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1 Summary

This document presents the calculation methodology and results for the CTA 5000 carbody stress
analysis. The analysis is performed according to Bombardier Transportation document 076-PLA-0012,
‘Carbody Stress Analysis and Test Plan’ (Ref. 1).

Based on the results of the foregoing analysis, it is concluded that the carbody structural components
have sufficient strength and comply with the requirements of the CTA Specification (ref. 6). All
components exhibit positive margins of safety and the minimum MS was found to be +0.01 (end sill
internal web, see table below and section 4.1).

The structural integrity of the carbody will be confirmed following the Carbody static structural
qualification tests as described in ref. 1.

The following table presents a summary of the minimum margins of safety for the main structural
compoenents of the carbody with respect to the most significant loading conditions. Requirements other
than those presented in table 1.1 have been verified and are discussed in section 5.

I_V LOAD CONDITIONS I i [ |

ert. load @AWS3(LC _02) JComp @AWS3(LC 05) Torsion at AWO {(LC_10) Other load cases
COMPONENTS (MUY | Mex, Sress(ken ] M = | Max. Stressken | MS = | Max. Stress(ke ] MS = | Max. Stress(ksi) ]| MS * LCE ™
Anticlimber(HSLA80} 77.70 0.03 {LCs, LCY
{End sill (HSLAB0} 71.30 0.01 76.60 0.04 LC10
ICollision post (MT) 1.10 LC14
|Corner post (MT) 0.03 LC15
Ioratt sil (HSLA 80) 55.80 0.29

|Bolster (HSLA 80) 38.30 0.04 49.40 0.45 6.00 0.60 LC3
Side sill 47.00 0.19 -3.10 0.45 LC3
{Cross bearer (MT) 18.10 0.70 49.50 0.13 35.10 0.76 LCi2
]Main air duct (MT) 20.10 0.07 53.30 0.05 23.00 1.70 LC12
Iside frame (MT) 29.40 0.05 33.00 0.70 35.90 0.72

Side sheets (DLT) 25.60 0.21 30.90 0.80 49.70 0.01

|Door frame (MT) 23.50 0.32 48.90 0.15 -5.60 0.70 LC3
IBeIt rail (MT) 29.60 0.05 44.50 0.26 54.10 0.15

[Roof rait {MT) 24.10 0.28 20.70 0.70 19.80 >2

AT plate (MT) 28.20 >2 0.54 LC17
Carlings (MT) 16.50 0.80 33.50 0.67 53.20 0.17 -43.20 0.43 LC19
|Purlines {MT) 46.80 0.32

IRoof corrugation{MT) -36.00 0.60 L C19
IEquip. support HVAC 48.00 0.30 LC12
[Equip. support APS 55.50 0.12 | 1c12
{Equip. support HVB 51.10 021 | Lc12
IEquip. support PCU 29.60 0.72***f LC12

NOTES: * MS = Margin of safety as calculated in section 2.4
** Material nomenclature as per table 2 of ref. 1
*** | oad cases are described in table 1 of ref. 1 {Carbody Sfress Analysis and Test Plan)}
**** Bolted connection MS.

Table 1.1 Summary of maximum stresses and minimum margins of safety for the carbody.
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2 Methodology

2.1 General

The CTA 5000 carbody stress calculations are based on manual and Finite Element Analysis (FEA)
calculations. The results are presented for each main structural compaonent by manual calculations and
FEA. Calculations details are presented in appendix “A” for manual calculations and appendix “B & C”
for FEA details.

The following presents a list of the structural components and related load cases as presented in the
‘Carbody Stress and Test Analysis Plan’ (ref.1). Load cases are identified by the prefix LC_.

Manual Calculations

Anticlimber (LC_06, 07)

End posts (LC_13, 14, 15, 18)

AT plate, purline (LC_186, 17)

Roof pull down (LC_18)

Roof structure & corrugation (LC_19)

Main side sill, end sill & bolster connections (LC_20)
Plymetal floor loads(LC_02 & L.C_12)

FEA Calculations (LC_1to LC_11 excluding LC_06 & LC07 & LC_20)

End sill

Draft sill

Bolster

Side sill

Cross bearers

Main air duct

Side frame

Side sheets & side corrugation
Door frame

Belt rail

Roof rail & AT plate

Carlines, roof gutter & purlines
Equipment support structures
Natural frequencies

The more significant load cases are:
e LC_02, Vertical load at AW3
» LC_083, Veriical fatigue load
« LC_05, Compression load of 200 Kip + the vertical load at AW3.
e LC_10, Torsion load due to re-railing jacking.
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Symbols, Abbreviations & Nomenclature

This section is used to define the nomenclature & abbreviations used in the report. Table
2.2-1 can be used as a guide.

Symbol Description
ksi psi x 1000
E Young’s modulus (ksi)
v Poisson’s ratio
FS Factor of safety
MS Margin of safety

Von mises stress Calculated equivalent stress (ksi)

o Axial & bending stress (ksi)
G Maximum axial + bending stress (ksi)
O3 Minimum axial + bending stress (ksi)
T Shear stress (ksi)

Stress, (XX) Stress plots in the X direction

Stress, (YY)

Stress plots in the Y direction

Stress, (ZZ)

Stress plots in the Z direction

Stress, (P1)

Stress plots principal maximum stress

Stress, (P3)

Stress plots principal minimum stress

Displ (mag) Stress plots maximum displacements
Displ (X) Stress plots displacements in the X’ direction
Ex Weld throat effective thickness
Uy Displacement in the Y direction
Uz Displacement in the Z direction

Table 2.2-1: Nomenclature & abbreviations table
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2.3 Buckling Calculation of Carbon Steel and Stainless Steel Plates

Buckling of rectangular steel flat plates is verified with the general form of buckling
equation given in Analysis and Design of Flight Vehicle Structures by Bruhn (ref. 5). The
buckling strength calculation of stainless steel members is addressed using methods
described in Lincoln and Watter's “Strength of Stainless Steel Structural Members as
Function of Design” (ref. 4). Reference curves used for buckling calculation are provided
in appendix A1. The critical stress is always limited to the yield strength of the material.
The general buckling equation is:

' KcEr t

7= 120-5 %

Where: Ger Critical stress in compression or bending

Ter Critical shear stress

K Buckling coefficient which depends on edge boundary conditions, and
sheet aspect ratio (a/b), and the type of loading, i.e. compression (Kc),
bending {Kb), or shear load (Ks) (See Appendix A.1).

E Modulus of elasticity for carbon steel.

Er Reduced modulus of elasticity from Lincoln and Watter for Stainless
Steel

t Sheet thickness

b Short dimension of plate or loaded edge

a Dimension of plates unloaded edge or plates longer dimension for
plates loaded in shear

v Material Poisson's ratio.

24 Margin of Safety Calculation

The margin of safety will be calculated as follows:

MS =

Critical stress or Critical Load

Calculated stress or Load

The margin of safety should always be greater than 0.
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2.5

Carbody Material and Allowable Stresses

The mechanical properties of the carbody materials are presented in table 2 of the carbody stress
analysis and test plan (ref. 1). In summary the carbody is made of:

HSLA 80 carbon steel material for the end underframes with a yield strength of 80 ksi and an
ultimate strength of 80 ksi.

201 LN (1/4 hard) stainless steel material for the side sill, side frame, roof structure, central
underframe, side skin corrugation, AT plate, endframe two skins and the end posts. This
material has a yield strength of 75 ksi in tension and 62 ksi in compression with an ultimaie
strength of 120 ksi & 86 ksi in tension & compression respectively.

201 LN (1/16 hard, deadlight) stainless steel material for the upper part of the side skin. This
material has a yield strength of 50 ksi in tension and 42 ksi in compression with an uliimate
strength of 100 ksi & 82 ksi in tension & compression respectively..

201 LN (annealed) stainless steel material for the subfloor skin. This material has a yield
strength of 45 ksi in tension and 38 ksi in compression with an ultimate strength of 95 ksi & 80
ksi in tension & compression respectively..

Weld fatigue considerations are verified for 10 million cycles as per the American Welding Society
recommendations (ref. 2). Depending on the weld detail category the allowable stress range will vary
from 24 ksi for a category ‘A’ to 4.5 ksi for a category ‘E’ weld (see table 3.1).

Table 3.1 — Allowable Fatigue Stresses as per AWS (ref. 2, table 2.4)

Weld Weld category summary description Allowable Siress
Category range (ksi)
A Base metal 24
B Continuous CJP or built up filet welds 16
c Continuous filet weld or discontinuity in CJP weld 10
E Discontinuity in fitet weld or plug welds 4.5
F Shear in threat of weld 8
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3 Manual Calculations

The calculated stresses and margins of safety (MS) are manually calculated for the following
components:

1. Anticlimber.

2. End posts, AT plate, purlines and post connections for roof pult down.
3. Roof structure.

4. Main connections, side sill to end sill and boister to side sill.

5. Plymetal floor loads.

The complete details of the above calculations such as buckling calculations methods, section modulus
calculations and of the EXCEL sheets used herein are shown in Appendix A.
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3.1 Anticlimber:

The anticlimber fingers are checked for one rib engagement at 200 kip.buff load + 75 kip vertical
load as described in load cases LC_06 and LC_07 of ref.1 (Carbody stress and analysis plan).

The combined compression and bending load is verified for a single rib.

v=T5kip | L= 1,400\
a5
O e
P = 200 kip : 2 — 277
E
! —=
L Lo Wis 21,704 o o
£
f‘"“""""" [ I
R60.000 .
Side View, of fingers Engagement {4‘; '
Top View, of fingers Engagement
(P/2) 100 ) P gers ~1ees
o) ()
W .
W = width of shear contact surface.
W1 = Width of compression contact surface.
Vi2)yL (75/2)1.4 ,
O bending = ( ) = ( )14) = 57.7ksi W3 = Base width of bending.

Seff. (0.91)
t = finger thickness =0.5 in
O total = & comp + o bending = 20 + 57.7 = 77.7ksi L = finger length = 1.4 in

Ser = Effective finger section modulus for
bending = (w3) (%6 = 0.91 in°

The allowable stress for the finger (HSLA 80) for LC_06 or LC_07 is yield = 80 ksi.

The anticlimber margin of safety for LC_06 and LC_07 = (80/77.7)— 1= 0.03
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3.2 End Posts:

The end posts are checked for load cases LC_13 (section modulus), L.C_14, LC_15 & LC_16
(post connections) as per table 1 of ref.1 (Carbody stress and analysis plan) and as per Ref. 86,
CTA Specifications, section 3.02 B. A summary of these requirements is repeated below::

Requirement No. 1, Collision post, LC_14:

The two (2) end posts adjacent to the door at each end of the car shall have sufficient
strength and be so attached through the entire depth of the underframe end sills that under
collision conditions, the posts will develop the full strength of the end underframe if struck at any
location up to six-inches (6") above the top of the underframe and at any horizontal angle up to
thirty degrees (30°) to either side. The attachment of the posts to the end underframe shall be
capable of resisting the torsional components resulting from the application of the loads
specified above.

Requirement No. 2, Corner post, LC_15:

All other end posts shall be attached through the full depth of the underframe sill so that if struck
at the top to the end underframe with an inward force at any horizontal angle up to ninety
degrees (90°) from longitudinal, the sills will crush back before breaking the post connections.

Requirement No. 3, AT plate and posts top connections LC_17:

The attachment of all end posts at the top shall be by means of an anti-telescoping plate and
shall be adequate to resist, without failure, the reactions of the members, either singly or in any
possible combination, when assumed to be simple beams with free supports at their ends and
loaded at a point eighteen-inches (18") above the connection to the underframe member to
which they are attached with a load sufficient to develop the yield point of the material.

Requirement No. 4, Roof pull down, LC_16:

The vertical connections of all end posts at the underframe and at the top shall be sufficient to
resist the vertical forces caused by yielding of the posts under collision conditions. The anti-
telescoping plate previously mentioned shall be attached to the posts and to the roof in a manner
that will develop the full vertical strength of the roof in the event of yielding of the posts.

Requirement No. 5, Posts section moduli ,LC_13:

The sum of the section moduli of all end posts at one (1) end of the car shall not be less than
thirty (30) cubic inches, and the sum of the section moduli of the two (2) center posts shall be
approximately seventy-five percent (75%) of the total of all end posts.
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3.241

Requirement No. 1, Collision post and connections strength, LC_14:

This requirement applies to the strength of the collision post and its connection to the end
underirame. The following calculations are organized in the following manner:

1. End Sill Load Capacity

2. Collision Post Load Capacity

3. Collision Post Connection Capacity

For this requirement, a finite element analysis (FEA) was performed with a nominal load of
100 kip applied to the post at a direction of 30° from the carbody’s longitudinal axis. The load
was distributed within a 6-inch depth and was centered at 6 inches from the top of the end
sill.

The FEA results are complemented by manual calculations to validate the adequacy of the
collision post and its connection.

End Sill Load Capacity:

The principal load path for the collision post load is the top plate of the end sill. The maximum
post load that the end sill can carry is therefore limited by the buckling strength of the end
sill's top plate.

Using the buckling equation and buckling coefficient curves from Appendix A1, the calculated
buckling strength of the end sill’s top plate is 24.46 ksi. The calculation summary and the
dimensions of the end sili's top plate are shown in Figures 3.2.1.1 and 3.2.1.2.

The stress contours in the end sill top plate under the 100 kip nominal post load is shown in
Figure 3.2.1.3. The compression stress inboard of the collision post ranges from -24.9 to -
41.4 ksi with an average value of about -33.2 ksi.

Limiting the average stress in the end sill top plate to the calculated buckling stress of —24.46
ksi, the maximum post load that the end sill can carry is:

Maximum post load for the end sill load capacity = (24.46 + 33.2) x 100 = 73.7 Kip

thickness, t= 0.13 inch
a = distance between the inboard face of the post & the rear web of the end sill = 8.90 inch
width of collision post = 4.25 inch
distance between end sill's internal ribs = 17.40 inch
b — average width for buckling calculation — 0.5 * (4.25 + 17.4) — 10.83 inch
a/b= 0.82

t/b= 0.01

Kec for clamped edges condition 7.00

E= 29000.00 ksi
critical buckling stress, 6., - 24.46 ksi

Figure 3.2.1.1, End sill top plate buckling calculation
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s 4.25
Collision post
Figure A.3.2.1.2, End sill top plate dimensions for buckling calculations

Contour Plot g APolisois/CTAFinal_FEAMhalf_model/CTA_Fine_half_coll.bdf
Stress(P3 (minor), Max) j SUBCASE 86 = IN_07_POST_30DEG_100 : Simulation 1

9.27 f Frame 4
[-2.23 7t

-13.73 ' -

-25.22 : ;

-36.72

-48.22

-58.71 _ { 249141

-T2 - -

-82.70 : _

-94.20 ' -37.2888

Max=8.27 (Node 98918)

Min =-94.20 (Node 4226 T38.4696

-41.428

Figure 3.2.1.3, Stress contours in the end sill top plate under 100 kip load on the collision post
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Collision Post Load Capacity:

The calculation of the post’s load capacity is performed at 3 locations; at the top of the end
sill, at 6 inches from the top of the end sill (at the center of load application) and at
approximately 18 inches from the top of the end sill (where the post channel section starts).
The FEA forces and moments under the 100 kip nominal post load at 30° orientation and
centered at 6 inches from the top of the end sill, are used in the calculation.

