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I
n this research, a new model is established based on progressive fatigue damage

and critical element models to simulate fatigue behaviour and predict the fatigue life

of composite laminates with stress concentration. This model, called the “regional

elements” model, has three major parts: stress analysis, failure analysis, and material

property degradation. A critical region of the analyzed composite laminate is considered

and the elements of this region are divided into critical and sub-critical layers. Using 2-

dimensional stress analysis, failure modes of these regional elements are investigated

and material properties in the critical and sub-critical layers are changed according to

sudden and gradual material property degradation rules. Gradual material property

degradation is performed on the longitudinal tensile strength of critical layers and the

longitudinal tensile stiffness of sub-critical layers. By the iteration of the aforementioned

loop, fatigue damage modelling is completed and an estimate of the fatigue life of a

composite laminate is obtained. The finite element method is used to assess the capa-

bilities of the current model through a user-friendly computer programme. The model

predicts initial and final failure loads to within 20% of experimental results for the case

of static failure analysis. However, 3-dimensional stress and failure analyses are

required to improve the model for fatigue failure analysis for all the configurations.

INTRODUCTION

There are numerous remarkable

efforts in literature that study the

fatigue behaviour of unidirectional

plies and laminated composites [1-

9]. Three principal approaches are

used for predicting the fatigue life

of composite materials: residual

strength [7,10,11], residual stiff-

ness [12,13] and empirical method-

ologies [14]. In each category, phe-

nomenological, mechanistic, statis-

tical and mixed methods [15-18]

are utilized by different authors.

Most of these works are devoted to

fatigue behaviour of unidirectional

plies or simple laminates, while lit-

erature regarding fatigue behaviour

of notched composite laminates or

structures is limited. Unfortunately

the valuable information provided

by different authors for the fatigue

analysis of simple composites

without stress concentrations can-

not be directly used for fatigue

analysis of composite laminates

with stress concentrations.

However, they can be considered

basic knowledge for understanding
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the mechanics of fatigue failure.

Among the existing models of fatigue failure of

composite laminates both the critical element model of

Reifsnider et al. [19-21] and progressive fatigue 

damage model of Shokrieh et al. [22,23] use residual

stiffness as well as residual strength experimental data

to predict the material behaviour.

Reifsnider et al. [19-21] developed the critical 

element model based on micromechanical representa-

tions of the strength. They used a philosophy based on

proper representations of failure mechanism in terms

of critical and sub-critical elements; the former ele-

ment type controls the failure process itself and defines

the state of the material, while the latter controls the

process of internal stress redistribution and defines the

changes in the local state of stress associated with the

failure event [20]. Their mechanistic model can be

used to predict the residual strength and the life of

composite laminates under arbitrary cyclic loading

[19]. Their methodology has also been used in more

recently published models [24-26]. For example, Diao

et al. [24] presented a statistical model for the 

prediction of residual strength and fatigue life of 

composite laminates based on the statistical nature of

fatigue damage and Reifsnider’s methodology.

Progressive damage modelling is a widely used

failure analysis technique that has been successfully

utilized to study the behaviour of composite laminates

under static loading [27-29]. In progressive damage

modelling, stress analysis, failure analysis, and materi-

al property degradation are the three important compo-

nents. Progressive damage modelling allows the

detailed study of damage progression from initiation to

the final catastrophic state. Shokrieh et al. [22,23]

extended the concept of progressive damage modelling

from static loading to fatigue loading and established

progressive fatigue damage modelling for fatigue fail-

ure analysis of composite laminates with or without

stress concentrations. Their model is capable of simu-

lating the fatigue behaviour of composite laminates

under general conditions, loading, geometry, etc., using

the results of various types of uni-axial fatigue experi-

ments on unidirectional plies.

The progressive fatigue damage model is capable

of simulating cycle-by-cycle fatigue behaviour of com-

posite laminates. Due to the huge number of computa-

tional calculations involved, a super computer should

be used to run the computer code. The progressive

damage model is a “pure physical” model, meaning

that the physics of all the elements in the modelled

structure should be studied. Considering the cost of

using this model both in terms of the time and the price

of computation, the necessity of studying the physical

behaviour of each and every element in the model is

questionable. Therefore, as it is quoted from Talreja in

the review paper by Degrieck et al. [7], in order to

develop a mechanistic model for the complicated

fatigue damage mechanism, a simplification needs to

be applied without neglecting the physical nature of the

fatigue process.

