in the time interval t1 to t3. However, for model
2, no strain energy peaks are observed for case 2 in AZ-II and a very diminished peak is
seen for case 3. In the end, this proves SHIELD to be a promising solution even in the
embankment (Figure 8.9 e) and subgrade (Figure 8.9 f) layers.

It is to be noted that the preliminary design of SHIELD was proposed to mitigate the
dynamic amplifications associated with the initial track conditions (perfectly straight
track). However, SHIELD shows the capability to deal with dynamic amplification and
maintain the strain energy magnitudes in approach zones much lower than in the open
track also for non-straight rail and hanging sleepers, and within each layer under study.

8.3.4. INFLUENCE OF VEHICLE
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Figure 8.10: Time history of total strain energy obtained from model 1 and model 2 in the (a) ballast,
(b) embankment and (c) subgrade layer

The influence of multiple axles of a vehicle consisting of a car-body, two bogies and 4
pairs of wheels is studied in the absence (model 1) and presence of SHIELD (model 2).
This analysis is performed to verify if, for the straight track (for which SHIELD is designed),
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any critical condition arises due to the presence of multiple axles (at the distances as
shown in Figure 8.2) and if SHIELD still shows an optimal behaviour. Figure 8.10 shows
the comparison of time histories of total strain energy in OT, AZ-I and AZ-II for model 1
and model 2 for initial track conditions (case 1). In the ballast layer (Figure 8.10 a), model
1 shows an amplification of strain energy in AZ-II compared to OT and AZ-I. In addition
to this, the response of the front bogie is slightly amplified compared to the back bogie
implying that the responses are not fully decoupled. Conversely, model 2 shows a gradual
decrease in strain energy magnitude when the vehicle moves from OT to AZ-II. Moreover,
unlike the response of model 1, model 2 shows a decoupled behaviour of the two bogies
resulting in an identical distribution of strain energy for each bogie.

In the embankment (Figure 8.10 b) and subgrade (Figure 8.10 c) layer, both models
show no amplification in approach zones compared to open track. However, model 2
shows a gradual decrease in strain energy magnitudes as the vehicle moves from the open
track to the concrete structure. This gradual decrease in strain energy (in model 2) will
imply a gradual decrease in permanent vertical deformations from the open track to the
concrete structure. This is different from the response of model 1, where the strain energy
drops abruptly from the open track to the concrete structure implying a large difference
in permanent deformations on both sides of the transition interface.

Even though the coupling of responses for model 1 is not significant, combinations of
certain speeds and track conditions might lead to more severe coupling. The responses
are decoupled for the RTZ equipped with SHIELD for the initial track conditions (per-
fectly straight track), but this behaviour is not guaranteed for track imperfections and
higher velocities. In any case, good track conditions must be maintained for an effective
implementation of any design solution.

8.4. CONCLUSIONS
The efficiency of the safe hull-inspired energy limiting design (SHIELD) of transition struc-
ture for mitigating the operation-induced dynamic amplifications and/or non-uniform
response in railway transition zones (RTZs) is demonstrated for critical load conditions.
It was found that SHIELD was successful in mitigating the dynamic amplifications in
sub-critical, critical and super-critical regimes of velocities in both the directions of move-
ment. Moreover, the superior performance of SHIELD is not only limited to a track that
is in a perfect condition but it also is efficient in mitigating the adverse effects of the
track imperfections like hanging sleepers and non-straightness of the rail (e.g., due to
differential settlements). Lastly, the response of model 1 (without SHIELD) and model
2 (with SHIELD) to a moving vehicle (two bogies and 4 wheelsets) was investigated. It
was found, for ideal initial track conditions (perfectly straight track), SHIELD not only
mitigates the dynamic amplifications in RTZs but also decouples the responses of the two
bogies such that the load of the bogies act independently of each other, which is not the
case in absence of SHIELD. In the end, this work shows the applicability of SHIELD as a
robust mitigation measure to deal with dynamic amplifications in RTZs, even for critical
loading conditions.
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ABSTRACT

