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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.

z F

M4 4% BP9 A4 PREY FEE G2l ga AA AF G2PE) 44L ANHA 180kmh
Al sfolues RgA A AREAS BFA7 A FEANS s £a Bita A

o @29 9w
Fwe ZES Fobl A9 AAH BANYE FAch ARHoE, 9FY YNARY BYA A FEBeIA B
A SAREE BT Gegoy AT B Ul TARACH @A 42w FoAe 27 ALEA @A
soluPls BgA A4 P2 Beg dZse o 0g F8%E SR

Key Words : A 233 32 (total laminate approach), 3H&7]3 4 (failure criterion), ® ¥ @ }(tilting train),
stol| B el = B3] A (hybrid composite carbody)

1. A 2 € EFsta IA A A, 2ddda 1A, EF6E

A 2P ERAR A Fo2 FEHE F Aok
AEA g} Al (carbody structure)= ZEF A, FA, BAAAE BFES R FARFA lolA zH A2
AR, AR, AEA, A, 2572 5o AF 7R F A4 AAY L20E AA vlE) BAAT Y £4A
AS TAste FRE FASH, A% Ve R Hd,  dEAZY AAd Hed £ e AD2A, A Fa,
o1, Sz, A% U 2% 52 2ASE MY Fedn  #AF B, 718, 42, AFA duZddy FuA
7184 EE Alsdeh ARAd met Ao FF Sol F2 ALHDT Ik 2Edd G AAE WA,

AT EIEd T_ ZEARTIeNIAY Y NaRdA ol HY AYAT7Y, 24 A ZHE-mail:shind55@kerri.re kr)
*ARET AT NEARV SN JYAT Y



H174 F 1 % 2004, 2 AA A5 ASHE o8

AHA% A%

B34 A TzES sERsE d7 19

A4, AA e AFs TbeA, RARSA, 98 Fol
gto @A FHdA BiHE AF, 4, A
HasA AEHL A Evw AANE 2
TEE W2 fAGL AT R ALE @
Aot e dFuE ¢Evied L ol &
Ae Agd ZA AL KF HEsd AgTHe o
w5t 2 AAY AFE 48P TF EEA TR ¢F
A7 HEHn ok SlelAe &FrE A A
B2E} A5A 2 67 2E5FE 59 SEAAZ Y
199478 o] AlFEo] Ao e v 3li
FA AEA 2 9d AFE o A5 °‘EHI]
AA FFL AR YY), A2RFH T FAR
Fulo & 9L Fol, Tl ¥ AF FE7% F

oo oo
Nirloc:ir

= #adA G TN, A 2L A5T FES
AAGR Fgol Re AA7t AARA SHolq WEHz
ST e pTEAs BEAR + AL BgA A

(composite carbody)= 19903 th o] F FRNA FE&3E 9
stal g ATAESE F3 Fo don AR AFE
ANEA B AFE Fol I FFARE At BEAS
of W 7%, HZAAdol w31 LFEuE AA € A
FEH FE FY F Qo AN B=arge] A As
2A ZFen ok EFAS x}zﬂ= B%3 A ¢
2oy A vE HA 20~30 % FEY A FAE 7
&A1 § denz aA AZErt wﬁf& BE Ao}
g8 A Zhtilting train)ol] S§o] =2 FIM8lm v FAlo]
tH2]l. Fig. 12 F3oA 7MgdE EFA AAY oF By
Z1 9gon ZUdAE 180 kmhFe =¥ "y It
(TTX)9] A A52A BFAEE AFste A7AL F
o Utk Fig 2& F=Y g date] AA A}E A A

dEF vehia gl

Fig. 1

Carbody structure of tilting train 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 {[0(-02,]02-03],]03-01|} =0, Ductile

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

(01-02)H{02-03) +(03-01Y =20,

Maximum Normal Stress

max {01, |02}, |o3]}=04 Brittle

materials only

St. Venant (Maximum Principal strain)
max{le)], [eal, |esl}=€u

& (i=1.2,3) : 3 W% E(principal strain)
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Fig. 3 Damage modes of laminated composites.
Table 2 Failure criteria of laminated composites
Approach o
Criterion Features
Method
Limit Criteria |1y gaqp, layer is considered to be
. - homogeneous and orthotropic
Ply by ply | Interaction Criteria 'g . . P
2) Lamination theory is used to
Approach

obtain the stresses and strains

Tensor Polynomial :
in each layer

Criteria

Direct Laminate
Criteria

Total laminate|
approach

1) Lamination theory is not needed
2) Requires the laminate strength
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Table 3 The limit criteria

Criterion Features

Maximum Stress Criterion

0,=X, or X 1) No interaction between the stresses
0=Y, or Y. 2) Failure mode is determined
T12=S

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

1=€1 O Ei¢
. e‘ o e ¢ the stresses

2=E2 2 . s :
v~ \;l 2 2) Failure mode is determined
12=Yu

, Tiz 0O
PR AR AT QR 1 AT ARAZER A%
= FASBPIS UYE A o
o

2.2.1 A 71F4(Limit Criteria)
o] AWM FFA THREY & FHEZE W
M5

FE)ol 2 Y A =8 o dojddtn P}
SEHAETDY FZE 2 E(interaction)S & inE] A &
0g #s Zte 939 4F AEE HEET o] Fow
Hol e =] AlZ(onset to failure)d FER=E oS

