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Abstract 

To reduce the product life cost of aircrafts, the conversion of major load bearing components from 

aluminium to carbon fibre reinforced plastics have been proposed.  Large load bearing components 

require significantly thicker composite laminates than conventional. These ‘Ultra-Thick Laminates’ 

require studies into the out-of-plane behavioural and material properties before it can be used 

commercially. Cohesive Zone Modelling and Arcan empirical testing are chosen to help investigate these 

properties and behaviour of Ultra Thick Laminates. The Cohesive Zone Modelling method in the 

commercial FE-software, MSC.Marc Mentat, is validated by comparing results with standardized thin 

coupon tests prior to further simulation. Arcan tests are to provide material properties to improve 

accuracy of simulations. However, Arcan test rigs designed prior to the start of this thesis was not 

suitable for providing correct data and adjustments to the test rigs are needed. Alternatives to the Arcan 

test have been proposed and considerations of these tests are underway. Nevertheless, Cohesive Zone 

Modelling is applied to a realistic Ultra Thick Laminates component with the available material 

properties to provide context. The Cohesive Zone Modelling has shown to be accurate at predicting the 

behaviour of delamination onset, but the load-displacement predictions were not as accurate in the 

Ultra Thick Laminates component as in the Cohesive Zone Modelling validations. The sources of 

discrepancies in results are conceptualized and the Cohesive Zone Modelling remains a viable and 

potentially powerful method in delamination analysis. However, more development is required in the 

implementation of Cohesive Zone Modelling for larger components, such as Ultra Thick Laminates 

components, for Cohesive Zone Modelling to become a robust and standard analytical practice. 
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Nomenclature 
Abbreviations 

ALCAS Advanced Low Cost Aircraft Structure 

CFRP Carbon Fiber Reinforced Plastics 

CZM Cohesive Zone Modelling 

DC Double Corner 

DCB Double Cantilever Beam 

EAS Enhanced Assumed Strain 

ENF End Notch Flexural 

FE Finite Element 

LEFM Linear Elastic Fracture Mechanics 

MMB Mixed Mode Bending 

NCF Non Crimp Fabric 

RI Reduced Integration 

SSF Side Stay Fitting 

UTL Ultra Thick Laminates 

Symbols 

  Interface (cohesive) element displacement 

  ,   Critical displacement of interface element 

    ,   Maximum displacement of interface element 

    ,      Interface strengths 

   ,    Interface Strengths of Delamination Option 

        Strain Energy Release Rate 

  Interface Damage 

  Initial Interface Stiffness 
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  Traction 

   Stress Ratio between Mode I and II 

   Energy Ratio between Mode I and II 

             Reduced Interface Strength 

   Theoretical Interface Strength 

    Calculated Interface Strength 

  Young’s Modulus 

  ,  
  # of Elements in Cohesive Zone, Desired # of Elements 

   Length of Interface Element 

  Cohesive Stiffness Coefficient 

  ,     Interfacial Stress of Delamination Option 

    Failure Coefficient of Delamination Option 

   ,    Interface Strengths of Delamination Option 

   ,      Normal, Shear stress at Significant Section of Arcan 

  Applied Load of Arcan 

  Area of Significant Section 

   Load Application Angle of Arcan 
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Introduction 

Under the guidelines of the Advanced Low Cost Aircraft Structures (ALCAS) program, lighter and cheaper 

aircraft structures need to be developed. To accomplish this guideline, EADS Innovation Works Inc. is 

working on replacing aerospace aluminium with Carbon Fibre Reinforced Plastics (CFRP) in a load-

bearing component, the Side Stay Fitting (SSF). For the SSF to withstand the loads required and retain its 

geometric dimensions, the component must be produced using very thick composite laminates. At these 

high thicknesses, the composite is considered as ‘Ultra-Thick Laminates (UTL)’ and the out-of-plane 

behaviour becomes critical. The SSF consists of two sections, the inboard lug and the outboard lug, as 

seen below. 

 

Figure 1: Side Stay Fitting (a) Location of SSF (b) SSF (c) Double Corner subcomponent (1) 

 In 2006, an attempt to design and test the outboard lug, also known as the Double Corner DC (as seen in 

Figure 1c), was undertaken. During the previous design analysis, only a linear Finite Element (FE) 

simulation with Tsai-Wu failure criteria was implemented for the Double Corner test component. Once 

these simulation results are compared to the empirical test, it was clear that there is a significant 

discrepancy between the simulation and empirical tests. 

It is theorized that the through thickness material properties of Ultra Thick Laminates are not the same 

as for thin laminates and could contribute to the discrepancy obtained in 2006. Therefore, out-of-plane 

material properties are necessary. As of now, there has been very little research into the out-of-plane 

material properties of composites. Therefore, in-house tests are proposed to obtain these values. 

The test procedure proposed for obtaining such properties is the Arcan testing method. This test method 

is theoretically capable of applying pure tensile, pure shear, and mixed mode to a significant section of a 

test sample. Theoretically, this type of loading would provide accurate material properties for use in FE 

simulations. Having accurate materials would greatly improve the failure predictions. 

b) a) c) 
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Furthermore, an alternative FE modelling technique is necessary to predict the types of failures that are 

prevalent in UTL components: more noticeably delaminations. An FE method called the Cohesive Zone 

Modelling (CZM) will make the predictions of delaminations possible.  

Therefore, the goal of this thesis is to develop a simulation method that is capable of accurately 

predicting the failure of Ultra Thick Laminate components. To reach this goal, the CZM method needs to 

be validated and out-of-plane material properties must be obtained through Arcan Tests. Once these 

steps are achieved, the findings can be applied to an existing UTL component, the Double Corner. The 

Figure 2 is an outline of the thesis plan. 

 

Figure 2: Thesis Outline 

Reaching this goal would mean that the method will become a dependable and possibly a standardized 

FE procedure for predicting failure of Ultra Thick Laminate components. During the lead time of Arcan 

tests, investigation into Cohesive Zone Modelling will be conducted. The method will be validated in 

MSC.Marc Mentat and a procedure will be developed for robust FE analysis of Ultra Thick Laminate 

components. The CZM will also be implemented to simulate the Arcan test to obtain material properties 

that are not measurable directly from Arcan tests, GIC. 

Once the Arcan tests are conducted and accurate material properties are obtained, all the findings will 

be implemented into the analysis of the Double Corner. This is in an effort to produce comparable 

simulation results with the 2006 empirical results; predicting the onset and progress of delaminations 

seen in tests. If the two results are consistent, the procedure will potentially be a powerful analytical 

method in Ultra Thick Laminate components. 

  

Cohesive Zone Modelling: 
Validation 

Empirical Testing (Arcan) 

Application: Side Stay Fitting 
(Double Corner) 

Material Properties:  
E33, σmax 

FEM: Predict Onset 
of Delamination  

Material Property: GIC  
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A. Failure Simulations of UTL 

A.1 Cohesive Zone Modelling (CZM) 

Cohesive zone modelling is a potentially useful simulation method to predict onset and progression of 

delamination of composite components. The following section will validate this method before applying 

it to real components.  

CZM is based on the assumption that the minute thickness of the interface between laminas can be 

simulated as a zero-thickness and resin-rich region (2) (3) (4). During loading of a component, the 

interface will deform in relation to its strain energy release rate  . Once the critical strain energy release 

rate     is reached, a crack is nucleated in the interface. As a note however, CZM is not directly based on 

Linear-Elastic Failure Mechanics (LEFM) and therefore the strain energy release rate in CZM should not 

be considered analogous to the LEFM interpretation (5) (6) (7). 

