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Abstract: Theoretically predicting the service life of the Fiber 
Reinforced Polymer (FRP) laminates is important to design safe 
structural components. In common, failure of FRP laminates 
includes fiber/matrix cracking, delamination of fibers, debonding 
of reinforcement materials, and matrix failure due to stress 
gradients. Conventionally failure envelops of the FRP laminates 
are strongly depends upon maximum stress criterion and normal 
strain criterion. This review paper reveals the all the failure 
prediction theories based on stress and strain induced in 
laminates. This article covers the recent well established failure 
prediction theories and common modeling approaches of fiber 
reinforced polymer composites. 

 
Index Terms: Service life, Failure theories, Laminates, Stress 
criterion, Strain criterion  
 
Notations 
Eo  Unidirectional laminate modules 
Fi,  Strength parameters  
R    Design factor  
i, j Stress components 
EA   Axial Elasticity modulus  
ET   Transverse Elasticity modulus 
   Poisson’s ratio  
ɛ   Normal strains  
XT; XC Tensile strength and compressive strength  
S21   Shear strength  

I. INTRODUCTION 

Over the past four decades, researchers are trying to predict 
the failure of unidirectional and multidirectional composite 
laminates under complex loading numerically, Because of 
finding failure through numerical predictions gain more and 
more importance in order to avoid costly experiments and 
time. Numerous failure theories and approaches have 
formulated for failure prediction of fiber reinforced polymer 
composites and had differences in terms of modeling 
methodology, and assumptions used to derive it. Although it 
is clear that, no criterion is universally accepted by designers 
as adequate and appropriate under combined loads and 
nonlinear conditions. This review paper discusses about the 
failure of FRP laminates and the state- of – the- art failure 
prediction theories that are generally used by the designers 
and researchers to date. Failure is generally defined as loss of 
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load withstanding ability of a component or material and it 
will be examined in different scales i.e. at micro-mechanical, 
lamina level, and laminate level (see Fig.1). In the 
micro-mechanical level, fibers and the matrix are treated as 
separate materials with different constitutive behavior (see 
Fig.1a). In this level, fiber-matrix and fiber-fiber interactions 
were studied. In lamina level (ref. Fig.1b), the fiber-matrix 
composites regarded as a homogeneous material but 
anisotropic material. On the laminate level (ref. Fig.1c), the 
material is regarded as a stacked composition of several 
lamina including their interfaces and the orientation of the 
individual lamina mentioned by angle . 

 
1a.Micromechanical 

level 
1b. Lamina 

level 
1c. 

Laminate 
level 

   

Fig. 1 Different scale of laminates 

Also the damage mechanisms are generally categorized as: 1. 
Micro-level damage mechanisms 2. Macro-level damage 
mechanisms 3. Coupled micro-macro-level damage 
mechanisms (ref. Fig. 2) 

II. LAMINA FAILURE CRITERIA 

In orthotropic/anisotropic composite lamina the damage 
mechanisms and mechanical properties are changes with the 
direction of applied load and loading conditions. Typically 
failure does not occur by yielding but it occurs due to the 
fracture of one of the constituents such as matrix or fibers or 
the fiber-matrix interface. Generally Failure criteria of 
composites laminates are classified based on the stress 
interaction of laminates and considered into two groups: (1) 
Non-Interactive failure criteria (2) Interactive Failure 
Criteria. Non-interactive failure Criteria can be defined as the 
one having no interactions between stresses or strain 
components. Failure prediction criteria normally based on 
two theories i.e. 1.Maximum stress criteria 2. Maximum 
strain criteria. 

A. Maximum Stress Criteria 

According to this theory, failure occurs if one of the stress 
components along with the principal material axes exceeds 
the corresponding strength in that direction. Maximum stress 
theory is more appropriate for brittle materials. 
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 Failure of individual plies under transverse and tension loads 
is exactly described by a maximum-stress criterion and it can 
be expressed by the Equations (1) & (2) and described below 
 

11 =  XL    when 11≥ 0                               (1)              
  - XT    when 11 ≤ 0 

and 
22 =  YL    when22  ≥ 0                 (2) 

