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Abstract: The delamination damage has significant influence on the bearing capacity and failure mode of open-
hole laminates. By combining experiment and simulation, the compression bearing capacity and failure mode of

composite open-hole laminates with single prefabricated laminated defects, two laminated coupling defects on the
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same side and double laminated coupling defects on the different side were studied. Through the embedded poly-
tetrafluoroethylene (PTFE) membrane, the open-hole laminate containing single prefabricated delamination de-
fects was prepared. By means of immersion ultrasonic C scan and digital image DIC technique, the damage evolu-
tion and normal deformation were characterized and monitored. The delamination propagation behavior and fail-
ure deformation characteristics of laminates with various defect sizes under compression loading were studied, and
the influence mechanism of the size of the delamination defects on the bearing capacity of the laminates was re-
vealed. A numerical model of open-hole laminate was established based on the cohesion element method. The
damage propagation mechanism of open-hoe laminate with single prefabricated laminated defects was explored.
Based on the optimized model, the numerical prediction and analysis of the buckling deformation, delamination
expansion and bearing capacity of the open-hole laminate with two delaminated coupling defects were carried out.
The experimental results show that the specimen with single delamination defect presents the initial compression,
local buckling and overall buckling. The delamination size has significant impact on the compressive capability,
which decreases with the increasing of delamination size. The numerical results of two delaminated defects show
the second delaminated defect further reduces the compressive bearing capacity. The failure model of laminate
with two coupling defects on the same sides is similar with that of laminates with single prefabricated defect; while,

double-crack propagation occurs in the asymmetrical coupled laminated structure on the opposite side, which fur-

£ 2975 -

ther weakens the compression bearing capacity of open-hole laminates.

Keywords: composite; drilling-induceddelamination; compressivebuckling; cohesiveelement; damageevolution
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L,—Total length of laminate; L, —Length of clamping end; b—Width of
laminate; D—Diameter of prefabricated defect; d—Diameter of open-
hole; t—Thickness of laminates; PTFE—Polytetrafluoroethylene
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Fig.2 Schematic diagram of CF/EP open-hole laminates with a single

prefabricated lamination defect
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Table1 Detailed dimensions of CF/EP open-hole laminates

Type Ly/mm L,/mm b/mm D/mm d/mm t/mm
1-0 135 30 35 - 6 2.6
D-10 135 30 35 10 6 2.6
D-15 135 30 35 15 6 2.6
D-20 135 30 35 20 6 2.6

Notes: I—Defect-free porous composite plate; The number after the letter D is the diameter of the damaged area.
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FRUOS I BEAT B S C HANTE 3(c) B, JHRLH
TEVVHIBA 5| ARG o

83 & Pk 2B CERP THLIZ A AUl 46 i

Fig. 3 Fabrication process of CFRP open-hole laminates with a single

prefabricated lamination defect
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Table 2 Material properties and parameters of

CF/EP prepreg
Parameter Value
E;,/MPa 144 700
E,,/MPa 9 650
Ej3/MPa 9 650
G,,/MPa 5 800
G,3/MPa 5 800
Gys/MPa 4800
Vi2 0.3
Vi3 0.3
V23 0.45

G—Shear
1—Direction of fiber; 2—Direction of matrix;

Notes: E—Elastic modulus; v—Poisson's ratio;
modulus;
3—Thickness direction of layer; X,—Longitudinal tensile strength;
X.—Longitudinal compressive strength; Y,—Transverse tensile
strength; Y.—Transverse compressive strength; S—In-plane shear
strength.
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Fig. 4 Experimental loading device
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O max— Maximum normal stress value; 7,,,,,—Maximum tangential stress
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Fig.8 Compression displacement-load curves of CF/EP open-hole

laminates with single circular prefabricated laminated

defects (Condition D-20)
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Fig.9 Compression and buckling process of CF/EP open-hole laminates with single circular prefabricated lamination defects (Condition D-20)
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Fig. 10 Normal displacement cloud image of effective strain maps compression and buckling process of CF/EP

open-hole laminates with single circular prefabricated (Condition D-20)
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CF/EP open-hole laminates during compression and buckling

PHAE R A2 oy 2 5 BE R = A2 SR T Je 4T 5 (3) Hi B
FIHMECER N, e EE RS, 2R
JE 1) 2% (607 B A 20 VR TR 7 AR BORE o AE H— B

TE T 43 2 Bl B CE/EP I L JZ A M 45 i il 52 56
AP A, ANFE B T 2 00 2 R & A Ay
R KA, J5 W TE A )2 8] 4 E R A B Y 4y
EY RS
3.1.2 FE T