The FEA stress contour in the collision post under the 100 kip nominal load is shown in
Figure 3.2.1.4. The high FEA stresses in the figure are affected by local stress
concentrations and are not considered in the calculation of the post’s load capacity.

Buckling strength evaluation has determined that the collision post section is relatively
compact; the post buckling strength is much higher than the compression & tension yield
strengths of the post’s stainless steel material, -62 & 75 ksi respectively, (Ref 1, Table 2, and
201LN MT). For this reason and for simplicity in analysis, the calculation of the post's load
capacity is based upon the post’s material yield strengths.

EJAPolis0is/CTAFinal_FEAMhall_model/CTA_Fine_half_coll.bdf
SUBCASE 86 = IN_07_POST_30DEG_100 : Simulation 1
Frame 4

Calculation of the post's
load capacity is performed
SRR LT T at these 3 regions

2.1.4, tress contour in the collision post under 100 kip nominal load applied at 30
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~=fl -~ 8.750

'
\:“:_—-.rl—_*_::

I x

Bottom box section

Figure 3.2.1.5 Collision post cross-sections

b,

Channel section

Calculations of the post’s load capacity at the 3 post height locations are shown below:

At the top At 6" from At ~18" from
of end sill top of end sill top of end sill
Longitudinal shear (kip) FX -83.6 -25.90 4.3
Transverse shear (kip) FY 46.2 12.70 -0.9
Moment about minor axis (kip-in) MX -218.3 34.20 14.6
Moment about major axis (kip-in) MY -151.4 302.40 295.7
Section modulus, minor axis (in*) SXmax 6.98 6.98 1.8
Section modulus, minor axis (in°) SXain 6.98 6.98 0.46
Section modulus, major axis (ina) SY 11.94 11.94 5.1
Longitudinal shear area (in?) AX 3.28 3.28 1.64
Transverse shear area (in°) AY 1.59 1.59 0.80
Bending stress in compression (ksi) Max. -43.96 -30.23 -89.61
Bending stress in compression (ksi) Min. -18.60 -20.43 ~ -49.76
Bending stress in tension (ksi) Max. 43.96 20.43 65.98
Bending stress in tension (ksi) Min. 18.60 30.23 26.13
Shear stress in longitudinal webs (ksi) -25.48 -7.89 2.62
Shear stress in transverse webs (ksi) 28.99 7.97 -1.13
uivalent "Von-Mises' stress
quongim i f:;)s“ Max. 62.29 33.47 66.13
T ) ia | 4 t Y ittt )
i[;:]qtl:;vnaxg:SX &lytzzg e Wax. e 2o ; 8963 Ao

Figure 3.2.1.6 Collision post manual stress calculations based on FEA forces/moments.
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From the preceding calculations in figure 3.2.1.6, the bending stresses in the post in the 3
locations are all lower than both the compression yield (-62 ksi) and the tension yield (75 ksi)
of the post material. The only exception is the -89.61 ksi stress in the channel section at the
18 inches post height from the top of the end sill. This location of high stress is at the same
location as the high stress of -116.62ksi shown in figure 3.2.1.4, (Note: the stress of -116.62
ksi includes the stress concentration effect in the region).

Allowing for stress re-distribution and taking the average stress in the flange:
Average compression stress = 0.5 x (-89.61 - 49.76) = - 69.7 ksi

Considering the 100 kip load used in the above calculation and limiting the stress to a yield
value of 62 ksi, the post’s load capacity is estimated as:

Post’s load capacity = (62 + 69.7) x 100 = 89 kip.

When compared to the end sill capacity, the minimum margin of safety (MS) for Requirement
no. 1is:

MS = (Post capacity / End sill capacity) —1=(89 + 73.7) -1 =+ 0.21

Collisicn Post Connection Capacity:

The collision post is welded to the top plate of the end sill by a 0.125 inch groove weld with
reinforcing fillet weld. The weld’s effective throat is 0.20 inch.

It is conservatively considered that the longitudinal welds in the connection will only carry the
longitudinal shear load, and that the transverse welds will only carry the transverse shear
load. The calculation of the weld shear capacity is also based upon the material’s yield
strength of 80 ksi, (Ref 1, Table 2, and HSLA 80 steel).

The weld lengths are 8.75 and 4.25 inches respectively in the longitudinal and transverse
directions, Ref: Figure 3.2.1-5.

The load capacities in the post connection are calculated as:
Longitudinal shear load capacity = 2 x 8.75 x 0.2 x 80 / (3)"? = 162.4 kip
Transverse shear load capacity = 2 x 4.25 x 0.2 x 80 / (3)"? = 79 kip

The longitudinal and transverse shears capacity need to be oriented with respect to the
30° orientation, hence:

Based on the longitudinal capacity; 162.4 / (cos 30) = 187 kip.
Based on the lateral capacity; 79 / (sin 30) = 158 kip.
The connection capacity (based on transverse welds) = 158 kip.

The minimum margin of safety (MS) in the post connection for Requirement no. 1 is:
MS = (158 + 73.7) — 1 = + 1.1 (where 73.7 kip is the end sill top plate critical buckling load).
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3.22 Requirement No. 2, Corner post bottom connections, LC_15:

All other end posts shall be attached through the full depth of the underframe sill so that if struck
at the top to the end underframe with an inward force at any horizontal angie up to ninety
degrees (90°) from longitudinal, the sills will crush back before breaking the post connections.

The corner post connections are verified in the longitudinal and lateral directions.

In the longitudinal direction the post connections need to be stronger than the buckling
capacity of the side sill right behind the end sill.

In the lateral direction the post connections need to be stronger than the buckling capacity of
the end sill at the hole cut-out.

Side sili longitudinal load capacity:

As per Figure A.1.3, for One Edge Free (appendix A)

a=9"2-0.1875"12 = 4.40625"

b=5.313"-0.1875"2 = 5,21925"

£=0.1875"

(a+d) b

Tt

From fig. A.1.3 (appendix A)

e _o03
JFer B

Fe,= 62 Kksi

E= 28 000ksi

Fee=0.03*4/62%28000 = 39.5 ksi

=25.668

Side sill Lower angle:

As per Figure A.1.3, for One Edge Free (appendix A)
a=9"2-0.1875"12 = 4.40625"

b=2"-0.1875"2 = 1.90625"

t=0.1875"
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@+b) b _ 4683
2t 4
From fig A1.3: — = = 0,041
JFey*E
Fe,= 62 ksi
E= 28 000ksi

Fec=0.041*462%28000 = 54.02 ksi

Fec = (39.5)((4.406+5.219)*0.1875) + (54.02)({4.406+1.906)*0.1875) = 45.25 ksi
((4.406+5.219)*0.1875) + ((4.406+1.806)*0.1875)
Allowable Compression load on side sill:

a=% > F=0*A=45.25*289=130.77 kip
Allowable vertical bending moment on side sill:
® &
SoMe 5 . _o*hx_39.5%32.12
Ixx c 3.55

Side sill total longitudinal capacity:

= 357.39 kip*in

Ps Ps*3.55
+ =1.0
130.77  357.39

2.73 Py + 3.55 Py = 357.39 = 6.28 P, = 357.39 = P, = 56.88 kip
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End sill lateral load capacity:

- - T~
¥ b2
- ad
) B - 15.737
e I N
2y
W
Y .
‘,:\ RS
L
21.374
az
16.132
al \
3.000 N | S
-
| R e .
4.250

b1

Figure 3.2.2.1, End sill buckling area for iateral load on corner post.

Where

a; = 16.132"
a; = 21.374"
a = 18753
b, = 4.25"

b, = 15.737"
b = 8.9935"
alb= 1.8765"
Kec = 4.1 (Ref. 5, see Figure A.1.1)
Er = 29000 ksi
v = 03

t = 0.125"

Ocr = 16.8 ksi
Area=b*t=1.25in2

Allowable Compression load on end sill top plate:

O"mg-) F=0*A=16.8*1.25=21kip

A AT e
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Corner post connection capacity:

Longitudinal welds:
L,=2%425"=8.5" :
Weld thickness = 0.1875"
E4=0.707 * 0.1875 = 0.1326"
A=L*Eq=1.1261in°

T = 0.577 * 90 = 51.93 ksi

Tut=Fu/A=> Fut =7u * A= (51.93)*(1.126) = 58.47 kip

M.S. for the corner post longitudinal weld = (F,; / Ps)-1 = (58.47 / 56.88) — 1 = 0.03

Lateral welds:

L,=2*3"=6"
Weld thickness = 0.1875"
Ey=0.707 * 0.1875= 0.1326"
A=Ly*Ey=0.795in?

Tur = 0.577 * 90 = 51.93 ksi

Tut=Fu/AD> Fure =Tut ™ A= {51.93)*(0.795) = 41.28 kip

M.S. for the corner post lateral weld = (F,, / Ps)-1 = (41.28 /21) — 1 = 0.967
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3.2.3

Requirement No. 3, AT plate and posts top connections, LC_17:

The attachment of all end posts at the top shall be by means of an anti-telescoping plate and
shall be adequate to resist, without failure, the reactions of the members, either singly or in any
possible combination, when assumed to be simple beams with free supports at their ends and
loaded at a point eighteen-inches (18") above the connection to the underframe member to
which they are attached with a load sufficient to develop the yield point of the material.

This requirement applies to the strength of the top connections of the collision and corner
posts. The end posts arrangement is shown Figure 3.2.3.1.

The top of the collision post is connected to the AT plate and to the roof purline. The ends of

the AT plate are connected to the corner posts and the corner posts are connected to the
roof rails.

Roof rail-carner post-AT plate connection

\ y S b= *T Roof putline

AT plate '
v\ / , Post top reaction (R
\i\ Collision post -
5 i Post load (Py)

" Corner post

B81.18
- SE. End
undetframe End
L ':: underframe
— ]

{ A 18
L alll v
- — A=

T~ - #.000

-IIIIIA

Figure 3.2.3.1, End posts arrangement & load diagram
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Reaction Forces at the Post Top Connections

Treating the post as simply supported beams loaded at 18 inches from the top of the
underframe, and using the load diagram in Figure 3.2.3.1, the equations for the bending
moment in the post (My), the post yield load (Py), and the post top reaction (Rt) are derived
as:

Rt= (18 + 81.18) Py = 0.22Py

My = (81.18 — 18) Rt = 63.18 x 0.22Py =13.9Py
Or:

Py = 0.072 My

Rt=0.016 My

Note: The derivation of the above equations neglects the collision post connection to the roof
purline.

Requirement no. 3 stipulates that the post load shall be sufficient to develop the vield point of
the post material. Thus, the maximum bending moment in the post is calculated by limiting
the post stresses to the post material’s yield strength. The calculation is based upon the
compression vield of 62 ksi of the 201LN stainless steel post material.

The post's cross sections and section properties at 18” from the top of the underframe are
shown in Figure 3.2.3.2. Limiting the post flange's bending stresses to the 62 ksi
compression yield strength, the maximum bending moments in the posts are:

My for collision post = 5.11 x 62 = 317 kip-inch
My for corner post = 1.72 x 62 = 107 kip-inch
The post yield loads are:

Py for collision post = 0.072 x 317 = 23 kip

Py for corner post = 0.072 x 107 = 8 kip
The post top reactions are:

Rt for collision post = 0.016 x 317 = 5 kip

Rt for corner post= 0.016 x 107 = 2 kip
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2.125 —p—o—me
i
EITI,
0.187
8.750 R ewws wwww |
0.187
4.250
RO.375- ~~R0.375
Wmmﬂlﬂ
-2.000 -J
Collision post channel Corner post channel
Section modulus (8Y) =5.11 ind Section modulus (8Y) = 1.72in?

Figure 3.2.3.2, End posts cross sections & properties

Review of the Post Top Connections

The connection arrangements are shown in Figures 3.2.3.3 to 3.2.3.5. The posts are
connected to the AT plate by connecting angles. The angles are spot welded to the AT plate
at the collision post connection, and at the comner post, the angles are fillet welded to the AT
plate. The angles are fillet welded to both the collision and corner posts. The corner posts are
fillet welded to the roof rail.

Each spot weld capacity has ultimate shear strength of 3.18 kip. The ultimate shear strengths
of the fillet weld’s are:

¢ 0.075 inch size = 3.7 kip/inch

¢ 0.09 inch size = 4.4 kip/inch

e (.125 inch size = 6.2 kip/inch

The calculated top reactions for the collision and corner post are only 5 & 2 kip respectively.
At the corner post connection with the roof rail, the combined load is only 7 Kip.

Based upon the above weld’'s shear strengths, all connections are passed by inspection; the
connection’s strengths are more than adequate.
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03‘

AT plate

Py
e e

Collision post

Figure 3.2.3.3, Collision post to AT plate connection

Comer
post

2 ncs>————a- -
0.078 ,5‘-.‘

At plate ,»’ff |
Connecting \
angle /
N
S T o v

Figure 3.2.3.4, AT plate to corner post connection
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At plate

End carline

I

P
\ e
el
.I. A :_““
' Roof rail |
, / ~— Corner post
Filletwelds: 0.125"%1.25" in /
slot & 0.125"% 0.75" along Fillet welds: 0.09"x 3.75"
At plate the vertical edge of the along the top edge & 0.09"x 1"
carner post top atthe end of the roof rail

Figure 3.2.3.5, Corner post to roof rail connection

AT Plate Analysis

The AT plate loading diagram is shown in Figure 3.2.3.6. Treated as a simple beam and
loaded by the 5 kip top reactions of the collision posts, the bending moment and shear load
in the AT plate are:

MZ = 5* 33.80 = 169 kip-inch
Shear, FX = 5 kip

Figure 3.2.3.7 shows the AT plate’s cross section just outboard of the collision post, i.e. at
Section A-A.

Section modulus, SZ=4.2 & 2.2 in*
AT plate’s bending stresses = 169 + 4.2 = - 40.2 ksi in the outboard flange, and
=169 + 2.2 = + 77 ksi in the inboard flange
AT plate’s shear area, Ax = 0.68 in?
Shear stress in the AT plate = 5 + 0.68 = 7.4 ksi
The maximum equivalent “von-mises” stress = 78 ksi
The ultimate strength of the AT plate’s 201LN material = 120 ksi

Thus, the margin of safety (MS) = (120 + 78) — 1 = 0.54
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5 kip

94.740

Atplate

Collision posts here

5 kip

Comer post '—ll 9.090
i 27.126 33.807
5 Idp 5 Idp
Figure 3.2.3.6, AT Plate loading diagram
- 9.1 .|
Z
| :
1.376 X | 0.875
4.100 |
: t

1.375

SZ=42&2.2 ¥
Shear area, Ax = 0.68 in?

O.OQOWL

Figure 3.2.3.7, AT Plate section properties.
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3.24 Requirement No. 4, Roof pull down, LC_16 & LC_18:

The vertical connections of all end posts at the underframe and at the top shall be sufficient to
resist the vertical forces caused by yielding of the posts under collision conditions. The anti-
telescoping plate previously mentioned shall be attached to the posts and to the roof in a manner
that will develop the full vertical strength of the roof in the event of yielding of the posts.

Requirement no. 4 defines the vertical strength requirement of the post’s connection to the
roof structure.

Figure 3.2.4.1 shows the connection arrangement at end no. 1 of the carbody.

