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Abstract

The aim of this article is to simulate the damage initiation and progression in unidirectional (UD) laminates. A three-dimensional (3D)
failure criteria of Puck incorporated with degradation scheme is developed. Two types of degradation law known as sudden degradation
are used to predict the damage progression in UD laminates. The establishment of constitutive law in progressive damage model (PDM)
is achieved through implementation of user subroutines in Abaqus. The failure analysis is applied to various composite stacking se-
guences and geometries, as well as different fiber reinforced polymer (FRP) composite materials. The comparative studies revealed that
the predicted ultimate failure load agree well with those available in the literature.

Keywords: Progressive damage model, composite laminate, open-hole tension.

1. Introduction

Damage initiation and evolution in composite structures is very
crucial to be analyzed which can occur in several failure mecha-
nisms such as fibre breakage, fibre buckling, matrix cracking,
material debonding and also delamination. The failure can occur
either individually or several failure modes are combined. Due to
increasingly computational capability to handle such complicated
behaviors, many attempts are made to predict the failure of com-
posite laminates. Although research concerning failure theories
and prediction of strength of composite laminates on fibre-
reinforced polymer composite has existed for many decades still,
no such a robust and reliable method can precisely predict the
failure characteristics of the laminates [1]. In general, not all cases
fit the experimental results.

Failure theories are initially developed for unidirectional compo-
site materials and tailored based on the static regime. Two catego-
ries of methods are distinguished: non-interactive and interactive
criteria. Non-interactive criteria assume all failure modes are not
connected to each other. Failure will occur if stresses/strains in the
principal  material  orientation exceed the  respective
strengths/strains. Maximum stress/strain criteria imply that tech-
nique to identify the maximum failure load. Apart from that, inter-
active criteria assume interaction between failure mechanisms
which focusing on failure surface or envelope. Among the famous
interaction criteria that are still used until now are Tsai-Azzi [2],
Tsai-Wu [3] and Hoffmann [4]. Based on the above criterion, the
laminates are treated as orthotropic materials [5]. Only a single
equation is required to relate the interaction between different
stress components in the material frame. Hence, still many scien-
tific works adopt it due to their simple forms and acceptability of
the accuracy of the strength prediction. A major drawback of those
theories is that the approach used not reflects the level of com-
plexity in composite structures. Therefore, the classical failure

theories fail to distinguish the mode of failure in composite lami-
nates.

Failure mode based theories are needed to overcome that situation
and also will make the analysis more meaningful. Hashin and
Rotem [6] proposed a two-dimensional (2D) interaction failure
initiation theory based on fibre and matrix failure modes, later
extended to 3D forms by Hashin [7] itself. Yamada and Sun [8]
proposed a prediction method of composite laminate using in-situ
shear strength evaluated in the form of cross-ply laminate that
suited for the fibre controlled laminates. Motivated by initial work
of Yamada and Sun, Chang and Chang [9] developed an extension
model by introducing shear non-linearity failure mode. Puck and
Schirmann [10] improved the initiation failure theory of Hashin
by introducing an angle of fracture plane. Determination of angle
of fracture on action plane is governed by shear stresses acting on
it. In the case of plane stress, three different modes are distin-
guished for inter-fiber failure (IFF) modes. Further development
of Puck’s theories is carried out by Davila et al. [11] which includ-
ed evaluation of fracture planes for matrix cracking and utilization
of fracture mechanics approach to determine the in-situ strength.
This criterion is meant for 2D failure analysis and later extended
to 3D problems including shear non-linearity developed by Pinho
etal. [12].

