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CONCEPT AND CONSTRUCTION DESIGN OF A FREIGHT WAGON
BOGIE FRAME WITH VARIABLE AXLE DISTANCE

SUMMARY

In the world, the importance of the human transportation and the cargo is arising. The
railway systems are safe, economic and sustanaible right along with being the most
energy efficient way of transportation.

The vehicles in the railway systems are the locomotive, the cargo or human
transportation wagon and the bogie which is the wheeled part.

During the usage of railway systems which is efficient in long haul, some problems
are encountered. While the track gauge can be same inside most of the countries but it
may change between country to country. Railway vehicles have ability to move along
the country but if the track gauge changes in the other country during the
transportation, the bogies must be changed to adopt to the the different wheel
distances. At the boundaries of the countries, this process requires to seperate each
wagon and locomotive one by one from their bogies with cranes and to place them to
the new bogies of the other railway.

Within the study in this thesis, it is aimed to eliminate the time and energy loss with
the design of a bogie which has variable gauge between its wheels, which is
appropriate for the working and manufacturing conditions of our country and which is
also conforming to the railway system standards.

With the help of the proposed design, the change stations will be established at the
junction points of the railways with variable gauge dimensions. Thus the railway tracks
will move in a continuous manner, without any hesitance, the transition to the other
railway will be completed. While the wheels and the bogies positioning is kept
constant en route by the lock system of the the inner axle boxes in the bogie, the locks
are opened in the change stations, and the positions of a guide rail and the wheels are
changed there.

During the switching process, the load is carried by the side structures of the bogie,
the frames. When the replament of the wheels are completed the lock will be closed
again to disable the movement of the wheel.

The concept design of bogie is created with CATIA V5, in accordance with the railway
systems standards and operating conditions. The design is based on the three-piece
bogie concept.The finite element model of the bogie was created with Altair
Hypermesh pre-process program, and solved with ABAQUS. Fatigue analysis solved
with LIMIT-CAE.
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DEGISTIRILEBILIiR AKS ACIKLIGI OLAN BiR YUK VAGONU BOJi
KARKASI KONSEPT VE TASIYICI KONSTRUKSIYON TASARIMI

OZET

Geligsmekte olan diinyamizda, insan ve yiik tasimaciliginin 6nemi siirekli artmaktadir.
Rayl1 sistemler, giivenli, ekonomik ve siirdiiriilebilir olmakla birlikte, 6zellikle enerji
verimliligi agisindan tasimacilik alaninda en uygun ulasim yolu olarak kabul
gormektedir.

Rayl sistemlerde kullanilan araglar; lokomotif, yiik ve yolcu tasiyan vagon, lokomotif
ve vagonlarin raylar lizerindeki hareketini saglayan tekerlekli aksam olan boji, olarak
siniflandirilabilir.

Uzun mesafe tasimaciliginda etkin olarak kullanilan rayli sistemler ile iilkeler arasinda
yol alirken birtakim engeller karsimiza ¢ikmaktadir. Ulkelerin smirlart igerisindeki
demiryollarinin hat agikligi, kendi i¢inde ¢ok biiyiik oranda ayni olmasina ragmen, bu
aciklik mesafesi iilkeden lilkeye farklilik gosterebilmektedir. Bu nedenle, demiryolu
araclari, tilke siirlari i¢inde siirekli hareket kabiliyetine sahip iken, hat agiklig1 farkli
olan iilkeye gecis durumunda, var olan bojilerini teker agiklig: farkli olan bojiler ile
degistirmek zorunda kalmaktadir. Demiryolu hat agikligi 1435mm olan iilkemiz ile
1520mm hat agikligina sahip dogudaki komsu iilkeler arasinda da boyle bir degisim
sistemi uygulanmaktadir.

Bu degisim vagonlarin ve lokomotifin tek tek, vingler ile kendi bojilerinden ayirip,
diger demiryolundaki bojiler {izerine konulmasi islemi ile yapilmaktadir. Kullanilan
bu sistemin, is glicii ve zaman kaybi a¢isindan diisiiniiliirse ¢ok biiylik dezavantaji s6z
konusudur.

Bu tez kapsaminda yapilan ¢aligmada; rayli sistem standartlarin1 saglayan, tilkemiz
calisma ve {liretim sartlarina uygun, tekerlekleri arasindaki mesafesi degistirilebilir bir
boji tasarimi ile bahsedilen zaman ve enerji kaybinin ortadan kaldirilmasi
amaclanmigtir. Caligmalar sayesinde giinler mertebesinde olan degisim islemi saatler
mertebesine inecektir.

Yapilan tasarim sayesinde, farkli mesafe Olgiilerine sahip demiryollarinin birlesme
noktalarinda kurulacak olan degisim istasyonlarinda; trenlerin yavaslayarak, herhangi
bir duraksama olmadan, stirekli bir sekilde diger demiryoluna gegisi tamamlanacaktir.
Bojideki i¢ aks kutularinda uygulanan kilit sistemi ile, seyir halinde tekerleklerin
bojiye gore konumu sabit tutulmakta iken, bahsedilen degisim istasyonlarinda kilitler
acilmakta, ve bir kilavuz ray ile tekerleklerin konumlar1 degistirilmektedir. Bu sire
zarfinda, vagonu tagima islemini bojinin yan yapilari iistlenecektir. Tekerleklerin yer
degisiminin tamamlanmasinin ardindan; Kkilit tekrar kapanarak, tekerleklerin
hareketini 6nlemeye devam edecektir. Bu sayede siirekli vagonlar siirekli bir sekilde
ilerleyebilecektir.
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Boji tasarlanirken oncelikle rayli sistem standartlarinda yer alan tasarim kriterleri
incelenmistir. Yapilan konsept tasarima; maksimum aks yiikii, maksimum hiz, izin
verilen geometrik uzunluklar, standart pargalarin birbirine gére konumlar1 ve gibi bu
standartlardan edinilen bilgiler yardimiyla baglanmaistir.

Tasarim, CATIA V5 yazilimi kullanilarak olusturulmustur. Yapilan konsept tasarim,
ti¢ pargal1 boji olarak adlandirilan boji tipi esas alinarak yapilmistir. Fakat degisebilir
aks agikligina sahip olabilmesi i¢in diger boji tiplerinden daha farkli bir tasarim
yapilmustir.

Ik olarak ana tasiyici olusturulmus, ardindan yan tasiyicilar tasarlanmistir. Standart
bojilerde sag ve sol olmak iizere iki yan tasiyict bulunur iken, yapilan konsept
tasarimda dort adet yan tasiyici kullanilmistir. Ayn1 zamanda standart bojiler iki aksa
sahip iken yeni tasarimda her tekerlekte bir adet olmak iizere toplamda dort adet aks
kullanilmustir.

Kullanilan dort adet aks igin toplamda sekiz adet olmak Gizere, dort adet i¢ ve dort adet
dis aks kutusu tasarlanmistir.

Ic aks kutusu, yatay yonde hareketi kisitlayan kilit mekanizmasini igermektedir.
Yapilacak olan degisim istasyonlarinda, kilavuz rayin yardimi ile kilit agilarak,
tekerleklerin i¢ veya dis tarafa hareketi tamamlamasinin ardindan yine kilavuz ray
yardimu ile kilitlenerek yatay hareketi kisitlamaya devam edecektir. i¢ aks kutusu ile
dis aks kutusu ayni tip standart rulman kullanmakta olup st taraflarinda kauguk
pargalar bulundurmaktadir.

Konsept tasarima devam edilirken; rayli sistem standartlar1 incelenerek, bojinin maruz
kaldig1 yiikleme durumlari ve siiriis kosullar1 incelenmistir. Bu kosullara uygun
standart parcalar (boji yaylari, mil, rulman) gerekli hesaplamalar yapilarak seg¢ilmistir.
Bojinin tasarimi, belirlenen parcalarin  Olglilerine  uygun olacak sekilde
olusturulmustur.

Standartlarda yer alan yilikleme durumlarinin incelenmesi ve yapilan hesaplamalarin
ardindan, yilikleme kosullar1 tablosu olusturulmustur. Bu tabloda yer alan yik
senaryolari, standartlardaki tiim yiliklem durumlarimi ve bu yiiklemelerin gerekli
kombinasyonlarini i¢cermektedir. Sonlu elemanlar metodu ile yapilan analizde bu
yiikleme durumlar1 kullanilmigtir.

Yapilan tasarimin tamamlanmasmin ardindan bojinin, sonlu elemanlar metodu
kullanilarak analiz edilmesi amaci ile sonlu elemanlar modeli olusturulmustur. Bojinin
karkas1 ve i¢ aks kutusu yiikleme kosullarina gore ayr1 ayri analiz edilmistir.

Sonlu elemanlar analizi modeli olusturulurken Altair Hypermesh yazilimi
kullanilmistir. Boji karkas1 uygun eleman tipleri ile modellenmis, standart pargalar rijit
elemanlar ile modellenmistir. Her yiikleme kosulu i¢in, duruma uygun smir kosullari
verilmistir.

Olusturulan model ABAQUS vyazilimi ile ¢oziilmiistiir. Boji karkasi toplamda
standartlara gore hazilananmis yirmi yedi farkli yiik senaryosu ile analiz edilmis,
sonuglar incelenmistir. Yiiksek gerilmeye maruz kalan bolgelerde c¢esitli
iyilestirilmeler yapilmis, tiim yiik senaryolart ile tekrar analiz edilmistir. Bu iyilestirme
iterasyonlari, boji karkasindaki gerilme degerleri giivenli mertebeye ulasincaya kadar
tekrar edilerek tasarim optimize edilmistir.
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Boji karkasimin analizinden alinan, i¢ aks kutusuna gelen kuvvet degerleri tiim
senaryolar i¢in incelenmis, en tehlikeli durumlar i¢in olusan kuvvetler belirlenmis,
ardindan aks kutusu modeli hazirlanmustir.

