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Abstract

:

As a part of a damage tolerance assessment, the goal of this research is to estimate the two-dimensional crack propagation trajectory and its accompanying stress intensity factors (SIFs) using the adaptive finite element method. The adaptive finite element code was developed using the Visual Fortran language. The advancing-front method is used to construct an adaptive mesh structure, whereas the singularity is represented through construction of quarter-point single elements around the crack tip. To generate an optimal mesh, an adaptive mesh refinement procedure based on the posteriori norm stress error estimator is used. The splitting node strategy is used to model the fracture, and the trajectory follows the successive linear extensions for every crack increment. The stress intensity factors (SIFs) for each crack extension increment are calculated using the displacement extrapolation technique. The direction of crack propagation is determined using the theory of maximum circumferential stress. The present study is carried out for two geometries, namely a rectangular structure with two holes and one central crack, and a cracked plate with four holes. The results demonstrate that, depending on the position of the hole, the crack propagates in the direction of the hole due to the unequal stresses at the crack tip, which are caused by the hole’s influence. The results are consistent with other numerical investigations for predicting crack propagation trajectories and SIFs.
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1. Introduction


For assessing the behavior of a broad range of engineering and physical concerns, the finite element method (FEM) has undoubtedly been the most popular and successful analytical approach. Studying crack propagation is one of FEM’s application areas. As a crack grows, components lose their ability to withstand external loads and eventually fail. A rigorous analysis of their durability and an estimation of operational life are required for the computational design of structural components and materials with embedded cracks. Numerous numerical techniques have proven successful in modeling and simulating engineering issues, such as fracture mechanics, where it can be difficult to find an optimal solution due to the singularity of the stress field near the crack tip. These include the extended finite element method (XFEM) [1,2,3,4], finite element method (FEM) [5,6,7,8], discrete element method (DEM) [9,10,11], mesh-free method [12], and boundary element method (BEM) [13]. Numerous software programs, including Ansys [14,15], ABAQUS [16], NASTRAN, FRANC3D, and COMSOL, which are well-known for being in three dimensions, have been developed with general-purpose finite elements, verified, and implemented for crack propagation simulation. These programs are now available to virtually everyone who requests and pays the required fees for them. Crack propagation may also be simulated using a variety of 2D simulation software, such as NASGRO, AFGROW, FRANC2D, and FASTRAN. In addition, a significant number of researchers have developed reliable methods for estimating the fatigue crack propagation in 2D linear elastic structures under mixed-mode loading [17,18,19,20]. Crack propagation is often simulated in LEFM by using the equivalent stress intensity factor. The stress intensity factors must be precisely evaluated to anticipate the behavior of crack growth. Numerous handbooks provide analytical SIF solutions for ideal crack configurations and loading conditions that could be used with simple and regular structures [21,22,23]. Nevertheless, in many structures, the configuration of fatigue cracks is often intricate and irregular, which results in a variety of distinct ways to fail. As a consequence, analytical solutions will not be able to accurately anticipate SIF solutions for these fatigue cracks, which can be estimated using the findings of the FEM. The displacement extrapolation technique [24,25] and the J-integral method [26,27,28] are the two approaches used most often to calculate SIFs. The trajectory of a crack’s propagation may be predicted using a variety of approaches including the theory of maximum circumferential stress, the theory of maximum energy release, and the theory of minimum strain-energy density. In this work, an automated adaptive mesh finite element is used to simulate mixed-mode crack propagation in the presence of holes using developed source code written in the Visual Fortran language. The outcomes acquired using the developed program are similar to those obtained using commercial fracture mechanics software, e.g., [29,30,31,32,33,34,35,36,37,38]. In regard to knowledge, utilizing source code is appropriate for at least two purposes: first, understanding the basic algorithm that it uses, and second, acquiring programming expertise in its development. This study also shows a scientific methodology that researchers may follow as a guideline to build their own programs at the lowest possible cost when compared to commercial software.




