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Progressive Damage and Failure Analysis of Open-Hole Composite

Specimens Under Compressive Loading Using Finite Element Analysis

Young Cheol Kim*, Geunsu Joo*, Hong-Kyu Jang*', Jinbong Kim*, Min-Gyu Kang*,
Woo-Kyoung Lee*, Ji Hoon Kim™*'

ABSTRACT: In this paper, a Progressive Damage and Failure Analysis (PDFA) modeling method was developed using
ABAQUS/EXPLICIT to predict in-plane damage and delamination for Open-Hole Compression (OHC) testing. The
proposed PDFA model was constructed based on Hashin criteria and cohesive behavior. The strength and stiffness of
OHC specimens with three types of stacking sequences [(45/-45/0,),],, [(45/0/-45/90),], and [45/-45/0/45/-45/90/
(45/-45),], were compared to comprehensively evaluate the validity of the Finite Element(FE) model of PDFA. The
strength and stiffness of the OHC specimens were predicted relatively well, with less than a percentage error 10.0 %.
For the numerical simulation case for each layup, the damage initiation/evolution of OHC specimens were evaluated

for delamination and tension/compression matrix damage before and after failure.
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Fig. 1. Overview of finite element model for OHC specimen: (a)
Geometry and boundary conditions, (b) Mesh, region
with hashin damage and elastic material, (c) Interface
damage model between the composite layers
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Table 1. The stacking sequences of the open-hole compression

specimens
S . Thickness
Designation Stacking sequence (mm]
L-1 [(45/-45/0,),], 4.392
L-2 [(45/0/-45/90),] 4.392
L-3 (45/-45/0/45/-45/90/(45/-45),] 3.660

Table 2. Material properties of the unidirectional IM7/8552

Material properties Symbol | Value | Units

Density p 0.190 |kg/m’
Longitudinal Young’s modulus E,, |140,653 | MPa
Transverse Young’s modulus E,, 8,703 | MPa
Longitudinal shear modulus G, 5,164 | MPa
Transverse shear modulus G,;,=G;, | 5,164 | MPa
Longitudinal Poisson’ ratio Vi, 0.32 -

Transverse Poisson’s ratio Vi3 0.45 -

Longitudinal tensile strength X 2,560 | MPa
Longitudinal compressive strength X 1,731 | MPa
Transverse tensile strength Y, 80.1 | MPa
Transverse compressive strength Y. 288.2 | MPa
Longitudinal shear strength S, 97.6 | MPa
Fracture toughness for fiber tensile failure| G, 92 | kJ/m?

Fracture toughness for fiber

. . Gp 61 kJ/m?
compressive failure

Fracture toughness for matrix tensile

2
failure G 021 | kJ/m

Fracture toughness for matrix

0.8 |kJ/m’
compressive failure G Jfm
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Table 3. Input parameters of the cohesive behavior

Table 4. Input parameters of the cohesive behavior

Knn:Kss:Ktt tn:ts:tt GIc GIIc n
(MPa) (MPa) (kJ/m?) (kJ/m?) BK
10e+5 20 0.240 0.739 2.07
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Fig. 2. Comparison of stress-strain curve from the OHCs for the
three layups: experimental results (dashed lines) and FE-
analysis (solid lines)

Strength (MPa) Stiffness (GPa)
Lay-up
EXP. FEM EXP. FEM
L1 456 424 (-7.1 %) 797 | 71.7 (-10.0 %)
L-2 334 323 (-3.3 %) 51.4 49.3 (-4.1 %)
L-3 281 286 (2.0 %) 33.9 35.2 (3.8 %)
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Fig. 3. The analysis predicted damage states of delamination for
open-hole compression composite specimens for each
layups before failure
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Fig. 4. The cross-sectional view of the laminate at the maximum
load level near the hole, as predicted by the 0.5 mm
mesh model, is presented: (a) Layup L-1, (b) Layup L-2,
(c) Layup L-3

Sl Zh A AR IEER A A U5 2A A,
A R0l Ratel &4 a7 L0 oolE 4 )

Fo] =t
hig s Al A T2 A3 sEe] 0E T o Aol
o 51 B12-0] 91% ol 2] 7] G Ak AT AL
95 molzth Al £70) AE BE 2T 2HA =
s ol AHEE, GO Qg g Ao
O}F 1:1]-61:4 3] \:ﬂ-b‘]:0§ HiE]O-] A=A

éé

Flo I



308 Young Cheol Kim, Geunsu Joo, Hong-Kyu Jang, Jinbong Kim, Min-Gyu Kang, Woo-Kyoung Lee, Ji Hoon Kim

Damage variable

1000
0.900

A 4

Region of interest{ROI)

-

0.000

450 +45° 00 Qo -45° +45° 0Q° Q0 -45° +45°
(a)

Matrix
tension

Matrix
compression

Matrix
tension

Matrix
compression

90° -45° 0° +45° 90° -45° 0° +45° 90° -45° Q0 4450

(b)
Mid surface Cuter surface

-45° 4450 -45° 4450 90° -45° +45° -45° 4450
(c)

Matrix
tension

Matrix
compression

Fig. 5. Hashin damage initiation for matrix tension and com-
pression at 91 % load level: (a) Lay-up L-1, (b) Lay-up L-2,
(c) Lay-up L-3

gtk . & g3 =AY AW ehuluo]E % +45° 2
ulylo]Eef s=2] 4ol 0° 5L 90° ehujd|o]Eo] B3| tf 5
A vettE As & 5 oo L1 AIEe B9, oy
TG A FROlA 00 ez QIR A<
WA st +45° ehujv| o] B0 M = kT Wk e B e
2 &Ago] AJARET L-2 9 L-3 A4 9] 4] Q1 &4
AL +45° Bhuldjo] Eoll A R o2 WAyst] 24 ¢
Aro| 3 "HlsFo g2 Ak A Zlo| WhAYE] = A8 Sho] &
th. 90° 2hujuo] Eof A A4 & g=Afo] u]u|gk
2 4 9k
Fig. 62 A| 717 T} 2% djele] o 2 & gh&

Axv

SAF Aol

>~
£+

PO P\
fr 1o yo rh

|

Damage variable B
Region of interest(ROI)

0° 450 +45° 0° (Q° -d45° +450 Q0 450 4450

1450 900 -45° +45° 90°  -450 +450
(b)

450 +45° 450 4450 900 -45° +45° Q°  -45° 4450
(c)

-

¢
e
Eaﬁ
o
Sa
3

After failure
(PP B7.4 %)

Before failure
(99.1 %)

After failure
(PP 99.1 %)

Before failure
(99.3 %)

§§
=~
s
50
o
=2

Fig. 6. Hashin damage evolution for matrix compression at
pre-peak and post-peak load: (a) Lay-up L-1, (b) Lay-up
L-2, (c) Lay-up L-3
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