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This paper summarizes the key findings and physical mechanisms and provides informa-
tion on open questions and the assessment of railway bridge superstructure vibrations.
Bridges are classic disruption points on a railway track. If bridge superstructures are
dynamically excited by train traffic, the vertical accelerations of the track must be con-
sidered. For a ballasted track, this can lead to the destabilization of the ballast track, as
the bridge superstructure acts like a vibrating table. In this respect, the paper explains in
more detail what is meant by destabilization, when this destabilization occurs and how
various influencing parameters such as acceleration amplitude, the vibration sequence
and frequency affect its occurrence. In the InBridgedEU project, gaps in knowledge such
as the effect of single impulse loads are being investigated experimentally. A new test
facility has been set up for this purpose, the initial results of which are presented here.
An essential element in the assessment of this scenario is the stability of the track under
high compression forces with simultaneous dynamic excitation of the superstructure.
A new approach for the assessment of bridge vibrations with respect to lateral stability
is presented.

Keywords: Railway bridge dynamics; bridge deck acceleration; ballast destabilization;
lateral track stability; track buckling.

1. Introduction

Railway bridges perform the task of the substructure as the basis of a railway
track in rail transport. It is therefore not surprising that the requirements of the
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vehicle, the track and their interaction have a decisive influence on the design of
the bridge structure. The service limit states can be decisive for the design of the
railway bridges, being in fact ultimate limit states (ULS) with respect to the safety
of the trafficl Deflections of the superstructure when a train passes over it can
lead to unpleasant accelerations for the passenger. For reasons of traveling comfort,
the superstructure deflections, depending on speed and bridge length, have been
limited to small amplitudes. A side effect of the very small permissible values is
that the vibration response of the bridge structure usually remains small. However,
for unfavorable vehicle-track combinations, this can lead to structural resonances
for certain traveling speeds.

It is known from the dynamic calculations by the ERRI D214 Committee? that,
despite compliance with the deflection criterion, vibration amplitudes of the bridge
superstructure of up to 1.0 g are possible. In France, with the commissioning of the
Paris—Lyon line, resonances occurred on some short bridges as a result of train cross-
ings, which manifested themselves in signs of destabilization on the ballasted track.
Visible vibrations of individual ballast stones were observed when trains passed over
them. Ballast stones moved on the raised ballast shoulder, which led to a lateral
track shift and presumably reduced the transverse resistance to the transverse dis-
placement. Loosening, heavy abrasion, formation of longitudinal height and track
alignment errors and even voided sleepers were the consequences. The subsequent
measurements confirmed the resonance excitation of the superstructure. Accelera-
tion amplitudes greater than 0.7 g were measured, whereby the destabilization of
the ballast bed was significant. Some measured acceleration amplitudes were even
higher, reaching 0.9 g.

The occurrence of these phenomena shows that two distinct structures interact
with one another: The track and the bridge. This interaction may have unforeseen
consequences for either one of the structures.

Very extensive numerical and experimental research activities have been car-
ried out internationally to understand and correctly predict the occurrence of
resonance phenomena and dynamic interaction in general. The main focus has
been the development of numerical prediction models and an accurate estimate
of the dynamic parameters of the bridge and the interacting track superstructure.
As a consequence, the recent research focuses on stiffness® damping® coupling®
and shear® effects of ballast in the context of railway bridge dynamics. Moliner
et alD investigate the influence of vertical flexibility of the bearings and trans-
verse vibration modes. Ferreira et al® question the current acceleration limit for
bridge superstructures. Deck acceleration values above the limit do not have a direct
correspondence with current derailment criteria, and running safety is more con-
ditioned by track quality than by bridge resonance. Another set of experimental
data studying the coupling of ballast layer on adjacent bridge decks is presented in
Galvin et al?
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This focus on the effects ballasted track has on the (dynamic) properties of
bridges is very useful for addressing many issues related to railway bridge dynamics.
However, the limit criterion on acceleration prescribed in the design and reassess-
ment codes, such as EN 199082 and ONORM B 4008-2 is based on the desta-
bilization of the ballasted track. Ballast destabilization is a rough description of
uncontrolled deformations in the ballast bed due to dynamic action. Most critical
is when the ballasted track is subject to vertical vibrations while at the same time
lateral static loads act on the sleepers which leads to the phenomenon of vibration-
induced creep 2 Recent experimental work on ballasted track focusses on lateral
vibrations for questions regarding earthquakes ™ dynamic lateral resistance or
energy dissipation® A recent review of lateral resistance of sleeperst® lists earth-
quakes and vertical train loads as dynamic loads on ballasted tracks. The current
state of research leads to the conclusion that research is either focused on the effects
ballasted track has on the train and bridge dynamics (see previous paragraph) or on
issues of track resistance (this paragraph). However, there is no current research on
the effect vertical bridge vibrations have on ballasted tracks subject to lateral loads.

This paper proposes to bridge the gap between these two structures by coming
from the track and addressing the effects the bridge has on the track. It proceeds by
summarizing the physical mechanisms and giving an overview of past and current
experimental findings. This leads to a proposal for the assessment of the stability
of the ballasted track on vibrating bridge decks.

This paper is restricted to the destabilization of ballasted tracks directly on
vibrating bridge decks. BaeBler et al18 provide a more general discussion on the
degradation of ballasted track at bridges in high-speed lines, also considering specific
problems at the transition zone. This work is part of the InBridge4dEU Project™?
which aims to enhance and harmonize the standards for evaluating the dynamic
performance of European railway bridges to improve interoperability, structural
analysis, and cost efficiency.