Railway transition zones are the most critical part of the railway infrastructures that expe-
rience 4-8 times more degradation compared to open tracks. Despite several attempts to
reduce the maintenance and operation costs in these critical zones, a robust and compre-
hensive solution remains unknown. In recent studies, a robust safe hull-inspired energy
limiting design (SHIELD) of a transition structure was proposed for an embankment-bridge
transition (without ballast layer over the bridge) to deal with operation-induced degradation.
However, this solution was investigated in detail for only this particular type of transition.
In this work, the scope of this mitigation measure is extended for an embankment-bridge
transition with ballast running over the bridge and its performance is evaluated using a
strain-energy criterion. It was concluded that the SHIELD can effectively mitigate the
operation-induced dynamic amplification for more than one type of railway transition zone.

9.1. INTRODUCTION
Railway transition zones (RTZs), where rail tracks undergo abrupt changes in foundation
types, represent critical challenges in railway infrastructure due to their higher degrada-
tion rates compared to open tracks. A detailed overview of the problems and solutions
associated to amplified degradation in RTZs is presented in [1, 2]. There are various types
of RTZ such as an embankment-bridge transition, a culvert transition, level crossing
etc. According to various studies, an embankment-bridge transition undergoes the most
amount of degradation among all. Moreover, there can be two types of embankment-
bridge transition, with and without the ballast layer over the bridge. The distribution of
materials in these two types of railway transitions is different. This study utilises the in-
sights from multiple research efforts [3–7] that have been made to propose robust design
solutions for an embankment-bridge transition without a ballast layer over the bridge.
In [3], a strain energy-based design criterion was proposed, asserting that minimizing
and uniformly distributing total strain energy across the longitudinal track direction
and in each trackbed layer can significantly mitigate uneven track geometry and reduce
operation-induced degradation. In this work, an embankment-bridge transition with a
ballast layer running over the bridge is evaluated without and with a transition structure
called “safe hull-inspired energy limiting design (SHIELD)” using the above mentioned
energy-based criterion proposed in [3]. Even though the mitigation measure used in this
work was developed for a different type of transition [4, 6], the results demonstrate a
wider application of SHIELD for other transition types as well. A comparison with the
previous works associated to the embankment-bridge transition with the ballast layer
discontinued over bridge is also presented.

9.2. MODELS
In this work, two three-dimensional (3-D) models are used to represent an embankment-
bridge transition without (Figure 9.1a) and with SHIELD (Figure 9.1b). It is to be noted
that the 3-D models used in this chapter are the same as the ones used in Chapter 7 with
a minor modification of the ballast layer that continues over the concrete bridge (see
Figure 9.1 for cross-section details). Both the models are divided into 5 zones. The zones
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(a)

(b)

Figure 9.1: Cross-section details of a standard embankment-bridge transition (a) without and (b)
with SHIELD.

are mainly categorised as open track (OT-I, OT-II) or approach zones (AZ-I, AZ-II, AZ-III).
The open track is unaffected by transition effects and approach zones are in the vicinity
of the transition interface showing dynamic amplifications due to transition effects. The
soft-side (consists of ballast, embankment and subgrade) of the RTZ under study includes
OT-I, AZ-I and AZ-II and the stiff-side (ballast layer running over the bridge) of the RTZ
comprises AZ-III and OT-II. The cross-section details of both models are shown in Figure
9.1. The material properties of the track components (rail, sleepers, ballast, embankment,
subgrade, SHIELD and bridge) are tabulated in Table 9.1. The models used in this work
have been validated in [7]. The material properties used in this work are according to
design limits proposed in [6]. A detailed description of the numerical models and the
loading conditions can be found in [7].

