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A B S T R A C T   

Two models for time-domain simulation of vertical dynamic vehicle–track interaction and prediction of differ
ential settlement in a transition zone between a ballasted track and a Moulded Modular Multi-Blocks (3MB) slab 
track are calibrated and verified using field measurements from a test site on the Swedish iron ore line. The 
dynamic analysis is performed using two-dimensional (2D) and three-dimensional (3D) track models in MATLAB 
and ANSYS, respectively. A seven-parameter representation of the ballast and subgrade is applied in the 2D 
model. It considers sleeper coupling through the ground via a discretised mass-spring-damper system. The more 
extensive 3D model includes a solid finite element (FE) model of the layered soil foundation with properties 
determined from a multichannel analysis of surface waves (MASW) carried out at the test site, and with perfectly 
matching layers (PML) added at the boundaries. The measured responses include rail receptance functions from 
both track forms on either side of the transition, as well as transient responses in terms of sleeper displacements 
and rail bending moments generated by the passing heavy-haul traffic. Both models are employed to simulate the 
passage of an iron ore freight vehicle through the transition zone. The accumulated settlement for one year of 
traffic is predicted using an iterative approach and compared with the measured long-term sleeper settlement. 
Good agreement is observed between the measurements and the settlements forecasted by both models, with the 
simulation time being approximately 25 times shorter for the 2D model.   

1. Introduction 

In transition zones between two different track forms, there is a 
discontinuity in track structure leading to a gradient in track stiffness 
[1–15]. Examples include transitions between different superstructures, 
such as slab track to ballasted track, and/or between different sub
structures, like embankment to a bridge or tunnel structure. Differences 
in loading and support conditions at the interfaces between track su
perstructure and substructure on either side of the transition may lead to 
differential track settlement and an irregularity in longitudinal rail level 
soon after track construction. This results in an amplification of the 
dynamic traffic loading along the transition, contributing to the degra
dation process of ballast and subgrade and resulting in a further dete
rioration of vertical track geometry. Hence, track adjacent to a transition 
is prone to deteriorate at an accelerating rate, and frequent maintenance 
work may be required. In recent years, infrastructure managers and 

researchers have dedicated increasing attention to life cycle analysis and 
optimisation of the long-term performance of transition zones using 
both simulation models and field measurements [16]. 

Various models have been applied to simulate the dynamic vehi
cle–track interaction and differential settlement in transition zones. The 
reliability and accuracy of these analyses are influenced by the 
complexity of the model. Aspects such as static or dynamic analysis, 
linear or non-linear analysis (involving irreversible deformations and 
voided sleepers), computational cost, and desired outputs need to be 
considered. Comprehensive assessments of models for dynamic vehi
cle–track interaction in transition zones and their applications were 
carried out in [8,17]. However, few models have been calibrated and 
validated versus field measurements. In this study, one two-dimensional 
(2D) and one three-dimensional (3D) FE model of a transition zone will 
be calibrated and verified versus measured data [1,9,18].  
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The 2D model represents an extended version of the non-linear FE 
model presented by Nasrollahi et al. [1]. It is used for the simulation of 
long-term differential track settlement, voided sleeper development, rail 
seat load redistribution, and evolving irregularities in vertical track 
geometry during a transition between two track forms. It predicts the 
accumulated settlement for a specified traffic load using an iterative 
approach. In this paper, this model is extended to consider the interac
tion between sleepers via the ground, similar to the model presented by 
Zhai et al. [19]. The 3D model by Ramos et al. [9] considers short- and 
long-term behaviour of ballasted and slab tracks subjected to cyclic 
loading, where the settlement of both types of track form have been 
verified using laboratory experiments. In [9], the 3D FE model, inte
grated with an empirical settlement model, was used to analyse a 
transition zone between a slab track on an embankment and a slab track 
in a tunnel. 

Based on impact load excitation, frequency response functions 
(FRFs) of track responses provide information on the dynamic properties 
along a railway structure, such as the inertia, stiffness and damping of 
various components, offering a comprehensive quantification of the 
overall system behaviour [20]. However, in most cases, such measure
ments are carried out for a track without considering a relevant static 
pre-load. In [21], FRFs measured on a slab track were compared with the 
corresponding calculated FRFs from both waveguide (2.5D) and 3D FE 
models. In [22], parameters of the substructure and superstructure in a 
2D model of ballasted track were tuned against a periodic finite 
element-boundary element model. An alternative method for model 
calibration involves assessing measured dynamic responses from passing 
traffic. The significant advantage of this approach lies in its ability to 
better capture the nonlinear response of the track structure in loaded 
conditions. In [6], pass-by simulations of carbody acceleration, sleeper 
acceleration, and rail displacement calculated with a 3D FE model of a 
transition zone were compared with field measurements. 

In principle, the deterioration of the longitudinal level of ballasted 
track can be described as occurring in two phases. Initially, immediately 
after track construction, there is a rapid deterioration of longitudinal 
level due to ballast compaction. Subsequently, in the second phase, the 
deterioration rate (time derivative of the settlements) slows down, pri
marily leading to a linear increase of settlement with the number of load 
cycles. During this phase, there is further compaction in the substructure 
due to the rearrangement and breakdown of ballast caused by fracture 
and abrasive wear of individual particles. Additional contributing fac
tors are penetration of sub-ballast and sub-grade into ballast voids, along 
with the inelastic recovery of the sub-grade after unloading. A review of 
empirical models for soil settlement is presented in [23]. According to 
numerous empirical formulas derived from laboratory or field mea
surements, settlement typically follows a logarithmic or power law 
relationship with the number of axle passes, as outlined in [24]. 

In the context of long-term track settlement modelling, recent de
velopments have seen the incorporation of empirical methods within an 
iterative framework. For example, Nasrollahi et al. [1] integrated a 2D 
vertical dynamic vehicle–track interaction model for the calculation of 
sleeper–ballast contact forces in the short term with an empirical 
visco-plastic material mechanics model for the prediction of long-term 
ballast settlement. Wang and Markine [10] coupled a FE model of the 
vertical dynamic vehicle–track interaction in a transition zone with an 
empirical equation inspired by Sato’s empirical formula [25] to predict 
the settlement over 60,000 load cycles. This paper adopts a similar 
empirical settlement model to predict long-term sleeper settlement as 
the one introduced in [1], but here the model is calibrated using 
measured sleeper settlement data from [18]. Rheological models of 
track settlement have been proposed by Ognibene et al. [26] and 
Punetha et al. [27]. These models simulate the response of the track 
substructure layers using equivalent springs, spring-dashpots, homoge
neous or multilayered half-spaces, or combinations thereof. Further, a 
plastic-hardening unit where the hardening parameters are set to in
crease exponentially with accumulated plastic settlement due to 

densification and lateral spreading of the ballast has been implemented. 
Additionally, a few studies have represented the substructure layers as 
assemblies of discrete particles. For example, Suiker et al. [28] modelled 
the ballast as discrete particles connected by elastic longitudinal and 
shear springs to examine body wave propagation and the steady-state 
response to a moving, harmonically vibrating load. 

In 2022–2023, an extensive field measurement campaign was carried 
out in a transition zone at Gransjö on the Swedish heavy-haul line 
Malmbanan [18]. The transition zone was between a conventional bal
lasted track and a 3MB slab track. A fibre Bragg grating-based (FBG) 
long-term monitoring arrangement, with a high temporal resolution, 
was used for both short-term and long-term condition monitoring of the 
operational railway track in the harsh conditions in the north of Sweden. 
The test set-up was limited to measurement of track response and sleeper 
settlement in four selected sleeper bays. Based on these measured re
sults, this paper calibrates and validates the 2D and 3D track models for 
time-domain simulation of vertical dynamic vehicle–track interaction, 
as well as the applied empirical equations to predict differential 
long-term settlement of sleepers in a transition zone. Measured FRFs 
(displacement over applied force) are used to tune the input data for the 
two track models. For a loaded iron ore vehicle passing the transition 
zone at speed 60 km/h, calculated rail bending moments and sleeper 
vertical displacements are compared with the corresponding measured 
responses. For two selected sleepers, the predicted settlements are 
compared with the corresponding long-term measurements. 

