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Abstract

COMPARISON OF CARBON STEEL AND COMPOSITE SIDE WALL OF

LIGHT RAIL VEHICLE BY FINITE ELEMENT ANALYSIS

DILRAJ SINGH, MS

The University of Texas at Arlington, 2018

Supervising Professor: ANDREY BEYLE

A Railroad car is a vehicle used for carrying passengers and cargo. In the modern era, rail vehicles are
designed as lightweight structures with the aim to minimize mass, operational energy demands, and CO:2
emissions. Light rail vehicle is used at street level where they have direct contact with normal traffic and
have a short distance between stations. In order to reduce dwell time at stops, and so, the vehicle can
accelerate and deaccelerate easily, weight should be less and that is why low floor design is adopted these
days. The sidewall is a crucial part of the car body because it stands the weight of the roof, AC unit and
ensures the safety of occupants. This thesis research deals with two loads on the side wall of railroad car
i.e. Dead load of the roof and the wind load. Lowering the energy usage in railroad rolling stock often
requires new weight-out strategies. So, the main motivation is to replace the heavy material carbon steel
with advanced composite which can significantly cut weight while establishing great stiffness and strength
and delivering vital benefits like reducing the complexity of structure. The main aim of the work is to compare
and correlate results obtained from the analysis of various types of materials currently used for Railroad
Car body production. Composite Material is recommended for the safe operation of Sidewall panels under
dead load of the roof and side wind load replacing the conventional material without compromising the
safety. ABAQUS is used for the simulation needs. Effect of above-applied loads on different combination

of materials for the side wall structure is studied in addition to modal (Vibration) analysis.
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Chapter 1

Introduction

A railroad car is a vehicle used for carrying cargo and passengers. A railway carriage can be divided into
three main assemblies a) car body structure b) the running gears c) equipment like interior and propulsion,
etc. The car body is a relatively long and slender tube-like structure and the main function of a car body is
to provide passengers with sufficient safety and comfort. The car concept is limited to only the load carrying
the structure of the vehicle. Modern rail vehicles are designed as lightweight structures with the aim to
minimize mass and thus operational energy demand. The use of composite materials in vehicle structure
could reduce the weight and thereby the fuel consumption without compromising the stiffness of the

structure. [1] [2]

Driver's cab = End walls

Figure 2.1 Kinkl Sharyo power truck for 70% LRV

End walls

Figure 1-1 Car body [1] Figure 1-2 Running gears [3] Figure 1-3 Equipment [4]

So, it is very important to define requirements which must be fulfilled in order to design and manufacture a

viable vehicle [1] [5]. Some of the requirements summarized below:

a) The vehicle structure should not collapse during typical operational loads.

b) The weight of rail vehicle should be limited to keep the wear on wheels, breaks, and axles low.

c) Car body should be designed to limit the risk of fire ignition due to electrical malfunction and arson.
d) Car body should be safe to operate in different climates and temperatures.

e) Deformation in any part of the car body shall not exceed 90% of yield value of the material being used.



Due to the scope of this thesis, the car body functions and requirements considered and discussed are

limited to Low Weight, Strength, Stiffness, Manufacturability and Energy Consumption.

Mild Steel or power pressed aluminum profiles are the most commonly used material throughout the car
body because of their low densities and excellent range of properties. Recently, composites, or fiber —
reinforced composites are being used by rail manufacturing industries. The most frequently used reinforcing

fibers are carbon, glass, and aramid.

This Thesis research deals with the two loads on the side wall of a railroad car. First, Car Body Side Wall
Panels under dead load of the roof and second, Wind load on the Side of the wall. In the case of the
composite, the dead load of the roof is different than in the case of mild steel. In the case of second analysis,
Wind load is acting on the one side of the train at the speed of 40.3 mph. These loads give rise to high
stress and moments. An analysis is conducted by comparing the material change from Mild Steel to

Composite.



Chapter 2

Motivation

The railroad car is a good mode of transportation and to make it more reliable it is necessary to keep
improving its design. The railroad car structure primary function is to carry loads that act directly on it. So,
it is highly desirable that structure should be able to bear load during its operation. Side Walls are the most
important component which takes the weight of the roof, AC unit and wind loads on side of the car body
and ensures the safety of occupants. Lowering the energy usage in railroad rolling stock often requires new
weight-out strategies. So, the main motivation is to replace the heavy panel's materials —mild steel with
advanced composite panels which can significantly cut weight while establishing great stiffness and
strength and delivering vital benefits like reducing the complexity of structure. Reduced weight lower initial
inertia, allowing achieving higher speeds efficiently and quickly. This will further reduce wear and load on
the axle. There are various composites available today to choose from to meet specific requirements. The
consequent use of the most suitable material for the most appropriate application opens up a large potential

for hybrid designs in lightweight construction. [6]

Objective

The main focus of the methodology developed is on the lightweight design of structures while simplifying
the construction to reduce manufacturing and assembly times. Increase in the lifecycle cost saving and
durability of a product is a prominent positive factor to use composite. The main aim of the work is to
compare and correlate results obtained from the analysis of various types of materials currently used for
Railroad Car body production. An Alternative design change has also been suggested for the Side Wall
panels including structural stiffeners which would not only have an impact on reducing the weight, but also
the cost of the Car body. Composite Material is recommended for the safe operation of Sidewall panels

under dead load of roof and wind load replacing the conventional material without compromising the safety.



Chapter 3
Literature

3.1 History

The following figure shows the timeline of the body shell evolution from the initial wooden construction to

the present-day hybrid construction. [3]

Timeline of evolution of rail vehicle body shell construction Hybrid
Construction

Aluminium
Panel
Construction

Fabricated
Aluminium
Construction
[ Welded Steel Construction }

[Riveted Steel Construcli:lr]

Combined
Construction
Wooden
Construction
1800 1850 1800 1950 2000

Figure 3-1 Timeline of the body shell evolution [3]

3.2 Sandwich Structures

Sandwich structures consist of three main elements, two outer faces, or skins, and a center core.

Facing (Stress Skin) Honeycomb

Core

Adhesive

Adhesive

Facing (Stress Skin)

Figure 3-2 Sandwich structures [7]



The face materials are common fiber reinforced plastics or sheet metals, while the core materials are usually
of lower density such as honeycomb structures, polymer foams, and balsa wood. There are many

combinations that can be made to meet specific requirements.

3.3 Function of sandwich structures

The sandwich structure function in a similar way as an I-beam in bending, the outer faces are there to
withstand the compressive and tensile stresses much like flanges of an I-beam and the center core carriers

most of the shear stresses. [7]

SHEAR STRENGTH

: E
SKiy ey Compression e—————"cmm N o
m a il
Ok
- STIFFNESS 1 40 185
,____________- -________P___.. WEIGHT 1 1.25 1.33

Figure 3-3 Sandwich structure strength [7]

Sandwich structure stiffness increases exponentially as the thickness of the core increases.

