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Abstract: Weaker sections of a railway track, such as the approach sections, are prone to differential
settlement under the action of repeated train loads. The railway tracks degrade more quickly at
a critical section adjacent to a traditional rail bridge because of progressive deterioration. Opting
for an integral abutment instead of a traditional bridge is gaining importance due to its improved
performance in terms of track stiffness and reduced settlement. It is essential to understand such
issues with the appropriate methodologies. This study investigates the behavior of an integral
abutment bridge with the transition zone subjected to train loading. Generally, the transition zone is a
two-part wedge section consisting of unbound granular material and cement bound mixture. A field
monitored traditional abutment bridge system is used to validate the developed two-dimensional
Finite Element (FE) model. The model is further developed to simulate the dynamic behavior of the
transition zone against the varying speeds of the train. The parametric study is performed on the
transition zone by varying its geometric configurations and considering different materials for the
backfill. The results indicate that the trapezoidal approach slab influences the track displacement
significantly. The transition zone thickness and material properties of the backfill have a greater effect
on the overall track response. Based on the results, the stable transition zones are identified to cater
to the gradual stiffness variation during train–track interaction.

Keywords: integral abutment; transition zone; vertical stiffness; settlement; cement bound mixture;
unbound granular mixture

1. Introduction

The railway track near the abutments deteriorates more quickly than the other track
components. One of the main reasons for such degradation is the subtle transition zone
where the variation of track stiffness and track settlement occurs due to irregular train-track
interaction [1]. Previous studies on the transition zone effectiveness constituting long and
thick sleepers, concrete approach slab, additional rails, and improved subgrade drainage
have resulted in a swift and smooth adaptation of the stiffness and reduced the uniform
settlement [2].

For High-Speed Trains (HST), the track structure is either ballasted or ballastless. The
ballast is the principal component in a ballast track, while a concrete slab constitutes the
ballastless track. Even though the dynamic loading developed in a ballastless track system
is less, the transition zone helps in the uniform distribution of loading on the track and
transfers the track load to the abutment smoothly through a gradual transition of stiffness
between the track and the abutment [3]. The Chinese code suggests the implementation of
the transition zone to the slab track either by a two-part transition or an inverted trapezoid
section as in shown in Figure 1. Shan et al. [2] evaluated the dynamic response of slab tracks
using both types of transition zones and concluded that the two-part transition section is
more effective for HST operations.
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Figure 1. Transition zone (a) two-part transition and (b) inverted trapezoid transition (modified after
Shan et al. [2]).

At the transition sections, excitation of various components due to the escalated
dynamic loading increases the track settlement and causes deterioration [4]. The disparity of
the track stiffness along the supports or the abutments in a track bridge generates increased
forces, thereby leading to track aberration. The track modulus and track irregularity define
the vertical stiffness under the dynamic force [5]. The ideal value of the track modulus
ranges from 14–69 N/mm/mm. When the track modulus is less than 14 N/mm/mm, it
represents a weak subgrade and a value of more than 69 N/mm/mm depicts a strong
subgrade which can accelerate undesirable dynamic vehicle/track interaction [6]. Increased
vertical stiffness (k) reduces the settlement, while decreased vertical stiffness leads to
resonance [7].

The train–track irregularities at the transition section are typically higher, leading to
reduced passenger comfort, increased derailing risk, and escalated degradation of the train
and track components. Therefore, for better performance of the transition zone, Railway
Infrastructure Managers (RIM) suggest providing a well-compacted backfill with numerous
layers of different materials between the embankment and the bridge [8]. Alves et al. [9]
have performed experiments on introducing the Under Sleeper Pads (USP) in the transition
zone of a ballasted track and noticed the smooth transfer of the elevated track stiffness
between the components.

