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ABSTRACT

Collision Safety Performance Evaluation of CFRP Hat shaped
Member for Car Body Lightweight

Hwang, Woo—Chae
Advisor : Prof. Yang, In—Young, Ph. D.
Dept. of Mechanical Design Engineering

Graduate School of Chosun University

The ability to protect passengers on an automobile accident depends on
the condition of the collision, structural integrity, etc. The front—end
members of vehicles must absorb the impact energy effectively to ensure
passenger s safety in front—end collision. Therefore, the designing
vehicles should be more concerned on the aspect of securing safety
performance, the while, it also should consider reducing weight of vehicle
structural member. CFRP(Carbon Fiber Reinforced Plastics) of the
advanced composite materials as structure materials for vehicles, has a
widely application in lightweight structural materials of air planes, ships
and automobiles because of high strength and stiffness.

In the study, experimental investigations are carried out for The CFRP
single hat shaped member and CFRP double hat shaped section member in
order to study the effect of wvarious stacking condition and shape of
section. Static and impact collapse tests were performed with change of

the stacking condition, such as fiber orientation angle, interface number.
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Collapse mode and energy absorption characteristics were analyzed.

Following the above study, conclusions are drawn as below;

1. According to stacking angle, CFRP single hat shaped member and CFRP
double hat shaped member show transverse shear, laminar bending, brittle
fracture, localized collapsing, and its combination. Smaller CFRP stacking
angle shows the significant energy absorption via laminar bending, and the
energy absorption mode is changed to localized collapsing and transverse

shear mode along with stacking angle.

2. For the static collapsing characteristics for single hat shaped member and
double hat shaped CFRP member, energy absorption is increased when
stacking angle is reduced from 90 degree to 15 degree. This can be
elucidated by the energy absorption mode. When stacking angle is small,
laminar bending and fiber fracture is the main mode of energy absorption. If
angle is increased, transverse shear without fiber fracture will absorb high
amount of energy. However, cracking of planar member and “&” shaped
member in CFRP single hat shaped member is not observed for double hat
shape of CFRP member. When the load is applied to CFRP single hat
shaped member, cracking is occurred at the flange due to asymmetry of
planar member. For CFRP double hat shaped member, symmetry of ‘&’
shaped member prevent the cracking at flange. Therefore, CFRP single hat
shaped member does not endure the sufficient amount of load because of
the separation of ‘=" shaped member and planar one. Otherwise, CFRP
double hat shaped member does not show the separation of “©" shaped
member, and the better energy absorption characteristics because of flange

area and increased number of edges.
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3. For the member stacked in 0/90 degree and 90/9 degree, ‘=" shaped

member shows the combination of collapsing modes, such as transverse
shear and laminar bending, which can be found in the collapsing of CFRP
single hat shaped member. However, cracking of planar member and ‘&’

shaped one, which can be found in the member with single stacking angle,
is not achieved. At the flange, combined collapsing mode of laminar buckling
and basal fracture leads the better energy absorption characteristics,
because the corresponding mode is not exhibited for the flange of CFRP

single hat shaped member.

Impact collapsing properties of CFRP single and double hat—shaped
members with 15 degree stacking shows the progress of collapsing along
with fiber direction for “©=” shaped member due to brittle fracture with
transverse shear and laminar bending. At the flange, collapsing mode with
inward and outward expansion is shown. This collapsing mode absorbs the
energy from the friction of laminar buckling according to load face, the
corresponding movement along with collapsing surface, and laminar bending
from interlaminar cracks and intralaminar cracks. For the member with 45
degree stacking, the similar collapsing mode for 15 degree stacking is
achieved. Member with 90 degree stacking is collapsed in crush mode due
to basal fracture in transverse direction for “©=” shaped member and flange.
This collapsing mode absorbs the most of energy through basal fracture of

laminar buckling in transverse shear mode.

. For the member in 0/90 degree stacking, ‘=" shaped member is collapsed
in brittle fracture mode combined with laminar bending and transverse
shear, which is similar to the collapsing mode for CFRP single hat shaped

member. In addition, flange area experiences laminar bending from the

- XiXx —



propagation of intralaminar and interlaminar crack and transverse mode with
inward and outward expansion. Laminar buckling in O degree stacking
causes the laminar bending to outward direction because of inter and
intralaminar crack propagation. Fiber stacked in 90 degree from axial
direction is fractured via blocking laminar bending of fiber buckling with O
degree stacking. Therefore, fiber experiences bending, but closes to
fracture. It shows the repeated cycle of crack propagation and
bending/fracture of laminar buckling. Member with 90/0 degree stacking is
collapsed in a way similar to the one from 0/90 degree stacking for “&”

shaped member and flange. However, the laminar buckling, which is stacked
with O degree stacking at the outermost layer, is expanded to outward
direction. This collapsing mode is profound to be with laminar buckling with
O degree stacking at the outermost layer. Fiber fracture, which is dominant

for 0/90 degree stack is relatively minimal.

