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Abstract: 

       Adhesive joints have become an important and useful method in 

bonding similar and dissimilar structural materials in many industries. In 

order to characterize strength of an adhesive joint, apart from material 

properties of the adhesive or resin, geometry and mechanics of the joint 

and type of fracture plays an important role. The objective of this work is 

to study the effect of different cohesive parameters and substrate’s 

height, on the behavior of a steel-to-GFRP composite bi-material 

interface by using numerical simulations. A DCB and ENF model has 

been created in Ansys FEM software and results for each case have been 

presented. Future work needs to be done towards validating the 

numerical models through experimental tests. 

Keywords: 

Adhesive joints, Bi-material interface, DCB, ENF, Mode I &II, 

Numerical simulation. 
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1 Notation 

   Pre crack length  

  Width 

E Young’s modulus 

F Force per unit width 

F.S Fracture Strength 

    Fracture Toughness for mode I and II (i=I, II) 

    Shear Modulus (i, j=x, y, z) 

  Height 

I Second Moment of Inertia  

  Length 

    Cohesive strength (i=I, II) 

       Maximum separation distance for mode I and II (i=I, II) 

   Pre crack tip opening 

    Pre crack tip sliding 

    Poisson ratio (i, j=x, y, z) 

  X coordinate 

  Y coordinate 

  Z coordinate 

 

Indices 

c Critical 

co Composite 

s Steel 
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Abbreviations 

 

APDL ANSYS Parametric Design Language 

ASTM American Society for Testing and Materials 

BEM Boundary Element Method 

CZM Cohesive Zone Model 

DCB Double Cantilever Beam 

DSJ Double Strap Joint 

ELS End Loaded Split 

ENF End Notched Flexure 

FDM Finite Difference Method 

FEM Finite Element Method 

GFRP Glass Fiber Reinforced Plastic 

ISO International Organization for Standardization 

MMB Mixed Mode Bending 

SLB Single Leg Bending 

SLJ Single Lap Joint 

VCCT Virtual Crack Closure Technique 
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2 Introduction 

2.1 Adhesive bonding as a joining technique 

       In order to join structural materials together different methods exist. 

Classical methods such as bolt, pin and rivet can be simply used and are 

easy for disassembling the joint. The drawback of these methods is the 

stress concentration which leads to degrading structural strength. The 

alternative method for connecting parts together is adhesive bonding which 

has its root in aviation industry, as first synthesis resin was produced in 

1930’s and after that other type resins such as epoxy, neoprene and 

acrylonitrile were developed during world war II [1]. The benefits of 

adhesive joints are mentioned by Adams et al [2]: 

1. Reduced production parts. 

2. Thinner gauge material. 

3. Machinery is reduced. 

4. Lower work force and skill is needed to bond large areas. 

5. Higher strength to weight ratio. 

6. Better aerodynamic and hydrodynamic surfaces. 

7. Also can play a role as a seal and/or anti-corrosion in incompatible 

materials. 

8.  Electrical and thermal isolation. 

9. Much higher fatigue resistance. 

10. Flexibility in thermal expansion. 

       These benefits have made adhesive joints a demanding method in 

sectors which lightness of structures play a crucial role such as in aviation, 

marine, civil and wind industries. However adhesive joints are not yet well 

defined compared to classical methods and more research and work needs 

to be carried on in this field.    

       Up to now two types of bond lines have been developed to bring 

surfaces together. In the first method adhesive is added to the surface of the 

materials and then they are joint together and in the second method which is 

called co-cured a resin rich layer is used for the propose of joining surface. 

Both methods are used in production lines and patch repair tasks. 
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                          (a)   (b)  

Figure 2.1. Examples of using adhesive joints in (a) aviation [3], and (b) 

wind energy industries [4]. 

       To be able to investigate stiffness and strength of adhesive joints two 

approaches are available; the first one that is a damage mechanic approach 

consist of lap shear tests which are based on real or laboratory engineering 

joint configurations and the most common ones are: SLJ (single lap joint) 

and DSJ (double strap joint). 

 

 

(a)              (b)  

Figure 2.2. (a) SLJ and (b) DSJ configurations. 