The novel contribution of this paper is the critical assessment and 
comparison of two track models versus extensive field measurements. 
The aim is to investigate whether a 2D track model with a discretised 
seven-parameter substructure model is sufficient to predict long-term 
settlement, or whether the second model with an extensive 3D FEM- 
PML representation of the transition zone with the superstructure, 
ballast, and layered soil being represented by solid finite elements is 
required. The computational cost for the 2D model is significantly lower 
than for the 3D model at the expense of a much more simplified repre
sentation of the foundation. Note that additional substructure layers 
could have been included in the 2D track model, cf. [27]. However, in 
this study, this has been neglected since the results from a multi-channel 
analysis of surface waves (MASW) carried out at the test site indicated 
very stiff layers of the subgrade [18]. 

2. Simulation models 

In this section, the two track models used in the time-domain sim
ulations of vertical dynamic vehicle–track interaction in a transition 
zone are described and compared. The models are integrated with 
empirical equations to calculate the differential settlement along the 
ballasted side of the transition zone. For a prescribed traffic load, the 
accumulated long-term settlement is predicted using an iterative 
approach, where the support conditions of the track model are updated 
in each iteration step. The first track model is an extended version of the 
2D model presented in [1], while the second model is the 3D model that 
was introduced in [29]. 

2.1. Two-dimensional (2D) model 

2.1.1. Track model 
The first model is a reduced-order 2D representation of the transition 

zone at the test site, see Fig. 1, incorporating a discretised mass-spring- 
damper system for the interaction between adjacent sleepers through 
the ground. Symmetric loading with respect to a vertical plane along the 
track centre is assumed leading to that only half of the track (and 
vehicle) is considered. The track model accounts for the variation and 
redistribution of loads supporting adjacent sleepers that occur over time 
due to accumulated settlement and the potential development of voided 
sleepers. It considers gravity loads on the track structure, state- 
dependent track conditions, and (although not considered in the 
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present paper) any prescribed variation of non-linear stiffness in the 
supporting foundation along the track. A time-domain model of vertical 
dynamic vehicle–track interaction is applied to calculate the contact 
forces between sleepers and ballast in the short term, cf. Fig. 1(b) and 
Section 2.1.3. Using an iterative approach, these forces are used as input 
in an empirical model to determine the increment in ballast/subgrade 
settlement below each sleeper per vehicle pass-by, see Section 2.1.4. 

The track model uses Euler-Bernoulli beam elements for the rail, and 
for the top blocks and base in the slab track. The properties of the sub
structure are described by a discretised seven-parameter model. The 
seven parameters include the mass of the ballast (mb), a state-dependent 
discrete spring with stiffness (kb) and a viscous damper with damping 
(cb) representing the combined properties of the ballast layer and under 

sleeper pads (USPs), and a shear stiffness (kw) and shear damping (cw) to 
mimic the coupling of the interlocking ballast granules between adja
cent ballast masses. Further, the properties of all layers of the subgrade 
are given by the stiffness (ksb) and the damping (csb). In each iteration 
step, the bi-linear stiffness characteristics of kb are updated to account 
for a potentially evolving voided distance between sleeper and ballast 
where the stiffness is zero. For the ballasted track, the seven properties 
of the subgrade model will be tuned versus the measured rail receptance, 
see Section 4. 

The complete transition zone model has a total length of 48 m 
(28.8 m of ballasted track and 18.0 m of 3MB slab track) with rigid 
boundaries at the rail ends. The superstructure of the ballasted track 
comprises 60 kg/m rails, rubber rail pads, and concrete sleepers 

Fig. 1. (a) An overview of the test site including a transition zone between ballasted track and 3MB slab track at Gransjö, north of Boden, Sweden. (b) Sketch of 
complete 2D vehicle and transition zone model. The track model contains rail (R), top blocks (T.B) and base slab (B.S) modelled by beam elements. The base slab is 
supported by a Winkler foundation. The sleepers (S) are rigid masses supported by a seven-parameter model of the substructure using non-linear, and potentially 
random, properties. The ballast (B) mass is part of the substructure model. 
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designed for axle loads up to 35 tonnes. The rail is modelled with four 
beam elements per sleeper bay with bending stiffness (EIr = 6.4 MNm2) 
and mass per unit length (mr = 60 kg/m), while each rail pad is repre
sented by a linear spring-damper element. Each sleeper in the ballasted 
track is modelled by a discrete (rigid) element with one vertical degree- 
of-freedom (dof) and mass ms = 150 kg. In this paper, sleeper distances L 
are assumed to be uniform on both the ballasted and slab sides, but this 
is not a requirement of the model. The sleepers in the ballasted track are 
numbered with index i (i = 1, 2, … Nbays-1: i > 0) starting from the 
transition, cf. Fig. 1(b). 

The 3MB concept is a reinforced standard precast slab design that 
strives to achieve fast and easy maintainability using replaceable, pre
cast components. It is constructed using 4.8 m long modules, each 
featuring a base slab consisting of two longitudinal reinforced concrete 
beams connected by two transversal beams. Additionally, there are eight 
precast moulded concrete blocks, four on each base slab. Vibration 
isolation and prevention of block hammering against the base slab are 
achieved by elastomeric strips (block pads) at the interfaces [1,18]. The 
rail seats in the slab track are numbered with index i (i = − 1, − 2, − 3, …: 
i < 0), cf. Fig. 1(b). The two-layer slab track is modelled by one 
continuous beam representing the base slab below a layer of 
non-interacting beams representing the discrete blocks. Rail properties 
are labelled with index ’R’. The two layers of the 3MB slab track are 
labelled ‘T.B′ and ‘B.S′, respectively. Each layer of Euler-Bernoulli beam 
elements has bending stiffness EI and mass m per unit beam length, 
width b and height h. The vertical connection between each pair of 
adjacent nodes in the different layers is modelled as a spring and viscous 
damper in parallel. 

Input data for the track model is listed in Table 1. Some input data to 
the track model, such as the properties of rail, sleepers, top blocks, and 
base slab, were collected from the literature or provided manuals. 
However, certain properties were unknown and required calibration, see 
Section 4. The influence of crib ballast (non-compacted ballast on the 
surface between two adjacent sleepers) is not considered in the model. 

2.1.2. Iterative procedure 
As indicated above, the simulation model employs an iterative 

approach, integrating a time-domain model of vertical dynamic vehi
cle–track interaction in the short term (accounting for voided sleepers 
and state-dependent properties of the ballast and subgrade at each 
sleeper–ballast interface) with an empirical model of accumulated 
ballast and subgrade settlement in the long term [1,30]. As illustrated in  

Fig. 2, the simulation procedure involves performing one time-domain 
simulation of short-term vehicle–track dynamics in each iteration step. 
The pre-calculated static track displacement due to gravity load is used 
as initial conditions to the simulation of vertical dynamic vehicle–track 
interaction. The calculated load maxima at the interface between each 
sleeper and ballast in the ballasted track section, generated by the 
combination of gravity load on the track superstructure and each of the 
passing wheels of the vehicle model, are used as input to an empirical 
settlement model. In each iteration step and for each individual sleeper 
in the track model, the bi-linear properties of the spring stiffnesses kb of 
the track model are updated to account for the current states of the 
support conditions, and it is assumed that the same set of load maxima is 
generated by all passing vehicles. By taking several iteration steps, the 
accumulated differential settlement in the long-term, the potential 
development of voided sleepers and the resulting redistribution of 
foundation loads between adjacent sleepers are calculated [1]. 