3.4 Application of Honeycomb Panels

1. Building products - wall cladding, ceiling, canopies, and interiors,

2. Commercial - doors, platforms, fixtures because of elevated mechanical properties like moisture,
chemical & impact resistance as well as vibration dampening,

3. Ground Transportation — lightweight solution — walls, doors, floors, seating bulkhead, ceilings etc.,

4. Marine & Recreation — sporting goods, boat decks, partitions, hatches



Figure 3-4 Use of Honeycomb panels in different industries [7]

3.5 Composites

A composite material is a material having two or more distinct constituent materials or phases. The material
can be recognized by composites only when the constituent phases have significantly different physical
properties. In case of metals, the constituent’s phases often have nearly identical properties. A composite
material has two phases: one is called as a reinforcement which is stiffer & stronger, and the less stiff,
continuous phase is called the matrix. Composites have been fabricated to improve mechanical properties
such as a) strength b) stiffness c¢) toughness d) high-temperature performance. The strength mostly

depends on the geometry of the reinforcement. [8]

1AL IIIY
YWY IWY)

Veeeaad 5/;/ Matrix material

T7I7IT7 77

XL LLs

Fiber material

Figure 3-5 Fiber and Matrix material [9]



3.6 Classification of Composite

A fiber is characterized by its length being much greater than its cross-section dimensions. Particle
reinforced composites are sometimes referred to as particulate composites. Fiber reinforced composites
are called fibrous composites. Fibers, because of their small cross-sectional dimensions, are not directly

usable in engineering applications therefore embedded in matrix materials to form fibrous composites.

Composite

materials
Fibrous Particle Reinforced
composites Composites
Single layer Multi layered Random Preferred
Composite {angle - ply) orientation orientation

Composite

Continous fiber - Discontinous fiber -
reinforced reinforced
composites composites
Laminates Hybrids
Unidirectional Bidirectional
reinforcement reinforcement
Random Preferred
orientation orientation

Figure 3-6 Classification of composite [8]

The matrix serves to bind the fibers together, transfer loads to the fibers, and protect them against
environmental attacks and damage due to handling. In discontinuous fiber reinforced composites, the load
transfer function of the matrix is more critical than in continuous fiber composites. Composite has a high
strength-weight ratio and controlled anisotropy features that makes it most widely used in the Transportation
industry. The lamina is made up of a number of fibers, i.e. the reinforcement (e.g. glass or carbon fiber) and
a matrix material, commonly a polymer. The matrix surrounds the fiber and keeps them in place that results

in high strength and rigidity in the fiber direction, while in the transverse direction, it is the strength and



stiffness of matrix that dominates the mechanical properties of the laminate. This lamina is, therefore, a
highly orthotropic component. Adding composite face sheets to the sandwich structure gives added

complexity to the problem but also added design space. The composite face sheets can be engineered to

optimize the directional properties of the component. [8]

The railroad cars which are currently using sandwich structures are: -

3.7 The Korean Tilting Train eXpress (TTX)

Inner frame of roof structure

Aluminum honeycomb I
e T

sandwich with carbonfepoxy =
face /

=

Inner frame

CF1263

carbonfepoxy Window Area

7 il
; II|I
=
I|II
L L e i =l e = X 5
Aluminum ‘\‘ i &
noneveomb CF1263 \} Stainless steel underframe |
§ carbon/epoxy e P10, o

Jniniﬁg areas hetween
composite bodyshell and
underframe

Figure 3-7 Korean Tilting Train body structure [10] [11]

The TTX was designed to run at 200km/h and is composed of four motorized cars and two trailers. To
reduce the wear on the tracks the TTX upper body was constructed of a lightweight sandwich structure with
a supporting steel inner frame. The door frame is manufactured from conventional stainless steel giving a
low center of gravity thereby increasing stability during curve negotiation. The steel door frame also
provides increased stiffness against global bending. The sandwich structure elements consist of carbon
fabric/epoxy pre-pregs for the faces and an aluminum honeycomb core. The entire car body is
manufactured as one single structure. This was accomplished by means of large-scale auto-clave. A large
mold was built in which the outer face was first laid out. The outer face was then cured in the autoclave.

Secondly, the inner frame and honeycomb core was placed on top of the outer skin. The core and skin



were bonded by use of an adhesive. After this step followed lay-up of the inner face. Lastly, the entire
structure was cured in the autoclave after appropriate vacuum bagging. By constructing the entire car body
as one structure weak links between panels are eliminated. The sandwich structure reduced the upper car
body weight by 39% compared to a stainless-steel car body. The total weight reduction, including

underframe, was 28%. [10]

Figure 3-8 TTX (left), C20 FICAS (right) [10]

3.8 C20 FICAS

Operating speed of this railroad car is 80-90 km/h. Stainless steel is used for inner frame and face sheets
and PMI foam is used as the core.

3.9 Different types of the body shell

3.9.1 Fabricated Body Shell
Structural parts are manufactured by joining elements usually made of same material.
3.9.2 Panel Construction of Body Shell
This construction consists of each part made of only one material serving several functions.
3.9.3 Hybrid Body Shell
Hybrid body shell consists of combined construction that means body shell is made up of different materials
with specific properties as desired for the part. The vital purpose of this type of construction is to reduce

weight. [12]



Chapter 4

Geometry

Railroad Car Wall Assembly consists of two panels and several Stiffeners. The Geometry model of the wall
is created using SolidWorks V17. [13] [4]. IPS Unit system is used throughout the modeling and analysis.
Instead of modeling a full model, it is understandable to use symmetry. Both symmetric and full shell model
is designed but the only symmetric model is used for analysis. ABAQUS software is used for simulation
needs. The full wall face sheets and inner frame dimensions are 330 in * 125 in and 2 in * 1.2 in. The
distance between the wall face sheet is 1.2 inch and inner frame cross-sections used for the study is
Rectangular. A standard wall face sheet thickness is 0.2 in. [11]. Initial value used for the stiffeners thickness
is 0.08 in. The inner frame is added to increase the bending stiffness [14]. The roof is 11-inch-high, and

thickness is 0.5 inch. [15] [16] [17]

B-UNIT o2 C-UNIT (e —UNIT A

148453 R EEURER FCES
LS ey

127.50 MAX. A

C—UNIT C=

= 1 | [

150,00
[2&10]
139.00,
3

OPERATING HERGHT
Av3957 ARTAREY

_155.98_LOCKDOWN HIEGHT
[3962] 5997 Fu s saimEs

- ) AN/ 7 1as
: . N/
82.00
[2082.8

372.00,
[3448.8]

Figure 4-1 LRV Geometry [15]
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Figure 4-2 Sidewall face sheet

Figure 4-4 Roof

90.00

11

——
125.00
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Figure 4-3 Sidewall inner frame

106,30

330.00

Figure 4-4 Roof inner frame



Chapter 5

Materials

This chapter discusses the isotropic and composite materials that are considered in this analysis. Isotropic

materials Mild Steel and Aluminum and composite materials E-glass and Carbon are used in the analysis.