Another approach to predict the initial failure of composite struc-
tures is to use the continuum damage mechanics (CDM) method at
ply level. This method is originally developed by Kachanov [13]
and is widely used in analyzing the failure of composite laminates.
This approach has great ability to predict fibre fracture, matrix
cracking and delamination failure mechanism. Ladeveze and
Dantec [14] developed an in-plane failure theory for elementary
ply using damage mechanics approach. This theory is designed to
predict fiber/matrix debonding and matrix micro-cracking in UD
composite. Vaziri et al. [15] implemented CDM failure theory on
CFRP composite laminates under plane stress condition. They
adopted constitutive equations proposed by Matzenmiller et al.
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[16]. Results showed dependency on mesh size as well as the
damage growth on the loading rate.
Analysis on ply level is not sufficient to adequately represent the
failure of composite structures. Since damage is accumulated be-
fore the structure collapse, a proper progression law or post-failure
analysis is required to capture the structural response after failure
is initiated. The simplest way is to use ply-discount method to
reduce the stiffness properties of the material. Once the damage is
initiated, the corresponding elastic and strength properties with
respect to failure modes are reduced to certain factors or percent-
ages. The new stiffness matrix is determined by using those re-
duced material properties. The disadvantages of using this tech-
nique are mesh dependency and arbitrary degradation parameters.
To alleviate the drawbacks mentioned previously, CDM is used by
many researchers to imitate the damage evolution of composite
structures. Camanho et al. [17] implemented CDM model to con-
trol the progression of damage after initiation of failure. Internal
variables are related with damage variables depending on the
mode of failures. The issue on mesh-dependency is reduced by
adopting the crack band model. Also, Barbero et al. [18] devel-
oped a damage model suited for individual laminate and later ex-
tended its application to laminates. The developed model embed-
ded the theory of CDM and classical thermodynamics. Concept of
effective stress is introduced in constitutive equation. Although
this degradation technique can reduce the convergence problem
during numerical analysis, the difficulty in obtaining parameters
determined experimentally became the vital consideration.
Failure criteria which can predict the damage initiation and ulti-
mate failure, as well as damage progression are needed to repre-
sent the total failure behavior of laminated composite. In general,
it is called progressive damage model (PDM). PDM is applied in
many structural cases associated to composite laminates such as
composite coupon (un-notched), open-hole tension (OHT), open-
hole compression (OHC), bolted and riveted joints, and many
more.

The aim of this paper is to establish the damage evaluation proce-

dure of UD composite material using finite element model by

emphasizing the following approaches:

e Integrate the prominent failure theory of Puck and ply-
discounting method as an evaluation tool for composite struc-
tures. The selection of this failure criteria is based on feed-
back obtained from world-wide failure exercise (WWFE)

e  Predict the onset of failure as well as damage progression
using 3D progressive damage model described previously in
case of notched laminate composite plate.

e  Adopt two degradation methods which are used to degrade
the stiffness matrix in the occurrence of damage. These ap-
proaches play an important role in determining the quality of
predicted failure load.

e Validate the numerical results with test data reported in lit-
erature. The evaluations are carried out by varying the stack-
ing sequences, composite material and diameter of the hole.
The significance of degradation phenomena using
Abaqus/standard is emphasized.

2. Progressive Damage Model

2.1. 3D-Damage Model

The ability to anticipate the initiation and progression of damage
in composite laminates is crucial to assess their performance
properly. Most damage models have at least four failure modes as
described by Hashin [7] which are fibre tension, fibre compression,
matrix tension and matrix compression. More reliable criteria is
required to investigate the failure characteristics of composite
parts especially in predicting matrix failure. Thus, Puck’s failure
theory which is originated from work of Puck and Schiirmann [19]
is applied in the current analyses based on the excellent perfor-
mances in estimating the laminated composite failures [5, 20, 21].

At early development of this theory, maximum stress/strain crite-
ria are used to identify the fibre failure (FF). Later, Puck realized
that those criterion are not really physically correct [21], and new
analytical equations for unidirectional (UD) composite laminate
are written in the following equations:

t 111
E
- [Vu — Vi1 Mgy Eu](o'z + 0'3)}
111
(1)

Where X;and X, are the tensile and compressive strengths of a UD
layer in the longitudinal direction; vi, and vi, are the major Pois-
son’s ratio for UD lamina and fibre, respectively. The mean stress
magnification factor, m,, is assumed to be 1.3 for glass fibre and
1.1 for carbon fibre [23].

