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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 geometry 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 (heuristic 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.

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 mitigation 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 am-
plifications. Over the years, these amplifications have been studied
vastly in terms of kinematic responses or stresses in the track compo-
nents such as rail, sleepers and trackbed layers (ballast, embankment,
subgrade). However, in a recent study [11], the strain energy is
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proposed to be the most comprehensive 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 magnitude 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 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 ge-
ometry in the transverse direction on the strain energy distribution is
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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 inter-
vention to mitigate 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 pro-
posed energy-based criterion mentioned above [11], it is shown in
[34,30] 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. Fig. 1 shows energy concentration
in the upper trackbed layers due to geometry [34] and energy obstruc-
tion in the transition zone compared to the open tracks for an
embankment-bridge transition discussed in Section Models. SHIELD as a
name reflects that the transition structure design is ’safe’ (as the tran-
sition 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 longitudinal, 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 geometry (permanent deformations in the vertical di-
rection) is demonstrated in [11].

(c)

Transportation Geotechnics 49 (2024) 101383

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 funda-
mental 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:

e Guiding energy using optimal pathways: The shape and config-
uration of a structure can significantly influence the propagation of
energy. For instance, certain geometric designs can ensure that wave
energy gets distributed uniformly rather than concentrating in spe-
cific areas, preventing “hotspots” or areas of concentrated 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 ge-
ometry, these concentrations can be minimized, ensuring a more
uniform distribution of energy.

In summary, geometry serves as a blueprint for energy flow. By un-
derstanding 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 transi-
tion without any transition structure is studied to evaluate the distri-
bution of total strain energy in the trackbed layers in the proximity of the
transition interface and far from it. Secondly, the influence of different
geometric profiles of SHIELD in longitudinal, transverse and vertical

(d)

Fig. 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.
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Fig. 2. Cross-section details of a standard embankment-bridge transition used to generate a 3-D numerical model.

directions on the strain energy distributions is studied using a number of
3-D finite element models (discussed in detail in Section Models). Lastly,
based on the results (in Section Results and discussion) obtained for the
above-mentioned cases, this paper presents an optimised geometry of
the transition structure using a heuristic approach for energy redistri-
bution 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.

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 per-
manent deformations. The models studied in this work can be broadly
classified into two categories as follows:

e Standard embankment-bridge transition zone: A three-
dimensional (3-D) finite element model was developed using ABA-
QUS [40] to represent an embankment-bridge railway transition
zone to study the influence of the geometry in all directions 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 Energy Limiting Design” (SHIELD) transition
structure: The influence of longitudinal, 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 geo-
metric profiles shown in Figs. 3-5 are chosen such that the energy 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 geo-
metric edges (based on discussions in Introduction). Firstly, five
longitudinal profiles (see Fig. 3 and Table 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 Fig. 4
and Fig. 5 for details). Lastly, the influence of the vertical cross-
section (see Fig. 6 and Fig. 7 for details) is investigated using the
longitudinal and transverse profiles that show the best performance
according to the energy criterion.

Geometric model

Base model

The geometric profiles (longitudinal, transverse, and vertical) of the
base model are shown in Fig. 2. In Fig. 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 addi-
tional 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 Fig. 2 for zoning details) close to the transition interface is

15m 15m
75m ‘ : ‘ ‘ ‘ i
AZ-1l Az AZ-ll ‘ Azl | AZ-1l Az 1
i 1125m ‘ ] Model-L1 Model-L4
TR S ‘ Model-L2 Model-L5
AZ-1l AZ-L : E5% Model-L3

Fig. 3. Longitudinal profiles of SHIELD (models L1 to L5 as shown in the legend).
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(a) (b) © ()

Fig. 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.

Fig. 5. Transverse and vertical cross-sections of SHIELD for Model-T1, Model-T2, Model-T3, Model-T4 (left to right).