[ 13 A7 BR T 70 B (FEA) % {E A% 48 (D-20-
FEA) J2 5256 fi 1% (D-20) F— [EJE fi i 43 )2 Bk B T
ff) CF/EP JFfL)2 & M R4 (i B -3 fr 2. 7T LA
i, D-20-FEA T 15 % 1) 2 203 1 (15.25 kN) 4%
T D-20 5K A5 R 45 2R 887 (15.20 kN) 5 0.33%,
D-20 Fl D-20-FEA 45 R W) & 84 o AW I6 i 28 By

&l 12 Joklf CEF/EP JFLIZARESE gk 72 (T 1-0)

Fig. 12 Compression loading process of CF/EP open-hole laminates

without defects (Condition I-0)

B - R AR, D-20 19 44 8 NI EE %
T D-20-FEA Z5 5%, {H Ak T s —2, K
Al BE S T2 A A R SR i ) A AT AR S B
T 5E U B S EARE B R A B, AR AR —
HoAb R GG, H D-20-FEA A5 5 45 B8 BE 52 89 JL{A]
ROF g AsE DR ™ AR B50E 1330 M EE 5 D-20 SE 504
FLAEfE— B R 22

Pl 14 S AN [] 000 B0 B 40 B 592 3 i 45 3] 1)
CF/EP JF L2 A MU 48 2R 38 o I 1. (1) X+
T 1-0 X 1 A4 TG Bk B CF/EP H AL 2 & il &
BB LIS R = TSI 25 R (5 3.44%); (2)
o —[FJE F i 43 )2 Bl CF/EP I L2 & # 7€ D-10
LT SE B AR A A A s TR RN R 9.77%
£ D-15 T30 T 52 5 A5 2 a8 4 Af e T B (B AR 400 285
R 9.81%, 7E D-20 .40 T 55 56 Fir 15 2R &80 48 far I T



EaMB=ER

- 2982 -
17.5 22.5
- Experiment
150 | - 200 ¢
' Lo TN T o - Simulation
/ 17.5 }
/ 4
125 + g D-20 =
J ~ ——D-20-FEA g 150
II [}
gmm y 2125 |
& ,'l &
Q ’ [} |
S sl . 2 100
y g
’ (=9 . r
50t g
Y © 50 ¢t
2.5 -l,' 25 |
L L L L 0
0 0.1 0.2 0.3 0.4 1-0 D-10 D-15 D-20
Displacement/mm E 14 AR THLF CE/EP HALZ AL K

FEA—Finite element analysis

13 BA—FIETHI 432 BU CF/EP FFELZ G
FELG5 I 38 - 28 1T 2%

Fig. 13 Compression buckling displacement-load curves of single

circular prefabricated laminated CF/EP open-hole laminates

BERA S 0.33%.

& 15 24 T80 D-20 XF N /4 1 B — [5] JE T ifi] 43
JZ BB CF/EP FF AL )2 6 0 46 i i 0 %5 (i A5 401 245
o Bl 15 5 & 9 4 EAH B XN . B 15 A [E L

Effective plastic strain

(= el ===l e =]

Initial loading

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0 -

Global bucking
B 15 & p— BT 43 26U CE/EP L2 AR E BB ZE R (1% D-20)

Fig. 15 Numerical simulation results of compression buckling of CF/EP open-hole laminates with single circular

iy

Effective plastic strain

1.0
0.9 :I
0.8

H{EURRADIZH 94 45 R 2 A e
Fig. 14 Compression failure loads of CF/EP experimental and numerical

simulation groups under different conditions

L AR SURAEIPISES VErE IR N £V
RKFE, ARG HAT AT B A o JT
FL Y8 BE T i) by A By B R OR A A A —
AAERITY, BOW TR A 0™ A SR i 2 R
JIFICIL B (U 40 J2= e e Jo FRT) Ak e B 7 o
Wit 3 288 A 1) 38 0 20 J2= O B P 58 E T 1 R

Effective plastic strain

1.0
0.9 :I
0.8 -
0.7 =
0.6
0.5
0.4
0.3
0.2
0.1

O -

\\ Normal displacement/mm
\

\ 0.30
0.23 ]
0.16

0.09 -

0.02
0.5
-0.12
| —0.19
026
—0.33
0.40

\
v Normal displacement/mm
\

Local bucking

Effective plastic strain
1.0
0.9 :I
0.8 -
0.7 -

Post-bucking failure

prefabricated laminated defects (Condition D-20)



TR B E B S G BORHR A LR R 4 12T B R

2983 -

PR R T B B8 B O ) iR R Rk, 2 e R e 4k &k
#m, SR RERGERE YR, NERIR
TCR BTG A BE Ty 4 e

T AR EA A 0% 8 T CF/EP HALZ G
M oy )2 FE Tl o 2 A 3 AT, IF R4
IRy A B MR R A B R ATy, SR
AL T B — T A R R BE TR SR L 5 =2
M4y 2T AT R, FEAR R i o(d) T 7R 1 R 4i
WA MG . 7G DRGSR E, ARSI AE AT
S Z YR T E S S S R G, e
XF S B — U 4 2 B FG CF/EP JF L2 A 843 )2
TR PR AR AR A T
3.2 WHERMEES CF/EP AILEARMBELER

