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Abstract:  The most encountered failure criteria of fiber reinforced composite laminates are presented. These failure criteria include limit-, interactive- and tensor-polynomial criteria used by the European- and American school of composite materials. Most of them are a generalization of criteria used in case of isotropic materials.
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1. INTRODUCTION 

The strength of a fiber reinforced composite laminate is strongly influenced by the strength of each lamina of a composite structure. The environmental conditions such as the temperature and the humidity play a significant role in the overall strength of a composite based especially on a polymer matrix. In the literature there are more than 40 failure criteria applicable to fiber reinforced composite materials, some of these criteria use empiric- or experimental determined relations. Some of the authors classify the failure criteria in three major groups [1, 2]:

· Limit criteria – where the break occurs when the stress or strain reach the limit state;

· Interactive criteria – when the break occurs when a quadratic form of stresses is satisfied, predicting only the initial moment of break not the break mode;

· Tensor-polynomial criteria – that can predict only the initial moment of break being necessary the accomplishment of biaxial tests to evaluate the interactive terms.

Most of the encountered failure criteria used for fiber reinforced composite laminates are a generalization of the criteria used for isotropic materials. In the followings, the most encountered failure criteria used for anisotropic materials are presented. Most of them are described in the papers [3, 4, 5, 6].

2. LIMIT FAILURE CRITERIA
Among the limit failure criteria used to predict the break modus of fiber reinforced composite laminate is the maximum stress criterion. According to this, a body subjected to a three dimensional stress state breaks when one of the σ1, σ2 or σ3 components reach the limit value of the stress at the tensile/compression loading. The equations are:
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where:

σII limit tensile/compression – represent the limit value of the stress at tensile/compression loading determined on fibers direction;

σ┴ limit tensile/compression – represent the limit value of the stress at tensile/compression loading determined perpendicular on fibers direction;

τ limit shear  – represent the limit value of the shear stress. 

The maximum specific strain criterion. This criterion leads to the following equations:
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where:

εII limit tensile/compression – represent the limit value of the strain at tensile/compression loading determined on fibers direction;

ε┴ limit tensile/compression – represent the limit value of the strain at tensile/compression loading determined perpendicular on fibers direction;

γ limit shear  – represent the limit value of the shear strain.

Stowell-Liu’s criterion. According to this criterion, the fibers stress at break, σF is considered the limit stress of the lamina and the stress at break perpendicular on fibers direction, σM and the shear stress τM are considered the limit stresses of the matrix. The equations are:
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Prager’s criterion. The limit stresses perpendicular to the fibers direction as well as the shear ones are not independent like the Stowell-Liu criterion but in a permanent interaction. The equations are:
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3. INTERACTIVE CRITERIA
Puck-Schneider’s criterion. According to Puck, there are two kinds of failures regarding the fiber reinforced composite laminates: the fiber break and the inter-fiber break, i.e. the matrix break at the limit surface between fibers and matrix. The fibers break without inter-fibers break leads to the complete collapse of the composite structure. In the case of inter-fiber break, Puck proposes the following failure criteria [7]:
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(5)
where the stress and strain values at break are obtained experimentally.

Tsai-Hill’s criterion. Is one of the most used criteria. The equation is:
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(6)
where:

X, Y, Z – represents the strengths at break obtained experimentally in some uniaxial loadings on the orthotropic directions;

R, S, T – represents the pure shear stresses in the orthotropic plane.

Azzi-Tsai’s criterion. This criterion take into consideration that the lamina is isotropic in the plane (υ2, υ3) which means that Y=Z, so that the equation (6) becomes:
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(7)
Hoffman’s criterion. Hoffman changed the equation proposed by Hill, including linear terms to take into account the stresses at break at tensile and at compression. The equation is:
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The nine constants Ki represents the strengths at break at tensile and compression loadings. For a orthotropic material subjected to a plane state of stresses, this criterion becomes:
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(9)
Franklin’s criterion. The general expression of this criterion is:
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(10)
The constants K1 and K4 are determined during some uniaxial tests on the first orthotropic direction, i.e. σ1 = 

= σbreak II compresison and σ2 = σbreak II tensile. The constants K3 and K5 are determined during uniaxial tests performed on the second orthotropic direction and the constants K2 and K6 are determined during biaxial tests, respective of a shear test in which τ12 = τ. This criterion presents the inconvenient that the constants K2 and K6 must be determined during biaxial tests.

4. TENSOR-POLYNOMIAL CRITERIA
Tsai-Wu’s criterion. Wu shows that the majority of the above mentioned criteria are only particular cases and together with Tsai, they propose a second degree polynom, with the stresses expressed in the orthotropy plane [3]:
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(11)
where i,j = 1 – 6 and Fi , Fij are the second degree-, respective fourth degree tensors.

In the case of biaxial tests, this criterion can be reduced to the following expression:
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(12)
This criterion presents a major inconvenient in the very difficult determination of Fij fourth degree tensors and the hypothesis of an elastic behaviour of the specimen until break, fact that is not always true. This criterion was approached by many authors in order to improve it. For instance, Narayanaswami and Adelman [5] considered that F12 = 0, emphasizing that the rest of the criterion is satisfying for practical use. Tennison [6] chose a cubic form of this criterion:
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(13)
Hadăr, Constantin and Jiga propose a particularization of the expression (12), useful for a group of k laminas of the same type of a laminate reinforced with fibers [8, 9, 10, 11]:
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(14)
where σlrc and σtrc represents the normal stresses at break through compression of a lamina on the fibers direction, respective perpendicular to the fibers direction.

Goldenblat-Kopnov’s criterion. Goldenblat and Kopnov propose a failure criterion for anisotropic materials:
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(15)
where:

i, j, j, k, l, m, n, … = 1, 2, 3 ;

Fij, Fijkl – represents material coefficients under the form of some components of the second-, fourth-, etc. degree tensors, that characterize the strength of the composite;

α, β and γ – are constants determined experimentally.

Goldenblat and Kopnov chose fixed values for these constants (α = 1, β = 0,5 and γ = 0,33).

5. CONCLUSIONS
The most encountered damages of a fiber reinforced composite laminate appear under the form of inter-fiber break, due to the stresses that act perpendicular to fibers direction and due to shear stresses. The cause of these premature damages consists in the very low strengths at break of an unidirectional reinforced lamina, strengths that are approximately 20 times lower than the strength at break values determined on the fibers direction.

Although, a composite laminate still keep itself the bearing capability in case of inter-fiber break of an unidirectional reinforced lamina, however, first inter-fibers break in a lamina can lead, for instance, to leakage in the case of the recipients. Since a lamina damaged through inter-fibers breaks (cracks) do not present the initial rigidity, the other intact laminas must take over from the forces that act against this lamina. This lead to a redistribution of the forces in a composite laminate.

Due to multiple break possibilities, the failure criteria must be available to describe, as realistic as possible, the break mechanism. The values of the failure criteria must be compared to those obtained experimentally.
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