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ABSTRACT

Collision Safety Characteristics of CFRP Structural Members

for a Use of Lightweight according to Different Energies

Choi, Ju—Ho
Advisor : Prof. Yang, In—Young, Ph. D.
Dept. of Mechanical Design Engineering

Graduate School of Chosun University

In the present study, the impact properties of a CFRP structural
member under an impact load were intentively investigated for passenger
safety protection under assuming the commercial use of carbon fibers
reinforced plastic (CFRP) structural members in lightweight cars; in
addition, the superiority of the impact properties depending on its layer
configuration was experimentally investigated. Especially, the impact
properties and collapse modes depending on the cross—sectional shape of
the CFRP material, the outermost layer angle, and interlaminar number
were studied to obtain the optimum data for lightweight vehicular body
design with improved fuel efficiency and passenger safety performance.

The obtained results from this research are the following:

1. With an impact energy of 611.52 J, the smallest collapse length of
CFRP material with a circular cross—section was 54.7 mm when the
outermost layer angle was at 0° however, at 90° , the smallest

collapse length was 34 mm, which is approximately 60% shorter.
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Hence, in order to secure the internal space for guaranteed passenger
safety after a collision, the outermost layer angle of the CFRP material
with a circular cross—section is 90° , and the impact property seems

to be the most outstanding when the interlaminar number is 6.

2. For an impact energy of 372.4 J, for CFRPs with a rectangular
cross—section, the smallest collapse length of 64.0 mm occurred with
an outermost layer angle of 0° however, the length decreases to 59.5
mm at an angle of 90° , which is about 8% shorter. Therefore, in
order to secure the internal space for guaranteed passenger safety
after a collision, the outermost layer angle of CFRP material with a
rectangular cross—section is 90° , and the impact property

seems to be the most outstanding when the interlaminar number is 2.

3. When the outermost layer angle was 0° , the CFRP member with a
circular cross—section collapsed due to the gradual propagation of
interlaminar and intralaminar cracks, followed by the outwardly
expanding Spline phenomenon in the member. Moreover, the laminar
flexure caused by the propagation of interlaminar and intralaminar
cracks, the movement accompanied with the collapsed surface, and the
packaged—laminar friction at the load surface mainly absorbed the
energy, and it was collapsed in a brittle fracture mode of combined
transverse shear and fiber flexural modes along the fiber direction.
However, in the case of the outermost layer angle of 90" , longitudinal
fibers at O tried to expand outward in the member at impact collapse,
but the members, along with the fibers at 90° , broke and collapsed in
a ductile fracture mode.

4. For the CFRP members with a rectangular cross—section, when the
outermost layer angle is at 0° , the laminar flexure due to the

propagation of interlaminar and intralaminar cracks in the plate member,

the packaged—laminar and matrix rupture due to the transverse shear
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mode in the corner member, the flexure of packaged—laminar, and the
rupture of fibers absorbed most of the energy. Moreover, the plate
members expanded outward with progressive propagation of
interlaminar and intralaminar cracks when the outermost layer angle is
at 90° but the corner member collapsed into a combined form of the
packaged Ilaminar fiber and matrix rupture and the laminar flexure due

to transverse shear mode.
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Fig. 2 Composite structures for boeing 787
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Fig. 3 Crushing process of continuous fiber—reinforced composite tubes®”’
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Interiami

Fig. 4 Crushing characteristics of transverse shearing crushing mode

N
Mode | Modelll
Qpening node Forward shear node

Fig. 5 Sketch of crack propagation modes
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Energy-absorption mechanism
through the frictional forces

Fig. 7 Friction related energy—absorption mechanisms

Collection @ chosun



Bo =
EU =] AJ 1]

