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Strength Design of Composite Laminates Using
Integration of Knowledge-Based Expert System
and Genetic Algorithm

Jung-Seok Kim*, Chun-Gon Kim™* and Chang-Sun Hong™**

ABSTRACT

This paper explains the development of a knowledge-based expert system for the optimal
strength design of composite structures subjected to various loading conditions and design heuris-
tics constraints. The optimal stacking sequences are obtained by integration of a knowledge-based
expert system, genetic algorithm and finite element analysis. Because this expert system in optimal
stacking sequence design adopts a finite element method as an analysis tool, it isn't limited to lami-
nate design but can be applied to a general composite structure.

The optimal stacking sequence combination is drawn from the discrete ply angles and design
heuristics stored in the knowledge for the given application of interest. Results of this study were
verified through comparison with quasi-isotropic lay-ups.
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+ Homogeneous stacking scguence
« Heterogeneous siacking sequence
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« Minimize grouping of the same ocientation plics

- stack no more than fout plies
Without free edge + Aveid grouping 90° plics
+ Scparaie 6% plies
+ Shield pris
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+ IF tape plies should be stacked a midplane, stack no more than
three pli
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siraight free edge

~ Design heuristics © +
]+ Avoid layups tha create high inserlaminar siress arcund hole
« avoid locating transverse plies 1o reduce Interlaminar stress around hate

With free edge

curved free edge

Fig. 2. Design heuristics for improvement of strength under in-
plane loading
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- Grouping 6 plies

Fig. 1. Design heuristics for prevention or reduction of the
stress coupling effect
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* Homogeneous stacking sequence

+ Heterogencous stacking sequence
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Fig. 3. Design heuristics for improvement of strength under
mixed loading
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Fig. 5. Design procedure



2 ; ARN - gHS - 33

BESSMERaE

Choose one of the loading conditions listed below
by typing a letter and pressing the return key.

1.) Inplane leading.
2.) Hixed(bending+inplane).
3.) Quit the progras.

!

Select one of SYRESS COUPLINGS that should be avcided
If you change your mind and would like
to review the main menu, press O now, otherwise select

choice: 1|

6.) Return to main menu.
1.) Extension-bending.
2.) Extension-bending _extension-shear.

ay!

Select one of GEOMETRIC COHOITIOHS
If you change your mind and
would like to review the previous cheices, press 0 now

Choice: 2

8.) Return to previeus meny.
1.) without free edge.

2.) straight free edge.

3.) curved free edge.

1yl

Select one of the structural properties to improve.
If you change your mind and
would like to review the previous choices, press © now

Choice: 1|

0.) Return to previocus menu.

1.} Stiffness improvement.

2.} Strength improvenent.

3.) Strength improvement _failure node control.

Choice: 1

Fig. 6. Selection process of design heuristics
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For strength irprovenent of nixed loading prodlen.
The following guides for the stacking sequence are recormanded.

1. Homogeneous laninate stacking sequence.
-Heterogeneous laminate stacking sequence should be avolded
for strength-critical designs.
~In case uhere heterogensous laninates cannot be avoided it is
best to stack primary load-carrying plies toward laninate core.
2. Hinimize grouping of the same orientation plies.
-for tape plies stack no mare than & plies of
the same orientation together.
-To reduce interlanminar stress.
-To reduce matrix cracking during and after service.
3. pvoid grouping of 90 degree plies.
~Separate 90 degree plies by a 8 degree or angle plies.
~¥o reduce interlanminar shear and normal stress.
~To reduce meltiple transverse Fracture.
4. Avold locating tape plies with Fibers oriented perpendicular
to a free edge at the laminate nidplane.
~Yo reduce interlaminar stress.

For strength improvement of inplane loading problem with straight frd
The following guides for the stacking sequence are recomnanded.

