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Experimental analysis of railway track
settlement in transition zones

Haoyu Wang, Valeri Markine and Xiangming Liu

Abstract

Transition zones in railway tracks are the locations with considerable changes in the vertical support structures. Due to
the differential stiffness and settlement in the open track and the engineering structure resulting in the dynamic
amplification of the wheel forces, track settlement is usually observed in the approaching zones. The settlement in
transition zones is detrimental to the track components and passenger comfort. This paper presents the results of the
experimental analysis performed in three transition zones which were in various conditions. The dynamic displacements
of rails due to passing trains were measured at multiple points (dynamic profile) in the approaching zones. The device
employed is a contactless mobile device for measuring displacements, which is based on the digital image correlation
technique. Because the operational parameters of the digital image correlation-based devices are important for meas-
urement accuracy, prior to the in situ measurements, this device was tested in a laboratory to study the influence of the
operational parameters, including the elevation/heading angles, the focal length of the cameras, and the measuring
distance. After determining the optimal operational parameters for the railway field, multiple-point measurements
were performed in the transition zones. The length of the approaching zone was studied first. Also, the dynamic profiles
of the embankment-bridge and bridge—embankment transitions were analysed. Finally, by comparing the multiple-point
displacements in the approaching zones in different conditions, it was found that the dynamic profile of the rail displace-
ments has a good correlation with the track condition in the transition zone. The results are presented and discussed.
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Introduction . . :
zones is performed up to four to eight times more

Transition zones in a railway track network are loca-
tions with considerable change in the supporting
structures. Typically, they are located near engineer-
ing structures, such as bridges, culverts and tunnels.
A typical track transition zone is shown in Figure 1,
wherein an embankment is connected with a culvert.

In such locations, the vertical stiffness of the track
support abruptly changes, resulting in amplification
of the dynamic forces acting on the track, which
ultimately leads to accelerated deterioration of the
vertical track geometry.'® In addition, since the
engineering structures always settle much slower
than the embankment, the differential settlement
between the engineering structure (e.g. bridge) and
open track always occurs. Such initial settlement con-
tributes significantly to the amplification of the wheel
forces and ultimately to the deterioration of the track
geometry in the transition zone.*® Therefore, main-
tenance of the track geometry in the transition zones
requires substantial efforts. For example, in the
Netherlands, the track maintenance in the transition

often than on the open track.®’ In the US, $200 mil-
lion is spent annually to maintain the transition zones,
while in Europe about 97 million is spent.®’

The ballast track in the transition zones can be
divided into two parts (Figure 2): the open track
that is relatively far from the engineering structure
and therefore unaffected by the presence of the engin-
eering structure and the approaching zone which is
located close to the engineering structure and suffers
from the settlement.>>'®!" The settlement in the
approaching zone, showed as a dip in Figure 2(b),
typically appears shortly after installation/renewal of
the track. This phenomenon has been confirmed by a
survey of the performance of track transition zones,
which revealed that 51% of the studied transition
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Figure 2. Schematic diagram of the differential settlement in the transition zone: (a) immediately after construction or maintenance

(no settlement) and (b) after a few months of operation.

zones had experienced such a settlement.®> The dip
also appears in the transition zone between the
embankment and the level crossing.'?

Theoretically, such a significant irregularity in the
track geometry may trigger considerable wheel-rail
interaction forces, which may result in damage to
the track components, affect the passenger comfort,
and even lead to a train derailment. Ultimately, it may
raise the need for additional maintenance and may
increase the life cycle costs. However, the length of
the approaching zone and the magnitude of the settle-
ment (the profile of the settlement) usually are not
clearly defined. Therefore, the maintenance of the
track in the transition zone is difficult to plan and to
perform timely.

The field measurements and analysis of the transi-
tion zone behaviour are somewhat lacking or even
scarce.” Gallage et al.'® stated that the track degrad-
ation in the transition zones is far from being solved
because the mechanism of applied countermeasures is
not entirely understood. Paixao et al.'* also pointed
out that despite the efforts undertaken to minimise the
track transition zone problems, the transition zones
continue to exhibit poor performance and a consider-
able amount of maintenance effort was still spent at
these locations. Similarly, such track transition zones

experiencing severe settlements have been observed by
the authors during this study.

In some studies, the measurements in the transition
zones performed at one point in the approaching zone
are later compared with one point measured in the
open track and one point measured on the bridge,
such as in Zuada Coelho,” Stark and Wilk® and Li
and Davis.'” In this way, the location and the ampli-
tude of the dynamic profile of the dip (Figure 2(b)) are
not clear. A better method is to measure the displace-
ment of sleepers at multiple locations simultaneously
in the approaching zone, such as in Le Pen et al.'> and
Coelho et al."