. Energy absorption characteristics for static collapsing and shock collapsing
test on CFRP single and double hat shaped member show the similar
behavior. CFRP double hat shaped member shows 43% higher energy
absorption compared with single hat shaped member according to the
stacking angle variation during static collapsing test. The number of
interface is also corresponded to the similar energy absorption (90 degree
for outermost layer), which is CFRP double hat shaped member shows 62%
higher energy absorption than the other counterpart. For O degree of
stacking at the outermost layer, 64% higher energy absorption is achieved.
For shock collapsing test, CFRP double hat shaped member shows 104%
higher energy absorption with various tacking angles. Different number of
interfaces also exhibits the similar results, 117% higher energy absorption

for double hat shaped member (90 degree for the outermost layer

— XX —



stacking). For O degree of stacking at the outermost layer, 100% higher

energy is absorbed for double hat shaped member.

. During the shock collapsing test on CFRP double hat shaped member, 4
interfaces show the reduced energy absorption. This test specimen suffers
from tearing at the edge, and ‘=" shaped member does not contain the
sufficient amount of load compared with the others, and it induces the

lower energy absorption characteristics.
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Fig. 1 Configuration of CFRP single hat shaped member
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Fig. 2 Configuration of CFRP double hat shaped member
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Fig. 3 Stacking conditions of CFRP single hat shaped member




Fig. 4 Stacking conditions of CFRP double hat shaped member



Table 1 Characteristics and use of the CFRP'®
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Table 2 Material properties of the CFRP prepreg sheet

Types

Characteristics

Fiber
(Carbon)

Resin
(Epoxy #2500)

Prepreg sheet

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
. 2.1 [%] 3.0 [%] 1.3 [%]

elongation

Resin content - - 33 [% Wi]
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Fig. 5 Curing cycle of CFRP stacking specimen
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Fig. 6 Impact testing setup for crushing



Displacement System Load System

Optical displacement Load cell
transducer (Strain gages)

Bridge Box
+
Dynamic strain amplifier

Transient digital analyzer(DSO)

Data acquisition

Personal computer

Displacement Impactload

Fig. 7 Diagram of measurement system
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Fig. 8 Load—displacement curve of CFRP single hat shaped
member, [+15/—15]4

(Static, 15° fiber orientation angle)

(a) §=0mm (b)d=10mm (c)d=20mm (d)d=40mm (e)§=60mm
Photo. 3 Collapse processing of CFRP single hat shaped member,
[+15/—15]4

(Static, 15° fiber orientation angle)
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Fig. 9 Load—displacement curve of CFRP single hat shaped member,
[+45/—45]4

(Static, 45° fiber orientation angle)

(a) 8 =0mm (b)d=10mm () =20mm (d)d=40mm (e)§=60mm
Photo. 4 Collapse processing of CFRP single hat shaped member,
[+45/—45]4

(Static, 45° fiber orientation angle)
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Fig. 10 Load—displacement curve of CFRP single hat shaped member, [90]s

(Static, 90° fiber orientation angle)
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Photo. 5 Collapse processing of CFRP single hat shaped member, [90]s

(Static, 90° fiber orientation angle)
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Fig. 11 Load—displacement curve of CFRP single hat shaped member,
[0/90] 4
(Static, 0° /90° fiber orientation angle)

(e) 6 =60mm
Photo. 6 Collapse processing of CFRP single hat shaped member, [0/90]4

(Static, 0° /90° fiber orientation angle)
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Photo. 7 Collapse processing of CFRP single hat shaped member, [90/0]4
(Static, 90° /0° fiber orientation angle)
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Fig. 13 Load—displacement curve of CFRP single hat shaped
member, [902/02] S

(Static, 2 interface number)

(@) 0=0mm (b)s=10mm (c)6=20mm (d)§=40mm (e) s =60mm
Photo. 8 Collapse processing of CFRP single hat shaped member,[905/02] s

(Static, 2 interface number)
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Fig. 14 Load—displacement curve of CFRP single hat shaped member,
[02/902] 2

(Static, 3 interface number)
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Photo. 9 Collapse processing of CFRP single hat shaped member, [02/902] 2

(Static, 3 interface number)
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Fig. 15 Load—displacement curve of CFRP single hat shaped member,
[90/0]s2

(Static, 4 interface number)
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Photo. 10 Collapse processing of CFRP single hat shaped member, [90/0]s2
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Fig. 16 Load—displacement curve of CFRP single hat shaped member,
[90/0] 25

(Static, 6 interface number)
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Photo. 11 Collapse processing of CFRP single hat shaped member, [90/0]2s

(Static, 6 interface number)
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Fig. 17 Load—displacement curve of CFRP single hat shaped member, [0/90]4