5.1 Mild Steel

It is a steel containing small percentage of carbon. It is also called as “low carbon steel”. It is typically more
ductile, Machinable and weldable than other steels and high carbon. It is being used in wide applications

such as Automobiles, pipelines, steel frame buildings, fencing etc. [8]

5.2 Glass Fiber

Glass fiber is reinforcing fiber with advantages of high strength and low cost. For structural composites, the
most commonly used types of glass fiber are E-glass and S-glass. Glass fiber has poor abrasion resistance,
which reduces their usable strength. Compared to other reinforcing fibers such as carbon, Kevlar, and

boron glass fibers have a lower modulus. Glass fiber is available as a dry fabric or prepreg material. [8]

5.3 Carbon Fiber

Carbon/graphite fibers are used in the fabrication of high-performance polymer-matrix composites because
of its high — strength and high modulus. These fibers also have higher resistance to corrosion when
compared to other fibers. They are now being used in aerospace applications, sporting goods, civil
infrastructure, automotive etc. Carbon fibers properties can be altered easily by controlling their structure
through manufacturing process (e.g., by heat treatment temperature). Fibers are available in continuous,

chopped, woven fabric and mat forms. [8]

12



5.4 Epoxy Resin

Epoxy Resin is a viscous liquid and the viscosity is a function of the degree of polymerization ‘n’. They are
widely used as structural adhesives and resins. They have high strength, low shrinkage, high modulus,

great chemical resistance and are very easy to process. [8]

oty

Figure 5-1 E-glass [28] [18] Figure 5-2 Carbon [18] Figure 5-3 Al — Honeycomb [18]

Figure 5-4 Nomex [18] [19] Figure 5-5 Polyurethane foam [18]

Physical Mild Steel E-glass/Epoxy Carbon/Epoxy Units
Properties

E1e10° 304.57 65.26 213.2 Psi
E2 e10° 304.57 15 14.93 Psi
E3 e10° 304.57 15 14.93 Psi
G12 e10° 114.57 7.25 10.15 Psi
G13 e10° 114.57 7.25 5.36 Psi
G23 e10° 114.57 5.57 5.36 Psi

13



V12 0.28 0.3 0.27
V13 0.28 0.3 0.27
V23 0.28 0.4 0.54
Density 0.281 0.072 0.0538 ﬁ
in3
Table 5-1 Material Properties
Physical Aluminum Nomex Poly Foam Units
Properties Honeycomb Honeycomb
E1 1200 4482 5100 Psi
E2 190 4482 5100 Psi
E3 185068.2 4713726.5 15900 Psi
G13 43000000 275571.7 14500 Psi
Density 0.0036 0.0017 0.000578 b
in3
Table 5-2 Core Material Properties
350
300
250
200
150
100
50
0

Mild Steel

E-Glass

Carbon

Figure 5-6 Young’s Modulus of materials

14

Figure 5-7 Density of materials




5.5 Constraints vs Connectors

Constraints — Partially or fully eliminate D.O.F of a group of nodes and Couple motion with master nodes
Connections — Model actual connections between parts, such as springs, spot welds, hinges, bonds etc.
Types of fasteners — Point based and discrete

Type of Connector 1) Translational Type — Cartesian(None), Join(Displacement), Slide-Plane(U1)

2) Rotational Type — Cardan, Rotation(None), Align(Rotation), Universal(UR2)

4% Edit Connector Section >

Name: ConnSect-1
Type: Slide-Plane + Rotation 7
Available CORM: U2, U3, URT, UR2, UR3 Constrained CORM: U1
Connection type diagram: GF
Behavior Options  Table Options JO'N
Behavior Options
-+
& CYLINDRICAL
1‘/’ PLANAR
multibody mechanism
with connector elements
Figure 5-8 Connector Section [20] Figure 5-9 Example of connections [21]
Assembled Basic translational Basic rotational
BEAM a)f%{ LINK ¢ ALIGN ."‘ -
WELD ? JOIN A REVOLUTE ;’“
HINGE @ SLOT é UNIVERSAL ‘QF/ x'
UJOINT @ SLIDE-PLANE ‘ CARDAN ‘;L_:%:

sha
CVJOINT ﬁﬂ&'ﬁ; CARTESIAN EULER }_.%
CONSTANT Sa/"' "X

VELOCITY

a
B %‘
ROTATION }__ 2
.

TRANSLATOR @
RADIAL-THRUST

CYLINDRICAL -

% 53

P AXIAL
PLANAR 2 %4
FLEXION- Pf
T TORSION
( (_1 PROJECTION 7\4
o 200 WO CARTESIAN PROJECTION i S
:
BUSHING FLEXION- ?’
TORSION

ey

==

Figure 5-10 Different type of connectors [21]
Fasteners are applied in order to resist delamination or detachment of composite plies. If the model has

more than 1000 fasteners, it is better to use point-based because it provides superior performance. [21]
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Chapter 6

Loading and Boundary Conditions

Two loading conditions are considered in this chapter. The conditions are buckling of the side wall and

bending of the wall due to side wind load.

6.1 Buckling

Buckling occurs as an instability when a structure can no longer support the compressive load. The critical
load that will cause the first buckling mode is calculated from the nominal load 1 Ibf multiplied by eigenvalue.
Each side wall panel is 0.2-inch-thick and 1.2-inch-thick core. Instead of using full model it is understandable
to use symmetry. Parts are assembled together in assembly using Tie — Constraints. Fasteners of Radius

0.125 inch is applied to the side wall in interaction module.

Total weight of the Unit — C = 35560 Ib. The Structural weight of steel car body is 22% - 25% of the entire
vehicle weight. Considering 25%, the weight of the steel car body is 8,890 Ib. The calculated mass of the

steel roof = 1820 Ib. Total load of 1820*386.09 = 702,683 Ibf is applied. [22]

6.1.1 Analytic Solution

erz.((hz’ -%)+h-@

(n* - E-1,,)
LZ

P =

L

Figure 6-1 Buckling of | beam
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6.1.2 Ply Sequence

90 [90 |45 |90 |90 |O 90 |90 |-45 |90 |90 |45 |90 |90 |O 90 |90 | -45

<= Edit Composite Layup ><

Name: CompositelLayup-1

Element type: Conwventional Shell Description: [[
Layup Orientation
Definition: | Part global = P

Part coordinate system

Norma I direction: (O Axis 1 (O Axis 2 @ Axis 3
Section integration: (@ During analysis () Before analysis
Thickness integration rule: @ Simpsen () Gauss
Plies Offset Shell Parameters  Display

[[] Make calculated sections syrmmetric

Fly Mame Reglon Material Thickness csvs R:::;l:“ "“:9_""‘“’“
1 o Ply-1 (Picked) E Glass 0.0111111 <Layup> 90 3
2 « Ply-1-Copyl (Picked) E Glass 0.0111111 <Layup» %0 3
3 Ply-2 (Picked) E Glass 0.0111111 <Layup> as 3
a o Ply-3 (Picked) E Glass 0.0111111 <Layup= %0 3
5 « Ply-3-Copyl (Picked) E Glass 0.0111111 <Layup=> %0 3
6 Ply-4 (Picked) E Glass 0.0111111 <Layup> o 3
7 o Ply-5 (Picked) E Glass 0.0111111 <Layup> %0 3
8 « Ply-5-Copyl (Picked) E Glass 0.0111111 <Layup=» s0 3
° Ply-6 (Picked) E Glass 0.0111111 <Layup> -as 3
10 o« Ply-7 (Picked) E Glass 0.0111111 <Layup> %0 3
11 «  Ply-7-Copyl (Picked) E Glass 0.0111111 <Layup=> %0 3
12 o Ply-8 (Picked) E Glass 0.0111111 <Layup> as 3
13 o Ply-9 (Picked) E Glass 0.0111111 <Layup> %0 3
14 «  Ply-9-Copyl (Picked) E Glass 0.0111111 <Layup> %0 3
15 o Phy-10 (Picked) E Glass 0.0111111 <Layup= o 3
16 o+ Ply-11 (Picked) E Glass 0.0111111 <Layup= 20 3
17 « Ply-11-Copyl (Picked) E Glass 0.0111111 <Layup=> 20 3
18 o Ply-12 (Picked) E Glass 0.0111111 <Layup> -as 3
oK Cancel

