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ABSTRACT

Turnouts are very important components in railway infrastructure for facilitating changes
in direction and shift in track that trains are moving. Therefore, various discontinuities
are introduced at turnouts which affect the dynamic interactions and increase the damage
severity on the turnout and on the trains using the turnout. The annual investment of
funds to construct and maintain a viable track system is enormous. Then optimum use of
these funds is a challenge which demands the best technology available. Therefore,
research on fatigue life optimization of simple turnout in ballasted tracks, which are the

very critical elements in railway infrastructure, worth researching a lot.

In this research, multiple cases of virtual experiments, based on design of experiment
approach have been done to come up with an optimal parameter combination which
gives maximum fatigue life or minimum cumulative damage. Numerical mechanical
dynamic simulation in an MBS environment SIMPACK on a computer run and then a
finite element simulation finally done on ABAQUS based on the optimum parameter
combination obtained in the MBS simulations to determine fatigue life. And lastly results
have been compared between the MBS and FE dynamic simulation then interpretations

made after that.

The results show that an optimum fatigue life will be obtained if the rail-pad vertical
stiffness is 300MPa and effective sub-structure stiffness is 110MPa. And the optimum
fatigue life is calculated to be 1.1years as per the MBS result and 1.2years from the FE
result. Possible reasons for the discrepancy in life prediction have been forwarded with

ways in maximizing the accuracy and precision.

Key word: Simple Turnout, Multi-Body-System, finite element, modeling and

simulation, fatigue life, optimization.



ACKNOWLEDGMENTS

This work would have been too much difficult for me alone but many people helped and
for that acknowledging them is one way to give them their credit in my final work
though not enough for me doing a mere acknowledgment.

My first acknowledgment goes to the wonderful support from my advisor Mr.
Mequanent that he shared his thoughts and challenging me to produce more refined
thesis work. And another acknowledgment | would like to make is due to Dr. Bjorn
Palson whose comments and discussions make me shape my work better. | would like
also to give my special thanks to Prof. Elias Kassa whom | consider as my role model to

work in such area of railway mechanics where | got my pleasure in doing it.

Finally I would like to thank my family and Lord for giving me the power and courage
which let me have the beautiful dreams | have in my thesis.



TABLE OF CONTENTS

ABSTRACT ..ttt v
ACKNOWLEDGMENTS ...ttt \
TABLE OF CONTENTS ..ottt VI
LIST OF TABLES ...ttt et VI
LIST OF FIGURES ..ottt et IX
NOMENCLATURE ..ottt X1
CHAPTER 1  INTRODUCTION .....ccciiiiiiiieisese et 1
IO A = 7 ot [ {011 T SR 2
1.2 Purpose Of the StUAY .......ccciiieir e 3
1.3 ODJective Of the STUY .......cooeiiiiiiiicce e 5
O |V 1= 1 o o PSR 5
1.5  Scope and HMITatioN.........cociiiiiiiiieeee e 8
1.6 Outline of the reSEarch ..o 9
CHAPTER 2  LITERATURE REVIEW ...t 10
2.1 RAIWAY TraCK ..o 10
2.2 TUINOULES ..ttt ettt b ettt e e bt e e st e et e e ent e e naeeenbeesnee s 15
2.3 CONtACE MECNANICS .....eevieiieieiieiie sttt ne e 17
2.4 FAtiQUE tNEOIY ..eeeeieeeiee ettt 18
2.5 OPUMIZATION. ...ttt bbbttt e e 21
2.6 DesSign Of EXPErMENT ..ot 22
2.7 Surrogate MOAeliNg ........covieiiiii e 24
CHAPTER3 NUMERICAL METHODS AND CONDITIONS........ccccociniininn 25
3.1 BaCKQrOUNG ..o e 25
3.2 Modeling approaches in turnout dyNamiCS .........cocurvrereriierienese e, 28
321 MBS MOUEIING ..ot 28
3.2.2  Finite element modeling approach............ccccoovviriieiineneseeceeee e, 30
3.2.3  Hybrid modeling approach ..o 31

3.3 Material MOUEIING ....ccueeiiiie e 31

Vi



3.4 Boundary condition MOGEIING........cccveiiiiieieeieiie e 32

3.5 Interaction MOAEliNG .......ccoveiieiiiie e 33
3.6 Model reduCtion thEOIY ..........ooiiiiiiiiiece e 34
3.7 DesSign Of EXPEITMENT .....cviiiiiiiiiiieeieeee e 35
3.7.1  Parameter identifiCation...........ccovvieiiiiiiiiesee e 35

3.8 EXPerimental deSIgN........ccceiveiiiieiieie et ste et 41
3.9 Simple turnout MOAElING.......c.ooiiiiiiiiiece e 43
CHAPTER 4 RESULTS AND DISCUSSIONS ..o 45
4.1  Background on Simulation theOrY ...........cccooiiiiiiiiiieee e 45
4.2 Parametric COMTEIAtioN .........ccoviiiiieieieiee e 49
4.3  Optimized fatigue life determination .............cccoveiieie i 51
4.4  Outcome comparison between modeling approaches...........ccccovvviviinieniennen, 55
A5 SUMIMAIY ..ttt b et nb et b e e nr e e e 57
CHAPTER5 CONCLUSIONS, RECCOMENDATIONS AND FUTURE
WORKS bbb 58
CONCLUSION ...ttt bbb bbbt 58
RECOMMENDATIONS ...ttt e e nee e 58
FUTURE WORKS ...ttt ettt e e et e e e e e e e e nnee e 59
REFERENGCES ...ttt 60
APPENDICES. ...ttt ettt 63
APPENDIX A L.ttt et et 63
APPENDIX B ..ttt a e 70
APPENDIX € oottt e e et e et e e n e e e e e e naaaeanaa e 111

vii



LIST OF TABLES

Table 3-1: Turnout #9 geometric parameters from Chinese railway standard ................. 36
Table 3-2: Vehicular geometric data of AALRT system from CREC ............c.ccccvevenne. 37
Table 3-3: Vehicular weight data of AALRT system from CREC ..........cccccoovviiivennne 37
Table 3-4: RanNge Of PArameters.........c.coviieieeie e 41
Table 3-5: Design Of eXPErMENT........ccviiiiiee e 41
Table 4-1: Damage calculation outputs due to Right RailS ............ccccoiiiiiiiiiiiccn, 49
Table 4-2: Damage calculation outputs due to Left Rails ... 49
Table 4-3: Damage calculation outputs considering both Rails [Damageies + Damageyignt]
.......................................................................................................................................... 49
Table 4-4: Sample Stress cycle counting and the corresponding damage determination.53
Table 4-5: Calculated Damage at various [0Cations ............ccceveeieienc i 54
Table A-1: Design of experiment data space when only Right Rails considered ............ 65
Table A-2: Design of experiment data space when only Left Rails considered............... 65
Table A-3: Design of experiment data space when both Rails considered ...................... 65
Table B-1: Damage calculation in the Through route on the Left rail ............c.ccovevennnne. 86
Table B-2: Damage calculation in the Through route on the Leftrail ..............ccccece. 86
Table B-3: Damage calculation in the diverging route on the Left rail-Case 1................ 86
Table B-4: Damage calculation in the diverging route on the right rail-Case 1............... 93
Table B-5: Damage calculation in the diverging route on the left rail-Case 2................. 94
Table B-6: Damage calculation in the diverging route on the right rail-Case 2............. 101
Table B-7: Damage calculation in the diverging route on the left rail-Case 3............... 102
Table B-8: Damage calculation in the diverging route on the right rail-Case 3............. 109
Table B-9: Damage calculation in the diverging route on the right rail-Case 4............. 109
Table B-10: Damage calculation in the diverging route on the right rail-Case 4........... 109

viii



LIST OF FIGURES

Figure 1-1: Flow chart- Algorithm for conducting fatigue life optimization...................... 7

Figure 2-1: Typical rail profiles- Barlow, Flat-Bottomed, Vignol and switch rails

[0 0] (ol 31 Iy R RPR P 14
Figure 2-2: Standard right-handed turnout (Source: [A123])...cccoveieeiiiiieiieiece e, 15
Figure 2-3: Turnout entry types (Source: [Derailment in track switches]) .........c.c.c........ 16
Figure 2-4: Schematic of turnout detail (Source: [AL41])....ccceoirereniiineiireeeeeeeee, 16
Figure 2-5: Typical turnout geometry (Source: dynamic analysis of railway vehicle-track
1) =T =Tt £ o] o ) ISP 17
Figure 2-6: Approximate synthetic S-N relationship............ccceccvvieiieiiiie i, 20
Figure 2-7: Rolling contact modes (source: [Contact mechanics-for solids (wheel-rail)]
after JONSON, 1989)......cciiiieiieie et nne s 21
Figure 3-1: Material modeling at various SCales............ccceevveieeviiieeieeie e 32
Figure 3-2: 50Kg/m rail cross-sectional geometry [mm, one digit precision] ................. 36
Figure 3-3: Fish-Done diagram ... 38
Figure 3-4: Pareto dominance of parameters for turnout fatigue ............c.ccocvvrvriininennn, 40
Figure 3-5: Turnout NOMENCIALUIE..........ccviiieii e 43

Figure 3-6: Developed MBS model on Simpack as seen from different directions —

AIVEIGING FOULE ...ttt bbbt nb bbb 44
Figure 3-7: Developed FE model on Abaqus SOftWare ..........ccccevvieniienincsieeeeeee, 44
Figure 4-1: Creep force and creepage response due to wheel-set 1 right wheel .............. 47

Figure 4-2: Sleeper vertical displacement due to wheel-set 1 in scenario 3 (diverging

L0011 IS TSR TP TP TP PPN URPPRPPR 47
Figure 4-3: Von-mises stress contour from different perspectives and details ................ 48
Figure 4-4: Von-miSes StresS NISTOMES.......ccvviiiiiiieiie et 48
Figure 4-5: Von-mises stress histories filtered for further Fatigue life calculation.......... 52
Figure 4-6: Von-mises stress histories rotated at 90 degree for rain-flow analysis.......... 53
Figure 4-7: Flow chart — Algorithm for better accuracy Fatigue life prediction............... 57
Figure A-1: RCF Damage response surface due to right wheels in a divergent route .....65

Figure A-2: Wear Damage response surface due to right wheels in a divergent route ....66

Figure A-3: Combined RCF & Wear Damage RS due to right wheels in a divergent route



Figure A-4: RCF Damage response surface due to Left wheels in a divergent route ......67
Figure A-5: Wear Damage response surface due to left wheels in a divergent route ...... 67

Figure A-6: Combined RCF & Wear Damage RS due to Left wheels in a divergent route

.......................................................................................................................................... 68
Figure A-7: RCF Damage response surface both wheels considered in a divergent route
.......................................................................................................................................... 68
Figure A-8: Wear Damage response surface both wheels considered in a divergent route
.......................................................................................................................................... 69
Figure A-9: Combined RCF & Wear Damage RS both wheels considered in a divergent
FOUL ...ttt h e e b e e ekt e bt e e R e e e Rt e e R e e e b e e e Re e e b e e R et e Rt e eRe e R e ne e nr e 69
Figure B-1: Tx-RCF damage relationship ... 70
Figure B-2: Creepage and creep force response due to wheel-set 1 in the through route ...
.......................................................................................................................................... 71
Figure B-3: Creepage and creep force response due to wheel-set 2 in the through route...
.......................................................................................................................................... 72
Figure B-4: Creepage and creep force response due to wheel-set 3 in the through route...
.......................................................................................................................................... 73
Figure B-5: Creepage and creep force response due to wheel-set 4 in the through route...
.......................................................................................................................................... 74
Figure B-6: Creepage and creep force response due to wheel-set 5 in the through route...
.......................................................................................................................................... 75
Figure B-7: Creepage and creep force response due to wheel-set 6 in the through route...
.......................................................................................................................................... 76
Figure B-8: Creepage and creep force response due to wheel-set 1 in the diverging route-
(072 S TSP U TP OTRSUPPOURUPTOT 79
Figure B-9: Creepage and creep force response due to wheel-set 2 in the diverging route-
(072 I PO T PO PPPPPPRO 80

Figure B-10: Creepage and creep force response due to wheel-set 3 in the diverging
FOULE- CASE L.ttt b e bt ekt e e he e et e e e b e e et e esaneebeesnneeneee e 81
Figure B-11: Creepage and creep force response due to wheel-set 4 in the diverging
FOUTE= CASE L.ttt ettt et e a e e st e e e bt e e e bb e e e bb e e e bb e e e bneeannne e 82
Figure B-12: Creepage and creep force response due to wheel-set 5 in the diverging

(010 | LT o= LI TR 83



Figure B-13: Creepage and creep force response due to wheel-set 6 in the diverging
FOUTE= CASE L.ttt ettt e e e et e snn e e n e e nn e e n e 84
Figure B-14: Creepage and creep force response due to wheel-set 1 in the diverging
FOULE= CASE 2.ttt ettt ettt ettt etttk e skttt e bttt e bt e bt e e b e e et e e e ae e e mb e e e b e e et e e eaeeenbeeerneennee e 87
Figure B-15: Creepage and creep force response due to wheel-set 2 in the diverging
FOULE= CASE 2 ...ttt ettt ettt ettt et e e m et et enae e e e e e b et e bt e nnn e e neenneeenn e 88
Figure B-16: Creepage and creep force response due to wheel-set 3 in the diverging
FOULE= CASE 2...utieieeetee ettt ettt ettt ekttt ekt e bt e e he e et e e b e e e bt e eae e e mb e e e b e e e mbe e eabeenbeeenneennee e 89
Figure B-17: Creepage and creep force response due to wheel-set 4 in the diverging
TOULE= CASE 2.t ettt ettt ettt ettt et ekt e e e bt et e e be e et e e s me e e st e e e b e e e b e e nmneenneeanneennee e 90
Figure B-18: Creepage and creep force response due to wheel-set 5 in the diverging
TOULE- CASE 2.ttt ettt ettt ettt ettt b ettt e bt e bt e e b e e e bt e ehb e e st e e s b e e e nbe e ehbeenbeearneenbee e 91
Figure B-19: Creepage and creep force response due to wheel-set 6 in the diverging
TOULE= CASE 2. ettt ettt ettt ettt et ettt e bt e e e e he e e bt e s me e et e e e bn e e b e e nmneeneeanneennee e 92
Figure B-20: Creepage and creep force response due to wheel-set 1 in the diverging
FOULE- CASE 3. eiiiiietee ettt sttt ettt ettt et e e bt et e bt et e e b b e et e e eab e e st e e s b e e e nbe e sabeenbeesnneentee e 95
Figure B-21: Creepage and creep force response due to wheel-set 2 in the diverging
FOULE= CASE 3 ...ttt ettt ettt ettt et ekt e bt e he e e bt e e b et et e e e ae e e st e e be e e b e e emneebeeanneennee e 96
Figure B-22: Creepage and creep force response due to wheel-set 3 in the diverging
FOULE- CASE 3. i iiietie ettt sttt ettt ettt e e bt e et e s he e e bt e e bt e et e e eae e e nb e e sb e e e nbeesmbeenbeeanneentee e 97
Figure B-23: Creepage and creep force response due to wheel-set 4 in the diverging
FOULE= CASE 3. ettt ettt ettt ettt ettt et e st e bt e e be e et e e e he e et e e ke e et e e smn e e beeanneennee e 98
Figure B-24: Creepage and creep force response due to wheel-set 5 in the diverging
FOULE- CASE 3. iiietee ettt sttt sttt ettt e e et e e et e e be e e bt e e bt e e bt e eae e e nb e e s b e e e nbeesmbeanbeeaneeentee e 99
Figure B-25: Creepage and creep force response due to wheel-set 6 in the diverging
FOULE- CASE 3. eiiitietee ettt ettt ettt et e bttt e st et e e e ht e e bt e e R b e e bt e e me e e ebe e emb e e e beeenbeennreennis 100
Figure B-26: Creepage and creep force response due to wheel-set 1 in the diverging
FOUTE= CASE 4 ...ttt ettt ettt e sttt e s ab e e s et e e e bt e e e bt e e e bn e e e b e e e be e e annns 103
Figure B-27: Creepage and creep force response due to wheel-set 2 in the diverging

FOULE= CASE ...ttt et e e e e et et e ee e e e e e et e e e et esseeeeeeeese s seseeeeeeeenannnseeeeeeeennnnes 104



Figure B-30: Creepage and creep force response due to wheel-set 5 in the diverging
FOULE= CASE 4 ...ttt ettt ettt b e et e b e s sr e e nb e ann e e s nn e e nn e e nneeenns 107
Figure B-25: Creepage and creep force response due to wheel-set 6 in the diverging

(010 (o= TSI TR 108

Xii



NOMENCLATURE

The nomenclatures in this report include abbreviations and symbols used in equations,

longer naming's, acronyms, representation of quantities and parameters.
Abbreviations

AALRT Addis Ababa light rail transit

3D Three dimensional

CREC China Railway engineering corporation
DEM Discrete element model/method
DOE Design of experiment

dof Degree of freedom

FE Finite element

FEM Finite element method/ modeling
MBS Multi-body system

ODE Ordinary differential equation
RCF Rolling contact fatigue

RS Response surface

S2R Shift2rail

S-N Stress-Number of stress reversals

Symbols/ Notations

M Mass matrix

D Damping matrix

Xiii



G Gyroscopic matrix

k Stiffness matrix
N Circulatory matrix
a,b,c,d,f,g Regressive coefficients of the surrogate model
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Fatigue life optimization of simple turnout in ballasted track

CHAPTER 1 INTRODUCTION

Railway is one of the oldest transportation systems in the world after marine
transportation and it is growing exponentially in sophistication, technology and
innovations. It has a profound implication in the economy of a country and ease of life to
its citizens. In Ethiopia, the system has been laid since the end of 19th century with a
little crack for some less than two decades, recently, but now it has been revived to the
better journey of the country's renaissance and in the near future the enlightenment is
waiting with grace. All over the globe, there is an elevated interest in rail transport,
especially due to tremendous concerns to the global ecosystem and environmental
friendliness issues. Even, there are scientific research projects, initiatives and strategies
to transfer the road, water born and air passengers to the promising rail system for many
reasons and with a better safety and economy. Projects and initiatives like shift2rail
(S2R), D-rail and MAINLINE are some of those that manifest these endeavors.

One of the special characteristics of rail transportation system is about being a guided
system on land whether in the form of contact-based or contact-less way and having a
restricted path to move. Contact-based rail transportation is the major way but recently
things are evolving in high speed trains so contact-less railway systems are growing, like
the Mag-Lev train technologies from Germany's Trans-rapid and Japanese high speed
Mag-Lev trains. Also there are some other innovative train technologies besides the
Mag-Lev system, like the aero-train. In general, the platform that trains move-on, in
railway transportation system, is called railway track and there are many different kinds
which are suitable for various natural as well as artificial conditions and/ or requirements

including economic considerations.

Railway turnouts are the fundamental elements, used in railway track structures, for
trains to change direction and at the end of the day get the job done with flexibility, of
rail transportation. However, this comes with cost in increased damage and reduced
comfort at this parts of a railway line. These are caused by unavoidable and built in for
purpose discontinuities that exist within the turnout area. Therefore, the discontinuities
cause a critical stress environment due to a higher dynamics going on in the turnouts and
result in elevated damages like the mostly observed ones of plastic damage, wear and

rolling contact fatigue (RCF). Studying turnouts is very complex but things can be
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simplified and researched to get a very good deal of information and knowledge, and that
is the one done in this master's thesis research by studying turnouts from the perspective
of fatigue life optimization, with manageable parameters and modeling, in order to find
out the best possible parameters for a simple ballasted turnouts. Knowing this will
enlighten railway track engineers into whether ballasted turnouts could still have room
for innovation in maintenance free paradigm, which is the one we look forward in
railway engineering, or is it better we find a new track form and/or new designs to fulfill
that.

1.1 Background

A fundamental characteristic of railways is the one degree of freedom in their movement
in contrast to roads which are of two degree of freedom that make them change direction
easily. However, as railways are one degree of freedom in nature, then switching
component is required to change direction of train movement without interruption
(V.A.PROFILIDIS 1995).

Recognizing the shortcomings of the existing design approach, new methods for the
design and evaluation of turnout geometry are now being used. Turnout design has to be
considered as vehicle/ track interaction problem. The method is to use a vehicle
dynamics simulation to predict forces and accelerations throughout the turnout. The
optimum geometry usually is a double clothoid or vertex clothoid geometry. One method
to further reduce the forces that are created when a car enters a turnout and the wheel
makes the transition from stock rail to switch blade is called kinematic gauge
optimization (KGO) which make use of the rolling radius difference of the two wheels
on an axle when it enters a turnout by bending the stock rail out. And calculations have
predicted an advantage compared to conventional turnout design (Esveld 2001). The
numerical simulation results in (Matjaz, Janko and Miha 2015) show that the elastic
properties of rail-pad have biggest influence on the wheel impact forces and application
of soft rail-pads gives a dynamic force reduction of 21% in the rail impact force (P1),
67% in sleeper forces and 28% in ballast forces is observed.

