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Chap. 1
Introduction

- Background of this study
- Purpose of this study

- Organization of this study
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Chap. 2
Calculation system of mechanical properties
based on anisotropic theory

FEM

- Theory of anisotropic body

- Database system of mechanical
properties for composite materials

- Triangular element
- Solid element

- Shell element

l
Y

Intelligent FEM

Chap. 3 Chap. 4
Intelligent FEM for design of Determination of fiber orientation
composite materials and stacking sequence
- Hybrid composite materials - Determination method of fiber

+ Analysis of plate under

orientation and stacking sequence

bending condition - Analysis of plate under

- Analysis of plate under

uniform distributed pressure

combined bending and tensile * Analysis of cylindrical pipe
condition under combined loading conditiion
Chap. 5

Application to real structure

- CFRP center pillar

- Static and fracture analyses

- Experiment under bending condition

- Determination of optimum fiber orientation
and stacking sequence for center pillar

Chap. 6

Conclusion

Fig. 1.1 Flow chart of this study
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Environment

- Load
- Temperature
etc.

Design variables

Lamina properties
- Fiber and resin

- Volume fraction
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- Thickness
- Fiber orientation
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Trial design
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Stress analysis

Stress of fiber direction

Estimation by allowable value No
- Strength of material -]
- Failure criterion Modification

ﬂ Cost

Fig. 2.1 General procedure for design of composite materials
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|

Experiment

FEM

Fig. 2.2 Concept of calculation system of mechanical properties for composite materials
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Fig. 2.3 Coordinate systems; L, T, principal material coordinates; x, y, arbitrary coordinates
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Fig. 2.4 Coordinate systems; x, y, 2, local coordinates; X, Y, Z, global coordinates
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Fig. 2.5 Models of laminate for two— dimensional finite element method
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Fig. 2.8 Repeating composite elements for two kinds of filament array
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Fig. 2.9 Basic model for analysis of elastic constants
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E, BEE, B0 EEB2XFTEHEMEELL, Z0BEEEFHET A HHBROBL
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DTHd, 7k, RENABAREFEIKDVTIE, 358 T35,
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FEM

Calculation of max. F—value on each lamina
by Hoffman’s failure criterion

Yes
Cal. F—value > Obj. F—value
Change the lamina Change the lamina
with max. F—value with min. F—value
to a material with to a material with
higher property lower property

Calculation of weight and cost

No
Judgment of convergence

Fig. 3.4 Flow chart of material selection
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LRt S

I}
‘.

Weight

&
Cost

Fig. 3.5 Concept of relation between each design object
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3.4 BITKER
3.1 HITHEDOAZRITHIREBEFIRODIIBES

BB EL T, EBORE SEL VHEEREFVCENT, HHIFTREDOAL 2R
BB B/ITOWVWTIT oo Fig 36 CHERETVERT., BEKRKIIERBE L RE
DIWBEL, FAHRITHFEORIVFRBIIAMAMEIRZNEAML . ERHKEI 200,
Ak 21 Th s, b, BMHCET20HHBEERI, EBFrA-HHTH
BE Lk, £/, RIHFAMIOSELL, MEITHED — KL GFRP, AFRP, CFRP,
BFRP, Urethane ® 5 FE» 6B T 2D E Lo ZDOM B M {E % Table 3.1 IZ/R
ERS

392 N

A\

Fig. 3.6 Mesh model of laminated plate with multi— layer under bending condition

Table 3.1 Mechanical properties of each material

GFRP CFRP AFRP BFRP Urethane

) E: 45000.0 132000.0 76000.0 274000.0 392.0
Young’s modulus g, 12000.0 10300.0 5500.0 15000.0 392.0
Poisson’s ratio Yir 0.25 0.25 0.34 0.25 04
Ultimate tensile Fi 1000.0 1240.0 1380.0 1310.0 19.6
strength ey Fr 34.0 45.0 28.0 34.0 19.6
Ultimate shearing .
strength pay Fir 40.0 62.0 55.0 100.0 19.6
Ultimate compressive ¢’ 550.0 830.0 280.0 2480.0 19.6
strength opay Fr' 140.0 140.0 140.0 310.0 19.6
Specific weight ., 0.00194 0.00147 0.0013 0.00186 0.0001
Cost (Yensg) 2.0 50.0 40.0 50.0 0.05
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Fig. 3.7 Relations between F—value and number of iterations in case of
GFRP as the initial material under bending condition
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Fig. 3.8 Relations between F—value and number of iterations in case of
CFRP as the initial material under bending condition
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Fig. 3.9 Relations between F—value and number of iterations in case of
Urethane as the initial material under bending condition



FhEhoyzEMB ( GFRP, CFRP, Urethane ) 2%t L T, Figs. 3.10, 3.11 i%
A F{iLER, Figs. 312, 3133 K FE &L fitk, Fig 31413 ER LMk 0K
ERT. MiBEBERBIBMNEZSDIALVDOEZRT, B, RFOXKHIIT, #OLE
LitEDFMERd. GFRPEFMYREMHMBEELALHE, BIELICHEVER
HBEIT2H5M, HHREILEARTI2H5ACHBRESTOLA TR I LIBRTE
5, CFRP2\IHFEMBELELZEAIET, BOVEBELNYBRTCOERIMMT 3
G, TOBRBEETLIHFAMIIHBEENrs TR TS, £z, BVELNYERKE
TOMHMBETTSHE, 0%, HHREZZLEALELETICFHEILIERLT
W3, THhil, CFRPIFBEBTHREMN CTHsd, BERABIKDIVAXIHE,
it DL WVEBETCEVHBICHBEREN 2SN, ZDOH, Urethane #EIR X h
3pERFABRERENSILICEEDDTHB, Fig 3151k, HAFHEE
BERELMABOBMREZ=Z2XRINIIKRLALLDTH 5,