AAd 7] o

i3

_
o X = T
G ° |
zﬁﬂi A#lmﬁ w7 B
- T & o E
T A a_omﬂ%mﬁuﬂﬂ S
e AoﬁLaaulmLiHoaT ,iﬂoxuﬂ —
2 SERsFafgc sige F
T N %iﬂ%wT_foTWﬂﬂ Wi%% -
== = ) —_ O
g gmw_n;ww%wo@ qaﬁvwow i
%o Tz 5 2 4 NI il
il ﬂ%oéﬁﬂ%ﬂuo g ﬂoa ar
me ® HTﬂEAﬁM.ﬂi_ﬂu nHEyE X
o i B IO Ty - o ok <
ulf ,A];%ﬂ_ﬂ._fo Pacﬂﬂ -~
— No ﬂlot iOE Bo= V,Auﬁ e
& BT R o Kook i
_sg_/pn%ﬂdg.ﬁ x7m%u..
oTn_.r.m nv_ﬂumd_ﬂﬂLﬂo,AWr.ﬂo ﬂ\/&]ﬁﬂﬁdljmu
T z,t%ov,mﬁ7ﬁovd_nu_.ﬁl ﬂSleTulmL%dl
: F o . T
QMWMEMMEWAU%WQ mﬁﬂww;ﬁimﬂﬂm%
Eviﬁuﬂmwaa@ﬂ%é u@uqoﬁiﬂ%
Mﬂ%mﬁ%mﬂ%@ov%ﬂ ﬁfr @@E%%
o = N[O o o
%uﬁﬂﬂjﬁ,waqH:% oﬂ;ﬁmsgmw
ﬂqr%w@% AP s b;w%%aﬂﬂ
Mﬂ@%o%%%goﬂ@ M@%,@E%@ﬂ
EESPN I EEE £1.iricd
o%ﬂ%ﬁgﬂm\mﬂoweﬁﬂ Eﬁrﬂ@ﬂ%@ﬂ
sEITIE LTET 5l S 5
7E1roﬁm1ovdovdﬂhm_ﬂl _dﬂiﬁv il 3
ﬂmmﬁquﬁLHmoW.mwm%.ﬂo fﬁmoﬁ@%ﬂ
81M@wggﬁm@wmq%am3@wM%
g@ﬂruau %%%dlééwﬂﬁqﬂﬂ% = F
m%ﬂﬂ,%ﬂﬂ%do @@E%%Emﬂﬁ/ﬁ
T oA Jl%@ﬂ%%%ﬁo Exou,
mﬂiﬁa%za o N
ﬂlﬂﬂOL&A_ln_,_AHLfMHTM%:.W;LJAIHuﬂEﬂHUH7EML
) = = _ R < ]
® I oF W &m T T MAW w ~ oW o+ o ﬂ_,,m]_ m._u JJo
o8 B of B MWN _,_‘._._MMLE Hm ﬁv
oto_ueoﬁ;_u
S~

- 15 —

Collection @ chosun



@ Fractured lamina
bundes
Interlami
aacks
E Bending of
laminar bundles

Fig. 8 Crushing characteristics of brittle fracturing crushing mode
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Fig. 9 Crushing characteristics of local buckling crushing mode
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Photo. 1 The crush zone of Carbon/Epoxy tube with half circle
)

cross—section”®
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Collapse load(P)

(a) Actual collapse pattern

]

(b) Ideal collapse pattern

Fig. 10 Collapse pattern of the composite tube under axial—compress
load
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Types Fiber Resin

Prepreg sheet
Characteristics (Carbon) (Epoxy #2500)
Density 1.83x10° [kg/m’] 1.24x10° [kg/m’] -
Poisson's ratio - - 0.3
Young's modulus 240 [GPa] 3.60 [GPa] 132.7 [GPa]
Tensile stress 4.89 [GPa] 0.08 [GPa] 1.85 [GPa]
Breaking elongation 1 [%] 3.0 [%] 1.3 [%]
Resin content - - 33 [% Wt]
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Fig. 11 Configuration of Specimens
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Photo. 2 Autoclave

Nylon vacuum bag

Heater
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Fig. 12 Autoclave vacuum bag degassing
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Fig. 13 Processing of vacuum bag degassing
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Fig. 14 Curing cycle of CFRP stacking specimen
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(a) Interface number 2

(b) Interface number 4

(c) Interface number 6
Fig. 17 Load—displacement curve of CFRP Circular members

with orientation angle O° (Impact Energy 611.52])
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(a) Interface number 2

(b) Interface number 4

(c) Interface number 6
Fig. 18 Load—displacement curve of CFRP Circular members

with orientation angle O° (Impact Energy 529.20J)
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(a) Interface number 2

(b) Interface number 4

(¢) Interface number 6
Fig. 19 Load—displacement curve of CFRP Circular members

with orientation angle 0° (Impact Energy 419.441J,)
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(a) Interface number 2

(b) Interface number 4

(c) Interface number 6
Fig. 20 Load—displacement curve of CFRP Circular members

with orientation angle 90° (Impact Energy 611.527])
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(a) Interface number 2

(b) Interface number 4

(¢) Interface number 6
Fig. 21 Load—displacement curve of CFRP Circular members

with orientation angle 90° (Impact Energy 529.207)
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(a) Interface number 2

(b) Interface number 4

(¢) Interface number 6
Fig. 22 Load—displacement curve of CFRP Circular members

with orientation angle 90° (Impact Energy 419.447)
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Table 2 o] HYE Zx

529.0J, 419.44] = F =3

fte dERde

w3 Table 39
611.52J, 529.0J, 419.44]
o A7) 2 A

A= 2] W3t

=iy

AuAel s vt

=7t 0° 2
7354

&
gl Asee] wgte] w2 Hujsk sk,

=
5
=
Fu

=
w}

=71 90°

5} %
o)
H

=3
=k

CFRPH-A o]l

A ABA o

o], FellulA]

