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Study on design method using response surface mathematical model

for CFRP corrugated structure under axial crushing

Tetsuya Gomi

The development of a carbon—fiber-reinforced plastic (CFRP) part is carried out by utilizing many
experimental results in deciding the design. For this reason, the development period of a CFRP
structure is long and an obstacle for commercialization. In this paper, multiple regression analysis
is used to derive a response surface that estimates the generated load using the shape parameters
of a corrugated collision energy absorbing structure to shorten the development period. To obtain
the response surface, we conducted a quasistatic crushing experiment by using the length of linear
portions (pitch) and the number of stacks (thickness) of a corrugated shape as parameters. When
progressive crushing mode is observed, specific energy absorption (SEA) decreases with the
increase in pitch, and increases with the increase in the number of stacks. To discuss how energy
absorption efficiency changes, a comparison examination is conducted using the derived response
surfaces. Results indicate that specifications with high energy absorption efficiency can be
accurately selected using the response surface of primary expression. In addition, differences in
deformation mode were due to the influence of the stress at the corner portion of a part. Dynamic
testing changed the failure mode and the dynamic mean crushing force decreased by up to 50.1%
against the quasi—static mean crushing force. Furthermore, SEA was not statistically significant.
However, the dynamic CFL is effective and can be accurately represented by a linear response
surface. In the dynamic test, the generated load increased when it fell below 1.93m/s. From this
result, it was shown that the area sandwiched between the response surface obtained by the
dynamic test and the two planes obtained by the quasi—static test is the design space. This
eliminates the need for additional tests within the range of the response surface interpolated by
this test. As a result, the decision of specifications for desigh changes was speeded up. A formula
for predicting the mean crushing force of a CFRP corrugated structure subjected to dynamic axial
compression was also presented. As a result, even if a new material is proposed, it is possible to

predict the generated load based only on the limited coupon test results.



F1E HRCEN

1.1 AAROBER

1.1.1 BEIEOREMICICE TS EMMBIEDRE

HBRARAR DIRIZ RIRE(CXT ST BTesdlc, CO2 HITKDEDFAAHDHRGERIICITHN TS, CO; HE
HOH 14%% HH2EEEBPACHNT, BEEOETRICHEHINS CO, DIERFRERNS, EE
{EPETIRTURRMTONTWS[1-4]. SEERAMLAIIBENECHNT, BEMLICHER
P REEOIEMEETIRFURIRICT IS T HICEAROEE/EMRFTEINTVS. BEMEEDE
ETHNT, BR(LLBEELZE MR ZERUIEROS  EEERANRECHD[5-8].

BELZEMREZERBULEE(C0HC, MROZEEL, 7IVZZULAOERARUGE#ELT
52Fw4 (Fiber Reinforced Plastic.LAF FRP) MiEAMM&ESTSNTWV3[6-9]. EZEIRILFTIR
INZZH3z(C, HIROTIZIZVAZOEBMNOZEE, BIECHIFREOBEEHZRZFIFAL
JABEN—AREI TS, FRP ZERAUEEPRE. /0L TEUZBIRE i #EDIRIEE FI A UIE
EN—ARIITHD. LTI, EREBFCHIZNSEBROBER R BIRCOOVTIIEZRAS.

1.2 AR mOBER IR FIRINCE 3D ERZERE— ROTESE

1.2.1 EBMF1-JOMEEER

B 75 MIOEABEIE A MNIBSNIZFAEIR/ \y NEMTEREE T, RO 3 DERDE—ROLITNMNCEK
YTERBIKIIIETD. BT REAS—BBIELSTIOREIEN DD, IEE— REMEERIEN
H%. ZOBEBRITSTIVOEEED Progressive folding EMEENZERE—RERD. J\WwhEL
WrEI#EISD Progressive folding E—ROAIZ Fig. 1.1 (RY. (a)lE, HERFIORERAZRL,
(b)(FEEEAFRBOHERAZ R, AHBREARY NEEORIRE 30mm —ETEAU/\whEL
W%, SREEEZHREAERR 50 km/h TEABICEMRUYI THS.



(@) Specimen before crushing (b) Specimen after crushing
Figure 1.1 Comparison before and after drop weight impact test

Fig. 1.2 ((EBEF1-JOERBROENRERT. HDEFNEEE. BECLOTF1-
TO—iHTRIAEN, BRIV St DRIC 1 DDITDEHAZRMESNS. Fig. 1.3 (CTEE-ZHR
MzERY. ZAFEERTAER 100%E0E. FIE-ZAHRRE. 2 DOMERCHEITES. 3
15 I Tl &1 F AARURITIBINL . RATEE Frax (CEUVCRICEEME T IS, fAI TE. &
HEC—EDIBENF 1- TN TSNS, tRlsk I AOFIIEEFRTE TIREN IS, M, T
18 I R TUIZAIZ Si LT, BRI TIFDZEA% Sb Uz, #HDEFNY-YE@F1-TOTF
(AN TIHRAICKRETS. COMEEE Fig. 1.2 (d)ITRILIIC, HDFNZERENEZER
O-JACENKZDT, F1-T2ROETHE>TEHEIRIFZIRUNTERL.

Si
0 0
S; S,
L St
(a) Specimen (b) Specimen (c) Specimen (d) End of crushing
before crushing during crushing after crushing

Figure 1.2  Conceptual diagram of shell buckling
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Figure 1.3 Load-Displacement curve of steel structure (Typical)

IILFIRIR(Energy absorption)(& E4 LT, TRIE - ZAIBRNSESNZHRIRILFER
(1.1)TREN 3.

Sb
EA=f FdS (1.1)
0

CNIC(E. tRIZ [ ORBETOCANEENDS, NZEBRVZEEIE T TOIRILFIRINE EA~LL
T, Progressive folding (7815 I O EZFETDETR(1.2) TREIND.

Sp
EAf = f FdS = F(Sb—Sl-) (1.2)
Si

TUT, IRNFIRIMESONZRE, EFAZREITIDICELUISGHERAEE m ThRUBEZLE
TRILFIRYY (Specific energy absorption A% SEA ¢3R9) EERUTCHMIS. =,
Progressive folding DIZEENEKDDOEBEELEFND. NFH(1.3)TEREINSD. SEA (FIXIL
FIRNCE I EENZENFINEKREMEZRT .

EAf

SEA = (1.3)

BHENETHAINS SRR JISC590R TESNIAARE 1.4 mm, 70 mm x 50 mm @
J\WWRERTEID SEA (& 14.3 J/g Tévolfz. & (& Progressive folding M SEA Z&E&H3HIC, &=
EEMIRP7IVZZOLAFOFAMEINLTHD, Computer-aided engineering (BLf& CAE &
KI)EAUMBERMTONTVS[16-19]. IUTS[21]EEsRNDMHIREE HE{EA4ELT
MR OHARBVFIEZIR, ZERRRY U BRI EIRETE OEEREE CAE FRHEZ LEE U CRF O
MzRUlc. BESORFRCINE, /\y ERTEZ IO ORI CEMROBBICIDRE TS



Bauschinger $IR%zZE35ET, CAE DTFHNEEZSHTLB[22].
1.2.2 EEMF1-JT0iFER

BEEOCEHEIIIFRIRCENT, BITFE-FEEETHS. Fig. 1.4 FXRZEFROSORE—E
ZRd. Fig. 1.4 (OCRILIC, BEBELFEEAZA TS ZBRVEHAZEZEAL TS, Bl
BENSOADSEERIEAROASIERD, HHIFE—REBS.

J

W SECTION F
,Gﬁ, SECTION C =S 0

SECTION B

SECTION A
i

SECTION E

SECTION D

Figure 1.4 Typical cross-sectional structure of a passenger car cabin

HE— FOMBCRAEEE T, HIFREIECERTPEMZERCI o TERIRIFZIRINT
3. BITEOWHICRETIEENROEMEZRL, EHIBLWTEERMREBRCRS.
BSOMAFICHBNT, B\ NREICH 2 EEMREECH A EZILRU TS, BhEHE B
EROC -V E# LB I DL IFERSBHEMED 1/10 FTETULTVS. CORIBEICHIET B8
(CHIEROFEIERI DI RZIRFEL TWS[23-25]. IR FIRIEFHCSNT, SBEIEAICHEE
BlZFIEIIHICLERDREEANINT, BB EROIRIIFIRINETHO . EHAE,
BNz AVTERAETEZEOIRIFRINEZEHTNS. COWAFRTE, #ERE CAE ZRAL
TEE- RAAERIEZ LR UVBESEOREZAREIL TS [26,27]. ELASE\YNREICSH
(32375152 TEOV IV MRS RCL BB EIEDOINREZARIELTVS. BEMRCEVTIDIL RS R
(FBERCHEBEL TV, HITERCBSVWTEIDLRRY ROMRERSNBN[28]. FHASD
MRCBVT(E, BIN=RBRTHEBRORABEICRHZEZRET/IISA-FIOVT, BEE(LOMR
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IREEEFRMTZATOTULVD[29]. EHERERE 50 km/h DOENEY=RBAIFERERICEWVT, BPHDHDRIC
BUVTHFERENIRFSE, BHUOITHNETRITIETHREIBERE-RICRD, HAREELUEEARE
CHENRDUIRIVFIRINED U, SHBRAOZIFREOERZ 500 mm, 1000 mm,
1500 mm O 3 KETHRIELEN, RAREAOFZEFRSNBMOR. COFENS5, BITERICS

IRIVHRETEIRT S50, BRMERTELL TZHLLTUVS.
CNBOFEATHRFENSHFIIRICL S IRIVFIRING, MEMRLOENENMEKESIENMOERC
RBEERD.

1.2.3 FRP BBt DEhE ARSIz

FRP &5 0#h BRI C (SR BRI B R L ORI CZ D IR F 2 MBEETDIEN
5, BNEIRFIRINEREZ RS CENFISNTUVS. KHIF1—TREDEARTEEIS TiEHRI(C
IENEITI B[ Progressive crushingl EMHINBZAZRENEISN TLVB[30-38]. Fig. 1.5 (X
M3 Progressive crushing OMIEE— FOEARREIREMLAR%Z/RS . Loading plate (Ci&
AR DUEISP EAREN, BEEMIDEFNSIBRGETLTVS. MHEmSPOMRIEE— R,
Splaying £—R& Fragmentation £— R38N 3. IN5OE— RTEMRIBEHOEARTERIFR
RRENMEETVS. X, BIEI-FENCHVTEREBARIENMCCSRE, EHOMIEE— R
HHEDESDIRILFZIRIL TLVSBNEERENS.

Folding pitch is approximately
at fabric weave pitch

Material folded or rolled
over inward and outward

Tearing at the corners

(a) Perspective view (b) Enlarged view of the end
Figure 1.5 Progressive crushing destruction of
FRP structure for splaying mode

Fig. 1.6 [C Progressive crushing OIEIEE— R TSN Z767E - B HRFRO BB 2R T .
ZRIIEEHR TAIER 100%EUk. 83 I TIIERATTE Frnax MEREUEICEANL Si TRIEN
fETL, HEU\THRIE I TIHEGRICHIENEITIS. Fig. 1.3 (CCRUIE Progressive folding £
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—RELEE T DL, BWRATAIE Fmax MES FIIREFRIR T/ NI AHTIREN UIRIR(/N\SKEZEL TV
3.

I II
- >
1001 Fmax _
—_ F
S
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1]
o
o
Nsof
[
£
o
z
0 1
0 50 100
S; Normalized displacement[%] S,
Figure 1.6 Load-displacement curve of FRP
structure by splaying mode (Typical)
PRi% 1 #7~9 Progressive Crushing OIRIIVFIRIN £4,%7K0(1.4) TEKY.
Sp
EA, = f FdS = F(S,—S)) (1.4)
Si

TRIVFIRISFIEI Progressive folding ERIUIEN, ZRCEDIRILFIRING S Progressive
folding &, FRIE(CEDIRILFIRUNTG S Progressive Crushing T, TR(CYNIBMNRIFRINE

133.



1.2.3.1 —75M34L FRP ORUIZEE— K

—7msE{t FRP ORIMAEREOFEIEVESMETHD, SEORIRE, #HiEoAmCIU
TMASNIRIEDAMICHEKIFIS. FRP ORI, REODHIRT—RERRIIFETHEETS
%. Progressive crushing (cBF3—AmE51{E FRP OFERIEE—R% Fig. 1.7 (CZRI[39].

(TRANSVERS) e
2

L

(FIBER)  (3) Coupon test piece (b) Destruction mode G1(¢)

/F /F
F ; F- ; ;

(c) Destruction mode %i(c) Model (d) Destruction mode 01(c) Mode2

F F
{e) Destruction mode F2(t) (f) Destruction mode O2(c)
(g) Destruction mode Tq; (h) Destruction mode T3z

(i) Destruction mode 713

Figure 1.7 Fracture modes of a unidirectional fiber
composite lamina[39]

(@)F7—RUREROTANATERER A 2R, A mz 1, WEAMZ 2, 1ESME%E 3 LU TE
Fand. (b)-()CHRRNBIRE-FERU, F BADEE, o FEEISN, tFRARIIES,
(0)F5RA, (c)FEHMENERT.

BRIRE— RIS O HI - Z Fig. 1.8 (ORY.



Destruction mode Symbol description

/
F

: o
Axis fracture 1 (t)
/ t %
Type of Input Destruction
F fracture stress  direction mode

Shear fracture H. /' 4 N

m Type of Input Fracture surface
fracture stress  direction direction

Figure 1.8 Description rules for symbols representing failure modes
EERIR IRIRIC N EBEIS N THdEZRI o ZicL, MULWTANABZRINT, RECH
RE-P2 RIS (BlskRZ t, EfeZ o) ZEi#kdD. BARTRIREHIRS DA ARG TH
B9 1 Z5EL, HVWTADNBRZRIETF, WIEARZRIHFoekID. UKD
IRE-R2RELTD.
—7ms8{t FRP ORI, (A mICFITO UK EEEREMRERUEARICLZRDTRETS.

1.2.3.2 ERTAREIEICOWVT
FRP DRI RMIRE— REL TERIBARTIRIENSDS. B/ ARTIRIRE Sk 1EtAE O FE
IETHEID. SN Er ek, EBRETAMISHDBRIESEE ASTM D2344 Standard Test
Method for Short-Beam Strength of Polymer Matrix Composite Materials and Their
Laminates (CE#LF 3. #HER(E. &S 30mm. @ 10mm. [E& 5mm DiEMAZ0HERAZ.
20mm TERTER 3mm ONEBZERELZFUT. FRZER 6mm OXABEERBLAERZ
1.0mm/s OEETERID. MERAEVENKZ Fig. 1.9 (ORY.

p
Loading nose 6
h 4 Specimen
Supports @3 20 ™ Supports
A A
P P
2 2
30

Figurel.9 Horizontal Shear Load Diagram (Flat Laminate)
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[EFRIRZERR LI (T Bo(C. inlz B<CERU THIRORFZERELL. RATOBRIEA
WTIC ) FAER RO ERA LR BI8), BIEFRREBCISVINERERENZ. Fig. 1.10 (CHEAR(C
[BRIE A BTBIRN R E LT BR ISR 2R T

R "Hl

51 i;“” . ] ._
il .; ! {fJ g.‘ -._ ..IZ .

ah@ri’mmmg

Supports

Figure 1.10 Interlaminar shear failure of CFPR

[EBRIEARTIGDEIREN O THFEFRIRAICES. RAFEORARABIIGEFISRARIIG
D 1.5 B THBIEN BTy, TBT;(FTN(1.5) TRENS.

3 3P
Tis = Tmax = ETO = 4bh (1.5)
CCTr, (TR AMIGHZRL. T(1.6)TERES.
P P
- _ 1.6
Yo =247 2bh (1.6)

ZIT AFEHERA ORrEIEZ R
WrEARIDIS D D 2RI EEL T Fig. 1.11 ([TR9.

Specimen  shear stress distribution

Neutral axis -- Tyax= Tis= Maximum shearing stress

g| t,=Average shearing stress

Figure 1.11 Interlaminar shear stress distribution
of CFRP cross section



1.2.3.3 MHERELAIHRIRE— NIOWT

Fig. 1.6 T-RUIZTEIE I OHHAMIEZ RIS TR IcdCF 1—T DFEim(cl N IEMFENZERD
AR E 2RI DENNRAITHDEEINTVS. NHCIOTHIRRICRAE T 2: W ErE HIE
n, fliECAEIREOMIRMERIICHEIT I, BEIRIIFIRINEHIH T 2EERFEE U CEE
HIREERZ R L2 . &0 T CFRP IV — NSRRI MALRIC N A7Z RS 3.