2. Vertical Shake Table: From Physical Mechanisms to
Scenario-Based Tests on Ballast Track

2.1. Introduction

Vertical shake table tests can be best understood based on simple basic mechanical
considerations, which are shown in Table [Tl

A rigid body that is accelerated with an amplitude opposite to and greater than
the gravitational constant during a vibration excitation loses contact with its base
from 1g onwards. This occurs when the table is at the top-most position where it
experiences the largest downward acceleration. If the body is elastic or elastically
mounted, it is a vibrating system and the increase in vibration transmission when
the base is excited can cause the body to completely lose contact force even below an
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Table 1. Considerations for a body on a vertical shake table.

Physical mechanism

Rigid body on a shake table with harmonic excitation.
For a > 1g, the rigid body remains contactless, thereby
prone for displacements.

Rigid body as a mass-spring system on a shake table with
harmonic excitation. Due to the transfer function of the
mass-spring-system, the critical acceleration amplitude
of the table can be below 1g.

Rigid body as a mass-spring system on a shake table with
harmonic excitation. The lateral resistance depends on
the weight force on the shake table. Intermittently, the
lateral resistance gets reduced and can be 0 for a > 1g.

F

On an inclined plane, the movement of the body is
dependent on the velocity of the movement of the plane
in any specific direction.

b

excitation of 1 g. Lateral displacement of the body due to a lateral force is generally
counteracted by friction from the weight force. If the weight force of the body is
minimized during vibration excitation, the body can be displaced more easily. From
these considerations, it becomes clear how the ballast grains connected by contact
forces and friction can be displaced more easily or no longer act as a continuum at
an excitation close to 1g.

These considerations summarize the first three cases in Table Il In addition,
viscous behavior has been proven theoretically for a body on an inclined plane,
where the eventual movement of the sample is dependent on the velocity of the
movement of the plane in any specific direction™ This pseudo-viscosity can be
associated with dynamically excited slopes.

To transfer the basic considerations from a single body on a vibrating table, the
complex system of a ballasted superstructure on the bridge must be considered. The
ballast track on a bridge is illustrated in Fig. Il The track on bridges is a continu-
ation of the track on the subgrade. Designs differ in the variants of a boundary by
a trough or by an ordinary embankment. Phenomenological observations when this
cross-section across the bridge is excited as a vibrating table with high amplitude
shows a separation of ballast stones near the surface. However, on an embanked
cross-section, lateral movement (flow) can also be observed on the embankment.

2.2. Material behavior and loading scenario

The behavior of granular geomaterials such as the ballast fabric under cyclic and
dynamic loads has been extensively investigated in the past. Ballast and sand differ

2540024-4



Int. J. Str. Stab. Dyn. Downloaded from www.worldscientific.com

by 2001:690:2200:9a82:b167:d166:2989:43f8 on 09/08/25. Re-use and distribution is strictly not permitted, except for Open Access articles.

Ballasted Track on Vibrating Bridge Decks

separated
-~ "~. grains
.

lateral flow

10

teo:d)

| deck acc a

box wall <:> with shoulder ay

Fig. 1. Bridge cross-section for ballasted track with either a rigid wall (left) or an embankment
(right). Separation of surface ballast particles can be observed for high deck acceleration. On an
embankment, particles can start to roll down the slope.

in that ballast is more abrasive. In addition, a ballast bed is generally less homoge-
neous due to the low number of particles over the total height. Nevertheless, ballast
and sand behave in a fundamentally similar way. Granular materials such as sand
and ballast generally behave mostly rate-independently in shear. As a result, the
loading frequency is usually not a significant parameter in tests. Shenton™ carried
out cyclic triaxial tests, which showed a frequency independence between 0.1 Hz and
30 Hz. For the vibrating table tests of Gaskin et al29 ballast densification starts at
amplitudes close to 1 g and densification increases significantly at higher amplitudes.
The differences in the compaction effect for excitation frequencies between 10 Hz
and 60 Hz were insignificant (see Fig. Pl left). However, these findings are focused
on very large acceleration amplitudes considering the impact of large accelerations
on track maintenance work. These acceleration levels are typically not achieved on
dynamically excited bridge decks. Similar findings were reported by Morgan and
Markland 21

Mogami and Kubd?? reported on a set of experiments, in which a frame shear
test device is mounted on a vibrating table. The load situation in this test is very
similar to a laterally loaded sleeper in a ballast track on a vibrating table. Figure 2]
shows the decrease in the maximum shear stress with the increase in acceleration
amplitude. Above an amplitude of 1.0g, the decrease is almost complete. In the
shear frame, the maximum shear stresses already drop starting from 0.2 g.

These tests are an important indicator of the ballast superstructure on bridges.
An amplitude of the vibrating table toward 1g clearly leads to movements in the
ballast bed. A first hypothesis is that in a typical application range of frequen-
cies up to 60Hz, the excitation frequency is of secondary importance (not refer-
ring to the eventual excitation of track eigenmodes). In order to plan meaningful
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Fig. 2. Compaction achieved on a vibrating table at different acceleration amplitudes according
to Gaskin et al20 (left); Maximum shear stress achieved in the shear test on a shake table at
different acceleration amplitudes according to Mogami and Kubd22 (right).

tests, a close look must be taken at the sample preparation and the complex load
application:

(1) Local picture: The presented tests with sand and ballast have loose bedding
as the initial condition. The granular fabric is compacted by the vibrations of the
vibrating table, as visualized in Fig.