FIH ECE A BEA R, 7 ANSYS/LS-DYNA
R R A3 J2 B 1 CE/EP JF£LJZ & MU
B OBFSE T U0 X AR 20 mm, T X4 )2
i B A7 1 X8 BR 1 R K2 S (43 51 PA D-20-FEA-T
1 D-20-FEA-Y fir 44) i .40 T CF/EP JFfLJZ &
MR B FE 45 e Wi AT A, anlE et R, N2 A L #E
WENERm, UNTHEEANRER, KK
RFHR L. FAR 2 R 3. AR SR 9 40 )2 BRI
T - S N T B N 7 ;9 =3 96 2
T A A SR 5 E A BRI — 2

PTFE
PTFE

a4

T—Ipsilateral plane of symmetry; Y—Opposite side of the plane of
symmetry
5116 HEA B4 CF/EP FFALZ A AR 7R 2K

Fig. 16 Schematic diagram model of CF/EP open-hole laminates with

D-20-FEA-T D-20-FEA-Y 5

coupling delamination double defects

3.2.1  [m)u) AL [ Y A 5 SR

7 3 h D-20-FEA-T X f A m 4 1 [ 4 00 e s
A AE T CE/EP JFFLJZ A A i) i 45 Jet ith B (e A5
PLEE R ATLLE Y, HE 45 i il A X 5 o — 7
4y 2 BB CF/EP 1 (8] 15) FEAHH R, 78 JK 45 28 far
ERT, FH 17 EREE g, Baim
SYEYRAE TR LR PR 2 Z R R A, HFEE
F¥EAN, T2 5 T3 [ AAEAE B AG (143 )2 5
&, W TR 1 [R5 e AR AT R . 17 SRy

#*3 WELPEIBRSIEA T CF/EP HILEARESRIE thH BRI R (D-20-FEA-T)

Table 3 Numerical simulation results of compression buckling of CF/EP open-hole laminates under the coupling action of
double defects (D-20-FEA-T)

State 1 2

3 4

Normal disp./mm

0.15
0.12:I
0.09-
0.06
0.03

0
—0.03

Sublaminate 1

Normal disp./mm
0.15

Normal disp./mm

0.15
0.12:|
0.09-
0.06—
0.03

0

—0.03

Normal disp./mm
0.15

0. 12:| 0. 12]
0.09 - 0.09
0.06 - 0.06 -
Sublaminate 2 0-0(3) 0.0(3) |
-0.03 —0.03
—0.06 - —0.06
—0.09 —0.09
-0.12 -0.12
-0.15- —-0.15-

Normal disp./mm
0.15
0.12:I
0.09-
0.06-
0.03

0
—0.03

Normal disp./mm

0.15
0.12:I
0.09-

Normal disp./mm
0.15

Normal disp./mm
0.15

0.12] 0. 12]
0.09 - 0.09-
0.06 - 0.06 -
0.03 0.03
0 0
—-0.03 —0.03
—0.06 —0.06
—0.09 —0.09
-0.12 -0.12
—0.15 - —0.15-
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Fig. 17 Deformation diagram of CF/EP open-hole laminates under the
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Table 4 Numerical simulation results of compression buckling of CF/EP open-hole laminates under the coupling action of
double defects (D-20-FEA-Y)

State 1 2

3

Normal disp./ mm

0.20
0.19:'
0.18-

Normal disp./mm

0.20.
0.19:'
0.18-

017 017
0.16- 0.16-

Sublaminate 1 0_151 0.157I
0.14- 0.14-
013+ 013+
0.12 0.12
0.11 0.1
0.10- 0.10-

Normal disp./mm Normal disp./mm

-0.10
~0.11 ]
-0.12 %

Sublaminate 3

Normal disp./mm

0.20
0.19:'
0.18-

Normal disp./mm

0.20
0.19:'
0.18-

Normal disp./mm

0.20
0.19:'
0.18-

0.17— 0.17— 0.17—
0.16~ 0.16- 0.16~
0.15«' 0.15«’ 0.15-'
0.14- 0.14- 0.14-
0.13-I OAIS-E- 0.13-I
0.12 0.12 0.12
0.11 0.11 0.11
0.10- 0.10- 0.10-

Normal disp./mm

-0.10
—0.11 ]
—0.12

Normal disp./mm

-0.10
—0.11 ]
—0.12

Normal disp./mm

~0.10
~0.11 ]
~0.12 %
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Fig. 18 Deformation diagram of CF/EP open-hole laminates under the

coupling action of double defects (D-20-FEA-Y)
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