The railway track system is an important part of the transporting infrastructure of a
country, and plays a significant role in sustaining a healthy economy. The annual

investment of funds to construct and maintain a viable track system is enormous. And the
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optimum use of these funds is a challenge which demands the best technology available
(Selig and Waters 1995).

Track maintenance is the total process of maintenance and renewal required to ensure
that the track meets safety and quality standards at a minimum possible cost which could
be done manually, using human labor, or mechanically, using machines. It is in principle
scheduled on the basis of control data from measuring systems, visual observation and
financial-economic data and bearing in mind local conditions (Esveld 2001). In recent
years more thought has been given to maintaining both the railway infrastructure and the
rolling stock with the use of components which can be replaced after an estimated
lifespan rather than seeking to mend or refurbish such components, leading to a

maintenance free track (Matjaz, Janko and Miha 2015).

Many researchers working on turnout dynamics have strived to understand and solve the
working principles and mechanisms of turnout damages and the way to optimize them
from many perspectives like optimizing the crossing nose geometries, turnout stiffness
and the overall geometry. However, conducting a study on the fatigue life optimization is
the key to remedy the problem of switches being the weak links in a railway track
infrastructure; as well provide a platform to come up with the best maintenance and
operating schemes in rail transport. Therefore, the coming subsection discussed the

purpose and significance of studying this.

1.2 Purpose of the study

In railway track infrastructure, the cost comes from construction expenses, maintenance
expenses and operating expenses as in any other engineering facility. However, cutting
or minimizing the maintenance cost without or with a very small increment in the other
expenses, that are the construction and operating expenses, is very beneficial when the
total cost is seen in a life cycle cost perspective. So, one of the main ultimate goals and
recently sought concept in railway infrastructure maintenance is to come up with a
minimum maintenance railway track, through a means of reducing damage in a track or
finding a track form either with a minimum damage or maintenance free track within the
design life/ period of the infrastructure. Of all the elements in railway track, the turnout
is the very critical element with respect to maintenance frequency as well as maintenance

cost due to its unique and dramatic dynamics.
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Turnouts are very critical in the sense that damage happens, which might be due the following

reasons.

v’ There are tighter curves because of restricted available area;
v Curves with transition and super-elevation are hardly possible;
v’ Existence of discontinuities at the switch points and crossing noses in addition to the

nominal irregularities like any other section of railway networks.

Therefore, being the critical part and having the potential of being the bottle neck within any
railway network system, turnouts require big attention and research for improvisations with

various innovations ahead.

Fatigue life study is very important and this research has been based on its theories. And it is
because, through fatigue study, it is possible to predict expected service life of turnouts and
specifically the rail in this research; since it is located directly at the source of huge stresses
due to wheel/rail interactions and irregularities, corrugations and discontinuities existence at
their interface which induce even more stresses. As well many researches are done and also
being made in the field of life estimations through fatigue theories and designs using fatigue
theory are also evolving this days. Therefore, due to these facts, this research has got the
impetus to be initiated in the form of service life optimization — to get the best thing possible —

at the critical part of railway networks, which are the turnouts.

Therefore, the basic motivation of this study is the need for a better understanding on the
identification of the best simple turnout possible, which accounts major maintenance
cost, in ballasted track forms through fatigue life optimization study. This give insight
into whether ballasted track forms could serve the purpose of maintenance free paradigm
or not. This showed the limiting life of ballasted track forms at simple turnout section of

railway infrastructure.

Therefore by doing this research, multitude of benefits and advantages are realized
through the better understanding of whether the ballast type of turnouts could serve the
purpose or not, with regard to the track being maintenance free or with a very minimal
maintenance, which is the recently sought concept in railway infrastructure and

technologies. Therefore, the research has the significance of being useful in:
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v’ Better understanding of the turnout parameters effect on service life of simple
turnouts and suggesting the best parameter combinations in turnout design and
specification;

v Determining the limiting service life of ballasted simple turnouts so as to decide
whether a maintenance free concept is possible or not during the design life of
railway infrastructure;

v' Paving the way to better design experiments, which are too expensive to do
without prior knowledge in the outcomes, that validate the results and seek

further unaccounted phenomenon;

1.3 Objective of the study

The study of fatigue life optimization of simple turnout ballasted track-forms need to
answer the need for proper dynamic track models in the MBS and FE environment and
incorporating near to reality fatigue life prediction models. In doing so, the following

general and specific research objectives are set:
i. General objectives

The main objective of this study is to identify the parameters affecting the fatigue life
and determine the optimized fatigue life of simple turnouts in order for deciding whether

ballasted track-forms are feasible or not in satisfying the maintenance free paradigm.
ii. Specific objectives
The specific objectives in this research include:

v Identification of parameters affecting fatigue life of simple turnouts;
v Development of MBS model,
v" Developing FE model

v" Optimized life determination of simple turnout in ballasted track forms.

1.4 Methods

To perform this research, multiple cases of virtual experiments has been done, based on

design of experiment approach to come up with an optimal parameter combination, using
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numerical mechanical dynamic simulation in an MBS environment using lumped
parameter modeling on a computer and then a finite element simulation finally been done
based on optimum parameter combinations obtained in the MBS simulations, to compare
the results from the MBS dynamic simulation and make interpretations after that on
fatigue life of rails. The procedures to follow and resources to use are discussed in detail

in the following paragraphs.
I. Material and Geometric properties

v’ Gather secondary data to be used in the MBS and FE modeling process;
v Use virtual FE experiments to find some material parameters when needed, based

on some other already known material properties;
ii. Methodologies

The methodology to implement the research and come up with good result was by
developing and numerically simulating 3D MBS dynamic model of simple turnout with
different parameter combination from design of experiment approach, which was to
represent various possible turnout scenarios, and identification of the best parameter
combination. Then FE simulation has run based on the optimum parameter combination
to validate the MBS simulation based optimization results and rigorously determine the

fatigue life.
The step-by-step procedure of the approach used is outlined as follow:

a) MBS modeling

v ldentifying the influential parameters;

v" Modeling simple turnout in an MBS environment;

v" Running the MBS model by varying the parameters based on the design of
experiment approach;

v’ Extracting the important outputs from the MBS analysis including fatigue life and
RCF calculations which has been used as objective functions in the optimization
process;

v Finding the parameter combination with maximum fatigue life which is the
properties of optimized simple turnout under possible constraints.

b) FE modeling
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v" Modeling the MBS based optimized turnout in FE environment i.e. ABAQUS;

<

Run the simulation;

v’ Extract the important FE analysis outputs including the fatigue life through post
processing;

v Compare the results from the MBS simulation results with the ones obtained in

the FE simulation procedure and make interpretation.

Design of experiment

Parameter combinations

Next For-loop to do MBS
> simulation of each

< MBS model simulation

parameter

Optimized track

response and fatigue

i Optimization combinations obtained

Optimized track parameter

FE modeling and simulation

Track response and fatigue life

Comparison of MBS
and FE result

Figure 1-1: Flow chart- Algorithm for conducting fatigue life optimization
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iii. Materials/ resources
The materials and/ or resources been used include hardware and software for the
purpose of doing the virtual experiments of the developed model, both MBS and
FE approaches, either in the case of the conceptual/ preliminary models or the
final in detail established models. The resources required in achieving this
research included:

v Computing hardware/ computer;

v' Computing software which are ABAQUS for FE simulation and

SIMPACK for MBS simulation, academic versions;

1.5 Scope and limitation

This research is mainly done to be useful and advance some of the knowledge in the
domain of ballasted turnouts specifically for simple turnouts, so the scope of the study
was applicable to such a domain of turnouts. And also the study is only made based on
the rail fatigue life rather than considering the whole physical components of the turnouts
like sleepers, ballasts and so on. Therefore, the research is done accordingly to

successfully acquire the advancement of the knowledge required in this regard.

The work is completely based on computer simulation of turnout models in ballasted
track forms, therefore experimental investigations were not conducted either to validate
or gain an understanding on the behavior of such a complicated dynamical system. Even
though it would have been better, but limitations in resource and available research
duration make it an impossible undertaking. So the work is solely drawn from numerical

simulation outcomes and their analysis.

The above scopes and limitations presented, at least, make the research outcomes to be
useful for Ethiopian context, although not the only possibility, because those within the
constraints and domains stated above could also make use of the results successfully, of
the railway infrastructure built and operated for the better transportation system of
anyone without particulars, utilizing the resources and time constraints of the research

project of this thesis to the best.
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1.6 OQutline of the research

There are four main chapters with subsections in each, for the purpose of classifying the
chunks into easily manageable contents.

In chapter one, it was mainly about introducing the research and giving the right way
through the study. It discusses some background and provides answer for a question of
why the research is required to be conducted. And also, objectives are set and methods

layout.

In the second chapter, surveys of literatures on the area of turnout dynamics and life
prediction are presented in order to lay down the bases for the research work of
optimization of the fatigue life of turnouts after insightful discussion on tracks in general

and turnouts in specific.

Then, the third chapter focuses on the modeling issues of vehicle-track interaction and
goes through a discussion of the models proposed in the research for the fatigue life
optimization of simple turnouts. In addition, modeling approaches and theories are
straightened out alongside, at the beginning of this section.

The fourth chapter starts with some discussion on simulation theory and continued
presenting the simulation results of the models and analysis outcomes for the
presentation of parametric correlations and determination of the optimum life including
the optimum parameter combinations which give the best possible life of rails in simple
turnouts of ballasted track-forms. And finally, a summary has been given at the end of

this section.

The last chapter finally concluded by giving conclusion and forwarding some further
works to be made for the better fidelity outcomes we seek for the turnout technology in

railway track engineering.
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CHAPTER 2 LITERATURE REVIEW

In this section, presentations of literatures about railway turnouts and the related issues
of fatigue life prediction theories, of the main theme of the research, are made with
further topics of discussions on the design of experiment, optimization theories and
surrogate modeling principles and procedures. Therefore, to that end, some introductory

subsections have been given to railway tracks and turnouts discussion.

2.1 Railway track

The classical railway, basically, consist of flat framework made up of rails and sleepers,
connected by fastenings, which are supported on ballast. And the ballast bed rests on a
sub-ballast layer which forms the transition layer. These components and other structures

such as switches and crossings are considered as part of the track (Esveld 2001)

Track guidance of the wheels is achieved in principle by making the following two

provisions (Esveld 2001):

e The wheels conicity- a centering force exerted on the wheel-set when slight
lateral displacement occurs and this promote a better radial wheel-set adjustment
which leads to more rolling and less wear.

e Wheel flanges on the inside of the track- prevent derailment in case the above
provision no longer sufficient in restricting lateral displacements adequately but
when the wheel flange touch the rail head face, it result in high lateral forces and

wear.

In addition to the provision of only conicity of wheel-rail and the wheel flange, for the
purpose of wheel guidance, it is mostly provided with guard (check or wing) rails as a
means of constraining the wheel movement in cases and situations of vehicle lateral
undesirable movements during train motion. This circumstance happens mostly in the
area of switches and crossings, in general called turnouts and especially in the switch
panel due to a very high dynamic interaction and excitation. Therefore in places where
guard rails are installed there might be contact between the back of wheel to guard

(check or wing) rail's inside.
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Due to the conical shape of the wheels, the effective rolling radius for each wheel will
change as the contact point location changes. Here the difference in rolling radius
between the left and right wheels is illustrated as a function of lateral wheel-set
displacement. As the wheels in a standard wheel-set are rigidly connected via an axle, the
rolling radius difference provides a counteracting steering effect as the wheel with the
larger rolling radius will travel faster for a given rotational speed of the wheel-set. A
non-dimensional measure of the influence of lateral heel-set displacement on the
difference in rolling radius, and thus steering, is obtained by the concept of equivalent
conicity as shown in the equation below (Bjorn 2014):

_ 11 Ar.—Arn
eq 2Ay 2Ay

Equation 2-1

Here rr and ry are the rolling radii of the left and right wheels and A indicates a change.
Note that the rolling radius difference is typically a non-linear function of the lateral
displacement which makes a linearized measure, that is only valid for a given lateral

displacement amplitude (Bjorn 2014).

Early rails were made of wood, cast iron or wrought iron. Unlike some other uses of iron
and steel, railway rails are subject to very high stresses and are made of very high quality
steel. It took many decades to improve the quality of the materials, including the change
from iron to steel. Minor flaws in the steel that may pose no problems in other
applications can lead to broken rails and dangerous derailments when used on railway
tracks. And all modern rails are hot rolled steel of a specific cross sectional profile.
Typically the cross section (profile) approximates an I-beam but is asymmetric about a
horizontal axis. The head is profiled to resist wear and to give a good ride, the foot is
profiled to suit the fixing system (Rail profile - Wikipedia, the free encyclopedia 2015).
There are many different rail profiles developed in the history of railway which are listed
below and described as it is taken from (Rail profile - Wikipedia, the free encyclopedia
2015):

e Strap rail- The earliest rails were simply lengths of timber. To resist wear a thin
iron strap was laid on top of the timber rail. This saved money as wood was
cheaper than metal. The system had the flaw that every so often the passage of the

wheels on the train would cause the strap to break away from the timber.
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Flange rail- was an early type of rail and had an 'L' cross section in which the
flange kept an un-flanged wheel on the track. The flanged rail has seen a minor
revival in the 1950s, as guide bars, with the Paris Metro (Rubber-tyred metro or
French Métro sur pneus) and more recently as the Guided bus.

Baulk rail- The rail was continuously supported by a baulk of timber running
longitudinally. Because of the continuous support, the rail did not need to behave
as a girder and so could be lighter.

Barlow rail- was invented by William Henry Barlow in 1849. It was designed to
be laid straight onto the ballast, but the lack of sleepers meant that it was difficult
to keep it in gauge.

Flat-bottomed rail- is the dominant rail profile in worldwide use.

Flanged-T rail (T-section)- is the name for flat bottomed rail used in North
America. Iron-strapped wooden rails were used on all American railways until
1831. Col. Robert L. Stevens, the President of the Camden and Amboy Railroad,
conceived the idea that an all-iron rail would be better suited for building a
railroad. There were no steel mills in America capable of rolling long lengths, so
he sailed to England which was the only place where his flanged T rail (also called
T-section) could be rolled. Railways in England had been using rolled rail of other
cross sections which the iron masters had produced.

Vignol rail- is the popular name of the flat-bottomed rail, in recognizing engineer
Charles Vignoles who introduced it to Britain. Charles Vignoles observed that
wear was occurring with wrought iron rails and cast iron chairs upon stone blocks,
the most common system at that time. In 1836 he recommended flat-bottomed rail
to the London and Croydon Railway for which he was consulting engineer. His
original rail had a smaller cross section to the Stevens rail, with a wider base than
modern rail, fastened with screws through the base.

Double-headed rail- . The supposed advantage was that, when the head became
worn, the rail could be turned over and re-used. In practice, this form of recycling
was not very successful as the chair caused dents in the lower surface, and double-
headed rail evolved into bullhead rail in which the head was more substantial than
the foot.

Bullheaded rail- Bullhead rail was the standard for the British railway system from
the mid-19th until the mid-20th century. Bullhead rail is similar to double-headed
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rail except that the profile of the head of the rail is not the same as that of the foot.
Bullhead rail evolved from double-headed rail but, because it did not have a
symmetrical profile, it was never possible to flip it over and use the foot as the
head. Therefore, because the rail no longer had the originally-perceived benefit of
reusability, it was a very expensive method of laying track. Heavy cast iron chairs
were needed to support the rail, which was secured in the chairs by wooden (later
steel) wedges or "keys" which required regular attention.

e Switch rail- the tips of the switch blades have to be planed down to fit snugly
against the fixed or stock rail. Switch rail has to be planed, fitted against the stock
rail and thicker base used to raise the tops level with each other. Tangential switch
rail has less steel planed away, and the mid part of the switch "scallops” into the
web of the stock rail for greater strength. The higher baseplate also supports the
switch rail better. This makes a stronger switch which can be curved, reducing the
jolt to the train and allowing higher speeds. However, tangential turnouts still lack
a smooth transition where the switch blade contacts the main rail, so there is still
some jolt as the train passes over. It's a much smaller jolt than with the old-style
turnouts.

e Grooved rail- The flange-way has the railhead on one side and the guard on the
other. The guard carries no weight, but may act as a checkrail. Grooved rail was
invented in 1852 by Alphonse Loubat, a French inventor who developed
improvements in tram and rail equipment, and helped develop tram lines in New
York City and Paris. The invention of grooved rail enabled tramways to be laid
without causing a nuisance to other road users, except unsuspecting cyclists, who
could get their wheels caught in the groove. The grooves may become filled with
gravel and dirt (particularly if infrequently used or after a period of idleness) and
need clearing from time to time, this being done by a "scrubber"” tram. Failure to
clear the grooves can lead to a bumpy ride for the passengers, damage to either
wheel or rail and possibly derailing.

e Girder guard rail- This rail is a modified form of flanged rail and requires a special
mounting for weight transfer and gauge stabilization. If the weight is carried by
the roadway subsurface, steel ties are needed at regular intervals to maintain the
gauge. Installing these means that the whole surface needs to be excavated and

reinstated.
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e Block rail- is a lower profile form of girder guard rail with the web is eliminated.
In profile it is more like a solid form of bridge rail with a flange-way and guard
added.

e LR55 rail- is a special rail section, promoted by Tram Power of the UK, designed
for use in embedded tramway track installations. The rail itself is like a lop-sided
"V". It is a top-suspended rail: the load is transmitted by the rail head, rather than
through a web to the rail foot.

When it became possible to preserve wooden sleepers with mercuric chloride (a process
called Kyanizing) and creosote, they gave a much quieter ride than stone blocks and it
was possible to fasten the rails directly using clips or rail spikes. Their use spread
worldwide. The joint where the ends of two rails are connected to each other is the
weakest part of a rail line. The earliest iron rails were joined by a simple fishplate or bar
of metal bolted through the web of the rail. Stronger methods of joining two rails
together have been developed. When sufficient metal is put into the rail joint, the joint is
almost as strong as the rest of the rail length. The noise generated by trains passing over
the rail joints, described as "the clickity clack of the railroad track™, can be eliminated by
welding the rail sections together. Continuously welded rail has a uniform top profile

even at the joints (Rail profile - Wikipedia, the free encyclopedia 2015).

Figure 2-1: Typical rail profiles - Barlow, Flat-Bottomed, Vignol and switch rails - Source: (Rail

profile - Wikipedia, the free encyclopedia 2015)
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2.2 Turnouts

Turnouts are used to divide a track into two, sometimes three tracks, if a train is to pass
from one track to another while moving and without being subdivided; and also essential

in the absence of turntables or traverser (Esveld 2001).

Intersection point Rear of turnout

Clamping (hoel) Thraugh rall

Front of turnout Wing rail
Stock rail Crossing
Swritch point Check rail
Switch blade Closure rall

Half set of swilch

Figure 2-2: Standard right-handed turnout (Source: (Esveld 2001))

Turnout features a straight section called the through route and a curved deviating part
called the diverging route. The front of the turnout is defined as the start of the deviating
curve in the switch panel. The switching function is realized by switching machines or
actuators that position the switch rails according to the desired traffic route. The closure
panel connects the switch and crossing panels, whereas the crossing panel allows for
wheels to travel along both intersecting paths. Opposite to the crossing, and next to the
adjacent through (stock) rails, are the check rails that enforce a constraint on the lateral
position of passing wheel-sets. This is to avoid interference contact between wheel and

crossing nose (Bjorn 2014).

There are two different types of turnout entry: tangential entry and radial entry. It
describes the track route before the switch. In the tangential entry the switch tongue
builds up as a tangent, parallel to the straight track before the radius of the diverging
track begins. And in the radial entry the switch rail starts to build up within the
curvature. High lateral contact forces are present between the wheel and rail as the
train negotiates the diverging track (ANDERSSON 2012).
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Tangential entry

Radial entry Diverging track

Figure 2-3: Turnout entry types (Source: (ANDERSSON 2012))

The variations and discontinuities in rail profiles, present in the turnout to achieve the
function of the switch and crossing, result in an increased dynamic loading during wheel
passage and thus increased degradation of these components compared to regular track.
Further, turnouts are often built without transition curves, causing high vehicle jerk (time
derivative of lateral vehicle acceleration) at entry and exit of the diverging route. Due to
the planar nature of a turnout, track inclination (cant) to compensate for the lateral

acceleration is not possible (Bjorn 2014).

front of turnout rear of turnout

i . crossing nose i q
stock rails closure rails — & wing rails

switch rails flange way

switch toes through rails -

switch heels
check rails

|‘ ................ switch panel ... * ............. closure panel - ’I‘ .......... crossing panel "l

Figure 2-4: Schematic of turnout detail (Source: (Bjorn 2014))

Because it is impractical to plane down a rail to give a tangential entry to the turnout
direction an entry angle is unavoidable. This is followed by the plane radius, which is
effective over the length of switch rail which is planed away, i.e. that part of the switch
rail which is touching the stock rail. The radius then changes to the switch radius which
is a tangential curve to the through straight track, and finally onto the turnout radius,
which is chosen to give a crossing angle within a range of standard values and is often
equal to the switch radius. The radius of the turnout curve can then begin (A. HUNT
1986). Therefore, due to impracticality in laying out a perfect tangential geometry in
turnouts, two main kinks are created which are the entry angle and crossing angle
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(related to frog number). Then these kinks and rail discontinuities, resulting from rail
cross section variability in turnouts, lead to very high dynamic loading that bring a

higher rate of deterioration/ damage.