In the 1970s, trilateral transition zones were first incorporated in HST abutments,
which were composed of a cement granular mixture and soil–cement as the base and the
top layers, respectively [10]. European rail researchers designed the transition sections
with proper guidelines suggested by the RIM [10,11]. It is suggested that the dominant
factor governing an efficient design includes reducing the faults and irregularities of the
transition zone [4]. The most common practice is the inclusion of two-part wedge transition
sections, which consist of layers of various materials such as Unbound Granular Material
(UGM) and Cement Bound Mixture (CBM). Paixão et al. [8] also adopted two-part wedge
transition sections to perform experimental and numerical studies to check for the dynamic
interaction forces and stiffness variations in the transition zone. A part of the transition
zone lying above the granular material should be more unresponsive to deformation than
the embankment material. The contributions from past research for the enumeration of
various transition zones are listed in Table 1.
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Table 1. Past research studies for transition sections.

Transition Zone Configuration Methodology Conclusion Reference

Two sections included in the transition
zone: a soft and a stiff section.

Finite Element (FE) modeling to
check for a smooth stiffness
transition with and without USP.

Reduction in rail–track contact force,
especially on using USP. Dahlberg [5]

1. A two-part transition section
2. An inverted trapezoid

transition section

Variation of dynamic transition
properties for different lengths
using Finite Element Method (FEM).

1. Length of transition zones more
than 30 m show better
dynamic performance.

2. Two-part transition zones
exhibit better dynamic behavior.

3. Transition zones need to be
designed for a better outcome.

Shan et al. [2]

USP provided in wedge-shaped
backfill consisting of UGM, CBM and
5% binder content.

Numerical modelling of the
transition section, including
the USP.

Less track stiffness and minor changes
at the rail track entry and exit
considering the direction of the
train movement.

Alves Ribeiro et al. [9]

A wedge-shaped backfill with two
zones: UGM and CBM

FEM to check stiffness transition
and long-term behavior of the
transition zone

Wedge-shaped backfill is suitable to
minimize the effects of
stiffness variation.

Paixão et al. [8]

Poor/well-supported bridge
transition sections.

Experimental analysis on the bridge
transition sections to evaluate track
performance using tie supports.

Well-supported bridge transition
zones show better performance. Wilk et al. [12]

Addition of Fibre Reinforced Light
Weight Concrete (FRLWC) to the
transition zone.

FEM for comparing the dynamic
response of the FRLWC backfill
section with a typical
transition section.

Elevated acceleration attained on the
track using inverted trapezoidal shape
with FRLWC backfill material
delivered better performance.

Liu et al. [13]

Two transition sections:
embankment–slab track and slab
track–embankment.

Field tests and numerical analysis to
check for the adjustable fastener in
the transition zone.

1. Increased settlement within a
short period.

2. Less degradation in the
ballasted part.

3. Decreased effect of axle loads.

Wang and Markine [14]

1. Inverted trapezoid transition
zone.

2. Trapezoid transition zone with
wedge backfills.

3. A two-part transition section.
4. One-part transition section.

Evaluated the design of different
transition zones using the discrete
element method for better dynamic
performance.

1. Improved dynamic transition
for an inverted trapezoid
transition section.

2. Better performance imitated by
a two-part transition section.

3. Trapezoid critical sections
improve the long-term
settlement rate.

Shi et al. [11]

The traditional track bridges are constructed to include expansion joints to deal with
the superstructure displacement; however, these joints can cause more track deterioration.
Thus, restoration becomes quite challenging and expensive [15]. In recent years, Integral
Abutment Bridges (IABs) have been replacing the conventional seat type abutments. The
Integral Abutment Bridge (IAB) is a monolithic structure with no joints, consisting of a
superstructure and a substructure. The provision for expansion and contraction depends on
the integral abutments supported by a series of piles rather than expansion joints, as shown
in Figure 2. The IABs are dynamically more stable structures with improved passenger
safety and comfort and much-reduced construction and maintenance costs [16]. The design
of each component of the IAB needs to be appropriate to deal with the impact forces
and temperature changes, as the bridge movement causes displacement that leads to the
settlement of the soil supporting it [17]. A field study has been performed by Talbott [18]
highlighting the performance of the IAB for a period of 3 to 4 years. However, a long-
term performance for larger lengths of the IABs needs to be evaluated more rigorously.
Al-qarawi et al. [15] investigated the performance of the IAB by including a polystyrene
geofoam as a fill material. The reduction of lateral pressure and settlement was one of the
primary features of this jointless bridge.
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Figure 2. Components of an integral abutment bridge and the highlighted box portion is considered
in the analysis.

