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Summary

This report concerns the study of the effect of the railway track deformation on railway
induced vibrations. The study focuses on the analysis of two railway track objects (transition
zone and rall joint), and the resulting railway track deformation that takes placed given a
realistic traffic scenario, during a period of one year. The analyses are performed for two
different realistic subsoil conditions, based on two locations along the A2 corridor: stiff and
soft subsoil. The results of the track deformation are used to compute ProRail's newly
proposed railway track vibration quality parameters, Hmax and Hrms.

Spatial variability emerged as a more significant factor than rail irregularities in addressing
railway track deformation. Ballast compaction initially dominated track deformation, but over
time, subsoil creep and consolidation took precedence.

Displacement was notably higher near transition zones compared to the free track further
away, aligning with findings from existing literature. For rail joints, their influence was most
prominent at high frequencies, which are less relevant to track deformation.

The parameters Hmax and Hrms were observed to remain constant over different time periods
for a given railway track object. However, the railway track deformation exhibited significant
variation during these intervals. This suggests that the railway track deformation does not
have an impact on the induced vibrations which is not in agreement with experimental
evidence. It is important to note that this results to not negate the potential impact of railway
track deformation on induced vibrations. Rather, it suggests that the parameters Hmax and
Hms are not able to detect these effects. The parameters Hmax and Hrms should be expanded
to encompass lower and higher wavelengths, allowing for the consideration of spatial
variability, railway irregularities, and discontinuities. This would enhance their effectiveness in
capturing a broader range of effects.
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1 Introduction

In the context of the Innovatieagenda Bronaanpak Spoortrillingen (IBS), ProRail has defined
various projects for developing monitoring techniques for track vibrations. One of the projects
is the investigation of the usefulness of the railway track geometry dataset presented in the
Branche Breed Monitoring Systeem (BBMS) for assessing track quality in relation to vibration
nuisance (in the Netherlands, track geometry is monitored using a Track Recording Car).
ProRail has commissioned Level Acoustics & Vibration [1] to analyse historical track
geometry data with the aim of defining parameters that describe track quality for vibration
nuisance. The historical track geometry data is linked to data from track objects, such as
railway crossings, electrical separation joints (rail joints), bridges, and underpasses.

The analysis based on PSD (Power Spectral Density) shows that the track quality in relation
to vibration nuisance is log-normally distributed and that the largest vibrations are expected
when a track object is presented. The research presented in [1] suggests that dynamic forces
on the track structure are the largest at these locations, and the associated vibrations are
higher compared to a continuous track structure. In [1] the track vibration quality is described
with two parameters Hmax and Hrms. However, based on the analysis of historical data, it is not
well supported which target value should be used for the track vibration quality.

Because it is unclear which target value is realistic and which additional maintenance efforts

are associated with it, it is necessary to investigate the relationship between the level of track

vibration quality and the speed of track degradation at track objects given an annual train

traffic load. Based on the preceding considerations, ProRail has defined the following

research questions to Deltares:

1. How does the "track vibration quality" develop over time at track objects (transition zones
and rail joints) given a train loading scenario?

2. Does a reduction in maintenance intervals at the track objects (transition zones and rail
joints) result in a proportionally higher track vibration quality?
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Methodology

General description

To model the railway track degradation that takes place in the vicinity of track objects, the

following methodology is followed:

1. Generation of the input geometry (rail irregularities and spatial variability of support)

2. Dynamic train-track interaction analysis

3. Cumulative settlement calculation of the railway track deformation for a specific train
loading scenario.

The following sections present a detailed description of the models used for the analysis. All
the models presented in this report are part of the ROSE library, and can be found in [2].

The cumulative settlement is used as input for the calculation of the track vibration quality.
These results are used to answer the research questions.

Train-track dynamic analysis

The dynamic deformation of the rail during a train passage and the corresponding dynamic
forces exerted by the sleepers on the ballast, are computed by means of a dynamic train-
track interaction model. Figure 2.1 shows a schematic representation of the model. This
model was presented and described in detail in [3]. This section provides a short description
of the model.

Vehicle

@ @ il railpad  sleeper @ @

Interaction
! d / ! Forces
i335ssaiysanaeaaug;
ar oy ar < iy Iy

ﬁﬁ Track
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o
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sleeper s support

Figure 2.1 Schematic representation of the train-track interaction model [4].

The railway vehicle is modelled as an assembly of rigid bodies connected by linear springs
and dampers representing the suspension systems. Figure 2.2 shows the vehicle model
considered in this work. Conventional trains are represented by a ten degrees-of-freedom
(dof) system.
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Figure 2.2 Vehicle model with 10 dof [4].

The track is represented by a Winkler type model, assuming that the track is symmetric along
its longitudinal axis, where the rail is discretely supported by the sleepers. The rail is
described by a classical finite element approach, considering a Euler-Bernoulli beam with
discretised mass. The sleepers are represented by lumped masses evenly spaced 0.60~m
apart. The support reaction of the sleepers, representing the ballast and subsoil, is given by
spring-damper elements, as shown in Figure 2.1. In order to consider hanging sleepers, the
support takes place only if there is contact between the base of the sleeper and the ballast,
resulting in a non-linear contact model [3].

The vehicle and track systems are coupled through the interaction forces between the wheels
and the rails. These forces are determined using the non-linear Hertzian contact theory for
metals [5]:

— 1.5
F,; = k 815, (1)

where k. is a generalised stiffness coefficient and §; is the indentation for wheel j. The
indentation §; is calculated as:

&) =y —uy 2)
where u, ; is the displacement of wheel j and v ;is the displacement of the rail at the position
of wheel j.