1. Homogeneous laminate stacking sequence.
-Heterogeneous laninate stacking sequence should be avoided
for strength-critical designs.
~1n case where heterogeneous laminates cannot be avoided it is
best to stack primary load-carrying plies toward lanirate core
2. Hininize grouping of the same orientation plies.
-For tape plies stack no more than & plies of
the sane orientation together.
~To reduce interlaninar stress.
~To reduce matrix cracking during and after service.
3. Avoid grouping of 90 degree plies.
-Separate 90 degree plies by a O degree or angle plies.
~To reduce interlaninar shear and normal stress.
~To reduce pultiple transverse fracture.
4. Separate angle plies.
~Yo reduce interlaminar shear stress between plies.
S. Yhe ply angle difference between the adjacent plies
nust not exceed 45 degrees.
-To avold large-scale matrix cracking and delamination.
6. Shield primary load carrying plies.
~To increase tensile strength.
-Laninate primary load in tension or compression in the fiber g
should start with angle and transuerse plies.
7. fwoid locating tape plies with fibers oriented perpendicular
to 2 free edge at the laninate aidplane.
~To reduce interlaninar stress at midplane.
8. If tape plies should be stacked at midplane stack no more than
approxiantely three plies.

-To reduce interlaminar stress at midplane.|

Fig. 7. The recommended design heuristics for stacking
sequence design
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=>

(retract ?ml)
(format t -

-Run GA ----- Yon")

<47 2neBe £9S A B
(format t "'-----End of GA run -«--- Jon ")

250 4%

(system "sga in out’")H#H A sga, in3} out 2zt
Zy A dnEEY YN, dEdn g
£ ougth webd, CLIPSS o] & 7]1%5& |83t
d AAdolxg gmelE FEE 53T £ Urh
CLIPSHlA 7z dxn2ES 3488 84 du
AEAME CLIPSS fAFEE Wgoz olge} o]
Nin

printf("trans run\n");
system("trans.exe",0);
[scanf(out," %f" &str);

<—fEed TP dojzn EAZRSE
%E AR dndEY fitness FoE X
Fahe B3

o] 37 ZE HAe] dlA Fig. 59 2 MA7}
o] Fojzich

dutEl HA BA9 AL ARRAEL T4
(equality) == FF4(inequality)e] Fejz Folzl
ok ey B Ao A AgkzAo] olzg 4
QA 29 FeEr) obd H3HeE 9l ) AAAAY
WA 53 A AP ll-structured) Fejolm
2 71Ee] Agxdy gE FeE 2 g B
AFgA e olHE AT2AL e AR EAE &
Ast7] 98 d23(penalty method)& =shch
& olg3 F&£RUE e BAY A 2HYSE
At &z R E FHalsld 9utE)x
SR fitnessgg Fgstn Autge Afoe 9
HY ol u}e} fitness?] £HE BEE S ALge}
A |t o

5. Fd7] ZlE-E AP AHeE 3 das
9 U] 71E2 U A AEFY Algis)elth
Z Hd Al ASLE 28 99 HH3} e F
& 3A "o E d7dM e Hd AdsE 297 7
T2 AMPE ASel TAske F£PAY EAHES
FE37] 8l @A T NS 3% o] of
Yzt 12 duelge] Aod4E & AAS(popu-
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lation size), Algls:(number of generation), @&
E(crossover probability), ¥F%E(mutation prob-
ability)5-& HEA7IHA 3ol $=Ho Hagt A
g Z2A3stn o] Muigel disiA dA] UmA] Aoy
FES WA TIHEA 5HY 4 FYstart. o] A
£ 37} FEste Adgowt o] Rojrp EAlEtL
gle] FER o= Aolz} gt

6. BHgro] AR AR EHPFE di
A Yol Bol TAG FIoAINNE BaA Lo
o}

>

3. A3 A3t

2 dTelxe AHuolx ;ﬂ%’:?} Al 2R3t FEA}
%l”?ﬂua AAANA ¥ st H AAZA A9
5 A5 HAgE ngc}ﬁq ﬂ”ﬁ}’* a5}

7] o)do) MEE FEQATEIY AZFS 98 2

3 A Z(cross-ply laminate)¥} Wi ozt A9
(antisymmetric angle-ply laminate)o] th3l 7129
AAH22] B gIs)(exact solution)s} B A
A% vmaidth AAzRAEe 9 Az &
YBFEE 689.0Pag W= 228.6x127mmel Hu
olt}. dj4o] ol8d ABEw T300/5208 graphite/
epoxy°|i B4R ol rt.

