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Abstract

As axle loads and speeds constantly increase in rail transport, new track systems are being
developed. One such development is the ballastless track system. Today there are several types
and variations of slab tracks, but how do they differ, and which one is the best? This thesis
aims to answer these questions for given scenarios as each system has its unique set of strengths
and therefore performs differently compared to the other systems for different projects.

In this thesis, several existing ballastless track solutions have been studied. This was done via
ballastless system manufacturer websites, brochures, other notable literature as well as multiple
meetings with each of the system manufacturers. As a result, a descriptive list of nine different
systems has been developed as well as a more detailed comparison in the shape of a table.

To find out which one should be used and when, a model was developed for comparison of
them. This model is based on a Multiple-criteria decision analysis (MCDA). This is a tool that
can be used to compare different alternatives, based on several, often conflicting criteria. In the
end, the VIKOR method was chosen. The choice was based on VIKOR’s user-friendliness, as
well as implementation of auxiliary features, such as regret-value and compromise
solutions. The MCDA based model was built in Excel and MATLAB and is expandable to the
needs of the user.

To test the model and whether it contains any bias, a sensitivity study was carried out. Ten
hypothetical scenarios were set up and corresponding importance weights were assigned
accordingly. The results were mixed and sparse for the different hypothetical scenarios and
showed that no, or little, inherent biases were present in the model. Thus, the model proved to
be successful in the end, and can therefore be a good addition to the selection process of a
ballastless system alongside other studies, such as Life-cycle cost analysis (LCCA). There is
however still some more development that could be done to improve the model.

Finally, to demonstrate how the model is implemented for a rail project, a case study was
carried out. The case study was conducted for a single hypothetical tunnel close to a city,
assumed to be in Sweden. The background conditions were described, and the weighting
process was illustrated and inserted to the model. For this particular case the OBB-Porr system
from the Porr group proved to be the most suitable choice.






Sammanfattning

Over tid har sparfordon blivit tyngre och snabbare. Samtidigt har nya sparsystem utvecklats.
En sadan utveckling ar ballastfria sparsystem. Idag finns det ett brett utbud av sadana system,
men hur skiljer de sig at och vilket ar bast? I detta examensarbete soks svar pa de fragorna for
givna scenarier. Detta gors eftersom de olika systemen har olika styrkor och darfor lampar sig
bést for olika projekt, jamfort med évriga system.

| detta examensarbete har ett flertal ballastfria sparsystem studerats. Detta har gjorts genom
tillverkares hemsidor, broschyrer, annan relevant litteratur sa val som genom madten med
representanter fran olika tillverkare. Som ett resultat av detta har systembeskrivningar av nio
olika system och en mer detaljerad jamforelsetabell utforts.

For att ta reda pa vilket sparsystem som lampar sig bést i en given situation har en matematisk
modell utvecklats med malet att jamfora olika system. Modellen &r baserat pa en Multiple-
criteria decision analysis (MCDA). Detta verktyg kan, baserat pa kriterier, jamfora och ranka
systemen. | detta examensarbete valdes VIKOR-metoden (en av flera MCDA:s) baserat pa dess
relativt enkla struktur, valfria anvandandet av regret-value och I6sningskompromisser. Excel
och MATLAB anvandes for att bygga modellen som &ven éar anpassad for framtida expansion.

For att kontrollera om modellen &r opartisk utfordes en ké&nslighetsanalys. Tio olika scenarier
skapades och vikter baserat pa scenariernas krav pa kriterier sattes. Resultaten var blandade
vilket tyder pa att modellen ar opartisk eller nara opartisk. Modellen kan darmed anses vara
ett bra supplement till andra beslutsmetoder, sasom Life-cycle cost analysis (LCCA). Det finns
dock fortfarande mojliga forbéattringar for framtida studier att ta itu med.

| slutandan visas det pa hur modellen kan anvéandas pa ett sparprojekt i form av en fallstudie.
Studien gjordes pa en hypotetisk tunnel som mynnar ut i en stad, vars antagna land ar Sverige.
En bakgrund beskrevs och vikter togs fram darefter och anvandes i modellen. For detta
hypotetiska projekt visade sig systemet OBB-Porr fran Porr group vara bast lampat.
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Nomenclature and abbreviations

AHP
BTS

cl

CR

EBS
ELECTRE
ERS

EU

FFB
FPL
FTS

HA
HAS
HBL/TBH
HSR
LCA
LCCA
LvT
MCDA
MCDM
MSS
MTBF
pvC
SccC
STA

TSI

Analytic hierarchy process
Reinforced concrete-based layer
Consistency index

Consistency ratio

Embedded block system
Elimination and Choice Expressing Reality
Embedded rail system

European Union

Feste Fahrbahn

Frost protection layer

Floating slab track

High attenuation

High attenuation sleeper
Hydraulically bonded layer
High-speed rail

Life-cycle assessment

Life-cycle cost analysis

Low vibration track
Multiple-criteria decision analysis
Multiple-criteria decision making
Mass-spring system

Mean time between failures
Polyvinyl chloride
Self-compacting concrete

Slab track Austria

Technical specifications for interoperability



TOPSIS
VIKOR
a;j

Cij

Cl/CR

Technique for Order of Preference by Similarity to Ideal Solution
Vise Kriterijumska Optimizacija Kompromisno Resenj
Normalized values

Conformity matrix (ELECTRE)

Consistency ratio

Nonconformity matrix (ELECTRE)

Calculated threshold value

Conformity supremacy (ELECTRE)

Best or worst option (depending on criterion characteristics)
Best or worst option (depending on criterion characteristics)
Nonconformity supremacy (ELECTRE)

Performance grade/score (TOPSIS)

Ranking index

Best regret value

Worst regret value

Given regret value

Matrix of normalized values

Euclidian distance from ideal best (TOPSIS)

Euclidian distance from ideal worst (TOPSIS)

Best mean group score

Worst mean group score

Matrix of normalized and weighted values

Weighted normalized matrix (TOPSIS)

Weight

Input values

Normalised decision matrix (ELECTRE)

Regret value



Contents
Abstract
Sammanfattning
Foreword
Nomenclature and abbreviations
1. Introduction
1.1 Aim of the study
1.2 Limitations
2. Ballasted and ballastless tracks
2.1 Ballasted track systems
2.1.1 Rails
2.1.2 Fastening system
2.1.3 Sleepers
2.1.4 Ballast
2.1.5 Sub-ballast layer
2.1.6 Subgrade
2.1.7 Advantages and disadvantages of ballasted tracks
2.2 Ballastless track systems
2.2.1 Advantages and disadvantages
3. Survey of ballastless track systems
3.1 Sleepers embedded in concrete
3.1.1 RailOne - Rheda 2000
3.1.2 Consolis Rail - M312 System
3.1.3 Consolis Rail - High Attenuation Sleeper (HAS) System
3.1.4 Sonneville - Low Vibration Track System (LVT)
3.1.5 Edilon Sedra - Embedded Block System (EBS)
3.2 Prefabricated ballastless tracks
3.2.1 Slab Track Austria (or OBB-PORR) system
3.2.2 Max Bogl - Feste Fahrbahn (FFB)
3.2.3 Arianna R-Slab
3.3 Embedded rail systems
3.3.1 Edilon Sedra - ERS-HR

0 0O ~N N O O Ul Ul Ul W W R k=, OmO Y

N N NN DN DN R PR R R R e
o o1 A N O O O oo O b P P B



4. Multiple-Criteria Decision Analysis (MCDA)
4.1 Analytic Hierarchy Process (AHP)
4.2 VIKOR
4.3 TOPSIS
4.4 ELECTRE
4.5 MCDA summary
5. Evaluation model
5.1 Chosen MCDA
5.2 Model description
5.3 Weighting
5.3.1 Setting weights
5.3.2 Constructing a scale for weighting
5.3.3 Direct rating method
5.3.4 Swing weighting method
5.3.5 The chosen weight setting method
5.4 Data collection and criteria
5.4.1 Data collection and assessment
5.4.2 Which criteria were considered?
5.4.3 Method of qualitative assessment
5.4.4 Quialitative value scale for criteria assessment
5.4.5 Qualitative assessment using AHP
6. Sensitivity study
6.1 Description
6.2 Results
6.3 Evaluation
7. Case study
7.1 Requirements
7.2 Weights and max/min values
7.3 Results
7.3.1 Evaluation of results
8. Conclusions
9. Future work

10. References

27
27
30
34
37
40
41
41
41
42
42
42
44
44
45
46
46
46
51
53
54
57
57
57
64
67
67
70
71
71
73
75
77



Appendix | —Collected data I
Appendix Il - MATLAB code X1






1. Introduction | 1

1. Introduction

1.1 Aim of the study

The purpose of this study was to first make an up-to-date list of existing ballastless track
systems as an overview. These ballastless track systems were categorized in terms of general
types of ballastless tracks. Thereafter, the performances of different ballastless systems were
compared in terms of construction time, construction cost, environmental impact,
maintainability etc. As a part of this, a framework for evaluating these systems against each
other was developed. Through this framework, client specific requirements such as special
infrastructures like tunnels and bridges were included in the decision-making process. The
aim of this model was to aid the selection process in finding a suitable ballastless track type
for specific project requirements and end up with lower life cycle environmental and
monetary costs.

1.2 Limitations

As with any project, limitations have influenced the process and outcome of this thesis. In
this section these limitations are pointed out and succinctly discussed.

Sample size

Sample size in the amount of track systems compared affects the quality and importance of
the comparison. Fewer systems lead to a less thorough comparison of possible options.
Additionally, including more criteria would capture more of the differences between the
different systems and would influence the result. Adding more criteria into the evaluation
would result in a deeper, more thorough evaluation. Limited data and time were the two
largest deciding factors to how many systems and criteria to include.

Limited data

The accuracy was affected by the amount of data collected. Less data gives less accurate
results. Specific and comparable data for ballastless systems were difficult to obtain.
Dialogues with manufacturers proved to be an effective solution but did not always result in
the collection of data that can be compared for each system for the chosen criteria.

Balance between user-friendliness and accuracy

As the evaluation framework produced in this thesis was meant to be used by any decision
maker looking to select a ballastless track system for a specific project, user-friendliness was
important. Improving user-friendliness reduced accuracy. An example of this was the use of
the direct rating method. This was a user-friendly weight setting approach, that was less
rigorous than other more complex possible approaches.



Lack of prior research studies

Lack of prior studies made it difficult to include weight compensation for normalized scales
and user-set weights (see Chapter 4 and 5). Including solutions from previous studies would
lead to more accurate experimental results.

Time

Time influenced many parts of the process and was one of the main deciding factors as to
why the scope of the thesis was limited in the way it was. Other limitations (e.g. “Limited
data’) can be directly derived from the time aspect.
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2. Ballasted and ballastless tracks

2.1 Ballasted track systems

Ballasted tracks have historically been the most preferred choice within railways for both
passenger and freight lines. However, as high-speed rail services are globally increasing
(because of economic and environmental benefits), ballastless tracks have become more
significant due to the low maintenance costs and precise track geometry (Section 2.2 and
Chapter 3). The purpose of the traditional ballasted tracks is to realize a strong, safe, reliable
and efficient path for trains. This implies that the railway track must be resilient in the
longitudinal, lateral as well as vertical directions under a variety of wheel loading
(static/dynamic) and speeds. For ballasted tracks, it should be ensured that the depth of
granular layer (ballasted and sub-ballast layers together) is adequate so that the stresses
induced by the trains are reduced enough at the subgrade surface level. This is what ensures
the prevention of track failures. Traditionally, the depth of the ballast and subballast
combined is determined using empirical equations which is the method proposed by railway
organizations and authority bodies. The traditional ballasted tracks can be separated in two
sections or parts which are called the superstructure and substructure, respectively. The
superstructure includes the rails, rail pads, fastening systems and sleepers (as shown in Figure
2.1 below). It also consists of a granular layer made up of the ballast and subballast layers,
which are situated directly above the subgrade layer as shown in Figure 2.1 below. The track
substructure on the other hand includes the geotechnical system [1], [2], [3].

___— Rail—___

y — Fastener—_

__Rail Pad

&4 Bal Gslﬂ%}!‘iﬁ?‘; ‘

TPl PR WA W X

Subgrade

(a) Transverse Section

Rail  Rail pad

Superstructure

3 .."‘;de.' /]

" Ballast
s 3

¥ Sub-ballast

AP gy oot

: Subgrade
Substructure

(b) Longitudinal Section

Figure 2.1: Ballasted Track Structure and Components [3]
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Ballasted track systems can come in a number of variations. In Table 2.1, as well as Figure
2.2, some of these variations can be seen. This section describes key components of these
variations of ballasted track-systems.

Table 2.1 Rail support categories and types in use [4]

Rail supports Types in use today

Continuous rail supports Ladder tracks
. . Mono-block sleepers, Y-shaped
Discrete rail supports with sleepers oess
Discrete rail supports with blocks Twin-block sleepers
Mixed rail supports (frame
Frame sleepers
structures)

Figure 2.2 Showing (a) ladder tracks, (b) mono-block sleepers, (c) twin-block sleepers and
(d) frame sleepers [3]
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2.1.1 Rails
The purpose of the rail is:

e Support and distribute train loads

e Guide the vehicle

e Provide adhesion at wheel-rail interface
e Provide smooth running surface [5]

Succeeding with these points is part of the reason why railways is one of the most energy
efficient modes of transportation. The rails provide support for train wheels in the vertical
and lateral directions and become a means for transfer of the wheel loads (i.e. vertical, lateral,
acceleration and braking forces) to the sleepers. Due to the electrical properties of the rails,
they are also used to transfer signals used for track circuits [1],[2].

2.1.2 Fastening system

There are sleepers spaced out at regular intervals along the railway track that support the
rails. The fasteners are used to secure the rail and provide resistance to vertical, lateral and
longitudinal movement. Below in Figure 2.3, a fastening system for ballasted track systems
is shown. Various fastening systems (e.g. tension clamp, bolt clamped amongst others) are
in use today and depend on the different sleeper types as well as the rail section in use.
Between the plate (on which the rail sits) and sleeper, a rail pad (elastic material) is situated
that is usually between 10 and 15 mm. The rail pad functions include making the rail-sleeper
system more resilient, reduction in contact attrition between rail and sleeper as well as
reducing structure-borne noise [1],[3].