Time integration was performed with a direct explicit method, presented in [6]. The required
time-step size was approximately 2.5 x 10~5s.

Rail irregularities

Vertical profile rail

The vertical irregularities presented in the rail are expressed following the methodology
presented in [7]. The power spectral density of the rail irregularities S(Q) is used to produce
the samples of the irregularities.

2mA, 02

S(Q) = m )
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where Q the wave number, A, the rail irregularity parameter and Q. is the critical
wavenumber. In this analysis, we consider A,=3.365 mm?rad/m, €, =0.8242 rad/m, which
corresponds to a high-quality railway track, according to the definition of the American
Railway Standard [8]. The sample of rail irregularities can be produced by inverse Fourier
transform shown as follows:

r(x) = Z V4S5 (wy)Aw cos(wyx — 0,,) (4)

where w,,, is a circular frequency within the interval in which the PSD function is defined, 6,,
a random phase angle uniformly distributed from 0O to 2%, and Aw is defined as
(wmax — Wmin)/N, N is the total number of frequency increments in the range w,;in, Wmax-

2.3.2 Rail joints
The modelling of rail joints follows the methodology presented in [9]. The rail join is modelled
as a semi-rigid joint with an additional mass. Figure 2.3 shows the representation of the
model. This model does not account for the existence of local irregularity at the location of the
joint.

beam property

EI kGA, m, mr? 1 ,‘I: N
§ § @( k -

Figure 2.3 Representation of the model to simulate rail joints [9].

o
~
o

2.4 Subsoil dynamic stiffness and damping

The dynamic soil spring stiffness and dashpot damping, that are required for the dynamic
train-track analyses, were computed by means of a semi-analytical cone model based on
one-dimensional wave propagation [10]. This model assumes that the load is applied to a
disk at the surface, which induces stresses on an area that increases with depth; the
displacements are constant at the cross section of the cone. Discontinuities can be modelled
by assuming at the interface between two layers that one cone leads to the creation of two
new cones: reflected and refracted. This allows the modelling of multi-layered soils. The cone
method has been extensively applied, because it has the advantage of providing an accurate
numerical solution with limited computational efforts [11]. In the current study, the dynamic
stiffness, K,,, and damping, D, follow the definition proposed in [10]:

K4, = Re(S)
dy_ m(s) (5)
- [0

where S is the dynamic stiffness matrix (complex frequency response function) and o the
angular frequency.

The cone model provides a frequency dependent stiffness and damping that needs to be
translated into stiffness and damping values for the dynamic train-track model Figure 2.1).
The subsoil stiffness and damping were assumed to have the value at the vehicle passing
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frequency, corresponding to the vehicle speed divided by the length of the vehicle (L, in
Figure 2.2. For the subsoil, numerical and experimental work has shown that the dynamic
response is governed by the vehicle length, and that the influence of individual wheels and
bogies is less pronounced [12]-[14]. The stiffness and damping evaluated by the cone
method are applied to the dynamic train-track model per half sleeper, as the railway track is
assumed symmetric along the longitudinal axis.

2.5 Cumulative cyclic deformation

This section describes the methodology and the main principles behind the procedure
adopted for the calculation of the permanent deformation of ballasted tracks. The procedure
uses two distinct but coupled models: a dynamic train-track model, that was presented in the
previous section, and a settlement model, that will be described next.

Figure 2.4 shows a schematic view of the methodology. The dynamic train passage
simulations give the time history of the loads transferred by each sleeper to the ballast, based
on which the maximum sleeper-ballast contact force, Fy, is calculated. These values are
subsequently used to determine the permanent deformation (settlement) occurring under
each sleeper, which is then accumulated assuming that the sleeper load F, remains constant,
following the non-linear evolution described by the settlement model described next, until a
limit value of 0.15~mm is attained at a given sleeper. At this point, the contact position of the
sleepers with the ballast in the track model is updated and the track superstructure (rails and
sleepers) is re-positioned above the ballast bed, under the action of its self-weight. The
following passages of the trains are then computed with an updated longitudinal rail level,
which will possibly lead to a different distribution of forces transmitted to the ballast, due to
the dynamic train-track interaction. The process continues until the required total number of
cycles is achieved.

[Initial conditions j

Y

Calculate dynamic response

A

for each vehicle type

Y
Determine and accumulate settlement

at each sleeper, until a certain limit value

Re—position the ballast level and
re—calculate the longitudinal track profile

End of simulation period?

¢ Yes

[End of simulationj

Figure 2.4 Methodology for calculation of railway track cyclic deformation (adapted from [15]).
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Figure 2.5 shows the validation of the methodology and of the models adopted for the
calculation of the permanent deformation. This validation was performed on a track section
over a box culvert near the city of Gouda, in the Netherlands, as described in [15]. The figure
shows the agreement between the longitudinal rail level that was measured with
topographical equipment with the rail level calculated using the proposed numerical
procedure, considering 210 days of service.

OF Day 0 Day 51 measured |7
\ — — - calculated
— —10
£
=
— =20
[3}
2
)

| | 1 | 1 1 1
-15 -10 =5 0 5 10 15
Distance from center of culvert [m]

Figure 2.5 Validation of the adopted procedure for settlement calculation [15].

The settlement model consists of two models:
*  Model for the ballast settlement.
* Model for the subsoil settlement.

The total settlement corresponds to the summation of the ballast settlement (Sy ;,) and subsoil
settlement (Sy ¢):

S=Syp+Sns (6)

25.1 Model ballast settlement
The ballast settlement model was inspired by the ballast settlement prediction models
presented by Shenton [16], Sato [17] and Ford [18]. The consideration of only the inelastic
ballast response is admissible, because normally the permanent vertical deformation of
railway tracks is the result of cumulative cyclic deformation that is experienced mainly by the
ballast layer [19]. The model was developed to determine the ballast settlement when
subjected to an arbitrary loading sequence, making it adequate to be integrated in a vehicle-
track interaction model.