Similar to the idea of multiple-point measurements
in Le Pen et al.'> and Coelho et al.,'’ this paper pre-
sents the results of the experimental study performed
on three transition zones. The dynamic displacements
of the rails in this study are measured simultaneously
at multiple points (up to eight points, with a minimal
spacing of 0.6 m) in the approaching zone so that the
dynamic profile of the track displacements can be
obtained. The measurement device used in this study
is a contactless mobile device for measuring displace-
ments based on the digital image correlation (DIC)
principle. The measuring method was first presented
in Wang et al.'® and later in Markine et al.'’
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By studying the dynamic responses in the transition
zones, the following aspects are discussed in this

paper:

1. The length of the approaching zone (that is
affected by the settlement);

2. The dynamic profiles of the rail displacement in
the embankment-bridge and the bridge-embank-
ment transitions;

3. The dynamic profiles of the transition zones in
various conditions.

A brief overview of the measurement techniques
used in the transition zones is given in the next
section. Since the operational parameters of the
DIC-based devices are important for measurement
accuracy and the device used here had not been
applied for railway measurements, it was tested in
the laboratory first. The sensitivity of the operational
parameters, including the measuring angle, the dis-
tance and the focal length of the lens, was analysed
in the ‘DIC-based measurement devices’ section. After
that, the measurements of the dynamic displacement
at multiple points on the rails in the approaching
zones were performed and the dynamic behaviour
of the track was analysed as presented in the
‘Field measurements in transition zones’ section and
discussed in the ‘Discussion’ section. Finally, the
findings and conclusions are summarised in the
‘Conclusion’ section.

Measurement techniques in
transition zones

The vertical rail displacements in the transition zones
discussed in the literature can be divided into two
categories, namely the permanent displacements and
the transient ones. The permanent displacement, also
named settlement, is the absolute static rail displace-
ment referring to the original position without load-
ing, while the transient displacement is the relative rail
displacement during train passage with respect to the
unloaded position. When the contact between sleepers
and ballast is in good condition, such as in the open
track, the transient displacement of the rail should
remain constant, while the permanent displacement
may grow slowly. However, in the approaching
zones, the contact status between sleepers and ballast
is often poor, which is presented by a void in ballast
under sleepers and also called hanging sleeper.'®!
Due to the void, the hanging sleepers can move with
less constraint during the passage of trains. The stress
in ballast adjacent to the hanging sleeper is increased
and later leads to track degradation.’ Therefore, the
transient displacements of the track can indicate the
track degradation. Usually, the higher the transient
displacements in the transition are, the worse the con-
dition of the transition zone is. The number of
the experimental studies of transition zones is rather

limited as compared to the studies of other sections of
track. An overview of the experimental studies and
the measurement techniques used therein available
in the literature is given below.

Li and Davis'® studied the plain transition zones
(the transition zone without countermeasures),
wherein the permanent settlement of the track was
measured using the optical level. 1t was found that
the settlement in the open tracks was larger than the
settlement on the bridges, but smaller than those
in the approaching zones. Later, Hyslip et al.® studied
the track geometry data of two transition zones.
The data were obtained by automated track geometry
measurement vehicles for a period of three years.
It was also reported that the rail at the bridge
approaching zone settled after tamping and resulted
in a dip in the track reoccurring near the bridge, and
the reason for the settlement was that the tamping
maintenance process loses effectiveness near the
fixed structure. A recent measurement was conducted
in Stark and Wilk,®> who used linear variable differen-
tial transformers (LVDTs) to measure the permanent
settlement and transient displacements in the two
transition zones. It was found that the permanent
settlements in the approaching zone were much
bigger than those in the open track only after a
half-year of operation.

A transition zone using approaching slab has been
experimentally studied in Zuada Coelho” and Coelho
et al.,'> wherein the transition zone used a 4m rein-
forced concrete slab on each side of the culvert.
The concrete slab was laid under the ballast layer
with one end hinged at the culvert and the other end
free in the embankment. Geophone was used to meas-
ure both the permanent and the transient sleeper
displacement during train passages. It was also
found that the biggest transient displacements of the
sleepers were in the approaching zones, while the dis-
placements on the culvert were the smallest.

As for the high-speed tracks, a laser-based moni-
toring system, position sensitive detector (PSD), was
used to measure the transient displacements of rails in
a transition zone in the Portuguese high-speed railway
(220km/h).*° Later, LVDTs and PSDs were used to
measure the transient displacements of rails in a
transition zone in the Spanish high-speed railway
(220 km/h). Since the transition zones were well con-
structed with the reinforce backfill, no differential
settlements were found in the approaching zones.*""*
However, since the design and maintenance of the tran-
sition zones in the high-speed tracks are different from
those in the normal-speed tracks, these two studies are
not considered here.