For the inter-fibre failure, the concept of fracture plane is intro-
duced since the stresses acting on this plane is assumed to create
the fracture. The fracture plane is predicted with respect to the
material plane between the angle @ of —90° and +90° (180° due to
symmetry plane). General tensor transformations are used in order
to obtain the normal and shear stresses acting on the action-plane.
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In this analysis, ¢,(8) is the stress normal to fracture plane, z.(6)
and z,(6) are the shear stresses parallel and perpendicular to fibre
direction in fracture plane, whereby 6 is the inclination angle (ar-
bitrary) on fracture plane (see Figure 1). The equation for tensile
and compressive inter fibre failure (IFF) are written as:
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The parameter y denotes the shear angle in action plane, Ry is
failure resistance normal to fibers direction, and Ry, Ri: and Ry,
are the fracture resistances of the action plane due to the shear
stressing.

The additional information on Puck’s parameters used here is
shown in Table 1. Other related equation can be referred in publi-
cations [22, 20, 23].

Table 1: Recommended Puck’s parameters [23]

Inclination parameter (-)
Type + = + -
P G Gl i i
Glass fibre 0.3 0.25 0.2-0.25 0.2-0.25
Carbon fibre 0.35 0.3 0.25-0.3 0.25-0.3
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Fig. 1: Representation of shear stresses acting on fracture plane for inter-
fibre failure [19]

2.2. Damage Evolution

The use of failure criteria independently is not adequate to repre-
sent total failure behavior of laminated composite structures. The
suitable degradation technique is required to degrade properly the
material properties or stiffness matrix itself. The most famous and
easy way is to apply ply-discount method whenever damage is
identified. This approach is implemented using subroutines and
realized using FORTRAN language.

2.2.1. Reducing Stiffness Matrix

To describe the elastic-brittle behavior of fibre-reinforced compo-
sites, a constitutive model suited for composite material is used,
and a successive attempt is made by Lee et. al [5], and later this
approach is called method 1. A 3D-damaged stiffness matrix is
written as:

[ klcll k2C12 k2C13 0 0 0
kZC21 kZCZZ k2C23 0 0 0
C (d ) — k2C31 k2C32 kZC33 0 0 0 (4)
0 0 0 kkG, O 0
o 0 0 0  kkG, 0
o 0o o0 0 0 kkGy |

Where C; is undamaged stiffness component, and Gy, Gy3 and
Gy are the in-plane and out-of-plane shear modulus of composite
material. The multiplication factors k;, k, and ks are defined as
following:

1-d,
(1-d)a- ) ®)
(1-S,dn ) (-

Where d; and d,, are the global damage variables corresponding to
fibre and inter-fiber failure, respectively. Individual damage vari-
ables based on failure mode are represented by dy, di, dye @and dine
for fibre failure in tension and compression and inter-fiber failure
in tension and compression, respectively. The relationship be-
tween global and local variables is defined as df=1 — (1 — dg)(1 —
die) and dpy = 1 — (1 = dp)(1 — die)- The control parameters, Sy
and Sy,c are 0.9 and 0.5, respectively as recommended in Abaqus
manual.

k,
k,
k,

mc mC)

Local damage variables are evaluated by using constant factor as
shown in following equation:

1 for f>1
o = or f,> ©)
0 else

The subscript i represents ft, fc, mt, and mc. The constant factor
successfully implemented by several researchers [5, 24, 25] be-

cause of its simplicity of working principle. This approach also
known as sudden degradation. The approach is implemented by
User-material (UMAT) subroutine. Finally, at the damaged mate-
rial points, the constitutive model expressed in terms of stress-
strain relation can be updated as:

o=C(d):e )
2.2.2. Reducing Elastic Constants

The other approach for degrading the stiffness of material is to
reduce the elastic constants accordingly based on failure modes.
The progressive model using 3D Puck’s formulation is written
using user-defined field (USDFLD) subroutine, and is achieved by
reducing the elastic properties. This concept is stated as method 2
in further sections. Reduced elastic constants as mentioned below:
When fibre fails in tension or compression, the reduced elastic
constants are:

E,, =0.001E;},G,, =0.001G,, G, =0.001G,, v;, =V, =0 (8)
And for matrix failure in both loading directions,

E,, =0.001E%,; E., =0.001E%; G,, =0.001G%; V,; =0
)

If more than one failure modes occur, all elastic constants are
reduced to 1% of its original magnitude, except for Poisson’s ratio
which are truncated to zero value. The similar pattern of reduction
[26] is successfully carried out using different reduction factor.
The stresses from previous increment are called into USDFLD
subroutine at the beginning of new increment and used to evaluate
Puck’s criteria. Once criteria is satisfied, the elastic properties are
degraded by multiplying the degradation factor with original stiff-
ness values.

