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ABSTRACT 

 

In this paper the solution available in the LMS Samtech Samcef finite element 

code for damage analysis of composites is presented. Laminates made up of 

unidirectional (UD) plies are considered. Static and fatigue analyses are conducted. 

The damage models for inter- and intra-laminar damages are discussed and the 

parameter identification procedure is described. Comparison between tests and 

simulations at different levels of the pyramid of tests (building block approach) 

demonstrate the reliability of the numerical solution.  

 

INTRODUCTION 

 

Laminated composite materials have been successfully used in the aerospace 

industry for years. Today, the automotive sector must produce vehicles that satisfy 

strong regulations on gas emission. Carbon fiber-reinforced plastics, because of 

their high stiffness and strength to density ratio, represent a serious alternative to 

classical metallic approaches but generate the need to revisit the design, sizing and 

manufacturing methodology of the structural parts. Concerning sizing, composites 

indeed exhibit complex material behaviors, especially when the assumption of 

linearity no longer holds. Moreover, composite materials and structures show 

specific failure modes. These must be well controlled in the sizing process if the 

goal is to exploit the full capacity of the material. Consequently, and in order to 

reduce the development time and cost, predictive simulation tools can become an 

interesting companion to the physical tests. There is a need to develop material 

models able to represent the different modes of degradation of the plies forming the 

laminate. Delamination, that is ply separation, must also be taken into account in 

the problem. Both aspects (inter- and intra-laminar damages) are addressed in this 

paper.  
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Figure 1. The pyramid of tests: physical and predictive virtual prototypes 

 

Although different modeling and analysis approaches exist in the literature and 

in commercial software [1-6], the cohesive element formulation and the associated 

damage model available in the LMS Samtech Samcef finite element code for 

modeling delamination of laminated composites are here considered [7]. The 

approach is based on continuum damage mechanics and was initially developed by 

the Ladevèze’s team in Cachan [8]. The damage model is assigned to interface 

elements inserted between the plies to represent their possible de-cohesion and 

inter-laminar crack propagation can be simulated. This damage model is first 

presented. The basics of the parameter identification procedure are briefly 

explained. Test results at the coupon level on double cantilever beam (DCB) and 

end notched flexure (ENF) specimens are used to identify the parameters of the 

damage law. The obtained values are then validated on a mixed mode bending 

(MMB) test.  

 

Even if lots of models are available in the literature [9-14], the formulation 

developed in LMS Samtech Samcef for modeling the damages inside the plies 

(intra-laminar damages) is based on the continuum damage mechanics approach 

initially developed in [15], in which the laminate is made of homogenous plies and 

damage variables impacting the stiffness of each ply are associated to the different 

failure modes, representing the fiber breaking, matrix cracking and de-cohesion 

between fibers and matrix. The advantage of this damage model compared to some 

others is that a parameter identification procedure can be developed. Moreover, the 

model is native in LMS Samtech Samcef and there is no need for additional (not 

free) plug-ins to solve the progressive damage problem.   

 

Once the value of their parameters are identified at the coupon level, the inter- and 

intra-laminar damage models are used in finite element models at the upper stages of 

the pyramid of tests (building block approach, Figure 1) to study more complicated 

structures: in this paper, L-shaped beams and impacted plates. Comparisons between 

tests and simulations demonstrate the reliability of the numerical solution. 

 

 



INTRA-LAMINAR DAMAGE MODEL 

 

The intra-laminar damage model for the unidirectional ply is described in detail in 

reference [15]. It is based on the continuum damage mechanics. In this approach, 

damage variables taking their values between 0 and 1 are introduced in the 

formulation to penalize the material stiffness.  