A.1.1 CZM Formulation 

Element Configuration 

In MSC.Marc Mentat, the CZM is integrated into a standard static model by inserting the interface 

elements directly into the model body. These elements allow for zero thicknesses and therefore do not 

change the geometry of existing models. The element configuration of a higher-order cohesive element, 

as defined in MSC.Marc Mentat, can be found in Figure 3.  

 

Figure 3: Element Configuration in MSC.Marc (Left: 2D, Right: 3D) (8) 

The relative displacements in normal and shear directions are 1-direction and 2-, 3- direction 

respectively. In the FE program, an effective displacement is defined as the magnitude of the 

displacement vector. 

Equation 1: Effective Displacement of Cohesive Zone Elements 

     
    

    
  

Traction-Separation Laws 

To cause displacement in a cohesive element, certain ‘traction’ must be applied to the element. In other 

words, the relationship between traction and displacement (separation) defines how a cohesive element 
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behaves in a FE simulation. The relationships between the traction and separation are subjects of many 

research topics and many traction-separation laws exist (6) (7) (9). However, the traction-separation laws 

available in the MSC.Marc Mentat software package are bilinear, exponential, and linear-exponential 

laws. These three laws are shown in Figure 4 and are the most commonly used. 

 

Figure 4: Interface Element traction-separation laws available in MSC.Marc  

(Left: Linear, Middle: Exponential, Linear-Exponential, v = displacement) (8) 

CZM and MSC.Marc Mentat 

As stated before, the CZM technique is indirectly based on the Linear Elastic Fracture Mechanics. In 

literature, the interface elements have a combination of the following key parameters: strain energy 

release rate        , effective traction  , effective displacement  , interface strengths      and     , and 

initial stiffness parameter   to define the behavior of a cohesive element. These parameters are 

described in Figure 5. 

 

Figure 5: Interface traction-separation laws (1: Reversible, 2: Irreversible) 

In MSC.Marc Mentat, only        ,   , and      are necessary to dictate the interface behaviour of a 

bilinear traction-separation law. Alternatively, in other software packages, interface behaviour requires 

     and    to define the traction separation curve. The interface elements are formulated so that the 

traction   and displacement   can be loosely considered as the ‘stress’ and ‘strain’ of the element, 
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respectively. At the same time, the         is the energy required to deform/delaminate the cohesive 

layer.  

Similar to an elastic-plastic material, there is a reversible and an irreversible component in the element 

behaviour, as shown in Figure 5. If enough deformation is applied so that the traction in the cohesive 

zone reaches the interface strength, the cohesive elements will begin to exhibit irreversible behaviour 

and the cohesive forces holding two adjacent laminas weaken. This also corresponds to a lower 

‘stiffness’ of the cohesive element. Any subsequent unloading and reloading of the cohesive layer in the 

irreversible region will result in the tracing of the weakened path, as illustrated in Figure 5. The 

magnitude of the irreversibility is characterized as damage  , where   = 0 at first moment of 

irreversibility and   = 1 at element failure (      (3) (5) (10) (11). It is important to note that damage 

does not indicate complete failure (cracking), but how close the region is to delamination. 

For laminated composites, it is generally assumed that the         are only interface characteristics and 

are independent of geometry and applied load. Therefore, it can be determined using standardized tests, 

such as the Double Cantilever Beam (DCB), End-Notched Flexure (ENF), and Mixed-Mode Bending 

(MMB). (5) Also, it is commonly assumed that the contribution of Mode III crack propagation is the same 

as the Mode II contribution. Therefore Mode III (     ) is omitted and only Mode II (    ) fracture is used 

to characterize all tangential crack propagations (2) (5) (8) (12) (13). 

Cohesive Material Parameters 

The contribution of Mode II crack propagation in a cohesive element are defined, in MSC.Marc Mentat, 

using ratios with respect to Mode I strain energy release rate     and normal strength     . For 

example,             and           . Figure 6 illustrates how these ratios (     ) augment the 

traction-separation curve for shear loaded cohesive element. 

 

Figure 6: Traction-Separation Law with Shear-Normal Stress Ratio        and Shear-Normal Energy Ratio        . 

It is important to note that it is not possible, or physically realistic to have the cohesive element regard 

just pure Mode I or pure Mode II. Therefore, the element characteristics will always calculate the Mixed-

Mode crack propagation. As a default, the software package sets the      ratios equal to 1. This default 

value will be used for the Arcan and the Double Corner simulations due to the lack of material data 

necessary to characterize the behaviour of resin-rich, RTM6 interface. 
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The interface elements in MSC.Marc Mentat are formulated in such a way that penetration is not 

permissible between the adjacent elements. During compression, only shear component of the element 

is weakened. (11) This suggests that pure compressive loading is irrelevant in the FE analysis of a 

Cohesive Zone Model. With this assumption, only tensile (peeling) and shear stresses are considered as 

critical to delamination in CZM. 

Cohesive Zone Strength Reduction 

Typically, a cohesive zone model requires an appropriate number of elements    in the cohesive zone to 

obtain realistic and accurate results at the interface. For a DCB test, Turon (3) suggests that the cohesive 

elements should be at least 1mm in the crack propagation direction. This leads a very fine mesh and a 

dramatic increase in computational requirements. For large and complex UTL components, such fine 

meshing becomes very unfavourable. Therefore, Turon has suggested that it is possible to reduce the 

computation time with a mesh that is up to 10X coarser that what was previously required. It is 

accomplished by reducing the strength of the cohesive interface according to the mesh size. Alfano (5) 

states that the reduction of strength does not affect the accuracy of the results; however doing so will 

improves the convergence of the analysis. 

When bonding a homogeneous material, the reduced strength is proportional to the mesh size and is 

calculated using Equation 2. (3) 

Equation 2: Reduced Maximum Strength 

                         ;      
   

  
   

 

where              is the reduced interfacial strength,    is the actual interfacial strength,   is the 

Young’s Modulus of material,    is the strain energy release rate,   
  is the desired number of elements 

in the length of the cohesive zone, and    is the element size in the direction of crack propagation. The 

  
  can range anywhere from 2 to 10, and Turon (3) suggests that 3 elements is enough to accurately 

predict Mode I delamination. Since the   
  is not well established in the literature, an   

  of 5 is chosen 

as a compromise and a starting value for the MSC.Marc Mentat Mode I validation test. 

Cohesive Zone Stiffness 

One key parameter that defines the accuracy of the results is the interfacial stiffness  . Various 

guidelines have been proposed for a stiffness value. Camanho (2) have been able to obtain accurate 

results with a           . Turon (3) states that the stiffness is also mesh dependent and can be 

calculated using the following equation. 

Equation 3: Interfacial Stiffness Estimation 

  
   

 
 

where   is a coefficient that should be much greater than 1,    is the elastic modulus of the bulk 

material normal to the cohesive zone, and   is the thickness of the sub-laminate element adjacent to the 
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cohesive element. The stiffness of the cohesive layer should be reasonably stiff but also compliant 

enough to prevent spurious oscillations in the results. (3) (4) It has been shown that a coefficient      

will have a loss of global stiffness of merely 2%. Furthermore, an      is a suitable value to prevent 

spurious oscillations in the results (3). 

Viscous Damping 

When using cohesive elements in the modelling of delaminations and crack propagations, there is often 

a convergence issue at the point of crack instability (region between reversible and irreversible). This is 

due to the elastic snap-back instability that occurs when the stress reaches the peak strength of the 

interface. To counter this issue, a viscous damping term is added to the constitutive equation of the 

cohesive element to help dampen the strain energy release at the moment of instability. (14) Doing so 

would promote continuity between the stable and the unstable path during FE simulations. 