Research performed to highlight the dynamic behavior of monolithic structures based
on the surface interactions suggests that the pile stability and backfill characteristics in-
fluence the abutment behavior, which in turn affects the transition zone [19]. Previous
studies have suggested many mitigation techniques for such critical sections [20]. The IAB
behavior is nonlinear in nature due to the non-linearities involved in the abutment-soil-pile
system through various interactions. The behavior of the transition zone under the train
loading depends on the hysteretic behavior of backfill soil. The main focus of this study
is to recognize the abiding nature of the transition zone in a much-elaborated manner.
Bridge designers commonly ignore the support of soil below the transition and design the
approach slab as simply supported with standard loads [21]. The poor performance of
approach slabs occurs due to various reasons such as soil erosion, settlement of backfill
soil, movement of the bridge due to temperature and load and incidental forces such as
creep and shrinkage [21]. To capture the transition zone behavior under the train loading
properly, numerical simulations are necessary. The numerical simulation takes into consid-
eration the whole structure, including the restraint involved in the super structure and Soil
Structure Interaction (SSI) effects at piles and abutments. The present study highlights the
modelling of IAB with the transition zone, as depicted in a box in Figure 2, and considers
the SSI effects realistically by the master-slave concept in the ABAQUS simulations.

2. Numerical Model of the Integral Abutment Bridge

A two-dimensional (2D) FE model is developed using the software package ABAQUS,
considering the different components of the train–track–abutment–pile system as shown in
Figure 3a. A variation in length and thickness of the transition zone is considered in the
analysis. The edge-to-edge contact at the interfaces such as sleeper–ballast, slab–ballast,
foundation soil–pile and abutment–backfill are simulated by adopting the master-slave
concept. To capture the SSI, normal behavior is simulated as hard contact and tangential
behavior is simulated by Coulomb friction model inbuilt in ABAQUS [22].

Boundary and Loading Conditions

The FE model encompasses the 70 m long rail section which is resting on 116 sleepers,
each spaced at 0.6 m. The standard boundary conditions are adopted in the model. The
roller supports are applied on the lateral sides and a fixed boundary condition at the bottom.
The highest speed of the moving train considered in the study is 220 km/h. The calibration
process incorporates the determination of the adequate properties of the different com-
ponents as included in the FE model. Table 2 gives the corresponding properties of the
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materials. In this study, a 60 kg/m CrMg steel rail and a prestressed concrete sleeper are
adopted. The backfill and foundation soils considered in the FE model are the dense sand
and hard clay, respectively. The behavior of the materials is simulated by corresponding
constitutive models, as given in Table 2.

Figure 3. Train–track–abutment–pile model: (a) Schematic geometry (all units in m), (b) FE mesh,
and (c) Train loading (Qw in kN) configuration showing distance between axles (in m).
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Table 2. Material properties of the model.

