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A comparison of earthwork designs for railway transition zones 
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A R T I C L E  I N F O   
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A B S T R A C T   

Railway track transitions are zones where there is an abrupt change in the track-ground structure. They are often 
the location of rapid track deterioration, which means more frequent track maintenance is needed compared to 
plain line tracks. With the aim of reducing maintenance, modern transition zone designs use tapered stiffness 
earthwork profiles to minimise train-track dynamics. However, there has been limited comparison regarding the 
effect of different tapered profiles on dynamic behaviour. Therefore, this paper’s novelty is the investigation of 
the performance of different earthwork designs in smoothing stiffness transition’s considering different types of 
improvement and also train speed. To do so, first a 3D finite element track model is developed, with support 
conditions transitioning from an earth embankment onto a concrete bridge. A dynamic moving train load is 
simulated using a rigid multi-body approach capable of accounting for train-track interaction. The model is used 
to study the effect of four earthwork solutions with differing stiffness tapers. For each scenario, two different 
track structure types (ballast and concrete slab) are considered, along with different magnitudes of ground 
improvement. Lastly, the effects of train speed are explored. It is found tapered earthwork solutions for ballasted 
tracks show greater dynamic improvement compared to slabs due to their reduced bending stiffness. Further, the 
more complex improvement geometries such as double trapezoid shapes offer some additional improvement at 
locations within 3 m of the bridge. However, when considering such tapered stiffness-based earthwork solutions, 
additional factors such as constructability must also be considered.   

1. Introduction 

Railway embankments play an important role in providing a stable 
foundation for track structures during repeated train passages, as well as 
assisting with drainage and vertical rail alignment. They are located 
below the track-bed layers (ballast, sub-ballast, and capping layer) and 
are constructed from earth material [1]. Although embankment con
struction materials are highly engineered, they inherently have lower 
stiffness than bridge structures which are typically formed from steel or 
concrete [2]. This rapid change in stiffness along the track can result in 
differential track settlement and dynamic wave propagation [3,4] due to 
differing track stiffness [5–8]. These effects can reduce transition zone 
lifespan [9], passenger comfort and ride quality [10,11] and result in 
maintenance interventions up to six times more frequent than on plain 
line [12]. Therefore, it can be beneficial to minimise these effects by 
carefully optimising the stiffness along the track section. 

One method for improving track performance at transitions is using 
pile-type structures made from stone columns, reinforced concrete, or 

steel which have been shown to improve embankment stiffness and 
reduced track settlement [13–16]. For example, [17] performed field 
tests and numerical simulations of an embankment-bridge transition 
with a pile group and geogrid. The field data and numerical results 
indicated the combined solution of pile and geogrid could gradually 
change subgrade displacement between the embankment and bridge. 
However, the installation and maintenance of piling can be complicated 
and costly, depending on the pile material and length [5,13]. Its effec
tiveness relies on pile type, diameter, and installation pattern [18]. 

Geosynthetic materials such as geogrid and geotextile can help in
crease the bearing capacity of soil [19] and the elastic shakedown load 
limit [20]. Although some studies suggest using geogrid provides better 
track transition performance [21,22], some findings from numerical 
studies in [23] and [24] indicate geogrid does not significantly improve 
settlement. The performance of the grid depends on various factors such 
as depth, soil strength parameters, and loading-induced elastic stresses. 
Other solutions to improve track support performance include approach 
slabs [25], transition modules [26], and hot mix asphalt [27,28] which 

* Corresponding authors. 
E-mail addresses: ml16p3c@leeds.ac.uk (P. Chumyen), d.connolly@leeds.ac.uk (D.P. Connolly).  

Contents lists available at ScienceDirect 

Construction and Building Materials 

journal homepage: www.elsevier.com/locate/conbuildmat 

https://doi.org/10.1016/j.conbuildmat.2023.132295 
Received 1 March 2023; Received in revised form 24 May 2023; Accepted 23 June 2023   

mailto:ml16p3c@leeds.ac.uk
mailto:d.connolly@leeds.ac.uk
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2023.132295
https://doi.org/10.1016/j.conbuildmat.2023.132295
https://doi.org/10.1016/j.conbuildmat.2023.132295
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2023.132295&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Construction and Building Materials 395 (2023) 132295

2

reduce the stresses acting in the soil [24]. Nevertheless, issues related to 
their lifespan and long-term performance are still reported in transition 
studies [24,29]. 