In MSC.Marc Mentat, this type of viscous damping is incorporated in the definition of the interface 

parameters. A default value of 0.005 was selected for the viscous damping. The viscous damping has no 

physical interpretation and is a purely mathematical method to assist in convergence (8). 

A.2 Element Benchmark 

From the beginning of the project, the Type 149 element has been favoured in the used of simulating 

UTL components. The 149 element is an 8-node isoperimetric composite brick element that is capable of 

using all the constitutive models available in the MSC.Marc Mentat Library. The element requires at least 

two layers defined in the element thickness for stability purposes and has 4 integration points in each 

layer. With the addition of Type 188 (interface) elements and delamination option in the simulations, it 

was necessary to ensure that the Type 149 element was still compatible with the added methods. To do 

so, a benchmarking simulation was conducted to compare the results and the model is presented below: 

 

Figure 7: Element Benchmark Model 

The simulation is a square laminate plate under a concentrated load at the centre and contacts that 

define hard-clamping conditions. The plate is stacked with fibre orientation of [0/-45/+45/90]s with an 

element for each layer of lamina. Five models were tested under the same loading and material 



Simulation Method Development of Ultra Thick Laminates: 

September 6, 2011 

 

14 | P a g e  
 

properties with only the element type and layer settings in the material properties modified. The models 

are outlined below: 

Table 1: Element Benchmark Outline 

Test Element Type Description 

1 Type 7 No composite definition 

2 Type 149 2 Layer definitions in composite material 

3 Type 149 4 Layer definitions in composite material 

4 Type 185 2 Layer definitions in composite material 

5 Type 185 4 Layer definitions in composite material 

Since type 149 element is a composite element, it requires a definition of at least 2 layers in the material 

properties. However, the lamina thickness is only 1 layer thin, therefore all layer definitions are in the 

same orientation to define an orthogonal lamina. Type 149 element is compared against two other 8-

node elements with similar applicability to this simulation set up. Type 7 element is an isoperimetric 

hexahedral 3D solid element suitable for modelling the individual laminas. The type 185 element is a 

unique shell element with brick topography. It uses Enhanced Assumed Strain (EAS) formulation for 

transverse normal strain and assumed strain formulation for transverse shear strain (8). The type 185 

element combines EAS and Reduced Integration (RI) methods to bypass the locking phenomenon and 

ensures computational efficiency when compared to other solid-shell elements (15). 

The delamination option is implemented to all the models of the test. The option enables the mesh to be 

split during analysis. For 3D meshes, the mesh will be split when the interface between two elements 

meet the following failure criteria: 

 

 

Figure 8: Delamination Option Failure Criteria (8) 

The    and    represents the normal and shear stresses at the interface;    and    represents the 

maximum allowable normal and shear stress at the interface;   and   are failure envelop coefficients. 

Once the mesh is split, the FE software automatically adds a layer of interface elements to tie the two 
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faces together. The delamination option settings and cohesive element settings remain constant 

throughout the benchmarking and are summarized below. 

Table 2: Summary of Delamination Option in Element Benchmarking 

Sn, St 50 MPa 

m, n 2  

   1 N/mm 

   0.005 mm 

   0.05 mm 

Stress Ratio,    1  

Energy Ratio,    1  

It is important to note that when the mesh is split and interface elements are added, the new elements 

are not deformed and unstressed. This contrasts a model produced with interface elements present at 

the beginning of analysis. However, theoretically, this issue should not affect the resultant bulk stiffness 

and point of failure. Using this simulation method, the interface behaviour that is not simulated correctly 

is the reversible region; a region that usually accounts for less than 1% of the total strain energy release 

rate    due to the high initial stiffness  . 

Benchmark Results 

The following graph is a representation of the peeling (normal) stress at the centre surface node with 

respect to the nodal deflection. 
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Figure 9: Element Benchmark Results 

Element Benchmark Discussion 

The benchmarking results show that the element type 149 produces almost identical bulk stiffness until 

the first introduction of cohesive elements. From this investigation, type 149 elements over-estimates 

the point of failure for this type of a problem compared to the 7 and 185 element types (around 10%). 

However, this over-estimation is not overly significant. It may be caused by factors such as mesh density 

and non-linear time stepping methods; rather than a short-coming inherent in the element formulation. 

Furthermore, all elements exhibit slightly different post failure characteristics. However, it seems like the 

element types all converge to a similar trend. 

Due to this investigation, an issue was found in the use of 149 elements with conjunction with 

delamination option. The element 149 requires a minimum of 2 layers defined in the material properties. 

Although the element represents an orthogonal material (0° orientation for all lamina layers in the 

element), having only 2 layers in the definition is not enough for the Delamination Option to slit the 

mesh correctly. This could be attributed to the discrepancy of stresses calculated by using only 2 sets of 

integration points in the thickness direction of the element. Investigation into root cause of this error is 

beyond the scope of this thesis. All future models will have at least 4 layers in the material definition to 

circumvent this problem. 
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A.3 Cohesive Zone Modelling Validate in MSC.Marc Mentat 

Before implementing a CZM on the ARCAN tests models, it was necessary to validate the accuracy of the 

MSC.Marc Mentat code by replicating existing results. Mode I crack propagation was validated using the 

DCB experimental results obtained in Turon (3). Mode II and Mixed-Mode loading is validated using the 

ENF and MMB test results of Camanho (2). 

For all the tests, the fibre/matrix system used is the T300/977-2 and the cohesive zone elements are 

defined using linear traction-separation laws (see Figure 5). It is chosen because the literature has shown 

that it had a finite point of complete failure in the element and is widely used. A summary of parameters 

used in the CZM validation tests are outlined Table 3. 

Table 3: Summary of Validation Tests 

Validation Tests Type Details Load Stepping 

Mode I (Turon) DCB, 2-D Includes reduced strength/stiffness Riks-Ramm 

Mode II (Camanho) ENF, 2-D Includes reduced strength/stiffness Auto Step 

Mixed-Mode (Camanho) MMB, 2-D Includes reduced strength/stiffness Auto Step 

Mixed-Mode (Camanho) MMB, 3-D Includes reduced strength/stiffness Auto Step 

A.3.1 Double Cantilever Beam (DCB) 

The Mode I validation test is based on the DCB tests outlined by Turon (3) and includes the reduction in 

strength that allows reduction of mesh size and consequently computational requirements. Since the 

reduction in computational requirements is an attractive application, it is also included in the validation 

model. The MSC.Marc Mentat results are later compared to the experimental and numerical results 

obtained by Turon (3). 

MSC.Marc Mentat DCB Model 

The DCB test specimen described by (3) is an L150mm by W20mm by T3.96mm beam with 55mm slit 

that separates two 1.96mm arms, see Figure 10. In MSC.Marc Mentat, the laminate is modelled using 

Type 7 elements and the cohesive zone is modelled using Type 187 elements. Both elements types are 2-

D planar, 8-node elements. Type 7 is a planar strain element with orthotropic material properties that 

suitably model the coupon with unidirectional layup. 

There are 60 elements in the length direction, 4 in the thickness direction of the laminate, and 30 

elements in the cohesive interface. A sketch of the DCB simulation set-up can be seen in Figure 10. 
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Figure 10: Specimen Setup 

The parameter required for a linear traction-separation law in MSC.Marc Mentat is the strain energy 

release rate   , critical opening displacement   , and maximum opening displacement   . The two 

displacements can be calculated using known values using the following sets of equations. 

Equation 4: Critical and Maximum Opening Displacements in MSC.Marc Mentat 

   
    

 
 and    

   

    
 

Table 4 is a summary of parameters that govern the cohesive elements. There parameters are calculated 

using the method outlined by Turon (3). 