Rail

Fastener

Rail Pad

Sleeper

Figure 2.3: Typical fastening system for ballasted tracks [3]
2.1.3 Sleepers

The main function of the sleepers is to distribute the wheel load from the rail to the ballast.
This is done to keep the stress at the top of the ballast within an acceptable range. The sleepers
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also restrict movement of the rails (in the lateral and longitudinal direction) via the fastening
system and can hold the superstructure in place with respect to the ballast layer. There are
many materials in use for sleepers which includes timber, concrete and even steel in very rare
cases. There are also many structure types in terms of physical structure like bi-block (or twin
block) or mono-block sleepers as shown in Figure 2.4 below [1], [2], [3].

(a) Mono-block concrete sleeper (b) Twin-block concrete sleeper

Figure 2.4: Mono-block and Twin-block Sleeper types [3]
2.1.4 Ballast

In a ballasted railway track, the ballast consists of crushed granular material. This ballast
layer has sleepers embedded inside of it, which are used as a support mechanism for the
superstructure. The ballast is placed on top of the sub-ballast. The ballast has many key
functions such as supporting the weight of the track, absorbing and distributing loads (static
and dynamic) of trains running on the tracks as well as providing good water or fluid drainage
capabilities. The ballast also increases track stability in the lateral and longitudinal directions
and therefore must be maintained regularly. Traditionally, ballast is made of crushed rocks
like igneous or well-cemented sedimentary rocks [1],[2].

2.1.5 Sub-ballast layer

Sub-ballast layers contain rock aggregates made of crushed rock (graded) or a mixture of
sand-gravel. This is situated under the ballast and above the subgrade layer. The material
must be able to endure the dynamic loads which reach the sub-ballast through the sleepers
and ballast layer. The sub-ballast can also act as an insulation sheet and can increase the frost
protection function for the subgrade. Furthermore, the sub-ballast acts as a separation sheet
for the ballast layer and subgrade in order to prevent particle contamination. The sub-ballast
also prevents the formation of slurry or mud due to water that reaches this layer. Through the
sub-ballast the rainwater from the ballast layer is guided to the sides of the track [2], [3].
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2.1.6 Subgrade

The lowest layer of the entire structure is the subgrade layer that is either specially stabilised
soil in the ground or can be naturally deposited soil. In the case that the natural soil cannot
withstand the expected loads, the former is used. In certain situations, such as embankments,
the subgrade could consist of fill materials. This material however must be firm enough to
prevent shear failure. The main objective of the subgrade layer is to create a foundation layer
for the ballast and sub-ballast to be placed on. For a high-speed train service, the loads
imparted on the track must be dispersed up to roughly 7 metres below the underside of the
sleepers. This depth of 7 metres is greater than the depth of the ballast and sub-ballast depths
combined and so the subgrade has a substantial impact on the performance of the track. This
Is the case since the subgrade stiffness and depth affect the rails and sleepers and directly
affect degradation of ballast material as well as its deformation. Lower stiffness in the
subgrade leads to higher elastic deformation and reduction in stability of the ballast. This in
turn significantly influences the superstructure’s lateral, longitudinal and vertical stability

[2], [3]
2.1.7 Advantages and disadvantages of ballasted tracks

There are benefits and drawbacks in implementing ballasted systems which are dependent on
the project requirements. Below there is a summary of the advantages and disadvantages of
ballasted tracks in comparison with ballastless tacks [2], [6].

Advantages of ballasted tracks

e Requires lower initial investment costs

e Simpler process of construction

e Has good drainage performance

e Very good noise and vibration absorption

e Simpler, accurate and mechanized maintenance possible

e Long experience of construction, maintenance and reinvestment
e Lower environmental impact [2], [6].

Disadvantages of ballasted tracks

e Requires more frequent maintenance and manpower/employees; the costs of which
may contribute to a higher life-cycle costs

e Long maintenance operation leads to higher track down time, resulting in lower
availability

e Train speed is limited on the ballasted track due to limited lateral resistance (more
deviations in track geometry at higher speeds)

e Poorer life expectation (approximately 15-30 years)

e May produce more pollution by releasing dust from ballast, that can cause decreased
safety and working conditions when maintaining closed spaces, such as tunnels
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e Uneven settlements

e Higher structure height and weight increases costs of structures, such as tunnels and
bridges

e Ballast pick-up or flight (high-speed trains) [2], [6].

2.2 Ballastless track systems

Throughout history, loads and speeds have been steadily increasing in rail transport. During
this development, the track systems have also undergone development. One such
development is a complete remake of track structures, turning it completely ballastless. This
type of system exchanges traditional ballast (as its name suggests) for a stiff supporting slab
made of concrete or asphalt, transferring the load and providing stability. There are multiple
types of ballastless track systems from several manufacturers available (see Chapter 3), but
there are several similar components that characterize them. These components are
hydraulically bonded layer (HBL), concrete slab or asphalt, fastening system and rail (see
Figure 2.5). The latter two are similar to what can be found in a ballasted track.

sleeper B 355
distance 650 mm
e o st o

7 TOR = £ 0.00

7 -493

HBL

2650- 3200

3400 - 3800

Figure 2.5: Rheda 2000 ballastless track system, with common features [7]

Being a stiffer alternative to ballasted track systems, other measures have to be undertaken
to ensure adequate elasticity. A common feature for most ballastless systems is therefore
highly elastic rail fastening systems. For further elasticity other elastic components can be
installed, such as pads, bearing or springs [8], [9].

2.2.1 Advantages and disadvantages

The following aspects summarize the advantages and disadvantages of using ballastless
tracks.

Advantages of ballastless track
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e Large reduction in necessary maintenance (20-30% of maintenance cost of ballasted
ones)

e Less traffic interruptions by maintenance, contributing to a higher availability

e Longer service life (60-80 years estimated)

e Less restrictive use of electromagnetic wheel brakes possible

e More fixed track geometry

e Sharper curves can be tolerated due to higher lateral resistance

e Reduced structure height and weight, decreasing cost of structures

e Accessibility for road vehicles

e No ballast flight

e No ballast deterioration

e Preventing release of ballast dust in the environment [2], [6].

Disadvantages of ballastless track

e Higher construction cost

e Very limited allowance for settlements, requiring an essentially settlement-free
substructure

e Large alterations in track position and cant after installation is only possible by huge
amount of work

e Repair work after a derailment (and other damages) takes much longer time and effort

e Deterioration of ballastless track systems can be sudden and unpredicted

e The service life length is estimated, but not certain for new versions

e High noise emission [2], [6].
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3. Survey of ballastless track systems

Since the beginning of ballastless track systems, plenty of different ones have been developed
all around the world. These systems all have different specialized functions and technologies
that enable them to target specific projects and clients with their niche system capabilities.
This thesis project will focus on a selected number of systems predominantly based on
European experiences. The systems chosen are the ones with the most experience, in terms
of time that they have been used and in terms of length of track that is currently installed. As
these systems are constructed with an assumed lifetime of 60-80 years, the use of a well-
proven systems is of utmost importance. Moreover, during this work Swedish regulations
and aspects of procurement will be taken into account, as well as EU-standards, laws and
requirements.

3.1 Sleepers embedded in concrete

Here systems where the sleepers are embedded in concrete slabs, most commonly in a trough
or directly on top of a roadbed are reviewed. These systems are commonly used on high-
speed lines in e.g. Germany as well as in metro systems [2].

3.1.1 RailOne - Rheda 2000

Rheda 2000 descends from the old Rheda ballastless track system, with development since
the 1970’s. It is one of the more frequently used systems among ballastless systems, with
installations in several countries. This makes Rheda one of the first ballastless systems.

Plenty of development has been conducted since the beginning. Everything from replacing
the full concrete sleeper with lattice-truss connected bi-blocks to eliminate the trough. These
changes have improved simplicity of installation as well as lowered structural height (see
Figure 3.1, Figure 3.2 and Figure 3.3) [2], [7].

rail 60 E1 with rail fastening

concreteslesper system Vossloh 300

= TOR = +0.00
cast concrete i nominal gauge |1435 mm i : ;

I~ continuously reinforced
styrofoam concrete —~ 215 - concrete layer
(isolation and 1 ol Hash
support layer) I e e e o=

- - il

2600

Figure 3.1: An early version of the Rheda ballastless track system [7]



3. Survey of ballastless track systems | 12

l 1 < TOR = +0.00
8301
’_‘_’,—_%Q.* f%"‘
L . A g 650
RHEDA (SENGEBERG) HBL
2600
l 35575 l 7 TOR =£0.00
S | = - S | o -650
RHEDA-BERLIN HGY | HBL |
2250
< TOR = +0.00
1 B 355 TS-M 1
y W A ==_5
L —_—
| HBL
2228
<TOR = +0.00
lB 355 TSM (lattice-type remfor(:ement)l
"/'\ [\ L\ ==/ \_
M@
[ VS S S WU VR B S Y Sra— — g 564
HBL |
2328
Figure 3.2: Development of the Rheda ballastless system [7]
Z[ee:,er 363555
istance 650 mm —
RHEDA 2000°¢ == : ' — — o 4%
HBL
2650-3200

3400 - 2800

Figure 3.3: Rheda 2000 ballastless system [7]
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Description of components
See Figure 3.3.

The current generation (Rheda 2000) is a flexible design, meaning that it can be configured
differently depending on the project. Below however the basic features are listed:

e Highly elastic rail fastening for an adequate distribution of forces.
e Twin-block sleepers. These are connected as pairs using a lattice-truss beneath the

surface layer.
e Monolithic concrete slab. This layer covers part of the sleepers, including the lattice-

truss, securing their position.

The sleepers are prefabricated, with track gauge and rail inclination already set. This saves
time during installation of the system [10], [7].

UIC 60 rail

B 355 W60M SBS at 650 mm c/c
— Vossloh 300 fastening

(alternately adapted to fit other systems)

-/

‘
vl oy i —

vJW*ﬁWI*(*I"tTWYWrrYT\TY7*\7 i B/

I

414*

':";j m’ ' P_:'r;‘L:‘._. LL;‘:I\ Lattice reinforcement
._3 i T e — (] '—‘ :f./ KT410-12/10/7

100
w
S
©

Specifications: Modifications:

« Concrete C52/62 * Amended if sleeper is required to

* Weight w/o fast. approx. 163 kg carry check rails, guard rails etc.
with fast.  approx. 183 kg

« Lattice truss approx. 3 kg/m

Figure 3.4: Rheda 2000 bi-block sleeper [10]

Installation

Installation of Rheda 2000 on earthworks begins with placement of a concrete roadbed with
a slipform paver. Usage of the twin-blocks allows conventional track installation processes.
Reinforcement is laid in the holes of the grinders connecting the blocks. The concrete base
enables loaded vehicles to use the tracks during the construction, before being accurately

fixed in place.
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Alignment portals are secured to the roadbeds, after which the formwork is checked and
secured as well. Necessary alignment adjustments are carried out with the portal spindles
before securing the track and concrete is then clear for pouring [2].

3.1.2 Consolis Rail - M312 System

This is the evolved version of the Sateba Rigid Boot Sleeper System which was initially
designed in the 1990s. It is an improvement of the STEDEF system, where the rubber flexible
boot is replaced by a rigid boot. Using the rigid boot, a permanent friction force between the
rubber boot and the sleeper is avoided. This then stops premature wear of the rubber boot
(especially for low stiffness tracks). Additionally, poor control of track stiffness is avoided
with the M312. The M312 can fit into the boot of the previous version of this system too.
Water pumping is also avoided and so the deterioration of slab concrete by leaching is
prevented [11].

Description of components
See Figure 3.5.

e The main component is a prestressed monoblock concrete sleeper that is mounted
with a direct fastening system
A rigid boot where the sleeper is placed (bottom part of the sleeper)
The sleeper can easily be decoupled from the concrete slab (due to boot)
The rigid ABS boot includes lateral pads (made of polyurethane), resilient pads
(made of polyurethane) and shock absorbers

e The M312 system has 4 levels of vibration mitigation (S1, S2, S3 and HAS) where
the S1 and S3 sleepers are identical in size and can be interchanged

e The M312 is less wide and has a smaller mass than the HAS sleeper (see all
components in Figure 3.5).


http://www.strangbetongrail.se/wp-content/uploads/2014/11/HAS_F.pdf
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Figure 3.5: M312 System Design and Components [11]

3.1.3 Consolis Rail - High Attenuation Sleeper (HAS) System

In order to create a viable alternative to Floating slab tracks (FSTs), also known as mass-
spring systems (MSS), the HAS system was developed. The HAS system is an anti-vibration
track system, created to be implemented in urban environments. This is especially true for
underground infrastructure, that requires the most vibration and structure-borne noise
mitigation because of the population density and special or sensitive infrastructure and
facilities [12].

Description of components
See Figure 3.6.

e Includes prestressed mono-block concrete sleepers placed on top of two resilient pads
that lie in a rigid plastic hull. This hull is cast inside the slab.

e The system can tolerate very high longitudinal as well as transverse loads due to
lateral pads that are fixed inside of the plastic hull.

e Flexibility of movement for the sleeper where it lies within the rigid hull.

e The level of mitigation can be varied with the weight of the sleeper. As sleeper weight
increases, mitigation increases.

e Proven to have 40 years of Mean Time Between Failures (MTBF)

e Maintenance process is more efficient since the sleeper can easily be taken out of the
rigid plastic hull and a new sleeper can be inserted.


http://www.strangbetongrail.se/wp-content/uploads/2014/11/HAS_F.pdf
http://www.strangbetongrail.se/wp-content/uploads/2014/11/HAS_F.pdf

3. Survey of ballastless track systems | 16

e The lateral pads and resilient pads are accessible and replaceable reducing the
maintenance process time, which contributes to lowered track downtime [12].

RUBBER GASKET SEALING

CONCRETE SLEEPER

LATERAL PADS

RESILIENT PAD s o

RIGID HULL

Figure 3.6: HAS System Design and Components [12]

3.1.4 Sonneville - Low Vibration Track System (LVT)

LVT comes from a background of bi-block sleepers for both ballasted and ballastless
systems. Being one of the first and surviving systems, it is also one of the more used ones
with over 1500 km built and planned [13].

Today, the system consists of individual blocks rather than the initial bi-block sleepers. These
blocks are separated from the concrete slab by a rubber boot and a resilient block pad, which
greatly improves absorption of noise and vibrations as well as load distribution (see Figure
3.7) [14].