       To analyze these types of joints analytical attempts been done during 

years with the first one started in 1938 by Volkerson [5] in his attempt to 

find a close form for SLJ configuration. In his work he considered 

adherents and adhesives elastic and assumed that adhesive deforms only in 

shear. The stress contribution varies along the bonded surfaces and the 

results of the experiments are based on averaged stresses and are geometry 

dependent to some extent. In SLJ joints, the non-symmetrical geometry 

causes bending moments in adherents and lead to bending deformation of 

them. 

       Next big impact on the analysis of SLJ was carried on by Goland and 

Reissner in 1944 [6] who considered the bending of adherents and peeling 

effect in adhesive. 
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       SLJ is a standard test in ASTM and ISO standards for similar adherent 

bonding and is also manipulated by researches for the case of dissimilar 

material boning, it is easy to manufacture and as there is only one surface of 

bonding. On the other hand DSJ that was first introduced in 1973 by Hart 

and Smith [7] are preferred when there is a need for high load-bearing 

capacity. Symmetry geometry in DSJ reduces the peeling effect and shear 

stresses are dominating in this case.  

       The second approach is fracture mechanics characterization of the 

bond. In this method, fracture properties for different modes are 

characterized through specific tests. Some of the common test 

configurations for this propose are as follow:  

 DCB (Double Cantilever Beam) for pure Mode I. 

 ENF (End Notch Flexure), ELS (End Loaded Split) for Mode II. 

 MMB (Mixed Mode Bending), DCB-UBM (Double Cantilever 

Beam subjected to Uneven Bending Moments) and SLB (Single Leg 

Bending) for mixed modes. 

       In both damage mechanics and fracture mechanics approaches 

numerical methods have been used widely as they can give an insight to the 

stress distribution of the interfaces of adhesive and adherents and within 

them, which are of great help in investigating damage and fracture process 

in a joint.  

       T.L.Anderson [8] mentions some of numerical methods which have 

been manipulated with researchers in the past to investigate fracture 

mechanics: 

 Stress and Displacement Matching. 

 Element Crack Advance. 

 Contour Integration. 

 Virtual Crack Extension: Stiffness Derivative Formulation. 

 Virtual Crack Extension: Continuum approach. 

 The energy domain Integral.        

Figure 2.3. Deformation of SLJ joint due to non-symmetry           

Geometry. 
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Figure 2.4. (a) DCB, (b) ENF, (c) ELS, (d) MMB and (e) DCB-UBM and  

(f) SLB tests. 

Which also, Virtual Crack Closure Technique, or VCCT need to be added 

to this list. 

       Some of these methods are for linear propose and some like Contour 

Integration and Energy Domain Integral can be used in both linear and 

nonlinear problems. However most of these techniques are substituted with 

more recent methods which are implemented in commercial software such 

as ANSYS and ABAQUS, based on Cohesive Zone Models with input 

parameters such as critical strain energy,    and cohesive strength,    to 

describe the phenomena better. 

       Among all the works which have been done to characterize adhesive 

joints, there is a lack of knowledge on the problem that involves co-cured 
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dissimilar joints between metal and composites. In 2007, W.S. Kim and     

J. J. Lee [9] studied adhesion strength and fatigue life improvement of co-

cured composite-metal lap joints by silane-based interphase formation. In 

2009, they investigated effect of frictional contact of crack surfaces in a bi-

material interface [10]. M. J. Lee et al [11] have offered a systematic way to 

determine cohesive parameters of a co-cured steel-composite joint by 

applying test on SLB specimen and using finite element method. Y. T. Kim 

et al [12] used superimposed finite element method and cohesive zone 

model to simulate the co-cured steel-composite joint; therefore a need for 

more investigation in this field could be felt. Some of the topics which can 

be further investigated in case of co-cured adhesive joints are: effect of 

different surface preparation, using a different cohesive zone model rather 

than bi-linear, effect of specimen size such as length and using different 

substrate’s material combinations. 

 

2.2 Analysis of the bond line 

       In order to model the behavior of an interface in a joint which 

structural materials are connected together through adhesion, two fields of 

mechanics have been utilized in the past. Damage mechanics which is the 

more traditional field and concerns with development and increase in the 

value of stresses in the material and criteria such as von Mises are well 

known for that and yield and ultimate strength play the main role in this, 

and the second approach, fracture mechanics, which is more recently 

developed and is based on crack propagation in the structure. Fracture 

mechanics is based on stress intensity factor and fracture toughness which 

are related together and can be driven out from each other. Each of these 

methods has their own quality in describing the strength of an interface in a 

joint depending on the behavior of material in case of brittle and ductile. 