I¢ aks kutusu ve icerdigi kilit mekanizmasinin modeli, boji karkasindan ayr1 olarak
olusturulmustur. Modelleme islemi i¢in Altair Hypermesh yazilimi kullanilarak
olusturulan modelde baglanti elemanlar1 ve aks rijit olarak modellenmistir. Boji
karkasinin analizinden alinan kuvvet degerleri girilmis ve sisteme uygun olarak sinir
kosullar1 tanimlanmistir. Yiiksek miktarda temas elemani i¢eren i¢ aks kutusu modeli
ABAQUS kullanilarak ¢6zilmiistiir.

Uygulanan kuvvetler ile yapilan analizde aks kutusunda olusan gerilme degerlerinin
sinir degerlere yakin olmadigi, giivenli bolgede oldugu gézlemlenmistir ve iizerinde
bir iyilestirme islemi yapilmamistir.

Yapilan tiim analizlerin sonug¢lanmasinin ardindan LIMIT CAE yazilimi kullanilarak
boji icin kaynak yorulma analizi yapilmistir.

Yorulma analizi i¢in, olusturulan sonlu elemanlar modeli ve analiz sonuc¢larindan elde
edilen gerilme degerleri yazilima bilgi olarak girilmistir. Bojideki tiim kaynaklar i¢in,
kaynak tipi, kaynak kalitesi bilgileri girilmistir. Yapilan analiz, standartlarda yer alan
yorulma kosullarina uygun olarak yapilmistir. Bu yiikleme durumlarindaki degerler
tablo haline getirilerek programa giris yapilmistir. Yorulma i¢in kullanilacak gevrim
sayilar1 ve gerilme degerlerinin uygun hale getirilmesi i¢in gerilme degerleri
Olceklenerek yazilima girilmistir.

Yapilan yorulma analizinin ardindan, sonuglar incelenmis, bazi kaynak bolgelerinde
yiksek gerilme degerlerinden kaynaklanan tehlikeli bolgeler saptanmistir. Bu
bolgelerde kaynak kalitesini iyilestirme ve kaynak yapilan saclarin kalinlik degerlerini
arttirma islemleri ile tekrar analizler yapilmis olup, sonu¢ olarak tiim kaynaklarin
uygun degerlere sahip olmasi saglanmaistir.

Analizler ve iyilestirme iglemleri sonunda; tasarlanan bojinin tim yiikleme ve yorulma
kosullarinda giivenli sonuglar verdigi goriilmiistiir.

Yeni boji tasarimi ile, farkli demiryolu hat agikligina sahip isletmeler arasinda, uzun
1§ giicii ve zaman kayb1 elimine edilerek, demiryolu araglarinin siirekli hareket halinde
gecisinin saglanmasi amaglanmistir. Elde edilen sonuglarin 1s18inda, tasarimin bu
amaca yonelik, glivenli bir tasarim oldugu ve tiim rayl1 sistem standartlarin1 karsiladig
gortlmektedir.

Yapilan bu tasarim bir konsept tasarimdir. Standart pargalar kullanilmis olup, tasarim
yapilirken iilkemizin {iretim sartlart g6z Oniinde bulundurulmustur. Gelecekte
yapilacak projelerde yapilan tasarimin bir prototip imalat1 yapilarak, gercek yiikkleme
kosullarinda test edilmesi ve bu testler ile uygunlugunun degerlendirilmesi
diistiniilmektedir.

Prototip imalati1 ve prototip lizerinde yapilan testlerin basarili olmast durumunda,
tasarimin iiretime gegirilerek, iilkemizdeki demiryolu ticaretine biiyiik katki yapmasi
planlanmaktadir.
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1. INTRODUCTION

Track gauge is the spacing of the rails on a railway track in rail transport. It is measured
between the inner faces of rails (Figure 1.1). Usually, this gauge is the same within the
country boundaries. Railway system vehicles are designed or imported according to

these dimensions.
1676 mm 5’6"

1668 mm 5’ 5%"
rgn

1600 mm 5': 1
1520 mm 4’ 11%"

1435 mm 4’ 8%"

1372 mm 4’6"

1067 mm 376"

1000 mm 3’ 33%"

914 mm 3' 1

762 mm 2’6"

600 mm 1'11%" | !

Figure 1.1 :Different railway track Gauges [1]

There are 11 different track gauges in the world (Figure 1.2). Approximately 60% of
the countries have 1435 mm gauge, include most of Europe and Turkey. East
neighboring countries of Turkey and former Soviet Republics have 1520 mm gauge.
This situation makes it difficult for the railway transportation between Turkey and

Post-Soviet states, and this negatively affects trade.

mm 1676 1668 1600 1524 1520 1435 1372 1067 1050 1000 950 ©14 762 750 610 600
ftin 5'%" 5'%667" 53" 5 4'11.8"4'65" 4'6¢" 36" 3'63" 3'3.4" 314" I | 2'6" 265" 2' 1'11.6"

Figure 1.2 : Track gauges map of the world.[1]



In usual conditions in junction point of railway tracks, bogie switching method is time
consuming process. Initially the bogies are decoupled from the wagons, wagons are
lifted upwards with cranes, new bogies are placed under the wagons (Figure 1.3). This

process is as time consuming as costly related to the manpower needed.

The railway track between the eastern neighboring countries and Turkey has the same

system. [1]

Figure 1.3 : A bogie change station in China/Mongolia border.

The purpose of this thesis, is eliminating the time and energy loss with the design of a
bogie which has adaptable distance between its wheels, which is appropriate for the
working and manufacturing conditions of our country and which is also conforming to

the railway system standards.

With the help of the new design, this change process time will be reduced from days

range to hours.

The change stations that provide the change process will be established at the junction
points of the railways with variable gauge dimensions. Thus the railway tracks will
move in a continuous manner, without any layover, the transition to the other railway
will be completed. While the wheels and the bogies positioning is kept constant en
route by the lock system of the the inner axle boxes in the bogie, the locks are opened

in change stations, and the positions of a guide rail and the wheels are changed there.



During the switching process, the carriage is loaded on the side structures of the bogie,
the frames. When the replacement of the wheels are completed the lock will be closed

again to disable the wheel movement.






2. DESIGN

Bogie systems are the parts of the railway system which carries the other parts of the

vehicle and also which enables the movement in the railway systems.[3]

Bogie systems allow the long railway trucks to pass along the curved rails, disable the
vibrations by damping with springs and provide the riding comfort. Also bogies
ensures a comfortable ride and helps the wagons to pass along the curves without

derailing.

First structured bogie (Figure 2.1) was developed in 1893 by Samson Fox for Victorian
Railways in Canada[4]. From that day, bogie systems improved to fullfill the needs of
the new technology developments.

Figure 2.1 : The Fox type bogie developed in 1893 by Samson Fox

According to the European Standard EN 13749 bogies are divided to 7 different
classes[5]. In general even the bogies are defined according to the type of the truck,
structural conditions of the bogies differ so the definitions should be made according
to the working conditions.

Bogie classifications according to the EN 13749;



e Category B-I bogies for main line and inter-city passenger carrying rolling

stock including high speed and
very high speed vehicles, powered and un-powered;

e Category B-Il bogies for inner and outer suburban passenger carrying

vehicles, powered and un-powered;

e Category B-I11 bogies for metro and rapid transit rolling stock, powered and

un-powered;
e Category B-1V bogies for light rail vehicles and trams;
e Category B-V bogies for freight rolling stock with single-stage suspensions;
e Category B-VI bogies for freight rolling stock with two-stage suspensions;
e Category B-VII bogies for locomotives.

In this thesis, in regard to the needs of the railway systems a B-V category bogie
(Figure 2.2) is designed. The forces applied in the analysis are calculated according
to the standards of this category.

Figure 2.2 : Widely used today B-V category, Y25 type bogie
2.1 Technical Requirements

The bogie should be designed in accordance with the rail system standards, and must
compatible with other standard parts dimensions. Major standart dimension of B-V

category freigth bogies are;
e Maximum axle-load is 22.5 tons

e Maximum speed is 120km/h



e Minimum non-stop distance covered at 120 km/h; 300km

e Wheels centre point distance on rail axis (Figure 2.3)

Figure 2.3 : Wheel distance dimension on rail axis

e Wheel inner surface distance on transverse axis (Figure 2.4)
e Distance covered per year under full load; 40000 km.

e Suspension (single stage)
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Figure 2.4 : Wheel inner surface distance on transverse axis (on 1520mm track
gauge)

e Bolster distance on transverse axis
e Side frames height on vertical direction (Figure 2.5)
e Minimum temperature; 20°C

e Wheel dimensions (Figure 2.6)



2300

Figure 2.6 : Railway standart wheel

2.2 Engineering Design Criteria

2.2.1 Summary of Applicable Standards and Patents

Many design parameters and criteria must be taken into account when designing a
complex system such as a bogie. It is aimed to satisfy all of these required conditions

which can be found in the European railway standards.



In this thesis, the bogie has been designed in accordance with the requirements of
technical data specified mainly in EN 15827, EN 13749, EN 13103, UIC 501, EN
12080, EN 12082, EN 13775-4.

The objective of EN 15827 is to provide a general information about the design criteria

described in the above-mentioned standards.

EN 13749 standard is used for calculating the exceptional and normal loads and
assessing the strength requirements of bogie. This European Standard, mentions
structural specifications of the bogie frames consist of both bolsters and axlebox
housing and design procedures, assessment methods, verification and manufacturing
quality requirements are also covered in this standard.

EN 13103 has been used to define geometrical parameters of the axle and to calculate

maximum stresses at the different regions of the axle such as transition areas.
This standard:

o Identifies the braking forces and moments and their relation with the masses.

o ldentifies the diameters and fillet radiuses for the various parts of the axle and
suggests the favoured shapes and transitions to provide required strength
characteristics.

e Determines stresses for the various parts of the axle by using fatigue stress

concentration factor (K) to identify geometric characteristics of the axle.