End carline

A\ 5 Roof purline
n
Colhsmn = o
post & Y g
N o7 | Vertical strength of the roof is
limited by the bending capacity of
18 Pull down the end catline.
Load, PZ
\ End of end carline reinforce ment

Centerline of roof rail
to end carline connection

Figure 3.2.4.1, End no. 1 post to roof connection arrangement

The top end of the collision posts are connected to roof purlines which are connected to the
end carline and to 2 regular carlines. Pull down loads in the event of extreme post
deformation pass through the roof purline then to the roof carlines. By inspection of the
above arrangement, the first line of resistance is at the end carline. The weakest region of
the end carline is where the reinforcement “end bulkhead” ends, i.e. at about 18” from the
centerline of the roof rail & carline connection. The cross section of the end carline at this
location is shown in Figure 3.2.4.2.
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'j'[ .3756

\ X
0.090 e 2
“RO,080 2-750
1.000 !

Section modulus, 83X = 0.34 & 0.39 in3
Shear area, &z = 0.25 in?

Figure 3.2.4.2, End carline section properties.

The end carline’s bending capacity is limited by the -86 ksi ultimate compression strength of
carline’s 201LN material (ref. table 2 ref. 1). The carline’s top flange is in compression and
the section modulus {SX) is 0.39 inch?, thus:

End carline’s bending capacity (MX) = 0.39 x 86 = 33.5 kip-inch

Considering pinned condition at the roof rail-end carline junction and neglecting the arch
action in the carline due to the roof curvature, the maximum pull down load {PZ) that the end
carline can sustain is:

PZ=MX=+18=33.5+18=109kip

In extreme loading condition and deformation, both the top end of the collision post and the
roof purline can carry the load PZ by chord action, i.e. the members can function like tension
cables. In this condition, the critical links are the connections of the collision post to the roof
purline and the roof purline connection with the end carline. These connections are shown in
Figures 3.2.4.3 & 3.2.4.4.
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Collision post to roof purline connection

Roof purline

L 01257 x 17 fillet weld P il

. Atend of purline 7
i o I\-. /
[ | plate / L \

~4{ ~ : -
~U N1 isi
015" £ 27 fillet weld in i Top end of collision post 0.125" x 2" flare- groove

the slot weld along the bottom
corner of purline

Figure 3.2.4.3, Collision post to roof purline connection

The top end of the collision is welded to the roof purline as indicated in the above figure. The
ultimate shear strengths of the welds are:

e 0.125 inch flare-groove weld = 8.7 kip/inch
e 0.125 inch fillet weld = 6.2 kip/inch

Based upon the weld’s shear strength, the strength of the connection of the collision post
with the roof carline is much higher than the 1.9 kip vertical load capacity of the end carline.
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Roof purline to end carline connection
Roof purline End bulkhead (item 2) is Longitudinal web
spot welded to the end (itern 3)
carline (not shown) JER—
"
M
My

9-005" x 15" fillet welds in slots [ N A

connect the longitudinal web to the
purline
2-0.057 x 17 fillet welds in slots

3 -0.05"x 17 fillet welds connect the connect the longitudinal web to the angle
angle to the end bulkhead; 2 — 17 long

in the slots and 17 long along the edge

of the angle

Figure 3.2.4.4, Roof purline to end carline connection

The roof purline is connected to the end carline by way of a connecting angle (item 1), a
0.05” thick end bulkhead (item 2) and a 0.05” thick longitudinal web (item 3). The end
bulkhead is spot welded with the end carline. There are 37 spots in the connection and each
spot weld has an ultimate strength of 1.7 kip.

The connecting angle is connected to the end bulkhead by 3 — 0.05” x 1" long fillet welds.
The combined shear capacity of these 3 welds is 7.4 kip.

The longitudinal web is fillet welded to the connecting angle by 2 0.05” x 1” long welds with
combined shear capacity of 4.9 Kip.

Finally, the longitudinal web is connected to the roof purlines by 0 05” x 1 5" long fillet welds
in 9 slots. Conservatively counting only the 1 slot as effective to carry the load (i.e. the one
immediately below the connecting angle), the shear capacity is 2.5 kip.

Compared versus the calculated end carline vertical strength of 1.9 kip, the minimum margin
of safety (MS) in the connection is:

MS=(25+19)-1=0.3.
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3.2.5 Requirement No. 5, Posts section moduli, LC_13:

The sum of the section moduli of all end posts at one (1) end of the car shall not be less than
thirty (30) cubic inches, and the sum of the section moduli of the two (2) center posts shall be
approximately seveniy-five percent (75%) of the total of all end posts.

Collision Post Section Moduli:

—y

| O O 00—

B -G

Section A-A Section B-B Section G-C
$=11.94in 5=511in° S$=3.15in°
4.250 [-2-1254 2.125
0.t87 0.187

e = =g
[ /\\ / A (54,810
RO.375
RO.375 ] RO.376

~—0-187

8.759 . 8.750 B.750

@.125 3 ]

Figure 3.2.5.1, Collision post section properties.

The collision post section moduli are calculated in appendix A6.
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Corner Post Section Moduli:

[

Front view
Scale: 3:8

Section B-B Section A-A
S=2in’ S$=345in°
2.000 3. 000

ao.srs-\

]
0.187 I
0.1

25

. 250

Figure 3.2.5.2, Corner post section properties.

The corner post section moduli are calculated in appendix A7.

At section A A:

1. All end posts section modulus to be greater than 30 in®:

Stotal = 2 X 11.94 + 2 x 3.45 = 30.78 in® which is greater than the required 30 in®

2. Central collision posts section modulus to be approximately 75% of the total (Sieqa ):

Scolision posts = 2 X 11.94 = 23.88 in® which is greater than (0.75 x 30) = 22.5 in®
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3.3

Roof structure:

The roof corrugation and carlines are checked for the 250 |b man loading, load case LC_19 (as
per table 1 of ref.1, Carbody stress and analysis plan). The allowable stress for this load case is

yield strength.

Roof corrugation:

The load of 250 Ib is distributed over 1 sq. ft, M. = 1351 Ib in.

M, (C)
I

xy

max —

where:
C =0.351 in (Appendix A.2)

I (for 3") = 0.0033 in* (Appendix A.2)
" 12 s d
I (for 12") = 0.0033 5 = 0.0132in

_(1.351)(0.351)
e 0.0132

oW rRt50 Las

rasleaT

= 36ksi e

LT .. - . ? Y LSS/‘.”

A
1A5L RS
——2¢ 7, Bl" I 781" e
e 7.3 "—
CARL:NF CARLING
Cmax T RO Ses \ T8 Y
2 1IF) Gm-8s

Buckling verification for the corrugation node top plate:

Figure 3.3.1, Roof corrugation loads.

7 KcEr t 5
O = = (—

12(0—-v") b

Where

a = 2763°

b = 1°

Ke = 4 (Ref. 5, see Figure A.1.1)

Er = 24000 ksi (as per fig. A.1.2)

v = 03

t = 0.026"

Ocr = -58.6 ksi

The allowable buckling stress for the roof corrugation (201LN % hard) for LC_19 = 58.6 ksi.

The roof corrugation margin of safety for LC_19 = (58.6/ 36} — 1= 0.6.
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Carline:

Punctual load of 250 |b is over 106 in, My, = 6625 Ib in.

M ()
I

XX

g max =

where:

P 250"
C =1.375 in (Appendix A.6) J

.

I, =0.211in* (Appendix A.6) 2 I

b _,é‘ = /06 ”
(6.625)(1.375) .
O max= 2 10D a3 g 2
0211 ! Mo * z‘g > 66254

Figure 3.3.2, Carline loads.

Buckling verification for the carline top plate:

7 Ke Er ¢
12(1 v )( y

Where

106 “

1.25*¢

5.5 (Ref. 5, see Figure A.1.1)

22000 ksi

0.3

0.03”

Ocr = -62.9 ksi = yield = -62 ksi

Kc
Er

i nnunn

The allowable stress for the roof carline (201LN % hard) for LC_19 is vield = 62 ksi.

The roof carline margin of safety for LC_19 = (62 /43.2) — 1 = 0.43.
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34 Main connections, side sill to end sill, bolster to side sill and bolster to king pin:
The side sill to end sill connection is verified for the compression load (LC_04)
The bolster connections with the side sill and the king pin are verified for the 50 kip vertical
crash and 150 kip horizontal crash truck load (LC_20) as well as for fatigue (LC_03). The
allowable stress for this load case is yield except for fatigue of course.

Side sill to end sill connection:

This connection is verified for the 200 kip compression load (LC_04).

There are 7 main round slot welds of 1.375” DIA with 0.156” filet welds between the side sill and
the end sill connecting plate (see picture below). There are also 2 smaller slot welds (blue
angle) and the top long. weld which are not considered in the calculations.

Top long weld (not shown).

RCE = 3.14e+01

Side sill

OMENT = 1.01e+02

Ly

FEA forces & moments results for LC_04 at this connection are:
Fx=30kip, Fy=10kip, My=-22kipin, Mz=86kipin. (The force & moment shown are the resultants).

Figure 3.4.1, Side sill at end sill connection (with FEA reactions).

Resulting force for the top flange round slot = Fx/7+Fy/3+Mz/d = (30/7)+(10/3)+(86/9) = 17.2 kip
Resulting force for the web round slot = Fx/7+My/(dwx2) = (30/7)+(22/7) = 7.43 kip

Weld capacity of one round slot (DIA = 1.375"):
Ay =T x D x Ey = (3.14)(1.375)(0.156x0.707) = 0.48 in?
Shear allowable for yield = yield / (3)"2= 75/ (3)"? = 43.3 ksi
Capacity of = Shear allowable x A, = (43.3) (0.48) = 21 kip
MS =(21/17.2) -1 =0.22

This calculation is conservative since we neglected the top longitudinal weld as
well as the bottom angle slot welds.
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Bolster to side sill connection:

This connection is verified for the 50 kip vertical crash and 150 kip horizontal crash truck load
(LC_20) as well as for fatigue (LC_03).

The connection consists of 16 vertical spots around the bolster web (8 on each side) and 16
horizontal spots main with the top flange. (see picture below).

Bolster connecting
plate

Spot welds

| side sill

Figure 3.4.2, Side sill to boltr nnecting plate (with spot we[ds).
Each group of spot welds (vertical and horizontal) have a shear capacity in yield of:
Each spot weld has an shear capacity in yield of 9.75 (75/120) = 6 kip where:
e The ultimate tested capacity of a spot in shear for 0.188 thickness = 9 kip
e 75 Kksi is the yield strength of 201 MT.

o 120 ksi is the ultimate strength of 201 MT.

Spot welds capacity of the vertical group = 16 x 6 = 96 kip

Spot welds capacity of the horizontal group = 16 x 6 = 96 kip
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Bolster to side sill connection (cont.):

LC-20, (50 kip vertical + 150 kip horizontal crash loads):

Vertical spot weld group:
Viota = 25 + 35.2 (fig.3.4.4) = 60.2 kip

Capacity = 96 Kip (previous page) - . *

M.S. Vertical group for LC_20

96 .
MS - @—1 =0.59 “6‘.000

. . 1,752 |
L-—_ 103.5"——:

Figure 3.4.3, Bolster 50 kip vertical load.

Horizontal spot weld group:

Viotat = 75 Kip
Capacity = 96 Kip (previous page)
M.S. Horizontal group for LC_ 20

M.S. = %—1 =0.28
75

Figure 3.4.4, Bolster 150 Kip lateral load.

LC-03, Vertical fatigue verification for the vertical group:

Fatigue load range per vertical group for LC_03 = (52 x 0.3)/4 = 4 kip

Spots in fatigue allowable range = 10% of ultimate hence, (9.75 * 16) x 10% = 15.6 kip

M.S. Vertical group in fatigue LC.03 = % -1=29
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Bolster to king pin connection:

This connection is verified for the 50 kip vertical crash and 150 kip horizontal crash truck load
(LC_20). Allowable is yield shear stress.

Upper weld: G s fraados

©R 450
A, =TT x Dia x Ey T , l%éﬁsp
A, = 3.14 (5.25)(0.32)=5.3 in® L. ?‘-‘53 - ,, 1346 b.?

All shear stress = 80 /+/3 = 46ksi

Capacity = 46 x 5.3 = 243 kip Tor 4| h‘P

M.S. upper weld =£—1 =0.24
196

e mr TR RO URE

Figure 3.4.5, Bolster/king pin 150 kip shear reactions.

Upper weld, DIA=5.25",
Ett = 0.32"

Lower weld: Vertical weld, Ett = 0.26",

L=12"

A, =TT x Dia x Ey

A, = 3.14 (13.25)(0.375)=15.6in*
Capacity = 46 x 15.6 = 717 kip

M.S. lower weld = ﬂ—1—1 0
346

Vertical welds:

Vertical welds are reviewed for the

N

50 kip vertical crash load.
Lower weld, DIA=13.25",
A, =2xLxEtt=(2) (12) (0.26) = 6.24 in? Ett = 0.375"

Capacity = 46 x 6.24 = 287 kip

M.S. vertical welds = %—1 =47
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3.5 Plymetal floor loads:
The plymetal deflection is verified for the AW3 passenger load (L.C_02).

There is no seat pedestal load applied directly on the plymetal. In all cases there are 3/8 in
taping plates designed to take the load.

Floor passenger load:

The plymetal floor properties calculated in section A.4 are used for the following calculations:

From Technical Specification CTA 6900-4 and the available floor space for standing
passengers, the pressure weight was evaluated as follow:

q {psi) = 0.688
q _ ( Wpass max — Wseagoass )
A floor
Where W [ass max 18 the nominal maximum passenger weight = 23100
W geat pass. I8 the seated passenger weight = 5700
A noor 18 the floor surface available for standing passengers (inz) = 25307
q is the pressure load (psi) = 0.688

The floor panel deflection is calculated with the equation of Case 1a in table 26
of Roark's Formulas for Stress and Strain. The maximum deflection (y max) is
given by the aquation:

aq b4 Ymax () = 0.054
ymax=——-
E plyd 3

Where a s the panel longer span (in) = * 66
b is the panel shorter span (in) =* 3438
ratio afb 1.9
Lamda varies for a ratio a/b = 0.10635
q is the pressure load (psi) = 0.688
Eply is the equivalent Young's Modulus of the panel (psi) = ** 4749333
d is the panel thickness (in) = 0.75

* Ref: A-249-0003
** As calculated in section A4

The plymetal maximum calculated deflection for a panel 66”x34.8” = 0.054 in which is less than
0.125 in.
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4

FEA Calculations

Three FEA models are used for this analysis. Half a carbody model is used for all
symmetric load cases and a full carbody is used for the torsion jacking re-railing operation
LC_10. A third model without the sub-floor is used for natural frequencies analysis LC_27.
A central underframe model with the detailed connections of all equipment attached is
used for the analysis of the undercar equipment for LC_12.

The models are built and analyzed with MSC Nastran 2005 version 1. The FEA models
are built as per the official CATIA model with Hypermesh version 8.0. The building of the
FEA models is done through electronic transfers of the surfaces from CATIA to
hypermesh. The model is representative of the following drawings:

- A-399-0007 Rev.” “ Carbody Assy "A” Car
= A-288-0006 Rev.” " Underframe Assy
*  A-319-0008 Rev.” “ Side Frame Assy
= A-329-0008, Rev.” “ # 1 End Frame Assy
»  A-339-0005, Rev.” " # Roof Assy

= A-359-0004, Rev.” “ # 2 End Frame Assy

The FEA models, the applied loads and boundary conditions as well as all inherent
modeling assumptions are described in appendix ‘B’.