In the following, settlements refer to the cyclic accumulation of the tamped track only,
although it is known that during the stabilisation of the ballast material, that takes place
immediately after construction and during regular tamping operations, a rapid settlement
occurs as ballast re-densifies into a more compact state (re-arrangements of the ballast
particles to re-establish the required load-bearing structure). The settlements of the tamped
track are due to continued densification of the ballast, infiltration of the ballast in the sub-
ballast or subgrade, volume reduction from particle breakdown and abrasion, and lateral or
longitudinal movement of the ballast particles [20]-[22]. Some authors, as e.g. Sato [17],
further separate the settlements of the tamped track in an early phase of rapid settlement and
a second phase of lower densification rate. The settlement model described here covers both
phases of the tamped-track's settlement.
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The settlement of the ballast is proportional to the amplitude of the applied load and the
densification of ballast decreases with an increasing number of load cycles, if the loading
amplitude remains constant. The model also considers the loading history occurring at each
sleeper, making it suitable to be applied at non-homogeneous cases, as transition zones. The
permanent deformation of the surface of the ballast under each sleeper caused by each
loading cycle (which corresponds to each passing axle), u,, is calculated according to:

BdF (7)

Fn

Y
i 7 )
U= Mg o h(F) + 1
The total settlement after N load cycles, Sy, is the result of the accumulation of these
discrete values:

N

Sup = ).ty ®)

n=1

In Equation (7), F is the force, F, is the amplitude of the force passing from the sleeper to the
ballast at load cycle n, h(F) represents the loading history, a, B and y are positive material
parameters, and M, is a normalising parameter. The integral in Equation (7) is evaluated
numerically.

The value of E, per sleeper results from the dynamic calculation. The ballast material
parameters, a, f and y essentially depend on the ballast intrinsic properties, the initial void
ratio of ballast, the size and type of sleepers, the ballast height, and the ballast support
condition. These parameters must be determined based on data collected from field or
laboratory observations.

The parameter o expresses the dependence of the ballast settlement on the loading
amplitude FE,. For the purpose of the current work, the value a=0.6 was used, resulting from
tests performed with different axle load amplitudes [23], and therefore Sy « F°. The
parameter 3 controls the progression of the ballast settlement rate with the number of load
cycles. In this work, the value 3=0.82 was used, which leads to a progression of settlement
with the number of load cycles similar to Shenton's settlement model [16], as was
demonstrated in [15]. The Shenton's settlement model is sound because it was derived
based on available field data from worldwide sources.

Parameter M is defined by:

Fg*t 1
Map = 051 (ﬁ’ ©)
n=1

where Fy is a reference loading amplitude and No a reference number of cycles. To discuss
the meaning of parameter Mg, as well as of y, Equation (7) is simplified for the constant

loading case: considering the constant loading amplitude as F, then the function h(F) can be
replaced by the number of cycles passed (n-1) and Equation (7) simplifies to:

B

" B Y Fa+1 (l)
PR Mgg (a+ 1) \n (10)

and the corresponding accumulated settlement is then given by:
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NE = M (5?1)2( ) (1)

By comparing Equations(8) with (10), it can be seen that M.z was derived so that parameter y
represents the accumulated ballast settlement that would occur if the loading amplitude Fo
was applied No cycles. This gives a physical meaning to parameter y and also offers a way to
experimentally estimate this parameter, either by means of specific field measurements or
from experimental tests carried out on ballast samples collected at the site. As mentioned in
[15], the values N, = 10° and F, = 50 kN were used. The justification for the value chosen for
No is that many tests with ballast, available in the literature, are performed with this total
number of load cycles, whereas the value for Fo is representative of the force transmitted to
the ballast through a half-sleeper.

The function h(F) stores the loading history of each sleeper of the model and is updated each
time Equation (7) is evaluated. It may be defined as an inverted cumulative histogram of the
loading. The value h(F) gives the number of times the loading on a particular sleeper has
exceeded the value F, where the loading is defined here as the maximum sleeper-ballast
contact force for a given dynamic simulation. This function is automatically calculated and
stored by the program.

25.2 Model subsoil settlement
The subsoil settlement model is a modified version of that proposed by Li and Selig [24], and
modified by Charoenwong et al. [25] to account for the evolution of the dynamic stress and to
allow the simulation of both newly constructed and existing track. The settlement, Sy, is
computed as follow:

k
Ns — z AEPﬁS.l']‘ . h] (12)
j=1

where Aepis,ij and h; represent, respectively, the subsoil permanent strain increment and the
thickness of layer j. The permanent strain increment follows:

A€y si; = : (d“) [((dN l)+N1s)

100 (13)
—((an - G = 1) + Ny,) ]

where g, , is the subsoil dynamic deviatoric stress relevant to the traffic load, o is the

compresswe strength, N, is the number of load cycles after the last subsoil replacement and
a, m and b are materials parameters given in Table 2.1.

Table 2.1 Settlement parameters for various subsoil types [24].

Material High plasticity | Low plasticity High Low plasticity
parameter clay clay plasticity silt silt
a 1.20 1.10 0.84 0.64
b 0.18 0.16 0.13 0.10
m 2.40 2.00 2.00 1.70
14 of 43 Influence of railway track degradation on vibration generation
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2.6 Spatial variability

The spatial variability has been modelled by means of random fields. Random fields are
commonly used to model the spatial variability of soil properties. Within this study, spatial
variability is considered for the stiffness, Ks (stiffness of the ballast and subsoil system), with
all other soil properties being assumed constant.