3. Numerical Analyses

To demonstrate the effectiveness of the proposed damage model,
numerical analyses are carried out on open-hole coupons of lami-
nated composite subjected to in-plane tensile loading.

3.1. Finite Element Model

Finite element (FE) model developed as shown in Figure 3 are
performed using Abaqus 6-13, while Figure 2 is used as general
dimension for all cases performed in this publication. Even though
some of stacking sequences are symmetry, full scale of laminated
plies are modelled in order to increase the accuracy of results. The
models are simply supported on one side and loaded in longitudi-
nal direction by means of prescribed displacement.

Each plies are modelled using reduced integration brick element
C3D8R. The plies are stacked using equivalent single layer (ESL)
technique provided by Abaqus via lay-up editor. Thus, only one
element through thickness is adequate for the simulation of lami-
nated composite plate. To ease the process of extracting load-
displacement data, a reference point (RF) is located at the end of
the composite plate, which the prescribed displacement is applied.
Nodes on free face (pulled face) are tied to the RF using equation
constrains so that equal displacement of master node (RF) and
slave nodes (pulled face) can be achieved. The global element size
is 1 mm, whereas smaller element size is modelled at the vicinity
of the hole.

3.2. User-Subroutines

The requirement of using more sophisticated failure theory is cru-
cially needed to perform failure analysis of composite laminates.
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Furthermore, the increase of computational capability has encour-
age many researchers to implement complicated theory in order to
make better prediction. Thus, in this research, a 3D Puck’s failure
criteria coupled with damage evolution formulation is imple-
mented and realised by the help of user-defined field (USDFLD)
and user-material (UMAT) subroutines. The routines are coded
using FORTRAN and linked to Abaqus via FORTRAN compiler.
The written codes are called for each integration point during
analysis of damage in composite structures.
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top-view
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LT w
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M
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L/2
Fig. 2: Geometry of open-hole coupon

All fixed

RF
Fig. 3: Boundary condition and mesh of OHT coupon

Two main contents of the scripts are failure criteria and damage
evolution (namely as progressive damage model, PDM). In gen-
eral, the PDM involved with three main steps: stress/strain evalua-
tion, checking failure initiation, and degrading the elastic con-
stants or stiffness matrix if the damage occurred. The overall
process of PDM carried out in this research is displayed in Figure
4.

4. Results and discussion

4.1. Computational Effort

The analysis is performed under windows 64-bit platform, Intel
Core i7 CPU and 8 GB of random access memory (RAM). The
pre- and post-processing are conducted using Abaqus version 6-13,
while subroutines are linked using Intel FORTRAN compiler.
There were no complicated algorithms which could affect the
elapsed time for simple ply discount evolution law. The tangent
stiffness operator or DDSDDE (notation in Abaqus subroutine)
was equal to damaged stiffness matrix.

Preparation of FE mode*

l

Establishment of
stiffness matrix

——————————|Stress/strain evaluation ’-—

‘ 3D failure criteria ‘

implementation

Increase load

Degrade stiffness
matrix/ elastic
constants

Fig. 4: Implementation of subroutines to predict the failure in composite
structure

4.2. Mesh Dependency Analysis

To investigate the influence of mesh size on failure load of each
test configurations, a simple composite plate with central hole
under tension loading is developed for both method 1 and method
2. The geometry and mesh are illustrated in Figure 5 by modelling
size of geometry since the calculation time was very fast. This
simple laminate composed of a single layer 90° (perpendicular to
loading direction) and thickness of 1mm. The material properties
used was T300/1034-C as described in Table 2 in the next section.