(Static, 7 interface number)
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Photo. 12 Collapse processing of CFRP single hat shaped member, [0/90]4

(Static, 7 interface number)
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Fig. 18 Load—displacement curve of CFRP single hat shaped member,
[02/902] s

(Static, 2 interface number)

(@) 0=0mm (b)s=10mm (c)6=20mm (d)§=40mm (e) s =60mm
Photo. 13 Collapse processing of CFRP single hat shaped member, [02/902]¢

(Static, 2 interface number)
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Fig. 19 Load—displacement curve of CFRP single hat shaped member,
[902/02] 2

(Static, 3 interface number)

(@) 0=0mm (b)s=10mm (c)6=20mm (d)§=40mm (e) s =60mm
Photo. 14 Collapse processing of CFRP single hat shaped member, [905/02]2

(Static, 3 interface number)
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Fig. 20 Load—displacement curve of CFRP single hat shaped member,
[0/90] 52

(Static, 4 interface number)

(a) 6 =0mm () d=10mm ()d=20mm (d)J=40mm (e)d=60mm
Photo. 15 Collapse processing of CFRP single hat shaped member, [0/90]s2

(Static, 4 interface number)
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Fig. 21 Load—displacement curve of CFRP single hat shaped member,
[0/90] 25

(Static, 6 interface number)

(@) 0=0mm (b)s=10mm (c)6=20mm (d)§=40mm (e) s =60mm
Photo. 16 Collapse processing of CFRP single hat shaped member, [0/90]2s

(Static, 6 interface number)
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Fig. 22 Load—displacement curve of CFRP single hat shaped member, [90/0]4

(Static, 7 interface number)

(@) d=0mm ({»)d=10mm ()d=20mm (d)J=40mm (e)d=60mm
Photo. 17 Collapse processing of CFRP single hat shaped member, [90/0],

(Static, 7 interface number)
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Fig. 23 Load—displacement curve of CFRP single hat shaped
member, [+15/—15]4
(Impact energy 419J, 15° fiber orientation angle)

Photo. 18 Shape of collapsed CFRP single hat shaped member, [+15/—15]4
(Impact energy 419J, 15° fiber orientation angle)
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Fig. 24 Load—displacement curve of CFRP single hat shaped member,
[+45/—45]4
(Impact energy 419J, 45° fiber orientation angle)

Photo. 19 Shape of collapsed CFRP single hat shaped member, [+45/—45]4
(Impact energy 419J, 45° fiber orientation angle)
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Fig. 25 Load—displacement curve of CFRP single hat shaped member, [90]s
(Impact energy 341J, 90° fiber orientation angle)

Photo. 20 Shape of collapsed CFRP single hat shaped member, [90]s
(Impact energy 341J, 90° fiber orientation angle)
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Fig. 26 Load—displacement curve of CFRP single hat shaped member,
[0/90] 4
(Impact energy 419J, O° /90° fiber orientation angle)

Photo. 21 Shape of collapsed CFRP single hat shaped member, [0/90]4
(Impact energy 419J 0° /90° fiber orientation angle)
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Fig. 27 Load—displacement curve of CFRP single hat shaped member,
[90/0]4
(Impact energy 419J, 90° /O° fiber orientation angle)

Photo. 22 Shape of collapsed CFRP single hat shaped member, [90/0]4
(Impact energy 419J, 90° /0° fiber orientation angle)
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Fig. 28 Load—displacement curve of CFRP single hat shaped
member, [902/02] S

(Impact energy 419J, 2 interface number)

Photo. 23 Shape of collapsed CFRP single hat shaped member, [902/02] s

(Impact energy 419J, 2 interface number)
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Fig. 29 Load—displacement curve of CFRP single hat shaped member,
[02/902] 2

(Impact energy 419J, 3 interface number)

Photo. 24 Shape of collapsed CFRP single hat shaped member, [02/902],

(Impact energy 419J 3 interface number)
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Fig. 30 Load—displacement curve of CFRP single hat shaped member,
[90/0]s2

(Impact energy 419J, 4 interface number)

Photo. 25 Shape of collapsed CFRP single hat shaped member, [90/0] s

(Impact energy 419J, 4 interface number)
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Fig. 31 Load—displacement curve of CFRP single hat shaped member,
[90/0] 25

(Impact energy 419J, 6 interface number)

Photo. 26 Shape of collapsed CFRP single hat shaped member, [90/0] s

(Impact energy 419J, 6 interface number)
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Fig. 32 Load—displacement curve of CFRP single hat shaped member, [0/90]4

(Impact energy 419J, 7 interface number)

Photo. 27 Shape of collapsed CFRP single hat shaped member, [0/90]4

(Impact energy 419J, 7 interface number)
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Fig. 33 Load—displacement curve of CFRP single hat shaped member,
[02/902] s