Material Constitutive
Model

Density, ρ
(kg/m3)

Young’s Modulus,
E (MPa)

Poisson’s
Ratio, υ

Friction
Angle,φ’

Dilation
Angle, ψ

Cohesion,
c’ (kPa)

Rayleigh
Coefficients
α β

Rail 3 Elastic 7700 206,000 0.3 - - - - -
Sleepers 3 Elastic 2350 25,500 0.2 - - - - -
Ballast 1 DP 4 1600 110 0.3 40 5 1 8.52 0.0004

Sub-Ballast 1 DP 4 2220 400 0.25 35 2 1 8.52 0.0004
Backfill soil 2 MC 5 1835 35 0.35 38 8 6

Foundation soil 2 MC 5 1682 30 0.3 20 1 20 1.355 0.001
Integral

abutment
(Concrete) 2

Elastic 2385 30,000 0.25 - - - - -

HP pile 2 Elastic 7951 200,000 0.3 - - - - -
Approach slab 2 Elastic 2385 30,000 0.25 - - - - -

1 (Farooq et al. [23]); 2 (Al-qarawi et al. [15]); 3 (Li et. al. [24]); 4 Drucker-Prager; 5 Mohr-Coulomb.

The behavior of the IAB-transition zone system is simulated using linear and nonlinear
constitutive models. The rail, sleepers, integral abutment, and transition zone along with
approach slab are simulated using linear elasticity. The nonlinear model is adopted to
capture the behavior of ballast, sub-ballast, backfill, and foundation soils. The Rayleigh
coefficients, ‘α’ and ‘β’, are determined using the following equations:

α =
2 DRωm ωn

ωm + ωn
(1)

β =
2 DR

ωm + ωn
(2)

where DR is the damping ratio and ωm and ωn are the angular frequencies for a fre-
quency interval with viscous damping equal to or less than DR [25]. The dimensions
of the schematic model geometry are shown in Figure 3a. The FE mesh is discretised
(3348 elements) using a 4-node bilinear plane strain element with reduced integration
(CPE4R), as shown in Figure 3b. The integral abutment is supported by 8 m long HP piles,
firmly socketed into the rock. The HP piles have many advantages, such as ease of instal-
lation, high bending moment capacity, and increased serviceability. The loading on the
FE model is applied following the stage-wise procedure. The effective stresses (σ’ = σ − u,
where σ is the total stress and u is the pore water pressure) in the model are generated by
gravity loading (g = 9.81 m/s2). The settlement that resulted due to the gravity loading is
considered as zero. A schematic representation of the train loading at different wheel axles
is illustrated in Figure 3c.

The ABAQUS standard implicit analysis is performed to simulate the train wheel load-
ing. The track displacement is obtained for different lengths, thicknesses, and inclinations
of the transition zone configuration. The linearly varying trapezoidal transition zone is
also simulated in the study. The thickness and length of the approach slab for practical
considerations and development of design aids is usually varied from 300 to 900 mm and 3
to 18 m, respectively [26]. Therefore, in the present study, three thicknesses are chosen: 300,
500 and 700 mm. Similarly, the lengths of the approach slab are chosen as 6, 9, 12 and 15 m.
The density of the backfill soil is also varied to assess its effect on the performance of the
transition zone.

3. Parametric Study

The efficacy of the transition zone in effective load transfer and reducing the track
settlement is determined by performing the parametric study. The static and cyclic loadings
are applied for each of the configurations of the IAB-transition zone system. The loose,
medium, and dense states of the backfill are simulated to evaluate the effectiveness of the
backfill in reducing the track displacements. The train speed is simulated by using an
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equivalent static loading multiplier in accordance with the Dynamic Amplification Factor
(DAF). The higher train speeds above 220 km/h will induce the critical velocity effects,
which in turn significantly increases the dynamic train load. Hence, the train speeds are
considered as 60, 100, 150, and 200 km/h and the same are used in the present study.