Individual concrete block
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Resilient block pad

Rubber boot

Y

Figure 3.7: LVT sleeper with pad and boot [14]

Description of components

See Figure 3.7.

The system consists of the following components:

Fastening system

Concrete blocks. Individual blocks with individual motions

Resilient block pad. Absorbs vibrations and distributes load (thickness varies
depending on project requirements)

Rubber boot. Isolates the concrete blocks from the slab

Monolithic concrete slab.

The system is flexible and can be adjusted depending on the requirements of the specific
project, mainly those related to the damping of structure-borne noise. For instance, for areas
with more sensitivity against noise and vibrations, such as urban areas, there is a different
version called LVT HA (High Attenuation). Due to its increased width (and with that also
mass) as well as softer pads, the system gains a lower natural frequency. Within a certain
frequency range, this system can be used instead of a more expensive floating slab. It is
however more expensive than the standard version and has a somewhat increased structure
height (due to a thicker resilient pad) (see Figure 3.8) [14], [15].
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Figure 3.8: Comparison between LVT Standard sleeper and LVT HA sleeper [14]

Depending on the conditions at site, LVT standard and LVT HA can be modified to have a
lowered profile. Figure 3.9 shows the standard profile with a distance of 280 mm between
the bottom of the foot of the rail (10 mm rail pad included) and the bottom of the concrete

slab [14].
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Figure 3.9: Cross section of LVT HA sleepers in concrete slab [14]

Figure 3.10 shows the lowered profile where the distance between the bottom of the foot of
the rail to the bottom of the concrete slab is 240 mm.
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Figure 3.10: Cross section of LVT sleepers in concrete slab [14]

Installation

The system is installed having the blocks fastened on the rail. This eases the installation
process by eliminating the need of placing them individually. It also makes tolerances for
blocks and installation less critical. Concrete is then cast in formwork, securing the blocks in

position [14].
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When needed, blocks, pads and/or rubber boots can easily be switched out, as the blocks are
not permanently fixed to the slab. The rail can therefore be lifted with the blocks stuck to it,
enabling an exchange for new components where needed. When done, the rail is simply
lowered to its operation position again [12].

3.1.5 Edilon Sedra - Embedded Block System (EBS)

Edilon Sedra is a twin-block system mainly used in tunnels and on bridges. Similarly to LVT
this is a bi-block system with individual blocks. These blocks however are permanently cast
in place, using a highly elastic substance (corkelast) to isolate the blocks from the concrete
slab (see Figure 3.11). This creates great noise and vibration reduction, as well as load
distribution and electrical isolation [16], [4].

Figure 3.11: Edilonsedra’s block embedded in corkelast in a cut of a concrete slab [4]
Description of components
See Figure 3.11.

e Fastening system

e Concrete blocks. Individual blocks with individual motions.

e Corkelast. Highly elastic substance for noise and vibration absorption, as well as
isolating the blocks from the slab

e Monolithic concrete slab [4].
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Installation

Prefabricated blocks and rails are placed into position. A layer of corkelast is then cast around
the blocks. Lastly the concrete slab is cast with the corkelast enveloped concrete blocks
embedded. Large portions of the process can be automated for higher efficiency [16].

3.2 Prefabricated ballastless tracks

As an option to casting the slabs in-situ there are prefabricated ballastless track solutions. As
the name suggests, the slabs are in this case manufactured in workshop as several base slabs
beforehand and then transported to the site of construction for installation.

3.2.1 Slab Track Austria (or OBB—PORR) system

The system is a modular and adjustable slab track system that allows for the construction of
a railway which facilitates a smooth journey for railway passengers. This is primarily
achieved by using an elastically supported 5.2 m x 2.4 m track base slab. This is placed on
top of a solid or low-subsidence base structure like a tunnel, bridge, a hydraulically bonded
base layer or a mass spring system [17].

Description of components
See Figure 3.12, Figure 3.13 and Figure 3.14.

e Includes un-tensioned reinforced precast concrete slab with integrated rail support
seats.

e Panel underside and tapered openings (square opening in the slab) are covered with
an elastomeric layer which offers the slab panel and the track a double-layered
elasticity (reduced vibrations/structure-borne noise)

e Modularity of the system allows for the system components to be decoupled from its
structural supports making repair and replacement of slabs possible and less
complex.

e Elimination of deformations due to external causes such as creep, shrinkage and
temperature-dependant physical movements due to width of 40 mm dividing
consecutive two panels

e Joints can facilitate drainage as well, in addition to cable-crossing supplies

e Homogeneous setting due to base plates being supported by and placed on a thin base
layer of self-compacting concrete (SCC). This limits the vibrational transfer

e Tapered openings function as anchors (as concrete hardening occurs). Ensuring that
panels stay in place (vertical and horizontal direction).

e Total system height is > 43 cm (top of the substructure to top edge of the track)

e Base slabs offer space for openings in the track.

e System is compatible with Vossloh (used in Sweden), Schwihag and Pandrol
fastening system (used in Sweden as well) [6], [17].


http://www.porr.at/index.php?id=532&L=1
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1. Five holes for spindies

2. OBB-PORR slab

3. elastomeric layer

4. concrete joint sealing compound
5. rail support seat

6. long rail

7. concrete base

Figure 3.12: Slab Track Austria 3D Image [17]

240 240
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Figure 3.13: Slab Track Austria Cross-sectional View [17]
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Figure 3.14: Slab Track Austria Plan View [17]

Installation

The precast concrete slabs are initially placed on a hydraulically bonded bearing layer (HBL).
Each prefabricated slab is already incorporated with the elastomeric layer to reduce structure-
borne noise. These slabs are portioned on the track with an accuracy of 5 mm (to avoid
further labour). The slabs are sealed using concrete (self-compacting). Adjustments are made
using spindle devices before slabs are sealed. As seen in Figure 3.11, Figure 12 and Figure
13 above, there are rectangular hollow sections (0.91 m x 0.64 m) in the slab centre to
accommodate the mortar injection. The surface between the slabs and sealing concrete is
covered with a polyurethane-cement layer (3 mm thick). The polyurethane-cement layer
allows for modularity and makes the separation of slabs from sealing concrete easier,
allowing simpler slab replacement when needed [17], [18].

3.2.2 Max Bogl - Feste Fahrbahn (FFB)

The main component of the Feste Fahrbahn (FFB) Bogl system consists of precast and
prestressed concrete slabs. These slabs are longitudinally connected (via joints) and the way
the slabs are coupled results in homogenous trackways that produce beneficial long-term
behaviour of the system. The FFB Bdgl system can be built within multiple key railway-
related infrastructure sites such as on earth structures, tunnels, troughs and bridges [2], [19].

Description of components
See figure 3.15.

e The system consists of prefabricated and prestressed concrete slab plates

e Slabs are then positioned on either a hydraulically bound layer (HBL) or a reinforced
concrete base layer (BTS) (see Figure 3.14)

e For bridges, slabs are placed on a gliding, reinforced concrete base layer (BTS) and
anchored with the bridge superstructure


http://www.vde8.de/The-Boegl-ballastless-track-system------_site.site..ls_dir._nav.773_likecms.html
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The HNL or BTS base layers (are binding layers too) provide support for the slab
tracks by transferring load as well as continuously reducing stiffness of the track. In
trough and tunnel structures, the existing blinding concrete suffices instead of the
BTS and THB.

Slabs have a spacing of 5 cm between each other

Spindle devices and a computer-aided surveying system are used for vertical and
horizontal adjustments

Grout is used to fill and seal the vertical gap between slab and base layer
Monolithic, continuous band is created with a high resistance to longitudinal and
transverse movements via the longitudinal coupling procedure for the slabs
(neutralizes the “whipping effect”- a warping of the slab ends because of temperature
differences)

Facilitates adequate drainage. Each slab is made with a transverse slope of 0.5 %.
Various rail fastenings systems which are approved and suitable for ballastless tracks
can be used [19].

1 FROST PROTECTION LAYER (FSS)

HYDRAULICALLY BOUND LAYER

DE "RACKING JOINT

Dt
RAIL SUPPORT POINT

KLES AND NUTS
"ONSTRUCTION JOINTS

Figure 3.15: Max Bogl 3D Track Image and Components [19]
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Installation

Initially, the frost protection layer (FPL) is placed. Next, the hydraulically bonded layer
(HBL) is placed on top using a paver. The slabs are then put into place after which screw-
jacks may be used to adjust the slabs as required (in terms of levelling and line adjustments).
After this, the outer edges are sealed with the use of mortar and grout (bitumen) can thus be
injected via holes running throughout the slabs in the longitudinal direction. The joints are
then filled with mortar and then turnbuckles are used to conjoin the longitudinal
reinforcement bars. This is followed by filling the wide joints with mortar. Next stage is the
positioning of the welded rail section (120 m) within base slabs on top of the slab where the
sections are finally welded together to produce the continuously welded rail [17], [19].

3.2.3 Arianna R-Slab

Arianna R-Slab from the Wegh group consists of precast, prestressed reinforced concrete
slabs. This is laid on a foundation with a bedding slab inserted as an intermediate layer. This
assures that the slab rests on an even surface by compensating for irregularities in the
foundation or the precast slab [20].

TRACK AXIS

TOP OF RAIL

Figure 3.16: Cross section of Arianna R-Slab [20]
Description of components
See Figure 3.16.

e Highly elastic rail fastening for an adequate distribution of forces.

e Precast, prestressed concrete slab.

e Bedding slab. Injected to even out the surface between the roadbed and prefabricated
slab.
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The system comes in two versions: Arianna and Arianna plus. Arianna is developed to meet
the anti-vibration characteristics of conventional ballasted tracks. Arianna plus, however, is
designed to damp vibrations further, e.g. for use close to housing or by stations [20].

3.3 Embedded rail systems

Embedded rail systems are track systems where the rails get continuous support from an
elastic compound. The track lacks traditional rail fastenings. Instead the elastic compound
fixates the rails by securing the full rail profile (with exception for the rail head) to the slab.
Doing this usually increases the life cycle of the rails, but somewhat complicates the process
of switching them when necessary [2].

3.3.1 Edilon Sedra - ERS-HR

ERS-HR form Edilon Sedra is an embedded rail system developed for high-speed and heavy
rail. Securing the rails with their own corkelast material ensures a continuous elastic support
with good noise and vibration absorption. The system can also offer a very low construction
height. At its lowest, a steel channel is used. For this report however, the concrete system
will be more in focus [21].

Description of components

Corkelast to seal the rail
Material saving PVC tube to reduce the volume of corkelast required
Resilient ERS strip to control deflection for the fastening system (various thickness
and hardness available for different requirements)
e Slab of concrete.

All rail types (e.g. 60E1
ypes (€.9 ) edilon)(sedra

Corkelast®

f -

Material saving item  Resilient ERS Strip

Figure 3.17: Cross section of Edilon Sedra ERS-HR [21]
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Installation

The installation process begins with the laying of reinforcement. Formwork is then placed
and alignment is checked. Concrete is then poured to cast the slab and formwork is removed.
The resilient ERS strips are glued to the bottom of the channels with Edilon Sedra Dex -G.
If needed, polymer shims are placed for vertical alignment before placing the rails. As the
rails are placed, the filler tubes are placed alongside. Lastly, these components are sealed
with the corkelast [22].
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4. Multiple-Criteria Decision Analysis (MCDA)

Management of major projects involves evaluating whether the goals of the project can be
successfully accomplished. These goals could include lower cost, construction time as well
as achieving other key criteria (such as emissions, structure-borne noise, maintainability etc.).
Goals are determined by project management, legal framework and customer requirements
and can make evaluation of alternatives a challenging task because parameters/criteria vary
in terms of importance for different projects. Also, there are certain criteria that require a
qualitative assessment and are given a numerical value at some stage of the evaluation
process. An example for this is giving a numerical value for a slab track alternative on how
well the physical system can be adapted to counter settlement issues. These values are mostly
dependent on decision makers.

To be able to compare the different systems based on often conflicting criteria of differing
importance, a Multiple-Criteria Decision Analysis (MCDA), also known as Multiple-criteria
decision-making (MCDM), could be a good option. This is because they are developed for
this purpose. There are, however, multiple methods to choose from. In this study four of the
more common ones have been studied and are succinctly described below.

4.1 Analytic Hierarchy Process (AHP)

Analytic Hierarchy Process is a MCDA developed in the 1970’s by Thomas L. Saaty to cope
with the allocation and planning for the scarce resources within the United States of
America’s army. The premise of it is a way to help break down a complex and unstructured
case into multiple components placed in a hierarchical structure. The components are
compared to one another, as pairs, deriving relative ratios within the hierarchy levels, with
consideration to the previous level. Field experts within the area of comparison are favourable
to properly estimate relative ratios between components at the different levels [23], [24].

Execution

The execution of AHP can be described as a process of several steps. These are all
summarized below:

Step 1. Decision problem: weighting the selection criteria

The first step is to clearly define what the initial problem is or what must be decided in the
first place. This is to help explain why the AHP model would be favourable to use, clarifying
that it is an appropriate method for the specific case [23].

Step 2. Framework for personnel selection

In the second step the problem is decomposed into multiple smaller components that all
influence the outcome [23].
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Step 3. Setting up the decision hierarchy

In this step a graphic representation of the problem is drawn. A general representation of this
can be observed in Figure 4.1. Four levels are included, but it can be more or fewer depending
on the relations of the different criteria. There could also be more or fewer criteria and
alternatives on each level. In the end each box shall have a weighting and the sum of all boxes
on any level shall equal 1. The goal-level always contains (only) one box with the weighting
of 1 [23].

Goal
Criterion Criterion Criterion
Subcriterion Subcriterion Subcriterion

Figure 4.1: General graph of AHP hierarchy structure

Step 4. Data collection from the selection panel

There are plenty of ways to recover the necessary data. It is however a good idea to ask
experts of the area of interest for help to both identify the criterion and find the necessary
data [23].