T 7T
- 7

g
= =
Il N
N .o
;i i
> 10 mm .
o'l —s <
x )
] [
9

y - -
1T T 1

40 mm
Fig. 5: Illustration of simple notched laminated composite plate full
geometry including boundary conditions and mesh size

The results of analysis at this stage is used to make proper deci-
sion on the selection of sufficient number of element needed
around the hole. The relationship of mesh dependency is shown in
Figure 6 pointed out the change of magnitude of failure load while
increasing the number of element (NOE). It can be seen that in-
creasing the number of element from 2688 to 3360, 5040, and
6720 increased the failure load less than 0.6 % for both cases.
Thus, the effect of changing the NOE is not significant from 2688
onwards, however showed significant changes less than 2688
elements. From this analysis, it is clearly shown that sufficient
NOE was 2688, and are used in all cases for further analyses.

1160

—=a—Method 1
—e—Method 2

1140 +
1120 4
1100
1080

1060

Failure load (N)

1040 +

1020

1000

T T T T T T
1360 1680 2688 3360 5040 6720

Number of elements

Fig. 6: Results of mesh sensitivity of T300/1034-C open-hole coupon
4.3. Analysis of T300/1034-C Laminates

The central notch laminated composite plates are composed of two
lay-up configurations referred as [(0/90)¢]s and [(0/+45/90);]s. The
corresponding thickness for both set of laminates were 2.6162 and
3.175 mm, respectively. The corresponding length, width and
diameter of hole are 203.2 mm, 25.4 mm and 6.35 mm, respective-
ly. The properties of the material in Table 2 are adopted from Lee
et al. [5] and Zhao and Zhang [27]. From the evaluation of micro-
mechanical formulation of composite, the out-of-plane shear mod-
ulus can be calculated using relation of Gy = Ex/2(1+vys). The
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Christensen’s equation of Va3 = V15 (1-vy5 (Exo / Eg1))/(1-vy,) is used
to calculate the Poisson’s ratio in direction 2-3. The experimental
data for OHT specimens of T300/1034-C are taken from Lee at al.
[5] and Zhang and Zhao [27] , which are originated from work of
Chang and Chang [9].

Table 2: Material properties of T300/1034-C, IM7/977-3 and AS4/PEEK

Elastic Material

constants T300/1034-C IM7/977-3 AS4/PEEK
E1 (MPa) 146860 164000 127600
E2, (MPa) 11376 8980 10300
Ess (MPa) 11376 8980 10300
G12 (MPa) 6185 5020 6000
G13 (MPa) 6185 5020 6000
Gaz3 (MPa) 4006 3000 3700
Vip 0.3 0.32 0.32
Viz 0.3 0.32 0.32
Vo3 0.42 0.49 0.45
X7 (MPa) 1730 2900 2023
Xc (MPa) 1379 1680 1234
Yr (MPa 66.5 100 92.7

Yc (MPa) 268.2 247 176

S12 (MPa) 134.0 80 82.6

Table 3 shows the comparison of strength between experiments
and simulations for two different stacking sequences as well as
thickness of T300/1034C composite rectangular plate. Both meth-
od 1 and 2 are discussed in terms of accuracy of predicting the
ultimate failure load. The most accurate estimation is achieved via
the laminate C for method 1 and 2 that give only -3.245% and -
5,147% differences, respectively. In general, the approaches im-
plemented here work quite well with test data for error differences
ranging from -11.19 % to 6.182 %.

For the sake of comparison, the simulated load-displacement
curve for specimens C and D using both methods are shown in
Figure 7 in which the quality of predictions are not so close. This
is due to different philosophy used for both methods as described
in section 2. The effect of giving discount to the stiffness matrix
yielded to the premature failure load and displacement, while re-
ducing the elastic properties resulted in over-predicted ultimate
load in many cases. However, the selection of degradation factors
plays an important role to change the failure estimation in method
2. In the same figure, it is clearly observed that decreasing the
thickness of laminate resulted in lower ultimate load and slope of
the elastic region.

The patterns of each internal damage variables in each ply can be
obtained from the simulation. For the specimen A and B, the dam-
age patterns in Figure 8 indicated that the damage path establishes
in perpendicular direction with respect to loading direction. Com-
bination of matric cracking and fibre breakage appears in a 0 layer,
while matrix failure prominently contributed to failure in a 90
plies. The similar patterns are shown in different sub laminate,
thus is not necessary displayed and discussed here.