In this study structured random fields are generated using GSTools v1.3, a geostatistical
modelling toolkit [26]. Within the toolkit isotropic and anisotropic spatial random fields based
on a given covariance, or correlation, function are generated using the randomisation method
[27-28].

For this study an exponential correlation function is used to generate the random fields. The
random fields are initially generated follow an ordinary Gaussian distribution, in that its point
statistics follow a normal distribution with a mean, u = 0, and a standard deviation, ¢ = 1.
This distribution is unrealistic for soil properties, and therefore this field is transformed to a
distribution more representative of the soil that is modelled. For the purposes of this study, a
lognormal distribution is chosen, which is typical for stiffness properties in geomaterials, as it
usually provides a good fit while removing physically implausible negative values.

The variability is accounted for by assuming that the stiffness and damping follow a lognormal
distribution, so that In(K,) and In(C,) are represented by a normally distributed random field,
described by the point statistics, mean, u;,x) and standard deviation, o;,(x); while the spatial
statistics, the horizontal scale of fluctuation (0),describe the spatial variation in the soil
properties field. In the forthcoming analysis the variability in the soil properties is modelled by
means of the Coefficient of Variation (COV = o/ p). This value is assumed to be 25%, which
is in agreement with the COV that are expected for CPT tip resistances [29]. The horizontal
scale of fluctuation is assumed to be 6 = 20 m, which is in the range of typical values [30].

2.7 Track vibration quality parameters

The calculation method for the track vibration quality parameters Hmax and Hims have been
provided by Level Acoustics & Vibration in the form of a matlab script. This script has been
used in this report to compute the Hmax and Hims parameters.
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3 Case study description

3.1 Analyses description

The analysis has been performed for four different scenarios:
S1. Transition zone from soft to stiff subsoil.

S2. Transition zone from stiff to soft subsoil.

S3. Rail joint on soft subsail.

S4. Rail joint on stiff subsoil.

For the analyses the A2 corridor (Amsterdam - Eindhoven) was chosen as an example to
derive realistic train loadings and subsoil parameters. The analyses are performed in a soft
and stiff subsoil. The subsoil corresponds to the soil layers that are below the ballast. The
ballast layer was considered to be the same for both types of subsoil schematisations.

3.11 Transition zone
Transition zones are part of the railway track structure and are characterised by an abrupt
change in track support stiffness which leads to deterioration of the vertical track geometry
and even to damage of the track components [31]. In consequence, transition zones have
high maintenance demands required to keep the track at the desired geometry for ensuring
passenger ride comfort and to avoid speed restrictions [32].

The transition zone that it is modelled in the forthcoming analysis is a simplification of a
transition zone, and corresponds to an abrupt change in stiffness of the subsoil. The railway
track (rail, railpads, sleepers and ballast) along the transition zone is constant, and the
variation in stiffness occurs abruptly from either soft to stiff or stiff to soft subsoil. Figure 3.1
shows the schematic representation of the transition zone.

Soft Stiff
subsoil subsoil

@)

y

Soft
subsoil subsoil

(b)

Figure 3.1 Representation of the transition zone: (a) from soft to stiff subsoil and (b) from stiff to soft subsoil.
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3.1.2 Rail joint
Rail joints are used to electrically section the railway track. When the train is passing a joint
and entering a section, it creates a short-cut that triggers a signal indicating that no other train
can enter the same track section. When the train passes the next insulated joint, the passed
track section is deblocked for the following train.

In this study the rail joint properties follow ProRail specifications [33]. The mass of the rail
joint is 60 kg and the stiffness of the rail joint is 95% of the rail in the downward direction, and
approximately 85% of the rail in the upward direction. In the forthcoming analysis a constant
value of 90% is used for the stiffness of the rail joint.

3.2 Subsoil description and characterisation

3.21 Subsoil description
The subsoil properties have been derived from the Stochastic Subsoil Schematisation (SoS)
that it is available for the A2 Corridor. The chosen locations are in the vicinity of Maarssen
(see Figure 3.2). The soft subsoil corresponds to scenario 4 of the segment 1079, whilst the
stiff subsoil corresponds to scenario 2 of segment 1077.

UTRECHT

Figure 3.2 Location of the SOS segments along the A2 corridor.

Figure 3.3 shows the layering of the soft and stiff subsoils. The properties of the different soil
layers, and its lithological description can be found in Table A.1 in Appendix A. The
parameters for the cumulative analysis have been described in §2.5.
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Figure 3.3 Subsoil layering for: (a) soft subsoil (scenario 4) and (b) stiff subsoil (scenario 2).

Subsoil characterisation
The subsoil dynamic stiffness and damping have been computed following the methodology
presented in §2.4. Figure 3.4 shows the dynamic stiffness and damping for the soft and stiff

subsoils.
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The expected dominant frequency for regular trains ranges between 1 and 3 Figure 3.4Figure

3.4
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Figure 3.4 Dynamic stiffness and damping for the subsoil: (a) soft and (b) stiff subsoils.

3.3 Railway track

The railway track superstructure consists of continuously welded UIC54EL1 rails and
monoblock concrete sleepers on top of a ballast bed. The properties for the rail and sleepers
are presented in Table 3.1 and Table 3.2, respectively.
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Table 3.1 Rail properties for the numerical analysis [32].

Parameter Value

Cross section area 6934 mm? -> 6934 x 10 m?
Unit weight 77 KN/m?®

Young’s modulus 210 x 10° kPa

Moment of inertia around the second axis (l,) 2.127 x 10° m*

Moment of inertia around the third axis (ls) 2.127 x 10° m*

Table 3.2 Sleeper properties for the numerical analysis.