Step 5. Employing the pairwise comparison

In the fifth step the elements of each level rated against each other as pairs. The Saaty’s scale
of measurement is here used to describe the intensity of the difference between two elements.
The scale can be observed below in Table 4.1. This is done between all the alternatives for
all criteria and sub-criteria (if included). The data is collected in matrices as in Figure 4.2
[23].
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Table 4.1: Saaty’s scale of measurement

Intensity of s
: o Definition
importance
1 Equal importance
3 Moderate importance
5 Strong importance
7 Very strong
importance
9 Absolute importance
2.4,6.8 Intermediate values

Criterion

Figure 4.2: Weighted matrix used in AHP

Step 6. Estimate relative weights of elements on each level in the hierarchy

When pair-wise comparison for all criteria is completed, the relative weight is to be
calculated. This can be achieved by first dividing each element in each matrix by the sum of
its corresponding column. The values of each row are then added together and divided by the
number of alternatives [23].
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Step 7. Calculating the degree of consistency to validate the results

Since the weights are based on estimations by humans, they may vary in consistency. It is
therefore important to estimate the consistency ratio (CR) to determine whether the results
can be considered valid. The CR is then compared to different fixed levels depending on the
size of the matrix. These values are:

e less than 0.05 for a 3x3 matrix
e less than 0.08 for a 4x4 matrix
e less than 0.1 for larger matrices.

If the CR falls into the correct range, the results can be considered as valid [23].
Step 8. Calculating the global weight for each alternative

This is done by adding the global weighting for the alternatives from all the criteria and any
subcriteria. The alternative with the highest weighting, should be considered the best suited
one to achieve the set goal [23].

Advantages

e Easy and straightforward to use
e Itis possible to consider qualitative and quantitative approaches in the same study.

Disadvantages

e Any added or removed alternative will result in the need of redoing the full process
from the very beginning.

4.2 VIKOR

Vlse Kiriterijumska Optimizacija Kompromisno Resenje (Serbian for “multi-criteria
optimization and compromise solution”) or VIKOR for short is a MCDA developed by
Serafim Opricovic. It has gained fame and popularity among decision makers for its easy
computable steps [25], [26].

The method is used for comparison and ranking of a finite number of set alternatives with
conflicting criteria measured in non-comparable units. The ranking is based on a ranking
index made from evaluation of each alternative's closeness to the ideal values among the
compared alternatives. The alternatives are evaluated against all criteria with the best solution
being the one closest to the ideal one and furthest from the negative ideal one [26].
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Regret value

The VIKOR method includes a regret value. This is a value based on the worst performing
criteria for each system compared to the worst performing criteria among all the systems.
This is implemented in the code to decrease the user’s regret after choosing, since it favours
the system whose worst score is the best compared to the worst score of the other systems.
The idea is that the user should feel more comfortable with the choice even if it is not the
absolute optimal one. The influence of the regret value can be altered by the user, but is
traditionally set to 0.5, therefore having half of the influence. If the user trusts the MCDA
and feels no regret no matter the outcome, the influence can be set as a very high value (higher
values result in less influence for the regret).

Compromise solution

A compromise solution is made when the top scorer does not have enough advantage and/or
stability. This is a requirement to ensure the results, since VIKOR as well as other MCDA:s
cannot guarantee a 100% accurate outcome.

Enough advantage is proven by reaching a score significantly higher than the second-best
score (how much depends on the number of systems compared).

The stability is proven by looking at the S values (total score for the system) and the R values
(the weakest point of the system). If the proclaimed winner is the top score for at least one of
these two values, the condition is fulfilled.

If any of these conditions are not fulfilled a compromise solution must be made where two
or more systems must be accepted as number 1.

The following criteria must be satisfied for VIKOR to be a feasible option:

e compromise solution to overcome conflict should be accepted

e the solution closest to the ideal one must be accepted as the best

e linear relationship between each criteria function

e all alternatives should be evaluated against all criteria

o decision makers preferences are expressed as weights

o decision makers bear the responsibility for accepting the final solution [26].



4. Multiple-Criteria Decision Analysis (MCDA) | 32

Execution
The execution of VIKOR can be summarized as the steps below:
Step 1. Identify ideal and negative ideal solution

The best and worst scenarios are identified for each criterion. If the criteria (b=1, 2, 3..., n)
are considered a benefit (higher value is better) then [26]:

fi" = maxgxy;
fl_ = minkxkl

If the criteria (b=1, 2, 3..., n) are considered a cost (lower value is better) then [26]:
fit = mingx

fim = maxgxy,

Step 2. Normalizing

To be able to compare all the data normalization is required. A matrix X with k criteria and |
alternatives are therefore transformed into a normalized matrix S. Matrix X before
normalization can be seen below [26]:

X11 X127t Xqg

X21 X2 v Xy
X=|: : . :

Xk1 Xk2 U Xkl

After normalization the matrix has become the S-matrix below [26]:

S11 S12 S11
g = S21 5?2 S21
Sk1 Sk2 7 Skl

i = %

Ski = &= 7=
fi =1
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Step 3. Weighting

By multiplying the criteria weights W and normalized elements of the decision matrix, the
weighted normal decision matrix T can be obtained [26].

t11 bz ot tyg

t t t
T = 22 21
tk1 k2 kit

Step 4. Score calculation

Values for mean group score and worst group score are calculated for all alternatives using
[26]:

fi" = X

Mﬁ—ﬁl

R, = max;

Step 5. Calculate ranking index

Q is calculated by [26]:
S* = min, Sy
ST = max,S,
R* = min, Ry
R™ = maxy Ry

Sk_S* }?k—}?>k
1—vy)——

Q=Y
Step 6. Ranking and validation

The Q values are calculated for every alternative and ranked from lowest (best) to highest
(worst). The results then must be controlled for its accuracy by using two conditions. These
are the conditions of acceptable advantage and acceptable stability.
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With acceptable advantage, the first value Q(C1) and second value Q(C>) needs to be
separated significantly. This is done by calculating the threshold value between the two. The
condition is fulfilled if the difference between the two is larger or equal to DQ [25].

1

e

Q(C) —Q(C1) = DQ

For the acceptable stability condition to be fulfilled, Q(C1) must have the best value for S
and/or R as well.

If the acceptable stability condition is not fulfilled, a compromise solution containing both

Q(C1) and Q(Cy).

If the acceptable advantage condition is not fulfilled, a compromise solution containing k
alternatives is to be accepted. All alternatives satisfying the following condition are to be
included [25]:

Q(C) —Q(C1) = DQ

Advantages

e Itis possible to consider qualitative and quantitative approaches in the same study
e Can be computed relatively easily or automatically.

Disadvantages

e Compromise solutions must be accepted if certain conditions are not fulfilled.

4.3 TOPSIS

One of the methods commonly used to solve decision-making problems is the Technique for
Order of Preference by Similarity to Ideal Solution (TOPSIS) method. TOPSIS is used to
compare multiple alternatives that can be used for a project. For many project types
(including slab track projects) the various criteria have different data units. These are initially
made uniform (normalized) so that they can be compared. Similarly, the different criteria
have different levels of importance, which depends on project specifications and
management decisions. Therefore, the criteria are weighted, which assigns an importance
ratio to each criterion compared to each other.

After this, the normalized and weighted criteria are summed up which results in performance
values being obtained for an individual alternative (for a given finished project). For the
TOPSIS method, this performance value or “mark” (which is a non-dimensional unit) defines
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the success level of the project/alternative and can then be used to compare the alternatives
[27].

The following information and procedures are needed for TOPSIS [27]:
e Identifying criteria of importance

e Data for criteria and project performance indicators from measured projects that
define success (or poor performance)

e Evaluating data for assessment
e Normalizing data for each criterion
e Method for weighting of criteria in terms of importance

e Calculation of performance mark for each alternative

Execution
Step 1. Calculate the normalized matrix

The following equation is used here [27]:

where:

aij = normalized value

Step 2. Calculate the weighted normalized matrix (multiply normalized matrix by
weight)

This is done using the following equation [27]:
Vij = Wi * 4y,
Step 3. Calculate the best ideal and worst ideal value

The minimum and maximum values from the weighted normalized matrix are used to get the
ideal best and worst values [27].



4. Multiple-Criteria Decision Analysis (MCDA) | 36

Step 4. Calculate the Euclidean distance from ideal best

The equation below is used for step four [27]:

n
Z(vj+ - v;)%fori=1,2,...,m
j=1

Step 5- Calculate the Euclidean distance from ideal worst

For step 5, the following equation is used [27]:

n

Z(vj— — v;)%fori=1,2,...,m

j=1

Step 6. Calculate performance score/grade

Lastly, final score for each alternative is calculated using the equation below [27]:

P, = Si
LOSE+ ST

Advantages
e Simple, reasonable approach and a comprehensible process
e Displays clear logic that reflect project management choice
e Can be computed relatively easily with efficiency
e Provides a scalar value that reveals the best and worst alternatives

o Performances for each alternative can be given a comparable mathematical form
as an outcome [27].

Disadvantages

e |f an alternative is removed or added, the entire TOPSIS calculation needs to be
done again [27].
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4.4 ELECTRE

There are various ELECTRE (Elimination and Choice Expressing Reality) methods that have
been developed over the years which are used for construction projects and are also an
important method used for research purposes today. A key use for this method is for
environmental assessment and choosing alternatives as well the relevant environmental
appraisal process. ELECTRE (depending on which ELECTRE method used) can provide a
means to find the threshold values and values for noise, air and water impact criteria. It also
enables decision makers to find indifference preferences (difference between criterion
performance of individual alternatives) and veto threshold values for multiple environmental
criteria [28].

The ELECTRE methods allow management to choose the best alternative amongst many by
ranking and sorting. The methods are split in two segments:

e The construction of one or several outranking relations where each alternative is
compared to each other.

e The exploitation stage which expands on the results from the previous stage to rank
the alternatives [28].

Four ELECTRE Method Variations

ELECTRE I: Ranks alternatives and makes use of concordance indices. The intensity of
arguments is measured, and the result reveals that alternative “a” is better than alternative
“b”. The method also makes use of discordance indices. This is the intensity of opposite
arguments for the criteria that are being analyzed for project alternatives (opposing the notion
that alternative “a” is better than “b”) [28].

ELECTRE II: Different alternatives are ranked in this evaluation process. However, in this
method, thresholds are also included in the matrices [28].

ELECTRE Ill: Works a lot like ELECTRE Il except it also makes use of attributes that use
preference as well as indifference thresholds [28].

ELECTRE IV: Works in a similar fashion to the previous variations but this method does
not make use of weights for criteria. The process does not apply the same importance level
to each criterion, but rather implies that no criterion is inferior to another one [28].

Execution

The different ELECTRE methods generally follow the same methodology with slight
differences. The choice of method depends on project requirements and importance levels of
criteria. The “ELECTRE I” method within the ELECTRE family follows the steps described
below [28].
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Step 1. Forming the decision matrix

This step involves identifying and inputting the criteria to be compared for different
alternatives in matrix form [28].

B all alz TR aln T
a21 a22 en aZn
Ayj = -,
Am1  Ama2 Amn

where:

m = number of decision points

n = number of evaluation alternatives in matrix Ajj
Step 2. Normalizing the decision matrix

For this step, using elements from matrix Aj; above, the following equation is used to create
a normalized matrix [28]:

aij
m
,/Zk=1 akj?

Step 3. The formulation of a weighted standard decision matrix

xl-j =

The decision makers for the project dictate the importance for each criterion point and the
normalized matrix is multiplied by the weighted values for each criterion. The sum of the
weight values given to each criterion must be equal to 1 [28].

Step 4. Determining the conformity (Cij) and nonconformity (Dj;j) sets
The elements/alternatives are compared to each other in terms of magnitude in step 4 [28].
Step 5. Forming the conformity (Cij) and nonconformity (Dij) matrices.

Formation of the matrices is executed using the following equations [28]:

Concordance matrix

n

Cij = Z (w;)

JjeCij
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Discordance matrix

max |ykj N yljl wherej€eD;

max kaj - yljl

Step 6. Forming the conformity supremacy (F) and nonconformity supremacy (G)
matrices

It is done by comparing the conformity threshold value (c) with the elements of the
conformity matrix Ci;. The elements of the F matrix have values of either 1 or 0. The diagonal
of the matrix is always 0. This is also the case for the G matrix [28].

Step 7. The total dominance matrix is formed

Total dominance matrix is formed using ones and zeroes. This is done by multiplication of
elements of the concordance and discordance dominance matrices in the previous steps [28].

Step 8. The importance order of the alternatives is defined

This is inferred using a matrix of 1 and 0 values. From this, the criteria are ranked in terms
of which alternative is better than the next (i.e. alternative “a” > alternative “c” > alternative
‘Eb”) [28].

Advantages
e The comparison of the alternatives can be achieved even though results are close
e Less sensitive to the decision maker bias (for non-weighted method)
e Proven to be a reliable method

e Quantitative and qualitative evaluation are both included in the process [28].
Disadvantage

e More complex decision-making calculation process than other methods that needs
a great deal of input data [28].
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4.5 MCDA summary

The following table (Table 4.2) summarises the different MCDA methods of this thesis:

Table 4.2: Summary of MCDA methods

MCDA Characteristics Advantages Disadvantages
AHP Graphic e FEasy and straightforward to use e Any added or removed
Tables in several steps e Itis possible to consider alternative will result in the
Manual pairwise qualitative and quantitative need of redoing the full process
comparisons. approaches in the same study from the very beginning
VIKOR Comparison of normalized e Itis possible to consider e Compromise solutions must be
values qualitative and quantitative accepted if certain conditions
Distance from ideal and approaches in the same study are not fulfilled.
negative ideal solution e Can be computed relatively
Inclusion of compromise easily or automatically.
solution
Inclusion of regret value.
TOPSIS Steps can be computed using e Simple, comprehensible e Difficult to add or remove
Excel or MATLAB approach alternatives
Provides scalar value (reveals e Displays logic that represents
best/worst alternatives) management choice
Results in value score (used e Computed easily with efficiency
to compare alternatives) e Numerical results to compare
alternatives
ELECTRE Ranks and sorts alternatives e Numerical results make e Complex calculation process

Uses outranking relations where
each alternative compared to
each other

Expandable tables (add remove
alternatives/data)

comparison possible

e Decision maker bias reduced via
non-weighted method

e Proven, reliable method

e Qualitative and quantitative
evaluation can be included
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5. Evaluation model

5.1 Chosen MCDA

After studying different MCDA:s, the conclusion was made to choose the VIKOR method
for this comparison of ballastless systems, based on multiple criteria. This is because of its
(optional) implementation of regret, (when necessary) compromise solutions and relatively
easy and straightforward structure.