A3 CFRPH-Alel FZAUA7F 611.52],

A AR B FAIA iﬂ

H
dAdo], &

Table 2 Impact collapse test result for circular members with outer

angle O° according to interface numbers and impact energy

. Outer | Impact | Interface | Collapse | pmax Ea Er

Specimen layer erl}:e[ﬁgy m(lf\T]l(E()er ﬁe[%géﬁ [kN] | [N.m] | [N.m]
611.52 2 56.5 14.23 | 568.61 | 680.43
529.00 2 71.3 14.21 | 500.82 | 1048.12
419.44 2 61 9.98 | 385.66 | 1058.6
611.52 4 54.7 16.38 | 583.99 | 1331.99

circular o 529.0J 4 44.8 15.43 | 504.74 | 1382.12
419.44 4 33.5 14.57 | 400.43 | 1398.54
611.52 6 69.2 12.74 1 576.25 | 975.09
529.00 6 59.1 11.51 | 499.13 | 1038.22
419.44 6 47 11.01 | 399.74 | 1080.5

— 43 —
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Table 3 Impact collapse test result for circular members outer

angle 0° according to interface numbers and impact energy

. Outer | Impact | Interface | Collapse | pmax Ea Er
Specimen |, op | CRSLEY | number | length 1N | Nml | [N
611.52 2 39 18.97 | 585.41 | 1762.48

529.00 2 37 17.49 | 511.19 | 1796.51

419.44 2 24.3 19.15 | 407.71 | 1800.95

611.52 4 54.7 15.12 | 578.17 | 1078.72

circular 90" 529.00 4 54 12.12 | 503.79 | 1094
419.44 4 49.5 12.13 | 399.88 | 1293.37

611.52 6 34 19.38 | 586.79 | 1695.01

529.00 6 31.2 17.17 | 513.04 | 1729.5

419.44 6 22.5 17.45 | 403.84 | 1815.96

Table 2,3 ¢4HA4dolE Limml=Z, HHLAsS

0], E&FAUAE Er 12 YERRSIT
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(a) Interface number 2

(b) Interface number 4

(¢) Interface number 6
Fig. 23 Load—displacement curve of CFRP Square members

with orientation angle 0° (Impact Energy 372.4J)
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(a) Interface number 2

(b) Interface number 4

(¢) Interface number 6
Fig. 24 Load—displacement curve of CFRP Square members

with orientation angle 0° (Impact Energy 274.4J)
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(a) Interface number 2

(b) Interface number 4

(c) Interface number 6
Fig. 25 Load—displacement curve of CFRP Square members

with orientation angle O° (Impact Energy 223.441J)

Collection @ chosun



(a) Interface number 2

(b) Interface number 4

(¢) Interface number 6
Fig. 26 Load—displacement curve of CFRP Square members

with orientation angle 90° (Impact Energy 372.4])
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(a) Interface number 2

(b) Interface number 4

(¢) Interface number 6
Fig. 27 Load—displacement curve of CFRP Square members

with orientation angle 90° (Impact Energy 274.4])
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(a) Interface number 2

(b) Interface number 4

(¢) Interface number 6
Fig. 28 Load—displacement curve of CFRP Square members

with orientation angle 90° (Impact Energy 223.447J)
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Table 4°l 5 ZF=7F 0° Q1 AMZFE CFRPH-Alel SAUA7} 611.52],
529.0J, 419.44] = T+ A9 FALA A¥AH & FAAUAY A7
2 AEGe] Wste] wE HosH ate, Aol EFeluvA 92 FEFelvA ]
= HERTH

w3 Table 59 H&F
611.52], 529.0J, 419.44] & %3+ 9o
o] 7] W AW wWsle] wE HugA st
A 9] Fh& vrERTH

Table 4 Impact collapse test result for square members with outer

angle O° according to interface numbers and impact energy

. Outer | Impact | Interface | Collapse | pmax Ea Er
Specimen layer erl}:e[ﬁgy m(lf\T]l(E()er ﬁe[%géﬁ [kN] [N.m] [N.m]
372.40 2 64 9.66 | 367.63 | 400.74
274.40 2 62.5 7.41 | 297.78 | 408.83
223.44 2 51.3 9.37 | 236.53 | 440.52

