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Fig.1 Composite laminate coordinate system
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Table 1 The necessary and sufficient conditions of hygrothermal stability of extension-twist multicoupled laminates
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Fig. 2 A simply supported rectangular plate subjected to

uniform pressure load in the plane
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Table 2 Material properties of single-ply composite laminates
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Table 3 Extension-twist coupling effect and buckling load of the AsB,Ds laminate
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Table 6 14-layer optimization results of AsBrDy laminates
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Fig. 3 Finite element simulation model of buckling load
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Table 7 Comparison of the theoretical results with the simulation results of the 12 layers
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ar=1ya:=0 38449 38640 0.49%
—33.4,66.8,70.6,—22.9]

[8.6,—71,—68.2,29.3,50.9,43.1,—49.9,—41.7,
a1 =0,a, =1 41198. 6 40293. 3 2.25%
—33.5,55.8,—23,59.6]

[—20.6,—22.8,66,61.3,55.2,—46.1,40.1,—73.7,
a1=0.2,0,=0.8 39234. 6 39424 0.48%
—51.4,22.3,—61.1,15.8]
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Table 8 Comparison of the theoretical results with the simulation results of the 13 layers

HIpLR RS i

a(i=1,2)BUH HiE#A ) _ _
IN| (D IN| (ND 1522

[—21.2,—23.6,73,69,63.6,—42.1,46.3,—53,26.7,20.1,
ar=1,a,=0 46915.6 47222.4  0.65%
—63.2,12,—67.4]

[21.5,—80.2,—26.1,—72.9,30.9,—62.7,37.4,42.9,—38.7,
a1 =0,a,=1 54237.6 53594. 7 1.20%
57.3,—29.4,—27,67.6]

[65.6,62.4,—20.1,—23.4,43.9,—32.6,—39.8,36,—59.9,
a1 =0.2,a,=0.8 50134 48605.3  3.14%
—68.9,—75.5,31.5,30. 3]
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Table 9 Comparison of the theoretical results with the simulation results of the 14 layers

CHER THEHAZR E

a (i=1.2) Bl HiIZHAE O _ _
IN| (D IN| (ND 2%

[—18.4,71.9,69.1,—26.3,60.7,—26.1,—43.9,40. 2,
a=1,a,=0 59973.9 59928 0.08%
33.6,—62.6,—66.2,20.5,17.8,—74. 3]

[19.2,51.8,—68.3.,22.4,—58.6,—53.2,—47.6,—42. 1,
a1 =0, =1 68470. 3 65696 4.22%
45.4,51.1,54.5,—26.9,—24.7,59.7]

[23.6,—68.2,27.2,—60.8,—54.9,—47.9,39. 3,45. 4,
a1=0.2,a,=0.8 61784. 8 61181. 3 0.99%
53,—26.3.67.3,—20.4,—18.1.,80.8]
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Fig.5 Robustness analysis of buckling model of AgByDg
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Table 10 T300/5280 composite constant

T300/5280 #4434 ¥4 ki %k

FPER i (GPa)

Y (GPa)
MER /4
BAZ AR (mm)

MK R B /)

E,
E,
G12

V1

185
10.5
7.3
0.28
0.1

—0.0181
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Fig. 6 Multi-directional loading testing machine
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Table 11 Laminate test piece parameters
7 JZ2H R BRA R - TH R HiEmAE O
R 1 7 T300/5280 300 mm X150 mm [—18/71/—74.1/45/—15.9/19/—72]
R 2 7 T300/5280 300 mm X150 mm [25.9/—68.3/—90.0/—22.7/27.1/—25/72.7]
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Fig. 7 Load-time plot of test piece 1
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Fig. 8 Load-time plot of test piece 2
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Table 12 Measurement results of buckling load

on the test piece

—WES HWE Rl PHER

b
£ M £ M N O\p) (N)
5 1 454.5 461.9 489. 4 468. 6
R 2 535.3 519.3 509.7 521.4
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Table 13 Comparison of buckling load results

weE il AR5 HEE RS

75 " .
(N) ) Wik (N ffHEiRZE
W1 468.6  489.8 —4.3%  490.1 < —4.9%

W2 521.4 517.0 0.9% 516.3 0.9%
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Buckling Analysis and Experimental Validation of

Extension-Twist Multicoupled Laminates
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Abstract This paper derives the analytical solution for the buckling load of extension-twist multicou-
pled laminates. The optimization targets both the buckling load and coupling effect, with verification
through simulations and experiments. Using the double trigonometric series method, the analytical solu-
tion for the buckling load of the extension-twist multicoupled laminate, simply supported on all four sides
and subjected to in-plane compressive loads, is obtained. Based on this, a multi-objective optimization de-
sign model for the extension-twist multicoupled laminate is established, with the optimization objectives of
maximal buckling load and coupling effect. The optimization is achieved using the sequential quadratic pro-
gramming (SQP) algorithm, and the laminate with enhanced coupling effect and buckling load is designed.
Based on the ply angle sequence of the optimal laminate, numerical simulations and robustness analyses
confirm the buckling model. Compared to the simulation results, the analytical solution error for the buck-
ling load of the laminate is within 5% , validating the theoretical framework. Experimental measurements
using a multi-directional loading test machine reveal that the discrepancy between measured and theoretical
buckling loads is within 3%, further verifying the theory’s accuracy. This research provides valuable in-
sights for improving the load-bearing capacity of structures such as wings and wind turbine blades.

Key words extension-twist multicoupled laminates, buckling analysis, multi-objective optimization

design, experimental validation