In the transition zone between the embankment
and the level crossing, geophones, DIC-based devices
were used to measure the transient displacement of
multiple sleepers in the approaching zone.'? A dip
(dynamic profile) was found, located from 2.52 to
7.83m and centred at 5.15m.
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All the available measurement results in track tran-
sition zones are summarised in Table 1.

Based on this review (Table 1), the following con-
clusions can be made:

1. The displacements in the approaching zones are 5.
the largest, while the displacements on the bridge
are the smallest ones, in both permanent and tran-
sient measurements performed on the normal-
speed tracks.

2. The field measurements in transition zones in a
railway track are relatively insufficient in
number. Also, the measurements did not cover
transitions in different conditions.

3. The behaviour of transition zones is complex and
difficult to predict. Also, this behaviour depends
on the design of the transition zones, i.e. with or
without various countermeasures. Even for the
transition zones of the same type, the behaviour
may vary, depending on the geotechnical condi-
tions and train operation. For example, in
Nicks® one half of the studied transition zones suf-
fered from severe settlements, while the other half
not. Therefore, it is necessary to propose an
assessment method, which can easily evaluate the

and geocell as compared to the transition zone
without countermeasures (e.g. Li and Davis').
Using the approach slab has an even negative
effect on the settlement reduction in transition
zones.?

In most mentioned measurements, only one point
was measured in each zone, i.e. open track, the
approaching zone and the bridge. However,
using only one point is difficult to capture the loca-
tion with the largest displacement. Also, the length
of the affected approaching zone is not known.
Coelho et al.'> measured five sleepers in the
approaching zone. However, due to the rotation
of the approaching slab, the dynamic profile was
different from that of the plain transition zones.
Also, in the measurement of the transition zone of
the level crossing,'? seven sleepers in the approach-
ing zone were measured. Due to the structural dif-
ference of the level crossing, the dynamic profile
was also different. Although the transition struc-
tures are different, the method that measures at
multiple points of the approaching zone was suc-
cessfully proved to provide more insights of the
track behaviour than the one-point measurement.

quality of transition zones. The paper presents the detailed experimental study
4. Some countermeasures did not improve the per- of three transition zones in various conditions.
formance of transition zones. For example, there The dynamic profiles of transition zones were mea-
was no reduction of the permanent settlement in sured simultaneously in several points instead of one
the transition zones achieved by HMA, cement point, using a DIC-based device. The results of the

Table I. Summary of the results of measurement in track transition zones.

Vertical displacement sleepers/track (mm)

Measured Open Approaching Measuring
displacements  track zone Bridge Countermeasures equipment Reference(s)
Permanent 29.2 35.3 16.2 — (Plain) Optical level Li and Davis'®
454 473 19.1 Hot mix
asphalt (HMA)
35.6 40.2 18.3 Cement
394 434 15.8 Geocell
24.9 16.4 0.3 Concrete Geophone, high- Zuada Coelho? and
approaching slab speed camera Coelho et al.'®
2.0 3.6 - — (Plain) LVDT Stark and Wilk®
0.5 7.2 - — (Plain)
Transient 1.2 6.8 0.8 Concrete Geophone, high- Zuada Coelho® and
approaching slab speed camera Coelho et al.'®
0.8 1.2 0.3 Zuada Coelho? and
Coelho et al.'®
0.4 1.7 - — (Plain) LvDT Stark and Wilk®
0.8 52 - - Geophone, DIC Le Pen et al.'?
0.6 0.5 0.4 Backfil PSD Pinto et al.*®
0.8 0.5 0.5 Backfil LVDT, PSD Paixdo et al.>"*?

DIC: digital image correlation; LVDT: linear variable differential transformer; PSD:
*The measurements for the transition zone of a level crossing instead of a bridge.

position sensitive detector.

®The measurements are for the high-speed lines, while the rest are for normal-speed lines.



Wang et al.

field measurements using the DIC-based devices in
railway are described in the following section.

DIC-based measurement devices

In this section, the measurement device used here,
which is based on the DIC, is presented. The DIC-
based devices have been widely used in civil engineer-
ing mainly to measure the plastic deformation of con-
crete bridges®™** or the strain of material.>>?’
However, a relatively small number of papers
reported that DIC-based devices were used in the rail-
way field, where the displacements at higher frequency
are generated. The applications of the DIC-based
devices in railway field are reviewed first. After that,
several sensitive operational parameters of the DIC-
based device were tested, since it has never been used
for railway purposes before.