372.40 4 72.2 8.5 |378.68 | 451
Square o 274.40 4 68.5 8.98 | 270.23 | 496.33
223.44 4 62.5 10.85 | 218.73 | 506.35
372.40 6 74.8 10.4 | 374.64 | 449.99
274.40 6 60.5 9.01 | 275.66 | 449.98
223.44 6 72 9.51 | 224.56 | 470.74
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Table 5 Impact collapse test result for square members with outer

angle 90° according to interface numbers and impact energy

. Outer | Impact | Interface | Collapse | pmax Ea ET
Specimen layer erl}:e[gﬁgy m(lf\T]l(E()er ﬁfﬁﬁ [kN] [N.m] [N.m]
372.40 2 59.5 10.98 | 357.49 | 500.55

274.40 2 54 9.13 | 273.76 | 473.65

223.44 2 33 10.11 | 213.95 | 570.03

372.4 4 83 3.94 | 365.21 | 456.19

90°

Square 274.4 4 81 8.94 | 249.38 | 393.1
223.44 4 59.2 8.87 | 223.77 | 492.48

372.40 6 66 8.47 | 367.66 | 514.44

274.40 6 36.8 6.25 | 266.01 | 504.75

223.44 6 66 6.93 | 222.81 | 532.71

Table 4,594 4#AZ0lE LimmlZ, HHLAGTZTES Puw [KN], Sl A
ANUAE Er ]2 YER AT
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Fig. 29 Relationship between interface number and collapse length for

circular CFRP member according to Impact energy (Outer layer 0° )
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Fig. 30 Relationship between interface number and collapse length for

circular CFRP member according to Impact energy (Outer layer 90° )

Collection @ chosun



Figs. 29, 300% %H H9=7bo] 0° ¢ 943 Wi CFRPEAS g#Adol= +
AR 7Y S5 AA UEr L, 44 o kAol 7Hg gk dhd e
H9Z7ro] 90° 91 9@ CFRPEA= AWF7E 6AWY w 7bg & Ads
b o4AED W spd A dergth 98 9d CFRPREAIE 4 A7}
611.52] 71%o= HeZF7zo]l 0° 4 e HA ¢Adol7F 54.7mm oy H9
Z7to] 90° o wli= HA FAZHol7t 34mm = o 60%AE g7t B/A
B}t

oo E BY FTE F FA9 kS "R fd UFazt gRe] Al

H)Z7to]l 90° o)1 AWFTF 6AHY AT ML E

;g

Table 6°] A& Bl Hezzol 0% 90° o A9 ¢Adel=
vebdeh () %9 e HelSzbe] 90° 9 9¥whd CFRPEAS o]
o},

Table 6 Collapse length for circular members according to

interface number and impact energy

Specimen Outer | Impact energy Interface Collapse length
P layer E[J] number (No.) Lc[mm]
611.52 2 56.5(39.0)
529.00 2 71.3(37.0)
419.44 2 61.0(24.3)
611.52 4 54.7(54.7)
circular o 529.0J 4 44.8(54.0)
(90 : : :
419.44 4 33.5(49.5)
611.52 6 69.2(34.0)
529.00 6 59.1(31.2)
419.44 6 47.0(22.5)
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Fig. 31 #AF 27 0° Q1 AFdH CFRPFA o FAIA7F 611.52],
529.0J, 419.44] = FZo] 71ald W] FA AFAH} A2 FHANIA
A7) gl A wste] whe Hol gt g& UEhlo, Fig. 32¢ # 9
T A%k 90" 2 dFdd CFRPH-AlYl FAelUA7E 611.52], 529.0J,
419.44] 7} A& A9 T4 Adddn 42 Ao dAsT wes e
t}. o)A Figs. 31, 322 FE HeZ7ro] 0° ¢ 43d CFRPY-A2 Hu)
GASFS 4AE 4 W g A e e o® 249, 64" o A
Al vebdeh geEd #HelF el 90° o1 ¥y CFRPHF-AL A9+ AdS7t 4
AL wf HehstAlskgol 7 wtekor 279, 64 Hu A skE > 19
Ao e AdgEss 4F9W CFRPYAIS A9 #9957l 07 9 90"
d o guidie] Aol vEbds ok & sl

4% @ CFRPFAE FAUA7 611.52] 715o= #5240l 00 A o
AurAstE e 16.38KN o]l ou, AHeFZol 90° 4 wi AdtAss

19.38KN ©. &2 ¢k 18%4d % AA ebg).
oo RRE FTET WA HuUdActeS 438 WA CFRPH-AS] A5 H <9
Zzto]l 90° 91 A7t HeZzte] 0 ¢ ARt A vErdS & = 9l

Collection @ chosun



—n—611.52J
4 |—e—529)
A—419.44)

Max Collapse Load
Pmax [KN]

0 I I
0 2 4

o

Interface Number No.

Fig. 31 Relationship between interface number and max collapse load for

circular CFRP member according to Impact energy (Outer layer 0° )

20

T ke 7

'S
T

N
T
»

@
T

Max Collapse Load
Pmax [kN]

—u—611.52J

2 |—+—520)
A—419.44)

0 1 1 1
0 2 4 6

Interface Number No.