In this section, FEA results are presented by structural component. Maximum Von Mises,
principal or component sfresses are reviewed. FEA stresses often show siress
concentrations due to modeling singuiarities or local application of loads. In such cases
stresses at the closest node to that area will be used to evaluate nominal stresses.

This maximum stress is then compared to the allowable stress applicable o the load case
and the margin of safety is calculated. The margin of safety should always be positive.
Design criteria’s, allowable stresses and customer specification references are described
in table 1 of the ‘Carbody Stress Analysis and Test Plan’ (ref. 1).

When a maximum FEA stress is due to modeling singularities such as shell mid-plane
intersections, holes, rigid beams supports and the discontinuity of shell element
thicknesses, it is acceptable to use the closest node in order to obtain a stress which is
more representative of a nominal stress in the area. This method should only be used if
the FEA mesh size is adequately refined in the region.
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4.1 End sill:

Von Mises stresses are reviewed for the end sill for all load cases. Results are presented for the most
severe load case which is LC_05 * Compressive end load of 200 kip at AW3. The allowable stress for
this load case is 90% of yield.

Yon Mises, 71.304

Contour Plot
Stress{vonMises, Max)
111.4

——51.9 Top skin of end sill is
48.5 not shown for clarity

Max=111.4 (Node 1326608)
Min = 0.0 (Node 105187)

Figure 4.1.1 End sill maximum stress for LC_05 (200 kip + AW3)

e Figure 4.1.1 shows the maximum Von Mises stress concentration at the main internal rib (0.125
in thick HSLAB80) right after the front doubler. The maximum stress value of 111.4 ksi is a stress
concentration due to the vicinity of the much thicker element which includes the doubler (0.313
in). The next closest node stress value of 71.3 ksi shown in the close up is more representative
of a nominal stress in the main web. This area is also designed for buckling during a crash (see
‘Carbody Crash Analysis Report’, ref. 3).

The allowable stress for the end sill (HSLA 80) for LC_05 is 90% of yield = 80 ksi x 90% = 72 ksi
The calculated FEA maximum stress (figure 4.1.1) = 71.3 ksi

The end sill main web minimum margin of safety = (72/71.3) -1 =0.01
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E:IAPalisois/CTAFinal FEAIFEA 1/CTA_Fine_half_final.bdf
SUBCASE 73=LC_05_200KIP_ AW3 : Simulation 1
Frame 4

Von Mises,64.6715

Von Mises, 63,2447

Figure 4.1.2 End sill next higher stresses
e Figure 4.1.2 shows the next maximum Von Mises stress concentrations at the anticlimber web

(0.25 in thick HSAL80). The maximum stress value of 82.4 ksi is where the load is being applied
which creates localized stress concentration in line with the web. The closest node has a stress

value of 63.2 ksi.

The allowable stress for the end sill (HSLA 80) for LC_05 is 90% of yield = 80 ksi x 90% = 72 ksi
The calculated FEA maximum stress (figure 4.1.2) = 64.7 ksi (at the rear opening)

The end sill minimum margin of safety = (72/64.7) -1 - 0.1
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Buckling verification for the end sill top plate:

7° Kc Er t )
TTa-H'%
Where
a = 16°
b = 14°¢
Kc = 10 (Ref. 5, see Figure A.1.1)
Er = 29000 ksi
v = 0.3
t = 0125

This area was verified to be
Ocr = -21 ksi x 90% = -19 ksi the most critical for buckling

/

Max= 453 (Node 993
Min=-61.9 {Node 28308

~

ais/CTAFinal FEAIFEA 1/CTA_Fine_half_final.bdf
gF 73 = LC_06_200KIP_AW3 : Simulation 1

Frame 4

Figure 4.1.3 End sill top plate compression stress (Sxx) for LC_05 (200 kip + AW3)
Ocr = -19 ksi
Orea = -15.8 kSi,

The end sill buckling minimum margin of safety = (-19/-15.8) -1 =0.2
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4.2

Draft sill:

Von Mises stresses are reviewed for the draft sill for all load cases. Results are presented for the most
severe load case which is LC_05 * Compressive end load of 200 kip at AW3. The allowable stress for
this load case is 90% of yield.

I

Contour Plot EJAPolisois/CTAIFinal FEAFEA 1/CTA_Fine_half_final.bdf
Stress(vonMises, Max) SUBCASE 73=LC_05_20QKIP_ AW3 : Simulation 1
56.8

49.7
437
E—BT.?
—31.7
266
19.6
13.6
75
1.5

Man =
Min=1.5 (Node 102107)

Frame 4

55.8 (Node 422627)

|V1Jn Mises,28.0253

Figure 4.2.1 End sill maximum stress for LC_05 (200 kip + AW3)

Figure 4.2.1 shows the maximum Von Mises stress at the draft sill top plate (0.188 in HSAL80)
at the edge of the hole. The maximum stress value of 55.8 ksi is well below the allowable stress
of 72 ksi.. This area is also designed for buckling during a high speed crash (see ‘Carbody
Crash Analysis Report’, ref. 3). The mean stress in the region is around 28 ksi.

The allowable stress for the end sill (HSLA 80) for LC_05 is 90% of yield = 80 ksi x 90% = 72 ksi

The calculated FEA maximum stress (figure 4.2.1) = 55.8 ksi

The draft sill minimum margin of safety = (72/55.8) -1 = 0.29
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Buckling verification for the draft sill top plate:
7’ KcEr t
& = o )
12(1-v°) b
Where
a = 20°
b = 17°
Kc = 8 (Ref. 5, see Figure A.1.1)
Er = 29000 ksi
v = 03
t = 0.188”
Ocr = -26 ksi x 90% = -23 ksi in the draft sill largest unsupported region
Ocr = -80 ksi (yield) x 90% = -72 ksi at the draft sill hole region
Contour Plot EJAPolisois/CTAFinal FEAIFEA 1/CTA_Fine_half_final.bdf
Stress(#X, Max) SUBCASE 73=LC_05_200KIP_ AW3 : Simulation 1
Frame 4

208
[1 21
35

-51

-13.8
-22.4
-31.0
-39.6
-48.3
-56.9

Max = 20.8 (Node 105590)
Min =-56.9 (Node 422627)

Figure 4.2.2 End sill top plate compression stress (Sxx) for LC_05 (200 kip | AW3)
Ocr = -23 ksi
OFga = -15.5 kSi,

The draft sill buckling minimum margin of safety = (-23 / -15.5) -1 = 0.48.
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4.3 Bolster:

Von Mises stresses are reviewed for the bolster for all load cases. Results are presented for LC_02
‘Vertical load at AW3’, LC_05 * Compressive end load of 200 kip at AW3’ and LC_03, ‘Vertical Fatigue’.
The bolster is also verified for LC_20 ‘vertical (50kip) and lateral (150kip) crash loads. The allowable
stresses for these load cases are 50% of yield for LC_02, 90% of yield for LC_05 and yield for LC_20.
Fatigue stresses for the bolster for LC_03 will be reviewed as per AWS (ref. 3) in section 4.13.

Contour Plot E:fAPolisois/CTAFinal FEAFEA 1/ICTA_Fine_half_final.bdf
Stress{vonMises, Max) SUBCASE 69 = LC_02_AW3 : Simulation 1
56.2 Frame 4
50.0
437
7 3ars
312

Sxx, 33.6222
Jﬂ S

Figure 4.3.1 Bolster maximum stress for LC_02 (AW3)

e Figure 4.3.1 shows the maximum Von Mises localized stress concentration at the bolster web
(0.375 in thick HSAL80) hole cut-out of 56.2 ksi, the next closest node stress value of 38.24 ksi
is more representative of a nominal stress in the bolster main web.

The allowable stress for the bolster sill (HSLA 80) for LC_02 is 50% of yield = 80 ksi x 50% = 40 ksi
The calculated FEA maximum stress (figure 4.3.1) = 38.3 ksi
The bolster minimum margin of safety at the hole cut-out = (40 / 38.3) -1 = 0.04

(NOTE: the bolster will be verified for fatigue in sect. 4.13 and for its main connections in sect. 4.14)
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Contour Plot EJAPolisois/CTAFinal FEAFEA 1/CTA_Fine_half_final bdf
Stress{vonMises, Max) SUBCASE 73=LC_05_200KIP_AW3 : Simulation 1

723 Frame 4
64.3
56.2

Figure 4.3.2 Bolster maximum stress for LC_05 (200 kip + AW3)

» Figure 4.3.2 shows the maximum Von Mises stress also localized as a stress concentration at
the bolster web hole cut-out of 72.3 ksi, the next closest node stress value of 49.4 ksi.

The allowable stress for the bolster web (HSLA 80) for LC_02 is 90% of yield = 80 ksi x 90% = 72 ksi
The calculated FEA maximum stress (figure 4.3.2) = 49.4 ksi

The bolster margin of safety = (72/49.4) -1 =045
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Contour Plot E:JAPolisois/CTAFinal FEAIFEA 1/CTA_Fine_half_final.bdf
Stress{vonMises, Max) SUBCASE 73 = LC_05_200KIP_AW3 : Simulation 1
Frame 4

66.0
[58.?

Figure 4.3.3 Bolster and its connecting plate next highest stresses for LC_05 (200 kip + AW3)

o Figure 4.3.3 shows the next higher Von Mises stresses for LC_05 which are all below the
allowable stress of 72 ksi for HSLA 80. In the region of the bolster connecting plate to the side
sill the allowable for stainless steel 201 % hard is 56 ksi.
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Buckling verification for the bolster top plate:

n’KcEr 1t
T Ra- '
Where
a = 10¢
b = 10°
Kc = 1.9 (Ref. 5, see Figure A.1.1)
Er = 29000 ksi
v = 03
t = 0.188"

ocr =-19.5 ksi x 90% = -17.5 ksi in the bolster top plate

E:fAPolisoisiCTAFinal FEAIFEA 1JCTA_Fine_half_final bdf
SUBCASE 73=LC_05_200KIP_AW3 : Simulation 1
Frame 4

Contour Plot
Stress(P3 (minor), Max)

221
[1 31
oy

48

-228

Figure 4.3.3 Bolster top plate mean compression minimum stress (P3)

Ocr = -17.5ksi
Orea = -11.5 ksi (mean stress in the buckling region of the bolster top plate).

The bolster top plate buckling minimum margin of safety = (-17.5/-11.5) -1 = 0.5.
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Bolster verification for the vertical crash load of 50 kip (LC 20):

Figure 4.3.1 shows a stress of 38.3 ksi at the bolster for a vertical load of 30 kip per bolster
(AW3 = 60 kip per carbody). Hence, by extrapolating the stresses we find (38.3 x 50 / 30 = 64 ksi)
which is below the yield of 80 ksi for a margin of safety = (80/64) — 1 = 0.25.

Bolster verification for the horizontal crash load of 150 kip (LC 20):

The horizontal 150 kip load is applied in the lateral direction at the centerline of the axle (14"
from TOR). The weakest section of the bolster for the moment is at section A-A.

103.50

i

-3

25.50

§1.75

Moment at section A-A =, Maa = 35.2 (61.75-25.5) = 924 kip in.

o ma,(:M’}A+(C) + (F/A)

xx t
: +

l€0(4s'-(.7 -
. -5540&4; "’5

where: o
. 7ship - -

F=75kip —p —

C =4.45in (Appendix A.9) NERY & N B

A=10.7in
I =114 in® (Appendix A.9)

_ (924)(4.45)

=37ksi A T BEe T

111.4 SRR T - v..m.;,.,m.‘;....._Iim“..‘im_.;;m.ﬂ. mmim_i.__f.._. e

Omax = 37 + (75/10) = 44.5 ksi Figure 4.3.4, Bolster 150 Kip lateral load.

The bolster top plate minimum margin of safety for LC_20=(80/44.5) -1 =0.8.
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4.4 Side Sill:

Von Mises stresses and main component stresses are reviewed for the side sill for all load cases.
Results are presented for LC_02 'Vertical load at AW3’, LC_05 ‘Compressive end load of 200 kip at
AW3' and LC_03, ‘Vertical Fatigue’. The allowable stresses for these load cases are 50% of yield for
LC_02, and 90% of yield for LC_05,. Fatigue stresses of the side sill for LC_03 will be reviewed as per
AWS (ref. 3) in section 4.13

Cantour Plot
StressivonMises, Max)
735

E:iAPolisois; inal FEAIFEA 1/CTA_Fine_half_final bdf
SUBC. B=LC_05_200KIP_AW3 : Simulation 1
Frame 4

Min = 0 Bf(Node 59868)

Figure 4.4.1 Side sill maximum stress for LC_05 (200 kip + AW3)

e Figure 4.4.1 shows a maximum Von Mises stress of 73.5 ksi at the side sill connecting plate to
the end sill (0.188 in HSLA 80). This maximum stress is a stress concentration and the next
closest node stress value of 40.1 ksi is more representative of a nominal stress in the region.

The allowable slress for the side slll connecting plate (HSLA 80) for LC_05 is 90% of yield = 80 ksi x
90% = 72 ksi

The calculated FEA maximum stress (figure 4.4.1) = 40.1 ksi

The side sill margin of safety at the end sill connection = (72/40.1) -1 =0.79
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Contour | | EAPolisois/CTAIFinal FEASFEA 1/CTA_Fine_nalf_final.bdf
Stressiviniflises, Max) SUBCASE 73=LC_05_200KIP_ AW3 : Sifnulation 1
65.4 Frame 4

582

vy

14%
7.3
0.0

Max = 65.4 (Nade 200054)
Min= 0.0 (Nodle 104427)

Z

}<>?

Figure 4.4.2 Side sill next highest stresses in the door region for LC_05 (200 kip + AW3)

e Figure 4.4.2 shows the next higher Von Mises stresses for LC_05 which are all below the
allowable stress of 56 ksi. The highest stresses are at the bolster connecting plate (47 ksi) and
at the door connection with the door mask (40.3 ksi).

The allowable stress for the end sill (201LN %4 hard) for LC_05 is 90% of yield = 62 ksi x 90% = 56 ksi
The calculated FEA maximum stress (figure 4.4.2) = 47 ksi

The side sill minimum margin of safety at the bolster connection = (56 / 47) -1 =0.19

Page 53 of 142



076-BRA-0016

Revision: 0

Buckling verification for the side sill top plate at the door region:

7> Kc Er ¢ 5
o= o A
120-v*) b
Where
a 22
b 5.2°
Ke 1.2 (Ref. 5, see Figure A.1.1)

mm munnn

Er 25000 ksi (Ref. 5, see Figure A.1.2)
v 0.3
t 0.188"
Ocr = -39 ksi x 90% = -35 ksi for the side sill top lip at the door region
Contour Plofel b E:/APolisois/CTAFinal FEAIFEA 1/CTA |
S!re?g%ﬁ. Mg SUBCASE 73= LC_05_200KIP_A
E:
1.9
-39
-9.8
156
214
-21.3 25,8761
-33.1 -25 9563
300 |
Max=13.6 (Nod

Min =-39.0 (Ng

Figure 4.4.3 Side sill top plate nominal compression stress (Sxx)

Ocr = -39 ksi
Ofga = -26 kSi,

The side sill at door buckling minimum margin of safety = (-35/ -26) -1 = 0.34
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4.5 Cross bearers:

The central under frame mainly consists of two major sections; the cross bearers and the main
air duct. The section of the cross bearers includes the floor & equipment beams and the inter-
coastal beams. Von Mises results are presented for the most critical load case which is LC_05
‘Compressive end load 200 kip at AW3'. The allowable stress for this load case is 90% of the
yield. Stresses and deflections are also shown for LC_02 ‘Vertical load at AW3'.