On the other hand, a real ballast superstructure is highly compacted before
service starts. Dilatant behavior is expected. The scenario for track settlements
can be assumed as follows, as Fig. Ml visualizes: (1) ballast is placed and com-
pacted (tamped) on the bridge. Then the bridge-track-system is excited (2) caus-
ing a loosening of the ballast fabric (3, dilatancy) and eventually a heave of the
sleeper. A reloading of the track due to train passages (4) might lead to small incre-
ments of additional settlements (5). The described procedure exemplifies a general

shake box
—_—

.0.&'

Fig. 3. Densification of a loose granular assembly due to shaking in a box. A foundation on top of
the sample eventually will move downwards.
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Fig. 4. Exemplary representation of the load history and deformations in a local ballast cell.
Vibrations and repeated cyclic load sequences lead to permanent changes in the ballast structure.
In general, small increments of settlement accumulate to a track degradation over time.

sequence of mechanisms. In reality, an alternating sequence of various loadings
will occur.

(2) Global picture: Compaction or loosening in the vibrating box describes a
material phenomenon. However, this observation must be embedded in a loading
scenario for the entire track—bridge interaction. The complex situation at the bridge
is illustrated in Fig.

The passage of a train leads to repeated loading of the ballast bed over the
sleepers. The crossing can cause the bridge superstructure to vibrate. The situation
of the ballast superstructure can be simulated locally on a vibrating table. The
interaction of the forces acting via the sleepers and the vibrations of the bridge
girder is complex. The load position and load distribution across the track are
constantly changing. In addition, the sleepers rest unevenly on the ballast bed. The
localized deformations under a sleeper are coupled via the ballast bed while the
sleepers are fixed with the rail. This complex situation makes it difficult to quantify
the permanent vertical track changes.

The lateral stability of the track is of particular interest for the ULS analysis of
the train—bridge interaction. Compression forces in the rail may add lateral forces
to the sleeper load. The track grid can shift laterally, the track position errors can
increase, the lateral track resistance is reduced, and finally, the lateral stability can
be lost. This comprehensive picture is the background for testing at the authors’
institute.

2.3. A discussion on shake table tests with complex loading

Extensive shake table tests on ballasted track have been done for the ERRI D214
report? and subsequent research projects2324 Tests have been done in a range of
5-60Hz with a rail grid of four sleepers or smaller boxes with one sleeper or a
part of it. All tests show an amplification of harmonic shake table vibrations to the
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Fig. 5. Track loading scenarios: For the continuation of a track on bridge, the vehicle passing causes
bridge deck deflection. A significant vibration of the bridge superstructure might add up (top left).
The local track behavior can be investigated on a small section similar to a shake table (bottom
left). In addition to the vertical excitation, a lateral loading of the track is of major importance
(top right).

upper ballast layer and the sleeper. While vibrations up to 20 Hz do not significantly
amplify the amplitude in the track, the trend for higher frequencies is unequivocal
(see Fig. [B). Phenomenologically, it is roughly true that at accelerations close to
a threshold of 1.0 g, ballast particles start to separate and the sleeper bounces on
the track bed. At higher frequencies, the amplitudes at the track surface and at the
sleepers can be significantly higher than at the vibrating table.

The amplification of amplitudes from the shake table to the ballast is seen as
the main reason that the ballast destabilizes also at frequencies >30 Hz. However,
for a further understanding of the meaning of such destabilization, it needs to be
considered how the performance of the ballast is affected. The following technical
considerations must be distinguished?3:

e Vertical load transfer: The ballast bed must transfer the vertical loads. Tests
show that a briefly loosened ballast has the same stiffness after a few cycles of
reloading. The utilization of the ballast superstructure is far beyond a state of
failure.

e Settlement: Increased settlements do occur. Initially, this is a maintenance prob-
lem. Cannot usually be predicted well and — as experience on existing lines
shows — may be manageable during operation.
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Fig. 6. Exemplified transfer function of shake box accelerations to the sleeper for an acceleration
level of 0.7g. More details on the tests can be found in the literature 22 Similar behavior was
observed for test configurations with a rail grid of four sleepers.

e Lateral support: Lateral support is important for keeping the track and pre-
venting loss of lateral stability. The lateral track resistance must not be allowed
to drop significantly, nor must lateral track misalignments be allowed to grow
uncontrollably.