Parameter Value
Sleeper type NS90 sleepers
Weight 285 kg
Centre-to-centre spacing 600 mm

3.4 Ballast

The ballast is assumed to have a thickness of 0.50 m. The remaining elastic material
properties are shown in Table 3.3.

Table 3.3 Ballast properties for the numerical analysis [34].

Parameter Value
Young’s modulus 200x 10° kPa
Poisson ratio 0.2

3.5 Train loading scenarios

The train traffic used to compute the railway track degradation is based on the Gotcha
information available at a station located along the A2 corridor, for the year of 2019.

351 Passenger trains
The number and types of passenger train are easily derived from the overview of the Gotcha
data. In average, the railway line is loaded every hour with the following trains (in each

direction):
6 VIRM.
+ 3 SLT.
+ 1SGM.

The information about the mass and configuration of the passengers trains can be found in
[2]. In the forthcoming analyses it is assumed that the passengers traffic takes place for 16
hours each day, and the travelling speed is constant and equal to140 km/h.

3.5.2 Freight trains and locomotives
Estimating the average loading due to freight trains is challenging since, in the Gotcha data,
there are 47 different train type with more than 8500 different configurations. Performing
numerical calculations for all the different train configurations is computationally very
demanding.
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Figure 3.5 shows the load distribution of the freight trains. It follows that the locomotives and
unloaded freight trains have little variation on the force, but the loaded freight trains show a
great variability on the loaded force. The force applied by the unloaded wagons is
significantly smaller than the force applied by either the loaded freight trains or locomotives.

Figure 3.6 presents the distribution of the locomotives (Figure 3.6a) and loaded freight trains
(Figure 3.6 b) along the A2 corridor. It follows that there are certain types of freight trains that
load the track more frequently than others. The locomotive types EL BR189, EL BR186 and
Lok 1600, correspond to more than 77% of the locomotives travelling along the A2 corridor.
The loaded freight train types FALNS5, SGNS1, TAPPS and SGGMRS correspond to more
than 67% of the loaded freight train types. Therefore, in the forthcoming analysis, it was
considered that the freight trains consist of these four train types, combined with the three
locomotives. All the freight traffic is assumed to travel at 80 km/h. The information about the
mass and configuration of the freight trains and locomotives can be found in [2].
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Figure 3.5 Load distribution along the A2 corridor due to freight trains and locomotives.

Influence of railway track degradation on vibration generation
11207953-002-GEO-0004, 26 October 2023

Deltares



Deltares

mmwm__m_ 7

@

1) wmwmm_ 13

\ODOH uuou_ 73

hh@.._.__... 9

00pq Yoy -

Locomotief

90z1g 19

2

= &6 Hr_m_ 3
£ thm. Q
)

000z, 19

(b)

Freight trains

3
R

-] lequiny

T T
m [=]
8 ¢

[-] |puey

1200 4
1000 +
800 A
200 4
2000 +

5000 H
— 4000 +

1000 -
Figure 3.6 Distribution of freight train types: (a) locomotives and (b) loaded freight trains.

Influence of railway track degradation on vibration generation

11207953-002-GEO-0004, 26 October 2023

22 of 43



4 Results

The results of the numerical analyses will be presented in discussed in the forthcoming
sessions. The results correspond to the settlement of the track as a function of the position
after four, eight and twelve months (122, 242 and 365 days).

4.1 Transition zone
4.1.1 Soft to stiff subsoil

4111 Without irregularities
The results regarding the transition zone spanning between a soft and stiff subsoil are
presented in Figure 4.1, for the case where the contact between the train and the rail is
perfect, i.e. there are no irregularities. Note that in these figures the settlement is draw in
upward direction. The rail is assumed to be placed horizontally along the vertical
displacement 0 mm. . The results show that initially (after 122 days) the greater displacement
occurs at the stiff side of the transition zone. At the time progresses (242 and 365 days), the
greatest displacement occurs at the side of the soft side. This difference in behaviour is due
to the cumulative model formulation. Initially, the majority of the displacement occurs due to
ballast densification (which is greater on the stiff side, because the contact forces between
the train and rail are greater on the stiff side — see Figure 4.2). As the time progresses, the
densification rate decreases, and the displacement due to creep and plastic deformation of
the subsoil starts dominating the response, due to the softer layers that exist on the soft side
of the transition zone.

The results around the transition zone also illustrate the displacement is greater close to the

transition zone than on the free track further away from the transition zone. These results are
in agreement with experimental reports from literature (e.g. [35-36]).
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Figure 4.1 Railway track deformation at a transition zone (soft to stiff subsoil), at different moments in time.
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Figure 4.2 Comparison of the dynamic vertical displacement and dynamic contact forces on soft and stiff
subsoil during the passage of a VIRM at 140 km/h.

41.1.2 Effect of irregularities
The results regarding the transition zone spanning between a soft and stiff subsoil are
presented in Figure 4.3, for the case where irregularities are presented (the irregularities are
defined in §2.3.1 and corresponds to a high-quality railway track).

The results are similar to the ones obtained for the case without irregularities. The
irregularities cause an oscillation of the contact forces that in turn introduces a variability on
the displacement along the track. The effect of the irregularities becomes gradually more
important as time progresses. For the settlement at 122 days the effect of the irregularities is
less pronounced than at 365 days.
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Figure 4.3 Railway track deformation at a transition zone (soft to stiff subsoil), at different moments in time,
considering irregularities.

4.1.1.3 Effect of spatial variability
The results regarding the transition zone spanning between a soft and stiff subsoil are
presented in Figure 4.4, for the case where irregularities are presented (the irregularities are
defined in §2.3.1 and corresponds to a high-quality railway track), and for the case where
spatial variability is present (as defined in §2.6).

