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Summary: The target materials of this paper are failure analysis of fiber reinforced composite laminates. Laminates are constituted of successive layers of lamina, whose layers can differ in constituents and the orientation of the fiber. In order to study the mechanical behavior of materials, it is necessary to determine the stiffness matrix. Constitutive relations are determined by classical lamination theory of first order. Then, the composite material is applied to the failure criteria, to determine whether failure occurs in a lamina. Due to the lack of maximum stress criterion, there is no interaction between the stress components, and therefore Tsai - Hill failure criterion was applied for composite laminates. In this paper the results are presented for several materials, different sequence numbers and loads.
Key words: composite materials, classical laminate theory, failure criterion
1. INTRODUCTION

2. CLASSICAL LAMINATION THEORY 

The most applied method for composite laminate analysis is classical lamination theory, first of all because of its simplicity. This theory made some kinematic assumptions about stress and strain, so three dimensional problem can be analyzed as a plane problem. Limitations of this theory are assumptions that layers are connected perfectly (there is no sliding between two layers), material of every lamina  must be orthotropic and linearly-elastic, layers have the same thickness, stress and strain are very small, laminates have plane stress, there is no deformation in veritical axis of laminate, displacements in laminate plane are linear function of coordinates (Kirchhoff assumption). Displacements (Fig. 1) in the plane of laminate are given as [1], [2], [3]:
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Fig. 1 Plate deformation in the classical laminate theory
The deformation of the normal to the middle plane (Oxy) is a straight segment normal to the deformed middle plane. Strain field can be written as:
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Components of strain 
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 are all equal to zero. The strain field is superposition of in-plane strains:
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and flexural strains (bending and twisting strains):
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Stress for layer 
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 can be written as:
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The reduced stiffness matrix 
[image: image10.wmf](
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 changes from one layer to another. Because of this, there is a discontinuity in the in-plane stress field between successive layers.

2.1 Resultants and Moments
The field of in-plane resultants (Fig. 2 left), denoted by 
[image: image11.wmf](
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The components 
[image: image13.wmf],,

xxyyxy
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 are the in-plane resultants, per unit length of the plate, of the normal stresses and of the shear stress in the plane, respectively. The discontinuity of the stresses from one layer to another leads to rewriting (2.6) in the form:
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Fig. 2 (left) Resultants loads applied to a laminate element; (right)Resultant moments applied to a laminate element
Moments are given as:
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The constitutive equation of a laminated plate expresses the resultants and the moments as functions of the in-plane strains and of the curvatures. 
It has form:
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or in compact form:
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where 
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; and 
[image: image22.wmf](
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. Integration and discusion of previous constitutive equation in detail is given in [1]. 
3.  FAILURE CRITERIA
The objective of the failure criteria is to allow the designer to have an evaluation of the mechanical strength of laminates. The definition of failure may change from one application to another. In the case of composite materials, the end of the elastic domain is generally associated with the development of microcracking: matrix microcracking, fibre-matrix debonding, etc. In the initial stage of fracture process, the initiated microcracks do not propagate, and their development changes the stiffness of the material very gradually. Failure criteria has been established in the case of a single layer of a laminate. Detailed discussion is given in [1] and [2].
3.1 Maximum Stress Failure Theory
Maximum stress criterion (Fig. 3 (left)) can be written in the form:
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If these six inequalities are satisfied, then the failure of the layer does not occur. If any of these inequalities are not satisfied, then the layer failure occurs by the fracture mechanism corresponding to the stress of the inequality that is not satisfied. The advantage of this theory is that it is simple to use but the major disadvantage is that there is no interaction between the stress components. 
3.2 Tsai-Hill Failure Theory
According to this theory, failure is assumed to occur whenever the distortional yield energy is equal or greater than a certain value related to the strength of the lamina. There is no distinction between the tensile and compressive strengths. The Tsai-Hill failure theory is given as:
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The advantage of this theory is that there is interaction between the stress components. However, this theory does not distinguish between the tensile and compressive strengths and is not as simple to use as the maximum stress theory or the maximum strain theory.
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Fig. 3 Failure envelope for the (left)-maximum stress failure theory; (right)-Tsai-Hill failure theory
3.1 Comparison of Failure Criterion

Table 1 [0/90/0/90] Carbon-epoxy laminate,
[image: image27.wmf]1000  [N/m]

xy

NN

==

 
	Layer orientation
	Tsai-Hill
	Maximum Stress

	0
	Didn’t fail
	Didn’t fail

	90
	Didn’t fail
	Didn’t fail

	0
	Didn’t fail
	Didn’t fail

	90
	Didn’t fail
	Didn’t fail


Table 2 [30/-602/0/45] Carbon-epoxy laminate,
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	Layer orientation
	Tsai-Hill
	Maximum Stress

	30
	Failure
	Didn't fail

	-60
	Failure
	Failure in Tension

	-60
	Failure
	Failure in Tension

	0
	Failure
	Failure in Compression

	45
	Failure
	Failure in Compression


Table 3 [(0/60/90)2]S Carbon-epoxy laminate,
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	Layer orientation
	Tsai-Hill
	Maximum Stress

	0
	Failure
	Failure in Tension

	60
	Failure
	Failure in Tension

	90
	Didn’t fail
	Failure in Tension

	0
	Didn’t fail
	Failure in Tension

	60
	Didn’t fail
	Didn’t fail

	90
	Didn’t fail
	Didn’t fail

	90
	Didn’t fail
	Didn’t fail

	60
	Didn’t fail
	Didn’t fail

	0
	Didn’t fail
	Didn’t fail

	90
	Didn’t fail
	Didn’t fail

	60
	Didn’t fail
	Didn’t fail

	0
	Failure
	Didn’t fail


4. CONCLUSION
In this paper, fiber-reinforced composite materials were discussed. Constitutive relations of laminate are obtained and analyzed with classical lamination theory. The theory does not consider the effect of shear deformation, and therefore segment that was normal before deformation on the middle plane remains perpendicular to the middle plane after deformation. Such simplifications make it easier for calculation, but it gives accurate results only for thin laminates. For medium thick and thick laminates, this theory is not suitable and it is necessary then to consider some of the high order theories.
For failure criteria, in this paper, maximum stress criterion and Tsai-Hill criterion were selected. Maximum stress criterion is easily applied, but gives good results only under uniaxial strain. This is because there is no connection between stress components. Tsai-Hill criterion gives the relationship between the components of the stress, but does not distinguish between the tensile and compressive strength. Still, this failure theory is better then the previous criteria and gives good results in biaxial and triaxial strain. Even if sometimes maximum stress criterion is more rigorous, it does not correspond to the reality as that is not how material behaves.
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