 -YT    when22 ≤ 0 
 

B. Maximum Strain Criteria 

According to this theory, if the strain components of a 
material along with the principal material axes exceed 
corresponding ultimate strain in loading direction then the 
material will fail. Generally the strain criterion is expressed 
in terms of stress components. The induced stress component 
has small interaction between longitudinal and lateral stress 
due to Poisson effect. Failure Conditions can be expressed by 
the Equations (3) & (4) as given below 
 

11 - 1222 =   XL   when  ɛ11 ≥ 0 
 -XT        when  ɛ11 ≤  0             (3) 

and 
22 - 2111  =  YL         when  ɛ22  ≥ 0                (4) 

-YL        when   ɛ22 ≤ 0 

III. DIFFERENT FAILURE CRITERIA AND APPROACHES 

CHAMIS CRITERIA [1] 

This theory used to predicts the uniaxial strengths of the 
composite from its constituent material properties with 
fabrication process considerations. Strength of laminates 
determined by modified rule of mixtures relation, 
matrix-strain magnification factors, and maximum void 
effects. Another form of this theory is based on a modified 
distortion energy principle. The criterion is applicable to 
orthotropic / anisotropic and isotropic materials.  

HART-SMITH’S CRITERIA [2] 

These criteria illustrates that how the classical maximum 
shear strength of isotropic metals assumed to be orthotropic 
materials such as carbon fibers, glass fibers and 
fiber-reinforced polymer composites. Hart-Smith’s criteria 

proposed two models which are: 1. Generalized Tresca 
model: which consider shearing of the fiber is the dominant 
failure mode 2. Maximum Strain model: is a 2-D 
interpretation of failure of laminates with an assumption to 
neglect the initial failure. This criterion is applicable for fiber 
reinforced in more than two reinforcement directions and the 
failure of laminates described by the Equations (5) to (9). 
Longitudinal tensile failure: 

T11  =               (5) 
Longitudinal compressive failure: 

                     C11  =
           (6) 

In-plane shear failure: 
S12 = XT/20 or XC/20 whichever is the greatest      (7) 
Transverse tension: 
YT=XT /10 or XC /10 whichever is the greatest      (8) 
Transverse compression: 
YC=XT /10 or XC /10 whichever is the greatest     (9) 

ECKOLD’S CRITERIA [3] 

This is strain based criterion and it considers the attributes of 
composite failures necessary for the design environment. 
Efforts have been taken to calculate ultimate strength and this 
criterion ignores material non-linearity and difference in 
tensile and compressive properties of fiber reinforced 
laminates. This theory holds two key assumptions 1. Strain in 
all directions is equally important 2. Transverse strains 
limited to 0·1%. A failure prediction by this theory is mostly 
unconservative, because of no account of non-linearity leads 
to prediction of strain is underestimating, and prediction of 
stiffness is overestimating. Strength values are measured 
from the modified quadratic failure criterion described by 
Equation (10) 
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EDGE’S CRITERIA [4] 

This criterion defines the Grant–Sanders method which is 
developed by the designers of British Aerospace for the 
prediction of failure in polymer laminates. This method is 
based on ply-by-ply analysis.  This criterion gives acceptable 
values with the failure envelopes which are developed 
measured from the unidirectional laminates. All the failure 
theories are predicting both the mode and location of failure.  
This theory will hold good to envisage the nonlinear stress 
and strain curve of laminates. For initial failure of matrix 
material expressed by the equations (11) to (13) and the final 
failures described as equations (14) to (16). 
For initial failure: 
Matrix Tension 

                    22 = Y                                                        (11) 
Matrix Compression: 

                 22 = YC              (12) 
Combined Shear and Matrix Tension:  
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        (13) 
For final failure: 
Fiber Tension: 

11 = XL                     (14) 
Matrix Compression: 

                     11 = XT                       (15) 
Combined Shear and Fiber Compression:  

    
11211 =








+









LTT SX



          (16)  

MCCARTNEY THEORY [5] 

McCartney find a new way of predicting the induced stresses 
magnitude of transverse cracks of cross-ply laminates under 
biaxial loading conditions and considering both anisotropy 
and thermal stress based damage. In this theory, crack 
initiation and growth parameters are discussed at the 
macroscopic level and assume that laminate deformations are 
depicted by linear elasticity theory.  
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Further assumed that the cracks develop in one orientation 
and it leads to fracture of transverse plies ruled by energy 
balance principles. This criterion expresses transverse tensile 
cracking by the equation (17)  
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(17) 