Application of DIC-based devices in railways

DIC is an optical method, which uses tracking and
image registration techniques for accurate measure-
ments in images. A reference image is captured
before displacement and a series of pictures are taken
subsequently during the movement. The images are
analysed using a numerical matching technique to iden-
tify the most similar patterns in the subsequent images,
which is based on the assumptions that the pattern is
approximately constant between successive images
and that the local textural information is unique.
The matching algorithm compares the image subsets
in the reference image with the image subsets in the
current image.”® Matching criteria are available such
as in Giachetti?® and Tong.>® The method combines
continuous recording of horizontal and vertical dis-
placements with no contact with the measuring targets,
excluding any interference between the measured sur-
face and the measuring device.”***! It often consists
of high-resolution digital cameras which record the
displacement of targets and post-processors which ana-
lyse the changes in the images.

Bowness et al.*? successfully employed a DIC-
based device to measure the complex dynamic deflec-
tion histories of sleepers at three locations during
train passages, which was validated by geophones.
Accurate measurement results were achieved up to
100 km/h of the train speed by using a 30 fps
camera. However, the authors pointed out that only
one sleeper or location could be monitored at a time.
The similar comparison between the DIC-based
device and geophones can also be found in Priest
et al.¥ and Priest and Powrie.** In addition, the
ground vibration has a small influence on the
camera at a distance of 6m from the rail.>> A recent
study discussing the ground vibration could be found
in Wheeler et al.*”

The measured train speed was raised to 180 km/h in
Ribeiro et al.,>® using a camera up to 500 fps, in the

measurements of railway bridges. The measurement
results were validated by LVDTs and the obtained pre-
cision was below 0.1 mm for the distance of 15m. The
displacements of rail were measured by a DIC-based
device in Murray et al.*” By using four synchronised
cameras, multiple locations along the track were
measured. The cameras were 100 fps and they were
positioned at a distance of 10m. The rail strains
measured by DIC-based devices were compared to
finite element simulation results, and a good correlation
is achieved again.*®

Le Pen et al.'? measured the displacements of slee-
pers along the transition zone between the embank-
ment and a level crossing using DIC devices. The train
speed was around 112 km/h. The measurement results
at multiple locations had a good correlation with geo-
phones. In most cases, the measurement results of
DIC have better quality than those of geophones.

Compared to the traditional measurement methods
used in railway fields, such as LVDT and geophones,
the DIC-based devices have some advantages.’>¥-’
The major advantage of the DIC-based devices is that
they can perform measurements from a distance.
Therefore, the measurements can be performed in a
safe zone of a railway track, for example staying at a
distance further than 3.25m from the track. The zone
within 3.25m is a dangerous zone according to the
Dutch railway safety regulations. In addition, the
installation of DIC-based devices is less time consum-
ing. The traditional contact measuring equipment
requires at least one maintenance window (track pos-
session) to be installed on the track (e.g. attaching
sensors to the rails) and another window to be
removed. However, most of the installation work of
the DIC-based devices, including setting cameras and
computers, can be conducted outside of the track that
does not require the possession time. Moreover, the
DIC-based devices can obtain the measurement data
off-line, i.e. the recorded videos can be processed later
in the office. Besides, DIC-based devices can measure
the absolute displacements instead of the relative
displacement.

Since the possession time of tracks is expensive
and the access to the track is increasingly difficult,
DIC-based devices have become very attractive in
the monitoring of railway tracks. In this study, a
DIC-based device is applied to measure the rail
displacements at multi-points in the transition
zones. Because the operational parameters of the
DIC-based devices, which may be limited in the rail-
way field operation, are important to accuracy, the
device was tested in the laboratory to study the sen-
sitivity of the key parameters. The main limitations of
the DIC-based devices in practical operation are as
follows:

1. The elevation and heading angle of cameras to
targets should be small enough. Ideally, the cam-
eras should be perpendicular to the displacement
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plane of the measured targets. However, in most
cases, cameras have to face the measured targets
with the elevation and/or heading angle, due to the
constraint of the track field. For example, the two
inner rails of a double track railway are always
blocked by the outer rails.

2. There is a conflict between the field of view and the
resolution of cameras. A larger field of view and a
higher resolution of the camera are both desirable
but cannot be achieved at the same time. On the
one hand, a larger field of view can cover more
sleepers; on the other hand, the larger field of view
reduces the resolution of the camera, which affects
the measurement accuracy. To study the relation-
ship between the measurement accuracy and oper-
ational parameters, a series of experiments were
performed in the railway laboratory of Delft
University of Technology, the Netherlands.

Laboratory tests of the operational parameters

The operational parameters to test are the elevation
and heading angle, the measuring distance and the
focal length. The DIC-based device used here consists
of cameras (up to 400 fps), lenses of various focal
lengths and a processing system, as shown in
Figure 3. The system is called video gauge system
and provided by Imetrum.