& & ok FAZEH(limit criterion) 2570 sHFEE o
FHQ FHEV)FEAL Table 3014 E5E0] maximum stress
criterion, maximum strain criterion[5] 5ol oW AV F
AEY ERAL A A G&dE =9st mE 44 AA
o A18% ¢ Jdrke Aol

o] 9]l Stowell-Liu criterion, Kelly-Davies criterion ZLE]

31 maximum shear stress criterion 5 ©] FHA7|F4] EFo
Elieg=h=1

222 FEZE 71F 2 (Interaction Criteria)
o] AWML rlEFHoz IZM-2E  7]E(curvefitting
Qo] ¢bAHTE o]2A JlxE BE3F

technology)S ©]-&3}1L 2= HE
ok B2 389 2314l (quadratic formula)S THEY w) 2
Agittn gglom méo AlFRhg & F glon
EEEE 45T £ 91 45283 (interaction term)E
87 98 ol A¥(biaxial tes)S Aok = FLE ok
ZERE 712 BER/d ddste HEHQ] sEr|EAE
& Table 49} Zro] Hill criterion[6], Azzi-Tsai criterion|[7],
Norris criterion[8] 1&]3 o},

o]9]ol =  Marin criterion, Franklin criterion, Fischer
criterion 712|311 Yamada-Sun criterion 5-°] J&2& 7]F4
5ol sk

-

Hoffman criterion[9] 5 °}

Table 4 The interaction criteria

Criterion Features

Hill Criterion
For plane stress state,

1) Failure envelope is a smooth
curve, but failure mode is
021 not determined
Xz 2) Do not consider different
222 strengths for tensile and
’ Yoo, + 2 =1 compressive modes

(—+?—

Azzi-Tsai Criterion

For transversely isotropic, 1) Simple to use

2) Recommendation for quick
i_ 9% , % 022 i} =1 ) design check !
X x Y e
Norris Criterion
For plane stress state,
i 0% | & & =1 1) It is more than Azzi-Tsai.

+
2
X Xy YZ s 2) Proved to be good for

% =1 fatigue test results
4
X
Hoffman Criterion
For transversely isotropic,
F—6i0 2 X—X 1) Similar to Hill but accounts
IX tXl 2 +Y—§/+ );_ X L g for different strengths in
< YI FY 22‘ tension and compression
e Ty N2
+ Y.y, o+ 52 1

X ARRR QAR v ARADER ARAE, 70 FAVE AFYE

2.2.3 @A )32 7] F2](Tensor Polynomial Criteria)

Table 5 The Tensor polynomial criteria

Criterion Features

Tsai-Wu Criterion
For Plane stress state,

1) Simplest of tensor
polynomial but still requires
biaxial test data

(_)1( -1 )61+(_1 __1)62
x5 XX A+ YY )é

Z
+~§§~ +2F,0,0,=1

F12 : Fourth order strength tensor

AL A58 7)5 2 (interaction criteria)® v}
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Tsai-Wu  3k&7]524 9o Ashkenazi  criterion,
Gol'denblat-Kopnov criterion 5-©] ®lAthae] 7]F4] EF ol
ot

224 AFAQ HE3 7154 (Direct Laminate Criteria)
QoA g FAE, FEdg FEH gz 4
Mot 71EA e EAEe] dWE HFud A4 5
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criterion[11],  Guess-Gerstle

1) Puppo-Evensen 754

Puppo-Evensen J}&7]22oA AEHLE Fdo|HA o
ugdolzt ZhAdstn glom Aumoidd FaE givh 2
(1) y<iola FHA-ZHAe)ol 2 Puppo-Evensen I}<£7]
F4E5 vET

fory<1,
2_ Xy ey Oy

A+ (T2 =1 m

F Puppo—~ Evensen ( X

FPup/)o Evensen — }’( x )2 )( x )(—Y_)+

(—YL)Z+<—§L>2:1

7|14, %24 A4 (interaction factor) v 4] (2)¢ #&
o] Fojzlt},

r= XY (2)

BEAEAT vE THEAEY S 1, A8 L A=
(fabric-like material)$! 7
Puppo-Evensen ¥}5=7) 4’%74]7” v7t 181} &
< A A ()F Zol F MY ElY 2(two distinct ellipse)
o2 zdFHI HYE uAEE Pdo] IF&W(failure
surface) .2 Aot 4 (oA A" X, Y 281 s=
&3 ZF(laminate axes)? ¥ A== YElH o, 0, 2
E] T“E H3H Fd digk £H94ES Uitk v>19
= A9 glee=z Ak}, Puppo-Evensen 7] 542
T(layer)lﬂvl $ES BMste AFW o]0 8T7HA &
At Z= X, Y 281 S 5& AES T Fof ok

l:lH

2) Guess-Gerstle 7]54]
Guess®} Gerstle2 2719] AFF 3&7]E24 8 AR5

!