Subsequently, lateral resistance of the ballast bed has been found most interest-
ing. Track safety can be affected by diminished resistance. Tests were dond225 to
show how a sleeper’s resistance and deformations are affected by the simultaneous
effect of a lateral force and an excitation via the vibrating shake table. Figure [1
(left) shows the accumulated lateral displacements of these tests for different accel-
eration levels and lateral preloads. The test setup included a single B70 sleeper 12
The excitation frequencies were between 8 Hz and 12 Hz. Previous investigations
found the frequencies to not bear relevance 3
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Fig. 7. (left) Accumulation of lateral sleeper displacements for fixed values of lateral load plotted
over acceleration amplitude (stepwise increasing). Sequences of 500 vibration cycles. The shaded
areas represent maximum and minimum envelopes from different runs of the same test 285l Several
tests summarized. (right) Exemplified result for one sequence of 500 vibration cycles.
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The accumulation of lateral ballast displacements due to vertical vibrations
depends on the amplitude of lateral load and the vertical acceleration amplitude.
With some scatter in the data, the lateral displacements for fixed loading param-
eters increase with nearly constant increments 2223 This allows us to formulate a
law, expressing the vibration-induced creep Af as a function of the lateral load Fp,
applied on the sleeper, the maximum amplitude a of the vertical accelerations, and
the number Ncyc of cycles. Normalizing the lateral force Fr, by Fro = 1kN and the
acceleration amplitude a by ag = 1 g yields the vibration-induced creep in [mm]:

Fr Fr |©? a
Af=sign ( == ) .0y - |22 . Cs- =) Neve. 1
f Slgn (FLO> 1 FLO exp( 3 ao) yl ()

There are no final conclusions about the range of probable values for the constants
C}, Cy, and Cs. For a specific test setup 225 these values provided the best fit for
the experimental data:

C1=9.0x10"",
Co = 3.65, (2)
Cs5 = 12.523.

2.4. Summary of the current knowledge on ballast destabilization
on bridges

The main points of the preceding review can be summarized as follows:

e Ballast destabilizes for base acceleration amplitudes above 0.7 g. Destabilization
is a vague labeling for a process of ballast particle reorganization, associated with
a loss of strength and increased deformations.

e Generally, settlements increase with increasing accelerations. The displacements
become significant for amplitudes of 0.7-0.8 g. However, the vertical stiffness is
regained after reloading. The load-bearing capacity is not affected.

e Lateral displacements of a sleeper are strongly dependent on the acceleration
amplitude (if accompanied by lateral forces).

e From a local perspective, higher frequencies up to 60Hz are not less critical
than lower frequencies. Of course, higher frequencies are usually associated with
smaller wavelengths, thereby limiting the destabilization to local spots.

e So far, an excitation with only single peaks of higher amplitudes has not been
proven to be less critical than a large sequence of vibration cycles. Even a few
single acceleration peaks disturb the ballast fabric leading to a loosening and
then reconfining of the material. However, this has only been proven for (vertical)
settlements, but not for the lateral resistance of a sleeper. The question of the
significance of non-resonant individual peaks is of central importance in some
studies 28

2540024-10



Int. J. Str. Stab. Dyn. Downloaded from www.worldscientific.com

by 2001:690:2200:9a82:b167:d166:2989:43f8 on 09/08/25. Re-use and distribution is strictly not permitted, except for Open Access articles.

Ballasted Track on Vibrating Bridge Decks

e It has been discussed that the vertical behavior of the track is foremost a main-
tenance problem. It seems justified that for existing bridges that have slightly
higher acceleration amplitudes than 0.35g but otherwise exhibit a technically
inconspicuous behavior, these higher amplitudes are tolerated. Such approaches
are being pursued by various railway operators.

e The lateral stability of the track is crucial for the safety assessment of a vibrating
bridge deck. The lateral displacements of a sleeper on a vibrating bridge deck can
be calculated with an empirical formula. Subsequently, this can be used to verify
the lateral stability of the track under compression forces in the rails.

While the basic mechanisms of deterioration of a ballasted track are understood,
there is still a need to quantify individual effects more reliably and to bring them
into an assessment scheme. Some of the findings are based on a few tests. With
respect to lateral stability, tests have only been done as static lateral load tests
or for harmonic sequences of vibrations with uniform amplitudes. This indicates a
certain behavior, but in a real track all load components vary with the train passage,
thermal boundary conditions and initial track quality.

In the InBridge4EU project, additional analyses are carried out for this purpose.
These investigations focus on the provision of more test data especially on ques-
tions like the impact of single peaks on the degradation of a ballasted track. But
also dedicated verification scenarios for the assessment of bridge accelerations are
presented which in the future should allow for a more reliable verification of railway
bridges with ballasted track. Details on both interconnected topics are presented
below.

3. New Test Setup and First Results
3.1. Setup

The aim of the test setup is to examine the vibration-induced creep under different
scenarios and with different parameters. A box with inside dimensions of 1.40 m x
1.04m x 0.60m is filled with ballast, in which a concrete block of 0.6 m x 0.3m X
0.22m is placed as a model sleeper. The box is enclosed by a frame that rests on
a cylinder rod connected to an actuator below the floor plate. Guides on the sides
of the enclosing frame enable the box and its enclosing frame to move vertically
while all other movements are restrained. An actuator horizontally mounted on
the box is used to apply a lateral load on the model sleeper. Four accelerometers
(Metra MMF KD41V) mounted at the base plate of the box are used to measure the
vibrations. The horizontal displacement of the model sleeper is measured with two
laser-optical distance sensors (Micro-Epsilon optoNCDT 1401) which are directed
to L-brackets mounted on the sleeper. For preconditioning the ballast and the model
sleeper placed within, a vertical actuator mounted on the enclosing frame can apply
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Fig. 8. Experimental setup for examining the vibration-induced creep due to lateral load and
vertical vibrations in isometric view (a) and longitudinal section (b). The quantities relevant
for the tests are the lateral force F, the box acceleration a, and the lateral displacement Af,
as shown in (c).

forces on top of the model sleeper. Figures B(a) and B(b) show the experimental
setup in an isometric view and as a section.