 

The model is described by 23 parameters (to be identified). It includes the 9 elastic 

orthotropic properties in 3D (E
0
1, E

0
2, E

0
3, ν12, ν23, ν13, G

0
12, G

0
13, G

0
23) and specific 

parameters associated to damage and plasticity (like Y11s, Y012, Ys12, R0, β and n in 

Figures 2 and 3). The potential ed in (1), written here in plane stress for the 

homogeneous ply, includes the damage variables d11, d22 and d12 related to the fibers, 

the transverse and the shear directions, respectively. The damage in the transverse 

direction only appears in tension, not in compression, as cracks get closed in the 

matrix under a compressive loading.  
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The so-called thermodynamic forces Yi (see reference [15]) are the derivatives of 

the potential ed with respect to the damage variables di. They can be seen as the 

loading in the different directions. They manage the evolution of the damages as 

illustrated in Figure 2a and 2c. In the fiber direction (Figure 2a), the behavior is brittle, 

and the damage increases suddenly from 0 to 1 when the material strength, expressed 

in terms of √Y11, is reached. In the matrix, the damage produces a decrease of the 

material stiffness (Figure 2b), and its evolution with respect to the loading (here √Y12) 

is more complex (Figure 2c). The two damages in the matrix, d12 and d22, are coupled.  

 

 
Figure 2. Damages in the fiber direction (a) and in the matrix (b,c) 

 

Besides damage, non-linearity is also taken into account in the fiber direction 

(Figure 3a). For the matrix, inelastic effects are considered in the form of a plastic law, 

which captures the permanent deformations (Figures 2 and 3). These material 

behaviors come from interpretation of tests.  

 



  
Figure 3. Non linearity in the model 

 

INTER-LAMINAR DAMAGE MODEL 

 

The inter-laminar damage model for delamination is based on the cohesive 

elements approach [7,8]. A potential is assigned to the interface elements, and three 

damage variables di are related to modes I, II and III (opening, sliding and tearing 

modes, respectively). 
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Figure 4. Interface and components of the stress tensor 

 

ki
0
 in (2) is the undamaged stiffness. Thermodynamic forces Yi are obtained by 

deriving (2) with respect to di. For mixed mode loading, the damage evolution is 

related to the inter-laminar fracture toughness (GIC, GIIC and GIIIC) in an equivalent 

thermodynamic force Y taking the following form: 
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In (3), α is a coupling coefficient, and t represents the time (pseudo-time when 

static analysis is addressed). The sup symbol in (3) means that the thermodynamic 

force can’t decrease over time, so reflecting that damage is irreversible. In the model, 

the three damage variables have the same evolution over the loading and a unique 

damage d is therefore defined. The damage is related to Y via a function g(Y). Three 

different functions g(Y) are available leading to polynomial, bi-triangular and 

exponential cohesive laws, as illustrated in Figure 5, respectively. 

 



 
Figure 5. Damage laws for the cohesive elements 

 

PARAMETER IDENTIFICATION PROCEDURE 

 

From the coupon testing performed on classical machines according to some 

standards (e.g. ASTM D3039, www.astm.org), the longitudinal stress σL and the axial 

and transversal strains εL and εT are obtained. Based on this information at the coupon 

level, the 23 parameters of the ply model are determined. In practice, four series of 

tests are conducted, each series on a specific (well-defined) stacking sequence and/or 

loading scenario. As typically 5 successful tests are usually required, it results that 20 

(= 4 x 5) successful tests must be conducted to cover the 4 series, that is a total of 20 

tested coupons. This is enough to identify the 23 parameters of the progressive 

damage ply model, i.e. the damage, plastic and initial elastic properties. The 

identification procedure is done without extensive use of simulation. It is a simple 

procedure based on EXCEL sheets, which can be sped up by some very simple 

programming. A comparison between an ASTM D3039 test and simulation is used to 

validate the identified values on a stacking sequence not used for the identification 

(Figure 6).  

 

 
Figure 6. Comparison between test and simulation for the identification and validation at the coupon 

level (intra-laminar damage model) 

 

For the cohesive laws, specific DCB, ENF and MMB tests (www.astm.org) are 

performed. Finite element models are developed and a fitting between experiments 

and numerical results is conducted (Figure 7) to get the value of the parameters. 

Analytical solutions based on beam theory are also used to fine tune these values. 

 



 
Figure 7. Comparison between test and simulation for the identification of the inter-laminar damage 

model parameters at the coupon level (delamination) 

 

 

APPLICATIONS AT THE UPPER STAGES OF THE PYRAMID 

 

The parameters of the inter- and intra-laminar damage models identified at the 

coupon level as explained in the previous sections are now used in simulations at the 

upper stages of the pyramid of Figure 1.  

 

The numerical tests are conducted with the LMS Samtech Samcef implicit finite 

element code. Solid shell finite elements with EAS and ANS formulations are used. 

