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Prediction for failure envelopes of composite laminates based on

refined generalized method of cells

ZHANG Boming” , TANG Zhanwen, LLIU Changxi

(Center for Composites and Structure, Harbin Institute of Technology, Harbin 150086, China)

Abstract: The generalized method of cells is often used in micromechanical analysis of composites. Large number
of unknowns and lower computational efficiency are the shortcomings of original generalized method of cells. Here,
the original method is improved by refined generalized method of cells of which unknowns are tractions of subcells in
this paper. The micro - components such as fiber, matrix and interface can be modeled fully by the presented
method. The macro — micro multi-scale mechanical analysis of unidirectional composite laminates can be achieved by
the presented model. A prediction method combined the classical lamination theory and failure criteria of micro -

components is presented. A quantitative assessment of failure envelopes is developed to evaluate the performance of

failure criteria. The higher computational accuracy and universality have been demonstrated in comparison with other

methods and experimental data provided by World- Wide Failure Exercise.
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and discretization of the repeating unit cell
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F L BT 3 D A Al AR R 28 LR S LS AR 4
AT Z AR SRBE T T . TT IR BEAT A WLLL 0
AL g =P A8 T, 38 2o ) B b Y A T AT
o PSR BERAZ - W75 R R I AT A L Y
W RE T2 ek » 8% ) K BT I 16 B X R A% 3 38 A
A B A, BEAT N — AR S - AR .
P & R AT BN R B R
JEABAK T AT AT B SRR

PRy e
SO AL B D SR R A R RIS i

WIBEHE I 5 ey & D FPIED 19 07 72 MLHl R i) i s N M
T3 RS R T

Interface
Matrix

Fiber

T3 2 A o A5 R 55 22 R A B0 AR 45 A TN 2 AR R
Fig. 3 Implementation of refined GMC coupled with classical

lamination theory to predict failure envelopes of laminates



+ 204 -

Pox
oy
Ren
»
W
Y

3 MBASKRIAEN

3.1 EfRZEN

Xee <enn < Xro ‘ V23 ‘ < X
x&<@f<x&,<{%j<x& (13
IXCE ey < X ‘ Y2 ‘ < X«

Forprs X Ry SRR B R 406 A8 5 Xor Sk S AR A B iz
R AZ s X Ry FEAARAR B 5T 1 1 A%

3.2 FHERIAEN

2

S =1.0,=0 (14)
T
2
o
;ﬁ =1,0,<0 (15)

Horpr: Yo N EFLERLMGREE s Yo O £F 4 IR 46 5 JEE
3.3 FEkEN

2 2
<tn> L 4 i
)+ [e] 4[] -

Hode O A O IE B3R 8] e, O B R [o] &%
tas tos to IR YL UI1E) BT R AR 1 TR g5 Y
Yoo Y, AR ) s

4 FEHMBEHNFER
S T A 5 B2 9 D) v el P 38 ) N7 7 Sy S L T AR
A T SORE SR HE A A bR R T 1Y L T 43 i A B AR
I TE Sy R R 5 1)) S V) 1) J7 61 8 7 o 0 ff1 ok ST
AR T 1 5 A bRl s PR, B EH TILE O
R ST AR I VI T 1) o K SFLIRAR 09 1 B 0 ) T
T 4390 53 fif 380 FL AR B 25 26 07 ) AP 2607 ) | Can
K4 s, AT .
t, = Tisin(§) + Thcos(9) 17
t, = Thcos(@) + Tisin(@) (18)
Horps B TREF @A, JFEEs, 8 T M
T WEA IE G 23 AR AL A e 46 RS .
£ 2t Jy 1) Cift ) 5 1)) 8 90 1) 1z ) 45 3 B ENAE
JHE b 155 77 1) B L T
y = Ti a9,
W 2oy ros o ARAE S TH AR 58 B2 E ] (L CT6))
HEATFIWT . S R &R T SR .