In addition to modifying the track-bed structure at existing transi
tions, soil reinforcement using wedge shapes is a common design feature 
of the underlying earthworks. These designs typically attempt to taper 
the earthwork stiffness across the transition using high-stiffness mate
rials such as cement-bound mixture (CBM) or unbound granular mate
rial (UGM) [5]. Different railway administrations use them in various 
forms for bridge transition design, as shown in Fig. 1. In 1978, the 
Japanese National Railways introduced an approaching block of 
trapezium-shaped (Type A: Single trapezoid) backfill behind the abut
ment, where the original backfill was replaced with well-compacted and 
graded gravel [30,31]. Additionally, three forms of bridge transition 
(Type A: Single trapezoid, Type C: Single trapezoid (inverted) and Type 
D: Double trapezoid (inverted)) were recommended in design codes for 
railway embankments [32,33] Another design has been proposed in on 
European railway lines, such as DB (Germany), ADIF (Spain), SNCF 
(France) and REFER (Portugal), which is composed of two parts of a 
trapezoid (Type B: Double trapezoid (inverted)) [12,34]. 

The different earthwork approaches within standards indicate a lack 
of consensus in earthwork designs for embankment-bridge transitions. 
Therefore, studies have been performed to investigate asset perfor
mance, considering track behaviour of each of these forms, as sum
marised in Table 1. However, their conclusions are mostly based on 
single track-forms spanning the transition length. Few studies have 
extended such analysis to varying track-forms over the length, for 
example, comparing a ballasted track on both embankment-bridge to a 
ballasted track on the embankment transitioning to a slab track on the 
bridge. 

Multiple studies have proposed numerical approaches to study 
transition zones, with some solely using 2D Finite element (FE) model
ling [36,41,42,43]. Although these models allow for simulation with 
minimal computational effort compared to 3D models, they do not 
capture the 3D stress wave propagation induced by the dynamics at the 
transition [44]. Additionally, this can make it challenging to calculate 
the 3D deviator stress, which can be used for track settlement analysis 
[2,45,46]. 

3D FE modelling can overcome the problems above [47] and has 
received significant attention [48,49] as discussed in [13]. Its versatility 
in simulating complex geometries allows it to solve problems related to 
track-soil coupling and deep soil wave propagation [49], including 
earthwork solutions at embankment-bridge transitions [17,37,39]. 
Other advanced simulation approaches include the use of coupled 
discrete element (DEM) and finite difference methods (FDM). This is 
where DEM is used to model the sleeper and ballast particles and FDM 
for the abutment, transition, and embankment [38]. Further, the 
coupling of DEM and computational fluid dynamics (CFD) has been 
developed to investigate soil deformation when the seepage flow in
creases (approaching fluidisation) under the track. To do this, the soil 
particles are modelled using DEM while the fluid flow is simulated using 
CFD [50]. However, the complexity of these coupled modelling ap
proaches is high, with potentially long computational times, meaning 
transition zone domains typically require truncation, potentially 
resulting in track lengths insufficient for transition study. 

Due to the lack of consensus for standard design, this paper aims to 
investigate and compare the performance of earthwork solutions for 
various track transition forms over an embankment-bridge transition 
length. To achieve this, a 3D FE approach is used, considering the dy
namic response due to train-track interaction. The model incorporates 
perfectly matched layers (PML) for absorbing boundaries and is solved 
explicitly in the time domain, while treating the vehicle as a multi-body 
system. The analysis examines the dynamic behaviour of different 
earthwork material stiffnesses and configurations, subject to varying 
train speeds. As a result, it provides a novel contribution to the field of 
earthwork solutions for railway bridge approaches. 

Fig. 1. Example transition zone earthwork configurations.  
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2. Numerical modelling 

A finite element model is developed to study the dynamic response of 
transition zones. The pre-processing, including meshing and input file 
generation, is performed using MATLAB before being solved using 
commercial FE software LS-DYNA. The components of the model, which 
include the vehicle, track, soil, and bridge, are described below. 

2.1. Embankment-Bridge transition model 

The underlying transition zone spans across an earthwork embank
ment onto a concrete bridge deck. The following permutations of track 
structure spanning the structure are considered:  

1) Ballasted track on both embankment and bridge  
2) Ballasted track on the embankment, with slab track on the bridge  
3) Concrete slab track on both embankment and bridge 

Both tracks consist of discretely supported rails. Fig. 2 presents the 
ballasted track components, including sleepers, ballast, and sub-ballast. 
The slab track comprises a concrete slab, a hydraulically bonded layer 
(HBL) and a frost protection layer (FPL), as shown in Fig. 3. Further, a 
subbase is placed beneath the sub-ballast for the ballasted track and 
beneath the FPL for the slab track. 

All elements are fully integrated eight-node solid hexahedral ele
ments. In the Cartesian coordinate system, the X, Y, and Z axes represent 
the longitudinal, vertical, and lateral directions, respectively. Element 
size is defined by the relationship between wavelength, frequency, and 
shear wave speed [51]. The maximum mesh size in X, Y and Z axes are 
0.2 m, 0.3 m and 0.2 m, respectively. Additionally, earthwork transition 
solutions are placed between the standard embankment and the bridge 
abutment, as shown in Fig. 4. Full coupling is used across all component 
interfaces. 

Table 1 
Summary of earthwork solutions at railway transition zones.  