(Impact energy 419J, 2 interface number)

Photo. 28 Shape of collapsed CFRP single hat shaped member, [05/902]s

(Impact energy 419J, 2 interface number)
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Fig. 34 Load—displacement curve of CFRP single hat shaped member,
[902/02] 2

(Impact energy 419J, 3 interface number)

Photo. 29 Shape of collapsed CFRP single hat shaped member, [902/02] 5

(Impact energy 419J, 3 interface number)
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Fig. 35 Load—displacement curve of CFRP single hat shaped member,
[0/90] 52

(Impact energy 419J, 4 interface number)

Photo. 30 Shape of collapsed CFRP single hat shaped member, [0/90]ss

(Impact energy 419J, 4 interface number)
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Fig. 36 Load—displacement curve of CFRP single hat shaped member,
[0/90] 25

(Impact energy 419J, 6 interface number)

Photo. 31 Shape of collapsed CFRP single hat shaped member, [0/90] 25

(Impact energy 419J, 6 interface number)
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Fig. 37 Load—displacement curve of CFRP single hat shaped member, [90/0]4

(Impact energy 419J, 7 interface number)

Photo. 32 Shape of collapsed CFRP single hat shaped member, [90/0]4

(Impact energy 419J, 7 interface number)
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Table 3. Static collapse test results for CFRP single hat shaped member

according to fiber orientation angle of CFRP

. . . |Absorbed energy| Mean load |Absorbed energy Maximum
Fiber orientation ]
per unit mass collapse load
angel of CFRP
Ea [J] Pm [kN] En [kd/kg] Pmax [KN]
15° 679.06 11.31 49.17 23.70
45° 390.11 6.50 28.62 16.30
90° 280.87 4.68 20.92 8.47
0°/90° 624.33 10.40 46.52 16.45
90°/0° 662.95 11.04 48.64 18.80
100
=
> =< 80}
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o N60F
©
2 = 40r
25 . .
20 +
<3
o
0 1 1 1 1 1
15 45 90 0/90 90/0

Fiber orientation angle of CFRP

Fig. 38 Relationship between fiber orientation angle of CFRP and absorbed

energy per unit mass for CFRP single hat shaped member (Static)



Table 4. Static collapse test results for CFRP single hat shaped member

according to interface number (outer layer 90°)

Absorbed energy| Mean load |Absorbed energy Maximum
Interface ]
per unit mass collapse load
number
Ea [J] Pm [kN] En [kd/kg] Pmax [KN]
2 399.34 6.65 28.91 15.88
3 455.70 7.59 33.95 18.54
4 484.88 8.08 35.57 16.39
6 648.81 10.81 46.98 17.05
7 624.33 10.40 46.52 16.45
100
> D I=Interface
Y4
D= 80t
S X,
O 9D
8 & 60f
L E . .
= 2 40+
S c . L 2
o > L 4
< o 20f
o
0 1 1 1 1 1
21 3l 41 61 71

Interface number

Fig. 39 Relationship between interface number and absorbed energy per
unit mass for CFRP single hat shaped member

(Static, outer layer 90°)



Table 5. Static collapse test results for CFRP single hat shaped member

according to interface number (outer layer 0°)

Absorbed energy| Mean load |Absorbed energy Maximum
Interface ]
per unit mass collapse load
number
Ea [J] Pm [kN] En [kd/kg] Pmax [KN]
2 409.93 6.83 30.07 17.28
3 427.96 7.13 30.98 14.91
4 571.07 9.51 42.55 19.47
6 672.04 10.60 49.30 17.66
7 652.86 11.04 48.64 18.80
100
> D I=Interface
Y4
D= 80t
S X,
O 9D
S & 60f
o E * o
S 2 40t *
2 5 o o
< o 20f
o
0 1 1 1 1 1
21 3l 41 61 71

Interface number

Fig. 40 Relationship between interface number and absorbed energy per
unit mass for CFRP single hat shaped member

(Static, outer layer 0°)



Table 6. Impact collapse test results for CFRP single hat shaped member

according to fiber orientation angle of CFRP

Total absorbed

Fiber orientation angle of CFRP

. . . |Absorbed energy| Total absorbed Maximum
Fiber orientation energy
energy . collapse load
angel of CFRP . [] £l per unit mass P [KN]
: - Em [ki/kg] e
15° 411.68 1220.26 41.33 26.85
45° 417.36 767.29 25.86 15.85
90° 315.13 613.54 20.83 11.13
0°/90° 400.24 659.13 22.26 19.73
90°/0° 401.63 694.35 23.41 9.87
100
C>5; ~
hadgi @)
D X go|
SIS
=Ry
60 -
£ 8
2 S 40 @
c C
_ >
S o= 20} ¢ . * *
S &
l_ 0 1 1 1 1 1
15 45 90 0/90 90/0