In this research, an attempt was made to establish a

model based on progressive fatigue damage model

using some simplifying assumptions. The authors use

the concepts of the critical element model [19-21] and

develop a new model called the “regional elements”

model. According to the critical element model, the

failure of the “representative volume”, which is a par-

tition of the whole structure, represents the failure of

that structure. Therefore, the “regional elements”

model tries to propose an approach towards a simpler

way of simulating the fatigue behaviour of composite

laminates with stress concentration and has the advan-

tage of being run on personal computers, which makes

it more feasible for use by engineers and designers.

This model also shows how the concepts of two mod-

els with similar bases can be incorporated into one and

therefore, the advantages of two models can be accu-

mulated in one simpler, yet useful model.

REGIONAL ELEMENTS MODEL

In order to apply the model, an example with stress

concentration needs to be considered. Pin-loaded com-

posite laminates are considered complicated structures

with stress concentration and have been the subject of

many works in this field [30-35]. 

Pinned joints fall into the category of mechanically

fastened joints in composite structures. Ibrahim et al.

[30] divided joints in composite structures into two

types: mechanically fastened joints and adhesive bond-

ed joints. They also mentioned bolted joints among the

most widely used fastening mechanisms in joining the

parts of primary structures. Although bolted and 
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Figure 1. Geometry of the laminated composite plate with a

circular hole subjected to pin loading [22].

pinned joints produce some problems in structures such

as local damage and stress concentration, they are nec-

essary in primary structures, especially those used in the

aerospace industry [31,32].

Therefore, in this work a pin-loaded composite lam-

inate was analyzed to show the application of the new

model. The geometry and material properties of this

laminate were considered the same as those used in

experimental tests by Shokrieh et al. [22,23,36] (Table 1

and Figure 1). This provides the chance to compare

results of the new model with experimental data. As

such, AS4/3501-6 material with the material properties

Table 1. Material properties of AS4/3501-6 [22].

Figure 2. Choosing representative region.

shown in Table 1 was used. Figure 1 illustrates the

geometry of the laminated composite plate with a circu-

lar hole subjected to a pin-loading condition.

The first step of the modelling is choosing a repre-

sentative region in the plate for fatigue analysis. A criti-

cal region of the plate where its failure represents failure

of the whole plate was chosen. This procedure is simi-

lar to choosing a representative volume in the critical

element model [19]. Since the analyzed plate has a cir-

cular hole and the stress concentration exists at the edge

of the hole, this is where failure begins. Therefore, the

representative region was chosen in a way that encom-

passes the area around the hole, as shown in Figure 2.

The size of the representative region depends on the

geometry, stress concentration, and loading and bound-

ary conditions of the plate. For this example, the 

representative region is a rectangle with the same width

of the plate and the length twice the diameter of the

hole.

The second step of the model is dividing the layers

of the representative region into critical and sub-critical

layers. Critical layers, similar in concept to critical 

elements used in critical element model [20], are those

layers whose failure defines the failure of the represen-

tative region and consequently leads to the failure of the

entire laminate. The other layers, whose failure does not

influence the failure of the laminate in a direct way and

only cause stress redistribution are considered to be 

sub-critical layers. By choosing a representative region

and categorizing its layers as critical or sub-critical, 

the model was applied using the flowchart in Figure 3.

Based on this flowchart, a macro programme was

developed using ANSYS Parametric Design Language

(APDL) which analyzes the fatigue behaviour of a com-

posite laminate. Like progressive fatigue damage

model, stress analysis, failure analysis, and material

property degradation are three key parts of this model.
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Properties Magnitudes

Exx

Eyy = Ezz

Exy = Exz

Eyz

νxy = νxz

νyz

Xt

Xc

Yt = Zt

Yc = Zc

Sxy = Sxz

Syz

Ply thickness

Fibre volume

147 GPa

9.0 GPa

5.0 GPa

3.0 GPa

0.3

0.42

2004 MPa

1197 MPa

53 MPa

204 MPa

137 MPa

42 MPa

0.146 mm

62%

 



In the following sections, these major components of

the model are explained and a detailed explanation of

different steps of the flowchart is given.