2.1.3. Vertical dynamic vehicle–track interaction 
In this study, where the track model is non-linear, the simulation of 

vertical dynamic vehicle–track interaction is performed by a direct 
integration in the time domain. A summary of the procedure is given 
here. For more details, see [1]. An extended (mixed) state–space vector 
z(t) is introduced as 

z(t) =
{

xt,T ẋt,T xv,T
a xv,T

b ẋv,T
a ẋv,T

b F̂
T
a (t)

}
(1) 

It includes the displacements xt and velocities ẋt of the transition 
zone track model. The vertical displacements and velocities of four 
massless dofs of the vehicle model, cf. Fig. 1(b), that are interfacing the 
rail are collected in the 4 × 1 vectors xv,T

a and ẋv,T
a , respectively, while 

xv,T
b and ẋv,T

b are two 8 × 1 vectors containing the vertical displacements 
and velocities of the non-interfacial vehicle dofs, representing the mo
tion of two adjacent bogies in two adjacent iron ore wagons. Further, it 
contains the impulses F̂a(t) =

∫
Fw/r(t) dt of the wheel–rail contact 

forces. All equations of motion for vehicle and track, and the algebraic 
constraint equations coupling the vehicle and track, are assembled in 
one first-order matrix form as 

A(z, t)ż+B(z, t)z = F(z, t) (2)  

with 

Table 1 
Parameters of the 2D track model. Input data to variable names marked with an asterisk (*) have been determined based on the calibration versus measured rail 
receptances carried out in Section 4.  

Ballasted track side Slab track side  

Parameter Unit Value  Parameter Unit Value 

Ballast Stiffness (kb) * MN/m  75 Base slab Bending stiffness (EIB.S) MNm2  23.45 
Damping (cb)* kNs/m  30 Mass per unit length (mB.S) kg/m  375 
Mass (mb)* kg  300 Width (bB.S) m  0.6 
Shear stiffness (kw)* MN/m  120 Height (hB.S) m  0.25 
Shear damping (cw)* kNs/m  90     

Subgrade Stiffness (ksb) * MN/m  40 Top block Bending stiffness (EIT.B) MNm2  11 
Damping (csb)* kNs/m  160 Mass per unit length (mT.B) kg/m  275     

Width (bT.B) m  0.55     
Height (hT.B) m  0.2 

USP Stiffness (kUSP) MN/m  176 Block pad Stiffness (kbp) GN/m3  0.17 
Damping (cUSP) kNs/m  120 Damping (cbp) kNs/m  50 
Elasticity modulus MPa  7.5 Elasticity modulus Mpa  3.9 
Mass density kg/m3  300 Mass density kg/m3  300 
Height mm  15 Height mm  12.5 
Cross-sectional area m2  0.34 Cross-sectional area m2  0.55 
Poisson’s ratio -  0.1 Poisson’s ratio -  0.1 

Rail pad Stiffness (krp) * MN/m  110 Rail pad Stiffness (kr/T.B) MN/m  20 
Damping (crp)* kNs/m  15 Damping (cr/T.B) kNs/m  10      

Foundation Stiffness (kf) MN/m  10      
Damping (cf) kNs/m  10  
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A(z, t) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 Mt 0 0 0 0 − NT

I 0 0 0 0 0 0
0 I 0 0 0 0 I
0 0 0 0 0 Mv

bb 0
0 0 0 I 0 0 0
T 0 0 0 − I 0 0
R T − I 0 0 0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3)  

B(z, t) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Kt Ct 0 0 0 0 0
0 − I 0 0 0 0 0
0 0 Kv

aa Kv
ab 0 0 I

0 0 Kv
ba Kv

bb 0 Cv
bb 0

0 0 0 0 0 − I 0
U 0 0 0 0 0 0
S 0 0 0 0 0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(4) 

Here Mt, Kt, and Ct are the mass matrix, stiffness matrix and viscous 
damping matrix of the track model, whereas Kv, Mv and Cv are the 
corresponding matrices for the vehicle model. Each wheel–rail contact 
force is distributed as consistent forces and moments on the adjacent rail 
nodes using Hermitian interpolation polynomials. By assuming a pre
scribed vehicle speed v(t) and considering the Coriolis and centripetal 
accelerations that occur because the vehicle model is moving along the 
track model, the constraints on the interfacial velocities and accelera
tions for the massless dofs of the vehicle model are expressed in T, S, U, 
and R, cf. [1]. The mixed force vector F is written as 

F(z, t) = {Ft,T
s/b(t) + Ft,T

g 0T 0T Fv,T
b (t) 0T ẋirr ẍirr

}
T

(5) 

where the vector Ft
s/b contains the state-dependent contribution to 

the sleeper–ballast force acting on each sleeper in the ballasted track 
section (note that any stiffness of the bi-linear spring kb up to the 
breakpoint representing the voided distance between sleeper and ballast 
is considered in Kt), while the constant vector Ft

g includes the gravity 
load on the track superstructure. Further, prescribed external loads 
(vehicle gravity loads) are assembled in Fv

b, while xirr contains the pre
scribed wheel/rail surface irregularities. It is acknowledged that the 
wheels passing the transition zone have irregularities ranging from ec
centricity with a wavelength in the order of 3 m down to acoustic 
roughness with wavelengths in the order of centimetres. However, 
wheel irregularities were not measured in the field test [18]. The track 
longitudinal level was aligned before the measurements commenced. It 
is assumed that the influence of the additional dynamic loading due to 
wheel out-of-roundness, as well as from any initial track irregularity 
from before the first load cycle, on the accumulated settlement is 

negligible compared to the influence from the quasi-static loading 
caused by the passing wheelsets with axle loads of around 30 tonnes. 

The initial value problem for the solution of the transient vibration 
problem is written as 

ż = A− 1(F − Bz), z(t = 0) = z0 (6) 

where z0 includes the initial state due to the weight of the track, cf. 
Fig. 2. In the present study, the solution is obtained using MATLAB’s 
moderately stiff differential equation solver ode23s with an adaptive 
time step. 

2.1.4. Settlement model 
The aim of the iterative procedure, see Fig. 2, is to calculate the long- 

term accumulated differential settlement and track geometry degrada
tion for a given traffic load corresponding to a given number of load 
cycles (wheel passes). In this paper, an empirical equation inspired by 
Sato’s empirical relationship [23] and the modelling of visco-plastic 
material mechanics is used to predict the long-term settlement of 
sleepers. In each iteration step, after solving the short-term vehicle–
track interaction problem in the time domain, the time history of each 
sleeper–ballast force Fs/b,i (t) is calculated in a post-processing step using 
the FE model of the track. For each vehicle model passage in iteration 
step j (j = 1, 2, … ns), the incremental settlement δi,j [m] at sleeper i 
(i = 1, 2, … Nbays-1) is formulated as a function of the maximum of the 
sleeper–ballast– contact force, max(Fs/b,i), generated by each passing 
wheel n. 

δi,j =
∑Nw

n=1

{
∑Nk

k=1
αk

[〈max(Fs/b,i)n − Fth,i
〉

F0

]βk
}

(7)  

where Nw is the number of wheels in the vehicle model (here, Nw = 4). 
Within each iteration step, it is assumed that the set of max(Fs/b, i) re
mains the same for all vehicle passes such that a linear extrapolation of 
each settlement increment representing up to 105 load cycles can be 
carried out. The order Nk of the polynomial formulation and the corre
sponding parameters αk and βk are empirical, while F0 = 1 kN is a 
reference contact force with a unit such that the term within the square 
brackets becomes non-dimensional. In this settlement model, there is no 
accumulation of permanent ballast/subgrade deformation if the 
maximum sleeper–ballast contact force generated by a passing wheel is 
below a certain threshold value Fth,i., as reflected in Eq. (7) by the 
Macaulay brackets. It is assumed that the model provides the permanent 
deformation accounting for all the layers of the substructure. 