Author Earthwork 
configuration(s) 
(Fig. 1) 

Description 

[17] Type A: Single 
trapezoid 
Type C: Single 
trapezoid (inverted)   

• Developed the 3D FE modelling to analyse 
earthwork solutions using graded gravel plus 
5% of cement, piling, and geogrid.  

• Studied the transition from a ballasted track 
on the embankment to a slab track on the 
bridge.  

• The type C configuration provided an 
improved dynamic stress behaviour 
compared to type A.  

• The recommended length to stiffen the 
transition was 18 to 30 m from the abutment. 

[35] Type A: Single 
trapezoid 
Type C: Single 
trapezoid (inverted)  

• Developed the 3D FE modelling to 
investigate the influence of train speed, 
material stiffness and earthwork 
configuration on the dynamic response of the 
bridge approach.  

• Studied the transition from a slab track on 
the embankment to a slab track on the 
bridge.  

• The earthwork solution was constructed next 
to the abutment using fibre-reinforced light
weight concrete (FRLWC).  

• The type C configuration provided improved 
track performance regarding displacement 
and acceleration compared to type A. 

[36] Type B: Double 
trapezoid   

• Developed the 2D FE modelling of bridge 
transition and performed field measurements 
to investigate track stiffness and 
displacement at the embankment-bridge 
transition after applying the earthwork 
solution.  

• The solution consisted of the CBM (Cement 
Bound Material) located next to the bridge 
and the unbound granular material (graded 
crushed limestone aggregate) placed 
between the CBM and the embankment.  

• Studied the transition from a ballasted track 
on the embankment to a ballasted track on 
the bridge.  

• The type B configuration resulted in a 
smoother change in track stiffness and 
displacement. 

[37] Type C: Single 
trapezoid (inverted) 
Type D: Double 
trapezoid (inverted)  

• Developed the 3D FE modelling to 
investigate and compare the dynamic track 
behaviour of two types of earthwork 
configurations: C and D.  

• The transition zone for Types C and D utilised 
graded coarse-grained soil, and for Type D, 
graded broken stone was added behind the 
bridge.  

• Studied the transition from a slab track on 
the embankment to a slab track on the 
bridge.  

• A recommended total transition length is 30 
m.  

• The type D configuration show 
improvements in track displacement, stress 
and acceleration compared to type C. 

[38] Type A: Single 
trapezoid 
Type B: Double 
trapezoid 
Type C: Single 
trapezoid (inverted) 
Type D: Double 
trapezoid (inverted)  

• Developed the DEM-FDM coupling model to 
evaluate the dynamic track performance of 
different earthwork configurations.  

• Studied the transition from a ballasted track 
on the embankment to a ballasted track on 
the bridge.  

• The type C and D configurations provided 
better track performance compared to types 
A and B.  

• The track performances of the double 
transition form (Type B and D) were better 
than the single form (Type A and C).  

• Increasing the elastic modulus of the 
transition section can significantly affect  

Table 1 (continued ) 

Author Earthwork 
configuration(s) 
(Fig. 1) 

Description 

track displacement, although the effect 
becomes minor when the modulus exceeds 
2500 MPa. 

[39] Type A: Single 
trapezoid 
Type C: Single 
trapezoid (inverted)  

• Developed the 3D FE modelling to consider 
the design factors of an embankment-bridge 
transition constructed with granular 
material.  

• Studied the transition from a ballasted track 
on the embankment to a ballasted track on 
the bridge.  

• A slope (Horizontal: Vertical) of 1:1 was 
recommended for the earthwork solution.  

• Based on the investigated material 
properties, a value of 25 MPa was suggested 
for the transition zones. 

[40] Type C: Single 
trapezoid (inverted)  

• Developed the 2D FE modelling to optimise 
the transition zones based on the 
deterministic and robust design principles.  

• Studied the transition from a slab track on 
the embankment to a slab track on the 
bridge.  

• Stress amplification was observed in the area 
adjacent to the bridge, which should be 
considered in the design of stiffness 
combination.  

• The optimal stiffness value for the subgrade 
bed surface layer and the graded broken 
stone area were determined as 1200 MPa and 
1000 MPa, respectively.  
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2.2. Material properties and boundary conditions 

The material behaviour for all components is assumed to be isotropic 
and linear elastic, which means track displacements are limited to the 
elastic range of the stress–strain curve. To define track-ground interac
tion, four material properties are considered: density, Young’s modulus, 
Poisson’s ratio, and damping. An equivalent modulus is used to convert 
the more commonly used rail pad vertical spring stiffness into solid 
element modelling, based on the relationship between the rail pad di
mensions and Poisson’s ratio [52]. Further, the damping properties are 
determined using Rayleigh damping coefficients, which are related to 
the mass and stiffness matrices and estimated based on the relationship 
between the damping ratio and circular frequency [53,54]. 