Fig. 41 Relationship between fiber orientation angle of CFRP and absorbed

energy per unit mass for CFRP single hat shaped member (Impact)



Table 7. Impact collapse test results for CFRP single hat shaped member

according to interface number (outer layer 90°)

Total absorbed ]
Absorbed energy| Total absorbed Maximum
Interface energy
energy . collapse load
number E. [ £l per unit mass P [KN]
: - Em [ki/kg] e
2 405.44 636.72 21.62 15.42
3 404.79 645.33 21.62 15.01
4 404.65 708.82 24.05 14.50
6 406.01 951.70 32.25 14.60
7 400.24 659.13 22.26 19.73
P 100
g § I=Interface
S o 80t
5 =
S & eor
S =
O = 40+t
c 5 TS
S50 ¢ o ¢ .
= <
0 1 1 1 1 1
21 3l 41 6l 71

Interface number

Fig. 42 Relationship between interface number and absorbed energy per

unit mass for CFRP single hat shaped member




(Impact, outer layer 90°)
Table 8. Impact collapse test results for CFRP single hat shaped member

according to interface number (outer layer 0°)

Total absorbed ]
Absorbed energy| Total absorbed Maximum
Interface energy
energy . collapse load
number E. [] £l per unit mass P [KN]
: - Em [k/Kg] e
2 403.54 596.54 19.99 29.01
3 402.69 638.45 21.61 14.39
4 402.24 717.14 24.24 16.70
6 404.37 741.36 24.84 13.22
7 401.63 694.35 23.41 10.49
P 100
o 5 —
= 2 I=Interface
S T 80
L
I=ER7)
S & 6ot
S £
-]
-% = 40
_ >
Sg0le o * ¢ o
= 2
0 1 1 1

21 3l 41 6l 71
Interface number

Fig. 43 Relationship between interface number and absorbed energy per
unit mass for CFRP single hat shaped member

(Impact, outer layer 0°)
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Fig. 44 Relationship between fiber orientation and absorbed energy for

CFRP single hat shaped member (Static and Impact)
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Fig. 45 Relationship between interface number and absorbed energy for
CFRP single hat shaped member
(Static and Impact, outer layer 90°)



600

= I=Interface ; ISr‘tnapt);Cct
g 500 + - .
-
GC) 400 - -
et 300+
I5 8 ; © o o
S 200}
8 100
< L

0 . L 1 1 1

21 3l 41 6l 71

Interface number

Fig. 46 Relationship between interface number and absorbed energy for
CFRP single hat shaped member

(Static and Impact, outer layer 0°)
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Fig. 47 Load—displacement curve of CFRP double hat shaped
member, [+15/—15]4

(Static, 15° fiber orientation angle)

(a) §=0mm (b)d=10mm (c)d=20mm (d)d=40mm (e)§=60mm
Photo. 33 Collapse processing of CFRP double hat shaped member,
[+15/—15]4

(Static, 15° fiber orientation angle)
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Fig. 48 Load—displacement curve of CFRP double hat shaped member,
[+45/—45]4

(Static, 45° fiber orientation angle)
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Photo. 34 Collapse processing of CFRP double hat shaped member,
[+45/—45]4

(Static, 45° fiber orientation angle)
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Fig. 49 Load—displacement curve of CFRP double hat shaped member, [90]s

(Static, 90° fiber orientation angle)

(@) d=0mm ({»)d=10mm ()d=20mm (d)J=40mm (e)d=60mm
Photo. 35 Collapse processing of CFRP doublehat shaped member, [90]g

(Static, 90° fiber orientation angle)
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Fig. 50 Load—displacement curve of CFRP double hat shaped member,
[0/90] 4
(Static, 0° /90° fiber orientation angle)

(@) 0=0mm (b)s=10mm (c)6=20mm (d)§=40mm (e) s =60mm
Photo. 36 Collapse processing of CFRP double hat shaped member, [0/90]4
(Static, 0° /90° fiber orientation angle)
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Photo. 37 Collapse processing of CFRP double hat shaped member, [90/0]4

(Static, 90° /O° fiber orientation angle)
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Fig. 52 Load—displacement curve of CFRP double hat shaped
member, [902/02] S

(Static, 2 interface number)

(a) §=0mm (b)d=10mm (c)d=20mm (d)d=40mm (e)§=60mm
Photo. 38 Collapse processing of CFRP double hat shaped member, [902/02] s

(Static, 2 interface number)
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Fig. 53 Load—displacement curve of CFRP double hat shaped member,
[02/902] 2

(Static, 3 interface number)

(a) §=0mm (b)d=10mm (c)d=20mm (d)d=40mm (e)§=60mm
Photo. 39 Collapse processing of CFRP double hat shaped member, [02/902]>