Contour Plot EJDAnGlobalHalf_model_190ct/CTA_Fine_half_final.bdf
Stress{vonMises, Extreme) SUBCASE 73=LC_05_200KIP_ AW3 : Simulation 1

495 Frame 4
440
385

I—33 o

=275
220
165
11.0
55
00

Max= 4.5 (Node 23447) \
S }\\

End #1

Static Min. Value=0.0

ax Value = 49.5

Figure 4.5.1:Cross Bearers maximum stress for LC_05 (200 kip + AW3)

Figure 4.5.1 shows the maximum Von Mises stress concentration at the first cross bearer
behind the bolster. It is a very local stress of 49.5 ksi and is below the allowable of 56 ksi.

The allowable stress for the cross bearer for LC_05 is 90% of yield = 62 ksi x 90% = 56 ksi
The calculated FEA maximum stress (figure 4.5.1) = 49.5 ksi

The cross bearer minimum margin of safety = (56 / 49.5) -1 =0.13
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9789
Ftatic Max. Value=18.1

EyDAniGlobalHalf_model_190ctCTA_Fine_halfl_final.bdf
SUBCASE B9=LC_02_AW3 : Simulation 1
Frame 4

Contour Plot
StressivonMises, Extreme]

Static Min. Value = 0.0

0.0
Max= 181 (Node 29769)
Min = 0.0 (Node 427628) \

Figure 4.5.2 Cross bearer maximum stress for LC_02 (AW3)

e Figure 4.5.2 shows the nominal Von Mises stress of 18.1 ksi for the most loaded cross bearer.
The calculated stress is well below the allowable of 31 ksi. From figure 4.5.2 we can see that
the nominal stress in the cross-beam upper flange is only around -12 ksi, hence no buckling
verification is required for such a low stress and narrow (compact) flange.

The allowable stress for the cross bearer for LC_02 is 50% of yield = 62 ksi x 50% = 31 ksi
The calculated FEA maximum stress (figure 4.5.2) = 18.1 ksi

The cross bearer minimum margin of safety = (31/18.1) -1 = 0.7.
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The Central under frame cross beam maximum deflection is verified for load case LC_02
"Maximum vertical load carbody at AW3’ the criterion for the cross beam maximum deflection is
equal to the beam span / 250 (ref. 1, Stress plan, table 1). As shown in Figure 4.5.3, the relative
deflection of the cross bearer with respect to the side sill is calculated below:

-0.388409

-0.406394

Contour Plot TS FEA 1/CTA_Fine_half_final.bdf
Displacement(Z) i =LC_02_AWS3 : Simulation 1

0.0 Frame 4
-0.1
-0.1

-0.6
-0.573734

Max= 0.0 (Node 2 L
Min=-0.6 (Node 3 mic Min. Value =-0.6

Figure 4.5.3:Cross Bearer maximum deflection for LC_02 (AW3)
Allowed cross beam deflection = span /250 = 103 in/ 250 =0.412 in
Absolute FEA deflection of cross bearer web = -0.574 in
Absolute FEA deflection of the side sill in line with the cross beam web = -0.406 in
Relative deflection of the cross bearer = (-0.574) — (-0.406) = -0.17 in

The cross beam deflection (0.17 in) is a lot less than the allowed deflection of 0.412 in.
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4.6

Main Air Duct:

The main air duct is the other main structural member of the central underframe. It has a limited
structural role with respect to the main carbody structure (end-underframe, side sills ect...);
however, it will be verified for stress concentrations since it will follow the general deflections of
the structure with respect to the different load cases.

Contour Plot
Stress{vonMises, Max)

RO e "‘*—-M

E:fAPolisoisiCTAIFinal FEAFEA 1/CTA_Fine_half_final.bdf
SUBCASE 73=LC_05_200KIP_AW3 : Simulation 1
Frame 4

73.8
[ES.T
57.5
483 L
2|
42— b-—
———

Figure 4.6.1:Main air duct maximum stress for LC_05 (200 kip + AW3)

Figure 4.6.1 shows the maximum Von Mises stress concentration at the air duct right behind the
bolster top plate. The deformations are exaggerated in the plot to show the FEA secondary
effect of having the main air duct connected to the bolster top plate through the plymetal. In
reality the plymetal is not connected to the main air duct. The next closest node stress value of
53.3 ksi is more representative of a nominal stress in the region.

The allowable stress for the main air duct for LC_05 is 90% of yield = 62 ksi x 90% = 56 ksi
The calculated FEA maximum stress (figure 4.5.1) = 53.3 ksi

The main air duct minimum margin of safety for LC_05 = (56 / 53.3) -1 =0.05
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Contour Plot E:iAPolisoisICTAFinal FEAIFEA 1/CTA_Fine_half_final.bdf
Stress(vonMises, Exireme) SUBCASE 69=LC_02_AW3 : Simulation 1

404 Frame 4
[359
315

270
225

Figure 4.6.2 Main air duct maximum stress for LC_02 (AW3)

e Figure 4.6.2 shows a maximum Von Mises stress concentration of 40.4 ksi for LC_02 at the
main air duct. The next closest node stress value of 29.1 ksi is more representative of a nominal

stress in that area.

The allowable stress for the main air duct for LC_02 is 50% of yield = 62 ksi x 50% = 31 ksi

The calculated FEA maximum stress (figure 4.6.2) = 29.1 ksi

The main air duct minimum margin of safety for LC_02 = (31/29.1) -1=0.07
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4.7 Side Frame:

Von Mises stresses and main component stresses are reviewed for the side frame for all load cases.
Results are presented for LC_02 ‘Vertical load at AW3’, LC_05 ‘ Compressive end load of 200 kip at
AW3' and LC_10, ‘Jacking for rerailing’. The allowable stresses for these load cases are 50% of yield
for LC_02, and 90% of yield for LC_05 and yield for LC_10.

Contou o
Stress (Vi3 SUBCASE 69 = LC_02_AW3 : Simulation 1

357
L
278

w238
5

!

12,7693

Figure 4.7.1:Side frame (posts) maximum stress for LC_02 (AW3)

Figure 4.7.1 shows the maximum Von Mises stress of 29.4 ksi at the second post behind the
door frame. The close up also shows the stresses at the post clip connection with the side sill

with a stress around 15.8 ksi.

The allowable stress for the post for LC_02 is 50% of yield = 62 ksi x 50% = 31 ksi
The calculated FEA maximum stress (figure 4.7.1) = 29.4 ksi

The side post minimum margin of safety for LC_02 = (31/29.4) -1 =0.05
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Stress{vonMises, Max) SUBCASE 73=LC_05_200KIP_AW3 : Simulation 1

61.3 Frarfle 4
[54.5
47.7

408
341
27.3
20.4

\ \\

Max = 61.3 (Node 421753)
Min = 0.0 (Node 55266)

Ll

Von Mises
32.9958

Static Max. Value = 61.3

Figure 4.7.2:Side frame (posts) maximum stress for LC_05 (200 kip + AW3)

Figure 4.7.2 shows the maximum Von Mises stress of 33 ksi at the bottom clip (0.125 in thick,
SS201 % hard) of the second post behind the door frame.

The allowable stress for the post clip for LC_05 is 90% of yield = 62 ksi x 90% = 56 ksi
The calculated FEA maximum stress (figure 4.7.2) = 33 ksi

The side post minimum margin of safety for LC_05 = (56 / 33) -1=0.7
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Contour Plot E./DAn/GlobaliDiagonal_Jacking/CTA_Fine_full_final.bdf
StressivonMises, Max SUBCASE 2= IN_06_JACKING_ANTICLIMBER_CORNER : Simulation 1

358 Frame 4
[31 8
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F 238
19.9
16.0
12.0

Max = 35.9 (Node 1377473)
Min = 0.0 (Node 53273)

Figure 4.7.3:Side frame (posts) maximum stress for LC_10 (jacking for re-railing)

Figure 4.7.3 shows the maximum Von Mises stress of 35.9 ksi.

The allowable stress for the post clip for LC_10 is yield = 62 ksi.
The calculated FEA maximum stress (figure 4.7.3) = 33 ksi

The side post minimum margin of safety for LC_10 = (62/35.9) -1 = 0.72.
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4.8 Side Sheets & Side Corrugation:

Von Mises stresses and main component stresses are reviewed for the side sheets & side corrugation
for all load cases. Results are presented for LC_02 ‘Vertical load at AW3, LC_05 * Compressive end
load of 200 kip at AW3’ and LC_10, ‘Jacking for re-railing’. The allowable stresses for these load cases
are 50% of yield for LC_02, and 90% of yield for LC_05 and yield for LC_10.

15.0966

Caontour Plot
Stress{vonMise

3.0
[2?.5
242

Max = 38.7 (Node 48734)

Min= 0.2 (Node 46748 m
“ Sl
[j]! -
III La i 1Y i34

ic Max. Value=38.7

Dynamic Max. Value = 38.7

Il
iiDI

Figure 4.8.1:Side sheets & corrugation maximum stress for LC_02 (AW3)

Figure 4.8.1 shows a maximum Von Mises stress concentration of 38.7 ksi for LC_02 at the side
corrugation. The next closest node stress value of 25.6 ksi is more representative of a nominal
stress at that corner. The max. stress for the deadlight top skin is 19.4 ksi.

The allowable stress for the corrugation for LC_02 is 50% of yield = 62 ksi x 50% = 31 ksi

The allowable stress for the deadlight skin for LC_02 is 50% of yield = 50 ksi x 50% = 25 ksi

The calculated FEA maximum stress (figure 4.8.1) = 25.6 ksi

The side skin minimum margin of safety for LC_02 = (31/25.6) -1 =0.21
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Caontour Plot
Stressi{vonMises, Max)
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JAPolisoisiCTAFinal FEAIFEA 1/CTA_Fine_half_final.bdf
SUBCASE 73 = LC_05_200KIP_AW3 : Simulation 1
Frame 4

Max=81.9 (Node 4873
Min= 0.2 (Node B6670)

Figure 4.8.2:Side skin & corrugation maximum stress for LC_05 (200 kip + AW3)

Figure 4.8.2 shows the maximum Von Mises stress of 30.9 ksi at the bottom of the corrugation
close to the second post behind the door frame.

The allowable stress for LC_05 is 90% of yield = 62 ksi x 90% = 56 ksi
The calculated FFA maximum stress (figure 4.8.2) = 30.9 ksi

The side skin minimum margin of safety for LC_05 = (56 / 30.9) -1 =0.8.
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Contour Plot
Stress(vonMises, Max)
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Figure 4.8.3:Side skin & corrugation maximum stress for LC_10 (jacking for re-railing)

Figure 4.8.3 shows the maximum Von Mises stress of 49.7 ksi at the window corner.

The allowable stress for the skin at the window frame for LC_10 is yield (deadlight) = 50 ksi
The calculated FEA maximum stress (figure 4.8.3) = 49.7 ksi

The side skin minimum margin of safety for LC_10 = (50/49.7) -1 =0.01
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4.9 Door Frame:

Von Mises stresses and main component stresses are reviewed for the door posts and door mask for
all load cases. Results are presented for LC_02 ‘Vertical load at AW3’, LC_05 ‘ Compressive end load
of 200 kip at AW3’ and LC_03, ‘Vertical Fatigue'. The allowable stresses for these load cases are 50%
of yield for LC_02, and 90% of yield for LC_05 Fatigue stresses for the door frame LC_03 will be
reviewed as per AWS (ref. 3) in section 4.13.

Contour Plot EJAPolisoisTSJAFinal FEAIFEA 1/CTA_Fine_half_final.bdf
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Figure 4.9.1:Door frame & door mask maximum stress for LC_02 (AW3)
Figure 4.9.1 shows a maximum Von Mises stress concentration of 42 ksi for LC_02 at the upper
corner of the door mask. In the FEA there is a sharp corner which creates a high stress

concentration, in reality there is a radius formed at this region. The next closest node stress
value of 23.5 ksi is more representative of a nominal stress in that region.

The allowable stress for LC_02 is 50% of yield = 62 ksi x 50% = 31 ksi
The calculated FEA maximum stress (figure 4.9.1) = 23.5 ksi

The minimum margin of safety for LC_02 = (31/23.5) -1 =0.32
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Figure 4.9.2: Door frame & door mask maximum stress for LC_05 (200 kip + AW3)
Figure 4.9.2 shows a maximum Von Mises localized stress concentration of 61.1 ksi for LC_05
at the door frame lower corner/door mask connection with the side. The next closest node
stress value of 48.9 ksi is more representative of the stress in that region. The max. stress at
the upper corner is around 25.1 ksi which is quite lower than the allowable.
The allowable stress for LC_05 is 90% of yield = 62 ksi x 90% = 56 ksi
The calculated FEA maximum stress (figure 4.9.2) = 48.9 ksi

The minimum margin of safety for LC_05 = (56 / 48.9) -1 = 0.15.
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4.10 Belt Rail:

Von Mises stresses are reviewed for the belt rail and horizontal stiffeners for all load cases. Results are
presented for LC_02 ‘Vertical load at AW3’, LC_05 ‘ Compressive end load of 200 kip at AW3’ and
LC_10, ‘Jacking for re-railing’. The allowable stresses for these load cases are 50% of yield for LC_02,
and 90% of yield for LC_05 and yield for LC_10.
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Figure 4.10.1:Belt rail maximum stress for LC_02 (AW3)

Figure 4.10.1 shows a maximum Von Mises stress concentration of 32.8 ksi due to the
discontinuity with the rest of the belt rail. This discontinuity is due to the ventilation duct. The
next closest node stress value of 29.6 ksi is more representative of a nominal stress in that
region.

The allowable stress for LC_02 is 50% of yield = 62 ksi x 50% = 31 ksi
The calculated FEA maximum stress (figure 4.10.1) = 29.6 ksi

The belt rail minimum margin of safety for LC_02 = (31/29.6) -1 =0.05
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Figure 4.10.2: Belt rail maximum stress for LC_05 (200 kip + AW3)

Figure 4.10.2 shows a maximum Von Mises stress of 44.5 ksi for LC_05 at the smaller belt rail
area due to the ventilation duct which is lower than the allowable.

The allowable stress for LC_05 is 90% of yield = 62 ksi x 90% = 56 ksi
The calculated FEA maximum stress (figure 4.10.2) = 44.5 ksi

The belt rail minimum margin of safety for LC_05 = (56 / 44.5) -1 =0.26
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Figure 4.10.3:Belt rail maximum stress for LC_10 (jacking for re-railing)

Figure 4.10.3 shows the maximum Von Mises stress of 54.1 ksi at the small window rail behind
the ventilation duct.