The accumulated settlement at sleeper i after ns iteration steps 
(corresponding to Ns wheel passes) is calculated by summing the in
cremental settlements calculated for each preceding step j 

Δi(ns) =
∑ns

j=1
δi,j (8) 

Fig. 2. Iterative procedure to predict differential settlement in a transition zone using the 2D simulation model [1].  
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In the next iteration step, these accumulated settlements are applied 
in the updated track model. For each sleeper i, it is assumed that the 
current threshold value Fth,i is dependent on the accumulated settlement 
Δi as 

Fth,i(Δi) = Fth,∞ −
(
Fth,∞–Fth,0

)
e− γΔi (9) 

Here Fth,0 is the virgin threshold value before any traffic loading has 
been applied, Fth,∞ is the long-term threshold value corresponding to a 
completely stabilised (consolidated) track, while γ is a parameter that 
determines the rate of hardening. The parameters of the threshold value 
are specific for each track site. Thus, in Section 4, these parameters (as 
well as αk and βk) will be calibrated against the field measurements. In 
each iteration step, up to 105 load cycles (corresponding to 3 – 3.25 MGT 
of traffic with loaded iron ore trains) are considered. However, an 
adaptive step length is applied such that a maximum allowed settlement 
increment δmax = 0.2 mm per iteration step is allowed. If the increment 
exceeds δmax, a linear interpolation is applied. 

2.2. Three-dimensional (3D) model 

2.2.1. Track model 
The second track model is an extensive 3D representation of the 

superstructure, ballast, and soil in the transition zone [9,26], see Fig. 3 
(a). Symmetry conditions, as in the 2D model, are adopted and the 
simulation of dynamic vehicle–track interaction is carried out using the 
software ANSYS. Hanging sleepers or voids between slab and foundation 
are considered using contact elements [26]. This is done to simulate the 
potential detachment between two adjacent track components during 
and after the passage of the train. The settings of the applied Normal 
Penalty Stiffness method [9] were carefully selected to avoid numerical 
instability. Here, the normal penalty stiffness factor (FKN) was set to 10 
to simulate the interaction between sleeper and ballast. Paixão et al. 
[13] used a similar value in their simulation of contact in ballasted track. 
To simulate the wheel–rail interaction, FKN = 104 was adopted. 

In the model, all components are modelled as linear elastic using 
solid (eight-node brick) elements. The adopted mesh was defined to 
optimise computational cost and accuracy. Based on a convergence 
study, the results in terms of calculated displacements and stresses from 

different mesh resolutions were compared. The distance between the 
symmetry plane at the centre of the track model and the opposite 
boundary (plane yx) on the field side is close to 6 m. 

The input data for the superstructure is the same as for the 2D model, 
cf. Section 2.1 and Table 1. The parameters used for the layers of the 
trackbed are listed in Table 2, cf. [1,18]. The dynamic analysis of the 3D 
model is performed using the Newton-Raphson and Newmark methods 
[9] with a fixed time step of 0.005 s (sampling frequency 200 Hz), while 
the empirical settlement model was implemented in MATLAB. Rayleigh 
damping is applied. For the concrete materials and geomaterials, rela
tive damping ξ = 0.01 and ξ = 0.03 are applied, respectively [9]. The 
corresponding α and β coefficients were determined based on the 
specified range of frequencies (5 – 200 Hz). To avoid spurious wave 
reflections from the vertical boundaries of the geomaterials (xy plane), 
viscous dampers are adopted using the Lysmer formulation [29]. This 
approach has previously been used in the scope of 3D modelling with 

Fig. 3. Sketch of 3D transition zone model: a) General overview of the model, b) cross-section on ballasted track side, c) cross-section on slab track side.  

Table 2 
Parameters of the 3D model.  

Substructure Superstructure 

Ballast E = 50 MPa 
ν = 0.20 
ρ = 1800 kg/m3 

α = 1.84 
β = 4.66 × 10− 5 

Base slab E = 30 GPa 
ν = 0.20 
ρ = 2500 kg/m3 

α = 0.61 
β = 1.55 × 10− 5 

Sub-ballast E = 120 MPa 
ν = 0.30 
ρ = 2100 kg/m3 

α = 1.84 
β = 4.66 × 10− 5 

Top block E = 30 GPa 
ν = 0.20 
ρ = 2500 kg/m3 

α = 0.61 
β = 1.55 × 10− 5 

Soil layer 1 E = 472.5 MPa 
ν = 0.25 
ρ = 2100 kg/m3 

α = 1.84 
β = 4.66 × 10− 5 

Block pad E = 2.5 × 105 Pa 
ν = 0.40 
ρ = 2000 kg/m3 

α = 3.06 
β = 7.76 × 10− 5 

Soil layer 2 E = 800 MPa 
ν = 0.25 
ρ = 2100 kg/m3 

α = 1.84 
β = 4.66 × 10− 5 

Sleepers E = 38 GPa 
ν = 0.15 
ρ = 2500 kg/m3  
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good results, see [29]. On the horizontal boundary at the bottom of the 
model (xz plane), fixed supports are adopted for both track forms. On the 
remaining boundaries, viscous dampers (in all directions) are applied for 
the geomaterials. 

2.2.2. Iterative procedure 
The 3D model uses an iterative approach. The FE model of vertical 

dynamic vehicle–track interaction developed in the ANSYS software is 
integrated with an empirical permanent settlement model to predict the 
long-term differential settlement along the transition zone [9,29]. Based 
on the dynamic analysis, the principal stresses, including the deviatoric 
stresses (q) and mean stresses (p) in the ballast and subgrade layers due 
to a passing vehicle, are determined. A static analysis is also performed 
to obtain the initial stresses due to gravity load. These initial stresses are 
converted to principal, mean (pini) and deviatoric (qini), stresses. The 
permanent deformation is then calculated through the implementation 
of an empirical equation, cf. Section 2.2.4. 

The applied procedure, shown in Fig. 4, covers both the short- and 
long-term simulations, demonstrating versatility across various models. 
This process relies on load cycles and stress levels generated by the 
passing vehicles and the gravity load, with each load cycle corre
sponding to one vehicle passage. This means that the process is not 
carried out cycle by cycle (or wheelset by wheelset), but in increments 
corresponding to a set of cycles (ΔN) assuming that, in this set of cycles, 
the stress state in the materials remains constant. This interval allows for 
the progression and eventual stabilisation of permanent deformation 
(plastic shakedown) [31]. After calculating the distribution of perma
nent deformation and corresponding track settlement (obtained through 
the product of the permanent deformation and the vertical length of 
each finite element), cf. Section 2.2.4, the results are imported into 
ANSYS again, where the corresponding settlement is applied to each 
node within the FE model, and the geometry of the track is updated 
accordingly. In the following iterations, the influence of the modified 
track geometry on the dynamic performance of the transition zone is 
assessed, facilitating an examination of the combined effects of stiffness 
variation and settlement after a specified number of axle passes. 