5.2 Model description

As the aim suggests, this project is to create a framework for systematic comparison of
ballastless track systems and to aid the decision process. VIKOR was chosen as part of this
framework, partly for its easy and straightforward structure. This does, however, not mean
that results can be acquired quickly by hand calculations (especially when more than two
systems are to be compared on more than two criteria).

Because of this, a (partly) automated model is necessary. Goals for this model is to make it
user-friendly as well as easily expandable. To do that, a combination of Excel and MATLAB
has been used. Data for the different systems and criteria are stored in an Excel sheet and
MATLAB runs the data through the VIKOR method (in MATLAB).

In this project the excel sheet will contain 8 systems (Arianna R-slab not included due to
insufficient data) and 21 criteria, but more can be added by the user later if interest for other
systems or other attributes for the systems arises. If no changes of data are desired by the
user, the only parts that need input are the weight column (see section 5.3) and the max/min
column. The latter of the two is used where the user has a minimum or maximum requirement
for a given criterion. If the system has to have a construction height lower than 450 mm or
must have been previously used for speeds above 320 km/h that is inserted in this column.

At this stage, the required input in Excel is done and the process continues in MATLAB.
When the code runs, it first checks if all systems fulfil all maximum and minimum values for
the criteria. If they do it carries on and if one or more systems does not, the user is notified
what systems fail at what criteria and get to choose if the system(s) should be kept or
discarded.

The inserted weights are normalized. The remaining systems are then put through the VIKOR
method, as described in section 4.2. Results are then displayed according to Table 5.1. The
deciding row is the one labelled as ‘Rank’. It shows what system(s) performed the best, what
system performs the worst and what systems were in between, for the specified weights
(project interests). The rows labelled as ‘S’, °R’ and ‘Q’ show intermediate calculation steps
as described in section 4.2 for those who may be interested.
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Table 5.1: Result table from simulation (example)
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S 0.2827 0.4345 04412 0.3199 04107 0.4498 0.3144 0.3121

R 0.0686 0.1049 0.1049 0.1235 0.0926 0.1235 0.0900 0.0950
Q 0.0000 0.9084 0.9484 0.2225 0.7657 1.0000 0.1899 0.1763
Rank 1.0000 6.0000 7.0000 4.0000 5.0000 8.0000 3.0000 2.0000

It is now up to the user how he or she wants to use these results. If they choose the best
performing system straight off or if they want to compare the results with LCA:sand LCCA:s
for the different systems and or other evaluation methods.

5.3 Weighting
5.3.1 Setting weights

When carrying out an MCDA study, different criteria have different importance levels. For
this thesis project, user input should reflect individual project requirements. It is important
that when these weights are set, they are set relative to other criteria. This process is one that
has been the cause of much debate in other work. To address this issue, the relative
importance of all the criteria in the multiple attribute function is captured by setting weights
against a numerical scale. These assigned weights are scaling factors. In this way, each
importance weighting score is compared to each of the scores for the remaining criteria.

5.3.2 Constructing a scale for weighting

In interval scales the difference between the score units is vital and the zero point must be
specified so that the ratio of values is meaningful. Therefore, two points must be defined with
values attached to them. These are namely the minimum and maximum points on the scale
(e.g. 0-10 scores). To construct such a scoring process, a local or a global scale must first be
understood.

Local scales - These scales are constructed using the alternatives themselves. The least
important criterion is assigned the minimum value on the scale (e.g. 0) and the most important
criterion is assigned the highest value on the scale (e.g. 10 out of 10). The rest of the criteria
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are relatively weighted in between. This type of scale can be useful for estimations and quick
assessments [29].

Global scales - These are defined by the extreme points of the scale to begin with (e.g. O-
100). The extreme values represent the best and worst possible performance or importance
scores that can be achieved or assigned. The advantage of this type of scale is that it is more
flexible in that the scale can be made before assessing criteria [29].

For this thesis project a global scale was defined between 0 and 100 for performance scores.
After the extreme points on the scale have been defined, the process of assigning weights for
all other criteria must be established. This can be done in the three approaches described
below [29]:

e Defining a partial value function -This can be done for quantitative data that have
numerical values available [29].

e Construction of a qualitative value scale - Qualitative descriptions can be defined
with corresponding numerical values (e.g. such as 0 score for “equally important” or
10 for “absolutely more important™) [29].

e Direct weight setting for criteria - Decision makers will simply assign a number
value or even mark out the placement on a visual analogue scale directly somewhere
in between the extreme points on the scale [29].

The qualitative value scale was used for setting importance weights for this thesis project.
This scale was a global scale that enables the decision makers to set weights in a user-friendly
manner. An importance value is given to each criterion between 0 and 100. A 100-importance
score reflects maximum importance and a 0 value reflects minimum importance. This scale
can be used in various methods of weight setting such as Direct rating, Ratio method or Swing
weighting method. The Table 5.2 below displays the gqualitative value scale:

Table 5.2: Qualitative value scale for weight setting

Intensity of importance Definition

0 No importance

20 Moderate importance
40 High importance

60 Very high importance
80 Extremely high importance
100 Unavoidable

Others Intermediate values
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5.3.3 Direct rating method

One of the methods considered for the setting of importance weights by decision makers was
the Direct rating method. Using this approach, the decision maker ranks criteria directly on
an interval scale (see Section 5.3.2) where the best and worst possible cases are defined. This
could be done on a local or global scale. For this project, a global scale was used. The
importance rating is set by giving an importance score between 0 and 100, with 100
representing the highest possible importance value on the qualitative value scale shown above
in Table 5.2.

5.3.4 Swing weighting method

The weighting process described above can also be achieved using the Swing Weighting
Method which captures not only the theoretical importance value, but also the magnitude of
the importance given to each criterion relative to one another. The Swing Weighting Method
can also be used with the qualitative value scale constructed (Figure 5.2). The Direct Swing
Weighting method emphasizes swings. This means that a relative value for every unit of
change is recognized in the numerical scale. This is then used to quantify the importance of
each criteria. Although it is a more robust method, this method is not user friendly due to the
time and effort required to complete multiple stages. It was therefore not used in the model
experiments. The Swing Weighting Method steps are nevertheless as follows [29]:

For X number of criteria, the following steps are taken [29]:

1. The best and the worst value or case for each criterion is identified.

2. X+1 number of criteria are listed in a table, where the first (extra) criterion is the
"worst-case" in either value (if quantitative) or attributes (if qualitative). The
second criterion in the table has the worst value on all the criteria points except for
one. This process is carried on until all criteria have only one best case [29].

3. The criteria are then ranked which is done by the user/decision maker. The lowest
rank is X+1 and the highest rank is 1 [29].

4. The X+1 number of criteria are given an importance score value. The worst
importance score is 0, whereas the highest possible importance score is 100. The
user sets the scores that agree with the ranking in the previous step. This means that
higher ranked criteria from the previous step are given a higher importance
weighting [29].

5. The importance score values are then normalized. The sum of all the normalized
importance weights is equal to 1 [29].

6. To support the weight setting process, decision makers make use of visual analogue
diagrams. These diagrams depict the relative size of the importance swing weights
that are assigned in a diagram. This is depicted in Figure 5.1 below. This type of
diagram aids the decision makers in evaluating the importance levels before setting
numerical values between 0 and 100 [30].


https://www.prioritysystem.com/glossarys.html#swingweightmethod
https://www.prioritysystem.com/glossarys.html#swingweightmethod
https://www.prioritysystem.com/glossarys.html#swingweightmethod
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Figure 5.1: Visual analogue diagram used for swing weighting method [30]

5.3.5 The chosen weight setting method

The weight setting method chosen for this thesis is the direct weighting method. There are
several reasons for this. Firstly, this approach includes flexibility to adjust a weight for a
criterion without affecting another. The direct rating method therefore enables user-
friendliness. Another benefit is that weights can be set using expert opinion thus making the
result purposeful, provided that the assessments made are unbiased [29]. When benefiting
from user-friendliness however, it can be said that accuracy is somewhat reduced when not
considering the weights in relation to each other. The setting of weights individually may
exclude the influence of relative weights for each criterion in comparison to others. There is
also a higher risk of inconsistency, since there is no set methodology that is followed to
enforce consistency.
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5.4 Data collection and criteria

5.4.1 Data collection and assessment

Type of data collected

To assess the systems in terms of to what extent the criteria satisfy the project requirements,
the following data types were collected for different criteria:

1. Quantitative data - Data that can be quantified by a numerical value (e.g. construction
height).

2. Qualitative data - Data that cannot be directly represented with a numerical value (e.g.
maintainability). Information directly related to each criterion was collected. For example,
for the maintainability criterion, information about how well the systems solved light damage
to sealing concrete or sleepers was gathered (Table 5.4.).

Method of collection of data

The data was obtained directly from the ballastless system manufacturer websites, brochures,
other notable literature as well as multiple meetings with each of the system manufacturers.
Information was also gathered through email correspondence.

Translation of data for VIKOR insertion

Translating qualitative and quantitative data into numerical values (suitable for VIKOR
model) was done in the following ways.

For quantitative data:

e The quantitative values were directly input into the VIKOR model. These are
normalized by the model.
For qualitative data:

e Using a qualitative value scale (Section 5.4.4.), pairwise comparisons were made
(score between 1 and 9). Each score was input into an Excel sheet. Scores were
assigned depending on how well the system performed on a given criterion compared
to the other systems.

e The AHP approach (used only for qualitative assessment purposes) results were input
into the VIKOR model. These were in the form of percentages.

5.4.2 Which criteria were considered?

The 21 criteria chosen for the assessment of the ballastless systems compared in this project
are described below. These were seen to be criteria that heavily affect the decision-making
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process. Typically, MCDA methods are used together with Life-Cycle Cost Analysis
(LCCA) studies as a complementary study. This is because MCDA’s are usually focused on
aspects that cannot be captured by LCCA’s. However, for this thesis study, some cost
elements are included for simulations. These costs are rough estimations (based on
information from system manufacturers), and it should be noted that actual costs differ
depending on individual projects and situations.

When using an LCCA in combination with the proposed model in this report, it is
recommended to include all cost aspects there instead of in this model as a LCCA is a better
suited tool for costs and keeping the data as input for the MCDA would then be redundant.
The following are the descriptions of the criteria used to evaluate ballastless systems in this
report. These are not listed in a particular order.

Construction height

The construction height of the systems is included in the simulations because of the effects
that they have on surrounding infrastructure and related costs. As an example, the tunnel
cross-section and related costs can be decreased due to lower system structural height.
Therefore, a lower construction height may be advantageous for certain projects. For this
report, the construction height of each system was defined as the combined height of all
components between the HBL and top of the rail.

Maximum operation speed

The maximum operation speed is an important aspect for high-speed rail. Higher operational
speed for ballastless systems may be a priority for decision makers.

Maximum axle load

One of the mechanical strength aspects included as a ballastless track selection criterion was
the maximum axle load. In Sweden, regulation requires tracks to be able to safely endure
22.5 tons axle load (for freight). In some cases, 25 tons is acceptable whereas on Malmbanan,
30 tons can safely be endured. Most of the railways in EU requires that the maximum axle
load should be 22.5 tons or lower. The manufacturers, for the ballastless track systems that
are compared in this study, provided either maximum tested or maximum certified axle load
values (Appendix I). The evaluation process in the VIKOR model used for simulations took
into consideration whether or not the systems qualified for a 25-ton maximum axle load [31],
[32].

Structure-borne noise and vibration mitigation

Trains running on tracks give rise to vibrations that are transmitted to the surroundings. These
vibrations are propagated through the ground into the walls and floors of structures. The
structure-borne noise also give rise to the radiation of low-frequency noise inside of these
structures or buildings. Additionally, the vibrations cause unwanted movement and/or
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vibration of windows, furniture, household objects (e.g. plates and cups) and other things.
Such vibrations can also be a problem for industrial activities. It is therefore necessary for
decision makers to take these potential effects into account and ensure vibration mitigation
if the project requires it. The different ballastless systems revealed features that provided
vibration mitigation properties (Appendix I). These features were qualitatively assessed in
terms of superiority in vibration mitigation abilities (Sections 5.4.3 and 5.4.4) [33].

Adjustability towards settlement

Settlement occur over time and so the track may need adjustment accordingly. Most
commonly this adjustment is done via the fastening system. However, as this comparative
study examines the differences between the systems, only adjustments between the HBL and
fastening system were considered and not the adjustment via the fastening system itself.

Production pace

The completion of projects within a given timeframe is important for decision makers.
Certain projects may require a high production pace due to time constraints for various
reasons. The production pace estimations per shift were obtained for the different systems
(Appendix I). These numerical values were input directly into the model.

Maintainability

As part of regular maintenance, rail grinding, installing new rails and visual inspections are
carried out. This is not unique for any one system and was therefore not included in the
qualitative assessments (except for embedded rail systems, where rail replacement involves
work with product exclusive components) for the maintainability criterion. Instead, the
assessments were focused on how the system is maintained when damage has been evoked
on the system. This includes light damage to slab, sleepers or shoulders. The qualitative
assessments also included consideration of how much of the system must be exchanged and
how easily the maintenance can be performed.

Drainage

For slab track projects, drainage can become a major cause for maintenance issues. For
ballasted tracks, the water is guided to culverts on either side of the track because of the
sloping nature of the track structure. The space between sleepers and the ballast and sub-
ballast layers help to guide the water towards the culverts. For ballastless tracks, the water
cannot seep through the ballast and sub-ballast and therefore requires additional elements to
guide the water towards channels on either side of the track. The different systems have
different solutions for drainage (Appendix I).
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Reinvestment concept

For this criterion, the concept of reinvesting in the track was considered. This includes
extensive damage to the track (slab included) and the end-of-life of the track. Whether the
slab may simply be removed and replaced or whether the track may require cutting and
casting were some questions that were used to examine this criterion (Table 5.4.3.).

Environmental impact

To estimate the environmental impacts for the ballastless systems, information on the amount
of reinforcement and concrete used for each system was obtained. This information was given
by the manufacturers themselves for most of the ballastless systems. The environmental
impact criterion was only used to evaluate the systems in terms of carbon emissions. The
structure borne noise and vibration criterion, which could also be described as an
environmental impact, was assessed separately. This has been described above. For some
systems, rough numbers were given by manufacturers, whereas some assumptions had to be
made for others. The accuracy may therefore vary somewhat for the different systems. To
keep variables constant, it was assumed that the concrete density for all the systems was 2400
kg/m?® [34]. It was also assumed that the environmental impact for concrete is 321 kg CO2-
e/m® and 1.86 kg CO2-e/kg for steel [35]. Transportation and installation causes of
environmental impacts were not considered in this study.