The allowable stress for the post clip for LC_10 is yield = 62 ksi
The calculated FEA maximum stress (figure 4 10 3) = 54.1 ksi

The minimum margin of safety for LC_10 = (62 / 54.1) -1 =0.15
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4.11 Roof Rail & AT plate:

Von Mises stresses are reviewed for the roof rail and AT plate for all load cases. Results are presented
for LC_02 ‘Vertical load at AW3’, LC_05 ' Compressive end load of 200 kip at AW3’ and LC_10,
‘Jacking for re-railing’. The allowable stresses for these load cases are 50% of yield for LC_02, and
90% of yield for LC_05 and yield for LC_10.
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Figure 4.11.1:Roof rail maximum stress for LC_02 (AW3)

Figure 4.11.1 shows a maximum stress of 47.65 ksi in the roof rail. This high stress is principally
attributed to high local bending which is due to modeling approximation. for simplicity. In the
model, the carline webs are modeled as if they are welded in a T-joint with the roof rail.. In
reality, the carline’s L-shaped clips are bolted to the roof rail's web (see 3dxml image above).
The bolted connection permits more bending flexibility, thus much lower local bending stresses.
The next highest stress in the nodes closest to the carline-roof rail junction is 24.1 ksi; this
stress value is also affected by local high bending in the region.

The allowable stress for LC_02 is 50% of yield = 62 ksi x 50% = 31 ksi
The calculated FEA maximum stress (figure 4.11.1) = 24.1 ksi

The roof rail minimum margin of safety for LC_02 = (31/24.1) -1 =0.28
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Figure 4.11.2: Roof rail maximum stress for LC_05 (200 kip + AW3)

Figure 4.11.2 shows a maximum Von Mises stress concentration of 46.6 ksi for LC_05 which is
already lower than the allowable of 56 ksi. See justification of figure 4.11.1.

The allowable stress for LC_05 is 90% of yield = 62 ksi x 90% = 56 ksi
The calculated FEA maximum stress (figure 4.11.2) = 20.7 ksi

The roof rail minimum margin of safety for LC_05 = (56 /20.7) -1 =0.7
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Figure 4.11.3:Roof rail maximum stress for LC_10 (jacking for re-railing)

Figure 4.11.3 shows a Von Mises stress of 19.8 ksi at the roof rail which is much lower than the
yield allowable of 62 ksi. See justification of figure 4.11.1.
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AT plate:

The AT plate is verified for all load cases. The highest stress is shown for LC_10 (jacking for re-railing).

Contour Plot E/DAnGlobaliDiagonal_Jacking/CTA_Fine_full_final.bdf
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Figure 4.11.4: Roof rail maximum stress for LC_10 (jacking for re-railing)

Figure 4.11.4 shows the maximum Von Mises stress of 28.2 ksi which is lower than the yield
allowable of 62 ksi.

The allowable stress for LC10 is yield = 62 ksi
The calculated FEA maximum stress (figure 4.11.4) = 28.2 ksi

The AT plate margin of safety for LC_10=(62/28.2) -1=1.2
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412 Carlines, Roof Gutter and Purlines:

Von Mises stresses are reviewed for the carlines and purlines for all load cases. Results are presented
for LC_02 ‘Vertical load at AW3’, LC_05 ‘* Compressive end load of 200 kip at AW3' and LC_10,
‘Jacking for re-railing’. The allowable stresses for these load cases are 50% of yield for LC_02, and
90% of yield for LC_05 and yield for LC_10.
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Figure 4. 12.1; Carllnes clip, roof gutter and roof maximum stress for LC 02 AW3)

Figure 4.12.1 shows a maximum Von Mises stress concentration of 28.22 ksi which is due to
the modeling intersection between the door posts and the clip (See justification of figure 4.11.1).
The next closest node stress value of 16.5 ksi is more representative of a nominal stress in that
region. The max. stress on the corrugated roof is 20.5 ksi and on the roof gutter is around 20
ksi.

The allowable stress for LC_02 is 50% of yield = 62 ksi x 50% = 31 ksi

The carline minimum margin of safety for LC_02=(31/16.5) -1=0.8
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Figure 4.12.2: Carlines maximum stress for LC_05 (200 kip + AW3)

Figure 4.12.2 shows a maximum Von Mises stress concentration of 33.5 ksi for LC_05 which is
lower than the allowable of 56 ksi.

The allowable stress for LC_05 is 90% of yield = 62 ksi x 90% = 56 ksi

The carline minimum margin of safety for LC_05=(56/) -1 = 0.67
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Figure 4.12.3:Carlines maximum stress for LC_10 (jacking for re-railing)

Figure 4.12.3 shows a maximum Von Mises stress concentration of 53.2 ksi for LC_10 which is
lower than the allowable of 62 ksi.

The calculated FEA maximum stress (figure 4.12.3) = 53.2 ksi

The minimum margin of safety for LC_10 = (62/53.2) -1 =0.17
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The purlines
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Figure 4.12.4: Purlines maximum stress for LC_10 (jacking for re-railing)

Figure 4.12.4 shows the maximum Von Mises stress of 46.8 ksi which is lower than the yield
limit of 75 ksi (in tension).

The allowable stress for LC_10 is yield = 62 ksi.

The purline minimum margin of safety for LC_10 = (62 /46.8) -1 =0.32
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4.13 Fatigue Considerations:

Weld fatigue is verified for the main structural components that are sensitive to the vertical fatigue load
of & 0.15 g with 100 passengers in the car as described in LC_03 of ref. 1, hence the stress range is
equal to 0.3 times the car weight with 100 passengers (52000 Ib).

These compoenents are the bolster, the side sill and the door frame.

Component or principal stresses are verified in the direction or perpendicular to the weld detail
depending on the stress and or the weld direction.

Weld fatigue is verified for 10 million cycles as per the American Welding Society recommendations
(ref. 2). Depending on the weld detail category the allowable stress range will vary from 24 ksi for a

category ‘A’ to 4.5 ksi for a category ‘E’ weld (see table 3.1, the table was copied below for
convenience).

Weld Weld category summary description Allowable Stress
Category range (ksi)
A Base metal 24
B Continuous CJP or built up filet welds 16
C Continuous filet weld or discontinuity in CJP weld 10
E Discontinuity in filet weld or plug welds 4.5
F Shear in throat of weld 8

Page 79 of 142



076-BRA-0016

Revision : 0
Bolster:
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Figure 4.13.1 Bolster web principal (p1) stress range for LC_03

e Figure 4.13.1 shows the main principal stress of the bolster web. The maximum stress is at the
hole opening. This is considered as a class “A” weld with an allowable stress range of 24 ksi.

e Welds 1 and 3 are considered as class “C” welds with an allowable stress range of 10 ksi.

e Weld 2 is considered as a class “B” weld with an allowable stress range of 16 ksi.

The smallest margin of safety (weld 3) = (10/4.6) -1=1.17
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Figure 4.13.2 Bolster bottom plate minimum (p3) stress range for LC_03
e Figure 4.13.2 shows the minimum stress of the bolster bottom plate which is only -3.12 ksi. .

e Weld 4 is considered as a class “C” weld with an allowable stress range of 10 ksi.

The smallest margin of safety (weld 4) = (10/3.1) -1=2.2
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Figure 4.13.3 Bolster top plate component (Y) stress range for LC_03 |

Figure 4.13.3 shows a maximum component Y’ stress of 6 ksi on the bolster top plate. This is
considered as a class “B” weld with an allowable stress range of 16 ksi.

At the stiffener we have a stress of 4.4 ksi for a class “C” weld (all. 10 ksi) hence:

The margin of safety for the bolster top plate weld = (10/4.4) -1=1.2
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Side sill and door frame:

Max= : -
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|Ssoc atweld end -2.83757

>

Figure 4.13.4 Side sill and door gusset component (X) stress range for LC_03

Figure 4.13.4 shows the main stress (X) on the side sill at the end of the door gusset Weld 5 is
considered as a class “E” weld with an allowable stress range of 4.5 ksi.

The margin of safety forweld 5=(4.5/2.8) -1=0.6
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S atweld end 306242 |

Figure 4.13.5 Side sill and door gusset component (X) stress range at the other side for LC_03.

e Figure 4.13.5 shows the main stress (X) on the side sill at the end of the door gusset. This weld
detail is considered as a class “E” weld with an allowable stress range of 4.5 ksi.

The margin of safety for weld 5 at the other side of door = (4.5/3.1) -1=0.45

Page 84 of 142




076-BRA-0016
Revision : 0

E:/APolisois/iCTAFinal FEAIFEA 1/CTA_Fine_half_final.bdf
SUBCASE 80=LC_03_VERTICAL_FATIGUE : Simulation 1
\ " Frame 4

Max = 4.5 (Node 63503)
Min=-0.8 (Node 68136)

(Weld 6)

nr

Figure 4.13.6 Top of door frame minimum (p3) stress range for LC_03

e Figure 4.13.6 shows the minimum stress at the top of the door frame which is only -5.6 ksi. .

e Weld 6 is considered as a class “B” weld with an allowable stress range of 16 ksi.

The margin of safety = (16 / 5.6) -1=1.8
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4.14 Equipment support structures:

Equipment support structures are verified in the following section for LC_12 (ref.1, 5g longitudinal load
and a 1g vertical load at AWO as per table 1 of ref.1, Carbody stress and analysis plan). The allowable
stress for these load cases is yield. The cross bearers, the inter coastal beams, the main air duct, the
HVAC,APS, HVB and PCU supports are verified. For all equipemnet the bolted connections are also
verified for the most severe load case.
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Figure 4.14.1:Cross-bearer and inter coastal beams maximum stress for LC_12 at AWO.

Figure 4.14.1 shows a maximum Von Mises stress concentration of 35.1 ksi for the cross
bearers and inter coastal beams which in all cases are much lower than the yield. The allowable
stress for LC_12 is yield = 62 ksi.

The cross-bearer minimum margin of safety for LC_12 = (62 / 35.1) -1 =0.76.

The inter coastal beam minimum margin of safety for LC_12 = (62/28.5) -1=1.7.
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Main air duct:
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Figure 4.14.2:Main air duct at the APS support maximum stress for LC_12 at AWO.

Figure 4.14.2 shows a maximum Von Mises stress concentration of 23 ksi on the main air duct
support where connected to the APS support (shown in grey).

The allowable stress for LC_12 is yield = 62 ksi.

The main air duct minimum margin of safety for LC_12 = (62/23) -1=1.7.
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HVAC supports:
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Figure 4.14.3:HVAC supports maximum Von Mises stresses for LC_12 at AWO.

Figure 4.14.3 shows a maximum Von Mises stress concentration of 61.3 ksi on the HVAC
supports. The stress at the next closest node is around 48 ksi.

The allowable stress for LC_12 is yield = 62 ksi.

The HVAC support minimum margin of safety for LC_12 = (62 /48) -1 =0.3.
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HVAC support bolted connection:

The HVAC is bolted on the side sill support and the main air duct middle support. The
equipment weight of the HVAC is 2136 Ibs and is supported by %" dia. bolts at six locations.
From FEA analysis for the worst load case (LC_12), the resultant reactions are:

Node ID X Y Z Fx Fy Fz
76751 -11.75 10.01 30.95 0.01 0.07 0.98
76767 -11.75 -9.99 30.95 0.05 -0.07 0.98
100307 80.79 47.78 36.19 -3.15 -1.14 -0.90

100379 50.93 47.78 36.19 -2.30 0.94 1.00

100769 50.93 -47.78 36.19 -2.29 -0.89 0.99

100887 80.79 -47.78 36.19 -3.05 1.07 -0.90

Main air duct support

76751

76767

Side sill supports

100887

Figure 4.14.4:HVAC FEA spider support beams
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Bolts at the Middle support (Main Air Duct):
Diameter Dia 0.7 in
Pitch p = 10 threads per in
At=0.7854(D-(0.9743/n))*2 At = 0.334 in*2 (Tensile Area)
As=0.7854(D-(1.3/m))*2 At = 0.302 in®t2 (Shear Area)
Force;
From node 100307 Fx = 315 Kip
Fy = 114 Kip
Fz = 0.9 Kip
Radial Force Fr = 335 Kip
Tension Force Ft = 0.80 Kip
Stress Calculation;
ot ot = 269  ksi
T = 10.02 ksi
oe= (0% + 3)"™ cev = 17.56  ksi
Yield bolt oy = 92 Ksi
Safety Marge = 1- (g/oy) M.S. = .81
Bolts on the side sill
Diameter Dia = 0.75 in
Pitch P = 10 threads per in
At=0.7854{D-(0.9743/n))*2 At = 0334 in"2 (Tensile Area)
As=0.7854(D-(1.3/n))*2 At = 0.302 in"2 (Shear Area)
Force:
From node 100887 Fx = 3.05 Kip
Fy = 1.07 Kip
Fz = 0.9 Kip
Radial Force Fr = 323 Kip
Tension Force Ft = 090 Kip
Stress Calculation:
ot ot = 2.69  ksi
r = 9.66  ksi
o= {o° + 3t9)"*2 cev = 16.95 ksi
Yteld bolt oy = 92 Ksi
Safety Marge = 1- (G/oy) M.S. = 0.82

The HVAC bolt minimum margin of safety for LC_12 = 0.81.
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APS supports:

Cantour Plot
Stress(vonMises, Max)
78.7

[TU.D
61.2

TSZ.G

=138
351
263
178
8
02

Max = 78.7 (Node 107983)
Min = 0.2 (Node 107345)

e 107983)
107345)

. Value=10.2

BDF
on 1
me 4

Static Max. Value = 23.0

: tic Max. Value = 78.7

ax.Value= 256

Figure 4.14.5:APS supports maximum Von Mises stresses for LC_12 at AWO.

Figure 4.14.4 shows maximum Von Mises stresses concentration of 78.8 ksi at the hole where
spiders are connected to simulate the bolted connection. The stress at the next closest node is
around 55.5 ksi. For all other APS supports the stresses are low.

The allowable stress for LC_12 is yield = 62 ksi.

The APS support minimum margin of safety for LC_12 = (62 / 55.5) -1 =0.12.
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APS Bolts Calculation:

The APS is bolted on the inter-coastal support and the main air duct support. The equipment
weight of the APS is 1290 Ibs and is supported by eight 1/2” dia. bolts.