The information required about axle box is found from the standards EN 12080 and
EN 12082. For determining the rolling bearing life calculations and bearing loads
made based on those aforementioned European standards. The main scope of this
standard is to describe the requirements for the performance test of the axlebox rolling

bearings, housing, seals and grease.

The design of the external and internal frame is based on the requirements of EN
13775-4. This standard includes the geometrical parameters that has been used in the

design of bogie frames.

The design life of the bearings must also be considered according to the UIC 510-1
which, comprises of the contents such as wheels, axles, wheelsets, axle boxes fitted

their bearing, wheelsets fitted with their axle boxes, 2-axle bogies, 3-axle bogies.



Numerous patents have been also analyzed in detail in the design of the project to make
a valid design. The axle structures used in the existing bogie patents have been changed
due to concerns about the cost of the bogie. Instead of 2 axles per bogie, it was tried to
concentrate on a shorter axle design for each wheel. patents were used in the
consideration of the mechanism of changing gauge. The patent of EP 2 351 679 Al,
which is used in the studies on redesigning and developing of the housing structure

and lock mechanism to be used, clarified the subject in many respects.

2.2.2 General Loads Due to Bogie Running

As stated in Annex C of EN 13749, in service conditions, bogies are subject to, and
should withstand, loads (Table 2.1) caused by the following:

the weight of the supported vehicle, including any payload,;

e changes in the payload;

e track irregularities;

e running on curves;

e acceleration and braking;

e abrupt application of payload (freight wagons);

e minor derailments (e.g., low-speed drop on to ballast, if required by the
specification);

e buffing impacts;

e extreme environmental conditions;

¢ fault conditions (e.g., motor short circuit torque);

e maintenance/recovery situations (e.g., lifting and jacking).

Table 2.1 : Types of Forces

Static Forces (N) Position Symbol
Vertical Load applied to bogie E,
Force on sideframe 1 or sidebearer 1 F,
Force on sideframe 2 or sidebearer 2 F,,
Force on center pivot E,y
Transverse Load applied to bogie E,
Force on axle 1 Fyq
Force on axle 2 Fy,
Longitudinal Force at each wheel Fq

10



2.2.3 Loads for Freight Bogies with a Central Pivot and Two Sidebearers

This load cases limited to the two axle bogies which are described as in this senior

design project.

2.2.3.1 Exceptional Loads
Vertical Forces
E, is the total vertical load supported by the bogie;

F,, is the vertical force applied to the pivot;

F,1, F,, are the vertical forces applied to each sidebearer

M, — 2m*
F, = <T)g 2.1)

M,, is the vehicle mass in running order;
m™ is the bogie mass;

Case 1 — The case where the force is applied only to the pivot:
Fzp max = 2F; (2.2)
Case 2 — The case where the force is applied to both the pivot and one sidebearer:
Fz1 max (07 Fz2 max) = 1,5 xFa (2.1)
Epmax = 1,5xF; (1 - a) (2.4)

For 1,7 m distance between the sidebearers, « is taken as 0,3. If the distance between

the sidebearers (2b,) is different from 1,7m then

_ 1,7
a=0,3x 2bg (2.5)

Transverse Forces (applied to each axle)

F, E,+ mt*g
Fyl max = Ty2max = % = 10* + ZT (2.6)
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Longitudinal Lozenging Forces
Fx1max = 0,1 x (Fz + m+g) (2.7)

Longitudinal Shunt Loads

A static longitudinal shunt load should be applied, in which the force is equal to bogie

mass times maximum vehicle acceleration or 5g.
Twist Loading

The bogie frame should resist resulting loads due to track twist of 1 % under

exceptional loading conditions.

2.2.3.2 Normal in-Service Loads

Case 1 — The case where the force is applied only to the pivot:
Fop = F (2.8)
Case 2 — The case where the force is applied to both the pivot and one sidebearer:
Fz1 (or Fp) = Fa (2.9)
Fp=FE0-0a) (2.10)

According to the UIC, for 1,7 m distance between the sidebearers, « is taken as 0,2. If

the distance between the sidebearers (2b,) is different from 1,7m then

_ 1,7
o= 0,2 X E (2.11)

Transverse Forces (applied to each axle)

E
Fy1 = Fyy =—=01x(F + m*g) (2.12)

Longitudinal Lozenging Forces

Fy1 = 0,05x (F, + m*g) (2.13)
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Track Loading

Resulting loads due to track twist of 0,5 %

2.2.4 Static Test Programs

Load cases for static test programs can be adapted to the computer environment via

using FEM. The purposes of static test programs are as follows:

e Determination of stress/strain values at critical points;

o Verification of general specifications that are stated in the standards;

e Design life estimation of rolling bearings;

e Consideration of static load conditions to choose an effective cross-sectional
area of the components.

e Selection of the proper welded joints.

e Determination of the potential risk of fatigue cracks by the superposition of the

in-service dynamic loads.

2.2.4.1 Static Test Program for Bogies with Central Pivot and Two
Sidebearers

The stresses which have been calculated using exceptional load (loads due to bogie

running) equations, has to be compared to the yield strength of the material.
Loads Resulting from Bogie Running

The Table 2.2 represents different loading conditions which can be applied to the

bogie. The loads (E,,, F,q, F;>, F.

y1, Fx1) are shown in Figure 2.7 and can be calculated

pl
from normal loads stated in section 2.3.3.2. Roll coefficient « is generally taken as 0,2
according to EN 13749 and the coefficient 3, indicates the bouncing effect, is generally

taken as 0,3 according to EN 13749.
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Table 2.2 : Load cases for tests under normal loads resulting from bogie running

Force on Force on Transverse
) Force on Pivot
Sidebearer 1 Sidebearer 2 Force
F,
zp
le FzZ Fy
1 0 E, 0 0
2 0 (1+B) F, 0 0
3 0 (1-B) F, 0 0
4 0 (1-a)1+ P E, a(l+p) F, E,
5 0 1-a)(1+B) F, 0 —F,
6 0 (1-a)(1-P) F, a(l-p) F, E,
7 0 (1-a)1A-B) F, 0 —F,
F

Key
1 side1 2 side2
3 axle1 4 axle2

Figure 2.7 : Centre pivot bogie loading arrangement

2.2.4.2 Determination of the Diameter of the VVarious Parts from the Diameter

of the Axle Body or from the Journals

The diameter of the collar bearing surface (d2) should be 30 mm larger than that of the

journal (d1) for standardizing the dimensions when it is achievable. Indeed, the
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transition between the journal and the collar bearing surface is arranged as stated as
Figure 2.8, Figure 2.9 and Figure 2.10.

215

p=101a302
o
\J
/

Key

1 journal
2 collar bearing surface

3 wheel seat

Figure 2.8 : Transition areas between journal and collar bearing surface — collar
bearing surface and wheelset [12]

A B
1
1
7
2

Key Key

1 cylindrical part of the bearing ring bore 1 wheel hub

2 = 2to=23 overlap 2=01o =5 overap

Figure 2.9 : Detail A and B [12]
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Key
1 bottom of cylindrical groove

Figure 2.10 : Transition between journal and collar bearing surface
2.2.5 Design Life of the Bearings
The design life of the bearings will be considered according to Table 2.3.

Table 2.3 : Specifications for axle boxes fitted with their bearings

Characteristics Units Values
Maximum axle-load i 22.5
Maximum speed km/h 120
Minimum non-stop distance covered at 120 km 300
km/h
Distance covered per year under full load km 40000
Minimum temperature oC -20
Service life for 75 % of the bearings and year 40
for 90 % of the bearings 20

From Table 2.3, the design life (in km) of the bearings can be calculated as follows:
Design Life (in km) = Distance covered per year (in km) x Service life (in year)
Design Life (in km) = 40000 km x 20 years (75 %) = 800000 km = 0,8 million km
Design Life (in km) = 40000 km x 40 years (90 %) = 1600000 km = 1,6 million km

So, it can be stated that the design life of the bearing must be more than 1,6 million

km.
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2.2.6 Definition of the Forces
Test forces can be calculated as follows:
Reference Vertical Force: F,

1
Fy = 7 X Mypax X g (2.14)

j is the number of wheelsets per vehicle which is equal to 4

Myqy 1S Vehicle design mass according to EN 15663 which is equal to 90 ton
(90 x 10% kg)

Nominal Radial Test Force: F.,,, in N

1,2

E’n: 2

X (Fp— my X g) =06 X (Fp— my X g) (2.15)

m,, is the wheelset mass and masses on the wheelset between rolling circles, like

brake disc, etc. (nearly 1,5 ton)

Nominal Axial Test Force: F,,, in N
Fy; = 0,05x (F, + m*g) (2.16)
Where; 1,2 applies to 20 % safety margin in addition to the vertical reference force;

2.3 Concept Design

2.3.1 Bojie Concept Design

Bogies of the same category might have different structural designs. This thesis is
based on the 3 piece bogie concept. The structure and the number of the components

are changes in order to meet the goal of variable gauge design.
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Standard 3 piece bogie consists of a pivot, a bolster, 4 side frames, 2 side bearers, 4
axle boxes, 2 to 4 springs between the bolsters and side frames and a wheelset

consisting of 2 wheels and a shaft (Figure 2.11).

Centre pin
Wheelset

Side bearer (Axle and wheels)

Bogie bolster

Cast steel
side frame

Bolster springs

Figure 2.11 : 3 piece bogie main components [7]

Components are designed according to the standards. These components are 2 inner
and 2 outer side frames, 4 shafts, 4 axle boxes which enables the connection of the
shafts and the side frames and a locking mechanism under the inner axle box for the
changeability of the axle distance (Figure 2.12). The working principle of the locking

mechanism is described in the section 2.1.3.2

/2

Figure 2.12 : The concept design of the new bogie

The parts designed for the Bogie are listed below.

2.3.2 Bolster

Bolster (Figure 2.13) is the steel part connected from the sides to the side frames and
from the center to the pivot. It transfers the load from the wagon to the side frames

with the help of the springs.