Figure 6-2 Composite Layup

Other Ply-Sequences considered in Buckling, Wind and Modal Analysis are:
Sequence 1 - [90/90/45/90/90/0/90/90/-45] s

Sequence 2 - [90/90/45/90/90/-45/90/90/0] s

6.1.3 Boundary Conditions

B.C 1 — Symmetry along the X-Axis on left
B.C 2 — Simply supported on the bottom
B.C 3 — Free to move in the y-direction on the top

B.C 4 — Constrained in the Z direction

Initially, buckling analysis in the case of E-glass-Al is done and the F.O.S was way too less than in the case
of mild steel. So, in order to increase the F.O.S, inner frame thickness is increased from 0.08in to 0.24in
rather than increasing the thickness of face sheets because later will decrease the space for passengers.

So, in all the cases of composite inner frame thickness is 0.24in. Later | have considered decreasing the
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thickness of face sheets to increase the space for passengers and reducing weight further. Also, change in
the number of fasteners is considered in addition to the ply sequence change from asymmetric to
symmetric. In sequence 1, 45° plies position is changed and in the sequence 2, the position of 0° plies is
changed to decrease the stress in 0-degree layers, which in all the cases are failing first. Ply sequence
angles are determined using the performance analysis of angle. 90 -degree panels are more dominant to
provide more strength in the case of buckling therefore 60-70% are 90-degree panels, 20% are 45-degree
panels, rest are 0-degree panels. Thus, the stacking sequence is balanced but asymmetric. Post Buckling
analysis which is a non — linear behavior is also considered which takes place in the very short amount of
time. A structure may become unstable once load reaches its buckling value. Instability usually pose
convergence difficulties and therefore require special non-linear techniques. | have used Arc-Length
method to calculate graph of LPF (Load proportionality factor) with respect to arc length. First buckling
modes are calculated and saved as a fil file which is called in second analysis i.e. Riks analysis and this
method is used to calculate LPF vs Arc length graph. The imperfection of 10%*t in the first mode and 5%*t
in 24 mode is requested as shown in Figure 6-4 where ‘t’ is the thickness of face sheet and the modes are

called from the first analysis as shown in Figure 6-3.

{} Edit keywords, Model: BuckleCompRIKZ

**LOADS

** Name: Load-1 Type: Shell edge load

*Dsload
Surf-74, EDNCR, 1170.8

** OUTPUT REQUESTS

*Restart, write, frequency=0

** FIELD OUTPUT: F-Output-1

*Output, field, variable=PRESELECT
**HISTORY QUTPUT: H-Output-1

Jutput, history, varizble= PRESELECT
NODE FILE
!

*End Step
Block: | Add After Discard Edits

0K Discard All Edits Cancel

Figure 6-3 Output node coordinates for

the mode shapes

& Edit keywords, Model: BuckleCompRIKZ

*Boundary

Set-2, XSYMM

** Name: BC-3 Type: Displacement/Rotation
*Boundary

Set-46, 1,1

Set-46, 3,3

MPERFECTION, FILE=BuckleComp,STEP=1
.02

** STEP: Step-1

*Step, name=Step-1, nigeom=VYES, inc=1000
*Static, riks

0.1,1, 1e-051,,
** LOADS
PO (U S
Block: | Add After Discard Edits
OK Discard All Edits

Figure 6-4 Adding Imperfection to the model
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Figure 6-5 Load and boundary conditions in case of buckling

6.2 Wind Load

When the moving air is stopped by a surface the dynamic energy in the wind is transformed to pressure.
The dynamic pressure causes the bending of the surface; therefore, it is a vital aspect to consider wind

load analysis. [23]
The speed of wind considered for the analysis is 40.3 mph i.e. 709.25 in/sec

Wind Pressure P) Projected Area [A)

D=~ -p-v”
79

Where pq is Dynamic Pressure

p is Density of Wind Figure 6-6 Wind load [24]
v is velocity of Wind

p =1.0187 * 0.000036 Ib/in3
v =709.25 in/sec
On solving, pd= 0.0328 psi
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B.C 1 — Symmetry along the X-Axis on left
B.C 2 — Clamped on the bottom
B.C 3 — Constrained in the z direction on the right

Roof and opposite side wall are considered in assembly here in order to calculate realistic results.
A wind load of 0.032 psi is applied on one side of the wall in —z direction.

6.2.1 Analytic Solution

Assuming pressure on a clamped plate as an approximate,

For isotropic materials [25]

2
a a4

. U, =0.0284.p-
2 a a)’
2.t% |0.623 (b] +1 E-t* |1.056 (3) +1

Om=pP"

For composite materials [25]

(a b) 0.00342-¢g-a"
w|—,—|=

2 4
e (D11+U.5714- (D12 +2 Dgg) (%) +Dyye (%] ]

6.2.2 Boundary Conditions & Load

Figure 6-7 Boundary conditions Figure 6-8 Load as uniform pressure
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6.3 Simulation

In order to verify the structural integrity of sandwich and conventional walls of railcar ABAQUS was used.
The whole ABAQUS procedure can be divided into eight steps. They are as following:
Part: The model can be created or imported in this module in various format such as step, vda, iges,
Parasolid.

Property: In this module, the material and sections are assigned to the parts either it is a solid, surface etc.
A layup in the case of composites is created in this module.

Assembly: Different parts are assembled in this module. Nodes can be easily used to assemble instances
Step: In step manager, a step is created in addition to the initial step. The procedure needs to be assigned,
as an example, in the case of buckling Linear Perturbation buckle should be selected.
Interaction: Constraints are created in this module that means it needs to define that how the two parts are
connected to each other. Fasteners can be created in this module.

Load: Different types of loads can be applied in this section, as an example, Pressure, concentrated force,
shell edge load, gravity, etc.

Mesh: Meshing to different instances can be applied in this section. Mesh controls can be assigned to an
instance in this module.

Job: Job is created and submitted to this module and result can be viewed in Visualization module.

=l A2 Models (1) ;](‘I Contact Stabilizations
= Model-1 «]] Constraints

&p Parts -
[Fz Materials {E Connector Sections
&Y Calibrations t _T Fields
& Sections nJ Amplitudes
g’ Profiles E Loads

£ Assembly

¥ ol Steps (1) D; BCs . .
B= Field Output Requests [ Predefined Fields
% History Output Requests Remeshing Rules
b Time Points X Optimization Tasks
E;p ALE Adaptive Mesh Constraints I[:r Sketches

3 Interactions
E Interaction Properties “a Annotations
#4 Contact Controls 'ig Analysis

4@ Contact Initializations |;!| Jobs

Figure 6-9 ABAQUS Module
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6.4 Constraints

Face sheets are selected as master surface and inner frame is selected as slave surface as shown in

Figure 6-10 and Figure 6-11.