Reactions from FEA analysis for the worst load case (LC_12):

Node ID X Y Z Fx Fy Fz

108792  138.09 31.65 37.74 -0.52 -0.33 -0.46
108794  112.79 31.65 37.714 -0.86 0.61 0.28
108795  112.79 37.40 37.74 -1.16 -0.50 0.89
108796  144.50 -13.54 34.51 -0.75 0.16 -0.09
108797  141.75 -13.54 34.52 -0.71 0.07 -0.73
108798  107.50 -13.54 34.51 -0.86 -0.03 -0.04
108799  104.75 -13.54 34.52 -0.89 -0.19 1.53
108800  138.09 37.40 37.73 -0.74 0.22 -0.08

Figure 4.14.6:APS FEA spider support beams
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Bolts on inter-coastal beam:

Diameter Dia 0.5 in
Pitch P = 13 threads per in
At=0.7854(D-(0.9743/n))"2 At = 0.142 in*2 {Tensile Area)
As=0.7854(D-{1.3/n))"2 At = 0.126 in*2 {Shear Area)
Force:
From node 108795 Fx = 116 Kip
Fy = 05 Kip
Fz = 0.89 Kip
Radial Force Fr = 1.26 Kip
Tension Force Ft = 0.89 Kip
Stress Calculation:
ot ot = 6.27 ksi
T = 8.90  ksi
oe= (0° + 312 cev = 16.65 ksi
Yield bolt ay = 92 Ksi
Safety Marge = 1- (u/oy) M.S. = 0.82
Bolts Main Air Duct:
Diameter Dia = 0.5 in
Pitch P = 13 threads per in
At=0.7854(D-(0.9743/n))*2 At = 0142 in*2 {Tensile Area)
As=0.7854(D-(1.3/n))»2 At = 0126 in*2 (Shear Area)
Force:
From node 108799 Fx = 0.89 Kip
Fy = 019 Kip
Fz = 1.53 Kip
Radial Force Fr = 0.91 Kip
Tension Force Ft = 153 Kip
Stress Calculation:
af ot = 10.78  ksi
T = 6.41 ksi
oe= (0% + 3t° )”2 gev = 15.48 ksl
Yield bolt oy = 92 Ksi
Safety Marge = 1- (g/oy) M.S. = 0.83

The APS bolt connection minimum margin of safety for LC_12 = 0.82.
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HVB supports :

The HVB supports are located on the side sill and on the inter-coastal beam. There are two
supports connected with the side sill. The equipment weight of the HVB is 600 Ibs. The most

severe load case is the -5g longitudinal+1g vertical LC_12.

Contour

Stress{vonMises, Max

521
e
40.5

T
—29.0
232
174
16

Max=52.1 (Node 103482)
Min= 0.0 (Node 103754)

Plat

P 83355) 5
128332) fic Max. Value = 51.1

Value =521

D:JsagersiDmorisse/Central_Underframe/CTA_CU_Bnov07_3.bdf

SUBCASE 25 = 1GVERT_-5GLONG : Simulation 1
Frame 4

Walue =305

Figure 4.14.7:HVB supports max. Von Mises stress (LC_12)

Figure 4.14.7 shows maximum Von Mises peak stress of 52.1 ksi at the hole where
spiders are connected to simulate the bolted connection. The stress at the support to the

side sill is 51.1 ksi.

The allowable stress for LC_12 is yield = 62 ksi.

The HVB support minimum margin of safety for LC_12 = (62/51.1) -1 =0.213.
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HVB Bolts Calculation:

The HVB is bolted on an attaching plate attached on two supports connected on the side sill and
the inter-coastal supports. The equipment weight is 600 Ibs and is supported by 3/8” dia. bolts at
six locations. From FEA analysis for the worst load case, these are the reactions:

Node ID X Y Z Fx Fy Fz
128214  -82.59 49.06 35.22 0.37 -0.02 -0.87
128215  -74.34  49.06 35.22 0.76 0.01 -0.59
128216  -66.09  49.06 35.22 0.81 0.10 0.74
128217  -57.84  49.06 35.22 0.24 0.14 0.96
128254  -58.03 23.69 37.31 0.66 0.72 0.39
128255  -82.53 23.69 37.31 0.17 -0.95 -0.04
128255
Inter-coastal supports =
CREAM

128214

128215

128216

Side sill supports

Figure 4.14.8:HCB FEA spider support beams.

Bolts on the side sill
Diameter Dia = 0.375 in
Pitch P = 16 threads per in
At=0.7854(D-(0.9743/n))*2 At = 0.077 in”2 (Tensile Area)
As=0.7854(D-(1.3/n))*2 As = 0.068 in*2 (Shear Area)
Force:
From node 128216 Fx = 0.81 Kip
Fy = 0.1 Kip
Fz = 074 Kip
Radial Force Fr = 0.82 Kip
Tension Force Ft = 0.74 Kip
_ (2 1/2
oe= (0" + 3t) at = 9.55  ksi
T T = 10.53 ksi
gev = ?(ath2)+(3*T"2) oev = 20.59 ksi
Yield bolt oy = 92 Ksi
Safety Marge = 1- (g/ay) M.S. = 0.78
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Bolts at the Inter-coastal support:
Diameter Dia = 0.375 in
Pitch P = 16 threads perin
At=0.7854(D-(0.9743/n)y"2 At = 0.077 in*2 (Tensile Area)
As=0.7854(D-(1.3/n))"2 As = 0.068 int2 {Shear Area)
Force:
From node 128254 Fx = 066 Kip
Fy = 0.72 Kip
Fz = 039 Kip
Radial Force Fr = 0.98 Kip
Tension Force Ft = 039 Kip
ot ot = 503  Kksi
- T = 12,60 ksi
e = (02 + 3)'2 oev = 2240 ksi
e e oy = 92 Ksi
Safety Marge = 1- (o/oy) M.S. = 0.76

The HVB bolf connection minimum margin of safety for LC_12 = 0.76.
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PCU supports:

The PCU supports are connected on the equipment beams. There are two supports per
equipment beams. The equipment weight of the PCU is 919 Ibs. The most severe load case is

LC_12 (-5g longitudinal+1g vertical).

D/UsagersiDmorisse/Central_Underframe/CTA_CU_Bnov07_3.bdf
Stress(vonMises, Max) SUBCASE 21 = 1GVERT_5GLONG : Simulation 1
Frame 4

205
Eza.a

231
w198
|

165
133

Contour Plot

Max= 20.6 (Node 2643
Min=0.2 (Node 38722)

Figure 4.14.9:PCU supports max. Von Mises stress (LC_12)

Figure 4.14.9 shows a maximum Von Mises stress concentration of 29.6 ksi on the web near
the support.

The allowable stress for LC_12 is yield = 62 ksi.

The PCU support minimum margin of safety for LC_12 = (62 / 29.6) -1 =1.00.
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PCU Bolts Calculation:

The PCU is bolted at four supports on the equipment beam. The equipment weight is 919 Ibs
and is supported by 1/2” dia. bolts at four locations. From FEA analysis for the worst load case,
these are the reactions:

Node ID X ¥ Z Fx Fy Fz
63029 -92.47 -39.32 35.20 1.55 -0.22 0.12
63040 -92.47 -19.13 35.20 2.1 0.29 -0.32
63053 -12.72 -39.32 35.20 0.56 0.10 0.25
63064 -12.72 -19.13 35.20 0.40 -0.18 0.88

63029

AM

63040

53083

Figure 4.14.10:PCU FEA spider support beams.

Bolts:
Diameter Dia = 0.5 in
Pitch P = 13 threads perin
At=0.7854(D-(0.9743/n))*2 At = 0.142 in*2 (Tensile Area)
As=0.7854(D-(1.3/n))*2 As = 0.126 in*2 (Shear Area)
Force:
From node 63040 Fx = 211 Kip
Fy = 0.29 Kip
Fz = 0.32 Kip
Radial Force Fr = 213  Kip
Tension Force Ft = 0.32 Kip
at at = 2.26  ksi
T = 15.01 ksi
oe= (0% + 3t)"? oev = 26.09 ksi
Y1€1U DOIL ay = 92 Ksi
Safety Marge = 1- (o/ay) M.S. = 0.72

The PCU bolt connection minimum margin of safety for LC_12 = 0.72.
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415 Jacking and pushing in the shop considerations:

Von Mises stresses are reviewed for the jacking at side sill (LC_08), jacking at end sill (LC_09), jacking
for re-railing operation (LC_10 torsion load) and pushing in the shop (LC_11 as per table 1 of ref.1,
Carbody stress and analysis plan). The allowable stress for all these load cases is yield.

Jacking at side sill (LC 08):

Contour Plot
Stress{vonMises, Max)

60.14 - =
&53.45
46.78

FdU.DQ

3341
26.73
20.05
13.36
6.68
0.00

bis/CTAFinal_FEA/half_modelflCTA_Fine_half_colld
AYAID

Max=60.14 (Node 10458
Min = 0.00 (Node 69863

Figure 4.15.1: LC_08 Max. stress concentration of 42.5 ksi at jacking support (allow. yield = 62 ksi).
Figure 4.15.1 shows a maximum Von Mises stress concentration of 60.14 ksi which is due to

the proximity of the rigid beams used to model the jacking lift. The next closest node stress
value of 42.5 ksi is more representative of a nominal stress in that region.

The allowable stress for LC_18 is yield = 42.5 ksi.

The jacking pad support minimum margin of safety for LC_08 = (62 /42.5) -1 =0.45
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Jacking at end sill (LC 09):

Contour Plot E:/APolisois/CTAFinal_FEA/half_modellCTA_Fine_half_coll.bdf
Stress{vonMises, Max) SUBCASE 78 =LC_09_JACKING_ES_AWO : Simulation 1
59.08 Frame 4

Max = 59.08 (Ng
Min = 0.00 (Nog

Figure 4.15.2: LC_09 Max. stress of 35.5 ksi at window corner (allowable is yield = 62 ksi)..

Figure 4.15.2 shows a maximum Von Mises stress concentration of 59.1 ksi which is due to the
window corner. The next closest node stress value of 35.5 ksi is more representative of a

nominal stress in that region.

The allowable stress for LC_09 is yield = 35.5 ksi.

The window corner minimum margin of safety for LC_09 = (62 / 35.5) -1=0.75
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Jacking at end sill for re-railing (LC 10):

Contour Plot

Stress(vonMises, Max)

89.05
[BB.U'I
77.04

66.03
55.03
44.02
33.02
22.01
11.01
0.00

Max = 99.05 (Node 99459)
Min= 0.00 (Node 99988)

D:UsagersiDmorisse/GlobaliFull/CTA_Central_underframe_260ct07_3 BDF
SUBCASE 3= LC_10_JACKING_ES_CENTER : Simulation 1

A
: nanfeJiax value = 89.05

Jacking lift
rigid beams

Figure 4.15.3:End sill maximum Von Mises stress (exaggerated deformations) for LC_10
Figure 4.15.3 shows a maximum Von Mises stress concentration of 99 ksi which is due to the
proximity of the rigid beams used to model the jacking lift. The next closest node stress value of
76.6 ksi is more representative of a nominal stress in that region.

The allowable stress for LC_10 is yield = 80 ksi.

The end sill minimum margin of safety for LC_10 = (80/ 76.6) -1 = 0.04
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Pushing in the shop at AWO (LC 11):

EJAPolisoisiCTA/collision post for VHICTA_Fine_ha

SUBCASE 79 = LC11_PUSHING_AW(Lg4

Figure 4.15.4:End sill Von Mises stress and exaggerated deformations for LC_11

Figure 4.15.4 shows a maximum Von Mises stress of 18.8 ksi due to the pushing in the shop
with a force of 1000 Ib (1 kip). This force is a load equal to a 4% grade push (500 Ib) at AWO

with a factor of safety of two The allowable stress for LC_10 is yield = 80 ksi.

The end sill minimum margin of safety for LC_11 = (80/ 18.8) -1 >>2
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4.16 Progressive Strength Distribution:

The strength distribution in the longitudinal direction between bolsters shall be 40% higher than the end
sill. The strength shall also be 20% higher between the coupler anchor and the bolster than the end sill
(ref. 1, table 1, LC_04 as per ref. 6 CTA specs section 3.02.a). The above requirement is verified with a
transient dynamic crash analysis (ref. 8, ‘Carbody Crash Analysis Report’). Figure 4.16.1 also shows

that in static mode, the above requirement holds as well (Sxx as shown represents the longitudinal
nominal stress distribution of the end underframe.

Contour Plot

E:#APolisoisiCTAFinal_FEAfhalf_model/lCTA_Fine_half_coll.bdf
Stress(X, Exireme)

SUBCASE 72=LC_04_200KIP_AWO : Simulation 1

62.00 Frame 4
49.56 f—1 9.4167 |

3TN
E"Z-ﬁ.ﬁ?
12.22
-0.22
1267
=251
-37.56
-50.00

Max=46.15 (Node 99328)
Min=-115.83 (Node 1326608)

Innerweh, -68.4808
'\Ir Z
\L&,}{

Figure 4.16.1:End underframe nominal longitudinal (Sxx) stress for LC_04

Figure 4.16.1 shows a general view of Sxx in the longitudinal direction. The above shows that
the stress level in the end sill (-68 ksi) is much higher than between the coupler and bolster (-25
ksi) which is in turn higher than between the bolsters (-20 ksi).

The above figure and the crash analysis results show that the progressive strength distribution
requirement is acceptable.
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417 FEA Calculations of Natural frequencies:

Natural frequencies FEA calculations are done at AWO to verify that the first torsion and bending modes
of the carbody are high enough to ensure good vehicle ride quality. As shown in figure 4.17.1 the first
predicted mode is the first torsion mode at 8.48 Hz (figure 4.17.1). The next mode is the first bending
mode at 9.68 Hz (figure 4.17.2).

EJDANGlobaliCTA_Fine_full_modal_final.bdr
BUBCASE 5§ = ANALYSE_MODAL : Mode#8 Frequency= 8.478e+000Hz
Frame 4

Figure 4.17.1 First Torsion mode (f,= 8.48 Hz) at AWO.
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EJDANGlobaliCTA_Fine_full_modal_final bdf
SUBCASE 5 = ANALYSE_MODAL : Mode#9,Frequency= 9.682e+000Hz
Frame 4

Figure 4.17.2 First vertical bending mode of (f,= 9.68 Hz) at AWO.
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5 Discussions and Conclusions

In view of the detailed FEA models that were produced for this report and the inherent analysis which
also includes manual calculations, it can be concluded that all the principal carbody components have
sufficient strength and comply with the requirements of the CTA specification (ref. 6).

The minimum margins of safety (MS) is 0.01 for the end sill main rib during the 200 kip compressive
end load.

The summary table of margins of safety of section 1 is repeated here for convenience. Other
requirements were also verified in the report, they are:

* End post connections, vertical loads and minimum sections moduli (section 3.2).

» Side sill to end sill and side sill {o bolster connections (section 3.5).

» Bolster and it's connections for 50kip vert. & 150kip hor. Loads (sections 4.5 and 4.3).
o  Welds verification for fatigue loads (section 4.13).

s Equipment supports and their connections {section 4.14).

» Progressive strength distribution (section 4.16 and ref. 8).

e Carbody natural frequencies (section 4.17).

I' LOAD CONDITIQNS | | |
Vert. load @AW3(LC_02) [Comp @AW3(LC_05) Torsion at AWO (.G 10) Other load cases

COMPONENTS (Mily** | Max. Stress(ksi)} MS* | Max. Stress(ksi)] MS * | Max, Stresstksi) | MS* | Max, Stresstksi}] MS* LC# *™*
Anticlimber(HSLASO) 77.70 0.03 JLCG, LCT
End sill (HSLAS0) 71.30 0.01 76.60 0.04 LC10
Collision post (MT) 1.10 LC14
Corner post (MT) 0,03 LC15
Draft sill (HSLA 80) 55.80 0.29

Bolster (HSLA 80) 38.30 0.04 49.40 0.45 6.00 0.60 LC3
Side sill 47.00 0.19 -3.10 0.45 L.C3
Cross bearer (MT) 18.10 0.70 49.50 0.13 35.10 0.76 LC12
|Main air duct (MT) 29.10 0.07 53.30 0.05 23.00 1.70 LC12
Side frame (MT) 29.40 0.05 33.00 0.70 35.90 0.72

Side sheets (DLT) 25.60 0.21 30.90 0.80 49.70 0.01

Door frame (MT) 23.50 0.32 48.90 0.15 -5.60 0.70 LC3
Belt rail (MT) 29.60 0.05 44.50 0.26 54.10 0.15

Roof rail (MT) 2410 0.28 20.70 0.70 19.80 >2

AT plate (MT) 28.20 >2 0.54 LC17
Carlines (MT) 16.50 0.80 33.50 0.67 53.20 0.17 -43.20 0.43 LC19
Purlines (MT) 46.80 0.32

Roof corrugation(MT) -36.00 0.60 LC19
Equip. support HVAC 48.00 0.30 LC12
Equip. support APS 55.50 0.12 1C12
Equlp. support HVB 51.10 0.21 LC12
{Equip. support PCU 29.60 Q.72 LC12

NOTES: * MS = Margin of safety as calculated in section 2.4
** Material nomenclature as per table 2 of ref. 1
** Load cases are described in table 1 of ref. 1 (Carbody Stress Analysis and Test Plan)
**** Bolted connection MS.