9.2.1. STANDARD EMBANKMENT-BRIDGE TRANSITION WITHOUT ANY

TRANSITION STRUCTURE

A standard embankment-bridge transition without a ballast layer running over the bridge
was studied in detail in [3–7] and it was found that there are significant strain energy
amplifications in the proximity of the transition interface in the track-bed layers (ballast,
embankment and subgrade) on the soft side of the system. The strain energy magnitudes
on the stiff side were an order of magnitude lower (negligible) compared to the soft side.
However, this is expected to be different in the case of a standard embankment-bridge



9

142 9. EVALUATION: ANOTHER TRANSITION TYPE

Table 9.1: Mechanical properties of the track components.

Material Elasticity
Modulus

Density Poisson’s
Ratio

Rayleigh damping

E [N/m2] ρ [kg/m3] ν α β

Steel (rail) 21 x 1010 7850 0.3 - -
Concrete (sleepers) 3.5 x 1010 2400 0.15 - -
Ballast 1.5 x 108 1560 0.2 0.0439 0.0091
Sand (embankment) 8 x 107 1810 0.3 8.52 0.0004
Clay (subgrade) 2.55 x 107 1730 0.3 8.52 0.0029
SHIELD 5.5 x 108 1900 0.15 0.0439 0.0091

(a) (b)

Figure 9.2: Geometric details of SHIELD (a) 3-D view and (b) cross-sections.

transition with the ballast layer continuing over the bridge.

9.2.2. SAFE HULL INSPIRED ENERGY LIMITING DESIGN: SHIELD
SHIELD was first proposed and evaluated using the strain-energy criterion in [4] using a
2-D plane strain model, and it was compared with the traditional transition structures
like approach slabs and transition wedges. It was shown that SHIELD outperforms all
other traditional transition structures in not only mitigating the dynamic amplifications
in RTZs but also in obtaining a rather uniform strain-energy distribution. In [7], a de-
tailed evaluation of different geometric profiles of SHIELD was performed to suggest an
optimal geometry that aims at an optimal energy redistribution in RTZ according to the
energy-criterion. However, all these studies were performed for an embankment-bridge
transition where the ballast layer does not continue over the bridge. Therefore, in this
paper the same geometric profile as proposed in [7] is used to mitigate dynamic amplifi-
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cation for the case where the ballast layer continues over the bridge. Figure 9.2 shows the
3-D view and cross-section details of the SHIELD used in this work.

9.3. RESULTS

In this section, the time history of strain energy has been studied for an embankment-
bridge transition without and with SHIELD for the layers of ballast, embankment and
subgrade. In the ballast layer, 5 zones are studied as discussed in the above-mentioned
sections. For the embankment and subgrade layers, only 3 zones on the soft-side are
studied as the strain energy magnitudes are null on the stiff-side of the system.
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Figure 9.3: Time history of the total strain energy in the ballast layer for a standard embankment-
bridge transition (a) without and (b) with SHIELD.

9.3.1. BALLAST

Figure 9.3a shows the time history of total strain energy in the 5 zones under study for the
model without SHIELD. It can be clearly seen that there is a significant amplification of
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strain energy in AZ-II on the soft-side and in AZ-III on the stiff-side of the transition struc-
ture compared to the open tracks on each side. In Figure 9.3b, the presence of SHIELD
not only mitigates the local amplifications in the vicinity of the transition interface but
also provides a gradual decrease in strain energy magnitudes from open track on the
soft-side (OT-I) to the open track on the stiff-side (OT-II).
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Figure 9.4: Time history of the total strain energy in the embankment layer for a standard
embankment-bridge transition (a) without and (b) with SHIELD.