NUARARICOWTIIZADAFTTHRENTHSD, ELESEV JyFRARZ[40], NS EHEROE
EDEITORF v I7RAREIRELTWVS[41-47]. /NthB(E, EAaIEES> A Ll##AZE0 FRP F1
—JICHBIIBNHCLBTOY Progressive crushing R ETOEM O ZIToR. XHR CT (LK
BER(CINE, #BED Micro crack OF4A(CLD Progressive crushing DEFENHZ RSN 2E
WEREEN. Fig. 1.12 [CEHORREEU IR EN2E TOIFIEZRT .

Micro crack Micro crack Wedge

‘ r i ‘ Extrusion
P
(a) (b) (c) (d) (e)

Figure 1.12 Conceptual diagram of trigger crushing

(a)(IFHEFIDO MAEBASART, (b)HB(e)lCMlF THIEMEITUTUK. %, Loading plate
(FEEEHLTLRL. (b) Tl Loading plate KNUAFCImICIEARL, ERRIBECLZNI07759I0
RETS. E5(C Loading plate H' & T U TERIRIBENERLISYVINRERTS. 201, KiE+
B EIRATCTRIFAICA 70059 INFEEL, SV INFEREINS.

RSB ABR (SEHEL CGEIT I BHEE— ROV TRY.
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1.2.3.4 Splaying £—R

FRP OFIEE—RD—DELT Splaying E—RAEISNTLV3[48-54]. HREIREDHEERTIE
EEmORAILIMANEWE SR I A EICRDIRDBRASTEIR DI Z/ED RN S EFE R CHEITI75.
Fig. 1.13 ([C Splaying E—RNIREAL TV 2iBRESERT. Fig. 1.13 (FERAVEHEHEGERZ
CFRP &0OMEZAVTEMUILEDTH.

Figure 1.13 Splaying mode of CFRP tube

Fig. 1.14 (C Splaying E—ROERK%ZRT. NAOBIENSIHZRUT, EEHNICERD
WA DAz EN3iz6b, Progressive folding ELLEIL TENFKOHIREZER MNO—-IHRFER
TE3ENFRTH?.

/I\
Sk
L |
P —

(a) Specimen (b) Specimen (c) End of crushing
before crushing after crushing

Figure 1.14 Conceptual diagram of splaying mode
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Fig. 1.15(C Splaying £—ROTHIRSNIZHENZRT. ARI(FEEFFIHER TEANIIHIR
IHEDNIOBEE THD. WimmhR _EEBIC Wedge M ZRkEN, EHHI(C Splaying E— RAIEAEL
TLVEENERRTE3.

Figure 1.15 macro section of splaying mode

Hussein 5[55]0#A3E(CENIE, Splaying E—Ri& Crack propagation energy rate.
Transverse shearing energy rate 8&U Friction energy rate [C e, RAERENF
AITERELTUVS.

Fu[56]5(& CFRP NS EREREI-FEPZUIDHUT, BFRIE(CFRIEMERER TRt~
REERERI DI TLAT7> RIYNT7T0-FRIZRUE. COEEENS Debris wedge TEIERNMIE
WrEID 75 (& Hussein SHMEREUILEIM ABBRIRIZY, €5/ A BRI ARERNFEAL TV
%F2REBU.  Fig. 1.16 (C(a)[ERIEARMIES (b) MM ARIRIEDIR R %Z R Y.

Tension Loading plate Loading plate

s | I N

\, Debris
\wedge

Out-of-plane
shear failure

(a) Interlaminar shear failure mode (b)Out-of-plane shear failure mode
Figure 1.16 Schematic diagram of failure mode [56]
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[BREIEARIIETRETZEEE, ASTM D2344 TRIESNS3—ME— A 3 s lfERtER(C
SO TESNZEBRITAMEIFEE TRDS5ND. ERITARBIEREENEARBIELOERIENME
K9 1/2 DfE%ZTRY. 0T, BRETAMHEIRERERARCSZIZHENS VDT Hussein
OEFTIVEILRL TERABUL.

EB(C Fu blE, J-F8MnEIERNM TREE S IRMEAMBEENRERTEDRCREEZSZT
WBEBEARRBUR. REEABMEEIE, ASTM E399 (CHERLLESIRRER TROSNZEBAVT H
TRIVFERIER G, (CGRBR TIROIZT YT 1> T705 y ZBHI TELIZET IV EIRZEL, Hussein 5
OREIARLU CGGHEREEZEODIE. CITIYTAIIIPI9 yiE, 1 DOI-FHEDICHEETSI5]
ERE|0HERL, EBRCIHOTEIFHNMBEZERDS. Fig. 1.17 (CAHEHZPOEXREO0—-R
2D ERZERY. (a)ld Splaying E—RTHIEIZAF1-JDIERRZRT. (b)l&
Splaying E— RhFEAEL TOVV IR OLAF IR RERE R DR, (C)HRERK DI DEAD]
FHRDERRZRY.
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Central Friction effect
delamination |\

Axial tearing

Petal not shown

Petal not shown

a) A schematic diagram of the progressive brittle crushing of a square CFRP tube -
splitting of tube walls and cracks at the four corners

Loading plate

\u. A D
/ ";
/Damaged,/

/ zone _/ /

Bending ” —
zone ‘ ‘ ; b'
A D V| Feaman 5 A /' \
' H c'< v/ a o\ v
C . | \ca
! B’ \
/8 $ot - o~
» Fis | 1 : \ g Q‘/
Interlaminar shear { /l
vt

Out-of-plane shear

failure B t N failure
SECTION AA
(b) Isometric view of one CFRP fragment (c) Sketch of velocity

diagram
Figure 1.17 The schematic of failure mode in the modified
analytical model based on the Hussein's and
Fu’s analytical model [55,56]
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CCT, F(IAENMREISZEELZERL, v (& Loading plate OBENREAXT. K@l
Debris wedge ([CEDETEFR{HETIERNMN, 26 DAET Loading plate (CHHULEHEN 2a
THENT 5. COIFD Loading plate [CHATUCIREII2: B8 REZ vieRL, BAKITNZSX
PIREZ v,tFR9. EUCERITAMEEE F,, , MIMNAREIEZ F,s, Loading plate EDEEE
% FERT.

W ZENERE, W, ZERERREOBRREE, W, ZEIMEARIEIE, v, ZEREARRKIE,
W, Z1-FEPOREEARMDIRILETER (Power) £33 Loading plate (CREIZIRILFERG
H(1.7)TEREINB[56].

Fov=r + Wy + Ws + Wis + W, (1.7)
CCCTEENR I A Rw, (SEERE 1 2fEALTI(1.8)TRENS.
Wr = Frvp = uFv (1.8)
wy (FI(1.9)TEREND.
Wy =1lG1v (1.9)

CCTWrEAER%Z | ,G, (3 Double cantilever beam (LAB§ DCB ¢%X9) sRERBE(CLDIE
SNIZERIFIBEE— R I(BIOR)OIRIIFHBETHS[57-60]. IRIFHEEER (&, TRER
(CBRLTEONZ IR+ %2, ERUCESHEOEETCEHbOEERENS. DCB HEROE—R I
(&, EBRICERELIEAELRVIILAZ AN TIREN(CERRBZEIRL, EIDZEZ2EI245(CRIEE
FKIOIRNDZNNABHERTHD. ZOFRERCIO TSN IR TRIREZ ¢,LKT.

Tos[FEIIMEARAIE ST, A ld Loading plate L3RI DHRMEIFE, tZIRE, 6% Debris wedge
TEIERMEAEOHRAIEDETDEW,, ([FENTARTEE F,(C&DI(1.10)TEREINS.

Toslt sin(z + 0)

Wos = FosUs = (TosAS)vs = ZSinZ(%+ 9) v (1.10)

Debris wedge THIZEENMIIZAE 26¢ Loading plate THEFENLAE 2a £ I3ELIEMMEEA,
EBABMERE v,(d

e It
ST sin(a) ... T, 0 (1.11)
2sin (Z + 7)
sin (% - 0) sin (g —-0)
vg = = v (1.12)

sin (a) sin (% _ %)
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BRITAB IR FREN(L.13)TRENS.

. 2 sin (g —-0)
Wis = FisUs = 5TiAs0s = S Tlt——=—F—

3 3 v (1.13)

sinz(% - %)
BRI ARRIESIT;5(d ASTM D2344 TIEBRBIEAREIE Fis LEIEIE 4,2V TERESNTWS

3 Fi
=21,
ZCTnl@I—F0%, y[E 1 DOI-FHDICHETDSISHEDE, G(E ASTM E399 (THEHLL
25 15REHER CRAIE TERBRV I A IR F AR T HERMEBARM IR FRIF(1.15)TERE
3.

Tis (1.14)

Wy = nyGv (1.15)

§oT, BIEOFREMREEFN(1.16)L13.

9 1 sin (2—9)
IG1 + nytG, + (gfis +§TOS) tlﬁ 1.16
sinz(z+§) (1.16)
F =
1—u

H(1.14) FERSPOFEERMBZRIN(L.17)0-FEOFRERE 2RI N(1.16) (2 FBNS.
sin (% —-0)

2 1
lflatlineGI T (3 Tis T 5Tos tlflatline
(3 2 ) sinz(% N %) (1.17)

Friatsidze = 1-p

. A
2 1 sin (5 —0)
lcornerGI + ntht + (§ Tis + 7‘[05) tlcorner ?-[ [2] 8
SL'TLZ(Z'F?) (1'1 )

Fcorner -

1-p
COBNSRERECHITBELREPORIEDIBLLE(S Fig. 1.18, 1—-FEb(& Fig. 1.19 TREN
3.
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44.01%

deformation
© Qut-of-plane shear
deformation

= Friction effect
» Central delamination
/ = Interlaminar shear

0.09%

Figure 1.18 The percentage of energy absorbed of 4-flat side tube [56]

= Friction effect
R = Central delamination
N 4 = Interlaminar shear
deformation

« Out-of-plane shear

deformation
= Axial tearing at corner

0.07%
Figure 1.19 The percentage of energy absorbed of 4-corner tube [56]
1.2.3.5 Fragmentation €—R
Berry 5[61,62]IC& A3 TR a7 mICELmU TOV\SHEHEICIE R IS A M (CECmIL T D

EMENZ/NSA-FELT, ERBNRUBNERFEOELLMIRT—FEHEUL. Fig. 1.20
(CERFHIEMEHER (GHBREE 4mm/s) OBIRE—ROASAMERT.
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Hoop axial Cross-section Plan view
ratio
Hoop: Axial
Loading plate -Fragmentation mode
8.5:1 l
' 'i!
7:1 ' \
4:1
Debris wedge - Between Fragmentation mode and
Splaying mode
Debris wedge
1:1
Debris wedge -Splaying mode
Debris wedge
1:4

Figure 1.20 Variation of appearance of crush zone with ratio of hoop-

to-axial fiber,
crushed[39]

in glass cloth-polyester resin tubes
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FIEERZABICEEINEH#ENE I Splaying £—Rh5 Fragmentation £—RICZ1E
Uz, RIEFMCHSVTHE, BRETELRIEE-ROEMKE, Splaying E—RELDE
Fragmentation £—ROAMEMEZRULE.

Fig. 1.21 (AR EHBRDE E L AR ZR T .

100 Fmax H:A=1:4
E. H:A=1:1
T
E H:A=7:1
® 50
N
T
=
=
o
zZ

0
0 50 100

Normalized displacement [%]

Figure 1.21 Load-Displacement curve of FRP structure
zone with ratio of hoop-to-axial fiber (Typical)
[39]

ENAYA CFRP IRILFIRIAEEICH VT, Boria 5[63]H' CFRP AEF1— IS 0EIHIR T
FERBEZN 20%0EE TFATIETINZRRUL. ZOFTEETIVE Splaying - ROFEATE
BxFHITZHDT, Fragmentation T—RICHUTEETEREMENOR. —75, T5[64-67]
(& CAE ZRVWTHIEE— ROZ L ZBIRESRTHD, RAREOFRICEDHEATLS.

UNURBHS, Fragmentation E—ROIAKIBARLFEREZ FAITIETIRIIRREINTSS
9, SEOFELTERINTUVS.
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1.2.4 FRP =RHh(FhEiE

CFRP F1—J0 3 SphlFEIEMRORERMEZLLE T BI20(C. B—RAR LB BR = T,
AHERIRDRAE (X, 100mm x 100mm DIEFAZTHA R19mm L. BHEMEOERA(SIREDIC
45 EONARARZRFTRE 200mm U, 3 RERFOHERAERS 600mm OEEL CFRP F1
—JeUlkz. BRUEEREME. ZE5INBERSHEN-ROTrA N\ -%2—5(C51F23X T Uni-
directional 7UJLJ TR3523 (IRFARE) #ERAUL. BEBRIESERERAOESHZ 0 E,
B2 5E 90 EDELT 45/0/-45/90/90/-45/0/45 EDELE T 8ply Uz, HERRE(L., BT
fiax 20mm/min, =s2#i(F% 1mm/min &L, 3 SpilFIEO60mm OZ#FE%Z 500mm /N
S THEL. PREFZO100mm OFUAEETHUL. Fig. 1.22 (C 3 MBI RERRECRIEIN
IR Az~ Y.

~ Loading/nose —

e L\

Figure 1.22 Experimental setup for the three-point bending test

BT HREDIEIEE— NI Progreshive Crusing @ Splaying €—R& Fragmentation —ROSE

EIPRENEHREINL. =REFOBIRE— MNIBPRIR(CLDITNEN ST, EEZRREI I 5L
ATV NIV TKF(CRS. Fig. 1.23 (CHEHEE = Bl FOEEIFEPREIFOHERAZ RS .
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/I_oading plate
o) 4
©
o
| -
]
©
[
-
ﬂSpecimen
o
£
ES)
©
i)
[
D
(@) Axial crash (b) Three-point bending

Figure 1.23 Comparison of specimen after and under compression
test for axial crush and three-point bending

= RBRFIAZEEORFMRIRLE (SR T 320 THEMIDEFREREME. SoTERE

TRV FOIRURE (FEERELDBE.
Fig. 1.24 (C FRP O=rBhlfOEIEEIIRKZRT.

/ Axial crash

Load[kN]
W
o

20 - v
Three-point bending
10 /
O T T
0 50 100 150

Displacement [mm]

Figure 1.24 Load-Displacement curve of CFRP tube by
axial crash and three-point bending mode
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HES[68-70](F, FRP O=sBhlFICBV\TF1— T AEEBOBAIEIEIC L3RR
BOFANTIRIFIRINFAOLDICEETHZELT, Ladeveze 5[71]HMRELIZIX
—SEFTNZRAVT, FRBEZEHTVS. ABESOETIVE, BIEERRCHELETD
BRI RIIETEI TSN BMIMEE T (CIA—SEVIBEZZE AL TV O
THs.
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1.3 BEEMM(CEIT 2B EMIDERETTTE
1.3.1 EILF4>9 70y 77 0—-F

FRP ZF AU IBIEEM ORFET A Fig. 1.25 TRILIBEINT1>7T0vo7T0—-FH A
VWASN3. CNIFMZEFEDEF CHFESNFECT. BBIEORFETHFRALTLS.

4 3
[ COMPONENTS]

A |

[ N ———

| SUB-COMPONENTS |

1

NON-GENERIC SPECIMENS

STHNLYIL WHNLONYLS

-y

4 / ELEMENTS]  °

[
1] 1]
L] 1]
1 1]
=
[ 1
I NN .
L] A
1] 1]
¥ v A

GENERIC SPECIMENS
3svaviva

Figure 1.25 The pyramid of tests [73]

ENT (>0 70v)7T0-FIE(CEFZ EHIEERTRRL, THRREIDHER CHD. El
42770y 770-FCRRERE, BRIEE, BoEE, EXEBEELEBSELNIZERREHIC
[FTFEETHD. CORT=INT7YTUTUKTFAGBRIREZET YR Y%L I 2D ZRM BF
ETH?N, BEETEANBEOTEMZAMECIZUNTERVE, MENCZDOREREIEH
BRTIKENEREN, BFEIZXMORETHARODIBAZIBE(CRD. WERVBEZEEN TN
3L, ZLROH3EREEDHERZPDEL, FLRCINT>IIOvI%EH L IF2HENDS.
B#EAOEAICEVT, EREENHEREICRATENHD, HEREDIL RN EBEEIN TV
[74,75]. FRP OEFHMHOBRC, HREEINPREESGREREHIRICEDFTORMGRZRUS
WHENHD, TNEEDERICLU TRHMEICGRETEECEDADINEERIFII—ERD. CDENS
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FRP ZAVVEBGROBF(CHFD CAE YOS - METIOERIERBEOREMHRCILT,
SVBRITFERDHIRICE IR FEREL THAFINTULS.