3.1. Variation of the Length of the Transition Zone

The length of the transition zone is varied as 6, 9, 12, and 15 m by keeping the
thickness constant. The influence of the varying length of the transition zone on the track
displacement is illustrated in Figure 4. The track maximum displacement occurs when
the length of the transition zone is equal to 6 m, albeit the track section at the transition
zone–embankment intersection shows larger displacements than the rest of the track. The
track displacements continue to decrease with the increase in the length of the transition
zone (i.e., 6 to 9 m). However, for the further increased length (i.e., 12 and 15 m), there is no
change in the track displacement. It is noted from the results that the track section at the
transition–embankment intersection is the most vulnerable. However, the varying length
of the transition zone does not affect the track displacement at the transition–embankment
intersection. The track displacement is found to be maximum at the embankment and then
at the transition zone and the least at the bridge. Similar observations have also been made
by Coelho et al. [27].

Figure 4. Variation of track displacement with changing lengths of the transition zone.

3.2. Variation of the Transition Zone Thickness

Keeping the length of the transition zone as 6 m, the thickness of the transition zone is
varied from 300 to 700 mm. Figure 5 shows the track displacement with varying thickness
of the transition zone at the bridge, middle of the transition zone, and interface of the
transition zone–embankment section. The track maximum displacement occurs at the
interface of the transition zone—embankment when the thickness of the transition zone
is 300 mm. This indicates the benefit of the increased thickness of the transition zone in
reducing the track displacement, especially along the most critical section of the track (i.e.,
interface of the transition zone–embankment). It is noted that the increased thickness of the
transition zone does not affect the settlement of the bridge section.
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Figure 5. Variation of track displacement with thickness of transition zone.

3.3. Variation of Backfill Soil Density

The backfill soil density is varied to simulate the loose, medium, and dense states to
assess its impact on the track performance. Figure 6 depicts the vertical displacement across
the depth for different compaction states of the backfill soil. The maximum displacement
occurs at the embankment section. The transition zone experiences the least displacement
due to its immediate vicinity to the approach slab. The loose and dense sand backfills show
the maximum and minimum displacements, respectively. The maximum ballast settlement
occurs at the bridge span and decreases at the embankment due to the efficient load transfer
to the subgrade and in turn to the backfill. The ballast layer at the bridge-transition zone
rests over the rigid concrete section and undergoes more settlement as compared to the
embankment, where the ballast rests on the soil subgrade.

Figure 6. Variation of vertical displacement with depth for different backfill soils.
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The vertical displacement is more significant in the top layer of the backfill and
decreases with depth, as seen in Figure 6. However, beneath the transition zone, the
difference in the vertical displacement is negligible between the top and bottom layers of the
backfill. The minimum ballast settlement is observed for the case of loose backfill material.
At the embankment section, the backfill soil density does not affect the compression of the
ballast layer.

3.4. Variation of Height of the Integral Abutment

The height of the integral abutment is varied as 3, 4, and 5 m to evaluate the track
displacement. The variation of the track displacement with different heights of the integral
abutment is depicted in Figure 7. The track displacement increases with the increase in
the height of the integral abutment, notably at the embankment. At the interface of the
transition zone–embankment, the transition zone, and the bridge section, this trend is not
observed. The increase in the height of the integral abutment causes a minor difference in
the track displacement at the transition zone due to the train load transfer from the ballast
layer to the approach slab. The compression of the backfill soil is higher at the embankment
zone than in the transition zone, as the train loading is transferred from the ballast to the
sub-ballast and then to the backfill soil.

Figure 7. Variation of track displacement with height of the integral abutment.

3.5. Variation of Inclination of Transition Zone

The track displacement at the transition zone and bridge is evaluated for varying
inclination of the approach slab with magnitudes of fall as 0, 2, 3, and 5%. The approach
slab is responsible for reducing the track displacement. Figure 8 shows the variation of the
track displacement with fall in inclination at the bridge and transition zone. The increase in
the fall results in the reduction of the track displacement at the critical sections. However,
the track displacement at the bridges is unaffected with the fall in the inclination of the
approach slab because there are no geometrical changes at the bridge.
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Figure 8. Variation of track displacement with fall in the approach slab.