0.6

Objective F-value

0.5 - emmgozm oz g

—o— GFRP
—e— CFRP

0.4 |

03 |

Max. F-value

0.2 F

0.1 |

O 0 S N S AN TN Y TRUU TN AN TN SNV N NN RN SRS IOVERS SN SR SN NS TR NN N N

1.5 2.0 2.5 3.0 3.5 4.0 4.5
Weight g/mm

Fig. 3.10 Relations between max. F—value and weight for
GFRP and CFRP under bending condition
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Fig. 3.11 Relation between max. F—value and weight for Urethane under bending condition
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Fig. 3.12 Relations between max. F—value and cost for
GFRP and CFRP under bending condition
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Fig. 3.13 Relation between max. F— value and cost for Urethane under bending condition
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Fig. 3.14 Relations between cost and weight for GFRP, CFRP
and Urethane under bending condition
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Fig. 3.15 Relations between max. F—value, weight and cost for
GFRP and CFRP under bending condition
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BE, BB 208 EER, MHELARICEREIE -MBHTHEL L .
HEFAMIZ 05 £ L, #BHIZ GFRP, AFRP, CFRP, BFRP, Urethane @ 5 i H &> & 2 R
TE5HDEL -,

392 N

196 N : 196 N

Fig. 3.16 Mesh model of laminated plate with multi— layer
under combined bending and tensile condition
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Figs. 3.17, 3.18, 3.19 ix, #MPFEM B % Z h £ GFRP, CFRP, Urethane & L 7= 55 &
KEFRHEBEOBIVELRIHEIEKR, BRI EHFHEOH#EBERLAEZDDT
Hbo FIHIFREME L GFRP® CFRPOB &, HEAXRFHEIGRIFEELZITI S I
TRIZ2MBTHLLYD, AFERIVPEBELICHOVERFENFZRHFAMBMITEILH
MICHBRRELZZN TS, £/, FIHREMB D Urethane D 5 &1, R atFF
KEZI2PITLEA2METHE70, HFREZHESE S0 SEEEMB R
WEh, ERFEIZRAFFMECASICKRFPFAHLEARCHERETE 5, 05,
8 3% = A B A% Urethane D&, |OVEBELBNF 0RT v 7TORKR A TIIRERE
HHELHDBOELEHKEH, RIFBSMICESK I I>IUMBRBENZZN TS L
BREEBRTE 5,

FREFNofMBZREMB Ty LT, Figs. 320,321 X FH & EH, Figs. 3.22,
323 HEKRKFHEEMM, Fig 324 BERELMBOBERERT, it L ERIIHEM
ExUihDEERT. Bk, KHOXRBE, BIYEBELFIFBEOFMERT,
Fig. 32513, M ARFHELEBERLMBOBEKRE “REMITKRLEZDDTH 5,
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Fig. 3.17 Relations between F—value and number of iterations in case of GFRP
as the initial material under combined bending and tensile condition
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Fig. 3.18 Relations between F—value and number of iterations in case of CFRP
as the initial material under combined bending and tensile condition
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Fig. 3.19 Relations between F—value and number of iterations in case of Urethane
as the initial material under combined bending and tensile condition
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Fig. 3.20 Relations between max. F—-value and weight for GFRP and
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Fig. 3.21 Relation between max. F—value and weight for Urethane

under combined bending and tensile condition
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Fig. 3.22 Relations between max. F—value and cost for GFRP and
CFRP under combined bending and tensile condition
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Fig. 3.23 Relation between max. F—value and cost for Urethane
under combined bending and tensile condition
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Fig. 3.24 Relations between cost and weight for GFRP, CFRP and
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Fig. 3.25 Relations between max. F—value, weight and cost for GFRP
and CFRP under combined bending and tensile condition



3.5 REMMBRREFA

Bl CTi1d, Rt FAE2MET S (F<05) HBRHBEIPHELXFEL, T0O&
HNRBE, —BHNCRHEBRAPRETIILRIRAETH S, LW T, BE
EHEYOER, i E2ZRL THBHMBRZRETILEND 5. &l HE
HE2METAIRKORMBBRE BcolMFEMBITL D #EH SN FIHE,
HE, fikolFEroXNC)emET IR EZRDE I LELL o

Snin=Min. f( a-F—value + B-weight + 7 -cost ) (3.2)

I Z T, F-value, weight, cost ¥, TN FhOoEKOHEKEX2 1L TIEHRIEL
e, a, B, rREFENFThoZEHIIHT EIEARERT,