To examine vibration-induced creep, the lateral displacement Af of the model
sleeper is measured while it experiences a lateral force, and the box is subject to
vertical vibrations. The governing factors are the lateral force F, and the acceler-
ations a experienced by the ballasted due to the vibrations of the box. Figure [§(c)
shows the principle of the tests and the quantities of interest.

There is already a body of knowledge on vibration-induced creep ™ Two pro-
tentional favorable influences that could possibly be neglected in the assessment
are frequencies above 30 Hz and single acceleration peaks28 The latter one is the
subject of this study.

3.2. First results

To investigate the effect of single vertical acceleration peaks on vibration-induced
lateral creep, comparative experiments are conducted for both harmonic vertical
vibrations and impulse loads of single vertical acceleration peaks. Results from the
experiments are expected to show significant variation between tests since every
test exhibits a slightly different configuration of the ballast in the box 23 Therefore,
to be able to compare harmonic versus impulse accelerations, these two acceleration
loading regimes are applied consecutively in a single test. Two tests were conducted,
and their results are presented below.
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Table 2. Parameters of the tests.

Test Pre-conditioning Test procedure Lateral force
1 Ballast compaction; Sleeper pre-loading 2 x 500 cycles harmonic load, 1.0kN
1000 cycles of 20kN at 1 Hz 250 single peak impulses
2 Ballast compaction; Sleeper pre-loading 250 single peak impulses, 1.0kN
1000 cycles of 20kN at 1 Hz 5 % 500 cycles harmonic load

Pre-tests show a lateral resistance of the model sleeper of about 4kN. To stay
well below this limit, a constant lateral force of F;, = 1.0kN is applied for the tests
of vibration-induced creep. The ballast and the model sleeper are pre-conditioned
by applying a compaction procedure to the ballast with a vibrating plate and the
application of a harmonic load of 20kN on the sleeper at a frequency of 1 Hz for
1000 cycles. The aim of this pre-conditioning procedure is to facilitate reproducible
conditions.

The first test comprises a harmonic acceleration of 2 x 500 cycles at 30 Hz fol-
lowed by 250 single peak impulses separated by 3s. The second test starts with 250
single peak impulses separated by 3s and follows with 5 x 500 cycles of harmonic
acceleration at 30 Hz. Table [2] summarizes the parameters of the tests.

The measured signals of box acceleration and lateral force and displacement are
postprocessed with a low-pass filter at 250 Hz. Afterwards, the peaks of the max-
imum downward acceleration (negative sign) are identified. Figure [l shows close-
up views of the acceleration time series of test 1, including the identified peaks.
Figure[[U gives an overview of the results of test 1. The identified acceleration peaks
and the measured lateral displacement are plotted over the number of cycles. Like-
wise, Figs. Il and 2] show close-up time series and results for test 2, respectively.
The results indicate that single acceleration peaks influence the lateral displacement

Continuous signal @® Peaks

vert. acceleration [m/s?]

T T T T T
667.0 667.2 667.4 3946.8 3947.0
Time (s) Time (s)

Fig. 9. Close-up view of time series of the measured vertical box accelerations and peaks of the
maximum downward acceleration for test 1. The signal on the left is from the harmonic shaking,
while the signal on the right is from the transient impulse phase.
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Fig. 10. Aggregated results of test 1. Peaks of the maximum downward vertical box acceleration
over the number of cycles (above) and lateral displacement of the model sleeper (below). Artifacts
of higher and lower peaks due to the actuator control can be seen at the start of each set of 500
harmonic load cycles.
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Fig. 11. Close-up view of time series of the measured vertical box accelerations and peaks of the
maximum downward acceleration for test 2. The signal on the left is from the transient impulse
phase, while the signal on the right is from the harmonic shaking.

of the sleeper on the same scale and single peaks cannot be ignored. Quantifying
this effect could be subject to further research.

The assessment must take into account that, in addition to the bridge vibrations,
relevant lateral forces must also occur in the track at the same time. High-rail
temperatures or lateral vehicle forces are typically not permanently present.
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Fig. 12. Aggregated results of test 2. Peaks of the maximum downward vertical box acceleration
over the number of cycles (above) and lateral displacement of the model sleeper (below). Artifacts
of higher and lower peaks due to the actuator control can be seen at the start of each set of 500
harmonic load cycles.

4. Assessment

The open question remains on how to appropriately describe the limits of ballasted
tracks subject to vertical vibrations beyond restricting maximum accelerations to
the conservative limit of 3.5 m/s2. Vibration-induced creep leads to lateral displace-
ments of the track. Maintenance regimes are designed to detect and correct flaws
in the geometry of the track. Our approach is to cast the question of limits as both
a maintenance and geotechnical issue, defining a deflection limit A fy;,;,, within a
given reference timeframe tp deriving from geometrical limits of the track given
for line categories and maintenance intervals, such as imposed by Ril 821.2001, for
example 20 A lateral track model and a dynamic train-bridge model are employed
to estimate the lateral loads on the sleepers and the vertical acceleration the track
is subject to. The dynamic analysis yields vertical acceleration time series which are
processed further. For different scenarios occurring during the reference timeframe,
the lateral creep is evaluated according to Eq. ([d). Then, the creep resulting from
the different scenarios is superposed and evaluated against the deflection limit. With
this approach, one can quantify and evaluate the adverse effects of vibration-induced
creep on the track stability due to vibrating bridge decks. This is a deterministic
approach that relies on values based on the best fit of a specific test (see Eq. @),
so special considerations must be taken to account for uncertainty.
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4.1. A lateral model