Planing
)

Entry angle

..............................................................................................................................

Planing  guitch
radius radius Turnout
radius

Figure 2-5: Typical turnout geometry (Source: (A. HUNT 1986))

2.3 Contact mechanics

The subject of contact mechanics may be said to have started in 1882 with the
publication by Heinrich Hertz of his classic paper on the contact of elastic solids. At that
time Hertz was only 24 and was working as a research assistant to Helmholtz in the
University of Berlin. His interest in the problem was aroused by experiments on optical
interference between glass lenses. The question arose whether elastic deformation of the
lenses under the action of the force holding them in contact has a significant influence on
the pattern of interference fringes. It is easy to imagine how the hypothesis of elliptical
area of contact could have been prompted by observations of interference fringes. His
knowledge of electrostatic potential theory then enabled him to show, by analogy, that an
ellipsoidal Herzian distribution of contact pressure would produce elastic displacements
in the two bodies which were compatible with the proposed elliptical area of contact
(Johnson 2003).

Hertz presented his theory to the Berlin physical society in January 1881 when members
of the audience were quick to perceive its technological importance and persuaded him
to publish a second paper in technical journal. However, developments in the theory did
not appear in the literature until the beginning of this century, stimulated by engineering
developments on the railways, marine reduction gears and rolling contact bearing
industry (Johnson 2003).
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During simulation, an active constraint can become inactive or an inactive one becomes
active. An active contact can be in the state of either sliding contact or rolling contact.

Further it is possible to have transitions between the contact states (Peng 2002):

(a) From rolling to sliding;
(b) From sliding to rolling; and

(c) From contact to no-contact

2.4 Fatigue theory

Fatigue does include some sort of exhaustion of the material which is manifested by
material failure at fluctuating stress levels far below those leading to fracture at static
loading. The provision is that the material is exposed to these fluctuating stress levels for

a “long time”, or rather, for many cycles (Ekberg and Bjarnehed 1995).

In fatigue theory literatures, it is possible to find two main classes of fatigue life
calculation approaches which are based on uniaxial fatigue theory and the multi-axial
fatigue theory, which includes biaxial and tri-axial cases of loading. The uniaxial fatigue
theory provides the bases for the whole theory of fatigue in structures, by extending it
into those of the multi-axial theories of fatigue, in some way or another. And uniaxial
fatigue theory is the simplest to deal with fatigue in mechanical structures like railway
track in general and turnouts in specific. However, multi-axial fatigue theory is the
realistic and accurate representation of fatigue mechanisms, surface fatigue or body
fatigue, in structures such as turnouts which involve rolling contact at the wheel-rail
interface and this contact phenomenon is best captured through multi-axial fatigue theory
calculation. Since wheel-rail interaction in vehicle-track coupled dynamics simulations
involve surface interactions between the rail and the wheel, and then tribological
approach to deal with the fatigue life estimation can be practiced in a more
computationally efficient perspective through surface fatigue studies using only handful
of surface properties rather than the bulk material properties of the rail. And internal
fatigue layers could be studied in a more detailed way through FEM in a virtual
experimentation and/or in an X-Ray Fourier analysis of field experimentations/

measurement campaigns.
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Even though wear is the most frequent cause behind wheel re-profiling, this is a fairly a
harmless (although costly) form of deterioration. Fatigue failure on the other hand, are
more violent in nature and may lead to the break-off of a large part. Consequences of
such failures include damage to rails and sleepers and to train suspensions and bearings.
In rare cases, even derailments may result. These failures may be very costly in terms of

economics and human injuries as well as in reliability of train operations (Anders ).

The behavior of solid materials responses to cyclic rolling contact loads has four phases
of character (Johnson 2003):

e Perfectly elastic — rolling contact of solids up to the yield point. The stresses in
rolling contact are given by Hertz theory provided the two contacting bodies are
elastically similar.

e Yield onset — onset of yield in free rolling is the same as frictionless normal
contact.

e Repeated rolling - Shakedown — When elastic limit is exceeded first, some plastic
deformation will take place and introduce residual stresses then in the next
passage of load the material is subject to the combined action of the contact
stresses and previous residual stresses. It is possible that after a few passes of the
load result in entirely elastic deformation called shakedown under repeated
loading, whereby initial plastic deformation introduces residual stresses which
make the steady cyclic state purely elastic.

e Repeated rolling — cumulative deformation — when the load exceeds shakedown

limit, orthogonal plastic shear occur in the subsurface elements

Static collapse represents unlimited plastic deformation while the loads remain constant
in time. If the loads are applied in a cyclic manner, without ever reaching the static
collapse condition, other forms of collapse may occur. It may happen that plastic
deformation in each cycle accumulates so that after enough cycles, the displacements are
large enough to be equivalent to collapse; this is called incremental collapse. On the
other hand, it may happen that no further plastic deformation occurs after one or a few
cycles — that is, all subsequent unloading-reloading cycles are elastic. In that case the
body is said to have experienced shakedown or adaptation. It is obvious that for bodies
subject to repeated loading, shakedown is more relevant than static collapse, and that

criteria for shakedown are of great importance. If the strain increments change sign in
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every cycle, with yielding on both sides of the cycle, then alternating plasticity is said to
occur; the net plastic deformation may remain small, but weakening of the material may
occur nevertheless — a phenomenon called low-cycle fatigue — leading to breaking of
the most highly stressed points after a certain number of cycles (Lubliner 2005).
Shakedown concept is a branch of plasticity theory which deals with the
irreversible response of structure to repeated loading (Fekadu 2014). In elasticity, the
corresponding collapse mode to the low cycle fatigue is called high cycle fatigue and the
number of cycles resisted before failure are in the order of 10°and above; that of the low
cycle fatigue is below 10° cycles before collapse. The fatigue life estimation principles
for the high and the low cycle fatigue are different; for the high cycle fatigue the S-N
approach could be used and in the case of low cycle fatigue phenomenon rather the e—N
approach is applicable. However, for a very accurate work the critical plan approach and

that of the fracture mechanics approach is recommended.
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Figure 2-6: Approximate synthetic S-N relationship (Source: (Stone))
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Ratchetting

Strain ¢

(1) Perfectly elastic
(2) Elastic shakedown

(3) Cyclic plasticity (plastic shakedown)
(4) Incremental collapse (ratchetting)

Figure 2-7: Rolling contact phases

In all mathematical modeling of physical processes, there is a need for experimental
testing in order to develop, verify and calibrate the models. In the case of fatigue
modeling, this need is especially high since the underlying physical phenomena are
difficult to understand. Besides, several different phenomena are interacting, which often
calls for an advanced statistical treatment of the collected test results (Ekberg and
Bjarnehed 1995).

Computer aided fatigue evaluation of engineering components/structures consists of two
main steps: dynamic stress computation and fatigue life prediction. Dynamic stress
histories can be obtained either from experiments (mounting sensors or transducers on a
physical component) or from computer simulation. The simulation-based approach is
usually done by performing finite element analysis of the component under the specified
set of applied loads. Then fatigue life prediction is carried out as a post-processing step
of finite element output results (Andrea, Nanuel and Andrea 2003).

2.5 Optimization

Optimization is central to any problem involving decision making, whether in
engineering or in economics. The task of decision making entails choosing between
various alternatives. This choice is governed by our desire to make the "best” decision.
The measure of goodness of the alternatives is described by an objective function or

performance index. Optimization theory and methods deal with selecting the Dbest
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alternative in the sense of the given objective function. The area of optimization has
received enormous attention in recent years, primarily because of the rapid progress in
computer technology, including the development and availability of user-friendly
software, high-speed and parallel processors, and artificial neural networks (K.P.Chong
and H.Zak 2001).

In the theory of optimization, two major classes of optimizations could be identified,
based on the number of objective functions used for optimization, as single-objective
optimization and multi-objective optimization. In a single-objective optimization, simply
searching for the best will be made based on a single objective function, where as in
multi-objective optimization the searching is needed to be supported by Pareto
dominance. And in the sense of mechanics, structural engineering or civil engineering,
there are two main categories of optimizations which are those of structural
optimizations and non-structural optimizations. In general however, both the categories
involve searching algorithms, in one way or another, operating on a collection of design
spaces. Further, structural optimization is classified into shape-optimization and
topology-optimization. Each of these concepts are present in standard structural

optimization literatures.

2.6 Design of experiment

Design of experiments was invented by Ronald A. Fisher in the 1920s and 1930s at
Rothamsted Experimental Station, an agricultural research station 25 miles north of
London. In Fisher’s first book on design of experiments he showed how valid
conclusions could be drawn efficiently from experiments with natural fluctuations such
as temperature, soil conditions, and rain fall, that is, in the presence of nuisance
variables. The known nuisance variables usually cause systematic biases in groups of
results (e.g., batch-to-batch variation). The unknown nuisance variables usually cause
random variability in the results and are called inherent variability or noise. Although the
experimental design method was first used in an agricultural context, the method has
been applied successfully in the military and in industry since the 1940s. Besse Day,
working at the U.S. Naval Experimentation Laboratory, used experimental design to
solve problems such as finding the cause of bad welds at a naval shipyard during World

War Il. George Box, employed by Imperial Chemical Industries before Coming to the
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United States, is a leading developer of experimental design procedures for optimizing
chemical processes. W. Edwards Deming taught statistical methods, including
experimental design, to Japanese scientists and engineers in the early 1950s at a time
when “Made in Japan” meant poor quality. Genichi Taguchi, the most well-known of
this group of Japanese scientists, is famous for his quality improvement methods. One of
the companies where Taguchi first applied his methods was Toyota. Since the late 1970s,
U.S. industry has become interested again in quality improvement initiatives, now
known as “Total Quality” and “Six Sigma” programs. Design of experiments is
considered an advanced method in the Six Sigma programs, which were pioneered at
Motorola and GE (Telford 2007).

The fundamental principles in design of experiments are solutions to the problems in
experimentation posed by the two types of nuisance factors and serve to improve the
efficiency of experiments. Those fundamental principles are, as it is shown and described
in (Telford 2007):

The fundamental principles in design of experiments are solutions to the problems in
experimentation posed by the two types of nuisance factors and serve to improve the
efficiency of experiments. Those fundamental principles are, as it is shown and described
in (Telford 2007):

e Randomization
e Replication

e Blocking

e Orthogonality

e Factorial experimentation

Randomization: is a method that protects against an unknown bias distorting the results
of the experiment.

Replication: increases the sample size and is a method for increasing the precision of the
experiment.

Blocking: is a method for increasing precision by removing the effect of known nuisance
factors.

Orthogonality: in an experiment results in the factor effects being uncorrelated and

therefore more easily interpreted.
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Factorial experimentation: is a method in which the effects due to each factor and to

combinations of factors are estimated.

2.7 Surrogate modeling

surrogate models can be regarded as approximation models for the cost function (s) and
state function (s), which are built from sampled data obtained by randomly probing the
design space (called sampling via Design of Experiment (DoE)). Once the surrogate
models are built, an optimization algorithm such as Genetic Algorithms (GA) can be
used to search the new design (based on the surrogate models) that is most likely to be
the optimum. Since the prediction with a surrogate model is generally much more
efficient than that with a numerical analysis code, the computational cost associated with
the search based on the surrogate models is generally negligible. Surrogate modeling is
referred to as a technique that makes use of the sampled data (observed by running the
computer code) to build surrogate models, which are sufficient to predict the output of an
expensive computer code at untried points in the design space. Thus, how to choose
sample points, how to build surrogate models, and how to evaluate the accuracy of

surrogate models are key issues for surrogate modeling (Zhong-Hua and Khe-Shi).
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CHAPTER 3 NUMERICAL METHODS AND CONDITIONS

This section of the report presented the modeling issues after background discussion on
modeling theories and procedures. Modeling approaches for turnout dynamics have been
clearly presented. In addition, presentations on modeling of materials, interactions,
boundary conditions and model reduction approaches have been made with final
subsections dedicated to the experimental design and model development of simple
ballasted turnout which is the first stage of this thesis's research, simple ballasted turnout

model development in MBS and FE frameworks.

3.1 Background

The first step in conducting a significant simulation project is to ensure that adequate
attention has been directed toward understanding what is to be accomplished by
performing the study. These activities are known as the problem formulation process and
consist of (Christopher 2004):

e A formal problem statement
e Orientation of the system

e Establishment of specific project objectives

There are two common tools available to the practitioner for assisting with the problem
statement. These are not actually problem-solving tools but rather are problem
identification tools. Although these tools were originally developed for the
manufacturing environment, they can easily be adapted to other sectors of industry.
These tools are (Christopher 2004):

v" Fishbone chart
v" Pareto chart

The Fishbone chart- the purpose of this chart is to identify the cause of the problem or
effect of interest. The Fishbone chart looks similar to the bones of a fish. The head of the
fish is labeled with the problem or effect. Each major bone coming out of the spine is a

possible source or cause of the problem (Christopher 2004).
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The Pareto chart-1t may turn out that there are several sources or causes of the problem
or problems of interest. The concept of the Pareto chart was developed by the Italian
economist Wilfredo Pareto, who postulated that only a few factors are the cause of many
problems. This is frequently referred to as the 80—20 rule. The 80—20 rule states 80% of
the problem is caused by 20% of the factors. The 80 and the 20 are not magic numbers

but seem to be approximately observed in many instances (Christopher 2004).

Once the problem has been properly formulated, the next step in simulation modeling is
to direct the attention toward defining the system that should be modeled (Christopher
2004).The objective of the preceding system definition and model formulation phase was
to determine which components of the system should be included in the model and how
the model should flow. Then model translation phase is used to translate the system into
a computer model that can be used to generate experimental data. This is a two-step
process. The first part of this process requires that the practitioner decide what type of
computer program to utilize to model the system. The second part of the model
translation phase is to actually perform the programming/modeling of the simulation
model (Christopher 2004).

During the model translation phase, it will be naturally interesting to ensure that the
simulation model has all the necessary components and that the model actually runs. In
reality, we are interested in getting the model not just to run but to run the way we want
it to. In other words, we are interested in ensuring that the model operates as intended.
This process is known as model verification. Another way to look at the verification
processes is to consider it as: “Building the model correctly”. For some reason, even very
experienced practitioners confuse model verification with model validation. Whereas
verification is the continuous process of insuring that the model operates as intended,
validation is the process of insuring that the model represents reality. Validation can be
considered as: “Building the correct model”. And it is pointless, perhaps impossible, to
attempt to see if the model represents reality if the model does not even operate as
intended. In other words, you should not attempt to validate a model that has not

successfully undergone the verification process (Christopher 2004).

The validation of a model is the process through which one ensures that the model yields
a valid representation of the real system. Absolute standards for validation that would be

applicable to all models under all circumstances cannot be set. However, whether or not
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a particular model is valid depends on how and where it is to be used. Model validation
is an open-ended question. For example, a model may be considered to be valid for a
preliminary design if it shows the correct trend; however, it may not be suitable for a
final design. Likewise, a model may be valid under one set of operating conditions but
not under another. The validation criteria are a uniquely defined set of considerations
used to decide whether the agreement between the model predictions and test results is
reasonable enough to consider the model to be valid. The validation criteria must be
selected before one proceeds with the validation process. These selection criteria must be
based on the model's purpose and a full understanding of the dynamic behaviors of the
vehicle to be tested (Rao and Vijay 1984). The selection of the validation criteria

involves four elements, which must be followed in sequence:

1. Which dynamic response variables to compare,

2. Which measurements (or statistics) of each variable to examine,
3. What tolerance level to apply to each, and
4

. What mathematical form to use to combine the individual measurements.

The dynamic response variables should be those that are most important for the ultimate
use of the model (i.e., the primary outputs) and those intermediate outputs that are

capable of revealing the model's deficiencies (Rao and Vijay 1984).

Railway models are so numerous and diverse that it is difficult to generalize about them.
The complexity and level of detail vary widely from model to model, depending on the
purpose and requirements of the model. However, because of the dynamic processes
represented by models and the analytical techniques used in their solutions, it is possible
to categorize the railway models within each of these categories. The models can vary
greatly in their levels of details, such as the number of degrees of freedom, the
nonlinearities that are included, and so on. There are generally three types of analytical
techniques often used to solve railway dynamic models. These techniques include the
following (Rao and Vijay 1984):

e Quasi-static techniques: are the simplest to validate and often used in the steady
state models designed to predict the dynamic equilibrium performance.
e Frequency domain analysis techniques: often based on linear assumptions;

however, they can be applied to nonlinear systems by using quasi-linearization
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techniques. Eigenvalues and eigenvectors are used to determine the natural
frequencies, damping ratios, and mode shapes of the vehicle's response.

e Time domain techniques: are the most difficult to validate and very often used for
both linear and nonlinear dynamic systems. Time domain models produce a

sampled time history of each response variable and any auxiliary variables.

3.2 Modeling approaches in turnout dynamics

Dynamic systems have an important property that they have MEMORY; which means
their output at a given time is dependent on past inputs (M. Turner ,Spring Semester). In
railway mechanics there are two major modeling tools in studying the dynamics of tracks
and their interaction with trains or vehicles. These modeling approaches are the MBS
modeling approach and the FE modeling approach. And in the next sub-section

discussion on their theory and modeling is given.

3.2.1 MBS modeling

Multi-body dynamics is based on classical mechanics and has a long and detailed
history. The simplest multi-body system is a free particle which can be treated by
Newton’s equations published in 1686. D’ Alembert considered a system of constrained
rigid bodies where he distinguished between applied and reaction forces. A systematic
analysis of constrained mechanical systems was established by Lagrange. Modern
methods for the dynamic analysis of constrained multi-body systems fall into two main
categories: differential algebraic equations (DAEs) and ordinary differential equations
(ODEs). DAEs employ a maximal set of variable to describe the motion of the system
and use multipliers to model the constraint forces. Pre-multiplying the constraint
reaction-induced dynamic equations by the orthogonal complement matrix to the
constraint Jacobian results in the governing equations as ODEs. Numerous advances
have been made during the last couple of centuries in theory and in methods of
formulating the equations of motion. Among these, Kane and Levinson introduced the
concept of partial velocity which leads to a compact description of multi-body systems
represented by a minimal set of first order ODEs (Peng 2002). In general, there are three
formalisms of classical mechanics to represent any classical mechanics system which are
the Newtonian formalism, Lagrangian formalism and Hamiltonian formalism in their

chronological order discovery.

MSc Thesis Page 28



Fatigue life optimization of simple turnout in ballasted track

The dynamical analysis of multi-body systems is closely related to vibration theory. The
dynamical phenomena are classified according to the linear and nonlinear equations of
vibration (Schiehlen 2006). For engineering applications mechanical vibrations of
holonomic, rheonomic systems are most important. For small vibrations the equation of
motion can be linearized from the generic non-linear equation of motion as (Schiehlen
2006):

My, t)y+k(y,y,t)=qy10) Equation 3-1
e For the holonomic systems

y=y,2zt) M(y,z,t) z+ k(y,z,t) = q(y,2,t) Equation 3-2
e For the non-holonomic systems; explicit non-holonomic constraints are required

In classical mechanics a system may be defined as holonomic, if all constraints of the
system are holonomic which means it could be expressible as a function and depends
only on the position coordinates x; and time t but not the velocities. A constraint and/ or a
system that is not holonomic is a called non-holonomic constraint and/ or system
(Holonomic constraints -Wikipedia, the free encyclopedia 2015). Constraints are further
classified according to whether the equations of constraint contain the time as an explicit
variable called Rheonomous or are not explicitly dependent on time called
scleronomous. Generally constraints introduce two difficulties in the solution of
mechanical problems. The first being the coordinates, r;, are no longer all independent
since they are connected by the equations of constraint; hence the equations of motion
are not all independent. The second being the force of constraint is not furnished a priori.
They are among the unknowns of the problem and must be obtained from the solution we
seek. Indeed, imposing constraints on the system is simply another method of stating that
there are forces present in the problem that cannot be specified directly but are known
rather in terms of their effect on the motion of the system (Herbert, Charles and John
2000)

A system may feature parametrically excited vibrations due to the time-varying, often
periodic matrices. However in the case of time-invariant matrices, one gets after

decomposition into symmetric and skew-symmetric parts:
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My + (D + G)y + (k+ N)y = h(t) Equation 3-3

The system will be a forced vibration if the external force excitation is different from
zero and otherwise it becomes free vibration system. If the damping matrix D, the
gyroscopic matrix G, and the circulatory matrix N are missing, a conservative system

with free un-damped vibrations is found as (Schiehlen 2006):
My+ky=20 Equation 3-4

On the other hand, nonlinear time-variant mechanical systems even with one dof may
show chaotic vibrations (Schiehlen 2006). Chaotic processes are deterministic in nature
for a non-linear systems; however they are very sensitive to changes or variation to
inputs and produce a very unpredictable output, such as the famous butterfly-effect in
climate models, which makes them look like random but they are not, because
randomness is the characteristics of stochastic processes and not of a deterministic

process or system.