Fig. 32 Relationship between interface number and max collapse load for

circular CFRP member according to Impact energy (Outer layer 90° )
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Table 7°| F243F%
o] HugAstEe A= I%E}‘j,iu},

i CFRPH-A €] Al HHsks ot

Table 7 Maximum collapse load for circular members

according to interface number and impact energy

Specimen Outer | Impact energy Interface Pmax
layer E[J] number No. [KN]

611.52 2 14.23(18.97 )

529.00 2 14.21(17.49 )

419.44 2 9.98(19.15 )

611.52 4 16.38(15.12 )

circular (90(:0) 529.0J 4 15.43(12.12 )

419.44 4 14.57(12.13 )

611.52 6 12.74(19.38 )

529.00 6 11.51(17.17 )

419.44 6 11.01(17.45)
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Fig. 33l #HQ|T Zt=7F 0° 1 Yk CFRPF Al FZA YA 7} 611.52],
529.0J, 419.44] = FAo] 7teid we] FAGA AFAH IS FAANUAE
371 D A Wste] mE FeluAe ks UEhdlen, Fig. 34¢ H9%
ZIE7F 90° 1 ¥ CFRPF Al FANHAZE 611.52], 529.0J, 419.44]
7 Zgst Ao FAGA APgAy 42 F5euA g #s vERin

o]}l Figs. 33,34% FE FT4F FAlol A7 FFolvxs d39¥ CFRP
el A9 Aol 0°, 90° o= A} Awze] BARlel FAE O, F
Aoy A ] Z7]e] et %z}s}%iu}.

o]’ o & FE] CFRPH- A FFolyA= CFRPY-AC] &4 9 2957t W3}

of BAQel TAANUAY A7) wet HEEgS &4 5 A
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Fig. 33 Relationship between interface number and absorbed energy for

circular CFRP member according to Impact energy (Outer layer 0° )

= 800 - e o s
>
()] ® - ¢
C
q) |
o) 2 400 |
O @©
L
Q
2]
Q 200 |
<L —=—611.52J
—e—520J
419.44J
0 1 1 1

0 2 4 6

Interface Number No.

Fig. 34 Relationship between interface number and absorbed energy for

circular CFRP member according to Impact energy (Outer layer 90° )
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Table 89| F2steS & APt CFRPY-AQ Hel57bo] 0° 90° <l A%
o FrelAe 2E ek () %9 S #9570 90° @ AgwH
CERPH-A 2] FeltA] oltt.

Table 8 Absorbed energy for circular members according to

interface number and impact energy
Specimen Outer | Impact energy Interface Absorbed energy
layer E[J] number (No.) EalJ]

611.52 2 568.62(585.41)
529.00 2 500.82(511.19)
419.44 2 385.66(407.71)
611.52 4 583.99(578.17)

circular (9050) 529.0J 4 504.74(503.79)
419.44 4 400.43(399.88)
611.52 6 576.25(586.79)
529.00 6 499.13(513.04)
419.44 6 399.74(403.84)
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Fig. 359 9% Zt%7 0° 9 Ydd CFRPH-A FZUx7} 611.52],
529.0], 419.44] = FAo] 7lajd wWe] FASA AFEH dL FHANHA 9
7] @ Ao ¥sgte] i Hdf FEFFAUA gts JERReH, Fig. 369
HeE Zx7F 90° ¢ 9¥hA CFRPHFA FZAUA7F 611.52], 529.0J,
419.44] 7} A8t A9 AL AFEAH S FEFTFAUA GEs dER
=3

oA7IA FEFFANUA Er & Tdst FAAUAE 7S W BE APH 4
Adol7t sdatA] 7] wiEel FFouAE AFHor nFsty] flete] BE A

&

dyo] Al dAdold 120mm7F HAIE ek 7F

#| o],

o]’d<] Figs. 35, 36°0.2%E Helg7bo] 0° 1 9ged CFRPHAL F55
Az 44| o o 7bd A2 debeta avkgo R 2A4E, 64 £or A
vebsteh ey #Hels7he] 907 ¢ 93w CFRPY-AIQ A9+ AWAG7 44
W ) FEFouAsy g wgkor 2/, 6AH Y FEFUATLE A fA}
. Fig. 35, 36027 FHFFUA= dddd CFRPF-A 9 3¢ Helsz

o] 0% 9} 90" & wj A wijo] Aol VEFEHS & 5 gl
oo e FEF Aduhd CFRPEAZF E48s EE5FoUA: &
o] 90" olx AW 2AE, 64 A wrt FH9