In the laboratory tests, the DIC-based device was
used to measure the motion of the actuator of a
hydraulic press machine, which is the periodic vertical
motion with the frequency of 0.1 Hz and the peak—
peak amplitude of 10 mm. The tested operational par-
ameters are shown in Figure 4. The tested values of
the operational parameters of the device are shown in
Table 2. The reference combination of the parameters
is 0° elevation angle, 0° heading angle, 7.5 m measur-
ing distance and 75mm lens (the values in bold in

Table 2). During the test, the values of only one par-
ameter were changed, while the other parameters have
the reference values. The results of the testing details
are presented in Markine et al.'” The influence of the
operational parameters on the measurement accuracy
is shown in Figure 5.

From Figure 5, it can be seen that the average error
and the standard deviation in all the tests are less than
5% and 5%o, respectively. This confirms the feasibility
of the DIC-based device for railway engineering

Focal length of lens

~~1" Heading angle

| Measuring distance ‘

Figure 4. lllustration of the operational parameters.

Table 2. Tested value of the operational parameters.

Parameters Values

Elevation angle (°) 0,25,5 75,10
Heading angle (°) 0, 5, 15, 30, 45
Measuring distance (m) 25,50, 7.5
Focal length of lens (mm) 16, 25, 50, 75

Figure 3. Components of the DIC-based device: (a) a high-speed camera, (b) the processing system, (c) a tripod and (d) targets.
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error (g) and standard deviation (h).

applications, as in Bowness et al.,’? Priest et al.,*

Ribeiro et al.*® and Iryani et al.*®

Although both the elevation and the heading
angles can generate the average error, the average
error is more sensitive to the elevation angle rather
than the heading angle. As it can be seen from
Figure 5(a) and (b), the average error reaches 4.5%
when the elevation angle is 10°, while the average
error is only 3.3% when the heading angle is already
45°. This is logical since the target is moving in the
vertical direction. Even though the angles are inevit-
able due to the field restrictions, the heading angle
should be constrained to 30° and the elevation angle

should be constrained to 10° with respect to the accur-
acy of measurements.

On the contrary to the angles, the average error
introduced by the measuring distance is relatively
small, as shown in Figure 5(¢). To increase the field
of view (to measure as many sleepers as possible)
while not reducing the accuracy, a long measuring
distance, for instance 7.5m, is recommended.
Measuring on a long distance has a clear advantage,
since the effect on the ground vibrations due to the
passing trains will be reduced. The measuring distance
of 7.5m is also beyond the so-called dangerous zone
in the Netherlands, wherein the human presence is not
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allowed if the track is in operation. The focal length of
50 mm for the reference distance (7.5 m) generates the
smallest average error (Figure 5) and it is therefore
recommended.

Finally, the proposed operational parameters are
listed in Table 3. Note that the elevation angle is smal-
ler than 10° when the distance is 7.5m and the height
difference between the camera and the rail is 1.3 m.

With a better understanding of the measuring
device, the field measurements in the transition
zones were conducted, which are presented in the fol-
lowing section.

Field measurements in transition zones

The measurements of the transition zones using the
DIC-based device are analysed in this section. The
purposes of the measurements are as follows:

1. to determine the length of the approaching zone in
transition zones;

2. to explore the difference of the dynamic profiles of
the embankment-bridge and bridge-embankment
transitions;

3. to study the relationship between the dynamic pro-
file and the health condition of transition zones.

Field introduction

Three transition zones were measured using the DIC-
based device, which are named Transitions A, B and C
as shown in Figure 6. In Transitions A and B, the
embedded rail system is used on the bridges, while
the ballast track with concrete sleepers is used on the
embankment, as shown in Figure 6(a) and (c), respect-
ively. According to the maintenance history, Transition
A was in poor condition while Transition B in healthy
condition. Therefore, larger dynamic displacements
were expected in the approaching zone than in the
open track in Transition A. In Transition C, the ballast
was used above the bridge and the performance was
also in poor condition as shown in Figure 6(e).

The layout of the measurements in the three tran-
sition zones is given in Figure 7. The first sleeper was
located at 0.3 m from the abutment of the bridge and
the sleeper spacing was 0.6 m. The measured locations
are indicated by the red circles. During the measure-
ment of Transition A, two synchronised cameras

Table 3. Suggested values of the operational parameters.

Parameter Suggested value
Elevation angle (°) <10

Heading angle (°) <30

Measuring distance (m) 7.5

Focal length (mm) 50

were used. One measured the track close to the
bridge, from 0 to 2.4 m; the other measured the track
further, from 4.2 to 6 m. The rail at 60.3 m was mea-
sured apart since it is too far from the bridge. In total,
seven train passages were measured in the approaching
zone and eleven train passages were measured in the
open track. The measuring frequency was 78 Hz.
Similarly, the measuring frequency in Transition B
was 78 Hz. The embankment-bridge and bridge—
embankment transition were measured separately.
Forty-two train passages were measured in the
embankment-bridge transition and were measured in
the bridge—embankment transition. In the measure-
ment of Transition C, the measuring frequency was
31 Hz and four train passages were recorded.