3.2.2 Finite element modeling approach

Finite element procedures are at present very widely used in engineering analysis, we can
expect this use to increase significantly in the years to come. The procedures are
employed extensively in the analysis of solids and structures and heat transfer and fluids,
and indeed, finite element methods are useful in virtually every field of engineering
analysis. Its development for the solution of practical engineering problems began with
the advent of digital computer. That is, the essence of finite element solution of
governing algebraic equations is established and solved, and it was only through the use
of digital computer that this process could be rendered effective and given general
applicability. These two properties — effectiveness and general applicability in
engineering analysis- are inherent in the theory used and have been developed to a high
degree for practical computations, so that finite element methods have found wide appeal
in engineering practices. As is often the case with original development, it is rather
difficult to quote an exact date of invention but the roots can be traced back to three
separate research groups: from an applied mathematicians, physicists and engineers.
However the method obtained its impetus from the developments of engineers like
J.H.Argyri, S.Kelsey, M.J.Turner, R.W.Clough, H.C.Martin, and L.J.Topp. Since the
early 1960s, a large amount of research has been devoted to the technique. The method
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in engineering was initially developed on a physical basis for the analysis of problems in
structural mechanics. However, it was soon recognized that it could be applied equally
well to the solutions of many other classes of problems like heat and fluid flow problems
(Bathe 1996).

3.2.3 Hybrid modeling approach

Due to some limitations in computational resources, there is a need in combining the two
most prevalent modeling techniques in such a way that the total computational effort
required to do the necessary simulations and obtained the important outcomes. In
addition, large displacement simulations can be made in the MBS approach and further
detailed stress analysis run in a FEM. Therefore, to this effect simulation data in one of
the two modeling methods is required to be used in the other and so standard co-
simulation files are developed like the SID file in SIMPACK which could be used to
import the super-elements of the modal analysis from FEM code for the incorporation of

non-rigid modes into the MBS simulation run of flexible multi-body system models.

3.3 Material modeling

In material engineering materials are modeled at various scales and different frameworks
in time and space. However, it might be sometimes important to model materials at a
multi-scale level; micro, meso and macro scales; with respect to spatial and temporal
dimensions. And the different frameworks/theoretical approaches used in material
modeling included, but not limited, are continuum approach, rheological approaches,
molecular dynamic approaches, dislocation approaches and quantum mechanics

approaches. The figure underneath depicts the multi-scale material modeling.
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Figure 3-1: Material modeling at various scales (Source: (Raabe, et al.), DFT: density
functional theory; MD: molecular dynamics; DD: dislocation dynamics; CA:
cellular automata; KMC: kinetic Monte Carlo; CPFE: crystal plasticity finite

elements; FE: finite elements; FD: finite difference; FFT: Fast Fourier transforms)

The continuum and rheological frameworks are the mostly utilized material modeling
approaches in mechanical dynamic modeling and simulation. In the continuum approach
materials could be modeled as elastic, plastic, elastic-plastic and some other linear and
non-linear materials characters. And in rheological approach materials could be modeled
as spring and damper systems of many kind and character or combination of these two,

in various ways.

In a macro-scale, materials could be modeled through continuum approach; in meso
scale through dislocation approach; and in micro scale molecular dynamic approaches
and quantum mechanics approaches could be utilized. However, in most cases of railway
track modeling, the continuum way of material modeling at a macro-scale is deployed.
And in this research the material modeling in the MBS framework utilizes the macro-
scale rheological material models through spring and damping of various natures and in

the FE framework materials are modeled through linear-elastic behavior.

3.4 Boundary condition modeling

Boundary conditions are constraints imposed on a dynamic system model that is

formulated as a boundary value problem in its mathematical modeling. And in a physical
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sensation they could represent joints of various kinds such as free end, pin, fixed and
others. However, there are also many more boundary conditions that could capture
specific and special boundaries like infinity boundary conditions which have a character
of no stress wave reflection. Such special boundary condition modeling is very difficult
but with some compromises on accuracy of results the modeling can be achieved in a

relatively simple way.

The boundary conditions for the turnout model developed in the MBS environment is a
free end at the rail extremes, in the model entry and exit, with some extension beyond the
turnout area to find the dynamic responses at the extremities negligible and dissipate the
waves present in the rails, beyond the turnout region. The extension extent could be
found by using simplified BOEF track model response mathematical expressions or from
previous studies on the extent of a track where the structural responses become
negligible. The detailed explanations and their calculations could be found in the
appendices. On the other hand the boundary condition in the FE model used an infinite
boundary condition using infinite elements. Infinite boundary conditions are radiating or
silent boundary conditions where the waves coming to the boundary are not reflected
rather absorbed. In general, many mechanisms have been developed to capture the idea
of radiating boundaries which is the general class of boundary with wave non-reflecting
character and among the many proposed approaches found in literature include PML
(perfectly matching layers) technique, absorbing layer and infinite element. Even though
many attempts are made, perfect radiating capabilities are hard to achieve and some
percentage of the waves coming to the boundary are reflected which will act like if an
external energy source exist to act upon the system; some of the techniques are better
that others in some cases than others and finding a perfect one recipe for all cases is hard
to find.

3.5 Interaction modeling

Wheel-rail and other Contact which could be contact or contact-less interaction; however
the conventional railway track system of those of contact based interactions are much
prevailed in our railway civilization than the contact-less ones such as the Mag-Lev
guidance system which are installed in few locations in the world like in one of the

Chinese busiest cities, Shanghai.
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Contact between fixed components such as sleep-rail, rail pad-rail, ballast-sub ballast,
and sub ballast-roadbed could be modeled as normal-tangential interactions or

interaction coordinate constraints through kinematics.

Interactions could be between moving—moving, moving-nonmoving or nonmoving-
nonmoving components of vehicle/ track interaction models; for instance, wheel-rail
contacts are moving-nonmoving component interaction type. In general, moving-
nonmoving and moving-moving component interactions could be modeled as normal-
tangential interaction in the form of Herzian or non-Herzian contact interaction which
might consider frictional and adhesive effects as well in one way or another; and that of
the nonmoving-nonmoving components interaction could be modeled as spring-dashpot,
normal-tangential interaction or as a Winkler foundation if the second fixed component
is a foundation like the roadbed of railway track structures.

In wheel to rail interaction, due to contact input data and solution method sensitivity, a
non-Herzian multi-point contact theory particularly the Kalker's contact theory is
deployed for a better and successful overall simulation in turnouts which involves
geometric non-linearity. Multi-point contact behavior is natural contact phenomenon in
turnouts due to rail cross section variability. The detailed kalker's coefficients calculation
and its theoretical background could be found in the appendices. Interaction between
layers and multi-body systems is made through spring-dashpot interaction and Winkler
foundation for track foundation/ subgrade modeling. However, in some cases constraint
interactions between layers could be used to minimize the computational effort

requirement.

3.6 Model reduction theory

An important tool in the design of complex high-tech systems is the numerical
simulation of predictive models. However, these dynamical models are typically of high
order, i.e. they are described by a large number of ordinary differential equations. This
results from either the inherent complexity of the system or the discretization of partial
differential equations. Model reduction can be used to find a low-order model that
approximates the behavior of the original high-order model, where this low-order
approximation facilitates both the computationally efficient analysis and controller

design for the system to induce desired behavior (Besselink, et al. 2013).
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In the context of full simulation, numerical effort is an important issue. Due to the long
simulation times when computing durability or comfort loading, the number of degrees
of freedom needs to be kept small. In this field, multi-body simulation methods are
extensively used and well established. By modeling most parts as rigid bodies, the
behavior of a vehicle can be described with very few degrees of freedom. However,
some applications require the inclusion of flexible components (Herkt, Drebler and
Pinnau 2009). In this case, a hybrid simulation modeling, involving the multi-body
technique in combination with that of the FE technique, will be used in order for solving
the simulation problem effectively and efficiently with less computational effort

requirement to do the job done.

3.7 Design of experiment

This part of the work is concerned about identifying causal parameters that affect the
fatigue life of rails in turnout area and it involves in developing fish-bone diagram for
making the work manageable in parameter identification. And then the most influential
parameters are selected according to their Pareto dominance in a Pareto chart and the
focus was on turnout related parameters because the interest of this thesis work is on the
turnout best property determination in relation to fatigue damage; the parameters used
for the development of design of experiment are the three Pareto dominant turnout
related parameters and they are discussed in the following subsections.

3.7.1 Parameter identification

In addition to be specific in its scope, this particular research, there are some setout/
fixed parameters, in order to reduce the number of parameter combinations and then the
possible simulation runs required to deduce on the optimization of fatigue life, that are
due to reasons of limited resource and the available research duration, which included the

following in this research:

e Speed limitation of 20 km/hr;

e AALRT Train to be used for modeling;

e Rail of 50 Kg/m U71Mn (Tensile strength=880Mpa from Chinese standard);

e For a specific sleeper, TYPE-II pre-stressed concrete sleeper spaced at 0.6m,

matching the Ethiopian railway case;
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e Standard gauge, 1435mm;

e Turnout type to be optimized is #9 which is used for speeds less than or equal to

30Km/h like 20Km/h speed limit in the AALRT turnout system;

e Right branching Turnout

e Under the assumption of equivalent traffic proportion in both routes;

Table 3-1: Turnout #9 geometric parameters from Chinese railway standard

Lead Distance Distance
Frog anale curve between from center Total permissible
(ge )g central beginning and | of turnoutto | turnout speed
Y s (m) | centerof ) heel of frog | length (m) |  (Km/h)
turnout (m) (m)
6°20'25" 180 13.839 15.009 28.848 30
k0 Bfr: mm
i 46.0 )
| — ;
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Figure 3-2: 50Kg/m rail cross-sectional geometry [mm, one digit precision] (source:

B17)
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Table 3-2: Vehicular geometric data of AALRT system from CREC

Length of car body: <30000 mm
Height of vehicle roof from top of rail (excluding pantograph): <3700 mm
Maximum width of car body: 2650 mm

Height of vehicle floor from top of rail (low floor area, new wheels | <380 mm

and empty load)

Height of vehicle floor from top of rail (exit and entry areas, new | <350 mm

wheels and empty load)

Height of vehicle floor from top of rail (raised floor area, new | <900 mm

wheels and empty load)

Wheelbase (powered bogie) 1900 mm
Wheelbase (unpowered bogie) 1800 mm

Clear height of passenger compartment >1980 mm

Wheel diameter (new wheel) <660 mm

Wheel diameter (Max. wear) <600 mm

Side doors of passenger compartment four pairs per side
Clear opening of passenger compartment door (width x height): >1300%x1860 mm

Table 3-3: Vehicular weight data of AALRT system from CREC

44 44
44 15.24 59.24

44 19.02 63.02

=  Type-Il pre-stressed concrete sleeper - 276Kg (Based on calculation of its simplified
trapezoidal dimension and 24KN/m3 unit weight assumption)
= Bogie mass (including bolster and central pivot) — 6,800Kg (for conventional bogies)
=  Wheel-set mass — 1,191.64Kg (From mass property calculation on Abaqus)
=  Wheel-set mass moment of inertia (From mass property calculation on Abaqus):
v Ixx =543.62Kg.m2
v lyy =45.52 Kg.m2
v lzz = 543.62Kg.m2
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vV Ixy=Ixzxlyz=0
= Therefore the total mass on the axle = 63,020/6 + 6,800/2 + 2,100 = 16,003.33Kg
= And on a wheel the static Load became 16,003.33Kg/2 = 8,001.67Kg
I.e. the static vertical load = Po= 80KN (Po = mg)
= Lateral track stiffness — 32MN/m

Linear elastic theory is used and no non-linearity/ plasticity considered, except in some
spots like in the case of wheel-rail contact identification, to minimize the computational
effort during simulation and to gain a first order understanding of the systems behavior;
as well the use of parameters are limited and made to be not more than three for same
reason as before, which was the computational effort reduction due to minimal

availability of computing resources/ capability.

The first thing to do in parameter identification is to find a cause-effect relationship
which could be realized through the utilization of fish-bone diagrams, in a very smart
way. The fish bone diagram for the parameter identification in this research is shown in
Fig.3-3. Once the possible collections of parameters are found through fish-bone
diagram, which organized the way we work on parameter identification, we proceed
through Pareto chart development which helped the selection of those very influential

parameters and narrow down the parameters to use in the design of experiment.
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Figure 3-3: Fish-bone diagram
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The Pareto dominance analysis could be reached upon by using previous studies and
their corresponding results, experimental database from measurement campaigns, logical

reasoning and expertise suggestions.

In developing a Pareto chart, in order for producing Pareto dominance, there are some

challenges facing researchers in the area of turnout which might include but not limited:

v' The turnout area is categorized into three panels with distinct behavior and
influential factors. For instance the switch panel is less affected positively in
reducing dynamic stress than in the area of crossing panel. And some parameters
(factors) are only applicable in some specific panel like crossing nose geometric
parameters which have higher localized effect on manipulating the dynamics in
the crossing panel. Another instance could be the rail-pad resilience having a
magnificent dynamic load reduction in crossing than switch panel.

v Some parameters only have an influential effect in one dynamic response and
will have a negligible impact on other responses; such research outcomes are
available in the works of vehicle-turnout interaction study by Elias and Nielson
as it is presented in the reference (Kassa and Nielsen 2008). In this research
normal contact force is much affected by axle load and wheel profile; wear index
is much affected by axle load, friction coefficient, wheel profile, interaction
between axle load and friction coefficient, rail profile and probably the train
speed; surface rolling contact fatigue index from Ekberg, which was developed
from shakedown theory, is much affected by running direction and friction
coefficient; subsurface rolling contact fatigue index is rather much affected by the

wheel profile majorly.

These mentioned dependences are correlations and there might not be causal relationship
such that further in depth study on causal relationship of the observed correlational
relation, in each case, is required. The collections of parameters (factors) could include
others, which might have impact on the responses discussed, like gauge widening, track

stiffness, crossing nose geometry, switch blade geometry and so on.

MSc Thesis Page 39



Fatigue life optimization of simple turnout in ballasted track

cummulative effect

o

=

Regression coefficients
A

P4 pd gl i g

Where L=aXa+bXo+cXs+dXse+ ...
L is fatigue life parameter
a,b.c.d,.... are regression coefficients
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Figure 3-4: Pareto dominance of parameters for turnout fatigue

Even though parameters related to the vehicular, operational and maintenance has great
impact on the outcomes of fatigue life of rails in turnout structure of a railway
infrastructure, the main focus of this study, however, is more on the fixed/permanent
component of the railway system which is the track; therefore the parameters under the
track design in the fish-bone diagram are emphasized for the development of Pareto chart
and, of these parameters, the geometric ones are not focused because of the limitation
posed in this study by the assumption that the #9 turnout is the turnout which is going to
be optimized. So the #9 turnout geometries are applied and the optimization is

performed.

In the Pareto chart above, parameters with higher coefficients are indicated to have
bigger effect in affecting the rail fatigue (RCF) that can be shown by introducing a very
small change in magnitude of the parameters which can actually be demonstrated by
summation of the product of coefficients and their corresponding parameters, under main

effect consideration only:

Response = i~ a;p; where
a; —regression coef ficients

p; — parameters
a;p; = a;pPoi + a;Ap; Where p,; — operating mean parameter magnitude

Ap; — small change in parameter magnitude
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This shows that for small variation of the parameters, there is a great effect on rail
fatigue response due to those parameters with higher corresponding coefficients. From
turnout optimization studies by (Kassa and Nielsen 2008), the rail-pad and track
resilience are the two most critical parameters selected for the design of experiment and

their vertical stiffness characteristics is only used in this study.

Table 3-4: Range of parameters

Parameters

Higher Lower Higher Lower

Rail-pad (Medium e
Stiffnpess)( 600MN/m 300MN/m P gp p gp
75KNs/m 75KNs/m

Sub-structure (Under Operating point  Operating point
170MN/m 110MN/m
20KNs/m 20KNs/m

the sleeper)

Track (serial spring- (+,+) o)

dashpot connection) 132.5MN/m  80.5MN/m 15.79KN.s/m 15.79KN.s/m

Note:
e For the combination of (+,-), the track stiffness = 92.96MN/m
e For the combination of (-,+), the track stiffness = 108.51MN/m

3.8 Experimental design

The design of experiment involves the generation of combination of parameters which
actually help in capturing the information in a system under study in a better way in a
given study level like two-level design of experiment (doe) for this particular research.

The design of experiment for the turnout optimization is shown in the table below.

Table 3-5: Design of experiment

S.N?® Rail-pad Track foundation Code
stiffness (A) stiffness (B)

1 + - A1B;

2 + + A1B;

3 i - AsB,

4 - + A;B,
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Train movement in the facing direction only has been considered to minimize the
number of simulation runs required to develop correlations and compute the optimization

works. This is due to the limited computational resource and restricted time availability.

Randomization was supposed to be required to avoid any unknown bias but because the
experiment is a virtual experimentation then such bias is almost not present due to our
possible control on the inputs and parameters in the dynamic system simulations; so the

simulations can run in any order.

Another important point is the route that is to be very critically damaged due to traffic
passage. In knowing that, a random selection of parameter combination from the design
of experiment table above has been made to avoid bias in selecting the combinations and
the simulation ran in both routes, which are the through route and divergent route.
Random selection of the combination of parameters has been made through random
number generation using pseudorandom number generator of a scientific calculator
Casio and representing combination codes as quadrants which equally divide the plan
area into four. Then each quadrant represents a range of 0.25, as the calculator generates
pseudorandom numbers between 0 and 1; and it is shown as follow:

e Quadrant1 (0-0.25)

e Quadrant 2 (0.26 — 0.5)
e Quadrant 3 (0.51-0.75)
e Quadrant4 (0.76 — 1)

The random number generated was 0.179 which is in quadrant one and therefore
combination one was used for the identification purpose of the critical route, which is (+,
-). Then this combination was used to clear-out the question of which route be the critical
route in a turnout. Therefore, identification of the criticality has been decided from the
RCF result in both scenarios. And the outcome has revealed that the divergent route is
the critical route under the assumption of equal traffic proportion in the two routes. This
is because the RCF critical damage in the tangent route is smaller than in the divergent

route where a detailed damage calculation could be found in the appendix.
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3.9 Simple turnout modeling

In modeling turnouts, there are many ways of approaching the problem and of these
approaches Multi-body system (MBS) and Finite element (FE) techniques are the very
important ones. And actually there are pros and cones for each one of the modeling
approaches. However, MBS modeling has computational efficiency character and that of
the FE modeling has a character of producing refined responses with better accuracy if
done properly.

Stock rail

Switch rail Through route

Tumout ‘ ’

front Switch toe

jtch heel Checkral Tumout rear
Switch heel
i Closure rail

—

Switch machine '
F ac i]lU Tumout center
direction Trailing
direction

Crossing nose

Diverging route .

4 "
o Closure . e
Outside of | Switchpanel |  panel | Crossing panel Outside of

turnout | [ turnout
¢ ¢—Inside of turnout———————— " )

Note:- There are four possible ways a train could travel in a Turnout, generally, which are:
* Facing direction - Through route (—p)
* Facing direction - Diverging route (=)
* Trailing direction - Through route ( )
* Trailing direction - Diverging route ($=—~)

Figure 3-5: Turnout nomenclature

The figure above shows the different areas of turnout section and train movement
directions as well as routes. The three major areas within a turnout section which are the
switch panel, crossing panel and closure panel with their detailed nomenclature is
depicted above which helped for modeling purpose and focus oneself into the turnout
section.
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Figure 3-6: Developed MBS model on Simpack as seen from different directions — diverging

route

Figure 3-7: Developed FE model on Abaqus software
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CHAPTER 4 RESULTS AND DISCUSSIONS

This is the core section of the report, apart from the previous section being the root for
this section, in that, simulation and the analysis of the simulation runs were conducted, in
order for finding correlations between parameters and determining the optimum fatigue
life of simple ballasted turnouts. So, initially some discussions on simulation theory and
presentation of simulation results of the dynamic responses of the turnout model were
made, to give ideal insight into the outcomes of the simulation result analysis, which was
followed by correlation development and optimum fatigue life determination. And

finally summary has been given about the discussions made on this section.

4.1 Background on simulation theory

Simulation which interchangeably called numerical simulation, computer simulation or
virtual experiment is one of the ways that the working principles of nature are studied in
detail besides the other ways of doing that, which are physical experimentation and
analytical (theoretical) approach. It is the last approach developed recently in the history
of science with the deployment of computers and advances in algorithms and numerical
techniques. And either it could be utilized all alone, in some cases, or in combination

with physical experiment within a theoretical framework.

