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Robust Design of a Flexible Structure Reinforced by FRP Sheet [
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This paper presents a robust design method of a flexible structure reinforced by FRP sheets. A FRP
sheet has a high ratio of strength to weight and is widely used as a stiffener of structure in various fields.
Vibration characteristics of the structure reinforced by FRP sheets can be easily modified by changing
design variables such as the relative volumes of fibers and matrix, the fiber angle and the number of layers.
Therefore small variation of design variables gives rise to drastic change of the vibration characteristics. In
this paper, the attention is focused on the variation of modulus of longitudinal elasticity of the structure
reinforced by FRP sheets. We propose a constrained condition that can take into account the variation
band of the elasticity of the structure and specify the total variation of natural frequencies of low order
modes. For the purpose of maximization of natural frequencies, the design variables are determined by using
optimization technique under this condition. The validity of the present method is verified by numerical
examples and by comparison with results of experiments.
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Table A1 Results of robust design

sim. exp.
p1(Hz) 275 | 2.75 | 2.73
p2(Hz) 172 17.2 | 17.2
p3(Hz) 48.2 | 48.1 | 48.1
pa(Hz) 94.4 | 94.0 | 94.3
total error(%) -0.63 | -1.0
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Fig. 1 Cantilever beam model
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ps | 7.86 x 10%kg/m3 || py | 1.50 x 103kg/m?
2. booooooo ts 0.60mm ty 0.65mm

0000000000000 000000000000
O00000000O0000FRPOOOOOOOOOOO
00000000000000000000000000 Table 2 Experimental results

0000 (0)0000000000000000000
(FTS-C1-20) 0 0000000000000000000 Ls(mm) | 200 | 150 | 100 | 50 0
00000000000000000000000000 pi(Hz) | 418 | 4.97 | 579 | 6.80 | 7.94
0000000000000 D000000D0DO0O00O0D p2(Hz) | 159 | 22.8 | 33.0 | 42.7 | 49.8
4A05000000000000000000000000 ps(Hz) | 43.0 | 50.9 | 69.1 | 114.2 | 139.4
00000000000000000000000000 pa(Hz) | 85.6 | 113.1 | 135.5 | 201.1 | 270.0
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00000000 000000000o0Do00oOooooon Table 3  Analytical results using equation (1)
0000000000000 0000000000000
0000000000000000000000000 0 Ls(mm) | 200 | 150 | 100 | 50 0
0000000000 A/DOODODOOOOODOOOO pi(Hz) | 421 | 496 | 582 | 6.81 | 7.97
00000000000000D000000000000 (0.7) | (-0.2) | (0.5) | (0.1) | (0.4)
goooooooobooooooboooooooooon po(Hz) 16.1 228 32.7 41.9 49.9
boood (1.3) | (0.0) | (-0.9) | (-1.9) | (0.2)
b=30mmOL; =0mmOFRPO 0000000000 pa(fiz) | 426 | 505 | 69.8 | 1134 | 139.8
O Ly, =450mm 00000 O L3 0 200mm 00 50mm O (-0.9) | (-0.8) | (1.0) | (-0.7) | (0.3)
00000000000 D000000000000000
100000 2000000000 304050000000 pa(flz) | 86.1 1 112.6 | 1345 | 203.5 ) 274.0
0000 (1)0(2)0®) 000000000000 p= 271w (0.6) | (-0.4) | (-0.7) | (1.2) | (1.5)
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000000L;=0mmO00000000 FRPOOO Table 4 Analytical results using equation (2)

0000000000 R000000800000 0 Lytmm) [ 200 [ 150 [ 100 | 5 [ o
000000000000 00000D0O00O000000 pi(Hz) | 4211 4.96 | 582 | 681 | 7.97
0000000000000 00000000000O00 (0.7) | (-0.2) | (0.5) | (0.1) | (0.4)
0000000000000000000 30400000 p2(Hz) | 16.1 | 22.8 | 32.7 | 41.9 | 49.9
0000 500000000000000000 +£2%0 (1.3) | (0.0) | (-0.9) | (-1.9) | (0.2)
000000000000 00000000000000 ps(Hz) | 42.6 | 50.5 | 69.8 | 113.4 | 139.8
00000 (8)0000000000000000000 (-0.9) | (-0.8) | (1.0) | (-0.7) | (0.3)
obooboobobbobooob0bbbOn Ly = 200mm pa(Hz) | 86.1 | 112.6 | 134.5 | 203.5 | 274.0
gdddoooooobobooooooooo 0.6) | (-0.4) | (-0.7) | (1.2) | (1.5)