2.2.3. Vertical dynamic vehicle–track interaction 
The matrix equation of motion for the coupled vehicle–track model is 

written as 

Mü(t)+Cu̇(t)+Ku(t) = F(t) (10)  

where F corresponds to the wheel-rail contact forces that are balanced 
by Mü (inertia forces), Cu̇ (damping forces), and Ku (elastic forces). The 
displacement vector un+1 at time n + 1 is determined by the assumption: 

un+1 = f(u̇n+1, ün+1,un, u̇n, ün,…) (11) 

Based on an assumed constant acceleration in each time interval, the 
equation of motion is solved using the Newton-Raphson and Newmark 
method. To obtain an accurate solution, the time step is set depending 

on the maximum frequency to be evaluated. The damping matrix is 
defined based on the Rayleigh damping matrix 

C = αM+ βK (12) 

The parameters α and β are the mass and stiffness proportional 
damping coefficients, respectively. The absorbing condition proposed in 
[32], also designated as viscous, is adopted for the treatment of artificial 
boundaries. The main objective is to eliminate the spurious reflection of 
a wave when it reaches the boundary. Considering a semi-infinite bar, an 
interest domain between A and B, and wave propagation in the longi
tudinal direction from A to B, the main goal is to introduce an absorbing 
boundary to eliminate the spurious reflection of the wave in the interest 
domain. Considering the unidirectional character of the problem and a 
constitutive linear elastic law of the material, it is possible to find the 
relation between the normal stress induced in any point of a bar and the 
velocity of that same point. It is given by the expression 

σxx = ρCpu̇x (13)  

where Cp is the P wave velocity. In the case of a propagating shear wave, 
the relationship is similar but now considering the speed of the S wave. 
Using the Penalty algorithm, the wheel–rail interaction is modelled as a 
node-to-beam contact allowing for sliding and loss of contact. Contact 
elements are considered in the sleeper–ballast interface to account for 
the possible separation of these track elements. The full Newton- 
Raphson method is used to solve the non-linear equations of the prob
lem, while the Newmark implicit time integration method, with time 
steps of 0.005 s, is used to solve the dynamic equilibrium equations [9]. 

2.2.4. Settlement model 
For each vehicle model passage in iteration step j (j = 1, 2, … ns), 

permanent deformation εp
1[m/m] in the ballast and subgrade layers is 

formulated as a function of the principal stresses (three-dimensional 
stress state), see Eq. (14). The evolution of permanent deformation is 
only considered for the geomaterials, i.e. ballast, sub-ballast, soil layer 1 
and soil layer 2. This model includes the influences of a yielding crite
rion (through the mechanical properties cohesion and friction angle), 
the initial stress state and the stresses induced by the passage of the 
train. 

εp
1(Ns) = εp0

1
[
1 − e− BN]

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
pam

2 + qam
2

√

pa

)a

•
1

m
(

1 +
pini
pam

)

+ s
pam

−
(qini+qam)

pam

(14) 

Here the parameters εp0
1 , B and a are material constants of the model, 

m and s are defined by the yielding criterion q=s + m•p, Ns is the 
number of load cycles, pini and qini are the initial stress state, pam and qam 
are the stress levels induced in the subgrade during the passage of the 
train, while pa = 100 N/m2 is a reference stress with a unit such that the 

Fig. 4. Iterative procedure to predict differential settlement in a transition zone using the 3D simulation model.  
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term within the parentheses becomes non-dimensional. Input values will 
be provided in Section 7. 

Next, the accumulated settlement at sleeper i after ns iteration steps 
steps/simulations (corresponding to Ns wheel passings) is calculated by 
summing the products of element height and calculated permanent 
deformation over all ballast, sub-ballast and soil foundation elements in 
the vertical direction. Thus, the accumulated permanent settlement Δe is 
calculated as (in metres) 

Δe(ns) =
∑n

e=1
εp;eHs;e (15)  

where n corresponds to the number of elements that constitute all geo
materials in ballast, sub-ballast, and soil foundations (in the vertical 
direction), Hs;e corresponds to the height of each element e (in metres), 
εp;e is the permanent deformation at the centre of each element. With 
this methodology, it is possible to consider the individual contributions 
from the ballast, sub-ballast and subgrade layers. 

2.3. Vehicle model 

The benchmark vehicle model used in this study is a representation 
of the iron ore freight train operating from the mines in Kiruna and 
Malmberget to the ports in Narvik (in Norway) and Luleå. The train 
consists of two CoCo locomotives (12 axles) and 68 BoBo wagons (272 
axles), resulting in a total of 284 axles distributed over a total length of 
approximately 750 m. The iron ore wagon used for heavy haul traffic 
includes one car body and two three-piece bogies, each consisting of a 
bolster, two side frames and two wheelsets. In [18], it was concluded 
that each individual wheel passage was not visible in the measured 
sleeper displacement signal. Instead, each plateau of maximum level 
corresponded to the passing of four wheels from two adjacent bogies in 
two adjacent wagons. Thus, in this study, the vehicle model contains two 
bogies from two adjacent iron ore wagons, cf. Fig. 1(b). The analysis 
represents the passage of an iron ore train at speed 60 km/h and axle 
load 31.5 tonnes. 

In the 2D model, each bogie is modelled by four dofs, corresponding 
to the vertical displacements of two wheelsets and the vertical 
displacement and rotation of the bogie frame. Each primary suspension 
is represented by a spring with stiffness k1 and a dashpot with viscous 
damping c1. The weight of half of the car body is accounted for by a 
static point-load acting at the centroid of the bogie. The parameter 
values for the vehicle model, see Table 3, were collected from [1]. Each 
wheel–rail contact is modelled using a non-linear Hertzian contact 
stiffness. 

In the 3D model, the vehicle is modelled with finite elements [29]. 
The bogies are modelled using rigid beams with distributed mass. As for 
the 2D model, each wheel is modelled as a rigid unsprung mass, while 
each primary suspension is modelled using spring and damper elements. 
Linearised Hertzian wheel–rail contact stiffness KH = 1.07 × 103 

kN/mm is assumed. 
In the 3D model, the simulation of the passage of the two bogies is 

performed considering the following procedure: at the start of the 
analysis, all bogies are stationary. In the subsequent time increments, 
axle loads and motion characteristics are individually assigned to each 
bogie, one at a time, in accordance with the train speed and axle 
configuration, see [9]. With this methodology, the increase in compu
tation time is solely a reflection of the time it takes for the vehicle to 
travel across the whole track model [9]. 

3. Field measurements in a transition zone 

A setup for condition monitoring of railway track was implemented 
to assess the influence of traffic load on accumulated differential set
tlement in a transition zone on the Swedish heavy haul line Malmbanan 
at Gransjö, north of Boden, see [18]. The traffic on Malmbanan, a 
single-track railway line in northern Sweden, is dominated by iron ore 
freight trains with axle loads up to 32.5 tonnes and speed 60 km/h 
(70 km/h in tare conditions). The annual traffic load is approximately 
15 MGT (Mega Gross Tonnes) with around 850,000 axles in loaded and 
unloaded iron ore trains. Winters with temperatures down to –40º C, 
generating ground frost extending deep into the substructure, are fol
lowed by frost heaves and floods in the springs and relatively warm 
summers. As a part of the Horizon 2020 Shift2Rail EU project In2Track3, 
a demonstrator including 48 m of the 3MB slab track design was con
structed at Gransjö. The transition from ballasted track to slab track is 
used as a benchmark in this study. 

Based on fibre Bragg grating (FBG) technology, the instrumentation 
along the transition comprised four clusters, each with an optical strain 
gauge array on the rail web in one sleeper bay, and an accelerometer and 
a displacement transducer on the sleeper. Condition monitoring of the 
transition zone commenced on the 15th of September 2022 and 
continued until the 15th of June 2023. The instrumentation for in-situ 
long-term condition monitoring has been used to provide data for the 
verification and calibration of the 2D and 3D simulation models. 

The long-term settlement of sleepers 5 and 11 from the transition 
were measured using displacement transducers positioned at each 
sleeper end. The displacement was measured with respect to a fixed 
anchor embedded in the ground. Due to space limitations, the trans
ducer was placed horizontally alongside the sleeper and connected via 
an L-shaped arm mechanism to convert downward vertical movement 
into horizontal tension/compression on the transducer [18]. Sleeper 
settlement data has been extracted from times between train passages 
(unloaded condition). The FBG strain sensors were used to measure axial 
strain along the rail. By assuming Euler-Bernoulli beam theory for the 
known rail cross-section with bending stiffness EI, the rail bending 
moment was determined. 