9.3.2. EMBANKMENT

Figure 9.4 shows the time history of strain energy in the embankment layer for a standard
embankment-bridge transition without (Figure 9.4a) and with (Figure 9.4b) SHIELD.
Figure 9.4a shows an amplification of strain energy in AZ-II compared to OT-I. Similar to
ballast layer, also in the embankment layer the amplification of strain energy is mitigated
(Figure 9.4b) by the presence of SHIELD showing a gradual decrease in the magnitude of
strain energy from OT-I to AZ-I to AZ-II and finally to null on the concrete bridge implying
a more uniform geometric profile (due to uniform degradation).
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Figure 9.5: Time history of the total strain energy in the subgrade layer for a standard embankment-
bridge transition (a) without and (b) with SHIELD.

9.3.3. SUBGRADE

Figure 9.5 shows the time history of strain energy in the subgrade layer for a standard
embankment-bridge transition without (Figure 9.5a) and with (Figure 9.5b) SHIELD. Even
though the model without SHIELD (Figure 9.5a) shows no amplification of strain energy
in any of the zones under study, the presence of SHIELD provides a gradual decrease in
strain energy (Figure 9.5b) from the soft-side (highest in the OT-I) of the system to the
stiff-side (null).

9.4. DISCUSSION

In [7], the spatial and temporal distribution of strain energy is investigated in detail
using various three-dimensional models of an embankment bridge transition (ballast
layer discontinued over the bridge) without and with SHIELD. Figure 9.6 shows the time
history of the strain energy in the (a) ballast, (b) embankment and (c) subgrade for that
embankment-bridge transition. Unlike the results shown in previous sections, the strain
energy magnitudes on the bridge are null. The only zone (AZ-II) that shows an amplifi-
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Figure 9.6: Time history of the total strain energy in the (a) ballast, (b) embankment and (c) sub-
grade layer for a standard embankment-bridge transition with ballast layer discontinued
over the bridge.

cation of strain energy is on the soft side of the system. This amplification is mitigated
using SHIELD as shown in the time history (see Figure 9.7) of the strain energy in the (a)
ballast, (b) embankment and (c) subgrade for the embankment bridge transition without
any ballast layer over the bridge. In comparison to the influence of SHIELD discussed in
previous sections, only the ballast layer behaves differently. The embankment and the
subgrade layers show almost the same behaviour when these two types of transitions are
subjected to operation-induced dynamic loads. Additionally, it is observed that the strain
energy distribution in the ballast layer is less uniform in the case of discontinued ballast
layer (Figure 9.6a) than in the case of the continuous ballast layer (Figure 9.3b). This sug-
gests that the operation-induced degradation will be even more uniform in the latter case.
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Figure 9.7: Time history of the total strain energy in the (a) ballast, (b) embankment and (c) sub-
grade layer for a standard embankment-bridge transition (equipped with SHIELD)
without ballast layer over the bridge.

It is worth mentioning that efforts could be made to further optimise the strain energy
distribution (shown in Figure 9.3(b)) by means of under ballast pads. A thin layer of rela-
tively soft material can be used under the ballast layer aimed at an even more (compared
to Figure 9.3) uniform distribution of strain energy (within ballast layer) in the zones
under study; this way, the expected operation-induced degradation can be made even
more uniform across the transition.
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9.5. CONCLUSIONS
This work presents a detailed evaluation of a novel design of a transition structure that
has been recently developed for an embankment-bridge transition (without ballast layer
over the bridge) and in this work is extended to a transition zone where the ballast layer
continues over the bridge. Even though the distribution of materials forming trackbed
layers (ballast) in these two types of transitions are different, the safe hull-inspired energy-
limiting design of the transition structure is equally efficient in mitigating the operation-
induced dynamic amplification in both types of railway transition zones.