Table 323 MiIF DA% %S 5484, Table 33IIMIT L EERTIBIHESITHL
T, BAOZEGBICIoEKNIMHBRIRERERZRT, T2 T, G & GFRP,
A i3 AFRP, Ci3 CFRP, B3 BFRP, U i3 Urethane 27 L, MBI #EITTREH
GIICRLEEDDTHD. HHTFTHEOADIEHTIRBRICEWT, a=8=7
=10k a=r=10, B =200, 2B CGFRROBRBHERILRE N I
T, MFEFREEIFEHTIEBRICEVNTS, a=7=10TB =10~
30084, 2 GFRROBEREEFER N TS, Thix, @®E, fiitk, &
BEEZRETEL O GFRPAFAT AL AR THS LR RBL TS, &
DEHUBFHRITIL > DX, GFRP D i #% 4 CFRP %> AFRP O #Y 1/20 B E T & 5 27,
MEBIEINI2~VISBETH DI I LITL b, EBICGFRPHFTEMBEL TX
BIRAAENTWBILELPLDIEDI L HALAS. AFHEIKIVBIRENZHMEA
HRHLTFM, T4bb, BENRIFBEEZHE LZLTVWI0TIORKa=
00 L, BEELMMHBOATHEBEREROWRE 21T A X, Urethane M A N I L /&
ENfnA Ty FBEMER>TWS, £/, RREMISTRIZLE, X3
RIEDIIZTHBTEL D, MITLIRFAER2RITZIVOEE, BIRMEIICEK
W EBOIHRIERENTREOIGN A EMENED, HITOLAORMERZIT 3
BRYEREALA-SLZTRACHBIEENALBBHERICZ > T3 I bR E, 20D
LD, FEBOEHR2ZRIDIIELEICIIVMBERIrRETEDIIDLEE X 5,
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Table 3.2 Determined laminate constructions under
bending condition for each coefficient

a B 7 Determined laminate construction
(for F—value)| (for weight) | (for cost) | under bending condition
1.0 1.0 1.0 G/G/G/G/G/G/G/G/G/G
1.0 2.0 1.0 G/G/G/G/G/G/G/G/G/G
1.0 3.0 1.0 B/G/G/A/U/A/U/U/U/C
1.0 4.0 1.0 B/G/G/A/U/A/U/U/U/C
0.0 1.0 1.0 B/G/G/A/U/A/U/U/U/C
0.0 2.0 1.0 B/G/G/A/U/A/U/U/U/C
Table 3.3 Determined laminate constructions under combined
bending and tensile condition for each coefficient
a B T Determined laminate construction
(for F—value)| (for weight) (for cost) Egggirﬁgtl)lmbmed tensile and bending
1.0 1.0 1.0 G/G/G/G/G/G/G/G/G/G
1.0 2.0 1.0 G/G/G/G/G/G/G/G/G/G
1.0 3.0 1.0 G/G/G/G/G/G/G/G/G/G
1.0 4.0 1.0 B/G/G/G/A/G/U/U/A/G
o | a0 | L, L BOGGAGUUAG
B/G/G/G/G/G/U/U/A/A
0.0 2.0 1.0 B/G/G/G/A/G/U/U/A/A
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Fig. 4.1 Procedure of lamina treatment for balanced symmetric laminate
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NHEHFABEEMELRVWBEGR, BMEEAMAIrEAIKDOS IF2HME &
5, MM IFTOMBENALHBFANBOREFHEIZ, 9, HRXF v ST
DEMPEEOIENRBEACT, XUYIYKRTFKX ULI)H» 56T -4 X—2H
ODRHMEANAZBEALLBEORBOVTARUVHEREZTHRHIL, Thor b
BohdhiEEROWTEXKFEOS V7T 2T, ZOMEMN/NE WIHE
KE—BBERCE_BHEERR TS, 22T, A JRUD: ] 3IMHEER
DHAMES FICHITRIEEZ R T, R, F—RAELE _FEHOBBMHIC
FEWTFEMBEHEITY, RRXFENNMAIVFOBBMBE2EEMBELEL T
MET S, AFHEERATI LR ED, BB I E®2BIEL, UK
KOHERHMEZRBICEMTEIIENAE LR > 2,

[ I A A’ A’ | (Nx ]
8y“ =| Az Az’ Asze’ N, t 4.9)
L 7" Ais’ Az’ Ass’ | N, |

’ K. D' D" D’ vl(M, ]
K, t=| Dz’ D’ Dy’ 1M, r (4.10)
L Ko D’ D’ Do’ M., |

HEEZSNT-HEMHOERRFHEFEZFIFFELZHEL T2 2HEL, &
AHFAEEZWRELAVEAR, AHRETCECRERNATFCHBERE2ZE
BT HIERXLD, RRFEEZEETIEIERELITI. MERMA L S
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BEBROZEIX, JOFELABRKCHERAT y 7TOIRNTREEZHVWTE
FEEORAFHEETH TSI LETEIDIT- 1o
5T, RAFEMNEHFEAMEEMEBETSLIEITI~HEERDLET,
) BHFRMEBEL-EAITIE, *O0HBEENAOHAE CHEBIHF 24 E
THILICEY, FIRFEIFBENANERVBILE2HEL, KO LHEE
FhkREd 5,

BEEMALTICEBERRRET NIV I LO70—F +— F % Fig. 42127 F,

- Mesh data
- Boundary condition
- Initial material data

|

Determination of the initial
degree of fiber orientation

Change of the fiber orientation
and the stacking sequence

|
FEM

Minimize Max. F—value ?