18



Figure 2.13 : Bolster

Designed bolsters main body consist of 4 sheet metals welded together. There are 16
nail part to transfer the transverse loads to the side frames and inside reinforcements

are added to increase the strength (Figure 2.14).

J 0 00 U0 0 0 [0

[ | 4 NV NV N
Figure 2.14 : Bolster
2.3.3 Side Frames

There are 2 outer and 2 inner, in total 4 side frames in the design (Figure 2.15). The
pressed sheet metals are welded together to form the frames. Frames transfer the load

from bolster and springs to the wheelsets.

Figure 2.15 : Inner and outer side frames
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The main difference of the Inner side frame is shorter than outer frame in vertical
direction because of the guide rail used in the changing operation. This allows the
guide rail to pass under the inner frames (Figure 2.16). There is a sheet metal structure

between the side frames and the axle boxes for load transfer.

L1
L1

341 901 341

2439

Figure 2.16 : Side frames
2.3.4 Axle Boxes

Axle boxes transfer the load from side frames to the shaft while they are connected to
each other by a shaft. Because of the working principle of the system two different

axle boxes are used in the design (Figure 2.17).

On the axle boxes, there is a sliding plaque allowing the connection with the side

frames and a rubber part enabling the equal distribution of the load.
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Figure 2.17 : Outer axle box(left) (right) and inner axle box(right)

2.3.5 Outer axle box

Outer axle box consists of a bearing, housing, sliding plaque and a rubber part (Figure
2.18).

Figure 2.18 : Outer axle box

2.3.6 Inner Axle Box
Inner axle box consist of sliding plate, rubber part, inner and outer housing, outer
housings lid and a bearing. Also there is a locking mechanism under the inner axle

box. The locking mechanism is covered by a lid to protect it from the outer effects
(Figure 2.19).
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Figure 2.19 : Inner axle box and locking mechanizm

The locking mechanism (Figure 2.20), blocks the movement in transverse axis during
normal on-track operation of the train. In the change stations with the help of a guide
rail, mechanism is unlocked and moves along the transverse axis of the shaft to enable
the change of the distance between the wheels. After the change, mechanism locks
again and disables the shaft movement.

Figure 2.20 : Locking mechanizm (section)

The working principle is respectively:

As the bogie enters to the change station by decelerating, with the help of 2 supporting
structures by left and right side, bogie continues to movement unloaded. After the
unloading of the bogie, guideline starts to enter to the inside of the lock. By pulling

the spring bolt down, it enables the vertical movement (Figure 2.21).
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Figure 2.21 : Delocking system and pulling the lock down

Afterwards the inclined structure of the guideline pulls the lock down towards the
ground so the horizontal movement is enabled between the housings. During the
change process, guideline disables the vertical movement and prevents return of the
lock to its previous place.

After the unlock, the wheel and the shaft are able to move horizontally. The auxilary
rail set under the wheel which helps the locating of the wheel bidirectionally, augments
the distance between the wheels to 1520 mm from 1435 mm. these auxiliary rail set
entering before the unlock, helps to fix the location of the wheels until the locking
(Figure 2.22).

Figure 2.22 : Transverse movement of inner axle box and locking the mechanizm

Guideline with an inclined upwards enables the locking after the wheel distance
becomes 1520 mm which is suitable for the eastern block countries. The guideline is
redundant after this step.

With the locking, horizontal movement is disabled again so the auxiliary rail sets. The

railway tracking continues Supporting structures declines vertically so the wagon is
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loaded on the bogie again. At the end of the change station, transferring between 1435

mm rail gauge to 1520 mm rail gauge is completed.

2.3.7 Axles

The bogie has 4 axles that are mounted to each wheel as a shrink fit. Section

dimensions are designed according to standards (Figure 2.23).

Figure 2.23 : Axle

2.3.8 Standart Parts

A total of 8 standard bogie spring sets are used between the bogie, side frames and

bolsters (Figure 2.24).

Figure 2.24 : Bojie spring sets (red)

Pivot, side bearers and wheels are parts used in standard bogies and will be supplied

externally (Figure 2.25).

Figure 2.25 : Side bearer(left) [8] and hemi-spherical pivot housing (right)

24



Figure 2.26 : Railway wheel [9]
2.3.9 Design of Change Station

To let the railway vehicles adopt to the different railway tracks, change stations must
be reconstructed according to the system proposed. The railway track design in the
change station will connect the gauge distances of 1435 mm on one side and 1520 mm
on the other side while the train moves continuously. The station will provide the

railway vehicles to cross the borders seamlessly.

\ —

\

Figure 2.27 : Change station design [10]

At first a carrier guideline will be presented to the system to let the load be carried by
the frames rather than the wheelsets. This guideline will be mounted under the frames

to carry the load so the wheels will be load free while their locations change.
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In the station also with the railway tracks, a guideline which allows the unlocking of
the system that makes the wheels stay stable. The guide line will be mounted to the
lock system of the inner axle box then it will pull the locking system down. During the
process guideline will be bounded to the locking mechanism and after the gauge
distance between the wheels changes, it will enable the lock in the axle box by moving

upwards.

After the guideline unlock the system, wheels will enter to a two way rail and adopt to
the new gauge distance by depending on the direction of travel through the station

track.
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3. ENGINEERING CALCULATION METHODS APPLIED

3.1 Finite Element Method

Finite element method (Figure 3.1), is a numerical method for solving engineering
problems. The analysis of stress, heat transfer, electromagnetism and fluid mechanics
problems can be solved as linear or nonlinear depending to time or not. Advantage of
finite element method is; solving the problems which are difficult to calculate

analytically.

The first step in this method, seperate the problem as small sub-structures. This process
called meshing. Mesh consists of nodes and elements that connecting nodes. These
elements are the sub-structures of problem. The desired magnitude to be calculated in

the solution is obtained by interpolation using the values at the nodes.

There are some commercial programs for solving FEM problems. The FEM model is
created in Hypermesh for the analysis conducted in this thesis and solved by using
ABAQUS.

Basic steps in finite element method are;

1. Creating and discretizing the solution domain into finite elements; that is, subdivide
the problem into nodes and elements.

2. Assume a shape function to represent the physical behavior of an element; that is,
a continuous function is assumed to represent the approximate behavior (solution)

of an element.

oS

‘P(L’} = lS: S; ‘S‘m Sn ] (3 . 1)

:he ::e

3. Develop equations for an element.
4. Assemble the elements to present the entire problem. Construct the global stiffness

matrix.
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5. Apply boundary conditions, initial conditions, and loading.

6. Solve a set of linear or nonlinear algebraic equations simultaneously to obtain
nodal results, such as displacement values at different nodes or temperature values
at different nodes in a heat transfer problem.

7. Obtain other important information. At this point, you may be interested in values

of principal stresses, heat fluxes, and so on.

Figure 3.1 : Finite element analysis of the bogie

3.2 Fatigue Analysis Method

3.2.1 Introduction to Fatigue Mechanics

Fatigue strength is the highest stress that a material can resist for a given number of
cycles without breaking. Fatigue strength depends on the properties of the material,

the magnitude and the state of stress and number of cycles.
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When the highest stress limit exceeds under the static loading, fracture occurs. With
cyclic loading, even if the occurred stress is under the maximum tensile strenght,

fractures or damages will occur.

The steps of the effect of fatigue consists of the crack initiation, crack propogation and

the fracture.

550 [—-HHm—m—-m—
500 N
450 -
400 |-
350 -
300 -
250
200
150 |+ o
100 |- N
50 N

L Lol Lo L L Lo Lol LLill
102 10° 10* 10° 10° 107
Fatigue life (cycles)

Stress amplitude (MPa)

Figure 3.2 : Wohler curve

First tests about fatigue strength is made by August Woéhler(1819-1914).the wagon
axes were tested. According to the results of the test, for an average stress, the curve

between the number of load cycles to fatigue is called Wohler curve (Figure 3.2).
Factors effecting fatigue strength are;

e Properties of the material

e State of stress

e Geometry

e Internal defects

e Residual stress

e Grainsize

e Environment

e Temperature
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The life of the material in the finite life area is due to the number of cycles. If the curve
is under a defined B, the life of the material is accepted as infinite. Wohler diagram

ease the calculations by showing the experimental datas together in a diagram.

3.2.2 Fatigue of Weld Joints

Major effect of fatigue consists on weld joints in steel structures, due to welds located
on hot spots. Hot spots are points in a structure where a fatigue crack may initiate due
to the combined effect of structural stress fluctuation and weld geometry or a similar
notch. The stress on that points called notch stress and contain nominal stress which
are resolved using general theories, residual stresses due to welding action, and hot

spot stresses due to geometric joint style (Figure 3.3).

Stress
Total (notch) stress
-

___eSfructural stress

Figure 3.3 : Structural stress and notch stress[18]

Notch stress on a hot spot can be calculated with, sum of nominal stress and nonlinear

stress peak (Figure 3.4).

Il
|

Figure 3.4 : Notch stress[18]

The maximum stress value is on the root of the weld on hot spot, and can be determined

with extrapolation by using reference points from weld toe.
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Figure 3.5 : Stress calculation on the root of weld[18]
3.2.3 Welding Design Criteria of Bogie

Bogie has been designed in accordance with the requirements of technical data
specified in DVS 1612 standart. This standart contains the information of design and
endurance strength of welded joints in rail vehicle construction. Fatigue model of bogie
created and analyzed with LIMIT-CAE software, according to DVS 1612.

This standarts calculation method is based on; comparing notch stress on the hot spot
with a permissible maximum normal stress ozul and permissible maximum shear
stress tzul .Permissible maximum normal stress can be calculated with normal stress
ratio Ro, permissible endurance strength value x. Permissible maximum shear stress

ratio tzul can be calculated with shear stress ratio Rt and tmax,R=-1 value.