For the calculation of the lateral forces F, acting on the sleeper, a lateral track
model is formulated as a two-dimensional finite element (FE) model with beam ele-
ments representing the track. The necessary parameters are derived from the track
geometry, such as the track radius r and the length [ of the model. Crucial for the
lateral forces are the misalignment amplitude § and its length 5. The sleeper spacing
and considerations of the lateral and rotational stiffness®® influence the modeling
of the lateral support of the track. The properties of the beam elements are largely
influenced by the rails and can conservatively be assumed as a superposition of
two independent rails. Depending on the specified scenarios, a uniform temperature
difference AT is applied to the model. Figure shows the lateral track model
and key geometrical parameters. More sophisticated track models can be utilized to
examine buckling®® or describe nonlinear effects of accumulated vibration-induced
creep 1225 For the current evaluation, with the linear-elastic track model the lateral
forces Fy, at the sleepers can be determined.

4.2. A proposal for assessment

The ultimate goal is to assess whether bridge deck vibrations due to high-speed train
passages lead to inadmissible lateral track displacements. The track maintenance
requirements inform the deflection limit A fy;;,, within a given reference timeframe
tr. Thus, not a single limit state is considered, but likely scenarios occurring within
the reference timeframe ¢ are investigated. The displacements A f of the vibration-
induced creep of these scenarios are accumulated and compared with the deflection
limit A fiim.

Fig. 13. Lateral model of the track. Key geometrical parameters are the length and radius of
the track, the amplitude and length of the imperfection. The scenarios examined prescribe the
temperature difference AT applied to the entire track.
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2) Track model \
IN: imperf. + AT
OUT: lateral force F;

1) Definitions
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displacement limit Afy;,, (

l L 5) Creep formula
Af =3 f(Fy, a)

3) Bridge model
IN: structure + train
OUT: accelerations

e

o

K DU
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l for Npag in tg
Af Npass < Af]im
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OUT: peaks a;
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Fig. 14. Workflow for evaluating the lateral displacements due to vibration-induced creep for a
given bridge and a given train passage.

The specific workflow of the proposal for assessment is shown in Fig. [[4] and
comprises the following steps:

(i) Definition of the limit state: Define a limit of the lateral deflections A fjiy,
within a reference timeframe tp (e.g. from track inspection regulations such
as Ril 821.2001). Define the number of passages in the given reference time
interval tg as Npass-

(ii) Track model analysis: Formulate a model of the track, including imperfec-
tions. For a given temperature change AT of a scenario, calculate the lateral
forces Fy, at the sleepers.

(iii) Train-bridge dynamic analysis: Formulate a model of the bridge dynamics
and simulate train passages. For a conservative assumption, this can be a worst-
case scenario, e.g. a critical HSLM-A or another high-speed train at a speed
that induces a resonant response.
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(iv) Perform a peak or cycle count along alllocations of the track axis or deter-
mine critical locations beforehand. These counting algorithms yield either pairs
of (a;, n;) of counted cycles for pre-defined classes of acceleration amplitudes
or a sequence of acceleration peaks a;.

(v) Lateral displacements for a single passage: At each sleeper location: With
the lateral load F7, from the track model’s F,, and the equivalent acceleration
amplitudes a; and numbers n; from the peak or cycle count algorithms, calcu-
late the vibration-induced creep Af via Eq. () for a single train passage.

(vi) Evaluation for reference timeframe: Superpose different scenarios and
evaluate:

Npass X Af S Aflim- (3)

The formula for vibration-induced creep of Eq. (l) needs to be applied to accel-
eration time series of the train passages on the bridge. Since the formula was estab-
lished with laboratory tests of harmonic excitations with a number Ny of cycles
with the same fixed acceleration amplitude a, additional considerations must be
made to ensure its suitability for application to accelerations occurring on vibrating
bridge decks during train passages. Assuming that the creep displacements originat-
ing from cycles of different acceleration amplitudes @& can be superposed, the creep
formula can be re-written as an accumulation of creep displacements of a series of
single cycles with different acceleration amplitudes a;:

Af =Y sign(Fy)-Cy - |FL| - exp(Cs - ). (4)

With this peak detection or cycle count, algorithms can be applied to obtain
the acceleration amplitudes a; of the acceleration time series of a vibrating bridge
deck. Figure [[5] shows a visualization of this principle for a series of cycles with the
same acceleration amplitude.

Nc rcl

A

a [m/s?]

ISHY
Il

Time [s] Time [s]

Afzf(Fb &, Ncycl) Af: Zf(Fb ai, 1)

1

Fig. 15. Visualization of the acceleration input used in the vibration-induced creep formula (left)
and the principle of counting the equivalent cycles for the vibration-induced creep formula (right).
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4.3. Example

To illustrate the proposed method for assessment, the complete workflow is walked
through for an example of assessing a bridge for one specific high-speed train, the
ICE 4. The bridge’s properties with a first natural frequency of ng = 4.5Hz and
a span of [, = 19.8m necessitate a dynamic analysis after EN 1991-229 clause
6.4.4. The dynamic analysis yields acceleration amplitudes larger than 3.5m/s?.
Applying the proposal for assessment for different scenarios seeks to answer the
question of whether the track displacements through vibration-induced creep which
are accumulated within a reference timeframe are admissible even with acceleration
amplitudes exceeding 3.5 m/s?.