The passing trains are the Dutch passenger trains.
Their geometrical parameters are shown in Figure 8.
Their velocities are between 80 and 140 km/h, while
the axle loads (empty train) are around 16t. During
the measurement, the velocities were around 100 km/
h. The setting of the DIC-based device was the same
as proposed in Table 3.

Using the measurement data in Transition A, the
length of the approaching zone is analysed. The rail
displacements measured in the open track (at 60.3m
from the bridge) are compared with the rail displace-
ments closer to the bridge. Since the performance of
Transition A was in poor condition, larger dynamic
displacements are expected in the approaching zone
than in the open track. Moreover, using the measure-
ment results in Transition B, the dynamic profiles of
the embankment-bridge and bridge-embankment
transitions are analysed. In addition, compared with
the measurement results of the embankment—bridge
transitions in Transitions A, B and C, the relationship
between the dynamic profile and the performance is
studied.

Length of the approaching zone

The measured examples of the displacements of the
rail at —1.5, —4.5 and —60.3m (the open track) in
Transition A are shown in Figure 9. Note that the
number of the distance is calculated from the end of
the abutment. For convenience, a negative sign is used
to indicate the left side of the bridge (the embank-
ment—bridge transition) while a positive sign is used
to indicate the right side (the bridge—embankment
transition).

As can be seen in Figure 9, the peaks in the time
history curves correspond to the passage of each
wheelset. In the frequency domain, the peaks match
very well with the frequencies due to the characteristic
length of the train. Taking the displacement of Rail
—0.9 m (Figure 9(b)) for example, when the velocity of
the trains is around 100 km/h, the first characteristic
frequency is 1.38 Hz that corresponds to the bogie
distance of 20m (Figure 8); the second characteristic
frequency is 4.00 Hz that corresponds to the distance
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Transition A

Figure 6. Photos of Transitions A, B and C: overall photos (left) and partial photos of the targets on the rail (right).

between two bogies of the neighbouring vehicles of
7m; the characteristic frequencies of 9.38 and
10.75Hz correspond to the wheel distance in the
bogies of 2.8 and 2.5m, respectively. These character-
istic frequencies can also be found in the measure-
ments in other locations (Figure 9(d), (f) and (h)).
This shows that the results measured by the DIC-
based device are correct.

Comparing the displacements measured in the
three locations (Figure 9), it can be concluded that
the approaching zone in this transition is within
4.5m from the abutment of the bridge, since the
displacements at —4.5m (Figure 9(e)) are similar to

the ones at the open track (Figure 9(g)), and much
smaller than the displacements at —0.9 and —1.5m
(Figure 9(a) and (c)).

In the measurements shown in Figure 9, the max-
imal displacements at 60.3, 4.5, 1.5 and 0.9 m are 0.88,
0.82, 5.19 and 5.55 mm, respectively. In the same way,
the maximal displacements in other passages were col-
lected. The average values of the maximal displace-
ments of at multiple locations can be considered as
the dynamic profile of Transition A as shown in
Figure 10.

From Figure 10, it can be seen that the approach-
ing zone is most likely located within 4.5m from the
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bridge. Since the condition of the Transition A was
considered as poor, the track settlement in the
approaching zone is naturally larger than in the tran-
sition zone of good condition. Therefore, 4.5m can be
considered as the upper limit for the length of the
approaching zone for this type of transition zone.
Note that since the length of the approaching zone
depends on its engineering structure and the local
subgrade property, it is only valid for similar transi-
tion zones. To validate this assumption and to study
the approaching zone, the rail displacements were also
measured in another two approaching zones. The
results of these measurements are discussed in the
next section.

Dynamic profiles of the embankment—bridge and
bridge—embankment transitions

The measured examples of the rail displacements in
both the embankment-bridge and the bridge—
embankment transitions in Transition B are shown
in Figure 11. The rail displacements measured at the
symmetric locations of the bridge are compared.

As can be seen in Figure 11, the peaks at the sym-
metric locations in the embankment-bridge and the

bridge—embankment transition zones are generally
similar, except that at £0.9 and £1.5m the rail dis-
placements on embankment-bridge are larger. The
largest difference is around 30%, which can be
found in Figure 11(b), where the maximal displace-
ment at —0.9m is 2.69 mm while that at +0.9m is
2.37mm. It is in agreement with the theoretical ana-
lysis in Kerr and Moroney' and numerical simulation
in Wang et al.,* wherein the dynamic behaviour of the
train in the two types of transition zones is different. It
is a remarkable fact that Transition B is in healthy
condition. For transition zones in poor condition, the
simulation may be different.