2. Procedure of the Developed Program


The geometrical dimensions, stresses, material characteristics, and other restrictions are first introduced into the 2D model of crack growth. Incremental stress analysis is performed using the FEM during the pre-processing stage. The SIFs are determined at each step of crack propagation using the displacement extrapolation technique (DET). The crack propagation trajectory is then estimated using the maximum circumferential stress theory (MCST). For the purpose of generating the mesh, the advancing-front method has been implemented. Using this procedure, it is necessary to define the domain boundaries, generate the elements, smooth the mesh, and renumber the nodes [39]. The error estimator provides an estimate of the particular scale of each element, and that estimate is utilized to control the mesh refinement process. The solution’s components, such as stresses, displacements, and strains, among others, are transferred from the old mesh onto the new mesh once the new mesh has been generated. Figure 1 depicts the computational strategy for the crack propagation program.



2.1. Crack-Kinking Criteria


In this study, the crack growth angle was calculated using the maximum circumferential stress theory [40]. According to this theory, when mixed-mode loading is applied to isotropic materials, the crack develops in a path that is normal to the direction of the maximum tangential tensile stress. According to this theory, the tangential stresses in polar coordinates are given by the following expressions [40,41]:


     σ r    =    1    2 π r     cos ( θ / 2 )  (   K I  [ 1 +   sin  2  ( θ / 2 ) ] +  3 2   K  I I   sin θ − 2  K  I I   tan ( θ / 2 )  )       σ θ  =  1    2 π r     cos ( θ / 2 )  [   K I    cos  2  ( θ / 2 ) −  3 2   K  I I   sin θ  ]       τ  r θ   =  1    2 π r       cos ( θ / 2 )  2   [   K I  sin θ +  K  I I   ( 3 cos θ − 1 )  ]     



(1)




where    σ r    represents the normal stress in the radial direction,    σ θ    represents the normal stress in tangential direction, and    τ  r θ     represents the shear stress.



By solving   d  σ θ  / d θ = 0   for  θ , the result is expressed as:


   K I  sin θ +  K  I I    (  3 cos θ − 1  )  = 0  



(2)




from which the kinking angle can be obtained as:


  θ =   cos   − 1      (    3  K  I I  2  +  K I     K I 2  + 8  K  I I  2       K I 2  + 9  K  I I  2     )   



(3)







To achieve the maximum stress associated with incremental crack expansion, the sign of  θ  must be opposed the sign of KII [42].




2.2. Generation of the Background Mesh


The dichotomy approach is used to construct the background mesh, which builds the mesh in a triangle form using all of the initial exterior boundary nodes of the figure. The computational space in this approach is represented as a polygon by continually splitting the computational domain into two subsets until the complete polygon subsets were created. Consequently, in order to connect any internal boundaries, including holes, to the external boundary, connecting lines must be constructed. The shortest path connecting all internal and external boundary points is used to construct the connection line [43]. Figure 2 displays the proposed method, which starts by separating each of the initial selected boundary sites with a large-faced angle and creating an angle set for selecting the nearest nonadjacent point to be linked with a new connected line. The face angle size is identified by the following precedence:   π ≤  θ 1  < 2 π ,    π / 2  <  θ 2  < π ,   0 <  θ 3  ≤  π / 2  .  



As a consequence, singular elements must be built to precisely characterize the singularity field at the crack front. Since the advancing front method [39] generates triangular elements from the faces of the boundaries, the area surrounding the crack front should be separated before generation of the singular elements. First, nodes are created surround the crack tip in a rosette manner, and then the node at the crack front and the related edge segments are extracted. Rosette elements are then constructed by forming triangles as seen in Figure 3.




2.3. Node Splitting and Relaxation


The release of nodes according to their mechanical properties is known as “relaxation of the split nodes”. There must be two independent nodes at a specific crack tip in order to mimic crack openings when the criterion for crack propagation is met. If the deformation is required to be shown, the displacement must be modified consistently using the border nodes’ coordinates. The node splitting and relaxation procedure was explained in detail in the previous study [5].