Table 4: Cohesive Element Material Model of DCB Model with Reduced Strength 

Initial Stiffness,   5.50E+04 N/mm^3 

Interfacial Strength,      17.60 MPa 

   0.352 N/mm 

   3.2E-05 mm 

   4.00E-02 mm 

Stress Ratio,    1  

Energy Ratio,    1  

DCB Results Comparison  

The results were obtained by using the Riks-Rams Arc-Length Method; the arc-length parameters are 

show in Table 5.  

Table 5: Arc-Length Parameters for Turon 2D DCB 

Load Stepping Riks-Ram (Arc 
Length) 

Desired # 
Recycles/Increment 

5 

Initial Fraction 0.3 Min-Ratio 30 

Residual Force 2% Max-Ratio 0.1 

The results are then compared with Turon (3) literature and can be seen below. 
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Figure 11: DCB Comparison between MSC.Marc Mentat and (3) 

DCB Discussion 

These results show that the Type 187 8-node cohesive element available in MSC.Marc Mentat is capable 

of accurately calculating the delamination behaviour of a Double Cantilever Beam.  Compared to the 

ABAQUS results, the MSC.Marc Mentat results seem to be more accurate.  Nevertheless, without any 

knowledge of the arc-length settings used in obtaining the ABAQUS results, the comparison between the 

two results cannot be inferred. 

A.3.2 End-Notch Flexural (ENF) 

The End-Notch Flexural (ENF) test is basically a 3-point bending test that uses beam coupons that are 

similar to the DCB test described in the previous section. It is simply supported at the two ends and 

loaded at the middle. From Euler Theory, the beam under such 3-point bending will be experience pure 

shear stress at the neutral axis, given symmetrical in material layup and material properties. Knowing 

this principle, the test is capable of investigating pure Mode II crack delamination of composites and 

adhesive joints. Camanho (2) uses ENF to provide experimental validation of cohesive zone modelling 

that is used to determine interface strength and stiffness of thin laminates during pure Mode II mode 

loading. 
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MSC.Marc Mentat ENF Model 

The test sample replicated in MSC.Marc Mentat is 102mm long by 24.5mm wide and 3.12mm thick with 

a 39.3mm long crack slitting two 1.56mm thick arms. The material system used is the same as the ones 

used in the DCB tests, unidirectional T300/977-2. The same FE element system from the DCB validation is 

used in this model. Again, by reducing the strength of the cohesive elements using Turon (3) technique, 

it is possible to decrease the mesh density significantly for a less computationally heavy analysis. The 

element size in the direction of the crack propagation is 1.045mm with 5 desired elements   
  in the 

cohesive zone chosen. Table 6 shows the mesh dependent cohesive zone material properties that are a 

result of this meshing. 

Table 6: Cohesive Element Material Properties for 2D ENF and 2D MMB with Strength Reduction 

Initial Stiffness,   6.47E+05 N/mm 

Interfacial Strength,      80.00 MPa 

   0.969 N/mm 

   6.68E-05 mm 

   4.48E-02 mm 

Stress Ratio,    1.25  

Energy Ratio,    1.774  

The stress and energy ratios are based on the shear strength and Mode II strain energy release rate 

provided by Camanho (2) for the CYCOM 977-2 resin interface. 

ENF Comparison Results 

Table 7 provides a summary of the key auto step parameters used to obtain a convergent result. 

Table 7: 2D Auto Step Parameters for Camanho ENF 

Load Stepping Auto Step Desired # 
Recycles/Increment 

5 

Initial Fraction/ 
Minimum Fraction 

0.001/1E-5 Min-Ratio of Initial Step 1000 

Residual Force & 
Displacement  Tolerance 

5% Max-Ratio of Initial Step 0.001 

The following figure shows the comparison between the MSC.Marc Mentat model and the results from 

literature. 
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Figure 12: ENF Results from MSC.Marc Mentat compared to Camanho (2) 

ENF Discussion 

The results show that the MSC.Marc Mentat software is capable of predicting the instance of instability 

in the system. However, there is a slight stiffness discrepancy that could be attributed to the difference 

between the modelled boundary conditions and the experimental test setup. This discrepancy could also 

be attributed to the fact that the load is applied as a single point load on one node. According to FE 

Theory, this can cause a discontinuity between the displacements at the load area. 

A.3.3 Mixed Mode Bending (MMB) 

Mixed Mode Bending tests conducted by Camanho (2) follow the ASTM standard test D6671/D6671M–

06. The test samples used in this test are the same as the DCB test samples used by Turon (3), with the 

exception of exact dimensions. The test apparatus can be seen in Figure 13. 
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Figure 13: ASTM D6671/D6671M–06 Test Apparatus 

This test apparatus is versatile in determining delamination behaviour of thin composite coupons. By 

varying the length of ‘ ’, it is possible to measure the composite toughness at a variety of crack modes 

(combinations of Mode I and II.) According to the ASTM Standard (9), the D6671/D6671M-06 test is 

suitable for measuring the Delamination Initiation and Propagation Toughness.  

The Delamination Initiation is defined as the moment at which the following criteria are satisfied: 

compliance is increased by 5% and thus in the non-linear region, or the load had reached within 5% 

difference of the maximum applied load. The Propagation Toughness can be defined when the crack is 

growing in a stable manner after the Delamination Initiation. 

Using this thin coupon test, Camanho (2) was able to apply delaminations in various percentage of 

   /  . For the MSC.Marc Mentat validation, the 50% Mix-Mode Bending test is replicated, in both 2-D 

and 3-D in MSC.Marc Mentat, and compared to Camanho results. 

MSC.Marc Mentat MMB Model 

For the simulation in MSC.Marc Mentat, the test rig was included in the model using rigid beams. This 

deviates from what was outlined by Camanho (2), but was necessary because it was not possible to apply 

loads as ratios of one another in MSC.Marc Mentat. Therefore, the length ‘c’ was adjusted according to 

ASTM Standard (9) to apply a 50% MMB. 

The composite model and cohesive element parameters for the 50% MMB FE models are virtually 

identical to the ENF model with the exception of minor dimensional details (due to variation in 

manufacturing). 

MMB Results 

In MSC.Marc Mentat, it is difficult to converge past the Delamination Initiation. Only a few increments 

were converged beyond the delamination initiation and it is achieved using the following arc-length 

parameters. 
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Table 8: Auto Step Parameters for Camanho 2D/3D MMB 

Load Stepping Auto Step Desired # Recycles/Increment 5 

Initial Fraction/ Minimum 
Fraction 

0.001/1E-5 Min-Ratio of Initial Step 1000 

Residual Force & 
Displacement  Tolerance 

5% Max-Ratio of Initial Step 0.001 

Figure 14 is comparison of the load-displacement curves of the MSC.Marc Mentat results with Camanho 

(2) results. 