Numerical Simulation is a scientific technique which gained a magnanimous acceptance
and with further innovations still being made in the field to have a clear and reliable
wisdom of a dynamic system under study in almost every discipline of science and
engineering. It gives very highly reliable and high fidelity results that could have been
obtained from physical experiments with huge resource investment, time wastage and
dangerous encounters. There are many advantages which are on the side of numerical
simulations and even could be the only possible way in some situations to study a
system, like in the case of research in the unknown territories of science. In these

circumstances, simulation would be the technique used to get the job done successfully.
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Simulation technology becomes more and more important to industry. Simulation
systems can be seen as virtual test rigs that allow for replacement of long and costly
experiments on a real test rig with faster, cheaper, and more detailed simulations on a
computer. And historically, two main types of simulation of mechanical systems have
been dominating (lakov 2002):

e Multi-body dynamics simulations typically deal with systems of interconnected
rigid bodies. In many cases the connections are limited to idealized joints (e.g.
revolute, prismatic, etc.) and traditional force elements (e.g., spring, damper,
external load). Multiple dynamic contacts are often important parts of the model and
a relatively simple contact model is most often employed for performance reasons.

Multi-body systems are mostly used for time domain dynamic simulations.

e Finite element tools are mostly used for static and quasi-static (with constant
velocities) analysis of systems and components as well as for modal analysis of
structures. They are also used for detailed simulations of very small and specific
parts of a system, e.g., a single contact. Finite element analysis generally requires

more computational effort than multi-body analysis.

An industrial simulation system is always the result of interdisciplinary research where
contributions from different fields are integrated into a single general useful system. In
the case of flexible multi-body simulation system contributions from mechanics,
numerical analysis, and computer science are necessary. Here, mechanics provide the
mathematical models of physical phenomena in the form of equations; numerical
analysis comes up with the methods and algorithms for the solution of the equations, and
computer science gives the design guidelines for the efficient implementation of the

model on a computer (lakov 2002)Simulation response

The simulation has used both the MBS and FE modeling approaches in order for solving
the problem on fatigue life optimization by efficiently utilizing the best part of each
simulation techniques in the perspective of mechanic as well as computational efficiency.
Therefore in this subsection dynamic responses found from simulation in the two

modeling techniques are presented.

I. MBS simulation response
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The multi-body system simulation sample results are shown in the diagrams

below and discussion made on the responses observed.
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force outpul. $F_RW_Friction_Rght_of_ws_1.nu_x longiludinal creepage m— force outpul§F_RW_Fricton_Righl_of_ws_1.nu_y |aleral creepage
] 3

x 10 w10

30 72528671 an 72.500191
“ 0023302 -
= 20 <
2 )
g 0] 2N
= = D
F [
g 8 -1
2 8 0]
5 20 - .
. ._,l 3
2! 30 o a

40 60 65 o 75 [ 85 i o €0 €5 70 75 do [ 9

Longliudinal Distance [m] Longitud inal Detance [m)

force oulpul. §F_RW _Friclion_Rghl of_ws_1.T_x long. creep fc. on wheel force outpul §F_RW_Fricton_Right_of_ws_1.T_y lat. creep fc. on whee|

« 10 x 109
o T2528671 100 TZ5286T1
= S s
g =
g 8 g
£ H o
: -
5 s 25
o 1 1
§ .
@ o -
8 8 as]
= (=
g g
= 78
‘_I =
i "JQ!' TS i
Longiudinal Distance [m] Longitudinal Distance [m]

Figure 4-1: Creep force and creepage response due to wheel-set 1 right wheel

Sleeper vertical Displacement

Vertical Displacement Dlagram

sensor pos.$S_Sleeper_of ws_1.z

60 €5 7o 5 &0 85

Distance along the Turnout [m]

Figure 4-2: Sleeper vertical displacement due to wheel-set 1 in scenario 3 (diverging
route)

From the displacement diagram in the above figure, it is possible to observe that the sleepers

within the range of the crossing panel get a pattern of oscillatory motion.

Il.  FE simulation response
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Due to a high impact occurrence at the crossing nose, it is very logical to be
convinced that the stresses at the crossing panel to be higher than the rest of the
turnout area. And this is visible on the von-mises stress contour and the stress
histories in the plots below. Then this will make the fatigue life at the crossing

nose to be the life determining area in turnouts.

8, Mises
(Avg: 75%)

+7.610e+08
+6.976e+08
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+1.268e+08
+6.342e+07
+0.000e+00

Figure 4-3: Von-mises stress contour from different perspectives and details
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Figure 4-4: Von-mises stress histories
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4.2 Parametric correlation

From the simulation output post-processing, it was possible to develop surrogate models
in order for predicting damages on rails of the turnouts — for the assumed turnout type —
throughout the range of application of the surrogate models. This helped for computing
the parameters that produce local optimum damage — implying the minimum damage in
this particular study. Therefore in the following tables and paragraphs discussions on the
cumulative damage and fatigue life determination of rails has been made. Therefore
planners and designers could utilize the surrogate models put in this work in various

possible ways.

Table 4-1: Damage calculation outputs due to Right Rails

2.77272E-05 -2.02327E-02  -2.02049E-02
600 110 1.32727E-05 -1.95917E+00 -1.95916E+00
300 170 8.49885E-06  -4.73162E+00 -4.73161E+00
300 110 1.23829E-05 -2.90264E-03  -2.89026E-03

Table 4-2: Damage calculation outputs due to Left Rails

1.98829E-05 -4.10713E-05  -2.11884E-05
600 110 2.16088E-05 -3.39161E-06 1.82172E-05
300 170 2.27406E-05 -4.73162E+00 -4.73159E+00
300 110 1.35745E-05  -3.99508E-03  -3.98150E-03

Table 4-3: Damage calculation outputs considering both Rails [Damage|eft + Damageright]

4.76101E-05 -2.02737E-02  -2.02261E-02

600 110 3.48816E-05 -1.95917E+00  -1.95914E+00
300 170 3.12394E-05 -9.46324E+00 -9.46320E+00
300 110 2.59574E-05 -6.89772E-03  -6.87176E-03
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In addition the developed surrogate models for the various cases and situations has the
advantage of estimating the damage mode and quantified damage for the purpose of

maintenance scheduling, maintenance planning and design of turnouts for rails damage.

At this point, the estimated optimum fatigue life of turnout rails is determined —
considering both rails — from the surrogate models which are paraboloid response
surfaces that are shown in below. Paraboloid RS is used because the study focuses on
determining global single optimum fatigue life and the corresponding parameters. The
detailed derivation and development of the surrogate models is found in the appendix.

e RCF Damage = f (x,y)= -1.75*10™ - 2*10°% + 2.742*10™°%? — 1.25*10™y? - 4*10*xy -
0.00002697
e The parameters for the optimum damage — both for an RCF as well as for Wear
criteria at the boundaries are: Kpiipad = 300MN/m
Ksub-structure = 110MN/m

However this parametric combination has safety issues with regard to derailment and
riding comfort; therefore the next best would be wiser to be considered as the optimal

scenario:

v" For an RCF criteria — the third scenario with Kpaii-pas = 300MN/m and
Krail-pad = 170MN/m

v" For a Wear criteria — the first scenario with Kiailpags = 600MN/m and
Krail-pad = 170MN/m

Then here comes calculus part where the critical parameters are determined and tested

for local optimum:

D = fu(X,y) fux(X,y) + fxy()(ay)2
Critical parameters are determined by setting fx(x,y) = 0 and fy(x,y) =0
fu(X,y) = 5.484*10"x - 4*10*%y - 1.75*10™"° and fy(X,y) = - 4*10**x - 2.50*10™"y - 2*10”

Solving the above linear simultaneous equations will give (xo,yo0) = (65.92,-90.81) but
the substructure stiffness parameter obtained is not physically feasible; therefore the
parameters with optimum damage in fatigue are those obtained on the boundary which is
(300MN/m,170MN/m) as per the discussion in the previous discussion.
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Based on the optimum parameters input the average life of the rails in turnouts of the

type assumed in this study is:

1

1 - =
/cumulative RCF Damage ~ (3 12394E-05, =64,021.72
2

This means that the design car — AALRT train single car — can make 32,010 numbers of
passes. These much cycles could be around:

64,021
(365%16+60/6 +1)

= 1.10years under an assumption of a 6min headway

and 16hr. daily operation.

4.3 Optimized fatigue life determination

The basic approach in the determination of fatigue life in the form of number of cycles

till failure from FEM simulations follow the following simple procedure or algorithm:

1 — Prepare stress time history from the FEM simulation; in a multi-axial stress condition
an equivalent stress like a von mises stress would be necessary to work just like a
uniaxial stress problem of fatigue life calculation which is a matter of single stress time
history data. Once the stress history is found then rotate it 90 degree to make it look like

a pagoda roof.

2 — Perform cycle counting of the stress time history data or signal; the method of cycle
counting could be rain-flow counting, peak flow counting, reservoir counting or any
other counting technique or algorithm however the rain-flow counting method is the
most popular and recommended in various international standards. The stress counting in

rain-flow counting method looks like a rail flowing on a pagoda roof.

3 — Determine an effective alternating stress for each stress ranges using various
synthetic relationships like Goodman’s relation, Soderberg relation, Marrow relation or

other relation.

4 — Develop an S-N curve either using direct experimentation or synthetic
approximations like Goodman line, Soderberg line or other appropriate approximate S-N

diagrams.
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5 — Determine the numbers of cycles till failure from the S-N curve developed and
convert it into any required form of life like number of years till failure from information

or assumption on train schedule.

In this study a cycle counting technique used was the famous rain-flow method and the
approximate synthetic method for S-N curve determination was the Goodman’s line; as
well the effective alternating stress is determined from Goodman’s relation. At this point
it would be instructive to comment on the way that S-N curves developed from a direct
experimental determination would be very much exact, reliable but too expensive; and
therefore a less expensive way of determining S-N diagrams could be chosen in a
resource scarce research situation like this particular study as can be observed from the

discussions made in the previous and this paragraphs.

Once the stress ranges and number of cycles with the corresponding information on the
S-N curve is determined then calculation of fatigue damage and the damage
accumulation be done using either linear or non-linear damage accumulation theories;
however linear damage accumulation theories are simple and give a good first hand
understand of the damage accumulation process therefore in this study the linear damage

accumulation theory using Palgrem-Miner damage accumulation has been used.
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Figure 4-5: Von-mises stress histories filtered for further Fatigue life calculation
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Figure 4-6: Von-mises stress histories rotated at 90 degree for rain-flow analysis

Table 4-4: Sample Stress cycle counting and the corresponding damage determination

0.000 - 0.000
0.035-0.010
0.010-0.000
0.325-0.280
0.475 - 0.000
0.070 - 0.035

0.0000
0.0225
0.0050
0.3025
0.2375
0.0525

0.0000
0.0250
0.0100
0.0450
0.4750
0.0350

0.000
0.026
0.010
0.069
0.651
0.037

* The analysis has been made for element Crossing Nose-1 E:798 N:4394

* Stresses are in GPa

0.5
0.5
0.5
0.5
0.5
0.5

Infinite
Infinite
Infinite
Infinite
4.02E+05
Infinite

Cumulative Damage

0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.24E-06
0.00E+00

1.24E-06
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Table 4-5: Calculated Damage at various locations
Location Damage

Crossing Nose-1 E:798 N:895 5.00E-01
Crossing Nose-1 E:798 N:3811 0.00E+00
Crossing Nose-1 E:798 N:4394 1.24E-06
Crossing Nose-1 E:798 N:4980 1.24E-06
Crossing Nose-1 E:798 N:4981 5.00E-01
Crossing Nose-1 E:5166 N:1867 5.00E-01
2.37E-06
Crossing Nose-1 E:5166 N:2015 5.00E-01
Crossing Nose-1 E:5166 N:2251 1.15E-02
Crossing Nose-1 E:5166 N:5191 5.01E-01
Diverging Rail-1 E:1951 N:2614 5.00E-01

Damage is an evolutionary mechanism in that there is progression rather than an
immediate surprise except for very highly discontinued situation like totally overloaded
structure. Therefore, from the above result it could be possible to predict damage starts in
some elements and evolve throughout the rail till it led to failure. And this would be an
intermediate damage level rather than the very extremes, low or high, from those
damages on the elements. Upon the discussions made, the rail actual overall damage for

the purpose of its fatigue life became 2.37E-06.

The total damage on the rail due to the whole wheel-sets on a single car would be found
by a mere linear superposition of damages due to each wheel-set. This implies
multiplying the damage obtained from each single wheel-set by six, because there are six
Wheel-sets on one car, to determine the damage resulted from a single car passing a

turnout of the type assumed:

Damageota = 6*2.37E-6 = 14.22E-6
= The optimal fatigue life of rails on turnouts of the assumed type is:

(1/ Damagetotal)
(365%16%60/6 +1)

~1.2Years under an assumption of 16hr operation and

6 min. headway times.
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One thing to observe from the calculation above is that non-linear accumulation of damage
due to the multiple wheel-sets is ignored even though material hardening behavior of the rail
could bring non-linear damage accumulation into play. However, the following reasons could

be given why it has been done the way it is observed:

v The simulation was based on elastic analysis and it would make sense to approximate
the reality by assuming that elastic shakedown would not be passed even if the reality
could show some plastic shakedown and even ratcheting character during impact at the
crossing nose. However, the analysis would help understand the mechanisms and

behaviors with simple calculations.

Behaviors beyond the elastic limit could be accumulated by including non-linearity through
hardening characterization and using strain fatigue life approach with a combination of non-
linear damage accumulation theories. Or it might be needed to model the whole turnout and
simulate all the six wheel-sets running on the turnout for some longer time, so that strain life
calculations be done and total damage due to a single car with six wheel-sets be determined
keeping the material non-linearity into the model and with linear damage accumulation. In

general, after all damage accumulation theories are required because of the following reasons:

v' At least damages due to various effective alternating strains/stresses have to be
cumulated.

v' As well it is almost impossible to run a simulation for the whole life time of the rail
(like beyond one year) in turnouts which might minimize the use of damage

accumulation theories.

In general, according to the results from the FEM simulation, the optimal fatigue life of

rails in turnouts of the type assumed is 1.2 Years.

4.4 Outcome comparison between modeling approaches

The focus of the study was on the optimal fatigue life prediction and corresponding track
parameters. In doing that MBS and FE simulation modeling techniques has been used.
However fatigue life estimations through post processing of structure responses from the

two mechanical models show some difference. The reasons that might contribute to the
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fatigue life prediction discrepancy between the two simulation modeling approaches

includes but not limited to the following:

Some non-linearity in the wheel/rail interaction has been considered with in the MBS
but not in the FE. This is due to computational load that make the simulation
impossible unless linearization and simplification made based on the available

hardware for simulation.

. Elastic material behavior has been used and this makes stress not to redistribute

throughout the members. The estimations then brought higher stresses in some areas
and low stresses in most parts of the members. Therefore this led to higher fatigue
life prediction.

If plasticity would have been included into the model, then it was possible to use
strain life prediction instead of stress life calculation. Stress life calculations work for
higher cycle fatigue phenomenon which predicts higher life than the strain life
technique. Strain life technique is much more accurate for low cycle fatigue and
members with plastic deformation; this would be more accurate fatigue life
calculation at the crossing nose which involves impact and plastic phenomenon.
However, this accuracy comes with higher computational cost because it requires
plastic simulation which requires higher computational capacity than its elastic

counterpart.

. If the whole model have been plotted with damage contour, then it might be possible

to accurately predict the life with various failure modes identified. This would have
given a possibility of zero discrepancy and identification of the failure modes.
However, it would have required huge computational capacity and fracture
experimental setup, sample cut-out model fracture simulation or fracture simulation
of the original model by inserting various cracks which could be obtained from the

damage contour.
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Figure 4-7: Flow chart — Algorithm for better accuracy Fatigue life prediction

This however, would have necessitated immense resources beyond the resource

constraints for this research.

45 Summary

In this section discussions on the outcomes of the simulations from the MBS and FEM
techniques have been made and fatigue life of rails determined. The fatigue life
determinations from the two simulation approaches have been compared and

interpretations as well been made on the results obtained.
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CHAPTER 5 CONCLUSIONS, RECCOMENDATIONS AND
FUTURE WORKS

This section is the final part of this report and gave a concluding remark at the beginning
and then followed by propositions of some further works to be made that are
recommended by the author for the better understanding and advancement of wisdom/

knowledge in turnout dynamics and technological innovations.

CONCLUSION

In conclusion, the work had performed mechanistic dynamic simulation of turnouts on
MBS and FE environment and post-processed the responses for further fatigue life
prediction. Then the predictions have been used for fatigue life optimization and the

accompanying optimal parametric identification.

Furthermore, comparison between the fatigue life predictions from the response outputs
post-processing of the two simulation techniques has been made and possible reasons
forwarded for the discrepancy observed on the life estimations. As well, techniques for
improving accuracy have been put forward, in order for minimizing the error of fatigue

life predictions.

However, in general it was not very difficult to estimate the optimal fatigue life of rails,
within the assumed turnout design which is turnout #9, would be in the range between
1.1 and 1.2 years only. Therefore either it would be required to upgrade the existing
designs or search totally new designs/ track-forms which suit the maintenance free

paradigm that we seek for and wait in the near future.

RECOMMENDATIONS

From the analysis results and discussions made it is recommended that the rail-pads
stiffness be 300MN/m and sub-structure stiffness be 1770MN/m such that the tracks in
turnout sections could live optimally. And in general, using the fourth scenario
parameters are not recommended for use in a real world since there are safety issues that

need to be sought.

MSc Thesis Page 58



Fatigue life optimization of simple turnout in ballasted track

FUTURE WORKS

This work has been made with simplifications and assumptions which had made the

research manageable in the time frame of this thesis work as well as due to

computational capability limitations posed. However, in order for maximizing the

accuracy and precision of the research and gain in an in depth understanding of the

phenomenon, further works are in demand and includes the following but not limited to:

>

A\

Design of experiment at a higher level than only at two levels; like four level
design of experiment;

Investigation of more parameters for the optimization work;

Experimental campaigns shall be conducted to validate and calibrate the models for
better precision and accuracy outcomes;

Robustness analysis should be included in order for accounting variability and
uncertainties in input values like vehicles operating on the turnout, material
properties, surface characters, etc.;

Inclusion of damage evolutions in the models simulation, like rail and wheel wear;
Using non-linear damage accumulation models;

Using multi-physics modeling approach in a single turnout model, like utilization
of continuum model for the solid components and discrete element model (DEM)

for the granulated components such as the ballast.
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APPENDICES

APPENDIX A

Surrogate model regressive derivation

Surrogate models are parameters-response relationship models which are developed from
small number of simulation runs or physical experiment findings data space and used as
if we have got them from full data space of the system though statistical approaches. In
this study response surface (RS) technique has been utilized and a paraboloid (3D
version of parabolic) response surface developed using regressive statistical approach,
based on the simulation parameter — response data space obtained. The derivation of the

RS is shown below:

z=ax+by+cx*+dy*+fxy+g

Zez = Z[z— (ax + by + cx? + dy? + fxy + g)]?

Equation A-1 Z—f =2x*[Y[z— (ax + by + cx* +dy* + fxy + g)]] X x

—»0=YzYx—aXxXx—bXyYx—cYx*Yx—dYy*Yx—fYxyXx—ngXx

Equation A-2 Z—f =2x*[Y[z— (ax + by + cx* +dy* + fxy + )12y

-»0=YzY¥y-a¥xYLy-bYyXy-cEx*Yy-dYy’Xy-fixyXy—ngly
Equation A-3 de? _ 2+ [Y[z— (ax + by + cx? + dy? + fxy + g)]] X x?
S 0=YzY X —aXxNa? —bYyNa? —cY 2N x? —dYNy YA — fYxy Y a? —ng ¥ A2
Equation A4 % = 2« [S[z — (ax + by + cx? + dy? + fxy + I T 2
- 0=3zXy’—a¥lxYy?-bXyYy?—cEXx*Yy’—dXy’Yy’ - fixyXy’ —ngXy’
de?

Equation A5 T—=2x[X[z— (ax + by + cx® +dy® + fxy + )] Zxy
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—»0=YzYxy-aXxyxy—bYyXxy—cXx*Yxy—dYy*Yxy - fYxyY xy — ngXxy
Equation A-6 LA X[z — (ax + by + cx? + dy? + fxy + 91 2(1)

Where ¥(1) =n
»0=nYz—anYx—bnYy—cnYx*—-dnYy*— fnY xy—n’g

0=Zz—a2x—b2y—czx2—dZyz—fzxy—ng

Where: - x is Rail-pad vertical stiffness
y is substructure vertical stiffness

and z is Damage (the RCF, Wear or Combined Damage)

The above systems of equations are then transformed/ converted into matrix form for the

purpose of computational simplicity and efficiency i.e. [P]=[matrix][a b ...g]T

= [ab...g]"=[matrix]*[P] where:- [matrices]™ is inverse of the matrix (6x6)

and [P] is a Vector

The components of the matrix and the vector include:

v Tx v Exz
v Ly v Iy
v Ty v Tz and n
TzTx Fa¥x ETyEx Ex'Ex ET¥'Tx Zaylxr alx
TzTy LxZy IyEy Iy IyIy ZIxyIy aly
o TzTx? and matrix — Tafx? Eyfx? TT? Ey*Ex® TayEa? alsd
YzIy* TxIy? TyIyr DTy I¥PEYE ZavIy? aly?
TzTxy TxTxy TyTay Ix'Tay Iy Tay ZayIxy nlay
Yz Tx Yy T x? Ty Ty n

Components of the matrix are found from the parameter combinations obtained from the
design of experiment and that of the MBS simulation response post-processing through

Tx-RCF damage emperical relationship.