Regarding the domain boundary conditions, symmetry is imple
mented in the vertical plane (at Z = 0 m) of the track, embankment, and 
bridge [55]. PML is employed to absorb wave energy and is placed at the 
boundaries of the soil [56], as shown in Fig. 5. Fixed constraints are 
applied to the outer surfaces of the PML, the bottom surfaces of the 
bridge abutment, and both ends of the track model. 

2.3. Vehicle modelling 

The vehicle model is an extension of the approach proposed in [57]. 
It is a multi-body system consisting of one car body, two bogies and four 
wheelsets, all moving at a constant speed. The model also includes 
primary and secondary suspension systems and vehicle-track 

Fig. 2. Ballasted track configuration on both the embankment and bridge.  

Fig. 3. Slab track configuration on both the embankment and bridge.  
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interaction, as shown in Fig. 6. 
The car body is modelled using 2D shell elements with rigid body 

mass (Mc) and pitching moment of inertia (Ic). The bogies are modelled 
using beam elements with distributed mass (Mb) and pitching moment of 
inertia (Ib) while the wheelset is modelled as a concentrated mass (Mw). 
Spring-damper sets are used to represent the primary (kp,cp) and sec
ondary (ks,cs) suspensions, located between the wheelsets-bogies and 
car body-bogies, respectively. 

For the vehicle-track interaction, Hertzian contact theory is 
employed with a stiffness value (kH). Since the static action (i.e., the 
dead load of a vehicle) has a significantly larger impact on the contact 
force than the dynamic portion, the contact stiffness can be linearised 

using the procedure proposed in [58]. As the wheelset and rail are made 
of similar steel material, the linearized (Hertzian) vehicle-track coupling 
is defined using Equation (1): 

kH =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3fsreqE2

s

2(1-v2
s )

2
3

√

(1)  

where fs is the static load per wheel (N), req represents the equivalent 
circular contact surface (m) of wheel radius (Rwheel) and rail curvature 
(Rrail), in which req =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Rwheel × Rrail

√
, Es and vs are Young’s modulus of 

elasticity and Poisson’s ratio of steel, respectively. 
Then, the wheel node and rail surface are defined as slave and master 

segments for the moving load simulation using the penalty contact 
method. Rather than using the default value provide LS-DYNA software, 
the Hertzian stiffness is obtained to represent the force at the master 
segment when penetration is detected [59]. This force moves the 
penetrating node back to the rail surface and reduces numerical in
stabilities [55]. 

2.4. Model solver and validation 

The simulation process is performed in two phases: static, followed 
by dynamic. A relaxation technique [55,60] is applied during the initial 
static analysis to determine the initial boundary conditions of the 
vehicle-track-ground system. After the static phase, moving dynamic 
train loading begins. This transient dynamic analysis computes the track 
response based upon time-dependent train-track interaction. The prob
lem is solved using explicit integration with a time step of 4.94 × 10-6 s. 
The modelling approach has previously been validated with the field 
measurement data as presented in [57]. 

3. Simulation parameters 

An earthwork solution with a stiffness of 400 MPa (representing an 
UGM with graded gravel plus 3% of cement) and a single trapezoid 
(inverted) form (Type C in Fig. 1) with a moving vehicle at 212 km/hr 
speed serves as the benchmarks for all investigations. The track and 
vehicle properties are detailed below. 

Fig. 4. Numerical modelling domain (embankment length truncated for viewability).  

Fig. 5. Absorbing boundaries of soil structure using the PML approach.  
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3.1. Track geometries and properties 

The mesh of the track-soil-bridge structure uses a constant element 
size of 0.2 m (equal to the width of each sleeper) in the X direction. The 
maximum element size in the Y and Z directions is 0.3 m and 0.2 m, 
respectively. 

To perform the moving vehicle simulation and capture the dynamic 
behaviour of the track structure and embankment, a total model length 
of 80 m in the X axis is used. This model length consists of 60 m for the 
embankment and 20 m for the bridge. As a result, the total number of 
meshing elements is 289,441. The track structure is a plain line with a 
standard gauge of 1.435 m. The spacing between each sleeper is 0.6 m, 
and the length of the bridge abutment is 3 m. The geometries for each 
track component in the Y and Z axes are given in Table 2. 