Stress Analysis

The pin-loaded plate was modelled using the finite 

element technique. The stress state was obtained

through a two-dimensional modelling of the laminate.

Elements around the hole were refined in order to con-

sider stress concentration at that area. Figure 4 shows

the meshing of the representative region and details of

the meshing at the edge of the hole. Also, regarding the

nonlinear shear stress-strain behaviour of a unidirec-

tional ply, the effect of material nonlinearity on the

stress state in the representative region was applied by

a quasi-nonlinear analysis [27].

Boundary Conditions
To simulate the pin load, different techniques have been

used in literature [37-39]. Among the methods used by

the researchers, contact elements seemed to give more

realistic results. However, to consider the singularity a

large number of elements must be used which, com-

bined with contact elements, makes the analysis time

consuming and expensive. Moreover, applying other

methods was not possible due to numerical instability,

which arises due to material properties degradation of

the failed elements around the hole. Considering these

points, the radial displacement of the nodes around the

hole at the load region (one quarter of the nodes around

the hole) was constrained. According to previous expe-

rience [27], applying tangential boundary conditions to

simulate the friction between the pin and the hole leads

Iranian Polymer Journal / Volume 18 Number 3 (2009)236
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Figure 3. Flowchart of the model.

 



Figure 4. (a) Meshing of the representative region, and (b)

details of meshing around the hole.

to unreliable results. Therefore, friction between the pin

and the hole was not considered. 

Failure Analysis

A set of quadratic polynomial fatigue failure criteria,

capable of distinguishing between different modes of

failure of a unidirectional ply under multi-axial fatigue

loading conditions, were established by Shokrieh et al.

[22,23]. These fatigue failure criteria are similar to

Hashin-type static failure criteria [40] except that the

material properties are not constant, but rather functions

of number of cycles, stress state, and stress ratios. The

effects of material nonlinearity on the fatigue failure cri-

teria are also considered.

In this model, only five failure modes may occur

because of the two-dimensional stress analysis of the

plate. Therefore, from seven different failure modes of

unidirectional ply under multi-axial state of stress only

five failure modes are used. The two normal tension and

normal compression fatigue failure modes are ignored

because they consider only stresses in the third direc-

tion, which do not appear in 2-dimensional stress analy-

sis. These five fatigue failure modes are now introduced

for a two-dimensional stress state.

Fibre Tension Fatigue Failure Mode
For fibre tension fatigue failure mode (σxx> 0 ) of a uni-

directional ply under a biaxial state of fatigue stress, the

following criterion was used:

(if  gF
+>1, then failure) (1)

where Xt(n,σ,κ) is the longitudinal tensile residual

fatigue strength of a unidirectional ply under uni-axial

fatigue loading, Sxy(n,σ,κ) is the in-plane shear residual

fatigue strength of a unidirectional ply under uni-axial

shear fatigue loadings, and Exy(n,σ,κ) is the in-plane

shear residual fatigue stiffness of a unidirectional ply

under uni-axial shear fatigue loading. Also n, σ, κ and  δ
are the number of cycles, stress state, stress ratio and

parameter of material nonlinearity, respectively.

Fibre Compression Fatigue Failure Mode
For fibre compression fatigue failure mode (σxx< 0) of

a unidirectional ply under a biaxial state of fatigue

stress, the following criterion was used:

(2)

(if gF
->1, then failure)

where Xc(n,σ,κ) is the longitudinal compressive resid-

ual fatigue strength of a unidirectional ply under uni-

axial fatigue loading.

Fibre-matrix Shearing Fatigue Failure Mode
For fibre-matrix shearing fatigue failure mode (σxx< 0)

of a unidirectional ply under a biaxial state of fatigue

stress, the following criterion was used:

(if gFM > 1, then failure) (3)
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Matrix Tension Fatigue Failure Mode
For matrix tension fatigue failure mode (σyy> 0) of a

unidirectional ply under a biaxial state of fatigue stress,

the following criterion was used:

(if gM
+>1, then failure) (4)

where Yt(n,σ,κ) is the transverse tensile residual fatigue

strength of a unidirectional ply under uni-axial fatigue

loading.