 

Figure 14: 2-D and 3-D MMB Results Comparison 

From these results, it is possible to conclude that the MSC.Marc Mentat calculations are more accurate 

in predicting the Mixed-Mode Bending point of Delamination Initiation compared to ABAQUS. However, 

the stiffness of the coupon is underestimated again in the MSC.Marc Mentat simulations. Since the 3-D 

model includes the strength/stiffness reduction outlined by Turon (3), the reduction in the bulk stiffness 

can be expected. In this case, loading in compression may also be a key factor in numerical issues.  
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A.3.4 Results Summary of Validation 

Table 9: Summary of MSC.Marc Mentat CZM Validation 

Validation 
Test 

     
Experimental 

(N) 

     
MSC.Marc 
Mentat (N) 

     
Error 
(%) 

Stiffness 
Experimental 

(N/mm) 

Stiffness 
MSC.Marc 

Mentat 
(N/mm) 

Kbulk 
Error 
(%) 

2D DCB 62.6 61.0 -2.6 13.79 12.56 -8.9 

2D ENF 734.3 663.0 -10.8 195.8 178.2 -9.0 

2D MMB 275.5 264.6 -4.1 52.3 49.1 -6.1 

3D MMB 275.45 257.1 -7.2 52.3 46.3 -7.6 

Table 9 shows a comparison of the CZM results and the experimental results of all the validation tests. It 

shows that the CZM is capable of predicting the onset and progression of delamination very well in these 

simple structures. 

A.4 Applying CZM 

The validation conducted on the Cohesive Zone Method has given many insights on how to implement 

CZM effectively in MSC.Marc Mentat. Although more development is necessary for a robust CZM 

analysis method, there are several procedures which greatly improve the outcome of simulations. These 

procedures are outlined in the next few sections. 

A.4.1 CZM Procedure 

When the delamination zone is known, (such as at a bond between two separate structures) cohesive 

elements should be inserted manually to reduce computational cost. The Delamination Option in 

MSC.Marc Mentat is very powerful in determining where the delamination occurs, but it is very 

computationally expensive. Therefore, the Delamination Option should only be used if the location of 

delaminations is not immediately obvious. This is expected to be true for Ultra-Thick Laminate 

components like the Double Corner. 

To apply CZM without Delamination Option to a composite structure, the delamination interface must be 

known. Cohesive elements are inserted into this interface while the adjacent structures have separate 

contact definitions to prevent any penetration after interface element failure. To include Delamination 

Option, each interface of element layers in a UTL mesh must have its own delamination definitions set. 

This requires each element to be defined as a separate material. Only a single contact definition will be 

needed if Delamination Option is used. A more concise FE procedure for implementing CZM in MSC.Marc 

Mentat can be found in Appendix B. 
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A.4.2 CZM Convergence 

When applying CZM in MSC.Marc Mentat, the convergence can be difficult to obtain for Arc Length load 

stepping. From experience, using the Auto Step method will predict post-failure behaviour more 

consistently than the Arc Length methods. For Auto Stepping method to work properly, the load must be 

introduced using a table and should be applied as a displacement rather than a force. 

The Arc Length methods have shown to work well when the cohesive elements are only under tensile 

loading. However, it begins to fail once compressive loads are experienced at the interface. 
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B. Empirical Testing: Arcan 

B.1 Arcan and Ultra Thick Laminates 

The purpose of using ARCAN testing method for Ultra Thick Laminate research is to obtain out-of-plane 

material properties that are not readily available through literature and industry. Due to the thickness of 

the UTLs, the material properties in the 3rd (out-of-plane) direction will not be consistent with 

theoretical values due to manufacturing differences between thin and thick laminate. With expected 

differences in curing and higher percentage of inclusions, the stiffness and strength are expected to be 

drastically lower in thick laminates than in thin laminates (1). Furthermore, using Arcan allows the test 

samples to be loaded in a variety of angles, thus helping ‘mapping’ mixed-mode behaviour of UTL. 

The design of Arcan rig/samples have been done in preceding work and is not within the scope of the 

project. Unfortunately, due to project lead time and delays, the shear test samples were not produced in 

time to be included in this thesis. Therefore, the following findings are mainly based on the results from 

90° Tensile ARCAN test and previous assumptions. 

B.2 Arcan Test Apparatus 

The original purpose for developing the Arcan test apparatus was to circumvent the disadvantages of the 

traditional ‘rail-shear method’. Some of the disadvantages of the rail-shear method included the strong 

influence of grips on the stress state, the exterior forces causing moments in the samples, and no 

significant section in the samples. (16) 

The Arcan method has shown that it is able to produce pure and uniform shear/normal stresses to a 

significant section on test samples. Furthermore, the test sample size requirement is comparatively low, 

which allows for a higher volume of tests. Therefore, for the purposes of investigating the out-of-plane 

behaviour of UTL’s, the Arcan test methodology is potentially suitable. The test apparatus can be seen in 

Figure 15. 

   

Figure 15: ARCAN Rig for UTL 

Test 
specimen Clamps 
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Depending on the test conducted, tensile or shear, the corresponding clamp and test specimen will be 

used. The test apparatus can be adjusted so that the angle of the load application can vary between 

applying pure tensile, mixed-mode, and pure shear stresses at the significant section in the test 

specimen. 

 

Figure 16: Arcan Loading Conditions and Parameters 

Figure 16 is a schematic representation of a typical Arcan apparatus.   is the position where the load is 

applied,    is the angle of load application, and the section   is the significant section of the test 

specimen. Since the section   is under uniform stresses, the stresses can be estimated with the following 

equations: 

Equation 5: Stresses in a Significant Section of Arcan Test Sample 

    
 

 
         

    
 

 
         

where   is the area of the significant section.  

The principal stresses throughout AB are oriented at the ±45 degree angle and the principle shear stress 

in the significant section is equal to    . When     , the test specimen is under pure shear loading. 

According to Arcan (16), the loading is not suitable for             due to lack of uniformity in the 

plane stresses within this region.  This means that between pure Mode I and 50% Mixed-Mode, there will 

be a ‘blind’ region and data fitting may be necessary to study this range. The ARCAN rig is then attached 

to an existing tensile tester (Instron 8803) in the in-house test facility. 

B.3 The Test Specimen 

The UTL test specimen must be designed to meet the criteria that are crucial to obtaining representative 

results: a significant section must be present, uniform stress must be experienced throughout this 

section, and the clamp does not contribute greatly to the cause of failure. For the shear specimen, extra 

Significant Section 
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attention was put on the specimen design to reduce the peeling stresses that are induced during loading. 

The geometry of these test specimens are outlined in Figure 17. 

 

   

Figure 17: Arcan Test Sample Geometry (top: Tensile, bottom: Shear) 

The material system used for the test samples is non-crimped carbon fibres infused with RTM6 resin. 

B.3.1 UTL Manufacturing 

The ultra-thick laminate samples are cut from ultra-thick CFRP plates produced from Non-Crimp Fibre 

(NCF) preform/RTM6 resin material system. The tests samples are manufactured by using a special 

vacuum assisted carbon fibre composite manufacturing, called Vacuum Assisted Process (EADS-VAP®) 

method developed by EADS-Military Air Systems. This method has already been utilized in the 

production of some Airbus 380 components.  

The VAP® process is membrane-assisted low-pressure infiltration process that is similar to standard resin 

transfer processes. A membrane layer that allows permeation of air through the material while 

preventing the penetration of resin is added in the vacuum bagging procedure. Adding such a membrane 

to the resin process is said to produce components that are of high quality standards, no resin loss due 

to flushing, homogeneous fibre volume content, and no trapped air or reaction gases in the final 

component. A schematic of the VAP® used in producing the ultra-thick CFRP plate can be seen in Figure 

18. 
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Figure 18: VAP® process 

The membrane, 9 in the above figure, provides an air tight shroud over the CFRP preform before 

conventional vacuum bagging is applied to the process. A more detailed description of the 

manufacturing process can be found in Appendix A. 

B.4 CZM Analysis of Specimens 

The MSC.Marc Mentat models of Arcan test samples were designed in prior work into the Arcan testing. 

The original models are created using Type 149, 8-node, 3D-composite brick elements with small 

deformation formulation and no delamination simulation analysis. To model the Arcan test methodology 

as accurately as possible, the test clamps were also modelled by using rigid surfaces with contact 

between the composite elements and the surfaces. 