Investment cost

Different projects have many different aspects that vary from project to project. This includes
labour costs, transportation costs etc. Due to this, the general total investment cost for a given
project cannot be obtained for any of the systems. As stated previously, MCDAs are typically
used to complement LCCA studies and therefore mainly focus on aspects that LCCAs do not
capture. Therefore, the cost aspects included in this study were rough estimations using only
material costs (mainly provided by manufacturers). As such, these values have to be taken
with a grain of salt.

Key materials/components for every system were included. These are components such as
sleepers, bi-blocks or slabs. These elements as well as their prices were calculated for the
same length of track for each system. Concrete and reinforcement amounts used for every
system were used to carry out the calculations.

Some assumptions have been made for reinforcement for one system, since estimated data
could not be attained there.

Prices for materials were estimated using supplier website prices. An estimation of 110 euros
per m3 was used for concrete [36]. For the reinforcement prices, a price per kg was estimated
at 4.24 euros/kg using a supplier website prices [37]. These prices were chosen since a
general unit price could be derived rather than specific project costs. They may differ a, lot
depending on the project, country of construction, quality etc. The prices were collected from
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UK suppliers because it was easier to obtain such information. The prices for the material
were the same for all the systems, thus the variable was kept the same for every ballastless
system for the case study and sensitivity analysis. The prices can be altered (depending in
which country the project is based) in the model by the user.

Variations available (tunnel, bridge, embankment, turnouts etc.)

Railway projects often require infrastructure such as tunnels, bridges, embankments and
turnouts. It was therefore assessed whether the systems had solutions for (or compatibility
with) such infrastructure.

Transition zone concept

Transition zones are important between ballastless tracks and ballasted tracks due to
differences in track stiffness. For this criterion, the solutions available for transition zones
were assessed for every system [2].

Possibility to run with rubber wheels

The ballastless systems compared in this study have many differences in their physical
designs and component types. The differences in systems include the use of mono-block
sleepers, bi-block sleepers and slabs. They therefore have differences in their ability to allow
vehicles with rubber wheels to run on their surfaces without adaptations made to the original
design. Their ability to allow the running of such vehicles on the track (without adaptations)
was examined for this criterion. Additional solutions to adapt the system for this purpose was
also considered.

Simplicity of evacuation

In case of an evacuation in a tunnel, passengers might have to use the track as an evacuation
corridor. It is therefore favourable to have a smooth surface. Some systems are naturally
smooth, and others provide an extra product if required by the buyer. The existing features
of the systems for the purpose of passenger evacuation on foot were assessed for this
criterion.

Adjustability to different fastening systems

The ability of the systems to be compatible with different fastening systems made by different
manufacturers (e.g. Pandrol and VVossloh) was assessed.

Derailment protection

Here the ability to use guard rails or check rails was taken into consideration.
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Licensing

For this criterion, it was evaluated if possibilities to get components manufactured by local
companies existed.

Track mass

The track mass was estimated using rough values (provided by manufacturers) for materials
used for the same length of track for every system. This could be important in many cases
such as bridge application where a lower mass would be beneficial. Additionally, a heavy
mass may provide vibration mitigation to some extent. Main vibration reduction is achieved
via other special features.

Eddy current braking
For this criterion, it was assessed whether eddy current braking was possible on each system.
Years of experience

The years of experience assures decision makers that the system is dependable in the long
run. Thus, the years of experience for every system was included as an evaluation criterion.

5.4.3 Method of qualitative assessment

As mentioned previously, the assigning of qualitative performance scores for each criterion
was done only after multiple meetings with system manufacturers. These meetings provided
in-depth information as to how each slab track alternative covered or provided solutions for
every criterion. The results of the data collected through literature study and meetings are
summarized in Appendix |. Based on this and studies of the systems from previous sources,
the pairwise scores were set (described in Sections 5.4.4 and 5.4.5). Below are the questions
and methodology that were used to assess systems for qualitative criteria (used for the 1-9
qualitative value scale in Section 5.4.4):
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Table 5.3: Questions to aid assessment process of qualitative criteria

Criteria

Questions/process used to evaluate
criteria

Noise damping properties

Does it have the purpose to damp noise in ifs
original form?
Can ability to damp vibration be improved?
To what efficiency/extent does the system
reduce vibration/noise?

Adjustability to fastening systems

How many (and what) fastening systems is
your system compatible with?

Maintainability (wear and light

How modular is the system?
What components need regular maintenance
(excluding rail and fastening)?
How are these components maintained?

damages) If there is a derailment, is maintenance
difficult without affecting service?
Are the frequently maintained components
accessible?
. W . inage facilities?
Driisge "hat are the drainage facilities

Do thev work effectively?

Variations available

Does the system have variations tunnels,
bridges, embankments, turnouts, etc.?

Transition zone concepfts

Do vou have special measures to deal with
transitions from or into ballasted tracks?

Possibility to run with rubber wheels

Is the system naturally smooth for any road
vehicle (or at least utility vehicles)?
Is there a separate product to make the
system smooth enough for any vehicle (or at
least utility vehicles)?

Simplicity of evacuation

Is the track safe for passenger evacuation on
foot (in tunnels)?

Guard rails and derailment Are there any solutions for this?
protection Separate solution?

Can licenses be bought for local

Licensing manufacturing of components?

For which system parts can this be done?

Reinvestment concept (severe
damage or end of life)
Note- end of life has not been
reached for most systems

How is the reinvestment handled?
What components and how much can be
reused?
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5.4.4 Qualitative value scale for criteria assessment

A qualitative value scale was necessary for this study due to the vast amount of qualitative
assessment that was required when considering the selection of slab track systems. In order
to use that data in the model, a quantification method of these data was required. This can be
done by assigning values to performance descriptions. Good qualitative scales should display
the points below:

The scale should be operational so that it permits rating of any alternative.
The scale should be reliable and cause two independent scores to lead to the same
result.

e The scale should be value relevant in that it allows users to distinguish between
systems.

e The scale should be justifiable and be deemed to be a reasonable scale by any reader.

For this study, Saaty’s scale of measurement (used in AHP) was used with slightly modified
definitions to fit the purpose (see Table 5.4).

Table 5.4: Saaty’s scale of measurement was used with modified definitions [38]

Intensity of importance Definition
1 Equal
3 Moderately superior
5 Strongly superior
7 Very strongly superior
9 Absolute superior

Implementation of qualitative assessment
Below are the steps taken for the qualitative assessment for the qualitative criterion:

1. Pairwise scores (input into the AHP pairwise comparison program) - these are
scores directly assigned using the qualitative value scale (see Table 5.4 above) and
the questions in Table 5.3. A score is given (from 1 to 9) to each system for a given
criterion in comparison to the other systems considered. This score reflects how
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superior (qualitatively) one system is in comparison to another one. The scores are
input into the AHP pairwise comparison program.

2. Weighted scores (input into VIKOR) - are calculated scores from the pairwise
qualitative assessment approach (AHP prioritizing). This score is represented as a
percentage. Thus, scores are relative to all other systems.

5.4.5 Qualitative assessment using AHP

When data are gathered, it must be weighted. In this study this was done with priority
calculations from the AHP method. This uses data from pairwise comparisons to create
weighted scores. This works as an alternative to directly setting scores to multiple systems
while considering all its opposition at once. Pairwise comparisons thereby lead to easier
comparisons and elimination of manual balancing of all scores at once. In turn, this leads to
an accurate weighting, provided that enough consistency is achieved.

The AHP prioritizing method was partly explained in Section 4.1, when going through the
full AHP method. Following here are two example matrices used in this study and a slightly
more detailed explanation of how the consistency is assured.

To begin with, an 8x8 matrix was constructed in Excel. The eight rows and columns represent
the number of systems compared, as all the system solutions are to be compared with each
other. Each cell contains a value, representing a comparison between two systems.

Following the steps described in Section 4.1, final weighted scores will be calculated. The
values will be the final scores for each system for the given criteria.

For the results to be trustworthy, enough consistency must be fulfilled. This can be estimated,
following three steps:

1. Calculate consistency measure
2. Calculate consistency index (CI)
3. Calculate consistency ratio (CI/RI)

The consistency measure is calculated for each system by vector multiplying the original
values (from pairwise comparisons) for each row with row averages.

The consistency index is determined by calculating the Amax from the matrix and an
appropriate index number from Table 5.5 where average random consistency indices from a
sample size of 500 can be viewed.
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Table 5.5: Random inconsistency indices for n = 10 [38]

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

When Cl is calculated, CR is retrieved by dividing CI by the index corresponding to the
chosen index number. Sufficient consistency is achieved if CR<0.1. If not, the input indices
must be changed until sufficient consistency is reached [39].
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6. Sensitivity study

6.1 Description

A sensitivity study was carried out to test the reliability of the model. The goal of the study
was to identify possible in-built biases from the qualitative assessment data input into the
model. To test this, different hypothetical scenarios were created. Every scenario had
different project requirements and therefore had different importance weights for the criteria.
In this study, ten different scenarios were created. It should be noted that for the sensitivity
analysis and case study (Chapter 7.), the Wegh Group Arianna R-slab track system was not
included. This is due to difficulties in obtaining sufficient information about this system.

Running the model for the different scenarios, two functions were restricted:

e Regret values were always set at 0. This is because the sensitivity study should be a
pure comparison without any unnecessary influences. It can, however, still be used
by any user of this model and set to desired magnitude.

e The function to discard systems that do not reach certain requirements was not used
for these tests because the main goal of this study was to look for bias in the model.
Therefore, the inclusion of as many systems as possible was preferred to increase
the reliability of the study.

The conditions and results for each scenario can be seen below. The sensitivity analysis
results reveal the following:

e The ranks of the systems for each scenario.

e Ranking Index (Q) or the numerical performance score (the lower the value, the
better the result).

e Conclusions for Section 6.2 are summarized in Section 6.3.

6.2 Results
Scenario 1 Conditions

Dedicated track- High-speed

One extremely long tunnel- Low construction height

Emergency vehicle access and pedestrian evacuation is vital

Track sections include bridges- Low track mass required

Tracks near residential area- High noise mitigation required

Investment cost is important

Connected to multiple existing ballasted lines- Transition concepts are important
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Scenario 1 Results

In Table 5.6, the results from the first input values are shown. The row labelled as “Q” shows
the calculated ranking index for each system and the row labelled “Rank” shows the rank of
each system. This applies for every result table shown in this sensitivity study.

Table 5.6: Scenario 1 results
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Scenario 2 Conditions

Dedicated track- High-speed

Numerous bridges- Lower track mass preferred and emergency access vehicle
Years of experience are of importance

Reinvestment concept (end of life or major maintenance, e.g. cutting track section
out and replacing) is important

e Environmental impact is important

Scenario 2 Results

Table 5.7: Scenario 2 results
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Scenario 3 Conditions

Commuter traffic

A few tunnels sections

Near business area- Noise damping important
Emergency vehicle access is important

Evacuation on foot for pedestrians is very important

Scenario 3 Results

Table 5.8: Scenario 3 results
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Scenario 4 Conditions

Mixed traffic with mixed speeds

Lower track mass required due to bridges in project

Noise mitigation is important

Numerous curve sections- High maintainability importance
End-of-life reinvestment considered strongly
Environmental impact is strongly considered
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Scenario 4 Results
Table 5.9: Scenario 4 results
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Scenario 5 Conditions

Dedicated track- High-speed

Tracks needed to be built as soon as possible due to cost and time- High production
pace is important

Multiple curve sections- Maintainability is important

Decision makers prefer slab tracks with more years of experience

Investment cost is important

Scenario 5 Results

Table 5.10: Scenario 5 results
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Scenario 6 Conditions

Mixed service- Commuter traffic and some freight service

Only one tunnel (under road)- Construction height relatively important
Tracks run near forest area where wildlife protection is a requirement- Noise
mitigation important to protect ecosystem

Possible settlement changes due to soft soils in rural areas

Maintainability is important

Years of experience are of importance

Investment cost is important

Scenario 6 Results

Table 5.11: Scenario 6 results
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Scenario 7 Conditions

Higher speed given very high importance

Production pace important due to cost

Investment cost is vital

Maintainability is important

Years of experience are of importance

Rubber wheel access is important due to long track sections running through rural
areas with high trespassing rate- Emergency/police vehicle access important
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Scenario 7 Results

Table 5.12: Scenario 7 results
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Scenario 8 Conditions

Mixed service (frequent freight as well as commuter trains)

Noise damping is required- commuter trains near densely populated areas
Maintainability- many curves due to commuter trains

Years of experience are of importance

Evacuation is important- High trespassing rate in tunnels

Existing tunnels have large cross-section- Construction and vehicle access not vital

Scenario 8 Results

Table 5.13: Scenario 8 results
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Scenario 9 Conditions

Dedicated track- High-speed

Braking from high speeds- Eddy current braking

Tracks must withstand heavy snow- Maintainability is important

Tracks run along rural areas with natural obstructions- Emergency vehicle access
needed

Tracks needed to be built quickly- Production pace important

Years of experience are of importance

Decision makers want as low cost as possible

Scenario 9 Results

Table 5.14: Scenario 9 results
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Scenario 10 Conditions

Dedicated track- High speed line with plans to run trains with a very high speed
Eddy current braking is important due to high speed

Drainage very important due to landscape causing water to flow into tracks from
higher ground

Maintainability is important

Transition zone concepts are important- Line connected to multiple existing
ballasted lines

Investment cost is strongly considered

Years of experience are of importance
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Scenario 10 Results

Table 5.15: Scenario 10 results
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6.3 Evaluation

The ranking of the systems in the tables above have been summarized in one table. Below
this new table can be seen. It views how many times each system gained each rank between
1land8.

Table 5.16: Sensitivity analysis results summary
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From the sensitivity study results (Table 5.16), the different scenarios led to a variation of
results that do not suggest any clear in-built biases. Different systems have different strengths
and are therefore suited to different projects. As an example, some systems like the Consolis
(HAS and M312) and LVT have features that mitigate vibration and noise very well.
Similarly, other systems have strengths when it comes to building in tunnels (such as Edilon
Sedra ERS which has a low construction height). In general, the systems tend to be amongst
the highest ranked systems when the requirements were more suited to the strengths of these
systems.