Matrix Compression Fatigue Failure Mode 
Similarly, for matrix tension fatigue failure mode

(σyy< 0) of a unidirectional ply under a biaxial state of

fatigue stress, the following criterion was used:

(if gM
- > 1, then failure) (5)

where Yc(n,σ,κ) is the transverse compressive resid-

ual fatigue strength of a unidirectional ply under uni-

axial fatigue loading.

Material Property Degradation

In the previous section, suitable failure criteria were

established to detect the sudden fatigue failure modes

of a unidirectional ply under biaxial state of stress. As

failure occurs in a ply of a laminate, material proper-

ties of that failed ply are changed by a set of sudden

material property degradation rules. Some of the fail-

ure modes are catastrophic and some of them are not.

Therefore, for a unidirectional ply failed under each

mode of fatigue failure, there exists an appropriate

sudden material property degradation rule.

Sudden Material Property Degradation Rules
The sudden material property degradation rules for

some failure modes of a unidirectional ply under a 

bi-axial state of stress are available in literature [27-

29]. A complete set of sudden material property

degradation rules for all the various failure modes of

a unidirectional ply under a multi-axial state of static

and fatigue stress was developed by Shokrieh et al.

[22]. Sudden material degradation rules of a unidirec-

tional ply under a biaxial state of fatigue stress are

explained in the following sections.

Fibre Tension or Compression Property Degradation

Fibre tension or fibre compression failure modes of a

unidirectional ply are catastrophic modes of failure,

and when one of them occurs the failed material 

cannot sustain any type of stress. Thus, all material

properties of the failed ply were reduced to zero, as

follows:

Stiffness and Poisson’s ratios:

(6a)

Strengths:

(6b)

Fibre-matrix Shearing Property Degradation

When fibre-matrix shearing failure mode occurs in a

unidirectional ply, the material can still carry load in

fibre and matrix directions, but in-plane shear stress

can no longer be carried. This was modelled by reduc-

ing the in-plane shear material properties of the failed

ply to zero, as follows:

Stiffness and Poisson’s ratios:

(7a)

Strengths:

(7b)
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Matrix Tension Property Degradation

For matrix tension failure mode of a unidirectional ply,

the transverse modulus, Eyy, the transverse tensile

strength, Yt, and Poisson’s ratio, νyx, are reduced to

zero. This mode of failure is not catastrophic, and

affects only matrix direction properties, as follows:

Stiffness and Poisson’s ratios:

(8a)

Strengths:

(8b)

Matrix Compression Property Degradation

For matrix compression failure mode of a unidirection-

al ply, the transverse modulus, Eyy, the transverse com-

pressive strength, Yc, and Poisson’s ratio, νyx, are

reduced to zero. This mode of failure is not catastroph-

ic, and affects only matrix direction properties, as 

follows:

Stiffness and Poisson’s ratios:

(9a)

Strengths:

(9b)

Gradual Material Property Degradation Rules
To simulate the behaviour of a unidirectional ply under

multi-axial fatigue loading a technique called the gener-

alized residual material property degradation technique

was established by Shokrieh et al. [22]. This technique

consists of a normalized strength, a normalized residual

stiffness and a normalized fatigue life model. A modi-

fied version of this technique was used in this research.

For the residual strength of a unidirectional ply under

arbitrary uni-axial state of stress ratio, an equation is

presented by Shokrieh et al. [22] as follows:

(10)

where R(n,σ,κ), Rs, n, σ, Nf, and κ represent residual

strength, static strength, number of cycles, magnitude

of applied maximum stress, fatigue life at σ, and stress

ratio, respectively. Parameters α and β are experimental

curve fitting parameters.

In order to use this equation for critical layers, the

equation proposed by Reifsnider et al. [19] in the fol-

lowing form was utilized:

(11)

where i is a parameter introduced to accommodate the

nonlinearity in the residual strength reduction curve.

However, eqns (10) and (11) should be normalized

using the normalization technique [36], as follows:

(12)

(13)

Eqns (12) and (13) are normalized forms of eqns (10)

and (11), respectively.

By comparing eqns (12) and (13), it was possible to

combine them in the following form, which can be used

to calculate residual strength of critical layers:

(14)

The residual stiffness of a unidirectional ply under 

arbitrary state of stress and stress ratio is developed by
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Shokrieh et al. [22], as follows:

(15)

where E(n,σ,κ), Es, and εf are residual stiffness, static

stiffness, and average strain to failure, respectively. The

parameters γ and λ are experimental curve fitting

parameters.