TSAI-HILL THEORY [6] 

Hill modified the Azizi and Tsai formulated Criteria. This 
criterion describes the strength characteristics of 
quasi-homogeneous, orthotropic composite laminates. This 
theory gives details that, the strength all the unidirectional 
composite materials are governed by axial, transverse, and 
shear strength, and the angle of fiber orientation of each 
constituent layer and the temperature at which the laminate is 
cured. Also this theory depicts that process of laminations 
induces residual stress in the laminates and the subsequent 
effect like stress distribution under external load, method for 
determining the strength of angle-ply composites and failure 
described by the equation (18) 
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TSAI-WU THEORY [7] 

Tsai-Wu theory is based on Goldenblat and Koponov’s 

model. This theory considering both tensile and compressive 
stress of laminates and acceptable to the computational 
method of stress invariants. Tsai-Wu theory is commonly 
used to predict the failure mechanism because of easy to use 
and caters the three dimensional failure cases and the failures 
described by the Equation (19). 
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HASHIN - ROTEM CRITERIA [8] 

This criterion is mainly used for finding the fatigue behavior 
of unidirectional laminates and this criterion proposes two 
basic failure mechanisms. i. Fiber failures ii. Matrix failures. 
Fiber failures are due to the axial stresses and the matrix 
failures is due to the transverse and shear stresses. This 
approach has a reasonable assumption that no fiber breakage 
mechanisms involved. Attempt was not made to find stress 
interaction between laminas and its effects on delamination 
failure or about degradation of properties when the limit 
values of the criterion are reached. Hashin–Rotem criterion 
specified by the equations (20) and (21) 
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PUCK CRITERIA [9] 

The Puck criterion is follows the theory of Coulomb and 
Mohr and modified by Paul. According to puck theory, based 

on the fiber properties failure mechanism was identified. In 
addition, matrix failure was categorized into three set of 
stress states i. Transverse tension ii. Moderate transverse 
compression         iii. Large transverse compression. Fiber and 
matrix failures under tension and compression are specified 
by the equations (22) to (25). 
Fiber failure in tension: 
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Fiber failure in compression: 
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Matrix failure in transverse tension: 
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Matrix failure in transverse compression: 
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CUNTZE CRITERIA [10] 

This criterion deals with five failure mechanisms such as two 
fiber failures and three inter-fiber failures. Initial assumption 
in this theory is failure mechanisms exist due to probabilistic 
effects. Failure situations are based on failure mode concepts   
and equations of fiber failure expressed by (27) to (29). 
Transversal tensile failure: 

     

1
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           (27) 
Wedge failure: 
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Inter fiber failure: 
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SUN CRITERIA [11] 

In this theory, the final laminate failure is predicted without 
neglecting shear strength of laminates.  In determining failure 
strength under pin load conditions non linear shear stress 
strain expression significantly considered (Refer Eqn. 30). 
Sun criterion discloses that without evaluating current stress 
of laminates, strength of laminates can not be calculated. 
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                   (30)                                             
If  e   ≥ 1   material fail 
 e  < 1    material will not fail 
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WOLFE’S CRITERIA [12] 

This theory obtained from the maximum stress theory and 
factors such as unloading behaviour of cracked laminates and 
geometric nonlinearity were considered. Based on this 
theory, 
initial and final fiber failure points coincide in a single 
location. For the prediction of fiber failure (Refer equation 
31) and matrix failure, (Refer equation 32) the functional is 
differentiated with respect to strain variable.  
 
Fiber failure: 
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≥ 0.1     (31) 
 
Matrix failure: 
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<0.1     (32) 
 

ZINOVIEV CRITERIA [13] 

Theory assumes that laminate ply deforms under both tensile 
and compressive forces. Stresses in laminates along the fiber 
direction exceeds their ultimate values (Refer equation 33 & 
34), and shear stress values (Refer equation 35), the ply is 
assumed to be broken.  
 
Axial tension failure: 

     TX=1               (33) 
Axial compression failure: 

     CX=1               (34) 
In-plane shear failure: 

     1212 S=               (35) 

KROLL-HUFENBACH [14] 

This criterion provides calculation of maximum stress of 
laminated plates with circular notches from the experimental 
tensile fracture test.  This theory reveals that notch 
dimensions and stress concentration factors are not enough 
for reliably predict the strength of notched laminates. In this 
theory, calculation procedures are explained based on 
fundamental elasticity theory.   