It is also seen that certain systems are very often amongst the top 4 ranked systems in many
of the scenarios. These systems (namely OBB Porr and Max Bdgl) often achieved ranks at
place 3 and 4 (Table 5.16). At the same time, OBB Porr and Max Bogl are very balanced
systems that displayed impressive features for most of the criteria that have been used to
evaluate the ballastless alternatives for this thesis project (see Appendix I). This is a plausible
cause for the good performance of these systems in the sensitivity study. Overall, the results
showed little signs of in-built bias.
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7. Case study

A case study has been carried out in this part of the report. The purpose of the case study is
to show the implementation of the model step by step. The model was implemented for a
hypothetical situation assumed to be in Sweden. It should be noted that certain details in the
case study may not be entirely accurate and are only used to demonstrate the model
implementation for a specific set of project requirements.

7.1 Requirements

The case study was carried out to aid the selection process of a ballastless track system for
one double-track tunnel only. The project (including) was assumed to be carried out by a
state-owned railway company. Since the country is assumed to be Sweden, the project aims
to be as environmentally friendly as possible. The tunnel for which a ballastless system is
being selected, exists near a city and has a length of 900 m. It was also assumed that the track
would occasionally be used to transport liquid goods in freight wagons. Below are shown
the project requirements for the case study.

Construction height

The decision makers require a low construction height because of the tunnel to reduce costs.
A weight of 100/100 was set for this criterion.

Maximum operation speed

Traffic is planned to run up to 250 km/h. There is however a great interest in the ability to
run faster in the future, so the infrastructure manager would like to keep doors open. The
maximum operation speed criterion is therefore still given a high weight of 90/100.

Maximum axle load

Occasional freight services are expected on the line and through the tunnel. Therefore, this
criterion weight was set at 50/100.

Structure-borne noise and vibration mitigation

The ballastless tunnel ends in the beginning of a city. The track is therefore close to but not
directly in the city and not close to any special structure-borne noise sensitive areas (e.g. a
theatre). Structure-borne noise mitigation is therefore considered fairly important at 75/100.

Adjustability towards settlements

Settlement issues are not expected for this tunnel. This is because the tunnel will be bored
through a mountain with hard rock. For adjustability towards settlements, a weighting of
0/100 was assigned.
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Production pace

Installing a ballastless track in this tunnel is one of the last steps in the construction of the
new line. As such the start of operation of the track is highly dependent on the speed of the
track construction. Construction speed is therefore considered important, with a weight of
80/100.

Maintainability

Maintainability was defined as repair of minor damages to slabs and sleepers for this thesis
project. For this case study, it was assumed that the decision makers found maintainability to
be relatively important because of the tight space within the tunnel available for this type of
maintenance. However, high system maintainability (slab and sleeper damage) is not seen as
critical. Maintainability weight was set at 50/100.

Drainage

As the tunnel is bored in a slightly convex shape, drainage is not considered a major problem.
Leakage from groundwater is also not an issue for this case study. Rainwater does not enter
the tunnel in large enough quantities to cause serious issues. There are however tank wagons
passing through the tunnel on occasional freight trains. Sufficient drainage would therefore
be appreciated in the unlikely event of a major leakage. Drainage is therefore weighted at
15/100.

Reinvestment concept

Reinvestment concept was defined as repair of major damage to slabs or sleepers as well as
major track replacement at the end of the track lifetime. The decisions makers believe this to
be important due to potential issues when carrying out heavy maintenance and track
replacement. The weight was set at 70/100.

Environmental impact

The decision makers carrying out this project have very high goals for CO2 reduction. The
environmental impact is thus weighted as 100/100.

Investment cost

The investment cost criterion was very important for decision makers in this case study as it
was assumed that a tight budget was allocated for this project due to the current global
economic climate. A weight of 90/100 was set for this criterion.

Variations available (tunnel, bridge, embankment, turnouts etc.)

The track is to be installed in a tunnel with straight track only. The amount of variations is
not important at all for that reason. Weight set as 0/100.
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Transition zone concept

Although the tunnel section is planned to be installed with a ballastless track, the rest of the
track is ballasted for this case study scenario. Thus, the transition zone concept was
considered to be important for decision makers and was assigned a weight of 70/100.

Possibility to run with rubber wheels

Safety is considered very important. However, since the local rescue vehicles have a fair
amount of ground clearance and the tunnel is merely 900 m long, the possibility of running
with rubber wheels was assigned a weight of 30/100.

Simplicity of evacuation

This criterion was given high importance due to the tunnel. The weight was set at 90/100.
Adjustability to fastening systems

No specific requirements. Weighted as 0/100.

Derailment protection

It was assumed that decision makers felt that derailment would not cause the vehicles to
deviate far from the track as the tracks are in a tunnel. Therefore, a weight of 0/100 was set
for this criterion.

Licensing

The possibility for local companies to obtain licenses for production of components was very
important for the decision makers. Decision makers believe it to be highly important to boost
the local economy in this way. Licensing was assigned an importance weight of 70/100.

Track mass

As the tunnel is blasted through a high-quality rock mountain, problems with settlement or
weak supporting structures is not an issue. Track mass is therefore weighted as 0/100.

Eddy current brake limitations
The vehicles planned to be used on this line are not equipped with eddy current brakes. It
was thus assigned a weight of 0/100.

Years of experience

The decision maker values experience and looks at it as a receipt of success. This criterion is
therefore weighted as 60/100.
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7.2 Weights and max/min values

Based on the project requirements above, weights were set for every criterion and collected
in Table 7.1. These are reflected in the column called “Weighting”. The railway also had a
few maximum and minimum requirements for different criteria. These are reflected in the
column called “max/min”.

Table 7.1: Importance weights for case study

Weighting
Criteria Max/Min Weighting | Characteristic (0
for negative and 1
for positive)
Construction height 550 100 0
(mm)
Mass/meter 0 0
Max speed (km/h) 250 90 1
Maximum axle load 50 1
Noise darpplng 75 1
properties
Adjustability to
X 0 1
fastening systems
Adjustability towards
0 1
settlements
Production pace 80 1
Maintainability 0 1
Drainage 15 1
Years of experience 60 0
Reinvestment 70 1
concept
Variations available- 0 1
tunnels, bridges...
Transition zone 70 1
concepts
Possibility to run with 120 1
rubber wheels
Slmpllcn_y of 90 1
evacuation
Derailment protection 0 1
Licensing 70 1
Eddy current brake
e 0 1
limitations
Environmental impact 100 0
Investment cost (€/m) 700 a0 0
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7.3 Results

The result of this case study is based on the weighting, max/min requirement and set regret
value. All systems passed the required (inserted) max/min values, meaning that none of them
needed to be discarded. As for the regret value, it was decided to give it no influence, as the
most accurate values, with as little exterior influence as possible, were desired. Increasing
this value would likely change the results somewhat. Table 7.2 shows the results for the case
study.

Table 7.2: Case study results
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7.3.1 Evaluation of results

It is observed from Table 7.2 that the top four ranked systems were OBB Porr, Sonneville-
LVT, Rheda 2000 and Max Bogl. Similarly to the sensitivity study done previously in the
report, the systems that had better features to satisfy the requirements achieved the highest
ranks. As an example, the LVT system has strong capabilities for noise mitigation, low
environmental impacts as well as a low construction height in comparison to other systems.
This makes it a logical choice when evaluating non-cost components in such a selection
process even without using the model. Hence, the results are logical. This is also the case for
OBB Porr and Max Bdgl, who both displayed good balance for the case study scenario.
However, it must be noted that these good performances only occur when the systems are
evaluated using these specific criteria. Additionally, the Rheda 2000 system also performed
well in the study. This system is one of the most used systems worldwide. It is the system
with the most years of experience, has a high production rate and is reasonably priced (only
material costs included in this thesis project). Hence, the Rheda 2000 system satisfies many
requirements for this project and would therefore prove to be a good choice.

Although the results suggest logical choices for these particular project requirements, it
should be noted that there are many improvements/additional factors that would make the
case study results (as well as the whole model) more reliable. One such addition would be
the use of more criteria. This would increase the range of features that would be considered
for the evaluation and would increase the thoroughness of the study. Another improvement
could be done in the qualitative assessment process. When carrying out qualitative



7. Case study | 72

assessments, experts should be involved. Their expertise and insight vastly increase the
reliability and thoroughness of such evaluations. Thirdly, as stated previously in the report,
part of the quantitative data input into the model (namely cost components and environmental
impacts) were based on assumptions. A more accurate collection of data would improve the
reliability of the study. Lastly, it must also be noted that MCDA:s are usually a
complementary tool for LCCA studies for a more complete project selection process because
both studies capture what the other cannot. The cost elements were added to this model for
experimental purposes.

Overall, the case study results suggest that for this particular case study, where the decision
maker judgments regarding importance weighting are carried out by the authors of this thesis,
the best suited systems are OBB Porr, Sonneville- LVT, Rheda 2000 and Max Bogl.
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8. Conclusions

In conclusion, the aim of this thesis was to aid the selection process of a suitable ballastless
system for specific project requirements. The results of the studies carried out in this thesis
show that the proposed model is able aid such a selection process in a reliable manner. The
sensitivity analysis results show no significant inbuilt bias within the proposed model.
Additionally, the case study results show that the most suitable systems for the specific
hypothetical project requirements were found to be OBB Porr, Sonneville- LVT, Rheda 2000
and Max Bogl. OBB Porr was found to be the top choice. The results (for both the case study
and sensitivity analysis) follow the trend that ballastless system alternatives with strong
features to satisfy project requirements performed better for all hypothetical scenarios. It can
therefore be concluded that the model can be used to aid the selection of ballastless systems
for specific projects. However, it must be noted that qualitative assessment of certain criteria
requires high level expertise to achieve truly reliable results. Additionally, the inclusion of
more criteria would provide a more precise evaluation as more aspects would be considered.
This would capture more of the differences that exist between systems. It should also be noted
that data gathered (namely cost and environmental aspects) involved many assumptions and
therefore may have distorted the result somewhat. Considering this, it can still be concluded
that the model can be used to aid the selection of ballastless systems for specific projects.
Particularly when multiple qualitative criteria are present, which can make the selection
process complex. However, this model is best suited to evaluate alternatives in terms of non-
cost criteria (e.g. maintainability) that cannot be fully captured by LCCA studies. It should
rather be used as a complementary tool for an LCCA study.

A conclusion can also be made that several different MCDA methodologies can be
implemented with different advantages and disadvantages. Furthermore, tailoring the user
specific framework for a given MCDA method can differ between users also. Many tailoring
processes can easily become a matter of balance between user-friendliness and accuracy. For
example, for the weight setting process, including a more user-friendly approach like the
direct rating method could lead to a decrease in accuracy. Thus, finding the right balance is
paramount.



8. Conclusions | 74



9. Future work | 75

9. Future work

Although the proposed evaluation suggests logical results and does not reveal any clear bias,
there are a number of features that could still be improved.

Firstly, as mentioned previously in the report, MCDA’s are best used as a complementary
tool alongside LCCA studies. Each of these methodologies can capture what the other may
not fully capture. Additionally, the more knowledge (data) that is collected for the different
systems the more criteria can be set up. This would benefit the model as more details on the
systems should increase the accuracy of the comparisons (simulations), which increases the
accuracy of the results. Furthermore, the project would benefit from the involvement of non-
biased experts. The input of experts would improve both the assessment of qualitative
criteria, as well as the setting of weights. For the qualitative assessments, experts on each
field that the qualitative criteria touch upon would be ideal. For the weight setting, a project
manager or a decision maker with sound understanding of the full project would also be ideal.
Lastly, the model would benefit from an addition to the code that automatically balances the
weighting before the user’s preferred weighting is considered. As of now when the
normalization process is executed in the code, the best system for a given criteria gets 0
points, the worst one gets 1 and the systems in between get decimal values between 0 and 1.
This implies that the best system for a certain criterion is just as superior to the worst as the
best one for any other criteria. Thus, the normalization process eliminates the true differences
that exist between the winner and loser for every criterion. This influences the result, because
a criterion where the percentual difference between two systems is a large one will have the
same effect on the outcome as a criterion where the percentual difference is small. There are
several ways to solve this which were considered. As an example, the Shannon entropy
method solves this problem by assigning a higher importance weight to compensate for the
elimination of true differences between the best and worst alternatives for a given criterion.
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Table A-1 Summarization of ballastless system data

Appendix | —Collected data | |

RailOne - Consolis - Consolis - Sonneville - | Edilon Sedra - | Edilon Sedra - |Porr - OBB-Porr| Max Bogl -
Rheda 2000 M312 HAS LVT EBS ERS-HR FFB
Construction
height 473 mm 470 mm 525 mm 460 mm 480 mm 322 mm 428 mm 474 mm
- Up to 300
km/h or more
- System is
approved by
German EBA
without any 300 km/h or 300 km/h or
Maximum speed | 350 km/h 320 km/h 320 km/h speed limits more more 330 km/h 360 km/h
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- Qualified for - Qualified for |- Qualified for 25
25 tons 25 tons tons
Maximum axle |- Qualified for | - Qualified for | - Qualified for | - Field test up to| - Qualified for | - Tested at 35- | - Testedat32 | - Qualified for
load 25 tons 25 tons 25 tons 36 tonnes 25 tons 45 tons tons 25 tons
- The large
weight of the
monobloc
sleeper and
fine control of [ - Have as - Have as
- Does not | track stiffness | purpose to -Haveas  |pyrpose to damp| - Have as
have as allows the damp noise |purpose to damp noise purpose to damp - Have as
purpose to | system to act noise noise purpose to damp
damp noise asamass |- High weight - Corkelast - Have as purpose noise
spring system |sleeper, HAS’s| - Use of thicker | empedded - Corkelast to damp noise
Vibration and | - Thicker slab resilient pads | rail pads and blocks embedded rail - A load-
structure-borne can be - Four levels | and rigid hull | larger blocks - Elastomeric  [distributing steel
noise damping | installed for | of attenuation | that absorbs can improve | - Elasticity can | - Elasticity can |layer and optional| plate and an
properties extra damping| available shocks absorption be tailored be tailored noise absorber elastic layer
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-Compatible | -Compatible
with W14 with W14
(Vossloh) or | (Vossloh) or
SD systems | SD systems
(pandrol). (pandrol).
-Can be -Can be
Adjustability to adapted for adapted for - N/A- rail
different - Customer’s | any fastening | any fastening | -Customer’s - Customer’s secured in - Customer’s - Customer’s
fastening systems choice system system choice choice corkelast choice choice
- 25 mm - Theoretically
increase unlimited
-Vertical +/- | -Vertical +/- vertically - C_oncrete adjustability
10 mm 10mm possible (inserting injections under upwards from - Slab
(shimmed) (shimmed) shims under the the slab is injections beneath| adjustment
concrete block) possible - Concrete slab possible
Adjustability | - Adjustment | - Adjustment | - Adjustment injections under
towards in fastening | in fastening in fastening | - Adjustment in | - Adjustment in the slab is - Adjustment in | -Adjustment in
settlements system system system fastening system|fastening system possible fastening system |fastening system