R = Omin/Omax (3.3)
Rt = Thmin/Tmax (34)
Ro) = 150MPq « 1,04% (L~ 0-3*Ro)
qul( 6) - ax*l. 1.3 % (1 _ RG) (35)
(R) 2%(1—-0.17*R;)
= * —
Tzul T 1.17 * (1 — Rr ) Tzul,R——l (36)

In the formula 7.1 and 7.2, omax and omin are existing maximum and minimum normal

stresses, and Tmax and Tmin are existing maximum and minimum shear stresses

The permissible endurance strength values depend on the weld type and weld quality.

This value can be determined with notch case line of weld type.
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Joint and weld type
Weld performance| Motch
Weld No. Fost-weld Type and scope | oo according to | case
Structural detail Description Weld type acconding to traatment of | ©f INspection DIMN EN 15085-3 | line
DIN ENM 15085-3 | weld surface
100% NDT-V CRA B+
Yes 10% NDT-V CPBandCPC1 |B
Double-bevel weld 7 - - n ppe
Full penetration weld on | Single-bevel weld with fillet | 106 Visual inspection | CF C2 B
both sides with backing wgld as backing run 100% NDT-V CPA c+
un Single-bavel weld with 10d
g Jil backing run No 10% NDT-V cPBandceCt |C
£ -
Wisual inspection | CF C2 C-

Figure 3.6 : Notch case line values of a full penetration weld on both sides[19]

Notch case lines are specified for weld types, in DVS 1612 (Figure 3.6), and depend
on post-weld treatment and Non-Destructive-Controlling of the Welds (either
volumetri or surface methods, depending on weld type). By selecting the appropriate

value, the endurance strength values can be calculated.
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0 |
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Figure 3.7 : Permissible maximum normal stress - normal stress ratio graph for
different notch case line values. [19]
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4. ENGINEERING CALCULATIONS

4.1 Loads

4.1.1 Exceptional Loads

Vertical Forces

Vertical forces can be calculated using Eqg. (2.1).
M, =90 ton = 90 X 103 kg

m*t =4,5ton = 4,5 X 103 kg

So, from here E, can be calculated as follows

M, — 2m* 90 X 103 —2x4,5x 103
E=T= 7)o" 2

) X 9,8 =400 kN
Case 1 — The case where the force is applied only to the pivot:
Fyp max = 2F, = 2 X 400 kN = 800 kN

Case 2 — The case where the force is applied to both the pivot and one sidebearer:

For 1,7 m distance between the sidebearers, « is taken as 0,3. In this scenario, it is also
0,3.

Fy1max OF Fpomax) = 1,5 x Fa = 1,5 x 400 x 0,3 = 180 kN
Fypmax = 1,5 % F, (1 — @) = 420 kN

Transverse Forces (applied to each axle)

+

E F,+ m 400 x 10% + 4,5 x 10° x 9,81
Fyimax = =5 — = 10* + =——— g =10+

6 6

Fylmax = FyZmax = 84 kN

Longitudinal Lozenging Forces

Foimax = 0,1x (F,+ m*g) = 0,1x (400 x 103 + 4,5% 103 x9,81) = 44 k
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4.1.2 Normal Loads

Vertical Forces

Case 1 — The case where the force is applied only to the pivot:

F,, = F, = 400 kN

Case 2 — The case where the force is applied to both the pivot and one sidebearer:

For 1,7 m distance between the sidebearers, « is taken as 0,2. In this scenario, it is also
0,2.

F,, (or F,;)=F,a =400 x 0,2 = 800 kN
Ep= F, (1 — @) =400 x (1 —0,2) = 320 kN

Transverse Forces (applied to each axle)

F
Fyi= Fy, = ?y =0,1x(F,+ m*g) = 0,1x (400 x 103 + 4,5 x 103 x 9,81)

Fy1 = Fy2 = 4‘4‘ kN
Longitudinal Lozenging Forces
Fyy = 0,05x (F, + m*g)=0,05x (400 x 103 + 4,5 x 103 x9,81) = 22 kN

If all these numerical values are filled in a table, the following table will occur. Using

normal loads shown in Table 4.1.

Table 4.1 : Exceptional and normal load cases

Exceptional Loads Normal Loads
Vertical Forces Case
1 F,p max = 800 kN F,, = 400 kN
Vertical Forces Case Fz1 =180 kN Fz1 =800 kN
2 F,, =180 kN F,, = 320 kN
Transverse Forces Fy1max = Fy2 max = 84 kN Fy, = Fy, =44 kN
Longitudinal Forces Feimax = 44 kN Fy1 = 22kN

Using these numerical values Table 4.2 which will be used in the static test program,

can be filled as follows:
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Table 4.2 : Numerical values of load cases for tests under normal loads resulting

from bogie running

Force on _ Force on Transverse
Sidebearer 1 Force on Pivot Sidebearer 2 Force
F,q Fop F,, E,
1 0 400 kN 0 0
2 0 520 kN 0 0
3 0 280 kN 0 0
4 0 416 kN 104 kN 88 kN
5 0 416 kN 0 -88 kN
6 0 224 kN 56 KN 88 kN
7 0 224 KN 0 -88 kN

Loading actions can be seen in Figure 4.1 and all load case values using in static
analysis are shown in Table 4.3.

Figure 4.1 : All loads acting on the bogie frame
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Table 4.3 : Loading Conditions [LC]

LC Load (kN) Reference to Standards
Vertical Transverse Longitudinal ~Twist
sidebearer ce_ntral sidebearer
2 pivot 1
Pz Fac Fa Fy Fa  Fe g
1 800.00 EN 13749 (C.7)
2 420.00 180.00 +10 °/oo EN 13749 (C.8; C.9; C2.1)
3 420.00 180.00 -10 °/oo EN 13749 (C.8; C.9; C2.1)
4 180.00 420.00 +10 %4 EN 13749 (C.8; C.9; C2.1)
5 180.00  420.00 -10 °/oo EN 13749 (C.8; C.9; C2.1)
6 420.00 180.00 168.05 EN 13749 (C.8; C.9; C10)
7 180.00 420.00 -168.05 EN 13749 (C.8; C.9; C10)
8 600.00 44.41 -44.41 EN 13749 (C11)
9 600.00 -44.41 4441 EN 13749 (C11)
10 400.00 220.73 EN 13749 (Longitudinal loads)
11 400.00 -220.73 EN 13749 (Longitudinal loads)
12 400.00 EN 13749 (table F.3)
13 520.00 EN 13749 (table F.3)
14 280.00 EN 13749 (table F.3)
15 104.00 416.00 88.83 EN 13749 (table F.3)
16 416.00 104.00 -88.83 EN 13749 (table F.3)
17 56.00 224.00 88.83 EN 13749 (table F.3)
18 224.00  56.00 -88.83 EN 13749 (table F.3)
19 400.00 EN 13749 (C12)
20 320.00 80.00 +10 °/oo EN 13749 (C.13; C.14; C2.1)
21 320.00 80.00 -10 %4 EN 13749 (C.13; C.14; C2.1)
22 80.00 320.00 +10 °/oo EN 13749 (C.13; C.14; C2.1)
23 80.00 320.00 -10 %4 EN 13749 (C.13; C.14; C2.1)
24 320.00  80.00 88.83 EN 13749 (C.13; C.14; C15)
25 80.00  320.00 -88.83 EN 13749 (C.13; C.14; C15)
26 600.00 22.21 -22.21 EN 13749 (C16)
27 600.00 -22.21 22.21 EN 13749 (C16)
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4.2 Calculation of Bearing
4.2.1 Bearing Test Forces and Selection of Suitable Bearing
Test forces can be calculated as follows:

Reference Vertical Force: F,

_ 1
FO—Fxmmaxxg

Fy= = x 90 X 10° x 9,81 = 220 kN

Nominal Radial Test Force: E.,

my, = 1,5ton = 1,5x 103 kg

1,2

Fon = = X (Fy— my X g) = 0,6 X (220 X 10> — 1,5 X 10% x 9,81) = 123,71 kN

Nominal Axial Test Force: F,,

1,2 220x103

Fan =2 x 05 x 085 x (10*+ 2) = 0,225 x (10* +

) = 18,75 kN

CRU 130x240 Cylindrical Roller Bearing (Standard Y25 Bogie Bearing) has been
selected as a suitable bearing. Principal dimensions of this bearing are shown in the

figures below.
Advantages of this bearing:

e The factory pre-lubricated design of this bearing unit provides ease of assembly
for bogie manufacturers.

e The labyrinth seal provides zero friction during operational conditions.

Short CRU design — Type 1
The small width of the Short CRU design provides smaller axlebox design and a

shorter axle journal. This design reduces axle bending and makes the bearing in-
service life longer.
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CRU cylindrical roller bearing units

H_AE _H ﬁ

2B

—2B

L d L d
Typel Type 2
Size Principal dimensions Type
d D C 28
- mm -
CRU 100x 180 100 180 - 120,6 1
CRU 120x 200 120 200 - 112 1
CRU120x 215 120 215 - 146 1
Ui30x 220 130 220 = 140 1
rEEU 130x 240 130 240 - 160 1 |

LRUTSUx 240 120 24l 164 16U £

Figure 4.2 : Principal dimensions of CRU 130 x 240 bearing unit

According to the SKF Railway Handbook, for the calculation of equivalent dynamic

bearing load which will be used for the bearing life calculation the following

P=F (4.1)
Equation must be used. Here;

P is the equivalent dynamic bearing load. F,. is the radial force

P =FE. =~ 124 kN

4.2.2 Bearing Life Calculation

For bearing life calculation, the following equation can be used.

C n
L=(=
(%) 4.2)
T XL XDy
Lios = =000 (4.3)

L is the basic rating life [in million revolutions]
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L4 IS the basic rating life [in million km]

C is the basic dynamic load rating [in kN]

Dy, is the mean diameter [in m] (in this scenario it is equal to 0,95 m)
n is equal to 10/3 for roller bearings

If, the numerical values are inserted into Eq. (4.2) and (4.3), bearing life can be

calculated as follows:

According to the SKF Railway Handbook, the value of C is equal to 1010 kN.