(Static, 3 interface number)
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Fig. 54 Load—displacement curve of CFRP double hat shaped member,
[90/0]s2

(Static, 4 interface number)

(@) 0=0mm (b)s=10mm (c)6=20mm (d)§=40mm (e) s =60mm
Photo. 40 Collapse processing of CFRP double hat shaped member, [90/0]s2

(Static, 4 interface number)
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Fig. 55 Load—displacement curve of CFRP double hat shaped member,
[90/0] 25

(Static, 6 interface number)

(a) 6 =0mm () d=10mm ()d=20mm (d)J=40mm (e)d=60mm
Photo. 41 Collapse processing of CFRP double hat shaped member, [90/0] 25

(Static, 6 interface number)
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Fig. 56 Load—displacement curve of CFRP double hat shaped member,
[0/90] 4

(Static, 7 interface number)

10/80) =1

(a) 6 =0mm () d=10mm ()d=20mm (d)J=40mm (e)d=60mm
Photo. 42 Collapse processing of CFRP double hat shaped member, [0/90],4

10/890] =1

(Static, 7 interface number)
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Fig. 57 Load—displacement curve of CFRP double hat shaped member,
[02/902] s

(Static, 2 interface number)

[0x/90:] =1

(a) §=0mm (b)d=10mm (c)d=20mm (d)d=40mm (e)§=60mm
Photo. 43 Collapse processing of CFRP double hat shaped member, [02/902]s

(Static, 2 interface number)
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Fig. 58 Load—displacement curve of CFRP double hat shaped member,
[902/02] 5

(Static, 3 interface number)

(@) d=0mm (b)d=10mm (c)§=20mm (d)J=40mm (e)d=60mm
Photo. 44 Collapse processing of CFRP double hat shaped member, [905/02] >

(Static, 3 interface number)
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Fig. 59 Load—displacement curve of CFRP double hat shaped member,
[0/90] 52

(Static, 4 interface number)

(@) d=0mm (b)d=10mm (c)§=20mm (d)J=40mm (e)d=60mm
Photo. 45 Collapse processing of CFRP double hat shaped member, [0/90]s2

(Static, 4 interface number)
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Fig. 60 Load—displacement curve of CFRP double hat shaped member,
[0/90] 25

(Static, 6 interface number)

(@) d=0mm (b)d=10mm (c)§=20mm (d)J=40mm (e)d=60mm
Photo. 46 Collapse processing of CFRP double hat shaped member, [0/90] 25

(Static, 6 interface number)
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Fig. 61 Load—displacement curve of CFRP double hat shaped member,
[90/0],4

(Static, 7 interface number)

(a) 6 =0mm () d=10mm ()d=20mm (d)J=40mm (e)d=60mm
Photo. 47 Collapse processing of CFRP double hat shaped member, [90/0]4

(Static, 7 interface number)
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Fig. 62 Load—displacement curve of CFRP double hat shaped
member, [+15/—15]4
(Impact energy 611J, 15° fiber orientation angle)

Photo. 48 Shape of collapsed CFRP double hat shaped member, [+15/—15]4
(Impact energy 611J, 15° fiber orientation angle)
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Fig. 63 Load—displacement curve of CFRP double hat shaped member,
[+45/—45]4
(Impact energy 611J, 45° fiber orientation angle)

Photo. 49 Shape of collapsed CFRP double hat shaped member, [+45/—45]4
(Impact energy 611J, 45° fiber orientation angle)
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Fig. 64 Load—displacement curve of CFRP double hat shaped member, [90]s
(Impact energy 419J, 90° fiber orientation angle)

Photo. 50 Shape of collapsed CFRP double hat shaped member, [90]s
(Impact energy 419J, 90° fiber orientation angle)
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Fig. 65 Load—displacement curve of CFRP double hat shaped member,
[0/90] 4
(Impact energy 611J, 0° /90° fiber orientation angle)

Photo. 51 Shape of collapsed CFRP double hat shaped member, [0/90]4
(Impact energy 611J, 0° /90° fiber orientation angle)
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Fig. 66 Load—displacement curve of CFRP double hat shaped member,
[90/0]4
(Impact energy 611J, 90° /O° fiber orientation angle)

Photo. 52 Shape of collapsed CFRP double hat shaped member, [90/0]4
(Impact energy 611J, 90° /0° fiber orientation angle)
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Fig. 67 Load—displacement curve of CFRP double hat shaped
member, [902/02] S

(Impact energy 611J, 2 interface number)

Photo. 53 Shape of collapsed CFRP double hat shaped member, [902/02]s
(Impact energy 611.52J, 2 interface number)
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Fig. 68 Load—displacement curve of CFRP double hat shaped member,
[02/902] 2

(Impact energy 611J, 3 interface number)

