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Abstract—A numerical method is developed for the application of 
three-dimensional progressive damage analyses in composite 
laminates containing an open hole with arbitrary geometry and 
stacking sequence subjected to static compressive loading. The 
method developed is included in the three-dimensional FEM 
stress analysis, failure analysis based on three-dimensional 
Hashin type criterion, the material property degradation rule of 
ply discount. It is capable of numerically simulating the whole 
process of failure initiation, propagation and catastrophic failure 
of the structure and of predicting the ultimate strengths and 
failure modes of composite laminates containing an open hole. 
Two different lay orientations and four different W/D with an 
open hole are analyzed for the ultimate strength and damage 
progression. On the other hand, four damage mechanisms and the 
correlation among the damage are studied and discussed in this 
paper. An excellent agreement was found between data obtained 
from this study and the existing literature. 
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I. INTRODUCTION 

Composite materials have been extensively used in 
engineering and become an important material in aeronautic 
and astronautic structures. Due to the needs of connecting and 
other designing, all kinds of holes or cutouts must exist in 
composite structures, which induce stress concentrations 
around holes or cutouts, make damage accumulation 
complicated and decrease the strength of composite structures. 
If the composite structures are designed to be used in load 
bearing applications, the primary consideration is the 
evaluation of their load carrying capacity in compression. one 
proper method should be applied to analyze stress and failure 
of composite laminates containing holes or cutouts subjected to 
compression. 

Composite laminates containing holes or cutouts have been 
an important concern in some literatures[1-19]. Some 
researchers[1-3] applied two-parameter methods that are based 
on Whitney-Nuismer[21-23] failure criterion for unloaded holes 
and two parameters considered that are the unnotched tensile 
strength and a characteristic dimension. Two approaches that 
are the point stress and the average stress methods were 
proposed for predicting the strength of unloaded holes in 

tension and of both unloaded and loaded holes in compression. 
The characteristic distance will change when the layer 
orientation alters in the laminates, inducing difficultly to 
determinate the characteristic distance for laminates with all 
kinds of layer orientation. More fracture-mechanics models are 
proposed and ‘kink band’ propagation in composite laminates 
with a open hole was studied by experimental investigation in 
Refs.[4-8], which were semi-empirical and required information 
on some empirical parameters introduced along with the 
analyses. Soutis[9-13] developed a linear softening cohesive zone 
model to predict the effects of hole size and lay-up upon the 
compressive strength and microbuckle zone size at failure. 
Some experimental techniques[14-16] were developed to studied 
failure characteristics and compressive failure initiation and 
progression mechanisms of composite laminates in 
compression. Nevertheless, analyses mentioned above only 
provided little information on the extent of damage and the 
types of damage in the laminates during loading. 

With manufacture techniques of composite materials 
improving increasingly and the material mechanics 
characteristics such as strength, stiffness and so on better and 
better gradually, the basic damage mechanisms of the 
degradation of material property need to be analyzed for 
composite structures subjected to all kinds of loadings in order 
to utilize adequately the potential of composites, which 
proposes to be an effective approach for designing composite 
structures. 

Chang et al.[17-19] developed a two-dimensional progressive 
damage model considering three different failure modes to 
predict damage accumulation and the strength of composite 
laminates containing unloaded holes and loaded holes by 
integrating failure criteria of Yamada-Sun[23] and Hashin[24]. 
But only in-plane ply failure was evaluated in such model, 
out-of-plane failure such as delamination was not considered in 
these analyses and the model needed the ply orientation of the 
laminates which must be symmetric with respect to the middle 
plane of the plate. 

There are some disadvantages for applying the 
two-dimensional finite element method that can’t analyze 
stress distributions around holes, layer orientations and 
delamination accurately, which can be solved by using the 
three-dimensional finite element method. But lots of 
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three-dimensional progressive damage researches [25-31] have 
been studied on the composite laminates containing loaded 
holes or unloaded holes only subjected to tensile loading. 
Unfortunately, there are no three-dimensional models available 
which can analyze all types of damage mechanisms for 
laminated composites containing holes or cutouts subjected to 
compressive loadings. To consider four basic failure modes of 
damage simultaneously, the correlation among them in notched 
composites due to compression is still not well understood. 

Therefore, the objective of this investigation is to develop a 
numerical method to predict the strength, the types and size of 
damage inside the laminates containing a hole subjected to 
compressive loadings. Finally, two different lay orientations 
and four different W/D of composite laminates containing a 
central hole from the literature[19] is adopted to predict their 
damage accumulation and their compressive strengths, the 
results of which are compared with experimental results of the 
strength from the literature. 

II. ANALYSIS METHOD 

In this section, the theoretical basis of the 
three-dimensional progressive damage approach is briefly 
introduced. Geometry of the laminate containing a central hole 
is illustrated in Figure 1. 