However in cases where the material behavior is somewhere in between a 

mix of these methods has been manipulated such as in cohesive zone 

modeling to handle the problem better. 
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(a) 

 

         

 

 

 

 

 

  (b) 

Figure 2.5. Comparison of (a) damage mechanics and                               

(b) Fracture mechanics [8]. 

 

2.3 Numerical Modeling 

       By extensive development in computers and their ability of carrying 

huge calculation in reasonable time, numerical methods have become an 

important tool in different field of science these days. 

       Different numerical techniques have been used in mechanics and other 

branches of science to solve partial differential equation. Finite difference 

method (FDM), Finite element method (FEM) and Boundary element 

method (BEM) are the major approaches. In analysis of joints FE method 

has the most extensive usage primarily because of its ability to deal with 

spew fillets and later easier treatment of joint rotation and plasticity of 

adhesive and adherents. The other methods such as FDM and BEM have 

not been manipulated as much mostly because of difficulty in simulation of 

boundary condition in complex geometries [1].  
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2.3.1 Cohesive Zone Model  

       Studying crack initiation in elastic materials has been generally done in 

numerical methods by help of critical fracture energy,   based on Griffith 

energy balance criterion, as in methods such as VCCT and VCC [13]. 

These methods followed by first proposals on CZM by Barenblatt for brittle 

material behavior [14] and later on by Dugdale [15] in 1960 who tried to 

involve plasticity in the front of the crack tip for ductile materials. Despite 

its unique features this method was not well spread until Rice [16] came up 

with the idea of path independent integral which was used to describe 

interface nonlinearity in front of the crack [17]. Since then several other 

researchers have worked on this subject to make it more suitable for 

problems in this field. 

       CZM is based on introducing artificial fracture interfaces in the 

structural material which damage progresses along them by discontinuity of 

displacement field. To establish a relation for this discontinuity CZM laws, 

which are basically traction- separation laws are used. These laws are 

introduced between couple nodes of cohesive elements which connect 

overlaid nodes together. There are two ways to apply CZM in the 

interfaces, in the first approach known as local approach, damage takes 

place along a line or surface such as between adhesive and adherent and 

interfacial failure happens. In the second technique, which is called 

continuum approach, damage zone is defined as a finite region within solid 

to simulate bulk failure or along adhesive bonds to simulate fracture of 

adhesive bonds [1]. 

       Choosing a proper CZM depends on the problem we are dealing with. 

In general, the bi-linear CZM is a good approximation if we do not expect 

high amount of plasticity, since it is easy to establish and well suited for 

computational programs. CZM have also been divided into another type of 

category namely “intrinsic” and “extrinsic”. In the intrinsic approach, the 

model starts with a rising (hardening) slope till it reaches the fracture 

strength and then it is followed by a softening part. On the other hand in 

extrinsic models, emphasis is on the softening part, however, for numerical 

aspects, a very high slope part is added to the beginning of the model [1]. 
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                   (a)       (b) 

Figure 2.6. (a) Bi-linear and (b) Polynomial CZM. 

 

     Adhesive 

      

 

                   Adherents                                Zero thickness cohesive elements 

          (a) 

                                                                   Cohesive elements with thickness 

 

          

                     Adherents 

          (b) 

Figure 2.7. (a) Local cohesive elements with zero thickness and (b) 

continuum cohesive elements with finite thickness. 

 

       In figure 2.8, the fracture toughness     is equal to the area enclosed by 

the triangle: 
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(a)                                                           (b) 

Figure 2.8. Intrinsic (a) and Extrinsic (b) CZM (i=I, II). 

    
 

 
                                                                                             

       In Ansys software it is also possible to imply CZM between contact 

elements which have following benefits compared to cohesive elements: 

 “Parts in the mesh can be meshed independently. 

 Existing models with contact definition can be easily modified for 

deboning. 

 Standard contact and deboning can be simulated with same contact 

definitions. 