E1 =1 32.3GP3, E2= 107GP<1, G]2=G13 =5.6GPa

Table 1. Comparison of exact and finite element solution, z-dis-
placement(in) for laminated composite plate (9 by 5)

Lamination | Typeof | Uniform LiEMSolu(ion FEM Solutionf  Exact
Scheme Laminate | Pressure(Pa) Reddy[22] (mm| Present (mm) | Solution{mm)
(090} Cross-ply 689 a2% 4188 4185
[0900%90) | Cross-ply 689 34 343 340
[050/900) | Cross-ply 689 584 584 582
Anti-symm.
wsasrasy| o ke | s | 2 | 2w
Angle-ply
. Anti-symm,
[15-15115)-15) 689 6.39 6.39 6.39
Angle-ply
Anti-symm.
sy [T e | ome | e | 406
Angle-ply
Anti-symm,
sy UMM e | ogae | 602 | 66
Angle-ply

G3=3.4GPa, vi;=0.24, h;=0.127mm/ply

g2 Z 2= Table 1 oA Bjwalggch Table 1 oA
& & dEe] HMde 1EY M4 ¢ dgs
Z dxeln &S ¢ F ok

E3 AR duelE 884 TRadg dA
g HEge] AAAM fAX guFEe] AEE A9

24 Az A S 2x] gn 9 dFEE de
ol gt A= HA3E YA of A A
7} S5WE dXe 3R 74" —70%3?0
o5 FE HEHo] Ao ZxE 78 do23].
A Zte] 347»‘135} -:45}1/\1 FAR dnEdy FYE
5 F S e o-gat o] A%k

Population size=30

Length of chromosome=16

Maximum number of generation=50
Crossover probability=0.8

Mutation probability=0.02

Select the winner of randomly selected 5 indi-
viduals

A3z Az 2 9 YA Table 27} Fig. 8
7} 2t} Table 2014 € & Uxe] FFde 0° 2
2 FAHAX D F AR AololA dojzlct

2 ddae ojde #A& BiM AFE ¥

Fitness
v

average

—g— fitness

0 1 I ' I )il T k4 ki I

15 10 15 20 25 30 35 40 45 50
Number of Generation

Fig. 8. Convergence process of fitness and average values
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Table 2. Result of maximum strength design of composite lami-
nate under uniaxial loading, P=500MPa

Best Final Chromosome | Stacking Sequence | Objective Function | %
(000000000000000 [0s)s 027 2
* : Generation when best chromosome obtained.

£x20F FH2 dnYFS AHdela HETL
Al2elel REZ o] 438l @A A|(simply support-
ed)Z273 nARAA2A(clamped)slo)r] FLEFE}
F< ¥ 504 diE 44 RER ¥
73591 dAA Aol ¥aig A4l el A= HAH3E
483} 3 7}2 4] 2u)(aspect ratio, b/a)e] Wzl w2
AFo 9zlE @t £ FW AFEEFE T
AFo] EAlste AEgd deMdz ookl ’Q?ﬂ A4
sholl A A o] Wy g Zx HAIE S
o. dAo A&"E A8E HFG CU-125NS
graphite/epoxye} i B4 Table 33 v}

3.1 DURISES W HEW

100mm¥3E gto] 1 4 & 1630tk

047]*1%:— Agzde] FAHA E%g A4 A=
o #HHE Azde] FAHUS Afol deiA FH

&2 ’“335}915} olzigt zAstA HAdE A=
Table 49} Table 59 vehids Table 4= 33A
Azdela Table S+ GEAAZAs A FHAzld
A Eo|th A &5 A5 v aslgoh