Photo. 54 Shape of collapsed CFRP double hat shaped member, [02/90:] 2

(Impact energy 611.52J 3 interface number)
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Fig. 69 Load—displacement curve of CFRP double hat shaped member,
[90/0]s2

(Impact energy 611J, 4 interface number)

Photo. 55 Shape of collapsed CFRP double hat shaped member, [90/0]s2

(Impact energy 611J, 4 interface number)
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Fig. 70 Load—displacement curve of CFRP double hat shaped member,
[90/0] 25

(Impact energy 611J, 6 interface number)

Photo. 56 Shape of collapsed CFRP double hat shaped member, [90/0] 25

(Impact energy 611J, 6 interface number)
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Fig. 71 Load—displacement curve of CFRP double hat shaped member,
[0/90] 4

(Impact energy 611J, 7 interface number)

Photo. 57 Shape of collapsed CFRP double hat shaped member, [0/90],

(Impact energy 611J, 7 interface number)
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Fig. 72 Load—displacement curve of CFRP double hat shaped member,
[02/902] s

(Impact energy 611J, 2 interface number)

Photo. 58 Shape of collapsed CFRP double hat shaped member, [02/902]5

(Impact energy 611J, 2 interface number)



30

25

20
15+

10 W}v\ﬂ\

5!l

Load[kN]

W“W?

0 10 20 30 40 50 60 70 80
Displacement[mm]

0

Fig. 73 Load—displacement curve of CFRP double hat shaped member,
[902/02] 2

(Impact energy 611J, 3 interface number)

Photo. 59 Shape of collapsed CFRP double hat shaped member, [902/02]2

(Impact energy 611J, 3 interface number)
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Fig. 74 Load—displacement curve of CFRP double hat shaped member,
[0/90] 52

(Impact energy 611J, 4 interface number)

Photo. 60 Shape of collapsed CFRP double hat shaped member, [0/90]s>

(Impact energy 611J, 4 interface number)
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Fig. 75 Load—displacement curve of CFRP double hat shaped member,
[0/90] o5

(Impact energy 611J, 6 interface number)

Photo. 61 Shape of collapsed CFRP double hat shaped member, [0/90] 25

(Impact energy 611J, 6 interface number)
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Fig. 76 Load—displacement curve of CFRP double hat shaped member,
[90/0],4

(Impact energy 611J, 7 interface number)

Photo. 62 Shape of collapsed CFRP double hat shaped member, [90/0],

(Impact energy 611J, 7 interface number)
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Table 9. Static collapse test results for CFRP double hat shaped member

according to fiber orientation angle of CFRP

Fiber orientation angle of CFRP

. . . |Absorbed energy| Mean load |Absorbed energy Maximum
Fiber orientation ]
per unit mass collapse load
angel of CFRP
Ea [J] Pm [kN] En [kd/kg] Pmax [KN]
15° 968.09 16.12 70.10 24.90
45° 601.04 10.01 44.09 17.40
90° 421.19 7.01 31.38 11.00
0°/90° 865.73 14.42 58.27 22.32
90°/0° 1116.24 18.59 70.89 25.67
100
=
>
> = 8
o x | ® *
o 9 60F V'S
n
g £
g = 407 ¢ -
c
n
2 = oot
<3
o
0 1 1 1 1 1
15 45 90 0/90 90/0

Fig. 77 Relationship between fiber orientation angle of CFRP and absorbed

energy per unit mass for CFRP double hat shaped member (Static)
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Table 10. Static collapse test results for CFRP double hat shaped member

according to interface number (outer layer 90°)

Absorbed energy| Mean load |Absorbed energy Maximum
Interface ]
per unit mass collapse load
number
Ea [J] Pm [kN] En [kd/kg] Pmax [KN]
2 756.35 12.60 52.87 20.41
3 835.98 13.93 58.09 20.77
4 953.04 15.88 65.70 22.49
6 979.56 16.32 66.72 20.63
7 865.73 14.42 58.27 22.32
100
> D I=Interface
X
D= 80t
S X,
o 9 * L 4
- © 901 . .
O £ L 4
2 = a0l
Q ‘=
o S
< o 20f
o
0 1 1 1 1 1
21 3l 41 61 71

Interface number

Fig. 78 Relationship between interface number and absorbed energy per

unit mass for CFRP double hat shaped member (Static)
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Table 11. Static collapse test results for CFRP double hat shaped member

according to interface number (outer layer 0°)

Absorbed energy| Mean load |Absorbed energy Maximum
Interface ]
per unit mass collapse load
number
Ea [J] Pm [kN] En [kd/kg] Pmax [KN]
2 864.83 14.41 54.97 21.29
3 892.29 14.86 58.58 21.76
4 1014.48 16.89 66.11 24.19
6 1159.01 19.30 75.26 25.24
7 1116.24 18.59 70.89 25.67
100
> D I=Interface
X
2 5 80
S X,
o 9 * *
- © 901 . .
O £ L 4
2 = a0}
Q ‘=
o S
< o 20f
o
0 1 1 1 1 1
21 3l 41 61 71