 Deboning can be used for various applications; for example, 

delamination, spot weld failure, and stitch failure.” [18] 

       Regarding previous discussions, and concerning type of the problem 

we have been dealing with in this work that is a joint with a rich resin layer 

which comparing to applied external adhesive has a very short thickness it 

was decided to use an extrinsic bi-linear CZM, and the model has been 

made in Ansys commercial software by use of APDL programing. 
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2.4 Problem Definition 

The work which has been carried out in this thesis is part of a main 

project concerning optimization of the joint interface of root bushings in 

wind turbines. The project consists of following steps: 

 Manufacturing shearing lap joint specimens and testing them to 

assess strength and stiffness of the interface of the joint. 

 Creating FE models of DCB and ENF tests. 

 Manufacturing and testing DCB and ENF specimens to derive 

fracture characteristics and cohesive zone parameters. 

 Simulating shear lap joints. 

 Simulating the real geometry of joint as it is in the bushing. 

       For the matter of this thesis, Investigating the effect of cohesive zone 

parameters and size effect on the behavior of the bi-material interface by 

help of numerical simulations has been considered. The parametric study 

framework has been established consisting of cohesive toughness, cohesive 

strength and height of the substrates. To achieve R-curve (a base object in 

fracture mechanics) and nature of crack propagation, force-displacement, 

force-crack tip opening and force-crack tip sliding graphs needed to be 

prepared along with investigating yielding in the material to ensure that no 

yielding would occur during the experimental test and the linear elastic 

fracture mechanics will be applicable. Another consideration during this 

study was to make sure that crack propagation remains in interface plain. 

       In order to have pure mode I in DCB testing it is essential to have same 

deflection in both beam arms; for this propose stiffness of both arms need 

to be equal which leads to following geometry consideration in modeling 

and designing DCB specimens: 

            

  

    
 

  
   

      
 

  
 

                                           
        

  

       √
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Figure 2.9. DCB specimen should have same deflection in both arms to 

have pure mode I. 
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3 Finite Element Modeling 

       Two models have been developed in Ansys to simulate DCB and ENF 

test, which will be discussed in detail in the following. 

 

3.1 Materials 

       The material properties used in simulations were provided by 

manufacturer of the wind turbine bushings that has been responsible for 

preparing test specimens. The composite material consists of unidirectional 

GFRP (Glass Fiber Reinforced Plastic). These are shown in table 3.1: 

GFRP 

                                              

                                               

                                              

Steel                                   ν     

Table 3.1. Material Properties of GFRP and Steel. 

 

3.2 DCB Model 

       The geometry of the specimen is shown in figure 3.1. 

 

              x    

                     y    

           z                       

Figure 3.1. DCB Specimen. 
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The length L is 200 mm and pre-crack length in this simulation was 30 mm.  

As we were looking to see the effect of the heights of the substrates in this 

study, three different values have been chosen namely 5, 6 and 7 mm for 

the steel and the height of GFRP was calculated by Substituting material 

properties from table 3.1 in equation 2.2. This gives us the relation between 

the height of steel and composite as follow: 

       √
  

   

 
                  ;                       

And from there, height of the GFRP would be 9, 10.8 and 12.6 mm. 

       A 2D, plane strain model was built in Ansys using 8 node plane 183 to 

mesh the solid structure as they give  better results in bending problems and 

6 node contact 172 elements and target 169 to mesh cohesive zone 

interface. 

 

                                (a)                     (b) 

Figure 3.2. Plane 183 and contact 172 elements. 

 

3.2.1          Choice of element size 

         In figure 3.3, the relation between Fracture Process Zone and element 

size has been showed. 

Using a coarse mesh will result in many local bumps and sometimes sharp 

snap backs; to have a smooth result it is recommended to have at least 2 

interface elements in the developing  fracture process zone in front of the 

crack [19]. 
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         In DCB simulations, following values for cohesive zone parameters 

have been considered: 

                                    

                                                                       

 

And, 

                                                                        

                                ) 

 

       By looking at these values and using equation 2.1, the smallest 

Cohesive Zone length for Mode I, assuming the length of cohesive zone is 

equal to       , would be: 

Figure 3.3. Position of cohesive zone along the crack [19]. 
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       Therefore the appropriate length for the element would be about 0.0028 

mm to have smooth results. However as it will be seen later from the results 

of convergence tests, even for larger element lengths we could still have 

reasonable responses. For convergence test first of all a simple coarse 

model was built with element length of 1 mm, then rather different meshing 

was created to be able to dense the mesh to very fine values without losing 

computer efficiency as can be seen in figures 3.5 and 3.6.  