5 BEEBEEENHE

AR SCHR SR T 5 2 o3 M > ALY 8 1 3 E DR
MT7k . BABEME S P, D AR X
A R D A B R o A R D S A Y

I Matrix
I Fiber
[ Interface T)

X

X3
a
>

o
Bl A4 Al S B AR T8 e BTG AR % 1) 5 U0 e 8 ) 89 43 A O i
Fig. 4 Analysis method of normal and tangential stress

of interface in refined generalized method of cells

Test data points
Distance between test data point and coordinate origin
Distance between test data point and predictive strength point

>oX )

D,

B5 SR JR R0or Br 20 8 S R S S B O ik SR A
Fig.5 Schematic of assessment method of failure

envelopes adopted by World- Wide Failure Exercise

TR 5 T ) R A 22 . RIS B9 07 ) b f S
SREE. D AR T ZAA BT T 095 B S o
SREEMIE B . K25 R ko= | D; | /D: s SR )G R
T s 2 19 (45 S0 o 0 B0 4, B 2R R T 2
Bk H o A S g, AR<<10%) . B(10% <<
R<50%) . C(k=50%) . NACAKRE L&, BIHIE 1
AT .

YL B AR SR B T 18 A TR A, W
N8 A A, X R AR A IR s A T 28 A4
PR A, W R 28 A Al {HR B F 2 i i i 2
W AMBRIFAZ, FTUAZUEIA fl B A
O FVE R PE D0 HE 24 B A . BIKE A+ B B LUAE B

PO A B 3R LA 100, d 75 30 E 43 i (9 2 DU
B



SRIEHT . G IR T ANk SRR AL A9 52 5 BERHZ A AR SR TR T i

+ 205 -

6 & B

N T SN B AR SCRERL, ARSCRORA T
T 5 8073 B~ R ) R AR L R S R e 2
(9 430 o0 A 5 ) S D s AT Sl . R B A
TR RA R MBI EA RS E R 1. ZH
B2 07 0, FEAREE . MR B T O AE
2%K 2,

T bR A5 PF R A0 A0 o R R X B ) Al

[01.+ BAHM[90/30/—30]s, [90/445/0]s. [55/
—55 Js #EAT XUh 2 oam B3 B, JF 5 Puck,
Cuntze, Tsai, Chamis, Mayes, Huang %% i 7
I F) 45 SR AHRS LG S50 8 T8 6 o AR SO AR B
X 2H A3 MERECEF 4 He AL S TH D SR Y 2 B 1 B
14 58 4 W B e A 2, R A 450 s 2 A BT A W
BRI R AR T G R 100) . 20 4k B i 48
BT 0 B AR 0,/ 7y 00/ 7 B8 BE T TE B 1) 2847 8

F 1 AS4, T300. Gevetex, Silenka £ZF4E, 3501 - 6, BSL914, LY556, MY750 SR E R A5 fn R E AR E A A
Table 1 Properties of AS4, T300, Gevetex, Silenka fiber, 3501 - 6, BSL914, LY556, MY750 epoxy and interface
Modulus/GPa Strength/MPa Poisson’s ratio
Material
E, E,=E; G2 =Gy G Xr Xc Xs Vi, = V3
M1 225.0 15.0 15.0 7.0 3350 2500 — 0. 20
M2 230.0 15.0 15.0 7.0 2500 2000 - 0. 20
M3 80. 0 80. 0 33.3 33.3 2150 1450 — 0. 20
M4 74.0 74.0 30. 8 30. 8 2150 1450 — 0. 20
M5 4.2 4.2 1.6 1.6 69 250 50 0. 34
M6 4.0 4.0 1.5 1.5 75 150 70 0. 35
M7 3.4 3.4 1.2 1.2 80 120 60 0.35
MS8 3.4 3.4 1.2 1.2 80 120 60 0. 35
M9 8.3 8.3 3.5 3.5 60" 200" 200" 0.18
Note: M1—AS4; M2—T300; M3—Gevetex; M4—Silenka; M5-—3501-6; M6—BSL914; M7—LY556; M8 -MY750; M9 Interface;