£124% fAEY Aaze A= :EA 7]
A& 4 33 2ol Ak

th A WA B84 45T J¥gdoz HEsle Ao
&8 7]&24(maximum stress criterion)°]®] FHA= 34
b AEd4S 2367 8 HEH a Hoz o}
Al HEE e 71EdE AT ol A2 Nomrise]
s}
%

[ g, O o
FGue.:SAGerstle=(_Y 2— —-L+(_y_)2=]. (3)

X Y Y
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Table 6 Proposed failure criterion for design of the composite carbody

Stage Proposed Failure Criterion Reasons
Prellm.mary Total Taminate approach Sur?ple to check the
Design design.

1) To know the onset
of failure and failure

Total laminate approach modes.
Detailed Design & Plv by o] approach 2) To know the first
vy Ry ply failure

3) To verify the design
before manufacturing

Manufacturing Test -
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(a) Basic drawing

(b) Mockup

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
Property
Transverse Compressive
Property

HFG CU-125NS
Graphite/epoxy

D3410M

Shear Property

(12 plane) D5379M




24 ARR7EE

HERE A HEGEE

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
S“(elazr ,l: jopety 651 82.43
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dFugoz AAE AGY S JIS E 7105[14]9] =}t

2 FAse 9 ER &F sA FRIANE Y3
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Atz ey 58 A2 2(shell 63), Bl-EF(T-slot)S W oA

(beam 188)E AM&-3F3TE Table 9% 4o Algd &¢=n
B 6005A-T69] EAXE Ve At

Table 9 Material properties of aluminum 6005A-T6

: Stiffness Possion's ratio Densit
Materials (GPa) ) (kg/mn)
Al 6005A-T6 | E=69 G=26 033 2.7xx10*

) : Distributed vertical load
@ & B : Constraints (Airspring)

(a) Under vertical load

@ : Concentrated load
@ : Constraint (Bolster)
® : Constraint {Airsoring)

(b) Under twist

™ YN

Fig. 6 Boundary and |

NODAL SOLUTION

STEP=1
sUB =1
TIME=1
s1 {AVG)
DML 14 157
SMN =-3.12
SH =36A23B

56
46.523

3
5.809 26.666

Fig. 7 Maximum stress under vertical load
(Aluminum carbody).
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Table 10 Results of the structural analysis for aluminum carbody

Limit value Present value State
86.24 ) Safe
Max.. stress <207 (under vertical loading)
(MPa) (yield stress) 73.46
(under t\\;i.Sl loading) Safe S3.328 O 10.6 s T767¢ 52.677
3.673 17.674 1.67 45.676 59.678
Deflection 14.16
(mm) < 1597 (under verticla loading) Safe
Weight
(ton) - 7.88 -
3.3 S™ iAol cHEt o "ot
3.3.1 ol = A A T2 4
B AL A2 JIS E 710500 wel FHEE 9
UEY AT Sl FEANE Sdsclol g, A

AL A, AFTLE [0,/4452/90,)F TR AP
o+ %Aés oéu]-zﬂ: D/ledﬁ_‘,].e EEHE x% =3 ¥ _')(\)1-:‘,:
(laminate engineering constants)E A}-83}91th olu) &g
A FRE AUZdade F3 4EA LFHE 6005-T6,
UeA RAR, AllEXd, dEZdY F)E 4%
23 HEse slolBEl= EgAl AA(hybrid

composite carbody) TZ & 3}tk d=3 WY A= A7)
2] olod A AAFFo] sHEFx FHFEHh upebA, T
z9 tHdE e ¢FuES AUZHd FRAS
2 dgstolct EH/H of AMgE HF H3HA A9 B4
Table 113} Zt}. Fig. 82 2385 slollA slolB|= &
A 2kA 9] %‘1‘!—3—}_ AHRE eI Qi

Table 11 Material properties of HFG-CU125NS laminate
. . ; Stiffness| Possion's | Density
Materials | Applied part| Laminate (GPa) ratio (ke/mm")
Ei=E>
=57.61
Roof, =
Pﬁng};fsu sideframe, | [0,/4452,/90,], Yoo | 1sx10®
endframe o
G12=Gy
=22.21

n = number of ply (Nmin=3)

-1.279 15.723

7.222 24.224

(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 carbody

Limit

value State

Present value

59.68
(under vertical
loading) Safe
73.39
(under twist loading)|
7523
(under vertical
loading)
68.56
(under twist loading)

15.11
(under vertical Safe
loading)

Type

underframe
(aluminum)

Max. stress
(MPa)

Must to
check using
eq(l) or (3)

Suitable
criterion

Other parts
(composite)

Deflection

(mm) - < 1597

Weight

(ton) - " 6.25
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Table 13 Strengths for HFG CU-125NS graphite/epoxy laminates

Laminate Type Strength(MPa)
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Table 14 Failure indexes for composite carbody under vettical loading

Criterion Standard Value of failure index State
Puppo

<1 0.0096 Safe
-Evensen
Guess <1 0.0089 Safe
-Gerstle
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Fig. 9 Failure envelope for total laminate approach.
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