O o 30% A% W oUAE S5 & 9,1‘3,113}.
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Fig. 35 Relationship between interface number and total absorbed energy

for circular CFRP member according to Impact energy (Outer layer 0° )
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Fig. 36 Relationship between interface number and total absorbed energy

for circular CFRP member according to Impact energy (Outer layer 90° )
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Table 99l ZZ&txe we Qahw CFRPEAQ He=7zro] 00 90° ¢ 7<%
CFRP¥A7} &3t E5FAUAe a715 YJebith () %9 £a:= FH=
7to] 90° @1 9P+ CFRPHA7} &8 &5 #] o]t}

Table 9 Total absorbed energy for circular members according to

interface number and impact energy

Specimen Outer | Impact energy Interface Total absorbed
layer E[J] number (No.) energy Er[J]

611.52 2 680.43(1762.48 )
529.00 2 1048.12( 1796.51)
419.44 2 1058.6(1800.95 )
611.52 4 1331.99(1078.72 )

circular (90(;)0) 529.0J 4 1382.12(1094.00 )
419.44 4 1398.54(1293.37 )
611.52 6 975.09( 1695.01)
529.00 6 1038.22(1729.50 )
419.44 6 1080.5(1815.96 )

o]’¢# o] Table 6~9 ¢ FTALH A¥FANZ HE AYPCFRP FA< oy
A A7), HAS2HE Wgk 9 AW wgke] mE Ao 4AS5dE Table
10~12¢l Yeitt Table 100 A5 Z3 Ads7} E}% 8p1yfﬁ 147‘ ﬂ%@‘ﬂ
CFRP Aol &A%
S (Ppar [KN]), SFolUA (E, [0]) B F5FolUA (E 1) HlOIEi %)c—e— UrE}LH%iE}.
EFY ()& HLFZol 90° o A9 #hs e Table 10025 H & 4
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TolAe Ay Wl 611.52] & FANUA oA 4¥ @ CFRP FA1¢] F
9]F7to]l 0° ¢} 90° Q1 Z7pe] A5 AlwSe] wsl w}a dAHol, HgAst
5, wroddA 4 FEFAUARS HAAE 12 S e dFddd CFRP
EE d S vERdlYh Table 100256 A3yl CFRP H-Al9] # 9]
= B BadAAol s 4AESTYd Wyl b Wy O vgEoRe 2
worth #HelS7ke] 90° 9 A& 6AMSA Wb 7 ukerom,

Table 10 Impact characteristics for CFRP circular members according to

interface number of CFRP( E = 611.52] )

Outer Interface number (No.)

Impact characteristics
Layer 2 4 6

Collapse length
PHARSE SERE 0°(90%) | 0.82(0.71) | 0.79(1) 1(0.62)

Le [mm]
Maxi llapse load
aximum collapse loa 0°(90% | 0.87(0.98) 1(0.78) 0.78(1)
Pmax [kN]
Absorbed
SOfEe me“ergy 0°(90% 1 0.97(0.99) | 1(0.98) | 0.98(1)

Total absorbed

0°(90% 0.51(1) 1(0.61) | 0.73(0.96)
energy Er [J]

Table 11° 529.0] ¢ TZUAZ T4 792 v, 943 CFRP #4419
HeZ=7o] 0° 9 90° Q1 7o AS AWFe Wt wE g do], Hjg
3%, SdudA 4 FEFAAUA Y HgAE 12 S ¥ CFRP
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BAjel =AEA kS vETh Table 112 HE] 93 9d CFRP ¥41¢ H9=
Zto] 0° Q1 Af FFAAL = 4AAFY wirt 7wt I o Z2E 67
A wrp wokth #HelFzho]l 90° ¢l AS-E 6AHMSY ujyh s wigkon, 2
detAsts, v 9 FFFduAs HASZe] 00 A A 4AdEsTd
| dEd Wb 7R A et

ol Yo ZHE FAANUXEL Ar|7t WEsieet: A3 CFRP FAelA &=
TETY A kdg fe FFR A FHFZte] 907 dul=, AW
T7F 6AMA wirb 7 el HoidAsts, U A 2 FEFAAE
He|F7e] 0° olal ATt 4 AAJA A7t 7P s & 5 ol

Table 11 Impact characteristics for CFRP circular members according to

interface number of CFRP( E = 529.0J)

Outer Interface number No.
Layer 2 4 6

Impact characteristics

Coll length
ollapse leng 0°(90°) 1(0.66) 0.63(1) | 0.83(0.58)

L. [mm]
Maxi llapse load
aximum collapse {oad | o g0y | go(q) 1(0.69) | 0.75(0.98)
PIHHX [kN]
Absorbed
SOfEe me“ergy 0°(90%) |0.99(0.99) | 1(0.98) 0.99(1)

Total absorbed

0°(90% 0.76 (1) 1(0.61) 0.75(0.96)
energy Er [J]

Table 12°] 419.44] 2 TANUAZ T4L 7195 W Y3k CFRP ¥
AL HEFZol 00 2k 90° Q1 A7kl A9 AW wisgte] wE Aol H
ggAsts, Sy @ FEFFAUA e HuxE 12 s wWe 439
A CFRP A9 A5 & debdlltt. 419.44) ¢ FAAUAR F45 7
P& W 611.52], 529.0]2 F45 7S Wt FAMHA vekstt
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Table 12 Impact characteristics for CFRP circular members according to

interface number of CFRP( E = 419.44))

Outer Interface number (No.)