1.4 AFRMRETIEES

IEHFE FRP (CLREAROES/ERRCEAFNZEFOTVS. —FlcUTRIEm&EZRCHITD/ TR
EBENDD. TORMBREMHIEE 20mph TERR 10 1> FORKAR—)L/ U7 (CEE /A Z &2
&3 Rigid pole side impact test(FMVSS N0.214)T&»3[77]. CORERSAEEZECHITS
EERENBNTIESNEZ. CORBRCEDERDBILEN—FTIT\VINERL, Z{DAEmH
FONTWS.  Fig . 1.26 [CRERBFORIAR—)L\UPEEMmOELEZRY .

Longitudinal centerline of vehicle

Figure 1.26 Pole barrier set position in rigid pole side impact test [77]

Fig. 1.27 (C Internal Combustion Engine Vehicle (LAB% ICEV ¢%&9) ORIMEZER
BRfER%RT [78] . INUE NHTSA [CEDERBENISGHERICHITDRAZ R DEHR THHd.

Fixed rigid pole (10in) —_, !

Figure 1.27 Dynamic maximum deformation in crash test [78]
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Battery electric vehicle (B{f# BEV £X9) DiF&(E, JO7 T \wF)—RyIXZBLEL T
WBIBENZL. NyFU—HRIR(CEZD/\yFINEEINTHD, BEBOER TRESIN LS
ROEBHNRSHSND. £oT, NvFUEEEEIBIT6HC ICEV ELEELU TEZERERIFOIOTNZE
ReZEBITHIZBENEFEUL. BHREEO—MIVRINHEIS AL AF—ILEmOREZIEMNEE
TEERBOREEEZSD, IRNFTIRINEZIEPIETHD. UM, COISBR—IRIRSET
(FEEAEENMENMNTS. TITAARCTE, AEEEROIIIFIRIRCFERATES CFRP #0J)L
4 — NVEZE TR FIRURERSR AT SREUIZ.  CFRP #&1E(L, YNJIYRZERTBZRIN—DELET
B2 BN (I ERE (CA S EINZENMISNTLB[80]. EROEXREEZDE, =iRNS
RRICEZEFTOERBRANCEBNINET, BEIRIFIRIVEIEDET CIEERIMERELEZ
BIEREZEHMEIL TS, Fig. 1.28 (CAASTONSRET 2T — NUWEESP ROV B %R
9. VT — NEUEEERER(EEUAR =)L R7 KRIUTIEFIL ThSEmMELE S 2ETOIRIL
FIRUN (EA)IVT(CACED .

—_——

iy -':‘.'\i
Roof panel/ ) A
i\

H

Corrugate structure part

Floor panel
/ Cross member
f_, :_"". J

~ Protected area

‘EA area

Figure 1.28 Layout of the support structure of vehicle body

VT — NS ERROMEREBAEE. BBl W —S LTI REREREE M N SEIDH TNE
ZZ)\UT7 DERMEASERINTRILFOERENS, IRILFOHINE VKB TEZREIZFLER
BHkeD5ND. CCTESNBEREFEZBI3IFNREHIREBS. Rigid pole side
impact test DIFEDEEDIB(. Fig. 1.29 (CRI LI I —TERTZLTIOTHEREEIRE
R THB.
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Load path to roof/ G\

mr QO v

Load path to door

Load path to floor

Figure 1.29 Load path of rigid pole side impact test

FFEEEEETEENTNICBERERENEIDE TN, YIHIOEBSEREMTONS. JLT -
PESE RNECESNSRT (B E(L. SMRZIBR T 2705 CRIL OB CER AR EZEA S
AREI YA R2IDGD, ZOR(CIVT - NUBSEEIREZRETS. VT — NMUSEEmES
FRBECLTIO7 R ECHOZRXVNHEEESND. JTOZXAVN(EREAR-AEKRTFICALEIN
B)\WTUDRIICEREN. BTESSICHIRNSDS. RHEVEIEX 20mm ZETHBIIENS, T
SEPmORRME SIS - MBESPmOBEARES3%Z 17m ([GGRELE. Fig. 1.30 (X7
O070-RIRZ2ZHF DO EPmOMERKE%ERT .

Side sill inner Outer panel
ﬂ Side sill reinforcement

Cross member

Y
yi
\
Floor pane
Corrugate structure

Figure 1.30 Floor cross section
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1.5 HAFROBEHN

RIEEZEOIRILFIRIUEEL LT, £ED Progressive folding E—ReFIFAUEERGE. FRP
O Progressive crushing T—RzFIBLEPRNIEZSND. 8 1 BT RULEEENDIMREPmRD
SEA (% 14.3 J/g (CXUT. CFRP JJLY — hEUAEIEEPGRD SEA (£ 35.4 J/g Thd. BPmOEE
1R (& 59.6%HD. EMZEEE{6I2ET CO, BRH=ZENHIRNRIAENS.

CFRP ZPGa(EitERT — 4% EdH LI CHRERIE I REN T 1> 0wy 7 T 0—-FICLBe%ETHEN—
REEVTEH, SBREARI 2 2 (B 92D TEEEOMFEBRCHEICEDRVEIRENDSD. RFHITIEEH
STHARIZASHE I 21, ISEHmEEFBULIHDS - NETIVCLRRET S EZIRE TS, OIS
HEET)UE. T - NORRERZSFIAZTHEL CREFEZFATIENTHD. OETILT
SRERZAL LARET (CBHRL T, SRBEEL TSN TLVE CFRP SPRMDE%ETHAR 2 5EMEL . B8ESbme
LTHIAALNICI2ETH3.

1.6 AWM DIERK

8 1 8BTIE, HEIRIFZRINIZEFRESOHRTEHINS, EBOERCLSIRILFIRIR
FEEEESMRIOIR(C LD T RIVFIRIND 5 iEimZ RS,

28T, HEERE 50mm/min OZEFFNREROFATNSICESHEZE U, NIFIH
BAZHOARICBVTENMNER (G BRKHURBMARRENMTAEE 2RSS, [CEEHED/ 5
=A%, V- MAROBERREBDRE(Pitch)ctEEE (Number of stacks) &Uf. M4REFHE
(F/SA=FEZALEETIZEDLEIRILFIRIX (specific energy absorption A& SEA £3R9)
EENTRSHENOIFIEE (Crushing force per unit length LAB§ CFL £RY) KU
8 (Mean crushing force A& MCF £59)D 3IBETi1ofz.  SEA & CFL KU MCF (3,
ICE I CHRE RCROSNZFZIHNS.

25 3 E T4, Rigid pole side impact test(FMVSS No.214 )t 0:RERRE 9.53m/s D
SREESKBR TESNIERNS, BIRMEECHBVTENIFT 25RO HE LBINGKRNITET,
BIRBAARREMTZEEZHAS. CFL & MCF (&, #E2095RERE EARICBIFERER(CBVTE 1
REEOSEHE CRERCKDSNZ. UHNU, SAE (FEEtHRBRERESNANo. HERHE
& 3.28m/s h'5 0m/s (GETDEHEAERFERNSEFFHERC BIRER TEANL 2 MOIGE
HE CEENCZEMNRETZERI THDEZIRNS.

5 4 BT, FTATHRREERRC, EMEER CTESNIEIRIGEPO NI ORI HERSRIER NS BN
EEEZ TR 3B ZIERTS. SNET. LITHFR CiRERENIE R NCKAT TH AL
IR ORI EZARAL, 26 2 ETHELNICEFRGBROIER LR U FARGEZRY .

5 5 BT, AARCIRRULIGEHEOIERUNOKRRZIRNS.

55 6 BTIE, AR CTIRRULICEHEOFAGIZAVTETFIEZIRAS.

B 7 EBTE, KaXOBRIELLT, BEDOFEDBLUTESEIRNS.
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B 2E HERREHERCARAN

2.1 SBRARDREEEARLETE

2.1.1 BEDIERR

BEEOEBSAETAVSNS CFRP 0%, BIBSCLTRIlEMR, MittR, BATHMS
Nn3s[81,82]. Fig. 2.1 (C CFRP O3BEDEIERZ/RT .

Fiber Matrix Fiber length Manufacturing method
CFRP — Thermoset —— Continuous fiber —— Manufacturing method
—[ using an intermediate
Thermoplastic +— Long fiber — Pase material
— Direct material
——Short fiber——  Impregnation

method

Figure2.1 Classification of CFRP used in automotive structural applications

HEIREDIEFR (SN TIRE(LE B TR AZ T 22MB(bAEtAE L, INEATER{L S B TRk AZ 92 BRI 28451 AE
O 2 AN, R TRVASNERHHME, 30mm ZEMU EORMHE, 2 mm
BUF 0seiliEnsnD, —aRmC(IMHENRRDEEEE - BN M 95, SBICREFRABS
N, CTTERABILT, MHECHSNUDBRENS BN TVWZ TV IZRAVBRERIEL, RKERDS
— MAREICRR IS ICRIlEE SR I 2RUEICHFELE. HCHSHUBHIIIENSREN TV UL
JEAVREEEELTRERNBYE, A—ML-T&ENDD. A-ML-JT&EEF. CFRP OV
LD FMUCEUCHEE. )\wIUIRZIToIzD5. BICEA—-NMIL-TJ(REZEENICTDIENTE
BMEHDRE)ICAN. iR, BE T CHElEZIEERICSERRETHD. REEIGIEMAZK
GO TE, NEMFENREEL. RICKERDS — MARECKRERCHEIEZ SR IR
7&EUT, Resin transfer molding (RTM)&EN%%. RTM A, RERMHEDHIBEDE
MR BINIGRELULE. SIIEZFEAUTMEEERRIET, ERNEZELEENMEPI( &8
ZEATIENBEECELTVS. IEL, £RZF-LREATHILHIMIRENKE, D&
A CEEHBLN.

COfthEE L REIREDESELELT, Sheet molding compound(B#& SMC)H'$3. SMC E5ET
(X, 30mm FEEORZ(CHYNURFIvT REHICEE(L RIS R — A NSRS B2 — MR
MRE, BERAESUCEEANCERBL TIVACIOTIERBISEZRETHD. FavS Rk
ZHA AU BRIIBORTNBREEELVTRIVNNTIRRSGENDD. WITNOFEBREET1 L
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WA EEEICELTHED. BEMZREIZERETYT . RR 1P - XEF0OREISHK AN EI#E
TH3[83]. LML, fikizliL CTERIZIENS. Eithiiiz A OZREACIEEA, DZENRE
MRV, BILEEMZEHIACACBEEZETEL, FavINE#EOEMETLIKETS
Long fiber thermoplastic-Direct(LFT-D)&EEREDIATTHEDSN TS,

Fig. 2.2 (CHithz RGROMARAVRRE, EEhCRAISRIEL T, BIRCMPNORFRERLZNITR
9. HROEHIIFEZEH2EECAEIEM BRI RNRRD ., BELEIIEM N ZZEZ5L
TR ZFE<RDEETRL TULS.

HighA N
T steel Autoclave L :Thermoset _
(Prepreg) . EThermopIastlc
TA Continuous fiber
T alloy RTM
O v (Fabric) Randomly
5 5 }mg SMC oriented fiver
8 & | allov (Long fiven)|
= a : . LFT-D
ompetitive ! ; g
material n__(_L-Qng-f'yg-)-I:InJectlon molding !
i(Short Fiber) :
Low == Short e
Long time Cycle time ort time

Figure 2.2 Conceptual diagram of CFRP molding
technology and mechanical properties

2.1.2 #MRlOEE

H—ARABHEDERR(E 7~10pm TEODFED 1/10~1/20 BLHBVY, BTFAOIEHEZR
TARRETERFEESND. RRSNEH—RABHEET1SAD EIFY, ZOT4IA MeRIEINTURED
ZI7TIWIERR. —REEICTRBLTVWSIrIUIIE, h—RAd#H#EERELT 1000 & (1k) .
3000 & (3k). 6000 A& (6k) . 12000 & (12k) . 24000 A(24k)ZRRQLEDHZN.
ZODMHRER IR T4 SAY MIFT—2 ML EN, MRS IEOOIANIZ . &, - hD
TSN TP Ty ) (FBEALREH D OREE D B<TERO T ITEMDZSNEMAS THIETES.
—A3-NIOI7IIWIFEBENTRVDOT, 3 RThRIFCSVWTHRHMEITUOIGEEET
OENNGS. EIREERD 3 RTHBRAROEF 2 EHDRIC, TrT IO B ESIFES
3.

MOBORRBIELT, T, B, RTFENDD. FRFHcETzNEN 1 D0J/5X> M
RECHEASNLEEDT, FE\UNEDHHEOINAECCCWN, 3RTTHISERIUIZARRARN DK
RN, REREER TS, BEOTAIAY MeRIEU TS E TR ZEH TV, i
BT I GRER T OBNASDS. Fig. 2.3 (CTI7IUyIDRKRNBED A %R
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M : warp
W : weft

AN TR Reseoh

Weft Warp
(a) Plain weave (b)Twill weave (c) Satin weave

Figure 2.3 Examples of typical woven fabric structures

Fig. 2.4 (53— MUFHHE 3k #EOTI7I VI TRELAIZTRS. BEEORVWI7IUYI0D
RFRELT 3k #Efz . OBV IT7TUIWIORIREL TT— MNIFE#DZRAWT 2 ReBLU 3
RTRARICREEUR. MESHE 2 RHERO TESSEMMENINZCERGEE TSN, 3 Rt
RARDOMEEBICIERT I 2 MHERE. 5— MITHEDERARCBRETEROTVS. COLIICTFT
Dy DIETE TIFEAZ 2 R I DM(C. RGOV I MOARETUI(CED S £ D154 b
BERETSS.

3D layup
(Good)

2D layup
(Good)

3k Twill weave

3D layup _|
(Bad)

Lage-tow
Plain weave

2D layup_|
(Good) :

(a) Before (b) After molding
molding
Figure 2.4 Study of the formability
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2.1.3 FHERMKMIARDIRE

AT TAIHRETSD CFRP I — hNUEEEI RO, =TI E=# - T
AN\— 3k #EIOATVITLYI TR3523 (TRFAERE) ZEAL, A—MNML-JEETRISULE.
fHEBCA(CDUVT Reuter 5[38](c&NIdE. EFEEELAHHHERLM(E 0/90 DECANREEVFELETR
R, INICKDIE BRI ERADIh S Mm% 0 £, BE327/5ME 90 E0 0/90 Aemelr.

INSX=AZATARATORIRESR(Z, MIEO/KFEERESZRADD Pitch &, WREZREDIFZ0
AMOFERBE L. Pitch (&, Smm(EA&P5), 10mm (LAPEP10) , 15mm (LA P15) ,
20mm (ABF P20) D 4 KEZETELL. WSS, Fig. 1.28 (CRUAAFTISRED SR OEH
AIBICHDZTIFEENS 17mm U, BHRSAALE 15 EEUl. FEEBEIL 8 ply. 12ply, 16ply @
KLU, SRERMADREAARE T5E% Fig. 2.5(C, Fig. 2.6 ([GREMAORIERIETEZTRY.
&, BFEOIHEPEZEEN I—FENCSZRVELDIC, Pitch @ 1/2 M EFIBEPOREIEFERUEIDEHL
Je. ZhIZ&D, P5& P10 (E&MEZ 80mm, P15 & P20 (I&E%Z 90mm &Uf.

90
Pitch (mm)|_ 20 _ _ 20
20 NG 17
15 15
Emm——
15 % 17
10, 10 -
10 5y 17
5
5 0 17
- 5 :
80

Figure 2.5 Cross section and dimensions of corrugate structure
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P5,P10 = 80
P15,P20 = 90

Ply orientation

90°

160

20

Support block

Figure 2.6 Dimensions of corrugate structure

Fig. 2.7 (C Support block (EEBEINGRERAZRT. SBRIAD Loading plate (3T
BimEp(E. —AZMIICFIAEINTVS 45 ETUIHINMIUNAEREU. SBRADIESERETIVZZD
LAESROEREIC 20mm IBDHiAH TRFASRE TIEEREELE.