       Element lengths of 1, 0.1 and 0.05 mm where used to investigate the 

convergence of solutions and as it will be shown later with element length 

of 0.1 we could have a reasonable answer, therefore for the sake of saving 

time and computer efficiency this length was chosen to be used in DCB 

simulations.  

 

Figure 3.4. DCB model with simple meshing and element length of 1 mm. 
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Figure 3.5. DCB model with intensive meshing (element length of 0.1 mm). 

 

Figure 3.6. DCB model with intensive meshing (element length of 0.1 mm) 

zoomed in. 
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3.3 ENF Model 

       Same specimen height was used to investigate the size effect namely 

5,6,7 and 9,10.8 and 12.6 mm for steel and GFRP, respectively. However 

even though the physical length of the specimen was chosen to be the same 

as in DCB, 200 mm, due to test rig configuration which would have been 

used later on in experimental test, the real span of the specimen has become 

L=160 mm. 3 point bending ENF test is a very common test in determining 

mode II delamination of laminated composites [20]. The length of the pre-

crack needs to be longer than a specific length, otherwise the crack 

propagation will not be stable; this length is 0.7 of the half span [21]. 

Therefor the pre-crack length in this simulation was chosen to be 60 mm: 

       
 

 
                                                                                                    

        (
   

 
)                                     

         And diameters of the disks are 10 mm; they are placed 20 

mm from each end and one in the middle of the specimen. 

 

Figure 3.7. 3 point ENF test configuration. 

Cohesive parameters studied for mode II were as followed: 

                                 

                                                                   

And, 
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        Elements used for simulating mode II was the same as in DCB; 2D, 

plane strain model, using Ansys 8 node plane 183 to mesh the specimen 

and supports and 6 node contact 172 elements and target 169 to mesh 

cohesive zone interface and contact areas between supports and specimen.   

       

3.3.1          Choice of element size 

         Same logic as DCB model for mesh element size was applied to ENF 

model: 

                   

            
 

  
              

         The mesh convergence test was applied to the specimen with size 7-

12.6, steel-GFRP, with element lengths of 0.2 mm for simple mesh and 0.1 

and 0.05 mm for dense mesh along the crack’s path.  By checking the 

convergence and smoothness in results it was decided to use element mesh 

length of 0.1 mm in ENF simulations. 

 

 

Figure 3.8.  ENF model with intensive meshing (element length of 0.1 mm). 
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4 Results 

       Three basic types of results have been driven from simulating DCB and 

ENF models namely force-displacement, force-crack tip opening (for DCB 

models), force-crack tip sliding (for ENF models) and maximum value of 

Von Mises stresses of the steel beam for these simulation. The patterns of 

the results in graphs are similar in basic in each set and therefore selected 

results will be discussed here and the rest can be found in Appendix A.  

  

4.1 Convergence in results 

       The convergence test was carried on a specimen with 5 and 9 mm steel 

and GFRP respectively, with cohesive parameters of    =50 MPa and 

   =0.14 N/mm. As it can be seen in figure 4.1, for the mesh with 1 mm 

length we are facing lots of fluctuations and to overcome this problem and 

also for sake of convergence we need to decrease length of the elements 

along the crack interface. The 0.05 and 0.1 mm mesh lengths are almost 

identical . 

 

Figure 4.1.  DCB convergence 
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         For ENF models the convergence test was carried on a model with 7 

and 12.6 mm steel and GFRP respectively, and cohesive parameters were as 

    =54 MPa and     =0.14 N/mm. In the coarse mesh, 0.2 mm, we observe 

a sudden change which is not present in finer meshes as it is shown in 

figure 4.2. 

 

Figure 4.2.  ENF convergence. 

 

4.2 Size effect 

4.2.1 DCB 

       Effect of the height of the substrates on force-displacement and force-

pre-crack tip opening are shown below. The cohesive parameters are, 

   =15 MPa and    =0.14 N/mm.  

       By looking at the increasing part of the plots in figure 4.3 which refers 

to the stage that the crack has not propagated yet, we observe that by 

increasing height of substrates the specimen becomes more stiffer, however 

after the crack starts to propagate the slop of the plots becomes almost 
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parallel to each other. Same conclusions may be obtained from force-pre 

crack tip graph except that peaks of the plots have the same longitudinal 

coordinates which was expected so, as all 3 simulations have the same 

cohesive zone parameters.  