The value of C can be found in Figure 4.3, which is equal to 1010 kN. So;

=)

L _nxLxDW_nx1087xO,95
10s = 1000 1000

10/3 10/3

b (1010) 1087 milli luti
= 124 ~ miition revolutions

~ 3,2 million km

As it is mentioned earlier, according to Table 2.3, the design life of the bearing must
be more than 1,6 million km. 3,2 million km is more than 1,6 million km. Therefore,

selected bearing is suitable for the design.

4.3 Stress Calculations of the Axle

4.3.1 Stress Calculations under Exceptional Load Conditions — LC1
Case 1 — The case where the force is applied only to the pivot (Figure 4.3):

Eypmax = 2F, = 2 X 400 kN = 800 kN

2F, =800 kN

F2/2 Fz/2

Figure 4.3 : Free body diagram of the bogie under exceptional load conditions — LC1
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4.,3.1.1 Stress Calculations of the Axle — LC1

There are four shafts. So, each shaft will experience a force of magnitude % =

200 kN (Figure 4.4).

Fz/4 Fz/4

V M@d — L1 ‘sz

Fz/2 F;/2

Mx
F;1./8

1N

Figure 4.4 : Free body and moment diagram of the right-hand side shaft under
exceptional load conditions

For the most critical section;

M,
Oz max = Kymax 4.4

E,L D nD*

Mxmax=?;ymax=5; Ix=ﬁ
EL E,LD

_ 8 _ 16 _

Oz max = D% ~ nD* ~ D3

64 64

F, =400 kN ;L =800 mm ; D = 200 mm

_4><400x103 x 800 51 Mp
Tzmax = TN 020008 4

From the result above (51 MPa) it is understood that this result does not exceed the

limit values of steel grade EALN material which is 200 MPa.
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4.3.2 Stress Calculations under Exceptional Load Conditions — LC2

Exceptional load conditions on bogie are shown in Figure 4.5.

I.5xFzxa L5xF.x (1-a)

Fi Fa

Figure 4.5 : Free body diagram of the bogie under exceptional load conditions — LC2
4.3.2.1 Stress Calculations of the Axle —-LC2

Free body diagram of bolster is can be seen in Figure 4.6.

15xF:xa 1,5x Fzx (1-q)
FB"
Fy/2 Fy/2 )y Fy
M @“ - #le M, Fa
- Fd — 5 S W |

F

2

Figure 4.6 : Free body diagram of the bolster and right hand side shaft
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Shaft Force Calculation:

L
Fy X5 =F XL+ My =0 (L =480mm)

F, My
F = —_
F21+F22_F2
F, M
?+TX+F22— Fz
Fé A4x
F — —_
22 2 L

Bolster Force Calculation:

(420 kN + 180 kN)

= N
> 300 k

F1+F21+F22=F1+F2=

F. F.
?1 x (1034,5 mm) + 71 x (527,5 mm) + 180 x (861 mm)

= F,; X (527,5 mm) + F,, x (1034,5 mm)

168
My = F, X Rynoer <T kN) x (460 mm) = 38640 kNmm

F, = 276 kN

F; = 24 kN

Fyy = E_I_ % : 276 kN N 38640 kNmm W9 kN
2 L 2 480 mm

F, = é_ % _ 276 kN B 38640 kNmm ~ 58 kN
2 L 2 480 mm

According the calculations, shear and moment diagram of right hand side axle is

shown in Figure 4.7.

Qr\ QB
) |
M, =38640kNmm
. Ya /N Y=84kN |
A Ny B
QF276kN
/l, 240 mm J 240 mm )
58 kN

vV I

-219kN
M (mn'l'[HHHHHHmHH‘ T —

Figure 4.7 : Shear and moment diagram of right hand side axle
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For the most critical section;
Fy1 = 0,05x (F, + m*g) (4.5)

4
My max = 52560 kNmm ; yyuqr =D /25 I, = %

(52560 kNmm) x D/2 32 % 52560 X 10° Nmm

Oz max = D% 77.'(200)3 =67 MPa
64
_200MPa
~ 67MPa

From the result above (67 MPa) it is understood that this result does not exceed the
limit values of steel grade EALIN material which is 200 MPa.
4.3.3 Stress Calculations of the Axle under Normal Loading Conditions

Free body diagram of bolster is can be seen in Figure 4.8.

——

mg=7kN
P, - P,
Y

i
Q,

L_204mm | 276 mm L

A

Figure 4.8 : Free body diagram of the right hand side axle

P; X (204 mm) = P, X (276 mm) + Y; X (460 mm)

P, =136 XP,+225XY; (1)
Pi+P+myg =0,

myg =7 kN

P, +P,+7kN =0Q4
Pi+P,=Q,—7kN (2)
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Free body diagram of bolster under normal loading conditions is can be seen in Figure

4.9.

208 kN 52 kN
[

44 kN

F./2| Fy/2 P, P,
AL 507 mm AL 5275 mm ,L 527.5 mm ﬁ|, 333.5mm’r|_;73.imnd|_’

Figure 4.9 : Free body diagram of bolster under normal loading conditions

F,+P, +P,=260kN = F, + Q; —7 =260 kN = F, + Q, = 267 kN

% X (1034,5 mm) + % x (527,5mm) + 52 x (861 mm)
= P, x (527,5 mm) + P, x (1034,5 mm)
P, =33 kN
P, = 144 kN
Q, =P, +P, =144 kN + 33 kN = 177 kN
According the calculations, shear and moment diagram of right hand side axle is

shown in Figure 4.10.

]
M, =20240 kNmm

/N Y44 KN
K= B
' Q=177 kN
AI/ 204 mm /1[, 276 mm /1|’
-144 kN I
My mlHHH”HHw H HH_‘-WHHIH'l'lH'I'Hn'rmq-m-,.n,,_

Figure 4.10 : Shear and moment diagram of right hand side axle

MR — Resultant Moment
MR at 108 mm = 15552 kNmm
MR at 152 mm = 21888 kNmm
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o =

K X 32 X MR

d3

K — Stress Concentration Factor. It is calculated using Figure 4.15 and 4.16.

K—125(D—d2—160—123 —8) 0,06
1= d d, 130 7" 4, 130/
K,=190(2=%_200_ o5 T _ 25015625
2T (d_dz 160 d2_160)~
K, x32x MR 1,25 x 32 x (15552 kNmm)
NET @z 7 % (130)3 =90 MPa
K, x 32 x MR 1,90 x 32 x (21888 kNmm)
2T T 7T % (160)? ~ 104 Mpa
L= 200 MPa — 2,22
90 MPa
- 200MPa _ 4 o)
104 MPa

Axle(Figure 4.11) stress values are appropriate to EN13103. Fatigue stress

concentration factor as a function of r/d and D/d at the bottom of the transition

between two cylindrical section(Figure 4.12)
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Figure 4.11 : Drawing of the axle

‘\\\\\\\\\

Figure 4.12 : Fatigue stress concentration factor as a function of r/d and D/d at the
bottom of the transition between two cylindrical section
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4.4 Finite Element Analysis of Bogie Frame

The FEM model for the bogie (Figure 4.13) analysis is created as two parts. First part

is created for the steel structure which contains the side frames, bolster and the

damping elements. Second part is generated for the axle box. The reference forces

from the solution of the first model is used in the second one to complete the bogie

analysis.

Figure 4.13 : FEM model of the bogie

4.4.1 Elements

Bogie model solved with Abaqus and elements from Abaqus element database are

used. Bolster and side frames are constructed by steel sheets. Shell elements are used

for modeling them. Pivot, side bearer and axle box (in frame analusis) are modeled

with rigid elements. Spring elements used for bogie spring modeling.

The elements used in this analysis are;

S3; 3-node triangular  general-purpose shell, finite
membrane strains

S4R; 4-node general-purpose shell, reduced integration with
hourglass control, finite membrane strains

C3D6;  6-node linear triangular prism, reduced integration with
hourglass control

C3D8R; 8-node linear brick, reduced integration with hourglass control
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e Kinematic Coupling; Kinematic constraint limit the motion of a group
of nodes to the rigid body motion defined by a reference node

e Distributing Coupling; Distributing constraint, constrains the motion of
the coupling nodes to the translation and rotation of the reference node.

e B33; 2-node beam element, used to modeling axles.

e Spring2; 2-node spring element, used to modeling bogie springs.

4.4.2 Finite Element Model Creation

Bolster and side frames are constructed by steel sheets. Shell elements are used for
modeling them. First, bogie geometry which crated with CATIA, imported to
Hypermesh (Figure 4.14).

O
J

Figure 4.14 : 3D Geometry in Hypermesh

Midsurfaces of sheet metals are created wih midsurface module of Hypermesh (Figure
4.15).
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Figure 4.15 : Midsurfaces of solid bodies

The finite element mesh of bogie created with midsurfaces. Characteristic element

length of shell elements is 10mm (Figure 4.16).

Figure 4.16 : Finite element mesh of bogie

All of the welding of sheet metal elements were done with manuel element creating .
Same element types used on creating weld elements. These welding elements have

been grouped as a different component (Figure 4.17) in purpose for fatigue analysis.
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Figure 4.17 : Weld elements (green)

Bogie springs that connected bolster and side frames modeled with SPRING2 elements
(Figure 4.18).

Figure 4.18 : Spring elements (green)

Pivot, wheels and axle boxes modeled as rigid elements with eligible degree of

freedom connections (Figure 4.19).

-

Figure 4.19 : Pivot and axle boxes model as rigid elements
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Wheel modeled with rigid element, and axles modeled with beam element(B33). A
point mass attached at midpoint of beam. Wheel weigth modeled with this mass on
node, for gravity loads in analysis (Figure 4.20).

MASS

Figure 4.20 : Axle and wheels model as rigid elements

A coupling-nonlinear spring-coupling system has been modelled as the possible
contact connection between the frames and the supports.That spring model response
when loaded with positive forces on contact direction, and it is irresponsive when
loaded negative forces on contact direction.