Impact characteristics
Layer 2 4 6

Coll 1 th
ollapse leng 0°(90°) 100.49) 0.55(1) 0.77(0.45)

L. [mm]
Maxi llapse load
aximum collapse doad |0 g0y | 5e1y | 1(0.633 | 0.76(0.91)
Absorbed
SorEe [J]energy 0°(90°) 0.96(1) 1(0.98) 0.99(0.99)

Total absorbed
energy Er [J]

0°(90% |0.76(0.99) | 1(0.712 0.77(1)
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f A3 BEFAE o1&t AMAE wd CFRP FAIE Alzst & Ads W3}
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Fig. 37 HF4=7F 0° 1 AHAE™ CERPY-Aol FAAAdA7F 37247
274.4], 223.44] = Aol 7teid wje FASH APEI dL FAANIA Y

7] 2 Ao sl wE Hldol o] e vER o,

Fig. 38l #H9lF Z=7F A CFRPH-Ajoll FAolUx|7} 372.4],
274.4), 223.44) = AL B9 FAGA AdAH 4 dAAHl #ge U
Bt} o149 Figs. 37, 382 el HeZzto] 0° ¢l Abztwbwd CFRPH-A S ¢
HAdol= 2, 4, 6AACE AAF7E S7F
7ol 90° @ AMZhgkd CFRPH-A:= AW
= 474]?4_%‘ ZA debsoh AR EE CFRPPrzH% =4 Mzw} 372.4] 7]

o® Hoszel 0° A Wiz HAAYAL)ZF 64.0mm Fort HeFzo] 90°
o HH HA kAACI7F 59.5mm 2 °F 8% = AAHCl7t #A rERsTh

oo RHE FTESF FA9 HAS TR A UFFF FRo AefA
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Fig. 37 Relationship between interface number and collapse length for

square CFRP member according to Impact energy (Outer layer 0° )
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Fig. 38 Relationship between interface number and collapse length for

square CFRP member according to Impact energy (Outer layer 90° )
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Table 13°] AFZbd CEFRPHA Q) #HeZ7zto] 00 90° &1 459 gAlZol=
btk () %9 sl Z9)S70] 90° 9 Abzbe v CFRPREAS) §he 7o)
o]},

Table 13 Collapse length for Square members according to
interface number and impact energy
S imen Outer | Impact energy Interface Collapse length
pectme layer E[J] number (No.) Lc[mm]
372.40 2 64.0(59.5)
274.40 2 62.5(54.0)
223.44 2 51.3(33.0)
372.40 4 72.2(83.0)
0°
Square 909 274.40 4 68.5(810.)
223.44 4 62.5(59.2)
372.40 6 74.8(66.0)
274.40 6 60.5(36.8)
223.44 6 72.0(66.0)

Fig. 399 #HJFZ4=7F 0° 9 AAAEd CFRPH-A FANUA 7} 372.4),

Fig. 409 #HeS2t%=7F 90° <!
274.4], 223.44] 2 L3 A9 F2<)
< YeERATH

1 AR A CERPH-AlO] Sy A7k 372.4],
L e Ad Az %
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Fig. 39 Relationship between interface number and max collapse load for

square CFRP member according to Impact energy (Outer layer 0° )
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Fig. 40 Relationship between interface number and max collapse load for

square CFRP member according to Impact energy (Outer layer 90° )
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Table 140] 785 < e AZgwga CFRPYA S H91F7ko] 0°, 90° 91 4
$o ArtAaze 2718 etk () %9 A= HeF7] 90° 9l A1
Fu@ CFRPY-A Y A 455 olch.