 

Figure 4.3.  Force-displacement. 
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Figure 4.4. Force-pre crack tip opening. 

 

4.2.2 ENF 

       Graphs bellow compare size effect for cohesive parameters of     =54 

MPa and     =1 N/mm. same argues as DCB model goes for ENF models 

expect the fact that the third part of the plots which is the ending raising 

part and is related to crack propagation beyond the mid length of the beam 

are not parallel as in DCB models and they diverge from each other. Also a 

sudden drop can be seen in force-pre crack tip sliding graph in figure 4.6, 

which is due to dynamic instability in crack propagation. 
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Figure 4.6. Force-pre crack tip sliding. 

 

Figure 4.5. Force-displacement. 



30 

 

4.3 Cohesive toughness effect 

4.3.1 DCB 

       Five different values of cohesive toughness are plotted for specimen 

with 5 and 9 mm steel-composite, and cohesive strength of 7.6 MPa. 

Results are compared against analytic approach proposed by Mi et al [19], 

which can be found in Appendix B. As it can be seen there is a good 

consistency between numerical and analytical results for part of the graph 

which represent crack propagation, however there is a gap between these 

two at the beginning of the graph, and analytical solution looks much 

stiffer. The reason for that comes from the facts that: 

 Analytical approach is based on Isotropic material behavior and is 

not well suited for orthotropic materials which we have as one of 

the substrates in the structure. 

 The analytic approach represents a linear solution for this part of the 

graphs and it ignores any nonlinearity. 

       Increasing cohesive toughness as it can be seen increases the 

nonlinearity of the ascending part of the graphs.  

 

Figure 4.7. Force-displacement. 
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Figure 4.8. Force-pre crack tip opening. 

 

4.3.2 ENF 

       Graphs bellow represent results for specimen with 5 and 9 mm steel-

composite height and cohesive strength of 54 MPa. Same reasoning as 

before goes for the difference between numerical and analytical results for 

the gap at the beginning of the graph. In addition we can see the effect of 

cohesive toughness on deviation between closed form solution and 

numerical approach on the descending part of the curves as in figure 4.9. 

By increasing cohesive toughness the non-linearity in this part of the curves 

increases and this results in bigger difference between two approaches. 

However the final part of the curves match well with closed form solution.  

       Another observation is related to the sudden drop of curves in the plot 

of force-pre crack tip opening in figure 4.10. Increasing cohesive toughness 

leads to decrease in the magnitude of this fall that is due to dynamic 

instability and the curve becomes smoother. 

 



32 

 

 

Figure 4.9. Force-displacement. 

 

 

Figure 4.10. Force-pre crack tip sliding. 
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4.4 Cohesive strength effect 

4.4.1 DCB 

       Figure 4.11 and 4.12 illustrate the effect of cohesive strength on the 

response of the structure in crack propagation in specimen with 5 and 9 mm 

steel-composite height and cohesive toughness of 0.14 N/mm.  

       The main issue that needs to be point out is the effect of cohesive 

strength on deviation of results after the fracture process zone is developed. 

Even though for small values of cohesive strength, 1 and 7.6 MPa, we can 

see a convergence, for higher values an increasing gap is obvious.  

 

Figure 4.11. Force-displacement. 
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Figure 4.12. Force-pre crack tip opening. 

 

4.4.2 ENF 

       The results of the simulation for an ENF model with heights 5, 9 mm 

steel and GFRP respectively are shown in figures bellow. The fracture 

toughness value is 0.28 N/mm. 

       From figure 4.13 we can see by increasing cohesive strength the 

response of the structure becomes more linear in the first ascending part. In 

the softening part of the results which is related to crack propagation before 

the half span of the beam length, the results do not converge, but after the 

mid length they converge to the same value and become independent of the 

cohesive strength, However, looking at figure 4.14 that is the plot of force 

vs. pre-crack tip sliding, we do not observe such a behavior. 

         Another issue that needs to be point out is by increasing cohesive 

strength values as we see in figure 4.14 results shrink in direction of 

longitudinal axis and increases in height, this behavior is due to the fact that 

all these simulations have the same cohesive toughness   , and the area 

under the curve up to the sudden drop is related to the energy input to the 

system which develops fracture process zone. 
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Figure 4.13. Force-displacement. 