Obj. F—value > Max. F—value

Prediction of the degree of
fiber orientation and the
Determination of the stacking location

stacking sequence

End Addition of lamina

I

Fig. 4.2 Program flow chart for determinations of fiber orientation and stacking sequence
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431 —BHEEZERIB3TEROKS

Bl & LT Fig 43 Uniform distributed pressure
KaART &9k —k l ‘I' l l ‘I'

[ E 982 Pa % 3Zi} ‘L
Z2HEBEHRET VR ¢

AW TEN 21T ¢ ¢ i
kel . B l l l
KHWEFRET p ” , it
NORBRKIT200, A > nit : mm

2 M A B3 121T

Hd. 1 b, BE

Ehapmkeel T Fig. 4.3 Analytical model of laminate under uniform distributed pressure
GFRP % L < i3 CFRP

ZEMTHDIDEL, TNODOHBHHEMEIE Table 1XRTTELS TH D, X
L, ZIF7HER 0l mm &Lk $h, BRAZEOOBVWICTIZFEEL2AET S
Y, ABRIXHERVABGEZOBEEZ/MEL o Fig 44 @, O K EZN EN F KX
FRUAGEHEFEFROMPBREMBICEITIIZEHRBOBNERERT. WiE
HEREIFHHFARMEELTOFMHEIFOIEL, REMMEEMAR, RELH 0=
BRI ENRNNKRRBERAT A, Y¥—XR1ELTO",9 ,+30", +45°, +60 ",
-30°,-45" ,-60" 1D 8 KM, ¥—R2&ULT[+30 ,+45" ,+60 ,-30" ,—-45",
60" 1D 6FMAHLERTEIbDEL Ko

Table 4.1 Mechanical properties of fiber reinforced plastics

GFRP CFRP
) E. 45000.0 132000.0

v .
oungs modulas . & 12000.0 10300.0
Shearing modulus opa GLT 4400.0 6500.0
Poisson’s ratio yir 0.25 0.25
Ultimate tensile Fu 1000.0 1240.0
strength opa Fr 34.0 45.0
‘imate shearing = Fur 40.0 62.0
Ultimate compressive F - 550.0 830.0
strength e Fr 140.0 140.0




(a) In case of supported edge

(b) In case of fixed edge

Fig. 4.4 Computational results of deformation under uniform
distributed pressure for each boundary condition

Fig. 45 A& XD GFRPHEBHRICK I 3 H BRIV BELIKEI R K FHEOHER
VORKKHEDELRALE R T HRAXAFHEEIEEOHEMICTHEVETT 5 L3I,
AHRBEICE W THOBEENABRISTEETE SN, RTHFBBETE ISR FIERT
X%, $hbE, BVEBELE2RUIITRRERZALTH B4, RXFHEIFELD
LTkh, AEHECEVWTHEBR2EET S LTy, FEHEETEES
LM ETHEIILERLTWS, Fig 46 KHEBROERLICHESHEKXFHED
HEBEBUTHEORBERT, RPEROHIS BN, HEOHIF#HEME R
To AFHETIR, BMITKMEKOMEDLYD, BERNABROLEFICHT 5 H
BROBZKFEZ2ZRBEHL TV LOTRBENICKM 2B L5, BE
MTORNTREBEAOCTRORBICEI S FEE2#ET I L ELE. Thb
L, FEOELZH#HET I LITLD, RAT vy BT I3HEBROKAFHE
HENERABERAMARBRLZTIHL T WS, Fg 46 Tk hid, THMEE &R
HOEMIZIZIR—KLTEY, AFEKLLI2TUNOZLEIrBRETE S,

Figs. 4.7, 4813, T Zh BAKEZHK, AEEEZOHMBRICE VT, BiEnA 2
G—ZA 1ROy =220 6B RUEBEOHERVELCHESISRERFHEOHB %
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16.0 3.0
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140 [ . ]
[ —o— Max. F-value _2_.‘ii 25
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— 1 2.0
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><' 1.2 ]
© — |
6.0 1
= 1 1.0
4.0 1
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0.0 B ol 1 00
1 2 3 4 5 6 7

Number of iterations

Fig. 4.5 Relation between max. F—value, thickness and number of iterations
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—o— Computation

1.6

-- o --Prediction

1.4

1.2

1.0

0.8

Max. F-value

0.6

0.4

0.2

LIS I N B O N M N e I

0.0 [ Il | I It I |
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Number of iterations

Fig. 4.6 Comparison of numerical max. F—value with predicted one
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~Te NE, MHEOFIIGFRPH, @HIIICFRPHME2AH VWA BEOEREZ TR T,
HHRELEUITHT S GFRP M L CFRP M 2 W78 & O F fid @ I H K 18 5 38
Tx52, BALUIGAGZXHEDES, GFRPR U CFRPHEBEHR & d BHREHMEA M
Ay — R 1B Iy —R20#RIIFELCEL >, L LA, BAEEEDS
41X, GFRPOBEFERBIFERER ke H#AT v TIXBITBHKFHEIZ, b
THrTRIPIVyF—R1OBHENARALOBRLEBEOH PP VEZ R
LTWBZENDI B,