10
DESIGN OF EXPERIMENT

This work proposes an energy-based design methodology for railway transition zones but
the insights offered in this work are not limited to only design purposes. For instance, the
proposed energy-based criterion can be used to evaluate the on-site condition (indica-
tive) of a railway track or a transition zone by computing energy flux based on measured
quantities (stress, strain etc.) that characterize the kinematic and dynamic responses of
the system at critical points. In order to achieve full accuracy in the design/ evaluation
of the on-site condition using any approach (energy-based or other classical methods),
detailed numerical models (tuned using measured data at monitoring points) must be
used to predict the system’s service situation. For this purpose, a full-scale laboratory
experiment is planned to calibrate a high-fidelity model of an embankment-bridge tran-
sition. The detail of the experimental setup is described in the following sections. All the
materials of track components in the 1:1 scale model will be tested in the laboratory to
calibrate the material properties in the numerical model. This numerical model will be
used to study the energy distribution in the proximity of the transition interface in the
presence and absence of SHIELD for both short-term and long-term loading conditions.
The experiment will contribute to new insights into the dynamic behaviour of the RTZs
and the mechanisms leading to amplified degradation in these zones. Moreover, the
experimentally validated numerical models will aid in the performance evaluation of the
novel design of the transition structure (SHIELD) proposed in this work.

10.1. LABORATORIO DE GEOTECNIA – CEDEX [1]
CEDEX Track Box (CFC) is a 21 m long, 5 m wide and 4 m deep facility whose main
objective is to test complete railway track sections (1:1 scale) of conventional and high-
speed lines. The loading system (see Figure 10.1) consists of three pairs of servo-hydraulic
actuators separated by a distance of 1.5m that can apply a maximum load of 250 kN
(frequency 50 Hz). The loading system can reproduce the approaching, passing-by and
departing of the passenger, freight and mixed traffic trains in a section moving with
speeds up to 400 km/hr. The main advantage to this test setup is that the effect of the
passing-by of trains for a year in a real section can be simulated in a time span of one
week. This allows to study the long-term dynamic behavior of railway tracks in a very
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short period of time.

Figure 10.1: Loading system at CEDEX lab [1].

The test facility is equipped with advanced instrumentation (see Figure 10.2) for both
the substructure and superstructure of railway track sections. The substructure response,
in terms of displacements, velocities, accelerations and pressures, is collected from sev-
eral linear variable differential transformers (LVDTs), geophones, accelerometers and
pressure cells installed inside both the embankment and the bed layers (ballast, sub-
ballast and form layer) of the track. In addition to this, the railway superstructure response
is recorded with mechanical displacement transducers, laser sensors, geophones and
accelerometers installed on the different track components (rail, sleeper and railpad).
The acquisition data unit can receive information from 150 sensors at the same time.

The proposed experiment at CEDEX lab has been accepted under the GEOLAB grant,
a four-year Horizon 2020 project (2021 – 2025) funded by the European Union H2020
Research and Innovation Programme. The CEDEX test facility [1] has been previously
used in the following projects:

• SUPERTRACK (2001-05) “Sustained performance of Railway Tracks” in the frame of
5th European Framework Program.

• INNOTRACK (2005-09) “Innovative Track Systems” in the frame of 6th European
Framework Program.
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Figure 10.2: Instrumentation at CEDEX lab [1]: laser sensors, geophones, accelerometers, displace-
ment transducers, load cells.

• RIVAS (2009-13) “Railway Induced Vibration Abatement Solutions” in the frame of
7th European Framework Program.

• FASTRACK (2013-2014) “Nuevo sistema de vía en placa para alta velocidad sostenible
y respetuoso con el medio ambiente” in the frame of Spanish CDTI Research Pro-
grams.

• CAPACITY4RAILS (2013-2017) “Increasing Capacity 4 Rail networks through en-
hanced infrastructure and optimized operations" in the frame of the 7th European
Framework Program.

10.2. PROJECT DESCRIPTION:
10.2.1. OBJECTIVES

The proposed experiment has the following main objectives:

• Gain more insight into the long-term and short-term dynamic behaviour of railway
transition zones in a controlled laboratory environment with perfectly maintained
track conditions.

• Study the effects of environmental factors like water content in granular materials
on the stiffness and on the behaviour of the transition zones.
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• Calibration of the 3D numerical models.