Mudulzl:lmeractinn M Modek: [ BuckleComposite-Copy ™| Step: |3 Initial M

4> Edit Constraint

Name: Constraint-1

Type: Tie

§ Master surface: m_Surf-58 [}

-

Discretization method: | Analysis default ™

f Slavesurface: s Surf-26 [y

[ Exclude shell element thickness
Position Tolerance
(@ Use computed default
O Specify distance:

Note: Nodes on the slave surface that are
considered to be outside the position
tolerance will NOT be tied.

[] Adjust slave surface initial position
[ Tie rotational DOFs if applicable

Cancel

Figure 6-10 Master and slave surface side wall panel

Figure 6-11 Master and slave surface roof and side wall
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Step files are imported to ABAQUS in parts and inner frame is stitched together to form a single part. Parts
are assembled together in assembly using Tie-Constraints. A tie-constraint ties two separate surfaces
together so that there is no relative motion in between them. Material properties are defined in Material
Module. Section, thickness, offset surface, the coordinate system is defined in Property Module. In step
module, field output and history output are requested. Loads and Boundary Conditions have applied

accordingly, and results are obtained after submitting the job.

6.5 Meshing
Meshing was done using the quad dominant method as shown in Figure 6-13. The geometric order is
Quadratic and D.O.F per node is 6 as shown in Figure 6-12. Mesh is generated with Shell elements SR.

Mesh sizing was selected based on mesh sensitivity analysis which is shown in Appendix B. Mesh size

was kept 0.8 inch which is the optimum size for the analysis. [20]

6.5.1 Buckling Analysis

Total Number of Nodes in entire assembly = 321,738

Total Number of Elements in assembly = 98532

& Element Type X

= Mesh Controls X

Flement Library Family

@ Standard O Bxplicit  Heat Transfer

Membrane Element Shape

Geometric Order Surface pre—
(O Quad ® Quad-dominated () Tri

Otinesr ©Gudrc  EXI -

Quad  Tri

Technique Algorithm

Element Controls

DOF per node 05 @6 () Medial axis

Drilling hourglass scaling factor: @ Use default (O Specify )

Viscosity: (@ Use default O Specify @ FI'EE D @ Advanclng fmnt

Element deletion: @ Use default (O Yes (O No ~ - s

i i & {

e s st O5ing () Structured D Use mapped meshing where appropriate
(O Sweep |_|

SER: An 8-node doubly curved thick shell, reduced integration.

Note: To select an element shape for meshing,
select “Mesh->Controls™ from the main menu bar.
0K Defaults Cancel
oK Defaults Cancel
Figure 6-12 Element type Figure 6-13 Mesh Controls
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Figure 6-14 Meshing using quad-dominated elements

Element Types & Naming Convention

S8R, STRI65, S4R Elements are used in the Buckling Analysis

Total Number of S8R elements = 94501

Total Number of S4R = 2472

S4R is a 4-node, quadrilateral, stress/displacement shell element with reduced integration and a large

strain formulation. [26]

Warping considered in smal - strain
formulation (Optional)

5 DOF (5) (Optional)
Coupled temperature - displacement (T)
Small- sirain formulation in ABAQUS/Explicit (S)

L— Reduced Iteration (Optional)

Number of Nodes

Conventional stress/displacement shell (S)
Continuum stress/aispiacement shel (C)
Triangular stressicispiacement thin shell (STRI)
Heat Transfer Shell (DS)

Figure 6-15 Nomenclature of elements [26]
Reduced iteration calculates the stress and strain at locations that provide optimal accuracy and also

decrease CPU time and storage requirements.
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6.5.2 Wind Load

Total Number of Nodes = 414726
Total Number of Elements = 382612
Linear quadrilateral elements of type S4R = 379494

Linear triangular elements of type S3R = 3118

Figure 6-16 Meshing using S4R and S3R elements

6.6 Failure Criteria

In isotropic material, Von Mises stress is used to calculate F.O.S while in the case of the composite, stress
in the direction of the fiber is used. In isotropic material, yield stress is considered and, in the composite,
when the max stress in the direction of fiber exceeds the strength of the fiber, fiber is considered to be

failed. Core failure is also taken into consideration.
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Chapter 7
Results

7.1 Buckling Analysis

U, Magnitude U, Magnitude
5 / +1.000e+00
+9.167e-01
+8.334e-01
+7.500e-01
+6.667e-01

— 48.3%
LL +0.000e+00 LL +0.000e+00

ODB: BuckleCompositeCorrectCarbonAlum2in[i].odb  Abaqus/Standard 3DEXPERIEHCE R2017x T
Step: Step-L

ODB: bucklesteel.odb  Abaqus/Standard 3DEXPERIENCE R2017x  Thu Apr 12 14:
Step: Step-1

U, Magnitude U, Magnitude
+1.000e+00 7 +1.000e+00
+9.167e-01 +9.167e-01
+8.333e-01 +8.3332-01
+ +7.500e-01

+6.667e-01

2 +5.833e-01

+5.000e-01 : +5.000e-01
+4.167e-01 +4.167e-01
43.333e-01 +3.333e-01
+2.500e-01

+1.667e-01

+8.3332-02

— +0.000e+00

ODB: BucklecompositeCarbon[1].odb  Abaqus/Standard 3DEXPERIENCE R2017x  Thu Mar 29 09:03) 0DB: BuckleComposite--Corrected-Carbon-Foam[1].odb  Abaqus/Standard 3DEXPERIENCE R2017x

Step: Step-1

Figure 7-3 Carbon-Nomex

U, Magnitude

 +1.000e+00
+9.167e-01
+8.334e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
e

— +1.000e+00
67e-01

1.667e-01
+8.3342-02
L +0.000e+00

ODB: BuckleComposite[1].odb  Abaqus/Standard SDEXPERIENCE R2017x  Wed Mar 28 09:56:17
Step: Step-1

0DB: BuckleComposite-Carbon-Aluminum2in[1].odb  Abaqus/Standard 3DEXPERIENCE R2017x
Step: Step-1

Figure 7-5 E-glass-Aluminum Figure 7-6 E-glass-Nomex
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U, Magnitude

+
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-
3!

+8.334e-02
— +0.000e+00

ODB: BuckleComposite--Corrected-Eglass-Foam[1].odb  Abaqus/Standard 3DEXPERIENCE R2017x

Figure 7-7 E-glass-Foam

Material | Steel Carbon Carbon | Carbon-Rigid E-Glass E-Glass | E-Glass-Rigid
Aluminum Nomex Polyurethane Aluminum Nomex | Polyurethane
Foam Foam
Eigen 2300.5 | 1170.8 1089.5 1072.7 564.15 529.87 | 522.01
Value
F.O.S 2.16 5.72 5.32 5.24 2.06 1.94 1.91
Table 7-1 Buckling analysis eigenvalue mode 1 and F.O.S Comparison
2500
2000
1500
1000
500

M Eigen Value

Figure 7-8 Eigen Value Mode 1
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7.1.1 Post Buckling

LPF

1.2

1.0

0.8

0.4

0.2

0.0

20. 30. 40,
Arc Length

&0.

LPF Whole Model

Figure 7-9 LPF vs Arc Length - Steel

LPF

10. 15. 20.
Arc Length

25.