The figure shows that the effect of spatial variability is significant for the estimation of the
railway track deformation. In particular, on the soft subsoil side the spatial variability causes
significant variations in the computed displacement. This variation is much more significant
for the track deformation than the variation introduced by the rail irregularities.
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Figure 4.4 Railway track deformation at a transition zone (soft to stiff subsoil), at different moments in time,
considering irregularities and spatial variability.
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4.1.2 Stiff to soft subsoil

41.2.1 Without irregularities
The results regarding the transition zone spanning between a stiff and soft subsoil are
presented in Figure 4.5, for the case where the contact between the train and the rail is
perfect, i.e. there are no irregularities.

Similar to the transition zone from soft to stiff subsaoil, the results show that initially (after 122
days) the greater displacement occurs at the stiff side of the transition zone. At the time
progresses (242 and 365 days), the greatest displacement occurs at the side of the soft side.

The results around the transition zone also illustrate the displacement is greater close to the

transition zone than on the free track further away from the transition zone. This is clear on
the soft side of the transition zone.
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Figure 4.5 Railway track deformation at a transition zone (stiff to soft subsoil), at different moments in time.

41.2.2 Effect of irregularities
The results regarding the transition zone spanning between a stiff and soft subsoil are
presented in Figure 4.6, for the case where irregularities are presented (the irregularities are
defined in §2.3.1 and corresponds to a high-quality railway track).

The results are similar to the ones obtained for the case without irregularities, and the
conclusions are the same as presented for the transition zone from soft to stiff subsoil.
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Figure 4.6 Railway track deformation at a transition zone (stiff to soft subsoil), at different moments in time,
considering irregularities.

4.1.2.3 Effect of spatial variability
The results regarding the transition zone spanning between a stiff and soft subsoil are
presented in Figure 4.7, for the case where irregularities are presented (the irregularities are
defined in §2.3.1 and corresponds to a high-quality railway track), and for the case where
spatial variability is present (as defined in §2.6).

Again, it is highlighted the importance of spatial variability for the estimation of the railway
track deformation. In particular on the soft subsoil side the spatial variability of the subsoil
causes significant variations in the computed displacement. This variation is much more
significant than the variation introduced by the rail irregularities.
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Figure 4.7 Railway track deformation at a transition zone (stiff to soft subsoil), at different moments in time,
considering irregularities and spatial variability.
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4.2 Rail joint
421 Soft subsoil

4.2.1.1 Without irregularities
The results regarding the rail joint on the soft subsoil are presented in Figure 4.8, for the case
where the contact between the train and the rail is perfect, i.e. there are no irregularities. The
results show that there is a small amplification of the vertical displacement on the location of
the rail joint. However, the dynamic amplification on the rail joint is very small. This is related
to the fact that the bending stiffness of the rail joint is very high (90% of the bending stiffness
of the rail). This is further illustrated in Figure 4.9, which compares two bending stiffness
reduction factors for the rail joint: 60% and 90%, during the passage of a VIRM train at
140 km/h. The results show that when considering a 60% reduction of the bending stiffness
both the displacement and contact force increase.

It should be highlighted that the main effect of the rail joint is likely to occur at high
frequencies (> 500 Hz), which are not relevant for railway track deformation [9].
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Figure 4.8 Railway track deformation at a rail joint (on soft subsoil), at different moments in time.

28 of 43 Influence of railway track degradation on vibration generation
11207953-002-GEO-0004, 26 October 2023

Deltares



0.7

0.6 4

0.5 1

0.4 +

0.3

0.2 4

Vertical displacement [mm]

0.1

0.0 +

30

25 A

20 A

15 A

Vertical force [kN]

10 ~

—— Joint factor = 90%
0 Joint factor = 60%

T T T T T T T
100 150 200 250 300 350 400 450 500
Time [s]

Figure 4.9 Effect of the stiffness of the rail joint on the vertical displacement and contact force during the
passage of a VIRM at 140 km/h.

42.1.2 Effect of irregularities
The results regarding the rail joint on the soft subsoil are presented in Figure 4.10, for the
case where irregularities are presented (the irregularities are defined in 82.3.1 and
corresponds to a high-quality railway track).

For the cumulative settlement, the presence of rail irregularities overshadows the effects
caused by the rail joint. The variations in the contact introduced by the irregularities are in the
same order of magnitude as the ones introduced by the rail joint, and therefore it is no longer
possible to identify the rail joint.
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4.2.1.3
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Figure 4.10Railway track deformation at a rail joint (on soft subsoil), at different moments in time, considering

irregularities.

Effect of spatial variability
The results regarding the rail joint on the soft subsoil are presented in Figure 4.11, for the
case where irregularities are presented (the irregularities are defined in §2.3.1 and
corresponds to a high-quality railway track), and for the case where spatial variability is
present (as defined in §2.6).

When spatial variability is present, the rail joint becomes indistinguishable, similar to the case
of irregularities. The variation in the displacement along the railway track is governed by the
spatial variability.
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Figure 4.11 Railway track deformation at a rail joint (on soft subsoil), at different moments in time, considering

irregularities and spatial variability.
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4.2.2 Stiff subsoil

42.2.1 Without irregularities
The results regarding the rail joint on the stiff subsoil are presented in Figure 4.12, for the
case where the contact between the train and the rail is perfect, i.e. there are no irregularities.

Similar to the rail joint on soft subsoil, the results show that the rail joint effect is very small on
the accumulative displacement that develops in time.
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Figure 4.12 Railway track deformation at a rail joint (on stiff subsoil), at different moments in time.