Table 4 ¢} Table 5|4 casel& ) ZAxto] B
g A$olx case2e Fig. 3olM A-R7AA G| &4
3] e AY 2o sREA Afoln cased
case2 X7l Fig. 1o]A #33} vEge dAE &

A= AAe o]l 48 H&%L Fig. 99 £ 100x
Table 3. Material properties of HFG CU-125NS graphite/epoxy
Properties Values
Elastic modulus in fiber-direction, E, 135.4 GPa
Elastic modulus in transverse-direction, £, 10.0 GPa
Shear modulus, Gy, 4.85GPa
Shear modulus, Gi3 485GPa
Shear modulus, Gy 3.62GPa
Poisson's ratio v 0.31
Ply thickness 0.125 mm
Tensile strength in fiber direction, X7 1933 MPa
Compressive strength in fiber direction, X, 1051 MPa
Tensile strength in transverse direction, Yr 51 MPa
Compressive strength in transverse direction, Y, 141 MPa
Shear strength, § 6! MPa

umvEwag, =g, =0

ety oty

: H ws u=0
veo |i i a0 v =0
a0 i HERY s L w0
4201 H # =0 4,20 $.=0
H H =0 4 =0

umwng, =0 uzvewag, nd =0

{a) Simply supported {b) Clamped

Fig. 9. The boundary conditions for full-laminated composite
plate under uniform pressure

&A717] 93 0%

Table 4. Design results under uniform pressure P=0.5 MPa
(All side clamped)

< Igsele 2] FUtE 7

Design Heuristics | b/a| Best final chromosome | Stacking sequence |Obj.| %
CASEL 1 1000110000 10010 | [-4SHS900/0045), | 051 | 1
~Symmetric 2] 000100000 [0%050:), 088 {7
CASE
-Symmetry
~Bilue L OIoIomonion | psonstis), |08 4
~homogeneous stack-
ing sequence
~Minimize grouping
of the same orienta-
tion plies
~Separate +fplies
—Avoid grouping of
0" plies 21 100001000001 1110 | [4S/0/450/45/5045), | 082 | 10
~The difference of ply
angle between adja-
cent plies must not
exceed 457
CASE3
~Symmelry .
~Balance 1] OrI0110000 110000 | [H459005%00, 0511 4
~Minimize grouping
of the same orienta-
tion plies
~Grouping £0plies y
~Avaid srouping of 21 0100000011000 {0000, (073115
Wpies
I - {O45I%043)), 1085
. 1 - (04590450 {091
asi-soiropic
Qusioge - s, |10
1 - [0A5%0045) | 10
Obj. : Value of objective function

* : Generation when best chromosome obtained
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Table 5. Design results under uniform pressure P=0.5 MPa 10
(All side simply supported) o coset
0B} —A-cosed
Design Heuristics {b/a| Best final chromosome | Stacking sequence |Obj.| L T
CASE! 1} OTI0I001 1010010 | [3-d5y45-45045), 0371 S Y
S ymmec 7| OO0 | s, |08 3 Tl
CASE2
02
~Symmetry
~Banee DL OHT0101011000 | pss0-45008s), | 05 | 2 ” m 20 ) m %
—homogeneous stack- Mumbec of Gensration
Eg;eqpenc: - Fig. 10. Convergence process of genetic algorithm under
TRINIEE ZOUPING clamped boundary condition
of the same orienta-
tion plies 0
~Separate +Hplies
—~Avoid grouping of b S
WPHE‘S ASNASY. 45 x ““”2233
The e o ly 10 1000000101001000 | [45044540-450), {0881 8 ﬂ!'—-o'ﬁ =
angle between adj- o4
cent plies must not
exceed 45 0.2
CASE3 0.0 . . . L
1 10 20 30 40 50
—Symmetry e Kumber of Generation
~Balance | lonorononiono (4S5, | 037) 4 Fig. 11. Convergence process of genetic algorithm under sim-
~Minimize grouping ply supported boundary condition
of the same orienta- )
tion ples gl fitness gk vstn Flquasi® [02/45/90y/-
- ang Afnl *
_f\if’;‘;’“fr;uph‘fjof 2| OWo0IwI | pas0n0w, (02| 13]  45:1EZol i fitness #& 2| geh. Flg. 103} 11
s o & 4 glze] SA ArielfelN FFskm ek,
- w3k Table 6:& Table 49} 594 dojx Azg =
Quasi-isoiropic | ! {45904, 1073 ol AL R - % I 210
- TR m b/a=1Q1 75 diaiA Fae dAAAEY FFE
! 10435045 - 337] 93l 4489 WS g FY-EY
; = QAT 7 ASBENN A HU 3T 57
: 85 vlwalgch