2.4. Refinement of the Adaptive Mesh


Finite element mesh optimization techniques include improving the adaptive mesh. Customized adaptive mesh refinement is first used to modify meshes all around the crack’s tip and along the crack itself. This method is dependent upon a posteriori error estimate from a prior mesh generation. It is possible to approximate the mesh refinement error quite well using the relative stress norm error. The h-type adaptive mesh refinement is used to estimate the ratio of the element standard stress error to the average area standard stress error. Each element’s mesh size is expressed in the following manner:


   h e  =   2  A e     



(4)




where Ae represents the element area. The following expression shows the average norm stress error over the entire domain:


      ‖   e ^   ‖  2  =  1 m    ∑  e = 1  m      ∫   Ω e       σ  T   σ  d Ω                        =  1 m    ∑  e = 1  m      ∫   Ω e        {       σ x         σ y         τ  x y          σ z       }   T   {       σ x         σ y         τ  x y          σ z       }  d Ω         



(5)




where m, represents the overall number elements. The Radau principle will modify the integration in the FEM’s triangular isoperimetric domain in the expression:


      ‖ e ‖  e 2    =     ∫  − 1  1      ∫  − 1  1    (   {      σ    (  ξ , η  )   x        σ    (  ξ , η  )   y        τ    (  ξ , η  )    x y         σ    (  ξ , η  )   z       }  −  {      σ    (  ξ , η  )   x *        σ    (  ξ , η  )   y *        τ    (  ξ , η  )    x y  *        σ    (  ξ , η  )   z *       }   )        T   (   {      σ    (  ξ , η  )   x        σ    (  ξ , η  )   y        τ    (  ξ , η  )    x y         σ    (  ξ , η  )   z       }  −  {      σ    (  ξ , η  )   x *        σ    (  ξ , η  )   y *        τ    (  ξ , η  )    x y  *        σ    (  ξ , η  )   z *       }   )   t e  det  J e  d ξ d η                         =    ∑  p = 1  3    (   {      σ    (   ξ p  ,  η p   )   x        σ    (   ξ p  ,  η p   )   y        τ    (   ξ p  ,  η p   )    x y         σ    (   ξ p  ,  η p   )   z       }  −  {      σ    (   ξ p  ,  η p   )   x *        σ    (   ξ p  ,  η p   )   y *        τ    (   ξ p  ,  η p   )    x y  *        σ    (   ξ p  ,  η p   )   z *       }   )    T     (   {      σ    (   ξ p  ,  η p   )   x        σ    (   ξ p  ,  η p   )   y        τ    (   ξ p  ,  η p   )    x y         σ    (   ξ p  ,  η p   )   z       }  −  {      σ    (   ξ p  ,  η p   )   x *        σ    (   ξ p  ,  η p   )   y *        τ    (   ξ p  ,  η p   )    x y  *        σ    (   ξ p  ,  η p   )   z *       }   )   t e  det  J e   W p     



(6)




and similarly


     ‖   e ^   ‖   2  =  1 m    ∑  e = 1  m       ∑  p = 1  3    (   {      σ    (   ξ p  ,  η p   )   x        σ    (   ξ p  ,  η p   )   y        τ    (   ξ p  ,  η p   )    x y         σ    (   ξ p  ,  η p   )   z       }   )     T     (   {      σ    (   ξ p  ,  η p   )   x        σ    (   ξ p  ,  η p   )   y        τ    (   ξ p  ,  η p   )    x y         σ    (   ξ p  ,  η p   )   z       }   )   t e  det  J e   W p     



(7)




where te is the element thickness for plane stress and te = 1 for plane strain. WP is a weighting factor, and    J e    is the Jacobian matrix, which is expressed as:


   J e    =    [        ∂ x   ∂ ξ         ∂ y   ∂ ξ           ∂ x   ∂ η         ∂ y   ∂ η        ]    =    [        ∑  i = 1  r     ∂  N i e    ∂ ξ      x i e          ∑  i = 1  r     ∂  N i e    ∂ ξ      y i e            ∑  i = 1  r     ∂  N i e    ∂ η      x i e          ∑  i = 1  r     ∂  N i e    ∂ η      y i e         ]   