For the earthwork application, the UGM (softer material) and CBM 
(stiffer material) are selected based on published literature [34]. Fig. 7 
presents the geometries of the earthwork configurations used: 

a) Single trapezoid: consists of UGM material with a trapezoid 
shape that is 20 m in length on the X-axis and has a slope of 3:2 (hori
zontal: vertical). The region between 20 m and 23.6 m is considered to 
capture the impact of a single trapezoid and an inverted trapezoid. The 
23.6 m length represents the exit of the embankment-bridge transition. 

b) Double trapezoid: consists of two sections of UGM and CBM. The 
3 m trapezoid of CBM with a slope of 1:1 is located next to the transition 
zone entry. The UGM section is built with a trapezoidal shape that is 17 
m in length and has a slope of 3:2. The region between 0 m (transition 
zone entry) and 5.4 m is significant for capturing the responses due to 
the double trapezoid. 

c) Single trapezoid (inverted): consists of an inverted trapezoid of 
UGM at the transition zone exit (23.6 m). The dimension and slope 

remain the same as those of a single trapezoid. 
d) Double trapezoid (inverted): consists of an inverted trapezoid of 

UGM at the transition zone exit (23.6 m) and a 3 m trapezoid of CBM 
with a slope of 1:1 next to the transition zone entry. The detailed di
mensions and slope are similar to those of a double trapezoid. 

Then, the values of material parameters for each track component 
are selected based on similar studies [34–36,54] as summarised in 
Table 3. 

Regarding Table 3, the rail properties are UIC60. To account for rail 
pad stiffness in solid element modelling, an equivalent modulus of 7.91 
MPa is used, based on a pad stiffness of 255 kN/mm, considering the 
actual pad geometry and Poisson’s ratio effect [57]. The Rayleigh 
damping coefficients of the railpad are α = 5 s− 1 and β = 3.75E-02 s 
(approximated as 22.5 Ns2/m of viscous damping). For the remaining 
components, α = 4.80 s− 1 and β = 1.52E-04 s, based on a damping ratio 
of 3%. 

3.2. Vehicle properties 

The rolling stock properties are based on the Alfa Pendular high- 
speed train, as shown in Table 4. 

3.3. Loading configurations 

A sensitivity analysis is performed to gain insights into the effect of 
combined earthwork solutions and track form permutations on transi
tion zone dynamics. The study also considers the influence of soil stiff
ness improvement and train speed. 

Stationary rail receptance tests and moving load simulations are 
performed to study dynamic behaviour. In the receptance tests, a ver
tical Heaviside unit force is applied at the railhead and the deflection at 
the same location is recorded. The test is conducted at different loca
tions, as shown in Fig. 8. Peaks correspond to the natural frequencies of 
individual track-ground components, and the sharpness of these peak 
magnitudes is related to component damping. 

For the moving load simulations, the vehicle moves in the direction 
from the embankment to the bridge. The study investigates and presents 
the time domain results of vertical rail displacement (maximum) and 
deviator stress distribution in the longitudinal direction. The rail 
displacement is captured at the top node of the rail (Location U1), and 
the deviator stress is measured at the top of the subbase (Location S1), as 
shown in Fig. 9. 

The performance of the earthwork solutions is evaluated by inves
tigating the change in response of receptance, displacement and stress 
distribution after reinforcement. Lower magnitudes of receptance 

Fig. 6. Schematic of full vehicle model.  

Table 2 
Geometrical dimension of model components.  

Component Height (m) in Y-axis Full Width (m) in Z-axis 

Rail  0.218  0.035 
Rail pad  0.008  0.035 
Sleeper  0.24  2.6 
Ballast  0.36  5.90 
Sub-ballast  0.12  7.00 
Concrete Slab  0.36  5.90 
HBL  0.24  5.90 
FPL  0.12  7.00 
Subbase  0.36  7.00 
Embankment  2.4  9.00 
Bridge Abutment  2.4  9.00 
Bridge deck  0.36  7.00  
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Fig. 7. Earthwork designs.  
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indicates a stiffer structural response. 

4. Results and analysis 

The analysis consists of five sections. After defining the frequency 
range of interest, results are presented related to the track structure type, 
earthwork configuration, earthwork stiffness and train speed. 

4.1. Frequency range of interest 

The first investigation aims to determine the general dynamic char
acteristics of embankment-bridge transition zones and identify the fre
quency range of interest. To achieve this, receptance tests are performed 
on both sides of the transition (Locations R1, R2, R3 and R5 in Fig. 8). 
Fig. 10 presents the rail receptance response for the ballasted and slab 
tracks spanning the embankment-bridge structure. Considering the 

curve magnitudes, the response of the ballasted track is significantly 
greater than that of the slab for all testing locations, due to the ballasted 
track having a lower bending stiffness than the slab. 

Further, the peak response at the bridge is higher than that at the 
embankment and occurs at a higher frequency (exceeding 200 Hz) than 
the embankment side (between 0 and 100 Hz) for both ballasted and 
slab tracks. It also has a more pronounced peak. This is because the 
concrete bridge is stiffer than the embankment and has lower damping. 
However, considering the main focus of this work is on earthwork so
lutions for transition zones, it is seen that the main frequency range of 
interest is between 0 and 100 Hz. Therefore, for the remainder of the 
work, this range is focused upon. 