030 Ly=200mmO000000000ODOOOOOOO
ghooboobbooboboooboobooboobboob

Table 5  Analytical results using equation (8)

= Function

A

Magnetic | Amp

O]  Generator

A“”“?i\\ﬁ% B Ly(mm) | 200 | 150 | 100 | 50 0
pi(Hz) | 425 | 498 | 582 | 6.81 | 7.97

g | (1.7) | (0.2) | (0.5) | (0.1) | (0.4)
/—'DJ D L pa(Hz) | 171 | 24.2 | 336 | 420 | 49.9
/l:| (7.5) | (6.1) | (1.8) | (-1.6) | (0.2)

Laser Displacement Sensor p3(Hz) | 42.7 | 51.8 | 74.9 | 114.9 | 139.8
(-0.7) | (1.8) | (8.4) | (0.6) | (0.3)

Fig. 2 Experimental setup pa(Hz) | 90.8 | 113.6 | 136.3 | 213.8 | 274.0

(6.1) | (0.4) | (0.6) | (6.3) | (1.5)
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Fig. 3 Characteristics of the second mode

(L3 = 200mm)
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J = ZQz‘ (11)
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Table 6 Results of robust design

beaml | beam2 | beam3 | beam4

Ly (mm) 0.0 0.0 3.1 12.4
Lo(mm) 96.5 75.8 110.0 108.7
tp(mm) | 1.6 2.0 1.4 1.4
Mass(g) | 84.9 84.9 84.9 84.9
J 0.43 0.52 0.46 0.58
p1(Hz) 3.03 2.75 3.19 3.04
p2(Hz) 18.9 17.2 18.7 15.6
p3(Hz) 52.7 48.2 46.1 36.5
pa(Hz) 103 94.4 78.0 72.8

Table 7 Natural frequencies with variation AEy

beam1 beam3
AE; = 20GPa | +AE; | —AE; | +AE; | —AE;
p1(Hz) 3.03 3.03 3.19 3.19
p2(Hz) 19.0 18.9 18.8 18.7
p3(Hz) 52.8 | 52.6 | 46.3 | 45.9
pa(Hz) 103 | 102 | 781 | 77.9
total error(%) | 0.73 -1.0 0.75 -1.0

Table 8 Natural frequencies with variation AEy

beam?2 beam4
AE; =50GPa | +AE; | —AE; | +AE; | —AR,
p1(Hz) 2.75 2.75 3.05 3.03
p2(Hz) 17.2 17.2 15.6 15.5
p3(Hz) 48.2 48.0 36.6 36.5
pa(Hz) 94.5 93.9 72.8 72.7
total error(%) | 0.45 -1.1 0.51 -1.1




Table 9 Results of minimum mass design

beam5 | beam6
Ly (mm) 0.0 0.0
Lo(mm) 102.9 148.1
ty(mm) 0.43 0.26

Mass(g) | 74.9 74.3

pi(Hz) | 291 | 3.04
po(Hz) | 17.2 | 15.7
ps(Hz) | 44.7 | 40.5
ps(Hz) | 819 | 80.9

Table 10 Natural frequencies with variation AEy

beam5b beam6
AE; =50GPa | +AE; | —AE; | +AE; | —AE;
p1(Hz) 2.97 2.79 3.21 2.76
p2(Hz) 17.7 16.2 16.6 14.5
p3(Hz) 46.7 41.8 41.7 38.8
pa(Hz) 85.2 | 779 | 828 | 77.6
total error(%) 14 -22 17 -25

Table 11 Experimental results of robust design

beam2 beam4
p1(Hz) 2.75 | 2.73 | 3.02 | 3.01
pa2(Hz) 17.2 | 17.2 | 15.2 | 15.3
p3(Hz) 48.1 | 48.1 | 35.7 | 36.2
pa(Hz) 94.0 | 94.3 | 72.8 | 72.7

total error(%) | -0.63 | -1.0 | -5.4 | -3.9

Table 12 Experimental results

beamb beam6
p1(Hz) 2.81 | 2.92 | 2.70 | 2.85
p2(Hz) 162 | 176 | 14.3 | 155
p3(Hz) 42.0 | 46.5 | 38.3 | 40.0
pa(Hz) 77.0 | 84.4 | 76.6 | 78.9
total error(%) | -21 | 10 | -31 | -11
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