The normalized fatigue life of a unidirectional ply

under arbitrary uni-axial state of stress and stress ratio

was calculated using the following equation [22]:

(16)

where u, f, A, and B are curve fitting parameters and   σa

and σm are alternating and mean stresses, respectively.

Parameters q, a, and c were obtained by dividing mean

stress, alternating stress and compressive strength on

tensile strength, respectively.

Flowchart

Static Failure Analysis
Since static failure analysis is part of fatigue failure

analysis, the “regional elements” model was first used

for analysis of a pin-loaded composite laminate under

static tensile loading. The tensile load was applied at

one end of the composite plate and was resisted by the

pin in the hole. 

The steps of this static failure analysis are first

explained through a flow chart shown in Figure 5. The

first step of this progressive static failure analysis,

which is similar to the work of Lessard et al. [34], is

model preparation. In model preparation, geometrical

and material properties, stacking sequences, and bound-

ary conditions are input into the model. Next, element

layers are divided into two layers: critical and sub-criti-

cal. Stress analysis is applied for an increment of

applied load and then failure analysis is conducted after-

wards. In the failure analysis, five failure criteria similar

to those used for fatigue failure analysis (eqns (1)-(5))

with constant material properties are applied. If failure

occurs, material properties are degraded according to

sudden material property degradation rules (eqns (6)-

Figure 5. Flowchart used for static failure analysis [36].

(9)), and then stress analysis is performed. This cycle

is repeated until the applied load reaches the input

applied load or catastrophic failure occurs.

Regional Elements Model
The regional elements model is explained by means of

the flowchart shown in Figure 3. After preparation of

the model which consists of inputting material proper-

ties, geometry, boundary conditions, maximum applied

load level, maximum number of cycles, and incremen-

tal number of cycles, stress analysis is performed on the

model. After obtaining stresses in critical and 

sub-critical layers, failure analysis is done using the 

failure criteria (eqns (1)-(5)) explained in “Failure

Analysis” section. If there is a sudden mode of failure,

the material properties of the failed plies are changed

according to appropriate sudden material property

degradation rules (eqns (6)-(9)). The stiffness matrix of

the failed elements is rebuilt and the stress analysis is

performed again. New stresses are examined by the set

of fatigue failure criteria. In this step, if there is no 

sudden mode of failure, an incremental number of

cycles are applied. If the number of cycles is greater

than a preset total number of cycles, then the computer

programme stops. Otherwise, residual longitudinal

strength of critical layers is degraded using eqn (14).

Then residual longitudinal stiffness of sub-critical layers

is degraded using eqn (15). Afterwards, the stress analy-

sis is performed again and the above loop is repeated

until catastrophic failure occurs. By applying this 
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flowchart the fatigue life of the composite laminate is

obtained.

Table 2 summarizes the three major parts of the 

current model and the used relations. A comparison of

the current model with the two models of progressive

fatigue damage model and critical element model is also

presented in this table, which gives an overlook of the

similarities and differences between the three models.

RESULTS AND DISCUSSION

Static Failure Analysis

Static failure analysis was performed for cross-ply pin-

loaded laminates, as shown in Figure 1. Geometric

dimensions of the composite plate are as follows:

(17)

Failure initiation load and final failure load were

obtained for each laminate and the effect of increasing

the number of 0º and 90º plies was studied. Tables 3 and

4 show the results for two cross-ply laminates with geo-

metric ratios of (e/d = w/d = 4) and (e/d = 5, w/d = 2),

respectively.

The results of Tables 3 and 4 demonstrate an 

increasing trend in the values of initial and final failure

loads with increasing number of 0° plies. This is reason-

able because the tensile load is applied longitudinally

and the increase of 0° plies increases the equivalent lon-

gitudinal stiffness of the laminates, and therefore higher

load is required for failure.

The results of [04/904]s laminate were also com-

pared with the results of progressive static damage

model as well as experimental results of reference [36]

(Tables 5 and 6).