Notice that: - z1 is RCF only Damage
Z; is Wear only Damage
Z3 is combined RCF and Wear Damage

n= 4 (four data points obtained from four MBS simulations)
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Table A-1: Design of experiment data space when only Right Rails considered
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X y 2 5] Z3 X’ y Xy
600 170 4.761007E-05| -2.027373E-02 | -2.022612E-02 | 360000 28900 102000
600 110 3.488156E-05| -1.959173E+00 | -1.959138E+00 | 360000 12100 66000
300 170 3.123945E-05| -9.463235E+00 | -9.463204E+00 | 90000 28900 51000
300 110 2.595738E-05| -6.897720E-03 | -6.871762E-03 | 90000 12100 33000
1800 560 1.39688E-04 | -1.14496E+01 | -1.14494E+01 | 900000 82000 252000
Table A-2: Design of experiment data space when only Left Rails considered
X y Zy 2] 23 X’ yz Xy
600 170 1.988286E-05| -4.107127E-05 | -2.118842E-05 | 360000 28900 102000
600 110 2.160882E-05| -3.391611E-06 | 1.821720E-05 | 360000 12100 66000
300 170 2.274060E-05 | -4.731618E+00 | -4.731595E+00 | 90000 28900 51000
300 110 1.357450€-05| -3.995075E-03 | -3.981501E-03 | 90000 12100 33000
1800 560 7.780678E-05 | -4.735657E+00 | -4.735579E+00 | 900000 82000 252000
Table A-3: Design of experiment data space when both Rails considered

X y Z1 Z Z3 X2 y2 Xy
600 170 4.761007E-05| -2.027373E-02 -2.022612E-02 360000 28900 102000
600 110 3.488156E-05| -1.959173E+00 | -1.959138E+00 360000 12100 66000
300 170 3.123945E-05| -9.463235E+00 | -9.463204E+00 90000 28900 51000
300 110 2.595738E-05| -6.897720E-03 -6.871762E-03 90000 12100 33000
1800 560 1.39688E-04 | -1.14496E+01 -1.14494E+01 900000 82000 252000

e Surrogate model for RCF only Damage due to Right wheels:

RCF Damage
0.0000279376

= 3.4907*10%x - 4.67721*10%°y+2.79376*10%x*+2.66352*10**y*-6.35378*10 % xy -

2000

Figure A-1: RCF Damage response surface due w right wheels in a divergent route

e Surrogate model for wear only Damage due to Right wheels:

Wear Damage = 0.000505x - 0.00194y - 0.00002114x? + 9.7*10°%y? + 2.0*107'xy + 1.727
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Figure A-2 Wear Damage response surface due to right wheels in a divergent route

Surrogate model for a combined RCF and Wear Damage due to Right wheels:

0.00001x - 0.00014y - 0.00002256x* + 7*107'y? + 2.0*107'xy + 2.227

Combined RCF & Wear Damage

Figure A-3: Combined RCF & Wear Damage RS due to right wheels in a divergent route

Surrogate model for RCF only Damage due to Left wheels:

Page 66
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RCF Damage = 1*10™x - 1*10™y + 1.5586*10% + 2.37091*10%%y? - 1*10™**xy - 0.000015601

Figure A-4: RCF Damage response surface due to Left wheels in a divergent route
e Surrogate model for wear only Damage due to Left wheels:

Wear Damage = -1.5*10%x + 0.00001y - 9.479*10°x? - 5*10°%y? + 2.0*10%xy + 0.9479

Figure A-5 Wear Damage response surface due to left wheels in a divergent route

e Surrogate model for a combined RCF and Wear Damage due to Left wheels:
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Combined RCF & Wear Damage = 0.00001x - 0.00014y - 0.00002256x? + 7*107"y? + 2.0*10'xy + 2.227

Figure A-6: Combined RCF & Wear Damage RS due to Left wheels in a divergent route
[ ]

Surrogate model for RCF only Damage Both wheels considered:

RCF Damage = -1.75%10"% - 2*10°y + 2.742*10™°%* — 1.25*10™y? - 4*10™*xy - 0.00002697

0.001

2000 %‘Q’
Figure A-7: RCF Damage response surface both wheels considered in a divergent route

e Surrogate model for wear only Damage Both wheels considered:

Wear Damage = -12.5%10°x + 0.00013y — 23.21*10°x? — 6.5*10"'y? + 2.0*10"'xy + 2.348
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Figure A-

route

Surrogate model for a combined RCF and Wear Damage Both wheels

considered:

0.00001x - 0.00014y - 0.00002256x> + 7*107"y? + 2.0*10'xy + 2.227

Combined RCF & Wear Damage

Figure A-9: Combined RCF & Wear Damage RS both wheels considered in a

divergent route
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APPENDIX B

RCF damage calculation from MBS simulation based on empirical Tx-RCF damage

relationship

In lieu of describing the phenomenon of damage in rails of railway track, a parameter
called Tx-index (Contact patch energy or Wear number) has been developed from huge
experimental data, by researchers, on the damage quantification and response
measurements of railway tracks. This parameter captures information about RCF and

Wear damages; the parameter requires only the creepage and creep forces in the

transverse and longitudinal direction to predict damage on rails which is given as: Ty =
Tx¥x + Ty¥y and empirically determine the damage from a graph which can be

transformed into an equation (the graph shown below).

55 175

%o 100 100 200 250 =0

D5
| \

Wear Number Ty

RCF Damage Index (1e-5axle)

Figure B-1: Tx-RCF damage relationship (Source: [19] iwnicki)

"- 0 Txr=15 no RCF Damage Equation B-1
Tyr=— 2x10°7 Ty - 3x10% 15=Tx =65 RCF only damage quation b-
_ 1.591x10% - 9.091x10-® Tr =63 Wear dominated Damage
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Figure B-2: Creepage and creep force response due to wheel-set 1 in the through route
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Figure B-4: Creepage and creep force response due to wheel-set 3 in the through route
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Figure B-5: Creepage and creep force response due to wheel-set 4 in the through route

MSc Thesis

Page 74




Fatigue life optimization of simple turnout in ballasted track

Right Wheel
Longitudinal Creepage Diagram Lateral Creepage Diagram
force outpul 3F_RW_Friclion_R ght_of_ws_5.nu_x longiludinal creepage — force outpul§F_RW_Fricton_Righl_of_ws_S.nu_y lateral creepage
x 108 %107
ap 4
g 24 1.2
o .
= il 5 10
E 20 § 0.8
[ Y0
"
g 5 04
=] ) b
E 8N L 02
%, 100 2 0o
g 12 0.2
140 T T T 0.4 T T T T
55 £0 B5 1] 75 80 g5 9 85 B0 65 To 75 80 85
Distance aong tha Turnout [m] Distance alomng the Turnout [m]
Longudinal creep force Diagram Lateral creep force Diagram
= force oulpul. $F_RW_Friction_R ghl_of_ws_5.T_x long. creep fc. on wheel = lorce outpul §F_RW_Fricton_Righl_of_ws_5.T_y lal. creep fc. on whee|
x 107 x 107
14 6.5
= . F
= 1.2 =
E] = 804
£ 1K 2,
2 = 55
£ 08 z
& 06 o 50
8 0.4 '{__} 5]
g 4. 2
a .24 w
@ . A
S 00 e =
% 0. ~ 357
. 0.4 . I
e an 3 70 75 & [ an b3 :
Distance along the Tumaout [m] Distance along the Tumaout [m]
Left Wheel
Longitudinal creepage Diagram Lateral creepage Diagram
force output §F RW Friction Left of ws Snu x longiiudinal creepage force output §F RW Fricton Left of ws Sy y laleral creepage
x 108 %1078
&0 i 4
g 2 1.2]
A ] R
EL 0 rarpoiu E iy
5 2H & 05
L 3 osy
3 0] 5 04
=] a
L . 02
X 10 2 0
2 Az 0.2
140 T T T 0.4 T T T T
5 B0 3 70 75 &0 85 E 85 80 85 To 75 80 85
Distance aong the Turnout [m) Distance along the Turnout [m]
Longltudinal creep farce Diagram Lateral creep larce Diagram
force oulpul. 3F_RW_Friction_Lefl_of_ws_5.T_x long. creep fc. on whesl force outpul 5F_RW_Fricton_Lef_of_ws_5.T_y lal. creep fc. on whes|
® '03 X "If's
14 -30
= . .] z
5 12 = 35
£ 1K H] K
z s 4
¢ 08 z
& 06 5 -4
R o
] ': : g 5.0
. 0 24 d 55
§ 00 - L =
X 0.2 - 8.
- 0.4 . 6.5
55 60 85 70 75 Edl d5 Eu Es 80 65 o 75 o a5
Distance along the Tumaout [m] Distance along the Turnoul [m]

Figure B-6: Creepage and creep force response due to wheel-set 5 in the through route

MSc Thesis

Page 75




Fatigue life optimization of simple turnout in ballasted track
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Fatigue life optimization of simple turnout in ballasted track

Table B-1: Damage calculation in the through route on the left rail

. . Creepage-x | Creepage-y | Creep Force-| Creep Force-
Wheelset | Location bin | Location N o Ty RCF Damage Remark
(Longitudinal) | (Transvese) | Longitdinal | Transverse
58-64 61 1.33E-04 7.60E-05 1.33E+03 6.51E+03 | 0.6724489 0 No Damage
64-70 67 3.00E-05 1.00E-05 2.58E+02 5.30E+03 0.06074 0 No Damage
1 70-76 73 2.11E-04 1.90E-03 9.99E+02 1.03E+04 | 19.818789| 9.63758E-07 | RCF Damage
76-82 79 9.70E-05 6.63E-04 7.30E+02 1.12E+04 7.49641 0 No Damage
82-88 85 6.30E-05 3.65E-04 6.94E+02 1.05E+04 3.887172 0 No Damage
58-64 61 1.35E-04 4.80E-05 1.31E+03 6.42E+03 0.485175 0 No Damage
64-70 67 7.00E-06 3.00E-03 7.67E+01 5.41E+03 | 16.230537| 2.46107E-07 | RCF Damage
2 70-76 73 1.13E-04 2.75E-03 4.77E+02 1.09E+04 |29.979401| 2.99588E-06 | RCF Damage
76-82 79 2.09E-04 2.23E-03 1.68E+03 1.50E+04 | 33.755684| 3.75114E-06 | RCF Damage
82-88 85 2.00E-04 2.30E-04 1.06E+03 1.43E+04 3.50529 0 No Damage
58-64 61 1.33E-04 4.00E-06 1.32E+04 4.67E+03 1.77827 0 No Damage
64-70 67 7.00E-06 1.00E-06 4.73E+01 5.11E+03 | 0.0054408 0 No Damage
3 70-76 73 0.00E+00 2.00E-06 8.16E-01 5.09E+03 0.01017 0 No Damage
76-82 79 0.00E+00 0.00E+00 1.70E-02 4.81E+03 0 0 No Damage
82-88 85 8.89E-05 5.60E-04 8.02E+02 9.15E+03 | 5.1969778 0 No Damage
58-64 61 1.10E-04 1.30E-05 1.10E+03 6.19E+03 0.20147 0 No Damage
64-70 67 5.00E-06 0.00E+00 7.93E+01 5.50E+03 | 0.0003965 0 No Damage
4 70-76 73 1.00E-06 0.00E+00 9.97E-01 5.27E+03 9.97E-07 0 No Damage
76-82 79 0.00E+00 0.00E+00 8.00E-03 4.91E+03 0 0 No Damage
82-88 85 3.70E-05 2.08E-04 4.,00E+02 8.30E+03 1.7412 0 No Damage
58-64 61 1.10E-04 1.22E-06 1.26E+03 6.25E+03 | 0.1466589 0 No Damage
64-70 67 7.00E-06 2.00E-07 1.00E+02 6.41E+03 0.001982 0 No Damage
5 70-76 73 0.00E+00 2.50E-07 1.22E+00 5.28E+03 | 0.0013193 0 No Damage
76-82 79 0.00E+00 0.00E+00 0.00E+00 4.95E+03 0 0 No Damage
82-88 85 0.00E+00 0.00E+00 0.00E+00 4.86E+03 0 0 No Damage
58-64 61 1.48E-04 6.20E-05 1.44E+03 6.42E+03 0.611036 0 No Damage
64-70 67 5.00E-05 3.60E-05 4.85E+02 5.52E+03 0.223063 0 No Damage
6 70-76 73 0.00E+00 4.00E-06 1.45E+00 5.31E+03 0.021236 0 No Damage
76-82 79 0.00E+00 0.00E+00 5.00E-02 5.00E+03 0 0 No Damage
82-88 85 0.00E+00 0.00E+00 1.50E-02 4.86E+03 0 0 No Damage
Location on the Route 61 67 73 79 85
Cummulative Damage 0 2.46107E-07 | 3.95964E-06 | 3.75114E-06 0
Cummulative Damage
0 2.46107E-07 | 3.95964E-06 | 3.75114E-06 0
due to RCF only
Cummulative Damage
0 0 0 0 0
due to Wear only
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Table B-2: Damage calculation in the through route on the right rail

. . . Creepage-x | Creepage-y | Creep Force- | Creep Force-
Wheelset |Location bin] Location N o Ty RCF Damage Remark
(Longitudinal)| (Transvese) | Longitdinal | Transverse
58-64 61 9.00E-05 7.60E-05 1.30E+03 3.42E+03 | 0.37692 0 No Damage
64-70 67 5.00E-06 5.00E-06 4.70E+04 4.80E+03 0.259 0 No Damage
1 70-76 73 1.75E-04 2.00E-03 9.50E+02 1.15E+04 | 23.24625| 1.64925E-06| RCF Damage
76-82 79 1.67E-04 7.00E-04 5.60E+02 1.15E+04 8.17152 0 No Damage
82-88 85 5.00E-05 4.00E-04 5.11E+02 1.08E+04 | 4.34555 0 No Damage
58-64 61 1.33E-04 4.80E-05 1.33E+03 5.63E+03 0.44713 0 No Damage
64-70 67 7.00E-06 4.00E-06 3.96E+01 4.09E+03 | 0.016637 0 No Damage
2 70-76 73 1.56E-04 2.75E-03 6.00E+02 1.06E+04 29.3261 | 2.86522E-06| RCF Damage
76-82 79 2.00E-04 2.25E-03 1.58E+03 1.62E+04 36.6985 | 4.3397E-06 | RCF Damage
82-88 85 6.67E-04 5.00E-04 3.83E+03 1.43E+04 9.68461 0 No Damage
58-64 61 1.38E-04 4.00E-06 1.35E+03 3.27E+03 | 0.198705 0 No Damage
64-70 67 1.10E-05 1.00E-06 9.84E+01 5.40E+03 | 0.006482 0 No Damage
3 70-76 73 0.00E+00 2.00E-06 1.10E+00 5.00E+03 | 0.010008 0 No Damage
76-82 79 0.00E+00 0.00E+00 1.97E-02 4.69E+03 0 0 No Damage
82-88 85 7.50E-05 6.00E-04 6.68E+02 1.04E+04 6.3192 0 No Damage
58-64 61 1.10E-04 1.30E-05 1.10E+04 3.27E+03 1.24811 0 No Damage
64-70 67 1.00E-05 3.00E-06 1.12E+02 4.04E+03 0.01324 0 No Damage
4 70-76 73 1.00E-06 1.00E-06 1.80E+00 4.54E+03 | 0.004545 0 No Damage
76-82 79 0.00E+00 0.00E+00 7.60E-03 4.60E+03 0 0 No Damage
82-88 85 2.90E-05 2.50E-05 2.80E+02 8.43E+03 0.21887 0 No Damage
58-64 61 1.30E-04 1.20E-06 1.26E+03 6.25E+03 | 0.171709 0 No Damage
64-70 67 6.71E-06 2.00E-07 4.04E+01 5.52E+03 | 0.001375 0 No Damage
5 70-76 73 0.00E+00 2.33E-07 1.16E+00 5.28E+03 0.00123 0 No Damage
76-82 79 0.00E+00 0.00E+00 0.00E+00 4.98E+03 0 0 No Damage
82-88 85 0.00E+00 0.00E+00 0.00E+00 4.85E+03 0 0 No Damage
58-64 61 1.50E-04 6.40E-05 1.45E+03 6.25E+03 0.61795 0 No Damage
64-70 67 6.70E-05 3.60E-05 6.35E+02 5.49+03 | 0.240152 0 No Damage
6 70-76 73 0.00E+00 4.00E-06 1.02E+00 4.96E+03 0.01984 0 No Damage
76-82 79 0.00E+00 0.00E+00 0.00E+00 5.00E+03 0 0 No Damage
82-88 85 0.00E+00 0.00E+00 0.00E+00 4.84E+03 0 0 No Damage
Location on the Route 61 67 73 79 85
Cummulative Damage 0 0 4.51447E-06 | 4.3397E-06 0
Cummulative Damage due
0 0 4.51447E-06 | 4.3397E-06 0
to RCF only
Cummulative Damage due
0 0 0 0 0
to Wear only

As it can be seen from the results on the damage calculation, there is no any wear rather

the through route is dominated by RCF Damage mechanism. Therefore, it is wiser to

improve the RCF susceptibility of the rails and able to optimize in view of RCF

minimization; such that the RCF dominance throughout the turnout is observable in this

case.
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B.

Divergent route — scenario 1
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Figure B-8: Creepage and creep force response due to wheel-set 1 in the diverging route-

case 1
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Figure B-9: Creepage and creep force response due to wheel-set 2 in the diverging route-

case 1

MSc Thesis

Page 80




Fatigue life optimization of simple turnout in ballasted track

Right Wheel

Longitudinal Creepage Diagram

Lateral Creepage Dlagram

force outpul §F_RW_Friction_R ght_of_ws_3.nu_x longiludinal creepage

— fgrce outpul §F_RW_Fricton_Right_of_ws_3 nu_y |ateral crespage

Distance along the Turnout [m]

%1078 210
150 10
-]
B 100 - 7
g g o
5 S50 2 4
I i 5
3 i, g 2 h |
= [ 8 o
E -5 —
= =7| -2
2 1o = 4
150 T T = T T 5 T - = T
85 60 [ 70 75 &0 g5 85 60 g5 (] 75 ao 85 0
Distance aong the Turnout [m] Distance along the Turnout [m]
Longludinal creep larce Diagram Lateral creep farce Diagram
m— fgrce oulpul $F_RW_Friclion_R ght_of_ws_3.T_x long. creep fc. on wheel force outpul §F_RW_Fricton_Right_of_ws_3.T_y lat. creep fc. on whesl
400 x 100
. 10
E 2004 z
z N '!-'k dzA\ é 1 l"“'l ™,
H " s E o vrff"-&v
s o
g 0 -
g 2
5 ol :
o 400 2 ]
5 o 2
=, 6001 = 151
b= |
-0 T -20 T
55 60 65 7o 75 &h B3 55 B0 €5 7o 75 an 5 9
D stance along the Turnout [m] Distance along the Turnout [m]
Left Wheel
Longitwdinal creepage Diagram Lateral creepage Diagram
fgrge output §F RW Friclion Left of ws 3nu x longliudinal creepage = force ouiput §F RW Fricion Lefi of ws 3.nu y laleral creepage
x 102 a1
10 15,
:'? ;-‘_’l' . 125
o H 1 -
] & 10.04
2 1.5 =
= 10 575
= 0.5 1 3 50
= 2
= 00 174 " 25
5 -n.s ] ] = h |
| oo
= 104 2 o T
3 .
2 1] 25
20 T T T T T 5.0 T T T T
55 &0 3 70 75 80 [ 55 g0 5 70 75 B0 [ 0
Distance along the Turmaout [m] Distance along the Turnaut [m]
Longitudinal creep farce Diagram Lataral creap farce Diagram
m— fgrce oulput. $F_RW_Friction_Lell_of_ws_3.T_x long. creep fc. on wheel force outpul 8F_RW_Fricton_Lefl_of_ws_3.T_y lal. creep fc. on wheal
® 103 X 'IG3
. 10
= z
= _a = D
E & — N T VI i e L
r 2
C = -1H
- z ﬂ
8 5 -2H
& T V
o 2 .3pd
o
3 3 40
a & 3 J
= = 50
H =
. i ~ 0]
o -
[ T T T -70. T
5 &n 85 o 75 80 a5 55 &0 a5 70 75 ER ds E,