• Evaluate the design methodology proposed in this work and the performance of a
new design solution (SHIELD) to mitigate the dynamic amplifications in transition
zones utilizing calibrated numerical models.

10.2.2. EXPERIMENTAL METHODOLOGY

Geophones, Accelerometers Potentiometers Pressure cells Displacement transducers

Figure 10.3: Longitudinal (a) and vertical (b) cross-section showing the locations for installation of
measurement devices.

BC A Geophones

Pressure cells
Actuator location

Strain gauge

Rail Accelerometers

Accelerometers

For noise filtering

Measuring Staff

Figure 10.4: Top view of the laboratory setup showing the locations for installation of measurement
devices and load simulators (A, B, C).

This experiment is designed to study the degradation process of an embankment-
bridge transition subjected to a long-term loading using a 1:1 scale model in a controlled
laboratory environment. The results of this test will be used to study the mechanisms
leading to dynamic amplifications and amplified degradation in transition zones, validate
the numerical models for further study and utilise the data and results for the evaluation/
verification of the novel design methodology for railway transition zones proposed in this
work. The results in particular will be used for gaining more insight into the dynamics
of the system, validation of the proposed design criteria and the design parameters for
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an efficient and cost-effective design of railway transition zones. Also, the current litera-
ture does not provide any data on railway transition zones that have been collected at
different stages of operation, i.e., from a perfectly straight track profile to a non-straight
profile around the transition interface due to differential settlement. This experiment
will also provide a detailed spatial and temporal mapping of the responses of the track
components in the proximity of the transition interface and far from it.

Figure 10.4 and Figure 10.3 show the details of the track cross-section and instrumenta-
tion for the experimental setup.

RESULTS

The following output will be measured (See Figure 10.4 and Figure 10.3 for details):

1. Time history of accelerations using accelerometers

2. Time history of velocities using geophones

3. Time history of displacements using potentiometers

4. Permanent deformations: Displacement transducers (Figure 10.3 for location) to
measure permanent settlement of each layer and measuring staff (Figure 10.4 for
location) to plot the longitudinal profile of total permanent deformations.

5. Stress fields in granular materials using pressure cells.

6. Sliding at the interface (see Figure 10.3b section B-B’ for location)

7. Force transferred to the sleepers at locations 1, 2, 3, -1, -2, -3 marked in Figure
10.3b.

The key equipment components for model building and testing, additional technical
details and specifications to be provided by facility providers include the following:

1. Properties or type of geotechnical materials: The mechanical properties of the steel,
concrete (sleeper, slab track), ballast, dense sand and clayey subgrade used for
the experimental setup must be tested and provided for the calibration of finite
element models.

2. Mixed traffic of the following trains is to be simulated in the experiment: Intercity
trains (24 axles, axle load of 16 t and speed of 144 km/h) and Freight trains (24 axles,
axle load of 22.5 t and speed of 85 km/h) 3. Expected number of load cycles: 1 year
of operation

3. Location of load simulator: According to the FEM model that has been generated
in line with the proposed experimental setup, the critical location is identified as
S2 (Figure 10.4) next to the transition interface. Figure 10.4 shows the location of
the load simulator to simulate the passage of trains.
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10.2.3. CONCLUSION

The results will be used to calibrate the finite element models corresponding to the test
setup. Calibrated 3D numerical models can be used in other types of studies related to
railway transition zones. The data will be stored offline as well as online. The following are
the outputs (expected publications) that will be derived from the experimental recording:

1. Experimental and numerical investigation of the long-term and short-term be-
haviour of an embankment-bridge railway transition using a controlled laboratory
1:1 scaled model.