The new models with CZM were meshed using 2-D elements to reduce the computational time of 

simulation. The elements are Type 153, 8-node, 2-D elements with Delamination Option activated. All 

boundary conditions, mesh density, and element properties are the same as the existing 3D model. 

Following figure shows the two meshes used in analysis:    

 

Figure 19: Tensile ARCAN FE-models (left: 2D with CZM, right: 3D without CZM) 
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Table 10 is the cohesive element properties used in the Arcan simulations. These parameters are 

calculated with the strength-reduction method outlined by Turon (3). 

Table 10: Cohesive Element and Delam Opt Properties of the Arcan Tensile Sample Simulations 

Sn, St 14.87 MPa 

m, n 2  

Initial Stiffness,   3.29E+05 N/mm^3 

Interfacial Strength,      14.87 MPa 

   0.168 N/mm 

   4.52E-05 mm 

   2.26E-02 mm 

Stress Ratio,    1  

Energy Ratio,    1  

The theoretical interface properties above were calculated using the Mode I strain energy release rate    

determined by HexFlow® RTM 6 manufacturer HexCel with the ASTM E399 test (17). Due to the lack of 

information of Mode II behaviour for RTM 6 resin, the default   ratios of 1 remain unchanged. 

The parameters in Table 10 should be considered as an ideal guess of interface properties. From the 

ARCAN test results, more accurate cohesive element properties can be deduced to create more accurate 

simulations. Additionally, the Cohesive Zone Method and material properties from Arcan can be applied 

to more complex components, such as the Double Corner, in order to show that this type of simulation 

method is viable and accurate. 

B.5 Arcan Results 

B.5.1 Empirical Results 

Immediately after the 90 degree tensile test was conducted, a problem in the tensile test system was 

identified. When the tensile samples failed, the failure all occurred near the clamping of the test sample, 

see the following figure: 

 

Figure 20: Arcan Tensile Test Failure with Clamp 

This indicated a major influence in the failure by the clamping method and that the results are not 

suitable for obtaining UTL material properties. 
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To salvage the test and obtain as much data as possible, the clamping method must be redesigned to 

ensure that the failure will occur at the significant section of the samples. To do so, the remaining tensile 

test sample will be tested with adhesive clamping. More details regarding the adhesive clamping can be 

found in B.6.1. 

B.5.2 Simulations Results 

After reviewing the empirical results, a retrospective investigation of the FE models with and without 

CZM was conducted. In the old FE model, the model without CZM, lamina failure was predicted. At this 

very concentrated point, high shear stress was identified. The shear stress concentration from this 

simulation can be seen in left figure of Figure 21. 

 

Figure 21: Tensile ARCAN FE Result (left: τ31 without CZM, right: Damage with CZM) 

At the time of design, the locality of the stress prompted no real concern. Although the loads highly local, 

it was still able to cause delamination in the specimen. 

In the CZM results, however, it is clearly shown that the interface elements first appeared at location of 

the clamping and are where the highest interface damage is recorded. These behavioural results are 

consistent with the observations of the ARCAN results. 

B.6 Test Improvements 

B.6.1 Arcan Modification (Adhesive Clamping) 

Since it was clear that the Arcan test clamps were not going to be suitable for producing useful results, it 

was necessary to modify the rig to utilize the remaining tensile test samples. It was suggested that the 

tensile samples are to be clamped using adhesive bonding. A schematic of the designed clamping can be 

seen in Figure 22. 
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Figure 22: Test Modification 

If the adhesive bond is not the weakest link, failure will undoubtedly occur in the significant section of 

the Arcan sample. Although this clamping method will not work for all Arcan loading angles, it will at 

least provide some crucial tensile material properties that could be used in FE-modelling of Ultra Thick 

Laminates. Under this premise, the new test apparatus has been designed and are assembled. These 

new tests are scheduled to begin after the end of the thesis and therefore will not be included in this 

thesis. 

Results of Test Modifications 

B.6.2 Testing Alternatives 

An alternative to Arcan for testing Ultra Thick Laminate material properties would be to use Double 

Cantilever Beam, End Notch Flexural, and Mixed Mode Bending tests described in Section A.3. In this 

case, thin coupons would be made from layer cuts of UTL’s, as seen below. 

  

Aluminum Plate 

Tensile Specimen Adhesive 

Figure 23: Layer by Layer Thin Coupons 
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The layer by layer thin coupons can follow the same standardized testing procedures as the DCB, ENF, 

and MMB to produce layer specific material properties for the UTL material. This is extremely beneficial 

because the through thickness material properties will vary. Having material properties of individual 

layers would certainly provide more accurate results in FE simulations. Furthermore, these standardized 

tests couple very well with Cohesive Zone Modelling, since the strain energy release rates are directly 

obtainable.  
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C. Application: Side-Stay Fitting 

To put the CZM method into practice, it is implemented into the analysis of a realistic UTL aircraft 

component. Chosen component, the Double Corner, is a subcomponent the CFRP version of the Side-

Stay Fitting (SSF) developed by EADS Innovation Works Inc. The SSF serves as a joint between the Main 

Landing Gear (MLG) and the wing spar consisting of two lugs, as illustrated on the left in Figure 24. (1) 

The attempt to design a CFRP version of the SSF was to meet the targets set by the Advanced Low Cost 

Aircraft Structures (ALCAS) program initiated by the European Union. The main target of ALCAS is to 

reduce the operating cost of European aerospace products by 15% by interchanging primary structure 

material with CFRPs. The cost can be saved through weight savings, manufacturing costs, and/or 

maintenance costs. The following figure shows the Side Stay Fitting and the Double Corner. 

 

 

Figure 24: (left) Side-Stay Fitting, (right) Double Corner Test Component 

At the current stage of the project, the two lugs of the SSF are analysed separately. The Double Corner is 

designed for the analysis of the outboard lug. Previous FE analysis of this component used small-

deformation formulations with traditional Tsai-Wu criteria applied for failure analysis. The result of this 

type of simulation was unable to predict correct failure in the subcomponent, when compared to the 

2006 Double Corner tests. Therefore, it is necessary to apply the CZM method to the existing analysis. 

C.1 The Double Corner 

The double corner component is designed without any non-essential structural features of the outboard 

lug. The most integral design feature, the corner fillets, maintains the design integrity. The web and the 

flanges of the merged T-sections are made from 60mm thick CRFP laminates with standard biaxial 

sequence [(0/90/-45/45)s]n. The component is bolted at several locations on the two flanges using 

threaded bolts in the experiments. The main design load is applied through the 115mm diameter hole on 

the web using a 149mm diameter bushing. From prior empirical experiments on the Double Corner 
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structure, the structure first failed at around 200kN, which was a much lower load than the predicted 

failure in FEM without CZM. The component and the test setup can be seen in the figure below. 

 

Figure 25: Previous Double Corner during testing 

Along with the incongruity of the failure load, the test has also produced an unforeseen failure at 
 

 
 of the 

corner laminate. The location of which can be seen in the following figure: 

    

Figure 26: Location of Delamination (Left: After Test, Right: Delamination inside the component) 

Figure 26 shows that the first sign of delamination is visible at the corner of the vertical flange. The 

image on the right shows the extent of delamination in the subcomponent. Intuitively, the delamination 

is expected at the tip of the foam-CFRP interface or near the surface of load application. However, this 

was not the case and this failure was never identified in the prior FE simulations. After the 

implementation of CZM to the same model, it was possible to predict these delaminations. 