The element height is equal to the ply thickness. Interface elements are defined 

between each ply. Mesh sensitivity studies were conducted in order to work with a 

converged mesh.  

 

In a first application, a [45/0/-45/90]s plate is submitted to an impact. Test results 

are obtained with a C-scan and are illustrated by the second line of Figure 8: the white 

spots correspond to the detected damages. The simulation determines the amount of 

damage in each interface, with the following code of colors: red means completely 

broken (d = 1) while blue corresponds to no local damage (d = 0). The damaged 

interfaces are illustrated in the first line of Figure 8. It is clear that the agreement 

between the test results and the simulation is very good.  

 

In the second application, an L-shaped beam submitted to two different load cases 

and boundary conditions is considered (Figure 9). The laminates are made up of 12 

plies with the following stacking sequence [60/-60/0/0/-60/60]s. 



 
Figure 8. Results of the impact on the laminated plate 

Even if ply damage is present, the failure is mainly driven by delamination leading 

to large sliding of the plies. In Figure 10, a comparison between tests and simulations 

is done. The global behaviors are very similar. In Figure 11, the load-displacement 

curves show that a very good agreement is obtained between test and simulation. 

 
Figure 9. Two configurations for the L-shaped beam 

 
Figure 10. Delamination resulting from the loading 



 
Figure 11. Load-displacement curves 

 

FATIGUE ANALYSIS OF LAMINATED COMPOSITES 

 

Besides the static case described in the previous sections, fatigue is another 

interesting attribute to consider for the sizing of composite structures. Even if it’s 

known that laminated composites have a good behavior in fatigue, it is anyway 

interesting to study, for instance, the degradation occurring during the first fatigue 

cycles. Indeed, as illustrated in Figure 12, a significant decrease of the stiffness 

properties, associated to damage via a relation E=E0(1-d) in the continuum damage 

mechanics approach, is observed in testing [18]. In Figure 12, the resultant force of the 

beam submitted to fatigue bending is recorded: it decreases over the cycles, 

demonstrating that damage appears in the composite.  
 

 
Figure 12. Intra-laminar fatigue analysis with SAMCEF of a balanced woven fabric laminate 

[45]n (from [18]) 

 

The fatigue framework available in the SAMCEF finite element code for intra-

laminar damage was adapted here in order to study laminates made up of 

unidirectional plies. It is based on the cycle jump approach proposed in [18] and is 

illustrated in Figure 13.  

 



 
Figure 13. Principle of the cycle jump algorithm implemented in SAMCEF (from [18]) 

 

First, a static cycle is run in order to get a relevant stress history. This information 

is then provided to the specific fatigue law with damage accumulation, which is used 

to determine the variation in the number of cycles ∆Ni at each computational point i 

for a given variation of the damage amplitude ∆d assigned to the structure. A 

statistical treatment is then conducted, in order to determine the unique ∆N to apply to 

all the computational points. Finally, knowing this value, the related ∆di deduced from 

the fatigue law are then applied to adapt the local values of the material stiffness, as 

Ei=Ei0(1-di). In the developed formulation, the cyclic loading is limited to constant 

amplitude during each cycle jump phase. With the specific fatigue law ∂d/∂N and the 

cycle jump strategy, the computation of each cycle is avoided, what is interesting for 

saving computational time. In Figures 14 and 15 are reported first comparisons 

between physical tests and simulations obtained with SAMCEF, for intra-laminar 

fatigue damage appearing after a few cycles in coupons made up of plies oriented at 

either 0° or ±45°, and submitted to in-plane loading. 

 

 
Figure 14. Damage occurring during the first fatigue cycles, in a laminate made of UD plies 

oriented at 0° 
 



 
Figure 15. Damage occurring during the first fatigue cycles, in a laminate made of UD plies 

oriented at ±45° 
 

 

CONCLUSION 

 

In this paper the solution available in the LMS Samtech Samcef finite element 

code for the damage analysis of laminated composite structures was presented. Inter- 

and intra-laminar damage models and their parameter identification procedure were 

described. Comparisons between tests and simulations were done at different stages of 

the pyramid for static structural sizing. First results obtained for fatigue analysis at the 

coupon level were also presented.  
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