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a b s t r a c t

Transition zones between structures as bridges or box culverts frequently present higher degradation
rates compared to the remaining railway. This paper presents a numerical model for the dynamic loads
on the ballast caused by trains passing a transition. The model was validated with field data obtained
from an extensive field survey conducted in two transition zones in the Netherlands. Results show that
the forces on the ballast vary significantly both in time and space on a transition, especially with the
appearance of voids under the sleepers. Implications of the results on the long-term behaviour of transi-
tion zones are presented.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Transitions between embankments on soft soil and settlement
free zones are problematic regions for railway maintenance. In
the Netherlands, where soft soil conditions are typical, it was found
that the maintenance frequency at transitions was 4–8 times high-
er than in normal track [1]. This leads to higher maintenance costs
and reduces availability of the track. The increase of traffic, axle
loads and train velocities on the European rail network, increases
the loading on transition zones, requiring a track of higher quality.
More effective measures are necessary to reduce the degradation
and so the maintenance at transition zones.

The specific behaviour on a transition zone is due to significant
changes of the substructure supporting the track within a short
distance. The transition zone serves to make the stiffness transition
sufficiently smooth and to avoid unwanted dynamic effects. More-
over, on a transition zone, the track level (longitudinal vertical pro-
file) can deteriorate faster [2]. This deterioration is caused by
differential settlements between the settlement free structure
and the connecting track, leading to irregularities on the track level
over some length. Some of the responsible degradation mecha-
nisms at transition zones can be found in [3], the causes are
explained in [4] and typical design solutions are presented in [5].

Field measurements on railway tracks provide decisive infor-
mation in order to analyse their dynamic and long-term behaviour.

However, they are scarce on transition zones. Recently, an exten-
sive field survey was conducted in two transition zones in the
Netherlands [6]. One of the important findings was the appearance
of hanging sleepers. These are sleepers which are suspended by the
rails on the unloaded condition and there is a void between the
sleeper soffit and the ballast surface under it. The mean vertical
height of the void will hereafter be called the hanging distance.

On ballasted track, the stiffness of the ballast/subgrade is non-
linear as shown by field measurements [2,7] and also by laboratory
tests [8]. If hanging sleepers occur and/or the track’s support stiff-
ness changes, the pre-load on the ballast due to the track weight
differs strongly per sleeper. Due to the non-linear response, this
variation implies a different receptance of each sleeper felt by
the train passing over. Also, hanging sleepers and the track
unevenness above transition zones may lead to high impact stres-
ses during train passage at some sleepers and low (or even zero)
stresses at others adjacent sleepers. This influences the long-term
behaviour of the track [8,9].

A numerical study on the dynamic response of a transition zone
requires the development of a model that takes into account (i) the
spatially varying track support, (ii) the vertical profile of the track,
(iii) the possible existence of voids under the sleepers, (iv) the
non-linear constitutive relation for the substructure and (v) the
dynamic vehicle–track interaction. Some computational studies
dedicated to transition zones can be found in [10–15] and a
descriptive review of numerical work made on this subject may
be found in [1].

This paper presents a numerical model for the dynamic loads on
the ballast by trains passing a transition. It takes into account all
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five essential requirements. It also proposes a method to calculate
the initial state of the track based on its vertical level. This permits
to determine the locations of eventual hanging sleepers which
have impact on the obtained numerical dynamic results. The key
parameters are selected from field tests that will be used to vali-
date the model. Discussion of the results obtained for a case-study
and the implications on the long-term behaviour of the transition
zone are also presented.

2. Case description

The monitoring campaign near Gouda in the Netherlands con-
centrated on the transition zones to and from a culvert and on a
switch. The monitoring program performed on the culvert is de-
scribed in [6].

This culvert is a 2 m by 2 m square reinforced concrete struc-
ture approximately 60 m long. The culvert is founded on piles, thus
settlement free. Fig. 1 shows a lateral and a longitudinal view of
the track passing over the culvert. Only two of a total of four par-
allel tracks are shown at Fig. 1(a). At each side, two approach slabs
of 4 m length, 120 cm width and 30 cm thickness, one under each
rail, are usually placed. This is the standard design, used in the
Netherlands since 1970. However, at this site, the field test per-
formed with ground penetrating radar suggests that more slabs
are placed continuous under the two rails.

The railway track is ballasted, with wooden sleepers at this
location. The maximum train speed is 140 km/h. The track is sup-
ported on a 4 m sand embankment built on top of a peat/clay layer,
which is now 7 m thick. On top of the culvert, the ballast/sub-bal-
last thickness is presently around 80 cm and on the free embank-
ment about 40 cm. The measurements were concentrated on the
outer track (right-hand side (RHS) in Fig. 1(a)).

Two types of measurements will be used in this paper:

– A monthly levelling of the track during one year. These mea-
surements were performed with standard levelling equipment
on the unloaded track and can be seen in [16].

– Dynamic measurements of track displacements during train
passages.

The levelling showed a settlement of the embankment under
the ballast layer of 1 mm/month. This causes differential settle-
ments between the top and either side of the culvert, leading to
an uneven track level. Fig. 2 shows two measured track levels
(the trains travel from left to right) where a symbolic representa-
tion of the culvert and the approach slabs is included. The interval
of time between the two measurements was 28 days. Periodic
maintenance was performed immediately after the second
measurement.

Train-induced track vibrations measured at three sleepers are
shown in Fig. 3: before the transition (G7), above the approach slab
(G3) and on top of the culvert (G1). These displacements were ob-
tained by integrating velocities measured with geophones. Compar-
ing the displacements above the culvert (G1) and above the
embankment (G7), it can be found that the track stiffness differs by
a factor of 2. Over the approach slab, the stiffness should vary gradu-
ally between these two stiffnesses. However, the measured displace-
ment amplitudes on location G3 were much higher than at G7 and
G1, indicating a sudden and local drop of the track stiffness [16].

The main cause for the higher displacement amplitudes regis-
tered on the transition zone is the existence of a group of consec-
utive hanging sleepers. Fig. 2 shows that the track level at each side
of the culvert centre is similar to that of a uniformly loaded canti-
lever beam, which is a preliminary indication for the existence of
consecutive hanging sleepers.
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Fig. 1. Transverse view (a) and Longitudinal view (b) of the track passing over the culvert (not to scale).
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