 
Figure 1. Illustration of the basic geometry of the laminate containing a central 

hole 

W is the width of the laminate. D is the diameter of the 
central hole. P is the force of compressive loading. L is the 
length of the laminate. The ply orientation of the laminate can 
be arbitrary. 

A.  Stress Analysis 

A three-dimensional stress analysis was applied to 
composite laminates containing holes, which could exactly 
analyze stress distribution, layer sequence and delamination 
and so on.  

B. Failure Analysis  

Failure mechanisms of composite structures are very 
complex. Proper failure criteria need be used to detect damage 
for diverse damage modes. The three-dimensional Hashin-type 
criterion[24] has been developed successfully and applied to 
analyze damage failures by many researchers [26-31], which is 
also applied in this paper.  

The laminates will loss the ability of supporting loadings 
when the damage accumulation reaches to a critical point, 
which will make the structure catastrophic. This model 
proposes that the laminate containing a central hole will reach 
final failure when the damage of all plies expands to the 
boundary of the laminates. 

 

C. Material Property Degradation Rules  

The material properties will be degraded in the damage 
areas once damage occurs in the laminate. Many researchers 
[17-19, 26-34] proposed diverse material property degradation rules 
according to the capability of composite materials studied , 
which are based on experimental results. In the paper, damage 
detected is simulated by degrading the material properties of 
the failed elements. An appropriate property degradation rule 
has to be introduced to describe the physics of the damage 
mechanisms. The ply discount approach is used to consider the 
laminate property degradation rule. The property degradation 
rule is used same as the literature [35] in this paper. 

In fact, the four basic damage mechanisms which are 
matrix cracking, fiber fracture, fiber-matrix shearing and 
delamination have interactive correlations. Two or more failure 
types of damage may occur in the same damage area. A type of 
damage mode occurred firstly can subsequently induce other 
modes of damage to occur with the compressive loading 
increasing. The material property degradation of failed 
elements including several failure modes of damage may be 
dealt with superpose. Each material property degradation rule 
of damage types occurred in the failed elements. 

III. THE THREE-DIMENSIONAL FINITE 
ELEMENT MODEL AND THE ANALYSIS FLOW 

A parametric three-dimensional progressive damage model 
based on ANSYS which is a business soft was created. The 
model adopted three-dimensional eight-node SOLID46 layered 
element which has three displacement degrees of freedom at 
each node of composite laminates. The thickness of the lamina 
is adopted as the thickness of the element is advantage to 
analyze shear stresses between layers. Some important 
geometric parameters such as the diameter of the laminate, the 
number of layer, the thickness of the lamina, layer angles and 
the length of the laminate are chosen. The model may 
automatically build up the laminate containing a central hole 
with arbitrary sizes, layer sequences and material properties, 
improving the efficiency of analysis. Meshes around the hole 
are dense for analyzing stress distributions accurately.  

The flowchart of analysis is explained, narrated briefly as 
follows: 

First, geometry, material constants, boundary conditions, 
initial loads, the incremental load and so on are defined and 
then we create a three-dimensional finite element model. 

Second, analyze the stress, calculate and average on-axis 
stresses for each element of the laminate at Gauss points. 

Third, check out whether damage has occurred in the 
elements of the laminate containing a central hole. If damage 
hasn’t been checked out in all elements, the load will be 
incremented and the analysis of stresses will be executed in the 
next step. If damage occurs and the catastrophe hasn’t 
happened, the material is degraded in the damaged elements 
according to the material property degradation rules mentioned 
above and the stress analysis is renewed to calculate in the step 
and the recalculated process will stop until no damage is 
checked out in the load step. The load is incremented, the cycle 
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returns to the second step. If the catastrophe happened, the 
program should stop. 

IV. RESULTS AND DISCUSSION 

In order to verify the accuracy of the three-dimensional 
progressive damage model, the predictions generated by the 
model are compared to the available experimental data in the 
literature[19]. The material properties of T300/976 composite 
used in the calculations refer the literature [19]. Two different 
ply orientations and four different W/D laminates containing a 
central hole are selected for the comparisons. The nonlinear 
solve is used. Analysis of stresses, failure check and material 
property degradation are progressed in each loading process 
until making sure that the laminate containing a central hole is a 
catastrophe. A finite element mesh for the laminate containing 
a central hole calculated is present in Figure 2. The initial 
applied load is 10MPa, which is small enough that any 
damages don’t occurr in the laminates. The incremental load 
ΔP is also 10MPa. To illustrate the damage progression and the 
extent of damage in the laminates containing a central hole 

during compressive loading, results of computer simulations 
are obtained by the present model for selected laminates. 