The progression of damage represented fiber and matrix damage
for the O, 45, -45, and 90 layer of the first sub laminate (from top)
with thickness of 2.616 mm using method 1 is exhibited in Figure
9, while the other sublaminates are not shown here since the pat-
terns are identical to sublaminate 1. The damage patterns only
visualized at the peak load and end of analysis. The failure initiat-
ed at the vicinity of hole, in direction perpendicular to loading
path. The trends basically followed the nature of damage, where
the weakest sections of layers will be the initiation as well as pro-
gression of damage path [28]. At 0, 45 and -45 plies, similar dam-
age patterns can be observed for matrix and fibre failure, however,
matric cracking is more prominent at 90 layer.

4.4. Analysis of IM7/977-3 Laminates
The rectangular laminates are made of IM7/977-3 composite and

had the following dimension: length L = 138 mm, width W = 38.1
mm, and diameter D = 6.35 mm. The thickness of each plies was

0.127 mm. Three different stacking sequences are considered in
this analysis, namely, (0/45/90/-45),s, (60/0/-60)ss, and
(30/60/90/-60/-30),s. A set of material properties are adopted from
references [29-31]. The test data are extracted from Wang et al.
[30], which were tested in the Air Force Research laboratory, Day-
ton.

30000

——o—(, Method 1
——C, Method 2
230004, p Method 1
—e—D, Method 2 2616 mm
200001 3175 mm
= N
B 15000
o
]
< 10000 4
5000 -
T300/1034-C
((0/45/-45/90)3)s
0 T T T T T T T
00 02 04 06 038 1.0 12 1.4

Displacement (mm)
Fig. 7: Comparison of failure load of OHT coupon T300/1034-C with
different thickness using both methods.

Table 3: Simulated failure load of the T300/1034-C central notched
laminated coupon

Thickness Failure load (kN) Difference (%)
Label Method | Method | Method | Method
(mm) Test 1 2 1 2
A 3.175 28.97 | 25.78 27.73 -10.79 -4.28
B 2.616 23.92 | 21.243 | 23.021 | -11.19 -3.75
© 3.175 22.80 | 22.06 23.985 | -3.245 5.197
D 2.616 20.98 | 19.73 22.277 | 597 6.182
A =B =[(0/90)e]s, C = D = [(0/£45/90)s]s
Matrix failure Fibre failure
Ultimate load | End of analysis | Ultimateload | End of analysis

Damage path at 90°

Fig. 8: Failure patterns of specimen A in sublaminatel using method 1.

Matrix failure Fibre failure

Ultimate load | End of analysis | Ultimate load | End of analysis

Damage path at 0°

Damage path at 45°
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Damage path at -45°

Damage path at 90°

Fibre failure using method

Fibre failure using method 2

Fig. 9: Failure patterns of specimen B in sublaminatel using method 1.

Table 4 and Figure 10 present the prediction results of failure load
and error analysis regarding to three different layup of IM7/977-3
composite specimen. Both prediction methods performed reasona-
ble well in all cases considering the simplicity of progressive
damage model applied, although method 1 showed an error of
higher than 10 % (-11.42 %) in layup F. Most predicted results are
under prediction when compare to experimental data, except for
method 2 in specimen G. Overall, method 2 performed better from
method 1 in terms of accuracy of the prediction.

Table 4: Simulated failure load of the IM7/977-3 central notched
laminated coupon

Failure load (kN) Difference (%)
Label Method Method Method Method
Test
1 2 1 2
E 42.89 38.93 42.58 -9.23 -0.72
E 47.29 41.89 41.89 -11.419 -3.244
G 39.58 36.669 41.353 -7.355 4.48
E = (0/45/90/-45),s, F = (60/0/-60)3s, G = (30/60/90/-60/-30),s
50000
———, Method 1
------ E, Method 2
400004 —F-Method 1
------ F, Method 2
———G, Method 1
------ G, Method 2
— 30000
E
g
E 20000 |
o
- (30/60/90/-60/30)2s
(0/45/90/-45)2s
10000 1 (60/0/-60)35 IM7/9773
D=6.35mm
tply=0.127 mm
U T T T T T T T T
00 02 04 06 08 10 12 14 16

Displacement (mm)
Fig. 10: Predicted load-displacement curve of IM7/977-3 composite lami-
nates

Stacking sequence

(0/45/90/-45),5 (60/0/-60)35 (30/60/90/-60/-30),5

Matrix failure using method

Matrix failure using method 2

Fig. 11: Comparison of failure patterns of specimen IM7/977-3 open-hole
coupon based on fibre and matrix failure for both approaches.