4222 Effect of irregularities
The results regarding the rail joint on the stiff subsoil are presented in Figure 4.13, for the
case where irregularities are presented (the irregularities are defined in §2.3.1 and
corresponds to a high-quality railway track).

Again, it is found that, for the cumulative settlement, the presence of rail irregularities
overshadows the effects caused by the rail joint. The variations in the contact introduced by
the irregularities are in the same order of magnitude as the ones introduced by the rail joint,
and therefore it is not possible to identify the rail joint.
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Figure 4.13Railway track deformation at a rail joint (on stiff subsoil), at different moments in time, considering
irregularities.

4.2.2.3 Effect of spatial variability
The results regarding the rail joint on the stiff subsoil are presented in Figure 4.14, for the
case where irregularities are presented (the irregularities are defined in §2.3.1 and
corresponds to a high-quality railway track), and for the case where spatial variability is
present (as defined in §2.6).

Again, it is highlighted the importance of spatial variability for the estimation of the railway
track deformation. The variation introduced by the spatial variability is much more significant
than the variation introduced by the rail irregularities.
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Figure 4.14 Railway track deformation at a rail joint (on stiff subsoil), at different moments in time, considering
irregularities and spatial variability.
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4.3 Hmax and Hims

In order to establish a relationship between the railway induced vibration and the railway
track geometry, [1] defines two new parameters: Hmax and Hrms. These parameters are
computed based on the railway track geometry and try to characterise the track quality
concerning the generation of environmental vibration.

In the following section the results of these two parameters will be presented for the case

including irregularities and irregularities and spatial variability. A length of 200 m has been
used to compute Hmax and Hrms (considering 100 m to the left and 100 m to the right of the
point of discontinuity in the track).

4.3.1 Transition zone

43.1.1 Soft to stiff subsoil
Figure 4.15 shows the parameters Hmax and Hrms for a transition zone spanning between a
soft and stiff subsoil. Figure 4.15a corresponds to the analysis with rail irregularities, while
Figure 4.15b corresponds to the analysis with rail irregularities and spatial variability. The
analysis show that there is no difference in time for both parameters.

The difference between the two analyses (with and without spatial variability), is further
illustrate in Figure 4.16. For the transition zone between a soft and stiff subsoil the difference
between the two parameters Hmax and Hms. is negligible. However, from Figure 4.3 and
Figure 4.4 it is clear that both irregularities and spatial variability play a significant role on the
railway track deformation in time.

The variation induced by the irregularities and spatial variability is not visible on the two new
parameters, likely because they are only defined for wavelengths up to 10 m, while the long-
term deformation of the railway track occurs for greater wavelengths.
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Figure 4.15New parameter Hmax and Hrms at a transition zone (soft to stiff subsoil), at different moments in
time, considering: (a) irregularities and (b) irregularities and spatial variability.
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Figure 4.16 New parameter Hmax and Hrms at a transition zone.

Stiff to soft subsoil

Figure 4.17 shows the parameters Hmax and Hms for a transition zone spanning between a
stiff and soft subsoil. Similar to the analysis presented in 84.3.1.1, there is effect of time on
the results.
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4.3.2.1

4.3.2.2
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When comparing the analysis with irregularities and irregularities and spatial variability, it
follows that a small distinction exists on both Hmax and Hms. For wavelengths between 4 and
6 the analysis considering spatial variability gives smaller values of Hmax and Hrms, while for
greater wavelengths the analysis with spatial variability gives greater values.
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Figure 4.17 New parameter Hmax and Hrms at a transition zone (stiff to soft subsoil).
Rail joint

Soft subsoil

Figure 4.18 shows the parameters Hmax and Hms for a rail joint on a soft subsoil. Again, there
is no effect of time on the results. Comparing the effect of spatial variability, it follows that
there are small differences between the two analyses (with and without spatial variability), for
both parameters Hmax and Hmms, for wavelengths between 4 and 8 m.
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Figure 4.18: New parameter Hmax and Hms at a rail join (on soft subsoil).

Stiff subsoil

Figure 4.19 shows the parameters Hmax and Hms for a rail joint on a stiff subsoil. Similar to the
previous analysis, there is no effect of time on the results. On a stiff subsoil the results show
that the differences between the two analyses (with and without spatial variability) are
neglectable.
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Figure 4.19 New parameter Hmax and Hms at a rail join (on stiff subsoil).

4.3.3 Discussion on parameters Hmax and Hrws
The two new parameters Hmax and Hms give little insight into variation of the cumulative
railway track deformation in time. The analysis show that the Hmax and Hrms parameters are
constant at different moments in time (122, 243, 365 days — see Figure 4.15), while the
railway track deformation varies significantly at these moments in time (see Figure 4.3 and
Figure 4.4).

This is likely related to the fact the new parameters Hmax and Hrms, are only defined for
wavelengths between 1.6 and 11 m. The railway track deformation caused by the spatial
variability, as modelled in this report, occurs at greater wavelengths. The railway track
deformation caused by the rail irregularities and by the discontinuities occurs at lower
wavelengths. Therefore, both these effects are not well captured by the Hmax and Hrms
parameters.

The analyses also show that there is little difference between the effect of rail irregularities
and rail irregularities combined with the subsoil spatial variability on the Hmax and Hrms
parameters, while the railway track deformation is significantly different on both cases.
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5 Conclusions and recommendations

This report summarises the work that has been performed to assess the influence of railway

track degradation on the vibration generation. In the Introduction the following questions

have been posed:

1. How does the "track vibration quality" develop over time at track objects (crossing
structures and ES-joints) given a train loading scenario?

2. Does a reduction in maintenance intervals at track objects result in a proportionally higher
track vibration quality?

In this report these questions have been addressed and answered.