Applied Load 

Predicted 

Unforeseen 
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C.2 Double Corner FE-Model 

To implement the CZM, the ‘Delamination Option’ is used to allow the FE software to automatically 

calculate the location of delaminations without user input. This allows for a more scientific approach and 

removes the need for human intuition of where cohesive elements should be inserted in a mesh. The 

following table is the summary of delamination and interface properties used for all the Double Corner 

investigations. 

Table 11: Summary of Delamination Option and Cohesive Zone Elements in Double Corner 

Sn, St 4.29 MPa 

m, n 2  

   0.168 N/mm 

   7.83e-05 mm 

   0.0783 mm 

Stress Ratio,    1  

Energy Ratio,    1  

To deal with the potential convergence issues, two non-linear load stepping methods were applied to 

the model. The Auto Step and Crisfield/Modified Riks-Ramm methods were used and are part of the 

MSC.Marc Mentat software package.   

C.3 CZM Implementation into Double Corner 

C.3.1 Model 

In the previous section, Cohesive Zone Modelling was validated and has shown that it is capable of 

accurately predicting delaminations in a composite component under all delamination modes. Along 

with accurate interlaminar strength and out-of-plane stiffness for the interface provided by the ARCAN 

tests, it is conceivable that the unforeseen first failure can be predicted.  

As stated before, the CZM method is implemented into an existing mesh developed in 2006. The original 

mesh consists of type 149 elements for CFRP laminate, type 98 elements for T-junction foam, and type 7 

and 9 line element for the bolts. CZM is only applied to the type 149 elements; ignoring the CFRP/foam 

interface and cracking within the foam. The following figure depicts the mesh with boundary condition 

defined. 
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Figure 27: Mesh of the Double Corner with Loads 

The bushing was also modelled as a rigid surface to accurately simulate the loading conditions. A 

displacement load is applied using contact definition between rigid surfaces (red region in Figure 27) and 

the CFRP composite laminate.  

C.3.2 Load Application Comparison 

The load from the tester is applied to the Double Corner through a flanged bushing, as seen in the 

following figure. In the FE model, two load applications were compared to investigate if the results were 

sensitive to the load introduction. Both load introductions are modelled as rigid contact surfaces and can 

be seen below. 
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Figure 28: Load Introductions Bushing. (Left: Bushing in Test, Right: Contact Investigation) 

First contact investigated included only the flange of the bushing as an assumption that the majority of 

the force is applied through the flange and the sleeves are only in contact with the structure. The second 

contact surface included the sleeve to retain the full geometry of the bushing. The mesh, materials, and 

boundary conditions remain the same for both models. 

Load Introduction Results and Discussion 

The results from this load investigation show that there is a noticeable difference between the two load 

types. With the delamination option and cohesive zone elements implemented, the FE results are able to 

show the difference in level of damage throughout the Double Corner component. The following figure 

shows the damage at the load application zone. 

 

Figure 29: Damage due to Load Application 

The figure above shows the interface element damage distribution near the loading area. The 

distribution clearly indicates that there is a significant variation in damage distribution between the two 

P 
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load types. Therefore, the subsequent FE analysis will use the full bushing geometry (with sleeve) to 

ensure that the results are not skewed due to loading. 

Upon further analysis, the full bushing loading calculates a distribution that is similar to the test results 

from 2006. The maximum damage seems to be located at the same layer as the first visible crack. Such 

close behavioural correspondence warranted comparison with empirical data.  

C.4 Comparison of 2006 Tests with FE Simulations 

From the findings of the last section, all analysis with FE-models will be based on the full bushing load 

case. The results of the full bushing model have provided results that are very consistent with the test 

results from 2006. The following figure shows the damage distributions near the first failure. 

 

Figure 30: Top View of Near Failure Damage Distribution (Left: FEM with CZM, Right: 2006 Test) 

The distribution seen in the left image of Figure 30 is the distribution of interlaminar damage the top of 

the Double Corner component. Again, this region indicates where the delamination cracks will appear 

when the component completely fails; this distribution identifies a failure that is consistent with 

delamination experienced in the 2006 test. 

Upon review of the interlaminar damage inside the DC component, consistent damage distributions 

were also observed when compared to the 2006 tests.  

 

Figure 31: Near Failure Damage Distribution within DC component (Top: FEM with CZM, Bottom: 2006 Test) 
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Figure 31 shows how well the FEM with CZM predicts the area of delamination within the component. 

Most interestingly, the FEM results show how the damage quickly spreads along the curvature of the T-

joint; explaining why the first visible delamination was seen at the top of the test component in 2006. 

These are very convincing behavioural predictions by the FE software. However, upon comparing the 

load-displacement curves, it is clear that there are still some discrepancies. 

C.4.1 Load-Displacement Comparison 

The load displacements shown in the Figure 32 are the loads applied to the bushing with respect to the 

displacement of the bushing. From the FE-simulations, the displacement and reaction load in one axis 

was measured. 

 

Figure 32: Force-Displacement Curve of DC Comparison 

The above graph compares the load-displacement curve at the load bushing between CZM results and 

the 2006 tests of the DC sub-component. The major discrepancies between the simulation and empirical 

testing are present at the start of loading (<50kN) and between 100kN to 200kN. Outside of these two 

regions, the simulation seems to match the resultant stiffness quite well. 

Furthermore, the simulations have predicted moments of instability at around 200kN and at around 

350kN. During these loads levels in the empirical tests, the first and second failures were observed. The 

first failure was found at the T-joint between the filler and the UTL. The second failure occurs at the 
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unexpected location within the CFRP laminate of the web-flange fillet. Detailed delamination progression 

can be seen in the following figure. 

C.4.2 Damage Progression 

The progression of delamination can be found in both the presence of interface elements and damage in 

the interface element. The following figure describes the damage levels as the load is applied to the 

components.  

 

 

 

 

 

Figure 33: Delamination Progress with Delamination Option 

From the first set of images in  

Figure 33, it is clear that the Damage progression near the load introduction begins at the centre of the 

T-joint and is where failure is intuitively expected. However, the damage at the unexpected region, at 
 

 
 

of the corner laminate, quickly becomes the dominate damage zone in the entire component.  
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The elements in the second set of images are all interface elements and it shows how the FE-software 

inserts these elements. Once these elements are inserted, it is then possible for the FE software to 

calculate the Damage at that interface. The Damage distribution has a clear resemblance of the 

experimental results from 2006. 

C.4.3 Load-Displacement Discrepancy 

Although there are some short-comings in the CZM simulations, it still has a great deal of potential in the 

analysis of delaminations in Ultra Thick Laminate components. Therefore, it warrants more development 

into methodology and implementation. Some possible improvements can be made in the Material 

Properties used in the FE model, the meshing of the model, and the Load Stepping settings in MSC.Marc 

Mentat. 

Material Properties 

The most intuitive reason for the discrepancy is the lack of accurate UTL material properties (both in 

stiffness and interlaminar strength). The material properties used in the FE model are calculated using 

theoretical equations and therefore ideal. Since the Double Corner is an UTL and manufactured as an 

UTL, the stiffness’s and strengths in the 3rd direction are expected to be lower. Therefore, obtaining 

realistic stiffness, strength, and strain energy release rate for Ultra Thick Laminates from empirical tests 

will make the FE simulation much more accurate 

The salvaged Arcan tests or the newly proposed UTL thin coupon tests could be suitable for more 

accurate results. 

Meshing 

The above results are all obtained from a very coarse mesh. As mentioned in Turon (3), CZM typically 

requires a much finer mesh, but reduced-strength allows the FE mesh to be coarser (up to 10 times 

coarser). Since the component size is much larger than the cohesive zones, the mesh is too coarse to 

match the experimental results.  