Figure 7-10 LPF vs Arc Length — Carbon — Aluminum

LPF Whole Model




F.O.S

F.O.S

3.50E+00

3.00E+00

2.50E+00

2.00E+00

1.50E+00

1.00E+00

5.00E-01

0.00E+00

0.00E+00

2.50E+00

2.00E+00

1.50E+00

1.00E+00

5.00E-01

0.00E+00
0.00E+00

7.1.2 F.O.S vs Displacement

F.O.S vs Displacement

1.00E-02  2.00E-02  3.00E-02  4.00E-02  5.00E-02  6.00E-02

Displacement

Figure 7-11 - F.O.S vs Displacement - Steel

F.O.S vs Displacement

5.00E-02 1.00E-01 1.50E-01 2.00E-01

Displacement

Figure 7-12 — F.O.S vs Displacement - Carbon - Aluminum
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7.1.3 Dimension Change

U, Magnitude
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.8332-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.3332-02

— +0.000e+00

0DB: BuckleComposite-Carbo-Alum[1].0db  Abaqus/Standard 3DEXPERIENCE R2017x  Mon Apr 02
Step: Step-1

U, Magnitude
 +1.000e+00
49.167e-01
+8.3332-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167-01
+3.333e-01
00e-01
+1.667e-01
T +8.333e-02
— +0.000e+00

Figure 7-15 Carbon-Foam

U, Magnitude
= +1.000e+00

+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02

L +0.000e+00

ODB: BucklecompositeCarbon15in[1].odb Abaqus/Standard 3DEXPERIENCE R2017x Thu Mar 29 1]

Figure 7-14 Carbon-Nomex

7.1.4 Sequence Change

U, Magnitude

o +1.000e+00
+9.167e-01
+8.334e-01
+7.500e-01
+6.667e-01
+5.833e-01

L +0.000e400

0DB: BuckleCompositeCarbon-ALUSEQCHANGE[1].odb  Abaqus/Standard 3DEXPERIENCE R2017x
Step: Step-1

Figure 7-16 E.V. mode 1 Carbon-Aluminum Seq. 1
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U, Magnitude

= +1.000e+00
+9.167e-01
+8.334e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-

Figure 7-17 Carbon-Aluminum Seq. 2



Material Carbon- Carbon- Carbon- Carbon- Carbon- Carbon-
Aluminum Aluminum Nomex Nomex Foam Foam
Thickness 0.2in 0.151in 0.2in 0.151in 0.2in 0.151in
Eigen Value | 1170.8 775.33 1089.5 748.10 1072.7 721.94
F.O.S 5.72 3.79 5.32 3.66 5.24 3.53

Table 7-2 Dimension change from 0.2 in to 0.15 eigen value mode 1 and F.O.S Comparison

Material Carbon- F.0.S
Aluminum
Eigen Value 1179.2 5.764 Symmetric Layup 1 | [90/90/45/90/90/0/90/90/-
45]s
Eigen Value 1179.9 5.767 Symmetric Layup 2 | [90/90/45/90/90/-
45/90/90/0]s

Table 7-3 Sequence change to symmetric layup eigen value mode 1 and F.O.S Comparison

U, Magnitude

7.1.5 Fasteners Effect on F.O.S
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Figure 7-18 Eigenvalue mode 1 Carbon-Aluminum Initial fastener configuration




ODB: BuckleComposite-Carbon-Alum-SEQ[1].odb  Abaqus/Standard 3DEXPERIENCE R2017x  Fri Ap
Step: Step-

Figure 7-19 Eigenvalue mode 1 Carbon-Aluminum Double fastener configuration

Fasteners Distance Initial Double
Eigen Value 1170.8 1171.8
F.O.S 5.723 5.728

Table 7-4 Fasteners spacing change effect on eigenvalue mode 1 and F.O.S Comparison

7.1.6 Mass of Side Wall

Material Steel Carbon- Carbon- Carbon- E-Glass- E-Glass- E-Glass-
Aluminum Nomex Foam Aluminum Nomex Foam
Mass 1879.53 571.61 539.59 519.86 675.59 643.57 623.83

Table 7-5 Mass of side wall Comparison
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7.2 Wind Load

282401
52e+01

Y
0ODB: MildStellCopyCourseMesh’:] odb  Abaqus/Standard 3DEXPERIENCE R2017x  Tue Mar 27 13:5: A ODB: Carbon-Alum[i].odb Abagus/Standard SDEXPERIENCE R2017x Wed Apr 04 10:53:12 Central
Step: Step-1 Step: Step-1 -

Figure 7-20 Stress Mild Steel Figure 7-21 Carbon-Aluminum

12

+7.509+01
09%+01
171e+02
131e+02
092e+02
053e+02
014e+02
974e+02
935e+02

Y
0DB: Carbon-Homex[1l.odb Abaqus/Standard 3DEXPERIENCE R2017x  Tue Apr 03 18:17:34 Centrg A ODB: Carbon-Foam[1].odb Abaqus/Standard 3DEXPERIENCE R2017x Thu Apr 05 16:09:12 Central

Step: Step-1 Step: Step-1
Increment Step Time = 1.000 Increment 1.

Figure 7-22 Carbon-Nomex Figure 7-23 Carbon-Foam

+2.654e+02
294e+00
02+02

ODB: EGlass-Homex[1].odb Abaqus/Standard 3DEXPERIENCE R2017x Wed Apr 04 17:10:18 Centra

ODB: Eglass-Alum([1].odb  Abaqus/Standard 3DEXPERIENCE R2017x Wed Apr 04 13:58:53 Central ;
Step: Step-1 Step: Step-1
Increment 1 Step i Increment 1

Time = 1.000

Figure 7-24 E-glass-Aluminum Figure 7-25 E-glass-Nomex

33



Section: "Section-ASSEMBLY PANEL2final 12 inch halfS-1-1 COMPOSITELAYUP-1-1"
: Eglass-Foam[1].odb Abaqus/Standard 3DEXPERIENCE R2017x  Thu Apr 05 12:20:18 Central Of 3 Total thickness: 0.200160.
2 Plotof plies 1to 18, of 18,

Figure 7-26 E-glass-Foam Figure 7-27 Ply Stack — Plot

+7.033e-03

0DB: MildStellCopyCourselesh[1].odb  tbaqus/Standard 3DEXPERIENCE R2017x  Tue Mar 27 13:51:42 Cenf] ODB: Carbon-Alum[1].odb Abaqus/Standard 3DEXPERIENCE R2017x Wed Apr 04 10:53:12 Central|

Figure 7-29 Carbon-Aluminum

ODB: Carbon-Homex[1].cdb Abaqus/standard 3DEXPERIENCE R2017x  Tue Apr 03 18:17:34 Centrd
Step: Step-1

ODB: Carbon-Foam[1].odb Abaqus/Standard 3DEXPERIENCE R2017x  Thu Apr 05 16:09:12 Central

Figure 7-30 Carbon-Nomex Figure 7-31 Carbon-Foam
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U, U3
—r +9.514e-02

e-02
5e-03

- 44,675
2.511e-03 L1 3548003

0DB: Eglass-Alum[1].odb Abaq.s/Scandard 3DEXPERIENCE R2017x  Wad Apr 04 13:58:53 Central ] 0DB: EGlass-Homex(1].odb  Abaqus/Standard 3DEXPERIENCE R2017x  Wed Apr 04 17:10:18 Cent
Step: Step-1
1.000