Figure 11 also shows that the rail displacements at
the close locations (0.3, 0.9 and +1.5m) are much
larger than those at the relative distant locations
(£4.5, £5.1 and +5.7m), which is in agreement with
Transition A. The dynamic profile of Transition B is
described in Figure 12.

As seen in Figure 12, the dynamic profiles of the
two types of transitions are both increased close to the
bridge. The rail displacement in the embankment—
bridge transition gradually decreases from 0.3 to
4.5m. Differently, the largest rail displacement in
the bridge—embankment transition zones appears at
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Figure 9. Rail vertical displacements at four locations of Transition A in the time domain (a), (c), (e) and (g) and in the frequency

domain (b), (d), (f) and (h).

0.9m instead of the 0.3m (the closed one). This is
discussed later.

Dynamic profiles of transitions in various conditions

The example of the rail displacements measured at
—1.5 and —4.5m in Transitions A, B and C is
shown in Figure 13. The maximal displacements cor-
responding to the passing bogies are listed in Table 4.

Comparing the results obtained in Transition B
and Transitions A and C, it can be seen that the rail

displacements at —4.5mm are similar as shown in
Figure 13(c), which are 1.06, 0.63 and 1.06 mm,
respectively (Table 4). It is reasonable, since the rail
displacements at —4.5m are close to the displace-
ments in the open tracks, and the open tracks in the
three transition zones are similar. The rail displace-
ments at —1.5m in Transitions A, B and C are con-
siderably different, which are 5.27, 2.27 and 4.86 mm,
respectively (Table 4). This means that the void at
—1.5m in Transitions A and C is larger than in
Transition B. Hanging sleepers are expected in such
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Figure 11. Rail vertical displacements in the embankment—bridge and the bridge—embankment transitions of Transition B.

locations. Therefore, the tracks in Transition A and C
are in worse condition than in Transition B, which is
in agreement with the health condition known from
the maintenance history. Based on the measurement

results, the dynamic profiles of Transitions A, B and
C were obtained, which are compared in Figure 14.

As can be seen in Figure 14, the rail displacements

are sharply increased in the approaching zones
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13

(0.0-4.5m) in all transition zones, in comparison to
the rail displacements in 0.3—1.5 and 4.5-5.7 m zones.
The larger rail displacements confirm the ‘dip’ often
reported in the transition zones (e.g. Nicks?). The high
displacements of rail indicate that the sleepers are in
poor supporting condition, which leads to a signifi-
cant redistribution of the wheel load.*?

The increase of the rail displacements near the
abutment (0.3-1.5m) in these transitions can be
caused by the dynamic behaviour when the bogie
moves from the embankment to the bridge. At the
moment, one wheel of the bogie is on the embank-
ment and the other on the bridge, and more loads
distribute to the wheel on the embankment due to
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Figure 12. Statistics of the vertical rail displacements at all
measured points of Transition B.

its low position. As a result, the wheel-rail interaction
force is increased in the zone corresponding to the
wheel distance in a bogie (2.5m/2.8 m). Following
this hypothesis, the force of the rear wheel reaches
the maximum when the bogie is half on the embank-
ment and half on the bridge (1.25m/1.4m).
This hypothesis is in agreement with the results of
the numerical simulations of transition zones, where
the higher ballast stresses were also observed on the
distance depending on the wheel distance in a bogie.*
It also explains the reason that the highest rail
displacement appears at —0.9 or —1.5m instead of
—0.3m, which is different from the bridge—embank-
ment transition in Transition B (see ‘Dynamic profiles
of the embankment-bridge and bridge—embankment
transitions’ section).

Discussion

From the measurement results presented above, it can
be observed that the rail displacements in 0.3—1.5m
of Transition A were bigger than in Transition B,
while the rail displacements in 4.5-5.7m were very
close. It matches very well with the maintenance
history of these transitions (Transition A in poor
condition and Transition B in good condition).
It has been found the ratio of the average of the rail
displacements in 0.3—1.5m over those in 4.5-5.7 m has
a correlation to the performance of the transition
zones. The physical meaning of the ratio is how
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Table 4. Peaks (mm) corresponding to bogies in Figure 13.