Distance along the Turnowt [m]
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Figure B-11: Creepage and creep force response due to wheel-set 4 in the diverging
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Figure B-12: Creepage and creep force response due to wheel-set 5 in the diverging

route- case 1
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Right Wheel
Longltudinal Creepage Dlagram Lateral Creepage Dlagram
force output $F_RW_Frictlion_R ghi_of_ws_6.nu_x longiludinal creepage = force outpul §F_RW_Fricton_Righi_of_ws_6.nu_y lateral crespage
x108 x103
100 30
1] o &
E 80' gl £
1] F) -
E 60+ g 0
] R
3
5 0] g 'Y
5 M > 05
] _,J 2
& 0 =, T 0o
20 T T T ; 0.5 T T T T
85 60 a5 7o 75 80 [ E a5 60 85 70 75 0 g5
Distance along the Turnoul [m] Distance along the Turnout [m]
Longltudinal creep force Diagram Lateral creep force Diagram
= force oulput §F_RW_Friction_R ght_of_ws_6.T_x long. creep fc. on wheel force outpul §F_RW_Fricton_Right_of_ws_B8.T_y Iat. creep fc. on whasl
200 x 109
1004
E P E
= — m.“
Z o0 2 \
a H
& 200 =
g 3o g gl
g =
g o] :
& 400 g i
£ -500 =
! -B00 = 15
=Tl T - T
55 60 85 0 75 a0 ES 0 55 80 a5 70 75 ER g5
D stance along the Turnout [m)] Distance along the Turnout [m)|
Left Wheel
Longitudinal creepage Diagram Lateral creepage Diagram
force cutpul $F RW Friction Left of ws Gnu x longludinal creepage — force output §F RW Fricton Left of ws 6.nu y lateral creepage
x10° x10?
30 a5
FR—— 3.0
E 25 = f
g o2n s 5
= i » o ZiH
E o1 5
3 B 15
2 1 2
g ERREC
& psl . i
2 s j 0.5
2o T
0.3 T T = n T T 051 T T " = T T
55 60 65 7o -1 &0 85 ] 55 60 65 o TS 8O &85
Distance along the Turnout [m] Diatance along the Turnout [m]
Longudinal creep force Diagram Lateral creep force Diagram
m——— force oulput $F_RW_Friction_Left_of_ws_8.T_x long. creep fc. on wheal force outpul 5F_RW_Fricton_Left of_ws 6.7 y lal. creep fc. on wheal
x 109 % 10%
z z
1o 3 5 Wi
z -
g ST
“ <]
= 4 2 g
i s
B ]
a B S 204
= =
= T 25
® 1
g L " 3
" Eg ] 85 0 3 B0 a5 oo 3 B0 5 70 75 dn ds
Distance along the Turnoul [m) Distance along the Turnout [m)|

Figure B-13: Creepage and creep force response due to wheel-set 6 in the diverging

route-case 1
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Table B-3: Damage calculation in the diverging route on the right rail- Case 1

. . . Creepage-x | Creepage-y | Creep Force-| Creep Force-
Wheelset |Location bin| Location o o Ty RCF Damage Remark
(Longitudinal) | (Transvese) | Longitdinal | Transverse
55-62 58.5 4.00E-03 2.84E-03 1.72E+04 2.55E+04 141.1388 | 3.07907E-06 | RCF Damage
62-69 65.5 8.00E-06 1.17E-04 8.96E+01 2.14E+03 ]0.2514481 0 No Damage
1 69-76 72.5 2.50E-03 5.00E-03 3.01E+03 7.45E+03 44,775 | 0.000005955 | RCF Damage
76-83 79.5 1.78E-04 7.90E-03 1.51E+03 1.36E+04 ]107.84219| 6.10607E-06 | RCF Damage
83-90 86.5 2.50E-04 8.76E-03 5.65E+02 1.36E+04 | 119.43493| 5.05217E-06 | RCF Damage
55-62 58.5 1.98E-03 3.73E-03 1.11E+04 2.41E+04 ]111.85685| 5.74109E-06 | RCF Damage
62-69 65.5 9.00E-06 2.68E-04 1.05E+02 2.24E+03 ] 0.6001903 0 No Damage
2 69-76 72.5 1.83E-03 6.00E-03 3.01E+03 5.72E+03 | 39.80898 | 4.9618E-06 | RCF Damage
76-83 79.5 1.12E-03 1.00E-02 2.06E+03 1.08E+04 |110.14608| 5.89662E-06 | RCF Damage
83-90 86.5 4.00E-04 1.10E-02 5.39E+03 1.26E+04 140.844 | 3.10587E-06 | RCF Damage
55-62 58.5 0.00E+00 0.00E+00 6.89E-02 6.18E+03 0 0 No Damage
62-69 65.5 0.00E+00 0.00E+00 1.98E-02 5.36E+03 0 0 No Damage
3 69-76 72.5 7.50E-05 2.56E-03 6.07E+03 1.71E+04 | 44.32371| 5.86474E-06 | RCF Damage
76-83 79.5 6.92E-06 2.27E-04 1.13E+02 1.47E+03 | 0.3337882 0 No Damage
83-90 86.5 1.35E-04 7.90E-03 5.52E+02 6.58E+03 |52.024893| 7.40498E-06 | RCF Damage
55-62 58.5 0.00E+00 0.00E+00 0.00E+00 5.64E+03 0 0 No Damage
62-69 65.5 0.00E+00 0.00E+00 0.00E+00 5.42E+03 0 0 No Damage
4 69-76 72.5 6.50E-05 2.38E-03 5.99E+02 1.70E+04 ]| 40.479863| 5.09597E-06 | RCF Damage
76-83 79.5 8.36E-06 2.24E-04 1.15E+02 2.21E+03 ]0.4955517 0 No Damage
83-90 86.5 1.19E-04 2.08E-03 6.20E+02 2.37E+03  ]4.9991605 0 No Damage
55-62 58.5 0.00E+00 0.00E+00 1.28E-01 5.57E+03 0 0 No Damage
62-69 65.5 0.00E+00 0.00E+00 6.20E+01 5.43E+03 0 0 No Damage
5 69-76 72.5 0.00E+00 0.00E+00 1.01E+02 4.91E+03 0 0 No Damage
76-83 79.5 7.00E-06 1.40E-05 4.95E+01 4.84E+03 | 0.0681487 0 No Damage
83-90 86.5 7.40E-05 2.76E-03 6.01E+02 1.77E+04 | 48.78604 | 6.75721E-06 | RCF Damage
55-62 58.5 0.00E+00 0.00E+00 1.28E-01 5.64E+03 0 0 No Damage
62-69 65.5 0.00E+00 0.00E+00 1.10E-05 5.49E+03 0 0 No Damage
6 69-76 72.5 0.00E+00 0.00E+00 1.10E-05 4.73E+03 0 0 No Damage
76-83 79.5 0.00E+00 4.60E+01 1.39E+00 4.84E+03 222732 | -0.020232656 | Wear Damage
83-90 86.5 7.60E-05 2.35E-03 5.94E+02 1.79E+04 |42.034944| 5.40699E-06 | RCF Damage
Location on the Route 58.5 65.5 72.5 79.5 86.5
Cummulative Damage 8.82E-06 0 2.18775E-05 | -0.020220653 2.77272E-05
Cummulative Damage due
8.82E-06 0 1.09168E-05 | 1.20027E-05 2.77272E-05
to RCF only
Cummulative Damage due
0 0 0 -0.020232656 0
to Wear only
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Table B-4: Damage calculation in the diverging route on the Left rail- Case 1

Wheelset | Location bin| Location Cree.pag.e—x Creepage-y Creep. Fo.rce— Creep Force- Ty RCF Damage Remark
(Longitudinal) | (Transvese) | Longitdinal | Transverse
55-62 58.5 4.51E-03 4.46E-03 1.72E+04 3.00E+04 | 211.1214| -3.28305E-06| Wear Damage
62-69 65.5 6.50E-05 1.25E-04 9.67E+02 2.77E+04 | 3.529355 0 No Damage
1 69-76 72.5 1.75E-05 5.00E-03 6.69E+03 5.74E+04 | 287.3071| -1.02091E-05| Wear Damage
76-83 79.5 1.60E-03 1.20E-02 4.55E+03 5.80E+04 | 703.788 | -4.80714E-05| Wear Damage
83-90 86.5 1.61E-06 9.20E-03 3.35E+03 5.53E+04 | 508.7378 | -3.03394E-05| Wear Damage
55-62 58.5 3.60E-03 3.75E-03 1.11E+04 2.93E+04 | 149.8818| 2.28425E-06 | RCF Damage
62-69 65.5 1.70E-05 3.41E-01 1.65E+02 2.73E+04 | 9322.943 | -0.000831639| Wear Damage
2 69-76 72.5 3.46E-03 8.80E-03 3.10E+03 5.72E+04 | 514.4889 | -3.08622E-05| Wear Damage
76-83 79.5 4.20E-03 1.18E-02 4.89E+03 5.68E+04 | 688.0975 | -4.66449E-05| Wear Damage
83-90 86.5 1.00E-03 1.18E-02 4.89E+03 5.34E+04 631.872 | -4.15335E-05| Wear Damage
55-62 58.5 0.00E+00 0.00E+00 7.52E-02 5.69E+03 0 0 No Damage
62-69 65.5 0.00E+00 0.00E+00 2.80E-01 4.73E+03 0 0 No Damage
3 69-76 72.5 2.50E-03 2.89E-03 8.37E+03 2.72E+04 | 99.4413 | 6.86979E-06 | RCF Damage
76-83 79.5 4.70E-05 2.38E-04 2.49E+02 6.80E+03 | 1.629151 0 No Damage
83-90 86.5 1.45E-03 1.25E-02 1.51E+03 6.15E+04 771.527 | -5.42295E-05| Wear Damage
55-62 58.5 0.00E+00 0.00E+00 1.28E+02 6.18E+03 0 0 No Damage
62-69 65.5 0.00E+00 0.00E+00 3.18E-03 4.39E+03 0 0 No Damage
4 69-76 72.5 2.58E-03 2.98E-03 8.29E+03 2.79e+04 | 104.6265| 6.3984E-06 RCF Damage
76-83 79.5 5.00E-05 2.37E+02 2.42E+02 2.68E+04 | 6359658 | -0.5781406 | Wear Damage
83-90 86.5 1.25E-03 3.00E-03 1.49E+03 3.18E+04 | 97.12375| 7.08048E-06 | RCF Damage
55-62 58.5 0.00E+00 0.00E+00 1.28E+02 6.09E+03 0 0 No Damage
62-69 65.5 0.00E+00 0.00E+00 5.70E+01 4.39E+03 0 0 No Damage
5 69-76 72.5 0.00E+00 0.00E+00 1.02E-04 5.05E+03 0 0 No Damage
76-83 79.5 5.00E-06 8.13E-05 1.97E-02 9.47e+03 | 0.76983 0 No Damage
83-90 86.5 2.48E-03 3.10E-03 8.28E+03 2.72E+04 | 104.7924| 6.38332E-06 | RCF Damage
55-62 58.5 0.00E+00 0.00E+00 1.28E-01 6.09E+03 0 0 No Damage
62-69 65.5 0.00E+00 0.00E+00 4.50E-05 5.48E+03 0 0 No Damage
6 69-76 72.5 0.00E+00 0.00E+00 6.40E-05 5.05E+03 0 0 No Damage
76-83 79.5 0.00E+00 0.00E+00 5.28E+03 4.76E+03 0 0 No Damage
83-90 86.5 2.50E-03 3.08E-03 8.29E+03 2.72E+04 | 104.3994| 6.41905E-06 | RCF Damage
Location on the Route 58.5 65.5 72.5 79.5 86.5
Cummulative Damage -9.99E-07 | -0.000831639 | -2.7803E-05 [-0.578235316 -0.000106219
Cummulative Damage due
2.28E-06 0 0 0 1.98829E-05
to RCF only
Cummulative Damage due
-3.28E-06 | -0.000831639 | -4.1071E-05 |-0.578235316 -0.000126102
to Wear only

In this scenario the form of damage mechanism shifts from a Wear mode into the RCF

damage mechanism; from the damage contributions due to the first two wheel-sets to the

following wheel-sets and the RCF domination caused by the last few wheel-sets location

is found to be away from the crossing nose localities. Rather the crossing nose, in this

scenario, is dominated by a net cumulative wear on the part of the rail and wear exist

every-where.
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C. Divergent route — scenario 2
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Figure B-14: Creepage and creep force response due to wheel-set 1 in the diverging

route-case 2
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Figure B-16: Creepage and creep force response due to wheel-set 3 in the diverging

route-case 2
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Figure B-17: Creepage and creep force response due to wheel-set 4 in the diverging

route-case 2
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Figure B-18: Creepage and creep force response due to wheel-set 5 in the diverging
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Figure B-19 Creepage and creep force response due to wheel-set 6 in the diverging route-

case 2
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Fatigue life optimization of simple turnout in ballasted track

Table B-5: Damage calculation in the diverging route on the right rail- Case 2

. . . Creepage-x | Creepage-y | Creep Force- [Creep Force-
Wheelset | Location bin | Location NS o Ty RCF Damage Remark
(Longitudinal) | (Transvese) | Longitdinal | Transverse

57-63 60 4.11E-03 4.26E-03 1.72E+04 2.63E+04 | 182.42644 | -6.74388E-07 | Wear Damage
63-69 66 7.00E-06 6.20E-05 9.18E+01 2.14E+03 ] 0.1331366 0 No Damage

1 69-75 72 5.90E-05 4.99e-03 1.75E+03 2.34E+04 | 116.89414| 5.28315E-06 | RCF Damage
75-81 78 3.01E-02 8.80E-02 3.91E+04 1.07E+05 | 10565.877 | -0.000944634 | Wear Damage
81-87 84 3.34E-05 1.02E-01 4.10E+04 1.23E+05 | 12581.026 | -0.001127831 | Wear Damage
57-63 60 1.95E+03 3.73E-03 1.11E+04 2.38E+04 | 21550813 | -1.959168469 | Wear Damage
63-69 66 7.00E-06 1.23E-04 9.58E+01 2.22E+03 | 0.2739766 0 No Damage

2 69-75 72 1.30E-05 1.34E-04 2.85E+02 1.70E+04 | 2.285055 0 No Damage
75-81 78 1.80E-02 1.12E-01 1.90E+04 9.38E+04 | 10842.764 | -0.000969806 | Wear Damage
81-87 84 3.00E-02 1.00E-01 3.10E+04 1.32E+05 14161.85 | -0.001271544 | Wear Damage
57-63 60 0.00E+00 0.00E+00 3.31E-01 5.39E+03 0 0 No Damage
63-69 66 8.00E-06 2.00E-06 5.42E-01 5.38E+03 | 0.0107563 0 No Damage

3 69-75 72 5.90E-05 2.19E-03 5.50E+02 1.79e+04 39.33857 | 4.86771E-06 | RCF Damage
75-81 78 1.00E-05 2.32E+02 1.01E+02 2.19E+03 508312 | -0.046194734 | Wear Damage
81-87 84 2.25E-03 3.40E-02 3.99E+03 3.19E+04 | 1094.3483 | -8.35772E-05 | Wear Damage
57-63 60 0.00E+00 0.00E+00 4.90E+02 5.64E+03 0 0 No Damage
63-69 66 0.00E+00 0.00E+00 8.86E-02 5.38E+03 0 0 No Damage

4 69-75 72 7.00E-05 2.74E-03 5.85E+02 1.75E+04 48.10055 | 6.62011E-06 | RCF Damage
75-81 78 8.00E-06 2.25E-04 9.36E+01 2.18E+03 | 0.4921488 0 No Damage
81-87 84 3.00E-04 6.05E-06 1.19E+03 1.35E+04 | 0.4386352 0 No Damage
57-63 60 0.00E+00 0.00E+00 5.40E+00 5.61E+03 0 0 No Damage
63-69 66 0.00E+00 0.00E+00 1.50E+02 5.36E+03 0 0 No Damage

5 69-75 72 0.00E+00 0.00E+00 1.43E+02 4.77E+03 0 0 No Damage
75-81 78 0.00E+00 0.00E+00 4.93E+01 4.77E+03 0 0 No Damage
81-87 84 6.80E-05 2.75E-03 5.63E+02 1.75E+04 | 48.034034 | 6.60681E-06 | RCF Damage
57-63 60 0.00E+00 0.00E+00 3.20E+00 5.64E+03 0 0 No Damage
63-69 66 0.00E+00 0.00E+00 2.35E+02 5.40E+03 0 0 No Damage

6 69-75 72 0.00E+00 0.00E+00 2.08E+02 4.77e+03 0 0 No Damage
75-81 78 0.00E+00 0.00E+00 5.50E+03 4.77E+03 0 0 No Damage
81-87 84 7.15E-05 2.75E-03 5.55E+02 1.76E+04 | 48.329683| 6.66594E-06 | RCF Damage

Location on the Route 60 66 72 78 84

Cummulative Damage | -1.95917 0 1.6771E-05 [-0.048109174 -0.002469679

Cummulative Damage

0 0 5.28315E-06 0 1.32727E-05
due to RCF only
Cummulative Damage
-1.95917 0 0 -0.048109174 -0.002482952
due to Wear only
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Table B-6: Damage calculation in the diverging route on the left rail- Case 2

o . Creepage-x | Creepage-y |Creep Force-| Creep Force-
Wheelset | Location bin|  Location e o Ty RCF Damage Remark
(Longitudinal) | (Transvese) | Longitdinal | Transverse
57-63 60 4.48E-03 4.62E-03 1.71E+04 2.93E+04 212.3156 | -3.39161E-06 | Wear Damage
63-69 66 1.12E-04 5.70E-05 7.57E+02 2.43E+04 1.472278 0 No Damage
1 69-75 72 2.50E-03 4.80E-03 9.94E+03 6.32E+04 328.2747 | -1.39335E-05 | Wear Damage
75-81 78 3.80E-02 7.30E-02 4.28E+04 1.33E+05 11360.303 | -0.001016855| Wear Damage
81-87 84 2.25E-02 1.03E-01 2.77E+04 1.52E+05 16244.8885 | -0.001460913 | Wear Damage
57-63 60 3.58E-03 3.84E-03 1.11E+04 2.79E+04 146.85218 | 2.55967E-06 | RCF Damage
63-69 66 3.80E-05 6.30E-05 3.03E+02 2.48E+04 1.571898 0 No Damage
2 69-75 72 1.67E-03 5.66E-04 2.08E+03 5.20E+04 32.887572 | 3.57751E-06 | RCF Damage
75-81 78 2.15E-02 4.80E-02 3.84E+04 1.41E+05 7612.5545 | -0.000676147| Wear Damage
81-87 84 3.60E-02 6.10E-02 2.63E+04 1.54E+05 10339.839 | -0.000924085| Wear Damage
57-63 60 0.00E+00 0.00E+00 2.86E+00 5.80E+03 0 0 No Damage
63-69 66 0.00E+00 0.00E+00 3.68E-01 5.33E+03 0 0 No Damage
3 69-75 72 2.51E-03 2.57E-03 7.94E+03 2.68E+04 88.85662 | 7.83204E-06 | RCF Damage
75-81 78 5.00E-05 2.53E-04 1.53E+02 2.65E+04 6.721258 0 No Damage
81-87 84 1.61E-02 5.20E-02 2.31E+04 9.50E+04 | 5313.94778 | -0.000467181| Wear Damage
57-63 60 0.00E+00 0.00E+00 2.95E+00 5.96E+03 0 0 No Damage
63-69 66 0.00E+00 0.00E+00 1.20E-01 5.38E+03 0 0 No Damage
4 69-75 72 2.50E-03 3.05E-03 7.93E+03 2.72E+04 102.8302 | 6.56171E-06 | RCF Damage
75-81 78 5.20E-05 2.50E-04 2.16E+02 2.63E+04 6.5814612 0 No Damage
81-87 84 1.08E-03 1.20E-03 3.16E+03 4.46E+04 56.9316 | 8.38632E-06 | RCF Damage
57-63 60 0.00E+00 0.00E+00 5.36E+00 6.07E+03 0 0 No Damage
63-69 66 0.00E+00 0.00E+00 1.49E+02 5.27E+03 0 0 No Damage
5 69-75 72 0.00E+00 0.00E+00 1.38E+02 4.77E+03 0 0 No Damage
75-81 78 0.00E+00 0.00E+00 6.30E-01 4.77E+03 0 0 No Damage
81-87 84 2.50E-03 3.00E-03 8.31E+03 2.72E+04 102.4575 | 6.59559E-06 | RCF Damage
57-63 60 0.00E+00 0.00E+00 5.15E+00 6.07E+03 0 0 No Damage
63-69 66 0.00E+00 0.00E+00 2.23E+02 5.40E+03 0 0 No Damage
6 69-75 72 0.00E+00 0.00E+00 2.08E+02 4.77E+03 0 0 No Damage
75-81 78 0.00E+00 0.00E+00 5.48E+03 4.77E+03 0 0 No Damage
81-87 84 2.50E-03 3.00E-03 8.22E+03 2.72E+04 102.113 | 6.62691E-06 | RCF Damage
Location on the Route 60 66 72 78 84
Cummulative Damage | -8.31943E-07 0 4.03781E-06 | -0.001693002 -0.00283057
Cummulative Damage
2.55967E-06 0 3.57751E-06 0 2.16088E-05
dure to RFC only
Cummulative Damage
dure to Wear only -3.39161E-06 0 -1.3933E-05 | -0.001693002 -0.002852179
In the sense of damage mode sensitivity, wear damage mechanism is the prior mode of
damage almost throughout the turnout except the around the entrance to the crossing

nose which is not harmed that much or at all. However, in a global sense the wear

damage dominates as well the RCF exist with an immediate removal of the RCF crack

with the wear damage due to the first few wheel-sets. And the left rail wears much more

than the right rail.
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D. Divergent route — scenario 3
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Fatigue life optimization of simple turnout in ballasted track