Figure 7-33 E-glass-Nomex

ODB: Eglass-Foam[1l.odb  Abaqus/Standard 3DEXPERIENCE R2017x Thu Apr 05 12:20:18 Central

Figure 7-34 E-glass-Foam

7.2.1 Sequence Change

=0
5w

=

|| ——
E 3] H;

Y
0DB: Carbon-Homex-SeqCh: f b Abaqus/Standard 3DEXPERIENCE R2017x  Thu Apr 05 18: ODB: Carbon-Homex-SeqChzngei[ij.odb Abaqus/Standard 3DEXPERIENCE R2017x  Fri Apr 06 17:

Step: Step-1
Increment 000

Figure 7-35 Stress Carbon-Nomex Seq. 1 Figure 7-36 Carbon-Nomex Seq. 2
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ODB: Carbon-Homex-5eqChange[il.odb Abagus/Standard 3DEXPERIENCE R2017x  Thu Apr 05 18:

Figure 7-37 Deformation Carbon-Nomex

ODB: Carbon-Homex-SeqChangel[il.odb Abaqus/Standard 3DEXPERIENCE R2017x  Fri Apr 06 17:4:

Figure 7-38 Carbon-Nomex

Material Steel Carbon- Carbon- | Carbon E-glass E-glass E-glass
Aluminum Nomex Foam Aluminum Nomex Foam

S11 1314 568.7 459.4 436.2 1075 914.0 886.1

(V.M)

S22 5.73 47.51 52.03 131.0 120.0 115.2

S12 105.9 171.0 171.1 166.1 315.5 316.8

Defor- 9.3e-03 3.7e-02 3.9e-02 4.0e-02 8.8e-02 9.5e-02 9.6e-02

mation

in U3

u2 2.9e-03 1.1e-02 1.1e-02 1.1e-02 2.6e-02 2.8e-02 2.8e-02

U1 1.2e-04 3.1e-04 3.4e-04 3.7e-04 6.9e-04 6.9e-02 7.1e-04

Analytic 9.01e-02 | 4.1e-01 4.1e-01 4.1e-01 9.9e-01 9.9e-01 9.9e-01

F.O.S 24.34 64.47 79.81 84.05 17.05 20.05 20.69

Table 7-6 Wind load Stress, Deformation, and F.O.S comparison
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Material

Carbon-Nomex

Carbon-Nomex

Carbon-Nomex

Sequence 1 Sequence 2
S11 459.4 459.4 460.8
S22 47.51 47.63 47.55
S12 171.0 171.7 171.7
F.O.S. 79.81 79.81 79.97
Deformation 3.9e-02 3.9e-02 3.9e-02
in U3
u2 1.1e-02 1.17e-02 1.13e-02
U1 3.4e-04 3.5e-04 3.5e-04

Table 7-7 Wind load Sequence change to symmetrical layup Stress, Deformation and F.O.S comparison

37




7.3 Natural Frequency

When the frequency of input load is equal to the frequency of the system, resonance occurs. So, the natural

frequency is an important parameter to consider from a design point of view. Units of Frequency is Hz.

Same mesh size, fasteners radius, and distance are used as in the case of buckling. Load in the case of

Steel is 175,659 Ibf, Carbon — Aluminum is 45,160 Ibf, E-Glass — Aluminum is 33,742 Ibf and approximately

same for the other core combinations. [27]
U, Hagnite

T +1.000e+00
SO

U, Magnitude
+1.000e+00
+9

67e-01
01

4833302
+0.0002+00

ODB: Freq-Steel.odb  AbaqusfStandard 3DEXPERIENCE R2017x Tue Apr 10 12:41:21 Central Daylig

Figure 7-40 Carbon-Aluminum

U, Magnitude

ODB: Freg-Carbon-Foam.odb  Asaqus/Standard 3DEXPERIENCE R2017x  Tue Apr 10 14:43:25 Cer
Step: Step-2
Hode 1

vhiStardard JOEKPERIENCE R2017x  Thu fgr 12 Certral Dayhght Tens 2018

Vebe = 84444 Freg= 14625 (cydesume)

Figure 7-41 Carbon-Nomex Figure 7-42 Carbon-Foam
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fagnitude
02400

U, Magnitude
7 +1.000e+00
+9.167e-0
+8.333e-01
01
01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
00e-01
+1.667e-01
+8.333e-02
+0.000e+00

ODB: Freg-Eglass-Homex.odb  Abagus/Standard 3DEXPERIENCE R2017x  Tue Apr 10 11:14:51 Cent)
Step: step-2

QDB: Freg-Eglass-Aluminum.odb  Abag jard 3DEXPERIENCE R2017x Tue Apr 10 16:15:41 Cd
Step: Step-2

Figure 7-44 E-glass-Nomex

U, U3

B +1.000e+00
+9.166e-01
18332
+7.499-01
+6.665e-01
+5.831e-01
+4,997e-01

QDE: Freg-Eglass-Foam.odt  Abaqus/Standard 3DEXPERIENCE R2017x  Wed Apr 11 09:46:01 Centrd
Step: Step-2

Figure 7-45 E-glass-Foam

7.3.1 Sequence Change

U, Magnitude U, Magnitude

L 40.000e+00

Y
ODB: Freq-Carbo-ALU-5eq,0db  Abaqus/Standard 3DEXPERIENCE R2017x Thu Apr 12 15:07:19 C4 . ODB: Freg-Carbon-ALU-5eq-1.0db  Abagus/Standard 3DEXPERIENCE R2017x Thu Apr 12 16:19:07
Step: Step-2 x Stzp: step-2

Figure 7-46 Freq. mode 1 Carbon-Aluminum Seq.1 Figure 7-47 Carbon-Aluminum Seq.2
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Modes | Steel | Carbon Carbon | Carbon E-Glass Carbon E-Glass E-Glass
Aluminum | Nomex | Foam Aluminum | Foam Nomex Foam

1 1.14 | 1.47 1.46 1.48 .95 1.48 0.64 0.95

2 1.88 | 2.03 1.32 2.03 1.37 2.03 0.96 1.36

3 259 | 295 1.82 2.87 1.98 2.87 1.30 1.90

4 3.16 | 3.75 24 3.64 24 3.64 1.66 2.34

5 3.20 | 3.97 2.38 3.80 2.62 3.80 1.70 2.51

Table 7-8 Natural frequency Modes comparison

Modes Carbon-Aluminum Carbon-Aluminum Seq1 | Carbon-Aluminum Seq2

1 1.4707 1.475 1.476

2 2.03 2.03 2.03

3 2.94 2.93 2.93

4 3.75 3.68 3.65

5 3.95 3.95 3.95

Table 7-9 Natural frequency sequence change to symmetrical layup modes comparison
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Chapter 8

Conclusion

F.O.S of different Carbon combinations is higher than that of the mild steel in Buckling and Wind

load case with the F.O.S of Carbon — Aluminum highest in the 15t case thus increasing the safety.

By adding imperfection in Riks analysis, it is concluded that mild steel side wall reaches F.O.S of
unity at the vertical displacement of 0.028 in. while using Carbon — Al, side wall reaches F.O.S of

unity when vertical displacement is 0.19 in.

Composite side walls are lighter, and the Mass reduction is 69.5% in case of Carbon-Aluminum

replacing mild steel.
The natural frequency of Carbon-Aluminum for Mode 1 is 29% higher than that of steel.