* Strength of interface in normal, tangential and longitudinal directions, respectively.
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Table 2 Summary of layup of laminates, width of ply, material types, case number and types of loading

Layup of laminates

Width of ply

Material types

Case number

Types of loadings

1 6y /Ty
Silenka/MY750
Single ply [0], >0 2 62/ Tay
epoxy
3 0. /oy
90°ply: 0.17 mm Gevetex/ 4 6./ 0y
[90/30/—30]s
30°ply: 0.41 mm LY556 epoxy 5 6./ Tay
6 0./ 0y
AS4/3501 -6
[90/445/07s 0.14 mm 7 oy
epoxy
8 oy/o, =2+ 1
9 o./cy
Silenka/
[55/—55]s 0.25 mm 10 oy
MY750 epoxy
11 oy/o, =21
0°ply: 0.26 mm Silenka/
[0/90/0] 12 O
90°ply: 0.52 mm MY750 epoxy
Silenka/ 13 oy/o, =141
[45/—45]s 0. 25 mm
MY750 epoxy 14 oy/o.=1% —1
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Table 3 Deviation of prediction for failure envelopes based on different failure theories and assessment points adopted

by World- Wide Failure Exercise single ply

Assessment  Deviation Case Test Stress

point Tsai Puck Chamis Cuntze Mayes Huang RGMC number data/MPa ratio

1 0. 00 0. 00 0. 00 0. 00 0. 00 1.05 0. 10 1 35/0 1/0

2 0. 00 0. 00 0. 00 0. 00 0. 00 0.17 0.31 1 0/72 0/1

3 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0.18 1 —114/0 —1/0

4 0. 04 0.15 0.15 0.21 0.15 0.34 0.03 1 18/51 0.35/1

5 0.02 0. 04 0.18 0. 10 0. 16 0. 00 0. 39 1 —44/82 —0.54/1

6 0.00 0. 00 0. 00 0. 00 0. 00 0.00 0. 36 2 1500/0 1/0

7 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 30 2 —900/0 —1/0

8 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0.18 2 0/85 0/1

9 0.17 0.09 0.23 0. 10 0. 20 0.05 0.42 2 1417/68 20.7/1
10 0.29 0. 29 0. 35 0. 30 0. 34 0. 28 0.05 2 815/113 7.2/1
11 0.02 0.16 0.02 0.15 0.05 0. 33 0.02 2 —678/50 —13.6/1
12 0.05 0.10 0.13 0.09 0.11 0.11 0.13 3 1138/—60 18.8/—1
13 0.01 0.34 0. 10 0.24 0.54 0.49 0.06 3 834/—90 9.3/—1
14 0. 04 0.17 0.10 0.15 0.24 0.21 0.08 3 510/—120 4.23/—1
15 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0.13 3 —800/0 —1/0
16 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 10 3 1280/0 1/0
17 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0.45 3 0/—145 0/—1
18 0.00 0. 00 0. 00 0. 00 0. 00 0.97 0.05 3 0/40 0/1
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Table 4 Ranking of prediction abilities of failure envelopes for single ply based on refined generalized

method of cells and other failure theories

Score Ranking in Ranking in
Failure thoery
A B C NA (A+B)/18X100/% current paper World- Wide Failure Exercise
Tsai 16 2 0 0 100 1 1
Puck 13 5 0 0 100 2 2
Cuntze 13 5 0 0 100 2 2
Chamis 13 5 0 0 100 2 2
RGMC 8 10 0 0 100 3 4
Mayes 11 6 1 0 94. 4 4 6
Huang 9 7 2 0 88.9 5 8

* Supposed ranking in World- Wide Failure Exercise.