(8)







As a result, each element’s relative stress norm error is substantially lower than 5%, which is within an acceptable range for a variety of engineering requirements [23]. Hence,


   ζ e  =      ‖ e ‖   e     ‖   e ^   ‖    ≤ ζ  



(9)







Therefore, the allowable error level for the new element is defined as:


   ε e  =      ‖ e ‖   e    ζ  ‖   e ^   ‖    ≤ 1  



(10)







This means that more refinement must be applied to each element with    ε e  > 1   using the asymptotic convergence rate criterion as follows:


     ‖ e ‖   e  ∝  h e p   



(11)




where p represents the estimation polynomial order. The new element size is calculated as follows for the quadratic polynomial:


   h N  =  1     ε e       h e   



(12)







Based on how many mesh refinements are specified, the previous mesh will then be reused as the proper background mesh, and this procedure will be repeated.




2.5. Displacement Extrapolation Method (DET)


The SIFs for LEFM can be computed from the nodal displacement of finite elements using the displacement extrapolation technique. Three quarter-point singular elements surround the crack extremity in this technique, while six-node isoperimetric elements cover the remaining regions [42,43]. These partial nodes at the tip and along crack lines have their displacement components evaluated during extrapolation. The components’ SIFs are predicted using the necessary formulae. Using the displacement extrapolation technique, the rosette triangle components generated around the crack point are displayed in Figure 4.



The SIFs have been calculated using the following formulas [36]:


   K I  =  E  3 ( 1 + v ) ( 1 + κ )       2 π  L     [  4 (   v ′  b  −   v ′  d  ) −   (   v ′  c  −   v ′  e  )  2   ]   



(13)






   K  I I   =  E  3 ( 1 + v ) ( 1 + κ )       2 π  L     [  4 (   u ′  b  −   u ′  d  ) −   (   u ′  c  −   u ′  e  )  2   ]   



(14)




where E is the elasticity modulus,  v  is the Poisson’s ratio,  κ  is the elasticity factor represented as:


  κ   =    {      3 − 4 v   f o r   p l a n e   s t r a i n         ( 3 − v )   ( 1 + v )         f o r   p l a n e   s t r e s s        



(15)




and L represents the quarter-point element length. Here,    u ′    and    v ′    are the two parameters of the displacement in x’ and y’, respectively, as shown in Figure 4.





3. Numerical Results and Discussions


3.1. A Rectangular Structure with Two Holes and One Central Crack


This example presents a rectangular structure with dimensions of 20 cm × 10 cm × 2 cm containing two holes with a diameter of 4 cm and one central crack with an initial crack length of 0.5 cm from the bottom, as depicted in Figure 5. The geometry is fixed from the left side, and the stress of 69 MPa is applied from the right edge. The material properties in the analysis are   E = 69   GPa  ,   v = 0.25   and    σ y  = 250   MPa  . Figure 6 displays the initial adaptive mesh that was generated for this geometry, which includes a total of 104,729 elements and 132,270 nodes.



Figure 7 illustrates the comparison between the predicted crack propagation trajectory in the present study, the numerical results achieved by [44] using the dual boundary element method (DBEM), and the numerical results achieved using the Franc2D/L finite element program obtained by [45]. Firstly, the crack growth trajectory was completely dominated by the first mode of stress intensity factors, which propagated in a straight line. After that, the crack propagation trajectory was influenced by the lower hole and deviated slightly toward the hole, which was not close enough to attract the crack to sink into the hole. Consequently, the crack missed the hole and continued to propagate in a straight path once again. Lastly, the crack was influenced by the top hole and deviated slightly toward it, but again missed it since the hole was not close enough to draw the crack’s path into it.



Figure 8 depicts the history of the first mode of stress intensity factors achieved by the developed program in comparison to the DBEM values and Franc2d/L proposed by [44,45], respectively. As can be seen in Figure 9, the final deformation that was obtained as the result of this study was similar to the deformation that had been predicted by [44] using a dual boundary element.