Trigger

Specimen

peicc Support block

Figure 2.7 Birds eye's view of corrugate structure with support block
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Table 2.1 ((fEAUE=ZZ7 NGRS ERA-—RTr/4)\— 3k #&#I0R JUFLY TR3523
(IRFA5A8) OHAREISF 4%, Table 2.2 (CERERADEREHER KT
Table 2.1 Mechanical properties of CFRP laminate [0/90]

Mechanical properties Values
Density [g/cm?] 1.50
Compression Young’s modulus [GPa] 59.49
(SACMA SRM6) Ultimate strength [MPa] 671.2
Poisson's ratio 0.04
Tension Young’'s modulus [GPa] 62.47
(ASTM D 3039) Ultimate strength [MPa] 869.57
Poisson's ratio 0.04

Table 2.2 Structural parameters.

Number of stacks [ply] Thickness [mm] Pitch [mm]
8 1.82 5,10,15,20
12 2.72 5,10,15,20
16 3.63 5,10,15,20

2.2 HERFHEHRELER
2.2.1 sBRER B L BREAT
JEHEDFHBRFE (1> A MDA E 5589 B 600kN RELGRERERMZAWVEZ. Fig. 2.8 (it

BREB(CRBINLEERA%ZRY. Loading plate OFXREHIREFEEL, HERREL
50mm/min &Ufz. ERZAIE Loading plate HEHERIAICIEALL TH'S 140mm ELLE.

Figure 2.8 Experimental setup for the quasi-static crushing test
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2. 3 HERFH B AR BRDFER
2.3.1 FERFIECBRADBIERAGR

FEEVINOT—ACBVWTHFIIEERE THMIREIL, TEUREMEELL. BUT
97 E, Pitch NARERBCONTETUL. BEREHOEIMCAEVRERELIZIUEN,
Pitch WAERBLEEME T I2BICENOEN . AR TEHEBER 16ply T Pitch 5mm

(LAB# 16ply-P5 M&LIICFEY) UIME Progressive crushing E—RT&Hofc.

[EFERBR TSN ITarE - BAIfRZ L FICRY. Fig. 2.9 (CF&/E%% 8 ply, Fig. 2.10 (CF&
[E%% 12 ply, Fig. 2.11 (CFE/EEX 16 ply ((HIFD Pitch ZZALS BB O E - BIHIRE R Y.
Fig. 2.11 (CGRY 16ply-P5 DIFEDEE - ZAIANERE. FERESVVEENMFEAELINEOREE
(FETFUL.

*a0 Pitch (mm)
160 - —5
140 A — 10
120 - —
— 20
= 100 -
=
= 80 4
m
o
o | Eﬂ -
40
20
G T T T T T T T T

0 20 40 60 80 100 120 140 160
Displacement [mm]

Figure 2.9 Load-displacement curves of 8 ply
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180

Pitch (mm)
160 - — G
140 - — 10
120 - —15
— 10
= 100 -
=,
- Eﬂ -
4]
= 60 -
40 4
20
D i T T T T T T L]
0 20 40 &0 20 100 120 140 160
Displacement [mm]
Figure 2.10 Load-displacement curves of 12 ply
180
Pitch (mm)
160 - — 5
140 - —_— 10
120 - =15
— 100 - —
=
=,
.E 80
- B0
40
20
(I T T T

0 20 40 60 30 100 120 140 160
Displacement [mm]

Figure 2.11 Load-displacement curves of 16 ply

ZHE— ROEVZIE R ERDIBIZZ SLiRUICBHR TLE# IS,  Progressive crushing £—R
M 12ply-P15 DitER4K(Z. Loading plate & DFAMEB D HSEHLMICEEIELE. —F
Progressive crushing E—RT(3Rhofe 16ply-p5 DitERK(L, EEREIPHIREEL TENRH ST
HI(CREMERRIZELIZ. Fig. 2.12 (C Progressive crushing E—R® 12ply-P15 Diz&%,
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Fig.2.13 (CHe4RRIRL 16ply-P5 OitER@IEZRd. Fig. 2.14 (GRERRORERAZRT.

Displacement .

[mm] 0 45 920 140

Figure 2.12 Progressive failure procedures of crushing test (Case: 12ply-P15)

Displacement 0 20 : 80 140

[mm]

Figure 2.13 Unprogressive failure procedures of crushing test (Case: 16ply-P5)

I folded or rolled

%19 gt o

a) Progressive crushing ' b) Unprogressive crushing
Case: 12ply-P15 Case: 16ply-P5

Figure 2.14 Comparison of specimen after compression test
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2.4 FRIfEES
2.4.1 TR FIRINCHI B ERNE RS CEHEET )

TRIVFIRUR(EA) T E - EAIRERN SEON IR+ THD.  EA OFHMXMEG, SHERTHE
EERENRENICRELEULEAR Omm M5 60mm FTEUR. RBEULEIEZF, Zfizs £33
E(2.1)Z2FVT EA (FFREN3.

60
EA=j Fds (2.1)
0

HERADRIER(T, HERAD 60mm BRI 2FTOIRIFIRUN(EA)Z, BRIELIZIILY — NS
&4 60mm OEE m TBRUIZ SEA TiMiig 3.

TEE#ETLER B0 SEA & Pitch OBI&% Fig. 2.15(3RY. Fig. 2.15 2R 3EHIEE—
ROELROTUVE 16ply-P5 DFER%ZMRE. BIEELEUCHUVT Pitch MENITSE SEA (. (ZIEHRAZ
IS IRENDHOR. X, BEMNZRBIHOT SEA (HENT3.

70
.A\
_. 60 ~
o
2 . ply
= -3
v
0 50 --12
—-16
p
40
0 5 10 15 20 25

Pitch [mm]

Figure 2.15 Specific energy absorption (SEA) - Pitch curves
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MREEE Pitch ZEHBAZEEL, SEA ZBEMZIREVCERIEDZITD. EMERERNSKDIER
BAZ#HEBRNZELDIEZ Table 2.3 (ORY.

Table 2.3 Explanatory variable and response variable for
quasi static compression tests

Explanatory variable Response variable
Number of stacks [ply] Pitch [mm] SEA [J/g]
5 51.3
10 47.0
8
15 47.1
20 45.3
5 62.1
10 56.0
12
15 54.8
20 51.3
5 52.9
10 64.9
16
15 58.5
20 55.6

BOFD 22 TORERIERZEAUIEELE Progressive crushing £—RIRAEUFERD
HEABERUIBETITOR. SEA (FFEEZE Pitch ORAGRNEEFRAZTEIELTLVRDTHREET L
ZEALLZ. EFIAZER(2.2)(CXT.

CIT S (JME/EEL, P Pitch, BoldtlA, B1, B23ENENIEEEL Pitch OREIFFELT
"n3.

2.4.1.1 =BT —HZEAUHSEOELRIF DTSR

Table 2.4 [C Progressive crushing ¢REEIEZSHIET —FICERDIERZRI. pfE
' 0.05 KazffstNICERLHRT.
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Table 2.4 Multiple regression analysis results using
all results for quasi static of SEA

Partial regression 95% confidence interval
Item coefficient Std. error
Lower Upper
(Bo, B1, B2)
Intercept 42 6% ** 5.14 31.0 54.2
Number of stacks 1.29** 0.356 0.481 2.09
Pitch -0.332 0.208 -0.803 0.139
Multiple R-Squared (R?) 0.634
Adjusted R-Squared (R’?) 0.553

*** Coefficient estimated with a statistical significance of 0.001
** Coefficient estimated with a statistical significance of 0.01
No mark indicates that statistical significance exceeds 0.05
CDETIUE Pitch @ p BH* 0.05 £DEKE, 95%EFRXHEDMEC 0 NS ENDBNSERAZE
HFENEEESRATEITLVRL. X, RPBLU R DENSEVVEETHIESZ3.

2.4.1.2 Progressive crushing OHERAUIZEDELIFDITHER

TRBEZSHBHICHIERIEUZ 16ply-P5 OiERiERZMFRVTERIFDH%1TD. Table
2.5 (T 16ply-P5 OitERIERZ IRV IS ODITHERZRT .

Table 2.5 Multiple regression analysis results using
progressive crushing mode results for quasi static of SEA

Partial regression 95% confidence interval
Item coefficient Std. error
Lower Upper
(Bo, B1, B2)
Intercept 42.0*** 2.47 36.3 47.7
Number of stacks 1.71%** 0.187 1.28 2.14
Pitch -0.601%** 0.111 -0.857 -0.345
Multiple R-Squared (R?) 0.925
Adjusted R-Squared (R’?) 0.906

*** Coefficient estimated with a statistical significance of 0.001
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COETIORTEREIR?(£0.925, BHERBEEHFREMSREIR ?(20.906 L RIFREZTRY.
ZUT. p fElF 0.05 &DE/NEK, 95%EFEXRIDIEC 0 NEFENRVENS., FBAZEIIBENE
BaSHBATETUVS. 0T AETIUE SEA ZRDBIGEHE Chd. HER TESNIILERE
ETANER% Fig. 2.16 TRY. JITLTRIKRED * Y—I(FBRIUIZ 16ply-P5 DfER%ZR
9. CDOEHNS, Pitch H' Progressive crushing E— REEGEICHZEUTVBENEZ .

Projection line

® Test results

* 16ply-p5

20

5
Pitch [mm] 0 5 Number of stacks [ply]

Figure 2.16 Response surface using only progressive
crushing mode result with all test results

2.4.2 BAIRSHDOREREZ TR TICEREET

M EREPERDOHAFE TEEZROIRIIFIRINEZMMIREEIND. NICKORERENEREN, &
EARRNRED. OTRERMBZKROZICEHEOERNETHS. CFL(EAIRIHOD
FAEE ) ZRDBICHIED. FERADTIIEEFZKkHD. MCF(FIIEE)F. Z4 10mm H5
60mm FTOFIEELLEE. CFL (& MCF 2L — MAROMEE R TBRUIETHS. CFL
FHEERE [ELTR(2.3)TREIN3S.

MCF
CFL = I (2.3)

BEHEEYFZHAZLE, CFLZENERELCEMREDZITS. RPEHEENESZ
Table 2.6 [C7RY.

40



Table 2.6 Explanatory variable and response
variable for quasi static compression tests

Explanatory variable Response variable
Number of stacks [ply] Pitch [mm] CFL [kKN/mm]

5 0.275
10 0.255

8
15 0.249
20 0.234
5 0.506
10 0.456

12
15 0.437
20 0.412
5 0.527
10 0.710

16
15 0.635
20 0.605

BOIFDZE2 TORERFEERE Progressive crushing T—RNVREUFEROAHD 2 FEFETIT
Sfz.  FELEBIBIMRICEHS CFLIE, Th(1.1)h'5 EA LLEBIBMRICHD SEA LLEAIBMERICHS. SEA
(FFEBERE Pitch OBIFRMNFEFRAZTE(EL TV THRRIZET IV EERALILENS CFL HHRZET
WZEAT3. CFLZk$HZDETINEZR(2.4)CKT.

CCTHEEEE S, Pitch (@ P, pol3tIR, B1, Bl3TNTNIEEBEL Pitch DR[EIFFRERT
3.

2.4.2.1 £HERT —Y2ERALSEOELFDER
Table2.7 (2 TORBRERZEAUBEODITREREZRT. OETIUE Pitch LUIH O p B

M 0.05 LDHAREK, I5%IEFEXMEDIEIC 0 NEFNZFENHSERIAELEBENZE L ZERATETL
(AN
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Table 2.7 Multiple regression analysis results
using all results for quasi static of CFL

Partial regression 95% confidence interval
Item coefficient Std. error
Lower Upper
(Bo, B1, B2)
Intercept -0.0847 0.0635 -0.228 0.0589
Number of stacks 0.0458*** 0.00440 0.0358 0.0557
Pitch -0.00181 0.00257 -0.00762 0.00401
Multiple R-Squared (R?) 0.923
Adjusted R-Squared (R’?) 0.906

*** Coefficient estimated with a statistical significance of 0.001

No mark indicates that statistical significance exceeds 0.05
2.4.2.2 Progressive crushing OHEAUIIZEDELIFDITHER

W TREMERRIRUTZ 16ply-P5 OiERiERZIRVWTCERIFN2Z2175. Table2.8 (C 16ply-P5
ORERIERZBRV I DITHERZ R Y.
Table 2.8 Multiple regression analysis results using
progressive crushing mode results for quasi static of CFL

Partial regression 95% confidence interval

Item coefficient Std. error
Lower Upper
(Bo, B1, B2)

Intercept -0.0919%** 0.0248 -0.149 -0.0348
Number of stacks 0.0512*** 0.00188 0.0468 0.0555
Pitch -0.00528** 0.00111 -0.00784 -0.00271
Multiple R-Squared (R?) 0.989
Adjusted R-Squared (R’?) 0.987

*** Coefficient estimated with a statistical significance of 0.001

** Coefficient estimated with a statistical significance of 0.01

COEFIVOREREL R (4 0.989, BHERFHEFHFRERE R ?($0.987 L RFAMERR
F. TUT. COETID pE(E 0.05 LDE/NSK, I5%EFXHEDMEC 0 hMEFNRVENS. 51
BAZESEMNZERZSRATECNS. LOT RNETIUF CFL ZRHJIEEREEERS. HERT
BONIIGEHIEEERIERZ Fig. 2.17 (ORY. JITRNTRITRED * ¥—JEBRIMNIE
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16ply-P5 OfER%RY. Fig. 2.18 DR CTEIENAAIZEZET RIRERTEIREL CTEER I 3.
16ply-P5 ZBRINIZD T, Pitch 5mm H'5 10mm OfE(E. #&E_ER%Z 12ply LUK,

|~ Projection line

0.8
Vs
£ 04+
E 0.2 ‘
20
Pitch [mm] 5 2775 Number of stacks [piy]
Figure 2.17 Response surface using only progressive
crushing mode result with all test results
25
20 P . ) n
0 6 8 10 12 14 16 18

Number of stacks [ply]
Figure 2.18 Designable area of corrugate structure
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2.4.3 I-FEBE EREPDOISHET W BV ARIEFRE DR KRITMR

RIEFEORKRZIPAEIDTHIC Pitch LAEBEROFRAZEZ. JILJ — MIEDORAIFESRD
BEAREREI—F BB ORAEAR(CERBAZE B EZEX CERIEDMZITS. Fig. 2.19 ORIEMICTRI £3(C
J—JEBORREAEL, PIAILSMAID R IEFDRZFESHRCEENEID THd. MCF ZENZELEL,
BEXREBE I—FEPORIEIEZSHAZEEE LT, YR EUERIRDH TSNS ROIFFREIILHIE
ZR9. HEFBERNZEL MCF ' kN B0 TREEFE%Z 1000 5L T1E3. Table 2.9 (C
SR BN ESZRT.

Straightline area Corner area

\ -
'

=
R tangent point

Figure 2.19 Straight line area and corner area of corrugate structure

Table 2.9 Explanatory variable and response
variable for quasi static compression tests

Case Explanatory variable Response variable
Number of  Pitch Corner area (CA) Straight-line area (LA) MCF
stacks [ply] [mm] [mm?] [mm?] [kN]

5 72.4 242 48.8
10 45.2 204 35.7
° 15 36.2 209 34.4
20 27.1 196 29.3
5 108 363 89.6
10 67.8 306 63.8
2 15 54.3 313 60.2
20 40.7 294 51.8
10 90.5 408 99.4
16 15 72.4 418 87.5
20 54.3 393 75.9

(2.4)&D MCF (& CFL L LEBIBE{R(CHD. CFL (SF&BENE Pitch ORMRENEEERAZTEILL T
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WD THRIZET N ZERUILENS MCF BiRAZET IV EfERTS. MCF Z2ko3E7 )%z
(2.5)(KT9.

MCF = B,CA + B,LA (2.5)

CCTO-TEPOEIEF c4, BIREBOEIEE CL, B1, BFENTNI—FEPOHEHIGLEREBOE
BOREIFRETHD.