Boundary conditions applied to wheels, at the node which is connecting to rail (Figure

4.21). That boundary conditions is variable depends on the load cases.

Figure 4.21 : Mesh of bogie and boundary condition nodes of wheels (orange)
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4.5 Finite Element Analysis of Inner Axle Box

Second part of model creation is modeling axle box. Inner axle box is part which
blocking relative motion of frames and wheelsets. It is consisting 7 parts in finite
element model. Inner and outer housing, roller-bearing, the part which connecting

inner frame , cover, springs and lock part (Figure 4.22).

Figure 4.22 : 3D Geometry of inner axle boxes

The axle modeled as a rigid element in that analysis Screws of cover modeled with
beam and rigid elements. Springs connected to hex elements of lock part with rigid

elements (Figure 4.23).

Finite element model of axle box contains hex-elements mostly. Characteristic element
length is 3.21mm.

Figure 4.23 : Finite element mesh of inner axle boxes

51



All axle box elements constituted with 3D elements, Two types of elements are used
in modeling, C3D6 for prism elements and C3D8R for hex elements (Figure 4.24).
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Figure 4.24 : Mesh elements

There is 26 contact surface and 39 contact groups for contact modeling in the analysis
(Figure 4.25, Figure 4.26 , Figure 4.27). This surfaces and groups made by manually

due to solve more accuracly.

Figure 4.25 : Contact surfaces and geometry

Figure 4.26 : Contact surfaces (below)



h INNSISCS IS EAN NI TSIS
g& \\‘r\\:\\:\\l\ —
SN CEh e 5
N PN ARV RO
SWaseaEs e
¥l CRRREE
‘ < K’[S‘ﬁ@ﬁf~\“ O 8
' T RS Jrﬁﬁp'{\%@;
ARYS ['JH Q YN
N ""!h(-\.,[ b eRald
EhNElTS S
;L iy BT ﬁg ‘ &W

Figure 4.27 : Contact surfaces (lock part)

Screws connects the cover and the inner housing. They are modeled with 1D beam

element B33 and connected to other parts with rigid elements (Figure 4.28).

Figure 4.28 : Screw models with beam and rigid elements

The analysis of inner axle solved with x-plane symmetry boundary conditions. Forces

used in the analysis recieved from solution of frame analysis, and applied to reference

nodes of the model.

4.6 Fatigue Analysis with LIMIT CAE

The fatigue analysis of bogie is solved using LIMIT CAE software. Load cases and
cycles calculated with EN 13749 standart. All weld regions on the bogie modeled
manually. At first, the finite element model of bogie with weld element sets, imported

to LIMIT (Figure 4.29).
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Figure 4.29 : Finite element model of bogie in LIMIT-CAE

Different weld regions modeled according to actual weld action in manufacturing of

bogie (Figure 4.30).

Figure 4.30 : Weld model of a weld region

, thickness values and weld details entered as

Weld notch case lines of all weld regions

input data in LIMIT weld setup interface. Weld setups defined according to weld type,

welding geometry and weld quality. Most of welds of bogie frame are full penetration

weld on one side type (Figure 4.31, Figure 4.32). On plates under the bogie springs

flange plate welding are used (Figure 4.33). There are in total

and nails on the bolster,

31 weld regions and weld setup datas in the model.
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Figure 4.31 : Full penetration weld on one side region

137 100% NDT-V  [CP A B+
138 Yes 10% NDT-V CPBandCPC1 |B
Single-bevel weld 10a:;
1.3.9 Full penetration weld on :érégmli::lva: ;:312 |‘évlth 10¢ Visual inspection | CP C2 B-
1.3.10 one side E\nil_e-bevel weld with 10e" 100% NDT-V CP A C+
acking

1.3.11 No 10% NDT-V CPBandCPC1 |C
1.3.12 Visual inspection | CP C2

Figure 4.32 : Notch Case Lines of Full Penetration Weld on One Side

Eligible paralel to weld and perpendicular to weld notch case lines datas selected from
DVS 1612, and written as an input to the interface. These notch case lines are

depending on the weld quality and force direction (Figure 4.32).

Figure 4.33 : Welds on plates under the bogie springs

Joint and weld type
Weld performance| Notch

Weld No. Post-weld Type and scope | o according to | case | Remarks
Structural detail Description Weld type according to treatment of | Of Inspection DIN EN 150853 | line
DIN EN 15085-3 | weld surface
o)
X2 cPB
A Welded-on flange . +
> Pl plate, fillet welds with 10% NOT-5 cPct El
o post-weld treatment Fillet weld respec- 13e Yes
and flange plate tively lap seam weld
processed at the front
Visual inspection | CP C2 E1

faces

Figure 4.34 : Notch case lines of welded-on flange plates

Load cases and cycles calculated according to EN 13749. The load cases consists of

the repetition of cycles based on vertical and transverse forces.
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The vertical loads, applied on pivot;

e A static component: Fzp = F2(1-a)

e A dynamic component: Fzpd = + BFz(1-0)
The vertical loads, applied on each sidebearer (alternately);

e A quasi-static component: Fzigs = Fag=xak;

e A dynamic component: Fz1d = Fr2d = £ BF;
Transverse loads are applied the pivot;

e A quasi-static component Fy1gs = Fy2gs = £0.05F; + mxg

e A dynamic component Fyigs = Fy2gs = £0.05Fz + mxg

T /\75:

-~y

-y

57 6

Figure 4.35 : Variation of vertical and transverse forces with respect to time[19]

Cycles in the analysis are consisting 3 parts.; the first part is 6*10° cycle with static,
quasi-static and dynamic loads, second part is 2*10° cycle with static, 1.2*quasi-static
and 1.2*dynamic loads, and the third part is 1.4*quasi-static and 1.4*dynamic loads
(Figure 4.35). Fatigue Dynamic Test Loading Sequence can be seen in Figure 4.36.
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Figure 4.36 : Fatigue dynamic test loading sequence [19]

The notch case lines which imported from DVS 1612, are applicable for 2x108 cycles.
Load cases from EN 13749 standart has 10x10° cycles.

For this situation, stress scaling calculation method used in the fatigue analysis. This
method is based on the finding of the equivalent stress value(osc) from normal stress
value(oi) with help of slope of fatigue strength curve(m) according to EN1993-1-9
(Figure 4.37). The equivalent stress value is scaled from normal stress values in static
analysis with calculation below, for simulating the same fatigue effect with reducing

the cycle rate.

a
Y

2+ 108 6+ 108
Figure 4.37 : Stress scaling

0sc _ (6% 10%)!/3

o; (2 %106)1/3

F = 224kN
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Fys = 96kN
Fy = 96kN

224+ (192x12) (N3
416 ~ (2%106)1/3

224+ (192 1.4)  (Np)'3
416 T (2% 106)1/3

N; + N, + 2 % 10° = 11.6 = 10°cycles
Stress scaling factor;

(11.6 = 10%)%/3

100 - 181
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Table 4.4 : Fatigue Load Cases

Force Value Unit Coefficients Value Unit Reference to Standards
EN 13749: 2011, F.3.3.2,
Fz 400 [kN] a 0.2 - Page 41
+ EN 13749: 2011, F.3.3.2,
m 4.5 [ton] B 0.3 - Page 41
ngrecsegf Location Types of Components Equation Value Unit Standards
Static Component - Fp Fzp = Fz(1-0) 320 [KN] EN 13749: 2281 1,G.6, Page
For the Pivot )
Vertical Dynamic Component - Fzpd Fzpd = = BF(1-0) +- 96 [KN] EN 13749: 251);1’ G.7, Page
i i mponent - F r : :
Loads o the Quasi Static C?: 22E)so ent - Fz1qs 0 Frtes = Frzgs = £ o 80.00 [kN] EN 13749 22;1, G.8, Page
i rer Dynami mponent - F r ; .
Sidebeare ynamic Co Ffzg ent - Fyiq 0 Fyig = Fyoa = £ BFz + 24 [KN] EN 13749 22{131, G.9, Page
Quasi Static Component - Fyigs Or  Fy1gs = Fyoqs = = 0.05F; + 9991 [kN] EN 13749: 2011, G.10,
Transverse  Applied to Each
Loads Axle [KN]
Dynamic Component - Fyiq Or _ _ + +- EN 13749: 2011, G.11,
Fyod Fyid = Fy2qa= % 0.05F;+ m g 2991 [kN] Page 48
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5. RESULTS

5.1 Results of Frame Finite Element Analysis

All 27 load cases results were analyzed with ABAQUS, after the solution of model
(Figure 5.1).

S, Mises

Envelope {max abs)

(Avg: 75%)
+3.293e+02
+3.200e+02
+2.,933e+02
+2.667e+02
+2.400e+02
+2.133e+02
+1.867/e+02
+1.600e+02
+1.333e+02
+1.06/e+02
+8.000e+01
+5.333e+01
+2.667/e+01
+3.903e-14

Figure 5.1 : LC01 Von Mises stresses

As a result of the first analyzes, it was observed that some regions had high stress
values in some load cases and were at risk. Thereafter, some improvement was made
in areas at risk. These improvements responded positive results and eliminated the
dangers in these load cases. The final shape of the bogie frame, which is intended to
be produced from S355 steel with a yield strength of 355MPa, has no regions
exceeding the yield limit value. The 0.92 value is ratio of max stress in analysis and

yield stress value of the material.
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Improvements made at Bogie;

e In LCO1 load case, the bolster has high stress values at the bottom.
Subsequently, a more durable form was created by increasing the radius values
of the curves at the bottom and the high stresses was eliminated (Figure 5.2).

S, Mises
Envelope (max abs)

+1.067e+02
2.000e+0

Figure 5.2 : Bottom view of bolster

e In LCO6 load case, high bending stress is detected in the inner side frame which
carries the whole transverse load. Then, the wall thickness of the plates is

increased, With this change, it did not exceed the yield limit even at the most

difficult transverse force (Figure 5.3).