3.2. A Cracked Plate with Four Holes


As depicted in Figure 10, we consider a square plate that has a single edge crack of 6 mm and four holes with identical radii of 5 mm each. The dimensions of the plate are 100 mm on each side and 10 mm in depth. The top and bottom edges are subjected to a uniformly distributed stress of 10 MPa. The properties of the plate, which is made of the aluminum alloy 7075-T6, are modulus of elasticity, E = 72 GPa, Poisson’s ratio, υ = 0.33, yield strength, σy = 469 MPa, ultimate strength, σu = 538 MPa, and fracture toughness, KIC = 3288.76 MPa     m m    .



The predicted crack growth trajectory (Figure 11a) was in agreement with a variety of studies that used other ways of modeling, such as the fast multipole method (FMM) with the boundary element method (BEM) [46] (Figure 11b), the boundary cracklet method [47] (Figure 11c), and improved smoothed particle hydrodynamics [48] (Figure 11d). As seen in Figure 11d, there was a little divergence in the crack trajectory that was observed by Wiragunarsa et al. [48] when compared to the path that was predicted by the developed program and the two crack propagation paths that were addressed by [46,47].



Figure 11 shows that, at first, the crack moves straight forward until it nears the first upper hole. At that point, the crack starts moving toward the hole. Subsequently, the crack is diverted in a different direction due to the fact that the first upper hole is not located in sufficient proximity to draw the crack into it. The crack eventually keeps moving forward in a straight line until it comes near enough to the second upper hole to sink into that hole. Figure 12 and Figure 13 show that the estimated values of the mixed-mode SIFs, KI and KII, have great agreement with the expected values achieved using the Ansys program [6]. The developed program results were nearly identical to the Ansys results, with a 0.4–5% deviation. Figure 12 and Figure 13 illustrate very clearly how the effect of the first upper hole on the crack growth path was represented in the curvature that was seen after 20 mm and how it disappeared after passing from the influence of this hole. This effect can be seen in the curvature that was seen after 20 mm in both figures.





4. Conclusions


In this study, two-dimensional crack growth on a rectangular structure with two holes and one central crack and on a cracked plate with four holes was studied using the developed FE source code program. The following results have been concluded from this work:




	
These examples addressed a variety of issues, including the effect of hole location on the crack-growth trajectory, mixed-mode stress intensity factors, and stress distribution.



	
The adaptive mesh structure was constructed using the advancing-front method, and the singularity was demonstrated by constructing quarter-point single elements around the crack tip.



	
The presence of a hole in close proximity to a crack that is propagating can cause the crack path to be changed.



	
The computed SIFs are in good agreement with the reference solutions.



	
The developed program can accurately simulate the crack growth of any two-dimensional linear elastic structural component, according to comparisons with several benchmark problems of crack propagation from the literature.
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Figure 1. Program flowchart. 






Figure 1. Program flowchart.
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Figure 2. Polygon division using the proposed dichotomy approach. 
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Figure 3. Special quarter-point finite elements at a crack front. 
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Figure 4. Elements and coordinates of a triangular rosette at the crack front. 
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Figure 5. Geometrical representation of the rectangular structure with two holes and one central crack. 
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Figure 6. Initial adaptive mesh of the rectangular structure with two holes and one central crack. 
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Figure 7. Crack growth path (a) present study, (b) dual boundary element method [44], and (c) FEM with Franc2d/L [45]. 
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Figure 8. Comparison of the first mode of SIFS KI [44,45]. 
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Figure 9. Total deformation of the last step of crack propagation (a) present study, (b) DBEM by [44]. 
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Figure 10. Geometrical dimensions (left) and its initial adaptive mesh (right). 
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Figure 11. Crack propagation paths: (a) present study, (b) Liu et al. FMM BEM [46], (c) Ahmed et al. [47], and (d) Wiragunarsa et al. [48]. 
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Figure 12. Predicted values of the KI in comparison to Ansys results obtained by [6]. 
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Figure 13. Predicted values of the KII in comparison to Ansys results obtained by [6]. 
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