4.2. The effect of track structure types 

First, the receptance characteristics of the two track structures are 
investigated. Receptance is performed on the embankment 10 m from 
the bridge (location 3 in Fig. 8). Fig. 11 shows the ballasted track 
receptance has a greater magnitude than the slab, indicating it is less 
stiff. However, the dominant peak for both tracks is similar, lying at 
approximately 20 Hz. On the same figure, the excitations after rein
forcing the embankment are compared for both ballasted and slab 
tracks. It is seen that the dominant peak at approximately 20 Hz is 
reduced, and the energy at approximately 75 Hz is either increased or 
introduced. This is true for both track structures and indicates a 
spreading of the dynamic energy over a wider frequency range, thus 

Table 3 
Material properties used in the numerical model.  

Component Density (ρ) Unit: 
kg/m3 

Young modulus (E) 
Unit: MPa 

Poisson Ratio 
(ν) 

Rail 7850 210,000  0.300 
Rail pad 1000 7.91  0.491 
Sleeper/ Concrete 

slab 
2500 30,000  0.200 

Ballast 1600 200  0.120 
Sub-Ballast 2000 150  0.300 
HBL 2200 10,000  0.100 
FPL 1900 110  0.200 
Subbase/ 

Embankment 
2000 120  0.350 

UGM 2000 400  0.300 
CBM 2200 8,000  0.300 
Abutment/Bridge 

deck 
2500 33,000  0.200  

Table 4 
Alfa Pendular parameters.  

Parameter Value 

Axle spacing (m) 2.9 
Bogie spacing (m) 19 
Car body mass (kg) 329x102 

Car body pitching moment of inertia (kg m2) 208x102 

Bogie mass (kg) 4932 
Wheelset mass (kg) 1538 
Bogie pitching moment of inertia (kg.m2) 5150 
Primary suspension stiffness (kN/m) 3420 
Primary suspension viscous damping (Ns/m) 360x102 

Secondary suspension stiffness (kN/m) 1320 
Secondary suspension viscous damping (Ns/m) 360x102  

Fig. 8. Rail receptance test locations.  

Fig. 9. Measuring locations for rail displacement and subbase stress.  
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possibly improving dynamic performance. 
To investigate this further, the response of the track due to moving 

loads is considered. Fig. 12 presents the time-domain results of vertical 
rail displacement with and without the earthwork stiffening for the three 
track-form combinations: a) ballasted track on both structures, b) bal
lasted track on the embankment and slab track on the bridge, and c) slab 

track on both structures. Comparing the displacement on both sides of 
the transition, the deflection is larger on the embankment due to its 
reduced stiffness. This is true for all track forms; however, the difference 
is greatest when the track on the earthworks is ballasted. 

The UGM earthwork solution is seen to decrease the differential 
displacement across the transition. This is true for all the tracks and 

Fig. 10. Rail receptance at different locations of embankment-bridge transition, (a) Ballasted track, (b) Slab track.  
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results in two smaller sub-transitions rather than a single larger one. The 
performance is particularly strong for the slab->slab track configura
tion, where the displacement change is relatively gradual along the 
entire transition zone length. 

Regarding stress distribution, Fig. 13 presents the deviator stress 
distribution for ballasted and slab tracks. It is seen that the use of UGM 
for reinforcing the earthwork solution can reduce the stress for both 
track types. The reduction is more significant in the ballasted track 

Fig. 11. Rail receptance before and after applying earthwork solution.  
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compared to the slab track, consistent with the displacement analysis. 
The maximum stress occurs at the transition zone entry (X = 0) for both 
types of tracks due to a sudden change in track stiffness, from low 
stiffness at the embankment to high stiffness on the bridge. A single layer 
of UGM (E = 400 MPa) improves the subbase stress up to approximately 

3 m from the bridge. 

4.3. The effect of earthwork configurations 

This section examines the impact of four different earthwork 

Fig. 13. Subbase deviator stress before and after applying earthwork remediation.  

Fig. 14. Rail receptance for different earthwork configurations.  
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configurations on the response of ballasted and slab tracks: single and 
double trapezoid shapes, and single and double inverted trapezoid 
shapes. 

Firstly, the receptance of ballasted and slab tracks on the embank
ment at the transition zone exit (location 4 in Fig. 8) is discussed. Fig. 14 
presents the receptance response for various earthwork shapes. The re
sults demonstrate using the inverted trapezoid earthwork for both bal
lasted and slab tracks results in a lower magnitude at the 20 Hz peak 
compared to the other configurations. However, it shows an increased 
response after approximately 50 Hz. 

4.3.1. Reinforcement of the ballasted support for differing earthwork 
configurations 

In addition to the receptance results, Fig. 15 and Fig. 16 show the rail 
displacements induced by train passage for the ballasted->ballasted 
track and ballasted->slab track. When comparing the impact of the 
single trapezoidal earthwork solution versus the single inverted trape
zoid, both track types exhibit similar displacement performance. In 
terms of the effect of the double trapezoid configurations, they are found 
to help smooth the displacement change in the regions close to the 
bridge deck (-10 m to 3 m). 

