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A number of different approaches based on the framework of continuum damage mechanics 
(CDM) have been proposed to predict the initiation and evolution of damage in composite 
materials. These methods assume that once an elastic limit is exceeded, certain moduli and 
Poisson terms are degraded via linear, bilinear, or exponential softening laws at a rate determined 
by the corresponding fracture toughness. The equations used to define the current state of 
damage are typically derived under the uniaxial load cases for which the fracture toughness 
terms have been determined experimentally. Accordingly, the material strengths and fracture 
toughnesses, combined with the assumed shape of the uniaxial stress-strain curve, fully define 
the response of the damaged material. 

Under plane stress conditions, three damage state variables (corresponding to softening in the 
local fiber, matrix, and shear directions) are typically used to represent the state of damage at 
each integration point. Within certain mixed-mode cases (i.e., combined transverse tension and 
shear), however, the individual definitions of the matrix and shear damage variables may lead to 
incorrect energy dissipation results and unrealistic damage states. Potential problems stemming 
from such behavior include resistance to shear deformation after material has fully failed in the 
matrix direction and premature complete matrix failure while under mixed-mode loading. 

In the present work, we examine the consistency of the matrix damage states predicted with 
the CDM model proposed by Maimí et al. [1]. In this model, the degradation of an element’s 
ability to withstand shear deformation is related to the formation of cracks in both the fiber and 
matrix directions. The shear damage state variable d� is a combination of both the tensile fiber 
damage state variable d�� and an additional damage state variable related to the tensile matrix 
elastic limit ���, via: 

d� = 1 − 
1 − d����1 − d��
���� 

wherein d�� is defined to ensure the dissipation of the shear fracture toughness under pure shear 
loading conditions. Within this model, both the matrix and shear damage state variables are 
functions of only constant material inputs and ���. As a result, the simultaneous complete 
degradation in the matrix and shear modes is not enforced, as illustrated in Figure 1. The delay 
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between complete degradation of the matrix and shear terms may be further accentuated at 
different element length scales and mode mixities. 

 
Figure 1:  Matrix and shear stress response to monotonic, proportional deformation after exceeding 

the mixed-mode elastic limit as predicted using the CDM model of Maimí et al. [1]. 

The inaccurate representation of mixed-mode energy dissipation can greatly affect simulation 
results, not only in terms of the rate of damage propagation through the model, but also in terms 
of the predicted dominant failure modes. For example, predictions of a compact tension (CT) 
specimen near the borderline between domination by fiber fracture and matrix splitting can be 
strongly affected by such errors. 

In this paper, the mixed-mode cohesive zone modeling (CZM) damage approach recently 
proposed by Turon et al. [2] is adapted for use in a CDM context to address the issues detailed 
above. There are several similarities between the intralaminar matrix cracks predicted via CDM 
and the interfacial softening response used in CZM, including the relevant material properties 
and the geometry and loading of the fracture plane. As in CZM models, the proposed CDM 
model uses a single matrix damage state variable to replace the separate matrix and shear 
variables. This damage variable is driven by an effective mixed-mode fracture toughness. The 
effective fracture toughness is defined by an interactive criterion, so as to accurately dissipate 
energy under both mixed-mode and uniaxial loading conditions, and is updated during each 
solution increment. The influence of these modifications is exemplified through simulations of 
the CT specimens tested by Catalanotti et al. [3] in terms of both overall damage progression and 
the dominant failure modes. 
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