Table 4.2 KEBOBKRE SN BERMABRE R T BEMRIE L 46 H
EFHRLOICREEINTE D, GRREREIL, AEXHEO GFRPEBH OB 4G N
24 mm, CFRPHEIEHMDEEN 16 mm &7 T/, HBEBED GFRP /8 #t
DPEHM 20mm, CFRPERBHOBEN 12mm &R Y, FABXFEREI D E I
ETHRHAFAEEAMET B L bL B, Fic, CFRRME2#HAL L84,
GFRPE2EALEBAEOBEOHRETRIFAMOLIEMWELTED, FED
BRYFCTHREOBDRTI IEHNTUETH S, TD LI, WETEZBAER
MADHIGEFEBIRELARIAFAMCHTIBMEENABRRKPRETE ST
HBThHHrI b b,

1.6

i

‘4 - ——GFRP (1 &2)
-

b ——CFRP (1&2)

12 |
10 |
B

08

Max. F-value

06 |
0.4 [

02 [

0.0

0 1 2 3 4 5 6 7 8
Number of iterations

Fig. 4.7 Relations between max. F—value and number of iterations in case of supported
plate under uniform distributed pressure (982 Pa) when the obj. F—value is 0.1
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EAIIowabIe region
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--0---GFRP (2)
—e— CFRP (1&.2)

1 2

3 4
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Fig. 4.8 Relations between max. F—value and number of iterations in case of fixed plate
under uniform distributed pressure (982 Pa) when the obj. F—value is 0.1

Table 4.2 Computational results of the stacking sequence of plate
by each boundary condition and material

Sy Mt | Case Stacing suence i o al sep
Supported GFRP |1 & 2 |[45/~ 60/— 45/— 45/45/~ 45/— 45/45/60/— 45/45/45) 24 0.0976
CFRP (1&2 [— 45/45/45/— 45/45/45/— 45/— 45]s 1.6 0.0567
GFRP 1 [45/— 45/—45/— 45/45/90/ 0 / 0 /45/ O} 2.0 0.0849

O I T e S R
CFRP |1 &2 [45/— 45/— 45/-45/45/45]s 12 0.0559
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Fig. 4923 X572
gimibE M2 H
Torsion

WTBEXH B Z LA
LZVHEETFVEAO /A
T, AE®IERTR Internal
pressure
LhHEEZY 384 ~ -
. Tension -
D & HEBL ) A RS B oD IR
ERIT-> 1o BIEN T
BHhmEBE2C2PRT
530Dk ULk, BiFE Fig. 4.9 Analytical model of cylindrical pipe
T D& ERBIT 240,
BABIX 132 TH B, Fig 410 KENMICFERLAMAEMHOERPERERT. M
B, BITEHOFEHRBFERKICS I FHEH 01 mm O GFRP & L £ iX CFRP % & H
THrZEEL .

Clamped edge

Unit : mm

Number of elemnts : 240
Number of nodes : 132

Fig. 4.10 Mesh model of cylindrical pipe

Fig. 4111X, GFRP FHf§ A WJE (294 kPa) RUB|ERE (353kN) DEGAH 2
Z B4, Fig. 412 i, RUHWE—-—AVFODAH (1372 Nm ) 2% 384,
Fig. 4131, KUV E— A V| (1372Nm) RUBIEMHE (823kN) ODESGAT R
ZYIBEOBRVELCHEIRAFHEOHEBESNCREOELLRE R RT, &
b, FHHFAEFMII0IEL, BHEERMAIT (07,90 ,+30" ,+45°,+60°,-30",
—45°, 60" 1 H6ERT B DL LI, MAFHIZ, #MHBEBIIEVTRED
MmicfE W k&S ETTAEH#IC, FgdRRICBFWLWTRE\EOVELHE 2~ 4 KR TS5,
6T, AHREBICEITIBBEBEADODEEIGr L ZNTWEIRTHIFBERTEX %,
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Fig. 4.11 Relation between max. F— value, thickness and number of iterations
under combined internal pressure and tensile load
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Fig. 4.12 Relation between max. F—value, thickness and
number of iterations under torsional load
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Fig. 4.13 Relation between max. F—value, thickness and number of
iterations under combined torsional and tensile loads

MBEECLI2MBERENABRRERELHET S0, CFRPHMEFEAL &
BEOREN BEARKICT /o XL, #id GFRPHK DB G & Ak D EH &4
TTOCFRRPHOBNEEZRT YD, RAFAFMHEHEZ 0B ELEL TENZIT- o
B, BMHEERARMIIGFRPOBFEEAKIT[ 07, 97, +30°, +45°, +60°,
-30°", —45°, -60° 1D 8HHE» LERT H5bDL Lk, Table 43I GFRP K U
CFRRMIZHE T 28 BORKBMEMABRRERBRE R T, ok, MR MM
BHEMTEICH L TREHFAOAER2RT. AEEIIREENRRICERNT
3BE, WEKIBZEAFMAEIRCEIIMAUMNSVERT IR0, A%
NE T 272500 FIFL@MFANEAHTEILDLD0"TIFNEREIANT
WBZENDLIL DB, RLNE—AVIOLIPERATZIEEIE, TAKNINIZEN
ERBbE LS L0 FTIFHEBEEA> T WD, THITHL, R E— A
VIELBIRMERRARICERHSE L, FIENEOHE THE®# A MITH OB
BEMATHALEIN FIFHFBRENWNTWAZILPERTE S, /-, HEET
NIZEWTCFRPH ZFHALAEBE, RIFAFEZGFRPD 12IKKRELZITDH
Prbo6T, WHENK GFRRHOBEDESTBECHRITFAMEHBELTE L,
CFRPHOBMNMELERENTWVDE, LD KHELMICH U 2 BRMER M A H
BRENTEY, BETNVITY X LW BERICE SR O 8 MR A RERRE
Lo THEW R FETHBLEER S,