Changing the dimensions of the face sheet from 0.2 inches to 0.15 inch cannot consider being safe
design even if it has higher F.O.S than mild steel because the load is not distributed evenly, rather

it is concentrated in a region above the door.

Increasing the number of fasteners doesn’t have a significant effect on the increase of F.O.S. so

initial configuration of fasteners is acceptable.

The experiment shows that 10% reduction in vehicle weight can result in a 6%-8% fuel economy

improvement and reducing Co2 emissions. (Wennberg, 2011 #5)
The symmetric layup is useful to consider in terms to increase F.O.S.

E-glass with different core materials is safe in all the cases but have less F.O.S than that of mild

steel in buckling and wind load case.

EF(g/kWh) # total electricity
L ~ consumption [kWh|
(g/pass. mile] ~ [ total passenger miles [ pass. milc.»;J\I
# line loss factor [kWh/kWh| )

Figure 8-1 Emission formula
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Chapter 9

Future Work
1. Fasteners can be used in Hexagonal layout and effective distance between the fasteners can be
recommended.
2. Different Shape of Stiffeners can be considered to study all the cases.

3. End walls and other interior parts can be made of the composite to reduce the overall weight of

railroad car.

4. Core and face sheets thickness can be changed accordingly to increase the space for passengers

maintaining the structural integrity.

Figure 9-1 Hexagonal layout

Driver’s cab End walls

Side walls

0 n

[Rectangular section] [T-section] ~ [1-section] ~[Channel X section]

Underframe
End walls

Figure 9-2 Shape of different stiffeners Figure 9-3 Car body

42



Appendix A

Matlab Code

% Script calculates the laminate bending stiffness and calculates the deflection

clear; close all;

% Asymmetric Ply lay-up
%
theta(1

theta(2
theta(3
theta(4
theta(5
theta(6

=90; E1(1
90; E1(2

=6526698.19; E2(1)=1500000; G12(1)=725188.68; v12(1
=6526698.19; E2(2)=1500000; G12(2)=725188.68; v12(2

=0.3; (1
=0.3; t(2

(1) (1) =0.0223;
(2) (2)

45; E1(3)=6526698.19; E2(3)=1500000; G12(3)=725188.68; v12(3)=0.3; t(3
(4) (4)
(5) (5)

0.0223;
0.0223;
0.0223;

)=
)=
)=
90; E1(4)=6526698.19; E2(4)=1500000; G12(4)=725188.68; v12(4)=0.3; t(4)=
=0.3; 1(5)=0.0223;
)=
)=
)=
)=

)=

)=

)=

)=

)=90; E1(5)=6526698.19; E2(5)=1500000; G12(5)=725188.68; v12(5
)=0; E1(6)=6526698.19; E2(6)=1500000; G12(6)=725188.68; v12(6)=0.3; 1(6)=0.0223;

theta(7)=90; E1(7)=6526698.19; E2(7)=1500000; G12(7)=725188.68; v12(7)=0.3; {(7)=0.0223;

theta(8)=90; E1(8)=6526698.19; E2(8)=1500000; G12(8)=725188.68; v12(8)=0.3; (8)=0.0223;
)=-45; E1(9)=6526698.19; E2(9)=1500000; G12(9)=725188.68; v12(9)=0.3;(9)=0.0223;
0)=90; E1(10)=6526698.19; E2(10)=1500000; G12(10)=725188.68; v12(10)=0.3;t(10)=0.0223;
1 (1
2

(1

)=90; E1(11)=6526698.19; E2(11)=1500000; G12(11)=725188.68; v12(11)=0.3:t(11)=0.0223;
(1
(

(
(
(
(
(
(
(
(
theta(9
theta(
theta(
theta(12)=45; E1(12)=6526698.19; E2(12)=1500000; G12(12)=725188.68; v12(12)=0.3;t(12)=0.0223;
theta(13)=90; E1(13)=6526698.19; E2(13)=1500000; G12(13)=725188.68; v12(13)=0.3;t(13)=0.0223;
theta(14)=90; E1(14)=6526698.19; E2(14)=1500000; G12(14)=725188.68; v12(14)=0.3;t(14)=0.0223;
theta(15)=0; E1(15)=6526698.19; E2(15)=1500000; G12(15)=725188.68; v12(15)=0.3;t(15)=0.0223;
(
(1
(

1
theta(16)=90; E1(16)=6526698.19; E2(16)=1500000; G12(16)=725188.68; v12(16)=0.3;t(16)=0.0223;
1

1
1
1
1

theta(17)=90; E1(17)=6526698.19; E2(17)=1500000; G12(17)=725188.68; v12(17)=0.3:t(17)=0.0223;
theta(18)=-45; E1(18)=6526698.19; E2(18)=1500000; G12(18)=725188.68; v12(18)=0.3:t(18)=0.0223;

Qbar=cell(length(theta),1);

%

% Loop through all plies, calculate Qbar for each ply
%

for i=1:length(theta)

v21(i)=v12(i)*(E2()E1(i));

S=[1/E1(i) -v21(i)/E2(i) 0; -v12(i)/E1(i) 1/E2(i) 0; 0 0 1/G12(i)];
c=cosd(theta(i));

s=sind(theta(i));

T=[c"2 s"2 2*c*s; s"2 c"2 -2*Cc™s; -C*s c*s (c"2 - s"2)];
Sbar=T"S*T,;

Qbar=inv(Sbar);

end

%

% Calulate the z distances for each ply interface

%
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total_thick=sum(t);
z(1)=-total_thick/2;

for k=2:length(theta)+1
z(k)=z(k-1)+t(k-1);

end

%

% Calculate the D matrix

%

D=[000;000; 00 Q];

for i=1:length(theta)

k=i+1;
Dply=(1/3)*Qbar*(z(k)"3-z(k-1)"3);
D=D+Dply;

end

%

% Applied Transverse Loading
q0=0.032;

%

% Plate dimensions
a=125; b=165;

%

m=[1357];

n=[1357];

%

% The deflection function expressed in Fourier Expansion

for i=1:length(m)

for j=1:length(n)

den=(D(1,1)*b" + 0.571*(D(1,2)+2*D(3,3))*a*2*b"2+ D(2,2)*a’4)

wc=0.00342*q0*a*4*b 4/den,;
end
end

% Outputs the Deflection value
wc

% Outputs the Bending Stiffness Matrix to get D16 and D26 values
D

*Can be repeated for all other cases
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Appendix B

Mesh Convergence

U, Magnitude

u

B S

+
&

ODB: bucklesteel.ods  Abaqus/Standard 3DEXPERIENCE R2017x Thu Apr 12 14:04:58 Central Day ODB: BS.odb  Abagus/Standard 3DEXPERIENCE R2017_san May 07 £4:43:03 Central Daylight Tim
z
: Step: Step-1

Figure B-1 Mesh size 0.8 inch Figure B-2 Mesh size 0.5 inch

In the Figure B-1 which is the case of buckling analysis of carbon steel, mesh size is 0.8 inch and in
Figure B-2 mesh size is 0.5 inch which is 37.5% higher mesh density, results in a change of eigenvalue i.e.

0.5%. So, as the change is minimal, | considered 0.8 in. as the optimal mesh size.
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