MAYES THEORY [15] 

It’s a three dimensional failure calculation method based on 
multi-continuum theory (MCT) to obtain constituent material 
failure mechanisms. In this theory when one of the 
constituent fails, keep other constituents to distribute the load 
to entire structure. Fiber failures and matrix failure are 
described by the equation (36) and (37). The stiffness and 
strength of damaged areas can be reduced without necessarily 
declaring total structural failure.  
 
Fiber failure: 
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            (36) 

Where, fK1 = 
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            fI1 , fI 4  are fiber stress invariants 
Matrix failure: 

 14433 =+ mmmm IKIK          (37) 

Where, mK3 = 
2
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            mI3 , mI4 are matrix stress invariants 

HUANG THEORY [16] 

This theory describes simulation methodology of laminated 
composites subjected to various biaxial loads based on 
micromechanics model and classical laminate theory. Stress 
induced in fiber and matrix materials are completely 
described by this theory. Thermal effect can be considered. 
Fiber failure, matrix failure and ply failure can be clearly 
identified by the equations (38) and (39).  
 
Fiber failure: 
σeq =  {σ(1)         when σ(2) ≤ 0, 

[{(σ(1))q + (σ(2))q]1/4 ≤ 0,when σ(6)> 0,       (38) 
where σ(1) and σ(2) are fiber stresses in longitudinal and 
transverse direction     
 
Matrix failure:  
σeq =   { σ(1)           when σ(2) ≤ 0, 

{[{(σ(1))q + (σ(2))q]1/4, when σ(6)> 0        (39) 
Where σ(1) and σ(2) are matrix stresses in longitudinal and 
transverse direction     

 BOGETTI CRITERIA[17] 

This maximum Strain failure criterion follows 3D maximum 
strain failure approach and predicts nonlinear shear 
stress-strain curve of laminates coupled with progressive-ply 
failure methodology. This criterion describes laminates 
principal ply strains in six directions (ɛ1, ɛ2, ɛ3, ɛ4, ɛ5, and 
ɛ6) compared to their corresponding allowable maximum 
strain: 
if ɛ1>0, ɛ1>Y1T,  tensile fiber failure  
if ɛ1<0,|ɛ1|>Y1C, compressive fiber failure  
if ɛ2 > 0, ɛ2 >Y2T, transverse tension failure  
if  ɛ2<0, |ɛ 2 |>Y2C, transverse compression failure  
if ɛ3 > 0, ɛ 3 >Y3T,  transverse tension failure  
if ɛ3 < 0, ɛ 3 |>Y3C,  transverse compression failure  
if| ɛ4 | >Y23 inter-laminar shear failure  
if | ɛ5 | >Y13, interlaminar shear failure  
if | ɛ6 | >Y12, in-plane shear failure  
This criterion expresses strain failures explicitly in terms of 
three parameters based on Ramberg–Osgood equation (refer 
equation 40). 
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 MOHR-COULOMB (M-C) CRITERION [18] 

This criteria is suitable in the case of fracture occurs under 
tension loading. The application of the M-C criterion is to 
predict multiaxial failure of matrix materials. This criterion is 
inadequate in the case of failure prediction of chopped glass 
fiber reinforced epoxy based laminates subjected to pressure 
loading. Micromechanical model based on this criterion is to 
predict the strength properties of fiber composites. 

LARC03 CRITERIA FOR MATRIX FAILURE [19] 

Criteria based on concepts developed by Hashin and Puck 
criteria. It focuses on M-C stresses induced in the matrix 
material which are always on crack planes normal to plies 
and parallel to fibers. In case of compression, the crack plane 
may not be normal to ply direction.  Inclination of the fracture 
plane must be known in order to apply this criterion. 

LARC03 CRITERIA FOR FIBER FAILURE [20] 

Based on the experimental results, puck proposed a failure 
prediction theory for fiber failure under tensile loading 
conditions. Theory is based on the maximum strain acting 
along the fibers under the applied tensile load. This criterion 
holds good and simple to predict the failure of laminates. 