Table 4.3 Computational results of the stacking sequence of
cylindrical pipe under each loading condition

Iggf;g}f,%n Material Stacking sequence Thickz:i? l\gte})gngl—s\g;e
Internal el GFRP [90/90/90/ 0 /—60/60/ 0 / 01 1.6 0.0812
Tmimn CFRP [90/90/ 0 / 0s 0.8 0.0369
Torsion GFRP [60/60/60/45/60/— 60/— 60 /— 60/~ 45/-601s 2.0 0.0892

CFRP [60/45/45/-60/— 45/— 451 1.2 0.0443
Torsion | GFRP | [45/30/30/30/30/30/30/30/~ 30/— 30/ 30/~ 30/— 30/~ 30/— 30/~ 45]s 3.2 0.0865
Terfzsion CFRP [45/30/30/30/— 30/~ 30/— 30/~ 45]s 1.6 0.0428

4.4 % FE

BMEBLHEMBOBRMENARBEERET IFELLTIV2VEREZAHVE
MEMERERE S0 S LML, AFHKIT, BETELHEELTAZ T
YRETHIENTET, RUEHBTHMULABEBRE2RETE AR AN S 5,
T, BMEEMABEOEEICLS FEOELZTFHL, KXTFyTRKET B
MM M ABEZ THUTH 2 LITLY, BHEERNABEROLEITH T 5 5T K H
DEFEER > Tco BIMITE LT, MERXARTBEAZUHORTIBBEFREANE
PRUVAEDHAWMEZZII2MNBOBME TABKORERZIT> o RS
0T Aid, HRAEZGBCPHELRN, BRMBZEEZRET LI LITLY, £ b
DERGFICHEL EHEETABRIXEROEFRERELLEARORE O TREMNET
5L, BEEHAEMBRICLE--THFRHAFHLEEZ S,



BHE EBEUDANOEHR

518 B

MEBRIEEAMBER, MHERH2HEYCTOENBEETH B, HitTx 3
MHEEZEP L TERERANORZKRONIEDTELMBE VL Z, MiERIHE
EMHIIHLRECHBERIEECEN TS, MZERCTHBBRLIEER
e RN GAEREECESEELZ2EELA LALZAE—Y - LY+ —2BFCE
WTHECKFIHEN TS, LML, ThoD3HOATRBFESDRVNE, 54,
BERETKEBAEN,ETINISHLLT, HBHEEEN BT 6N B,

AETRE, BARVATLAOERBEY~OHEHA 2R3, HHHEBEELEM Tdh
5CFRPBI Y V¥ —ES—%2RY LV, 20D ENEHEN LEEBEREROL
ERIToTe CFRPEE VY —FES5S—1F, VY2 VEXEAWTETFMEETV,
AR TCHBLADBBEER AT AL VAB LA YHEME H O THRF %
Toteo NFEMBEHMHK T, 81, &, EN, EADLIFAOAMIIRL, &
TOENEPHHEETENCHBERRBORAELZIT», HWHBEARE DL
Z2iTo/co RWT, BMMEENALHEEBRE2EEL, SO KHEEORVEBHNH
PRET DD, BERARERBEOEBEY~OEH2R A, BEFHEOHEA
HEEHLIPIZLTW S,

5.2 CFRP&#+t>9—-E5—

kK, AR—VHI-SHTERLELODHENGOGFAIN T AETAIZ Y AT,
HEROUBEEITIRXRELAARITIPPDEILEH2-0, BRETIRRLEALR
CFRP—H@REC LD/ avy 7 KT FHVONE LI e ZDOM, —
RBEBEMTHE2 P HARYYa VB ETL—F, ¥4 Y RINICESL F
TCFRPAEHEINT VWS, ZDEIHIK, ARV I —HBTIIEHRELYD Do
B CFRP TR H 2%, —BEHAEANOHEBARBIFILALLEL, Xy /N—F5 4
Ty 7 PERCHAZNhTWEI2RBE DS, BHEDE Z 5 — % H Tt GFRP ¢
ERT, TRy PRPARALT—, BRUBR, 70V FRX A ED REEHB
ELTHAzZh TS, HRAMKBO#ERIZ, BELERBDBAADIE, LMK
BLWTHLAMTHE2LEZONSD D, —BOCREHRLEB LR oBHE, B
RABEOREN 2, BBHE~DEALEZBEATHWEbDEEZ NS, LD
Lo, —BRREAEOHAGMBILOEPWIE, B LALT L X2 LEREILD
bEE-TETEY, i EBEINEETHEMBLELTABIRAAZNEZ LD
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LE LD, HBHEOBRRIEEZTOHMN TOCFRPOBHARIKRELC, THBOER
HBOBERI2ED0%ICRY, RED BrBEOMLEINFEohdLabnT
Wb, 22T, AWMAETIE, CFRROEBHEHTM THE2E VYT —ET—~DH
H%2K - 7,

vy —FS5—id, FgbllRTHAF7L—L0—- W73 Thh, BHWFTOD
FREVCBROZFBEME L TEELRREER LT, £/, RATRELL2EDH
o, BEAPOLDOEREEZER LALRIHAILZIND LI -, TE I,