Table 3. Initial and final failure loads for cross-ply laminates

with geometric ratio of e/d = w/d = 4.
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mm336.2t
mm146.0thicknessply

mm35.6d
mm4.25e
mm4.25W
mm6.101L

Major parts

Models

Progressive fatigue

damage model

Critical element

model

Regional elements

model

Stress analysis

Failure analysis

Material property

degradation rules

3-D

Quadratic polynomial fatigue 

failure modes, 7 modes

Sudden material property

degradation rules for 3-D

Residual strength calculations

for all elements, eqn (10)

Residual stiffness calculations

for all elements, eqn (15)

Normalized fatigue life, eqn (16)

3-D

Failure function

-

Residual strength calculations

for critical elements, eqn (11)

Stiffness measurements for stress

calculation for sub-critical elements 

Fatigue life calculation for 0° plies

2-D

Quadratic polynomial fatigue failure

modes, 5 modes, eqns (1)-(5)

Sudden material property degrada-

tion rules for 2-D, eqns (6)-(9)

Residual strength calculations for 

critical layers, eqn (14)

Residual stiffness calculations

for sub-critical layers, eqn (15)

Normalized fatigue life, eqn (16)

Table 2. A comparison of the three models.

Number Configuration Initial failure

load (kN)

Final failure

load (kN)

1

2

3

4

5

6

7

[01/907]s

[02/906]s

[03/905]s

[04/904]s

[05/903]s

[06/902]s

[07/901]s

1.00

1.40

1.60

1.70

1.75

1.95

2.05

3.50

4.80

5.70

6.50

6.80

7.20

7.40



Table 4. Initial and final failure loads for cross-ply laminates

with geometric ratio of e/d = 5, w/d = 2.

As it is seen in Tables 5 and 6, the “regional ele-

ments” model produces greater error than the progres-

sive static damage model for both initial and final fail-

ure loads. This is attributed to the simplifications con-

sidered in the regional elements model.

Regional Elements Model

In order to investigate the capabilities of the regional

elements model, fatigue analysis was performed on a set

of composite laminates using this model. For this pur-

pose, cross-ply, angle-ply and quasi-isotropic laminates

with the geometry dimensions of eqn (17) (Figure 1)

were considered. In these laminates, the layers with on-

axis plies (0° plies) were considered as critical layers,

whereas the layers with off-axis plies (90° and ±45°

plies) were considered as sub-critical layers. For angle-

ply laminates, 45° plies were taken as critical layers and

-45° plies were taken as sub-critical layers.

Cross-plies with three configurations; i.e., [01/907]s,

[04/904]s and [07/901]s, having two geometric ratios,

(e/d = w/d = 4) and (e/d = 5, w/d = 2)  and  were con-

sidered. The laminates were under tensile fatigue load-

ing with constant load ratio (loadmin/loadmax) of 0.1.

However, as it was discussed in detail in previous works

[11,15], the stress ratio for different elements in the lam-

inate is not constant. For each configuration, maximum

applied load versus fatigue life in logarithmic scale is

shown for two different geometric ratios in Figures 6

and 7.

As it is observed in Figures 6 and 7, in a fixed fatigue

life, maximum applied load is increased by increasing

the number of 0º plies. This is because increasing the

number of 0º plies will increase the equivalent longitu-

dinal stiffness in these laminates. This behaviour was

also observed in static analysis of these laminates.

In order to verify the “regional elements” model, the

results of cross-ply [04/904]s were compared to the

experimental data and results of progressive fatigue 
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Number Configuration Initial failure

load (kN)

Final failure

load (kN)

1

2

3

4

5

6

7

[01/907]s

[02/906]s

[03/905]s

[04/904]s

[05/903]s

[06/902]s

[07/901]s

1.00

1.10

1.40

1.55

1.75

1.95

2.15

1.40

2.90

3.40

3.84

4.00

4.20

4.40

Configuration e/d w/d

Initial failure load (kN)

Experimental

results [36]

Results of progressive static

damage model [36]

(error%)

Results of regional elements

model (error%)

[04/904]s 4 4 1.57 1.50

(4.4%)

1.70

(8.0%)

Configuration e/d w/d

Final failure load (kN)

Experimental

results [36]

Results of progressive static

damage model [36]

(error%)

Results of regional elements

model (error%)

[04/904]s

4

5

4

2

5.78

4.80

5.31

(8.1%)

4.53

(5.6%)

6.50

(12.5%)

3.84

(20.0%)

Table 5. Comparison of initial failure loads for [04/904]s laminate.