4. Dynamic Loading: Simulation and Results

The Dynamic Amplification Factor (DAF) is used to simulate the dynamic effects of
the moving train over the tracks. In this study, the DAF is evaluated for train speeds of 60,
100, 150, and 200 km/h. The past literature suggests several methods to calculate the DAF.
In this study, the DAF is calculated by the equivalent dynamic wheel load method [28] as

DAF =

(
1 + 0.3V

100

)
(1 + C) (3)

where V is the velocity of the train in km/h and C is the coefficient equal to 0.3. These
factors are multiplied with the static wheel loading to simulate the dynamic wheel loading
effect. Figure 9 shows the variation of ballast displacement across the length of the model
from the bridge to the embankment. It is seen that the consideration of DAF in lieu of
train speed captured the dynamic loading effects. The comparison of displacements due
to different train speeds highlights the predominant difference in the ballast settlement
at the embankment, transition zone, and the bridge. The higher DAF results in higher
displacement throughout the bridge structure. The results obtained in the present study
are consistent with those reported in the previous studies (e.g., Coelho et. al. [27]). The
effect of the dynamic wheel loading is also evaluated for different thickness and fall in the
inclination of the approach slab.
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Figure 9. Variation of displacement at the top of ballast due to change in train velocity.

Variation in Thickness and Fall in Inclination of the Approach Slab

The track displacement for different dynamic wheel loading is evaluated for different
thicknesses of the approach slab and is depicted in Figure 10a. The result shows that the
track displacement reduces with the increase in the thickness of the approach slab. A
similar trend is observed earlier for the static loading, but the displacements are increased
significantly due to the dynamic wheel loading. The track displacement at the bridge deck
is shown in comparison with the transition zone. The geometric properties of the bridge
deck section are held constant during the FE simulations. The track displacement at the
bridge deck is independent of the transition zone. Hence, it is almost the same for different
thicknesses of the transition zone. The load coming on the bridge may change slightly
due to variations in thickness of the approach slab at the transition zone. However, in the
present study, the loading on the bridge deck is kept constant. The geometric properties
of the transition zone are varied in this study. At the bridge section, the rail and sleeper
are supported on the ballast and the ballast is supported on the bridge deck. The load
from the bridge deck is transferred to the abutment. At the transition zone, the ballast
layer is supported on the approach slab, and in turn this slab is supported directly on the
backfill soil. Because of this load transfer mechanism, the track displacement changes only
in the transition zone. Figure 10b shows the variation of the track displacement with fall in
the inclination of the approach slab. The decrease in the track displacement is observed
similarly as in the case of static loading; however, the magnitudes of the track displacement
are much higher due to the dynamic wheel loading.
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Figure 10. Variation of track displacement with (a) thickness, and (b) fall in inclination of the
approach slab.

5. Cyclic Loading

The train wheel loading acts as the repetitive wheel loading during the entire train
passage at a point on the rail track above the sleeper. The train load for the entire train
passage is simulated via a stationary cycling (repetitive) wheel loading. At the bridge,
the middle of the transition zone, the interface of the transition–embankment, and the
embankment, a cyclic loading at 100 kN was applied. The effect of cycling loading on
the displacement of the ballast increases as the number of cycles of loading increases.
Figure 11a depicts the ballast displacement for the entire stretch after the 1st, 5th, 10th, 24th,
50th, and 100th cycles of loading. Due to cyclic loading, the ballast displacement increases
rapidly for the first ten cycles, then slowly increases for the next ten cycles. Figure 11b
shows the displacement at the top of the ballast at the bridge, the transition zone, and the
embankment after 100 cycles of loading. It is seen that the displacement of the ballast is
constant after 100 cycles of loading, which is almost equal to the displacement of the center
of the transition zone. With the increase in the number of cycles, the ballast displacement
on the embankment increases.
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Figure 11. Variation of ballast displacement (a) at 1st, 5th, 10th, 24th, 50th, and 100th cycle across the
stretch (b) with different cycles of loading.