Production pace

- 500 m/shift

-400 m/shift

-400 m/shift

-300 m/shift

300 m/shift

Appendix | —Collected data | IV

300 m/shift

500 m/shift

350 m/shift




Maintainability
(minor damage
e.g. shoulder
damage, sleepers)

- Minor slab
damages can
be repaired
with epoxy or
steel frames

- Replacement
of components
under the
fastening
system
requires
cutting of the
slab

- The sleeper
can easily be
removed from
its rigid plastic
hull and
replaced by a
new one. All
the system’s
resilient
components
(lateral pads,
resilient pads,
etc.) can be
accessed

- The rail is
lifted, seal is
cut and sleeper
is extracted
using the
inserts

- The sleeper
can easily be
removed from
its rigid plastic
hull and
replaced by a
new one. All
the system’s
resilient
components
(lateral pads,
resilient pads,
etc.) can be
accessed

-All
components are
easily accessible

(blocks can be
decoupled from
slab)

- Components
lifted with
standard track
jacks (no
concreting work
or cutting rail)

- Block pad and
rubber boot
accessible for
change

- RFID chip
available (for
SMART track
maintenance

monitoring)

- Corkelast with
surface cracks
can, simple
surface
treatments can
be made

- Corkelast with
holes has to be
replaced (at
least 30 mm
deep)
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- Water jet to
clean grooves

- Angle grinder
to lower
corkelast surface

- For
replacement of
the rail or slab,
they have to be

cutand
reinstalled

- Highly-modular
steel formworks

- Slab secured
with easily
removed mortar

- Allows track
level adjustment
and total
replacement in
case of damage or

emergency

- Inspection and
maintenance of
the safety
relevant parts of
the slab track,
such as the rail
fasteners, are
possible without
dismounting
these
prefabricated
parts
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- Drainage
- Waterproof | - Waterproof | gutter on the
materials materials side or track |- Simple surface |- Simple surface
centre drainage drainage
- Simple - Simple - Simple - Inclined areas
surface surface surface - Can be adapted| - Dewatering in [- Dewatering in| - Simple surface [serve for surface
Drainage drainage drainage drainage for customers |track or beside it|track or beside it drainage drainage
- Unlikely that
- For full - For full full line would
replacement of | replacement of | heeq replacement
the track, the | the track, the “Track is rebuilt
- Track is rebuilt|  slab will be slab will be | - Slab pieces can
Reinvestment crushed and crushed and be removed and | -Concrete and
concept (very - Possible that | - Possible that | - Rebars can be |recast, with new | recast, with new | replaced when steel may be
heavy damage or | - Track is cut | sleepersare | sleepers are reused (other concrete and concrete and needed to for recycled and
end-of-life) and rebuilt reused reused uses) corkelast corkelast continuous life | used elsewhere
Environmental
impact 357 co2-e/m |202 kg co2e/m|202 kg co2e/m | 209 kg co2-e/m | 362 kg co2-e/m | 391 kg co2-e/m | 324 kg co2-e/m | 308 kg co2-e/m
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Investment cost | 322 euros/m | 601 euros/m | 601 euros/m 302 euros/m 358 euros/m 494 euros/m 348 euros/m 425 euros/m
Variations - Tunnel, - Tunnel, - Tunnel,
available (tunnel, bridge, bridge, bridge, - Tunnels, |- Tunnel, bridge, |- Tunnel, bridge, - Tunnel, bridge,
bridge, embankment, | embankment, | embankment, bridges, embankment, | embankment, | - Tunnel, bridge, | embankment,
embankment, turnouts turnouts turnouts embankments, turnouts turnouts embankment, turnouts
turnouts etc.) available available available turnouts with available available turnouts available available
- Multistage - Varying
gluing of distances
ballast between
supports
- Extension of
HBL - Adjustments of
block pad
- Pre-stressed - . stiffness
sleepers in | - Transition | -Transition
ballasted part | Solutions solutions - Ballast mats - Special - Special - Special - Special
available available solutions solutions solutions solutions
Transition zone | - Additional (transition (transition - Ballast available for available for available for available for
concept mounted rails slabs) slabs) bonding transition areas | transition areas

transition areas

transition areas




- additional
mounted rails
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- Originally no

- Possible to
provide M312
system with a
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- Additional
“high boot” to product
provide a flat |- Originally no available to
- Additional surface smoothen
product | petween rails | -Possible to surface enough
available to provide system - Additional for any road
smoothen - Lower with a “high | - LVT system product available vehicle
surface sleeper height boot” to does not have to smoothen
Possibility to run| enough for | between rails | provide a flat | any references surface enough - Separate
with rubber any road SO easier to surface for rubber wheel | - Possible for (- Highly smooth| forany road |product for level
wheels vehicle adapt between rails tracks yet terrain vehicles surface vehicle crossings
- Can have - Can be - Smooth
higher slab but| adapted to |- 800 mm can be| surface in the - Additional
- Additional | ©rginally no have flat held between | middle and on product
product | Since sleepers | - surface but blocks at the side of the _ Additional available to
available stick out | originally not | standard gauge track product available |  Smoothen
simple for on for safe - Highly smooth surface for
Simplicity of - Small gaps -Lower_ sleeper foot passenger i BIOCKS surface suitable | - Small gaps still passengers
evacuation still present height ) passengers movement protruding for evacuation present walking on track
between rails

laterally and
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S0 easier to - Is further periodically by
adapt adaptable the rails
- LVT single
supports also
enable concrete
upstands - Guard rails can
between rails as be installed
derailment - Guard rails can
protection be installed - Steel plates
- Guard rails | - Guardrails (better load
and safety rails|and safety rails| - Is adaptable at - Vehicle access |distribution) and
can be can be request - Guard rails can |- Guard rails can| System and noise | rail stiffness
- Guard rails | installed for | installed for _ be installed be installed absorber can matched for
Derailment can be mono-block | mono-block | Guard raﬂ_s and function as guard | high vibration
protection installed sleepers sleepers CheCk_ rails rails absorption
solutions




available (base
plates)

Appendix | —Collected data | XI




Appendix | —Collected data | XII

- Licensing to
local
companies
possible
- Have a
Swedish - Collaboration | - Collaboration
partner with local with local
manufacturers | manufacturers |- Most commonly
- Possible to possible possible produced in
put up small existing factories,
temporary - Licensing - Licensing - Licensing - Corkelast - Corkelast but can be - Licensing
factories close | possible after | possible after | possible after cannot be cannot be tailored for possible after
Licensing to construction| agreement agreement agreement  |produced locally [produced locally| specific project agreement
Eddy current
braking
limitations - No issues - No issues - No issues - No issues - No issues - No issues - Issues - No issues

[40], [41], [42], [43], [44], [45].
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Appendix Il = MATLAB code

Data=readtable('Location\File");

w = width(Data);

h = height(Data);

X = Data{(2:h),(2:w)};

Sysnam = Data.Properties.VariableNames;
comment(1,3) = {'does not fulfill requirement of'};

noncomsys = zeros(w-4,1);

% Check if the systems fulfill all max/min criteria and comment if not

forl =1:h-1

n=1;

if X(1,3) ==

forr=4:w-1
if X(1,1) < X(l,r)
system = Sysnam(1,r+1);
criteria = Data{l+1,1};
comment(n,1) = system;
comment(n,2) = criteria;
noncomsys(n2,1) = 1;
n=n+1;

else



end
n2 = n2+1,
end
elseif X(1,3) ==1
forr=4:w-1
if X(1,1) > X(l,r)
system = Sysnam(1,r+1);
criteria = Data{l+1,1};
comment(n,1) = system;
comment(n,2) = criteria;
noncomsys(n2,1) = 1;
n=n+1,
else
end
n2 = n2+1;
end
end
n=n-1;

forl2=1:n
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d = [comment(I12,1),comment(1,3),comment(12,2)];

disp(d)
end

end

% Ask if if any non compatible systems should be kept or discarded.

% Any discarded systems are turned to NaN
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noncomcheck = any(noncomsys);

if noncomcheck ==

noncomdeci = input('One or more systems does not fulfill one or more criteria. Input 1 to
exclude the systems or O to include them anyway. ');

while noncomdeci ~= 1 && noncomdeci ~= 0
noncomdeci = input('Invalid value. Input 1 to exclude the systems or 0 to include them.
0
end
if noncomdeci ==
for 1 =1:w-4
if noncomsys(l,1) ==
X(:,1+3) = NaN;
end
end
end

end

ny = input(‘'Input ny-value as 0, 1 or anything in between (lower values gives regret value
more influence on the final results). ;

whileny <0 |[ny>1
ny = input('Ny must be 0, 1 or any value in between. Try again. ");

end



% Finding best and worst value for each criterion

for 1 =1:(h-1)

if X(1,3) ==
fpos = min(X(l,4:(w-1)));
fneg = max(X(1,4:w-1));
X(lw) = fpos:
X(I,w+1) = fneg;

else
fpos = max(X(l,4:(w-1)));
fneg = min(X(l,4:w-1));
X(l,w) = fpos:
X(I,w+1) = fneg;

end

end

12 =1+1;

RS(12,n) = 0;

% Swing method to normalize weight scores

weights = zeros(h-1,1);

weightsum = sum(X(1:h-1,2));
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for1=1:h-1
weights(l,1) = (X(l,2))/weightsum;

end

% Calculate S values and multiply with weights

% And determine R values

forr = 4:(w-1)
for I = 1:(h-1)
Sk = weights(l, 1)*((X(1,w))-(X(Ln)((X (1L w))-(X(1,w+1)));
if isnan(Sk) ==1
RS(l,n) =0;
else
RS(I,n) = Sk;
RS(12,n) = RS(12,n)+Sk;
end
end
RS(12+1,n) = max(RS(1:1,n));
n=n+l1;

end

% Keeping discarded systems as NaN

forr=4:w-1

if isnan(X(1,r)) ==

RS(:,r-3) = NaN;
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end

end

% ldentify maximum and minimum S- and R-values

I =h-1;

RS(12,n) = nanmin(RS(12,1:w-4));
RS(12+1,n) = nanmin(RS(I12+1,1:w-4));
RS(12,n+1) = nanmax(RS(12,1:w-4));
RS(12+1,n+1) = nanmax(RS(12+1,1:w-4));

RS(1:1,n:n+1) = (nan);

% Move interesting results to QRS matrix

QRS(1:2,1:w-2) = RS(12:12+1,1:w-2);

n=1;

% Calculate Q-values

while n <w-3
if isnan(QRS(1,n)) ==
QRS(3,n) = NaN;
QRS(4,n) = NaN;
else
if ny ==

Q = ((QRS(1,n)-QRS(1,w-3))/(QRS(1,w-2)-QRS(1,w-3)));
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else
S = ny*((QRS(1,n)-QRS(1,w-3))/(QRS(1,w-2)-QRS(1,w-3)));
R = (1-ny)*((QRS(2,n)-QRS(2,w-3))/(QRS(2,w-2)-QRS(2,w-3)));
if isnan(R) ==0

Q = ny*((QRS(1,n)-QRS(1,w-3))/(QRS(1,w-2)-QRS(1,w-3))) +  (1-
ny)*((QRS(2,n)-QRS(2,w-3))/(QRS(2,w-2)-QRS(2,w-3)));

else
Q=S;
end
end
QRS(@3.:n) =Q;
QRS(4,n) = Q;
end
n=n+l,

end

w2 =w-4;

% Calculate numer of systems not turned to NaN

forr=1:w-4
if isnan(QRS(1,r) ==1
w2 =w2-1;
end

end
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n=1,;
smallocs = zeros(1,w-4);

smalloc = 0;

% Rank the systems based on Q-value (the lower, the better)

while n <w2+1
smalloc = find(QRS(4,1:w-4)==nanmin(QRS(4,1:w-4)));
check = size(smalloc);
if check(1,2) ==
smallocs(1,n) = smalloc;
QRS(4,smalloc) = n+0.000000000000001;
n=n+1;
else
n2=1;
while n2 <= check(1,2)
smallocs(1,n) = smalloc(1,n2);
QRS(4,smalloc(1,n2)) = n+0.000000000000001;
n=n+1;
ifn2>1
QRS(4,smalloc(1,n2))=QRS(4,smalloc(1,n2-1));
end
n2 = n2+1;
end
end

end
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forr=1:w-4
QRS(4,r) = round(QRS(4,r));

end

% Determine DQ-value

ifw2<4

DQ = 0.25;
else

DQ = 1/(w2-1);

end

% Check if compromize solusion is necesarry and if so create one

if DQ > QRS(3,smallocs(1,2))-QRS(3,smallocs(1,1))

n=2;

while DQ > (QRS(3,smallocs(1,n)))-(QRS(3,smallocs(1,1)))

n=n+l1;
n2 = n2+1;
end

QRS(4,smallocs(1,1:n2)) = 1;
elseif QRS(1,smallocs(1,1)) ~= QRS(1,w-3) && QRS(2,smallocs(1,1)) ~= QRS(2,w-3)
QRS(4,smallocs(1,1:2)) = 1;

else
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end

% View results

Results(1,2:w-3) = Sysnam(1,5:w);

Results(2:5,1) = {'S"; 'R"; 'Q"; 'Rank'};

forr=2:5
forn =2:w-3
Results(r,n) = {QRS(r-1,n-1)};
end

end

disp(Results)
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