51 Conclusions

Our findings concern the analysis of railway track deformation for two track objects: transition
zone and rail joint. Both objects have been studied for two different subsoil schematisations:
stiff and soft subsoil. The results of the railway track deformation have been used to compute
the parameters Hmax and Hrms, as suggested in [1]. These two parameters aim at establishing
a relation between the track geometry and railway induced vibration.

The analyses on both objects show that spatial variability is more important than rail
irregularities, when addressing railway track deformation. The model is able to distinguish
between ballast compaction and subsoil creep and consolidation and it is shown that initially
ballast compaction dominates the track deformation, but after a certain period of time subsoil
creep and consolidation become dominant.

The results on the transition zone show that the displacement is greater close to the transition
zone than on the free track further away from the transition zone, which is in agreement with
experimental reports from literature (e.g. [35-36]). For the rail joint, it is found that its
presence is not visible when considering rail irregularities and/or spatial variability of the
subsoil. This is in agreement with the literature, which state that the presence of rail joints
have an impact at high frequencies (> 500 Hz), which are not relevant for railway track
deformation [9]. It must be noted that the effect of rail joint might be more pronounced if a gap
is present. In the current modelling strategy this effect was not taken into account.

511 How does the "track vibration quality" develop over time at track objects (crossing
structures and ES-joints) given atrain loading scenario?
The results presented in this report show that the track vibration quality parameters Hmax and
Hrms, as suggested in [1] do not change with time. For a given object (transition zone or rail
joint) the Hmax and Hrms parameters are constant at different moments in time (122, 243, 365
days — see Figure 4.15), while the railway track deformation varies significantly at these
moments in time (see Figure 4.3 and Figure 4.4).

It must be highlighted that this does not mean that railway track deformation does not have
an influence on the railway induced vibrations, but rather that the effect of the railway track
deformation is not captured by the parameters Hmax and Hms.

5.1.2 Does areduction in maintenance intervals at track objects result in a proportionally
higher track vibration quality?
Since the parameters Hmax and Hms do not change in time it is not possible to answer this
guestion in a quantitative way. The fact that track geometry and geometry defects and
variations affect railway induced vibrations is well established in literature (e.g. [37]).
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However, in literature there is not yet a direct relation between the track geometry quality and
the level of expected railway induced vibrations. Looking at the results presented in this
report (e.g. Figure 4.4 and Figure 4.7) it is expected that keeping a better track geometry
alignment by means of maintenance will lead to a reduction of the generation of railway
induced vibrations. However, with the current model it is not possible to make a quantification
of this improvement.

5.2 Recommendations

The parameters Hmax and Hmms, aim at establishing the relationship between railway track
deformation and railway induced vibration.

Based on the analysis it is advised to extend these parameters in order to account for the
effects of spatial variability, railway irregularities and discontinuities. In particular, the
parameters Hmax and Hrms are only defined for wavelengths between 1.6 and 11 m. It would
be beneficial to extend these parameters to lower and greater wavelengths, that can capture
the above-mentioned effects. The results provided in this report can be used to test the new
parameter definition.

The parameters Hmax and Hrms, are based on the assumptions that the railway track geometry
influences the induced vibrations, and that maintenance can reduce the magnitude of railway
induced vibrations. These assumptions need to be further validated.

The relation of railway track deformation and railway induced vibrations can be studied by
means of a more advanced model (e.g. STEM [38]). This could give additional information for
the establishment of a relationship between the railway track deformation and railway
induced vibrations. This would involve modelling the subsoil as a full three-dimensional
volume and the quantification the wave propagation at several distances from the track. The
results provided on this report can be used as an input for such analyses. Additionally, the
experimental work that it is currently being performed in IBS can provide insights into the
above-mentioned assumptions and provide guidance towards improvements of the
parameters Hmax and Hrsm. Should the quality parameters for railway track vibration prove
successful in estimating induced vibrations, it could lead to the definition of threshold values
for track quality based on desired levels of vibration quality.
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Appendix A

Table A.1 Lithological description and geomechanical soil parameterisation for the soil layers.

Dynamic
Unit Young
Soil Geological weight modulus Poisson Damping
lithology Description formation [kN/m?] [MPa] ratio [-] ratio [%]
H_Aa_ht Anthropogenic soil | None 20 30 0.4 2
layer, mixture of
sand and clay
H_Vbv_v Basal peat, Nieuwkoop 11 5 0.45 2
compact thin layer
H_Vhv_v Peat, soft Nieuwkoop 10 5 0.45 2
H_Rk_k&v Lower flood-basin Echteld 15.5 78 0.45 2
deposit, clay and
peat
H_Rk_vk Lower flood-basin Echteld 14 62 0.45 2
deposit, clayey
peat
H_Rk_k Higher flood-basin | Echteld 155 62 0.45 2
deposits, clay and
silty clay
H_Ro_z&k Natural-levee Echteld 175 107 0.4 2
deposits,
silty/sandy clay
and sand
H_Rr_o&z Residual-channel Echteld 16 80 0.4 2
deposit, both
organic and sandy
layers
H_Rg_zm Channel-bed Echteld 20 472 0.4 2
deposit, fine to
very coarse sand
P_Wrd_zm Aeolian deposit Kreftenheye 20 191 0.4 2
(Pleistocene): fine | (Delwijnen
to medium sand member)
P_Rk_k&s Flood-plan/basin Kreftenheye 19.5 92 0.45 2
deposit (Wijchen
(Pleistocene): Member)
loam
P_Rg_zm Channel-bed Kreftenheye, 20 191 0.4 2
deposit Beegden,
(Pleistocene): Sterksel
medium to coarse
sand
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