2.4.3.1 £HERT — YRS EOELFDER
2HERT —HERAUIGEODTHERZ Table 2.10 (ORI, COETIVZ, LA DREIFHRE
(FRIFIEN CAD p BN 0.05 FDEREL, I5%EFEXHEDEIC 0 N'EFNDDTHRAZEILE

HZEEUZERBATETLRL,

Table 2.10 Multiple regression analysis results
using all results for quasi static of MCF

Partial regression 95% confidence interval
Item o Std. error
coefficient (B1, B2) Lower Upper
Corner area (CA) 0.163 0.118 -0.0989 0.425
Straight-line area (LA) 0.171**x* 0.0269 0.111 0.231
Multiple R-Squared (R?) 0.987
Adjusted R-Squared (R’?) 0.985

*** Coefficient estimated with a statistical significance of 0.001

No mark indicates that statistical significance exceeds 0.05

2.4.3.2 Progressive crushing OEAUIISEDELIFDTFER

FVTHEMERIERLU 16ply-P5 OERIERZIFVWTERIIFEDMZITD. Table2.11 (C 16ply-
P5 DiRERIER ARV EOPITIERZRT. COTTILO p Bl 0.05 £DE/NEK, 95%IEFE
XEIDMEIC 0 NEFNRVENS, FEAZEIIENZEE %A TETULS.

CODDETINZLEU TEE— RIBERZIRREERID. LADREF RN R IEFREPD
J&FME(E Progressive crushing €—ROFEAEBECHHDOSTHRETHICEAILHRENSD. —DD
EFIITFRENEESREIOISIMEE 171MPa & 142Mpa THhd. UNUETOERFER TESN
fed—FEBRENFFENL Progressive crushing E—RO&FZFERUISE p EHNESN,
STHCEBMIE HRIKEIETS. COETIDIGSMEE 332MPa TERREIOILE 142MPa &
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h 2.34 Z&J0. LI E&LD Progressive crushing E—RREEDEECHVWTI-THOLHOTS
HIELSB%ZRY.

Table 2.11 Multiple regression analysis results using progressive
crushing mode results for quasi static of MCF

Partial regression 95% confidence interval
Item Std. error
coefficient (B1, B2) Lower Upper
Corner area (CA) 0.332* 0.122 0.0565 0.608
Straight-line area (LA) 0.142*** 0.0256 0.0843 0.200
Multiple R-Squared (R?) 0.991
Adjusted R-Squared (R’?) 0.989

*** Coefficient estimated with a statistical significance of 0.001

* Coefficient estimated with a statistical significance of 0.05

COFERNS 16ply-P5 DFERMENDIKERF LR ozD(d. I—F5EBM Progressive crushing
- ROBIRICEIZ I DN TET . NERICHNEEOMEEMIRE— RCEoleLEEENS. 12ply-
P5 H'5 16ply-P5 (CEZETICAEMEMIEET— RS Progressive crushing E— RAB#B I 2m0'
BLHEREN DN B RZEH I3 (FliiEL B0 R EEE 25T RIT 220N DR ERZ
SEUVNFRT=IETIORBNIBETHSD. LT, HEREE-RCEZERRDEH(ISED
RETHD.

2.5 #E

ERNREMRER 2215 CFRP JILJ' - MUBESIR(ICEVT, ISEHREZROERED

LHOET T IEEREUL.
stBRZIBL T Pitch Z/\&KU THEEER 2 %< T 5L SEA MENNTBCeZRUc. S5(CVT — MEB

mOGEHEZAVERETEZIREL, Pitch LIEEHOZEB(CBVWTHRIZET IV T SEA ZRE
BILERUAMMAEZRUIZ. Pitch CAREBERORIAZ I CHFNICEMEORET Pl RER TR,
CFRP 1&&ERmOIFIHEIEDZHDBIGERFRETHD. NCLDIILT — T RILFIRINED
mDsxETRARIE IR MeHIIR T E5 B2 RUL.

UTFIESNNRZEEDS.

1. Progressive crushing €—RDiZE(E Pitch NMKERSE SEA BNEAM LI,
2. Progressive crushing - ROIGEFIEELZIENNTDE SEA HENILLE.
3. Unprogressive crushing E—RDIZE(E SEA iRI&EICRAUE.
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RERADIEERLE Pitch ZZ( LSBT O TRV FIRIGHIREHIREREE, —RAOIG
BEHE THEERKRER.

Progressive crushing — REEDEEMIRTOFER, FRIENZI—FEBDIS(LERRED
OISO 2.34 8T REBBEICHIFZI-FEBOTSEIEN k.
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E3E BIREHEELERCARAN

3.1 BN EEEEER

3.1.1 sBRER B L BRERAT

[EFROREREE (IR A | FERPE R PR R D& s BRigZ ALz, Loading plate @
KEFARGEEmAAZAVE. EATTERS=Z 450kN OO—- RtV Loading plate Ztzw U T
¥ES 500kg &L, RE(E FMVSS No.214 Rigid Pole Side Impact Test 30
21.44mph &L, Fig. 3.1 ([CHERRB(CGGREINIRERAZ Fig. 3.2 (CEHERERIEDIBEEHEL
BRETREBARY. SEASHERADEESE 4.63m OFEISEFTHD LIARICEERETIE, &%
RE 21.44mph(9.53m/s)Z/EDHHLTVS. HERXME 100mm Z#X ) 120mm DfE(C
Damper pipe ZRiEL CRiEZ{EIEEHE.

Specimen

Damper pipe
Silver part

Yellow part

Blue part

! |
§ UE
i
4
Falling weight :
(500kg) 0
Red part
I
| Damper pipe
I Silver part
Load cell 2 \
450kN N
White part i Loading plate

(screwed into
the load cell)

Figure 3.2 Drop weight impact test device (Hight speed)
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3.1.2 FERF BRI DBIERAGR

EFFNB LU BRI EHRER CIEANIEE - BAIfh#R%E Fig. 3.3 M5 Fig. 3.14 ([I7R9. £TO
HEEFHERC BAVERBR DI 2 LB 9 2L, BIMDORAE(HMRC, FHIFE(ETRENREIL
fz. CnlE, ENEIREIET—RA Fragmentation E—RTHoDT, #ERHIEKERD Splaying €
—REDERIEMECD M. Efe, Fragmentation T— RIASHEIL CTHIREHADETASE
ARENUE. FEEED 8ply H'5 12ply [XEINLIZCET, #EFRRIGERE ENRIHBROFEAETRIEDE
(FARERoE. MCF fHEDERZCDOWTIE 8ply DIRIBELEEILT 12ply OANKREIRNE. &
[EE3 16ply Tld 12ply LLEERU CHERRIRIE L BRI D ENAREURof. MCF fHaniEHz
(CDWT 12ply DIRIBELEEL TREREF RSN, AHERTEINTOBIHIGHER T HEFHY
BROF A TER T Oor.

120 = .
8ply- D5 —t— Quasll static
100 =t Dynamic___|
80
£ 60
E e e T s T s s Bkt "t
- AN~ N
20 L
0
0 20 40 60 80 100 120

Displacement [mm]

Figure 3.3 Comparison of quasi-static and dynamic
load-displacement curves in 8ply-P5
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Load[kN]

Load[kN]

120 - -
8ply-P10 —— guas|| s_tatlc

100 ynamic

80

60

40 Al PNl P\l N f NP\ Por o prtor oS
ey

20 BU\.. FAAYA' WA A Vaa VA VRN

o \
0 20 40 60 80 100

Displacement [mm]

120

Figure 3.4 Comparison of quasi-static and dynamic load-

displacement curves in 8ply-P10

120
8ply-P15

—— Quas'i static

100

= Dyn mic

o]
o

o)}
o

N
o

N
o
<

AN

=]

0 20 40 60

Displacement [mm]

80

100

Figure 3.5 Comparison of quasi-static and dynamic

load-displacement curves in 8ply-P15
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Load[kN]

Load[kN]

120 \ - .
8ply-P20 = Quasi static
100 Dynamic
80
60
40 ———v
i AL Pl N NN AL p P ppt
20 f-'\v AN NN SNANASNALN
0 )
0 20 40 60 80 100 120

Displacement [mm]

Figure 3.6 Comparison of quasi-static and dynamic
load-displacement curves in 8ply-P20

120 l pro
12ply-P5 Quasll static

100 Dynamic

. .MWWN\HM

40

20
ol

0 20 40 60 80 100 120
Displacement [mm]

Figure 3.7 Comparison of quasi-static and dynamic
load-displacement curves in 12ply-P5

51



Load[kN]

Load[kN]

120

12ply-P10 T Qua‘si static
100 Dynamic——
80
°0 e PR AR
n b\ AN N A A . -~ A A
0 "W‘.‘j VW\J W VYW W WY/ uw"‘v‘
20
0
0 20 40 60 80 100 120

Displacement [mm]

Figure 3.8 Comparison of quasi-static and dynamic load-
displacement curves in 12ply-P10

20 12p|‘)_p15 - Qua'si static
100 D\,-'nl'sl-m-ie—
80

60 / “'\hqw Ww
40 i AA .uA I\L A A a A\ A
“ PW VAW wW I

0 20 40 60 80 100 120
Displacement [mm]

Figure 3.9 Comparison of quasi-static and dynamic load-
displacement curves in 12ply-P15
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Load[kN]

Load[kN]

120 - _
12ply-P20 =T Quasll static
100 Dynamic——
80
60
40 a N MWWW
. J MUV
0
0 20 40 60 80 100 120

Displacement [mm]

Figure 3.10 Comparison of quasi-static and dynamic load-
displacement curves in 12ply-P20

180

T- -
160 16ply-P5 - Quasi static
I‘I h —— Dynamic
140
120
100
80 i f L‘h a N
o AN Nl A AN NARRAN,
vvy vV A 4 v - VALY
40
20
0
0 20 40 60 80 100 120

Displacement [mm]

Figure 3.11 Comparison of quasi-static and dynamic load-
displacement curves in 16ply-P5
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Load[kN]

Load[kN]

120

16plyl P10 Qua%i static

Tv w— Dynamic___|
WM AAS AN

v

100

e
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20

0 20 40 60 80 100 120
Displacement [mm]

Figure 3.12 Comparison of quasi-static and dynamic load-
displacement curves in 16ply-P10

120 - :
16ply-P15 — Qua|5| static

Dynamic—

100
[ v e AL

80 Y
60 W
40 v/\.[\/\/\vf\/‘/\!”\. f\
20
0
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Figure 3.13 Comparison of quasi-static and dynamic load-
displacement curves in 16ply-P15
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120 - _
16ply-P20 —— Qua'lsl static
100 Dynamiec
80 "‘JM
2 o W Ty
B~
§ 40 AAI\"J\ NAM\A'MAPAM IA
VYU vV vy VTV WYY
20
0
0 20 40 60 80 100 120

Displacement [mm]

Figure 3.14 Comparison of quasi-static and dynamic load-
displacement curves in 16ply-P20

Fig. 3.15 [CRERMADZETL@I2ERZELLT 12ply-P15 %559, Fig. 3.16 (C 12ply-P15 0
BHBROERIBIEZRY. IEE-REETOHER/AT Progressive crushing €—R®
Fragmentation €E—RT&ofc. Fig. 3.17 (CEEFNDLUEBNRIHERE DB A Z R T

n B

Displacement
[mm]

0 45 90 140

Figure 3.15 Dynamic crushing test (Case: 12ply-P15)

Displaceet 0 ‘ 40 80 110
[mm]

Figure 3.16 Quasi static crushing test (Case: 16ply-P5)
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Schematic view

Plan view

(a) Specimen after crushing of
quasi static
(Case: 12ply-P15)

(b) Specimen after crushing of
dynamic
(Case: 12ply-P15)

Figure 3.17 Specimen comparison after quasi-static and dynamic tests
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3.2 BNEEEHEGEROBENEER
3.2.1 IXFIRINCS T2 EE3RE AT 2ISHEET )L
HEELRZZALSRIZFD SEA & Pitch OB8f#% Fig. 3.18 (RJ. Fig. 3.18 LDEIFID SEA

D5, ERRRILDBEMEINTHS. TEEEL Pitch ZERBAZEER, SEA ZEMZEEL CER
J@DE 7>, SRAEHEBENZEEZ Table 3.1 (OR9.

70
A
/N
L ’ ~
N 7/ b
60 ~7 =
(N W
/I L ol Quasi static
’ - -n b § ply
. ~
o £ S -+-8
~
) * " -m-12
— 50 -
< ~ -h=-
H ‘4»----4»-___ 15
- .
Dynamic
ply
40 -8
— o - 16
30
0 5 10 15 20 25
Pitch [mm]

Figure 3.18 Specific energy absorption (SEA) - Pitch curves
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Table 3.1 Explanatory variable and response
variable for dynamic impact tests

Explanatory variable Response variable
Number of stacks [ply] Pitch [mm] SEA [J/4g]
5 354
10 33.8
8
15 354
20 34.8
5 354
10 34.2
12
15 32.7
20 33.3
5 37.5
10 32.8
16
15 31.9
20 31.6

BO)EDheE COMBRERZERLTITOR.
Table 3.2 [C2TORERIERODHHER%ZRI. p BN 0.05 KEGZHRETHIBREHRT .
Table3.2 Multiple regression analysis results for
dynamic of SEA

Partial regression 95% confidence interval
Item coefficient Std. error
Lower Upper
(Bo, B1, B2)

Intercept 38.4*** 1.75 34.4 42.3
Number of stacks -0.175 0.121 -0.449 0.0988
Pitch -0.177% 0.070 -0.337 -0.0174
Multiple R-Squared (R?) 0.482
Adjusted R-Squared (R’?) 0.367

*** Coefficient estimated with a statistical significance of 0.001
** Coefficient estimated with a statistical significance of 0.01

No mark indicates that statistical significance exceeds 0.05

COETIVFFERBED p BN 0.05 LDEKREL, 95%EFXHIDIEC 0 'EFNDZENSRIAZE
HIEMNZEEEREATETORL. SREMRER?(F 0.482, BHERBEHFRERIR (&
0.367 LIRVBEZRIENS. BIHIERERIIAZINESRE SEA OEBIMEVEEZS.
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3.2.2 BAIRSHDOFEREDCEMEET IV

BB EYyFZHRAZEL, CFLZBENZELHEL TEOFEDHZITS.

A HEBNZERZ Table 3.3 [C, ELFEDTIER% Table 3.4 (ORT. COETIDRE
%28 R%(£ 0.989, BHERBEHFREMFRL R4 0.987 LRIFHMEZRYT. ZLT. ZOETI
O p fE(F 0.05 LDE/N\EK, I5%ERXMEDIEIC 0 NEFNRVENS, FRAZELFENELZH
BATETVS. 0T AETIF CFL Z3RDIILEMEEEXD. ST BSNULEHEETINC
&0, CFRP V5 — MUEEEB RO IR FIRIR RO 0B 05 — METILIMB SN L.

Table 3.3 Explanatory variable and response
variable for dynamic impact tests

Explanatory variable Response variable
Number of stacks [ply] Pitch [mm] CFL [kN/mm]

5 0.194

o 10 0.185
15 0.189
20 0.183
5 0.289
10 0.271

12
15 0.261
20 0.267
5 0.379
10 0.354

16
15 0.341
20 0.337
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Table 3.4 Multiple regression analysis results for dynamic of CFL

Partial regression 95% confidence interval
Item coefficient Std. error
(Bo, B, B2) Lower Upper
Intercept 0.0437** 0.0104 0.201 0.0672
Number of stacks 0.0206*** 0.0007 0.0190 0.0226
Pitch -0.00163** 0.0004 -0.00258 -0.0007
Multiple R-Squared (R?) 0.989
Adjusted R-Squared (R’?) 0.987

*** Coefficient estimated with a statistical significance of 0.001

** Coefficient estimated with a statistical significance of 0.01

HEXTESNIERFNS LUEBN OSEHIEm EHERERZ Fig. 3.19 [IRT.

//\

® Quasi static

0.8 -
® Dynamic
_ — Response surface
= of quasi static
£
~—
pd
X Response surface
_. of dynamic
1
O
16

Pitch [mm] Number of stacks [ply]

Figure 3.19 Response surfaces and test results for
quasi static and dynamic tests
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3.2.3 D—FEBEEREP DI ET V2 RV EFRAE DRI

AEREDOIRRZIFARIBIHIC Pitch LHEBADFRIAZ Lz, D)LY — MO FERD
BEfREPE I—FBBOUREE(CGRAZE EZ Z X CELE D Z1TD. Fig. 3.20 ORIEMICRI £IIC
J—FBBORFEEE, PRILIMAID R IEFDRZFESMRCEIFNZEPD THd. MCF ZEHMZE,
BEfRERE I—FEP ORI E A ZERPAZ UL T EUOEEF A CEsN 3 malR RIS IIE
ZRY. ISHEFBERNZEE MCF A kN BEROTREFFREZ 1000 FLTE3.