 

 

Figure 4.14. Force-pre crack tip sliding. 
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4.5 Stress analysis  

       As one of the criteria’s of this work was to keep the stresses bellow the 

yielding point of steel, different graphs have been plotted shown in figures 

bellow for each category of simulations. The yield stress of the steel as 

indicated in table 3.1 as 235 MPa, therefore stress values bellow this are 

acceptable, from this point of view and respecting the cohesive parameters, 

appropriate height of substrates suitable for experimental tests can be 

achieved.  

 

Figure 4.15. Stress values for different fracture toughnesses and heights of 

substrates in DCB model (σIc=7.6 MPa). 
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Figure 4.16. Stress values for different fracture strengths and heights of 

substrates in DCB model (GIc=0.14 N/mm). 

 

 

Figure 4.17. Stress values for different fracture strengths and heights of 

substrates in ENF model (GIIc= 0.28 N/mm). 
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Figure 4.18. Stress values for different fracture toughnesses and height of 

substrates in ENF model (σIIc=54 MPa). 
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5 Conclusions and general discussions 

       In this chapter conclusions plus suggestion for future work is 

presented. 

 

5.1 Conclusions 

       A numerical parametric study on the effect of cohesive zone 

parameters and specimen height on the behavior of the crack propagation in 

mode I and II in a steel-composite bi-material interface has been carried out 

during this work. A DCB and ENF model has been created by use of Ansys 

software and three parameters namely cohesive strength, cohesive 

toughness and the height of substrates have been span through different 

values to see their effect on the results.  

       The structure consists of a steel beam bonded to a unidirectional GFRP 

composite beam by use of a rich resin layer. In order to have pure mode I in 

DCB test the ratio of the height of the substrates were confined in a specific 

way. Three values of substrates heights and 5 values for each cohesive 

parameter were investigated during this work. The results were presented as 

force-displacement, force-crack tip opening, force-crack tip sliding and 

stress vs. height of specimens graphs. 

         In order to have a smooth response and avoiding numerical 

fluctuation and investigating convergence, the elements size need to be 

small enough; if we use fine mesh in the whole model a huge computer 

resource is needed and will be also time consuming; to avoid this problem, 

an alternative meshing was created which would have concentrate fine 

mesh along the crack path and rest of the model could have a coarse mesh. 

       Going through the results following conclusions can be made: 

 Increasing height of substrates will increase the stiffness of 

structure. 

 Increase in cohesive toughness while keeping cohesive strength 

constant will lead to a longer fracture process zone. Also it is 

observed that nonlinearity in the structure increases as well. 
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 Increasing cohesive strength while the cohesive toughness is 

constant reduces the fracture processing zone and structure response 

will be stiffer and closer to linear at the beginning.  

 Effect of the cohesive strength parameter on the results is obvious 

and needs to be considered in analysis.  

 Closed form solution for Isotropic materials does not represent 

correct stiffness of structures consisting of orthotropic materials 

however it has a better prediction after crack propagation begins. 

       One of the goals of this thesis was to find a suitable size for specimens 

to imply the experimental test with the concern of keeping the whole 

process in LEFM limit; therefore the stress values for each simulation was 

also retrieved to find a margin for the height of the substrates and plotted 

against steel’s yielding point. 

 

5.2 Future work and suggestions 

       As this thesis was part of a bigger project concerning characterizing 

strength of a metal-composite joint in wind turbine bushing following 

suggestions could be carrying on in future works: 

 DCB experimental test. 

 ENF experimental test. 

 Retrieving the appropriate value of cohesive toughness from 

experimental tests and applying it to the present numerical model. 

 Modeling a double strap joint using cohesive parameters from DCB 

and ENF models. 

 Applying static and fatigue test on DSJ specimens. 

         It will also be useful to investigate the effect of cohesive strength and 

orthotropic properties in closed form solutions. 
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Appendix. A 

       Different results for DCB and ENF simulations have been presented 

here for comparison. 

 

DCB 

 Effect of size 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1.Force-Displacement with Cohesive strength σIc= 15 MPa and 

GIc= 0.14 N/mm. 
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Figure A.2.Force-crack tip opening with Cohesive strength σIc= 15 MPa 

and GIc= 0.14 N/mm. 