Table 14 Maximum collapse load for Square members

according to interface number and impact energy

Specimen Outer | Impact energy Interface Pmax
layer E[J] number (No.) [kN]

372.40 2 9.66(10.98)

274.40 2 7.41(9.13)

223.44 2 9.37(10.1)

372.40 4 8.5( 3.94)

Square (90(:0) 274.40 4 8.98(8.94)

223.44 4 10.85(8.87)

372.40 6 10.4(8.47)

274.40 6 9.01(6.25)

223.44 6 9.51(6.93)

Fig. 41°] HF 24527} 0° < AAAE G CFRPE A FANUA 7} 372.4],
274.4], 223.44] 2 FZAo] 7ieA weo] FAUA AFAY I FAAUA
7] D AEGe] Wsle] mE oy R ] ghE UERleH, Fig. 42 FHF
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Fig. 41 Relationship between interface number and absorbed energy for

square CFRP member according to Impact energy (Outer layer 0° )
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Fig. 42 Relationship between interface number and absorbed energy for

square CFRP member according to Impact energy (Outer layer 90° )

Collection @ chosun



Table 159 #7438t%<S W AHZEdd CFRPEAS H957to] 0° 90° <
Fo FEoIAL) A1 AT () &2 S A0l 90" Q1 A
oA CFRPH-A|2] &40l =z o]t} AbZ
of vlal FFolUAIZF AR o]

i AUAE Frshet
5

Table 15 Absorbed energy for Square members according to

interface number and impact energy

Specimen Outer | Impact energy Interface Absorbed energy
layer E[J] number (No.) EalJ]

372.40 2 367.63(357.49)
274.40 2 297.78(273.76)
223.44 2 236.53(213.95)
372.40 4 378.68(365.21)

Square (90(:0) 274.40 4 270.23(249.38)
223.44 4 218.73(223.77)
372.40 6 374.64(367.66)
274.40 6 275.66(266.01)
223.44 6 224.56(222.81)
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Fig. 43 Relationship between interface number and total absorbed energy

for square CFRP member according to Impact energy (Outer layer 0° )
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Fig. 44 Relationship between interface number and total absorbed energy

for square CFRP member according to Impact energy (Outer layer 90° )
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Table 16 Total absorbed energy for Square members according

to interface number and impact energy

Specimen Outer | Impact energy Interface Total absorbed
layer E[J] number (No.) energy Erl[J]
372.40 2 400.74(500.55)
274.40 2 408.83(473.65)
223.44 2 440.52(570.03)
372.40 4 451.00(456.19)
Square (9050) 274.40 4 496.33(393.10)
223.44 4 506.35(492.48)
372.40 6 449.99(514.44)
274.40 6 449.98(504.75)
223.44 6 470.74(532.71)

o]4t3 zFo] Table 13 ~ 16 9 T4 HNddxz FEl A2 CFRP H-4)
o] FAANGA ] A7), HelTAe] Wt gl Ao Wt mE A9 A5
S Table 17~19¢f YEMA
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Table 17 Impact characteristics for CFRP square members according to

interface number of CFRP( E = 372.4)])

o Outer Interface number (No.)
Impact characteristics
Layer 2 4 6
Coll length
ollapse leng 0°(90% | 0.86(0.72) | 0.96(1) 1(0.79)
L. [mm]
Maxi i load
aximum collapse loa 0°(90%) 0.93(1) 0.82(0.36) 1(0.77)
PIHHX [kN]
Absorbed
SOfEe me“ergy 0°(90%) |0.97(0.97) | 1(0.99) 0.99(1)
Total absorbed
otal absorbe 0°(90% | 0.89(0.97) | 1(0.87) 0.99(1)
energy Er [J]
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Table 18 Impact characteristics for CFRP square members according to
= 274.4])

-

tAstE, =
CFRP #A49 5454
interface number of CFRP( E
Interface number (No.)
4 6
0.88(0.45)

Outer
2
1(1)
1(0.68)

Layer
0.91(0.67)

0.99(0.98)
0.93(0.97)

0.82(1)
0.91(0.91)

Collapse length
L. [mm]
090
1(D)

Maximum collapse load
max KN
090
0.82(0.94)

P
Absorbed energy
E, [J]
0(90%
Table 19 Impact characteristics for CFRP square members according to
= 223.447J)

Impact characteristics
090
0.91(1)

1(0.78)

Total absorbed
Interface number (No.)
6

energy Er [J]
interface number of CFRP( E
4
1(1)

Outer

Layer 2
0.71(0.50) | 0.87(0.89)
1(0.88) 0.87(0.68)

Impact characteristics
0(90%
0.86(1)

Collapse length

[mm]
0°(90°)
1(0.95)

1(0.86)

0°(90%

Maximum collapse load
Prax [KN]
Absorbed energy
090 0.87(1)

E, [J]
Total absorbed

energy Er [J]
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(a)Interface number 2 (b) Interface number 4  (c)Interface number 6

Photo. 5 Shape of Collapse CFRP Square member with orientation angle O°
(Impact Energy 372.4J)

(a)Interface number 2 (b) Interface number 4  (c)Interface number 6

Photo.6 Shape of Collapse CFRP Square member with orientation angle 90°
(Impact Energy 372.4J)
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