ZOETILD p fBld 0.05 £OE/NEL, 95%EFEXHDIEC 0 fNEFNRVENS. SHBAZEITE
MZEEERBATETVS. COETIOIESIMEE 184MPa TIEFREBDIS/IME 84MPa &D 2.19 13
=W, BlE&LD Fragmentation E—RICBVWTI-FEBDIEHDBT SN EVE%ZRT. O
HEFFHER TIEANILBLEFREFTHD.

Table 3.5 (CEHBAZEE BNZE%RLU, Table 3.6 (CEEFDITIERZRY.

Straightline area Corner area

P

\ s
\

>
R tangent point

Figure 3.20 Straight line area and corner area of corrugate structure
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Table 3.5 Explanatory variable and response
variable for dynamic impact tests

Case Explanatory variable Response variable
Number of  Pitch Corner area (CA) Straight-line area (LA) MCF
stacks [ply] [mm] [mm?] [mm?] [kN]

5 72.4 242 34.3
10 45.2 204 25.9
° 15 36.2 209 26.1
20 27.1 196 23.0
5 108.5 363 51.2
- 10 67.8 306 37.9
15 54.3 313 36.0
20 40.7 294 33.5
5 144.7 484 67.1
6 10 90.4 408 49.6
15 72.4 418 47.0
20 54.3 393 42.3

Table3.6 Multiple regression analysis results for dynamic impact test of MCF

Partial regression 95% confidence interval
Item Std. error
coefficient (B1, B2) Lower Upper
Corner area (CA) 0.184*** 0.0159 0.149 0.220
Straight-line area (LA) 0.084*** 0.0360 0.0758 0.0919
Multiple R-Squared (R?) 0.999
Adjusted R-Squared (R’?) 0.999

*** Coefficient estimated with a statistical significance of 0.001
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3.3 PIRVRERE SR BRDFE R AEART

3.3.1 FBRERBEABREA T

BRERREMREORBRREL, BERTHEEEIRITZEDZHIC 500 k g L EOIEAESHNE
& TZ% IMATEK IM100F EiEsdEatdamove. i, BRNStal bR R ErRE 0
R TIEANIGHBRIEREDENMEVEISRIOHMER THEIZ TETL\S. Loading plate OFRMER
REFEARZBVE. BAEEE 662.7kg EU, SBAEZERETFHERXE 80mm MUATHE
RIREN Om/s (EFS 3.28m/s £UfkE. Fig. 3.21 [GREREBOESEFERERERT.
AERIR (S HERRAVEHERD SEA NEREEN Iz 12ply-p5 ZHFKRELL.

Falling weight frame

Falling weight
(662.7kg)
Yellow and
Silver part

Weight

Load sell(68.7kN)

' ‘ v/ Loading plate
‘i‘- E" | i i

(a) Overall view of the drop weight (b) Drop weight

impact test device
Figure 3.21 Drop weight impact test device (Low speed test)
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3.3.2 TEEFFIECBRADERRER

BHEOEE I FZ CFRP LT —MBIEOFEREBTETIRIRLTWSDT, EHELER(C
BRI FORINEVNEHERID. IRLFORERER(3.1)CKT.

1
E=§Mv2 =FS (3.1)

ICT, MFEEES, v (HEREE, FEREEEE, SEEFEELTD. KRBROSATAT
RIVFDFRZEF 5% T RIFDEHEBRIER THHEERD. 14 1F,R(3.1)SINREREEN 2 /R THDE
MEIRINFCEDHDEIEGNKREVEHEREND. Coft, O—-REIOREFTARERENEZISND.
Fig. 3.22 (CEENFOEB T RILFE CFRP LY -~ MEGNIRELLINIE, mAZELEDE
227 AIRIVF%RT.

7 —
-,

\ Energy of syslgem

-
-~

——

W
’

~ A -~ .
. Pars
Input energy

Energy [kJ]
N
/

-y
N
F 4

22 30
Time [ms]

Figure 3.22 Energy Time Diagram of Inertial Energy,
Absorbed Energy and System Energy

RERZHEEREROIIERE T, SREHERER CRSNCRAERELFERFORAZZRUE.
ZDE, HRAIREBENMNSBDFEEFED EFIREIN. [EMELRER TESNIEE - 2278k
#*% Fig. 3.23 (RY.
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=
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Figure 3.23 Load-displacement curves for quasi-static impact
test and high speed dynamic impact test and
low speed dynamic impact test on 12ply-p5
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TODERAZLEE I DL, SRDRERADIHEDISSKNIZIEERMEARIR(CL DTSV IS
ENBH ARRDOFERAIEERDHERIAL LA TERIROI A M THD Splaying £—NIEWWZIC
BoTLW%.  Fig. 3.24 [CERWNAREZ IR ERIE DR IAZ R T .

Schematic view

Plan view

Front view

(a) High speed test specimen (b) Low speed test specimen

Figure 3.24 Diagram of specimen after high speed
and low speed impact tests

3.3.3 BRREP ORI v/ Of#T

R RS S OMEE R TE NI ER F ORI E Y DR A2 L DIIR P DIRREZ &R
RUEL. MEOUIDHUIEE, BREPEI-FEPU. DRFIABBCRD THREUIE /0
SEMmETIDHUAIEZ Fig. 3.25 (CRY. YVOEEOSENSRRZEREROI— 5
Splaying E—RICERBLTVSIENIhole. NS OURE L Fragmentation E—RTH2EH
5, J—F8BH Splaying E—RICEBBULETREREN LRUREEZSNS.
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EiERER CEANEE - 2R Z 347U T Fragmentation £—Rh'5 Splaying £—RIGE
B923Z bzt 95.

Straight line area Corner area

R tangent point

[}
£
-
c
2
g |
o ' 11000 IOOO“”?

Section BB Section BB
| -
[0}
c
[
e}
U i

1000um
Section CC Section CC
(a) High speed test specimen (b) Low speed test specimen

Figure 3.25 Cross-sectional macro comparison after
high-speed and low-speed impact tests
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3.3.4 THEE-ROZ(bmiht BFR5I94TY—)L Changepoint /\wo—>

Fragmentation €—Rh'5 Splaying E— RICBB IR, A-—T>Y-A0fHRET
ATV IR R S580 changepoint /\ws—>%FIFAUZ[84,85]. changepoint /\Wor—S(3EE
EERECEDVWTHFIIEUKEDEOMIC, THEDED 3 IO R ZRE I3/ \Wr—>TH
3. faE-ZEHRTE, EEOIRIGLEIRBOZNHENDIE, FHEDBOZLZEH U
Je. ZEROERFEROZ\LmziEI2DT, Pruned Exact Liner Time (PELT) %i&EFR
Ufc. Fig. 3.26 (LR E#ER%ZRd. 78l A (X Fragmentation £— ROMgIRME, pHk
B (& Fragmentation £—Rh5 Splaying £— RCEBRBU CREREN LR IZMEZIECTHEEL
fz. COBF, 7Ei% B (CIDBNHZZIEHREL 1.93m/s ToHoflz. CDIENS CFRP LT —MEE
(&, BN CEASNIICEENS £ ER CESNIUSEHEICmM > TRIE LR IS
EERDDT, 2 HIARENEFNERETZEE THIBHNRENLE.

80 3.5
70 ==~ A B i
— > > [ 3
60 [ .
~. L 255
= 50 H A n 1 ”‘é‘
4 . - 2 e
T 40 VALY S )
S 30 ‘}I F  Load T~ i 15%
20 . RN I T
_J_ Velocity \
10 [ ‘1 0.5
1
0 0
0 20 a0 2 60 80

52mm
Displacement [mm]

Figure3.26 Load-displacement diagram analysis
results using the Changepoint package

68



3.4%S
EHREMEZE N 232135 CFRP JIVJ'— PEAEBGICENT, FSEHREZR VWV IARRTE DIZshDEE
TR ERRFRUL.

173 SEA (FFETHRBREHSNZN N, CFL OINEHEERBE TERINL. &
SOREME T IRRCHEERMEDO LFAMRTEINZ. COFENS CFRP IV —MESDILERIE
(FENHVHFIEER S ICSHIE ORI 2 R IICEMEO 2 DOE THFNERETZEM THEE
WoREN, REOGTEOBIENRENG. REOKEHEET ) T/RSNIERETZER TAE
SNBEARE BIGRERNARE TH D EN e HIRIE IA MBI CE5F 2R,

LUF(EEBNA Rz EkeshHs.

SEA (F#EEBRIRFIELDBIRN L.
. SEA [CBIF2EEHIHETNCERLIS I BN,
3. HBRMADIEEEE Pitch 2Z{LEEROHIREREE, REOLEHE CAERERE
Iz
. ENRYEISTEE (LR I E (WU TR AT 50. 1%/ FUE.
5. BEEHERICH UV THERRERE EHRICO—F BB DIE N (FERIBOILH LDEEC 2.19 B0E
5#RUE.
6. BEILREME T I35E Fragmentation E—Rh'5 Splaying E—RICERUL.
BZREN 1.93m/s Z TFEIBEFREREN LRUE.
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F 4T EFNLEBNOLERAEITEER

4.1 Progressive crushing T—ROFRAEREDIEFT
4.1.1 #8589 (Splaying €— R)OFEREIRHNOIREE

Fu[56]51" CFRP F1—JiB&IIRIEUIRAERE ORI ZEST CFRP I — MEBIEDF
BaEZstE 5. FHIREOERIEE 1 ET/RULIIC, CFRP JLY —ME&EICERLZ=
ETINIKASERN RO TP\~ J0X TUTLYJ TR3523 (IRFAEAE) OHmAFIEZM
ALTIE3.

Table 4.1 ([CFTRICAHWS CFRP OBV ZRY. BIEEMREIu TR, 0(3 Debris
wedge THIERNMIIERIOAEZRU. 1,(d ASTM D2344. 7, dEIIMAMBIRRER. ¢/
DCB HBROE—R I TSz, ASTM E399 THEUSI S G (F5105RDEELETRELL. y(@O—F
BRI E 2R I HESFRETYy21 OfEZED. SEIFREREORERADERNS. Fu SHER
RAURZ 1 D30 2 hFi%eRd 2.0 ZERAU. Table 4.2 [GGTEERZRT.

Table 4.1 Mechanical properties of CFRP laminate [0/90]

Symbol Units Values Note
U N/mm 0.28 [56]
T
6 rad - [56]
4
Tis MPa 75
Tos MPa 150
G1 N/mm 0.42
G; N/mm 200
y 2.0 [56]
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T,

Table 4.2 A Comparison of theoretical and experimental mean crushing forces for quasi static compression test

Number Thick _. Number Corner  Straight Theory  Theory Theory  Theory Theory  Results Discrepancy
of stacks ness Pitch —of length  line length ° Fre o ot Fra r (1-Fr/Fta)
corners (line) (corner) (line) (corner) (all) (all)
[ply] [mm] [mm]  [n] [mm] [mm] [KN] [kN] [MPa] [MPa] [KN] [KN] [%]
5 16 41.1 137.4 34.9 26.10 144.29 360.71 61.0 49.3 19.1
10 10 25.7 115.9 29.4 16.50 144.13 364.86 45.9 35.7 22.3
8 176 15 20.6 118.7 30.1 13.20 144.06 364.86 43.3 34.4 20.7
20 15.4 111.5 28.3 9.90 144.16 364.86 38.2 29.3 23.2
5 16 41.1 137.4 52.3 39.60 144.15 364.86 91.9 89.6 2.5
12 > 64 10 10 25.7 115.9 44.1 24.70 144.13 364.12 68.8 63.8 7.2
15 8 20.6 118.7 45.1 19.80 143.90 364.86 64.9 60.2 7.2
20 6 15.4 111.5 42.4 14.80 143.99 363.63 57.2 51.8 9.5
5 16 41.1 137.4 69.7 52.80 144.08 364.86 122.5 93.4 23.8
10 10 25.7 115.9 58.7 33.00 143.89 364.86 91.7 99.4 -8.4
16 332 15 8 20.6 118.7 60.2 26.40 144.06 364.86 86.6 87.5 -1.0
20 6 15.4 111.5 56.5 19.80 143.91 364.86 76.3 75.9 0.6




IPREOFEEZ /-t NMRZ (Mean Absolute Percentage Error L% MAPE
E3RY) ZAVTIRIETS. MAPE (%, E(CKRAFRICEEEECH T2 DEDFHTREEE L
TEALSN, BRNIN-TNCHD. T—9% n, FllEZzy, HERMEZ y; £I5E MAPE (3R
(4.1)TRE3.

(4.1)

n
100 v, — Vi
MAPE = Z |)’L Vi
n 4 Yi
=1
Table 4.1 (CRUIEFRMEICS VT, Progressive crushing E—RT(3#EN oz 16ply-P5 %ZBx
LWz MAPE (% 13.3% Coofe. HERFERCIERBZLEEUILI T30% Fig. 4.1 (OR9. EiRELEK
BRIERORE 0% 2R /g, MERERCIEREOBERFRENT 0.991 THRUVEREZRUIL.

100 . = -.....

80

60 —+8®

40

Test results [kN]

20

0 20 40 60 80 100
Predicted results [kN]

Figure 4.1 Comparison of test results and predicted
results for quasi static test

4.1.2 FEFNFEEREERINORERE _LAREE

Table4.2 (CBWVT. Fu EF IV TFRIZNEIIREREL. BELN 8ply DT 19.1%H
5 23.2%. BEMERIELTZ 16ply-P5 OFRIERZE(L 23.8% KNz, 8ply A#k(IE. 2 TOMLET
TR ENERERZ Loz, REFMEOERRT Fu EFNOERRZR200W, OFREREN
BVZENS, FERTXEIME A RTIIR T, BRI ARTRIER THho e FRlENS. 8ply (32T
[EMEBARTIECHOILREL TN (4.2) ZIRERIS. X (4.2) THEUIER% Table 4.3

(CRT.
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4 sin (g —-0)
lG1 +nytG, + §Tistlﬁ
Sinz(z + 7) (4.2)

F =
1-u

Table 4.3 A Comparison of theoretical and
experimental mean crushing
forces for quasi static
compression test on 8ply

Pitch Trial Results Discrepancy
calculation Fr (1-F+/Fw)
Fc
[mm] [kN] [kN] [%]
5 51.9 49.3 5.0
10 38.5 35.7 7.3
15 36.1 34.4 4.8
20 31.7 29.3 7.5

IREAREEDFER. BRZE(F 7.5%LUFERD, IERMEOBENE LU, COIENS 8ply 15 10ply
O ICHEHIME AR SOIRN SIERI B AR D HIBERR I 2mh'd EHERIEN. DR
REAREL I BIeIC(S. AR DR ERE ZE A T2 I0LAN OREREZSOVIF AT —ILET
IORKRTERRZEH TEZREMUNDDEERD. HIEAMTKIRZ SORIEN SERIE AR
BRIROHBIZ I 2mDEBH (S EORECTHD.