4.5. Analysis of AS4/PEEK Open-Hole Laminates

The laminated coupons from the third set of data are fabricated
from 16 plies of AS4/PEEK composite material [32]. The lami-
nates stacking code was (0/45/90/-45),s, whereas the size of the
hole varies from the following diameters: D = 2, 3, 5, 8 and 10
mm. The notched laminates had a length of 100 mm and width of
20 mm, while the total thickness was 2 mm. The material proper-
ties are collected from many resources (see Table 2).

The fibre and matrix damage evolutions at the laminate specimen
are shown in Figure 12. Again, because of similarity of damage
pattern in other three sublaminates, only the diagrams of four plies
represented sublaminate 1 (from outer top) are displayed based on
failure modes. Note that only matrix and fibre failures in tension
are discussed due to the application of tensile load. The domina-
tion of matrix failure in ply 45°, 90°, and -45° exhibited that matrix
cracked earlier than fibre breakage. It is also can be seen that fibre
damage initiated at the edge of 0° ply, whereas the damage in the
90° ply appeared much later than that in the 45° and -45° plies.
Conclusively, the damage area generated from matrix failure was
always larger than those in fibre failures regime.

Orientation of ply

0° 45° [ 90° | -45°

Matrix failure

Fibre failure

Fig. 12: Damage progression of sublaminatel of specimen AS4/PEEK
open- hole coupon based on fibre and matrix failure with a 5-mm diameter
using method 1, after reaching the ultimate load.

Table 5 analyses the accuracy of proposed models to predict the
ultimate failure by comparing with experimental results for
AS4/PEEK laminates. Method 1 produced slightly lower value of
failure load when compare to test results, but still within accepta-
ble range. The error about +5% proved that method 2 performed
excellently to predict the peak load for this laminate.

Besides, the increase size of diameter from 2 to 10 mm gradually
changed the ultimate load as can be seen in Figure 13 Depending
on model used, the failure load decreased about 1.5 to 5 kN for
different diameter applied in the simulations.

Table 5: Simulated failure load of the AS4/PEEK notched laminates

Label | Diameter | Failure load (kN) | Difference (%)
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(mm) Method | Method | Method | Method
Test
1 2 1 2
H 2 22.98 20.535 | 23.748 | -10.64 3.342
| 3 19.31 18.661 | 19.486 | -3.361 0.911
J 5 15.31 15.105 | 15.797 | -1.34 3.181
K 8 11.67 10.755 | 11.349 | -7.84 -2.75
L 10 9.220 9.189 9.725 -0.34 5.477
30
U ATest
I Method 1
254 I Method 2

Failure load (kN)

2 3 5 8 10

Diamater (mm)
Fig. 13: Effect of increasing the diameter of hole on failure load for spec-
imens using AS4/PEEK composite material.

5. Conclusion

In the present study, the initiation and growth of cracks in fibre
reinforced polymer (FRP) composite laminate are satisfactorily
estimated using finite element simulations that employ 3D Puck’s
failure criteria together with ply discounting method as the evolu-
tion law. In addition, the proposed models are able to predict the
effect of specimen sizes including thickness and diameter of the
laminate, as well as different stacking sequences. The performance
of method 2 are better than method 1 due to smaller reduction of
stiffness matrix. Furthermore, the degradation of stiffness is de-
pend on the selection of degradation factor (arbitrary), which in
this case following the rules proposed from literature. In future,
the effect of delamination need to be considered in order to predict
out of plane failure and deformation. Although some discrepancy
between test data and simulations, the proposed PDM's could be
considered as a practical design tool for detecting the onset of
failure and damage progression in FRP composite laminated struc-
tures.
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