 
Figure 2.The finite element model of the composite laminate containing a 

central hole 

A. Damage Accumulation of [(0/±45/90)3]s Laminates 
Containing a Hole  

 
Figure 3. Illustration of damage propagation predicted by the present model at different load levels for [(0/±45/90)3]S laminate containing a central hole. D = 

0.0635 m, W/D = 5. 
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Figure 3 demonstrates the predicted damage progression in 
a [(0/±45/90)3]S laminate containing a central hole at different 
load levels. Damage initiates from the hole boundary, near the 
stress concentrations. In 0° layers, fiber-matrix shearing, fiber 
breakage and matrix cracking initiate near the stress 
concentrations at the load of 230MPa. In 90° layers, matrix 
cracking and matrix cracking – delamination initiates near the 
stress concentrations at the load of 230MPa, whereas 
fiber-matrix shearing and matrix cracking initiate near the 
stress concentrations in ±45° layers at the load of 220MPa. 

Comparing with the extending direction of [(0/90)6]S 
laminates, the laminates of [0/±45/90]S don’t extend along the 
direction of loading. Damage always grows in the direction 
normal to the loading direction. 

Finally, as the load approaches the final load of 360MPa, 
the damage propagates very rapidly along the direction normal 
to loading direction to the free edges of the laminate, causing to 
the total failure of the laminate containing a central hole. The 
ultimate load of 360MPa is predicted. 

For 0° layers, the failure modes are mainly dominated by 
fiber breakage and matrix cracking, but there are some 
correlative failure modes which are fiber-matrix shearing – 
matrix cracking and matrix cracking – fiber-matrix shearing. 
For ±45° layers, the failure modes are mainly dominated by 
fiber breakage, fiber-matrix shearing – matrix cracking and 
matrix cracking – fiber-matrix shearing, but there are more 
correlative failure modes than that of 0° layers. By examining 
the failure modes, it is interesting to find that two correlative 
failure modes that are fiber-matrix shearing – matrix cracking – 
delamination and matrix cracking – delamination – 
fiber-matrix shearing respectively occur in the damage areas. 
Even if the basic failure modes of damage in the two correlative 
failure modes are same, the sequence of damage occurred isn’t 
same, which accounts for the very complex damage 
mechanisms. A few failure modes of delamination and matrix 
cracking – delamination also exist around the stress 
concentrations in ±45° layers. For 90° layers, other than 
damage of 0° layers and ±45° layers, the failure modes are 
mainly dominated by matrix cracking – delamination and 
delamination. A few failure modes of matrix cracking – 
delamination – fiber breakage, fiber breakage, matrix cracking 
and fiber breakage – matrix cracking also exist in the damage 
areas. 

Comparisons on the compressive strengths between the 
predictions and the experimental data of the composites 
containing a central hole of four different width-to-diameter 
ratios(W/D) are presented in Figure 4. Overall, the predictions 
agree with the test data very well. The result indicates that the 
bearing strength increases with the increase of the laminate 
width and quasi-isotropic laminates exhibits lower 
compressive strengths than cross-ply laminates. 

B. Compressive strength of  [(0/90)6]s Laminates Containing 
a Hole  

The effect of [(0/90)6]S laminates containing a central hole 
at various width-to-diameter ratios on the compressive strength 
is shown in Figure 5. In the figure, the measured strengths of 
cross-ply laminates with four different width-to-diameter ratios 

in the literature[19] are compared with predictions of the model. 
The result indicates that the compressive strength increases 
with the increase of the laminate width-to-diameter ratio and 
the calculated failure strengths agree with the data within 15% 
for four cases considered. 

 

Figure 4. Comparisons between the experimental data and the results of the 
present model for compressive strengths of [(0/±45/90)3]S laminates containing 

a hole at various width-to-diameter ratios 

 

Figure 5. Comparisons between the experimental data and the results of the 
present model for compressive strengths of [(0/90)6]S laminates containing a 

hole at various width-to-diameter ratios 

V. CONCLUSIONS 

The detailed numerical investigation on the structural 
behavior of laminated composites containing a central hole 
subjected to compressive loadings has been presented. Based 
on the numerical results, the conclusions can been drawn as 
follows: 

(1) The three-dimensional progressive model can simulate 
the damage accumulation accurately in the laminates and 
predict the ultimate strengths and failure modes of composite 
laminates containing a hole subjected to compressive loadings 
successfully. 
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(2) Comparisons with different analyses have been 
performed to show that damage in laminates containing a hole 
is always confined to the areas near the stress concentrations at 
the initial loading stages, then damage grows from the stress 
concentration areas as the applied load continues to increase till 
the load approaches to the final failure load. 

(3) The results of the damage propagation predicted by the 
model show that the majority of the damage in compression 
loaded for open hole composite laminates is matrix – 
delamination, delamination and fiber breakage. It is very 
visible that the four basic failure modes of damage are 
correlative. One failure mode of damage occurred firstly may 
induce to other failure modes of damage in the same area 
subsequently. 
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