4.1.3 81 (Fragmentation T—R) OREREDERNEN
AEITIE, CFRP LT —-MEETHRIEL TS Fragmentation E—ROFREREDIER R %

HR519%. WROICHIENYIOBIROBIRNSIET—R2EER IS, Fig. 4.2 [CEEREROUIEINY
ODERRERZ Y.
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Tension

[
\ !
\ |
i

:k

High speed test specimen

s
Compression ‘li

N

2,
||iI
I‘

Short-beam shear failure

“\, Out-of-plane
shear failure

Out-of-plane shear failure

(a) Straight line

(b) Corner

Figure 4.2 Straight line and corner section macro analysis

ERHEROUTE N VODFERNSIIRE - RZERER T DL, BERENIEME ARTEIE, 1—F 8B
HEAEABTRIENFEAEL TV, COBERBRNMS Fu T 0OERNEH S EZSECUT, #ilk
(C Fragmentation €—ROFEERMEOEHF R ZIEERIS. Fig. 4.3 (CHERHEIORNREO—R
N2ADNEER%ZRY. CCT FlE Loading plate OFATRIERZEL. Debris wedge T5IE2HN
ILIERAEDSSERT AR 65 HIMEARZ 6,,ERL. EBRIBAMEIEZ F;\. EIEARTEIE

Z FosEERI U IR ZRT .

i F Debris wedge

(2) Interlaminar shear failure

Z

(b) Out-of-plane shear failure

Figure 4.3 The schematic of failure mode in analytical model
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Fragmentation £— R Loading plate h4&EARUIER D DRSNS TRIEZFHEAEL TLB0D
T. FuET IV OERRCHIBEBEIRII TR FFRELRV. BIEYIOEROEENS. EfRERE]
—FEBA S (CHE P REBDfERIRIBEN A SN B ENSEBRIRIBE IRV T R W, LTS, ERREPORT
HERRNSERTAMBIRETHIEEZISNZOT. BRITAMIRIFRW, LTS, I-FEBORE
BRNSHEIMEARTIRIE THDEEZSNDD TEIMN ARIIETRILFR W, £33, EUTHERE
DFBRADEIER TBEIRENE I - B DIE R TIRE B A MHIENEEETLDEEZBNDDTWw, 21—
FEBDREEARMDOIRIFERELT, Loading plate ((RETIIRIFTRER(4.3)TERIN3S.

Fv=w; + Wy + Wi + Wy (4.3)
Wy (& Fu OIEFRTEERRICIN(4.4) TRENS.
Wy =1lG1v (4.4)
HEATABTIRILEER W, FEINEARTEE F(CEDT(4.5)TEREINS.

. . n
Wos = Fos¥V = Toslcornert Sin (E - 905) v (4.5)

T T [SENNEBARIETT, tEWR, loorne 21— TEPDRERERT.
BRETAR IR FREN(4.6)TRINS.

) 4 T
Wi = Fiv = §Tl-sllmet sin (E — Hl-s) v (4.6)
KETAMIRIFERW, (IR (4.7)TEREIN3.
Wy = nyGv (4.7)
ZZTnl3d—7 0%, y[& 1 DOI-FHEDCHELEITSEIEREDE, G:(E ASTM E399 (CEEHIL

5 IRER TRIE TEBBAV I H IR TR EZRT.

FAEEE FIITR(4.8)TERINS.
4 T
F = (Ljine+ lcorner)GI + nytG; + §Tisllinet sin (E - His)
(4.8)

A
+ Toslcornert sin (E - 905)

BB, Fu SORZHLR I D(CHID. FRBILL 2 E R I INENDHD. WEES[68]DIAFKTIE, BA
BRICHVTEEEGH 11% ERI3ENMREINTVS. S @05 3EDDERENILHEER
SNRL[86,87]. EBREIRIBECDWVTIZ Siebe[88](F, EBRIRIBHCHWVWTENNR ¢ ABIZVORMD
BEICH) 30%DPHNEFRESN TS,
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BRI RFEREZ RO IEFELLZMNATRACHRE (4.9) THRINS.

4 . T
F= (lline+ lcorner)GI Aq + ntht + _Tisllinet sin (E - His) U

3
(4.9)
. T
+ Toslcornert sin (E - Qos) A
CCCIEMRIBEDRREILEZ a0 , BARTOERBILEZ a b UL,
BAREPDFELETRIE FineldT(4.10) TERENS.
4 T
Fline = llineG 1qg + §Tisllinet sin (E - eis) Ay (4'10)

]_Tgﬁmﬁiﬁi erner(j:it(‘]'. 1 1 )—Cﬁéné .
. T
Fcorner = lcornerGI ag + Tl)/th + Toslcornert sin (E - 905) A (4-11)

sTEICAVS CFRP M OHAREY 1% Table 4.4 (CR9.

Table 4.4 Mechanical properties of CFRP laminate [0/90]

Symbol Units Values Note
U N/mm 0.28 [56]
0;c rad . [56]
O, rad 0
Tis MPa 75.0
Tos MPa 150.0
G1 N/mm 0.42
G; N/mm 200
y 2.0 [56]
ad 0.7 [88]
as 1.1 [68]

nISENEER{REZR L. 6(3 Debris wedge THIERMEBOABEZERL. 1,& ASTM
D2344. 1,,(SEIMTARTIRIERER. ¢,(& DCB HERDE—R I TSz, ASTM E399 THUSID
G, (35I3RDARELLTERELL. y(EI—F B0 %Az T 2 EESFHRETY21 OEZES. I
TEREREOREMADERR NS, Fu SHRALE 1 I-F20 2 bk R 2.0 #EAUER. Table
4.5 (CGFtEMERERY.
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Table 4.5 A Comparison of theoretical and experimental mean crushing forces for dynamic impact test

LL

Number hickness. pitch Sfumber Corner ﬁrt]realght 'II:':eory 'II:'tkcleory ;:eory ;kc\eory 'II:'t:eory RFersuIts Slscrepanc Theory Results
of stacks corners "9 length  (line) (corner) (line) (corner) (all)  (al)  (1-F/Fw) o SFA
[ply] [mm] [mm] [n] [(mm]  [mm] [kN]  [kN] [MPa] [MPa] [kN] [kN] [%] [J/g] [J/d]
5 16 411 1374 1885 1515 77.93 209.38 34.00  34.3 -1.0 361 354

. L7 10 10 257 1159 1590 9.47 77.95 209.41 2537 259 -2.0 340 338

15 8 206 1187 1629 7.58 77.96 209.52 23.87  26.1 -9.3 332 354

20 6 154 1115 1530 568 77.94 209.33 2098 23.0 -9.7 329 348

5 16 411 1374 2826 21.12 77.89 19459 49.38  51.2 -3.8 356 35.4

- e 10 10 257 1159 23.83 1320 77.88 19459 37.03  37.9 -2.4 335 342
15 8 206 1187 2441 10.56 77.88 194.59 34.97  36.0 -2.8 327 327

20 6 154 1115 2294 7.92 7791 19459 3086 33.5 -8.6 316  33.3

5 16 411 1374 3767 27.09 77.87 187.20 64.76  67.1 -3.6 358 375

6 55 10 10 257 1159 3177 1693 77.88 187.18 4870 49.6 -1.9 334 328
15 8 206 1187 3254 13.54 77.87 187.13 46.08 47.0 -1.9 323 319

20 6 15.4 111.5 30.57 10.16 77.86 187.22 40.73 42.3 -3.8 31.3 31.6




FICIRFEURIERTNOD MAPE (& 3.99%ThHhofl. ERERIERMEELEE U SI% Fig.

4.4 (ORT. HEERIECHERIERODIRE 0% 2R CR9. MERERE T AMEDERIFRE%(3 0.998
TsRMERZ/RUL.
80
= 60 :
% . .“..l“'l_..
2 40 .
: o
0 o
< 20 .
0
0 20 40 60 80

Predicted results [kN]

Figure 4.4 Comparison of test results and predicted
results for dynamic impact test

4.1.3 8189 (Fragmentation T—R) OIEFmfE%ZF e SEA IREE

SHERIERD SEA (3. #&fE%%¢ Pitch ORI o/H, SEA DIRsHEZ IV THER M ZAREE
9%. Table 4.6 ([CFREAZEEBENZEEZRL, Table 4.7 ((ERERDEREZRY. COET
IVORTERER R?(£0.913, BHERAZFHFRERIR ?(X0.894 LAHRENS L. ZUT. ZOE
FILD p {B1F 0.05 LOENSVDTHETIITEBAIE HEE, I5UEFEXEDMEC 0 HESENRNE
N5, SEAZEE BN EEESREATETS.
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Table 4.6 Explanatory variable and response
variable of the SEA theory value

Explanatory variable Response variable
Number of stacks [ply] Pitch [mm] SEA [J/4g]
5 36.1
10 34.0
8
15 33.2
20 32.9
5 35.6
10 33.5
12
15 32.7
20 31.6
5 35.8
10 33.4
16
15 32.3
20 31.3

Table 4.7 Multiple regression analysis results for
dynamic of the SEA theory value

Partial regression 95% confidence interval
Item coefficient Std. error
Lower Upper
(Bo, B1, B2)

Intercept 38.0%** 0.663 35.5 39.5
Number of stacks -0.111* 0.046 -0.215 -0.007
Pitch -0.253*** 0.027 -0.314 -0.193
Multiple R-Squared (R?) 0.913
Adjusted R-Squared (R’?) 0.894

*** Coefficient estimated with a statistical significance of 0.001

* Coefficient estimated with a statistical significance of 0.05

SEA DIEFHB(IFEELNE Pitch LAHBAN S VLCENS, REIMUERERTEERD SEA HEEEZERL
TWBEEZBNS. 16ply-P5 KU 8ply-P15 & 8ply-P20. 12ply-P20 M 4 DDA IR RED
BANTHD, BEREICKENMNDZIEE - RMEFREERBO TVRERNINS. SHERIEROFRE
BENSVDOTIHANEEITVBEEBASHEN, BREIBBLIEI-FEENEE2MmE OO N
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EVOMNIBASNCBESRV. CORSZRERIBCEIIOLNILOREREZESDEINILFAT-IVET
WORFENBEEEZS. UNU. IEEERIEEDENAKEMIARESHERIERDOHINZ L SEA ZRUIZD
T, FETHIRN - Oh 9D TENSER L OBRBICERSRVO T, CORERFSEOMAFTREETS.
Fig. 4.5 (C SEA [CHI Pitch LB Rzt BRIt R EIERIEZRT .

40
38
4 Results
: ply
_ 36 ~#-8
o -m-12
S -a-16
< 34
H Theory
ply
—-3
32 --12
——16
30
5 10 15 20
Pitch [mm]

Figure 4.5 SEA comparison of test and predicted results
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4.2 &S

AETEHNREMFELEIS CFRP THIEUL IV — ML FRIREDRIC BB TR
EHEORHRAHLICRELR. HOUT, EHNLERTELZI3BA0 TR EREL
Fu EXNOIBRE TRIEUR. AR TREUBINA TR EHEOERTIIH WEEERL
.

M@ NAIREEEDS.

1. 8ply AAROEFRNRIFIIFEREBE(CHVT, Fu EFIUE 19.1%H5 23.2%DFRZENH0.
FRIEE (TN,

2. 8ply AROEFFIRIFIIRARMEICHVT, Fu EFINEZINTEBRTARIIEL L TGRET
3¢ 7.5%LLTORELRDIBENE LEUL. BEEMNMRUMERRICE VT, MIEE— RHNE
mERIGOTVSaIREMENHD, FRIKEE M _EOFREZRUL.

3. 16ply-P5 OHEFFHRFIIRAREICHVT, Fu EFIUSL 23.8%DEENDD., FAREE(E
{&hofz. Progressive crushing —RUNDFRIREE DsREZ RUI.

4. Fu EFIOEGFIICHWVT, Progressive crushing T—ROEERMNRFHRERTED
MAPE {&(& 13.3%T&olk.

5. Fu EF)LOEGmRICEVT, EFRNR TR EREOHEREFRENE 0.991 TaUMEREZRL
Iz.

6. AN CTIRRULBINRIGRAEFEOER O MAPE (& 3.99%Tdholz. 1BEFHEE
0.998 TELERZRULL.
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£ 58 AHAFROMR

5.1 TR RMifE

BhEMEZR 13 CFRP )L — NUBEEIROTIFRERME 2 ROBIIEHNEH(CHVT, BEHR
EBEO—FERZDBEL T, BRIR IR FREZERELULCLRTENIBE N EVEE RS, ZLUT. i
ERER OB CEREPE DT B OEIEZHRAZEICL T ENTNOILHNZROIEFEHLENBFE
THole. INEMERY 2DV — MR ZIEARERE I— T EBIC D I S (B BRIE N ZHEE LI
BACTRINSFEIEIREREL DUTHEOTAIBEZIRELT 2.

5.1.1 V- NEZEREPEI-FEFTOIRIOIIEEOFREE DR H
T — MR OBREI#EE MCF % Table 5.1 (7R
Table 5.1 Explanatory variable and response

variable for dynamic impact tests using total
cross-sectional area

Case Response variable

Number of  Pitch Cross-sectional area (As) MCF

stacks [ply] [mm] [mm?] [kN]
5 314.4 34.3
10 249.2 25.9

8
15 245.2 26.1
20 223.1 23.0
5 472.0 51.2
10 373.8 37.9

12
15 367.3 36.0
20 334.7 33.5
5 629.0 67.1
10 498.5 49.6

16
15 490.4 47.0
20 447.3 42.3

Table5.2 (COVT — MIZARORFEIGE MCF OEEDHTEREZRT. COETIOBERERREFHR
TR R'%(3 0.998 L RIFRMBE%RU. p fB(E 0.05 £NE/NEL, 95%EFEXHDIEC 0 fFEFNAL
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N5, A EIENZEEZREATETL.
Table5.2 Multiple regression analysis results for dynamic

impact test using all cross-section of MCF

Partial regression

95% confidence interval

Item Std. error
coefficient (B1) Lower Upper
Cross-sectional area(As) 0.102*** 0.0015 0.098 0.105
Multiple R-Squared (R?) 0.999
Adjusted R-Squared (R’?) 0.998
*** Coefficient estimated with a statistical significance of 0.001
ZCT AGHHEEERY. CORLIEFEZAVT MCF Z2kH2ET )% 5.1 (CKRY .
MCF = ;A (5.1)

U 5.1 TIESNTHERE. FRICEERFERDEREZ Table 5.3 [RY.

Table 5.3 A Comparison of theoretical and experimental

mean crushing forces for dynamic impact

test using all cross-sectional area

Cross-
Number Predicted Results Discrepancy
Thickness Pitch  sectional
of stacks Fpa Fr (1-Fi/Fpa)
area
[ply] [mm] [mm] [mm?] [kN] [kN] [%]
5 314.4 32.1 34.3 -6.96
10 249.2 25.4 25.9 -1.89
8 1.76
15 245.2 25.0 26.1 -4.36
20 223.1 22.8 23.0 -1.07
5 472.0 48.1 51.2 -6.35
10 373.8 38.1 37.9 0.60
12 2.64
15 367.3 37.5 36.0 3.91
20 334.7 34.1 33.5 1.87
5 629.0 64.2 67.1 -4.59
10 498.5 50.8 49.6 2.45
16 3.52
15 490.4 50.0 47 6.04
20 447.3 45.6 42.3 7.29
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ZOETILD MAPE (& 3.95% CTHEBEIMZEE 0.986 &Hofz. FAMEL HERFERA LB UIZY 5 0%
Fig. 5.1 (LY.
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=
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Predicted results [kN]

Figure 5.1 Comparison of test results and predicted
results for dynamic impact test using all
cross-sectional area

5.1.2 JVJ'— MrEZERREE I-FEI TSSO T AREDE L

25 3 &0 Table3.6 TRUIREIFEHEZFAVT MCF Z2:k2E7 )20 (5.2)(CKT.
MCF = B,CA+ B,LA (5.2)

CCT CA (FO—FEPOmEIE. LA (FERDOEIEZRT. TN(5.2) TESNIERE. FRICHHERTE
BO:EE% Table 5.4 (IR
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Table 5.4 A Comparison of theoretical and experimental

mean crushing forces for dynamic impact test

using corner area and straight-line area

Number  Thickness Pitch Corner Straight- Predicted Results Discrepancy
of stacks area line area  Fpa Fr (1-F+/Fpa)
(CA) (LA) (all) (all)
[ply] [mm] [mm] [mm?] [mm?] [kN] [kN] [%]
5 72.4 242.0 33.6 34.3 -1.93
10 45.2 204.0 25.5 25.9 -1.76
8 1.76
15 36.2 209.0 24.2 26.1 -7.78
20 27.1 196.0 21.5 23.0 -7.22
5 108.5 363.0 50.5 51.2 -1.47
10 67.8 306.0 38.2 37.9 0.73
12 2.64
15 54.3 313.0 36.3 36.0 0.78
20 40.7 294.0 32.2 33.5 -4.09
5 144.7 484.0 67.3 67.1 0.27
10 90.4 408.0 50.9 49.6 2.56
16 3.52
15 72.4 418.0 48.4 47.0 2.96
20 54.3 393.0 43.0 42.3 1.64
COETILD MAPE (& 2.76% CHEBAZER(E 0.998 &ofe. FAUEL HERIERE LB LI 5%
Fig. 5.2 [CoRY.
70
e
— 60
<
£ 50 ot
: -
@ 40 .l
4%‘ .-."--
[
30 — L2
e |
20 L@
20 30 40 50 60 70

Predicted results [kN]

Figure 5.2 Comparison of test results and predicted results
for dynamic impact test using corner area and
straight-line area
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5.1.3 J)V7'— NI ZERREIE - F BB T DI THEE DR

VT — Nz EERERE I—FEP T 6B 2 Ram X CIREULIER . MAPE (3 1.19%. 1HEHMR
#(30.012 @ LU, FRFBEOR EICINZT, EFREREI-FEIOIS N T AHEZSIRISLT,
FHREFMBOERNMELTEL. INSOFRBRE, VT - MTEZERSIEI-FEPTOIR
F(CIHOTHH TIESNIHER THD . KFEOBRMEN RSN,

5.2 EZENRMEE

5.2.1 EHAEH DR

INFETO CFRP VT —MBSDRETHIHARPE T ROFN—IET S RERAR DR ERAZ ]
YEL T, R R USHBERER ZIRFM R OB RIEL T EBEEZ1 T O EN BHOf. TNITHU
TIEHNZRAVAELEE (3, Ml RS THROBSHIBTNTES.