Fig. 17 presents the stress distribution for the ballasted track, 
considering only the embankment. Similar to the displacement 
response, the results indicate the inverted trapezoid shape is more 
effective in reducing stress at the transition zone exit region than a 
trapezoid shape. Additionally, a double configuration is found to be 
more efficient in reducing stress at the entry region than a single 
configuration. This leads to a reduction in the stress peak at the transi
tion zone entry (X = 0). 

4.3.2. Reinforcement of the slab track support for differing earthwork 
configurations 

The rail displacement and stress distribution results for the slab- 
>slab track are presented in Fig. 18 and Fig. 19 respectively. The find
ings suggest there is no significant difference in displacement or stress 
reduction between a trapezoidal or inverted trapezoidal earthwork so
lution. However, it is found that the use of double configuration can help 

smooth the displacement response at the locations near the transition 
zone entry. 

4.4. The effect of earthwork stiffness 

Previous studies (i.e., Table 1) have suggested the use of varying 
earthwork improvement solutions to optimise transition zone perfor
mance. However, due to the varying track properties and geometries in 
each study, it is challenging to compare dynamic track performance 
across each. To address this issue, this section is divided into two parts 
based on track type: ballasted and slab track. Four stiffness values, 
namely, 120 MPa (an embankment constructed mainly from lower- 
quality granular material), 200 MPa (UGM with graded gravel), 400 
MPa (UGM with graded gravel and 3% cement), and 600 MPa (UGM 
with graded gravel and 5% cement), are selected based on [33]. The 
remaining properties, including density, Poisson’s ratio, and damping, 
remain constant, as shown in Table 3. 

4.4.1. Reinforcement of the ballasted track support for differing earthwork 
stiffnesses 

In the receptance test, measurements are taken 10 m from the bridge 
edge (location 3 in Fig. 8). Fig. 20 presents the receptance results for 
different material stiffnesses for the ballasted track. All earthwork so
lutions show reduced deflection at low frequencies (0–50 Hz) as the 
reinforcement stiffness increases. However, as the reinforcement stiff
ness increases, an additional peak amplitude appears between 70 and 
90 Hz, and its magnitude also increases. This is because increasing the 
stiffness of the reinforcement shifts the excitation energy to be more 
confined within the upper track layers rather than the lower layers. 

Moving load simulations are then performed using four material 
stiffness’ (120, 200, 400 and 600 MPa) considering both ballasted- 
>ballasted and ballasted->slab track configurations. Fig. 21 and Fig. 22 
present the rail displacement histories for both track types, while Fig. 23 
shows the stresses. In the case of no reinforcement, there is no change 
when moving from the embankment into the transition zone because the 
material properties are constant. However, there is a large change when 
moving onto the bridge. In contrast, each of the cases with 

Fig. 15. Rail displacement for different earthwork configurations supporting the ballasted-ballasted track.  
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reinforcement shows a marked change in deflection when entering and 
exiting the transition zone. The lower reinforcement stiffness values (e. 
g., 200 MPa) show a small change when moving from the embankment 
and a large change when moving onto the bridge. However, the 600 MPa 
case shows an approximately equal split in the displacement change at 
both locations. Therefore, this solution is likely to result in reduced 

settlement at both ’mini-transition’ locations. This is likely to be a more 
optimum solution compared to the non-reinforced option, which will 
have high localized settlement at the bridge-embankment interface. 

Fig. 16. Rail displacement for different earthwork configurations supporting the ballasted-slab track.  
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4.4.2. Reinforcement of the slab track support for differing earthwork 
stiffnesses 

The receptance test was also performed on the slab track at the same 
testing location. Fig. 24 shows the receptance results for different ma
terial stiffnesses supporting the slab track. The findings indicate the 
higher ground material stiffness leads to a reduced receptance magni
tude in the 0–50 Hz range, which is similar to the results observed for the 

ballasted track. Similarly, there is an increase in energy in the 50–100 Hz 
range, although it is less pronounced with the peaks either similar or 
lower than those in the 0–50 Hz range. 

Regarding rail displacement histories, Fig. 25 shows using higher- 
stiffness materials results in a smoother displacement profile along the 
transition. This finding is similar to that for the ballasted track, with the 
highest stiffness showing best performance and two smaller transition 

Fig. 18. Rail displacement for different earthwork configurations supporting the slab-slab track.  

Fig. 19. Subbase deviator stress for different earthwork configurations supporting the slab track.  
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zones being created. It is also noticeable that the benefit is not linear, as 
changing from 0 to 200 MPa provides a greater benefit compared to 
changing from 400 to 600 MPa. The stress results are shown in Fig. 26, 
where the benefit is marginal. 

