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ABSTRACT Composites combined physically with a reinforcing material and base material are very different from existing metal

materials and show complex damage and damage patterns. To explain this, the Tsai-Hill and Tsai-Wu failure condition equations were
introduced using the correlation between the vertical and shear stress and strength, and Puck’s theory was introduced to explain the
damage and failure mode under a combined load. In this paper, progressive failure analysis was performed to examine the damage
mode of the composite blade for a wind turbine designed and manufactured as a fiber-reinforced composite material and the change in
the failure mode due to the increase in load using the theory of Puck’s. For this purpose, 30 kW composite blades were stacked using
newly developed low-cost and high-strength pitch-based carbon fibers, and the load was acquired using a simple load calculation
method according to the IEC61400-2 standard. A structural safety evaluation was performed through structural analysis under the
calculated load. In addition, the damage mode was evaluated using the damage standard theory of Puck’s, and progressive damage
analysis was performed in the initial damage progressing gradually with a 10% and 20% increase in the load condition.
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Table 2. Mapping of stacks and materials

Stack ID Stack name Material
1 Gelcoat Gelcoat
Table 1. Wind turbine specification 9 Triax skins Glass _triax (Skin)
Type Specification 3 Triax root Glass_triax (root)
Blade length 6 m 4 UD carbon Pitch_carbon (UD)
RPM 78.8 rpm 5 UD glass TE Glass UD
Rated wind speed 11 m/s 6 TE foam Foam
Shaft power 36 kW 7 LE foam Foam
Rated power 30 kW 8 Web glass DB Glass DB
Blade number 3 9 Web foam Foam
Table 3. Stack usage (Stack ID) in each panel of the blade model along the blade span
Blade span (m) TE TE rein TE_panel Cap LE panel LE
0.045 1,2,3,2 1,2,3,2 1,2,3,2 1,2,3,2 1,2,3,2 1,2,3,2
0.571 1,2,3,2 1,2,3,2 1,2,3,2 1,2,3,2 1,2,3,2 1,2,8,2
1,903 1,2,3,2 1,2,3,5,6,2 1,2,3,6,2 1,2,3,4,2 1,2,3,7,2 1,2,3,2
3.77 1,2,2 1,2,6,2 1,2,4,2 1,2,7,2 1,2,2
4,89 1,2,2 1,2,6,2 1,2,4,2 1,2,7,2 1,2,2
5.263 1,2,2 1,2,2 1,2,4,2 1,2,7,2 1,2,2
6 1,2,2 1,2,2 1,2,4,2 1,2,2 1,2,2
*Web lay—up pattern : 8,9,8
2 AxidolAx|
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Fig. 1. Finite element model of wind turbine blade

Shape of Mesh

Shape of Applied Load

Fig. 2. Boundary condition of blade

Fig. 3. Lamination section applied of blade
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Fig. 4. Progressive failure analysi

Table 4. Failure criterion equation of Puck’s theory
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ype 0 Failure condition
failure
Tensile
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Table 5. Application condition of Puck failure criteria
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Table 7. Natural frequency of wind blade

Type of failure Failure condition Mode# Frequency, Hz
v 1 15.1
Fiber failure in tension & +%mof0'2 >0 .
f1 2 18.4
. . . B
o Lm0 <o :
p fl 4 103.4
Matrix failure in moderate
transverse compression gy, =0
(Mode A) 50
Campbell diagram
Matrix failure in ]arge EA - 30kW Wind Turbine Blade
transverse compression 0, <0 and 0< ‘—2 <= 40 !
(Mode B) 21 Ta1e — B Rated rotor speed = 78.8rpm
-« -
Matrix failure in large ‘ RA i B |
transverse compression 0, <0 and 0<|—2|< % 230 :
(Mode C) Tl T £ |
=1 - [}
dr, = )
Py =— %) of (o,.m,) curve, o, >0 D90 Mode 2 I
2 lg,=0 o T
dr. =
Py =— 21 ) of (o,,7,) curve, o, <0 '8 Mode 1
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Index  Description

0 Increment 0: Base State

1 Mode 1: EigenValue = 10227
2 Mode 2 EigenValue = -10615

le333e02
36.000e+00

(a) 1 mode

Index  Description
1] Increment 0: Base State
1 Mode 1: EigenValue = -10.227

2 Mode 2: EigenValue = -10615

(b) 2™ mode

Fig. 7. Buckling analysis results of blade
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Table 8. Max stress of wind turbine blade
Material property Stress Stress[Safety factor]
Material Ten. strength Comp.strength Ten,stress Comp.stress Ten.stress Comp.stress
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
Glass_triax (Skin) c99 - 329.1 238.8 427.8 310.4
Glass_triax (root) 160.7 122.8 208.9 159.7
Pitch carbon 980 1070 291.5 188.9 378.9 245.6
Glass UD 729 546 124.1 150.7 147.8 195.9
Glass DB 144 134 112.8 53.7 146.6 69.8
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Table 9. Skin—web failure mode base on Puck’s theory
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Index . . . .
Fiber failure Matrix failure
load

100% (a) Skin - Fiber (a) Skin - Matrix
(b) Web - Fiber (b) Web - Matrix
(a) Skin - Fiber (a) Skin - Matrix

120%
(b) Web - Fiber (b) Web - Matrix
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Fig. 9. Fiber failure index of web—1
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Fig. 10. Fiber failure index of web—2
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Fig. 11. Matrix failure index of web—1
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(a) Fiber failure index

Fig. 13. Failure mode analysis at load 120%
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