The receptance data involved exciting the rail using an instrumented 
impact hammer and measuring the track response using accelerometers. 
Besides the hammer excitation, the track was in unloaded conditions. 
Accelerations on both ballasted and slab tracks were measured at loca
tions sufficiently far away from the transition zone to mitigate any 
boundary effects resulting from the change of track form. 

4. Calibration of track parameters 

As indicated in Section 3, rail receptance (displacement over force) 
has been measured on both the ballasted track and slab track at the test 
site. No static preload was applied on the track. In these measurements, 
the rail was excited in the vertical direction by a hammer either above a 
rail seat or at the centre in a sleeper bay. Measured point and cross 
receptances, and their associated coherences, are shown in Fig. 5. Based 
on the recorded coherences, it is concluded that the quality of the 
measurements is good above 20 Hz. 

For the ballasted side, see Fig. 5(a), three resonance peaks can be 
observed in the measured receptance at 30, 290 and 950 Hz. The first 
peak involves a vertical in-phase movement of rail and sleepers, 
featuring high damping due to the propagation of waves in the ballast 
and subgrade. The second peak corresponds to an antiphase motion 
between rail and sleepers on the flexibility of the rail pads. The third 
peak is the pinned-pinned resonance mode, representing a vertical 
bending mode with wavelength twice the sleeper span [33]. 

The measured receptance on the slab side, as depicted in Fig. 5(b), 
reveals two distinct peaks at about 20 and 90 Hz. The first peak corre
sponds to the in-phase vibration of rail, top blocks and base slab on the 
foundation. The second peak is a resonance involving the vibration of rail 

Table 3 
Parameter values for vehicle model with axle load 32.5 tonnes [1,18].  

k1 = 30 MN/m c1 = 70 kNs/m Jw = 100 kgm2 Δbog = 1.74 m 

Jbog = 730 kgm2 Mw = 1341 kg Mbog = 800 kg Δw = 1.78m  
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and top blocks on the rail pads and block pads. The absence of the pinned- 
pinned resonance might be attributed to the rail fastening on the slab side, 
which constrains this vibration more than on the ballasted side. 

To verify the models of the two track forms and to calibrate their 
input data, calculated receptances are compared with the corresponding 
measured receptances. The rail receptance Ht

r(ω) is determined as 

Ht
r(ω) =

xt
r

Ft
r
, (16)  

where xt
r and Ft

r denote the auto-spectra of the rail displacement and 
applied force, respectively, while ω is the angular frequency [34]. 

Based on the measured track receptances, the input parameters for 
the 2D model indicated with an asterisk in Table 1 have been tuned 
using the Nelder-Mead optimisation algorithm [35]. The selected lower 
and upper bounds for each input parameter are listed in Table 4. Note 
that parameter mb may represent the vibrating mass of both ballast and 
part of the subgrade as there is no other considered mass below the 
‘ballast mass’. The objective function Φ to be minimised was defined as 

the quadratic error from the sum of differences e between the measured 
and calculated receptances. The error vector e between the two models 
is defined as 

e(ω) = log10Ht,measured
r (ω) − log10Ht,model

r (ω) (17) 

The use of logarithmic values in the error function is motivated by 
the large range in receptance in the studied frequency interval. The 
objective function is written as 

Φ = eTQe (18) 

Here Q is a non-negative weighting matrix (diagonal). To improve 
accuracy of important features of the track receptance, the elements of Q 
corresponding to frequencies at resonances and antiresonances of the 
measured receptance have been assigned higher weights. To assign 
higher weights to the static receptance, and to the receptance at the 
fundamental resonance of the track model, elements in the weighting 
matrix Q were set to 4 for the diagonal elements corresponding to fre
quencies [2 3 33 34 105 106 290 291] Hz. The remaining diagonal 

Fig. 5. Magnitudes of measured receptances. Vertical hammer excitation on rail at midspan. Response measured on rail at midspan (point receptance shown using 
blue lines) or on rail at railseat (cross receptance shown using red lines): a) ballasted track, b) slab track, c) coherence of repeated measurements on ballasted track, d) 
coherence of repeated measurements on slab track. The vertical-dashed line at 20 Hz denotes the chosen lower frequency limit for the calibration of track parameters. 

Table 4 
Intervals (lower and upper bounds) used in the calibration of track parameters for the 2D model of ballasted track, and output from the optimisation (results). The 
results are compared with reference values published in the literature.  

Parameter (symbol) Unit Bounds Results Literature 

Lower Upper   

Rail pad stiffness (kr/s) MN/m  10  1000  110 120[1,21], 65[19], 505 and 738[36,37] 
Rail pad damping (cr/s) kNs/m  5  1000  15 40[1], 75[19], 54 and 59[36] 
Ballast stiffness (kb) MN/m  10  1000  75 100[19], 641 and 767[36] 
Ballast damping (cb) kNs/m  5  1000  30 58[19], 467 and 460[36] 
Ballast mass (mb) kg  10  1000  300 250[19] 
Subgrade stiffness (ksb) MN/m  10  1000  40 120[19], 603 and 637[36] 
Subgrade damping (csb) kNs/m  5  1000  160 60[19,26], 508 and 797[36] 
Ballast shear stiffness (kw) MN/m  10  1000  120 78.5[19], 476 and 717[36] 
Ballast shear damping (cw) kNs/m  5  1000  90 80[19], 173 and 96[36]  
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elements were set to 1. In the calibration of the parameters, only the 
magnitudes of the receptances up to 500 Hz were considered, see [38]. 
Due to the low energy input in the excitation and the low coherence in 
the measured receptance at frequencies lower than 20 Hz, it is recog
nised that the measured receptances are not adequate to capture the 
dynamic properties of the layered soil, cf. Fig. 5(c,d). Instead, the 
receptance from the 3D model using data from the MASW measurements 
to represent the properties of the soil have been used as a reference. 

The magnitudes of receptance from the different models after cali
bration are compared with the measured receptances in Fig. 6. For the 
ballasted track, it is observed that the rail resonance at 290 Hz in the 2D 
model aligns well with the measured data. The 3D model, with a more 
detailed representation of the layered foundation, exhibits (at least) two 
resonances up to 150 Hz. These can also be captured with the seven- 
parameter representation of the foundation in the 2D model, reaching 
resonances at 40 and 105 Hz, but here the resonance at about 105 Hz is 
not visible due to the tuned high damping in the spring-damper element 
representing the subgrade. A reasonable match between the 2D and 3D 
models versus the measured data is achieved using the inputs provided 
in Table 4. For the 2D model, the tuned stiffness value for the combined 
ballast and USP is 50 MN/m. This stiffness includes the stiffness of the 
USPs (157 MN/m) and the ballast stiffness without under sleeper pads, 
which is 75 MN/m. The stiffness and damping of the rail pad on the slab 
track side was tuned to 30 MN/m and 15 kNs/m, respectively. Inputs for 
the concrete parts and block pad are specified in Table 2, as per [1,18, 
39]. The bed modulus on the slab side was tuned to 20 MN/m3. As a side 
note, based on the 2D model, it has been evaluated that the use of USP 
leads to a 25 % reduction in stiffness gradient at rail level compared to 
the case without USP. 