4.5. The influence of train speed 

This section investigates the dynamic behaviour of the transition 
zone with earthwork reinforcement using the benchmark case, which 
involves a single trapezoidal shape of UGM material, for three different 

Fig. 20. Rail receptance for different reinforcement stiffnesses supporting the ballasted track.  
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Fig. 21. Rail displacement for different reinforcement stiffnesses supporting the ballasted-ballasted track.  
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train speeds. To achieve this, simulations are performed for two addi
tional train speeds of 150 and 250 km/hr, and the results are compared 
with the original speed of 212 km/hr. Since the unreinforced embank
ment stiffness is 120 MPa, all train speeds are below the track-ground 
critical speed. The investigation is divided into two sections based on 
the track forms: ballasted and slab track. 

4.5.1. Reinforcement of ballasted track support considering train speed 
Fig. 27 and Fig. 28 present the rail displacement results versus train 

speed for ballasted->ballasted and ballasted->slab tracks, respectively. 
Higher train speeds result in greater rail displacement on the earth
works, especially on the unreinforced embankment. However, the 
impact on the transition zone and the bridge is minimal, which is true for 
both ballast and slab tracks. Regarding stress, Fig. 29 shows a significant 

Fig. 22. Displacement for different reinforcement stiffnesses supporting the ballasted-slab track.  

Fig. 23. Subbase deviator stress for different reinforcement stiffnesses supporting the ballasted track.  
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increase in stress with increasing train speed. 

4.5.2. Reinforcement of slab track support considering train speed 
Fig. 30 and Fig. 31 show the rail displacement and stress distribution, 

respectively, for the slab->slab track configurations. Increasing the train 
speed on slab tracks has a lower impact on displacement compared to 

ballasted track. Regarding stress, similar to the ballasted track, the 
relationship with speed is more apparent, with higher speeds inducing 
greater stresses. This is consistent with [45]. 

Fig. 24. Rail receptance for different reinforcement stiffnesses supporting the slab track.  

Fig. 25. Rail displacement for different reinforcement stiffnesses supporting the slab-slab track.  
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5. Discussion 

This work investigates a range of geometries for transition zone 
ground improvement, and the effect of train speed on each. Although 
some of the more complex geometries are shown to potentially offer 
performance benefits it is important to also consider the practical 

constraints related to designing these for construction. In particular, the 
construction of earthworks to exact geometries, thicknesses, compaction 
levels and stiffness values is challenging and may not be achievable or 
practical. Further, it may increase the cost compared to a simpler 
earthwork solution yet deliver marginal performance. Therefore, a 
range of issues must be considered before choosing a design solution. To 
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Fig. 26. Subbase deviator stress for different reinforcement stiffnesses supporting the slab track.  

Fig. 27. Rail displacement for different train speeds on the ballasted-ballasted track.  
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help compare a wider range of solutions and the impact of a wider range 
of variables on the overall design choice, optimisation techniques may 
prove helpful [61]. For example, using an optimisation algorithm for 
transition zone design [40], earthwork properties [62], operations [63] 
and economic and environmental impact [64]. 

6. Conclusions 

This paper presents a numerical analysis of the dynamic track 
behaviour at embankment-bridge transition zones using a 3D finite 
element model. The model consists of a track transition over an 
earthwork-bridge support, with the moving load implemented using a 
rigid multi-body system and a Hertzian spring. It considers differing 

Fig. 28. Rail displacement for different train speeds on the ballasted-slab track.  

Fig. 29. Subbase deviator stress for different train speeds on the ballasted track.  
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earthwork material stiffnesses and geometry configurations, subject to 
varying train speeds over differing track structures (ballasted and con
crete slab). The conclusions are:  

• Using earthwork solutions can improve the dynamic characteristics 
of the track, including rail displacement and deviator stress 

distribution in the subbase across the embankment-bridge transition 
zone for all track types. The benefits are greater for ballasted tracks 
than slab tracks due to their lower bending stiffness.  

• Special attention can be given to the first 3 m from the transition 
zone entry (adjacent to the bridge) to minimise dynamic effects. For 

Fig. 30. Rail displacement for different train speeds on the slab-slab track.  
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Fig. 31. Subbase deviator stress for different train speeds on the slab track.  
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example, the use of additional reinforcement of high-stiffness ma
terial can create a ‘double’ trapezoid configuration.  

• A ‘double’ trapezoid configuration has the potential to improve track 
dynamics by creating two smaller transition zones rather than one 
larger one. The stiffness profile along the track can be optimised to 
balance the dynamic changes across each mini transition. 

• For the cases considered, a material stiffness of 400 MPa was suffi
cient to reinforce the earthworks for both ballasted and slab track.  

• Higher train speeds induce greater increases in ballasted tracks 
compared to slabs. There is a clear relationship between speed and 
induced stress, which is an influencing factor in track settlement. 

• Although arbitrary earthwork profiles can be analysed using nu
merical tools, the physical construction of complex geometries on- 
site can be challenging. Therefore, any potential benefits should be 
weighed against constructability considerations. 
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