5, Mises

Envelope (max abs)

(Avg: 75%)
+2,470e+02

Figure 5.3 : Bogie under transverse force
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In LCOG6 load case, high bending stress is detected in the inner side frame due
to spring plates. Then, the thickness of the plates is reduced at sides of plates.

After this change, the stresses at sides of plates are below the yield limit (Figure

5.4).

Figure 5.4 Stresses on plates under the springs

Figure 5.5 : LC06 Von Mises stresses

In LCO8 load case, a very high stress was observed in the nail areas of the

bolster. This problem is solved by placing support parts in bolster, between the

nails (Figure 5.6).
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Figure 5.6 : LC08 Von Mises stresses

According all this information, all the stress values in the bogie are below the yield
stress limit. Results of all 27 load cases in APPENDIX A.

5.2 Results of Inner Axle Box Finite Element Analysis

Inner axle box analyzed in the LCO1 and LCO06 load cases which have the highest
forces. There is no high stress values in the LCO1 load case with the maximum force

in the vertical direction (Figure 5.7).

S, Mises

Envelope (max abs) 0 . 76

(Awg: 75%)
+3.309e+02
+3.033e+02

+8.272e+01
+5.515e+01
+2.757e+01
+0.000e+00

Step: Aks_LCO1
Increment 11: Step Time = 1.000
Primary Var: S, Mises

Figure 5.7 : Axle box LC01 Von Mises stresses
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In LCO6 load case, whole transverse load carried by the locking part (Figure 5.8,
Figure 5.9, Figure 5.10). The stress values in the locking part are well below the yield

stress limit of the S700 steel in which the axle box is made.

S, Mises

Envelope {max abs)

(Avg: 75%)
+5.336e+02
+4.891e+02
+4.447e+02
+4.002e+02
+3.557e+02
+3.113e+02
+2.668e+02
+2.223e4+02
+1.779e+02
+1.334e+02
+8.893e+01
+4.447e+01
+0.000e+00

Step: Aks_LCO1
Increment 11: Step Time = 1.000
Primary Var: S, Mises

Figure 5.8 : Axle Box LC06 Von Mises stresses

In the results of the analysis, it was found that the lid connected to the screws with
inner housing was too much enforced. This problem is solved by mounting the lid on

the other side of the inner housing.

+5.336e4+02
+4.891e+02
+4.4472402
+4.002e+02
+3.557e402

+4.447e+01
+0.000e+00

Step: Aks_LCO1
Increment 11: Step Time
Primary Var: S, Mises

Figure 5.9 : Axle Box LC06 Von Mises stresses
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S, Mises

(Avg: 75%)
+5.336e+02
+5.000e+02
+4.583e+02
+4.167e+02
+3.750e+02
+3.333e+02
+2.917e+02
+2.500e+02
+2.083e+02
+1.667e+02
+1.250e+02
+8.333e+01
+4.167e+01
+0.000e+00

Figure 5.10 : Axle Box LC06 VVon Mises stresses

5.3 Results of Fatigue Analysis

The weld fatigue model was analyzed particularly for each weld region (Figure 5.11),

considering applicability and geometrical suitability.

CODES: DVS1612
SHELL_STR_POS: C

MAX.D.0.UTILIZATION_(EL)

Figure 5.11 : Fatigue analysis of frame

Result of the first analyzes, it was observed that some weld regions were risky,

especially spring regions (Figure 5.12).
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High bending stress is detected in the inner side frame due to spring plates. Then, the
thickness of the plates is reduced at sides of plates. After this change, the stresses at

sides of plates are below the yield limit.

A

Figure 5.12 Spring plates after improvement.

Some weld regions’ weld quality improved with NDT-V (Non-Destructive-
Controlling of the Welds) and post-weld treatment of weld surface. With these
operations, the notch case lines of the some weld regions is upgraded to “B” or “B+”

value from “C” or “C-* (Figure 5.13).

100% NDTV  |CPA B+
\ 1 Yes 10% NDT-V CPBandCPC1 |B
Single-bevel weld 10::1j
,l’»‘ Full penetration weld on Slng_lg—bevgl weld with 10c! Visual inspection | CP C2 B-
/ one side additional fillet weld
Single-bevel weld with 10e") 100% NDTV  [cP A c+

backing

E No 10% NDT-V CPBandCPC1 |C
C-

Visual inspection | CP C2

Figure 5.13 : Improve the Weld Quality With NDT-V and Post-Weld Treatment

Thereafter, results of second analysis is succesful, and all weld calculations are under

the fatigue damage limit (Figure 5.14, Figure 5.15, Figure 5.16).
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CODES: DVS1612
SHELL_STR_POS: C

MAX.D.0.UTILIZATION_(EL)
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Figure 5.16 : Side frame welds
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6. CONCLUSION AND RECOMMENDATIONS

Within the study in this thesis, it is aimed to eliminate the time and energy loss with
the design of a bogie which has variable gauge between its wheels. The bogie is
appropriate for the working and manufacturing conditions of our country and which is
also conforming to the railway system standards. If the necessary conditions are met,
this project will make a great contribution to prevent the loss of time and energy loss

in the trade route of our country.

With the help of the new design, the change process time on the borderlines will be
reduced from days range to hours.

The components of the new concept bogie are designed in accordance with the
standards and meet all the requirements in the analytical calculations. The frame of the
bogie and the inner axle box were analyzed using the finite element method. After a
few structural modeling improvements, it was seen that there was no stress value above

the yield stress in all load cases.

The weld fatigue model was analyzed particularly for each weld region, considering
applicability and geometrical suitability. After the weld planning of frame, a successful
analysis result was obtained.

The new bogie is designed with four side frames and four axles and it is different from
bogies currently operating. Therefore, in future studies; a custom made brake system

which is accordance with the railway system standards is required.

A simultion of change station can be prepared for analyze the compatibility of the
bogie and change stations to be established. After the analyze, a prototype of change
station can be manufactured, and the bogie, locking system can be tested on change

station.

With a structural optimization process according to the stress distributions of the
components, the weight of the bogie can reduce. When doing that optimization project,
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all finite element analysis static stress results and fatigue analysis results should be
considered.

This is a pre-concept project. A prototype of the bogie must be manufactured and must
be tested according to standards. With the help of strain-gauges to be used in these
tests; stress calculation and comparison of these results with the analytical calculations
and the finite element analysis solution will be a good process to verify the modeling.

Running analysis and safety assesment can be evaluated with the prototype.
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A. APPENDIX A

5, Mises

Envelope (max abs)

(Avg: 75%)
+3.293e+02

+3.903e-14

S, Mises

Envelope (max abs)
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Figure A. 2 : Von Mises Stresses of Load Case 01
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Figure A. 3 : VVon Mises Stresses of Load Case 02
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Figure A. 4 : VVon Mises Stresses of Load Case 02
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Figure A. 5 : Von Mises Stresses of Load Case 03
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Figure A. 6 : Von Mises Stresses of Load Case 03
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Figure A. 8 : Von Mises Stresses of Load Case 04
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Figure A. 10 : Von Mises Stresses of Load Case 05
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Figure A. 11 : Von Mises Stresses of Load Case 06
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Figure A. 12 : Von Mises Stresses of Load Case 06
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Figure A. 14 : Von Mises Stresses of Load Case 07
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Figure A. 16 : Von Mises Stresses of Load Case 08
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Figure A. 18 : Von Mises Stresses of Load Case 09
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Figure A. 19 : Von Mises Stresses of Load Case 10

Figure A. 20 : Von Mises Stresses of Load Case 10
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Figure A. 21 : Von Mises Stresses of Load Case 11

Figure A. 22 : Von Mises Stresses of Load Case 11
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Figure A. 23 : Von Mises Stresses of Load Case 12
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Figure A. 24 : Von Mises Stresses of Load Case 12
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Figure A. 26 : Von Mises Stresses of Load Case 13
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Figure A. 27 : Von Mises Stresses of Load Case 14
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Figure A. 28 : Von Mises Stresses of Load Case 14
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Figure A. 29 : Von Mises Stresses of Load Case 15
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Figure A. 30 : Von Mises Stresses of Load Case 15
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Figure A. 31 : Von Mises Stresses of Load Case 16
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Figure A. 32 : Von Mises Stresses of Load Case 16
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Figure A. 33 : Von Mises Stresses of Load Case 17
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Figure A. 34 : Von Mises Stresses of Load Case 17
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Figure A. 35 : Von Mises Stresses of Load Case 18
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Figure A. 36 : Von Mises Stresses of Load Case 18
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Figure A. 37 : Von Mises Stresses of Load Case 19
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Figure A. 38 : Von Mises Stresses of Load Case 19
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Figure A. 39 : Von Mises Stresses of Load Case 20
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Figure A. 40 : Von Mises Stresses of Load Case 20
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Figure A. 41 : Von Mises Stresses of Load Case 21
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Figure A. 42 : Von Mises Stresses of Load Case 21
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Figure A. 43 : Von Mises Stresses of Load Case 22
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Figure A. 44 : Von Mises Stresses of Load Case 22
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Figure A. 45 : Von Mises Stresses of Load Case 23
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Figure A. 46 : Von Mises Stresses of Load Case 23
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Figure A. 47 : Von Mises Stresses of Load Case 24
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Figure A. 48 : Von Mises Stresses of Load Case 24
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Figure A. 49 : Von Mises Stresses of Load Case 25
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Figure A. 50 : Von Mises Stresses of Load Case 25
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Figure A. 51 : Von Mises Stresses of Load Case 26

s, Mises

Envelope (max abs)

(Avg: 75%)
+3.200e+02

+2.668e-13

Figure A. 52 : Von Mises Stresses of Load Case 26
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Figure A. 53 : Von Mises Stresses of Load Case 27
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Figure A. 54 : Von Mises Stresses of Load Case 27

101



