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Abstract This article experimentally and numerically investigates the delamination propagation behavior of
T700/QY9511 asymmetric laminates under tensile loading. Five kinds of laminates with different initial
delamination positions were designed, and delamination propagation tests based on the double cantilever beam
configuration were conducted according to ASTM standard. The results showed that as the distance between
the initial pre-crack position and the mid-plane of the specimen increases, the fracture toughness shows a certain
downward trend. A finite element model was established using ABAQUS software, and the delamination
propagation behavior was simulated using virtual crack closure technique and cohesive zone model. The
predicted load displacement responses were in satisfactory agreements with the experimental results. In
addition, the distribution pattern of strain energy release rate at the crack front was explored through virtual
crack closure technique. The results can provide theoretical support for the design and analysis of asymmetric

composite laminates.
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Table 2 Fracture toughness of specimens with

different initial delamination positions

Speci Fracture Average/ Standard
pecu;len toughness/ (1\? inangli) deviation/ Cv/%
famber (N-mm™) (N-mm™)
DCB-1-1 0.360

0.3305 0.04160 12.58
DCB-1-2 0.301
DCB-3-1 0.296

0.2835 0.01763 6.22
DCB-3-2 0.271
DCB-5-1 0.304

0.296 5 0.005 32 1.79

DCB-5-2 0.289
DCB-7-1 0.283
DCB-7-2 0.265
DCB-9-1 0.240
DCB-9-2 0.256

0.274 0.01269  4.63

0.248 0.01833  7.39

Specimen Height /mm Calibration Critical
number parameter A/mm  load/N
DCB-1-1 25.01 2.16 63.06
DCB-1-2 25.01 2.35 61.99
DCB-3-1 25.01 1.98 51.99
DCB-3-2 24.96 1.62 50.45
DCB-5-1 25.00 2.96 45.46
DCB-5-2 24.98 2.40 38.75
DCB-7-1 25.04 2.31 43.22
DCB-7-2 25.02 1.65 43.36
DCB-9-1 24.96 2.14 34.72
DCB-9-2 25.01 2.59 34.30
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Table 3 Comparison of simulated critical load by
VCCT and experimental mean values for specimens
with different initial delamination locations

Specimen  Experimental  Simulated Relative
number  mean value /N  result /N  error/%
DCB-1-1

62.53 66.53 6.40
DCB-1-2
DCB-3-1

51.22 54.23 5.88
DCB-3-2
DCB-5-1

42.10 46.08 9.45
DCB-5-2
DCB-7-1

43.29 40.36 —6.77
DCB-7-2
DCB-9-1

34.51 35.86 3.91
DCB-9-2

Bl 10 3k T VOCT B4 21 1) 9 B A% R
BRI A 45 R UL K SR 85 B2 Xt b, T
LUE i, VCCOT (4 4h 585 56 o i s 2101
I RN AR B B TICR 7 & Gy FEARAE R — AN K P 2t
RN, B4 55 IR0 45 W) & BT

B 11— D4 T 2T VOCT B 211

R 55 T1 RS R AR RERETBCR I 4 A5 0 o AT 11 AT RA
& B TR RAR RERE TS % Bl B A MRHE A i R
X R (1) 386 I aZe i A /), T T A AR e R TR
bEE 5 A AR E B AR SRR FRAE FE 1S n i 38 K
DCB-1 i {1 (1) T 24 B 3% g B % 9 0.30 N/mm
FeAi, T DCB-9 Bl (¥ T 84 B4R R R i A
0.22 N/mm 7 47 ; DCB-1 314 ¥y I1 B4 3 4% fig B
JCRALA 10° N/mm, 1 DCB-9 iR 2F /) 11 &L
R TICRIER] T 0.08 N/mm. A, 1
R 55 TT 7Y AR e R JECRE 1) 43 A7 15 0 B & R 1 3R
X BRAR BE R AR AT P2 AR AR A . B S A AR R
FRAFEFE I BG I, T 2 AR BERE 503 1Y o b 32 7 ek
/INTRT TT 28 AR R TS 1) o BLOg T4 K

2.2 ETF CZM W4 B BERL

K 7 A BR e ABAQUS #E07 f) 4
5 R DCB AP 12 s #ALE K 150 mm,
P 25 mm. b FARCR A SRR T, $oo R
[ VCCT #£ %4, H1d] cohesive E X F COH3DS
Bt, JEEN 10 pm.

B 13 N E A ARG 7 2 6 Bl AR 1) CZM
R 45 IR 5 e 4 SR 1 #rer- 6 # it 2 LE . M



* 1M 38 WS BLMEGT T EAMBHEEN IR SR BT R 5 BUE AT AT 37
0.35 0.35 0.35
0.30 W‘W‘fﬁ% 0.30 | 0.30 |
o025} o051 e =025 "’W
g g L = L
g 0.20 g 0.20 g 0.20
Z 0.15 Z 0.15f Z 0.15f
= = =
gy 0.10 —— DCB-1-1 G 0.10F —— DCB-3-1 G 0.10F —— DCB-5-1
—— DCB-1-2 L —— DCB-3-2 L —— DCB-5-2
0.05 o VCCT(DCB-1) 0.05 o VCCT(DCB-3) 0.05 o VCCT(DCB-5)
0 : - - - 0 : - - - 0 : - - -
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
(a—ap)/mm (a—ap)/mm (a—ap)/mm
(a) DCB-1 (b) DCB-3 (c) DCB-5
0.35 0.35
0.30 0.30 ¢
T 0.25 [ Sty | T 025
= g I : = S
g 0.20 E 0.20
Z 0.15 Z 015}
= >
g 0.10 —— DCB-7-1 5 010 —— DCB-9-1
—— DCB-7-2 i —— DCB-9-2
0.0 —— VCCT(DCB-7) 0.05 —— VCCT(DCB-9)
0 : : : : 0 : : : :
0 5 10 15 20 0 5 10 15 20
(a—ap)/mm (a—ap)/mm
(d) DCB-7 (e) DCB-9
Bl 10 RIAFRERRICRIN VCCT Biftlgh 55045 Bt i
Fig. 10 Comparison of strain energy release rate between VCCT simulations and test results
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Table4 Comparison between critical loads from CZM-

based simulations and test results

Specimen  Mean value of  Simulated Relative
number tests /N value/N error/%
DCB-1-1
62.53 64.15 2.59
DCB-1-2
DCB-3-1
51.22 54.76 6.91
DCB-3-2
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