Obj.:Value of objective function
:k:Generation when best chromosome obtained

Solct. Table 45t Sl 348+ % 54 A
291 [04/45:/90,/-45,)9) BAES o2 e H|Z
veRjch Table 4°ﬂ/\1 ‘Q + 9%o] bla=1¥ A%
SEEE) =
#E A= 50%78 VF—’\]% 4 dfm b/a-—Z%}
A% < 30%Fx FA2AD F Uk

Table 59|M b/a=1d 7% A5 FEHE5L &
S Ao v EFELAE A2 40~50%%

T 72AAE £ Y9 bla=2Y Ao & 50%3E
e F U}k Fig. 103} 112 b/a=19) 7S
a|A ZARRA S} G Az el fitness &k

o FEHRE Uehd Aotk 4714 FTe 2z 7%l

27 FALH Ak FEz 2 ABAQUS
£ ol&3lin ABAQUSHA AFete 3D layered
solid elementZ 0|88} t}. Table 62 AR AZA
o 7% Y3 vEge JAIAYLE case2dld 7B
2 g2 23 case3oA HAHUE et} oA
case39] ZA$ FI-vEY QAAMAE i ]7]7?
g AAA ] FEHR(7] f&olth FF A
caseloA] 7FF & 38 zZtm case29A] HAagk
= o] AE caseld] Af 3 THAL %
Az GAAH ] FHHA Fhyw ©A] EAG
A3} 7] oo FAFFERE casee] HlgA
A 7 YRS 2 g etk Table 69
DA A2 AL wyn vEEe] dAREE &
= A9 [04/454/904/-45:)s0 4 THE 2 @

tlo e

(s]
B

!

U

4>
>¢L m[o Uy WY rlo o o



Ei1% 559 1998.10

Afejolx AR} Al2g% £34 enelEd B A9 ERA S0 F=AdA 33

Table 6. Bending-twisting coupling stiffness and interlaminar
normal stress for design results

Boundary | Design . Obj. 1Die=Dis] (82)nm
conditions | results Stackingsequence function| (Nm) | (MPa)
Clamped | CASEL | [-45/45/90/0490/0/-45), | 0.51 | -1.77 | 26.04
CASE? | [45/90/45/04-45); 066 | 104 |2038
CASE3 | [ +45/90/0,/90/0;); 051 | 1731239
Quasi- | [(0r45/90/-45),); 085 | 345 | 2419
isotropic | [0:/45,/904-45,] 10 | 592 | 25.1
Simply | CASEI | [45/-45,/45/-45,/45,); 037 |-148 | 385
supported | CASE2 | [45/90/-455/90/45,}, 05 1049 | 3.88
CASE3 | [-45/45/(+45)s); 037 | 049 3.4
Quasi- | [(0/45/90/-45)a); 073 1 3451 60
isotropic | [0/45,/904/-45); 10 ] 592 12027

Zrm case29} case3olA HAE zteth 27k &9
AEX dA] 5074 AEY [0/45/904/-45,)004
1 E gz FAslE AnEe A AR @
£ Yehd At