2. Testing of a new design solution (SHIELD) for a railway transition utilizing experi-
mentally calibrated models.

10.2.4. CURRENT STATUS

The project funding was granted in December 2023 and the experiment was scheduled
for September 2024. However, due to technical problems in the laboratory, the project
has been delayed and is scheduled to be completed in 2025.
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OF WORKS

This work proposes a novel energy-based approach to design railway transition zones
(RTZs) in contrast to the traditional approaches that are based on either kinematic re-
sponses or stress fields mainly on the superstructure level. A comprehensive methodology
is proposed to design RTZs, that is developed employing a multi-step approach. The first
step involves a detailed investigation of all kinds of responses (spatially and temporally)
of each track component to formulate the criterion that can be used to not only design a
robust mitigation measure but also to evaluate why the current interventions are either
counter-effective or only improve the performance marginally. The insights obtained
from the evaluation of existing measures and investigation of key phenomena governing
design are utilized to propose a new energy-based preliminary design of a transition
structure.

The novelty of this work is threefold. Firstly, a novel design and evaluation criterion is
introduced that not only describes the excessive degradation in RTZs but can also be used
to design a robust mitigation measure that aims at reducing degradation in these zones.
Secondly, a new design of a transition structure called SHIELD (Safe hull-inspired energy
limiting design) is proposed and optimized based on limiting (minimising and ensuring a
uniform distribution) energy within trackbed layers and around the transition interfaces.
Lastly, a detailed methodology to design RTZs is developed in this work that establishes
the design/ evaluation criterion (mentioned above) for an embankment-bridge transition,
identifies design parameters (material and geometric), and evaluates the performance
of RTZs for the most critical conditions that can occur due to operation over a period of
time. This design methodology can be applied to different site-specific conditions and
different types of transition zones.

The main conclusions of this work and the related future directions are discussed below:

Design criterion: The current evaluation criteria in the literature are based on kinematics
and/or stresses and the criteria do not reflect a complete picture in terms of spatial
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and temporal variation of dynamic responses of all the track components. In this work,
energy is shown to be a more comprehensive criterion to describe the degradation in
transition zones as it includes both stress and strain information for the track compo-
nents. Furthermore, while looking at just the Von Mises stresses, the degradation due to
only distortional energy is taken into account. The total strain energy criterion is more
comprehensive as constitutes both distortional and volumetric components of strain
energy. Throughout this work, the strain energy in the open tracks is considered as a
benchmark, and the energies in the track components are minimized with respect to
the magnitudes in the open track. However, for practical implementation of the energy
approach proposed in this work, it is advisable that the strain energy associated with the
failure of materials forming trackbed layers and the transition structure is identified via
laboratory experiments. This will quantify the energy criterion proposed in this work for
engineering practices.

Evaluation of existing mitigation measures and SHIELD: It is shown in this work that
some mitigation measures like traditional transition wedges show significant improve-
ment when looking at the vertical rail displacements but exhibit an increase in stresses.
Similarly, using measures like approach slabs, the dynamic amplification is seen in terms
of rail displacements but no significant amplification is observed in terms of stresses.
Interestingly, the displacement fields for a traditional wedge and SHIELD looked exactly
the same. However, a significant difference is seen in strain energy distribution (spatial
and temporal) that explains the inefficiency of a traditional transition wedge in long-term
performance and highlights the potential of SHIELD as a robust design solution. Another
mitigation measure on the superstructure level (closely spaced sleepers) is proven to
be inefficient when evaluating energy in the trackbed layers. Even though no dynamic
amplifications are observed when considering rail displacements, there is a significant
amplification of strain energy. Similar to approach slabs, this amplification is just moved
to a different location.

