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Design of Composite Laminates Using Enumeration Method

Chanwoo Joung*, ll-Joon Bae**, Young-Bin Park*'

ABSTRACT: Fiber-reinforced composite laminates have high specific stiffness and strength and are expected to be
useful for weight reduction in weight-sensitive industries, such as automotive and aerospace. However, designing
composite laminates is often dependent on designer’s experience and intuition because of difficulties in determining
the number of plies and stacking sequence, which tends to lead to over-design. In this study, optimal design of
composite laminates was performed to minimize weight, while withstanding the given load. Based on the enumeration
method, all combinations of stacking sequence satisfying the design guideline for composite laminates were
considered. Composite laminates were discretized into panels. Optimal number of plies and stacking sequence for
each panel were determined considering local load on each panel and contiguity across adjacent panels. Failure index
from Tsai-Wu criteria was optimized for strength and buckling analysis was performed for compressive load. Stacking
angles of 0, +45 and 90° were used.
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Fig. 1. Composite laminate formed by stacking plies
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Step 1. Stress analysis

Global loading on laminate
(tension, compression, shear,
bending, pressure, or mixed)

\ 4

#21 #25 Panel # N M
1 N1 M1
: 2 N2 M2
#6 : S
#1|#2| #5 25 N25  M25

Local loading on each panel
(N, M are calculated by using equation (1) )

Fig. 4. Step 1 of optimization process of composite laminate

Step 2. Optimization at each panel

Satisfied &
Not compressive
load

Determine fiber angle
at the outermost ply %

)=o)

(0°, +45°,90°) (# of plies)

. 4

A set of all combinations
(fiber orientation and n)

—

. — Not
Design guidelines satisfied

Satisfied &
compressive load

Buckling analysis Buckling

l No
buckling

Failure analysis

(Tsai-Wu criterion Failed

No fail

Selected laminate(s) whose
failure index is minimum

Step 3. Optimization with all panels

Locally optimized stacking sequences

Panel # Optimized stacking sequences
1 Stacking Sequence 1-1, 1-2, 1-3 ...
2 Stacking Sequence 2-1, 2-2, 2-3...
25 Stacking Sequence 25-1, 25-2, 25-3...

Fig. 5. Step 2 of optimization process of composite laminate

Optimal stacking sequences
with minimum edit distance

Globally optimized stacking sequences

Panel # Optimized stacking sequences
1 Stacking Sequence 1-2
2 Stacking Sequence 2-3
25 Stacking Sequence 25-2

Fig. 6. Step 3 of optimization process of composite laminate
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Table 1. Mechanical properties of UD carbon/epoxy [16]

E, E, Gy, Vi, Thickness
141 GPa 8.7 GPa 5.6 GPa 0.3 0.125 mm
X, Xc Y, Y. S
1925 MPa | 1725MPa | 76 MPa 228 MPa 70 MPa

50cm

21|22 |23 |24 (25| |
16| 17 [18 | 19 | 20

111121314 |15

Wio0g

Fig. 7. Laminate size and panel numbering
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Fig. 8. Various load types and constraints
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Table 2. Loading condition and constraints

Type Constraints Load
Casel In—pl.ane Clamped Nx =500 KN
tension atx=0 atx =50 cm
Case2 In—pl.ane Clamped Nx = 600 KN
tension atx=0 atx =50 cm
Case3 In—plan.e Clamped Ny = -500 KN
compression atx=0 atx =50 cm
Cased In—plan-e Clamped Ny = -600 KN
compression atx=0 atx=50cm
Nx =400 KN
Case5 In—pl.ane Clamped atx =50 cm &
tension atx=0,y=0 Ny =400 KN
aty=50cm
Nx = -400 KN
Case6 In—plan.e Clamped atx =50 cm &
compression atx=0,y=0 Ny = -400 KN
aty =50 cm
Case7 In-plane Clamped Nxy = 150 KN
shear atx=0 atx =50 cm
Case8 In—plz.me Clamped Mx =200 Nm/m
bending atx=0 atx =50 cm
Mx = 100 Nm/m
Case9 In—ple.me Clamped atx =50 cm &
bending atx=0,y=0 My =100 Nm/m
aty=50cm
Casel0 In—pl.ane Clamped Mxy =200 Nm/m
torsion atx=0 atx =150 cm
Caselll  Pressure Simply supported| P =10KPa at.top
at 4 edges surface of laminate

oA 600 KNO.2 Z71519iek. 71 F71% ad o] 22 )
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Table 3. Local optimization results of case 1 with 0° at the
outermost layer

Panel # | Stacking sequence | Panel # | Stacking sequence
[0/0/45/90/-45]s

1 [0/0/-45/907451s 14 [0/0/45/90/-45]s

5 [0/0/45/90/-45]s 5 [0/0/45/90/-45]s

[0/0/-45/90/45]s

]
]
]
] [0/45/0/-45/90]s
[0/0/45/90/-45]s

]

]

]

]

3 [0/45/90/-45/0]s 16
[0/45/0/-45/90]s

[0/0/45/90/-45]s
[0/45/0/-45/90]s
[0/0/45/90/-45]
[0/0/-45/90/45]
[0/45/0/-45/90]
[0/-45/0/45/90]s
6 [0/45/90/-45]s 19