4.3.1. Definition of the limit state

The reference timeframe ¢ is chosen in such a way that a lateral deflection A fii,, =
0.5 mm should not be exceeded. The relevant lateral forces Fy, occur only at large
temperature differences AT. Three scenarios are examined as follows:

® Npass = 100 at AT = 40K,

e Npass = 100 at AT = 30K,

e and a mixed scenario with Npass = 10 at AT = 40K, Npags = 20 at AT = 30K,
Npass = 20 at AT = 20K, and Npaes = 40 at AT = 10K.

4.3.2. Track model analysis

A track model similar to previously studied models™23 is specified according to
the parameters listed in Table Bl The lateral stiffness k; corresponds to a lateral
resistance of 9kN of a sleeper, which is a typical value28 The torsional stiffness ¢; is
derived from the literature 28 Two different misalignment amplitudes are studied:
0 =5mm and § = 10 mm.

Figure shows the model and the resulting lateral forces at the sleepers for
both misalignment amplitudes in the scenario of AT = 40 K. These results will later
be used in the creep formula.

4.3.3. Train-bridge dynamic analysis

For the dynamic analysis of the bridge, a FE analysis is conducted. Similar to the
track model, two-dimensional beam elements are used. The nodal spacing is equal
to the sleeper spacing. Assuming that the sleeper locations coincide with both the
spring nodes of the lateral track model and the nodes of the bridge model facilitates
convenient handling of the results. The signature of the ICE 4 train exhibits a very
large value of the dynamic signature at a wavelength of A ~ 9.5 m B3I With the first
natural frequency of the bridge of ny = 4.5 Hz, the critical speed for this wavelength
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Fig. 16. View of the track model with resulting lateral forces for misalignment amplitudes of 5 mm

Table 3. Parameters of the lateral track model.

Notation  Parameter Value
on Elastic modulus 210 GPa
l Total length of the track 48 m
r Track radius 5000m
ls Length of the misalignment 10.0m
1) Amplitude of the misalignment [5mm, 10 mm)]
AT Temperature difference [10, 20, 30, 40K]
Iy Moment of inertia (2 x UIC60) 2 x 513 cm?
Ay Area (2 x UIC60) 2 X 76.7 cm?
o Thermal coefficient 1.2 x 1075 1/K
Dn .t Nodal spacing 0.15m
Dg Spacing of supported nodes (sleepers) 0.6 m
kt Lateral stiffness of springs 4500kN/m
ct Torsional stiffness of springs 170 kNm /rad
15e3 Lateral forces for 0= 5 mm
1 1 1 1 1
X [m]
15¢3 Lateral forces for 0= 10 mm
1 1 1 1 1
-20 -10 0 10 20
X [m]

(above) and 10 mm (below) and a temperature difference of AT = 40 K.

is at v = 155km/h. The train is modeled as a sequence of moving loads 2 Table @

2000

Fr[N]

—2000

2000

Fi [N]

—2000

summarizes the parameters of the bridge and the corresponding FE model.

A time-step integration is performed in the modal domain with the Wilson-
theta method using a time step of At = 0.2ms. The first three bending eigenmodes
(ng = 4.5Hz, ny = 18.0Hz, and ny = 40.0Hz) are considered. In this example,
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Table 4. Parameters of the dynamic train-bridge

model.
Notation  Parameter Value
Ey Elastic modulus 35 GPa
ls Bridge span 19.8 m
Iy Total bridge length 21.0m
Iy, Second moment of inertia  0.888 m*
Ayp Area 6.234 m?
" Distributed mass 24.31t/m
Dny Nodal spacing 0.6 m
¢ Modal damping 0.013
Train ICE 4
v Speed 155 km/h
At Time step for integration 0.2ms

higher modes are neglected. This choice was deemed sufficient in the current exam-
ple. Choices regarding the modeling of the dynamics will be different for other
examples. A requirement for the proposed assessment procedure is that the numer-
ical models used should have appropriate sophistication to realistically describe the
dynamics. The resulting acceleration time series at each node are used in the further
analysis.

4.3.4. Perform a peak count

To obtain the necessary information for the creep formula, the peaks of the acceler-
ation time series at each node must be identified. There is no empirical insight into
vibration-induced creep at low acceleration amplitudes 2 Therefore, a threshold of
an acceleration of 2 m/s? in downward direction (negative sign in our example) is
defined, which peaks are required to surpass. The segments of the signals that are
below the threshold are identified and their minimum values are counted as peaks.
Figure [ shows the acceleration time series of the midspan node with the identi-
fied peaks. Together with the lateral forces F, these peaks now form the basis for
calculating the vibration-induced creep.

4.3.5. Lateral displacements for a single passage

The lateral displacements of the track are evaluated for a single train passage.
For this, the nodes of the lateral track model and the dynamic train-bridge model
need to be matched. In the present example, it is assumed that the maximum
misalignment amplitude of the lateral track model coincides with the midspan of
the bridge where the highest acceleration amplitudes occur. The accumulation of
the creep is calculated according to Eq. ). In the formula, the values for the
constants are assumed to confirm to Eq. ([2). Figure [[8 shows the results for both
misalignment amplitudes and all three scenarios.
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Fig. 17. Time series of the accelerations at the midspan node of the FE model for a passage of
an ICE 4 at 155km/h. The peaks shown are calculated via the peak-counting procedure with a
threshold of —2.0m/s2.
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Fig. 18. Vibration-induced creep of the sleepers (which coincide with the nodes of the FE models).
The creep is calculated for a single passage of an ICE4 at 155km/h and for 100 passages.