The vertical displacement profiles across the depth at different sections such as the
embankment, the interface between the embankment and transition zone, and the middle
of the transition zone are shown in Figure 12a–c for different loading cycles. It is noted that
the increase in the number of loading cycles increases the vertical displacement of the track.
For the 24th cycle, the results are shown up to a depth of 3 m as in Figure 12d, wherein the
vertical displacement is maximum at the embankment and minimum at the bridge.
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Figure 12. Cont.
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Figure 12. Variation of vertical displacement with depth at different locations along the track (a) at
embankment (b) between the embankment and the transition zone (c) middle of the transition zone
(d) for one train passage (24th cycle).

6. Model Validation

The calibration of the FE model was performed using the data of Paixão et al. [8], where
the transition zone is analyzed experimentally and numerically for Alfa Pendular rail in the
Portuguese Railway network. Figure 13 illustrates the validation model of the transition
zone consisting of a rail mounted on the rail pad with a rectangular cross-sectional area
of 0.0154 m2 and the dimensions as 0.1232 m × 0.125 m. The backfill was modelled using
the Mohr–Coulomb model. The rail pads were modelled as a spring-damper system and
the bridge deck as a continuous beam element. For the transition zone, the maximum
length considered was 60 m with a length of 21.5 m, 12 m, and 4.5 m distributed for the
UGM, CBM, and abutment. The rail displacements are evaluated for the CBM and UGM
at x = 0.9 m and x = 14.7 m from the abutment. Figure 14 depicts the comparison between
the FE results and the data reported in Paixão et al. [8]. It is seen that the FE results are
consistent with the experimental results. The peaks of the rail displacements also match
the field data for different times of the train passage. The rail displacements at the UGM
are found to be slightly higher when compared to the displacements at the CBM. The rail
displacement is maximum at the embankment, lesser at the UGM, and is still lesser at the
CBM and is considerably less at the bridge abutment.

Figure 13. Cont.
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Figure 13. Validation model with FE mesh modified after Paixão et al. [8] [all dimensions in m].

Figure 14. Comparison of rail displacement with data reported in Paixão et al. [8].

7. Conclusions

The primary goal of this study is to reduce the track displacements caused by the static
and cyclic loading in the critical sections of the integral abutment bridges. The developed
finite element analysis procedure using ABAQUS captures the long-term behavior of the
transition zone for the IAB during train passage. It is found that the interface between
the embankment and the transition zone is susceptible to excessive vertical displacements
under the static and dynamic wheel loading. The track displacement is significantly higher
for the corresponding magnitude in the case of dynamic loading.

With the increase in the number of cycles of loading, the track displacement increases
significantly along the entire stretch. The installation of the approach slab improves
the track’s stability. The performance of the transition zone is highly dependent on the
properties of the backfill. The displacement of the ballast layer is higher when the backfill
has a dense state compared to a loose state. At the embankment portion, the vertical
displacement is significant at the top of the backfill. The enhanced load transfer from
the ballast to the approach slab of the transition zone has helped reduce the vertical
displacement of the track. The simulations with the FE model of the IAB-transition zone
system with different thicknesses and lengths have provided a smooth transition of the
stiffness, thereby decreasing the settlement of the transition zone and hence improving
track stability and performance of the IAB. This information can be advantageous while
proportioning the transition zone dimensions for HST applications.
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For the increased length of the transition zone, a marginal reduction in the track
displacement has been noted; however, a drastic reduction in the displacement has taken
place due to the increased thickness of the approach slab. The increase in the inclination of
the approach slab under the static and dynamic loading resulted in the increased stability
of the track. This fact demonstrates the benefit of using the trapezoidal approach slab
for HST applications in a sustainable manner and provides an attractive solution for the
enhanced performance of the IAB. The higher degree of complexity associated with the
train–track system at the transition zone requires more rigorous studies to assess the
long-term performance of the transition zone.
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