IV. FAILURE THEORIES RESULTS AND COMPARISONS 

Twenty approaches ranked highly by the quantitative 
assessment procedure followed by different approaches and 
their general capabilities were listed in Table I below. 

Table.1Failure Theories Comparison 

Failure theories Attempt to predict Fail  to predict  

Chamis  
 

✓ laminate strength 
✓ Fiber failure 
prediction 
✓ 3D stress analysis 

✓ Shape of  stress strain 
curves 
✓ Maximum shear stress 

Hart-Smith J 

✓ laminate strength 
✓ Elastic constants 
prediction 
✓ Fiber failure 
prediction 

✓ initial stiffness  

Eckold GC  

✓ Lamina and laminate 
strength 
✓ Elastic constants 
prediction 
✓ Computer code 
generation 

✓ Shear  strength 
prediction 

Edge EC 

✓ laminate strength 
✓ Non-linear analysis 
✓ Deformation 
prediction 
✓ Initial strength 
prediction 

✓ Stress –strain curves 
under large strain 
conditions 
 

McCartney 
theory 

✓ Laminate strength 
prediction 

✓ Crack density 
prediction 
 

✓ Shear strength  

Tsai-Hill 
Theory 

✓ Laminate strength 
prediction 
✓ Deformation 
prediction 
✓ 3D stress analysis 

✓ nonlinear behaviour 
 

Tsai-Wu 
Theory 

✓ Lamina and laminate 
strength 
✓ Deformation 
prediction 
✓ Computer code 
generation 

✓ final strain 

Hashin-Rotem 
criteria 
 

✓ Elastic laminate 
constants 
✓ Laminate strength 
prediction 
✓ Non-linear analysis 

✓ Stiffness  
 

Puck criteria 

✓ laminate strength 
✓ Elastic laminate 
constants 
✓ Non-linear analysis 

✓ Deformation 
 

Cuntze criteria 
 

✓ Non-linear analysis 
✓ Deformation 
prediction 
✓ Computer code 
generation 

✓ Final strain 

Sun criteria 
 

✓ Non-linear analysis 
✓ laminate strength 
prediction 
✓ Elastic laminate 
constants 

✓ nonlinear behaviour  

Wolfe’s 

Criteria 
 

✓ Lamina and laminate 
strength 
✓ Elastic laminate 
constants 
✓ Non-linear analysis 
✓  

✓ Final strains  

Zinoviev 
Criteria 
 

✓ Lamina  strength 
prediction 
✓ large deformation 
prediction 
✓ Initial strength 
prediction 

✓ Nonlinear behaviour 
not taken into account 

Kroll-Hufenbac
h 

✓ Elastic constants 
✓ Lamina  strength 
prediction 

✓ large strains 

Mayes theory 

✓ Lamina  strength 
prediction 
✓ Elastic laminate 
constants 

✓ final strains 
 

Hyuang theory 

✓ Lamina  strength 
prediction 
✓ Elastic laminate 
constants 
✓ Initial strength 
prediction 
✓ 3D stress analysis 
 

✓ Residual stresses 
 

Bogetti criteria 

✓ Lamina  strength 
prediction 

✓ shear stress-strain  
analysis 

 

✓ residual thermal 
stresses 

Mohr-Coulomb 
(M-C) criterion 

✓ Lamina  strength 
prediction 
✓ Deformation 
prediction 
 

✓ Not applicable 
for chopped fibers 

LaRC03 
CRITERIA  for 
Matrix Failure 

✓ Lamina  strength 
prediction 
✓ Deformation 
prediction 
 

✓ final strain 

LaRC03 
Criteria for 

Fiber Failure 

✓ Lamina  strength 
prediction 
✓ Deformation 
prediction 
 

✓ final strain 
 

V. CONCLUSION 

This review illustrates that majority of the failure theories 
follows common procedure for predicting strength and 
generally failures are controlled by tensile failure of the 
fibers.  
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Author-2 Photo 

 
 

Current failure prediction methodologies have not 
addressed to represent the following topics 

❖ Delamination initiation and propagation 
❖ Buckling in thin walled structures 
❖ Effects of ply stacking sequence 
❖ Effect of loading and unloading behaviour 
❖ Durability of laminates 
❖ Degradation properties evaluation 
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