Table B-7: Damage calculation in the diverging route on the right rail- Case 3

. . Creepage-x | Creepage-y | Creep Force- | Creep Force-
Wheelset| Location bin |  Location o L Ty RCF Damage Remark
(Longitudina| (Transvese) | Longitdinal | Transverse
58-64 61 4.11E-03 3.83E-03 1.72E+04 2.22E404 | 155.65094 1.75977E-06 RCF Damage
64-70 67 8.00E-06 6.30E-05 9.29E+01 2.06E403 | 0.1307752 0 No Damage
1 70-76 73 1.05E-03 9.63E-03 1.88E+03 1.03E+04 100.9233 6.73506E-06 RCF Damage
76-82 79 3.50E-03 1.04E-02 4.97E+03 2.62E+04 289.7954 -1.04353E-05 Wear Damage
82-83 85 3.66E-04 5.00E-03 1.90E+03 1626404 | 81.521864 8.49885E-06 RCF Damage
58-64 61 1.95E-03 3.43E-03 1.11E+04 1.95E+04 | 88.356662 7.8775E-06 RCF Damage
64-70 67 7.00E-06 | 1.12E+02 9.20E+01 2.31E+03 | 258272.001| -0.023463598 | Wear Damage
2 70-76 73 9.66E-04 2.10E-02 4.02E+03 2266404 | 477.451584|  -2.74951E-05 Wear Damage
76-82 IE) 1.49E-03 5.95E-03 5.56E+03 1.44E+04 | 93.6405307 7.39714E-06 RCF Damage
82-83 85 1.62E-03 2.29E-02 1.05E+03 9.00E+03 | 207.71829 -2.97367E-06 Wear Damage
58-64 61 0.00E+00 | 0.00E+00 5.46E+03 5.08E+03 0 0 No Damage
64-70 67 7.00E-06 2.00E-06 6.20E+01 5.21E+03 | 0.01085092 0 No Damage
3 70-76 73 3.80E-05 2.45E-03 2.28E+02 1.76E+04 | 43.0097844 5.60196E-06 RCF Damage
76-82 79 9.00E-06 | 2.26E+02 9.49E+01 2.18E+03 | 493132.001 -0.04481472 Wear Damage
82-83 85 7.80E-03 4.46E-02 9.15E+03 3.11E+04 | 1458.68423| -0.000116699 | Wear Damage
58-64 61 0.00E+00 0.00E+00 1.28E-01 5.78E+03 0 0 No Damage
64-70 67 0.00E+00 0.00E+00 3.90E-02 5.21E+03 0 0 No Damage
4 70-76 73 7.00E-05 | 2.72E+03 5.89E+02 1.70E+04 | 46305976.5| -4.209660417 | Wear Damage
76-82 IE) 8.00E-06 | 2.35E+02 9.91E+01 2.22E403 | 522221.701| -0.047459265 | Wear Damage
82-88 85 8.00E-05 1.61E+03 3.57E+02 4.03E+03 | 6475673.31 -0.58868755 Wear Damage
58-64 61 0.00E+00 | 0.00E+00 1.28E-01 5.78E+03 0 0 No Damage
64-70 67 0.00E+00 | 0.00E+00 2.95E+02 5.26E+03 0 0 No Damage
5 70-76 73 0.00E+00 | 0.00E+00 1.02E-04 4.77E+03 0 0 No Damage
76-82 79 2.00E-06 1.00E-06 1.67E+01 477403 | 0.00479942 0 No Damage
82-83 85 6.50E-05 | 2.70E+03 5.00E+02 1.69E+04 | 45562500 -4.142070968 | Wear Damage
58-64 61 0.00E+00 0.00E+00 1.28E-01 5.78E+03 0 0 No Damage
64-70 67 0.00E+00 0.00E+00 4.11E+02 5.21E+03 0 0 No Damage
6 70-76 73 0.00E+00 | 0.00E+00 7.00E-06 4.77E+03 0 0 No Damage
76-82 IE) 0.00E+00 | 0.00E+00 1.90E-02 4.77E+03 0 0 No Damage
82-88 85 0.2 0.5 3.16E+02 1.65E+04 8307.354 -0.000739312 | Wear Damage
Location on the Route 61 67 73 79 85
Cummulative Damage | 9.63727E-06 | -0.0234636 | -4.20967558 | -0.092277023 -4.731609004
Cummulative Damage
9.63727E-06 0 6.73506E-06 | 7.39714E-06 8.49885E-06
due to RCF only
Cummulative Damage
0 -0.0234636 | -4.20968791 | -0.09228442 -4.731617503
due toWear only
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Fatigue life optimization of simple turnout in ballasted track

Table B-8: Damage calculation in the diverging route on the left rail- Case 3

o . Creepage-x | Creepage-y |Creep Force- | Creep Force-
Wheelset |Locationbin| Location o L Ty RCF Damage Remark
(Longitudinal)| (Transvese) | Longitdinal | Transverse
58-64 61 6.46E-03 4.39E-03 1.71E+04 3.26E404 | 253.58798| -7.14368E-06 | Wear Damage
64-70 67 7.30E-05 7.40E-05 6.16E+02 2.71E+04 | 2.0533651 0 No Damage
1 70-76 73 9.00E-03 2.48E-02 8.70E+03 8.21E+04 | 2112.823 | -0.000176167 | Wear Damage
76-82 79 7.74E-03 1.05E-02 9.39E+03 6.69E+04 | 772.51039| -5.43189E-05 | Wear Damage
82-88 85 8.37E-04 7.12E-03 2.44E+03 6.41E+04 | 458.22904 | -2.57476E-05 | Wear Damage
58-64 61 4.88E-03 3.99E+03 1.11E+04 3.20E404 | 127701770 -11.60935199 | Wear Damage
64-70 67 4.70E-05 1.32E-04 5.63E+02 2.76E+04 | 3.6654229 0 No Damage
2 70-76 73 3.21E+03 1.49E+04 1.31E+04 8.82E+04 | 1.353E+09] -123.0410272 | Wear Damage
76-82 79 1.40E-02 4.62E+03 1.63E+04 6.55E+04 | 302131276| -27.46673835 | Wear Damage
82-88 85 1.28E+04 2.50E-02 3.98E+03 8.36E+04 | 51058433 | -4.641706241 | Wear Damage
58-64 61 0.00E+00 0.00E+00 5.17E-03 5.79E+03 0 0 No Damage
64-70 67 7.00E-06 2.00E-06 6.20E-05 5.26E403 | 0.010522 0 No Damage
3 70-76 73 2.45E-03 3.06E-03 8.06E+03 2.73E+04 | 103.27132| 6.5216E-06 | RCFDamage
76-82 79 5.00E-05 2.47E-04 2.72E+02 2.66E+04 | 6.59123 0 No Damage
82-88 85 3.40E-02 3.40E-02 5.25E+03 1.20E+05 4251.7 -3.71E-04 | Wear Damage
58-64 61 0.00E+00 0.00E+00 1.28E-01 5.93E+03 0 0 No Damage
64-70 67 0.00E+00 0.00E+00 4.14E-02 5.26E+03 0 0 No Damage
4 70-76 73 2.50E-03 2.97E-03 8.09E+03 2.67E+04 ] 99.319753| 6.88084E-06 | RCF Damage
76-82 79 5.10E-05 2.56E-04 2.81E+02 2.66E+04 | 6.8345857 0 No Damage
82-88 85 2.50E-03 1.48E-03 7.00E-04 4.27e+04 | 63.090057| 9.61801E-06 | RCF Damage
58-64 61 0.00E+00 0.00E+00 1.28E-01 6.13E+03 0 0 No Damage
64-70 67 0.00E+00 0.00E+00 2.97E-04 5.21E+03 0 0 No Damage
5 70-76 73 0.00E+00 0.00E+00 1.02E-04 4,77E+03 0 0 No Damage
76-82 79 2.00E-06 1.00E-06 1.46E+01 4.77E+03 | 0.0047967 0 No Damage
82-88 85 2.56E-03 3.00E-03 7.95E+03 2.72E+04 ] 102.01521| 6.6358E-06 | RCF Damage
58-64 61 0.00E+00 0.00E+00 1.28E-01 6.13E+03 0 0 No Damage
64-70 67 0.00E+00 0.00E+00 4.12E-04 5.26E+03 0 0 No Damage
6 70-76 73 0.00E+00 0.00E+00 7.00E-06 4.77E+03 0 0 No Damage
76-82 79 0.00E+00 0.00E+00 1.97€-02 4.77E+03 0 0 No Damage
82-88 85 2.50E-03 3.03E-03 8.34E+03 2.73E+04 | 103.65427| 6.48679E-06 | RCF Damage
Location on the Route 61 67 73 79 85
Cummulative Damage -11.60935913 0 -123.04119 | -27.46679266 -4.64207986
Cummulative Damage due 0 0 0 0 2.27406E-05
to RCF only
Cummulative Damage due | ;) cgacqys 0 -123.041203 | -27.46679266 -4.6421026
to Wear only

The mode of rail damage mechanism involved almost completely wear due to the first

few wheel-sets then the following wheel-sets actually damages less and the form of

damage involved due to this last few wheel-sets is RCF mode. The net cumulative

damage is totally dominated by the wear damage in these particular parametric

combinations.
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E. Divergent route — scenario 4
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Figure B-29 Creepage and creep force response due to wheel-set 4 in the diverging route-

case 4
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Figure B-30 Creepage and creep force response due to wheel-set 5 in the diverging route-

case 4
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Figure B-31 Creepage and creep force response due to wheel-set 6 in the diverging route-

case 4
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Table B-9: Damage calculation in the diverging route on the right rail- Case 4

. ) . Creepage-x | Creepage-y | Creep Force- | Creep Force-
Wheelset| Location bin | Location NS L Ty RCF Damage| Remark
(Longitudinal) | (Transvese) | Longitdinal | Transverse
70-74 72 4.00E-02 1.07E-01 3.01E+04 1.61E+05 | 18458.5588 | -0.00166216 |Wear Damage
74-78 76 9.50E-03 9.71E-02 2.68E+04 8.91E+04 | 8908.77995 | -0.00079399 |Wear Damage
1 78-82 80 5.00E-02 1.35E-01 4.42E+04 9.34E+04 | 14845.0331 | -0.00133365 | Wear Damage
82-86 84 1.50E-02 4.47€-02 2.20E+04 1.14E405 | 5416.4622 | -0.0004765 |Wear Damage
86-90 88 4.00E-02 1.07E-01 3.49E+04 1.26E+05 | 14867.5605| -0.0013357 |Wear Damage
70-74 72 3.10E-05 3.55E-04 1.82E+03 2.66E+04 | 9.49919117 0 No Damage
74-78 76 2.00E-02 1.06E-01 7.83E+04 9.96E+04 12127.07 | -0.00108656 |Wear Damage
2 78-82 30 4.00E-02 7.12E-02 2.80E+04 9.13E+04 | 7616.38371| -0.0006765 |Wear Damage
82-86 84 4.30E-02 2.16E-01 2.52E+04 100937 22866.2991 | -0.00206287 | Wear Damage
86-90 88 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0 0 No Damage
70-74 72 1.50E-05 2.01E-03 2.15E+02 1.57E+04 | 31.5900055| 3.318E-06 | RCF Damage
74-78 76 8.00E-06 2.34E-04 9.41E+01 2.20E+03 | 0.5157868 0 No Damage
3 78-82 80 8.00E-06 8.40E-05 8.40E+01 2.17E+03 0.183288 0 No Damage
82-86 84 8.33E-01 1.76E-02 4.12E+03 4.22E+04 | 4171.03091 | -0.00036328 | Wear Damage,
86-90 38 1.75E-02 8.88E-02 1.05E+04 6.79E+04 | 6207.96377 | -0.00054846 |Wear Damage
70-74 72 1.20E-05 7.40E-05 1.22E+02 4,98E+03 | 0.3699434 0 No Damage
74-78 76 9.00E-05 2.37E-03 5.89E+02 1.71E+04 | 40.6968048 | 5.13936E-06 | RCF Damage
4 78-82 80 9.00E-06 2.30E-04 7.30E+01 2.19e+03 0.504794 0 No Damage
82-86 84 8.00E-06 1.98E-04 8.06E+01 2.28E+03 0.452263 0 No Damage
86-90 88 9.60E-04 1.55E-02 4.30E+03 4.23E+04 | 657.97203 | -4.3906E-05 |Wear Damage
70-74 72 0.00E+00 0.00E+00 7.00E-06 4,98E+03 0 0 No Damage
74-78 76 0.00E+00 0.00E+00 1.42E-03 4.87E+03 0 0 No Damage
5 78-82 30 2.00E-06 1.00E-06 2.48E+01 4.82E+03 | 0.00486666 0 No Damage
82-86 84 7.40E-06 2.75E-03 6.00E+02 1.69E+04 46.44919 | 6.28984E-06 | RCF Damage
86-90 38 5.00E-06 1.90E-05 9.85E+01 2.22E+03 | 0.0425986 0 No Damage
70-74 72 0.00E+00 0.00E+00 1.60E-05 4.98E+03 0 0 No Damage
74-78 76 0.00E+00 0.00E+00 1.01E-04 4.87E+03 0 0 No Damage
6 78-82 80 0.00E+00 0.00E+00 2.49E-02 4.82E+03 0 0 No Damage
82-86 84 7.20E-05 2.76E-03 5.73E+02 1.65E+04 | 45.4652086 | 6.09304E-06 | RCF Damage
86-90 88 9.00E-06 1.09E-04 9.60E+01 2.24E+03 | 0.24524191 0 No Damage
Location on the Route 72 76 80 84 88
Cummulative Damage | -0.00166 | -0.00187541 | -0.00201015 |-0.002890261 -0.001928062
Cummulative Damage
3.32E-06 [ 5.13936E-06 3.318E-06 | 1.23829E-05 0
due to RCF only
Cummulative Damage | ) o166 | 0 001880549 | -0.00201015 |-0.002002644 -0.001928062
due to Wear only
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Table B-10: Damage calculation in the diverging route on the left rail- Case 4

Wheelset| Location bin| Location Cree.pag.e-x Creepage-y Creep. Fo.rce- Creep Force- Ty RCFDamage| Remark
(Longitudinal) | (Transvese) | Longitdinal | Transverse
70-74 72 4.21E-02 1.08E-01 2.61E+04 1.08E+05 | 12757.91998| -0.00114391 | Wear Damage
74-78 76 2.65E-02 9.51E-02 7.44E+04 1.11E+05 | 12560.24102] -0.00112594 | Wear Damage
1 78-82 80 5.62E-02 1.97€-01 3.49E+04 1.14E+05 | 24346.2642 | -0.00219741 | Wear Damage
82-86 84 3.58E-02 8.12E-02 3.07E+04 1.14E+05 | 10341.18407| -0.00092421 | Wear Damage
86-90 88 1.58E-02 3.70E-02 2.07E+04 8.25E+04 | 3380.291674| -0.00029139 | Wear Damage
70-74 72 3.50E-05 7.97E-04 3.74E402 2.46E+04 19.601756 | 9.20351E-07 | RCF Damage
74-78 76 2.14E-02 5.43E-02 3.47E+04 9.95E+04 | 6140.252308| -0.0005423 | Wear Damage
2 78-82 80 2.40E-02 6.30E-02 4.20E+04 9.93E+04 | 7263.43019 | -0.00064441 | Wear Damage
82-86 84 4.00E-02 2.20E-01 5.90E+04 1.37E+05 | 32464.79153| -0.00293546 | Wear Damage
86-90 88 1.09E-04 5.30E-02 1.78E+03 5.30E-02 | 0.19671788 0 No Damage
70-74 72 2.29E-03 2.64E-03 7.94E+03 2.65E+04 | 88.1428665 | 7.89693E-06 | RCF Damage
74-78 76 5.30E-05 2.54E-04 2.97E+02 2.63E+04 6.699243 0 No Damage
3 78-82 80 3.80E-05 1.30E-04 2.15E+02 2.60E+04 | 3.3816077 0 No Damage
82-86 84 5.50E-03 1.91E-02 8.06E+03 8.50E+04 | 1664.439198| -0.0001354 | Wear Damage
86-90 88 2.50E-02 8.75E-03 4.76E+04 8.76E+04 ] 1956.527271| -0.00016196 | Wear Damage
70-74 72 3.40E-05 7.90E-05 1.68E+02 2.26E+04 1.7949446 0 No Damage
74-78 76 2.57E-03 2.33E-03 8.06E+03 2.77E+04 | 85.14687596| 8.1693E-06 | RCF Damage
4 78-82 80 5.20E-05 2.50E-04 2.71E+02 2.65E+04 6.644092 0 No Damage
82-86 84 4.00E-05 2.15E-04 2.20E+02 2.62E+04 5.63965 0 No Damage
86-90 88 5.95E-03 1.71E-02 7.64E+03 6.08E+04 | 1085.08745 | -8.2735E-05 | Wear Damage
70-74 72 0.00E+00 0.00E+00 1.50€-05 4,98E+03 0 0 No Damage
74-78 76 0.00E+00 0.00E+00 1.41E-03 4.87E+03 0 0 No Damage
5 78-82 80 2.00E-06 1.00E-06 1.46E+01 5.62E+03 | 0.00565066 0 No Damage
82-86 84 2.50E-03 3.00E-03 8.27E+03 2.70E+04 | 101.58394 | 6.675E-06 | RCF Damage
86-90 88 1.00E-05 1.70E-05 7.78E+01 9.89E+03 0.1689166 0 No Damage
70-74 72 0.00E+00 0.00E+00 2.20E-05 4.98E+03 0 0 No Damage
74-78 76 0.00E+00 0.00E+00 1.01E-04 4.87E+03 0 0 No Damage
6 78-82 80 0.00E+00 0.00E+00 2.86E-02 4.82E+03 0 0 No Damage
82-86 84 2.50E-03 2.97E-03 8.31E+03 2.64E+04 199.11451645( 6.8995E-06 | RCF Damage
86-90 88 2.20E-05 2.25E-04 1.58E+02 2.72E+04 ] 6.11945312 0 No Damage
Location on the Route 72 76 80 84 88
Cummulative Damage |-0.001135 | -0.001660073 | -0.00284182 | -0.003981501 -0.000536086
Cummulative Damage
due to RCF only 8.817E-06 | 8.1693E-06 | 7.89693E-06 | 1.35745E-05 0
Cu(::jrz Ltjl)a\t/:xa eaf)z:jge -0.001144 | -0.001668242 | -0.00284182 |-0.003995075 -0.000536086

As it can be seen from the analysis outcomes, the first few wheel-sets cause much of the

damage through wear mechanism than the RCF - just fatigue form of damage; however

the following wheel-sets cause less damage as well as the mode of damage shifts into
that of RCF damage.
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APPENDIX C

Equivalent stiffness and damping

In MBS modeling and simulation, we could encounter serial, parallel or combination of
serial and parallel arrangement of springs and damper; in such a case it is possible to
simply compute a single stiffness and damping parameter and this is called equivalent
stiffness and/or damping. Equivalent stiffness and/or damping have same effect on the
dynamic system under study. In the next paragraphs their derivation is explained:
i. Equivalent stiffness

Parallel arrangement

Ax — dispacement and it is contant

P
Axl = sz = e = Ax
Sk1 o K2 Exs
E ﬁ Parallel spring P = Klel + KIAXZ + e = KeAx

{  arrangement

! Ke=K1+K2+
Serial arrangement

P — Applied force and it is contant in each spring

" P = Klel = KleZ = = KeAX
Axq + Axy + - = Ax
s P_P P,
K. K; K,
K2
Serial spring 1
arrangement Ke = 1 1
K_1 + K_Z + ces

ii. Equivalent damping

Doing same thing and differentiating the displacement we get similar form equivalent

damping for parallel as well as serial arrangements:

Parallel arrangement
Ax; = Ax, = - = Ax
P = C,Ax; + C;Axy + -+ = C,Ax
2Cp=C1+Cy+

Serial arrangement
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P — Applied force and it is contant in each damper (dashpot)
P = CAx; = CiAxy = - = C,Ax
(Ax; + Ax, + -+ = Ax) Differentiating displacement to get velocity
information

A5C1 + sz + .= A.x

P P+P+
- — = — JE— cee
€. € C

.C_ 1
TteT 1 1
C_1+C_2+...
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