4.3.6. FEvaluation for the reference timeframe

The limit state was defined such that the lateral displacements should not exceed
A fiim = 0.5mm for a total of N, = 100 passages. The results show that this is
only given for a misalignment amplitude of § = 5 mm for the scenarios of AT = 30K
and a mixed AT.
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5. Discussion

With the proposed method for assessing the lateral track stability of ballasted tracks
for vibration-induced creep on railway bridges, it is possible to close the gap between
railway bridge dynamics and the mechanisms of track destabilization.

However, there are some limitations to the presented approach. Many of these
limitations point to future research directions:

e The linear superposition of vibration-induced creep of different acceleration
amplitudes, as proposed in Eq. @) is an assumption. Further examinations, pos-
sibly accompanied by experimental tests, would be beneficial in order to know
the limits of this assumption.

e There is variability in the results of the peak identification and cycle counting
procedures, as they rest on assumptions and parameters such as the threshold
value used in the example. In a recent master’s thesis? a cycle counting algo-
rithm has been investigated. If the results achieved with different parameters and
procedures are compared, the uncertainty could be studied further.

e Just a linear-elastic model of the track is used. The load redistribution effects
from lateral displacements are neglected. Integrating the lateral track model and
the dynamic train-bridge model could address this issue 1225

e In the models employed in the proposed assessment procedure, many parameters
are specified (see Tables [ and M]). Currently, there is no evaluation of their rel-
ative importance. A sensitivity study™ on a similar lateral track model studied
the influence of parameters such as temperature, misalignment amplitude, and
track radii. A sensitivity analysis like this could be advantageous for the current
proposal as well.

e The lateral track model is used to calculate lateral forces due to thermal loads.
However, vehicle-induced lateral forces are possible too, due to centrifugal forces,
bogie-induced forces due to hunting and nosing, wheel-rail contact forces, and
lateral components of vertical forces due to track deficiencies 2435 Likewise, vehi-
cles induce vertical forces, which increase the lateral resistance of sleepers 2 The
load case investigated in this study excludes both the beneficial effects of vertical
forces and the detrimental lateral forces induced by vehicles on the track.

e The validity of the vibration-induced creep formula, the values of its constants
C; through Cs, and its application limits are based on a range of shake table
experiments. The variability of the determined constants and the possible lim-
its of the application of the formula can be further studied with experiments.
Current research utilizes Discrete Element Models (DEMs) to understand lateral
sleeper resistance 3858 Carefully calibrated DEMs3? could help investigate differ-
ent application scenarios.

e The proposed assessment procedure enables a deterministic assessment of sce-
narios. A more thorough approach would be to run a probabilistic analysis that
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includes uncertainty in the parameters of the three models: (a) the lateral track
model, (b) the dynamic train-bridge model, and (c) the creep formula. Analo-
gously, recent work has examined this for ballastless tracks®

The strength of the presented proposal is that it considers both bridge and
track for an assessment of the vibration-induced creep. Concrete scenarios of a
specific bridge, specific train, and a specific track can be analyzed. With such
an analysis, it is possible to assess bridges for high-speed traffic even if the peak
acceleration amplitudes are larger than 3.5m/s? which is currently prescribed by
design codes.

6. Summary and Concluding Remarks

This paper addresses ballasted tracks on vibrating bridge decks by describing the
physical mechanism involved and presents the relevant past and present experi-
mental findings. The ballast bed destabilizes if the vertical oscillation amplitudes
approach the order of gravity g, whereby — with scattering — clear indications are
usually already visible at an amplitude of ~0.7g. Even if this is often called into
question, it can generally be stated that this also applies to frequencies greater than
30 Hz. Destabilization is a somewhat vague term. In that respect, it is argued that
ensuring the lateral support effect of the ballast is considered particularly important.

To investigate existing gaps in knowledge an updated testing setup with a shake
box is used. Tests show that even single pulses of the vibrating table in the ballast
bed lead qualitatively to the same displacements as resonance-type load sequences.
Further investigations are necessary for a more precise quantification.

Ensuring the lateral stability of the track is considered essential for the assess-
ment. The accumulation of lateral ballast displacements due to vertical vibrations,
termed vibration-induced creep, is the most significant detrimental effect of vibra-
tion bridge decks on ballasted tracks. Different load events such as compression
forces in the rails, which originate from temperature increase, and different vibra-
tion amplitudes are superimposed. Due to the creep behavior of the sleepers in
the ballast bed, it is not possible to simply superimpose the load events. A pro-
posal for the assessment of specific track, bridge, and train combinations is made,
enabling it to go beyond the current restrictions of the design and reassessment
codes.

In addition to the directions for future research deriving from the limitations of
the proposal for assessment, two main future research directions are as follows:

e Extending the knowledge on vibration-induced creep through further experiments
and simulations.

e Integrating probabilistic analyses80 of dynamic train-bridge models with prob-
abilistic analyses of lateral track models.
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