Transition A Transition B Transition C
Bogie no. —1.5m —45m —1.5m —4.5m —1.5m —45m
| 5.39 0.82 2.39 I.11 4.45 1.71
2 5.54 0.80 2.36 I.19 4.40 1.26
3 5.08 0.60 227 1.01 5.69 1.36
4 5.16 0.6l 2.36 1.04 4.02 .11
5 5.00 0.56 227 0.96 5.77 1.03
6 5.27 0.57 2.20 0.96 4.73 1.24
7 5.55 0.59 2.26 1.02 4.43 1.20
8 5.51 0.59 2.14 1.22 5.37 1.34
9 4.94 0.49 2.23 0.86 4.65 1.62
10 5.05 0.56 2.08 0.96 5.65 1.49
I 5.45 0.66 2.36 I.14 5.29 1.15
12 5.34 0.72 2.26 1.21 3.84 1.08
Average 5.27 0.63 2.27 1.06 4.86 1.30
Standard deviation 0.21 0.10 0.09 0.11 0.64 0.21
W aisiion A Table 5. Calculation of the measurements from the transition
_ 77 s
E 6] Railo3—15m  Railys s7m
£ 54 Transition ~ Condition ~ (mm) (mm) Ratio
§ : A Poor 551 .08 5.1
E- 5] B Good 2.48 1.14 2.2
% i ] C Poor 5.36 1.78 3.0
o
04
6 5 -4 -3 2 -1 0
Distance to the bridge (m)

Figure 14. Comparison of vertical rail displacements in the
approaching zone of two transitions.

many times larger the rail displacement is in the
approaching zone than in the open track. The calcu-
lations are shown in Table 5, where Raily3_1 5m 1S the
average of the rail displacement at 0.3-1.5m; and
Railys_s7y, 18 the average of the rail displacement at
4.5-5.7m. The distance is calculated from the bridge
and only on the embankment-bridge transition as
shown in Figure 7.

As seen in Table 5, the ratio correlates very well to
the condition of the transition zones, wherein 2.2 is
for the healthy condition and 5.1 for the poor condi-
tion. According to Kerr and Moroney,' Stark and
Wilk® and Dahlberg,*® the settlement in the transition
zone is a self-perpetuating system. The differential
settlement leads to redistribution of wheel load,
which in turns initiates larger differential settlement.
Assuming the ratio is 1 for a perfect transition zone,
when no settlement exists in the approaching zone
and Raily3_1s5m and Railys_s57,m are same. As the

transition is in use, the ratio increases. The higher
value indicates the worse condition of the transition
zone, while the lower value the healthier. Therefore,
the ratio can reflect the degradation of a transition
zone. By measuring the ratio of a transition zone, it
is possible to know in which condition the transition
is. For Transition C, both high Raily; s, and
Railys 574, lead to a relative lower ratio, compared
to Transition A. It indicates the open track is in poor
condition as well as the approaching zone.

Since currently there is no special detection method
or Key Performance Index (KPIs) for transition zones
and maintenance scheme of transition zones are deter-
mined mostly by experience, this method has a poten-
tial to assess the condition and to determine
maintenance scheme for certain types of transition
zones. However, it should be noted that the ratio
obtained here is for the transition zones without coun-
termeasures with Dutch passenger trains running at
normal operational velocity (80-140km/h). These
values may be affected by the transition zone type,
configuration and velocity of trains. Before using the
ratio as a KPI for transition zones, numerous meas-
urements of transition zones should be conducted.



Wang et al.

Conclusion

This paper presents the results of the experimental
study performed on three transition zones in various
conditions. The dynamic displacements of rails were
measured at multiple points in the approaching zone.
The measurement device employed is a contactless
mobile device for measuring displacements, which is
based on the DIC technique. Using this method, the
dynamic profile of the track (the dynamic displace-
ment of rail along the track) in the approaching
zones (instead of a single point measurement) can be
obtained. The health condition in the transition zones
can be assessed, and therefore the maintenance
schemes can be better determined.

Because the operational parameters of the
DIC-based devices are important for accuracy, the
measurement device was tested in the laboratory to
determine the optimal range of its operational param-
eter. It has been found that the elevation angle of the
cameras is the most sensitive parameter and a set of
the operational parameter is proposed for the field
measurement.

After determining the working ranges of the oper-
ational parameters, the measurements were performed
on three transition zones. The length of the approach-
ing zone (4.5m) was determined based on the meas-
urements performed at the different distances from
the bridge. The rail displacements are considerably
increased in the approaching zone, while the rail dis-
placements are similar to those in the open track,
beyond the approaching zone.

It has also been found that the dynamic profiles of
the embankment-bridge and the bridge—embankment
transition are both increased close to the bridge.
However, the rail displacement in the embankment—
bridge transition gradually decreases, while the
highest rail displacement in the bridge-embankment
transition appears at 0.9 or 1.5m to the bridge.
A possible explanation is that more loads distribute
to the wheel on the embankment when the bogie
moves from the embankment to the bridge.

Another finding is that the dynamic profiles of
the transition zone in various conditions are sig-
nificantly different. The ratio between the rail
displacements in 0.3-1.5 and 4.5-5.7m is calculated
to study the degradation in the approaching
zones. The results show that the ratio has good
correlation with the health condition of the mea-
sured transition zones.
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