5. Interaction between ballast masses in 2D model 

The interaction between adjacent ballast masses by implementing 
the spring kw and damper cw in a 2D model has been considered in other 
track models, see e.g. Oscarsson et al. [36] and Zhai et al. [37]. The 
range of input data for these two parameters, as well as for the other 
track parameters as published in various references is vast, see the 
summary in Table 4. In [19], it was concluded that ballast vibration level 
in a 2D track model would be overestimated if the shear coupling be
tween ballast masses was not considered, typically leading to a 10 % 
higher ballast acceleration. In [37], the calculated ballast acceleration 
using a stiff shear coupling was 16 % lower than measured data. 

The influence of a wide range of stiffnesses kw on FRFs for rail 
displacement (point receptance) and ballast mass displacement (cross 
receptance) when subjected to a harmonic load applied on the rail, and 
time histories of sleeper displacement and sleeper–ballast contact force 
for a vehicle model passage is illustrated in Fig. 7(a-d). Here, the 
damping cw was scaled in linear proportion to kw using the factor 0.001, 
cf. [40]. In Fig. 7(a), it is observed that the calculated rail receptance for 

lower values of kw has three distinct peaks within the studied frequency 
range, at about 40, 105 and 290 Hz. In Fig. 7(b), it is shown that a higher 
kw leads to a lower cross receptance for the ballast mass that is located 
directly below the applied load. The influence of kw is only significant up 
to about 400 Hz. It was observed (not shown here) that the influence of 
different values of kw on the time histories of wheel–rail contact force 
and rail bending moment is negligible. As expected, larger values of kw 
lead to smaller sleeper displacements because of the stiffer track model 
and the stronger interaction between sleepers, see Fig. 7(c). Interest
ingly, the influence of kw on sleeper–ballast force is relatively small as 
the smaller relative sleeper–ballast displacement is compensated by the 
higher stiffness leading to that the product of stiffness and relative 
displacement is similar, see Fig. 7(d). 

The influence of kw on the force transmissibility, i.e. the ratio be
tween the sleeper–ballast contact force and a unit harmonic load applied 
on the rail, is shown in Fig. 7(e,f). For stationary harmonic vibration, the 
complex-valued amplitude of the sleeper–ballast force is calculated as 

F̂s/b = (kb + iωcb)(x̂sleeper − x̂b) (19)  

where the hat symbol indicates amplitude. In this example, the load was 
applied on the rail above sleeper 25, and the force transmissibility was 
calculated for the ballast springs below sleepers 23, 24, 25, 26 and 27. 
The magnitude of the force transmissibility for the cases kw = 0 and 120 
MN/m are compared in Fig. 7(e,f). For both cases, there is a local 
maximum in the force transmissibility at about 40 Hz. The static dis
tribution (at 0 Hz) of the force transmissibility between adjacent 
sleepers is indicated by the numbers next to the vertical axis. For 
example, in the case of zero shear stiffness, the applied load on the rail 
above sleeper 25 is principally supported by five sleepers with 31 % on 
sleeper 25, 23 % on each of the sleepers 24 % and 26 %, and 11 % on 
each of the sleepers 23 and 27 (total of 99 %). For zero shear stiffness, it 
is observed that the load is distributed more evenly among the sleepers, 
and the track flexibility at rail level is higher, cf. Fig. 7(a). Conversely, 
when the shear stiffness is 120 kN/mm, a larger proportion of the 
applied load is transmitted to the sleeper directly below the applied 
load. This is because, as the support system modulus is increased a 
shorter length of the rail is subjected to bending leading to a reduced 
distribution of load [41]. The distribution of vertical load is in good 
agreement with results from field measurements in ballasted track as 
reported in [18]. 

6. Short-term dynamic response 

To further verify the 2D and 3D track models presented in Section 2, 
calculated short-term dynamic responses are compared with measured 
data. One-way traffic of a loaded iron ore train at speed 60 km/h in the 
direction from the stiffer ballasted track to the softer slab track is 
considered. 

Fig. 6. Comparison of measured and calculated rail receptances: a) ballasted track, b) slab track.  
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Fig. 7. Influence of ballast shear stiffness kw on various track responses: a) point receptance on the rail above sleeper 25, b) cross receptance on the ballast mass 
below sleeper 25, c) time history of displacement for sleeper 25, d) time history of sleeper–ballast contact force acting on sleeper 25, e) transmissibility from a load 
applied on the rail above sleeper 25 to sleeper–ballast contact forces acting on adjacent sleepers for kw = 0 kN/mm, f) corresponding force transmissibility for kw 
= 120 kN/mm. The same legend holds for Fig. 7(a-d), and the same legend holds for Fig. 7(e and f). 

Fig. 8. Measured and simulated time histories of rail bending moment above sleepers (a) 5 and (b) 11. Measurement from 2022–10-13, 7 days after construction of 
the transition zone. Black solid lines, red dashed lines, and shaded area correspond to 3D, 2D models, and measured rail bending moment, respectively. 
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6.1. Rail bending moment 

Time histories of rail bending moment above sleepers 5 and 11 from 
the transition have been simulated using the calibrated 2D and 3D FE 
models. In Fig. 8, these are compared with the corresponding measured 
rail bending moments [18]. In the measurements, the bending strain due 
to 68 passing iron ore wagons with an uncertain distribution of axle 
loads was recorded. The response due to the pass-by of two bogies in two 
adjacent wagons is illustrated in Fig. 8. The variability in measured 
bending strains between passing wagons is indicated by the shaded area. 
For both models, there is good agreement between the measured and 
calculated signatures (time histories) of the rail bending moment. The 
maxima of the measured rail bending moments are higher indicating a 
softer track (including voided sleepers, see Section 6.2) in the field 
compared to in the models. 

6.2. Sleeper displacement 

Time histories of measured and simulated sleeper displacements due 
to the pass-by of two bogies in two adjacent wagons are compared in  
Fig. 9. The measurements were taken from sleepers 5 and 11 from the 
transition. Similarly, the variability in measured sleeper displacement is 
indicated by the shaded area, accounting for all wagon passages in one 
train passage. According to the measurements, sleepers 5 and 11 were 
subjected to a larger range of displacements indicating voids between 
sleeper and ballast of 1.15 mm and 1.60 mm, respectively. Since the 
support conditions in the virgin track models were assumed to be uni
form, these voids have been subtracted from the measured data in Fig. 9. 
Good agreement between measured and simulated signatures of sleeper 
displacement is observed, and the magnitudes of the calculated sleeper 
displacements obtained from both models are found to be essentially 
consistent with the measured data. 

6.3. Sleeper-ballast contact force 

Time histories of simulated sleeper–ballast contact forces from the 
2D and 3D models due to the pass-by of two bogies in two adjacent 
wagons are compared. Unfortunately, there is no corresponding 
measured force to compare with. In Fig. 10, the sleeper–ballast contact 
force for sleeper 5 and 11 generated due to passage of four wheels from 
two bogies in two adjacent iron ore wagons is shown. Good agreement 
between the two models is observed. In the 2D model, for each wheel 
passage and each sleeper, the maximum sleeper–ballast contact force is 
identified and used as input in the empirical settlement model, cf. Sec
tion 2.1.4. 

7. Long-term settlement 

As described above, the aim of this study is to compare two models 
for the prediction of long-term differential settlement in a transition 
zone between ballasted track and slab track. Initially, the specific input 
parameters in each empirical settlement model were tuned by 
comparing the calculated settlement with settlements measured in the 
transition zone at Gransjö, see [18]. For a traffic load of 8 MGT, the 
measured long-term evolution of accumulated settlement for sleepers 5 
and 11 from the transition is shown in Fig. 11, see the dashed blue and 
black lines. After an initial phase of very rapid settlement development 
up to a traffic load of about 1 MGT, the permanent deformation rate 
decreases significantly, a phenomenon referred to as shakedown [29]. 