Copy of table 1.1 Summary of maximum stresses and minimum margins of safety for the carbody.
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Appendix A: Manual Calculations References
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A.1 Applied formulas and tables for buckling calculations

1) The buckling capacity in compression of a panel is calculated as follows:

7t KeEr ¢ .
0 =T (s

12(0-v*) b
Where
Kec = compressive buckling coefficient (Ref. 5, see Figure A.1.1)
Er = reduced modulus for stainless steel from Watter and Lincoln (Ref. 4, see Figure A.1.2)
v = Poisson ratio
b = short dimension or loaded edge

thickness of the plate
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Figure A.1.1: Compressive Buckling coefficient (Ref. 5, Bruhn, and Fig.C5.2)
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The data used for the reduced modulus are from Walter and Lincoln {ref. 4, Figure 45,
Longitudinal Reduced Compression Modulus).

Reduced Compression Young's
Modulus
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Figure A.1.2: Reduced Young’s Modulus (Ref. 4: Watter & Lincoln)
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Figure A.1.3: Compressive Buckling coefficient for an angle (Ref. 5, Bruhn, and Fig.C7.3)
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A2 Corrugated roof properties calculations:

* ]
* 0.351 f X/_ $$F.}25 one
| 7 "‘ _t

0.149 l ‘ ?

f 1.500 i 1.500 1

Roof Corrugated sheet geometry

Sheet thickness: ts= 0.026 in. Area= 0.0966 in*2
Corrugation height: h= 0.500 in Ixx= 0.0033 in*4
Corrugation pitch: p= 3.000 in. lyy= 0.0610 in™4
Young Modulus : E= 28000 ksi zc= 0.14580 in
.= 12.0in
t= 0.032 in. Shell effective thickness
Ratio for the bending moment of inertia (stiffness
RMI = 13882.6 RMI = (iyy) / (p*TK"gHZ) ( )
CTOP = 0.351 in. Distance from center to top
CBOT = 0.149 in. Distance from center to bottom

Material Properties
Young modulus for Stainless steel

EX= 34684 ksi Ex=E* (TK/15)

EY = 24642 ksi Calculated Young modulus

EZ= 34684 ksi Young modulus for Stainless steel

GXY = 3759 ksi Calculated shear modulus for corrugated sheet

. Shear modulus for Stainless steel

GYZ= 13340 ksi Gyz = (E / 2*(1+NUyz))* (TKits)

GXZ= 13340 ksi Shear modulus for Stainless steel

NUXY = 0.3 Effective Poisson ratio

Calculation of Modulus (from FE model displacements)

F= 1000 Ib force applied on the FE model

A=L1*TK 0.39 jn? effective section area of the sheet mode!

S =FIA 2587.5 psi nominal stress of the sheet
—. 2 EY GXY

A= 1.26E-03 8.26E-03 in displacement from the model
1.05E-04 6.88E-04 % resultant strain =d/12
24642.4 3759  ksi Roof modulus used in FEA

4

lf § —> |-<—d....

¥

L.

l(— B—>

-ffflllf)’flllrf CELLE AP IT T

e 12—
EY GXY
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A3

Corrugated side sheet properties calculations:

0272

‘ [ X/ R0O.125
TYP. 0030
! 7 ¢ L
028 —f ‘ lT
, 12345 1345 -
Corrugated side sheet geometry
Sheet thickness: ts= 0.030 in. Area= 0.0960 in*2
Corrugation height: h= 0.500 in Ixx= 0.0041 in*
Corrugation pitch: p= 2.469 in. lyy= 0.0441 in4
Young Modulus : E= 28000 ksi ze= 0.1490 in
L= 9.876 in
TK = 0.03¢9 in. Shell effective thickness
- Ratio for the bending moment of inertia {stiffness)
RMI = 7933.0 RM! = (lyy) / (p*TKA3/12)
CTOF = 0.351 in. Distance from center to top
CBOT = 0.149 in. Distance from center to bottom
Material Properties
_ . Young modulus for Stainless steel
EX = 36290 ksi Ex=E * (TK/ ts)
EY = 24730 ksi Calcuiated Young modulus
EZ = 36290 ksi Young modulus for Stainless steel
GXY = 3755 ksi Calculated shear moedulus for corrugated sheet
_ ; Shear modulus for Stainless steel
GYZ= 13958 ks Gyz = (E / 2*(1+NUyz))* (TKts)
GXZ = 13958 ksi Shear modulus for Stainless steel
NUXY = 0.3 Effective Poisson ratio

Calculation of Modulus (from FE model displacements)

displacement from the model

F= 1000 b force applied on the FE model
A=L"TK 0.38 in® effective section area of the sheet model
S =F/A 2604.2 psi nominal stress of the sheet
EY GXY
Amax= 1.04E-03 6.85E-03 in
1.05E-04 6.94E-04 % resultant strain
24729.6 3755 ksi

modulus used in FEA model
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A4 Plymetal properties calculations:
Section Moment of inertia are:
d 3
By =— ; Iply (in*) = 0.03515625
12
Ip3 . .
i L) JIskin (i) = 0.004310731
12
e ; Icore (in*) = 845519
Icore=ﬁ ; leore (in") = 0.030
Where d is the panel thickness (in) = 0.75
h is the plywood (core) thickness (in) = d-2t = 0.718
t is the skins thickness (in) = 0.016
The equivalent Young's Modulus (Epy,) of the floor panel is calculated with the
following equation from Gere & Timoshenko, Mechanics of Materials,
Eq 5.9 & 5.45:
For a symmetric beam containing isotropic layers, the effective bending
stiffness becomes
(EI )b :Z Eil:
Therefore
Eply= Eskin-Iskin+ Ecore-Icore
Iply
Where Eskin is Stainless Steel Young's Modulus (ksi) = 28000
Ecore is the plywood Young's Modulus (ksi) = 1500

(Ref: APA - The Engineered Wood Association)

Iskin is the Moment of inertia of the Quter skins (ind)
Icore is the Moment of inertia of the core (plywood) (ind)
Iply is the Moment of inertia of the plymetal panel (in4)

Eply = 4749 ksi
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Plymetal properties calculations (cont.):

Plymetal Density & Mass

Plywood density from APA Plywood Design Specification

Mass/Area 2.2 Lbs/fE
Mass/Area 0.0153 Lbs/in®
Density 0.0204 Lbsfin®

Stainless Steel density
Density 0.2859 Lbs/in®

Plymetal density

— (pwoodx twood) + (psstl X tsstl)
(twood+ Z"sst&l’)

doymetat = 0.0317 Lbsfin®

pplymetal

FEM Floor Panel Material Properties

FEM Young's Modulus = 28000 ksi
FEM panel thickness = 0.032 in.
Imodel = 2.73067E-06 in*
deem = 0.743 Lbsfin®
Eply = 4749 Kksi Plymetal modulus used in FEA
Rmi (121/T3)

ruar = Loy * L)

E mod el X I mod el

Rmi = 2183.78
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A.5 Sub-floor properties calculations:

First the actual sub-floor buckling capacity was calculated. Then with the FEA model Young's

modulus was adjusted to achieve approximately the limit value of the subfloor buckling stress.
The process is iterative and reduces the properties of the subfloor material which is 201LN-LT
(annealed).

The buckling calculation method of section A.1 is used, Shear buckling is treated with figure
A5.1:

i

14

|
15
S
5\

/
-éi
B

Q
&
x

!l!iltll
J )

Fig. €5. 11 (Ref. 1} Shear-Buckling-Stress Coefficlent of
Plates ag a Fapction of 3/b for Clamped and Hinged Edges,

Figure A.5.1 (Ref. 5) Shear Buckling Stress Coefficient of plates

ﬂgjfggf' i

T 12(1-v }(b}

Where

Kc = Comprassive or shear Buckling coefficient
Er = reduced modulus from Walter and Lincoln
u — Poisson ratio

b = short dimension loaded edge

t = thickness of the plate
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Sub-floor properties calculations (cont.):

3 7zt Kc Er (_t_
T RA-H'%

2

Compressive buckling along ‘X’ axis:

Where

a = 12°

b = 20

Kec = 11.2 (Ref. 5, see Figure A.1.1)
Er = 29000 ksi

v = 03

t = 0.02

Ocr (X axis) = -0.30 ksi

Compressive buckling along Y’ axis:

Where

a = 20°¢

b = 12°

Kec = 6.4 (Ref. 5, see Figure A.1.1)
Er = 29000 ksi

v = 03

t = 0.02

Ocr (Y axis) = -0.47 ksi

Shear buckling along ‘XY’ plane:

Where

a = 20"

b = 12¢

Kc = 9.0 (Ref. 5, see Figure A.5.1)
Er = 29000 ksi

v = 03

t = 0.027

Tcr (XY plane) = 0.63 ksi

After many FEA iterations to achieve the above 0.63 ksi average stress in the subfloor, the
subfloor reduced Young’s modulus was adjusted to 1000 ksi.

Esub-floor (reduced) = 1000 ksi for a thickness of 0.02 in
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A.6 Collision post properties calculations:
~ 4,250~ -4
0.125
{ == 1l ‘,;\\‘ L]
R0.375
0.187 g S
8.750
\}:.....l:;:t__:"/ i
Area =5 in’
c=4375in
Ixx = 52.22 in*
Sxx = 52.22/ 4.375 = 11.94 in®
SECTION PROPERTIES FOR PLASTIC BENDING
OF Tube, 8.75x4_25x0.188 +2x1.75x0.125
Area : 5.031
Bounding box {(relative to centroid} X : -Z.1Z5 2.125
Y 1 -4.37642Z 4.37358
Extreme fiber (c) X : 2.125 T : 4.37642
First moment of area (Q)* X : 7.2846 T : 3.98156
Second moment of area (I} X : Lz.zzz T - 14.838
Section factor (K) = -¥ 1 1.1403% +X : 1.1404
=X 1l.22067 +Y¥ : 1.ZZ045
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A7 Corner post properties calculations:
0.125
¥
S i Shmmm BN
O L 1 87 abele 4 - 250
RO.875—
~3.000—
Area = 2.8 in?
¢ =2125in
Ixx = 7.34 in*
Sxx =7.34/2.125 = 3.45 in®
SECTION PROPERTIES FOR PLASTIC BENDING
OF Tube, 4.25 = 3 x .188 +(Z = 1.75 = 0.12
Area : Z2.869
Bounding box (relative to centroid) X : -1.5 1.5
¥ - -2.12Z611 z.1z389
Extreme fiber ({c) X = 1.5 ¥ - 2.12611
First moment of area (Q}* ¥ z2.09318 ¥ - 1.4295
Second moment of area (I) X 7.33472 Y - 3.8508682
Section factor (K) = =¥ : l.22Z% +¥ - 1.2229
-¥ - 1 ?21AR9  +Y¥ - 1 71RA
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AB8 Carline properties calculations:
) 1.500
'
0.400
i
0,030 i
2,750
R0O.060
TYP
a. l}ﬂﬂ
1.000
Area = 0.175 in?
¢ =(2.75-1.5) = 1.25 in (with respect to top flange)
Ixx = 0.29 in*

SECTION PROPERTIES FOR PLASTIC BENDING
0OF CTA carline, Z.75 x {1.5, 1} x .03 (BSK~

Area : 0.17458
Bounding box (relatiwve to centroid)  —1.34947 .1z053

X 1

Y : -1.49187 1.25813
7y Extreme fiber (c} X 1 1.34947 T - 1.49187
%1 Pirst moment of area (Q)* X : 0.08804 Y : 0.941
g b4 Second moment of area {(I) X : 0.20883 Y : 0.07089
1 Section factor (K) = X : 1.2%201 X : 1.463702

=¥ 1 1R179 +¥ - 1 1345
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A9 Bolster properties calculations at y = 25.5 in:
. 187 e 7.319 —= 2.000
= —
) Y ]
2.500 .375 7.224
E |
1.537
~ 7.329 —=— 375
Area = 10.7 in?
¢ =4.45in (with respect to top plate)
Ixx = 111.4 in*
Sxx =111.4/ 4.45 =25 in®
SECTION PROPERTIES FOR PLASTIC EENDING
OF Bolster section at Y= 51 in
Aresa : 10.727
Bounding box (relative to centroid) X : -7.390931 7.46663
Y : —-Z.85458 4_454
Extreme fiber (o) X - 7.%0%31 Y : 4.454
First moment of area (Q}* H - 16._644 Y : 17.822
Second moment of area (I} X 111.359 Y - 185.013
I Section factor (K) = -X 1.54047 +X - 1.42312
=¥ 1.089z2z7 +Y - 1.1043
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Appendix B: FEA Models and Load Cases Description Plots
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B.1 FEA modeling assumptions:

The Finite Element Models were created on the basis of the carbody CAD Catia model using
Hypermesh 8.0 preprocessing software. Model computation is performed by MSC NASTRAN 5.0 Finite
Element Analysis software developed by MSC Software Corporation. This model uses plate, beam and
mass elements, properly located to represent the geometry of the structural assemblies. Each
component is characterized by its material property, physical property, element type and coordinate
system. Three models were used for the analysis:

1) Half a full carbody model for all symmetric load cases

2) Full carbody model for the torsion (LC_10) and for modal analysis.

3) Central underframe model with the undercar equipment support details.
. Modeling Assumptions:

. The global coordinate system has been chosen for all models to comply with the
coordinates of the drawings with the following system :

* X axis is along the longitudinal direction, with its origin located at the car center,
between the two bolsters as defined on NJT drawings. (X+ = B-End)

* Y axis runs along the car transverse direction with its origin centered between the
two rails. ( Y+ = right side)

*  Z axis is vertically upward with the top of rail defined as the datum.

. Quadrilateral plate elements are used for all the shell elements; in the fine
carbody models triangular elements are only to be used when inevitable.

. Beam elements are not entered to represent any hardware, they have no weight.
The main purpose of the beam is to connect equipment CG locations or to
transfer loads from the truck, coupler or jacking systems to the structure.

. Mass elements are used to simulate the weight of the equipment or of the
distributed weight of elements in the carbody.

L The shell elements representing the corrugated sheet of the roof, the corrugated
sheet of the skin, the plymetal or the subfloor have special properties as
calculated and defined in Appendix A.

B.2 FEA model Plots:

The following plots show the three models. Components plate thickness and material are not
described in the plots but are in line with the CATIA model and dwg. A-399-0007 Rev.” “ Carbody
Assy “A”.

The boundary conditions are shown for the main load cases only.
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