Interface number

Fig. 79 Relationship between interface number and absorbed energy per

unit mass for CFRP double hat shaped member (Static)
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Table 12. Impact collapse test results for CFRP double hat shaped

member according to fiber orientation angle of CFRP

Total absorbed

Fiber orientation angle of CFRP

. . . |Absorbed energy| Total absorbed Maximum
Fiber orientation energy
energy . collapse load
angel of CFRP £ [] £l per unit mass P [KN]
: - Em [ki/kg] e
15° 598.31 2485.23 87.66 30.52
45° 581.28 1451.39 52.85 18.20
90° 391.03 773.94 28.68 14.27
0°/90° 587.81 1584.56 55.95 19.46
90°/0° 588.81 1480.89 52.42 18.14
100
é | |
S Zgl *
Gc:) = 80
T 2
e
D Q 60} .
2 © * L 4
o £
L = 40f
S5 .
< = 20 -
© o
l_ 0 1 1 1 1 1
15 45 90 0/90 90/0

Fig. 80 Relationship between fiber orientation angle of CFRP and absorbed

energy per unit mass for CFRP double hat shaped member (Impact)
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Table 13. Impact collapse test results for CFRP double hat shaped

member according to interface number (outer layer 90°)

Total absorbed ]
Absorbed energy| Total absorbed Maximum
Interface energy
energy . collapse load
number . [] £l per unit mass P [KN]
: - Em [ki/kg] e
2 590.86 1316.73 46.97 17.37
3 592.49 1577.13 53.58 17.67
4 585.89 1238.78 45.95 14.49
6 588.82 1641.22 59.16 18.15
7 587.22 1584.56 55.95 19.46
P 100
g § I=Interface
S o 80t
5 =
L o i
£ 8 90 . * o
s E 4 .
d—
-
£ 3 20}
= <
0 1 1 1 1 1
21 3l 41 6l 71

Interface number

Fig. 81 Relationship between interface number and absorbed energy per

unit mass for CFRP double hat shaped member (Impact)
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Table 14. Impact collapse test results for CFRP double hat shaped

member according to interface number (outer layer 0°)

Total absorbed ]
Absorbed energy| Total absorbed Maximum
Interface energy
energy . collapse load
number E. [] £l per unit mass P [KN]
: - Em [k/Kg] e
2 572.83 973.73 36.09 15.17
3 577.34 1056.17 38.92 14.99
4 588.33 1407.20 49.77 17.18
6 592.18 1555.75 53.86 18.39
7 588.81 1480.89 52.42 18.14
P 100
@ I —
= 2 I=Interface
c S 80t
L
1 ENTY
S & 6ot
) & V'S * L 2
—
S E O o .
= S
S
E 8_ 20+
0 1 1 1 1 1
21 3l 41 61 71

Interface number

Fig. 82 Relationship between interface number and absorbed energy per

unit mass for CFRP double hat shaped member (Impact)
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Fig. 83 Relationship between fiber orientation and absorbed energy for

CFRP double hat shaped member (Static and Impact)
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Fig. 84 Relationship between interface number and absorbed energy for
CFRP double hat shaped member
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1. CFRP @4 X3 79 FA4HA54

CFRP wol ®x13 RAe] AR HZ7to| we}l Farley and Jones®™ 7}
Aolsk Ak Adk(Transverse shearing), 274} 53 (Lamina bending) Z1E]
3 =5 FZF (Local buckling) @] RE7F 3d ne=z oA E 2t Photo. 63¢]
CFRP & Eag A9 AAdA4d & vehd dAEEE eI

15° 2 59 FAelA = Photo. 639 (a)$} o] FAFA= 3 24 4
Sl e HRAQ A A A 50w Ak
AdAFEGoH, oyst AR E=EE =7 I ((Interlaminar cracks) 2
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(a) [+15/—15]4 (b) [+45/—45],4 (c) [90]s

(d) [0/90]4 (e) [90/0]4

Photo. 63 Collapse modes of CFRP single hat shaped member (Static)
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(a) [+15/—15]4 (b) [+45/—45],4 (c) [90]s

(d) [0/90]4 (e) [90/0]4

Photo. 64 Collapse modes of CFRP double hat shaped member (Static)
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(a) [+15/—15]4 (b) [+45/—45],4 (c) [90]s

(d) [0/90]4 (e) [90/0]4

Photo. 65 Collapse modes of CFRP single hat shaped member (Impact)
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(a) [+15/—15]4 (b) [+45/—45],4 (c) [90]s

(d) [0/90]4 (e) [90/0]4

Photo. 66 Collapse modes of CFRP double hat shaped member (Impact)
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