 

 

Figure A.3.Force-Displacement with Cohesive strength σIc= 7.6 MPa and 

GIc= 2 N/mm. 
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Figure A.4.Force- crack tip opening with Cohesive strength σIc= 7.6 MPa 

and GIc= 2 N/mm. 
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 Fracture strength effect 
 

I. Force –displacement graphs with cohesive toughness        

GIc= 0.14 N/mm.  

 

Figure A.5.Substrate heights of 5 and 9 mm Steel- GFRP. 

 

Figure A.6.Substrate heights of 6 and 10.8 mm Steel- GFRP. 



48 

 

 

Figure A.7.Substrate heights of 7 and 12.6 mm Steel- GFRP. 
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II. Force – crack tip opening graphs with cohesive 

toughness GIc= 0.14 N/mm. 

 

Figure A.8.Substrate height of 5 and 9 mm, Steel-GFRP. 

 

 

Figure A.9.Ssubstrate height of 6 and 10.8 mm, Steel-GFRP. 
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Figure A.10.Substrate height of 7 and 12.6 mm, Steel-GFRP. 

 Fracture toughness effect 
 

III. Force –displacement graphs with cohesive strength        

σIc=7.6 MPa. 

 

Figure A.11.Substrate heights of 5 and 9 mm, Steel-GFRP. 
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Figure A.12.Substrate heights of 6 and 10.8 mm, Steel-GFRP. 

 

 

Figure A.13.Substrate heights of 7 and 12.6 mm, Steel-GFRP. 
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IV. Force –crack tip opening graphs with cohesive strength        

σIc=7.6 MPa. 

 

Figure A.14.Substrate heights of 5 and 9 mm, Steel-GFRP. 

 

 

Figure A.15.Substrate heights of 6 and 10.8 mm, Steel-GFRP. 
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Figure A.16.Substrate heights of 7 and 12.6 mm, Steel-GFRP. 

ENF 

 Effect of size 
 

 

Figure A.17.Force-Displacement with Cohesive strength σIIc= 70 MPa and 

GIIc= 0.28 N/mm. 
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Figure A.18.Force- crack tip sliding with Cohesive σIIc= 70 MPa and   

GIIc= 0.28 N/mm. 

 

 

Figure A.19. Force-Displacement with Cohesive toughness σIIc= 54 MPa 

and GIIc= 1 (N/mm). 
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Figure A.20. Force-crack tip sliding with Cohesive toughness σIIc= 54 MPa 

and GIIc= 1 (N/mm). 
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 Fracture strength effect 
 

I. Force –displacement graphs with cohesive toughness   

GIIc= 0.28 (N/mm). 

 

Figure A.21.Substrate heights of 5 and 9 mm, Steel-GFRP. 

 

Figure A.22.Substrate height of 6 and 10.8 mm, Steel-GFRP. 
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Figure A.23.Substrate height of 7 and 12.6 mm, Steel-GFRP. 

 

II. Force –pre crack tip sliding graphs with cohesive 

toughness GIIc= 0.28 (N/mm). 

 

Figure A.24.Substrate height of 5 and 9 mm, Steel and GFRP. 
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Figure A.25.Substrate heights of 6 and 10.8 mm, Steel and GFRP. 

 

 

Figure A.26.Substrate height of 7 and 12.6 mm, Steel and GFRP. 
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 Fracture toughness effect 
 

I. Force –displacement graphs with cohesive strength        

σIIc= 54 MPa. 

 

Figure A.27.Substrate height of 5 and 9 mm, Steel and GFRP. 

 

Figure A.28.Substrate height of 6 and 10.8 mm, Steel and GFRP. 
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Figure A.29.Substrate height of 7 and 12.6 mm, Steel and GFRP. 

 

II. Force –pre crack tip sliding graphs with cohesive 

strength σIIc= 54 MPa. 

 

Figure A.30.Substrate height of 5 and 9 mm, Steel and GFRP. 
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Figure A.31.Substrate height of 6 and 10.8 mm, Steel and GFRP. 

 

 

Figure A.32.Substrate height of 7 and 12.6 mm, Steel and GFRP. 
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Appendix. B 

       Closed form solutions for mode I & II proposed by Mi et al [19]: 

Mode I:  
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        Figure B.1.Mode I closed form solution. 
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Mode II: 
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         Figure B.2.Mode I closed form solution. 
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