Side frame

Center pillar

Fig. 5.1 Side frame of automobile

YA F7L—2l3PEOFHRBEBH TH D, X, ZHMBTHESHLTL
=i, BRIEOHO» S FRROFIA®NZZONG, TOLDABEBMITITH
BB 2FHT2000RNT, BEERMAOERHLLIRAMNITEEEEM B &
LTHBARKHABIDDOINERTESILELS AMETHVWAEEVY Y —E T —
RBEAEFEHRAEZNLTWAREREER, 1-R Vv 7274/ 2 XFVBEIOGRSD
—EV/ 7o AREMBERVCTHIELL, o—-EVv /7o 2RI EERMEE
MAR2ERTHILICLY, BAOKEERKALEZ I LPAETH S, Lich-
T, BV —ES—-DEAKEUEERETSILD, [(0°/0907 )]s % 45 [Hix X ¥
72 [(45° /=457 )]s RUL(O /0" )IMEL(4E" /-4 )IMEZRBLAEL((0°
/90°)/ 457 /-45") )]s MEBMO_HBEOMB M AL THAMEL 2o Fig. 52 (2
KA KB OEAM, O)ICEAlOABERT, b, HRABIEBTHVLON
D2EMDI2AS —NVT, "NVFLATy Tk —HhERBETHHIEENALDOD
Thdo



(b) In—side view

Fig. 5.2 Exterior of center pillar made of CFRP cloth laminate
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VS - ES—DRMERERA LD —-E VI 70 ABEMBOEXARAM G H %
SIERBETOCLICEDRD L, 7R VEABRFOBBMEEIL, Figb3ilxR7d
LD L(0"/90 )]s RT[((O"/HP0" )/ (45" /-45")):21s BEBMH T, £h %
NI3IHFMITOVTBIRARET - =0 BIRARSEE % Table 51 1R T o

90" direction W“
N 45" direction T A

/ . x)\)&,)‘
U d XX

X
e "
: Y)(;:{){r LN

== ' ——> 0" direction K
45° /- 45"
L {l 0°/90°
t=1.09 mm t=1.09 mm
@I[(0" /90" )1s M) [((O07/90 )/(45° /—45"))21s

Fig. 5.3 Constructions of cloth laminate

Table 5.1 Experimental results of tensile test for cloth laminate

[(©0°/907)/

Kind of laminate [(0°/907) s (45°/—45°) Yoo
Tensile direction 0 45 90 0 45 90
(deg.)
Young’'s modulus .
57.72 | 1529 | 56.74 | 39.30 | 40.38 | 41.65
(GPa)
Poisson’s ratio 0.04 0.76 0.04 0.29 0.29 0.31
Thickness (mm) 1.09

53 V9 —ES—DOAENEHRN
5.3.1 oS HMA

FAELELVATLAZAVT, BHCERAT I DO —-EV I 70X EMH
OYHEERDD D, —HFAEMZ[0°/90°/90 0] THBEHEEBT S LI
IV ZEDETFNERITo o ZOETFNOEfiYEEL, ERPGB/B LN (07



/90°) 1s MEMBOKE FMOYHHEEHMET LI, —FEAMOYHEZE
ELlhe BEMEELIVB O ~HAEMOYHEE2Z Table 52 IZ, D5 I F %
Ho-BEMBOSHEyH{E2 Table 53 KR T, BEREERICI2HHMEIZ, %
NEPNhOBBHMIIH LTS AOYHHELEIZEHEL TS 3 DEE LD, L
FoT, SBOBKIE, ZoHBCIVBONL-FHEMOWEMEZH O T
S5 kEd B,

Table 5.2 Mechanical properties of unidirectional CFRP lamina

CFRP ( Vi=5h5 %)

E; 123376
Young’s modulus  (MPa) f------4-----------mmmemaomeee-

Er 8227
Poisson’s ratio vir 0.27
Shearing modulus (MPa) | Gir 3807
Ultimate tensile FLngZ __________
strength (MPa) | f, 55
Ultimate shearin
strength £ (MPa) | Fr 62
Ultimate compressive F fi _______________ 2898 __________
strength (MPa) | g, 123

Table 5.3 Mechanical properties of cloth laminates

, . NN [((0°7/90°/90°/0°)/
Kind of laminate | [CO/07/50700 Kk )70 (457124571245 /45 ) e b
Tensile direction 0 45 90 0 45 90
(deg.)

Young’s modulus 66078 | 13700 | 66078 46980 46980 | 46980
(MPa)

Poisson’s ratio 0.033 080 0.033 0.312 0312 | 0312

Shearing modulus 3807 | 31998 3807 17902 | 17902 17902
(MPa) i

VA —ES-RERABEY THE3-D Y VEREPAOCTHRBRERMBW 21T
St BYH —ES —OHATHEECITER OB ES % Fig. 54 127577, Fig 55 I8
IEME, Fig. 56 @ CHAM, OWCERNRYMOFRERA vy a2 r"dT, £/, A
TR, Y2 VEROEREHIIH TIAETBMEEMA R R T, Fig 57 @
BAM, OIENGOERFHMERT, COBRIEgT, tvVv¥-EF-ER
KBIDEDTTFHRELAEDDTH %,
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Fig. 5.4 Size of center pillar and measurement points of displacement

