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A Study on the Evaluation of the Failure for Carbody Structures made of Laminated
Fiber-Reinforced Composite Materials Using Total Laminate Approach

Kwang Bok Shin™, Dong Hoe Koo’

ABSTRACT

In order to evaluate the strength of carbody structures of railway rolling stock made of laminated
fiber-reinforced composite materials, total laminate approach was introduced. Structural analyses were conducted
to check the basic design of hybrid composite carbody structures of the Korean Tilting Train eXpress(TTX)
with the service speed of 180km/h. The mechanical tests were also conducted to obtain strengths of composite
laminates. The results show that all stress components of composite carbody structures are inside of failure
envelopes and total laminate approach is recommended to predict the failure of hybrid composite carbody
structures at the stage of the basic design.
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Fig. 1

Carbody structure of tilting tmain made of composites.
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Fig. 2 Manufacturing concept for carbody structures of TTX.
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Table 1 Failure criteria for isotropic materials

Criterion Features
Tresca (Maximum Shear Stress)
max {}01-02/.|02-03].|03-01]} =0y Ductile

Von Mises-Hencky (Max. Distorted Energy) materials only

(01-02)+(02-0:) +(02-01°=20,

Maximum Normal Stress

max{ioi|, |02, [03}}=0u Brittle

materials only

St. Venant (Maximum Principal strain)
max{|ei], [€2], |&3}=Eu

€ (i=123) = 7+ W H(principal strain)
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Fig. 3 Damage modes of laminated c

Table 2 Failure criteria of laminated composites

Approach L
F
Method Criterion eatures
Limit Criteria 1} Each layer is considered to be
. . d orthotropi
Ply by ply | Interaction Criteria homf)gel?eous an (.) rotropie
2) Lamination theory is used to
Approach

obtain the stresses and strains

Tensor Polynomial -
in each layer

Criteria

Direct Laminate
Criteria

1) Lamination theory is not needed
2) Requires the laminate strength

Total laminate|
approach
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Table 3 The limit criteria

Criterion Features

Maximum Stress Criterion

o=X; or X. 1) No interaction between the stresses
02=Y: or Y. 2) Failure mode is determined
T12=8

Maximum Strain Critetion . . )
1) Provides some interaction between

o z: z\; 2\: the: stresses .
2) Failure mode is determined
Yi2=Yu
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Table 4 The interaction criteria

Criterion Features

Hill Criterion
For plane stress state,

1) Failure envelope is a smooth
curve, but failure mode is
not determined

2) Do not consider different
strengths for tensile and
compressive modes
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Azzi-Tsai Criterion
For transversely isotropic,

& o o zZ
SO 9%

X X Y2+

1) Simple to use
2) Recommendation for quick
design check

"9 3
A

Norris Criterion
For plane stress state,

&
—)%212-—% +?'% + ig =] 1) It is more than Azzi-Tsai.
2 2} Proved to be good for
72 =1 fatigue test results
o
!
Hoffman Criterion
For transversely isotropic, o )

_ 2 X — 1) Similar to Hill but accounts
m— +yv T X, oy for different strengths in
XX, Y.Y, XX, tensi 4 .
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Table 5 The Tensor polynomial criteria

Criterion Features

Tsai-Wu Criterion
For Plane stress state,

1) Simplest of tensor
polynomial but still requires
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XIX — )6 +( )02 biaxial test data
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}12  Fourth order strength tensor
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Table 6 Proposed failure criterion for design of the composite carbody

Stage Proposed Failure Criterion Reasons
Prelimi . imple to check the
e 1m'|nary Total laminate approach Slm,p ¢ ¢ !
Design design.

1) To know the onset
of failure and failure

Total laminate roach modes.
Detailed Design & Pl all) ! ) apprgach 2) To know the first
Yy by ply app ply failure

3) To verify the design
before manufacturing

Manufacturing Test -
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Fig. 5 Mockup and basic drawing for TTX.

Table 7 Test methods for mechanical properties

Material Type ASTM

Longitudinal Tensile Property

D3039M
Transverse Tensile Property

Longitudinal Compressive

HFG CU-125NS Property

Graphite/epoxy

D3410M
Transverse Compressive

Property

Shear Property

(12 plane) D5379M
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Table 8 Mechanical properties of HFG CU-125NS graphite/epoxy

Type Stiffness(GPa) | Strength(MPa)
Longitudinal Tensile Property 147.45 1834.90
Transverse Tensile Property 9.24 38.12
Longitudinal Compressive Property 134.95 1165.27
Transverse Compressive Property 8.97 130.02
Shear Property 651 82.43
(12 plane)
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Table 9 Material properties of aluminum 6005A-T6
Materials Stiffness Possion's ratio Densit;
(GPa) (0) (kg/mm™)
Al 6005A-T6 | E=69 G=26 033 2.7xx10°
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Table 10 Results of the structural analysis for aluminum carbody

Limit value Present value State
86.24
Max. siress - 207 (under vertical loading} Safe
(MPa) (vield stress) 7346 Safe
(under twist loading)
Deflection 1416
(mm} < 1597 (under verticla loading) Safe
Weight
(ton) N 788 )
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(b) Composite structure

Fig. 8 Maximum stress under vertical load(Hybrid composite carbody).
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Table 12 Results of the structural analysis for hybrid composite carbodv

Limit . .
Type value Present value State
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underframe | . , loading)
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(under twist loading)
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Weight R ) o
(tom) 6.25 20 %)
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Table 13 Strengths for HFG CU-125NS graphite/epoxy laminates

Laminate Type Strength(MPa)
0v4454903] X=Y 795.48
19; - S 128.92
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Table 14 Failure indexes for composite carbody under vertical loading

Criterion Standard Value of failure index State
Puppo
<1 0.0096 Safe
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-Gerstle
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