Table 1
Details of Longitudinal profiles of SHIELD studied in this paper.
Longitudinal Profiles Liop Lottom Schematic (models L1-L5)
Model-L1 L L/2 Liop
Model-L2 L null :
Model-L3 L L ‘ ‘
Model-L4 L L/4 : ‘ Tootom
Model-L5 L 3L/4 | .
(a) (b)

Fig. 6. Three dimensional (3-D) shapes of SHIELD with different vertical cross-sections for (a) Model-V1, (b) Model-V2.

15 m

Fig. 7. Transverse and vertical cross-sections of SHIELD for Model-V1 and Model-V2 (left to right).

referred to as "Approach Zone - I (AZ-I)” which is the most influenced second zone in between AZ-I and OT is referred to as ”Approach Zone-II
zone by transition effects. The last zone under study is referred to as (AZ-I1)” which might or might not be affected by transition effects. The
”Open Track (OT)” as it is largely uninfluenced by transition effects. The geometric model mainly consists of the following track components:
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e Rail with profile 54E1 (UIC54) according to European Standard EN
13674-1

e Rail-pads

e Sleepers

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

e 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 con-
crete 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 "L, and
a minor base (bottom) of length "Lyotom’ @s shown in the schematic in
Table 1. Five different longitudinal profiles (see Fig. 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 Liop t0 Lyotrom Of the transition structure. How-
ever, the design length 'L’ mentioned in Table 1 will depend on several
factors such as vehicle characteristics, material properties of the sur-
rounding/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 distribu-
tion in the trackbed layers, all other parameters are kept constant. For a
particular set of the above-mentioned factors considered 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 pre-
sented in this paragraph 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 Fig. 4 and Fig. 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
modification 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 stud-
ied (see Fig. 6 and Fig. 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

Transportation Geotechnics 49 (2024) 101383

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

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-1, 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-1 (AZ-I)”. The zone in between AZ-I and AZ-II 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. Fig. 8 shows the zones of study for one of the models
(model-V1) with SHIELD.

Numerical model

Several 3-D Finite Element (FE) models were created using ABAQUS,
by modifying the base model (Fig. 9) using geometrical details described
in Section Geometric model. To include realistic energy dissipation in
the models, Rayleigh damping for materials was defined using param-
eters listed in Table 2 according to [39]. The dimensions (longitudinal
and vertical direction) of the model were chosen to eliminate the in-
fluence 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 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 [42,43] 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 between 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

AZ-111 AZ-11 AZ-1

oo oo OO 000000 o000 000 oo o 000000 o 0000000000000 0000 0000000000000 0000000000 00000000000000
T

Transverse Section (X-Y Plane)

Fig. 8. Transverse Cross-section of the model-V1 showing the zones (AZ-I, AZ-II, AZ-III) under study.
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Fig. 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 2

Mechanical properties of the track components.
Material Elasticity Modulus Density Poisson’s Ratio Rayleigh damping

E [N/m?] p [kg/m®] v a Vi

Steel (rail) 21 x 10'° 7850 0.3 - -
Concrete (sleepers) 3.5 x 10%° 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 10° 1900 0.2 0.0439 0.0091

investigate the influence of geometry on the energy distributions,
capturing the main mechanisms governing the dynamic amplifications
in RTZs in the cleanest possible manner. The load moving in the direc-
tion from the soft side to the stiff side of the transition was simulated
using the DLOAD subroutine in ABAQUS [44].

Material

The materials used for all track components in the models described
in previous sections 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
performance of SHIELD in this work. The mechanical properties of all
the track components and the transition structure (SHIELD) are chosen
as tabulated in Table 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:

e 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 10* N-s/m).

e Sleeper-ballast, ballast-embankment, and embankment-subgrade
interfaces: surface-to-surface tie constraint was used for defining
the conditions at these three interfaces.

e 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 coeffi-
cient equal to 0.5. (details can be found in [40])

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.

Outputs

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
Geometric model for details) of SHIELD and the base model under study.