Fig. 5.5 Side view of mesh model
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Fig. 5.6 Mesh model of center pillar for finite element analysis using shell element
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Fig. 5.7 Principal axis of analytical model
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Fig. 5.13 Computational results of relation between load and displacement
at four measurement points under frontward bending in case of
center pillar using [ (45 "~ /—45 " ) ] & laminate
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Fig. 5.14 Computational results df relation between load and displacement
at four measurement points under in—side bending in case of
center pillar using [ (45" /—45 " ) ] & laminate
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Fig. 5.15 Computational results of relation between load and displacement at four
measurement points under frontward bending in case of center pillar
using [((0 " /90" )/(45° /—45")) 2 ] s laminate

60.0
50.0
40.0
Z
2 30.0
(]
—
20.0
—o—1
10.0 o
—a—4
0.0 . —
0.0 2.0 4.0 6.0 8.0 10.0

Displacement mm

Fig. 5.16 Computational results of relation between load and displacement at four
measurement points under in—side bending in case of center pillar using
[((CO"/90°)/(45° /—45")) 2] s laminate
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Fig. 5.18 Computational and experimental results of relation between load and displacement
at four measurement points under frontward and backward bending in case of center
pillar made by [ (45 * /—45 " ) ] ¢ laminate
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Fig. 5.20 Computational and experimental results of relation between load and displacement
at four measurement points under frontward and backward bending in case of center
pillar made by [ ((0 " /90" )/ (45" /=457 )) 2 ] s laminate
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Fig. 5.21 Computational and experimental results of relation between load and displacement

at four measurement points under in—side and out—side bending in case of center
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Table 5.4 Computational results of loads and displacements at initial fracture point
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[45] 686 4.21
Backward loading [0/90] 833 4.09
condition
[0/90, 45] 1029 4.11
[45] 176 22.68
In—side loading
condition [0/90] 196 24.01
[0/90, 45] 186 19.52
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Fig. 5.27 Measurement point of displacement
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Fig. 5.28 Computational and experimental results of relation between load and displacement

Fig. 5.29 Fracture state of center pillar under in—side bending condition
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Fig. 5.30 Relation between max. F—value or thickness and number of iterations
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Table 5.5 Determinations of fiber orientation and stacking sequence
under each loading condition

Combined loading
(Opt. 1)

[ —60/90/60/— 60/45/60/90/— 45/90/30/30/— 30/~ 30/0/0/0 ]s

Backward loading
(Opt. 2)

[ 90/45/30/45/60/— 60/45/90/0/0/0/— 45/— 45/— 45/— 30/0 ]s

In-side loading | _ 5600/ 45/ 4545/ 30/45/ 45/45/45/60/— 45/~ 45/30/ 45/0 Is
(Opt. 3)

BEAHARERBEC I-TRESN BB EAVEE VY S —EF — 2
5%, BB ELEAROFETHBEBEMN 21T >/ Fig. 5T EFMATRTD
He, Fig 532 KEANAFMNANOBAEORELENOBEKERZ R T, Ko AgE,
BIBRD[((0°/90°)/ (457 /-45")):1s BEMH, ERIIESANZHETRE
Shi-BEMH (Opt. 1) 2HOVEBAOENERE2T T,

AMATIHNEMIVOBBEGRENT2T> Tihe, RAKEHES T
TARILENARTETH D, Lichin»T, HIYPBEHEIGr BELALEMED 2 DR K
TOMBEWAFNELL, TN ENOMMFMHEZTS> 2L &L, Table 56 K%
hEZN OB KR OCHER BT § 5 8000 B8 E K O 8 EROZEMITS
KEBEAER2 R T, #FHNARNTRESLAZHBME (Opt. 2) RUERFAA
HTRESNEEEMHE ( Opt. 3 ) 2 VALY —ES—DfMBERNEIR,
ThZNBHFARCEAFAAFHOBHCE OV THELDFHVRHEMBMERL TWL %,
Opt. 12 VWYY —ES—OMPBEREIX, Opt. 2 Opt. 32 HWIEA &
DEWHZZRLTWBHDD, [((0°//H0°)/(45°/-45"))=21s BEM B 2 &
AULEBAIVEVWEERIFEENEONL, BEFECE VT, M MAR
DFEITOpt. 1, ERHFHMAMDE AT Opt. 1& Opt. SOBEMBI»ZELHWE
ERTRRLEE- Tz, BEREFREREOT NIV XA, OHBEEARELZED
B TAHEMBRBERORERZTS>DOT, HEMFITH T 2 WM BEENE DS
RPOGZUBFERIBONTVELDEER B,
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Fig. 5.31 Computational results of relation between load and displacement
under backward loading condition
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Fig. 5.32 Computational results of relation between load and displacement
under in—side loading condition
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Table 5.6 Computational results of loads for initial fracture point and breaking point

Load at initial Displacement at Load at breaking
Laminate fracture point initial fracture point | point
(N) (mm) (N)
[45] 686 421 1323
[0/90] 833 4.09 1568
Backward loading | 090,45 1029 I 411 1862
condition
Opt. 1 1078 3.96 2058
Opt. 2 1176 4.56 1960
|
(45] 176 22.68 323
(0/90] 196 24.01 343
In—side loading
condition [0/90,45] 186 19.52 343
Opt. 1 245 22.36 412
Opt. 3 255 26.25 412
5.5# §
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