For the tuning of the 2D settlement model, the time history of the 
sleeper–ballast contact force was calculated at a sleeper away from the 
transition zone, where it was assumed that the evolving differential 
settlement compared to adjacent sleepers is negligible. Based on the 
simplification of remaining constant up to an accumulated traffic load of 
12 MGT, the maximum sleeper–ballast contact force was used as input in 
Eqs. (7) and (9). By applying the iterative approach illustrated in the 
lower (boxed in) part of Fig. 2, the settings of input parameters α1, β1, 
Fth,0, Fth,∞ and γ were tuned such that the trend of the evolving settle
ment agreed with the measured settlement for sleeper 11, see Fig. 11. 
Input data for the calibrated parameters are listed in Table 5. 

Similarly, for the 3D model, one short-term analysis was conducted 
to extract the stresses in all directions for the different layers (ballast, 
sub-ballast, soil layers 1 and 2). These stresses were exported to MAT
LAB to calculate the principal stresses, deviatoric stresses q and mean 
stresses p. Additionally, a static analysis was performed to obtain the 
initial stresses due to gravity load on the track structure. These were 
converted to mean pini and deviatoric qini stresses. The parameters m and 
s in Eq. (14) were determined based on input for the cohesion and 
friction angle of ballast, sub ballast, soil layers 1 and 2 taken from [9, 
29]. The parameters ep1, B and a were also taken from [9,29]. Input data 
for the calibrated parameters are listed in Table 5. It is observed that the 
tuned curve is in good agreement with the long-term trend for the 
measured settlement. As described in Section 2.2.2, the settlement curve 
can be applied in an iterative procedure to predict the differential set
tlement within the transition zone. In that case, the calculated perma
nent track displacement after a certain number of load cycles is applied 
to each node within the FE model, and the geometry of the track is 
updated accordingly before a new short-term analysis of the dynamic 
loading is carried out in ANSYS, etc. However, this procedure has not 
been carried out since the estimated time per iteration step (short-term 
analysis) for this particular transition zone model would be in the order 
of 4 days due to the extensive length of the model and the large number 
of degrees of freedom. 

Fig. 9. Measured and simulated time histories of sleeper displacement: (a) sleeper 5, (b) sleeper 11. Measurement from 2022–10-14, 8 days after construction of the 
transition zone. For the 3D case with the flexible sleeper model, the displacement was calculated at railseat. The voided contribution to the displacements has been 
subtracted from the measured data (1.60 mm for sleeper 5 and 1.15 mm for sleeper 11). Black solid lines, red dashed lines, and shaded area correspond to 3D, 2D 
models, and measured sleeper displacement, respectively. 
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Fig. 11(a) compares the measured and calculated accumulated set
tlements for sleepers 5 and 11 up to an accumulated traffic load of 12 
MGT. In the virgin state of both transition zone models, uniform support 
conditions and no voided sleepers were assumed. For the 2D model, 46 
iterations (the result after each iteration is marked with a dot) with 
subsequently updated state-dependent track support conditions and 
settings in the settlement model, cf. Fig. 2, were completed in about 5 
days. The maximum settlement increment per iteration step was set to 
0.2 mm leading to very small steps in traffic load up to about 2 MGT. 
Due to the stiffness gradient and the evolving misalignment in rail level, 
there is a dynamic excitation of the vehicle–track system leading to a 
local maximum in settlement around sleepers 4 – 11 (at 2 – 6 m from the 
transition) [42]. This will create a loop of increasing dynamic excitation 
of the system leading to higher sleeper–ballast contact forces, further 
settlement, etc. Note that the development of voided sleepers near the 
transition leads to a redistribution of load to the adjacent sleepers 
farther away from the transition. This will generate higher settlement at 
these sleepers, and eventually a small shift in the location of the local 
maximum in longitudinal level, cf. the larger calculated settlement for 
sleeper 11 than for sleeper 5. Due to the increase (hardening) of the 
settlement threshold value with increasing accumulated settlement, 
there is eventually a stabilisation (slowing down) of the settlement. 

In Fig. 11(b), the influence of excluding the shear coupling (kw = 0) 
between adjacent ballast masses in the 2D track model on the predicted 
long-term sleeper settlement is studied. As can be seen from Fig. 7(d), 
the sleeper–ballast force is smaller for the case when kw = 0, leading to a 
smaller increment in settlement per iteration step. Thus, more iterations 
were required to reach shakedown in the accumulated settlement curve, 
cf. Fig. 11(b). The number of iterations in this case was 52. However, 
higher kw leads to a larger difference in settlement between sleepers 
resulting in more differential settlement, cf. Fig. 11(a). To further 
demonstrate the 2D model, the axle load was increased from 31.5 tonnes 

Fig. 10. Calculated sleeper–ballast contact forces using the 2D and 3D models: (a) sleeper 5 and (b) sleeper 11. Black solid lines and red dashed lines correspond to 
3D and 2D models, respectively. 

Fig. 11. Comparison of measured (copied from [18]) and calculated accumu
lated settlement for sleepers 5 and 11: (a) kw = 120 kN/mm in 2D model, (b) kw 
= 0 kN/mm in 2D model. The numbers of iterations with the 2D model when kw 
= 120 kN/mm and kw = 0 kN/mm were 46 and 52, respectively. The number of 
iterations with the 3D model was 1. See Table 5 for input data to tuned set
tlement models. 

Table 5 
Tuned parameter values for settlement models.  

2D model  3D model 

Parameter 
[unit] 

Value Parameter 
[unit] 

Value 

Ballast Sub- 
ballast 

Soil 
layer 1 

Soil 
layer 2 

γ [1/mm] 0.11 m 2.057 1.976 1.636 1.331 
Fth, ∞[kN] 90 s [Pa] 1.726 1.779 1.950 2.049 
Fth, 0 [kN] 35 εp0

1 
0.004 0.00093 0.00093 0.00093 

β1 2.8 B 0.2 0.2 0.2 0.2 
α1 [mm/ 

105] 
0.02 a 0.65 0.65 0.65 0.65  
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to 32.5 tonnes. As expected, this leads to an increase in long-term set
tlement, see Fig. 11(a). 

8. Concluding remarks 

In this paper, two models of vertical dynamic vehicle–track inter
action in a transition zone between a ballasted track and a 3MB slab 
track have been calibrated and validated against rail receptances, rail 
bending moments and sleeper displacements measured in the field. The 
first model is a reduced-order 2D representation of the transition zone 
between ballasted track and 3MB slab track, incorporating the interac
tion between adjacent sleepers through the ground via a discretised 
seven-parameter mass-spring-damper model. The second model is an 
extensive 3D FEM-PML representation of the transition zone, where 
superstructure, ballast and layered soil are represented by solid finite 
elements. The computational cost for the 2D model is significantly lower 
than for the 3D model at the expense of a very much more simplified 
representation of the foundation. 

Both models have been employed to simulate the passage of an iron 
ore freight vehicle with axle loads 31.5 tonnes through the transition 
zone at 60 km/h. Good agreement was observed between the measured 
rail bending moments and sleeper displacements and the corresponding 
dynamic responses calculated with the 2D and 3D models, with the 
simulation time being approximately 25 times shorter for the 2D model. 

Based on measured long-term sleeper settlements in the transition, 
two alternative empirical settlement models have been tuned success
fully. To demonstrate one numerical approach to predict long-term 
differential settlement, the iterative procedure used with the 2D model 
has been applied for a traffic load of 12 MGT. Based on in the order of 50 
iterations, it was shown that the predicted settlement was in good 
agreement with the in-situ measurements. For a further verification of 
the 2D model, it was shown that an increase in axle load resulted in an 
increase in the long-term settlement. It is argued that both the 2D and 3D 
models are capable of successfully representing the short-term and long- 
term response of the vehicle–track system in the transition zone. 
Therefore, the choice between these models depends on the specific 
requirements of the analysis, including the desired level of accuracy and 
available computational capabilities. 
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