[0/45/0/-45/90]s

[0/45/90/-45]s

[0/-45/0/45/90]s

1
7 [0/45/0/-45/90]s

[0/45/0/-45/90]s

[0/0/45/90/-45]s

7 (0/-45/0/45/90]s 20 [0/0/-45/90/45]s

[0/0/45/90/-45]s

8 [0/45/0/-45/90]s 21 [0/0/-45/90/45]s
[0/0/45/90/-45]s
[0/45/90/-45/0]s

9 [0/-45/90/45/0]s 22 [0/0/45/90/-45]s
[0/0/-45/90/45]s

[0/0/45/90/-45]s

10 [0/0/45/90/-45]s - [0/45/90/-45/0]s

[0/0/-45/90/45]s [0/-45/90/45/0]s

]
]
]
[0/0/-45/90/45]s
]
]
]

[0/0/45/90/-45]s
[0/45/0/-45/90]s
[0/-45/0/45/90]s

1 [0/45/90/-45]s o
[0/-45/90/45]s

[0/0/45/90/-45]s
[0/0/-45/90/45]s

13 [0/0/45/90/-45]s

12 25 [0/45/0/-45/90]s

Table 4. Global optimization results of case 1 with 0 degree at

the outermost layer (dgy,p, = 71.4, Plies used = 244)

Panel # Stacking sequence
6,11, 16 [0/45/90/-45]s
7,17 [0/-45/0/45/90]s
8,18,25 [0/45/0/-45/90]s
20 [0/0/-45/90/45]s
Others [0/0/45/90/-45]s
2 2t AT A7 gl Adeldhe o = el cle viE

3t 9] 25 S0l ol A5 W ol 3 Bzl Ho|
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Table 5. Global optimization results of case 1 with £45 and 90° at
the outermost layer

Table 8. Global optimization results of case 7~11

Case 7
Panel # Stacking sequence Pliesused | dypy Panel # Stacking sequence Plies used | dypq
611,16 [-45/0/45/90]s 244 132 1 [0/0/45/0/-45/90]s
th -45/0/0/45/90
Others 45/070745/50)s : 2,21 0/0/45/90/-45]s 210 | 25.07
Panel # Stacking sequence Pliesused | dyopy Others [0/45/90/-45/0]s
6,11,16 [45/0/-45/90]s
244 13.2 Case 8(bending 200)
Others [45/0/0/-45/90]s
Panel # Stacking sequence Plies used | d,opa
Panel # Stacking sequence Pliesused | dygpy £
1 [45/0/0/-45/90]s
5,8,18 [90/45/0/0/-45]s
6,7,11,12,
6,11, 16 [90/45/0/-45]s [45/0/-45/-45/90/45]s 332 24.19
244 42 16,17,21
25 90/45/0/0/-45
[50/45/0/0/-45]s Others [45/0/0/-45/-45/90/45]s
Others [90/45/0/-45/0]s -
Case 9(bending, 100)
Panel # Stacking sequence Plies used | dyqpq
Table 6. Global optimization results of case 2~4 2.3 4
34,39, [45/0/-45/90]s
Case 2 10, 16,21
240 55.6
Panel # Stacking sequence Plies used | dyopa 19,20, 22~25 [45/0/0/-45/90]s
All [45/0/0/-45/90]s 250 0 Others [45/0/-45/-45/90/45]s
Case 3 Case 10
Panel # Stacking sequence Plies used | dygpq Panel # Stacking sequence Plies used | dyopq
All [-45/0/45/90]s 200 0 1 [45/0/-45/0/0/-45/90/45]s
Case 4 2,3,5 [45/0/-45/-45/0/45/90]s
Panel # Stacking sequence Plies used | dygpa 4,7 [45/0/-45/-45/90/45/0]s
1 22 136 6é 21123 [-45/0/45/90]s 6,11,17 [45/0/-45/-45/90/45]s
» 10, 24 234 27.2 8,13 [45/0/-45/-45/90/45/90]s
Others [45/0/0/45/90]s 9 [45/0/-45/-45/0/0/45/90]s
10 [45/0/-45/-45/90/90/45/90]s
Table 7. Global optimization results of case 5, 6 12,23 [45/90/-45/-45/0/45/0] s 352 94.86
Case 5 14, 15 [45/90/-45/-45/0/0/45/0]s
Panel # Stacking sequence Pliesused | dyopu 16 [45/0/0/-45/90]s
4 [45/90/90/-45/0]s 18,19, 24,25 | [45/90/-45/-45/90/45/0]s
16 [45/0/0/-45/90]s 204 19 20 | [45/90/-45/-45/90/90/45/0]s
Others [45/0/-45/90]s 21 [45/0/0/-45/-45/90/45]s
Case 6 22 [45/0/-45/-45/90/90/45]s
Panel # Stacking sequence Pliesused | dyg, ” [45/90/-45/-45/0/45/0]s
All [-45/0/45/90]s 200 0
Case 11
Panel # Stacking sequence Plies used | dgjqpa
2,6,11
74 E > Uy > _
4 =2 15 20,24 [90/-45/0/45/0]s
- - 3,23 90/-45/0/45]s
E Apelds Havan dAXHES 7lse = A5 4,10, 16, 22 [;0/45/0/ 45/(])]
: = 1 m= = , 10, 16, -45/0]s
A A9 23 7]’TU]‘ = 9ol dialf, B3 A o 907251010/ 4570 264 93.93
o Foldl BHFS AR Ao Ha FAZ BEE shi > OA5/0/07 4510}
44 AAE SAAch VA, A%, 3, WY 53 2 71 DORASI0/0A3]s
& T 315 220] disiAl A Aske fastglon, of kil BORSIO/0T-451s
o] B3l A=7S ofg] Ao Wiz Uo] 28 Bxs Others [90/-45/0/0/45/0]s
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