However, depending on the load step settings, the simulation time may require anywhere between 8 

hours to 24 hours to reach the instability at 200kN. The following figure shows the simulation time of the 

coarse DC mesh. 

Any refinement of the Double Corner Mesh will exponentially increase the simulation time. Therefore, 

with the processing speed available and the time constraints of this project, refining the Double Corner 

mesh would not be viable within the scope of this thesis. 

Boundary Conditions 

During the 2006 Double Corner Test, the component was fastened to the rigid platforms using threaded 

bolts. The use of the threaded bolt changes the stiffness of the entire testing apparatus. During loading, 

the threads soften the entire test apparatus until the threads lock with the Double Corner component. 

This softening could explain the stiffness discrepancy in the between the FE and empirical results. 
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Load Stepping 

Insight gathered from working with MSC. Marc Mentat is that the load stepping procedure is extremely 

sensitive for Cohesive Zone Modelling. At the region of instability, the program requires very small steps 

to allow correct tracing of the unstable path. From experience, the arc-length method is far less superior 

to the Auto-Step method. The arc-length method tends to unload as soon as it reaches the location of 

instability and therefore only ‘hints’ at the failure (Figure 32). The Auto-Step has consistently converged 

past the first failure and has provided much better results. However, there is a difference at where the 

first stiffness drop occurs. Therefore, more development is needed to the implementation of load 

stepping to ensure that the simulation results are consistently accurate. 
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D. Concluding Remarks 

In a previous attempt to develop an Ultra Thick Laminate component, the Double Corner, a linear FE 

analysis has been used for failure analysis. However, after empirical testing of Double Corner 

components in 2006, it was clear that a small deformation FE method with Tsai-Wu would not be 

suitable for predicting failures in such a structure. It has been hypothesized that accurate out-of-plane 

material properties of UTL and an advanced method of predicting delaminations would make failure 

analysis of UTL components possible. Therefore, the goal of this thesis is to develop a robust FE method 

for predicting failure in UTLs, obtain out-of-plane material properties of UTL, and then applying the 

findings to the Double Corner component for further validation of the method. 

To obtain out-of-plane material properties, the Arcan test method was selected. However, due to the 

existence of concentrated loads at the clamping, the current Arcan clamps are not able to produce any 

reasonable results. Therefore, the clamps need to be redesigned for any future tests. To salvage existing 

test samples, an adhesive clamping was proposed to obtain material properties. Furthermore, an 

alternative (thin-coupon) test method was suggested for obtaining out-of-plane material properties. 

Although, no out-of-plane material properties were obtained, advanced FE analysis has shown great 

potential for predicting the failure of UTL components. The FE method, Cohesive Zone Modelling, simply 

inserts cohesive (interface) elements into an FE mesh to simulate the behaviour at that interface. After 

validations of the CZM method, it was considered as an extremely viable method for simulating failure 

and post-failure behaviour in Ultra Thick Laminates. Therefore, CZM was implemented in FE simulation 

of the Side Stay Fitting subcomponent, the Double Corner. 

The simulation results of these UTL components have shown that CZM was very effective at identifying 

the location of failure, as observed in tests. For the Arcan test samples, the simulations identified the 

failure at the clamp. For the Double Corner, the simulation predicted failure in the locations consistent 

with 2006 empirical tests. Although there are some stiffness discrepancies between the CZM simulations 

and the empirical tests, CZM has been able to predict the loads at which failures occur. The successful 

CZM procedure in MSC.Marc Mentat was also outlined and can be found in Appendix B. Although this FE 

procedure was well developed in this thesis, more work is necessary to reduce computational cost and 

improve accuracy of the simulations. 
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Appendix A.  Ultra Thick Laminate Manufacturing 

Ultra Thick Laminate Manufacturing 

 

Figure 34: VAP Schematic 

 

Table 12: VAP Schematic Description 

1 Foil 700 x 550 Transparent 

rated > 180°C 

2 Infusion Mesh 450 x 650 Rough side facing down 

3 Perforated Aluminium Sheet   

4 Peel Ply 650 x 650  

5 CFRP Preform   

6 Peel Ply 500 x 500  

7 Perforated Aluminium Sheet   

8 Peel Ply 500 x 500  

9 Membrane System 900 x 800  

10 Bleeder Cloth 700 x 1000 Double Layer 

11 Vacuum Bagging 900 x 1100  

12 Vacuum outlet   

13 Fleece 150 x 250  

14 Flow Channel 350  
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UTL Material System 

Resin Handling 

The resin is an aerospace standard resin transfer moulding resin RTM6. It is removed from the cooling a 

day before infiltration and required Pre-heating to 75 to 80°C prior to infiltration. 

Infiltration 

The vacuum is set to produce 1.3mbars of pressure and the oven is preheated to 100°C in air. The resin 

will be heated at 120°C during the infiltration. The mass flow is <5g/min under the pressure difference 

applied by the vacuum pump and the resin basin. After the completion of the infiltration, a reverse 

pressure of 800mbar is applied for about 5 minutes to retract excess resin from the laminate.  

Curing Cycle 

The curing is conducted in an industrial oven using the following curing cycle. 

 

Figure 35: VAP curing cycle for UTL Plate 
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Appendix B.  CZM Simulation Procedure Notes for UTL 

All of the following procedure is specific to MSC.Marc Mentat; however, may  

Meshing 

When producing an FE meshes that implements CZM, there are several considerations that must be 

made: 

 Mesh refinement is necessary for accurate results. 

 Through thickness element refinement is important for Ultra Thick Laminates. 

 Composite element formulation requires at least 3 layer definitions for the Delamination Option 

to work properly. 

 Zero thickness Cohesive Elements (or Interface Elements) are inserted at delamination 

interfaces. In MSC.Marc Mentat: 

o When delamination location is known: elements are inserted directly into the FE model 

o When delamination location is not known: Use delamination to automatically insert 

interface elements into mesh. 

Contact 

Contact definitions are necessary to prevent penetration after cohesive element failure. In MSC.Marc 

Mentat: 

 When delamination location is known: elements adjacent to the interface elements must have 

contact definitions between them to prevent penetration 

 When delamination location is not known: the entire component can be defined as one contact 

body 

 Loading with contacts should apply ‘Project Stress Free’ in the Contact Table. 

Delamination Option 

If the delamination zone is not known in a component, the Delamination Option is very useful for 

predicting where the delaminations occur and automatically inputs interface elements. 

 Each interface between element layers, a separate delamination definition is necessary. 

o Each element layer requires a separate material definition 

 The failure criteria in the delamination definition should use the same strength values as the 

cohesive (interface) elements. 

Boundary Conditions 

Displacement driven loading have proven to be much more effective in converging results than force 

driven 
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Load case 

The load step increment method has been the most difficult to operate and is very sensitive to user 

inputs 

 Use Auto Step (Multi-Criteria) rather than Arc Length is essential for convergent results 

o Arc Length in MSC.Marc Mentat have proven to be very ineffective 

 Convergence Testing: 5% for both displacement and residuals should give sufficiently accurate 

results without convergence problems. 

 Important parameters: 

o Initial Fraction of Load case Time: needs to be low enough for the mesh to converge at 

first step 

o Minimum Fraction of Load case Time: must be very low to ensure the program can take 

minute steps at locations of instability 

o Automatic Criteria: On, allows the program to trace the unstable path after failure 

 Minimum Step Ratio: 1E-10 

 Maximum Step Ratio: 1E+6 

 

Figure 36: Working Auto Step Settings 

Jobs 

 Large Strain Analysis 

 Include Damage and Reaction Forces in the Job Results. 
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