x5 BEAWMEEZEGPHFAIYUIMITRAWTEN AR EMERPBIEHTNLE RIFEE
Table S Deviation of prediction for failure envelopes based on different failure theories and assessment points

adopted by World- Wide Failure Exercise for laminates

Assessment ~ Deviation Case Test Stress
point Tsai Puck Chamis Cuntze Mayes Huang RGMC number data/MPa ratio
1 0.10 0.22 0.59 0.29 0.14 0.51 0.34 4 202/577 1/2.86
2 0. 45 0. 06 0.82 0.01 0.03 0.08 0. 40 4 138/—195 1/—1.44
3 0.71 0. 84 0. 40 0.41 1.04 1. 32 0. 34 4 —82/—179 —1/—2.3
4 0.12 0. 10 0.19 0.11 0.12 0.61 0. 06 4 351/385 0.9/1
5 0.49 1. 06 0.16 0. 65 0.73 0.72 0.49 1 —114/0 —1/0
6 0.24 0.22 0.33 0.05 0. 26 0.17 2.81 4 282/0 1/0
7 0.47 0.15 0.78 0.29 0. 34 0.15 0.14 ) —308/138 —2.3/1
8 0.47 0. 10 0.61 0. 20 0. 10 0.07 0.07 5 308/283 1/1
9 0. 39 0.11 0.67 0.01 0.08 0.10 0.41 ) 0/249 0/1
10 0.47 0.16 0.19 0.32 0.22 0.17 0.06 5 —350/0 —1/0
11 0. 56 0. 10 0.63 0. 04 0.32 0.24 0.29 5 560/0 1/0
12 0. 40 0. 56 NA 0.52 0. 60 1. 36 0.35 6 —349/0 —1/0
13 0.13 0.42 NA 0. 26 0. 39 0. 46 0.04 6 312/—281 1.1/—1
14 3.15 1.75 NA 1. 47 1.76 1.76 0.04 6 —301/—275 —1.1/—1
15 0.24 0.05 NA 0.07 0. 10 0.75 0. 00 6 969/728 1.3/1
16 0. 14 0.03 0.51 0. 10 0.08 0. 35 0.49 7 718/0 1/0
17 0.13 0.03 0.10 0.02 0.05 0.66 1.45 8 808/404 2/1
18 0. 10 0. 00 0.53 0.58 0.13 0. 40 0.13 9 0/68 0/1
19 0.15 0.24 0.24 0. 26 0.62 0.13 0.14 9 107/143 0.75/1
20 0.38 0.39 0. 30 0. 10 0. 81 0.52 0. 30 9 374/288 1.3/1
21 0.35 0.37 0.71 0.36 0. 80 0.07 0.49 9 939/283 3.3/1
22 0.05 0.02 0.31 0. 06 0.15 0.01 1.50 9 0/—150 0/—1
23 0.54 0.28 0.77 0.33 0.48 0.24 0.24 9 —792/—396 —2/—1
24 0.19 0.18 0. 15 0.19 0. 84 0.62 0.25 11 736/368 2/1
25 0.67 0. 44 0.76 0. 50 0.63 0. 46 0.53 10 594/0 1/0
26 0.33 0.09 0. 05 0.07 0. 00 0. 20 0.08 12 609/0 1/0
27 0.18 0.28 0. 35 0. 30 0. 86 0.65 0.35 13 502/502 1/1

28 0.23 0.23 0.35 0.22 0.25 0.35 0.05 14 95/—95 1/—1
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Table 6 Ranking of prediction abilities of failure envelopes for laminates based on refined generalized

method of cells and other failure theories

Score Ranking in Ranking in
Failure thoery

A B C NA (A+B)/28X100/% current paper World- Wide Failure Exercise
Puck 10 14 4 0 85.7 1 1
Cuntze 10 14 4 0 85.7 1 1
RGMC 8 16 4 0 85.7 2 2
Tsai 3 20 5 0 82.1 3 2
Mayes 8 9 11 0 60. 7 4 9
Huang 5 12 11 0 60. 7 5 10
Chamis 2 11 11 4 46. 4 6 11
* Supposed ranking in World- Wide Failure Exercise.
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