3.2 120 Exlsk= H§sT

£ deMe 930 EAldle FEWo] 435
I oSS HE AL U3 Az HHEIE F3
BlHE o] Ate AYEIEEEANE 2] HYd)
FAgElela AAAGe] EAlge BAloth webA
o|AIE T2 AAR o] FEHTh

Z Fig. 2014 I8 AF73Ade] &4 2% A4
He AAAHel ey FrdAd ol &d AEH
o] A2 Fig. 129} o] 100x100mme] AALZE
Hyel] 27 20mme] YFo] EAshe A fold. Fig.
12614 & & URo] a=00]H UZHdF20] Hil «a
=20|H ol&eF 27T UGS T 958 ¢gd
(cylindrical pressure vessel)djA] @A sl 5827
I FY3A ok E deA] sl skEszae xw

cgo g FUYEFEE Pl=100MPa oj1 a=0¢] A%
¢} P1=50MPa o]31 e=2%! 7-$-olt}.

Table 72} 8& Ztz} 4&3157 o|&3ts 8o
A FHHzld 234E Jepd RAejth Table 73} 804
o Ul HAzE AFe FFUA HE Hjg
AN BRAgLE 4 60~50%3 = ZAANE e
£ ¢ 4 3t

I8y HH3d AnEe BF 5Yd BEgs
< ey oA FYIExide g

gl
dre EEAIHY 3 YRS nsA &

T ren

100mm
5

P=p

w
Y

100mm

a4

Fig. 12. Dimension of laminated composite plate with a hole

Table 7. Design results under uniform pressure P=100MPa.
(uniaxial load)

Design Heuristics | Np | Best final chromosome | Stacking sequence | Obj.| *

CASEL 8]  011000W (5450, [038] 1
“Symmetic |16 010001 0010100000 | (0404530, 038 1
CASE2
—Symmetry
—Balance )
o ok § | 01000010 545, 03| 1

~Minimize grouping of the
same orientation plics

~Separate +hplies

—Avoid grouping of 90°
plies

~The difference of ply angle
between adjacent plies
must not exceed 45° )

-_Shk‘? primary foxd camy- | 16 | 100001 01 00001000 | [-45/0/45,/0,-45/0), | 038{ 1
ing plics

~Avoid Jocating transverse
plies 1o reduce interlaminar
stress around a hok:

CASE3

~Symmetry

~Balance

~Minimize grouping of the
same orientation plies

~Grouping +plies

~Avold grouping of %'plies

~Shield primary load camy-
mps 16 000000 1001 1001 00

—Avoid locating transverse
plies 1o reduce ineerlaminar
stress around a hole

oo

01000010 (4510545, 038 1

07450 10381 2

[(045/90-45n), | 10
[04457904-45 | 1.0

Quasi-isotropic | 8 -
16 -

Obj.:Value of objective function
*:Generation when best chromosome obtained
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Table 8. Design results under uniform pressure P1=50MPa,

P2=2P1. (biaxial load)

Design Heuristics | Np| Best final chromosome | Stacking sequence | Obj.

CASEl 8 HOIOH [0/d5/-45/90), | 048

o>

~Symmetric | 16| 11OLOV LT 1T 1011 10 |[9045,/904-45/90/-45)) 0.48

¥
2
|

CASE2

—Syametry

~Balance

homozencons suckin | g | 1111110 [0s19045), |08
RqueIce

—Minimize grouping of the
sam orkntztion plics

—Separa +fplies

—Avoid grouping of 90°

phes

~The difference of ply angle
betsween adjacent phies
must rotexeeed 457

~Shiekd primary load cary-
ing plies

—Avoid localing wansverse
plies 1o redwe interlaming
stress around a boke

=

HIOITI0 TR0 100 | [(0~45)4(50/45)), |0.48

CASE3

~Symaetry

~Balarce

~Minimize grouping of the
same orientation plies

oo

1o 04590, 048

~Grogping Hplis

~Avoid grouping of 0'plics

~Shicld primary Joad camy-
ing plies

~Avold Jocating transverse
plies 1o reduce interlzning
stress arourd a boke

=

THHTHIO0ETTIO0N | [90/ 45190/ £45], | 048

Quasi-isotropic | 8 - ' [(0d5/90-45),), | 1.0

16 - 10445990045, | 10

Obj. : Value of objective function
* ! Generation when best chromosome obtained

©- [45/0/45/0/~452 /02 ],
o & [—45/0/45; /02 /~45/0)]
e (03 /445, /0],
S (02 /45, /90, /~452],