Material optimisation: One of the most important conclusions is that not just the stiff-
ness of materials but also stiffness ratios in longitudinal and vertical directions play a
significant role in distributing energy spatially and temporally in the system. Therefore,
it is not sufficient just to design the material of the SHIELD (providing gradual stiffness
change from embankment to concrete structure) with appropriate stiffness to minimize
the radiation due to load passing over the inhomogeneity but it is also necessary to main-
tain the ratios of stiffnesses in longitudinal (between embankment-SHIELD-concrete
structure) and vertical directions (between trackbed layers). The relative stiffness of the
ballast and the subgrade layers plays an important role in determining the performance
of SHIELD in achieving uninterrupted energy flow. In this work, the bounds to the design
ratios in longitudinal and vertical directions are proposed. In future works, investigations
need to address the cases where there is a layer of subgrade under SHIELD to determine
what kind of terrain is favourable for the foundation of SHIELD and ground improvement
for what depths would guarantee optimum performance. Moreover, even though this
work suggests the range of material properties in terms of elastic modulus, density, and
Poisson’s ratio that are desirable for the construction of SHIELD, a detailed investigation
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must be performed to develop a constitutive model of the SHIELD material and it must
be tested in the laboratory for cyclic loading. The range of optimized material properties
proposed in this work could be achieved using chemically stabilized aggregates.

Geometric optimization: In this step of design methodology, the geometrical profiles
in all three planes (longitudinal, transverse, and vertical directions) are investigated as
the current literature does not highlight the role of geometry in the distribution of energy
within the track bed layers in railway transition zones. Even though the longitudinal
cross-section of SHIELD has the most significant contribution in channelling energy
away from the trackbed layers, it is shown that poorly defined geometry of SHIELD in the
transversal plane could still lead to local amplifications of strain energy. It is concluded
that a 3-dimensional geometric optimization is necessary to ensure a smooth distribution
of total strain energy in the trackbed layers and around the transition interface aiming at
uninterrupted (no concentration or obstruction in any part of the system) energy flow in
RTZs. However, future investigations related to SHIELD must include a detailed study
regarding the long-term behaviour of the “nose” (the front tapered part) of the SHIELD.
Depending on the chosen material and geometry, this particular part might be prone
to breakage over a long period of operation and must be optimized further using the
geometric profile proposed in this work as a preliminary design.

Evaluation of SHIELD for critical conditions: The formulation of the strain energy-based
design criterion and the methodology proposed in this work is initially done using simpli-
fied vehicle models, fixed operation velocity (40 m/s), and ideal (perfectly straight track
and no loss of contact between sleepers and ballast) track conditions. The variation of
kinetic energies is insignificant compared to strain energy variation/ amplification for the
operational velocities in the Netherlands. Future works must evaluate the sensitivity of
the total mechanical energy (kinetic+strain) to the critical conditions (hanging sleepers,
non-straight rail) for all velocity regimes (sub-critical, critical, and super-critical) using
more detailed vehicle models. In this work, it is shown that the SHIELD design is promis-
ing for varying vehicle speeds in both directions of movement and also when subjected
to detailed vehicle models. Moreover, the SHIELD design proves to be efficient also in
dealing with non-ideal track conditions. In relation to this, the long-term performance of
SHIELD (using non-linear models) should also be investigated in future works.

General conclusions: There are some critical conditions like moisture effects on material
properties of aggregates, tracks subjected to extreme temperature variations, or other
environmental factors that have not been investigated in this work. However, these criti-
cal conditions are evident in terms of variation (spatial and temporal) in the properties
of trackbed materials and the influence of this variation (by implementing probabilistic
distribution of elastic modulus, density and Poisson’s ratio) is studied and dealt with (by
proposing design limits) in this work. The implementation of the proposed energy-based
criterion to evaluate the real-time performance of track conditions might be challenging
as energy is a difficult quantity to measure on-site. However, with an increasing trend
of adopting digital twins for monitoring real-time track conditions, the energy can be
computed in the calibrated models and used as an evaluation criterion. Therefore, as a
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part of this work, to calibrate numerical models for further investigations and to address
some of the above concerns, a 1:1 scaled experiment (in a controlled environment) has
been designed.

This work presents a preliminary design of a transition structure based on energy-
limiting principles, that aims at mitigating the excessive degradation in railway transition
zones. Any practical implementation of SHIELD must address the future scope of work
suggested above and must be accompanied by detailed experiments and site measure-
ments.
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