The strain energy magnitude on the concrete structure (stiff side) is
negligible (approximately 300 times smaller) compared to the ballasted
tracks (soft side) as shown in [11] and a direct correlation was
demonstrated between strain energy and permanent 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 Fig. 10 is
desired to be always less than 1. In the temporal variation of strain
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| Any Zone | | Any Zone Any Zone

(b) (© (d)

Fig. 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, ¢) abrupt

local increase, (d) increase after decreasing trend.

energy, a monotonically decreasing trend is sought. Both of these re-
quirements 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):

e 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
(Fig. 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 (in-
crease or decrease) in a short span of time (Fig. 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 time
moment (see Fig. 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 car-
ried by the moving load.

Results and discussion
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
(Fig. 11c) for the base case (described in Section Models) 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-
ID). 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 con-
ditions) in the embankment and subgrade and shows a higher amplifi-
cation of strain energy in the proximity of the transition interface in the

ballast layer compared to that predicted by the 3-D model. The over-
estimation of responses can also be seen in a comparison of displace-
ments (see Fig. 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.

In Fig. 12, 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 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.

Longitudinal profiles of SHIELD

Ballast: Fig. 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-L. This is similar to AZ-II of the base model (Fig. 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
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Fig. 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.
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Fig. 12. Time history of the displacements obtained from the base model for (a) rail, top of (b) ballast (c) embankment and (d)subgrade layers.
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Fig. 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.

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 Outputs)
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 Fig. 11) 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-1II.

Embankment: Fig. 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 (Fig. 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 (Fig. 14c),

—~—-L1-o-L1L2---L3-e L4—1L5

()

Strain energy (J)
Strain energy

——L1—--L02---L3—e-14—1L5

however, all models result in similar strain energy curves.

Subgrade: Fig. 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 lon-
gitudinal profiles under study in AZ-I (Fig. 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 (Fig. 15b). Models L1, L3 and L5 show a
reduction in the magnitude of strain energy in AZ-II compared to that in
AZ-1. 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.

Transverse profiles of SHIELD

Ballast: Fig. 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-], all the models illustrate the same strain energy
distribution (no abrupt increase or decrease). In AZ-II, models T1 and T2
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Fig. 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.
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Fig. 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.

show the most smooth distribution of strain energy demonstrating a
gradual decrease in the magnitude of strain energy as the load ap-
proaches AZ-III (i.e., spatial trend). However, models T3 and T4 show a
non-smooth (similar to Fig. 10d) temporal trend of strain energy in AZ-
11, 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 Outputs.

Embankment: Fig. 17 shows a comparison of the time history of
strain energy in the embankment layer for zones AZ-I (a), AZ-1I (b) and
AZ-1II (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.

Subgrade: Fig. 18 shows a comparison of the time history of strain
energy in the subgrade layer for zones AZ-1, AZ-II and AZ-III, for models
T1-T4. In AZ-I (Fig. 18 and AZ-II (Fig. 18b), all models show similar
strain energy distributions. In AZ-III (Fig. 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.

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
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Fig. 17. Time history of strain energy for different transverse profiles under study in the layer of the embankment for (a) AZ-1, (b) AZ-II and (c) AZ-III. The dotted
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Fig. 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.
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Fig. 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.

(Fig. 19), embankment (Fig. 20) and subgrade (Fig. 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-

10

V1 but shows a smoother 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



A. Jain et al.

the criterion discussed in Section Outputs 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 smooth-
ness of the temporal trend in AZ-IIL.

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 layers (ballast,
embankment and subgrade) according to the two-point evaluation
criteria (spatial and temporal) discussed in Section Outputs. 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 sub-
grade) 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 inter-
face. 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.

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 transition structure (SHIELD).
The geometry of SHIELD is varied in longitudinal, transversal and ver-
tical 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 transverse 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 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
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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 geo-
metric profiles of SHIELD in all directions is vital in redistributing strain
energy effectively, thereby reducing 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 perfor-
mance 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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