% [(0/45/30/~45), ),

L]

o
w
T

Thickness, h(mm)

Sz (MPa)

-0.1 9] 0.1 0.2 0.3

Fig. 13. Interlaminar normal stress distribution through-the-

thickness

Bt AZeAd AHglol A3de P A2
TYHE 74 FolA SR EXI $Y8r) gRolt)
HA3E 2059 A5 S d8 dFexL v 32
o] dislA olHe] FUEEsZoAM S} o] A8
Fgarsa =299 ABAQUSE o] &dld gz
AelAe] FSHAAEY EXE nAsU) A6
AHEE f3E8 4 E 3D layered solid elementE o] &
8}tk Fig. 13-& Table 7oA A|A18 A2Se] Hu)
1 F2880] BAsle REAN FANgos &
H439 EXE Y Aelth

Fig. 13914 ©x] dAzAw R2ag H2%9
[45/0/45/0/-455/0,)& Hul Z37r33o] FPHA
WAetn Fig. 12014 Helg 2zt 09 28} Fig. 140]
A G & UKol ) digla 0=60~75% &
ZoA FARE S A HARHo] BT A
48 FHEWQA [-45/0/45,/0,/-45/0]; o] A$ A &
g8 E 0°57 45°FAoldlA EAst T Fig. 15914
& T IRe] BEEe gl 0=75~90% F2o
A st E534 A% 9 OE HHe A3s
of visl] F3HeEg AE3 AaAE £ Uk

AEddzAe g7 F9 aFzze] IR A&
e [0y£45/0] 85 A$ Ho) Zege 0°
%3} 45°FAtelolM BAStE Fig. 16004 @ 4 g%
o] &z tigA =755 BRI WAstn F
Aozl 271889 BX¥E 2% Qlgolth HA
39 Ze 504 A3 [0/45/90,/-45,) &
[(0/45/90/-45),]:%} vt eh. F A5 =% JY 2
e8e FHHAM T3 Fig. 173 184 &

Fig. 14. Interlaminar normal stress distribution around a hole for
casel
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Fig. 15. Interlaminar normal stress distribution around a hole for
case2

F gUFel 3Pl thalN I=75% BT Ly
hm FAMgo g $73ee] BXE [04/45/90;-
45,19 A% HUge veict

4.7 =

2 rdAE BRHEne HRHAE 9% A=
T 7S NEstR ol o]4¥ EfEzue Ax
HAAE YA A ALLE H3zte o|abg)
H 424 0%, 90°, £45°% o] g3igth. oakste A
T4 Ze A0 HAE HEM A4 A
ol AE7t Al2sl(knowledge-based expert sys-
tem)E ©]83T o] AlzEdtN FAA gueE

Fig. 16. Interlaminar normal stress distribution around a hole for
case3

3 FEessy 203 E4eigh

L B3t 38 Fo 5217 27238004
BEE A3 7] A3 AEEeAE AT £ e
AAdle]2 HEZF A2de AEsint. o] Aawe
34 7B 4AA ALHE 284 N4y 2
FA FEE AT GFT 8 L 4P B &
A HAANFES AT 2102 s olikdd S
ez 748 HA9 AZeM9 23S 2e H3H
< AAsA.

2. 294389 UAN A85R e WARA
dF27, 7159 24, ZATEolY 2702
WAE A8 24 2 HHEA 2@ @

Fig. 17. Interlaminar normal stress distribution around a hole for

[02/454/90./-45,)s

Fig. 18. Interlaminar normal stress distribution around a hole for
[(0/45/90/-45)},
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