Table 6. Comparison of final failure loads for [04/904]s laminate.



Figure 6. Fatigue life curve of cross-plies with (e/d = w/d = 4).

damage model from literature [23]. Figure 8 illustrates

the diagram of maximum applied load versus fatigue

life obtained in the “regional elements” model in com-

parison with results of the progressive fatigue damage

model and experimental data of ref 23. 

The comparison in Figure 8 shows that the results

obtained from the “regional elements” model are in the

region of fatigue failure with 5% probability of failure.

This is while the fitted line to the experimental results

resembles fatigue failure with 50% probability of fail-

ure and progressive fatigue damage model predicts

fatigue failure with 22% probability of failure. This

deficiency of the model in fatigue damage modelling

can be ascribed to 2-D stress and failure analyses.

As it is observed in Figure 8, in a fixed fatigue life,

maximum applied load in the “regional elements”

model is higher than that of the progressive fatigue

damage model. This is due to the difference between

gradual material property degradation equations used

by the two models. In the regional elements model,

residual longitudinal strength of critical layers and

residual longitudinal stiffness of sub-critical layers

Figure 7. Fatigue life curve of cross-plies with (e/d = 5,

w/d = 2).

Figure 8. Comparison of fatigue life curve of cross-plies with

(e/d = w/d = 4).

were degraded.  This is in contrast to progressive

fatigue damage model, in which the residual strength

and stiffness of all layers in all directions were 

degraded.

Fatigue analyses were also performed on angle-ply

and quasi-isotropic laminates. For this purpose com-

posite laminates with configuration of [+454/-454]s
with e/d = w/d = 4 and [0/90/±45]s with e/d = w/d = 6

were analyzed. Run-out of the computer code was seen

in both types of analyses and no acceptable results were

obtained. Two-dimensional stress analysis of the com-

posite laminates caused ignorance of delamination, an

important failure mode in laminates having 45º plies

[41], in the model and consequently caused a huge

error in the results. Therefore, the limitation of the

model for predicting fatigue life of laminates contain-

ing 45º plies can be eliminated by a three-dimensional

stress analysis.

CONCLUSION

The present research outlines a new modelling

approach based on the progressive fatigue damage

model and critical element model. The new model,

called the “regional elements” model, is actually a sim-

pler approach towards simulating the behaviour of

composite laminates with stress concentration under

fatigue loading conditions. The “regional elements”

model, similar to progressive fatigue damage model,

has three major parts: stress analysis, failure analysis

and material property degradation. A two-dimensional

stress analysis was performed using finite element

technique and five failure criteria were used for failure
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analysis of the composite laminates. Residual longitu-

dinal strength of critical layers and residual longitudi-

nal stiffness of sub-critical layers were then degraded.

The capabilities of the model were investigated through

fatigue analyses performed on cross-ply, angle-ply and

quasi-isotropic laminates. The model was also checked

for static failure analysis. The model can predict initial

and final failure loads to within 20% of experimental

results for the case of static failure analysis. This result

is in accordance with the results of 2D nonlinear mod-

elling of Lessard et al. [34]. For fatigue failure analysis,

the “regional elements” model does not provide accept-

able results for laminates with all the configurations.

However, it shows that using a 3D stress and failure

analysis, as suggested by some other investigators such

as Yang et al. [33], would make the regional elements a

suitable and convenient model for both static and

fatigue failure analyses.

NOTATION

a Normalized alternative stress

A, B, f, u Curve fitting parameters

c Normalized compressive stress

d Hole diameter

E Residual stiffness

Es Static stiffness

Exx Longitudinal stiffness

Exy Shear stiffness

Eyy Transverse stiffness

e Edge distance

g Failure criterion parameter

i Nonlinear curve parameter 

L Laminate length

n Number of cycles

Nf Fatigue life

q Normalized mean stress

R Residual strength

Rs Static strength

Sxy Shear strength

t Laminate thickness

w Laminate width

Xt Longitudinal tensile strength

Xc Longitudinal compressive strength

Yt Transverse tensile strength

Yc Transverse compressive strength

α, β, γ, λ Curve fitting parameters

δ Material nonlinearity parameter

εf Average strain to failure

κ Stress ratio

ν Poisson’s ratio

σxx, σxy, σyy Stress components
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