FRZ(CRFESNIAARINOEHIRET (CH W TE. Coupon FHERTIESN D145, 7,5, G 1, G DIEZIE
SINICHRA L TBHSNIHERNBEROTIR M Sz L RINFREARIELTGRETES.

ZOLIIC, HRINEHINZETHMELEERARI DEHEE B RBIRNMTA S L3,

5.2.2 BBEMFECHIILEHEETINOFIRIA T ERR

BEEOFRFECEVWTEEREOO—DELT. BRBENDS. B9/ (CHhmmeigA
FRHIC(F. FFE - EEEMREOBIEPHRE)Y - AZEEKEEIIVNENDD. ZtLEEE
HOBECEDEARELERZABLTHED, BB EORAELOTIGIRATIIV T EZER
UTHRBEZRET2ON—ENTHS. AHRAFENBBERMEOTEDCLINIL, FHFEE
FHNSFEFTFTICH 3 FOHZET TSN, NERRTISZFODIEETHARNIE RO TVSEL
TLB[89]. Fig. 5.3 (CINETIFI>ZORMFEBEDLIZRT.
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Development | | Styling
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Pre-prototype, Prototype,
Test Test

Production
trial

Mass
production

Figure 5.3 Development timeline [89]

Fig. 5.3 TRUFAFEBRCHSVT, SEREVCEHREET VS ECHFEEERETRLS
N%. FAFEERERETE. HHOERBENSBERET DREIRRE L DT IENRED, BBl TT
(CEIENYTURBDIRETZ1TD. Fo. HBOEVBFOERNSEAZRPREABELEDR
HEITS. INSORFICHBNT, BREZEMEEOFERFAEFEVEIRI TIRIILFIRINEDEER
ER. WETEREERETDINENDD. O 1 FF5ORAM THR L B IRILFIRINZA SO0
AIEREEIMRE 2N, TOHE IR FRIMBEOEFRAEPHIANRESND. F. KT F
Bl GEFRTZHIEENS<RVSNTVG) THRETEENELZBENMBISTHD, TH1>
FFENLITLUGEATVSDT, S5V THERRE S S 2ERENS. —73. CFRP OIR
IVFIRURER GRS, RERZEICUIZENT 1> T 07 TO-FICLBERRRIEC 3 hBRREOHAR %
ZLUTWeDT, BEIEEIRELTOERANMREETHO. UL, RewX CTIREUISE/EET )L
(B (CAARRETSZOT, BHEMFEOBIECESL. BRI TRZMICIRATE3LI(CHk.
CNUCED, BZRHREE ESL 2 ML I PBEDBIRBZIBPLIENTEL. INASORERE. IBE
HIEET N ZEBUBICIOTHH TESNILRR THD. AFEMEEH2F %2 RUE.
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£ 6 E AMAFROFAIE
6.1 SEREET I ZAWVERETFIR
BlO/\WT—SLA7IREEREE M WSEIDS THNIEZE/ U PDOEBEARRABERINTIRIL
FOBEFENS, 3 3BON(3.1)CRIIRIFOHINEVVERKETERETIREFMENKRDHS

N3. CCTIESNIBERAEEEZBITHRNRETTERE RS, Rigid pole side impact test
DIZEDEESIEE. Fig. 6.1 (GRI LIS, W—TJERFZLTIO7NERTEMERIE THD.

Load path to roof/ 4

mr QO T

Load path to door

Load path to floor \Y

Figure 6.1 Load path of rigid pole side impact test

FFEBEREETEIENTNCEERLERMEN DL TOHN., YHOESIRETNTHNS. Fig.
6.2 (CJ070- RN 222 DB mOEMKEZ R

Side sill inner Outer panel
\ Side sill reinforcement
Cross member

Floor panel/ \

Corrugate structure

i w4

Load path to floor

Figure 6.2 Floor load path and body structure
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J070- R/ 2zZHEOEG@E. REEOTIF/INRIVNRINEERD, RISBC BRI EZE
ANZEZHFOTA RIINLA D TA=ZA B A RYIA > TEARRIER S BRI E 2R L TL)
3. LT, 2ORMEZ A A BNSZIFITZI07/\RIVEVORX )\ ZEEETS. JO70—-R/IR
(FTIFINRIV A RIIA S TA=ZAT N, DT — MEBIECENENBEEEENEIDE TSN 3.

FHEWT, DL —MEE 80 mm BT 40 kN U ERAEI2SENEIDHTONLIHEDNETFIEZ
RY. IFMNE=ZT NIRRT RO —RT7((— J0R )T TR3523 (TRFA43
fB) ¢UE.

BIRTERMAROEFZERTE I DI6(C. CFL OBIMEEHE(C B ENRE T2z IOy~
UT. BEZEBX3HOEF#FEES. Fig. 6.3 (CPitch5 mm H5 20 mm £T 5 mm C&IC
BIiE CFL ziERk I 3EEH 2 EHU CBNGEME LICTOy 0% RY .

T
0.4 H/ + Target
—.0.35 - . ® Dynamic
E test results
E 03-
=
= 0.25 4 Il .
i Target area
O 0.2-
16
0.15

N
o

10
Pitch[mm]

5 8
Number of stacks[ply]

Figure 6.3 The target values are plotted on the response surface
BN ICEECTOY hENZA—Fy b DB VRIS B IR EIEZBA TS, 52 B TIRRUE

ETIUZ OS5 Pitch CTEE# %IRRT S. Fig. 6.4 (C5 2 B TIRRULEETZEMICTOYRUZ
HO%ERY.
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%))

20
E
E 15
=
210
£

5

0 Design area

6 8 10 12 14 16 18

Number of stacks [ply]
Figure 6.4 The target values are plotted on the designable area

Fig. 6.4 TRSNIFRTEIFNIEPDNERETZER THD. CORETZERIAICHSD Pitch L1EfE
BOEAFEDETHRREZITD. 1. BERIERTARIS O MTE I # TRAELRDIDT,
R B EIRA THFNCRDLO(BEZEARE T3, Rz SFECUBE M OFREN RN,
BB EL R CEPRNTEA IR DIDTHEBENRRB(CIRD. COFRBEARFRT DIDICEEYD
TOEERMARIENNETHD.

Table 6.1 (C Pitch5 mm H'5 20 mm T 5 mm C¢&lc. BRI B ntEELe sty
UEFRIRAEE., WEEZRI. H. P20 FERBHNICEHEOIMNEETHZDTESEELL TR
LTz,

Table 6.1 Specifications to meet targets from
Pitch 5 mm to 20 mm

Number  Pitch Perimeter  Section Dynamic Dynamic Quasi- Quasi-
of stacks area CFL load static static
CFL load
[ply] [mm] [mm] [mm?] [kN/mm] [kN] [kN/mm] [kN]
10 5 177.05 401.90 0.242 42.85 0.394 69.76
14 10 140.09 445.21 0.316 44.27 0.572 80.13
16 15 127.78 464.10 0.349 44.60 0.648 82.80
(18) (20) (115.46)  (471.77) (0.382) (44.11) (0.724) (83.59)

Table 6.1 OFERNS. TIEREOFIFINMENESIEROEIEIRN SV 10ply-P5 ZEET 3.
METTOCADRBEU TERSNFAERED 69.76kN %, D)V — NS EEIRZ TR I 218150
ERMPAELL CI075EHUREL TR 35 T 95.
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Fig. 6.5 [CEIBIRUEERRID CFL 27~ I fSEHAMEL, 10ply-P5 O#EFEIEZRT.

® Quasi static

Wl ® Dynamic

m 10ply-P5 Prediction
E 0.6 q
£
.
g
= 0.4 T
o Response surface
@) . .

. of quasi static

o
N
S

Response surface

Pitch [mm]10 : 16  of dynamic

Number of stacks [ply]

Figure 6.5 10ply-P6 estimates on the response surface

INFTRRNTEARET FIEZ Fig. 6.6 ((EHEMEREROFETFIROIO-Fv—bUTRY.

[ Definition of target load }

Determination of pitch and <
number of stacks

Check the
generated load on
the dynamic
response surface

Determination of target
capacity of support
structure using quasi-
static response surface

\ 4

(Specification decision

Figure 6.6 Flowchart of the design procedure after determining
the target load
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B78E =

BENEEZECHITIIRFROEDIEHEL T, BEV (CLBh—R>Z1—MSILOEDFEHITTHN T
%. BEV ([CBIFDEAMEIHRDREL. BELZDHREOHEREBFESE(LOMIITHD. EROEERN
SAREF U IR IRINEBGRE LEEL T, CFRP 1)L — REUERRIE 59.6%DERE(LHREN.
CO: HIIRICEm T E2F %I RUL.

CFRP MF%EHICNFTE 1 ETHRAIZEN T2 T 0w 7 T0—FE&EHEICELD. Coupon FtERR
EOBRABNSERRIR(CEDE T, ZAOHERBREZEH LI TREMARZRELTEL. 20
BRZE AT — L7y T U TV A B RIRERET U R Z B8 S 31 DRIRM RS EE LT, ZEF
BHEERETIRILHIAEINTVS. FRP ZBE#EEIRICER I X TOEMRFEETAELN. £
DRERZMBLTDATER. HETHIBNE VB BEEREICSV\ TERETHARII B R 2o TL)
3. CORHAIAFRT(E. BENEEZEDEVFHFEBRCHVTE. CFRP Siamzidmabame L TIE
EAELAHRSRERITIZOHD. ELEMENT H&U DETAIL LNV DGR ERZEIRYS I EET ILE
TV RUIZ. JNICKDERETEARIN S ESN. B=/E3IROFL CFRP Simz HEIESPmE
UCBRATERSZILARUZ. Fz. Coupon FHBRIESRNS Sub-component ZF B TE3NDT.
IRELDOIETN (CERBEROMAZEDAN RS, COFER. FFRHOFL MR 2GR (CER
DANBENTE, BHEOLTEMEEOM EICHITES. —7A. MARFEOHRTHE. ICEHE
HEHNOZDOETIVEEL TEARMRENS Coupon SRERESALINIDRN B8, FAREFED
ERMBARECIRD ., FATAMRIRFEOEEDREMERD. TNICKDERIMPBIOENERFEINS.
EILT 4070w 7 TO—FERRROET W EIE R R ABA SN EIISEOMER%E Fig. 7.1 (TR
9.

COMPONENTS
T

NON-GENERIC SPECIMENS

\ \ )
L B
b et ‘
J
S3HNLYT H1S
~ -
CFL [KN/mm)

10 15
Pitch [mm] Number of stacks [ply] \

F = (linet leorner )G 1 @ + nytG,

Replace test with model

GENERIC SPECIMENS

ggmnm:u

Figure 7.1 Conceptual diagram of building block approach
and mathematical model
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AT TRSREVEIEFEZZ (IS CFRP BIEDHAFRICHNT, INFTOERMAK GBI RUAE
F1-THERTHOLOT, REFE(CHIZI-FHOFEZERUIREGRENTHOL. A
BF1-J(CEIRREMBCENT, I-TENSZ2RENKEVBEEERT o, I-FEBDK
AR AU E DRI E DA RN ETOTUVE. AAFKRTEINY - M B SE @D
FARMEBEZENZLICLT, BREIEI—-FTEIOmiaZRIAZELEUEDIEDITCIOT, FEFR
HRFOERREPEI-FEBOIS N ZHETELL. COLSBFHME—AZAI RIS TIRIE TEHRIT D3 L
VWOT, KFERMIMESSTEEVZAD. NICIDREERECHIIDEREPEI—FT BB ORI E N BAME
(CRD, #EFFH R VB BEREIF OIC D LE IR LBVEZRUEE. U TGREREORE Y0
FATEHETESNIIEHEZSE(CU T, FtlCBEsEREEOERZEELL. INETICERN
RIBFHRIIRREINTHD, BHOBXERICLIZERBROBER _ LMTONTER. ULHUBHSE)
FYRIEGRICSIREBEL RSN TV, Kem X TIERENORI TEN TS,

—73 T ZEFRRBMEHRODEEET 22 (CH VT 16ply-P5 ZE%ETZERINSERIMNIZAY. 12ply-P5 15
16ply-P5 OEICHHIRE— FIBIZ I 2N HdEEZAND. BELMREZEZDE Pitch /&
RRGEVVZENS, BRROMBIEIEELRECHD. T, BIFY SEA ORERERNIERIE
WS NZERBEDERREEREEL THRENTVS. INSORIBAER(CE. AAFKOLS2Y/0LAIL
DOAFRICHNA T, MHABEOFREBIRDO LB IVOLNILORFTRNBETHSD. NSOXIVFRYT
—VEFTINCLB 7T O—F OB FHCE DTSR OMGEIATL TUKFETHS.
PAEARAFETESINC I EZ AT ICHESDD.

1. CFRP T —NELEBmOERI B EHERIEZ FRIT 52— RAONEHEZEHUL. IHE
HAE(E D)V T — NFERZAROIEZ RSB Pitch LARIEZReDDIEBE ZSRAZELELI. DG
BEREETIIN TEZEANC I ZRERENLARFT TEDLITONR.

2. BAEABEIEORRENLE. FEFRVATECXTU TEIRIEAIEFSRAT 50.1%ETUR. EI1TH%R
T(IEEFRV BN DR E— ROBVFERRENTUEN, KIAR CTHICEER TR E=
fbUlz. &l  E3BEEN 1.93m/s ZTEIBEFRLEFMEN LRIDEN Do, EZRE
BETRAFMENBIDUVRVIENRENZOT, BINRSEHE CFAlESNRER/mETIR
FIRNEZARF TEDEZRUIL. NICEIDEEATEZZ IR OBIGROFHMREINTESD LD
(CHDTz.

3. CFRP J)%'— NELEB RO BB EHERIEZ TR 2 —ARNOILEHEZELUL. &
SHIE(SENRI BSOS FERIC, DVT'— NERZARDIEZ RS Pitch EAREZRDDIEE
SR AU, COISERETET)LT CFRP LT — MU GROAARN R EN IR AT E
WFRTERLICRD, KIFIDEPROMFATENROSNLS(Cofe. COFER . FFEFIRAE
ETEERIOVBIROMIRRERE TS DL, AFEOBMMEZRUL.

4. VT - NIEROESTOMEZ CRERMEZ TR ITETILE. BIREPEELI—FEPEIE
(CRITFRATZIETNOFRREEZLLERUL. £ TOEEET VO FRIFEE(E MAPE 3.95%.
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1EBE4RER 0.986 (XL TIEHREBE I—F8P%DITETILE MAPE2.76%. 1BE3{%%% 0.998
(CME LU, FPRERZDBELU TRFT I 2B 2 RUL. INCEIDFREEREDOE R R ZEIR
EPEI-FEZENETNDIITERL IBDFOBEMIENRENTZ.

#9743 Fragmentation E— RCTEEIDIEHEEEDERIUNS. RiE P REPOBHERIRtEE
B AR RUEINMEARED-FEBORA B AR TIBR NS L ZRUZ. BELORET T,
=R E R ERE DR TEN RSN, BAMOEMEIEIEZE R I EECHV TSI
LR OREREDFZEREBIEOHEENEE THIFNREEINZ. ZOLI(C. BIEXANZ
X LHEABNC DIz ET 27O OFRFER CAE $54iiAH 5T T LGRS A TE R L3R
of.
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